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Abstract 

The Ruddock Creek property is located in the northern Monashee Mountains, southern 

British Columbia. The deposit is hosted by Neoproterozoic metasedimentary rocks of the 

Mica Creek succession within the Windermere Supergroup. Structurally the Ruddock 

Creek property is interpreted to reside within the base of the Selkirk allochthon, in the 

immediate hanging wall of the Monashee décollement, a crustal-scale, northeast-

directed thrust-sense shear zone. The Neoproterozoic strata have been complexly 

folded and transposed by Mesozoic deformation. U-Pb dates for deformational events 

range from ca. 116 to 63 Ma (63 Ma being the end of ductile deformation). The geometry 

of the main sulphide body indicates that the mineralized horizon was subject to all 

phases of deformation and was metamorphosed to amphibolite facies. 

Detrital zircon geochronology provides U-Pb ages that constrain the provenance 

for the host Windermere Supergroup, and define a maximum depositional age of ca. 663 

Ma. The 663 Ma age is not common to the North American Cordillera, and is found 

almost exclusively in igneous rocks in central Idaho, suggesting south to north 

transportation of sediment along the Neoproterozoic rifted paleo-margin of western 

Laurentia. The 206Pb/204Pb isotope ages of galena, pyrite and pyrrhotite from several 

mineralized horizons that make up the Ruddock Creek deposit indicate an Early 

Cambrian, 535 ± 30 Ma model age of mineralization. Different colour sphalerites and 

calcite were analyzed to generate a Rb/Sr errorchron with an age of ore formation of 556 

± 420 Ma. Together the maximum age of deposition, the Pb isotope ages and the Rb/Sr 

errorchron reveal a spatial and temporal syngenetic relationship of the deposition of the 

Mica Creek succession within the Selkirk allochthon and the mineralized horizon at the 

Ruddock Creek property. Local basement topography, such as horst and graben 

structures resultant from rifting related to the final phase of breakup of Rodinia, may 

have focused fluid flow into carbonaceous host lithology at Ruddock Creek. Local 

structural and stratigraphic traps, hydrothermal fluids, as well as the redox state of the 

basinal brines, would ultimately have localized and controlled the precipitation of the 

sulphides. 

Keywords:  Southern Canadian Cordillera; Structural geology; U-Pb detrital 
geochronology; Pb isotopes; Rb/Sr isochron; zinc-lead deposit 
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I am the master of my fate: 

I am the captain of my soul.” 
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Chapter 1.  
 
Introduction 

1.1. Method of presentation 

This thesis is presented as three paper-based chapters (chapters 2, 3 and 4), 

each with a common goal of describing the detailed geological history of the Ruddock 

Creek deposit by constraining the depositional, tectonometamorphic and deposit model 

parameters. The intention of this method of presentation is to facilitate the timely 

publication of this research; as such, it introduces some unavoidable redundancies, 

although an effort has been made to limit them. Chapters 1 and 5 are the introductory 

and conclusion chapters, respectively. Chapter 1 gives a broad outline of the research 

objectives and general geology. The concluding chapter 5 highlights where the work 

leaves us and provides questions raised by the research that may serve to guide future 

studies in this region. 

1.2. Presentation of the problem 

The southern Omineca belt is the penetratively deformed metamorphic and 

plutonic hinterland to the Foreland (thrust-and-fold) Belt of the Canadian Cordillera 

(Figure 1; Monger et al., 1982; Parrish, 1995; Monger and Price, 2002). It is the result of 

long-lived convergence, primarily Mesozoic, between the North American craton and 

oceanic lithosphere. The convergence resulted in collision between accreted terranes 

and the westward underthrusting of the North American plate (Monger et al., 1982; 

Brown et al., 1993; Monger and Price, 2002; Gibson et al., 2008). The southern 

Omineca belt includes North American basement and overlying strata, and marks the 
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transition between the ancient continental margin and accreted juvenile intra-oceanic 

rocks to the west (Monger et al., 1982). 

The study area lies within the parautochthonous Kootenay terrane of the 

southern Omineca belt (Figure 1.1; Colpron and Price, 1995; Colpron et al., 2007); it is 

underlain by mainly clastic and carbonate rocks with lesser mafic volcanic rocks of the 

Neoproterozoic Windermere Supergroup (Scammell, 1993). In this region, the Kootenay 

terrane is situated within the Selkirk allochthon (Brown and Lane, 1988), which 

represents the hanging wall of the Monashee décollement, a crustal-scale northeast-

directed ductile shear zone (Read and Brown, 1981). Approximately 15 km to the south 

of the study area is the Monashee complex, which is within the footwall of the Monashee 

décollement (Read and Brown, 1981). The Monashee complex is interpreted to be a 

core complex that includes Laurentian basement (Brown and Read, 1983; Journeay, 

1986; Scammell and Brown, 1990; Armstrong et al., 1991; Crowley, 1999) exposed in 

two tectonic windows, the Frenchman Cap dome (north) and Thor-Odin dome (south; 

Figure 1.1). The basement is mostly composed of granitic orthogneiss that ranges from 

2270 to 1870 Ma (Armstrong et al., 1991; Crowley, 1997, 1999). The Monashee complex 

and overlying Selkirk allochthon were tectonically exhumed during Eocene (55 – 45 Ma) 

extension, following a major orogenic episode of crustal thickening related to Mesozoic 

to earliest Tertiary compression (Monger et al., 1982; Brown et al., 1986; Parrish, 1995; 

Crowley, 1999; Monger and Price, 2002; Gibson et al., 2008). 
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Figure 1.1. Location of the study area and regional geology 
 (a) Cordilleran terrane map after Colpron and Nelson, 2011. (b) Tectonic assemblage 

map, southeastern Omineca belt (after Wheeler and McFeely, 1991 and Gibson et al., 
2008), showing lithologic units of autochthonous Monashee complex (North American 
basement) and overlying Selkirk allochthon. Towns: G = Golden; R = Revelstoke. 
Terranes: AX = Alexander; BR = Bridge River; CA = Cassiar; CC = Cache Creek; CG = 
Chugach; CPC = Coast plutonic complex; MC = Monashee complex; NAb = North 
American basinal; NAc = North American craton & cover; NAp = North American 
platform; OK = Okanagan; QN = Quesnellia; SM = Slide Mountain; ST = Stikinia; YT = 
Yukon-Tanana; WR = Wrangellia. Red stars indicate location of major Pb-Zn deposits in 
the region: BL = Big Ledge; CB = Cottonbelt; JR = Jordan River; RC = Ruddock Creek 
(this study); WW = Wigwam 

The Windermere Supergroup was deposited during a time of significant global 

change in the Neoproterozoic (1000-544 Ma) when the supercontinent Rodinia broke up 

and dispersed, and global ice sheets grew and shrank. Seawater chemistry also 

changed, and there was the notable appearance of metazoan fossils in the geological 

record (Hoffman and Schrag, 2002; Ross and Arnott, 2007; Smith et al., 2014). Although 

the Windermere Supergroup is an extensive and varied stratigraphic succession found 

along the entire length of the Canadian Cordillera, there is a paucity of modern U-Pb 

dating of detrital zircon for the Windermere Supergroup in the southern part of the 

Canadian Cordillera. Past studies used multigrain and single grain isotope dilution–

thermal ionization mass spectrometry (ID-TIMS) to provide geochronological age 

constraints (Ross and Bowring, 1990; Ross and Parrish, 1991; Smith and Gehrels, 1991; 

Gehrels and Dickinson, 1995; Gehrels and Ross, 1998). These studies returned 

Archean and Early Proterozoic ages that are of Laurentian provenance. However, 

relatively few (1’s to 10’s) of these ID-TIMS ages were acquired for any given sample 

versus the number of ages (many 10’s to 100’s) commonly acquired for a sample using 

more modern techniques (e.g., laser ablation-inductively coupled plasma mass 

spectrometry – LA-ICPMS). This lack of single grain analyses has left open the 

possibility that small but important portions of the detrital zircon age spectrum may be 

missing or underrepresented, and significant refinements can be made regarding the 

actual depositional age of the Windermere Supergroup at any given interval and 

location. Therefore, one of the goals of the present study was to address the lack of 

knowledge regarding the depositional age of the Windermere Supergroup at the 

Ruddock Creek property. 



 

5 

Deciphering the different phases of deformation and metamorphism and 

constraining their timing is another focus of this study. Regional deformation and 

metamorphism has been well documented by Brown et al. (1978), Raeside and Simony 

(1983), Raeside and Ghent (1986), McDonough and Simony (1988), Sevigny and 

Simony (1988), Sevigny and Ghent (1986, 1989), Sevigny et al. (1990), and Scammell 

(1993). These studies documented ‘thick-skinned’ tectonics accompanied by polyphase 

penetrative strain and regional metamorphism. During the Early Jurassic a major phase 

of folding occurred within the northern Monashee and Selkirk Mountains, which resulted 

in the formation of kilometre-scale nappes (Simony et al., 1980; Raeside & Simony, 

1983; Brown et al., 1986, 1993; Murphy, 1987; Gibson et al., 2008). The first phase of 

Jurassic deformation developed before and during the early stages of regional 

metamorphism. The second and third generation of folding occurred during the 

Cretaceous, accompanied by upper amphibolite facies metamorphism. The second 

phase of folding resulted in tight isoclinal folds and the third phase of folding led to more 

open buckle folds. A later broad warping of the metasedimentary package has also been 

mapped (Fyles, 1970; Thompson, 1978). Late brittle faulting is the last phase of 

deformation to have affected the region. Temporally relating the aforementioned phases 

of deformation to the deformation that occurred locally at the deposit-scale to improve 

the understanding of the heterogeneous nature of the region’s deformation within the 

Selkirk allochthon is another contribution of this study. 

The third goal of this study is to constrain the age and style of ore formation of 

the deposit. To date, the Ruddock Creek Zn-Pb deposit has been referred to as a 

sedimentary exhalative (SEDEX) deposit (Fyles, 1970; Höy, 2001; Simpson and Miller-

Tait, 2012). SEDEX deposits are interpreted to have mineralization depositing 

synchronously with the deposition of the host sediments or at least very soon after 

(Slack et al., 2003; Leach et al., 2005, 2010). Accurately characterizing the 

mineralization of the Ruddock Creek deposit requires seeing through the 

tectonometamorphic veil that shrouds the Ruddock Creek deposit, which has undergone 

polyphase penetrative deformation and metamorphism, and has been extensively 

intruded by multiple generations of granitoid bodies. The complicated history of the 

Ruddock Creek deposit has hindered detailed refinements of deposit age and model. 
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Therefore, more precisely refining the age and deposit model is deemed another aim of 

this study. 

1.3. Methodological Approach 

Accurately constraining the age and provenance of a sedimentary stratigraphic 

package that lacks biostratigraphic markers due to being subjected to amphibolite facies 

conditions and multiple phases of penetrative ductile deformation is challenging. Modern 

techniques that include LA-ICPMS and chemical abrasion thermal ionization mass 

spectrometry (CA-TIMS) analyses of detrital grains provide the opportunity to acquire 

both the age and trace element chemistry of detrital zircon at the Ruddock Creek 

property. These data can give a geochronological fingerprint that reflects the age, 

distribution and geologic affinity of source rocks (Ross and Parrish, 1991). The youngest 

detrital zircon provide the maximum age of deposition for the individual sedimentary 

units (Gehrels, 2014). The ages determined in this study carry with them important 

implications for the age of stratigraphy in the region and allow for a comparison against 

stratigraphic ages previously determined for units within the Monashee complex to the 

south (Crowley, 1997; Millonig et al., 2012). U-Pb and trace element LA-ICPMS 

analyses were carried out on 16 samples and CA-TIMS was carried out on 5 of the 

youngest detrital zircon grains to determine more precise ages of the grains. 

Precisely determining the timing of individual phases of deformation and 

establishing how each deformational event has affected the host lithologies is another 

challenge. The complicated structural history of the Ruddock Creek deposit makes 

detailed structural mapping essential for determining its geological relationships and 

evaluating its economic potential. Fieldwork involved property mapping at a 1:10 000 

scale and mapping of the mineralized horizons at a 1:5000 scale. Mapping focused on 

the structural geometry of the deposit and the geological relationships between 

numerous showings of the mineralized horizon. Structural data and oriented samples for 

microstructural analysis were collected. Historic maps and data were digitized and 

integrated into the present mapping. U-Pb and trace element LA-ICPMS analyses were 

carried out on 6 variably deformed granitoid samples in order to constrain the timing of 

the deformation events. 
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Obtaining an accurate age of mineralization in a highly metamorphosed and 

deformed base metal deposit poses a significant challenge. Due to these challenges, 

this study integrated a broad range of analytical techniques in the field and laboratory to 

more fully characterize the Ruddock Creek strataform Zn-Pb mineralized horizon. 

Galena, pyrite and pyrrhotite from eight massive sulphide samples of four different 

showings were analyzed for their common lead isotopic signatures. Pb isotope ratios 

were plotted on Godwin and Sinclair’s (1982) shale curve, which is used to extrapolate a 

model age for the deposit. Rb-Sr isotope analysis on sphalerite from two different zones 

and calcite from a mineralized zone was carried out to provide an errorchron that helps 

to further refine the timing of mineralization. 
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Chapter 2.  
 
Constraints on the provenance and maximum 
depositional age of the Windermere Supergroup at 
the Ruddock Creek Property, northern Monashee 
Mountains, southeastern British Columbia 

2.1. Abstract 

Detrital zircon U-Pb dates have been obtained from 16 metasedimentary rocks 

from the Ruddock Creek property in the northern Monashee Mountains using laser 

ablation inductively coupled mass spectrometry. The dates determined in this study have 

significant implications for the age and provenance of sedimentary rocks in the region 

and allow for a comparison with previously published ages. The detrital zircon dates 

indicate sediment was supplied from multiple source areas that include the more 

proximal parts of the Canadian Shield, but also from farther afield. The samples have 

been divided into two categories based on the detrital zircon analysis: samples with 

Neoproterozoic grains and those without. 

The youngest detrital zircon dates at ca. 655 Ma were obtained from five 

samples, confirming the metasedimentary sequence at Ruddock Creek belongs to the 

Mica Creek Succession of the Windermere Supergroup or younger successions. The 

youngest grains from two samples were also analyzed with the chemical abrasion-

thermal ionization mass spectrometry method, which yielded dates of 682 ± 11, 672.9 ± 

3.8 and 663.4 ± 1.2 Ma. Based on the trace element chemistry, most of the youngest 

Neoproterozoic grains are inferred to have been derived from anorogenic magmas, for 

which there is no known proximal source. Comparison with previous work done in Idaho 

suggest that the most likely source of the youngest Neoproterozoic detrital zircon is 
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central Idaho and that they were among sediments that were axially transported 

northward along the rifted paleo-margin of western Laurentia. 

2.2. Introduction 

The Windermere Supergroup is preserved in a series of large exposures along 

the length of the Cordillera, from Alaska to Mexico (Wheeler and McFeely, 1991) (Fig. 

2.1). In the southern Canadian Cordillera, the clastic sediments of the Windermere 

Supergroup are thought to have been deposited between ca. 740 and 570 Ma as a 

result of extensional opening of the paleo-Pacific Ocean and the breakup of the 

supercontinent Rodinia (Gabrielse, 1972; Stewart, 1972, 1976; Burchfiel and Davis, 

1975; Stewart and Suczek, 1977; Monger and Price, 1979; Eisbacher, 1981; Bond and 

Kominiz, 1984; Scammell and Brown, 1990; Ross 1991; Ross et al., 1995; Gehrels and 

Ross, 1998; Colpron et al., 2002). Additional research provided subsidence curves 

generated by using backstripping techniques that suggest rifting was followed by the 

estblishment of an early Paleozoic passive margin (Bond and Kominiz, 1984; Bond et 

al., 1985; Bond, 1997; Lund et al., 2010). Building on the previous work described 

above, a protracted two stage rift reconstruction has been proposed (Colpron et al., 

2002; Lund et al., 2003), with the intial “Windermere” stage of rifting occuring from ca. 

780 – 650 Ma, during which time the Windermere Supergroup of the southern Cordillera 

would have been deposited in a large intracontinental rift that opened into an ocean 

basin to the north. Syn-rift volcanic rocks (569.6 ± 5.3 Ma; Colpron et al., 2002) of the 

Hamill-Gog Group deposited on the Windermere Supergroup help to constrain the timing 

for a second stage of rifting presereved in the southern Canadian and US Cordillera at 

ca. 600-570 Ma (Prave, 1999; Colpron et al., 2002). Rift-related igneous rocks in central 

Idaho indicate this second rifting stage may be as young as ca. 485 Ma (Lund et al., 

2003). This second rifting event in the south was coincident with continued deposition of 

upper Windermere strata on a passive margin in the northern Cordillera (Colpron et al., 

2002). 

However, questions persist regarding the provenance and depositional ages for 

the Windermere Supergroup in the southern Omineca belt of the Canadian Cordillera 

because they are only loosely constrained due to intense deformation, metamorphism 
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and lack of biostratigraphic controls. Previous multigrain and single grain isotope dilution 

thermal ionization mass spectrometry (ID-TIMS) dating of detrital zircon from the 

Windermere succession in southern British Columbia was undertaken by Ross and 

Bowring (1990), Ross and Parrish (1991), Smith and Gehrels (1991), Gehrels et al. 

(1995) and Gehrels and Ross (1998). These studies yielded Archean and 

Paleoproterozoic ages that are the hallmarks of cratonic basement sources with 

Laurentian provenance, but the paucity of detrital zircon data generated solely by ID-

TIMS left open the possibility for significant refinements to be made at any given interval 

and location. Hence, refining the ages of the Windermere Supergroup, the provenance 

of the sediments and constraining the potential transport mechanisms using detrital 

zircon analyses were primary goals of this study. To achieve these objectives, detrital 

zircon grains were separated from metasedimentary rocks sampled at the Ruddock 

Creek property in the northern Monashee Mountains of southern British Columbia. The 

zircon grains were analyzed by laser ablation iductively coupled mass spectrometry (LA-

ICPMS) to determine U-Pb dates and trace element abundances. A few of the grains 

belonging to the youngest population were analyzed by chemical abrasion-thermal 

ionization mass spectrometry (CA-TIMS) for increased precision and further refinement 

of the age interpretation. 

Identifying the provenance of sediments deposited into a rift basin can be 

complicated because they can potentially be carried long distances, hundreds of 

kilometres, along the axis of the rift before finally being deposited (Sumner et al., 2012). 

Furthermore, clastic sediments can go through many cycles of erosion and deposition 

before final deposition, with each cycle becoming more texturally and mineralogically 

mature (Leeder, 2009). Quartz, zircon and other heavy minerals are the most resistant to 

repeated weathering, erosion, transport and redeposition; these characteristics make 

zircon a useful tool for provenance studies, as well as stratigraphic correlations (Fedo et 

al., 2003). In particular, ages of detrital zircon offer a geochronologic marker that reflects 

the age and distribution of rock types from which the zircon was sourced, such as 

continental basement domains (e.g. Ross and Parish, 1991), plutons and volcanic rocks, 

and recycled sedimentary successions. The youngest detrital zircon population also 

allows a maximum age of deposition to be determined for the individual sedimentary 

units (Stewart et al., 2001; Surpless et al., 2006; Brown and Gehrels, 2007; Dickinson 
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and Gehrels, 2009) that lack biostratigraphic age control (Jones et al., 2009; Dickinson 

and Gehrels, 2008), or have been metamorphosed to the point where there are no 

preserved fossils (Barbeau et al., 2005; Dickinson and Gehrels, 2008). For the data to 

provide meaningful geological information (e.g., provenance, correlations, maximum age 

of deposition), it is important that the analysis reflect all the possible detrital zircon age 

populations in the sediment (Vermeesch, 2004; Andersen, 2005), thus, care must be 

taken with regard to the number and selection of grains to avoid biasing the analysis. 

The chemistry of detrital zircon can also provide a fingerprint to decipher the geological 

environment under which they were formed (Ferry and Watson, 2007; Gehrels, 2014), 

which can then be used to further constrain the provenance of the detrital zircon grains. 
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Figure 2.1. Distribution of the Windermere Supergroup along the length of the 
North American Cordillera shown in blue. The location of the study 
area is marked by the red box. GSLsz = Great Slave Lake shear 
zone; Stz= Snowbird tectonic zone; Vs = Vulcan Low; GFtz = Great 
Falls tectonic zone; Mm = Madison mylonite zone; Cb= Cheyenne 
belt. Figure from Lund et al. 2010. 
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2.3. Geologic Background 

2.3.1. Regional Geology of the Windermere Supergroup 

Within the southern Canadian Cordillera the Windermere Supergroup is mostly 

made up of siliciclastic strata that is interpreted to be locally up to 9 km thick (Ross, 

1995; Smith et al., 2011), and is depicted as a westward thickening sedimentary wedge 

(Gabrielse, 1972; Monger and Price, 1979). Thrust faulting related to Mesozoic 

contraction significantly imbricated and transported eastward the Neoproterozoic to early 

Mesozoic sedimentary prism along Laurentia’s western margin, with the Windermere 

Supergroup and the Belt Purcell Supergroup at its base. Price (1981) suggested a 

minimum of 170 km of shortening in the southern Canadian Cordillera, but a greater 

amount of shortening, up to 300 km has been suggested if the ductile deformation in the 

Omineca belt is considered (Brown et al., 1993). During the shortening, the Windermere 

Supergroup experienced variable grades of metamorphism, from greenschist to 

uppermost amphibolite facies; within the study area the succession has been 

metamorphosed to amphibolite facies. 

In this region surrounding the current study within the northern Monashee 

Mountains, the Windermere Supergroup lies above rocks ranging from 2 Ga to as young 

as 728 Ma (Crowley, 1997). In many places the lower contact of the Windermere 

Supergroup is obscured or not exposed (Gabrielse and Campbell, 1991). The 

Windermere Supergroup, in large part, appears to unconformably underlie the Lower 

Cambrian Hamill-Gog Group. However, Warren (1997) and Colpron et al. (2002) 

suggested that locally the contact between the Windermere Supergroup and the 

overlying Hamill-Gog Group is conformable. 

2.3.2. Stratigraphic Setting of the Windermere Supergroup 

These sediments are thought to have been deposited in two tectonic regimes. 

Syn-rift deposits, which include diamictites (glaciogenic and non-glaciogenic units; Aalto, 

1971; Young, 1976; Ruelle, 1982; Jefferson and Ruelle, 1986; Aitken, 1991; Fanning 

and Link, 2004) and igneous units, followed by post-rift units, which consist of turbidite 
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systems and carbonate rocks (Figure 2.2; Ross et al., 1995; Schwarz and Arnott, 2007; 

Arnott et al., 2011; Terklay et al., 2014). 

Volcanic and plutonic rocks of mafic to intermediate composition that occur near 

the base of the Windermere succession provide insight into the timing of initial rifting. In 

the southern Canadian Cordillera, the Irene Formation, a mafic volcanic unit that 

includes lava, pyroclastic rocks and sills (Glover, 1978), is interbedded and overlies the 

Toby Formation. The Huckleberry volcanic rocks that crop out in northeastern 

Washington (Rice, 1941; Little, 1960; Devlin et al., 1988; Devlin et al., 1984) are the 

temporally and compositionally equivalent to the Irene Formation and their ages help 

constrain the age of syn-rift sedimentation to 762-728 Ma. The Gunbarrel mafic igneous 

event occurred at ca. 780 Ma (U-Pb dating of baddelyite; Harlan et al., 2003). The 

Gunbarrel mafic dykes and sheets are exposed between the Northwest Territories in 

Canada and Wyoming in the United States; they reflect crustal extension accompanying 

initial break-up of Rodinia (Harlan et al., 2003). Similarly, the Franklin igneous event, 723 

Ma, including the Coronation sills, within the Amundsen basin (Heaman et al., 1992; 

Shellnutt et al., 2004) are gabbroic sills related to the break-up of Rodinia. In the western 

Main Ranges and the Omineca belt, 740-728 Ma granitic rocks have been documented 

and are unconformably overlain by Windermere strata (Ross et al., 1995). Farther south, 

the Edwardsburg Formation in central Idaho (Lund et al., 2003) consists of a rhyodacite 

flow that is ca. 685 Ma. The Big Creek-Beaverhead belt (Lund et al., 2010), also in 

central Idaho, consists of seven syenitic plutons that occur east of the Idaho batholith 

and as roof pendants within it. These igneous rocks formed in two magmatic episodes 

that include 665 to 650 Ma and 500 to 485 Ma, and are interpreted to represent 

magmatism related to rift-related pre-existing zones of weakness (Lund et al., 2010). 

Similarly, the undated semi-pelite amphibolite unit “SPA” (Simony et al., 1980; Sevigny 

and Simony, 1989; Murphy et al., 1991) within the northern Monashee Mountains, where 

the current study is located, represents post-Toby, early Windermere magmatic activity. 

The amphibolites are locally abundant within the stratigraphy. These lithologies could 

represent metamorphosed equivalents of the alkali and OIB rocks that have been 

documented within the Eagle Bay assemblage in the Kootenay terrane of southern 

British Columbia (Paradis et al., 2006). Further evidence of early rifting includes 

extension faults and 777 Ma (Thompson et al. 1987; zircon Pb-Pb date) preserved mafic 



 

19 

volcanic clast filled half-grabens along the length of the North American Cordillera 

(Thompson et al., 1987 and references therein). 

In the southern Canadian Cordillera, the Windermere Supergroup includes deep-

water, thick-bedded, coarse-grained arkosic sandstones and granule conglomerates 

commonly referred to as “grits”. These lithologies are considered the first category of rift-

related strata. They are interpreted to be basinal deposits that occurred in extensive 

submarine turbidite systems and were formed at the base of the continental slope within 

an “axial” depositional system (Ross, 1988; McDonough, 1989; Ross et al., 1989; Arnott 

et al., 2011; Terklay et al, 2014). The axially fed channels (submarine canyons) flowed 

northwest along the base of the continental margin (Ross et al., 1995). 

Eventually, thermal subsidence of the basin slowed down during lithospheric 

cooling (Ross, 1991), leading to progradation of slope that generated a post-rift 

“shoaling” sequence over a stratigraphic thickness of 5-7 km (Ross, 1991). This 

description supports the idea that the Windermere passive margin faced west into an 

open ocean basin and a shoaling sequence has to be built forward through wave 

propagation. Over time the basinal sediments shoaled up the continental slope where 

mud and carbonate-rich sediments became the slope to platformal facies. The second 

category of rift-related strata is the carbonate rocks that include shallow and deep water 

sediment gravity flow deposits. Deep-water basinal and slope successions are well 

preserved in the southern Canadian Cordillera (Figure 2.2). 
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Figure 2.2. Schematic cross-section of the western margin of North America at 
the approximate latitude of the current study (after Pell and Simony 
1987; Murphy et al., 1991). 

2.3.3. Ruddock Creek Stratigraphy 

The lithological units that occur on the Ruddock Creek property (Figure 2.3) 

include the zinc-lead horizon, quartzite, pelitic and semi-pelitic schist, quartz-feldspar 

psammite, calcsilicate gneiss, marble, amphibolite, rare metamorphosed ultramafic 

rocks and minor conglomerate units. Nepheline syenite gneiss and syenite gneiss occur 

as concordant layers within the calcsilicate gneiss. Pegmatite and granitoid intrusions 

account for approximately 50% of the overall outcrop (Fyles, 1970; Scammell, 1993; 

Höy, 2001). The present distribution and volume of the intrusions in part precludes 

accurate identification of the stratigraphic facing and hinders correlation between some 

metasedimentary units. 

The most reliable marker horizon at Ruddock Creek is the zinc-lead horizon. 

Although the mineralized horizon has been penetratively deformed and tectonically 

attenuated and dismembered, it reliably highlights the many phases of superposed 

folding. The mineralized horizon is traceable over the majority of the property and allows 

for reasonable stratigraphic correlation, presently it occurs in several zones (E, Creek, T, 

K, S, M, F, G, U, V, Q, and R). The nature of the mineralization is variable. 

Mineralization ranges from very fine-grained, to coarse-grained (recrystallized), to 
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brecciate. The mineralized horizon is most often in contact with a variably mineralized 

calcsilicate gneiss or quartzite and less often with semi-pelite, psammite or granitoid. 

Two other units associated with the main mineralized horizon are the Lower Pyrrhotite 

Horizon (LPH) and the Quartz Exhalite Horizon. Both of these units are variably 

mineralized; however, they do not necessarily occur with the zinc-lead horizon. It is 

possible that the LPH represents a facies change in the primary depositional 

environment and that the Quartz Exhalite Horizon represents a unit that could have been 

proximal vent source. The presence of barite within the Quartz Exhalite could have been 

the result of the interaction of hydrothermal or basin fluids with seawater, suggesting a 

true exhalative component to the Ruddock Creek deposit model. The Quartz exhalite 

horizon has been mapped mostly within the core of the recumbent fold that structurally 

controls the ore deposit. 

The geology of the Ruddock Creek deposit can be broadly categorized into three 

broad groups; a metasedimentary calcareous sequence, a metasedimentary non-

calcareous sequence and a package of granitoids (Figure 2.3). The metasedimentary 

lithologies have been assigned a maximum age of deposition of ca. 663 Ma by CA-TIMS 

dating of detrital zircon. Both the calcareous and non-calcareous sequences are 

primarily made up of metasedimentary rocks that belong to the Neoproterozoic 

Windermere Supergroup and have been metamorphosed to upper amphibolite facies 

conditions. Fyles (1970) was the first to classify the property into two categories, the 

calcareous and non-calcareous sequences. According to the classification of Fyles 

(1970), the calcareous lithologies consisted predominantly of calcsilicate gneiss 

interlayered with mica schist (pelites and semi-pelites, locally contains garnet and/or 

sillimanite), grey or buff marble, thin layers of quartzite, amphibolite, rare ultramafic and 

the mineralized Zn-Pb horizon. Locally intermixed with the mica schist is a heterolithic 

conglomerate. The conglomerate is made up of cm-scale elongated clasts aligned within 

the main penetrative foliation (S2) and surrounded by a fine-grained matrix. The limited 

occurrences of ultramafic rocks likely represent metamorphose peridotites, dunites and 

possibly pyroxenites (Fyles, 1970; Sevigny and Ghent, 1986, 1989; Scammell, 1993). 

The calcareous unit was mapped by Scammell (1993), at least in part as the middle 

marble of Raeside and Simony (1983); it is the most important marker horizon in the 

Mica Creek Succession (McDonough et al., 1992). The middle marble unit consists of 
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upper and lower grey marbles and calcareous pelites and semi-pelites. Within the middle 

marble unit there are also rusty weathering schist and a massive coarse-grained 

graphitic marble. The middle marble unit ranges from 21 m to more than 1000 m in 

thickness. The thickest and lowest part of the unit consists of micaceous pelitic and 

psammitic schist with very few aluminosilicates. The interval is host to a garnet 

amphibolite. Amphibolite with sharp contacts is interpreted as basaltic flows or high-level 

sills, whereas others with gradational contacts may be metamorphosed tuffs. The base 

of this unit is often not exposed (Raeside and Simony, 1983). 

The non-calcareous units are medium and fine-grained grey and biotite and 

phlogopite pelites, semi-pelites and psammites, with variable amounts of quartz, feldspar 

and locally garnet. A subdivision of the non-calcareous unit includes pelites and semi-

pelites with significant amphibolite. The contact relationships between metasedimentary 

units are most often gradational, but are locally sharp. Many contacts were interpreted to 

represent primary bedding relationships, especially in close proximity to the E zone 

hinge, despite the penetrative transposition foliation. Scammell (1993) suggested the 

non-calcareous units may represent to include the semi-pelite – amphibolite unit “SPA” 

division of Raeside and Simony (1983). The “SPA” is succeeded by the main/middle 

marble unit; it is up to 1500 m thick in the northern Monashee Mountains. It is an 

interbedded unit, with thick massive semi-pelites, pelites and thin amphibolite layers. 

Amphibolite locally makes up to 60% of the unit. Aluminosilicate minerals become more 

abundant once above the potassium feldspar-sillimanite isograd. Psammites are locally 

prevalent, and calcsilicate horizons have been mapped at the top and bottom of the unit. 

It is characterized by a thick succession of semi-pelite, with interbedded pelite, 

psammite, quartzite and calcsilicate layers. The pelite and semi-pelite rocks host garnet 

and sillimanite. Mica commonly forms foliation parallel layers in the psammite layers. 

Quartzite layers are often ‘dirty’ and host mica. The mineralogy of the calcsilicate rocks 

includes a variable amount of quartz, carbonate, garnet and amphibole. There are thick 

layers of coarse-grained marble which locally host accessory tremolite and/or graphite. 

The marble layers weather to either a buff tan or a grey-blue and form thick, continuous 

along-strike units. 
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The metasedimentary package has been intruded, replaced and displaced by 

voluminous granitoids that compromise up to 50% of the mappable outcrops (Mawer, 

1976; Fyles, 1970; Scammell, 1993; Simpson and Miller-Tait, 2013). The granitoids 

consist of several generations of dykes, sills, stocks and pluton. In many cases they 

have engulfed large rafts (10’s to 100’s m) of the metasedimentary rocks and 

mineralized horizon. A fabric parallel to the external foliation can be seen in some of the 

granitoid bodies. Intrusive contacts are locally deformed by F2 and F3 folding. Some 

granitoids are also locally found as lenticular boudins hosted within the penetrative 

foliation in the host metasediments. Locally the intrusions occur as subconcordant 

bodies that do not disrupt the general trends of the stratigraphic succession. Both 

magma emplacement within dilatational fractures (Marshall, 1978) and anatectic melting 

of the metasedimentary package (Fyles, 1970) has been suggested as the source of the 

granitoid lithologies. Undeformed lamprophyre dykes also cross-cut the 

metasedimentary package (Fyles, 1970; Scammell, 1993). 
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Figure 2.3. Map of the Ruddock Creek deposit and surrounding area, showing the location of the samples collected for detrital zircon dating. 
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2.4. Detrital Zircon Geochronology 

2.4.1. Geochronologic Methods 

LA-ICPMS 

Zircon U-Pb data were obtained from 16 metasedimentary samples from the 

Ruddock Creek property (see Figure 2.3 for sample locations). Zircon grains were 

acquired using standard mineral separation techniques at Simon Fraser University 

(Burnaby, BC), which include jaw crushing, pulverizing in a disk mill, and density 

separation using a Wilfley table and heavy liquids (methylene iodide). Samples were 

passed through an LB-1 Frantz® Magnetic Barrier Laboratory Separator at low amperage 

to remove only the most magnetic minerals. At the Boise State University Isotope 

Geology Laboratory zircon crystals were hand-picked from the heavy mineral fraction 

and annealed at 900 C for 60 hours in a quartz vessel in a muffle furnace. Crystals, 

organized by size, were then mounted in epoxy, and polished step-wise using silicon 

carbide films of 30, 15, 9, 3 and 1 µm to expose a medial section of each crystal, 

followed by polishing with a 0.3 µm alumina slurry. Cathodoluminescence (CL) imaging 

was performed to characterize the internal zoning of the zircon. The grains were 

checked for metamorphic rims, zoning, inclusions and cracks, which would be used to 

help target the spot analyses. Zircon crystals were analyzed by LA-ICPMS using a 

Thermo Scientific XSERIES 2 Quadrupole ICP-MS and New Wave Research laser 

ablation system. In-house analytical protocols, standard materials and data reduction 

software were used for acquisition and calibration of U-Pb dates and acquisition of a 

suite of high-field-strength elements (HFSE) and rare earth elements (REE). Zircon was 

ablated with a laser spot 25 or 30 µm wide, during a 45-second analysis consisting of 15 

seconds of gas blank and 30 seconds of ablation, which quarried a pit ca. 25 µm deep. 

For U-Pb and 207Pb/206Pb dates, instrumental fractionation of the background-subtracted 

ratios was corrected, and dates were calibrated with respect to interspersed 

measurements, 1 for every 10 unknowns of the zircon standard. For more complete 

details of the methodology, refer to Rivera et al. (2013). 
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CA-TIMS 

Following LA-ICPMS, single annealed grains were removed from the epoxy 

mounts broken into three fragments. Fragmentation and dating of three fragments per 

grain was done knowing that the metamorphic rims on the grains would result in 

discordant dates. Thus, if three discordant dates formed a regression line, the upper 

intercept would be interpreted as being the age of primary igneous zircon growth. 

Fragments were transferred to 3 ml Teflon PFA beakers and loaded into 300 l Teflon 

PFA microcapsules. Fifteen microcapsules were placed in a large-capacity Parr vessel 

and the fragments partially dissolved in 120 l of 29 M HF for 12 hours at 180°C. The 

contents of the microcapsules were returned to 3 ml Teflon PFA beakers, HF removed, 

and the residual fragments immersed in 3.5 M HNO3, ultrasonically cleaned for an hour, 

and fluxed on a hotplate at 80°C for an hour. The HNO3 was removed and grains were 

rinsed twice in ultrapure H2O before being reloaded into the 300 l Teflon PFA 

microcapsules (rinsed and fluxed in 6 M HCl during sonication and washing of the 

grains) and spiked with the Boise State University mixed 233U-235U-205Pb tracer solution. 

Zircon was dissolved in Parr vessels in 120 l of 29 M HF with a trace of 3.5 M HNO3 at 

220°C for 48 hours, dried to fluorides, and re-dissolved in 6 M HCl at 180°C overnight. U 

and Pb were separated from the zircon matrix using an HCl-based anion-exchange 

chromatographic procedure (Krogh, 1973), eluted together and dried with 2 µl of 0.05 N 

H3PO4. 

Pb and U were loaded on a single outgassed Re filament in 5 µl of a silica-

gel/phosphoric acid mixture (Gerstenberger and Haase, 1997), and U and Pb isotopic 

measurements made on a GV Isoprobe-T multicollector thermal ionization mass 

spectrometer equipped with an ion-counting Daly detector. Pb isotopes were measured 

by peak-jumping all isotopes on the Daly detector for 100 to 160 cycles, and corrected 

for 0.16 ± 0.03%/a.m.u. (1 sigma error) mass fractionation. Transitory isobaric 

interferences due to high-molecular weight organics, particularly on 204Pb and 207Pb, 

disappeared within approximately 60 cycles, while ionization efficiency averaged 104 

cps/pg of each Pb isotope. Linearity (to ≥1.4 x 106 cps) and the associated deadtime 

correction of the Daly detector were monitored by repeated analyses of NBS982, and 

have been constant since installation. Uranium was analyzed as UO2
+ ions in static 
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Faraday mode on 1012 ohm resistors for 300 cycles, and corrected for isobaric 

interference of 233U18O16O on 235U16O16O with an 18O/16O of 0.00206. Ionization efficiency 

averaged 20 mV/ng of each U isotope. U mass fractionation was corrected using the 

known 233U/235U ratio of the Boise State University tracer solution.  

U-Pb dates and uncertainties were calculated using the algorithms of Schmitz 

and Schoene (2007), 235U/205Pb of 77.93 and 233U/235U of 1.007066 for the Boise State 

University tracer solution, and U decay constants recommended by Jaffey et al. (1971). 

206Pb/238U ratios and dates were corrected for initial 230Th disequilibrium using a 

Th/U[magma] = 3.0 ± 0.3 using the algorithms of Crowley et al. (2007), resulting in an 

increase in the 206Pb/238U dates of ~0.09 Ma. All common Pb in analyses was attributed 

to laboratory blank and subtracted based on the measured laboratory Pb isotopic 

composition and associated uncertainty. U blanks are estimated at 0.07 pg. Upper and 

lower intercept dates of discordia lines were calculated using Isoplot 3.0 (Ludwig, 2003). 

Errors on the dates are given as ± x [± y], where x is the internal error based on 

analytical uncertainties only, including counting statistics, subtraction of tracer solution, 

and blank and initial common Pb subtraction and y includes the U decay constant 

uncertainties. Errors are given at 2. 

2.4.2. Geochronologic Results 

Normalized probability plots of the U-Pb dates are shown in Fig. 2.4, and the 

analytical data are reported in appendix B. Following data acquisition, the time-resolved 

LA-ICPMS data for 206Pb/238U, Zr, P, Ti were examined. Analyses were rejected if there 

was evidence that the laser pits overlapped more than one zircon age domain, burned 

through the grain, or intersected cracks or Pb-rick inclusions. Chemical composition data 

from analyses were not considered if there was evidence that the laser pits intersected 

P- or Ti-rich inclusions. 

All the samples show multi-modal distribution. There is a clear distinction 

between five samples with Neoproterozoic grains and the remaining eleven samples that 

do not have any grains younger than Mesoproterozoic. The samples can be further 
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subdivided into seven groups that are highlighted by different coloured lines in Figure 2.4 

based on the similarity of their age peaks. 

Group 1: 

Group 1, (samples LT13-254A, LT13-249, LT13-007B, LT13-242, LT13-245, 

LT14-435, LT14-464), represents samples that are dominated by Paleoproterozoic to 

Archean grains and largely lack zircon younger than 1500 Ma. 

LT13-254A Psammite - Sample LT13-254A was taken six kilometres northeast of the 

E zone. It occurs in the geological unit referred to as pelite and semi-pelite with 

significant amphibolite in fig. 2.3. LT13-254A was taken from a medium-grained grey to 

brown psammitic horizon interlayered with pelites and semi-pelites. The psammitic layer 

displayed mineral banding defined by biotite and phlogopite. The sample is situated 

above the upper limb of the map-scale recumbent fold whose hinge is focused in the E 

zone. The sample is also refolded by F3 folds. The detrital zircon grains in this sample 

range in size from 40-60 um wide by 60-125 um long. Sample LT13-254A yielded 17 LA-

ICPMS spot analyses on 17 grains. 

LT13-249 Psammite - Sample LT13-249 is located 1.25 kilometres southeast of the 

E zone. It occurs in the geological unit referred to as the calcareous unit in fig. 2.4. LT13-

249 was taken from a dark to light grey medium-grained psammite which gradually 

becomes more siliceous. The sample has mm- to cm-scale mineral banding which is 

defined by more siliceous layers alternating with more micaceous layers. The sample 

displays a strong foliation that is parallel to the penetrative foliation this sample is located 

below the main mineralized horizon, outside of the lower limb of the map scale 

recumbent fold. The detrital grains in this sample have a population of large grains (100-

150 um wide by 150-200 um long) and medium grains (75-150 um wide by 60-180 um 

long). Sample LT13-249 yielded 103 LA-ICPMS spot analyses on 103. 

LT13-007B Psammite - Sample LT13-007B occurs 2.1 kilometres southwest of the E 

zone. It occurs in the geological unit referred to as the calcareous unit in fig. 2.3. LT13-

007B was taken from a medium to dark grey medium-grained psammite and hosts a 

leuco granitoid dyke that has been boudined. Boudinage interpreted to be 
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syndeformational with D2. The sample is located outside the lower limb of the map scale 

recumbent fold of the E zone, below the mineralized horizon. All the grains in the sample 

are small and range in size from 40-75 um wide by 60-125 um long. Sample LT13-007B 

yielded 50 LA-ICPMS spot analyses on 50 grains. 

LT13-242 Psammite - Sample LT13-242 is located 2.0 kilometres west-southwest if 

the E zone. It occurs in the geological unit referred to as the non-calcareous unit in fig. 

2.3. LT13-242 was taken from a strongly foliated light brown grey medium-grained 

psammite. The sample has irregular, discontinuous bands of leucosome interlayered 

with micaceous and siliceous material. The sample occurs within the core of the map 

scale recumbent fold, above the mineralized horizon that defines the lower limb of the 

fold. The sample yielded a population of medium grains (60-80 um wide by 60-125 um 

long) and small grains (30-50 um wide by 50-100 long). Sample LT13-242 yielded 130 

LA-ICPMS spot analyses on 130 grains. 

LT13-245 Psammite - Sample LT13-245 occurs 2.3 kilometres west of the E zone. It 

occurs in the geological unit referred to as the calcareous in fig. 2.3. LT13-245 was 

taken from a penetratively foliated light grey green medium-grained psammite. The 

sample has irregular, discontinuous bands of leucosome interlayered with micaceous 

and siliceous material. The sample displays mm, cm and dm banding. The sample 

occurs within the core of the map scale recumbent fold, below the mineralized horizon 

that defines the upper limb of the fold. The sample yielded a population of medium 

grains (60-100 um wide by 75-175 um long) and small grains (40-50 um wide by 60-150 

long). Sample LT13-245 yielded 130 LA-ICPMS spot analyses on 130 grains. 

LT14-435 Quartzite - Sample LT13-435 occurs 0.5 kilometres west of the E zone. It 

occurs in the geological unit referred to as the calcareous unit in fig. 2.3. LT13-435 was 

taken from a penetratively foliated light grey medium-grained quartzite. The sample has 

mm- to cm-scale mineral banding which is defined by more siliceous layers alternating 

with more micaceous layers. The sample occurs within the core of the map scale 

recumbent fold, below the mineralized horizon that defines the upper limb of the fold. 

The sample yielded a population of large grains (125-200 um wide by 150-250 um long) 
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and medium grains (75-100 um wide by 125-200 long). Sample LT13-435 yielded104 

LA-ICPMS spot analyses on 104 grains. 

LT14-464 Quartzite - Sample LT13-464 occurs 1 kilometre south-southeast of the E 

zone. It occurs in the geological unit referred to as the calcareous unit in fig. 2.3. LT13-

464 was taken from a penetratively foliated light grey beige medium-grained quartzite. 

The sample has mm scale mineral banding which is defined by more siliceous layers 

alternating with more micaceous layers. The sample occurs outside of the map scale 

recumbent fold, below the mineralized horizon that defines the lower limb of the fold. The 

sample yielded a population of large grains (100-150 um wide by 125-250 um long). 

Sample LT13-464 yielded 80 LA-ICPMS spot analyses on 80 grains. 

Group 2: 

Group 2, (sample LT13-255) has a dominantly unimodal probability peak at 1750 

Ma and minor probability peaks in the Paleoproterozoic and Archean. 

LT13-255 Psammite - Sample LT13-255 occurs 5.5 kilometres northeast of the E 

zone. It occurs in the geological unit referred to as the pelite and semi-pelite with 

significant amphibolite unit in fig. 2.3. LT13-255 was taken from a penetratively foliated, 

F3 folded, light grey medium-grained psammite. The sample has mm and cm scale 

mineral banding which is defined by more siliceous layers alternating with more 

micaceous layers. The sample occurs outside of the map scale recumbent fold, well 

above the mineralized horizon that defines the upper limb of the fold. The sample 

yielded a population of small zircon grains (35-75 um wide by 60-150 um long). Sample 

LT13-255 yielded 53 LA-ICPMS spot analyses on 53 grains.  

Group 3: 

Group 3, (samples LT13-263 and LT13-017) have multi-modal peaks from 1400 

Ma to 1800 Ma, these are the only two samples from the data set that have dates in the 

North American magmatic gap. 
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LT13-263 Paragneiss - Sample LT13-263 occurs 4 kilometres northeast of the E 

zone. It occurs in the geological unit referred to as the pelite and semi-pelite with 

significant amphibolite unit in fig. 2.3. LT13-263 was taken from a penetratively foliated, 

F2 folded, light grey medium-grained Paragneiss. The sample occurs outside of the map 

scale recumbent fold, well above the mineralized horizon that defines the upper limb of 

the fold. The sample yielded a population of medium grains (40-100 um wide by 75-200 

um long) and small grains (25-50 um wide by 60-100 long). Sample LT13-263 yielded 

119 LA-ICPMS spot analyses on 119 grains, 

LT13-017A Psammite - Sample LT13-017A occurs 3 kilometres southeast of the E 

zone. It occurs in the geological unit referred to as the calcareous unit in fig. 2.3. LT13-

017A was taken from a penetratively foliated light grey medium-grained psammite. The 

sample has mm- to cm-scale mineral banding which is defined by more siliceous layers 

alternating with more micaceous layers and has a fabric that defines a tops to the west 

sinistral shear The sample occurs outside of the property scale recumbent fold, below 

the mineralized horizon that defines the lower limb of the fold. The sample yielded a 

population of large grains (100-150 um wide by 150-200 um long) and medium grains 

(35-100 um wide by 60-125 long). Sample LT13-017A yielded 92 LA-ICPMS spot 

analyses on 92 grains. 

Group 4: 

Group 4, (sample LT13-250) is distinguished from the other samples due to the 

relatively large peak from 1100 to 1300 Ma. It has a similar distribution from 2500 to ca. 

3000 Ma as to the first group. 

LT13-250 Calcsilicate gneiss - Sample LT13-250 occurs 6.5 kilometres northeast of 

the E zone. It occurs in the geological unit referred to as the pelite and semi-pelite with 

significant amphibolite unit in fig. 2.3. LT13-250 was taken from penetratively foliated 

very siliceous medium-grained calcsilicate gneiss with minor disseminated sulphides. 

The sample occurs outside of the map scale recumbent fold, well above the mineralized 

horizon that defines the upper limb of the fold. The sample yielded a population of 

medium grains (50-75 um wide by 60-275 um long) and small grains (35-60 um wide by 

60-155 long). Sample LT13-250 yielded 49 LA-ICPMS spot analyses on 49 grains. 
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Group 5: 

Group 5, (samples LT13-246 and LT13-297), have significant peaks at 1050 Ma 

and are distinguished from the other samples with Neoproterozoic grains by a small 

percentage of Neoproterozoic grains and lack of grains older than Mesoproterozoic. 

LT13-246 Quartzite - Sample LT13-246 occurs 2.9 kilometres east-northeast of the 

E zone. It occurs in the geological unit referred to as the calcareous unit in fig. 2.3. LT13-

246 was taken from a penetratively foliated, light beige medium-grained quartzite. The 

sample is also refolded by F3 folds. The sample occurs outside of the map scale 

recumbent fold, above the mineralized horizon that defines the upper limb of the fold. 

The sample yielded a population of large grains (75-125 um wide by 200-625 um long), 

medium grains (60-75 um wide by 50-150 um long) and small grains (25-50 um wide by 

60-125 long). LT13-246 was analysed by 133 LA-ICPMS spot analyses on 133 grains.  

LT13-297 Quartzite - Sample LT13-297 occurs 1.6 kilometres east of the E zone. It 

occurs in the geological unit referred to as the calcareous unit in fig. 2.3. The sample 

occurs outside of the map scale recumbent fold. LT13-297 was taken from a 

penetratively foliated light grey to beige fine to medium-grained quartzite. The sample 

has cm scale mineral banding which is defined by more siliceous layers alternating with 

more micaceous layers. The sample yielded a population of large grains (50-100 um 

wide by 75-200 um long), medium grains (40-75 um wide by 50-200 um long) and small 

grains (30-50 um wide by 50-150 long). LT13-297 was analysed by 135 LA-ICPMS spot 

analyses on 131 grains 

Group 6: 

Group 6, (sample LT14-441) has a significant peak at ca. 655 Ma, and a broad 

peak at 1800 Ma. There is also a small Archean population. 

LT14-441 Quartzite - Sample LT14-441 occurs 0.2 kilometres south of the E zone. It 

occurs in the geological unit referred to as the calcareous unit in fig. 2.3. LT14-441 was 

taken from a penetratively foliated light grey fine to medium-grained quartzite. The 

sample has mm- to cm-scale mineral banding which is defined by more siliceous layers 
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alternating with more micaceous layers and has a fabric that defines a tops to the west 

sinistral shear. The sample occurs outside of the map scale recumbent fold, below the 

mineralized horizon that defines the lower limb of the fold. The sample yielded a 

population of large grains (125-200 um wide by 150-250 um long) and medium grains 

(75-100 um wide by 125-200 long). LT14-441 was analysed by 141 LA-ICPMS spot 

analyses on 94 grains. 

Group 7: 

Group 7, (samples LT13-026 and LT13-276) are similar to group 6 in that the 

largest peak is at ca. 655 Ma, yet there are no Archean grains (oldest grains are 

Paleoproterozoic). 

LT13-026 Quartzite - Sample LT13-026 occurs 4 kilometres southeast of the E 

zone. It occurs in the geological unit referred to as the calcareous unit in fig. 2.3. LT13-

026 was taken from a penetratively foliated light grey fine to medium-grained quartzite. 

The sample has mm- to cm-scale mineral banding which is defined by more siliceous 

layers alternating with more micaceous layers. The sample occurs outside of the map 

scale recumbent fold, below the mineralized horizon the makes the lower limb of the 

fold. The sample yielded a population of large grains (75-125 um wide by 100-250 um 

long) and medium grains (60-115 um wide by 60-250 long). LT13-026 was analysed by 

153 LA-ICPMS spot analyses on 143 grains. 

LT13-276 Quartzite - Sample LT13-276 occurs 0.9 kilometres south-southeast of 

the E zone. It occurs in the geological unit referred to as the calcareous unit in fig. 2.3. 

LT13-276 was taken from a penetratively foliated light grey fine to medium-grained 

quartz rich psammite. The sample has mm- to cm-scale mineral banding which is 

defined by more siliceous layers alternating with more micaceous layers. The sample 

occurs outside of the property scale recumbent fold, below the mineralized horizon the 

makes the lower limb of the fold. The sample yielded a population of small grains (30-75 

um wide by 60-125 um long). LT13-276 was analysed by 39 LA-ICPMS spot analyses 

on 38 grains. 
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Figure 2.4. Normalized probability plot detrital zircon dates from 16 samples 
from the Ruddock Creek property, southern British Columbia. 
Samples are grouped together based on similarity of probability 
peaks. 
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a)  . 

b)  . 

c)  
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d)   

e)  

Figure 2.5. CL images of the five samples that contain Neoproterozoic grains. 
The red circles represent laser ablation spots. 

(a) Sample LT13-246 detrital zircons. Group 5 in figure 2.4. 
(b) Sample LT13-297 detrital zircon. Group 5 in figure 2.4. 
(c) Sample LT14-441 detrital zircon. Group 6 in figure 2.4. 
(d) Sample LT13-026 detrital zircon. Group 7 in figure 2.4. 
(e) Sample LT13-276 detrital zircon. Group 7 in figure 2.4. 
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Five of the youngest grains with the simple internal zoning and ca. 655 Ma LA-

ICPMS dates were selected for analysis via CA-TIMS (Figure 2.6 – 2.8; Appendix E). 

Two grains from sample LT13-276 and three grains from sample LT14-441 were broken 

into two or three fragments each because it was known that metamorphic zircon rims 

would cause the dates to be discordant. The CA-TIMS analyses are all slightly normally 

discordant. The regression lines through the three analyses from each of two grains from 

sample LT13-276 yielded upper intercepts of 682 ± 11 [13] Ma (M.S.W.D. = 0.29) and 

672.9 ± 3.8 [7] Ma (M.S.W.D. = 0.60). It is difficult to assess the geological relevance of 

the lower intercepts. The 137 ± 24 Ma intercept may reflect the timing of granitic 

magmatism in the region (Scammell, 1993), but the other lower intercept does not 

appear to coincide with any know geological events in the region. A regression line 

through all seven analyses from three grains of sample LT14-441 yielded upper intercept 

of 663.4 ± 1.2 [6] Ma (M.S.W.D. = 0.75), which is considered to be the youngest robust 

detrital zircon date in this study. The 100 ± 10 Ma intercept reflects metamorphic 

overgrowths on the detrital zircon (Varva et al., 1995). Regional metamorphism is well 

documented in this region at that time (Scammell, 1993). 

 

Figure 2.6. Concordia plot of CA-TIMS U-Pb dates from three fragments from 
each of two grains from sample LT13-276.  
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Figure 2.7. Cathodoluminescence images of the five grains that were analyzed 
by CA-TIMS. The red circles represent laser ablation spots. 
Data from spot 959 (analyses in the red box in fig. 2.6) and spot 969 
(analyses in the black box in fig. 2.6) are shown in Figure 2.8. Data 
from spots M-231, T-240 and O-232 are shown in figure 2.10. 
 

 

Figure 2.8. Concordia plot of CA-TIMS U-Pb dates from two or three fragments 
from each of three grains from sample LT14-441. 
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2.4.3. Geochemical Characterization of the Youngest Detrital 
Zircon Population 

In addition to the U-Pb data, trace element and REE data were collected from the 

detrital zircon (Appendix C). A summary is provided below of specific geochemical 

parameters that were used to help characterize the magmatic source for the population 

of Neoproterozoic zircon grains younger than 750 Ma. This information can be used to 

interpret the tectonic environment in which the magma was generated (e.g., continental 

arc versus rifting basin) and possibly aid in further constraining the source region for a 

given population of zircon grains. A summary of the results are provided in Table 2.1 and 

Fig. 2.9. 

The ratio of Niobium to Thorium (Nb/Th) was used as a means to assess the 

relative amount of mature continental sediment assimilated into the magma. Zircon with 

low Nb/Th (<0.10) is from a magma that incorporated mature continental sediment (i.e., 

arc magma) and those with high Nb/Th (>0.10) is from magma that did not incorporate 

mature continental sediment (i.e., magma with a large mantle component, such as rift-

related magma) (Elliott et al., 1997; Tani et al., 2010). 

Titanium-in-zircon thermometer was used to assess how evolved the parent 

igneous rock was by estimating at the temperature of zircon crystallization (Watson and 

Harrison, 2005; Ferry and Watson, 2007). Very low values (~650 ⁰ C) are typical of 

evolved granites, and higher values (~800 ⁰ C) are more typical of mafic or intermediate 

magmas. Ti activity of the host magma is unknown for these detrital zircons, so a typical 

value of 0.8 was used. 

The Thorium to Uranium (Th/U) ratio has been used to assess what igneous rock 

type a zircon was sourced from, higher Th/U ratios (~1.2) occur in mafic melt and lower 

Th/U ratios (~0.6) occur in more felsic melts (Kirkland et al., 2015). Furthermore the 

Th/U ratio has been used to assess whether a zircon has a magmatic or metamorphic 

origin (Rubatto, 2002 a, b). A Th/U ratio lower or equal to 0.1 is characteristic for 

metamorphic origin and a ratio higher or equal to 0.1 represents igneous zircon. 
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The size of the Eu/Eu* anomaly can be related to how much plagioclase has 

been crystallized from the magma, which in turn is related to the amount of 

differentiation of the magma (Weil and Drake, 1973; Taylor and McLennan, 1985). Eu* is 

the value expected for Eu on a smooth chondrite-normalized plot. 
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(a)  

(b)  
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(c)  

(d)  
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Figure 2.9. Plots of geochemical parameters versus date for the < 750 Ma 
detrital zircon. Colour coded to represent groups from fig. 2.4. 

(a) Nb/Th versus date of detrital zircon < 750 Ma. Above red dashed line represents zircon with 
arc related chemistry, below red dashed line represents zircon with rift related chemistry. 
(b) Ti-in-zircon temperature versus date of detrital zircon < 750 Ma. 
(c) Th/U versus date of detrital zircon < 750 Ma. 
(d) Eu/Eu* versus date of detrital zircon < 750 Ma. 

Table 2.1. Summary table of average geochemical values for detrital zircon < 
750 Ma 

Sample 
Average 

Nb/Th ± 1σ 

Average Ti-in-
zircon 

thermometer ± 
1σ 

Average 
Th/U ± 1σ 

Average 
Eu/Eu* ± 

1σ 

LT13-026 0.12 ± 0.12 756°C ± 67 0.67 ± 0.72 0.12 ± 0.15 

LT13-246 0.13 ± 0.07 837°C ± 41 0.76 ± 0.18 0.16 ± 0.07 

LT13-276 0.12 ± 0.09 726°C ± 51 0.54 ± 0.26 0.07 ± 0.05 

LT13-297 0.08 ± 0.04 806°C ± 7 0.73 ± 0.14 0.09 ± 0.00 

LT14-441 0.08 ± 0.06 781°C ± 64 0.56 ± 0.20 0.14 ± 0.10 

2.4.4. Discussion of youngest Neoproterozoic zircon Geochemical 
Results 

The geochemistry of this Neoproterozoic population of detrital zircon does not 

show any clear patterns (Figure 2.9). One of the most significant findings is a wide 

variation in zircon chemistry between the five samples. The chemical variation could 

mean that the Neoproterozoic zircon was sourced from different tectonic settings and 

include a wide diversity of rock types. The Neoproterozoic zircon has both high and low 

Nb/Th. Grains with high Nb/Th (>0.10) are interpreted to be derived from rift-related 

rocks from western Laurentia. Conversely, grains with low Nb/Th (<0.10) are likely from 

continental arc magmas. This inference may indicate that the grains were derived from 

another continent because there is no known ca. 690 – 635 Ma arc magmatism on 

Laurentia, yet continental arc magmatism at this time is documented in Australia 

(Fanning and Link, 2008), South China (Zhou et al., 2002, 2004; Li et al., 2003) and 

Namibia (Hoffman et al., 2004). The Ti-in-zircon temperatures from the Neoproterozoic 

grains suggest temperatures of crystallization that are mostly typical of mafic or 

intermediate magmas. Notably, sample LT13-026 has analyses that represent the 
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highest and lowest values for the Ti-in-zircon thermometer, suggesting that the grains 

analyzed crystallized from a range of felsic/intermediate to mafic magmas. The Th/U 

ratio indicates that all of the youngest grains analysed are igneous and came from a 

variety of igneous rock types. The Eu/Eu* ratio for the Neoproterozoic grains have 

values that are typical of intermediate to evolved magmas. 

2.5. Discussion: Potential Sources of Detrital Zircon and 
Possible Transport Mechanism 

Of particular importance to the following discussion is the interpretation made by 

previous workers that parts of the Windermere Supergroup originated from a northwest-

flowing “axial” depositional system (Ross, 1988; McDonough, 1989; Ross et al., 1989). 

The Windermere Supergroup can be traced over a minimum of 35,000 km2; without 

palinspastic restoration (Ross and Murphy, 1988; Ross et al., 1989) and up to 80, 000 

km2; with palinspastic restoration (Ross and Arnott, 2007); the large areal extent and 

thickness of these sediments is representative of the extensive depositional system from 

which they were derived. A number of mechanism likely facilitated delivery of detritus 

into the evolving Windermere basins during the Neoproterozoic as it transitioned from an 

actively rifting basin to a passive margin. 

The detrital zircon data provided by this study suggest a variety of source areas 

for the youngest detrital grains. A permissible interpretation of these data is that the 

majority of the Paleoproterozoic and Archean detrital zircon were sourced from the 

western Canadian Shield. The Mesoproterozoic zircon that range from 1600 to 1400 Ma, 

an age uncommon to the Canadian Shield, may represent recycled sediment derived 

from sources such as the Belt-Purcell basin which extends from southern Idaho into 

southern British Columbia (Jones et al., 2015). However, the presence of 

Neoproterozoic detrital zircon, in particular those with ages of ca. 663 Ma have no 

known proximal source. Slightly older Neoproterozoic sedimentary and volcanic rocks 

occur in Utah and Nevada, including the siliciclastic Uinta Mountain Group, strata from 

the Perry Canyon formation, as well as the lower Brigham and McCoy Creek groups 

(Yonkee et al., 2014). The closest known source with similar zircon dates and rift-related 

chemistry occur in Idaho and include the igneous rocks within the Big Creek-Beaverhead 
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Belt dated by Lund et al. (2010). Fanning and Link (2004) also dated a 709 Ma reworked 

fallout tuff bed within the Scout Mountain Member in southeastern Idaho. A third 

potential source for Cryogenian zircon from Idaho is the 687 Ma Bannock Volcanic 

Member (Keeley et al., 2012). Correlating the youngest detrital zircon found in this study 

with the igneous zircon from the Big Creek-Beaverhead Belt strongly supports central 

Idaho as a potential provenance area. The Big Creek-Beaverhead Belt is the best 

source for the ca. 663 Ma zircon because of their similar age and chemistry (Lund et al., 

2010; personal communication, V. Isakson, 2016). 

2.5.1. North American Craton 

The provenance of many of the detrital zircon in the samples from this study can 

be established by referring to the ages of basement rocks in the western Canadian 

Shield (Fig. 2.10). Compilations, previous geochronologic studies, and aeromagnetic 

and gravity anomaly data from Alberta (Hoffman, 1989; Ross et al 1988a, 1988b, 1989a, 

1990, 1991; Ross and Bowring, 1990; Ross, 1991; Villeneuve et al., 1991; Gehrels and 

Ross, 1998) have provided a database for the ages of basement provinces in the 

western Canadian Shield. These studies have also highlighted the major crustal 

domains concealed by the Western Canada Sedimentary Basin. Many of the detrital 

zircon from Ruddock Creek have similar ages to the basement provinces of the western 

Canadian Shield. In similar studies, Ross and Bowring (1990), Ross and Parrish (1991) 

and Smith and Gehrels (1991), also found zircon ages from Windermere strata in 

southern British Columbia that represent the ages of plutonic rocks in the nearby 

basement provinces of southern Alberta. 

More specifically, the detrital zircon ages in this study that range from 3500 Ma to 

2500 Ma are derived from the Archean basement domains of western Laurentia (e.g., 

Slave, Rae and Hearne provinces), and similarly the zircon ages that range from 2500 – 

2000 Ma have originated from the Paleoproterozoic basement domains of Laurentia 

(e.g., Wabamun, Thorsby, Buffalo Head). Zircon ages from 2000-1600 Ma are the 

product of the Trans-Hudson and other Paleoproterozoic orogens (e.g., Snowbird, 

Wopmay, Thelon-Taltson), Yavapai Province magmatism (1800-1680 Ma), and Mazatzal 

Province magmatism (1680-1600 Ma). Orthogneisses and paragneisses that make-up 
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basement rocks exposed within the Omineca belt could be a more local source for 

detrital zircon with ages from 2200 to 1870 (Crowley, 1999). Other igneous sources 

include syn-sedimentary rocks of the Granite-Rhyolite Province (1490 – 1300 Ma) and 

Grenville Province magmatism (1300 – 1000 Ma). Very high Th concentrations provide a 

distinguishing isotopic composition of the Pool Creek syenite, (640 to 650 Ma; U-Pb 

zircon date; Pigage and Mortensen, 2004), and a diagnostic fingerprint, which would be 

identifiable in a detrital zircon sample. Furthermore, that magmatic event was considered 

very localized. The delivery of detritus from the above mentioned basement domains, 

both proximal and distal to the Windermere basins, could have been facilitated, in part, 

by a pan-continental drainage system. Rainbird et al. (1997) suggested that an 

enormous system of braided rivers interpeted to have been present during the existence 

of Rodinia and supplied sediments 3000 kilometres northwest from the Grenvillian 

orogeny (Potter, 1978; Rainbird et al. 1997; Ross and Arnott, 2007). 
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Figure 2.10. Interpreted Provenance Map for the Ruddock Creek Property. 
Geological sketch map of Precambrian North America to show the location of Proterozoic and Cambrian sedimentary basins. Archean and Paleoproterozoic basement domains shown on the map are inferred to have contributed 
sedimentary detritus to huge river systems that crossed the continent, spreading northwesterly. Sediments derived from the Grenvillian orogenic belt have been recognized by westward-directed paleocurrents (yellow arrow) and by 
detrital zircon grains signature (see Fig. 2.4). The green arrow shows the suggested transport direction of the Paleoproterozoic sediments, shed from the Yapavai and Trans-Hudson. The red arrow illustrates transport directions proposed 
for Neoproterozoic sediments deposited in the Ruddock Creek area from Idaho. Compiled from Ross and Parrish (1991); Gehrels and Ross (1998); Whitmeyer and Karlstrom (2007). 
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2.5.2. Western United States as a source for Neoproterozoic zircon 

One of the most significant findings of this study is the ca. 663 Ma 

Neoproterozoic detrital zircon with rift-related geochemistry. Having rift-related 

geochemistry in the youngest zircon population has implications for the timing of break-

up related to Rodinia and the configuration of the western margin of Laurentia during 

Neoproterozoic time. The ages and composition of these detrital grains seem to be most 

compatible with an igneous complex from central Idaho (Lund et al., 2010; Fanning and 

Link, 2004; V. Isakson, personal communication, 2016) (Fig. 2.12. - Neoproterozoic 

alkalic igneous rocks indicated by the brown dots). Eight samples analyzed by Lund et 

al. (2003; 2010), consisting of alkali syenite-diorite rocks, a tuffaceous diamictite and a 

rhyodacite flow, are interpreted to be the result of Neoproterozoic rift-related magmatism 

and have within-plate tholeiitic signatures. The rhyodacite flow from the Edwardsburg 

Formation along the northwest-oriented Big Creek-Beaverhead belt is 685 Ma (Lund et 

al. 2003, 2010). Lund et al. (2010) analyzed four syenite-diorite samples that yielded 

Neoproterozoic SHRIMP ages of 665 ± 6 to 651 ± 5 Ma, and ID-TIMS ages of 653 ± 2 to 

651 ± 5 Ma, including the Acorn Butte, Rush Creek Point and Ramey Ridge. In the same 

study, Lund et al. (2010) also analyzed four Cambrian samples. These findings led Lund 

et al. (2010) to suggest that there were two discrete magmatic pulses in central Idaho 

that occurred in Cryogenian and Cambrian. 

2.5.3. Evolution of the Windermere basinal system: model for 
northwestward axially transported detritus due to episodic 
rifting and basin linkage through fault propagation of the 
western Laurentian margin 

To reconcile a central Idaho source the rifting model of Gawthorpe and Leeder 

(2000) was applied. A mechanism, specific to the evolution of the Windermere basinal 

system is proposed whereby axially transported detritus was moved northwestward 

along the western Laurentian margin at the base of the continental slope from central 

Idaho to their current position within the Windermere Supergroup of southern British 

Columbia. The pan-continental river system that is thought to have existed during 

Rodinia’s existence is not considered a source for Neoproterozoic sediment supply. The 
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pan-continental rivers are hypothesised to have carried detritus west-northwest and are 

thought to have sourced sediments from the craton (4000 – 2500 Ma), the 

Paleoproterozoic basement (2500 – 2000 Ma) and the Trans-Hudson (2000 – 1800 Ma), 

Yavapai (1.8 – 1.6 Ga), Mazatzal (1680 – 1610 Ma) Grenville (1300 – 1000 Ma) 

orogens. They are not thought to have scavenged any sediment from a ca. 655 Ma 

source. Also, the breakup of Rodinia caused significant changes to the drainage patterns 

within Laurentia (Prave, 1999; Macdonald et al., 2013). 

The Neoproterozoic Windermere Supergroup rift sediments are interpreted to 

represent the first detritus shed off the newly rifted and attenuated margin of western 

Laurentia (Stewart, 1972; Ross, 1991; Colpron et al., 2002). The Windermere 

Supergroup and overlying stratigraphy support the idea that Rodinia experienced a 

prolonged extensional history that included at least two major rifting events (Colpron et 

al., 2002; Lund et al., 2003). Rifting within the evolving Windermere basinal system 

occurred in multiple stages with the nascent stages resulting in originally unconnected 

intracratonic rift-basins (Figure 2.11 a). Throughout the Cordillera extension related rift-

related volcanic rocks (780–700 Ma) have been interpreted to be related to restricted 

local extension (Roots and Parrish, 1988; Sears, 1990; Ross, 1991; Rainbird et al., 

1996; Timmons et al., 2001, Lund et al. 2010). 

The first stages of extension in any rift are manifested by small fault- and fold-

bound basins, these features act as early sub-basins and depocentres that interact and 

receive sediment from pre-existing drainage systems. As strain increases, border faults 

or break-away’s fail and the fault systems merge into a larger through-going geometry 

(Gawthorpe and Leeder, 2000). As the intracratonic sub-basins became more through 

going and interconnected it is plausible that an intracratonic sea-way formed (Rainbird et 

al., 1996; Dehler et al., 2001, 2010) (Figure 2.11 b). Dehler et al. (2001) suggested that 

mid-Neoproterozoic lithologies in were locally deposited within a series of coeval sub-

basins within an intracratonic rift basin, which is also referred to as the “ChUMP Interior 

Seaway”. The “Chump Interior Seaway” is made up of the Chuar group located in 

Nevada (Karlstrom, 2000; Dehler et al., 2001, 2010); the Uinta Mountains and Big 

Cottonwood formations within Utah (Yonkee et al., 2014); and the Pahrump Group in 

Death Valley, California, USA (Mahon et al., 2014). Similarly, the Amundsen basin within 

http://bulletin.geoscienceworld.org/content/122/3-4/430.full.pdf+html#ref-158
http://bulletin.geoscienceworld.org/content/122/3-4/430.full.pdf+html#ref-176
http://bulletin.geoscienceworld.org/content/122/3-4/430.full.pdf+html#ref-161
http://bulletin.geoscienceworld.org/content/122/3-4/430.full.pdf+html#ref-154
http://bulletin.geoscienceworld.org/content/122/3-4/430.full.pdf+html#ref-154
http://bulletin.geoscienceworld.org/content/122/3-4/430.full.pdf+html#ref-208


 

50 

Nunavut and the Northwest Territories of Canada (Young, 1981; Rainbird et al., 1996; 

Macdonald et al., 2010; Thomson et al., 2014) has been referred to as developing as an 

intracratonic basin. Young (1981) suggested that a series of extensional basins defined 

the western margin of Laurentia, and that evaporitic epicontinental seaways were 

episodically linked. Other areas that have been defined as intracratonic also include the 

Fifteenmile and Pinguicula groups of the Yukon (Rainbird et al., 1996; Macdonald et al., 

2012); the Mackenzie Mountains Supergroup (Turner and Long, 2008) and the 

Windermere Supergroup and overlying Hamill-Gog Group within the southern Canadian 

Cordillera (Colpron et al., 2002). 

The final phases of rifting resulted in a through-going rift that would have 

eventually been flooded and lead to the development of the passive margin (Figure 2.11 

c). Once the fault segments link, an open system develops regional hydrological 

gradients where water and sediments distribution becomes linked amongst the sub-

basin. The axial rivers that are formed then migrate away from the rift shoulder 

(Gawthorpe and Leeder, 2000); increasing volumes of sediments were carried along the 

axis of the rifted margin due to the basin floor breaking up into rift-parallel fault blocks 

(Lambiase, 1995). For example, the sequence of shale, immature grit, and deep-water 

carbonates of the Horsethief Creek and Kaza groups (Figure 2.2) are interpreted as a 

submarine turbidite system that was deposited in a northwest trending axial trough, 

basin-ward from continental shelf and slope deposits (Ross et al., 1989), with east tilted 

half grabens (Warren, 1997). The northwest trending axial trough provides a conduit for 

sediments to travel from south to north. Analogous submarine turbidite systems that 

were deposited as a result of rifting of Rodinia and the subsequent formation of a 

northwest deepening passive margin have been documented throughout the Cordillera 

(Reesor, 1973; Campbell, 1973; Nelson, 1978; Mountjoy, 1980; Ross and Parrish, 1991; 

Arnott et al., 2011; Terklay et al., 2016) In the southern Canadian Cordillera, 

paleocurrent indicators suggest variable paleo-flow from the south-southwest to 

northwest and rarely northeast (Mountjoy and Aitken, 1963; Arnott and Hein, 1986; 

McDonough, 1989; Ross et al., 1989) current-ripple, dune cross-stratification and flutes 

also indicate west-northwest flow (Arnott and Hein, 1986). Similar northwest-southeast 

paleocurrent orientations have been proposed in the Pahrump Group located in Death 

Valley, Californian (Mahon et al., 2014). 
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Figure 2.11. Progressive connecting Windermere basin through time showing 
the inferred sub-basin distribution ca. 780 and 650 Ma and the 
nascent passive margin ca. 570 Ma. 

a) Development of intra-cratonic sub-basins occurs in the initiation stage of a continental-
continental rift basin, based on the presence of rift related volcanic rock distribution. Location of 
the rift related volcanics from Rice (1941); Little (1960); Glover (1978); Young et al. (1979); Devlin 
et al. (1988); Scammel and Brown (1989); Heaman et al. (1992); Harlan et al. (2003); Karlstrom 
(2000); Lund et al. (2010); Macdonald et al. (2010). Interpretations of the discrete basins at this 
time are based on the work of Macdonald et al., 2010; Thomson et al., 2014 Macdonald et al., 
2012; Karlstrom et al., 2000; Yonkee et al., 2014 Mahon et al., 2014 
b) Intracratonic sub-basins become more through-going and interconnected, an intracratonic sea-
way forms after Young, (1981), Rainbird et al. (1996), Dehler et al. (2001, 2010), Turner and 
Long, (2008) and Mahon et al. (2014). Partially based on paleo flow indicators from Mountjoy and 
Aitken (1963), Arnott and Hein (1985), Ross et al. (1989), Timmons et al. (200) and Dehler et al. 
(2010). 
c) The end of rifting resulted in a through-going margin that defined the Cambrian passive margin. 
Interpretation after Colpron et al. (2002), Lund et al. (2003, 2010), Erdmer et al. (2001). 

The geometry of the western margin of Laurentia was altered by post-rift tectonic 

activity, including thrust, extensional and transcurrent faulting (Lund et al, 2010). Several 

efforts have been made to create palinspastic reconstructions of the paleo-margin 

configuration of western Laurentia (Price and Sears, 2000 and references therein). A 

compilation of the efforts results in a recognizable right-stepping zigzag outline of the 

margin (Figure 2.12). The palinspastic restoration of Price and Sears (2000) for the 

southern Canadian and northern US Cordillera demonstrates an apparent increase from 

south to north of net horizontal northeast-directed shortening. Based on Price and Sears 

(2000), there appears to be ~60 km of restored shortening for the present day location of 

the Big Creek-Beaverhead belt and ~225 km of restored shortening for the Ruddock 

Creek location. These restorations result in an along-strike alignment of Big Creek-

Beaverhead belt and Ruddock Creek along paleomargin prior to Cordilleran deformation. 

It seems plausible that an axial river system could have existed along this length of the 

rifted margin between the Big Creek-Beaverhead belt and Ruddock Creek. Furthermore, 

paleo-current data (Mountjoy and Aitken, 1963; Arnott and Hein, 1986; McDonough, 

1989; Ross et al., 1989) for the Windermere Supergroup in the southern Canadian and 

US Cordillera suggest that an axial river system drained from southeast to northwest, 

which is our preferred transport mechanism for the ca. 663 Ma zircon. In contrast, 

dextral translation of Ruddock Creek and its host stratigraphy from a paleogeographic 

location near central Idaho is not considered a viable mechanism for explaining the 
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provenance of the ca. 663 Ma zircon at Ruddock Creek because Price and Sears (2000) 

definitively demonstrate that major east-west trending pre-Cordilleran structures (e.g., 

Moyie-Dibble Creek, St. Mary-Lussier River faults; Precambrian basement structures) 

are unaffected by any significant strike-separation. 
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Figure 2.12. Distribution of the Windermere Supergroup along the length of the 
Canadian and American Cordillera shown in blue. Magmatic rocks of 
different ages and detrital zircon samples marked by circles, of note 
are the brown 700-650 Ma alkali igneous rocks in Idaho. After Lund 
et al. (2010). 
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2.6. Conclusions 

1) Most samples analyzed have age populations with strong North American 
basement signatures that range from Meso- and Paleoproterozoic to 
Neoarchean. Four of the samples lack this signature; instead two of the 
samples have a prominent Grenville peak (ca. 1100 Ma), and all four samples 
have robust Neoproterozoic peaks at ca. 655 Ma, which is the youngest 
population of detrital zircon analyzed for all 16 samples. One other sample 
with a Paleoproterozoic peak at ca. 1800 Ma also has a prominent ca. 655 
Ma peak. 

2) Five samples have probability peaks at ca. 655 Ma. Five Neoproterozoic 
grains from two of these samples were further analyzed by CA-TIMS, yielding 
dates from 682 ± 11 to 673 ± 4 and 663 ± 1 Ma. The youngest date is 
interpreted as being the maximum age of deposition. When considered with 
the other age populations discussed above, these data support previous 
interpretations that the metasedimentary sequence at Ruddock Creek is a 
southern continuation of the Mica Creek Succession of the Windermere 
Supergroup. 

3) Trace element geochemistry (Nb/Th, Ti, Th/U and Eu/Eu*) of the 
Neoproterozoic zircon grains suggest many were derived from rift-related 
magmatism. This interpretation is consistent with source magmatic rocks 
associated with the Neoproterozoic rifting along the western Laurentian 
margin. 

4) To date the only known possible source for the ca. 663 Ma zircon is the Big 
Creek-Beaverhead belt in central Idaho, particularly the Acorn Butte and 
Rush Creek Point suites and a tuff from Daugherty Gulch. 

5) To reconcile a detrital source from central Idaho to explain the presence of 
ca. 663 Ma rift-related zircon in the current study area, a model is proposed in 
which the sediments bearing these zircon were axially transported from 
southeast to northwest along the diachronously rifting margin of western 
Laurentia during the Neoproterozoic. A model is prosed in which initial rifting 
along the western margin of Laurentia resulted in intracratonic sub-basins. 
Eventually, through increased fault propagation the faults became through-
going, which facilitated the development of a continuous axial river system 
along the continental margin. The axial river system carried sediment from 
southeast to northwest within the Windermere basinal system. 
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Chapter 3.  
 
Polyphase Cretaceous-Paleogene 
tectonometamorphism of the Ruddock Creek Deposit, 
Northern Monashee Mountains, southern Canadian 
Cordillera 

3.1. Abstract 

Detailed mapping (1:10 000 scale), dating of samples by U-Pb geochronology, 

thin section petrography and structural analysis were used to better understand the style 

and timing of deformation and metamorphism that affected the Ruddock Creek Zn-Pb 

property in the northern Monashee Mountains of southeastern British Columbia. These 

data were also used to further characterize the present-day geometry of the Zn-Pb 

horizon. 

The study area is underlain by metasedimentary and metabasaltic rocks of the 

Neoproterozoic Mica Creek succession of the Windermere Supergroup, which is a 

regionally extensive clastic sequence interpreted to have been deposited during 

Neoproterozoic rifting of western Rodinia. Structurally, the rocks lay within the Selkirk 

allochthon, the hanging wall of a crustal-scale, northeast-directed thrust sense shear 

zone referred to as the Monashee décollement. Within the Selkirk allochthon, the rocks 

reside in the lower upright limb of the Scrip nappe, a megascopic southwest-verging fold, 

which was produced by the first phase of recorded deformation in this region during the 

Early Jurassic. The second phase of deformation coaxially refolded the nappe into 

isoclinal, overturned folds that verge to the northeast; this phase of deformation also 

produced a penetrative transposition foliation. The timing of this phase of deformation is 

constrained by variably deformed granitoids with ages ranging from 115 to 103 Ma. Peak 

amphibolite facies metamorphism is interpreted to be syn- to post-D2, and is 
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constrained, in part, to be ca. 99 Ma. Phase-three folds re-fold the isoclinal folds into 

more open buckle folds; timing for this deformational event is constrained by variably 

deformed dykes with ages of 103 to 65 Ma. 

3.2. Introduction 

This study focuses on the Ruddock Creek property which hosts a highly 

prospective Zn-Pb deposit, and is located near the headwaters of Ruddock Creek within 

the Scrip Range of the northern Monashee Mountains of British Columbia (Figure 3.1). 

The area was first mapped by Campbell (1968) and Wheeler (1965) as part of a regional 

reconnaissance programme conducted by the Geological Survey of Canada in the 

1960’s. Understanding the complicated geological evolution of this area is important both 

from an exploration perspective and for understanding the overall tectonic evolution of 

the region. The property is situated within the Windermere Supergroup (Scammell, 

1993), which is a stratigraphic succession in the North American Cordillera, which was 

originally deposited along the rifted and attenuated western margin of Laurentia during 

Neoproterozoic time (Gabrielse, 1972; Stewart, 1972, 1976; Burchfiel and Davis, 1975; 

Stewart and Suczek, 1977; Monger and Price, 1979; Eisbacher, 1981; Scammell and 

Brown, 1990; Ross 1991). 

The Ruddock Creek Zn-Pb property is located within the northern portion of the 

Shuswap metamorphic complex of the southern Canadian Cordillera of British Columbia. 

This metamorphic core complex has undergone diachronous (Cretaceous-Paleogene) 

penetrative deformation and high-grade metamorphism (Digel et al., 1998; Carr 1991; 

Parrish 1995; Brown and Gibson 2006; Gibson et al., 2008; Gervais and Brown 2011). 

Due to the veiling effects of the penetrative nature of deformation and metamorphism 

that affected the Ruddock Creek property, the development of the Zn-Pb stratabound 

deposit now found within the deeply exhumed portion of the orogen and its subsequent 

geological evolution has remained enigmatic. Furthermore, the polyphase folding that 

has affected the Zn-Pb deposit and its host rocks has resulted in a complicated map 

pattern in which the deposit is found in a number of lenticular zones that are 

disseminated across the Ruddock Creek property. As a result, prior to this study the 
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relationship of these Zn-Pb zones to each other, and how they might be explained within 

an ore deposit model, were unresolved. 

To help unravel these enigmas, constraining the age and style of the various 

deformation phases at Ruddock Creek is one of the foci of this study. To this end, 

detailed geologic mapping and sample collection for structural and metamorphic 

analyses and zircon U-Pb geochronology were undertaken. The data collected in this 

study provide a clearer understanding of the structures that control the map-scale 

geometry of the Zn-Pb deposit and provide age constraints that corroborate those 

reported elsewhere in the region for deformational and metamorphic events that 

demonstrate a diachronous tectonometamorphic development of the southern Canadian 

Cordillera (Parrish, 1995; Digel et al., 1998; Carr, 1991; Gibson et al., 2008; Gervais and 

Brown, 2011).  
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Figure 3.1. Location of the study area and regional geology 
(a) Cordilleran terrane map after Colpron and Nelson, 2011. (b) Tectonic assemblage map, 
southeastern Omineca belt (after Wheeler and McFeely, 1991 and Gibson et al., 2008), showing 
lithologic units of autochthonous Monashee complex (North American basement) and overlying 
Selkirk allochthon. Towns: G = Golden; R = Revelstoke. Terranes: AX = Alexander; BR = Bridge 
River; CA = Cassiar; CC = Cache Creek; CG = Chugach; CPC = Coast plutonic complex; MC = 
Monashee complex; NAb = North American basinal; NAc = North American craton & cover; NAp 
= North American platform; OK = Okanagan; QN = Quesnellia; SM = Slide Mountain; ST = 
Stikinia; YT = Yukon-Tanana; WR = Wrangellia. Red stars indicate location of major Pb-Zn 
deposits in the region: BL = Big Ledge; CB = Cottonbelt; JR = Jordan River; RC = Ruddock Creek 
(this study; see Fig. 3, 4); WW = Wigwam. 

3.3. Geologic Background 

3.3.1. Regional Geology of the Southern Omineca belt 

The study area is located within the parautochthonous Kootenay terrane of the 

southern Omineca belt (Figure 3.1; Colpron and Price, 1995; Colpron et al., 2007), the 

penetratively deformed metamorphic and plutonic hinterland to the Foreland thrust and 

fold belt of the Canadian Cordillera. The tectonometamorphism in the region is a product 

of long-lived convergence, primarily Mesozoic, between subducting oceanic lithosphere, 

accreting terranes and the westward underthrusting of the North American plate (Monger 

et al., 1982; Brown et al., 1993; Monger and Price, 2002; Gibson et al., 2008). 

The southern Omineca belt includes Proterozoic North American basement and 

overlying Neoproterozoic to Paleozoic strata, and marks the transition between the 

ancient continental margin and accreted juvenile intra-oceanic rocks to the west (Monger 

et al., 1982). The Proterozoic to Paleozoic strata were deposited along the western 

paleo-margin of Laurentia as it transitioned from rift to drift and the establishment of a 

passive margin. The original depocentre of these sediments, according to the 

palinspastic restoration of Monger and Price (1979), would have been at least 200 km to 

the west of where the rocks now crop out. Horst and graben topography along the rifted 

western Laurentian margin strongly influenced the sedimentary facies of the Windermere 

Supergroup (Lund et al., 2008). The sediments feeding into the newly rifted continental 

margin were likely supplied from crystalline source rocks with high relief (Gabrielse and 

Campbell, 1991), the sediments are interpreted to have been axially transported from 

southeast to the northwest (Ross and Parrish, 1991). 
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Structurally, the Ruddock Creek property is situated near the base of the Selkirk 

allochthon (Brown and Lane, 1988), within the immediate hanging wall of the Monashee 

décollement, a crustal-scale, northeast-vergent, southwest-rooted ductile shear zone 

(Read and Brown, 1981). The allochthon was thrust over the underlying Precambrian 

basement gneiss (Monashee complex) and transported eastward toward the Cordilleran 

foreland during Middle Jurassic to Late Cretaceous (Read and Brown, 1981 & 1983; 

Brown et al., 1986; Journeay and Brown, 1986; Brown and Lane, 1987). The Monashee 

complex is the footwall of the Monashee décollement (Read and Brown, 1981) beneath 

the Selkirk allochthon, and is interpreted as a basement complex that includes exposed 

North American craton (Brown and Read, 1983; Journeay, 1986; Scammell and Brown, 

1990; Armstrong et al., 1991; Crowley, 1997 & 1999) in two tectonic windows, the 

Frenchman Cap dome and Thor-Odin dome (Figure 3.1). The basement is mostly 

composed of granitic orthogneiss that ranges in age from 2.27 to 1.87 Ga (Armstrong et 

al., 1991; Crowley, 1997). The Monashee complex was tectonically exhumed during 

Eocene (55-45 Ma) extension, following a major orogenic episode of crustal thickening 

related to Mesozoic to earliest Tertiary (> 60 Ma) compression (Monger et al., 1982; 

Brown et al., 1986; Parrish, 1995; Crowley, 1999; Monger and Price, 2002; Gibson et al., 

2008). The complex is bounded on the east by a Paleogene (ca. 55 Ma), east-dipping 

normal fault named the Columbia River fault (Read and Brown, 1981). 

From southeast in the Purcell Mountains to northwest in the Monashee 

Mountains there is a recognized change in grade of metamorphism and style of 

deformation. From southeast to northwest the metamorphic grade increases from 

greenschist to upper amphibolite facies (Read et al., 1991; Raeside and Ghent, 1986) 

and the style of deformation changes from dominantly thrust faulting (Poulton and 

Simony, 1980; Brown and Lane, 1987) to thrusting and refolded folds (Brown et al., 

1986) to tightly refolded and transposed recumbent anticlines (nappes) and synclines 

(Raeside and Simony, 1983). This succession has been traced through the Purcell 

Mountains by Evans (1933), into the Selkirk Mountains (deVries, 1971; Poulton and 

Simony, 1980) and north into the Monashee Mountains (Mitchell, 1976; Brown et al., 

1978; Poulton and Simony, 1980). 
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The regional geology of the Monashee Mountains has also been divided into 

three crustal domains (Carr, 1991; Scammell, 1993) that are distinguished by distinct but 

associated tectono-thermal histories. These domains were at different crustal levels 

within the Canadian Cordillera prior to Eocene extension (Carr and Brown, 1989; Carr, 

1992). The domain that represents the deepest crustal level includes amphibolite-facies 

rocks of the Malton gneiss complex, Monashee complex and core of the Valhalla 

complex (Simony et al., 1980; Armstrong, 1982; Brown et al., 1986; Carr et al., 1987; 

Armstrong et al., 1991). The upper boundary to this domain is marked by crustal-scale 

thrust-sense shear zones that include the Malton décollement, Monashee décollement, 

and the Gwillim Creek shear zones (Simony et al., 1980; Read and Brown, 1981; 

Journeay, 1986; Brown et al., 1986; Carr et al., 1987). 

The mid-crustal domain consists of the penetratively deformed amphibolite-facies 

rocks in the hanging wall of the aforementioned shear zones, and in the vicinity of the 

Monashee complex, the hanging wall rocks are part of the Selkirk allochthon within the 

Kootenay terrane (Read and Brown, 1981; Wheeler and McFeely, 1991; Scammell, 

1993). The upper boundary of the mid-crustal domain is marked by east- and west-

dipping crustal-scale normal faults (Read and Brown, 1981; Tempelman-Kluit and 

Parkinson, 1986; Parrish et al., 1988; Johnson and Brown, 1996; Brown et al., 2012). 

The upper crustal domain lies in the hanging wall of the normal faults and generally 

consists of lower metamorphic grade, polydeformed Neoproterozoic to Jurassic 

sedimentary, mafic igneous rocks and Eocene volcanic and sedimentary rocks. 

3.3.2. Regional Stratigraphic Setting 

In the northern Selkirk and Monashee mountains the stratigraphy can be traced 

continuously, uninterrupted by any major structural breaks (Ghent et al., 1977; Simony et 

al., 1980; Raeside and Simony, 1983; Crowley et al., 2000; Gibson et al., 2005, 2008). 

The region is made up of stratigraphy that represents sedimentary and minor volcanic 

rocks of the Neoproterozoic Windermere Supergroup, the Neoproterozoic to Cambrian 

Hamill Group, the Cambrian Badshot Formation, and the lower Paleozoic Lardeau 

Group (Fig. 3.1; see Wheeler, 1965; Brown et al., 1978; Read and Brown, 1981). 
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More locally, the study area is underlain by mainly metamorphosed clastic, 

carbonate and minor mafic volcanic rocks of the Mica Creek succession, which has been 

documented and is accepted as part of the basal section of the Windermere Supergroup 

in this region. The Mica Creek succession can be subdivided into a lower pelite unit, a 

lower carbonate unit, a semi-pelite – amphibolite unit, a middle marble unit, and an 

upper clastic unit (Brown et al., 1978; Poulton and Simony, 1980; Raeside and Simony, 

1983; Sevigny and Simony, 1988). Each unit incorporates an assortment of clastic, 

carbonate and minor mafic igneous lithologies (Raeside and Simony, 1983). Pegmatite 

and peraluminous granites intruded the Mica Creek succession in three distinct periods, 

ca. 135, ca. 115 - 100 and ca. 71 - 63 Ma, during and after regional deformation and 

metamorphism (Sevigny and Simony, 1988; Scammell, 1993; Crowley, 2000; this study). 

3.3.3. Tectonometamorphism of the Northern Monashee Mountains 

The present study is situated in the northern part of the Shuswap complex, which 

consists of upper amphibolite facies rocks in the Monashee Mountains and Shuswap 

and Okanagan highlands (Okulitch, 1984; Carr, 1991; Johnson, 1996) and is flanked by 

lower grade rocks on all sides. Throughout the Shuswap complex, previous studies have 

shown tectonometamorphic events to span a broad range of time from ca. 170 to 60 Ma. 

The studies also demonstrated that the deformation and metamorphism became 

progressively younger with descending structural level (Parrish, 1995; Crowley et al., 

2000; Gibson et al., 2008; Gervais and Brown, 2011). Scammell (1993) demonstrated 

that in northern Monashee Mountains, the Selkirk allochthon underwent heterogeneous 

penetrative ductile strain that included polyphase folding and penetrative foliation 

development over a protracted time span from prior to ca. 135 Ma to after 97 Ma 

(Scammell, 1993). This resulted in crustal thickening that involved at least three 

episodes of superposed folding of rocks in the region and two prograde metamorphic 

events (Fyles, 1970; Simony et al., 1980; Brown and Lane, 1988; Scammell and Brown, 

1990; Scammell, 1993; Gibson et al., 2008). The first phase of folding (F1) is interpreted 

to coincide with development of Early to Middle Jurassic southwest-vergent fold nappes 

that dominate the macroscopic structure of the southern Omineca belt (Brown et al., 

1986; Brown and Lane, 1988; Scammell, 1993) (Figure 3.3a). Simony et al. (1980) 

proposed that the northern Monashee Mountains were underlain by a megascopic, 
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southwesterly-verging recumbent anticline, named the Scrip Nappe by Raeside and 

Simony (1983). The Scrip Nappe has a limb length of approximately 50 km and is 

thought to have formed prior to the northeastward transport of the Selkirk allochthon 

(Brown and Lane, 1987). Biotite grade metamorphism accompanied the first deformation 

event. The second and third phase of folding are interpreted to have developed during 

Early to Late Cretaceous northeast-vergent deformation (Simony et al., 1980; Scammell, 

1993). During the Early Cretaceous, the nappe was refolded into tight, isoclinal 

northeast-verging folds (F2). Upper amphibolite facies metamorphism related to crustal 

thickening is thought to have occurred late in the second phase of deformation. F2 folds 

are refolded by coaxial third phase folds (F3) that are more open and upright (Figure 

3.3c), which developed largely post-peak metamorphism (Simony et al., 1980; Sevigny 

et al., 1990; Scammell, 1993; Gibson et al., 2005). The fourth phase of deformation in 

the study area includes broad, upright warping of stratigraphy, with hinges that plunge 

shallowly to the northwest or southeast and the axial planes are steeply dipping. The 

entire nappe complex was then carried northeastward on the Purcell thrust during the 

later stages of, or after, the third phase of deformation (Campbell, 1968; Simony et al., 

1982; Raeside and Simony, 1983). Brittle deformation, mostly in the form of north-south 

striking normal faults with minor offsets, represents the most recent phase of 

deformation that affected this part of the allochthon during the Eocene (Brown and 

Journeay, 1987; Brown and Lane, 1987). 

Building upon these observations, Scammell (1993) suggested a three-stage 

tectonic model for the region. The first stage occurred prior to the mid-Cretaceous, which 

involved thrust-parallel shortening and thickening of the crust accompanied by anatectic 

melting. Subsequent strain softening accompanied by decompression melting marked 

the second stage and resulted in general non-coaxial ductile flow, thrust-parallel 

extension and ‘dynamic spreading’, which occurred at mid-crustal levels during 

continued convergence in the mid-Cretaceous. The final stage involved the relaxation of 

far field stresses in early Tertiary time associated with a switch from transpression to 

transtension along the western paleo-margin of North America (Monger and Price, 2002; 

Nelson et al., 2013). This led to widespread extension in the southeastern Canadian 

Cordillera and tectonic exhumation of rocks formerly at mid-crustal levels (Ewing, 1980; 
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Tempelman-Kluit and Parkinson, 1986; Parrish et al., 1988; Carr 1991; Johnson and 

Brown, 1996; Nelson et al., 2013 and references therein). 

3.4. Deformation and Metamorphism at Ruddock Creek 

3.4.1. Relationship between deformation and the Zn-Pb horizon 

Mapping the property at a 1: 10 000 scale and undertaking a detailed structural 

analysis resulted in a more complete understanding of the mesoscale structures that 

control the map-scale pattern of lithologies and the geometry of the Zn-Pb deposit. The 

mineralized outcrop pattern appears to display a complicated property-scale geometry 

that can be broadly categorized as a type-3 fold interference pattern (Ramsay, 1962) 

with significantly thickened hinges and attenuated and dismembered limbs (Figure 3.2; 

Appendix G). This observation supports previous interpretations (Fyles, 1970; Scammell, 

1993; Höy, 2001) that the metasedimentary rocks present on the property have been 

subjected to at least three phases of ductile deformation. It is clear from the map pattern 

that the main mineralized zone, referred to as the E zone, has been structurally 

thickened within the hinge (trending 290 and plunging ~30) of a property-scale F1 fold 

(Figure 3.3 b). Conversely, the mineralized horizon has been substantially attenuated 

and dismembered within the folds limbs, and as such had been historically mapped as 

separate mineralized zones. 
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Figure 3.2. Map of the Ruddock Creek area. 
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3.4.2. D1 : southwest-vergent kilometre-scale nappe folds 

The F1 folds are isoclinal and recumbent with warped axial surfaces. The limbs of 

these folds have been highly attenuated, and the hinges have been thickened (Fyles, 

1970). At the outcrop scale, this first phase of folding is manifest as rootless isoclinal 

recumbent folds (Figure 3.3 a). On the property, the recumbent fold that hosts the Zn-Pb 

horizon at Ruddock Creek is interpreted to be the synclinal mate to the Scrip Nappe 

(Scammell, 1993). 

3.4.3. D2: overturned east-vergent isoclinal folds and penetrative 
transposition foliation 

Megascopic and mesoscopic F2 folds, which dominate the outcrop and map 

pattern, are characteristically slightly convergent in style (class 1C and 3 of Ramsay, 

1967), reclined, tight to isoclinal, easterly-verging (Figure 3.3 b), with moderately west to 

northwest-dipping axial surfaces (average 207°/30° NW; Fig. 3.4 c) and fold axes that 

plunge gently to the west-northwest and southeast (average orientation of 30°/278°; Fig. 

3.4 c). Data for the F2 folds (Figure 3.4 b) show some variability that could be attributed 

to the overprinting of effects of F3 folding. F2 folds ranges from metre to 10’s of metres in 

size and are interpreted to be syn-peak metamorphic as their axial surface foliation is 

commonly defined by the peak metamorphic assemblage. 

At the Ruddock Creek property, the penetrative foliation is interpreted to be part 

of a regional transposition foliation, termed ST by Scammell (1993), identified by 

coplanar compositional layering, penetrative schistosity and gneissic banding (Raeside 

and Simony, 1983). ST is interpreted to be composite foliation (S1 + S2) produced by syn-

kinematic recrystallization and heterogeneous transposition during coaxial folding of F1 

by F2 (Simony et al., 1980; Raeside and Simony, 1983; Scammell, 1991, 1993), as well 

as east-directed general noncoaxial flow (Scammell, 1993). However, for this study we 

prefer to refer to the transposition foliation as S2, even though it is likely a composite of 

S1 and S2, because it is the most recent, and likely most significant. Development of the 

penetrative foliation was during D2, which is defined by the alignment of syn-D2 peak of 

metamorphic minerals axial planar to F2 folds. Throughout the study area, S2 dips mostly 
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to the west-northwest with an average orientation of 193/33°NW, but it also has a minor 

component that dips to the southeast (Fig. 3.4 a). The variation in the orientation of S2 

foliation is attributed to the interference of F3 with a hinge line 61°/140°. Within S2 there 

is often a west-northwest plunging mineral lineation (L2; Fig. 3.4 b) that is defined by the 

alignment of sillimanite, quartz aggregates, hornblende and less commonly calcite. In 

this study, and in adjacent field areas, sillimanite mineral lineations are found to be 

approximately coaxial with the maxima of the F2 fold axes (Fig. 3 b-c), which indicate 

that sillimanite growth and F2 folding were coeval. In oriented thin sections, shear sense 

indicators (e.g., shear bands, winged porphyroclasts) vary with top-to-the-northeast 

being most common and minor component with top-to-the-west. 

3.4.4. D3: close, east-vergent folds 

Phase three-folds (F3) are characterized by upright buckle folds with hinges that 

plunge gently to the east or west (Fig. 3.4 f), and are interpreted to have formed 

following the metamorphic peak (Raeside and Simony, 1983; Doucet et al., 1985; Carr, 

1991). The F3 folds co-axially refold F2 folds and are manifest as metre scale folds and 

small scale crenulations in the S2 transposition foliation. F3 has axial surfaces (S3) with 

an average orientation of 222°/15°NW and hinge lines toward 26°/280°. The interlimb 

angle of F3 folds ranges from approximately 70⁰ -30⁰ , making them close to tight folds. 

Interlimb angles varied based on lithology, igneous and more siliceous lithologies 

displayed more open limb angles, whereas semi-pelites had more closed smaller 

interlimb angles. 

3.4.5. D4: broad warping 

A later broad warping (F4) can be recognized from mesoscopic features at the 

Ruddock Creek property (Figure 3.3 d). This phase of broad warping was noted at a few 

stations, with hinges that plunge shallowly to the northwest or southeast and steeply 

dipping axial surfaces. A similar style of folding has also been documented within the 

region by Fyles (1970) and Thompson (1978). Fyles (1970) suggested that this phase of 

deformation developed in the waning stages of metamorphism. 
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3.4.6. D5 : late brittle faults 

Late faults (Figure 3.3 e) and associated joints and fractures form a pattern of 

north-south trending lineaments throughout the property. Their dips range between 26⁰  

and vertical, with an average of 60⁰  and the faults strike from 350⁰  to 010⁰ . They can 

have normal dip-slip displacements of metres to 100’s of metres and occasionally 

displayed some block rotation of the wall rocks. Previous property scale mapping 

suggested that there is a discrepancy between lithologic successions on the two limbs of 

the E zone fold (Lewis, 2000). Based on these lithologic differences and structural 

evidence, a fault sub-parallel to layering was interpreted on the lower fold limb of the F2 

fold that structurally controls mineralization. The west-trending limbs of the fold are offset 

by the E zone fault whose orientation has been constrained by mapping and drill hole 

data which suggests that it is a slightly curviplanar fault, oriented 187⁰ /61⁰  in the 

northern aspect of the fault and 198⁰ /61⁰  in the southern part (Simpson and Miller-Tait, 

2013). Mapping during the 2013 and 2014 field seasons also demonstrated stratigraphic 

discontinuities in the vicinity of the lower limb of the E zone F2 fold, however due to the 

overprinting effects just mentioned the fault is nearly impossible to identify without drill 

core. The E Zone Fault is a late normal block fault, which strikes northerly and dips 58⁰ -

60⁰  west. On the plane of the fault, kinematic indicators such as slickenlines are 

present, defined by chlorite ± calcite. Estimates of the amount of displacement on the E 

zone fault suggest approximately 299 m of normal dip-slip, with a small dextral 

component of movement. 
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Figure 3.3. Schematic representation of deformation events that have affected 
the Ruddock Creek deposit. 
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 a) First phase of deformation (D1) includes southwest-vergent kilometre-scale nappe 
folds (F1). The photo shows relict F1 folds observed at outcrop scale preserved as 
rootless folds in the penetrative S2 foliation. b) Second phase of deformation (D2), 
characterized by overturned east-vergent isoclinal folds (also shown in photo) that are 
axial planar to the S2 transposition foliation. c) The third phase of deformation (D3) 
refolds F2 folds and S2 foliation into more open, east-vergent folds, F3, as seen in the 
photo. d) The fourth phase of deformation (D4) consists of a broad warping of the 
metasedimentary package. e) The fifth phase of deformation (D5) consists of late brittle 
faults with minor observable offset (metres to 100’s of metres) and fault block rotation as 
shown in the photo. 
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Figure 3.4. Lower hemisphere equal area projections summarizing structural 
data from the Ruddock Creek Property. 

a) Projection of S2 structural data. S2 poles to foliation planes shown (n= 296); Counting area = 
3% of net area.  
b) Projection of mineral lineation (L2) data shown (n= 22); Counting area = 30% of net area. 
c) Projection of F2 structural data. Poles to S2 axial surfaces shown (filled circles, n= 97); hinge 
line points shown (open circles, n=102); Counting area = 9% of net area. 
d) Projection of F3 structural data. Poles to S3 axial surfaces shown (closed circles, n =74); hinge 
line points shown (open circles, n=74); Counting area = 11% of net area.  
Each projection was contoured using Kamb contouring at a contour interval of 2 sigma and a 
significance level of 3 sigma. 

3.4.7. Metamorphism at Ruddock Creek 

Metamorphic zones to the north and east of the Ruddock Creek property have 

been mapped by many authors including Campbell (1968), Simony et al. (1980), Pell 
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and Simony (1981), Raeside and Ghent (1986), and Scammell (1993). Based on this 

previous work, the northern Monashee Mountains can be broadly subdivided into a 

series of metamorphic zones that progressively increase in grade from garnet zone in 

the north to sillimanite-K-feldspar zone in the south (see Read et al. 1991). The study 

area is situated within the sillimanite-K-feldspar zone, indicating that peak 

metamorphism reached upper amphibolite facies conditions. In the region immediately 

north of the current study, Sevigny et al. (1990) acquired thermobarometric constraints 

for a suite of foliated garnet-sillimanite-bearing peraluminous granites, similar to those 

found throughout the study area. Sevigny interpreted these granites to have been 

generated by partial melting of a pelitic source at 700⁰  +/- 25 °C and emplaced during 

F2 folding at a depth of ~28 km (7.5 kbar; Sevigny et al., 1990). In the region that 

includes this study, Scammell (1993) documented similar peak metamorphic conditions 

of ~720 °C and ~7.5 kbar. Scammell (1993) demonstrated using thermochronometry 

coupled with metamorphic and structural analysis that this region cooled from 

amphibolite-facies conditions commencing in the mid- Cretaceous (ca. 100 Ma) and it 

was not until ca. 65 Ma that temperatures reached 500°C, which was followed by rapid 

cooling, interpreted to be related to either tectonic or erosional denudation. 

In many pelitic samples garnet, fibrolitic sillimanite, biotite, K-feldspar and quartz 

were found to co-exist and are interpreted to represent the peak metamorphic 

assemblage at Ruddock Creek (Figure 3.5). This peak mineral assemblage agrees well 

with the pressure (~7.5 kbar) and temperature (~720 °C) estimates determined by 

Scammell (1993). The study area contains significant volumes of granitic bodies that 

account for more than 50% of the bedrock exposure at the Ruddock Creek property (Fig. 

2.2), and are thought to be a product of partial melting of the pelitic country rock. In 

general, even the largest granitic bodies (>10km3) do not show any evidence of contact-

metamorphism, other than a few skarn localities, which imply that the igneous bodies 

intruded into relatively hot strata. While some of the granite bodies are clearly a result of 

injection of melt, other occurrences of thin, wispy veins and interstitial leucosome 

separating melanosome layers are interpreted to represent in situ partial melting of the 

host pelite. 
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Figure 3.5. Petrogenetic grid and AFM diagram highlighting the peak 
metamorphic conditions of Ruddock Creek. 

(a) NaKFMASH petrogenetic grid modified after Spear et al. (1999) showing the inferred 
metamorphic P–T field (pink) for peak assemblages in metapelites at the Ruddock Creek 
property. (b) AFM diagram (Spear et al., 1999) showing the field (grey) that accounts for the 
assemblage Grt-Sil-Bt-Ms-Qtz. Mineral abbreviations after Kretz (1983); L = melt; v = vapor. 

3.5. Zircon U-Pb Geochronology and Discussion of Age 
Constraints for Deformation and Metamorphism at the 
Ruddock Creek property 

3.5.1. Previous Work 

In the northern Monashee Mountains, anatectic peraluminous granites were 

produced between 135 and 52 Ma as a result of crustal thickening and heating 

(Scammell, 1993; Carr, 1995). Sevigny et al. (1989) documented crustal anatexis during 

two events at 100 Ma and 63 Ma, and found that the 63 Ma granites are mineralogically, 

geochemically, and isotopically similar to the 100 Ma granites. These similarities led 

Sevigny et al. (1989) to suggest that 63 and 100 Ma granites were derived from a similar 

pelitic source. Additional regional work was carried out by Scammell (1993) who 

examined the mid-Cretaceous to Paleogene thermotectonic history of former mid-crustal 

rocks within the northern Monashee Mountains. Scammell’s work included regional 
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mapping and structural analysis, U-Pb geochronology, thermochronology and 

thermobarometry. The U-Pb dating of two-mica leucogranites suggested three periods of 

magmatism 135 ± 2 Ma, ca. 100 to 97 Ma and ca. 71 to 57 Ma. The ages of these dated 

anatectic melts were used by previous workers to place constraints on the timing of 

development of structures in the area. 

3.5.2. Geochronologic Methods 

Zircon U-Pb data were obtained from 6 granitoid samples from the Ruddock 

Creek property and nearby vicinity (see Figure 3.2 for sample locations). Zircon crystals 

were acquired using standard mineral separation techniques at Simon Fraser University, 

which include jaw crushing, pulverizing in a disk mill, and density separation using a 

Wilfley table and heavy liquids (methylene iodide). Samples were selectively separated 

based on magnetic susceptibility using an LB-1 Frantz® Magnetic Barrier Laboratory 

Separator. At the Boise State University Isotope Geology Laboratory (Boise, Idaho) 

zircon crystals were hand-picked from the heavy mineral fraction and annealed at 900C 

for 60 hours in a quartz vessel in a muffle furnace. Crystals, organized by size, were 

then mounted in epoxy, and polished step-wise using silicon carbide films of 30, 15, 9, 3 

and 1 µm to expose a medial section of each crystal, followed by polishing with a 0.3 µm 

alumina slurry. Cathodoluminescence imaging was performed to characterize the 

internal zoning of the zircon prior to U-Pb analyses. The crystals were checked for 

metamorphic rims, zoning, inclusions and cracks, which could compromise the results. 

The zircon crystals were first analyzed by laser-ablation inductively coupled plasma–

mass spectrometry (LA-ICPMS) using a Thermo Scientific XSERIES 2 Quadrupole ICP-

MS and New Wave Research laser ablation system. In-house analytical protocols, 

standard materials and data reduction software were used for acquisition and calibration 

of U-Pb dates and acquisition of a suite of high-field-strength elements (HFSE) and rare 

earth elements (REE). Zircon was ablated with a laser spot 25 or 30 µm wide during 45-

second analyses consisting of 15 seconds of gas blank and 30 seconds of ablation, 

which quarried a pit ~25 µm deep. For U-Pb and 207Pb/206Pb dates, instrumental 

fractionation of the background-subtracted ratios was corrected, and dates were 

calibrated with respect to interspersed measurements of the zircon standard. The zircon 
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standards, PL, Seiland and Fcl were analyzed for every 10 or 20 unknowns analyzed. 

For more complete details of the methodology, refer to Rivera et al. (2013). 

Isoplot 4.13 (Ludwig 2003) was used to generate ranked date plots that show the 

206Pb/238U dates as error bars. This is the preferred method of presenting this data for 

several reasons. Concordia plots add information form the 207Pb/235U dates which are not 

very robust when considering LA-ICPMS data from young samples due to the lack of 

207Pb. The lack of 207Pb results in poor precision and poor accuracy in the 207Pb/235U 

dates. Ranked date plots are also preferred because they depict the reproducibility of 

the 206Pb/238U dates from grain to grain or within grain for those samples with multiple 

spots per grain. Isoplot 4.13 (Ludwig, 2003) was used to calculate weighted mean dates 

from equivalent individual dates with errors that do not include standard calibration 

uncertainties. Standard calibration uncertainties are propagated into the weighted mean 

error to get the full external error. Dates not included in the weighted mean calculations 

are outliers, with older dates being from grains with inherited components and younger 

dates being from domains that suffered Pb loss or contain younger metamorphic zircon. 

Close examination of CL images and attention to zircon trace element compositions 

guided the selection of dates to include in the weighted mean calculations. Errors on 

individual dates and weighted mean dates are given at 2. 

3.5.3. U-Pb Geochronology of Igneous Samples from Ruddock 
Creek 

U-Pb geochronology of zircon from variably deformed granitoids (Figure 3.6 – 

Figure 3.23; Appendix C) places local limits on the timing and development of the 

deformation and metamorphism at Ruddock Creek. The analyzed samples were 

strategically chosen because they demonstrate a range of geologic relationships that 

indicate they are syn- and post-kinematic with respect to the deformation at Ruddock 

Creek. They include discontinuous concordant bodies, large plugs, dikes folded by F2 

and F3, sheared lenses and undeformed cross-cutting dykes. Some of the granitoids 

also show cross-cutting relationships with respect to each other. 
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3.5.4. Age constrains for D2 deformation 

The best assessment of the timing of D2 deformation comes from three igneous 

samples, LT13-007A, LT13-230A and LT14-537 (Figures 3.6-3.12; Table 3.1). 

3.5.4.1.  LT13-007A 

Sample LT13-007A (Figure 3.6; 3.7; Table 3.1) is a leucocratic, medium-grained 

garnet-bearing granitoid hosted within a pervasively foliated psammite; it is boudinaged 

and concordant with the transposition foliation. These relationships are interpreted to 

suggest it was emplaced pre- to syn-D2. The sample was largely devoid of zircon and as 

a result only a single zircon was analyzed. The prismatic zircon was approximately 60 x 

120 microns. The CL image shows a large inherited core surrounded by faint oscillatory 

zoning that is interpreted to be igneous in origin. There are no obvious metamorphic rims 

on the zircon. Two LA-ICPMS spots were placed on the CL-bright core and a single spot 

was place in the oscillatory zoning. The dates yielded from the core are 2728.4 ± 93.8 

and 2428.7 ± 87.9 Ma. The interpreted igneous age of 115.4 ± 6.2 Ma is based on the 

date from the oscillatory zoning. Considering this granitoid is interpreted to have been 

emplaced pre- to syn-D2, the age is therefore considered to constrain, in part, the timing 

of the development of the S2 transposition foliation in this area, however the weight given 

to this interpretation is limited by the fact it is based on a single analyses. 
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Figure 3.6. LT13-007A, a granitoid sampled for U-Pb analysis to help constrain 
the age of D2 deformation at Ruddock Creek. 

a) Field photograph of sample LT13-007A is boudinaged parallel to S2 within the host psammite. 
Red arrow points to material sampled. 
b) Photomicrograph of sample LT13-007A with intracrystaline deformation features including, 
undulose extinction in quartz, quartz subgrains and quartz grains elongate parallel to S2. 

 

Figure 3.7. CL image of zircon separated from sample LT13-007A. The red 
circles represent laser ablations spots.  
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3.5.4.2.  LT13-230A 

Sample LT13-230A (Figures 3.8 a b & 3.9; Table 3.1) is a grey, medium-grained 

granitoid, which is concordant with the penetrative S2 transposition foliation and has 

been refolded by F3 (Figure 3.8). The igneous intrusion displays a fabric that parallel to 

S2. In photomicrograph (Figure 3.8 b), sample LT13-230A displays evidence for 

intracrystaline deformation features, such as elongate recrystallized quartz that is 

aligned parallel to S2. Other deformation features include undulose extinction in quartz 

grains, the presence of quartz subgrains and signs of grain size reduction within quartz 

grains. The grains also show seriate grain boundaries, which reflect grain boundary 

migration. The geologic relationships for LT13-230A are interpreted to indicate that this 

body intruded pre- to syn-D2. The zircon crystals collected from this sample formed a 

bimodal population consisting of long prismatic crystals and short equant crystals. Zircon 

range from approximately 35 x 100 microns to 75 x 200 microns. Most crystals were 

subhedral and displayed igneous oscillatory zoning in the CL images; with some 

showing CL-dark (i.e., high U) metamorphic overgrowths and a few with CL-bright 

inherited cores. The interpreted emplacement age of this granitoid is 102.5 ± 2.2 Ma 

(M.S.W.D = 1.7, probability = 0.059), which is the weighted mean of 14 analyses within 

the oscillatory zoning of 9 crystals (Fig. 2.10). Three analyses within oscillatory zoning of 

one zircon yielded dates of ca. 129-122 Ma, which are attributed as being the age of 

inherited components granitoids. Two analyses within a CL-bright core of one zircon 

yielded dates of 1684.1 ± 44.4 and 1618.8 ± 54.8 Ma, which are interpreted as being the 

age of inherited components. The 102.5 ± 2.2 Ma emplacement age is interpreted to 

further constrain the age of D2 and the development of the transposition foliation in this 

area. 
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Figure 3.8. LT13-230A was sampled for U-Pb analysis to help constrain the age 
of D2 deformation at Ruddock Creek. 

a) Field photograph of sample LT13-230A is concordant to S2 and refolded by F3 within a 
psammitic host. Red arrow points to material sampled. 
b) Photomicrograph of sample LT13-230A with intracrystaline deformation features including, 
undulose extinction in quartz, quartz subgrains and quartz grains with seriate boundaries. 

 

Figure 3.9. CL images of analyzed zircon for sample LT13-230A. The red circles 
represent laser ablations spots. Dates provided by each spot 
analysis 
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Figure 3.10. Ranked date plot for sample LT13-230A. 
Data provides a weighted mean date of 102.5 ± 2.2 Ma for igneous emplacement of the granitoid. 
Red vertical bars represent analyses included in weighted mean calculation, the white with black 
outlined vertical bars represent analyses that we omitted from the weighted mean calculation and 
the grey horizontal bar represents the average age.  

3.5.4.3.  LT14-537 

Sample LT14-537 (Figures 3.11 & 3.12 a b; Table 3.1) is a mesocratic, fine- to 

medium-grained biotite-bearing granitoid. The sample has a foliation parallel to S2 and is 

mostly concordant, but locally discordant to S2, thus the sample is interpreted to be late 

D2. In photomicrograph (Figure 3.12 b), sample LT14-537 displays evidence for 

intracrystaline deformation features, such as elongate recrystallized quartz and biotite 

crystals that are broadly aligned parallel to S2. Also, Undulose extinction is present in 

quartz grains. A coarse-grained pegmatite dike interpreted to belong to the suite of 

youngest intrusions on the property is found to cross-cut sample LT14-537. 
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The zircon crystals collected from this sample mostly consisted of short equant 

crystals with a smaller population of long prismatic crystals. Crystal habit ranged from 

mostly subhedral to euhedral. The separated zircon were large and ranged in size from 

ca.100 x 175 microns to 300 x 500 microns. Many crystals display well-developed 

oscillatory zoning in the CL images. Other crystals have CL-bright portions with little or 

no zoning. Few zircon show CL dark metamorphic overgrowths and few grains display 

CL bright inherited cores. A total of 35 spots were placed within oscillatory zoning and 

within CL bright and CL dark sections. A weighted mean date from 29 of 35 analyses 

98.6 ± 2.1 Ma (M.S.W.D. = 0.46, probability = 0.993) is interpreted as the crystallization 

age of this granitoid, which is considered to constrain the timing of late D2 to early D3. 

 

Figure 3.11. Photograph of granitoid sampled for U-Pb analysis to help constrain 
the age of polyphase deformation at Ruddock Creek. 

Mesocratic sample LT14-537 (under hammer head) is locally discordant to S2. 
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Figure 3.12. Sample LT14-537 was sampled for U-Pb analysis to help constrain 
the age of polyphase deformation at Ruddock Creek. 

a) Field photograph of sample LT14-537 (under hammer head) is locally discordant to S2. Cross-
cut by a later coarse-grained pegmatite. 
b) Photomicrograph of sample LT14-537 with intracrystaline deformation features including, faint 
undulose extinction in quartz and a weak, a weak alignment of biotite S2. 
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Figure 3.13. CL images of analyzed zircon for sample LT14-537. The red circles 
represent laser ablations spots. Dates provided by each spot 
analysis. 
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Figure 3.14. Ranked date plot for sample LT14-537. 
Data provides a mean age of 98.6 ± 2.1 Ma. Red vertical bars represent analyses included in 
weighted mean calculation and the grey horizontal bar represents the average age. 

3.5.5. Age constraints for D3 deformation 

3.5.5.1.  LT14-508A 

Sample LT14-508A (Figures 3.15 a-b & 3.17; Table 3.1) is a medium to coarse-

grained garnet-bearing leucocratic granitoid that cuts across S2 and is folded by F3. The 

granitoid is also boudinaged and S2 can be seen deflecting into the boudins necks. The 

S2 fabric is at a moderately oblique angle to the axial surface of the F3 fold. This sample 

displayed a F3 crenulation with S-asymmetry that plunges 20° towards 274°. The 

photomicrograph (Figure 3.15 a) shows evidence for deformation, there is undulose 

extinction of the quartz grains, an alignment of quartz, feldspar and biotite and quartz 

and feldspar subgrains. The zircon collected from this sample ranged in size from ~60 x 
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100 microns to 120 x170 microns. The subhedral crystals showed complicated CL 

patterns, many of which had CL dark metamorphic overgrowths. An igneous age of 94.5 

± 0.8 Ma (M.S.W.D. = 1.4, probability = 0.09) for this granitoid is interpreted based on a 

weighted mean of 21 spots placed within oscillatory zoning and CL bright and dark 

sections of 20 zircon crystals that are interpreted to reflect igneous zircon growth. Based 

on the field relationships mentioned above, the igneous age of 94.5 ± 0.8 Ma is 

interpreted to partially constrain the timing of F3 fold development. 

  

Figure 3.15. LT14-508A was sampled for U-Pb analysis to help constrain the age 
of polyphase deformation at Ruddock Creek. 

a) Field photograph of sample LT14-508A is boudinaged at an angle to S2 and folded by F3. 
b) Photomicrograph of sample LT14-508A with intracrystaline deformation features including, 
undulose extinction in quartz, quartz subgrains and quartz grains elongate parallel to S2. 
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Figure 3.16. CL images of zircon from sample LT14-508A with spot locations and 
ages provided. The red circles represent laser ablations spots. 
Dates provided by each spot analysis. 
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Figure 3.17. Ranked date plot for sample LT14-508A. 
Weighted mean date is 94.5 ± 0.8 Ma. Red vertical bars represent analyses included in weighted 
mean calculation and the grey horizontal bar represents the average age. 

3.5.6. Age constraints for the end of ductile deformation 

3.5.6.1.  LT14-512 

Sample LT14-512 (Figures 3.18 a-c and 3.20; Table 3.1) is a medium-grained 

leucocratic granitoid that includes a foliation parallel to contacts with the country rock. 

The granitoid cross-cuts and is discordant to the penetrative S2 foliation. This sample 

has a faint foliation but discordance between igneous layering and S2 in the host 

metasedimentary rocks indicates that the orientation of the granitic body was controlled 

only in part by the regional foliation. The sample is not folded, although a vein coming off 

the dike is folded by F3. In thin section (Figure 3.20 c) this sample shows evidence for 

ductile deformation. The quartz and plagioclase grains show undulatory extinction, 

subgrains and limited dynamic recrystallization. Also, there is a weak alignment of 
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muscovite, quartz and plagioclase. These observations at the very least indicate the 

granitoid had some limited amount of ductile deformation superimposed upon it. The 

zircon collected from this sample have a subhedral crystal habit and range in size from 

~30 x 60 to 60 x 100 microns. In CL, the crystals showed some metamorphic overgrowth 

and two grains appeared to have a CL bright inherited cores. Most of the grains retrieved 

from sample LT14-512 were broken; many also displayed sections with an amorphous 

CL dull grey texture and only weak oscillatory zoning. A single spot was placed within an 

inherited core and yielded a date of 1579.2 ± 39.6 Ma. All other analyses within 

oscillatory zoned domains of five other zircon grains produced a range of dates between 

166.5 ± 11.5 to 64.8 ± 2.5 Ma. The analyses can be subdivided into three age 

populations with weighted mean dates of 158.4 ± 4.3 Ma (5 analyses, M.S.W.D. = 0.59, 

probability = 0.67), 107.2 ± 2.8 Ma (4 analyses, M.S.W.D. = 0.25, probability = 0.91) and 

65.5 ± 1.7 Ma (M.S.W.D. = 0.24, probability = 0.87). The emplacement age for this dike 

is interpreted to be constrained by the youngest oscillatory zircon that 65.5 ± 1.7 Ma. 

Trace element data from this zircon provides a Th/U ratio of ~0.3 (Appendix C), which 

further supports the interpretation that it is igneous (>0.1) rather than metamorphic 

(<0.1) in origin (Rubatto, 2002 a, b). The other older age populations of 158.4 ± 4.3 and 

107.2 ± 2.8 Ma are interpreted to represent inherited zircon. Thus, based on the 

geological relationships described above, the 65.5 ± 1.7 Ma age of this dike is 

interpreted to constrain the timing of late syn- to post- D3. 
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Figure 3.18. LT14-512 was sampled for U-Pb analysis to help constrain the age of 
polyphase deformation at Ruddock Creek. 

a) Field photograph of the outcrop that sample LT14-512 was taken from. Sample LT14-512 has 
a fabric that is discordant to S2 within the host psammite. Red arrow points to the material that 
was sampled 
b) Close-up view of sample LT14-512. Sample shows a faint foliation. Red arrow points to the 
material that was sampled. 
c) Photomicrograph of sample LT14-512 with intracrystaline deformation features including, 
undulose extinction in quartz and feldspar, quartz and feldspar subgrains and quartz and 
muscovite grains display an alignment. 
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Figure 3.19. CL images of zircon from sample LT14-512. The red circles 
represent laser ablations spots. Dates provided by each spot 
analysis 

 

Figure 3.20. Ranked date plot for sample LT14-512. 
Data provides a weighted mean date of 65.5 ± 1.7 Ma. Red vertical bars represent analyses 
included in weighted mean calculation and the grey horizontal bar represents the average age. 
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3.5.6.2.  LT13-241 

Sample LT13-241 (Figure 3.19 - 3.21; Table 3.1) consists of a highly discordant 

medium-grained granitic dike. The sample occurs structurally above the E zone, cross-

cuts the penetrative foliation and appears to be completely undeformed as it is 

unaffected by F3 folds (Figure 3.21 a). The photomicrograph of sample LT13-241 (Figure 

3.21 b) does show some faint intracrystaline deformation features, the sample has minor 

undulose extinction of quartz. Zircon crystals are subhedral and many are broken, and 

they ranged from ~50 x 200 microns to ~30 x 100 microns. Many show clear oscillatory 

zoning and some show minor metamorphic overgrowths. There are no obvious inherited 

cores in any of the zircon analyzed. This post-tectonic granitoid has a weighted mean 

date of 63.37 ± 0.64 Ma (M.S.W.D. =1.8, probability=0.022) based on 20 of 24 LA-

ICPMS spot analyses within both oscillatory zoning and CL grey sections of the zircon. 

Although there is evidence of minor intracrystalline deformation in the photomicrograph, 

it is interpreted to be minor and the crystallization age of this sample is interpreted to 

constrain the end of the ductile deformation at the Ruddock Creek property. 

   

Figure 3.21. LT13-241 was sampled for U-Pb analysis to constrain the time when 
ductile deformation ended at Ruddock Creek. 

a) Field photograph of sample LT13-241, a post-tectonic intrusion that cross-cuts S2 foliation and 
is unaffected by any phase of folding. 
b) Photomicrograph of sample LT13-241 with faint intracrystaline deformation features. 
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Figure 3.22. CL images of zircon separated from sample LT13-241 with locations 
of the LA-ICPMS spot analyses with their U-Pb ages provided. The 
red circles represent laser ablations spots. Dates provided by each 
spot analysis. 

 

Figure 3.23. Ranked date plot for sample LT13-241. 
Data provides a mean age of 62.7 ± 1.1 Ma. Red vertical bars represent analyses included in 
weighted mean calculation, the white with black outlined vertical bars represent analyses that 
were omitted from the weighted mean calculation and the grey horizontal bar represents the 
average age.  
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Table 3.1. Table of igneous geochronological samples 

Sample Easting1 Northing1 
Elevation 
(m asl) 

Description 
Age 
(Ma) 

LT13-007A 5736411 367377 1785 

Medium-grained biotite-garnet-
muscovite granitoid that is concordant 
with and boudinaged parallel to, S2 
foliation. Age constrains, in part, time 
of D2 development. 

115 .4± 8.5 

LT13-230A 5737794 369694 2127 

Medium-grained granitoid-hosted 
within biotite schist with accessory 
garnet that is concordant with S2 and 
folded by shallow to moderately 
northwest plunging F3 folds. Age 
constrains, in part, time of D2 
development. 

102.5 ± 2.2 

LT14-537 5737830 368919 2280 

Fine- to med.- grained mesocratic 
granitoid that appears both 
concordant and locally discordant to 
S2, but shows a weak foliation in thin 
section that is parallel to S2. The age 
is interpreted to constrain the waning 
stages of D2. 

98.5 ± 0.9 

LT14-508A 5737877 368497 2287 

Coarse-grained granitoid that cuts 
across S2, but is folded by F3. The 
sample is also boudinaged and S2 
can be seen wrapping around the 
boudins and infilling the boudin 
necks. The age is considered to 
constrain the time of F3 fold 
development.  

94.5 ± 0.8 

LT14-512 5737450 366940 2156 

Medium grained leucocratic granitoid. 
The sample has a weak foliation, 
appears to be boudinaged and 
displays flattening of clasts. Quartz 
rods aligned along foliation  

65.4 ± 0.9 

LT13-241 5738388 368685 2498 

Cross-cutting, medium-grained, post-
tectonic granite dike used to constrain 
the end of ductile deformation in the 
area. 

62.7 ± 1.1 

1NAD 83, UTM Zone 11N 
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3.5.7. Age Constraints for Metamorphism 

Constraining the timing of metamorphism was achieved by analyzing 

metamorphic rims on detrital zircon. A total of 31 laser ablation spots were collected 

from sample LT14-464 (Figure 3.24). CL images were used to guide the selection of the 

dark metamorphic rims on the zircon crystals (Figure 3.25). Sample LT14-464 came 

from a stratigraphic package that included the sampled quartzite layer that is 0.1 - 0.3 m 

thick, which is overlain by calcsilicate gneiss and underlain by units of pegmatite, biotite 

gneiss and marble. This metasedimentary package is well below the E zone, and all the 

units are concordant with the transposition foliation (S2). 

The zircon forms a fairly morphologically uniform population. Zircon that yielded 

metamorphic dates are mostly subhedral and varied from ~100 X 150 microns to ~250 X 

350 microns. Some of the metamorphic zircon display relict oscillatory zoning and 

inherited cores. Spots for analysis were placed exclusively within CL dark areas that rim 

the cores. There were 31 analyses collected from the metamorphic rims of 20 zircon 

crystals. Trace element concentrations in the analysed rims had low Th/U ratios (0.01 to 

0.05), low rare earth element concentrations and high U concentrations (108 to 548 

ppm). The analyses of the metamorphic rims yielded dates that range from ca. 105 to 77 

Ma (Appendix D). A single analyses occurred at 76.8 ± 4 Ma, another single analyses 

occurred at 79.5 ± 4 Ma, six analyses yielded dates between 89.9 ± 5 and 82.1 ± 6 Ma, 

16 analyses yield dates between 99.7 ± 5 and 91.9 ± 4 Ma and seven analyses provide 

dates between 105.1 ± 4 and 100.0 ± 4 Ma. The majority of the analyses are equivalent 

with a weighted mean date of 98.3 ± 5.3 Ma (M.S.W.D. =1.4, probability=0.10) (Figure 

3.26). The weighted mean date was calculated using 21 of 31 analysis, 10 of the 

analyses were left out because they were interpreted to be outliers due to possible 

disturbances to the isotopic system, possible mixing of several age domains, or 

irregularities that may have occurred in the z direction. Although the metamorphic dates 

were only derived from a single sample using a limited number of zircon crystals, the 

range of ages do fit well with peak metamorphic ages previously provided by Scammell 

(1993). The age is thought to constrain the time of partial melting of the host 

metasedimentary rocks based on Rubatto and Hermann (2007) who demonstrated that 

metamorphic zircon typically precipitates after the first appearance of melt and that 
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metamorphic zircon overgrowths progressively increase in volume with a corresponding 

increase in partial melting. Thus, the weighted mean date of 98.3 ± 5.3 Ma, which is 

derived from the majority of the metamorphic zircon analyzed, is taken to suggest this is 

when there was maximum anatectic melting at Ruddock Creek, likely coinciding with, or 

near, the peak of metamorphism. 

 

Figure 3.24. Photograph of quartzite horizon sampled for U-Pb analysis of 
metamorphic zircon used to constrain the age of metamorphism at 
Ruddock Creek. 
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Figure 3.25. CL images of detrital zircon with older cores from sample LT14-464 
that were analyzed to constrain the timing of metamorphism. The 
red circles represent laser ablations spots and the ages provided by 
each spot analysis. 
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Figure 3.26. Ranked date plot for LA-ICPMS data of metamorphic zircon from 
sample LT14-464. 

A cluster of data (21 out of 31 analyses) provides a mean age of 98.3 ± 5.3 Ma that is interpreted 
as reflected the peak of metamorphism. 

3.6. Discussion 

This study of the structural and metamorphic constraints at Ruddock Creek was 

undertaken to refine the geometric model and structural controls of the folded sulphide 

layer, constrain the timing of deformation and metamorphism and to determine the 

relationship between the mineralization and the host stratigraphy. Mapping the 

mineralization is hampered by tectonic dismemberment and the discontinuity resulting 

from the emplacement of a significant volume of igneous intrusions. Furthermore, any 

relict sedimentary structures that might indicate stratigraphic facing have been 

obliterated by metamorphism and deformation. 
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3.6.1. Implications of detailed mapping and structural analysis at 
Ruddock Creek 

The detailed mapping and structural analysis of this study demonstrates that the 

main structural controls at the Ruddock Creek property are the result of moderate to 

extreme shear strain, which includes multiple phases of folding, a strong transposition 

foliation, as well as localized thrust faulting and late brittle normal faulting. The map-

scale geometry of the mineralized horizon and its host lithologies can be best explained 

as a type 3 fold interference pattern that is the product of F3 folds coaxially refolding the 

isoclinal F2 folds. The mapping also demonstrates that the mineralization was originally 

confined to a continuous, conformable stratigraphic interval that includes calcsilicate 

gneiss and quartzite that was subsequently dismembered by polyphase folding. The 

mapping and structural analysis also supports the interpretation of Fyles (1970), in which 

the E zone is hosted within the hinge of a large recumbent isoclinal fold trending towards 

~290° and plunging ~30°. Furthermore, the mineralized horizon has been tectonically 

thickened within the hinge zones of the folds that affect it (i.e., E zone), which should 

serve as potential targets when developing the deposit. 

If accurate, the mapping and structural analysis of this study should serve as a 

predictive tool for locating other occurrences of the sulphide horizon that may outcrop 

along the limbs of the recumbent, property-scale fold and provide a basis for predicting 

the geometry of the sulphide layers at depth, as well as indicate where sulphide layers 

may be structurally thickened (i.e., within hinge zone of folds). Indeed, based on 

mapping undertaken in this study, two new showings were identified. The S zone 

represents an extension of the upper limb of the overturned, recumbent F1 fold that 

controls the map-scale geometry and the K zone represents an extension of the lower 

limb. These two new showings lend support to the interpretation that the geometry of the 

mineralized horizon, which serves nicely as a marker unit, is controlled by a km-scale 

fold with mesoscopic parasitic folds locally repeating the stratigraphy. These map 

patterns also suggest that there are prospective targets yet to be found on the property 

within the tectonically thickened hinges of F2 folds to the west of the main E zone. 
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3.6.2. Regional context for the timing of deformation at Ruddock 
Creek 

Scammell (1993) dated a leucogranite that provided a crystallization age of 135 ± 

2 Ma, which he interpreted to be synchronous or postdate a large part of the strain that 

generated the transposition foliation (S2 of this study). He further concluded that because 

most macroscopic structures appear to fold the transposition foliation, the processes that 

lead to the transposition must have been active prior to ca.135 Ma. Scammell also 

identified a second intrusive event constrained by a leucogranite that yielded an age of 

99.8 ± 0.1 Ma, which he interpreted to be synchronous with, or postdate, Fst folding. 

Farther north, Sevigny et al., (1990) also provided a U-Pb date of 100.4 ± 0.3 Ma for a 

syn-kinematic (syn-F2) dyke. 

A single zircon grain from LT13-007A yielded a date of 115 ± 9 Ma. This granitoid 

is syn-D2, concordant with the transposition foliation and is boudinaged within it. Zircon 

analyzed from sample LT13-230A yielded a date of 102.5 ± 2.2 Ma. This granitoid is 

interpreted to be syn-D2 because it is concordant within the transposition folitaion, and 

both were subsequently folded by F3. Sample LT14-537 has a foliation aligned to S2, is 

concordant and locally discordant with S2, and has evidence for intracrystaline 

deformation. Sample LT14-537 provided a crystallization age of 98.6 ± 2.1 Ma and 

therefore, the granitoids discordant nature suggests that it was implaced in the later 

stages of S2. Taken together, the ages provided by Scammell (1993) and Sevigny et al., 

(1990) and the ages provided by the three granitoids in this study (115.4 ± 6.2, 102.5 ± 

2.2 and 98.6 ± 2.1 Ma) further refine the timing of the development of the transposition 

foliation and F2 folds in the northern Monashee region, which appears to have occurred 

over ca. 37 Myr from ca. 135 Ma to 98 Ma. The third phase of folding documented at 

Ruddock Creek that refolds F2 and S2 is partially constrained by sample LT14-508A, 

which crystallized at 94.5 ± 0.8 Ma. Sample LT14-508A is folded by F3 and S2 foliation 

occurs at a moderate oblique angle to the axial surface of the F3 fold. Sample LT14-

508A relates to samples dated by Scammell with ages of 99.8 ± 0.1 and 97.1 ± 0.2 Ma. 

The first sample (99.8 ± 0.1 Ma) was interpreted to be synchronous or older than F2 and 

the second sample (97.1 ± 0.2 Ma) was interpreted to predate or be synchronous with 

the formation of the regional foliation, S2. 
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A third, post-kinematic suite of leucogranitoids has been documented by 

Scammell (1993), Sevigny et al. (1990) and in this study. The youngest samples dated 

by Scammell provided ages that ranged between c. 67 to 57 Ma. Similarly, Sevigny et al. 

(1990) dated what they interpreted to be post-kinematic granitoids, which yielded a 63 

Ma date. These age constraints are corroborated by this study. Samples LT14-512 and 

LT13-241 cross-cut the penetrative foliation and are unaffected by F3 folds range in age 

between ca. 66 to 63 Ma, which is interpreted to constrain the end of the ductile 

deformation at the Ruddock Creek property. 

3.6.3. Regional context for the timing of metamorphism at 
Ruddock Creek 

U-Pb dates from metamorphic rims of detrital zircon range from 105.1 ± 4.2 to 

76.8 ± 4.1 Ma, , with 21 equivalent dates yielding a weighted mean of 98.3 ± 5.3 Ma. 

The youngest dates (79.5 ± 3.9 and 76.8 ± 4.1 Ma) are interpreted to be due to mixing 

between 98 Ma zircon and a some ~63 Ma zircon that formed during the youngest 

phase of pegmatites. These data suggest that metamorphism at Ruddock Creek 

occurred over 23 Myr, possibly reaching its peak in the mid-Cretaceous. These data fit 

well with previously published results in the region that suggest metamorphism within the 

Selkirk allochthon was strongly diachronous. Parrish (1995) suggested that the 

tectonometamorphic history within the Selkirk allochthon occurred over 100 Myr, starting 

in the Middle Jurassic and continuing until the Paleocene and that there was a 

systematic structurally downward youngling of deformation and peak thermal and 

cooling conditions from north (upper crustal zone) to south (middle to lower crustal 

zone). Within the northern Monashee portion of the Selkirk allochthon, in which this 

study is located, Scammell (1993) suggested that the prograde metamorphism related to 

crustal thickening was underway by at least c. 135 Ma (age of leucogranites as a 

product of anatexis), and the peak of metamorphism was attained at c. 100 Ma. Based 

on U-Pb zircon and monazite analyses, Sevigny et al. (1990) also documented upper 

amphibolite facies metamorphic condition at ca. 100 Ma, which they interpreted to be 

concurrent with F2, which matches quite well with the conclusions reached in this study. 
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3.7. Conclusions 

Zircon crystallization ages in variably deformed and post-tectonic granitoids, 

coupled with detailed field mapping and structural analysis provide new data for 

constraining the style and age of deformational events at the Ruddock Creek property. 

Strain in these rocks is heterogeneous, and records a protracted period of complex 

folding and foliation development at high metamorphic grade. The first stage of the 

structural evolution is interpreted to have occurred during a time of compression and 

shortening related to Cordilleran orogenesis, which resulted in crustal thickening and 

kilometre scale nappe folds that were regionally mapped. Relict structures for the first 

phase of deformation seen in the field are rootless folds that are locally seen within the 

transposition foliation. 

The second stage of the structural evolution resulted in a change in fold 

vergence, isoclinal folding and the formation of a penetrative transposition foliation (S2). 

F2 folding is the dominant phase observed at the property scale and is responsible for 

repeating stratigraphy at the map scale. The second generation folds have an average 

plunge and trend of 30°/207° and axial surfaces that dip shallowly to the northwest. This 

phase of deformation culminated at upper amphibolite facies metamorphism, indicated 

by the presence of the garnet-biotite-sillimanite mineral assemblage that constitutes 

fabric forming elements of S2. Peak metamorphic conditions reaching upper amphibolite 

facies conditions accompanied by significant anatectic melting occurred at c. 98 Ma, 

although the metamorphic recrystallization may have persisted for as much as 23 Myr (c. 

105 to 82 Ma). The timing for the second phase of deformation is also partially 

constrained by U-Pb age for sample LT13-007A (ca. 115 Ma), which is interpreted to 

have formed during the formation of the transposition foliation (S2). Sample LT13-230A 

(ca. 103 Ma) is a deformed dyke is concordant with the transposition foliation, has a 

fabric parallel to S2 and then folded by a phase-three fold. U-Pb dating of sample LT13-

230A partially constrains the second generation of folds. The timing of the third 

generation of folds is partially constrained by U-Pb dating sample LT14-508A (ca. 95 

Ma). The waning stages of ductile deformation at Ruddock Creek was partially 

constrained by sample LT14-512, which provided a weighted mean age of ca. 66 Ma. 
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Constraints on the cessation of ductile deformation is provided by an undeformed 

granitoid dyke, sample LT13-241 (ca. 63 Ma). The final stage of deformation at the 

Ruddock Creek property is evidenced by the presence of late brittle faults that are 

thought to have developed during Eocene extension in the southern Canadian 

Cordillera. These findings relate well with findings of previous studies in the region 

(Sevigny et al., 1990; Scammell, 1993). 

The mineralized horizon at the Ruddock Creek deposit consists of a stratabound 

layer therefore; all the phases of deformation have affected it. The distinct nature of the 

mineralized horizon made it the most reliable marker horizon within the stratigraphic 

package at the deposit despite the fact that the deformation has transposed and 

dismembered it into what are now several discontinuous and variably fault off-set zones. 

Furthermore, the main mineralized zone, the E zone has been substantially thickened in 

the hinge of a F2 fold. 
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Chapter 4.  
 
Deposit model: Constraining the genesis, timing and 
structural controls of the zinc-lead horizon at 
Ruddock Creek, northern Monashee Mountains, 
southeastern British Columbia 

4.1. Abstract 

Constraining the age, the deposit model and structural controls that affected the 

mineralized horizon at the Ruddock Creek property have been primary objectives of this 

research. In order to address these questions a number of techniques were applied. 

Detailed structural mapping was undertaken at a scale of 1:5,000 in order to constrain 

the structural geometry, hierarchy and characteristics of the deformation that affected 

the deposit. The field mapping and compilation of structural data indicate the Zn-Pb 

deposit was once a continuous horizon that was penetratively deformed by polyphase 

folding that served to transpose the stratigraphy and dismember the Zn-Pb horizon into 

what are presently several separated zones. Determining the age of the host 

stratigraphy was accomplished by U-Pb dating of detrital zircon. The youngest detrital 

zircon used to constrain the maximum age of deposition came from five samples that 

provided Neoproterozoic ages of 663.4 ± 1.2 Ma. Other samples show typical Laurentian 

signatures with ages between 1 and 3 Ga. Common lead isotopic ratios from four 

massive sulphide samples from different zones of the mineralized horizon were analyzed 

by isotope dilution thermal ionization mass spectrometry (ID-TIMS). The analyzed Pb 

isotopes were interpreted via the shale curve, which is a lead evolution curve specific to 

Pb-Zn deposits within the southern Canadian Cordillera. These data are consistent with 

a model age of 535 ± 30 Ma. In addition, a Rb-Sr errorchron was generated for 

sphalerite and calcite from the mineralized horizon that provides a loosely constrained 

apparent age of 556 ± 420 Ma. The close corroboration of the youngest detrital zircon 
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ages, the model age determined from the Pb-Pb analysis and the Rb-Sr indicate that the 

deposit formed sometime between ca. 663 – 535 Ma and is likely related to renewed 

rifting of Rodinia. 

4.2. Introduction 

Throughout the Canadian Cordillera, the temporal and spatial distribution of base 

metal deposits defines a metallogenic periods that are associated with rifting along the 

Laurentian margin (MacIntyre, 1991). A few mineral deposits are associated with 

Neoproterozoic to Cambrian rifting and formation of a passive margin along the western 

Laurentian margin (Lund, 2008). Extension and subsidence of the rifted margin resulted 

in an architecture that included discrete basins along its length (Lund, 2008; Lund et al, 

2010) along with a series of uplifted and topographically higher sections that were 

capped by platformal sedimentary rock. This architecture controlled the distribution of 

sedimentary facies and influenced the potential formation of sediment-hosted lead-zinc 

deposits (Goodfellow and Lydon, 2007), such as the formation of Zn-Pb deposits 

(sedimentary exhalative deposits, or SEDEX) located in the Kootenay terrane of the 

southern Canadian Cordillera. However, Cordilleran deformation related to Mesozoic 

orogenesis in this region produced high grade metamorphism and intense polyphase 

deformation that largely obliterated any biostratigraphic controls or primary structures 

that could have been used to help constrain the timing and mode of development for the 

Proterozoic to Cambrian aged SEDEX deposits. 

This study focuses on the stratabound Zn-Pb SEDEX-type Ruddock Creek 

deposit which is situated in the southern Omineca belt of the Canadian Cordillera. 

Mineralization is disseminated in a number of seemingly separate zones that are hosted 

within clastic and carbonate rocks of the Windermere Supergroup, which was deposited 

during Neoproterozoic rifting along the western margin of Laurentia. The age and 

deposit model for the Ruddock Creek Zn-Pb deposit is not well constrained and 

questions persist as to whether or not the mineralized zones were cogenetic and once 

continuous prior to deformation. Prior to this study, estimates of the age of the host 

stratigraphy, based mainly on lithological correlations within the Kootenay terrane and 

North American rocks to the east, ranged from Mesoproterozoic to Paleozoic (Scammell, 
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1993). The lack of age constraints and unraveling the effects of polyphase deformation 

and amphibolite facies metamorphism for the Ruddock Creek deposit are addressed in 

this study in order to better constrain the age and deposit model. 

Detailed mapping and structural analysis of the complexly folded and transposed 

stratigraphic packages at Ruddock Creek was undertaken to unravel structural and 

stratigraphic relationships. In order to better constrain the age of mineralization, 

geochronological techniques were applied. Pb isotopic analysis was carried out, and the 

data were plotted on the shale curve of Godwin and Sinclair (1981, 1982). The shale 

curve is an empirical fit to basin specific data from stratiform deposits in British Columbia 

and the Yukon Territory. Rb-Sr isotope analyses from sphalerites (Nakai et al., 1990, 

1993; Christensen et al., 1995), was also carried out. The data interpreted herein 

provide a structural, geochemical and geochronological synthesis suggesting Early 

Cambrian formation and a metamorphosed SEDEX type model with some similar 

characteristics to a Broken Hill Type (BHT) deposit for the Ruddock Creek deposit. 

4.3. Geologic Background 

4.3.1. Regional Geology 

The southern Omineca belt (Figure 4.1) is the penetratively deformed 

metamorphic and plutonic hinterland to the Foreland thrust and fold belt of the southern 

Canadian Cordillera. It is the result of long-lived convergence, primarily Mesozoic, 

between the North American craton and oceanic lithosphere that resulted in accretion of 

terranes and the westward underthrusting of the North American plate (Monger et al., 

1982; Brown et al., 1993; Monger and Price, 2002; Gibson et al., 2008). The southern 

Omineca belt includes North American basement and overlying strata and marks the 

transition between the ancient continental margin and accreted juvenile intra-oceanic 

rocks to the west (Monger et al., 1982). The study area lies within the parautochthonous 

Kootenay terrane of the southern Omineca belt (Figure 1; Colpron and Price, 1995; 

Colpron et al., 2007), underlain by mainly clastic and carbonate rocks with lesser mafic 

volcanic rocks of the Neoproterozoic Windermere Supergroup (Scammell, 1993). In this 

region the Kootenay terrane is situated within the Selkirk allochthon (Brown and Lane, 
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1988), which represents the hanging wall of the Monashee décollement, a crustal-scale 

northeast-vergent ductile shear zone (Read and Brown, 1981). The Monashee complex 

is the footwall of the Monashee décollement (Read and Brown, 1981), and is interpreted 

as a core complex that includes exposed Laurentian basement (Brown and Read, 1983; 

Journeay, 1986; Scammell and Brown, 1990; Armstrong et al., 1991; Crowley, 1999) 

(Figure 4.1). Folding and thrust imbrication of the North American miogeocline began in 

the Paleozoic (Monger et al., 1991), but most of the structures in the Omineca belt were 

formed from the tectonic development that occurred during the Early Jurassic to Late 

Cretaceous. The region has undergone polyphase deformation that complexly folded the 

rocks (Fyles, 1970; Scammell, 1993; Höy, 2001). 
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Figure 4.1. Location of the study area and regional geology. 
(a) Cordilleran terrane map after Colpron and Nelson, 2011. (b) Tectonic assemblage map, 
southeastern Omineca belt (after Wheeler and McFeely, 1991, and Gibson et al., 2008), showing 
lithologic units of autochthonous Monashee complex (North American basement) and overlying 
Selkirk allochthon. Towns: G = Golden; R = Revelstoke. Terranes: AX = Alexander; BR = Bridge 
River; CA = Cassiar; CC = Cache Creek; CG = Chugach; CPC = Coast plutonic complex; MC = 
Monashee complex; NAb = North American basinal; NAc = North American craton & cover; NAp 
= North American platform; OK = Okanagan; QN = Quesnellia; SM = Slide Mountain; ST = 
Stikinia; YT = Yukon-Tanana; WR = Wrangellia. Red stars indicate location of major Pb-Zn 
deposits in the region: BL = Big Ledge; CB = Cottonbelt; JR = Jordan River; RC = Ruddock Creek 
(this study; see Fig. 3,4); WW = Wigwam. 

Stratigraphically, the Kootenay terrane and Monashee complex both host 

carbonate and interbedded clastic rocks that underlie strataform lead-zinc deposits 

(Figure 4.1- Ruddock Creek, RC; Cottonbelt, CB; Jordan River, JR; Big Ledge, BL; 

Wigwam, WW) of the Kootenay Arc, Shuswap and Adams Plateau (MacIntyre, 1991). 

The metasedimentary rocks were originally deposited along the newly rifted margin of 

Laurentia during Neoproterozoic time. At this time the western margin of Laurentia had a 

number of discrete basins along its length (Lund, 2008); presumably, the early stages of 

basin development could be an important process in the formation of a SEDEX deposit 

(Turner and Long, 2008). In particular, reactivation of faults along the irregular horst and 

graben topography could have provided a conduit for the metalliferous hydrothermal 

fluids which are syngenetic with sediments (McMechan, 2012), coupled with underlying 

shallow magmatism that provides the energy to drive the entire process. 

4.3.2. Property Geology 

The geology of the Ruddock Creek deposit can be broadly categorized into three 

broad groups; a metasedimentary calcareous sequence, a metasedimentary non-

calcareous sequence and a package of granitoids (Figure 4.2; Table 4.1). The 

metasedimentary lithologies have been assigned a maximum age of deposition of ca. 

663 Ma by CA-TIMS dating of detrital zircon. Both the calcareous and non-calcareous 

sequences are primarily made up of metasedimentary rocks that belong to the 

Neoproterozoic Windermere Supergroup and have been metamorphosed to upper 

amphibolite facies conditions. Fyles (1970) was the first to classify the property into two 

categories, the calcareous and non-calcareous sequences. According to the 

classification of Fyles (1970), the calcareous lithologies consisted predominantly of 
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calcsilicate gneiss interlayered with mica schist (locally contains garnet and/or 

sillimanite), grey or buff marble, thin layers of quartzite, amphibolite, rare ultramafic and 

the mineralized Zn-Pb horizon. Locally intermixed with the mica schist is a heterolithic 

conglomerate. The conglomerate is made up of cm-scale elongated clasts aligned within 

the main penetrative foliation (S2) and surrounded by a fine-grained matrix. The limited 

occurrences of ultramafic rocks likely represent metamorphose peridotites, dunites and 

possibly pyroxenites (Fyles, 1970; Sevigny and Ghent, 1989; Scammell, 1993). The 

mineralized horizon at Ruddock Creek has been folded, attenuated and dismembered; 

as a result the mineralized horizon presently occurs in several zones (E, Creek, T, K, S, 

M, F, G, U, V, Q, and R). The mineralized horizon is most often in contact with a variably 

mineralized calcsilicate gneiss or quartzite and less often with semi-pelite, psammite or 

granitoid. 

The non-calcareous units are medium and fine-grained grey and biotite and 

phlogopite pelites, semi-pelites and psammites, with variable amounts of quartz, feldspar 

and locally garnet. A subdivision of the non-calcareous unit includes pelites and semi-

pelites with significant amphibolite. The contact relationships between metasedimentary 

units are most often gradational, but are locally sharp. Many contacts were interpreted to 

represent primary bedding relationships, especially in close proximity to the E zone 

hinge, despite the penetrative transposition foliation. The metasedimentary package has 

been intruded, replaced and displaced by voluminous granitoids that compromise up to 

50% of the mappable outcrops (Mawer, 1976; Fyles, 1970; Scammell, 1993; Simpson 

and Miller-Tait, 2013). The granitoids consist of several generations of dykes, sills, 

stocks and pluton. In many cases they have engulfed large rafts (10’s to 100’s m) of the 

metasedimentary rocks and mineralized horizon. A fabric parallel to the external foliation 

can be seen in some of the granitoid bodies. Intrusive contacts are locally deformed by 

F2 and F3 folding. Some granitoids are also locally found as lenticular boudins hosted 

within the penetrative foliation in the host metasediments. Locally the intrusions occur as 

subconcordant bodies that do not disrupt the general trends of the stratigraphic 

succession. Both magma emplacement within dilatational fractures (Marshall, 1978) and 

anatectic melting of the metasedimentary package (Fyles, 1970) has been suggested as 

the source of the granitoid lithologies. Undeformed lamprophyre dykes also cross-cut the 

metasedimentary package (Fyles, 1970; Scammell, 1993). 
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Figure 4.2. Generalized property geology map showing the different lithological 
groups, after Fyles (1970) and Höy (2001). Lidar imagery provided by 
Imperial Metals Inc. 
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Figure 4.3. Detailed geology map of Ruddock Creek property. 
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Table 4.1. Summary table of Ruddock Creek property lithologies 

Group Lithology Description – Mineralogy 

Calcareous 
Mineralized 

horizon 

Primary sulphide is sphalerite, minor galena and 
trace pyrrohotite and pyrite; gangue minerals include 
abundant quartz and plagioclase with lesser 
potassium feldspar, minor chlorite and mica and 
trace almandine garnet and fluorite. 

  
Calcsilicate 

gneiss 

Pale to dark green with massive to subhedral 
diopside crystals and fine to medium-grained pink to 
red garnet; variable proportions of quartz, calcite 
and feldspar; actinolite, clinozoisite and scapolite are 
also present in varying proportions. 

  Quartzite 

Thinly to thickly-bedded, fine to medium-grained 
recrystallized quartz grains with variable percentage 
of fine biotite or amphibole grains and minor 
calcareous minerals; commonly includes decimetre 
to metre thick schist, marble and calcsilicate layers.  

  

Micaceous schist 
(pelites, semi-

pelites and 
psammites) 

Pelites - highly schistose with up to 40% coarse-
grained biotite; contains foliation-parallel to 
moderately discordant leucocratic segregations 
consisting of fine to medium-grained quartz and 
feldspar; abundant garnet in some intervals. 

Psammites - thinly banded to massive; quartz-rich 
with subordinate plagioclase; garnet is common. 

  Marble 

Fine- to coarse-grained pure to impure marble; 
massive with subordinate micaceous or diopside 
partings; surfaces weather bone white-grey to buff; 
accessory tremolite and locally minor graphite 
present. 

  Amphibolite 

Dark green, subhedral to massive, fine- to coarse 
grained amphiboles with variable amounts of 
feldspar and quartz; has thinly to medium- banded, 
amphibole + plagioclase gneiss; contains 
garnitiferous layers; distinguished from calcsilicate 
gneiss by lack of calcite and by abundance of 
amphibole. 
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Group Lithology Description – Mineralogy 

  Ultramafic 

Vary from fine- to coarse-grained and exhibit a wide 
variety of textures; coarse-grained ultramafic rocks 

commonly display radiating 1-5 cm long laths of 
tremolite-actinolite in a matrix of talc, serpentine and 

phlogopite.  

Non-
calcareous 

Micaceous schist 
(pelites and 
semi-pelites) 

Medium- and fine-grained grey and brown biotite 
schist that host varying amounts of quartz and 
feldspar; accessory garnet and sillimanite are 

present. 

Intrusive 
bodies 

Medium-grained 
grey granitoid 

Medium-grained quartz, feldspar, mica granitoid; 
locally hosts minor to trace disseminated pyrite; 

often cross cut by either chlorite or epidote, quartz 
and +/- calcite veins with cm-scale alteration halos. 

  

Fine to medium-
grained 

leucocratic 
granitoid 

Fine- to medium-grained, leucocratic, often beige in 
colour, dominated by quartz and feldspar, and trace 

mica present. 

  Pegmatite 

Coarse-grained, euhedral to massive crystals, up to 
8 cm scale; blue, smokey quartz present and large 
mica books; garnet is locally present; hosts variable 

amounts of disseminated pyrite and pyrrohotite. 

4.3.3. Structural and Metamorphic constraints at the Ruddock 
Creek Property 

A summary of the deformation and metamorphism that affected the Ruddock 

Creek property is provided here; a more thorough treatment can be found in Chapter 3. 

Despite the intense folding, thrusting, shearing and attenuation of the entire 

stratigraphic package at Ruddock Creek, the mineralized horizon remains easily 

identifiable, and is by far the best marker horizon at the Ruddock Creek property. Fyles 

(1970) was the first to suggest that the mineralized horizon is primarily structurally 

controlled by a recumbent fold; this was thoroughly tested over two field seasons. By 

carefully walking out the lengths of what are interpreted to be the upper and lower limbs 

of the large scale recumbent fold, noting fold asymmetry and correlating surface 

showings with drill hole data, a model of the structural controls for the property is put 

forward herein. 



 

136 

The geology at Ruddock Creek has been complexly folded, attenuated, 

transposed and dismembered. Structural data analysis supports the fact that the entire 

package has been subject to multiple phases of folding resulting from Cordilleran 

Mesozoic deformation (Chapter 3). The first phase of folding is interpreted to belong to 

west-vergent fold nappes that dominate the macroscopic structure of the southern 

Omineca (Brown et al., 1986; Brown and Lane, 1988; Scammell, 1993). At the property 

and outcrop scale, this oldest phase of folding is manifest as rootless isoclinal 

recumbent folds and as a large kilometre-scale overturned fold that is in part defined by 

the trace of the mineralized horizon. The second phase of folding (F2) includes tight to 

isoclinal folds overturned toward the northeast. Several large scale F2 folds have been 

documented in previous mapping campaigns, notably the FG synform which is 

interpreted to be a large fold trending northeast-southwest between the F and G zones 

(Lewis, 2000). This phase of deformation also produced a transposition foliation (S2), 

and in addition to the effects of F1 folding, likely served to further attenuate and 

dismember the mineralized horizon into what could be perceived as individual primary 

zones. These folds are refolded by more open and upright, northeast-vergent third 

phase folds (F3), which are in turn overprinted by broad, upright warps (F4) with shallow 

northwest-southeast plunging hinge lines warp. The final phase of deformation (D5) 

consists of late brittle faulting, with displacement on the order of 10’s of metres to 100’s 

of metres. Discrete shear zones at Ruddock Creek that range from narrow (< 1 m) 

planar zones to wider zones containing asymmetric shear bands within schistose or 

brecciated rocks. The most significant shear zones on the property include a west-

dipping zone at the G zone, a broader west-dipping shear zone between the M showing 

and the E zone and a metre-scale shear zone within the M zone (Fig. 4.3). Kinematic 

indicators within all three shear zones provide normal (top-to-west) movement. Based on 

their kinematics, they are tentatively interpreted as having formed during Tertiary 

extension. 

4.3.4. Mineralized horizon 

Presently the mineralization at Ruddock creek consists of twelve zones. The 

zones very greatly in terms of their surface expression, thickness and in some cases 

grain size, degree of recrystallization and mineralogy. These massive sulphide zones 
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are stratabound, and based on property-scale mapping (H.R. Morris of Falconbridge in 

the summers of 1961 to 1963; Fyles, 1970; this study), they are interpreted to occur 

within a single stratigraphic interval. This interval can be traced through a series of large-

scale folds, discontinuously exposed over a strike length of about 10 km. The Ruddock 

Creek massive sulphide horizon varies from less than 1 m to over 50 m in true thickness. 

Massive sulphide lenses consist of sphalerite, pyrrohotite, galena, pyrite and minor 

chalcopyrite, and are generally fine to medium-grained. The coarser grain size is thought 

to be a result of recrystallization during metamorphism. 

The map pattern clearly shows that the main mineralized zone, the E zone, 

represents the hinge of a km-scale recumbent isoclinal fold and that the subordinate 

zones are strung out within its highly attenuated limbs (Figs. 4.2 & 4.3). The G, M, S, U, 

V, R and Q zones occur along the upper limb and the F, Creek, T and K zones occur on 

the lower limb (Figure 4.3). In outcrop, many of the mineralized zones are folded by both 

F2 and F3 folds. The mineralized zones are often seen as a concordant layer affected by 

the regional transposition foliation, and appear to be a conformable horizon typically 

bounded by calcsilicate, or less commonly quartzite. In some cases the mineralized 

horizon is in direct unconformable contact with granitoid intrusions. Based on these 

observation and the results of detailed mapping, the present day outcrop distribution of 

the mineralization is interpreted to be the product of multiple phases of superposed 

folding that caused significant attenuation and dismemberment of the originally 

continuous, or nearly continuous, massive sulphide horizon. 

E zone 

The largest exposed mineralized zone at Ruddock Creek is the E zone (Figure. 

4.4; Cross section in Appendix D); the showing is well exposed over 300 metres in the 

alpine (Mawer, 1976). The mineralization of the E zone consists of a fine- to coarse-

grained composite of quartz and feldspar nodules, the principal sulphide ore minerals 

are Fe-rich dark grey/black sphalerite and galena. Other accessory minerals such as 

pyrrhotite, trace chalcopyrite, calcite, fluorite, muscovite, phlogopite and minor 

amphiboles, pyroxene and barite are also present. Weathered mineralization in the E 

zone produces a conspicuous dark purple-red gossan. Historically, both Fyles (1970) 
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and Marshall (1978) recognized two structurally repeated and thickened layers at the E 

zone. However, according to Marshall (1978), the E zone could also represent a primary 

thickened portion of the deposit. He also noted that there was not the same thickening of 

the other units tracing around the hinge of the E zone fold. 

The E zone is commonly associated with a ‘quartz exhalite horizon’, although not 

in direct contact with it. The unit has been mapped within the core of the property scale 

recumbent fold. The horizon consists of coarse-grained purple fluorite, variable amounts 

of quartz, calcite, barite, pyroxenes and sphalerite. The sphalerite is observed to range 

in colour from light yellow to dark brown and accessory amounts of other sulphides. The 

quartz exhalite horizon is also concordant with the transposition foliation and has been 

folded by all phases of folding. According to Spry et al. (2000), the presence of this 

meta-exhalite may be indicative of a fossil zone of sea floor hydrothermal activity. 
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Figure 4.4. Detailed geology map of the E zone. 
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F zone 

The F zone is approximately 550 metres southwest of the E zone. The F zone is 

interpreted based on detailed mapping to be situated within the attenuated lower limb of 

the F1 fold (Figs. 4.2 & 4.3). Parasitic S fold asymmetry (looking down plunge) was 

mapped from the E zone to the F zone, supporting the interpretation that the F zone 

occurs in the lower limb. The folds that affect the mineralized horizon of the F zone have 

S asymmetry, which supports the interpretation that it is on the lower limb of a fold that 

plunges to the west. The mineralogy is very similar to that of the E zone, although the 

zone hosts small discreet mineralized breccia sections that have not been mapped at 

the E zone. The mineralized unit is a relatively narrow layer, decimetre in scale. The E 

zone fault cuts the F zone and separates it into two subordinate zones referred to as the 

upper and lower F zone. 

Creek zone 

The Creek zone is 875 metres west-northwest from the F zone (Figs. 4.2 & 4.3). 

Recent drilling and road building has provided easy access to the mineralized section. At 

the road outcrop the mineralized horizon appears to be hosted within a siliceous 

calcsilicate. The mineralization is metre-scale in width and the mineralogy is much like 

the E and F zones, with dark grey/black fine-grained sphalerite and galena with quartz 

and feldspar associated with the ore. Further up the Creek zone road there is a second 

small mineralized showing. Both of these mineralized outcrops are interpreted to 

represent dismembered pieces of the lower limb of the larger scale overturned F1 fold. 

The T zone mineralization is found 375 metres west of the Creek zone, which represents 

the westward continuation of the lower limb. 

T zone 

The T zone is comprised of a convoluted series of mineralized outcrops that are 

located 375 metres from the Creek zone. In a number of locations, the mineralized 

horizons appear to be thickened in the hinges of F2 folds that are refolded by F3 folds. 
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The T showing encompasses three separate zones of mineralization that occur 

near the axis of a F2 fold trending roughly west and moderately dipping, with the upper 

two outcrops located on the south dipping limb and the lower showing located on the 

northwest-dipping limb. The uppermost T showing consists of several lenses of massive 

sulphide, the largest of which is nearly a metre thick, preserved as xenoliths within 

pegmatite. Orientation of layering within these lenses, and their distribution with respect 

to one another, indicates that they occur in an area of tight megascopic folds with S 

asymmetry. The middle T showing is structurally similar to the upper T. There is less 

pegmatite at the middle T showing, and layering (including massive sulphide) was traced 

around several S folds. Fold asymmetry at the upper and middle zones is consistent with 

being located within a 10’s of metre scale F2 fold. At the lower T showing, folding is 

relatively minor. The massive sulphide occurs within a long limb of a fold which results in 

tectonic thinning of the sulphide unit. 

K zone 

The most distal lower limb exposure occurs in the K zone, which was identified 

during field mapping for this study. There are ~1100 metres from the most western 

mineralized showing of the T zone to the K zone. The mineralized horizon dips gently to 

the north and follows the S2 foliation. The K zone occurs as a decimetre thick 

mineralized horizon underlain and overlain by calcsilicate gneiss. The mineralogy of the 

K zone sulphide layer consists of dark grey fine-grained sphalerite with lesser galena 

and intermixed with mm- to cm-size quartz and feldspar nodules. The K zone may 

project farther to the west and like the E zone, could be tectonically thickened in a large 

fold hinge. More work to further delineate the K zone is needed. 

G zone 

The G zone is the first showing that occurs on the interpreted upper limb of the F1 

overturned fold, 600 metres northwest from the E zone. The G zone is made up of 

approximately 9 small discontinuous, folded massive sulphide occurrences that are 

spread out over ~665 m. A significant portion of the mineralization has been obscured 

and obliterated by granitoid intrusions.F3 buckle folds also appear to have played a role 

in repeating the sulphide horizon (Lewis, 2000) at this showing. The lower part of the G 
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zone is underlain by impure marble and calcsilicate gneiss and overlain by quartzite with 

disseminated sulphides. 

M zone 

The lower M zone occurs 305 metres northwest from the G zone. The upper M 

zone occurs 315 m north from the lower zone. A trace of the mineralized horizon occurs 

250 metres to the northeast of the upper M zone at the edge of a cliff. Mineralization 

here is thought to be gently dipping with strike that traces along the face of the cliff. 

Mineralization of the M zone occurs as a number of exposures that are partially 

concealed by permanent snow and are in very close proximity to a small hanging glacier. 

The M zone is unlike any other zone on the property for a number of reasons including 

that the mineralization is locally very magnetic, there is the presence of durchbewegung 

texture and there are local heterolithic breccias. West-plunging recumbent folding 

resulted in a complex sulphide distribution at the surface. Shear sense indicators 

associated ductile fabric within the mineralization indicate west-side-down movement 

concentrated within, and adjacent to, the moderately southwest-dipping mineralized 

interval. The mineralized interval can be traced into a steep inaccessible cliff face and is 

thought to project northward, where its along-strike map pattern would line up with the S, 

U, V, R, and Q zones as indicated by previous workers (Simpson and Miller-Tait, 2013). 

The zone is structurally underlain by a notable amount of granitoid intrusions and 

overlain by a very silicified zone comprising mixed quartzites, calcsilicates and marbles. 

The quartzite, commonly in contact with the sulphide layer, ranges from pure to 

containing variable amounts of garnet and diopside and sulphide. It is overlain by a pale 

green to tan siliceous calcsilicate assemblage, comprising mainly diopside, quartz, minor 

garnet and some dispersed sulphides. Farther removed from the massive sulphides, the 

calcsilicate zone is less quartz-rich, comprising mainly diopside or garnet, or a diopside - 

garnet ± quartz assemblage. This alteration zonation appears to reflect decreasing silica 

and increasing manganese with distance above the sulphide layer (Höy, 2001). 
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S zone 

The S zone is a very small showing that was found during 2013 field work for this 

study, in part due to the recent recession of a small hanging glacier. The zone is located 

1300 metres to the west from the M zone (not including the trace of mineralization in the 

cliff). The mineralized horizon appears to trend across the back side of the steep cliff 

north of the M zone. It occurs as a decimetre-thick concordant layer to the transposition 

foliation and is underlain by variably altered calcsilicate gneiss. The orientation of the 

mineralization appears to have been altered by the emplacement of the large granitoid 

bodies encasing it. The typical fine-grained grey sphalerite and galena mineralization 

can be measured over 40 metres strike length and does not display any evidence of 

folding. Correlating map patterns and detailed investigation of the LIDAR further support 

that the S zone is a conformable planar continuation of the M zone.  

U zone 

The first mineralized showing of the U zone is situated 660 metres to the west 

from the S zone. There is a second showing 280 metres to the southwest of the first U 

zone showing. This second showing is interpreted to be hosted within a short limb of a 

large F3 fold with S asymmetry. The third mineralized showing is 230 metres from the 

second showing, and is interpreted to be the southwest long limb of the large fold and it 

is oriented such that the mineralized horizon is on trend towards the V zone, 700 metres 

to the west from the U zone. Mineralization at the U zone is well exposed and complexly 

folded by parasitic F2 folds with Z asymmetry. The showings range in size, with 

mineralization thickened in fold hinges and thinned out on fold limbs of the F2 folds. Like 

the E zone, the mineralized horizons of the U zone are spatially associated with either 

calcsilicate gneiss or a quartzite lithology. Mineralization consists of fine-grained dark 

grey sphalerite and lesser galena. The showings range in size, with mineralization 

thickened in fold hinges and thinned out on fold limbs of the 2nd generation (F2) folds.  

V zone 

The V zone is a steeply dipping interval of the mineralized horizon that hosts 

medium to coarse-grained dark grey to black sphalerite. The V zone also hosts a 
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medium green, medium-grained subhedral to massive sphalerite. The mineralized 

horizon outcrops on a very steep gully and has only been accessed by rope repelling 

and in drill hole intersections. This zone is interpreted to be offset by a late brittle fault. 

Mineralization that occurs on the west side of the gully has been down-dropped by ~ 100 

metres by a normal fault with an approximate northeast-southwest orientation. 

Q and R zones 

The R zone is approximately 350 metres to the west from the V zone. The Q 

zone is the farthest west occurrence mapped within the upper limb. It is approximately 

800 metres to the west from the V zone.  The mineralization at both zones consists of 

fine-grained dark grey sphalerite and lesser galena. Quartzite and calcsilicate gneiss are 

the host lithologies, but a significant portion of mineralization is also in contact with 

granitoid bodies. 

The mineralized showings are folded and transposed by the regionally 

penetrative D2 transposition event, and although the topography makes it difficult to 

navigate from one showing to another in this area, the map patterns strongly highlight 

the connectedness of the Q and R zones. The two showings are made up of 16 mapped 

mineralized outcrops that, in part, delineate approximately 550 metres of discontinuous 

occurrences within the upper limb of the kilometre scale F1 fold that controls the map-

scale geometry of the property geology.  

4.3.5. Comparison of the different mineralized zones 

The penetrative northeast-directed shearing that has affected this region is 

interpreted to have repeated the stratigraphy and attenuated the mineralized horizon 

(Höy, 2001). Although the mineralized horizon is no longer a coherent body, there is 

sufficient mineralogical and structural evidence to support that it was originally deposited 

as a continuous horizon. Groves et al. (2005) argued that extension along the margin of 

the continental masses provided the underpinning for the extensive sedimentary rift 

basins in which SEDEX deposits could form. Thus, the western Laurentian margin was 

likely a very favourable tectonic environment for SEDEX development. Late Proterozoic 

fault-bounded basins have been documented along the entire length of the Canadian 
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Cordillera (Gabrielse 1972; Stewart, 1972, 1976; Lis & Price, 1976; Eisbacher, 1981; 

Ruelle, 1982; Gabrielse & Taylor, 1982; McMechan & Price, 1982), which supports a 

favourable tectonic setting at Ruddock Creek.  

At the deposits scale, clear evidence for primary depositional layering of 

sulphides is lacking. Many of the mineralized showings including E, G, Creek, T, F, Q, R, 

S, K and U have similar ore mineralogy and are typically hosted by calcsilicate gneiss. 

The ore consists of a fine-grained matrix of dark iron-rich sphalerite and very fine-

grained galena with fine to medium-grained rounded clasts of quartz and feldspar. Unlike 

the aforementioned zones, the M zone and V zone are notably different. The 

mineralization at both the M and V zones is interpreted to be different due to processes 

that occurred after primary deposition of the ore horizon. The M zone has deformation 

textures that are evidence for shearing, the resulting ore textures appear to be re-

worked. Recrystallization that resulted in grain coarsening at the V zone is interpreted to 

be related to local metamorphism related to faulting. 

4.4. Age of Mineralization 

Determining the age of the host stratigraphy at Ruddock Creek was the first step 

toward resolving the age of the deposit. A detrital zircon study was undertaken to 

constrain the age of the host Windermere Supergroup metasediments by providing the 

maximum age of deposition. U-Pb LA-ICPMS data from zircon from 16 metasedimentary 

samples taken at Ruddock Creek provided a maximum depositional age of ca. 655 Ma. 

Subsequent analysis of five of the youngest detrital grains by CA-TIMS gives a more 

precise maximum age of 663.4 ± 1.2 Ma. Additional analytical methods were used to 

further refine the deposit model. 

4.4.1. Pb Isotope Model Age 

In conjunction with the detailed property-scale mapping and structural analysis, 

Pb isotope analysis was used to resolve whether the massive sulphide horizons at 

Ruddock Creek were conformably deposited as a continuous layer in a single event. Pb 

isotopes provide a model age for the mineralization. Historically, Pb isotopes have been 
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an effective method for dating Pb-bearing ore deposits. Despite the high degree of 

metamorphism and multiple phases of deformation, the primary isotopic system 

presumably remains a reliable and comparable signature. For instance, the high 

concentration of Pb in sphalerite and galena make their Pb isotopic ratios less 

susceptible to significant disturbances due to subsequent tectonometamorphic events 

(Cousens, 2007). According to Sangster (2002), a favourable characteristic of galena is 

that it is deficient in the parent isotopes U or Th and as a result the primary Pb isotopic 

composition does not evolve after formation, therefore the composition of Pb can be 

used as a proxy for the age of the Pb ore deposit. 

Another important consideration regarding Pb isotopes is that the efficiency of 

total lead versus radiogenic lead that is extracted is a reflection of the scale of the 

mineralizing process. Larger deposits (e.g. massive sulphide-type) are more effective at 

scavenging and averaging lead from the host lithology, due to the fact that lead is 

sourced from large volumes of crust by large volumes of fluids over a long period of 

time. As a result, lead values are more homogenous in large deposits than in smaller 

ones (Godwin and Sinclair, 1982). The average isotopic composition of source rocks 

scavenged for metals by the hydrothermal fluids are characterised by the Pb isotope 

ratios in the sulphide mineralogy. Therefore, aside from providing potential time 

constraints for the development of the massive sulphide, the Pb isotopes can be used to 

determine if collections of ore are genetically related (Cousens, 2007). 

4.4.2. Pb Isotope Method 

Galena, pyrite and pyrrhotite from eight massive sulphide samples were 

analyzed for their common lead isotopic signatures. Galena grains were picked from 

samples from the E Zone, Creek Zone, V Zone and Quartz Exhalite horizon. Pyrite was 

picked from the Quartz Exhalite zone, and pyrrhotite was picked from the V Zone. 

Galena duplicates were analyzed for the Quartz Exhalite and Creek Zone. 

The isotopic composition of initial common Pb incorporated into galena, pyrite 

and pyrrhotite was estimated from sequential dilute HF acid leaches of 50 milligrams of 

hand-picked and acid washed galena, pyrite and pyrrhotite crystals, following methods 



 

147 

modified from Housh and Bowring (1991). The separate was initially cleaned in 6M HCl 

and 3.5M HNO3 followed by rinsing in ultrapure water. The mineral separate was then 

subjected to 6 successive leaches in 1M HF on a warm hotplate; each HF leach was 

followed by rinsing with ultrapure water, the supernatants collected, dried and 

redissolved for anion exchange separation in dilute HBr media. Pb isotopes were 

measured in static Faraday mode with a target ion beam of 1 to 4V (208Pb) depending 

upon a reproducible run temperature as measured by a direct-viewing Keller pyrometre. 

Data are reported in Table 4.2. 

4.4.3. Pb Isotope Results 

Isotopically, there was very little difference between galena-pyrite and galena-

pyrrhotite pairs. The Pb isotopic date have been plotted on a “shale curve” (Fig. 4.6), 

which represents the Pb isotopic evolution of sediments deposited on the western 

margin of North America that were derived primarily from upper crustal rocks of the 

western Canadian Shield (Godwin and Sinclair, 1982; Godwin et al., 1988). The shale 

curve in Figure 4.6 incorporates an empirical fit to data from stratiform deposits in British 

Columbia and the Yukon Territory with closely known ages, unique to the ancient 

western margin of North America (Godwin and Sinclair, 1982; Godwin et al., 1988; 

Nelson, 1991; Mortensen et al., 2006). When plotting the Pb isotope data of the 

Ruddock Creek deposit on the shale curve provides an approximate model age of the 

mineralization at ca. 535 Ma. The Pb isotopic ratios from the 8 analyses show slight 

variation, with the E Zone and V Zone having similar 207Pb/204Pb and the Creek Zone 

and Quartz Exhalite Zone demonstrating similar 207Pb/204Pb isotopic ratios (Table 4.2). 

The ratios determined by this study are similar to those of previous studies 

conducted at the Cottonbelt deposit, which has similarly been assigned a Cambrian age 

(Höy and Godwin, 1988). Scammell and Mortensen (unpublished data, 1990) also 

generated a Cambrian Pb model age for the Ruddock Creek property. The very close 

similarity in Pb isotopic compositions from the various mineralized zones are interpreted 

to indicate that the zones are genetically related, and may have originated as one 

lithostratigraphic horizon prior to dismemberment by isoclinal folding and transposition. 

The slight variability in the Pb isotopic compositions of the different parts of the deposit 
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most likely reflects the inhomogeneity of the depositional environment. Some variability 

in the measured Pb isotopic compositions within a single deposit should be expected. 

For instance, on the continental slope, in the deep water realm, there are many inherent 

changes in lithology due to variable underwater geomorphology (Hubbardmech et al., 

2012). The changes in lithology could affect the amount of Pb scavenged from the 

source rocks within the basin. The variability implies that complete homogenization of 

the isotopic composition of the source rocks would not occur, even in SEDEX deposits. 

Due to the abundance of Pb in the initial mineralizing chemical reservoir of Ruddock 

Creek, all of the Pb in the immediate vicinity of the deposit would be overwhelmed by the 

initial Pb in the deposit (Mortensen et al., 2006), and therefore would reflect the original 

Pb concentrations of the deposit forming environment. There was very little variation in 

the Pb isotopic concentrations from the 4 mineralized zones, which suggests that all the 

zones were likely deposited at approximately the same time, all under the same 

environmental conditions. In addition, Tosdal et al. (1999) suggested that Pb isotope 

compositions become more heterogeneous in sedimentary rock-hosted deposits where 

fluids potentially travel along different aquifers, equilibrated with rocks of different 

chemical and isotopic compositions and mixed at the site of ore deposition. Alternatively, 

it is possible that the metamorphism was responsible for homogenizing the Pb isotope 

ratios (Cumming and Gudjuris, 1973). 
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Figure 4.5. Lead isotopic data for sulphides from sedimentary exhalative 
(SEDEX)-type deposits located within the southern Canadian 
Cordillera (after Sinclair, 1964; Stacey and Kramers, 1975; Godwin et 
al., 1988; Nelson, 1991; Mortensen et al., 2006). The Ruddock Creek 
deposit data (red, purple, pink triangles) plot on and just above the 
shale curve at 535 ± 30 Ma. 
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Table 4.2. Lead isotopic data for the Zn-Pb horizon, Ruddock Creek property, 
southern British Columbia. 

 

4.4.4. Rb-Sr isochron 

Direct dating of sphalerite provides the formation ages of the sphalerite and can 

potentially help constrain the genetic origin of a deposit. Nakai et al. (1990, 1993), 

Brannon et al. (1992), Christensen et al. (1995), Pettke and Diamon (1995, 1996), Yin et 

al. (2009) and Cao et al. (2014) have directly determined the age of sphalerite formation 

from various Mississippi Valley-type Zn-Pb deposits using the Rb-Sr isotope system. 

Many of the variables of the system remain unresolved, for example the exact location of 

the Rb, Sr and REEs in the sphalerites is uncertain (Nakai et al., 1990). However, Petke 

and Diamond (1996) concluded that when sphalerite Rb/Sr ratios are inhomogeneous, in 

other words, they represent several phases and element partitioning during growth; the 

resulting isochron does date the growth of sphalerite. 

4.4.5. Rb-Sr Method 

Direct dating of the mineralized horizon was attempted by evaluation the 

radiogenic Rb-Sr isotope system within sphalerite and calcite. Minerals analyzed in this 

study were separated from hand samples and drill core. Sphalerite grains were 
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handpicked and sorted based on the zone from which they came and their colour. 

Calcite grains, which can be used to constrain initial Rb-Sr isotope concentrations, were 

picked from the same hand samples. In this study, sphalerite and calcite samples from 3 

zones were analyzed. Dark grey sphalerite was sampled from the E zone. Calcite and 

honey-coloured and brown sphalerites were analyzed from the ‘quartz exhalite’ horizon. 

Calcite, dark grey and green sphalerite were analyzed from the V zone. In order to use 

calcite as an origin for the Rb/Sr isochron, it must be part of the same depositional 

event. 

For each analysis, approximately 0.1 grams of sphalerite or calcite was 

separated. The sphalerite samples were dissolved in aqua regia, left capped on the 

hotplate at 120° C for 48 hours, dried down and then immersed in HCl for 24 hours, and 

dried down again. Sr isotopes were separated following the methods described by 

Deniel and Pin (2001), where the Sr was sorbed on a Sr Spec column and then Sr was 

successively eluted with 7 M HNO3, 0.05 M HNO3 and 6 or 8 M HCl, respectively. The 

residue was taken up in 1 ml of 7 M HNO3, warmed for a few hours and evaporated to 

dryness at low temperature overnight. This residue was finally dissolved in 1–1.5 ml of 2 

M HNO3, depending on the initial weight of sample and/or expected amount of Sr. The 

experimental measurements of the isotopic compositions were performed on a Thermo 

Finnigan TIMS at the Pacific Centre for Isotopic and Geochemical Research (PCIGR) at 

the University of British Columbia. 

It is interpreted that the Rb and Sr are sequestered from hydrothermal fluids 

during formation, and therefore are hosted in the sphalerite. The Rb-Sr age would 

provide the timing of mineralization (Nakai et al., 1990). Christensen et al. (1995) as well 

as Petke and Diamon (1996) demonstrated that direct dating of sphalerites was a 

reliable method. The Rb-Sr data can be used to place constraints on models proposed 

for mineral deposition of the southern Canadian Cordillera. The results of the Rb-Sr 

isotopic analyses are presented in Table 4.3 and Figure 4.7. 
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4.4.6. Rb-Sr Results 

The Rb-Sr data for the sphalerites from the quartz exhalite horizon define an 

errorchron corresponding to an apparent age of 556 ± 420 Ma (Figure 4.6; Table 4.3). 

There is no correlation between the black and green sphalerites from the E and V zones 

with the quartz exhalite honey and brown coloured sphalerite or calcite. The limited 

scatter on the quartz exhalite isochron could be due to variation in the initial 87Sr/86Sr in 

the individual sphalerite samples (Christensen, 1995). The analyses provided limited 

spread in the Rb-Sr data. The data generated from a 3 point isochron results in a large 

underestimate of the true isochron uncertainties and therefore it is not considered a 

definitive age but rather an apparent age. Although it is entirely possible that the Rb/Sr 

age are meaningless, it is worth noting that the Rb/Sr results agree reasonably well with 

the Pb model age; clearly, more work is needed to test the validity of these results. 
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Figure 4.6. Rb-Sr errorchron created with variably coloured sphalerites from the 
Red diamonds denote the sphalerites from the quartz exhalite 
horizon. 

 The isochron for sphalerites gives an age of 556 ± 420 Ma with an initial *‘Sr/“Sr of 
0.71163±0.00068 (MSWD = 0.54). A decay constant for Sr of 1.42X10-11 was used for the age 
calculations; all errors are expressed as 2 sigma from the mean. Yellow points are not included in 
the age calculation (E and V zones). 
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Table 4.3. Rb-Sr data for sphalerite and calcite. 

Sample Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr 

Calcite 0.698024 1823.796 0.001108 0.711703479 

Brown Sphalerite 0.408668 7.32392 0.161525 0.713047427 

Black Sphalerite  0.045199 25.44501 0.005142 0.713612435 

Honey Sphalerite 1.30086 34.66074 0.108636 0.712278437 

Green Sphalerite 4.686102 117.2638 0.115709 0.715585131 

4.4.7. Discussion of the age of mineralization 

The E and V zones may have experienced more alteration due their proximity to 

late brittle faults. For instance, the sphalerite within the V zone has been significantly 

coarsened compared to the fine-grained sphalerite found elsewhere on the property, 

which maybe attributed metasomatism facilitated by fluids associated with the faults that 

affected the V zone. The additional local deformation and alteration that the 

mineralization may have been subject to could reflect why the samples from the E and V 

zone do not plot on the shale curve and do not fit on the Rb-Sr errorchron. 

4.5. Discussion: Deposit model 

There has been some debate as to what type of deposit model the Ruddock 

Creek deposit best fits. Due to the dismembered nature of the ore horizon, as well as its 

repetition through multiple phases of folding, previous models for the deposit have 

included a scenario where multiple Zn-Pb horizons were deposited as lenses 

independent of each other (Selkirk Metals, 2008). The intense metamorphism and 

metasomatism further complicates the accurate interpretation of the deposit model by 

partially altering the ore and host rock mineralogy. The penetrative nature of the 

transposing deformation may have obliterated any indication of paleo-growth faults, and 

as a result the source area of ore forming hydrothermal fluids has not been mapped. 

At Ruddock Creek the map patterns and structural analysis, consistency of 

stratigraphic position and similar Pb isotopic signatures are all consistent with the 

mineralized Zn-Pb horizon having been originally deposited as a continuous horizon by 
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sub-seafloor dispersion of ore fluids along permeable strata within a single basin 

(Sangster, 2002). However, because of the metamorphic grade and pervasive ductile 

deformation, there is no remaining primary evidence of submarine venting of 

hydrothermal fluids or growth fault. Regardless, the massive sulphide mineralization at 

Ruddock Creek commonly displays a gradational contact with the host calcsilicate units, 

which imply that the deposit can be characterized as a syngenetic SEDEX type, rather 

than an epigenetic carbonate replacement type deposit for which evidence is completely 

lacking. Based on the current study, sulphide mineralization at Ruddock Creek is 

interpreted to have been broadly contemporaneous with sedimentation and early 

diagenesis. This interpretation and the amount of calcareous stratigraphy hosting the Zn-

Pb horizon at Ruddock Creek appear to agree well with Sangster’s (2002) suggestion 

that it is unlikely that newly deposited sediments are largely impermeable, and it is more 

likely that metalliferous seafloor brines penetrate down into the underlying sediments. 

Leach et al. (2005, 2010) proposed a ‘non-genetic’ classification for sediment 

hosted Zn-Pb ore deposits. The model has two categories which includes a carbonate-

dominant sedimentary sequence and a clastic-dominant sedimentary sequence. Clastic-

dominant type deposits include traditional sedimentary exhalative deposits and all Zn-Pb 

deposits hosted in carbonate, shale and sandstone. Defining characteristics of all clastic-

dominated Zn-Pb deposits include their formation in sedimentary basins, evidence of 

rifting or synsedimentary faulting, formation due to submarine venting of hydrothermal 

fluids, the stratiform/stratabound nature of the ore and the principal economic ores are 

sphalerite and galena. Based on these attributes, Ruddock Creek is interpreted to be a 

clastic-dominant deposit. The preferred method of transporting the lead and zinc is via 

reduced hydrothermal fluids that could travel along through going aquifers. As such, the 

interpreted trap, or site of deposition, is thought to have been an oxic clastic-dominated 

sedimentary basin. 

Höy (2001) applied a genetic approach and suggested that the Ruddock Creek 

deposit be classified as a Broken Hill Type deposit. Broken Hill Type (BHT) deposits are 

interpreted to be a subtype of Zn-Pb deposit; they are metamorphosed equivalents to 

SEDEX deposits with several defining characteristic (Sangster, 1990; Höy, 2001). 

Classic SEDEX deposits and the BHT subtype are interpreted to form from high salinity 
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and low temperatures (< 300 ⁰  C). In the classic SEDEX model, metalliferous reduced 

fluids spread into a reduced basin floor in conjunction with decreasing temperature and 

the formation of syn/diagenic pyrite. Comparatively, BHT deposits form when reduced 

metal bearing fluids discharge into an oxidized basin, accompanied by a temperature 

decrease which precipitates metal sulphides, and a pH increase that results in 

widespread manganese and peripheral iron-oxide deposition within the sulphide lenses 

(Large et al., 1996). According to Large and Davidson (1991) and Large et al. (1996) the 

fundamental chemical variation between BHT and SEDEX deposits is the relative 

balance in regards to the redox potential of the ore fluids where the deposit is forming, 

rather than the redox potential of the basin waters or host stratigraphy. 

Ruddock Creek does share many characteristic that typify BHT deposits, 

including similarities in their temporal relationship to supercontinent break-up, 'Great 

Oxygenating Events'  Anbar and Knoll, 2002; Holland, 2005; Hazen et al., 2008), and 

deep-water clastic sedimentary rift-rift fill environments. The Broken Hill deposit is 

Mesoproterozoic in age and related to the supercontinent cycle that is contemporaneous 

with the break-up of Nuna, whereas Ruddock Creek is Neoproterozoic to Early 

Cambrian in age and related to the break-up of Rodinia. Specific to the deposit, 

similarities include the metal zonation and high base metal/iron sulphide ratio, the 

presences of Fe-rich sphalerite and exhalite horizons (± fluorite, garnet and pyroxenes), 

as well as the skarn-like assemblages with elevated Mn (Walters, 1996). The Ruddock 

Creek deposit is host to pervasive wall rock alteration assemblage, possibly due to 

metamorphism, including silicifiication, carbonate, barite, garnet, fluorite, apatite and 

pyroxenes, which are characteristic of BHT deposits. A further deposit criterion that 

Ruddock Creek has in common with BHT models includes the presence of amphibolites. 

Mineralization features that typify Broken Hill-type deposits, according to Walters (1998), 

include mineralization being hosted by skarn-like assemblages with strong Ca-Mn-Fe-P-

F chemical signatures and that galena and sphalerite are the dominant sulphide species 

with subordinate pyrrhotite and minor pyrite. 

At Ruddock Creek the nature of the host sequence and the lack of pyrite suggest 

an oxidized ore fluid. The abundant presence of carbonates and sulphates in the host 

stratigraphy could have provided a buffer for the basinal brines to generate oxidized 
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compositions, which is essential to BHT style deposit conditions. There is also regional 

data that suggest the Ruddock Creek deposit is situated in a paleo-platformal high, 

further suggesting oxidized basin conditions. If the Ruddock Creek deposit can indeed 

be classified as a BHT style deposit, or at least a variation thereof, this carries with it 

some important implications with regard to the metallogeny of this region. Considering 

other Zn-Pb deposits within the regions also share a similar Early Cambrian model Pb 

age of mineralization as the Ruddock Creek deposit (Fig. 4.6), the Kootenay terrane of 

the southern Canadian Cordillera could be analogous environment to the Australian zinc 

belt, a district that hosts numerous lead-zinc deposits, including the world class Broken 

Hill deposit. 

The time of the maximum depositional age of ca. 663.4 ± 1.2 Ma constrained by 

detrital zircon analysis (Chapter 2) and the Pb isotope and Rb-Sr ages, suggest that the 

mineralization occurred within 128 Myr of the crystallization age of the zircon. The final 

phase of rifting related to the breakup of Rodinia is partially constrained by the U-Pb 

zircon age of 569.6 ± 5.3 Ma from a volcanic unit in the Hamill-Gog Group in south-

eastern Canada (Colpron et al., 2002). Colpron et al. (2002) suggest that the 569.6 ± 5.3 

Ma phase of rifting resulted in continental breakup and the establishment of a passive 

margin along western Laurentia. Within error, the timing of mineralization at Ruddock 

Creek based on the Pb isotope age relates very to the phase of rifting documented by 

Colpron et al. (2002). The most common setting of a CD zinc-lead deposit is a passive 

continental margin. The spatial occurrences of clastic-dominant deposits generally 

correlate with the distribution of passive margins over Earth’s history (Bradley, 2008; 

Leach et al., 2010). 

4.6. Conclusions 

The Ruddock Creek deposit currently consists of 12 mineralized showings. The 

maximum depositional age of the host stratigraphy of the deposit is 663.4 ± 1.2 Ma, 

provided by U-Pb dating of detrital zircon. Analysis of Pb isotopic ratios yielded a model 

age of ca. 535 ± 30 Ma; the Pb isotopic results suggest that the mineralized zones are 

cogenetic and were deposited as a single conformable planar horizon that was 

subsequently transposed, attenuated and dismembered by polyphase folding during 
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Mesozoic to Paleogene Cordilleran deformation and metamorphism. Isotopic analysis of 

different coloured sphalerite and calcite provided an apparent age of ore genesis of ca. 

556 ± 420 Ma, an age broadly consistent with the other time constraints determined in 

this study. Taken together, the ages provided in this study are interpreted to suggest that 

the Ruddock Creek Zn-Pb deposit was formed between 663.4 ± 1.2 Ma and 535 ± 30 

Ma and was related to the final phase of rifting related to the breakup of Rodinia. 
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Chapter 5.  
 
Conclusions 

In an effort to better understand the Ruddock Creek deposit, this study examined 

a number of outstanding questions. Chapter 2 clarifies the constraints on the maximum 

age and source of deposition for the Windermere Supergroup in the northern Monashee 

Mountains. The questions addressed in Chapter 3 include, deciphering the multiple 

phases of deformation, constraining the timing of deformation and peak metamorphism, 

as well as understanding the effect of deformation on the mineralized horizon. The 

following issues are addressed in Chapter 4, determining the structural controls of the 

mineralized horizon, evaluating the relationship of the mineralized zones, refining the 

age of the deposit, and developing a model that best fits the deposit type. 

Detrital zircon geochronology presented in Chapter 2 highlights a strong North 

American cratonal contribution to the Windermere basin. Meso- and Paleoproterozoic to 

Neoarchean ages were identified in most detrital samples. However, five samples 

confirm that the host stratigraphy of the Ruddock Creek deposit is part of the 

Neoproterozoic Mica Creek succession of the Windermere Supergroup. Two of the five 

samples have a prominent Grenville peak (ca. 1100 Ma), and all four samples have 

robust Neoproterozoic peaks at ca. 655 Ma, which is the youngest population of detrital 

zircon analyzed for all 16 samples. One other sample with a Paleoproterozoic peak at 

ca. 1800 Ma also has a prominent ca. 655 Ma peak. Selected Neoproterozoic grains 

were further analyzed by isotope dilution thermal ionization mass spectrometry (CA-

TIMS), providing ages from 682±11 to 672.9±3.8 and 663.4±1.2 Ma. These younger 

samples define a maximum depositional age of the Windermere Supergroup within the 

study area of ca. 680-655 Ma. 
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Sources for the ca. 680-655 Ma zircon in the region are rocks located in Idaho, 

likely sourced from the Big Creek-Beaverhead belt of Lund et al. (2010). As a result, a 

model in which the sediments bearing the Neoproterozoic zircon were axially transported 

from southeast to northwest along the diachronously rifting margin of western Laurentia 

during the Neoproterozoic from the possible source of the Big Creek-Beaverhead belt of 

central Idaho is proposed. Rifted margins are in part characterized by axial rivers, 

paleoflow indicators from several locations within the Cordillera suggest a northwest 

sense of transport, a reasonable interpretation is that an axial river formed the length of 

the Cordillera and sourced sediments from sub-marine fans over the entire length of the 

rifting margin. Palinspastic restoration of the paleomargin creates an along strike 

continuation from the Big Creek-Beaverhead belt in central Idaho and the Ruddock 

Creek deposit. The retro-deformed northwest-southeast paleomargin and paleoflow 

indicators are further evidence for the Big Creek-Beaverhead belt as a source for the ca. 

663 Ma zircon found at Ruddock Creek. The refined age constraints for the deposition of 

the Windermere Supergroup in this region provided by this study have implications 

regarding the timing of break-up of Rodinia and the sediment transport along the axis of 

the rifted margin. 

Geochronological data presented in Chapter 3 provides a better understanding of 

the diachronous nature of the tectono-metamorphic history of the region. A Cretaceous 

to Paleogene history of deformation at the Ruddock Creek property is put forward. 

Zircon crystallization ages in variably deformed granitoids coupled with microstructural 

and field structural analysis indicate discrete deformational events at the Ruddock Creek 

property. The first phase of deformation D1 occurred in Jurassic time and resulted in 

kilometre-scale nappe folds (Brown et al., 1986; Brown and Lane, 1988; Scammell, 

1993). This phase of deformation was mapped in mesoscopic structures at Ruddock 

Creek. Early Cretaceous deformation is present in both the macroscopic and 

mesoscopic structures at Ruddock Creek. The formation of the F1 fold that hosts the Zn-

Pb horizon and is interpreted to be part of the synclinal counterpart to the Scrip Nappe 

occurred during Early Cretaceous time, presumably under peak metamorphic conditions. 

The Cretaceous deformation at Ruddock Creek is constrained by four variably deformed 

granitoids. Three of the granitoids, Samples LT13-007, LT13-230A and LT14-537 

constrain the formation of F2 and S2 structures. Sample LT-508A partially constrains the 
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formation of F3 structures at the property scale. U-Pb data from igneous zircon from the 

deformed granitoids fall into three age ranges, and indicate three separate intrusive 

events between ca. 115, 98 and 62 Ma. Upper amphibolite facies metamorphism is 

indicated by the presence of the garnet-biotite-sillimanite mineral assemblage, which 

corresponds to peak P-T conditions of approximately 650⁰  C and 7 kbar. Timing of 

metamorphism is constrained by dating metamorphic rims of detrital zircon from sample 

LT14-464, which provided a U-Pb age of 98 Ma. 

The present configuration of the mineralization at the Ruddock Creek deposit 

was accomplished through detailed mapping and structural analysis. The 12 mineralized 

showings that currently make up the property are highly deformed, attenuated and 

consequently dismembered as a result of Jurassic to Paleocence Cordilleran 

deformation. Detailed structural analysis from this study support the previously 

suggested hypothesis that the main mineralized zone (the E zone) is hosted within the 

hinge of a recumbent isoclinal fold (Fyles, 1970) and that the mineralized horizon has 

been affected by all the phases of deformation related to Mesozoic orogenesis. As a 

result of the tectonic evolution Ruddock Creek has experienced, including regional 

transposition foliation and tectonic attenuation, the mineralized horizon has been 

thickened and thinned in places as well as significantly dismembered. 

Determining the relationship between the deposition of the host sediments, the 

Mica Creek succession of the Windermere Supergroup was in part constrained by Pb 

isotopic analysis. The Pb isotope data showed little variation from zone to zone, which 

suggests that the Zn-Pb horizon was derived from the same source and likely deposited 

as a single continuous horizon ca. 535 ± 30 Ma. Further constraints include Rb/Sr 

isotopic analysis of sphalerite and calcite, which provides an age that suggests the 

timing of ore formation, was 556 ± 420 Ma. The corroboration of the timing constraints 

for the formation of the Ruddock Creek deposit, including the maximum age of 

deposition of the host stratigraphy, ca. 663 Ma, the Rb/Sr isochron which provides an 

apparent age of 556 ± 420 Ma and the Pb model age, 535 ± 30 Ma strongly support the 

hypothesis that mineralization occurred during deposition of the Windermere Supergroup 

or Lower Cambrian strata. The hydrothermal activity that formed the deposit was likely 

derived from the last rifting phase associated with the break-up of Rodinia. Finally, the 
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findings from this study support the idea that the Kootenay arc is a Zn-Pb district, 

possibly analogous to the Broken Hill district in southern Australia, and that it is likely 

that many of the deposits in the region formed from the same metallogenic event. 
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Appendix A.  
 
Oriented thin section descriptions 

LT13-004 

Sample LT13-004 (Figure 2) is a fibrolite-muscovite-biotite-quartz schist that displays a 
strong foliation, defined by compositional banding due to segregation of minerals. The 
sample hosts accessory zircon and some of the biotite has been altered to chlorite. It is 
holocrystalline; medium grained with mostly subhedral grain shape. Microstructural 
features include irregular grain boundaries as the result of grain boundary migration, 
preferred orientation of mica, kinking of mica, evidence for pressure solution around 
quartz mantled porphyroclasts, biotite and fibrolite are intergrown. There is a C’-S fabric 
that gives tops to the southeast sense of direction. 

LT13-221 

Sample LT13-221 (Figure 2) is a muscovite-biotite-feldspar-quartz schist. The sample 
hosts accessory zircon and there is minor chlorite alteration of biotite. Introduced to the 
sample are later quartz micro veinlets. It is holocrystalline, fine to coarse grained and the 
grain shape is seriate-interlobate. Microstructural features include: undulose extinction in 
quartz, irregular grain boundaries in quartz, fluid inclusion trains in quartz, preferred 
orientation of mica and quartz, strained plagioclase, myrmekitic texture in plagioclase, 
foliation parallel elongate quartz crystals and dynamic recrystallization in quartz, where 
relics of large old quartz grains with undulose extinction and elongated subgrains pass 
laterally into domains of small, dynamically recrystallised grains. The sample displays a 
later top to the west fabric shear bands. 

LT13-224 

Sample LT13-224 is a muscovite-biotite-feldspar-quartz schist. The sample hosts 
accessory zircon, monazite, sphene (?) and pyrite (?). The sample is holocrystalline, the 
grain size is fine to coarse, and the grain shape is seriate-interlobate. Microstructural 
features include grain boundary migration and irregular grain boundaries in quartz. 
There is not enough asymmetry in the fabric of this sample to determine a shear sense. 

LT13-225 

Sample LT13-225 is a garnet-fibrolite-biotite-feldspar-quartz schist. This sample hosts 
accessory zircon. It is holocrystalline, the grains are medium grains, and the quartz 
grains are mostly subhedral lobate. Microstructural features include undulose extinction 
of quartz, pressure solution defined by biotite wrapping around quartz aggregates, 
domains defined by P and Q (high and low strain) and trace myremekitic textures. There 
is not enough asymmetry in the fabric of this sample to determine a shear sense. 

LT13-229 

Sample LT13-229 is a garnet-fibrolite-biotite-feldspar-quartz schist. There is a strong 
preferred orientation of mica that defines foliation. This sample hosts accessory apatite 
and zircon. There is minor chlorite alteration with biotite. It is holocrystalline, medium 
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grained and the grains are subhedral. Microstructural features include seriate interlobate 
quartz, grain boundary migration, inequigranular-interlobate garnet, porphyroblastic 
garnet, polycrystalline quartz with irregular grain boundaries, undulose extinction in 
quartz, elongated subgrains, preferred orientation of fibrolite, bulging (BLG) 
recrystallization and evidence for pressure solution lamellae in quartz. 

LT13-233 

Sample LT13-233 is a garnet-fibrolite-biotite-feldspar-quartz schist that has a strong 
preferred orientation of mica that defines the foliation. The sample hosts accessory 
zircon and locally biotite are altered to chlorite. It is holocrystalline, medium grained and 
the grains are mostly subhedral. The sample hosts inequigranular, interlobate 
porphyroblastic garnet and biotite porphyroblasts. Microstructural features include birds 
eye twining in biotite, polycrystalline quartz with irregular grain boundaries (GBM), 
dynamic recrystallization, quartz with undulose extinction, subgrain rotation of quartz, 
bulging in quartz and evidence for pressure solution. This sample gives a top to the east 
sense of shear. 

LT14-287 

Sample LT14-287 is a garnet-fibrolite-muscovite-biotite-feldspar-quartz schist. There is 
accessory apatite in this sample. It is holocrystalline, fine to medium grained and 
inequigranular-interlobate. Microstructural features include: birds eye twining in biotite, 
folds around garnet, biotite pressure shadows define garnet mantled porphyroclasts with 
ơ-type object stair stepping and anastomosing spaced foliation. This sample displays 
mica fish and a coarse C’-S fabric that gives a northeast sense of direction. 

LT14-543 

Sample LT14-543 is a garnet-biotite-feldspar-quartz schist. In this sample there is 
accessory zircon and biotite is locally altered to chlorite. The sample is holocrystalline, 
fine to medium grained. Microstructural features include: garnet porphyroblasts with 
biotite wings and poikiloblastic garnet with biotite inclusions. A C’-S fabric gives a 
northeast sense of direction in this sample. 
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Appendix B.  
 
LA-ICPMS data from detrital zircon samples  

Description: 

Geochronological data for LA-ICPMS analysis of detrital zircon in an Excel format. 

 

Filename: Theny_Thesis_Detrital zircon LA_ICPMS.xlsx 
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Appendix C.  
 
LA-ICPMS data from igneous zircon samples  

Description: 

Geochronological data for LA-ICPMS analysis of igneous zircon in an Excel format. 

 

Filename: Theny_Thesis_Igneous zircon LA_ICPMS.xlsx 



 

173 

Appendix D.  
 
LA-ICPMS data from metamorphic rim analyses of 
zircon 

Description: 

Geochronological data for LA-ICPMS analysis of metamorphic zircon rims in an Excel 
format. 

 

Filename: Theny_Thesis_Metamorphic zircon LA_ICPMS.xlsx 
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Appendix E.  
 
CA-TIMS data from detrital zircon samples 

Description: 

Geochronological data for CA-TIMS analysis in an Excel format. 

 

Filename: Theny_Thesis_Detrital zircon CA_TIMS.xlsx 
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Appendix F.  
 
North-south cross-section through the E zone  

Description: 

Cross-section that highlights the recumbent fold that structurally controls the E zone and 
the late E zone normal fault. Images include select drill intersections. Data provided by 
Imperial Metals Inc. 
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Appendix G.  
 
Property scale detailed geology map 

Description: 

PDF file of detailed property geology. 

Filename: Theny_Thesis_property geology.pdf 
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Appendix H.  
 
Station map for 2013 and 2014 field seasons 

Description: 

PDF file of station map. 

Filename: Theny_Thesis_station map.pdf 

 


