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Abstract 

The Late Triassic – Early Jurassic Quesnel terrane located in the interior of British Columbia in 

Canada, is largely composed of rocks of the Nicola Group and equivalents, which are mostly 

represented by black to dark-green, clinopyroxene±plagioclase porphyritic basalts with variable 

Fe-Ti oxide content, and locally presenting analcime phenocrysts, interpreted as a volcano 

oceanic-arc sequence with calc-alkalic and alkalic signatures. The Quesnel terrane hosts most 

alkalic Cu-Au porphyry deposits of British Columbia.  

Petrography, whole rock and mineral chemistry of basaltic rocks, together with their physical 

properties (magnetic susceptibility and density), in context with regional geological and 

geophysical (gravity and magnetic) maps, allow to delineate prospective arc segments for 

comagmatic Cu-Au porphyry development within the Quesnel terrane.  

Incompatible element variations from whole rock geochemistry exhibit heterogeneities along the 

arc. For instance Ce/Yb ratios from 6.6 to 24.5 suggest that slight regional and local tectonic 

changes controlled the degree of partial melting in distinct portions of the mantle wedge, where 

the higher values represent a relatively compressive setting, resulting in volcanic products with 

high alkalinity, whereas the lower values denote extension and relatively low alkalinity.  

Primary Fe-Ti oxide inclusions in clinopyroxene within basalts showing Cr and higher Fe
2+ 

contents, whole-rock Fe
3+

/Fe
2+

 ratios from 0.13 to 0.60 and magnetic susceptibilities 

<1.30x10
3

SI units, indicate that basalts were produced from reduced source magmas; Fe-Ti 

oxides showing higher Fe
3+

 contents, Fe
3+

/Fe
2+

 ratios between 0.60 and ~3.50, and magnetic 

susceptibilities of 10.00 to 111.00x10
-3

SI units denote oxidized magmas; whereas Fe-Ti oxides 

with higher Fe
3+

 contents, Fe
3+

/Fe
2+

 ratios between ~3.50 and 7.10 together with magnetic 

susceptibilities <1.55x10
-3

SI units show secondary oxidation of Fe-rich minerals within rocks. 

Primary oxidized magmas are related to the formation of Cu-Au porphyry mineralization. 

Carbon and oxygen isotopic composition of secondary carbonate minerals within the low 

temperature alteration assemblage of the rocks, allow classifying basalts in oxidized and reduced 

as described above. Secondary carbonate minerals from primary oxidized basalts exhibit 

δ
18

OSMOW of +12.3 to +20.5‰, and δ
13

CPDB between -5.6 and +2.2‰ compared to the relatively 

reduced ones, which show δ
18

O from +10.6 to 14.2‰ and δ
13

C between -9.2 and -6.4‰. 
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CHAPTER 1: OVERVIEW 

1.1 INTRODUCTION 

Porphyry deposits account for about 50 to 70% of Cu, one-fifth of Au and more than 95% of Mo 

production in the world (Sinclair, 2007; Sillitoe, 2010). In Canada, porphyry deposits are 

responsible for more than 40% of Cu, about 10% of Au and virtually all the Mo production, and 

are mostly hosted in the Canadian Cordillera and to lesser extent in eastern Canada (Sinclair, 

2007).  

Porphyry deposits can be classified in calc-alkalic and alkalic types, based on the chemical 

composition of the source intrusion. Porphyries can also be discriminated on the basis of their 

metal content, mainly Cu, Au and Mo (Kirkham and Sinclair, 1995). Alkalic porphyries tend to 

have high Au content, typically between 0.2 and 2.0 g/t, 0.15 to 0.7 wt% Cu but only negligible 

amounts of Mo (Sinclair, 2007). Calc-alkalic Cu-porphyry deposits can contain from 0.005 to 

0.15% Mo, and typically from none to 0.35 g/t Au (Sillitoe, 1980; Sinclair, 2007). Alkalic 

porphyry deposits typically form clusters, where mineralization is hosted in pipes or dyke 

swarms (<200m diameter), or in large intrusive complexes; individual deposits typically not 

exceeding a few 100’s of metres across (Holliday and Cooke, 2007). In contrast, calc-alkalic 

deposits can form individual ore bodies measuring hundreds up to thousands of metres across, 

and also occur as clusters. The Canadian Cordillera hosts both calc-alkalic and alkalic porphyry 

deposits (McMillan and Panteleyev, 1995). 

The Canadian Cordillera contains the largest concentration of alkalic Cu-Au porphyry deposits 

and prospects in the world (Tosdal et al., 2009). These porphyries are scattered over a 1500 km 

strike length, hosted by Late Triassic marine arc rocks of the Quesnel and Stikine terranes, and 

were emplaced between 210 and 178 Ma (Mortensen et al., 1995; Bath et al., in press).  

Besides the Canadian Cordillera, alkalic deposits have also been reported in the Ordovician and 

Early Silurian Lachlan Fold Belt in New South Wales in eastern Australia (Cooke et al., 2007), 

the Early Oligocene continental arc in the Chalkidiki Peninsula, Greece (Kroll et al., 2002), the 

Late Oligocene to Early Miocene Didipio region, North Luzon in the Philippines (Wolfe, 2001) 

and in the Late Oligocene alkalic volcanic rocks in Colorado Front Range in USA (Jensen and 

Barton, 2000; Fig. 1.1). 
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Figure 1.1. Global distribution of porphyry deposits. Orange areas cover major porphyry Cu provinces (from 

Titley and Beane, 1981). The red spots refer to alkalic porphyry deposits, whereas yellow spots indicate 

alkalic epithermal systems. World bathymetry map from the General Bathymetric Chart of the Oceans 

(www.gebco.net). 

 

Lang et al. (1995a) discriminates the host intrusions of the alkalic porphyry deposits in British 

Columbia into silica saturated (e.g., Mount Milligan and Copper Mountain) and silica under-

saturated (e.g., Mount Polley and Lorraine). These two types of alkalic porphyries are associated 

with Cu-Au mineralization and also have potential for economic by-products such as platinum 

group elements (PGEs; Lang et al., 1995b; Thompson et al., 2001; Nixon et al., 2004). 

The relationship between alkalic volcanism, plutonism and related mineralization in the 

Canadian Cordillera has been discussed first in the paper of Barr et al. (1976). However, detailed 

research on alkalic porphyry deposits was presented in the publication “Porphyry Deposits of the 

Northwestern Cordillera of North America”, CIM Special Volume 46 (Schroeter, 1995). Recent 

studies on different alkalic porphyry deposits within the Cordillera carried out by the Mineral 

Deposit Research Unit (MDRU) at the University of British Columbia (UBC) and the Centre for 

Excellence in Ore Deposit Research (CODES) at the University of Tasmania, have increased the 

knowledge on the alkalic porphyries themselves (e.g., Jago, 2008 on Mount Milligan; Jackson, 

2008 and Pass, 2010 on Mount Polley; Byrne, 2009 and Micko, 2010 on Galore Creek; Norris, 

2012 on Red Chris). In contrast to the deposit scale studies, little work aimed at the regional 

setting of alkalic porphyry deposits has been carried out. However, a better understanding of the 

tectonic and volcanic setting on a regional scale is crucial to investigate the unique factors that 

led to the anomalous concentration of alkalic porphyry deposits in BC (cf., Tosdal et al., 2009). 
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This project is a regional study focused on host volcanic rocks of the Quesnel terrane, which 

occur over extensive but poorly exposed areas with unknown potential for alkalic porphyry 

mineralization.  

A better understanding of the chemical and physical distinctions of basaltic volcanic rocks in 

areas hosting Cu-Au porphyry mineralization and regions apparently devoid of that kind of 

mineralization was accomplished by petrography, physical properties in relation to regional scale 

geophysical data, together with whole rock and mineral chemistry, and isotopic-traces 

compositions with the aim to delineate prospective arc segments to focus exploration for Cu-Au 

alkalic porphyries along the Quesnel terrane. 

 

1.2 THESIS ORGANIZATION  

This thesis is arranged in five chapters (Chapters 2 to 6), underlining the geology, as well as the 

physical and chemical characteristics of the Quesnel terrane: 

Chapter 2 provides background information by means of a literature review of the tectonic 

setting of the Canadian Cordillera, particulary the Quesnel terrane and describes the regional 

geological history and metallogeny of this terrane.  

Chapter 3 presents the results of petrographic description and physical property measurements of 

host rocks in different arc-segments along the Quesnel terrane, as well as, interpretation of 

regional geophysical surveys with respect to the relationship between host rocks and alkalic Cu-

Au porphyry deposits. 

Chapter 4 addresses the characteristics of different arc-segments along the Quesnel terrane, on 

the basis of whole rock and mineral chemistry of coherent basaltic rocks, in view of their 

association with alkalic Cu-Au porphyry deposits. 

Chapter 5 presents C-O isotopic data on trace carbonate-minerals within the alteration mineral 

assemblage of rocks, interpreting the nature of this alteration for different arc segments along the 

terrane. 
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Chapter 6 concludes with a compilation and discussion of the main points addressed in previous 

chapters. 

 

1.3 PROJECT SUPPORT AND STUDY METHODOLOGY 

This project was proposed and supervised by the Mineral Deposit Research Unit (MDRU) at the 

University of British Columbia (UBC) and supported through Geoscience BC funding. Three 

papers have been published by Geoscience BC in the 2010, 2011 and 2012 Summary of 

Activities Reports (Bissig et al., 2010; Vaca et al., 2011 and Vaca et al., 2012); these articles 

summarized the project progress at that time. 

Rock sampling and magnetic susceptibility measurements were conducted by Thomas Bissig and 

the author during the 2009 and 2010 summer seasons. Laboratory analyses were done at UBC, 

including rock-density, thin-section petrographic description, scanning electron microscope 

(SEM) and electron microprobe (EMP) analyses. Oxygen and carbon isotopic analysis were done 

using the instrument (Los Gatos Research (LGR), model 908-0021) at the UBC facilities by 

Shaun Barker. Whole rock geochemistry was performed at ALS-Chemex Laboratories, North 

Vancouver, Canada.  

 

 

 

 

 

 

 

 

 

 



5 
 

CHAPTER 2:  THE QUESNEL TERRANE - REGIONAL SETTING 

2.1 INTRODUCTION 

The Canadian Cordillera is composed of five main geomorphological belts (Monger et al., 1972), 

from west to east these are the Insular, Coast, 

Intermontane, Omineca and Foreland (Figure 2.1), which 

in British Columbia vary in width from less than 20 to 

~350 km and are northwest trending.  

These belts are underlain by several terranes
1
 with a 

distinctive geologic history, such as volcanic arcs, 

oceanic crust, shelf and slope deposits, basins, as well as 

intrusive and metamorphic complexes, ranging in age 

from Middle Proterozoic to Cenozoic.   

The Cordillera orogen includes accreted terranes of 

oceanic origin and terranes of the zone of deformed 

rocks along the western margin of the North American 

craton (Laurentia; Gabrielse et al., 1991). 

Each of the geomorphological belts is underlain by 

several terranes (Figure 2.2). Terranes vary in age, 

lithology, metamorphism, physical properties, 

paleomagnetic record and metallogeny (Gabrielse et al., 1991).   

The Intermontane belt largely represents the Intermontane superterrane
2
, comprising the Quesnel 

and Stikine island-arc terranes, as well as the Cache Creek oceanic terrane. This superterrane is 

thought to have been amalgamated offshore prior to its accretion to North America around the 

Early–Middle Jurassic (Monger et al., 1982). 

                                                           
1 

Terrane. Fault-bounded geologic entity of regional extent characterized generally by a coherent stratigraphic 

sequence in which depositional continuity can be established (Coney, 1980; Coney, 1989). 

2
 Superterrane. An aggregate of terranes that is interpreted to share either a similar stratigraphic kindred or 

affinity, or a common geologic history after accretion (Moore, 1992). 

 

Figure 2.1. Morphogeological belts of the 

Canadian Cordillera (Gabrielse et al., 1991). 
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Figure 2.2. Terranes of the Canadian- Cordillera in British Columbia (modified from Nelson and Colpron, 

2007). 

The Quesnel terrane underlies part of the eastern Intermontane belt (Figure 2.2), and comprises 

upper Paleozoic and lower Mesozoic volcanic and associated intrusive bodies and sedimentary 

rocks. The Quesnel terrane extends into the Yukon as a narrow region lying between the Slide 

Mountain terrane to the east and the Cache Creek terrane to the west (Gabrielse et al., 1991). The 

Quesnel terrane stratigraphically and structurally overlies Slide Mountain, Cassiar and Kootenay 

terranes on its east side. To the west, the contact with the Cache Creek terrane is defined by 

major zones of strike-slip faulting or locally, thrust faults which place the Cache Creek terrane 

eastward over Quesnel (Coney, 1989). In central BC, the Quesnel terrane presents a faulted 

contact to the west with the Stikine terrane (Figure 2.2). 

 

In southern BC, Upper Paleozoic rocks of the Quesnel terrane comprise two distinctive 

lithotectonic assemblages
3
 that have been subdivided into the Harper Ranch and Okanagan 

                                                           
3
 Lithotectonic assemblage. A distinctive succession of stratified rocks, mainly bounded by unconformities or 

faults, deposited in specific tectonic environments during particular intervals of time (Wheeler and McFeely, 1991). 
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subterranes
4
 (Monger, 1975, 1977b; Peatfield, 1978), which are characterized by sedimentary 

and volcanic rocks associated with marginal basins (Smith, 1979; Monger, 1977b; Peatfield, 

1978; Milford, 1984). The northern equivalent of the Harper Ranch is the Lay Range assemblage 

(Nelson and Bellefontaine, 1996). 

The most characteristic and extensive assemblage in the Quesnel terrane is the Upper Triassic - 

Lower Jurassic island arc volcano-sedimentary sequence and related intrusions, represented by 

the Nicola Group in the south of the province (Schau, 1968) and the Takla Group at north 

(Armstrong, 1948; Armstrong, 1965). However, Nicola Group is currently the accepted name for 

all the Triassic-Jurassic volcanic arc and related rocks in the Quesnel terrane (Gabrielse and 

Yorath, 1991; Panteleyev et al., 1996). In this regard, the equivalent Upper Triassic Takla and 

Nicola groups hereafter will be referred to as Nicola Group. 

The youngest lithological unit that comprises the Quesnel terrane is the Early-Middle Jurassic 

Ashcroft Formation, located in southern BC. It ranges from Late Sinemurian to Callovian, and 

consist largely of clastic rocks with minor carbonate members (Crickmay, 1930; Travers, 1982). 

 

2.2 BASEMENT 

The relationship between the terranes and the North American craton has been studied using 

seismic reflection surveys. The Lithoprobe program in the “Southern Canadian Cordillera” and 

“Slave-Northern Cordillera Lithospheric Evolution (SNORCLE)” transects comprised sections 

across the Intermontane belt, which help understanding the relationship between the Quesnel 

terrane and its basement.  

The terranes comprising the Intermontane superterrane (Cache Creek, Stikine and Quesnel) are 

interpreted to have been transported eastwards over the cratonic basement of western North 

America. The southern Canadian Cordillera seismic section (Figure 2.3), interpreted by Clowes 

and Hammer (2000), shows that the crystalline basement extends as far west as the Fraser fault 

(Figure 2.4).    

                                                           
4
 Subterrane. A fault-bounded unit within a terrane that exhibit similar, but not identical geologic history relative 

to another fault bounded unit in the same terrane (Nokleberg et al. 2005). 
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Figure 2.3. Map of the southern Canadian Cordillera. The shaded line shows the approximate location 

of the Lithoprobe transect across the southern Canadian Cordillera. CC - Cache Creek terrane; CD – 

Cadwallader terrane; KO, Kootenay terrane; OC, Core of the Olympic Mountains; SH – Shuksan 

terrane, and exposed part of the accreted wedge; QN - Quesnel terrane; ST, Stikine terrane; WR, 

Wrangellia terrane.  

(Modified from http://www.lithoprobe.ca/media/poster/panels/2.asp). 

 

 
Figure 2.4. Interpreted lithospheric cross section of the Lithoprobe transect across southern Canadian 

Cordillera (Modified from Clowes and Hammer, 2000). 

In the western part of the transect across the northern Canadian Cordillera (SNORCLE; Figure 

2.5), the basement of the accreted terranes is formed by Proterozoic sedimentary rocks (Hammer 

http://www.lithoprobe.ca/media/poster/panels/2.asp
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and Clowes, 2007; Figure 2.6). These rocks were deposited along the west passive margin of 

Ancestral North America. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Western part of the 

litoprobe snorcle transect in 

northwestern BC in the Canadian 

Cordillera 

(http://www.litho.ucalgary.ca/atlas/sn

orcle/snorcle_menu.html). 

 

 

Figure 2.6. Interpreted cross section of the western part of the Snorcle transect showed in Figure 2.5 

(Hammer and Clowes, 2007). 

Based on the information provided above, it is possible to note that the cratonic basement 

extends farther west in southern than in northern British Columbia.  

An additional observation from the seismic transects is that, while some terrane boundaries are 

vertical (faults?), others are subhorizontal. These subhorizontal boundaries indicate that the 

http://www.litho.ucalgary.ca/atlas/snorcle/snorcle_menu.html
http://www.litho.ucalgary.ca/atlas/snorcle/snorcle_menu.html
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accreted terranes comprise stacks of terranes (nappes), which have been thrusted from the west 

over different basement (crystalline craton or metasediments) to their actual position.  

 

2.3  STRATIGRAPHY, ROCK TYPES AND METALLOGENY 

The stratigraphy of the Nicola Group is summarized as follows (Figure 2.7): In southern BC, 

Ordovician to Late Permian rocks from the Okanagan subterrane (or Apex Mountain Complex), 

comprise lithologies such as chert, argillite, basalt (greenstone), minor limestone and 

serpentinized ultramafic rocks, which were emplaced in a marginal oceanic basin (Monger, 

1977b; Peatfield, 1978; Milford, 1984). However, Mortensen et al. (2011) presented U-Pb dates 

in detrital zircons from a siltstone to fine grained sandstone from the Apex Mountain Complex, 

which yield a range of Late Archean to Proterozoic ages, suggesting an affiliation with a NW 

Laurentian source. The Late Devonian to Late Permian Harper Ranch subterrane, consists of 

argillite, chert, limestone, clastic and volcaniclastic rocks, including sandstone and 

conglomerate, which were deposited in a basin adjacent to an island-arc (Smith, 1979). 

In central BC, at Mount Polley area, Paleozoic rocks of the Quesnel terrane do not crop out; but, 

the Paleozoic is represented by amphibolites from the Slide Mountain terrane (Bloodgood, 

1988).  

In northern BC, the Pennsylvanian to Permian Lay Range assemblage is represented by lapilli 

tuff, volcanic and mixed-source sandstone, siltstone, argillite, siliceous tuff, chert and carbonate 

rocks (Ferri et al., 1993a, b). This assemblage is equivalent to the Harper Ranch rocks farther 

south (Nelson and Bellefontaine, 1996). The Slide Mountain terrane is also present in this area 

represented by pillow basalts, basalt, chert and argillites of the Nina Creek Group. 

The most representative assemblage within the Quesnel terrane is the Late Triassic - Early 

Jurassic Nicola Group (Dawson, 1879; Preto, 1979; Mortimer, 1987; Nelson and Bellefontaine, 

1996). This group uncomformably overlies the Late Paleozoic rocks, and consists of submarine, 

lesser subaerial arc volcanic sequence dominated by pyroxene ± plagioclase (locally analcime) 

phyric, dominantly basaltic to andesitic lavas and associated volcaniclastics, interbedded with 

sedimentary rocks.   
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Figure 2.7. Simplified stratigraphic columns in three different locations of the Quesnel terrane, including: Southern BC, considering the stratigraphy of the central and eastern 

belt between Merritt and Princeton areas described by Preto (1979), Mortimer (1987) and Preto el at. (2004); central BC, representing the stratigraphy described in the Mount 

Polley area by Jackson (2008; after Bailey, 1978; Panteleyev, et al., 1996; Logan and Mihalynuk, 2004; Logan and Bath, 2006 and Logan et al., 2007). Note: the abbreviations 

LTNpv, LTNav and LTNpt  refer to geological map units of Logan et al. (2007) for the Nicola Group sampled in this research); northern BC, represented by the stratigraphy in 

the Mount Milligan area from Nelson and Bellefontaine  (1996). 
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The basal part of the Nicola Group in southern BC is composed by massive to graded-bedded 

siltstone, sandstone and pebble conglomerates, and interbedded limestone and tuffs (Preto, 

1979). In central BC (Mount Polley area), the lower part of the Nicola Group is comprised of 

argillite, siltstone, minor limestone, sandstone and greywacke, and volcaniclastic rocks in the 

upper part (succession 1, Figure 2.7), whereas in northern BC (Mount Milligan area), the lowest 

part of the Nicola Group consists of slate, argillite, tuff and minor lava flows (Slate Creek 

succession; Nelson and Bellefontaine, 1996). The volcanic rocks mark the initial stage of arc 

activity and fringing reef construction. 

Volcanic breccias, laharitic deposits and minor conglomerate overlie the basal sediments in 

southern BC (Figure 2.7, Preto, 1979). In central BC, olivine-pyroxene-phyric basalt, followed 

by pyroxene-phyric basalt, analcime–bearing basalt and basaltic-andesite, lie on top of the basal 

package (succession 2, Figure 2.7; Panteleyev et al., 1996). Whereas, the Inzana Lake succession 

in the Mount Milligan area represented by volcanic sandstone, tuff, siltstone, argillite, slate and 

sedimentary breccia, stratigraphically overlies the Slate Creek succession, followed by the Witch 

Lake succession, which consists of olivine-augite-plagioclase phyric agglomerate, lapilli tuff, 

flows, epiclastic sediments, minor latite and trachyte flows (Nelson and Bellefontaine, 1996). 

The upper Nicola Group represents a mature arc, denoting an increase in differentiation upwards 

in the stratigraphy. 

Preto (1979) and Mortimer (1987) showed a west – east chemical variation within the Nicola 

Group in southern BC that define three major belts (Figure 2.8): the western belt comprises 

augite-plagioclase phyric basalt and andesite with a calc-alkalic signature. The central and 

eastern belts are petrographically similar to each other, consisting mainly of augite-phyric basalt, 

locally analcime bearing, and heterogeneous andesite and basalt. The central belt is characterized 

by variably tholeiitic to alkalic basalts, whereas the eastern belt is predominantly alkalic 

(shoshonitic). Paleontological data suggest that the eastern belt is younger (Late Norian, ca. ~203 

Ma) than the western belt (Late Carnian – Early Norian, ca. ~216 Ma) (Carter et al., 1991). 
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Basaltic augite-plagioclase phyric rocks 

with shoshonitic affinity and locally 

containing analcime phenocrysts have 

also been reported in central BC 

(Quesnel Trough; Panteleyev et al., 1996; 

Logan and Bath, 2006).  

In southern Quesnel terrane, shoshonites 

are restricted to the east belt (Mortimer, 

1987), while in the central and northern 

part of the Quesnel terrane, shoshonites 

occur across the width of the terrane 

(Panteleyev et al., 1996; Nelson and 

Bellefontaine, 1996). Thus, the 

suggestion of Mortimer (1987) that an 

easterly increase of potassium in the 

Nicola Group corresponds to increasing 

depth to the paleo-Benioff zone, does not 

apply north of 51°N (Nelson and Bellefontaine, 1996), where the Nicola Group has not been 

subdivided into different volcanic belts as in the south. 

The Quesnel volcanic arc produced a variety of plutons at the end of its volcanic activity, 

ranging from dikes and sills to major batholiths. These intermediate to shallow depth intrusions, 

which vary from gabbro to granodiorite and from alkaline to calc-alkaline in composition, have 

proven potential for porphyry and other epigenetic types of mineralization. The Late Triassic to 

Early Jurassic Cu-Au and Cu-Mo porphyry deposits of the Quesnel terrane represent an 

important group of ore deposits in British Columbia.  

The calc-alkaline porphyry Cu-Mo deposits such as Highland Valley, Brenda and Gibraltar 

(Figure 2.9) are ~ 215 to 210 Ma (Mortensen et al., 1995) and typically hosted in quartz-diorite 

to granodiorite intrusions, whereas the alkalic porphyry CuAu deposits are younger, and 

commonly hosted in monzonite, monzodiorite and syenite  (Woodsworth et al., 1991), and 

formed during two temporal events.  The first episode includes Mount Polley, Copper Mountain 

 

Figure 2.8. Simplified geologic map of the Nicola Group in southern 

BC, showing the spatial distribution of the three different volcanic 

belts (Mortimer, 1987). 
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and deposits around the Iron Mask batholith (e.g., Afton/Ajax, Figure 2.9), formed between 210 

and 200 Ma (Mortensen et al., 1995; Logan et al., 2007). The second event includes Mount 

Milligan and Lorraine, which range in age from 178 to 183 Ma (Mortensen et al., 1995; Bath et 

al., in press). 

Other magmatic-related deposit types found in the Quesnel terrane include the Au-skarn at 

Hedley and the Au-Ag epithermal deposits of the Toodoggone district (Figure 2.9), as well as 

several Middle Triassic to Early Jurassic Alaskan-type zoned ultramafic bodies, related to 

Platinum Group Element (PGE) mineralization (Nixon et al., 1997). 

 

Figure 2.9. Triassic to Middle Jurassic magmatic belts and deposits in the Quesnel 

terrane of the Canadian Cordillera (modified from Nelson and Colpron, 2007). 

The presence of porphyry and related mineralization types in Quesnel make this terrane a 

remarkable metallotect in the Canadian Cordillera. 
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2.4 METAMORPHISM 

In south-central British Columbia, rocks of the Nicola Group present a low grade metamorphism 

(Schau, 1968; Lefebure, 1976; Preto, 1979) of the prehnite-pumpellyite and locally zeolite facies 

(Shannon, 1982). In north-central British Columbia, the Nicola Group volcanics are mainly in 

the prehnite-pumpellyite facies (Meade, 1977; Ferri and Melville, 1988 and 1989; Nelson and 

Bellefontaine 1996). Nevertheless, in southern BC along the eastern edge of the Eagle Plutonic 

Complex and surrounding the intrusive bodies in the Nicola horst, which is interpreted as a 

window into the middle crust and perhaps below the base of the Nicola Group (Moore, 2000), 

rocks have passed through the garnet zone into the low-grade amphibolite facies (Greig, 1989; 

Moore and Pettipas, 1990). 

In general, the Quesnel terrane falls in the prehnite-pumpellyite and zeolite metamorphic facies 

(Read et al., 1991), which took place from Late Triassic to Paleogene (Greenwood et al., 1991). 

However, volcaniclastic rocks from the Harper Ranch Group southern BC, present somewhat 

higher-grade metamorphism than the Nicola Group, ranging up to greenschist facies. These rocks 

include phyllite and chlorite-schist (Smith, 1979), suggesting that the southern Paleozoic rocks 

were affected by an additional Permo-Triassic metamorphic event pre-dating the volcanic rocks 

of the Nicola Group. 

 

2.5 TECTONIC MODEL 

Terranes of the Canadian Cordillera have a high diversity of Tethyan faunas in the southern 

regions and mixed Boreal/Tethyan faunas in the north. This is based on the presence of two 

different Jurassic ammonite species, one that belongs to Boreal latitudes (autochthonous to North 

America) and another to Tethyan latitudes south of North America (Carter et al., 1991; Figure 

2.10). In fact, the Quesnel terrane is considered to be allochthonous, having travelled 

approximately 500 km northward to its actual position, after the Pliensbachian (Carter et al., 

1991). 
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Figure 2.10. Jurassic paleobiogeography of western North America. Left, Late Pliensbachian 

ammonite faunas of the Canadian terranes prior to amalgamation with the mainland. Right, 

Suggested restoration of latitudinal displacements (modified from Gabrielse et al., 1991). 

Paleomagnetic studies have been used to determine displacements and rotations on the terranes 

of the Canadian Cordillera. Paleopoles from the Nicola Group, Guichon Creek batholith and 

Copper Mountain intrusions located in southern BC, imply displacements from the south of at 

least 4⁰ (Irving and Wynne, 1991). In addition, data available from north-central BC in the 

Stikine terrane, indicates rotations from 19° clockwise to 116° counter clockwise (Vandall, 1990, 

and Irving and Wynne, 1990 in Mihalynuk et al., 2004). 

Gabrielse et al. (1991) proposed a tectonic model for the Quesnel terrane during the Late 

Paleozoic, which consists of a west-facing island arc that developed offshore of the western 

margin of Ancestral North America (Figure 2.11). The back-arc basin is represented by the Slide 

Mountain terrane, and the fore arc by the Cache Creek terrane, which represents an accretionary 

prism complex. The Quesnel terrane was accreted to Laurentia in the Middle Jurassic (Monger et 

al., 1982). This collision is evidenced by the presence of obducted blueschist-facies sheets of the 

same age in a number of localities in the Slide Mountain and Cache Creek terranes (Gabrielse 

and Yorath, 1991; Mihalynuk et al., 1994). 
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Figure 2.11. Tectonic model for the Quesnel terrane during the Late Triassic (modified from Gabrielse et al., 1991). 

The amalgamation process which formed the Intermontane superterrane prior to its accretion to 

the continent is problematic. The Stikine and Quesnel island-arc terranes are similar in terms of 

age, petrography, paleotectonic setting, paleofauna, and metallogeny (Gabrielse et al., 1991); 

however, these terranes are separated from each other by the oceanic plateau with sedimentary 

fringing rocks that comprise the Cache Creek terrane (Johnston and Borel, 2007). 

Two models have been proposed to explain the presence of the Cache Creek terrane between the 

Stikine terrane to the west and the Quesnel terrane to the east. 

Wernike and Klepacki (1988) proposed the “Escape” hypothesis (Figure 2.12), where the Stikine 

terrane is considered to be a southern continuation of the Quesnel terrane. These two terranes are 

interpreted to be a marginal arc tied to North America. The Stikine terrane moved northward 

along dextral strike-slip faults during Late Jurassic and Early Cretaceous, triggered by the 

collision of the Wrangellia superterrane over the inboard Intermontane superterrane. Product of 

this collision, Stikine ended up at its current position, west of the Cache Creek terrane. This 

model implies a single west facing arc. However, the faults required to move the Stikine terrane 

have not been identified yet. 
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Figure 2.12. Kinematic model of the scape hypothesis for Stikine terrane during Late Jurassic-Early Jurassic 

(modified from Wernike and Klepacki (1988). QN= The Quesnel terrane, ST= Stikine terrane, T= Melange 

with tethyan fauna (Cache Creek terrane). 

The other alternative is the “Enclosure” hypothesis (Nelson and Mihalynuk, 1993; Mihalynuk et 

al., 1994; Nelson and Colpron, 2007; Figure 2.13). This hypothesis suggests the Stikine terrane 

was originally a northern extension of the Quesnel terrane, that rotated anticlockwise (oroclinal 

bending) by ~180° (scissor closure) around the intervening Cache Creek terrane, amalgamating 

the Intermontane superterrane prior to its emplacement to the North American craton in the 

Middle Jurassic (ca. 175 Ma; Nelson and Colpron, 2007) . 
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Figure 2.13. Staged evolution of the Cache Creek enclosure (enclosure hypothesis) and the amalgamation of 

the Intermontane superterrane (Mihalynuk et al., 1994). 

The “Enclosure” hypothesis implies the formation of at least two subduction zones, one dipping 

east and the other dipping west, trapping the Cache Creek accretionary prism and remaining 

Cache Creek ocean floor between the Stikine and Quesnel volcanic arcs during the Early Jurassic 

(Nelson and Mihalynuk, 1993; Mihalynuk et al. 1994). 

Any of the two models exposed above are possible. However, currently the “Enclosure” 

hypothesis has been widely ratified by the scientific community.   

The modern analogue for the Mesozoic island volcanic arcs in western North America, is 

considered to be the Philippine basin (Nelson and Mihalynuk, 1993; Mihalynuk et al., 1994; 
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Nelson and Bellefontaine, 1996; Nelson and Colpron, 2007; Figure 2.13), taking in account the 

type of magmatism, the multiplicity of subducting slabs and the amalgamation of juvenile island-

arc crustal blocks occurring currently. 
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CHAPTER 3: PETROGRAPHY AND PHYSICAL PROPERTIES OF BASALTS IN THE 

QUESNEL TERRANE 

 

3.1 INTRODUCTION 

The Late Triassic – Early Jurassic Quesnel terrane is a volcano-sedimentary intra-oceanic-arc 

sequence. The Upper Triassic Nicola Group, which mostly defines the Quesnel terrane, is 

composed largely of alkalic and lesser calc-alkalic basalts, derivative volcanic products and 

associated marginal basin sedimentary strata (Preto, 1979; Mortimer, 1987; Panteleyev et al., 

1996; Nelson and Bellefontaine, 1996).  Paleontological and paleomagnetic data show that this 

volcanic belt may have originated more than 1000 km south of its present location (Irving et al., 

1980), and was accreted to the western margin of North America by pre-Middle Jurassic 

(Monger et al., 1982). 

The Quesnel terrane hosts the majority of the alkalic porphyry Cu–Au deposits in British 

Columbia, including from north to south: Lorraine, Mount Milligan, Mount Polley, Afton/Ajax 

and Copper Mountain (Figure 3.1).  

Much of the area underlain by the Quesnel terrane is densely vegetated and extensively covered 

by younger glacial and volcanic products, making mineral exploration challenging.  

Basalts from seven areas along the Quesnel terrane were chosen for this study. Five of those are 

spatially related to Cu porphyry style mineralization. These are, Mount Milligan, Mount Polley, 

Woodjam, Lac la Hache and Copper Mountain (Figure 3.1). The other two areas represent arc 

segments without operating Cu-Au mines or advanced exploration projects, including Bridge 

Lake and South of Merritt (Figure 3.1). 

The main objective of this chapter is to identify regional variations in the arc and the 

relationships between alkalic porphyry mineralization and the basaltic host rocks, with the aim of 

generating a regional understanding of arc segments potentially prospective for porphyry 

exploration. This chapter presents the results of detailed petrographic description, magnetic 

susceptibility and density measurements of basalts. These observations are also presented in the 

context of regional geological, total magnetic field and gravity Bouguer corrected maps. 
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Basalts around Mount Polley were studied in more detail, with the aim of investigating the 

relationships between three different volcanic map units in this area (Logan et al., 2007), since 

previous researchers have interpreted these rocks to be temporally and genetically related to 

porphyry Cu-Au mineralization (Bailey and Hodgson, 1979; Logan and Bath, 2006).  

 

3.2 SAMPLES 

Sampling was conducted during the 2009 and 2010 summer seasons, and was focused on 

coherent volcanic rocks or large volcanic clasts in volcaniclastic breccias from different localities 

along the Quesnel terrane (Figure 3.1). 

 

Figure 3.1. Major alkalic porphyry Cu-Au deposits in the Quesnel terrane, showing sample locations for this 

research. The outlined Quesnel terrane is modified from Goodfellow (2007). 
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The areas studied in this research, include: 

 Mount Polley, where host volcanic rocks are interpreted to be broadly coeval with the 

mineralization. Intrusive rocks, mainly monzonites, monzodiorites, diorites and syenites 

range in age between 201.7 and 203.4 Ma (Mortensen et al., 1995), and conodonts 

contained in limestone lenses interbedded in the Upper Nicola volcanics are Norian, 

216.5 – 203.6 Ma (H.W. Tipper in Panteleyev et al., 1996).  Field relationships, such as 

the presence of laharic breccias containing fragments of propylitically altered volcanic 

rocks, and intrusive rocks similar to those which form the Polley stock, suggest that 

volcanism, plutonism and ore deposition were synchronous in this area (Bailey and 

Hodgson., 1979; Logan and Bath., 2006). Three different map units of volcanic host 

rocks around this silica undersaturated alkalic Cu-Au porphyry deposit were sampled.  

 

 Mount Milligan, where volcanic host rocks are cut by silica saturated quartz-monzonite 

to monzodiorite intrusions (Barrie, 1993; Lang, 1992, and Lang et al., 1995), these are 

related to alkalic porphyry Cu-Au mineralization. The age of the intrusive bodies range 

from 182.5 to 183 Ma (Mortensen et al., 1995), while host volcanic rocks of the Witch 

Lake succession, sampled in this study, are interpreted to be Norian, 216.5 – 203.6 Ma 

(Nelson and Bellefontaine., 1996), at least ~ 20 Ma older than the intrusions. 

 Woodjam prospect, where monzonite and quartz-monzonite intrusions feature silica 

saturated porphyry Cu-Au-Mo mineralization. Recent detailed mapping in the area by 

Blackwell et al. (2010) revealed that a rock unit previously mapped as a plagioclase 

porphyry stock (Schiarizza et al., 2009) is actually a plagioclase-phyric-andesite 

conformable with the volcanic succession. This unit has been dated at 203.9±0.4 Ma 

(Schiarizza unpublished U/Pb zircon age in Logan et al., 2011), while the age of the 

intrusion from the South-east-zone prospect of Woodjam is 196.84±0.22 Ma (Schiarizza 

unpublished U/Pb zircon age in Logan et al., 2011). Also, a similar age of 196.9±0.9 Ma 

(Logan et al., 2011) was obtained from Re-Os dating in molybdenite in the same area. 

Thus, volcanic rocks here are ~ 7 Ma older than the fertile intrusions.  

 Copper Mountain, where silica saturated alkalic Cu-Au porphyry deposits (Lang et al., 

1995) related to diorite, monzonite and syenite intrusions (Preto, 1972; Preto, 1979) are 
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interpreted to be coeval with the volcanic host rocks. Paleontological data of the south-

east part of the Nicola Group indicate a Late Norian age of ca. 203 Ma, whereas intrusive 

bodies in the Copper Mountain complex were dated at ~ 200 - 205 Ma (Carter et al., 

1991; Mortensen et al., 1995; Mihalynuk et al., 2010). However, K-Ar biotite 

determinations on the Copper Mountain stock and mineralized veins yield a mean age of 

193±7 Ma (Sinclair and White, 1968). 

 Lac la Hache prospect, where Cu-Au mineralization is interpreted to be related with 

diorite, monzodiorite and quartz-monzodiorite alkalic intrusions (Schiarizza et al., 2008); 

both host rock and mineralization ages are unknown. 

 Exposures around Bridge Lake and South of Merritt representing arc segments where no 

alkalic porphyry Cu-Au deposits or advanced prospects are present (Figure 3.1). 

 

3.3 ANALYTICAL PROCEDURES 

Physical properties (magnetic susceptibility and density) and petrographic description were done 

on the rock samples, as follows: 

Magnetic susceptibility was measured in the field using a KT-9 Kappameter handheld 

instrument. The values reported are the average of 10 readings over the outcrop (Appendix A). 

This device automatically displays the true measured susceptibility of the sample in SI units, 

having a sensitivity of 1x10
-5

 SI units.  

Density was determined in selected samples (Appendix A), using the wet/dry method, 

also known as the hydrostatic weighing, which is derived from the Buoyancy law. The bulk 

density of the sample (ρS) was determined using the following equation:  

ρS = MD* ρH2O / (MD-MW) 

  where:  

  ρH2O is the density of the water (dependent upon temperature) 

  MD is the mass (g) of the dry sample 
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  MW is the mass (g) of the sample submerged in H2O  

Each sample measurement was replicated 3 times. After the dry mass is determined, all 

samples were soaked for 24 hours to allow water to fill any pore spaces within the sample.  A 

calibration experiment of a pyrex glass standard (known ρ =2.23 g/cm
3
) was done every 15 

samples.  

Rock samples from the different map units in the study area were sent to Vancouver 

Petrographics Ltd. to obtain thin sections and polished thin sections made for petrography. 

Density measurements and petrographic study were done at the laboratories of the University of 

British Columbia. 

Regional geological maps of the British Columbia Province (Massey et al., 2005 and 

Logan et al., 2010), as well as, Geology, Total Magnetic Field and Bouguer Corrected Gravity 

maps, from the Quest and Quest South projects (Geoscience BC., 2009 and Geoscience BC., 

2010), were used to interpret the relationships between geology and physical properties in the 

selected areas.  

 

3.4 LIMITATIONS AND FIELD OBSERVATIONS 

One of the limitations to correlate basalts of the Nicola Group is the imprecise age constraints 

along and across the arc. Basalts within the Quesnel terrane do not contain any datable mineral to 

obtain absolute ages; therefore, the available relative ages come from fossils found in 

sedimentary rocks, which are interpreted to be located stratigraphically above or below the 

volcanic rocks sampled.  

The wide time span obtained from fossil-dating (e.g., Norian goes from 216.5±2.0 to 203.6±1.5, 

Ogg et al., 2010) increase the uncertainty of the age of basalts, and if periods of erosion and/or 

non-deposition are taken into account, the age ambiguity may be larger. Then basalts of the 

Nicola Group erupted during the Late Triassic, but it would not be possible to document age 

differences between basalts from the different areas studied. 
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Another problem within the Nicola Group is the lack of outcrop continuity. This impedes 

collecting samples systematically.  

To visualize the interrelationship of the different volcanic products and sediments, Schiarizza 

(2009) presented an interpreted stratigraphy across a W-E cross-section of the Quesnel terrane 

(Figure 3.2), around the latitude of 52°N where the Takomkane batholith is now located. This 

section can be considered representative of the entire arc. Basaltic flows, monomictic and 

polymictic breccias, and sediments are interfingered across the terrane. Note that towards the 

east side of the arc, sediment deposition played a more important role (back-arc basin), while to 

the west proximal-volcanic products are more commonly found (Figure 3.2). The focus of 

magmatism is tentatively interpreted to have migrated to the west with time (Schiarizza et al., 

2009). 

 

Figure 3.2. Schematic W-E cross section showing lateral facies change of the Nicola Group in Central 

British Columbia (modified from Schiarizza, 2009). 
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Rocks from the Quesnel terrane underwent some deformation, and most the porphyry deposits 

hosted by the Nicola Group are tilted from as little at 20° to as much as perhaps 60° (Tosdal et 

al., 2008). Field observations show that rocks within the Nicola Group may be tilted as much as 

90°, as shown in the Mount Milligan area ~80 metres SE of sample site MTB032 (Figure 3.3A) 

and in southern BC in the South of Merritt area [UTM: 671521E, 5530322N] (Figure 3.3B).  

The subaqueous volcanism of the arc is evidenced by the presence of pillow basalts (Figure 

3.3C), which can be found along the entire arc. Monomictic and polymictic breccias (Figure 

3.3D) containing basalt fragments are also widespread within the terrane.  Interaction between 

wet-sediments and volcanism is also suggested by the occurrence of peperites at Mount Milligan 

(~47 metres NE of sample site MTB032) (Figure 3.3E), and Woodjam in different places within 

the stratigraphic sequence sampled (Figure 3.3F and 3.3G). At Woodjam, peperites were 

identified and mapped by Blackwell et al. (2010).  

The most typical coherent basaltic rock within the Nicola Group is gray pyroxene-phyric basalt 

(Figure 3.3H); hematite masses (after olivine?) within basalts are a common feature along the arc 

(Figure 3.3I). It is also possible to find basalt flows containing analcime phenocrysts. Analcime 

bearing basalts were found at Mount Polley and South of Merritt (Figure 3.3J and 3.3K). Basalts 

show different amount of vesicles, which are normally filled with alteration minerals (Figure 

3.3L). Reddish basalts due to hematite content in the rock are locally abundant along the 

volcanic belt (e.g., Mount Polley, Figure 3.3J), hematite could be an indication of a subaerial 

environment of deposition as suggested by Panteleyev et al. (1996) and Logan and Bath (2006). 

At Woodjam, the coherent volcanic rocks are represented by basaltic-andesite to andesite flows 

(Figure 3.3M). The whole volcano-sedimentary package of the Quesnel terrane underwent low 

grade metamorphism, represented by the presence of a chlorite-epidote-calcite assemblage 

(Figure 3.3N).   
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Figure 3.3. Structures and textures found along the Nicola Group. A) Volcaniclastic rocks presenting 

vertical bedding at Mount Milligan; B) Volcaniclastic rocks presenting sub-vertical bedding in the South 

of Merritt area; C) Pillow basalt from the Bridge Lake area (sample BTB057); D) Polymictic breccia 

containing pyroxene-phyric basalt fragments, from the Bridge Lake area (sample BTB056); E) Peperite 

from Mount Milligan; F) Peperite at Woodjam, close to sample WTB083; G) Peperite at Woodjam  

sample WTB087; H) Gray, porphyritic, clinopyroxene bearing basalt from Mount Polley (sample 

PSV022); I) Gray-reddish, porphyritic, clinopyroxene bearing basalt, note the presence of hematite 

masses (after olivine?) within the rock (sample PSV001); J) Reddish, porphyritic-trachytic, 

clinopyroxene-plagioclase-analcime basalt (sample PSV002); K) Gray-reddish, porphyritic, 

clinopyroxene- -analcime basalt (sample SSV128); L) Reddish, highly vesiculated basalt, calcite (Cc) 

filling vesicles (sample PSV036); M) Gray porphyrytic-trachytic plagioclase bearing andesite from 

Woodjam (sample WTB087); N) Possible pillow basalt affected by chlorite-epidote alteration from Lac la 

Hache (sample LTB071). 
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3.5 PETROGRAPHY 

The following petrographic description is based on detailed thin section observations under 

petrographic microscope. 

 

3.5.1 Mount Polley. Three Late Triassic Nicola (LTN) map units, which contain basalts, were 

chosen in this study area. These units were described by Logan et al. (2007), and are interpreted 

to lay stratigraphically one on top of the other: the LTNpv unit lies at the bottom, followed by 

the LTNav, and the LTNpt unit on top. 

 

3.5.1.1 LTNpv Unit: Basalts in this unit are generally dark gray-green (reddish when 

hematite is present), showing porphyritic and occasionally aphanitic (sample PSV046) and 

brecciated (sample PSV017) texture, containing 7-30% colorless – pale green, 1.0-5.0mm 

euhedral to subhedral, typically zoned, slightly chloritized and fractured clinopyroxene, 

which contains Fe-Ti oxide and apatite inclusions; from none to 60% colorless-pink-

brownish, 0.5-6.0mm euhedral to subhedral, elongated and fractured plagioclase, which is 

moderately altered to clay minerals and epidote; occasionally up to 7%, <2.0mm euhedral – 

subhedral and fractured pink-whitish analcime phenocryst (sample PSV017); 5-10% 

amygdales containing chlorite-calcite-epidote. Some fractures containing this same mineral 

assemblage are found as well. 30-60% groundmass consists of fine grained plagioclase 

(commonly difficult to recognize due to alteration), pyroxene, Fe-Ti oxides and recrystallized 

glass. Alteration minerals are chlorite, calcite, epidote, hematite, clays and occasionally 

zeolite (sample PSV047). These alteration minerals are filling cavities, fractures and 

affecting the groundmass and phenocrysts.  

 

3.5.1.2 LTNav Unit: Basalts in this unit are reddish or dark gray-green, showing 

porphyritic to trachytic texture, containing 8-35% colorless-pale green, ≤4.0mm euhedral to 

subhedral zoned pyroxene crystals, which are fractured and contain Fe-Ti oxide and apatite 

inclusions; 5-25% colorless-pink to brownish, ≤6.0mm euhedral to subhedral, elongated and 

fractured plagioclase which is moderately altered to clay minerals; also 2-30% pink whitish, 

≤6.0mm euhedral to anhedral and fractured analcime could be found; 5-15% amygdales of 
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chlorite-calcite-epidote; 30-50% groundmass consisting of fine grained plagioclase, 

pyroxene, analcime, Fe-Ti oxides and recrystillized glass. Alteration minerals are hematite, 

chlorite, calcite, epidote, and clays, which are filling cavities, fractures and affecting the 

groundmass and phenocrysts. Locally analcime is filling cavities as well. 

 

3.5.1.3 LTNpt Unit: Basalts in this unit are dark gray-green, showing porphyritic to 

trachytic texture, containing 10-25% colorless, ≤3.5mm euhedral to subhedral pyroxene, 

which are fractured and contain Fe-Ti oxide inclusions; 30-50% colorless-pink brownish, 

0.3-2.0mm euhedral to subhedral, fractured plagioclase phenocrysts, moderately altered to 

clay minerals; 5% amygdales of chlorite-calcite-epidote; 30-35% groundmass consisting of 

fine grained plagioclase, pyroxene and Fe-Ti oxides. Analcime is absent in this unit. 

Alteration minerals are chlorite, calcite, epidote and clays, which are filling cavities, fractures 

and affecting the groundmass and phenocrysts.  

 

3.5.2 Mount Milligan.- Basalts around Mount Milligan are typically dark gray-green, showing 

porphyritic to trachytic texture,  containing 7-27% colorless – pale green, ≤5.0mm euhedral to 

subhedral pyroxene phenocrysts, these are fractured, rarely zoned and contain few to none Fe-Ti 

oxide inclusions; 7-30% colorless – pink – brownish, ≤4.0mm euhedral to subhedral, tabular and 

fractured plagioclase which is moderately altered to clay minerals (Appendix A-Table A1); 5-7% 

amygdales containing chlorite-calcite-epidote, locally zeolite is present (sample MTB030); 30-

75% groundmass consisting of fine grained plagioclase, pyroxene, rare Fe-Ti oxides and 

recrystallized glass.  Alteration minerals are chlorite, calcite, epidote, clays and occasionally 

zeolite, which are filling cavities, fractures and affecting the groundmass and phenocrysts. Fine 

grained Fe-Ti oxides (~1%) within the alteration assemblage were noted in samples MTB019 

and MTB041 (Appendix A-Table A1). 

 

3.5.3 Woodjam.- Basaltic andesites around the Woodjam area are typically dark gray-green-

reddish, showing porphyritic, trachytic and ocassionally aphanitic (sample WTB084) textures, 

containing from none to 20% colorless to green-brownish, ≤5.0mm euhedral to subhedral 

pyroxene phenocrysts, which are rarely zoned, fractured and containinig few to none Fe-Ti oxide 

inclusions; 20-30% colorless - brownish, ≤4.0mm euhedral to subhedral, tabular, fractured 

plagioclase which is moderately altered to clay minerals (Appendix A); 3-5% amygdales filled 
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with chlorite-epidote; 45-65% groundmass consisting of fine grained plagioclase, pyroxene, 

FeTi oxides and recrystallized glass. Alteration minerals are chlorite, epidote, hematite and 

clays which are filling cavities, fractures and affecting the groundmass and phenocrysts. 

 

3.5.4 Copper Mountain.- Basalts here are generally dark gray-green, showing porphyritic 

texture, containing 15-30% colorless – pale green, ≤3.5mm euhedral to subhedral, occasionally 

zoned, slightly chloritized and fractured clinopyroxene, which rarely contains Fe-Ti oxides 

inclusions; from none to 20% colorless-pink-brownish, 0.5-1.8mm euhedral to subhedral, 

elongated and fractured plagioclase which is moderately altered to clay minerals and epidote 

(Appendix A); ~5% amygdales of chlorite-calcite-epidote; some fractures with the same mineral 

assemblage are found as well; 30-60% groundmass consisting of fine grained plagioclase, 

pyroxene, Fe-Ti oxides and recrystallized glass. Alteration minerals are chlorite, calcite, epidote 

and clays, which are filling cavities, fractures and affecting the groundmass. 

 

3.5.5 Lac la Hache.- Basalts within this area are generally dark gray-green to reddish, showing 

porphyritic texture, containing 10-35% colorless to pale green, ≤4.0mm euhedral to subhedral 

pyroxene phenocrysts, some crystals display zonation, they are fractured and contain Fe-Ti oxide 

inclusions; 13-30% colorless-brownish, ≤4.0mm, elongated euhedral to subhedral, fractured 

plagioclase which is moderately altered to clay minerals and epidote (Appendix A); 3-10% 

amygdales filled with chlorite-epidote; 35-75% groundmass consisting of fine grained 

plagioclase, pyroxene, Fe-Ti oxides and recrystallized glass. Alteration minerals are hematite, 

chlorite, calcite, epidote, and clays, which are filling cavities, fractures and affecting the 

groundmass. Hematite is present within the matrix. 

 

3.5.6 Bridge Lake.- Basalts around this area are generally dark gray-green, showing 

porphyritic texture, containing 13-37% colorless to pale green, ≤7.0mm euhedral to subhedral 

pyroxene phenocrysts, some crystals display zonation, they are fractured and rarely contain Fe-Ti 

oxide inclusions; 5-10% colorless-brownish, ≤2.0mm, elongated euhedral to subhedral,  

fractured plagioclase which is moderately altered to clay minerals and epidote (Appendix A); 3-

10% amygdales containing chlorite-epidote; 35-75% groundmass consisting of fine grained 

plagioclase, pyroxene, Fe-Ti oxides and recrystallized glass. Alteration minerals are chlorite, 
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calcite, epidote and clays which are filling cavities, fractures and affecting the groundmass and 

phenocrysts.  

 

3.5.7 South of Merritt.- Basalts here are generally gray-reddish, showing porphyritic texture, 

containing 7-30% pale green, ≤4.3mm euhedral to subhedral pyroxene phenocrysts, some 

crystals display zonation, they are fractured and rarely contain Fe-Ti oxide inclusions; 7-12% 

colorless-brownish, ≤2.0mm, elongated euhedral to subhedral, fractured plagioclase which is 

intensely altered to clay minerals and epidote; none to 10% pink whitish, ≤1.0mm euhedral to 

anhedral and fractured analcime is present in sample SSV128 (Appendix A); 5-10% amygdales 

of chlorite-epidote; 45-70% groundmass consisting of fine grained plagioclase, pyroxene, Fe-Ti 

oxides and recrystallized glass. Alteration minerals are chlorite, calcite, epidote and clays which 

are filling cavities, fractures and affecting the groundmass and phenocrysts. Analcime is also 

occasionally filling cavities (sample SSV127). 

 

The most representative textures, phenocryst and alteration minerals found in thin sections from 

samples along and across the Nicola Group, are illustrated below (Figure. 3.4.):  
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Figure 3.4. Representative porphyritic basalts from the Nicola Group, showing typical phenocryst and 

alteration minerals. A) Cpx±Plg basalt, note the presence of Fe-Ti oxides as inclusions in Cpx and within the 

matrix. Dark matrix is related to the hematite content (sample LTB073 – Lac la Hache area). B) Cpx±Plg±Anl 

basalt, observe the euhedral phenocryst of Anl (sample PSV002 – LTNav unit, Mount Polley area). C) 

Cpx±Plg basalt, note the amygdales of Chl-Cc-Ep (sample BTB053 – Bridge Lake area). D) Cpx±Plg basalt, 

Fe-Ti oxides within the matrix, amygdales of Cc-Chl-Ep, dark matrix due to hematite content (sample 

LTB058 – Lac la Hache area). E) Cpx±Plg basalt, presenting vesicles of Zeo (sample PSV047 – LTNpv unit, 

Mount Polley area). F) Cpx basalt, note the amygdales of Zeo-Chl-Ep and absence of Fe-Ti oxides (sample 

MTB030 – Mount Milligan area). G) Basalt showing Anl as phenocryst, filling fractures and partially 

replacing Cpx (sample PSV039 – LTNav unit, Mount Polley area). 

Abbreviations: An, analcime; Cc, calcite; Chl, chlorite; Cpx, clinopyroxene; Ep, epidote; Plg, plagioclase; 

Zeo, zeolite. 
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3.6 GEOLOGY, PHYSICAL PROPERTIES AND REGIONAL MAGNETIC AND 

GRAVITY SURVEYS  

Geological maps of the studied areas (Figures 3.5A, 3.6A, 3.7A, 3.8A, 3.9A, 3.10A and 3.11A, 

modified from Massey et al., 2005, Logan et al., 2007 and Logan et al., 2010) show the spatial 

relationship between volcanic rocks and intrusive bodies within the Quesnel terrane. 

Magnetic susceptibilities and density measurements on basalts were used to compare with the 

regional total magnetic field and Bouguer corrected gravity maps, produced by Geoscience BC 

for the Quesnellia Exploration Strategy (QUEST) and QUEST South ongoing projects 

(Geoscience BC., 2009 and Geoscience BC., 2010, respectively). Both gravity and magnetic 

surveys are airborne, flown in east-west lines with 2km line spacing for gravity and 800m for 

magnetics. The aeromagnetic data is from Natural Resources Canada (NRCan; Canadian 

aeromagnetic data base, 2005) and has been cartographically prepared by Geoscience BC as part 

of a suite of maps for the QUEST and QUEST-South projects.  

The results of the physical properties tested are present below: 

3.6.1 Mount Polley.- This area is represented by coherent and volcaniclastic rocks of different 

units of the Late Triassic Nicola Group. The volcanic sequence is cut by monzonites, syenites, 

diorites and breccias (central map area) of broadly the same age. Most of the area is covered by 

Quaternary deposits (Figure 3.5A). 

3.6.1.1 LTNpv Unit.- Basalts in this unit present magnetic susceptibility readings 

typically from 44.90x10
-3

 to 70.00x10
-3

SI units (n=9), with the exception of samples 

PSV016, PSV017, and PSV047, which have values from 1.20x10
-3

 to 23.70x10
-3

SI units, 

these rocks contain hematite. Density measurements vary from 2.83 to 3.00g/cm
3
 (Appendix 

A).  

3.6.1.2 LTNav Unit.- Basalts display magnetic susceptibility values between 21.50x10
3
 

and 86.10x10
-3

SI units (n=7), with the exception of sample PSV001 which present a 

magnetic susceptibility value of 1.41x10
-3

SI units. Most of samples within this unit contain 

hematite, but samples without hematite display the higher magnetic susceptibility numbers. 

Density measurements vary from 2.65 to 2.91g/cm
3
 (Appendix A). 
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3.6.1.3 LTNpt Unit.- Magnetic susceptibility numbers in basalts from this unit have 

values of 70.1x10
-3

 to 111x10
-3

SI units (n=2). Rocks in this unit do not present hematite. 

Density measurements vary from 2.78 to 2.87g/cm
3
 (Appendix A). 

Rocks around Mount Polley show gravity values between -115 to -100 milligals (mGal) 

(Figure 3.5B) and magnetic values from 400 to >1000 nanoteslas (nT) (Figure 3.5C). Late 

Triassic alkalic intrusive bodies show slight contrast in density and in magnetic values with 

the volcanic host rocks. (Figure 3.5A, 3.5B and 3.5C). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5. Geology, gravity and magnetic maps, 

showing the sample location of the Mount Polley area; 

dashed gray lines, within the maps, outlines intrusive 

bodies. A) Geology of the Mount Polley area (Modified 

from Logan et al., 2007). B) Gravity Bouguer Corrected 

map, Quest project (Geoscience BC., 2009). C) 

Magnetics Total Field map, Quest project (Geoscience 

BC., 2009). Red dots, in the three maps, indicate sample 

locations. 
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3.6.2  Mount Milligan.- The geology of this area is characterized by coherent and 

volcaniclastic rocks from the Late Triassic 

Witch Lake succession (Nelson and 

Bellefontaine, 1996) of the Nicola arc. This 

volcanic sequence is cut by Early Jurassic 

syenitic intrusion (north-central part of the 

map). In the north-east side of the map, lies a 

Late Proterozoic to Late Paleozoic paragneis 

unit. The area is extensively covered by 

Quaternary deposits (Figure 3.6 A). 

Basalts from Mount Milligan show magnetic 

susceptibilities typically from 0.50x10
-3

 to 

0.96x10
-3

SI units (n=11), with the exception of 

samples MTB041, MTB027, and MTB019, 

  

Figure 3.6. Geology, gravity and magnetic maps, showing the sample location of the Mount Milligan area; dashed gray 

lines in the gravity and dashed pink lines in the magnetic maps, outlines intrusive bodies. A) Geology of the Mount 

Milligan area (Modified from Logan et al., 2010). B) Bouguer Corrected Gravity map, Quest project (Geoscience BC., 

2009). C) Magnetics Total Field map, Quest project (Geoscience BC., 2009). Red dots, in the three maps, indicate 

sample locations. 
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which have values from 14.00x10
-3

 to 38.80x10
-3

SI units, these rocks may contain secondary Fe-

Ti oxides. Density values vary from 2.83 to 2.97g/cm
3
 (Appendix A-TableA1). 

Rocks around the Mount Milligan area show gravity readings between -105 and -90mGal (Figure 

3.6B) and magnetic values from 0 to >1000 nT (Figure 3.6C). Intrusive bodies do not show any 

contrast with the volcanic host rocks in the gravity map, however, there is an evident positive 

magnetic anomaly which includes the alkalic intrusions (Figure 3.6A, 3.6B, 3.6C). 

 

3.6.3 Woodjam.- This area is underlain by a Late Triassic volcanic succession of the Nicola 

group (north and west sides of the map). These rocks host the Late Triassic-Jurassic Takomkane 

batholith, which occupies most of the map area. Volcanic rocks of the Paleogene Kamloops and 

Neogene Chilcotin Groups cover partially the central-east and west-north parts of the area, 

respectively (Figure 3.7A). A detailed map from Blackwell et al. (2010) shows part of the Nicola 

volcanic sequence from where samples were collected (Figure 3.7A’).  

 

Basaltic andesites in the Woodjam area display magnetic susceptibility readings <1.55x10
-3

SI 

units (n=5). Density of rocks varies from 2.72 to 2.92g/cm
3
 (Appendix A-TableA1). Sample 

WTB087 displays the lowest density value in this area; here, plagioclase is the main phenocryst 

phase within the rock. 

The area around the collected samples shows gravity values ~-115mGal (Figure 3.7B) and 

magnetic intensities from 400 to 800nT (Figure 3.7C). Intrusive bodies, mainly calc-alkalic (e.g. 

Takomkane batholith) show a variety of density readings, presenting values from -140 to 

100mGal, the western border of the batholith displays the highest gravity values. Magnetic 

readings vary from -400 to 1000nT. High magnetic values tend to be related to the borders of the 

batholith (See figures 3.7A, 3.7B and 3.7C).  
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Figure 3.7. Geology, gravity and magnetic maps, showing the sample location of the Woodjam area; dashed pink lines within 

the maps, outlines intrusive bodies. A) Geology of the Woodjam area (Modified from Massey et al., 2005). A’) Detailed 

geological map from the Woodjam area (modified from Blackwell et al., 2010). B) Gravity Bouguer Corrected map, Quest 

south project (Geoscience BC., 2010). C) Magnetics Total Field map, Quest south project (Geoscience BC., 2010). Red dots, 

in the three maps, indicate sample locations. 
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3.6.4 Copper Mountain.- This area is characterized by volcanic rocks of the Late Triassic 

Nicola Group, hosting Late Triassic-Jurassic 

diorite to syenite of the Copper Mountain Stock 

(central part of the map) and granodiorite 

intrusions (north east corner). To the east, 

Cretaceous volcanic rocks of the Spences Bridges 

Group and granite - granodiorite bodies of the 

same age are present. Eocene sediments 

corresponding to the Princeton Group partially 

cover the area (Figure 3.8A).   

 

Magnetic susceptibility readings are 

<1.00x10
3

SI units (n=2). Density measurements 

are 2.88 and 2.99g/cm
3
 (Appendix A-TableA1).  

  

Figure 3.8. Geology, gravity and magnetic maps, showing the sample location of the Copper Mountain area; dashed pink 

lines within the maps, outlines intrusive bodies. A) Geology of the Copper Mountain area (Modified from Massey et al., 

2005). B) Gravity Bouguer Corrected map, Quest south project (Geoscience BC., 2010). C) Magnetics Total Field map, 

Quest south project (Geoscience BC., 2010). Red dots, in the three maps, indicate sample locations. 
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Rocks around Copper Mountain show gravity values between -125 and -120mGal (Figure 3.8B) 

and magnetic values from -200 to 800nT (Figure 3.8C). Late Triassic – Early Jurassic intrusive 

bodies close to the mineralization (Figure 3.8A), show only a slight contrast in gravity with the 

volcanic host rocks (Figure 3.8B), while intrusions to the east and north east present lower 

gravity values than the latter. Magnetic values >1000nT in the intrusion close to the 

mineralization show a strong contrast with the host volcanics (Figure 3.8A and 3.8C). 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 
 

3.6.5 Lac la Hache.- The geology of the area consists of volcanic rocks of the Late Triassic 

Nicola Group crosscut by Triassic-Jurassic 

syenite – diorite intrusions. To the east, the Late 

Triassic-Jurassic Takomkane Batholith is 

present. The Paleogene Kamloops and Neogene 

Chilcotin volcanics overlap the older rocks in the 

west-central part of the map (Figure 3.9A).  

Magnetic susceptibility values on basalts in this 

area vary from 25.40x10
-3

 to 115.00x10
-3

SI units 

(n=7); samples LTB068 and LTB081 show 

magnetic susceptibility numbers of 1.62x10
-3

SI 

units and 0.59x10
-3

SI units, respectively. These 

values coincide with high hematite content 

within the rock.  

 

 

 

Figure 3.9. Geology, gravity and magnetic maps, showing the sample location of the Lac la Hache area; dashed pink 

lines within the maps, outlines intrusive bodies. A) Geology of the Lac la Hache area (Modified from Massey et al., 

2005). B) Gravity Bouguer Corrected map, Quest south project (Geoscience BC., 2010). C) Magnetics Total Field map, 

Quest south project (Geoscience BC., 2010). Red dots, in the three maps, indicate sample locations. 
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Density measurements vary from 2.86 to 2.98g/cm
3
 (Appendix A-TableA1). Rocks in the 

sampled area show gravity values from -105 to -100mGal (Figure 3.9B) and magnetic values 

from 400 to >1000nT (Figure 3.9C). Intrusive bodies (e.g., Takomkane batholith; Figure 3.9A) 

contrast with the volcanic host rocks in density, exhibiting gravity values from -140 to 

130mGal, and magnetic values vary from -800 to >1000nT. The borders of the batholith tend to 

have higher magnetic values. Although the alkalic intrusions closer to the mineralization present 

similar to slightly less gravity values than the volcanic hosts, magnetic values of the intrusions 

closer to the mineralization are high >1000nT (Figure 3.9A, 3.9B and 3.9C).  
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3.6.6 Bridge Lake.- Geology here comprises Paleozoic metamorphic rocks to the east of the 

map, Late Triassic Nicola volcanics intruded by 

small Triassic-Jurassic syenite – diorite in the 

central part and the Late Triassic-Jurassic 

Takomkane Batholith is present to the north-west. 

Middle Jurassic granodiorite and Cretaceous 

quartz-monzonite to quartz-diorite intrusions cut 

the sequence in the central and northern part, 

respectively. Paleogene Kamloops, Neogene 

Chilcotin and Quaternary volcanics partially cover 

the area (Figure 3.10A).  

Basalts in this area show magnetic susceptibility 

readings varying from 0.61x10
-3 

to 1.85x10
-3

SI 

units (n=8), with the exception of samples  

  

Figure 3.10. Geology, gravity and magnetic maps, showing the sample location of the Bridge Lake area; dashed pink 

lines within the maps, outlines intrusive bodies. A) Geology of the Bridge Lake area  (Modified from Massey et al., 

2005). B) Gravity Bouguer Corrected map scale 1:500,000, Quest south project (Geoscience BC., 2010). C) Magnetics 

Total Field map, Quest south project (Geoscience BC., 2010). Red dots, in the three maps, indicate sample locations. 
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BTB056 and BTB077, which show magnetic susceptibility numbers of 52.10x10
-3

 and 

44.50x10
3

SI units, respectively. Density measurements vary from 2.95 to 3.01g/cm
3 

(Appendix 

A-TableA1).   

Rocks around the sampled area show gravity values between -125 and -120mGal (Figure 3.10B). 

However, the area around samples sites BTB051 and BTB053 show gravity values <-130mGal, 

these samples are close to a regional fault (Figure 3.10B). Magnetic values vary from -200 to 

0nT (Figure 3.10C), volcanic rocks which have a nearby intrusive body, go up to ~800nT (Figure 

3.10C). The east border of the Takomkane batholith shows contrast in the gravity response with 

the volcanic host rocks, presenting gravity values varying from -140 to -100mGal, and magnetic 

values from -400 to >1000nT (Figure 3.10A, 3.10B and 3.10C). 
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3.6.7 South of Merritt. The area is underlain by Late Triassic volcanic rocks of the Nicola 

Group cross-cut by scattered Late Triassic-Jurassic 

granodiorite, diorite and gabbro intrusions. Small 

areas are covered by Cretaceous sedimentary and 

Quaternary volcanic rocks (Figure 3.11A). 

Basalts present magnetic susceptibility readings 

from 0.40x10
-3

 to 63.10x10
-3

SI units (n=7); 

sample SSV137 shows the highest magnetic 

susceptibility value, and this sample does not 

contain hematite. Density measurements vary from 

2.96 to 3.03g/cm
3
 (Appendix A-TableA1).  

 

Rocks in the South of Merritt area show gravity 

values between -125 and 120mGal (Figure 3.11B) and magnetic values from -200 to 0nT. Areas 

underlain by volcanic rocks recorded readings as high as 600nT when intrusive bodies are close 

  

Figure 3.11. Geology, gravity and magnetic maps, showing the sample location of the South of Merritt area; dashed pink 

lines within the maps, outlines intrusive bodies. A) Geology of the South of Merrit area (Modified from Massey et al., 

2005). B) Gravity Bouguer Corrected map, Quest south project (Geoscience BC., 2010). C) Magnetics Total Field map, 

Quest south project (Geoscience BC., 2010). Red dots, in the three maps, indicate sample locations. 
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to (Figure 3.11C). Late Triassic intrusive bodies (granodiorites) (Figure 3.11A), show slightly 

difference in the gravity response, presenting a small negative contrast (left bottom) with the host 

volcanics ~-130mGal, and small intrusions in the center of the map (diorite to gabbro) show 

gravity values from -120 to 110mGal, this bodies are indistinguishable from the volcanic rocks 

in the gravity map (Figure 3.11C); magnetic values of intrusives vary from  -800 to 0nT (map-

left bottom), and ~800nT for the intrusives in the centre-north and centre-south of the map.  
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3.7 DISCUSSION 

Detailed petrographic description, magnetic susceptibility and density measurements in basalts 

from the Quesnel terrane compared with regional corrected bouguer gravity and total magnetic 

field maps, allows discriminating these rocks into different groups, albeit on the basis of 

relatively subtle variations. 

Rocks in this research are Late Triassic and petrographically similar in the different studied 

areas, and are generally black to dark-green, clinopyroxene±plagioclase porphyritic basalts with 

variable Fe-Ti oxide content. Olivine crystals were not identified but patches and subhedral 

masses of hematite, which are probably pseudomorphous after olivine, are present in some areas. 

The overall petrographic similarity implies regional relatively uniform subduction parameters in 

the Late Triassic giving rise to the intra oceanic arc assemblage. 

The whole volcanic belt of the Quesnel terrane underwent a similar degree of regional low grade 

metamorphism, which took place from Late Triassic to Paleogene (Greenwood et al., 1991). 

Metamorphic assemblages include chlorite, epidote, calcite, clays, hematite and occasionally 

zeolites, however, prehnite and/or pumpellyite have been reported in central, southern and 

northern BC by Morton (1976), Preto (1979) and Nelson and Bellefontaine (1996), respectively. 

The presence of all these minerals correspond to the regional zeolite to prehnite-pumpellyite 

metamorphic facies reported by Read et al. (1991) for the Quesnel terrane.  

The presence of analcime within the Nicola volcanics as a primary or secondary mineral has 

been causing a long-standing debate. Coates (1960), Morton (1976), Pretto (1977) and Bailey 

(1978) favour a primary origin; however, studies carried out on primary analcime stability 

presented by Roux and Hamilton (1976) and Gottardi and Galli (1985) led Mortimer (1987) to 

suggest that the Nicola Group analcimes could be pseudomorphs after igneous leucite.  Karlsson 

and Clayton (1991) studied the analcime bearing volcanics from the Crowsnest Formation in 

Alberta and favoured a secondary origin, considering among other arguments the lack of hydrous 

igneous minerals in the rocks from Crowsnest, evidencing relatively dry source magma. Basalts 

from the Nicola Group do not contain any hydrous phase as phenocrysts. Therefore, the leucite 

replacement hypothesis seems a more viable explanation than the igneous origin for analcime in 
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the Nicola Group. Nevertheless, the problem of the analcime origin in the Nicola volcanics is 

still unresolved. 

Some basalts of the LTNpv and LTNav units (Mount Polley), around Woodjam, Lac la Hache 

and South of Merritt present a reddish color, due to the hematite content in the groundmass. 

Hematite is more stable than other Fe-oxides under weathered conditions, however, it may be 

produced by alteration and/or weathering of Fe-Ti oxides or mafic minerals. Alteration and/or 

weathering could be produced as result of seafloor alteration (Irving, 1970), or by the interaction 

of basalts with surficial waters. This changes the physical properties of basalts, since the break-

down of minerals such as Fe-Ti oxides modify their magnetic properties (e.g., Irving, 1970). 

Therefore basalts which currently contain secondary hematite could present lower magnetic 

susceptibility values than expected in fresh specimens. Hematite can also be added or form by 

hydrothermal fluids, in this case there is an addition of Fe to the rocks from an external source 

(e.g., nearby intrusive body). 

Density of basalts in the study areas generally lies between 2.75 and 3.05g/cm
3 

(Figures 3.12A 

and 3.12B; Appendix A), with an average of 2.9g/cm
3
, these density values are basically 

controlled by the amount of mafic versus felsic minerals in the rock (Appendix A-Table A1), as 

well as by the porosity of rocks, which is related to the amount of vesicularity and/or fracturing. 

Also, the presence of high density minerals such as Fe-Ti oxides within the rock, do not 

influence the density of basalts to a significant degree, considering their low content, typically 

<2% (Appendix A-TableA1).  

 

Figure 3.12. Histograms showing variation in density between basalts of the Nicola Group. A) Density of the 

three map units of the Mount Polley area. B) Density of the different areas in this study, except Mount Polley. 
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Most samples from the LTNav unit of Mount Polley tend to have relatively lower densities, from 

2.65 to 2.73g/cm
3 

(Figure 3.12A). These 

samples contain between 15 and 45% felsic 

minerals (Appendix A-Table A1), with the 

exception of samples PSV003 and PSV036 

which show a relatively high porosity (Figure 

3.3L). Sample WTB087 from Woodjam falls 

into the same low density range (Figure 3.12B), 

containing 30% phenocrystic plagioclase 

(Figure 3.3M, Apendix A). These anomalous 

densities can be explained by igneous 

differentiation, which increases the content of 

felsic minerals (e.g., plagioclase and/or 

analcime) within the basalts, thus decreasing 

their density. Plagioclase precipitation instead 

of mafic minerals suggests a more evolved 

magmatic chamber, and the presence of 

analcime in basalts implies an alkalic and silica 

under-saturated environment. Moreover, 

weathering and/or alteration could also play a 

role in the low-density samples cited above. 

The regional Bouguer gravity values in areas 

where the Nicola volcanics are mapped on surface, range from -115 to 90mGal in the central-

north part of the arc, including Mount Polley, Mount Milligan, Woodjam and Lac la Hache 

(Figure 3.5B, 3.6B, 3.7B and 3.9B), suggesting relatively similar lithospheric composition and 

thickness for these arc segments. However, the arc segments in central-south Quesnel, comprised 

by Copper Mountain, Bridge Lake and South of Merritt show a range between -125 and 

120mGal (Figure 3.8B, 3.10B and 3.11B). These relatively low gravity values, compared to the 

northern areas, may imply variations in the lithospheric composition and thickness. Possible 

reasons to explain this variation could be:  

 

 

Figure 3.13. Regional airborne gravity bouguer corrected 

map of the Quest and Quest-south areas (Geoscience BC., 

2009 and Geoscience BC., 2010, respectively). Black semi-

circles delineate the areas considered in this research. The 

gray-dashed line indicates a deflection within the arc, and 

from there to the south  the gravity decreases  
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 The difference in the basement between northern and southern BC, as has been suggested 

by the Lithoprobe seismic program (see Chapter 2).  

 Gough (1986) reported that the southern Intermontane belt overlies a region of upper 

mantle upwelling, known as the Canadian Cordillera Regional conductor. This is 

characterized by high temperatures in the upper mantle and lower crust, which potentially 

could decrease the gravity values.  

 The Bridge Lake area is located in the eastern part of the belt, where the Nicola volcanics 

overlaid Paleozoic metamorphic rocks (Figure 3.10A); thus, this area could represent a 

thickening of the crust, implying lower gravity values. 

Another feature noticed in the regional gravity map (Figure 3.13), is a deflection of the terrane 

around the latitude of 51.5- 52°N (the same area of the previously cited variation in gravity 

measurements). The trend of the terrane changes from north to south, from ~30°NW in the 

northern part to ~10°NW in the south.  

The regional Bouguer gravity along the Quesnel terrane displays a complex pattern of positive 

and negative anomalies. Much of the steep changes in gravity are due to the presence of Early 

Jurassic to Cretaceous intrusive bodies. Late Triassic alkalic intrusions, mainly monzonites and 

syenites related to Cu-Au porphyry mineralization, are geographically related to mafic intrusive 

bodies (diorite - gabbro) (Figure 3.5A, 3.6A, 3.8A and 3.9A). These intrusions are 

indistinguishable of the host volcanic rocks in the regional gravity maps in Mount Polley, Mount 

Milligan, Copper Mountain and Lac la Hache (Figure 3.5B, 3.6B, 3.8B and 3.9B). This suggests 

that differentiated alkalic-magmas (monzonite and syenite) were probably fractionated from 

dense, mafic-alkalic and larger magmatic chambers present at depth, producing gravity 

signatures similar to the host rocks. However, the small size (<2Km in diameter, which is the 

aero-gravity line spacing) of the monzonite-syenite intrusions could be another reason why these 

bodies are not detected in the regional gravity maps.  

Late Triassic or younger calc-alkalic intrusives, mainly granodiorite (e.g., Takomkane batholith), 

have a low gravity signature on regional maps when compared to surrounding volcanic 

dominated areas. This is evident at Woodjam, Copper Mountain, Lac la Hache, Bridge Lake and 
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South of Merritt (Figure 3.7A, 3.8A, 3.9A and 3.11A). Nevertheless, calc-alkalic intrusions are 

not directly related to any alkalic porphyry Cu-Au mineralization in BC.   

Magnetic susceptibility readings change from one location to another; this is directly related to 

the content of magnetic minerals (i.e., Fe-Ti oxides) within the basalts. Mount Polley shows a 

wide range of magnetic susceptibilities from 1.16x10
-3 

to 111.00x10
-3

SI units (Figure 3.14A), but 

most readings are at values above 14.00x10
-3

SI units. The highest magnetic susceptibility was 

recorded where the sample PSV028 from the LTNpt unit was taken. Relatively high magnetic 

susceptibilities also characterize a few samples from Mount Milligan, Lac la Hache, Bridge Lake 

and South of Merritt (Figure 3.14B). However, basalts from Mount Milligan, Copper Mountain, 

Woodjam and Bridge Lake, display mostly low magnetic susceptibility numbers of < 

10.00x10
3

SI units (Figure 3.14B). 

 

Figure 3.14. Histograms showing variation in the magnetic susceptibility reading between basalts of 

the Nicola Group. A) Magnetic susceptibilities of the three map units of Mount Polley. B) Magnetic 

susceptibilities of rocks from all other areas in this study. 

The regional total magnetic field maps indicate some differences between the volcanic host rocks 

in the study areas. Mount Polley, Woodjam and Lac la Hache show magnetic highs (Figure 3.5C, 

3.7C and 3.9C). Conversely, Mount Milligan, Copper Mountain, Bridge Lake and South of 

Merritt present average to magnetic lows correlated to the host volcanics (Figure 3.6C, 3.8C, 

3.10C and 3.11C).  
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Positive magnetic anomalies in the volcanic rocks could be considered partially false, due to the 

influence of nearby intrusions. However, magnetic susceptibility recorded in basalts (Appendix 

A-Table A1) helped to interpret regional magnetics. 

Regionally, the total magnetic field map can 

help identifying arc segments showing different 

magnetic characteristics. This is the case for the 

area delineated by Mount Polley, Woodjam and 

Lac la Hache (Figure 3.15) which could be 

described as magnetic high zones. The 

deflection noticed around the latitude of 51.5- 

52°N in the gravity map (Figure 3.13), is also 

identified here (Figure 3.15).   

The presence of primary Fe-Ti oxides in basalts 

suggests a source with a relatively high 

oxidation state. This oxidized magmatic 

chamber would have also produced oxidized 

intrusive facies, which could be related to 

porphyry Cu-Au mineralization (e.g., Seedorff 

et al., 2005; Chamberlain et al., 2007).  

In this scenario, Mount Polley may represent an 

example of a prospective arc segment for 

coeval Cu-Au alkalic porphyry mineralization. 

In contrast, Mount Milligan could represent a 

non-prospective arc segment for coeval fertile intrusions, where volcanic rocks were developed 

from a relatively reduced magma chamber. 

Considering Mount Polley and Mount Milligan as end members, the areas studied can potentially 

be grouped as prospective and non-prospective for coeval for Cu-Au alkalic porphyry 

mineralization, as well as arc segments with uncertain level of prospectivity, as follows:  

 

 

Figure 3.15. Regional airborne total magnetic field map of 

the Quest and Quest-south areas (Geoscience BC., 2009 and 

Geoscience BC., 2010, respectively). Black semi-circles 

delineate the areas considered in this research. The white-

dashed line indicates a deflection within the arc.  
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 Group 1.  Mount Polley, Lac la Hache, and South of Merritt, representing prospective arc 

segments.  

 Group 2.  Mount Milligan and Bridge Lake, representing non-prospective for coeval 

mineralization, and,  

 Group 3. Copper Mountain and Woodjam can be grouped as uncertain arc segments, 

since the contradictory information obtained from the regional magnetic map and the 

magnetic susceptibility recorded on basalts are inconclusive. The presence of widespread 

secondary hematite in Woodjam may have obscured the original magnetic susceptibilities 

of rocks in this area. 

Note that porphyry mineralization significantly post-dating the volcanic rocks, could potentially 

be present anywhere in the arc, as exemplified by Mount Milligan. 

Petrography and physical properties of the basalts in Copper Mountain and Woodjam do not 

provide the necessary constrains to classify them into prospective or non-prospective arc 

segments.  

Although there is no major porphyry Cu-Au mineralization reported in South of Merritt, the 

occurrence of mafic intrusive bodies with positive magnetic anomalies (Figure 3.11 A and 

3.11C), and the presence of analcime within basalts (Section 3.5.7, Appendix A-TableA1) are 

comparable to the Mount Polley area, and may serve as indicators for a region potentially 

prospective for porphyry Cu-Au mineralization. 
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CHAPTER 4: GEOCHEMISTRY 

4.1     INTRODUCTION 

Basalts from three map units (Logan et al., 2007) around the Mount Polley Cu-Au porphyry 

deposit were selected for whole-rock and mineral chemistry. Results were compared with six 

other localities along strike within the arc, including four areas which are spatially related to 

porphyry Cu style mineralization (Mount Milligan, Woodjam, Copper Mountain and Lac la 

Hache). The other two areas represent arc segments without any significant reported 

mineralization, including Bridge Lake and South of Merritt (for details, see Chapter 3). 

Major and minor elements chemistry was used to discriminate basalts from different localities 

along the Nicola Group. In this regard, the geochemical index (Fe2O3t+MgO vs Al2O3) was used 

to show variations in differentiation along and across the arc. Incompatible elements such as Zr, 

Yb, Nb and Th help to find differences in the magma sources between the study areas. The 

Ce/Yb ratios were used as an indicator of tectonic changes in the lithosphere during volcanism 

(e.g., Ellam, 1992; Hawkesworth et al., 1992; Hawkesworth et al., 1993; Doe, 2002).  

Variation in Fe
2+

/Fe
3+

 ratios obtained from whole-rock geochemistry and magnetic susceptibility 

values recorded on basalts along the belt show that the volcanic arc can be subdivided on the 

basis of variation in oxidation state and magnetic susceptibility. However, magnetic 

susceptibility and Fe
3+

 content may be influenced by alteration processes. Thus, in this chapter 

an alternate way to estimate oxidation state and alkalinity of magmas using the chemistry of 

effectively unaltered phenocrysts is also presented. 

Scanning electron microscopy (SEM) and electron microprobe (EMP) analyses were performed 

to obtain qualitative and quantitative analyses of the chemical variations within and among 

clinopyroxene crystals. In addition, the compositions of Fe-Ti oxide and few apatite inclusions 

within clinopyroxene were determined. Pyroxene and Fe-Ti oxide chemistry records the 

alkalinity and oxidation state of parent magma (Kushiro, 1960; LeBas, 1962; Taylor, 1964). 

High oxidation state is an important characteristic of igneous rocks related to porphyry Cu-Au 

mineralization (e.g., Seedorff et al., 2005; Chamberlain et al., 2007). Studying chemical 

variations of minerals within basalts will lead to a more complete understanding of the magmatic 

evolution of the arc.  
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4.2 ANALYTICAL PROCEDURES 

Detailed petrographic observations were made using transmitted and reflected light microscopy. 

Basalt samples were analyzed at the ALS laboratory, North Vancouver, by the major and trace 

element whole rock package ME-MS81d. This is a combination of whole rock package by 

method ME-ICP06, plus rare earth and trace elements from method ME-MS81. Ferrous iron was 

measured on thirty-nine selected samples by the Fe-VOL05 package to obtain Fe
3+

/ Fe
2+

 ratios. 

Full description about the geochemical methods cited above and all analytical data are presented 

in the appendix B. 

Polished thin sections were carbon coated in an Edwards Auto 306 carbon coater instrument. The 

SEM analyses were done with a Philips  XL-30 scanning electron microscope/Bruker Quanta  

200 energy-dispersion X-ray microanalysis system. Chemical compositions of pyroxene and Fe-

Ti oxides were determined using a fully automated CAMECA  SX-50 electron microprobe. 

Pyroxene and Fe-Ti–oxide compositions were measured with the following operating conditions: 

excitation voltage: 15kV; beam current: 20nA; peak count-time: 20s; background count-time: 

10s; spot diameter: 5 m. Apatite compositions were acquired with the operating conditions of 

excitation voltage: 15kV; beam current: 5nA; peak count time: 20s (except S: 40s); background 

count-time: 10s (except S: 20s); spot diameter: 5 m.  Standards for pyroxene, Fe-Ti–oxide and 

apatite analyses are indicated in Table 4.1. 

Table 4.1. Standards, analysis lines and crystals used for pyroxene, Fe-Ti–oxide and apatite analyses. 

Pyroxene Fe-Ti Oxides Apatite 

albite, NaKa, TAP synthetic spinel, AlKa, TAP apatite, PK , PET 

kyanite, AlKa, TAP synthetic magnesiochromite, MgKa, TAP apatite, CaK , PET 

diopside, MgKa, TAP diopside, SiKa, TAP barite, SK , PET 

diopside, SiKa, TAP diopside, CaKa, PET scapolite, ClK , PET 

diopside, CaKa, PET rutile, TiKa, PET topaz,FK , PC1 

rutile, TiKa, PET synthetic magnesiochromite, CrKa, LIF  

synthetic magnesiochromite, CrKa, LIF synthetic rhodonite, MnKa, LIF  

synthetic rhodonite, MnKa, LIF synthetic fayalite, FeKa, LIF  

synthetic fayalite, FeKa, LIF synthetic Ni2SiO4, NiKa, LIF  

synthetic Ni2SiO4, NiKa, LIF vanadium metal, VKa, PET  

TAP =Thallium acid phthalate; LIF=Lithium fluoride; PET= Pentaerythritol; PC1= Pseudo crystal, multilayered W/Si. 
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Data reduction was done using the 'PAP' ( Z) method (Pouchou and Pichoir, 1985). The 

structural formulas of pyroxene were calculated on the basis of 6 O; for Fe-Ti oxide, structural 

formulas were calculated on the basis of 32 O; and for apatite, ion calculation was done on the 

basis of 26 O-Cl-F-OH. The Fe
3+

 content was calculated using the method proposed by Droop 

(1987). 

4.3        WHOLE ROCK GEOCHEMISTRY 

Rocks of the Nicola Group commonly present alteration minerals (e.g. epidote, chlorite, calcite 

and clays; see Chapter 3), these minerals are the evidence of chemical changes underwent by the 

rock. Molar element ratios and loss on ignition values were used to test major elements mobility 

(e.g. Ca, Na, and K; Appendix D, Figure D1), neither significant addition nor substraction of Ca, 

Na or K was detected. Thus, secondary minerals present in the rocks are interpreted to be the 

product of isochemical alteration. 

4.3.1  Major Elements Chemistry 

Whole rock chemical compositions show that basalts from the different map units around Mount 

Polley fall in the alkaline-field, using the major elements Si, Na and K (expressed as oxides) in 

the bivariant diagram of Irving and Baragar (1971) (Figure 4.1 A). Basalts from the unit LTNav 

tend to have higher alkali contents than basalts from the other two map units.  

Plotting the samples collected from the other areas along the Nicola arc in the same diagram 

(Figure 4.1 B), it is observed that most basalts plot in the alkaline field and partly overlap with 

those from Mount Polley although the LTNav unit extends to slightly higher alkali content than 

the other basalts. Only few samples from Bridge Lake and one from Mount Milligan, just cross 

the border into the sub-alkaline space. 
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Figure 4.1  Bivariant plot SiO2 vs Na2O+K2O of Irvine and Baragar (1971). A) Showing the alkaline nature of the basalts 

from Mount Polley, note that most rocks from the LTNav unit have more alkalic signature.  B) Comparing the alkalinity of 

the basalts from different localities of the Nicola Group with the Mount Polley area. Basalts from Bridge Lake and a sample 

from Mount Milligan display a less alkaline signature.   

Geochemical variations between the different Mount Polley units are subtle; nevertheless, 

samples from LTNav tend to be more depleted in SiO2 (38.90-48.70wt%) (Figure 4.2), but 

exhibit a wide range in Na2O from 1.50 to 6.42wt%, and K2O between 0.66 to 5.22wt% (Figure 

4.2B-1 and 4.2C-1), as well as, generally low MgO contents, from 4.33 to 5.63wt%, although 

one sample has 9.82wt% MgO. Units LTNpv and LTNpt in comparison show higher SiO2 

(44.50-49.10wt%), but do not extend to Na2O and K2O values above 3.25 and 3.61wt%, 

respectively (Figure 4.2A-1, 4.2B-1). The Mount Polley samples overall display MgO contents 

between 4.10 and 10.00wt% (Figure 4.2C-1). 

Basalts from the other sampled areas generally display SiO2 values (<52.00wt%), with the 

exception of Woodjam which is relatively enriched in SiO2 (≤55.00wt%) (Figure 4.2A-2, 4.2B-2 

and 4.2C-2). Nonetheless, Lac la Hache contains the lowest SiO2 values (44.00-48.50wt%), 

presenting similar composition to Mount Polley samples. All the other areas sampled tend to be 

slightly less alkaline, having lower Na2O and K2O concentrations at given silica content, 

compared to Mount Polley (Figure 4.2B-2 and 4.2C-2). However, at Woodjam samples show 

Na2O content up to 5.14wt%, while in the other areas the amount of Na2O varies from 1.37 to 

3.50wt% (Figure 4.2A-2); the K2O content ranges between 0.81 to 3.40wt%, with the exception 

of some samples from Mount Milligan, Woodjam and South of Merritt which present values 

between 3.60 and 4.30wt% (Figure 4.2B-2). The MgO content is similar between Mount Polley 
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and the other localities, with the exception of Woodjam which presents a lower MgO content 

ranging from 2.20 to 6.80wt% (Figure 4.2C-2). 

 

Figure 4.2. Harker plots, evidencing some geochemical variations on basalts from the Nicola Group. A-1, 

B-1 and C-1). Indicate variations of Na2O, K2O and MgO for basalts from Mount Polley. A-2, B-2 and C-2). 

Show a comparison of basalts of different areas along the Nicola Group with rock from Mount Polley. 

The degree of differentiation was tested in basalts from the areas studied along the Nicola Group, 

plotting the geochemical index (Fe2O3(t)+MgO)wt% versus Al2O3wt% (Figure 4.3). 

Differentiation is indicated by the decrease in Fe2O3(t)+MgO content and the increase of Al2O3 

amount. 
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Mount Polley exhibits Fe2O3(t)+MgO (13.40-21.22wt%) and Al2O3 (10.00-16.65wt%), denoting 

an overlap between the three units. However, some samples from LTNav present slightly lower 

Fe2O3(t)+MgO values for a given Al2O3 content (Figure 4.3A). 

 

 

Figure 4.3. Geochemical index (Fe2O3t+MgO) vs Al2O3, as an indicator of differentiation for rocks from the Nicola Group. 

A) Exhibit changes in the differentiation between the three map units of Mount Polley. B) Comparison of differentiation of 

rocks from different localities within the Nicola Group with basalts from Mount Polley. 

Woodjam presents Fe2O3(t)+MgO (8.35-16.50%) and Al2O3 (15.55-20.10%) (Figure 4.3B), 

showing the highest degree of differentiation, as expected from petrographic observations 

(basaltic-andesite; see Chapter 3); whereas, Bridge Lake basalts have high Fe2O3(t)+MgO of 

15.44 to 21.2wt% and low Al2O3 contents of 10.25 to 13.10wt%, being the least differentiated 

rocks (Figure 4.3B).  Mount Milligan, Copper Mountain, Lac la Hache and south of Merritt fall 

on a similar differentiation trend as Mount Polley, with Fe2O3(t)+MgO from 14.30 to 21.90wt% 

and Al2O3 from 10.10 to 16.90wt%, although Lac la Hache occupies a narrow variation in 

Fe2O3(t)+MgO between 17.37 and 19.52wt% (Figure 4.3B). 

 

4.3.2 Incompatible Elements Chemistry    

 Rocks from Mount Polley fall within the arc-basalt field in the triangular Th-Zr/117-Nb/16 plot 

of Wood (1980) (Figure. 4.4A). All samples from the LTNav unit have relatively high Th 

concentrations, some samples from LTNpv overlap with LTNav basalts, while others present 

higher Zr content. Basalts from LTNpt have the highest Zr concentrations. Rocks from the three 

different units of Mount Polley show relatively uniform Nb values (Figure 4.4A). 

A B 
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Rocks from the other localities fall in the arc-basalt setting, overlapping the Mount Polley 

samples (Figure 4.4B), and displaying limited variations with respect to Th, Zr and Nb. 

However, basalts from Mount Milligan have slightly higher Nb compared to the others (Figure 

4.4B). 

  

Figure 4.4. Ternary Th-Zr/117-Nb/16 diagram of Wood (1980), denoting the tectonic environment for basalts from the 

Nicola Group. A) Showing that all rocks from Mount Polley belong to the arc magmatic tectonic setting. B) Evidencing that 

all rocks from different localities along the arc fall within the arc-basalt setting. 

To discriminate between the different sources of magmatism in the studied areas along the arc, 

the Ce/Yb and Th/Nb ratios were used. 

Mount Polley exhibits a relatively narrow range in Th/Nb ratios (0.40-1.20) for the three map 

units, whereas the Ce/Yb ratio displays distinct ranges. The LTNpv unit presents the widest 

range (7.40-16.90), and the LTNav unit has a narrow range but relatively high values (17.60-

24.50), contrasting with the LTNpt unit which has the lowest Ce/Yb ratios (6.60-6.70) (Figure 

4.5A). 

The other areas display some differences in the Th/Nb ratios. Mount Milligan has consistently 

lower Th/Nb ratios (0.26-0.45); Woodjam shows a relatively narrow variation from 0.63 to 0.81, 

Copper Mountain,  Lac la Hache, Bridge Lake and South of Merritt show some overlap in Th/Nb 

ratios, presenting values of 0.54 to 1.26, 0.40 to 0.62, 0.40 to 1.40, and 0.40 to 1.16, respectively 

(Figure 4.5B). Ce/Yb ratios are relatively similar between the different areas. Mount Milligan 

(6.00-16.70), Woodjam (8.00-17.00), Copper Mountain (10.30-14.00), Lac la Hache (9.13-

12.60) showing the narrowest range. Bridge Lake varies from 6.30 to 15.30 and South of Merritt 

between 7.58 and 13.70 (Figure 4.5B).  
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Figure 4.5. Ce/Yb vs Th/Nb ratios, indicating variations of the different magma sources, and also suggesting changes 

in the tectonic setting during volcanism.  A) Showing variation in Ce/Yb ratios, and relatively homogeneous Th/Nb 

ratios between the three map units of Mount Polley. B) Exhibiting changes in both, Ce/Yb and Th/Nb ratios of rocks 

from different localities within the Nicola Group with basalts from Mount Polley. 

 

4.4     OXIDATION STATE OF BASALTS 

The Fe
3+

/Fe
2+

 ratio was used to evaluate the variation in the oxidation state, as well as secondary 

oxidation of Fe-rich minerals in selected samples (Appendix B, Table B4). The results were 

plotted versus the magnetic susceptibility of the respective rocks (Figure 4.6). The three units 

from Mount Polley display narrow variations in Fe
3+

/Fe
2+

 ratios (0.96-2.81), and show a wide 

range of magnetic susceptibilities (21.50x10
-3

-111.00x10
-3

SI units), with the exception of sample 

PSV017 from the LTNpv unit which displays the highest Fe
3+

/Fe
2+

 ratio of 4.97 and a lower 

magnetic susceptibility of 1.16x10
-3

SI units (Appendix A, Table A1).  

For the rest of the arc, Fe
3+

/Fe
2+

 ratios and magnetic susceptibilities shows the following: Mount 

Milligan presents low Fe
3+

/Fe
2+

 ratios (0.20-0.52) and magnetic susceptibilities <14.00x10
-3

SI 

units; Woodjam shows consistently high Fe
3+

/Fe
2+

 ratios of 5.05 to 7.10 and magnetic 

susceptibilities <1.55x10
-3

SI units. Copper Mountain displays Fe
3+

/Fe
2+

 ratios between 0.21 and 

0.38, and low magnetic susceptibilities <1.20x10
-3

SI units; Lac la Hache has moderate Fe
3+

/Fe
2+

 

ratios ranging from 0.63 to 2.29 and a wide range of magnetic susceptibility readings from 

0.59x10
-3

 to 83.50x10
-3

SI units; Bridge Lake presents relatively low Fe
3+

/Fe
2+

 ratios (0.13-0.61), 

and also low magnetic susceptibilities <1.30x10
-3

SI units; and South of Merritt shows relatively 

high Fe
3+

/Fe
2+

 ratios of 0.83 to 5.13 and magnetic susceptibilities varying between 0.40x10
-3

 and 

63.10x10
-3

SI units (Figure 4.6). Note that both low and high Fe
3+

/Fe
2+

 ratios coincide to low 

magnetic susceptibility values. 

A B 
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Figure 4.6. Bivariant plot of Fe3+/Fe2+ versus magnetic susceptibility of rocks from the Nicola 

Group, indicating similarities between rocks of Mount Milligan, Bridge Lake and Copper 

Mountain, and between Mount Polley, Lac la Hache and South of Merritt basalts. Note that 

samples from Woodjam and some from South of Merritt and Lac la Hache form a separate 

group. 

 

4.5       MINERAL CHEMISTRY 

4.5.1 Scanning Electron Microscopy and Electron Microprobe Analyses 

4.5.1.1 Clinopyroxene 

Thin section observations show that pyroxene is the main phenocryst phase within basalts in the 

study areas. Clinopyroxene is colourless to pale green in transmitted light, ≤4.0mm, from 

euhedral to subhedral, and typically displays concentric zonation. Pyroxene crystals are variably 

fractured and locally chloritized. Only unaltered spots within crystals were analyzed by the 

electron microprobe in this study. Primary Fe-Ti oxide is commonly present as inclusions within 

clinopyroxene (Figure 4.7), inclusions of apatite were also found. 
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Figure 4.7. Representative backscattered electron images of clinopyroxene, electron microprobe (EMP) 

analysis spots are shown in yellow: A) clinopyroxene showing concentric zonation and Fe-Ti–oxide 

inclusions (bright gray); B) Zoned clinopyroxene evidencing a sharp transition between the core/interior (dark 

gray) and rim (light gray), note the absence of Fe-Ti oxide inclusions.  

Results of electron microprobe analyses show that, at Mount Polley, clinopyroxene composition 

exhibits some chemical variations from core to rim; spot analyses are separated into two main 

groups, using the pyroxene quadrilateral (Figure 4.8A).  

The more populated group (group A) (Figure 4.8A right) ranges between 10 and 20mol%Fe 

content and corresponds to analyses done from core to interior to rim in crystals from the three 

map units. The average clinopyroxene composition in this group is (Ca0.892, Fe
2+

0.085, 

Na0.034)(Al
VI

0.034, Fe
3+

0.143, Fe
2+

0.04, Ti0.018, Mg0.757, Mn0.008)(Si1.831, Al
IV

0.169)O6, falling in the 

diopside field, except for some analyses from the LTNpv and LTNpt units, which straddle the 

border into the augite field (Figure 4.8A bottom right). Basalts from the LTNav unit present a 

slightly higher Ca and lower Si content with respect to the other two units (Appendix B, Table 

B5).  

The other group (group B) (Figure 4.8A left, circled by brown dashed line) lies within 

010mol%Fe content, and includes some spots from cores and interiors only (no rims) of the 

samples PSV016 and PSV017 (LTNpv unit), PSV026 and PSV039 (LTNav unit), and PSV007 

(LTNpt unit). The average clinopyroxene composition for this group is (Ca0.928, Fe
2+

0.04, 

Na0.016)(Fe
3+

0.055, Fe
2+

0.013, Ti0.005, Mg0.924, Mn0.003)(Si1.936, Al
IV

0.064)O6, plotting in the diopside 

field.  
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For the other studied areas along the Nicola Group, clinopyroxene compositions fall into the 

same two compositional groups described above for Mount Polley. Analyses from core to 

interior to rim of Mount Milligan, Copper Mountain, Lac la Hache and most analyses from 

Bridge Lake, fall within the group A in the pyroxene quadrilateral (Figure 4.8B right), plotting in 

the diopside field. Similarly, all 

analyses from Woodjam and some 

spots from cores and interiors (no 

rims) of the Bridge Lake sample yield 

within the group B (Figure 4.8B left, 

circled by brown dashed line), 

belonging to the diopside field, with 

the exception of one spot from 

Woodjam, which plots as augite. 

The same two groups defined above 

were identified in the bivariant plot 

SiO2 versus Mg# (Mg#= 

100*Mg
2+

/(Mg
2+

+Fe
2+

)). At Mount 

Polley, the more populated group 

(Figure 4.9A left) displays some 

differences between the map units. The 

LTNav unit exhibits Mg# (83.46-

91.82) and SiO2 (46.59-50.35%); and 

the LTNpt unit presents Mg# (80.86-

85.51) and SiO2 (47.39-52.76%).  

These two units are clearly separated 

around Mg# of 85; most of the 

analyses from LTNav plot above, 

while most of the analyses from LTNpt fall below this value (Figure 4.9A left).  Similarly, the 

LTNav unit has a rough correlation of increasing Mg# with decreasing SiO2%, presenting the 

lowest SiO2% content. The unit LTNpv presents Mg# (79.32-91.80) and SiO2 (47.81-51.88%) 

  
 

Figure 4.8.  The pyroxene quadrilateral of Morimoto (1988), showing 

clinopyroxene compositions of basalts from the Nicola Group. A) 

Basalts from three map units of Mount Polley, the circled field 

corresponds to some clinopyroxene from core and interiors (no rims).  B) 

Basalts from different areas along the Nicola Group compared with 

rocks from Mount Polley, the circled field corresponds to pyroxene from 

core to rim of the Woodjam sample, and some spots from cores and 

interiors (no rims) of clinopyroxene crystals from Bridge Lake and 

Mount Polley areas (group B).  

B 

A 
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overlapping the other two units (Figure 4.9A left).  This group approximately contains the same 

analytical spots as group A shown in the pyroxene quadrilateral (Figure 4.8A right). 

The other group of spots (Figure 4.9A top right, dashed brown line) show higher Mg# (85.56–

98.12) and SiO2 (51.03–53.86 %) corresponding to core and interiors of some pyroxene analyses 

from Mount Polley. This group contains almost the same analytical spots as group B of the 

pyroxene quadrilateral (Figure 4.8A left).  

Most of the clinopyroxene analyses from the other localities investigated in this study, except 

Woodjam, fall close to or within group A (Figure 4.9B left). Analyses from Copper Mountain 

have Mg# of 87.60 to 92.60 and SiO2 of 47.30 to 50.12%. Pyroxenes from South of Merritt 

presents Mg# between 90.54 and 94.10 and SiO2 between 47.60 and 48.50%, both overlapping 

the compositions of the LTNav unit of Mount Polley, which has Mg# above of 85 (Figure 4.9B 

left). Clinopyroxene spots from Mount Milligan show Mg# from 81.70 to 86.80 and SiO2 

between 48.20 and 51.10%, and most analyses from Bridge Lake display Mg#  of 80.60 to 85.90 

and SiO2 from 47.70 to 49.20% overlapping the compositional field of the LTNpt unit of Mount 

Polley, falling mostly below Mg# of 85 (Figure 4.9B left). Analyses from Lac la Hache, exhibit 

Mg# of 48.10 to 50.10 and SiO2 between 79.90 and 89.10% matching with the LTNpv unit, 

plotting above and below of Mg# value of 85 (Figure 4.9B left).  

Spot analyses from Woodjam present Mg#  from 91.90 to 95.80 and SiO2  between 52.10 and 

54.00% and some core and interiors analyses from Bridge Lake display Mg# of 93.10 to 95.80 

and SiO2 from 53.20 to 53.60% (Figure 4.9B top right). This group corresponds to group B.  
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Figure 4.9. Chemical distribution based on the content of SiO2 and Mg# from electron microprobe (EMP) analyses of 

clinopyroxene crystals in basalts of the Nicola Group. High Mg# is indicative for primitive melts . A) Cinopyroxene 

analyses from tree map units from the Mount Polley area, dashed brown line outlines some pyroxene analyses from core 

and interior (no rims). B) Clinopyroxene analyses from different localities along the Nicola Group compared with 

analyses from Mount Polley. Dashed brown line outlines pyroxene analyses from Woodjam, with some core and 

interior analyses from Bridge Lake and Mount Polley (group B). 

At Mount Polley, overall calculated Fe
3+ 

within clinopyroxene presents values from 0.04 to 

0.19cpfu and Al
IV 

ranging between 0.036 and 0.25cpfu (Figure 4.10A). Overlap among the units 

is common, but, some trends in the data can be recognized. Pyroxene from LTNav has 

consistently higher calculated Fe
3+

 (~0.11-0.19cpfu) and Al
IV 

(~0.14–0.25cpfu) content, 

compared to Fe
3+

 (0.04–0.13cpfu) and Al
IV

 (0.006–0.15cpfu) from LTNpt. While LTNpv, show 

Fe
3+ 

(0.079-0.181cpfu) and Al
IV

 (0.077-0.213cpfu) contents overlapping the other two units 

(Figure 4.10A). 

Variations in clinopyroxene composition for the other studied areas show that, Copper Mountain 

displays Fe
3+

 contents from 0.11 to 0.19cpfu and Al
IV

 between 0.14 and 0.22cpfu, Lac la Hache 

Fe
3+

 from 0.09 to 0.14cpfu and Al
IV

 from 0.13 to 0.18cpfu, Bridge Lake has Fe
3+ 

values of 0.12 

to 0.15cpfu and Al
IV

 between 0.16 and 0.2cpfu, and South of Merritt Fe
3+

 from 0.15 to 0.17cpfu 

and Al
IV

 of 0.18 to 0.20cpfu. All of these overlap with most of the LTNav analyses from Mount 

Polley (Figure 4.10B).  

Clinopyroxene analyses from Woodjam display Fe
3+

 <0.08cpfu and Al
IV

 between 0.006 and 

0.06cpfu. Some analyses (core and interiors) from Bridge Lake and Mount Polley present 

similarly low Fe
3+

 and Al
IV

 contents (Figure 4.10B left bottom). These analyses mostly 

correspond to group B.  

A B 
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Clinopyroxene analyses from Mount Milligan present Fe
3+

 from 0.06 to 0.10cpfu and Al
IV

 from 

0.10 to 0.20cpfu, and do not fit in any of the two groups described above, but most of the 

analyses lie closer to group B than to group A (Figure 4.10B).  

Pyroxene crystals contain sufficient Si and Al to fill the tetrahedral site (Al
IV

), except for few 

core and interior analyses from Mount Polley and Bridge Lake samples (Appendix B, Table B5), 

which require addition of Fe
3+

 (0.003–0.018 cpfu). These analyses form part of the group B in 

Figure 4.8 (top left) and Figure 4.9 (top right). 

  

Figure 4.10. Cation relationships for clinopyroxenes from samples of Nicola Group basalts: A) direct relationship 

between AlIV and Fe3+ cpfu in pyroxene composition from core to rim from three map units of Mount Polley brown line 

outlines some core and interior (no rims) pyroxene analyses; B) Comparison of clinopyroxene compositions from 

different localities along the arc with clinopyroxene from Mount Polley. Dashed brown line outlines pyroxene analyses 

from Woodjam, with some core and interior analyses from Bridge Lake and Mount Polley (group B). 

A B 
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4.5.1.2 Fe-Ti Oxide Minerals 

Different spots within Fe-Ti oxide minerals were 

analyzed in this study (e.g. Figure 4.11), analyses are 

presented in the Appendix B-Table B6. Opaque 

inclusions (Fe-Ti oxide) in clinopyroxene are 

consistently present in the three map units of Mount 

Polley. However, Fe-Ti oxide inclusions do not have a 

uniform distribution in the different arc segments 

sampled along the Quesnel terrane. Mount Polley, 

Woodjam, Copper Mountain, Lac La Hache and South 

of Merritt have a consistent presence of Fe-Ti oxides 

(e.g. Figure 4.7A) while in Mount Milligan and Bridge 

Lake, Fe-Ti oxide inclusions in pyroxene are normally 

absent (e.g. Figure 4.7B). 

These oxides exhibit subsolidus exsolution features, and 

distinctive compositions and textures (Figure 4.11). At 

Mount Polley, representative analyses of primary Fe-Ti 

oxides show variable Fe
2+

, Fe
3+

 and Ti contents 

(Figure 4.12A). Most of the analyzed Fe-Ti oxide 

minerals from LTNpv, LTNav and some from LTNpt 

have high ferric iron values plotting as magnetite and 

maghemite (cation-deficient spinel) (Banerjee, 1991), 

resulting from oxidation of magnetite and 

titanomagnetite. Some analyses from LTNav and LTNpt 

units show a composition of titanomagnetite (Figure 

4.12A). Two analyses in exsolution lamellaes within a 

crystal from the LTNpt unit are depleted in Fe
3+ 

and 

relatively
 
enriched in Ti and Fe

2+
, plotting around the 

ferropseudobrookite field (Figure 4.11C and 4.12A). 

 

Figure 4.11. Representative backscattered 

electron images of Fe-Ti–oxide minerals from 

Mount Polley; electron microprobe (EMP) 

analytical spots are shown in red-orange dots: A) 

magnetite with lamellae of titanomagnetite, 

maghemite at the border of the grain (right side 

of the crystal); B) magnetite composition in the 

core (dark gray) and titanomagnetite composition 

at the border (light gray) of the crystal; C) 

Ferropseudobrookite lamellae (dark gray) within 

titanomagnetite grain (light gray). 
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The Fe-Ti oxides from Mount Milligan plot as a relatively Fe
2+

-enriched magnetite. While 

crystals analyzed from samples of Woodjam, Copper Mountain, Lac la Hache, Bridge Lake and 

South of Merritt tend to increase the ferric iron content, falling in the titanomagnetite, magnetite 

and maghemite fields (Figure 4.12B), coinciding with most of the analyses from Mount Polley. 

Cr content within Fe-Ti oxides is relatively low in almost all areas (≤ 0.6cpfu) (Appendix B-

Table B6), nevertheless, at Mount Milligan and Bridge Lake, Cr shows higher numbers of (1.3-

3.2cpfu) and ~5.0cpfu, respectively. 

Most of Fe-Ti oxide compositions from LTNav and LTNpt units, (Appendix B, Table B6) 

exhibit an unusually high SiO2 and CaO content, showing values reaching up to 10.8 and 6.83%, 

respectively. Most of the high SiO2 values are directly proportional to the CaO content (Figure 

4.13A). Analyses from the LTNpv unit are generally depleted in SiO2 and CaO. 

Fe-Ti oxides from Mount Milligan, Woodjam, Copper Mountain, Lac la Hache, Bridge Lake and 

South of Merritt present low SiO2 and CaO concentrations (<1.50 and <1.00% respectively), with 

the exception of two analyses, one from Lac la Hache and the other from Bridge Lake, which 

display higher values (Figure 4.13A). 

  

Figure 4.12. The Fe3+-Ti-Fe2+ relative amounts of Fe-Ti–oxide minerals as inclusions in clinopyroxene crystals of the 

Nicola Group, plotted in FeO-Fe2O3-TiO2 space after the method of Taylor (1964). A) Fe-Ti oxide composition from 

three map units of Mount Polley. B) Fe-Ti oxide composition of different localities along the arc, compared with 

Mount Polley. 

A B 
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At Mount Polley, oxide totals are low, most of the samples contain between ~90.5 and ~93.5wt% 

(Figure 4.13B, Appendix B-Table B6), showing overlap between the three units. The totals do 

not correlate with the SiO2 content in Fe-Ti oxide (Figure 4.13B). Mount Milligan, Copper 

Mountain, Lac la Hache and Bridge Lake exhibit total oxide values comparable with those of 

Mount Polley. While Fe-Ti oxides from Woodjam and South of Merritt present lower total oxide 

numbers from ~89 to ~91.50wt% (Figure 4.13B). 

  

Figure 4.13. Amounts of SiO2, CaO and oxide-totals of Fe-Ti oxide inclusions in clinopyroxene from rocks from the Nicola 

Group. A) Plot showing anomalous SiO2 and CaO contents within most of the Fe-Ti oxides in the LTNpt and LTNav units 

from Mount Polley. B) Graph denoting the low oxide-totals content of the Fe-Ti oxides from different localities along the 

arc. 

4.5.1.3 Apatite 

At Mount Polley, apatite is a relatively abundant accessory mineral with grain sizes of ≤5 to 

250μm, which occurs as inclusions in clinopyroxene within basalts (Figure 4.14). Chemical 

composition of apatite crystals of the LTNpv and LTNav units are presented in Appendix B-

Table B7. Apatite grains of the LTNpt unit could be not analyzed because they were too small 

(<5μm). 

LTNpv presents average elemental values of chlorine (0.33apfu) and fluorine (0.73apfu), while 

in the unit LTNav the average values are 0.07 and 1.45apfu, respectively (Figure 4.15; Appendix 

B-Table B7). Apatite of the two studied units has sulfur contents below detection limit. Hydroxyl 

was calculated by stoichiometry from fluorine and chlorine (Appendix B-Table B7) assuming 

that it, along with measured fluorine and chlorine, fills the halogen site and that there are no 

vacancies or other significant anion substitutions. LTNpv is relatively chlorine-rich and fluorine-

poor compared to LTNav.  The average composition of apatite crystals for LTNpv is Ca9.9 (P5.96 

A B 
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O24) (OH0.95 F0.73 Cl0.33), and for LTNav is Ca9.72 (P5.9 O24) (OH0.48 F1.45 Cl0.07). Apatite from the 

two units described above fall in the fluorapatite group (Klein and Hurlbut, 1993).  

Considering the results presented above (low S and Cl contents), apatite analyses from basalts 

within the Mount Polley area, no further apatite crystals were analyzed from other arc segments. 

 

4.6 DISCUSSION AND CONCLUSIONS 

All basalts from Mount Polley present similar chemical characteristics, being alkalic and 

depleted in SiO2. Nevertheless, the unit LTNav shows some differences, presenting more 

depletion in SiO2, higher alkali and lower MgO contents, as well as a slightly higher degree of 

differentiation when using the geochemical index Fe2O3(t)+MgO versus Al2O3, when compared 

to the LTNpv and LTNpt units (Figure. 4.1A, 4.2A and 4.3A). 

Most rocks from the other areas studied along the Nicola arc (Mount Milligan, Copper Mountain, 

Lac la Hache, Bridge Lake and South of Merritt), fall in the alkalic suite, are to some extent 

depleted in SiO2, and contain less alkalies and similar MgO concentrations when compared to 

rocks from Mount Polley (Figure. 4.1B and 4.2B). Basalts from these areas show a similar 

degree of differentiation as Mount Polley, except those from Bridge Lake which have a more 

primitive signature.  

 

 

Figure 4.14. Representative backscattered electron image of 

a clinopyroxene crystal, showing apatite inclusions; electron 

microprobe (EMP) analysis spots are indicated with red 

numbers. 

Figure 4.15. Chlorine and fluorine compositions of apatite 

crystals included in pyroxenes from basalts of the LTNpv 

and LTNav units from Mount Polley 
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Basaltic andesites from Woodjam show relatively high SiO2 and alkali content, and lower MgO 

values (Figure 4.1B and 4.2B). This arc segment is more differentiated than basalts from the 

other localities along the belt (Figure 4.3B). 

Plotting the differentiation index with respect to the latitude and longitude (Figure 4.16), it is 

possible to observe some variations in the degree 

of differentiation in basalts from the central part 

of the Nicola Group, Woodjam, having the most 

differentiated rocks. However, variations within 

sample suites from particular localities were 

noted, as well. For instance, at Lac la Hache, 

basalts from the northern-part are slightly more 

primitive than basalts from the south (Figure 

4.16A). Also, basalts from the northern part of 

South of Merritt are more differentiated than 

basalts from the south (Figure 4.16A).  

East-west variations in differentiation in south-

central BC (Figure 4.16B) show that basalts from 

the eastern side of the belt (Bridge Lake) are 

generally more primitive than rocks from the 

west side (Mount Polley). This evidences a 

tendency of increasing differentiation toward the 

west. Differentiation could be directly related to 

lithospheric thickness, and basalts from the 

western side of south-central Nicola Group could be produced from a mantle wedge overlain by 

a relatively thick lithosphere. The relative location of the eruptive centers with respect to the arc 

and back-arc settings may have influenced in the degree of differentiation as well. 

All basalts from Mount Polley show relatively uniform Nb values (Figure. 4.1A and 4.2A). The 

unit LTNav contains higher Th content than the other two units (Figure 4.3A1, 4.3B1). Samples 

from LTNpt are relatively enriched in Zr (Figure 4.2A). Basalts from the other areas along the 

Nicola Group (Mount Milligan, Woodjam, Copper Mountain, Lac la Hache, Bridge Lake and 

 

 

Figure 4.16.  The (Fe2O3t+MgO) index showing variation 

in the differentiation of rocks along and across the Nicola 

Group. A) North to south variations of differentiation 

between basalts along the belt. B) East to west changes in 

differentiation in the central-south part of the Nicola arc. 

A 

B 
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South of Merritt) display narrow variations between themselves with respect to Th, Zr and Nb 

(Figure 4.1B and 4.2B); however, basalts from Mount Milligan are relatively enriched in Nb.  

Variation in incompatible elements shows different sources of magma, and degree of partial 

melting. In this regard, lower abundances of Zr, Yb and Nb in island-arc basalts represent a 

greater degree of partial melting (Rollinson, 1993). The degree of partial melting in arcs varies 

with crustal thickness, and hence with the length of the melting column (i.e., thickness of 

mechanical lithosphere); this column varies from ca. 15 km to over 50 km beneath different arcs 

(Plank and Langmuir, 1988; Davies and Bickle, 1991; Hawkesworth et al., 1992). Thorium 

content is controlled by the alkalinity of the rock, so that the more alkaline rocks will become 

more Th enriched (Gabelman, 1977 and Boyle, 1982 in Mernagh and Miezitis, 2008). The 

increase in alkalinity correlates with greater depths and lower percentages of partial melting 

(Winter, 2010).  

At Mount Polley, the relatively high Zr and Th values suggest low degrees of partial melting. 

The LTNav unit contains the highest Th concentrations, in agreement with its more alkalic 

nature compared to the other two units, it is also evidenced by major elements chemistry (Figure 

4.1A and 4.2A). 

Mount Polley exhibits relatively similar values in Th/Nb ratios for the three map units, while 

Ce/Yb ratios are distinct between these units. LTNav shows the highest Ce/Yb values, LTNpt the 

lowest and LTNpv displays intermediate values (Figure 4.5A). The other areas studied along the 

arc display a wider range of Th/Nb ratios with respect to Mount Polley. However, Mount 

Milligan presents consistently lower Th/Nb ratios. The Ce/Yb ratios are relatively similar 

between the different areas, falling within the LTNpv and LTNpt ranges (Figure 4.5B).  

North to south variation of Th/Nb and Ce/Yb ratios on rocks from the different localities studied 

along the arc (Figure 4.17), evidences that Mount Milligan is depleted in Th/Nb ratios (Figure 

4.17A), while LTNav of Mount Polley show the highest Ce/Yb ratios (Figure 4.17B). 
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Figure 4.17. Incompatible element ratios of rocks along the Nicola Group. A) North to south variations of Th/Nb 

ratios along the belt. B) North to south variations of Ce/Yb ratios along the arc. 

The Ce/Yb ratios offer a sensitive indicator of tectonic changes in the lithosphere. This can be 

applied to basalts because they will not be radically affected by crystal fractionation (Ellam, 

1992). Low Ce/Yb ratios imply a thinner lithosphere, suggesting relatively high degree of partial 

melting (Hawkesworth et al., 1993) during lithospheric extension (Ellam, 1992). High Ce/Yb 

ratios suggest lower degrees of partial melting related to a thicker lithosphere during eruption 

(Ellam, 1992; Hawkesworth et al., 1993; Doe, 2002).  

Considering the Mount Polley units chronologically, it is possible to suggest the following: The 

LTNpv basalts, which present intermediate to low Ce/Yb ratios were produced in an extensional 

tectonic setting. This period was followed by slightly less extensional tectonics, where the 

amount of lithospheric extension was more modest, probably producing lower degrees of partial 

melting in a deeper portion of the mantle-wedge, generating the more-alkalic LTNav basalts, 

which show the highest Ce/Yb ratios. Then, the area underwent a period of stretching, probably 

producing a slight thinning of the lithosphere, and a subsequent asthenospheric upwelling, which 

suffered higher degrees of partial melting, forming the LTNpt basalts, exhibiting the lowest 

Ce/Yb ratios.  

Basalts from Mount Milligan are discriminated from the other areas by their lower Th/Nb ratios 

(Figure 4.17A), resulting from melting of a different portion of mantle wedge characterized by 

an incompatible element signature different from other areas along the arc. The basalts here 

probably originated in a relatively extensional environment, presenting only subtle variations in 

the degree of extension, considering that most of the samples display low Ce/Yb ratios (Figure 

4.17B). 

A B 
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Copper Mountain, Bridge Lake and South of Merritt share similar Th/Nb ratios showing an 

overall wider range than basalts from Mount Polley (Figure 4.17A). Basalts from these areas, 

probably originated from sources with similar proportions of incompatible elements and degrees 

of partial melting, and were produced in a moderately extensional tectonic setting, resembling 

those from the LTNpv unit of Mount Polley (Figure 4.17B). Basaltic andesites from Woodjam 

exhibit a narrower range in Th/Nb ratios than rocks from the other areas (Figure 4.17B), 

suggesting that they may have originated from a geochemically distinctive portion of the mantle 

wedge, and from a discrete extensive tectonics, like the LTNpv unit of Mount Polley, in view of 

its Ce/Yb ratios (Figure 4.17B). Basalts from Lac la Hache, show relatively low Th/Nb ratios, 

and a narrow variation of Ce/Yb ratios, indicating that the magma was produced in a moderately 

extentional environment, fitting within the range of rocks from the LTNpv unit of Mount Polley 

(Figure 4.17).  

Variations in Fe
3+

/Fe
2+

 ratios and magnetic susceptibility readings were used to discriminate the 

arc segments into three different groups. Group 1 includes basalts from Mount Milligan, Copper 

Mountain and Bridge Lake. This group is characterized by relatively low oxidation state (low 

Fe
3+

/Fe
2+

 ratios <0.60 and generally low magnetic susceptibility <1.30x10
-3

SI units; Figure 4.6), 

with the exception of two samples, one from Mount Milligan and another from Bridge Lake, 

which display higher magnetic susceptibilities. Group 2 comprises most samples from the Mount 

Polley, Lac La Hache and South of Merritt areas.  Here basalts are relatively oxidized (moderate 

Fe
3+

/Fe
2+

 ratios ranging between 0.60 and 3.00, and a wide range of magnetic susceptibilities 

from 0.40x10
-3

 to 111.00x10
-3

SI units (Figure 4.6). And, Group 3 comprises basaltic-andesites 

from Woodjam, and some basalts from other localities, including, the LTNpv unit of Mount 

Polley (1 sample), Lac la Hache (1 sample) and 3 samples from South of Merritt, showing high 

oxidation state (high Fe
3+

/Fe
2+

 ratios >3 and low magnetic susceptibility <1.62x10
-3

SI units). 

Rocks in this group are interpreted to have suffered a secondary-oxidation process due to 

alteration and/or weathering of their Fe-rich minerals (e.g., Fe-Ti oxides), which is also 

evidenced by the widespread presence of hematite in the rock (see Chapter 3). 

Some of the EMP analyses from core and interiors in clinopyroxene from Mount Polley, 

assigned to group B, present 0-10mol%Fe, high Mg# and SiO2%, as well as, low Fe
+3

 and Al
IV

 

cpfu values (Figure 4.8A, 4.9A and 4.10A) contrasting with most of the analyses that includes 
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core, interiors and rims, included in group A. Some core and interiors spot analyses from Bridge 

Lake and all the analyses from Woodjam also fall into group B (Figure 4.9B).   

Chemical variation from core to interior to rim in Mount Polley and Bridge Lake indicates a 

pyroxene-fractionation trend, evidenced by the presence of spot analyses within groups A and B.  

In group B, cores are richer in Mg and Si, and, poorer in Fe, Ti and Al, than rims, suggesting a 

rapid change in the temperature-pressure-composition (T-P-X) parameters during crystallization. 

Thus, a few samples from Mount Polley and one sample from Bridge Lake suggest a transition 

from a primitive, relatively reduced and less alkaline magma (group B), to a less primitive, 

relatively oxidized and more alkaline one (group A). Clinopyroxene from the Woodjam area 

denotes a relatively homogeneous, primitive and reduced magma chamber (group B). This 

contradicts results from petrography and whole-rock chemistry, where basaltic-andesites from 

Woodjam are the most evolved and less primitive than rocks from the other areas along the arc.  

The clinopyroxene analyzed from Woodjam may represent an inherited phenocryst from a 

primitive cumulate and is not necessarily representative for the bulk rock. 

The Al
IV

 and Fe
3+

 contents in pyroxene are indicators of alkalinity and oxygen fugacity of 

magma (Kushiro, 1960; LeBas, 1962), respectively. Pyroxene from LTNav and LTNpv units 

from Mount Polley, Copper Mountain, Lac la Hache, Bridge Lake, and South of Merritt, is more 

alkaline, and crystallized at higher oxygen fugacity, than the pyroxene crystals around LTNpt 

unit from Mount Polley, Mount Milligan, and Woodjam areas (Figure 4.10A and 4.10B). 

Chemistry of Fe-Ti oxide inclusions in pyroxene can be grouped into two populations. The first 

one corresponds to crystals relatively rich in Fe
3+

, such as magnetite from LTNpv and LTNav 

units at Mount Polley, Woodjam, Copper Mountain, Lac la Hache, and South of Merritt 

(Figure 4.12 and Appendix B-Table B7). The second group corresponds to grains relatively rich 

in Ti and Fe
2+

, typically titanomagnetite showing locally subsolidus exsolution lamellae of 

ferropseudobrookite (Figure 4.11C), denoting relatively less oxidized conditions of formation for 

the LTNpt unit at Mount Polley (Figure 4.12). Mount Milligan and Bridge Lake are included in 

the latter group due to the slightly elevated Cr content in their Fe-Ti oxides (Appendix B-Table 

B7). The presence of maghemite within the Fe-Ti oxides along the arc (Figure 4.11A) can be 

explained by alteration and/or weathering of rocks. 
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Fe-Ti oxides from LTNav and LTNpt from Mount Polley show an unusual high SiO2 and CaO 

content (Figure 4.13A), probably related to an alteration event. It is worth noting that, there is no 

evidence of silicon and/or calcium-rich mineral inclusions within the studied Fe-Ti oxide crystals 

and that fractures within or close the analyzed grain spots were not detected in the SEM and 

EMP devices (e.g., Figure 4.11). The high Si and Ca contents remain unexplained. 

The low total oxide (wt%) of Fe-Ti oxide crystals may be explained by the fact that during 

microprobe data reduction, the oxygen is fixed by stoichiometry; thus, the Fe:O ratio is set to a 

default of 1:1. However, some iron is ferric (Fe:O 2:3), which introduces some undercounting. 

Lower total oxide (wt%) could also be explained by the presence of small amounts of trace 

elements, which were not analyzed in this study. 

This research shows that the oxidation state predicted from Fe-Ti oxide chemistry is not 

proportional to the magnetic susceptibility of the rock (Figure 4.6). The Fe-Ti oxide minerals 

have variable magnetic susceptibility values (Hunt et al., 1995; Peters and Dekkers, 2003), and 

magnetic susceptibility of rocks depends on the abundance, as well as, type of Fe-Ti oxide 

minerals. Irving (1970) noted that low temperature seafloor alteration can cause 

maghematization of FeTi oxides within basalts, this decreases the magnetic susceptibility of 

rocks, thus, the magnetic susceptibility lectures collected on basalts along the Quesnel terrane 

represent only the minimum magnetic response of the rock, due to the presence of maghemite, 

and considering the widespread low grade metamorphism the entire terrane underwent (Read et 

al., 1991; see Chapter 3). 

Halogen and sulfur data obtained from apatite in the LTNpv and LTNav units of Mount Polley is 

considered to represent a minimum amount of the composition of the source magma, since 

halogens are lost via degassing in volcanic rocks. Cl is typically degassed from magmas because 

it is highly soluble in fluids, whereas most magmatic F is retained due to its high solubility in 

melts (Aiuppa et al., 2009). This can partially explain the relative chlorine depletion and fluorine 

enrichment in the LTNav unit (Figure 4.15). However, sulfur content is not detectable in the two 

map units studied by means of apatite analysis. Analytical problems with respect to halogen 

content in apatite (e.g., Stormer et al., 1993; Piccoli and Candella, 1994; Raudsepp, 1995) were 

not considered in this research, since the values obtained are homogeneous themselves 
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(Appendix B-Table B7). The results obtained from apatite chemistry show a slight difference in 

the source magma of the two studied units.  

The results presented above show some systematic differences among the basalts, based on the 

chemistry of whole rock, clinopyroxene, Fe-Ti oxide and apatite. It implies that basalts along the 

Nicola Group were originated from a heterogeneous mantle wedge, and that basalt chemistry 

reflects regional, as well as, local tectonic variations in the lithosphere. 

Chemical variations on basalts along the arc indicate that basalts from the LTNav unit of Mount 

Polley represent an anomaly within the studied areas. It is the most alkaline, differentiated, 

oxidized basalt and likely erupted in a relatively compressive tectonic setting. 

In summary, it can be concluded that the LTNav and LTNpv units from Mount Polley, Copper 

Mountain, Lac la Hache, and South of Merritt were generated in a tectonic setting transitional 

between subtle to  moderate extension. The magma-generating conditions were relatively similar 

within that group of basalts, which are likely oxidized and relatively alkaline. Such rocks are 

found in spatial and temporal proximity to porphyry style mineralization at Mount Polley and 

Copper Mountain; Lac la Hache may be part of this group; nevertheless, the age of the 

mineralization is unknown. Based on this empiric relationship, the source of the volcanic rocks 

around South of Merritt may also have had the potential to develop comagmatic porphyry-style 

mineralization.  

The Bridge Lake area might represent a transition between reduced and oxidized magma, Mount 

Milligan may be indicative of a reduced magma-generating environment, all produced in a 

relatively extensional tectonic setting. The sources of these lavas had probably less potential to 

evolve into fertile intrusions, and the source-magma of the basaltic-andesites at Woodjam can 

not been classified as neither reduced nor oxidized due to the presence of probably inherited 

clinopyroxene phenocrysts and by the relatively high degree of alteration the Fe-rich minerals 

underwent. 

Chemical changes found at Mount Polley, suggest than magmatism is extensively controlled by 

local changes in the tectonic setting. Periods of stretching and shortening could occur in 

relatively short periods of time. These changes imply a relatively active and continuous 
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magmatic system, which could be the key in the formation and evolution of fertile magmatic 

chambers. 

This research is based on the mineral chemistry of basalt. To produce porphyry mineralization, a 

change in the tectonic setting that results in intrusive rather than extrusive magmatism is 

necessary. However, this work suggests that indications for a favourable magma-generating 

environment could be also recorded in the precursor volcanic rocks in prospective arc segments. 
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CHAPTER 5: CARBON AND OXYGEN ISOTOPIC COMPOSITIONS OF 

SECONDARY CARBONATE MINERALS, IMPLICATIONS FOR POST-EXTRUSION 

PROCESSES AFFECTING THE NICOLA GROUP BASALTS 

5.1 INTRODUCTION 

Basalts within the Nicola Group are affected by widespread low grade metamorphism, 

presenting chlorite, epidote, calcite, clays, and occasionally hematite and zeolites, which 

correspond to the zeolite to prehnite-pumpellyite metamorphic facies (Read et al., 1991). 

However, the calcite-chlorite-epidote assemblage is also widespread in propylitic halos around 

porphyry deposits and may extent as far as 1 km into the surrounding wall rock (Sillitoe, 2010), 

although, alkalic porphyry deposits display narrower alteration footprint (e.g., Jensen and Barton, 

2000).  

The nature of secondary carbonate minerals, which form part of the alteration mineral 

assemblage of basalts in the Nicola Group, was investigated in areas hosting porphyry style 

mineralization, such as Mount Polley, Mount Milligan, and Lac la Hache. The Bridge Lake and 

South of Merritt areas, representing apparently barren parts of the arc with respect to porphyry 

mineralization, were also considered.   

The aim of this chapter is to distinguish propylitic porphyry-related alteration from regional 

seafloor alteration (low grade metamorphism), as well as to discriminate different parts of the 

arc. For these, carbon δ
13

CPDB mineral (‰), and oxygen δ
18

OSMOW mineral (‰) isotopic compositions 

of carbonate minerals within altered basalts were utilized. 

 

5.2 ANALYTICAL PROCEDURES 

Twenty eight pulps from rocks were analyzed for stable carbon δ
13

CPDB (‰) and oxygen 

δ
18

OSMOW (‰) isotopes using the spectroscopic instrument LGR DLT-100, model 908-0021 

(Barker et al., 2011) at the University of British Columbia (UBC). This instrument analyzes CO2 

gas extracted from carbonates after rock powder has been exposed to 100% phosphoric acid at 

ambient temperature for 2 hours. The UBC-standards LM4 and BN13 (Barker et al., 2011) were 

analyzed every 12 samples. 
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5.3 CARBON AND OXYGEN ISOTOPES 

Carbonate-minerals are filling vesicles and fractures within the volcanic rocks used in this study; 

these minerals were identified in hand specimens using 10% HCl solution and also in 

petrographic thin sections analyses. However, due to their small size and quantity (1-2% within 

the rock) was not possible to identify the specific mineral carbonate specie(s) present in the 

rocks. 

The δ
13

CPDB mineral (‰) and δ
18

OSMOW mineral (‰) isotopic compositions of carbonate-minerals 

within basalts (Appendix C - Table C1) are shown in Figure 5.1.  Two groups can be 

distinguished, the first group includes rocks from Mount Polley, Lac la Hache and South of 

Merritt, displaying δ
13

C values between -5.6 and +2.2‰ and δ
18

O from +12.3 to +20.5‰, with 

the exception of carbonate minerals from one basalt from South of Merritt (sample SSV137) 

which present a significantly lower δ
18

O value of +5.1‰. The other group includes basalts from 

Mount Milligan and Bridge Lake, presenting lower δ
13

C and δ
18

O values compared to the former 

group, showing δ
13

C values between -9.2 and -6.4‰ and δ
18

O numbers from +10.6 to +14.2‰, 

with the exception of two samples, one from Mount Milligan (sample MTB030), displaying a 

lower δ
13

C value of 16.1‰ and higher δ
18

O value of +19.4‰ and another one from Bridge Lake 

(sample BTB053), exhibiting δ
13

C of 15.4‰, and δ
18

O of +8.3‰. 

 



84 
 

 

Figure 5.1.  Plot showing the δ18OSMOW (‰) and δ13CPDB (‰) mineral compositions of carbonate from altered 

basalts along the Nicola Group; fields for Triassic marine carbonate rocks (Veizer et al., 1999), and magmatic 

hydrothermal carbonate cooling curve (Pass, 2010), are shown for comparison. 

 

5.4 DISCUSSION 

Studies on seafloor alteration indicate that carbonate minerals can form to depths of at least 550 

metres into the oceanic basement (Staudigel et al., 1981), and that the water/rock ratios and 

extent of exchange between circulating seawater and recently formed crust, influence the rate of 

heat-loss and the chemical evolution of the hydrothermal fluid and rock (Staudigel and Hart, 

1983). On this basis, the generally high values in δ
18

O of secondary carbonate minerals within 

altered basalts from Mount Polley, Lac la Hache and South of Merritt, may be related to lower 
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water/rock ratios than carbonate minerals in basalts from Mount Milligan and Bridge Lake. The 

former could have formed in a system with restricted fluid circulation, being relatively depleted 

in δ
18

O. The decrease of δ
18

O in carbonate-minerals can be attributed to formation conditions of 

progressively higher water/rock ratios (Sverjensky, 1981). However, Böhlke et al. (1981) 

suggests that the oxidation of titanomagnetite in oceanic basalts produce an increase in whole-

rock δ
18

O values of 1 to 2‰ relative to unaltered basalts. Considering the abundant hematite and 

the consistent maghematization of Fe-Ti oxides of basalts from Mount Polley, Lac la Hache and 

South of Merritt (see Chapter 3 and Chapter 4), the secondary carbonate minerals within these 

areas may underwent a change in their isotopic composition,  increasing their δ
18

O values. 

The sources of C in the ocean floor are seawater HCO3-ion and magmatic CO2 (Stakes and 

O’Neil, 1982). Triassic marine carbonates precipitated from seawater have δ
13

C values generally 

around -1 to +5‰ (Veizer et al., 1999; Figure 5.1). Whereas, mantle-derived carbon found in 

carbonatites (Taylor et al., 1967), in CO2 inclusions in oceanic basalt (Pineau et al., 1976), and 

dissolved in waters from submarine hot springs at the Galapagos hydrothermal vents (Craig et 

al., 1980), typically have δ
13

C values of -5 to -8‰. Thus, carbonates from most basalts from 

Mount Polley, Lac la Hache and South of Merritt suggest seawater HCO3-ion as the predominant 

source of C, showing δ
13

C values similar to Triassic marine carbonates (Figure 5.1) related to 

seafloor alteration. However, some samples exhibit δ
13

C values similar to those from a magmatic 

source, plotting near to the magmatic hydrothermal carbonate cooling curve (Figure 5.1); this 

suggests the interaction of those basalts with hotter fluids during carbonate minerals 

precipitation. 

Secondary carbonate minerals from Mount Milligan and Bridge Lake are interpreted to have 

formed at moderately high temperatures from predominantly magmatic carbon, reflected in their 

relatively low δ
13

C values and their proximity to the magmatic hydrothermal carbonate cooling 

curve (Figure 5.1). For comparison the Quesnel River intrusion-related propylite-type gold 

deposit (Panteleyev et al., 1996) was considered. This deposit is hosted in the Nicola arc, and 

associated with a Late Triassic alkalic stock (Melling et al., 1990). The deposit presents 

carbonate-altered and propylitically-altered rocks, where the latter are associated with gold. 

Calcite from both alteration types has δ
13

C values from -14 to -7‰ and δ
18

O varying from +9 to 

+15 ‰ (Melling et al., 1990), overlapping with most of the rocks from Mount Milligan and 
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Bridge Lake (Figure 5.1). The isotopic composition of dolomite/ankerite from the Mount 

Milligan deposit shows δ
18

O values between +4.39 and +17.98‰ and δ
13

C numbers from -3.84 

to -7.14‰ (Figure 5.1), interpreted to represent a combination between magmatic and meteoric 

fluids (Jago, 2008). 

The samples with the lowest δ
13

C value ~ -16‰ from Mount Milligan and Bridge Lake (Figure 

5.1), suggest that C from organic-matter source has been important (e.g. Schidlowski, 1988). The 

sample from South of Merritt, which shows an anomalous δ
18

O value ~ +5‰, is consistent with 

later interaction with meteoric water (e.g. Craig, 1961), plotting close to the samples from the 

Mount Milligan deposit. 

The isotopic data presented above imply that the environment of secondary carbonate minerals 

formation was variable between different areas of the arc. Thus, Mount Polley, Lac la Hache and 

South of Merritt basalts are interpreted to be extruded and sealed from the overlying water 

column, producing low water/rock ratios, and alteration was produced at low temperatures. In 

contrast, basalts from Mount Milligan and Bridge Lake may have been exposed to higher 

water/rock ratios, and potentially elevated fluid temperatures during seafloor alteration. 

Calcite from the Northeast Zone of the Mount Polley deposit (Figure 5.1) has values δ
18

O of 

+4.0 to +20.9‰ and δ
13

C from -0.2 to -10.5‰, which is interpreted to have originated from the 

interaction between magmatic-hydrothermal fluids and limestone lenses (Pass, 2010). These 

isotopic compositions are similar to most samples from Mount Polley, Lac la Hache and South of 

Merritt. However, the source of the fluid which produces carbonates within the alteration 

assemblage in those basalts, has a magmatic or seawater origin, is not clear.  

Stable isotope data presented here show that secondary carbonates within altered basalts along 

the Quesnel terrane can be discriminated considering the nature of their host rocks, thus, basalts 

from Mount Polley, Lac la Hache and South Merritt, formed from magmas with relatively high 

oxidation state (see Chapter 2 and Chapter 3), exhibit higher δ
18

O and δ
13

C values, compared to 

the relatively reduced basalts from Mount Milligan and Bridge Lake.  
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CHAPTER 6: SUMMARY AND CONCLUSIONS 

Rocks in this study are Late Triassic and petrographically similar in the different studied areas, 

and are generally black to dark-green, clinopyroxene±plagioclase porphyritic basalts with 

variable Fe-Ti oxide content, patches and subhedral masses of hematite after olivine(?) are 

present in some areas; analcime phenocrysts are also locally present. Additionally, the rocks 

have secondary minerals such as chlorite, epidote, calcite, clays, and occasionally hematite and 

zeolites. 

Whole rock chemistry shows that basaltic rocks studied in this research along the Nicola arc fall 

within the alkalic suite (Figure 4.1 B). However, a few samples from Bridge Lake and one from 

Mount Milligan, just cross the border into the sub-alkaline field. 

The Al
IV

 and Fe
3+

 contents from clinopyroxe chemistry, used as indicators of alkalinity and 

oxygen fugacity of magma (Kushiro, 1960; LeBas, 1962), helped to discriminate the studied 

areas in two groups. The first one, containing rocks from the LTNav and LTNpv units from 

Mount Polley, Copper Mountain, Lac la Hache, Bridge Lake, and South of Merritt, is more 

alkaline, and crystallized at higher oxygen fugacity (Figure 4.10), than the pyroxene crystals of 

the second group, represented by the LTNpt unit from Mount Polley, Mount Milligan, and 

Woodjam areas (Figure 4.10). 

The differentiation index Fe2O3(t)+MgO in rocks from the south-central part of BC, shows that 

the eastern side of the belt (Bridge Lake) are generally more primitive than rocks from the west 

side (Mount Polley, Lac la Hache and Woodjam; Figure 4.16B), evidencing a tendency of 

increasing differentiation toward the west, in accordance with the observations by Schiarizza et 

al. (2009) in central BC, who suggested that magmatism in the Nicola Group had migrated 

towards the west with time.  

Variation in the amount of incompatible elements such as Zr, Yb, Nb, and Th/Nb ratios within 

rocks indicates chemical heterogeneities of the mantle wedge along the arc. Variations in the 

Ce/Yb ratios suggest that volcanism during the Late Triassic corresponds to slight regional and 

local differences in the tectonic setting, which controlled the degree of partial melting in distinct 

portions of the mantle wedge (i.e., different depths). These local changes are particularly evident 

in the Mount Polley area, where the three different map units studied (LTNpv, LTNav and 
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LTNpt) show chemical distinctions (Figure 4.4, 4.5 and 4.17). These minor lithospheric tectonic 

changes occurred prior or during eruption, then extensional tectonics are represented by rocks 

from the LTNpt unit of Mount Polley and Mount Milligan; moderate extensional regime by 

rocks from the LTNpv unit of Mount Polley, Woodjam, Lac la Hache, Copper Mountain, Bridge 

Lake and South of Merritt; and relatively compresional setting by the LTNav unit of Mount 

Polley, indicating that the less extensional tectonics the more alkaline rocks were produced. 

The amount and chemistry of primary Fe-Ti oxide inclusions in clinopyroxene phenocryst of 

basalts, suggest variations in the oxidation state of the source magmas along the arc. In this 

regard, volcanic rocks showing absence or relative low content of Fe-Ti oxides (<<1%), and 

FeTi oxide compositions with relatively high Fe
+2 

(low Fe
+3

) and/or Cr contents (3-5 cpfu), are 

considered to come from a relatively reduced source magma (LTNpt unit Mount Polley, Mount 

Milligan and Bridge Lake), basalts from these areas show low Fe
3+

/Fe
2+

 ratios and low magnetic 

susceptibility values (Figure 4.6). The consistent presence of Fe-Ti oxides (1-2%) within the 

rock, presenting low Fe
+2

 (high Fe
+3

) contents denote a relatively oxidized magma (Mount 

Polley, Lac la Hache and South of Merritt), basalts from these areas show intermediate Fe
3+

/Fe
2+

 

ratios, and high magnetic susceptibility values (Figure 4.6). However, basaltic rocks showing 

FeTi oxides with elevated Fe
+3

 contents (e.g., hematite), come presumably from an primary 

oxidized magma source, which had undergone secondary oxidation via alteration and/or 

weathering (Woodjam, and some basalts from Mount Polley, Lac la Hache and South of Merritt), 

basalts from these areas show high Fe
3+

/Fe
2+

 ratios, but low magnetic susceptibilities (Figure 

4.6).  

Carbon and oxygen isotopic composition on secondary carbonate minerals, which form part of 

the alteration mineral assemblage of basaltic rocks in the Nicola Group, allow classifying basalts 

on the basis of the chemical characteristics describe above. Secondary carbonate minerals from 

the relatively primary oxidized basalts from Mount Polley, Lac la Hache and South Merritt 

exhibit higher δ
18

O and δ
13

C values, compared to secondary carbonate minerals from relatively 

reduced basalts from Mount Milligan and Bridge Lake.  
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Magnetic susceptibility is directly related to the content of magnetic minerals (i.e., Fe-Ti oxides) 

in volcanic rocks. Intrusions related to Cu-Au alkalic mineralization show high magnetic 

susceptibilities (e.g., Mount Milligan; Mitchinson, 2010). Magnetic susceptibility measurements 

on rocks have an analogous response in geophysical maps (i.e., magnetic; Mitchinson, 2010). In 

the studied areas, the regional total magnetic field map show magnetic highs in areas delineated 

by Cu-Au alkalic porphyries (e.g., Mount Polley, Mount Milligan and Copper Mountain; Figure 

3.5C, 3.6C and 3.8C). 

The regional Bouguer gravity along the Quesnel terrane, displays a complex pattern of positive 

and negative anomalies. Much of the steep changes in gravity are due to the presence of Early 

Jurassic to Cretaceous intermediate to felsic intrusive bodies (low gravity signature; e.g., 

Takomkane batholith; Figure 3.7B). Late Triassic alkalic intrusions, mainly monzonites and 

syenites related to Cu-Au porphyry mineralization, are geographically related to mafic intrusive 

bodies (diorite - gabbro) (Figure 3.5A, 3.6A, 3.8A and 3.9A). These intrusions are 

indistinguishable from the host volcanic rocks in the regional gravity maps in Mount Polley, 

Mount Milligan, Copper Mountain and Lac la Hache (Figure 3.5B, 3.6B, 3.8B and 3.9B).  

Based on the above, it is suggested that mafic, alkalic and oxidized magmas, which generated 

basalts, can be accumulated in magma chambers, which after differentiation could form oxidized 

fertile intrusions (e.g., Cu-Au alkalic porphyries; Seedorff et al., 2005; Chamberlain et al., 2007). 

In this regard, basalts from different areas of the Quesnel terrane are grouped as prospective and 

non-prospective arc segments for comagmatic Cu-Au alkalic porphyry mineralization, as 

follows:  

Group 1: Mount Polley, Lac la Hache and South of Merritt, representing prospective arc 

segments.  

Group 2:  Mount Milligan and Bridge Lake, representing non-prospective arc segment for 

comagmatic mineralization, and,  

Group 3: Copper Mountain and Woodjam can be grouped as uncertain arc segments, considering 

they do not provide the necessary constraints to classify them into any of the former groups.  
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Chemical variations in the Mount Polley area suggest that magmatism is largely controlled by 

local changes in the tectonic setting. Alternating periods of stretching and shortening may have 

occurred over relatively short periods of time. At Mount Polley, the period of relative 

compression is related to the generation of the more alkaline basalts in the area (LTNav unit). A 

compressional tectonic setting is required for the generation and evolution of intrusions (e.g., 

porphyry development). Identifying alkaline volcanic products (e.g., silica undersaturated) 

formed during periods of shortening could be the key in the identification of potential areas 

where fertile magmatic chambers were formed (e.g., Mount Polley Complex). 

This work suggests that indications of a favourable magma-generating environment for Cu-Au 

porphyry mineralization could also be recorded in the precursor volcanic rocks in prospective arc 

segments. 

Additionally, the analysis of regional geological and geophysical maps (Figure 6.1), allow 

separating the Quesnel terrane into four major arc segments, limited by potential regional 

discontinuities, from north to south: 

I: This segment comprises the area covering the Lorraine and Mount Milligan deposits. The area 

consists of intrusive, volcanic and sedimentary rocks, showing high and low gravity values and 

in general a low magnetic background with a NW high magnetic trend (intrusions). This segment 

ends toward the south where a big high gravity anomaly starts. 

II: This arc segment in represented by volcanic and sedimentary rocks (no intrusive rocks at 

surface). The area is characterized by particulary high gravity values and low to moderate 

magnetism.  

III: This area presents intrusive, volcanic and sedimentary rocks, and includes Mount Polley, 

Woodjam and Lac la Hache areas. This arc segment exhibits moderate to high gravity and 

relatively high magnetic values, and ends toward the south in a deflection, where the Quesnel 

terrane changes its strike from ~30°NW to ~10°NW. 
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Figure 6.1. Geology, gravity and magnetic maps of the QUEST and QUEST-South areas, dashed poligons showing the location of the studied areas in this research; Simplified 

geologic map (Modified from Massey et al., 2005). Gravity Bouguer Corrected map, QUEST and QUEST-South projects (Geoscience BC., 2009; Geoscience BC., 2010). 

Magnetics Total Field map, QUEST and QUEST-South projects (Geoscience BC., 2009; Geoscience BC., 2010). 
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IV: This arc segment is represented by intrusive, volcanic and sedimentary rocks, which 

previously have been subdivided into three belts from west (calc-alkalic) to east (alkalic; Preto, 

1979; Mortimer, 1987; see Chapter 2). This area is characterized by relatively lower gravity 

compared to rocks in the northern areas, and a collage of high and low magnetic values. 

Intrusive bodies with calc-alkalic affinity are related to Cu-Mo porphyry-style mineralization 

(e.g., Guichon Creek batholith hosting the Highland Valley deposit, and Granite Mountain 

batholith hosting the Gibraltar deposit; Figure 6.1) and present low gravity values. Whereas, the 

areas surrounding Cu-Au porphyry mineralization exhibit relatively high gravity values (e.g., 

Afton-Ajax deposits hosted in the Iron Mask Batholith; Figure 6.1; see Chapter 3), which are 

interpretated to be related to deeper mafic comagmatic intrusions.  

Typically, high magnetic anomalies have been used as a tool to explore porphyry mineralization, 

however, here is showed that gravity anomalies can also be used for delineating areas for Cu-Mo 

and Cu-Au porphyry exploration. 
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APPENDIX A. 

Table A1. List of samples showing the amounts of the most important phenocryst phases and the occurrence of Fe-Ti oxides and hematite within 

the basalts. All of the samples contain (5 – 10 %) of epidote, chlorite, calcite and clays as alteration minerals. Rocks with (*) in the sample ID 

show aphanitic texture. For these, the mineral amount of those samples represent the content within the whole rock. 

Sample 
ID 

UTM NAD83 
zone 10 

Location 

Main phenocryst 
phases 

Fe-Ti 
Oxide 

(%) 
Hem1 

MS 
(x10-3 SI units) 

ρS 

(g/cm3

) 
East North 

Cpx 
(%) 

Plag 
(%) 

Anl 
(%) 

PSV001 588953 5830055 
Mount Polley-

LTNav 
15 10 10 <1 x 1.41 - 

PSV002 588966 5830062 
Mount Polley-

LTNav 
30 14 12 1 x 21.5 2.65 

PSV003 589059 5830056 
Mount Polley-

LTNav 
30 15 - 1 - 41.9 2.728 

PSV007 589328 5825476 
Mount Polley-

LTNpt 
10 50 - 1 - 2 - 70.1 2.78 

PSV009 588497 5820559 
Mount Polley-

LTNpv 
25 35 - 1 - 2 - 70 2.83 

PSV010 588388 5820571 
Mount Polley-

LTNpv 
7 35 - 1 - 2 - 43.60 2.92 

PSV011 588311 5820396 
Mount Polley-

LTNpv 
15 30 - 1 - 2 - 40.5 2.86 

PSV012 594951 5830341 
Mount Polley-

LTNpv 
7 10 - 1 - 2 - 44 2.83 

PSV016 597756 5826139 
Mount Polley-

LTNpv 
25 4 - 1 x 23.7 2.84 

PSV017 597925 5822708 
Mount Polley-

LTNpv 
30 3 7 <1 x 1.16 - 

PSV022 591325 5814986 
Mount Polley-

LTNpv 
25 10 -  - 74.9 2.97 

PSV026 593744 5822273 
Mount Polley-

LTNav 
35 25 - 2 - 3 - 86.1 2.91 

PSV028 588392 5825520 
Mount Polley-

LTNpt 
20 30 - 2 - 3 - 111 2.87 

PSV036 594651 5825485 
Mount Polley-

LTNav 
12 - 2 - x 23.4 2.72 

PSV039 596426 5822502 
Mount Polley-

LTNav 
20 15 30 1 - 2 x 60.9 2.68 
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Sample 
ID 

UTM NAD83 
zone 10 

Location 

Main phenocryst 
phases 

Fe-Ti 
Oxide 

(%) 
Hem1 

MS 
(x10-3 SI units) 

ρS 

(g/cm3

) 
East North 

Cpx 
(%) 

Plag 
(%) 

Anl 
(%) 

PSV046* 585818 5820707 
Mount Polley-

LTNpv 
10 60 - 2 - 3 - 50.80 2.84 

PSV047 585888 5821553 
Mount Polley-

LTNpv 
20 - - 1 x 14.20 2.88 

PSV049 581416 5825988 
Mount Polley-

LTNav 
8 5 - - x 25.70 - 

MTB019 433638 6110081 
Mount 

Milligan 
25 30 - ~1 - 20.50 - 

MTB021 432956 6110076 
Mount 

Milligan 
10 - - <1 - 0.52 - 

MTB026 433314 6106210 
Mount 

Milligan 
20 10 - <1 - 0.55 - 

MTB027 433436 6106319 
Mount 

Milligan 
18 10 - <1 - 14.00 2.87 

MTB029 433445 6106319 
Mount 

Milligan 
15 20 - <1 - 0.43 - 

MTB030 433079 6105548 
Mount 

Milligan 
7 - - <1 - 0.59 2.83 

MTB031 433079 6105548 
Mount 

Milligan 
27 10 - <1 - 0.40 2.89 

MTB032 433037 6105484 
Mount 

Milligan 
12 - - <1 - 0.68 3.00 

MTB034 432316 6109336 
Mount 

Milligan 
15 20 - <1 - 0.48 - 

MTB041 432997 6109336 
Mount 

Milligan 
18 10 - ~1 - 38.8 - 

MTB091 435471 6099107 
Mount 

Milligan 
18 7 - <1 - 0.96 2.96 

CMSV202 682230 5471334 
Copper 

Mountain 
15 20 - <1 - 0.60 2.88 

CMSV203 681762 5461207 
Copper 

Mountain 
30 - - <1 - 1.20 2.99 

WTB083 610749 5786160 Woodjam 12 20 - ~1 x 0.96 2.92 

WTB084* 610757 5786160 Woodjam 10 80 - ~2 x 1.02 2.89 

WTB085 611019 5786299 Woodjam 20 30 - ~1 x 1.55 2.91 

WTB086 610972 5786570 Woodjam 10 20 - <1 x 0.58 2.88 

WTB087 610940 5786703 Woodjam  30 - <1 x 0.20 2.72 

LTB067 617760 5755186 Lac la Hache 35 25 - 2 x 40.00 2.91 
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Sample 
ID 

UTM NAD83 
zone 10 

Location 

Main phenocryst 
phases 

Fe-Ti 
Oxide 

(%) 
Hem1 

MS 
(x10-3 SI units) 

ρS 

(g/cm3

) 
East North 

Cpx 
(%) 

Plag 
(%) 

Anl 
(%) 

LTB068 617760 5755186 Lac la Hache 17 25 - ~1 x 1.62 2.86 

LTB071 605473 5773358 Lac la Hache 20 30 - 1-2 - 52.20 2.94 

LTB072 605976 5772606 Lac la Hache 20 30 - ~1 - 25.40 2.96 

LTB073 606030 5773254 Lac la Hache 33 13 - 1 - 2 - 83.50 2.98 

LTB080 617706 5754892 Lac la Hache 10 30 - ~1 x 51.90 - 

LTB081 617696 5754906 Lac la Hache 15 - - ~1 x 0.59 - 

BTB051 670097 5712526 Bridge Lake 37 5 - <1 - 1.29 - 

BTB053 671988 5713072 Bridge Lake 18 10 - <1 - 0.61 2.95 

BTB056 686663 5711042 Bridge Lake 15 5 - ~1 - 52.10 2.97 

BTB057 689454 5714531 Bridge Lake 18 5 - <1 - 0.52 3.05 

BTB061 658595 5766692 Bridge Lake 13 - - <1 - 1.12 3.01 

BTB062 664065 5761057 Bridge Lake 25 5 - <1 - 1.07 - 

BTB063 664065 5761057 Bridge Lake 30 - - <1 - 1.85 3.00 

BTB077 663949 5763692 Bridge Lake 35 - - ~1 - 44.50 2.96 

SSV127 675079 5522407 
South of 
Merritt 

25 - - ~3 x 10.50 2.96 

SSV128 676083 5521435 
South of 
Merritt 

30 - 10 ~1 x 0.97 2.98 

SSV129 675831 5521742 
South of 
Merritt 

25 - - <1 x 1.40 3.03 

SSV133 673013 5533483 
South of 
Merritt 

10 7 - <1 x 0.40 2.86 

SSV134 672750 5533373 
South of 
Merritt 

7 7 - ~1 x 30.00 2.89 

SSV135 672482 5533925 
South of 
Merritt 

8 12 - ~1 x 5.50 2.88 

SSV137 677670 5520099 
South of 
Merritt 

30 - - 1-2 - 63.10 2.99 

Cpx = clinopyroxene; Plag = plagioclase; Anl = analcime; Hem= hematite; MS= magnetic susceptibility; * = rock with aphanitic texture; 1 = 
within the matrix and patches; ρS= density of sample. 
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APPENDIX B. 

Rock samples were analysed at the ALS laboratory, Vancouver, BC, Canada. Using the analytical package code ME-MS81d, this is a combination 

of whole rock package by method ME-ICP06, plus rare earth and trace elements from method ME-MS81. Additionally, ferrous iron was 

measured on selected samples using the Fe-VOL05 package. All geochemical procedures were obtained from http://www.alsglobal.com/ 

 

ME-ICP06 package: Analysis of major oxides by Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES). 

Sample Decomposition: Lithium Metaborate/Lithium Tetraborate (LiBO2/Li2B4O7) Fusion* (FUS-LI01). 

Analytical Method: A prepared sample (0.20g) is added to lithium metaborate/lithium tetraborate flux (0.90g), mixed well and fused in a furnace 

at 1000°C. The resulting melt is then cooled and dissolved in 100 mL of 4% nitric acid/2% hydrochloric acid. This solution is then analyzed by ICP-

AES and the results are corrected for spectral inter-element interferences. Oxide concentration is calculated from the determined elemental 

concentration and the result is reported in that format.  

Table B1. Major elements package ME-ICP06, indicating lower and upper limits. 

Element Symbol Units Lower Limit Upper Limit 

Aluminum Al2O3 % 0.01 100 

Barium BaO % 0.01 100 

Calcium CaO % 0.01 100 

Chromium Cr2O3 % 0.01 100 

Iron Fe2O3 % 0.01 100 

Magnesium MgO % 0.01 100 

Manganese MnO % 0.01 100 

Phosphorus P2O5 % 0.01 100 

Potassium K2O % 0.01 100 

Silicon SiO2 % 0.01 100 

Sodium Na2O % 0.01 100 

 
 

 

http://www.alsglobal.com/
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ME-MS81 package: Analysis of trace elements by Inductively Coupled Plasma - Mass Spectroscopy (ICP - MS). 

Sample Decomposition: Lithium Metaborate Fusion (FUS-LI01).  

Analytical Method: A prepared sample (0.200g) is added to lithium metaborate flux (0.90 g), mixed well and fused in a furnace at 1000°C. The resulting 

melt is then cooled and dissolved in 100 mL of 4% HNO
3 

/ 2% HCl solution. This solution is then analyzed by inductively coupled plasma - mass 

spectrometry. 

Table B2. Trace elements package ME-MS81, indicating lower and upper limits. 

 

Element Symbol Units 
Lower 
Limit 

Upper 
Limit 

 
Element Symbol Units 

Lower 
Limit 

Upper 
Limit 

Silver* Ag ppm 1 1000 Nickel* Ni ppm 5 10000 

Barium Ba ppm 0.5 10000  Lead* Pb ppm 5 10000 

Cerium Ce ppm 0.5 10000  Praseodymium Pr ppm 0.03 1000 

Cobalt* Co ppm 0.5 10000  Rubidium Rb ppm 0.2 10000 

Chromium Cr ppm 10 10000  Samarium Sm ppm 0.03 1000 

Cesium Cs ppm 0.01 10000  Tin Sn ppm 1 10000 

Copper* Cu ppm 5 10000  Strontium Sr ppm 0.1 10000 

Dysprosium Dy ppm 0.05 1000  Tantalum Ta ppm 0.1 10000 

Erbium Er ppm 0.03 1000  Terbium Tb ppm 0.01 1000 

Europium Eu ppm 0.03 1000  Thorium Th ppm 0.05 1000 

Gallium Ga ppm 0.1 1000  Thallium Tl ppm 0.5 1000 

Gadolinium Gd ppm 0.05 1000  Thulium Tm ppm 0.01 1000 

Hafnium Hf ppm 0.2 10000  Uranium U ppm 0.05 1000 

Holmium Ho ppm 0.01 1000  Vanadium V ppm 5 10000 

Lanthanum La ppm 0.5 10000  Tungsten W ppm 1 10000 

Lutetium Lu ppm 0.01 1000  Yttrium Y ppm 0.5 10000 

Molybdenum* Mo ppm 2 10000  Ytterbium Yb ppm 0.03 1000 

Niobium Nb ppm 0.2 10000  Zinc* Zn ppm 5 10000 

Neodymium Nd ppm 0.1 10000  Zirconium Zr ppm 2 10000 

*Note: Some base metal oxides and sulfides may not be completely decomposed 

by the lithium borate fusion. Results for Ag, Co, Cu, Mo, Ni, Pb, and Zn will not 

likely be quantitative by this method. 
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Fe-VOL05 package: Analysis of ferrous Fe by Titration. 

Sample Decomposition: Sulphuric- Hydrofluoric Acid Digestion. 

Analytical Method: Titration.  

Table B3. Ferrous iron package Fe-VOL05, indicating lower and upper limits. 

Analyte Units Lower Limit Upper Limit 

FeO % 0.01 100 
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Table B4. Whole rock geochemistry in rock samples collected in different localities along the Nicola Group. 

Mount Polley-LTNpv Mount Polley-LTNav 

Sample ID PSV 009 PSV 010 PSV 011 PSV 012 PSV 016 PSV 017 PSV 022 PSV 046 PSV 047 PSV 001 PSV 002 PSV 003 PSV 026 

SiO2 48.70 47.40 48.20 47.20 47.70 46.70 48.00 46.80 44.50 43.80 48.70 45.00 46.70 

TiO2 0.74 0.72 0.83 0.61 0.52 0.52 0.62 0.91 0.79 0.59 0.50 0.65 0.86 

Al2O3 14.75 14.95 15.25 16.65 12.60 10.55 13.50 16.15 13.40 10.00 15.25 14.60 14.05 

Fe2O3 10.85 10.65 11.75 9.41 9.86 10.75 10.80 12.25 10.85 11.40 8.60 9.84 13.10 

MnO 0.19 0.19 0.21 0.15 0.17 0.18 0.17 0.20 0.18 0.21 0.16 0.26 0.23 

MgO 6.10 5.36 5.01 5.33 8.96 10.05 7.61 5.74 7.52 9.82 4.80 4.60 6.30 

CaO 8.26 9.87 8.06 10.75 10.55 11.15 11.55 9.20 9.91 12.10 7.86 9.76 10.40 

Na2O 3.25 4.72 4.04 3.53 2.03 2.41 1.86 3.05 2.29 3.00 5.79 4.09 3.26 

K2O 3.61 0.97 2.01 0.66 3.16 2.69 3.42 1.99 3.59 1.66 1.58 2.91 1.47 

P2O5 0.59 0.58 0.50 0.32 0.28 0.41 0.34 0.31 0.47 0.63 0.63 0.58 0.82 

Cr2O3 0.02 0.01 <0.01 0.01 0.05 0.06 0.04 0.01 0.03 0.07 0.02 0.01 0.01 

SrO 0.11 0.10 0.09 0.06 0.06 0.08 0.11 0.13 0.07 0.04 0.11 0.05 0.11 

BaO 0.11 0.01 0.08 0.02 0.09 0.11 0.09 0.21 0.06 0.08 0.10 0.11 0.10 

LOI 2.15 2.56 2.19 4.62 3.67 4.47 2.36 2.94 6.11 6.48 5.37 6.73 2.08 

Total 99.40 98.10 98.20 99.30 99.70 100.00 100.50 99.90 99.80 99.90 99.50 99.20 99.50 

FeOvol05 4.98 - - - 3.94 1.62 4.92 - - - 2.03 3.74 5.37 

Fe2+ 3.87 - - - 3.06 1.26 3.82 - - - 1.58 2.91 4.17 

Fe3+ 3.72 - - - 3.83 6.26 3.73 - - - 4.44 3.98 4.99 

Trace elements 
      

  
     Rb 70.00 28.90 33.70 12.20 59.90 44.00 61.90 25.20 61.20 44.40 36.00 44.60 57.40 

Cs 12.00 1.47 1.34 0.26 2.06 0.66 1.32 0.25 2.18 0.75 2.45 1.01 1.50 

Ba 966.00 73.60 720.00 182.50 789.00 842.00 789.00 1725.00 517.00 683.00 986.00 851.00 822.00 

Sn 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Sr 916.00 842.00 706.00 482.00 519.00 598.00 915.00 1045.00 535.00 594.00 1160.00 568.00 920.00 

La 13.80 14.40 11.80 6.00 5.90 9.40 6.70 7.50 11.50 10.80 15.60 13.10 22.30 
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Table B4. continued 

Mount Polley-LTNpv Mount Polley-LTNav 

Sample ID PSV 009 PSV 010 PSV 011 PSV 012 PSV 016 PSV 017 PSV 022 PSV 046 PSV 047 PSV 001 PSV 002 PSV 003 PSV 026 

Ce 27.10 28.00 23.90 13.00 12.20 16.70 13.70 15.80 23.40 21.40 26.90 24.10 43.40 

Pr 3.54 3.60 3.22 1.90 1.71 2.11 1.87 2.21 3.06 2.89 3.27 2.96 5.50 

Nd 14.60 14.50 13.60 8.50 7.70 8.70 8.40 9.70 13.00 11.30 12.40 11.50 22.00 

Sm 3.38 3.31 3.41 2.41 2.09 2.06 2.14 2.58 3.22 2.83 2.70 2.56 4.61 

Eu 1.08 1.14 1.14 0.87 0.73 0.68 0.80 0.96 1.06 0.80 0.88 0.78 1.41 

Gd 3.43 3.47 3.50 2.61 2.24 2.23 2.43 2.98 3.32 2.70 2.68 2.69 4.55 

Tb 0.54 0.54 0.57 0.45 0.37 0.35 0.41 0.50 0.54 0.44 0.42 0.42 0.66 

Dy 3.17 3.17 3.50 2.94 2.39 2.00 2.57 3.23 3.34 2.52 2.47 2.47 3.66 

Tm 0.26 0.27 0.30 0.27 0.19 0.15 0.22 0.28 0.27 0.18 0.23 0.20 0.28 

Yb 1.71 1.66 1.83 1.75 1.32 1.07 1.43 1.87 1.75 1.10 1.35 1.37 1.77 

Lu 0.26 0.25 0.28 0.27 0.20 0.15 0.23 0.28 0.27 0.15 0.21 0.20 0.28 

Zr 57.00 56.00 57.00 50.00 38.00 31.00 36.00 48.00 56.00 40.00 50.00 48.00 63.00 

Hf 1.80 1.80 1.90 1.60 1.20 1.00 1.20 1.60 1.80 1.30 1.40 1.40 2.10 

Th 1.96 1.95 1.45 0.78 0.78 1.37 0.80 1.07 1.46 1.43 2.26 2.10 3.13 

Ho 0.64 0.62 0.69 0.60 0.46 0.39 0.53 0.68 0.67 0.45 0.49 0.50 0.70 

Er 1.88 1.81 2.06 1.80 1.41 1.16 1.58 2.02 1.94 1.33 1.47 1.50 2.03 

Nb 2.70 2.70 2.40 1.40 1.20 1.30 1.40 1.90 2.20 1.80 2.90 2.20 3.90 

Ta 0.20 0.20 0.20 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.20 0.10 0.20 

U 0.94 1.00 0.76 0.77 0.43 0.55 0.41 0.72 0.73 0.55 1.58 1.48 1.45 

Y 17.30 17.10 19.00 16.60 12.80 10.80 14.10 17.90 17.80 12.70 13.70 13.70 19.30 

Ni 31.00 21.00 28.00 36.00 91.00 65.00 95.00 23.00 43.00 78.00 29.00 11.00 20.00 

Co 34.70 34.70 41.90 33.20 38.50 42.00 41.40 39.50 39.40 46.50 28.40 32.70 39.80 

Cr 110.00 60.00 40.00 100.00 340.00 380.00 310.00 40.00 190.00 480.00 120.00 20.00 70.00 

Cu 122.00 17.00 49.00 126.00 64.00 67.00 122.00 196.00 122.00 63.00 69.00 156.00 362.00 

Zn 92.00 94.00 103.00 91.00 85.00 78.00 88.00 102.00 98.00 85.00 88.00 90.00 128.00 

V 275.00 263.00 305.00 222.00 272.00 218.00 279.00 328.00 287.00 247.00 223.00 237.00 367.00 

Ga 14.60 16.50 16.40 18.10 13.50 11.40 14.50 16.40 17.20 12.10 14.10 15.20 16.40 
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Table B4. continued 

Mount Polley-LTNav Mount Polley-LTNpt Mount Milligan 

Sample ID PSV 036 PSV 039 PSV 049 PSV 007 PSV 028 MTB 019 MTB 021 MTB 026 MTB 027 MTB 029 MTB 030 MTB 031 MTB 032 

SiO2 38.90 47.50 43.00 49.10 45.60 49.40 47.60 51.80 46.40 51.10 47.60 47.30 48.30 

TiO2 0.78 0.53 0.62 0.89 0.89 1.16 0.70 0.81 0.65 0.82 0.64 0.75 0.71 

Al2O3 11.65 16.20 10.95 16.15 13.75 11.80 15.40 16.15 13.50 16.40 15.40 13.35 12.90 

Fe2O3 10.35 8.77 10.45 10.10 11.90 9.36 9.02 9.95 9.92 9.53 9.11 9.67 10.25 

MnO 0.33 0.18 0.20 0.22 0.20 0.22 0.19 0.18 0.18 0.16 0.21 0.16 0.16 

MgO 4.33 5.82 5.63 4.11 6.77 6.36 6.06 4.42 9.85 4.75 8.40 10.45 9.26 

CaO 15.25 7.86 13.35 7.69 11.15 8.63 8.72 6.59 9.25 7.69 8.62 9.13 9.17 

Na2O 2.45 6.42 1.50 3.82 3.20 2.58 3.14 4.63 1.64 3.09 2.56 2.61 2.30 

K2O 4.03 0.71 5.22 3.01 1.28 0.89 1.86 2.49 3.55 3.37 2.49 1.65 2.45 

P2O5 0.61 0.67 0.54 0.30 0.21 0.28 0.18 0.42 0.50 0.45 0.34 0.26 0.25 

Cr2O3 0.01 0.02 0.03 <0.01 0.01 0.03 0.01 0.01 0.05 0.02 0.03 0.07 0.05 

SrO 0.10 0.09 0.06 0.12 0.07 0.03 0.06 0.05 0.12 0.06 0.05 0.04 0.04 

BaO 0.09 0.10 0.11 0.25 0.15 0.02 0.12 0.11 0.13 0.11 0.10 0.05 0.08 

LOI 11.10 5.20 8.70 4.04 5.06 9.56 7.06 2.65 4.31 2.80 3.80 4.28 4.60 

Total 100.00 100.00 100.50 99.80 100.00 100.50 100.00 100.50 100.00 100.50 99.40 99.80 100.50 

FeOvol05 - 3.66 2.66 - 5.11 - - - 5.86 - 6.84 7.19 7.32 

Fe2+ - 2.84 2.07 - 3.97 - - - 4.55 - 5.32 5.59 5.69 

Fe3+ - 3.29 5.24 - 4.35 - - - 2.38 - 1.05 1.17 1.48 

Trace elements 
            Rb 55.10 20.30 83.40 50.10 20.00 24.80 29.50 39.40 78.50 65.10 49.70 30.90 40.70 

Cs 0.39 5.23 0.43 3.33 0.59 1.02 0.70 0.44 2.93 0.80 1.18 1.14 1.50 

Ba 740.00 855.00 937.00 2130.00 1255.00 138.50 1065.00 1000.00 1135.00 995.00 904.00 422.00 738.00 

Sn 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Sr 805.00 753.00 530.00 944.00 586.00 279.00 437.00 405.00 911.00 450.00 458.00 330.00 362.00 

La 13.80 16.20 12.80 8.00 4.80 7.70 6.20 10.90 11.50 10.90 4.70 4.50 4.00 
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Table B4. continued 

Mount Polley-LTNav Mount Polley-LTNpt Mount Milligan 

Sample ID PSV 036 PSV 039 PSV 049 PSV 007 PSV 028 MTB 019 MTB 021 MTB 026 MTB 027 MTB 029 MTB 030 MTB 031 MTB 032 

Ce 27.90 28.00 26.00 17.30 11.10 17.70 12.70 20.30 21.70 21.30 10.30 10.20 8.90 

Pr 3.65 3.33 3.44 2.51 1.72 2.62 1.81 2.75 2.81 2.81 1.56 1.55 1.37 

Nd 14.70 12.70 13.90 11.20 8.30 12.30 7.80 11.30 11.50 11.70 7.00 7.10 6.40 

Sm 3.21 2.71 3.04 3.14 2.56 3.79 2.22 2.87 2.82 2.93 2.09 2.27 1.99 

Eu 1.06 0.86 0.92 1.09 0.93 1.27 0.77 0.89 0.89 0.88 0.75 0.77 0.66 

Gd 3.30 2.85 3.08 3.58 3.13 4.35 2.35 3.18 2.82 3.10 2.35 2.39 2.24 

Tb 0.50 0.42 0.44 0.63 0.57 0.77 0.41 0.51 0.45 0.51 0.41 0.43 0.39 

Dy 2.87 2.46 2.53 4.17 3.55 4.86 2.45 3.02 2.49 3.03 2.49 2.66 2.44 

Tm 0.22 0.22 0.21 0.38 0.30 0.46 0.21 0.28 0.22 0.28 0.23 0.24 0.22 

Yb 1.39 1.42 1.28 2.58 1.99 2.93 1.41 1.74 1.30 1.86 1.44 1.48 1.42 

Lu 0.21 0.21 0.20 0.39 0.29 0.43 0.22 0.27 0.20 0.30 0.21 0.23 0.22 

Zr 46.00 52.00 41.00 71.00 45.00 104.00 41.00 75.00 47.00 82.00 44.00 51.00 42.00 

Hf 1.40 1.40 1.40 2.20 1.60 2.90 1.30 2.20 1.40 2.30 1.30 1.50 1.20 

Th 1.49 2.39 1.50 1.10 0.57 0.99 0.97 2.29 2.35 2.94 0.72 0.59 0.57 

Ho 0.55 0.49 0.49 0.88 0.73 1.07 0.52 0.64 0.50 0.65 0.55 0.58 0.53 

Er 1.62 1.50 1.45 2.64 2.15 3.11 1.49 1.87 1.42 1.91 1.52 1.63 1.49 

Nb 2.70 3.00 1.90 2.10 1.20 3.80 2.40 6.10 5.40 6.50 2.00 2.30 1.90 

Ta 0.20 0.20 0.10 0.10 0.10 0.30 0.10 0.40 0.30 0.40 0.10 0.20 0.10 

U 0.80 1.79 0.75 0.60 0.33 0.60 0.49 1.21 1.12 1.42 0.43 0.34 0.36 

Y 15.50 14.00 13.90 23.90 19.50 28.20 14.10 17.40 13.60 17.80 14.60 15.30 14.10 

Ni 17.00 38.00 31.00 10.00 25.00 30.00 38.00 27.00 153.00 45.00 85.00 173.00 96.00 

Co 33.40 29.70 34.80 29.60 38.80 28.40 29.50 31.70 42.60 28.10 39.80 44.40 44.00 

Cr 60.00 120.00 210.00 10.00 40.00 220.00 90.00 70.00 360.00 120.00 230.00 450.00 320.00 

Cu 107.00 293.00 71.00 135.00 63.00 61.00 108.00 177.00 144.00 126.00 87.00 93.00 93.00 

Zn 90.00 104.00 83.00 129.00 91.00 146.00 130.00 123.00 87.00 101.00 109.00 77.00 91.00 

V 210.00 215.00 229.00 275.00 354.00 247.00 240.00 245.00 240.00 260.00 222.00 249.00 224.00 

Ga 13.80 14.90 11.70 16.20 14.90 15.20 15.20 16.10 14.80 17.60 15.40 13.30 13.40 
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Table B4. continued 

Mount Milligan Woodjack Copper Mountain Lac La Hache 

Sample ID MTB 034 MTB 041 MTB 091 WTB 083 WTB 084 WTB 085 WTB 086 WTB 087 CMSV 202 CMSV 203 LTB 067 LTB 068 LTB 071 

SiO2 48.70 48.90 48.70 51.40 51.40 49.90 50.80 55.10 50.40 47.90 44.00 44.10 48.20 

TiO2 0.90 0.90 0.72 0.71 0.69 0.71 0.68 0.63 0.52 0.71 0.85 0.88 0.61 

Al2O3 15.25 15.05 13.15 15.75 18.50 15.55 15.10 20.10 16.90 11.30 14.55 16.10 13.25 

Fe2O3 9.95 11.40 10.35 9.82 9.18 9.66 9.26 6.13 10.40 10.95 11.90 12.50 10.65 

MnO 0.18 0.13 0.18 0.13 0.12 0.14 0.12 0.03 0.26 0.19 0.25 0.26 0.19 

MgO 5.75 6.78 6.08 5.00 3.86 6.84 6.81 2.22 5.24 9.22 6.10 5.12 8.87 

CaO 9.46 8.31 11.60 8.86 7.77 7.01 7.78 4.36 7.87 11.85 9.80 9.85 10.30 

Na2O 2.83 3.27 3.75 4.17 4.36 3.46 3.08 5.14 2.92 3.14 2.40 2.89 2.04 

K2O 2.59 1.87 0.81 1.49 2.21 3.13 3.00 3.72 2.83 0.87 2.75 2.88 2.71 

P2O5 0.34 0.32 0.31 0.51 0.41 0.46 0.44 0.53 0.38 0.31 0.52 0.53 0.36 

Cr2O3 0.01 0.01 0.02 0.01 <0.01 0.03 0.03 0.01 <0.01 0.05 <0.01 <0.01 0.04 

SrO 0.09 0.08 0.03 0.12 0.12 0.12 0.08 0.11 0.06 0.04 0.11 0.09 0.09 

BaO 0.17 0.12 0.04 0.11 0.11 0.16 0.16 0.19 0.14 0.02 0.07 0.08 0.07 

LOI 3.60 2.70 2.59 0.90 0.70 1.10 1.80 1.91 3.01 3.68 6.55 4.61 2.61 

Total 99.80 99.80 98.30 99.00 99.40 98.30 99.10 100.00 101.00 100.00 99.90 99.90 100.00 

FeOvol05 - - 7.20 1.46 1.02 1.20 1.71 0.76 7.75 7.12 3.25 2.41 5.87 

Fe2+ - - 5.60 1.13 0.79 0.93 1.33 0.59 6.02 5.53 2.53 1.87 4.56 

Fe3+ - - 1.64 5.73 5.63 5.82 5.15 3.70 1.25 2.12 5.80 6.87 2.89 

Trace elements 
          

  
 Rb 58.90 43.00 16.40 22.00 64.80 49.30 61.30 64.90 56.00 42.00 39.90 48.50 47.80 

Cs 0.84 1.03 0.77 1.07 2.97 3.50 2.21 1.22 5.34 6.59 0.71 0.86 1.69 

Ba 1530.00 1075.00 346.00 1040.00 1060.00 1545.00 1540.00 1695.00 1285.00 219.00 636.00 639.00 589.00 

Sn 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Sr 757.00 630.00 317.00 1080.00 1070.00 1110.00 765.00 917.00 505.00 350.00 880.00 725.00 746.00 

La 9.70 9.40 8.60 12.70 10.90 10.40 11.20 5.10 10.20 6.40 7.80 7.90 6.20 
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Table B4. continued 

Mount Milligan Woodjack Copper Mountain Lac la Hache 

Sample ID MTB 034 MTB 041 MTB 091 WTB 083 WTB 084 WTB 085 WTB 086 WTB 087 CMSV 202 CMSV 203 LTB 067 LTB 068 LTB 071 

Ce 19.80 18.80 17.60 26.60 23.30 22.10 23.80 10.30 20.30 14.20 16.30 16.60 12.60 

Pr 2.74 2.71 2.31 3.41 3.09 2.92 3.08 1.50 2.63 1.97 2.26 2.36 1.74 

Nd 11.70 11.80 10.00 14.40 13.40 12.60 12.90 6.90 10.90 9.10 10.40 10.90 8.00 

Sm 3.00 3.06 2.54 3.61 3.29 3.30 3.28 2.11 2.79 2.49 2.87 2.82 2.08 

Eu 1.04 1.06 0.85 1.10 1.03 0.94 1.00 0.68 0.80 0.79 1.02 0.99 0.81 

Gd 3.32 3.33 2.71 3.25 2.98 2.94 2.86 2.10 2.50 2.56 3.23 3.23 2.39 

Tb 0.53 0.55 0.47 0.51 0.51 0.49 0.51 0.38 0.45 0.42 0.54 0.56 0.42 

Dy 3.18 3.30 2.67 2.84 2.87 2.62 2.91 2.10 2.55 2.46 2.99 3.15 2.38 

Tm 0.29 0.30 0.25 0.25 0.26 0.23 0.28 0.21 0.24 0.23 0.26 0.27 0.21 

Yb 1.79 1.75 1.55 1.56 1.63 1.50 1.74 1.29 1.45 1.38 1.63 1.70 1.38 

Lu 0.28 0.28 0.25 0.24 0.27 0.24 0.29 0.22 0.25 0.23 0.27 0.26 0.22 

Zr 64.00 54.00 52.00 64.00 67.00 60.00 98.00 81.00 44.00 47.00 50.00 50.00 38.00 

Hf 1.80 1.70 1.70 2.00 1.90 1.90 2.70 2.70 1.50 1.50 1.60 1.60 1.30 

Th 1.50 1.35 1.60 1.77 1.40 1.57 2.44 2.65 1.89 0.87 0.94 0.97 0.87 

Ho 0.67 0.69 0.57 0.58 0.59 0.54 0.62 0.44 0.55 0.52 0.66 0.69 0.53 

Er 1.92 1.95 1.75 1.70 1.76 1.59 1.85 1.40 1.67 1.56 1.81 1.87 1.41 

Nb 4.90 3.30 4.00 2.80 2.40 2.60 3.00 3.60 1.50 1.60 2.00 2.00 1.40 

Ta 0.30 0.20 0.20 0.20 0.10 0.10 0.20 0.20 0.10 0.10 0.10 0.10 0.10 

U 0.82 0.57 1.10 1.13 0.84 0.80 1.31 1.13 0.99 0.42 0.68 0.83 0.48 

Y 18.50 18.80 16.00 17.00 18.10 16.00 17.40 13.00 15.50 15.20 16.80 17.10 13.20 

Ni 38.00 35.00 37.00 29.00 11.00 73.00 90.00 56.00 15.00 116.00 12.00 9.00 70.00 

Co 30.30 23.10 34.00 19.00 17.00 27.00 25.00 9.00 29.00 41.00 37.30 35.40 38.60 

Cr 100.00 60.00 160.00 80.00 10.00 220.00 240.00 50.00 30.00 380.00 20.00 20.00 280.00 

Cu 74.00 169.00 154.00 4.00 4.00 5.00 1.00 1.00 49.00 190.00 <5 8.00 127.00 

Zn 70.00 53.00 91.00 38.00 26.00 83.00 46.00 59.00 91.00 86.00 109.00 122.00 83.00 

V 281.00 353.00 284.00 336.00 307.00 300.00 284.00 224.00 266.00 260.00 345.00 327.00 253.00 

Ga 16.80 17.60 16.10 17.00 18.80 16.40 17.50 15.00 15.50 13.80 16.60 15.60 13.30 
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Table B4. continued 

Lac la Hache Bridge Lake 
South of 
Merritt 

Sample ID LTB 072 LTB 073 LTB 080 LTB 081 BTB 051 BTB 053 BTB 056 BTB 057 BTB 061 BTB 062 BTB 063 BTB 077 SSV 127 

SiO2 48.00 48.50 46.00 45.90 47.90 52.00 47.50 48.00 49.30 48.90 49.00 46.10 48.10 

TiO2 0.60 0.64 0.86 0.85 0.66 0.62 0.53 0.60 0.64 0.62 0.63 0.65 0.65 

Al2O3 12.55 13.00 15.60 15.15 11.50 12.95 11.35 13.10 12.05 10.25 13.00 11.30 12.00 

Fe2O3 11.00 11.10 11.80 11.50 11.10 8.22 11.75 10.80 12.20 10.65 10.35 10.55 10.55 

MnO 0.20 0.18 0.21 0.24 0.19 0.16 0.17 0.19 0.20 0.16 0.18 0.16 0.17 

MgO 7.60 7.49 6.95 5.87 9.16 7.22 9.45 6.68 6.82 10.15 10.15 9.08 9.98 

CaO 12.40 10.60 8.50 9.05 13.65 10.65 9.89 13.95 12.40 12.85 10.20 10.75 9.98 

Na2O 2.48 1.74 3.33 4.23 2.84 3.96 2.04 1.37 2.84 2.47 2.47 2.31 2.02 

K2O 2.57 3.02 1.37 1.42 1.02 1.08 2.79 2.67 1.79 1.40 1.93 2.12 3.71 

P2O5 0.35 0.42 0.46 0.46 0.46 0.25 0.35 0.30 0.36 0.29 0.37 0.31 0.39 

Cr2O3 0.05 0.02 <0.01 <0.01 0.04 0.05 0.06 0.03 0.02 0.07 0.05 0.05 0.05 

SrO 0.07 0.11 0.10 0.11 0.06 0.04 0.04 0.12 0.11 0.04 0.05 0.08 0.06 

BaO 0.06 0.08 0.05 0.06 0.05 0.04 0.10 0.12 0.08 0.07 0.05 0.12 0.07 

LOI 2.15 1.34 5.10 4.20 2.05 3.47 3.73 2.28 1.06 2.69 1.68 4.22 3.69 

Total 100.00 98.20 100.50 99.00 100.50 100.50 99.80 100.00 99.90 100.50 100.00 97.80 101.50 

FeOvol05 - 5.42 - 4.00 7.42 6.56 6.56 6.55 - 8.45 - - 2.47 

Fe2+ - 4.21 - 3.11 5.77 5.10 5.10 5.09 - 6.57 - - 1.92 

Fe3+ - 3.55 - 4.93 2.00 0.65 3.12 2.46 - 0.88 - - 5.46 

Trace elements 
        

  
   Rb 45.60 49.50 30.60 31.20 20.40 16.20 57.30 45.70 41.80 37.80 31.90 43.20 87.60 

Cs 0.60 1.00 4.10 2.79 2.69 1.51 1.03 1.30 2.55 1.00 0.31 0.94 3.70 

Ba 467.00 666.00 462.00 534.00 380.00 370.00 799.00 970.00 706.00 549.00 413.00 1215.00 666.00 

Sn 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Sr 566.00 876.00 940.00 969.00 488.00 368.00 338.00 1000.00 920.00 359.00 361.00 708.00 514.00 

La 5.90 8.50 8.70 8.40 8.90 4.50 6.90 8.50 10.20 5.20 5.50 7.80 6.50 
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Table B4. continued 

Lac la Hache Bridge Lake 
South of 
Merritt 

Sample ID LTB 072 LTB 073 LTB 080 LTB 081 BTB 051 BTB 053 BTB 056 BTB 057 BTB 061 BTB 062 BTB 063 BTB 077 SSV 127 

Ce 12.40 16.80 18.50 18.00 18.20 10.00 14.50 17.20 21.30 11.70 11.30 16.80 13.50 

Pr 1.69 2.28 2.54 2.51 2.45 1.52 1.98 2.30 2.90 1.66 1.65 2.28 1.98 

Nd 7.80 10.30 11.40 11.20 10.20 6.90 8.70 10.20 12.60 8.20 7.40 10.40 9.00 

Sm 2.04 2.33 3.08 3.11 2.54 2.09 2.27 2.67 3.19 2.13 2.08 2.90 2.47 

Eu 0.74 0.82 0.97 1.00 0.84 0.64 0.68 0.93 1.02 0.83 0.80 0.87 0.77 

Gd 2.38 2.70 3.15 3.23 2.66 2.31 2.44 2.84 3.11 2.45 2.37 2.75 2.52 

Tb 0.42 0.45 0.55 0.54 0.43 0.40 0.38 0.47 0.47 0.40 0.43 0.45 0.40 

Dy 2.31 2.44 3.27 3.29 2.60 2.64 2.37 2.75 2.74 2.31 2.36 2.43 2.46 

Tm 0.22 0.23 0.29 0.29 0.22 0.23 0.19 0.21 0.21 0.19 0.20 0.22 0.21 

Yb 1.33 1.33 1.75 1.75 1.39 1.59 1.22 1.42 1.39 1.19 1.28 1.26 1.39 

Lu 0.22 0.22 0.28 0.28 0.21 0.24 0.19 0.22 0.21 0.19 0.22 0.20 0.21 

Zr 35.00 37.00 53.00 50.00 43.00 40.00 32.00 41.00 34.00 36.00 34.00 42.00 49.00 

Hf 1.10 1.20 1.80 1.70 1.50 1.30 1.00 1.30 1.20 1.10 1.10 1.30 1.50 

Th 0.79 1.14 0.97 0.90 0.90 0.59 1.58 1.38 2.05 0.77 1.56 1.49 0.84 

Ho 0.51 0.53 0.68 0.69 0.53 0.54 0.45 0.53 0.53 0.48 0.51 0.49 0.49 

Er 1.45 1.50 1.99 2.05 1.53 1.65 1.35 1.59 1.50 1.34 1.38 1.47 1.34 

Nb 1.30 1.50 2.40 2.30 1.80 1.40 1.10 1.90 1.50 2.00 1.90 3.30 1.70 

Ta 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.20 0.10 

U 0.48 0.59 0.63 0.60 0.42 0.39 0.66 0.69 0.82 0.42 0.74 0.69 0.47 

Y 13.00 13.50 20.10 19.40 14.10 14.80 12.60 14.50 14.20 11.90 13.10 14.50 14.80 

Ni 72.00 38.00 10.00 10.00 54.00 60.00 103.00 36.00 35.00 159.00 131.00 124.00 74.00 

Co 40.10 37.10 34.00 32.00 44.20 31.00 49.00 39.50 41.70 49.60 40.40 37.00 36.00 

Cr 300.00 130.00 20.00 20.00 270.00 320.00 430.00 180.00 110.00 480.00 350.00 330.00 340.00 

Cu 86.00 134.00 12.00 97.00 161.00 120.00 64.00 156.00 116.00 155.00 126.00 9.00 83.00 

Zn 58.00 91.00 94.00 113.00 88.00 82.00 98.00 86.00 93.00 73.00 73.00 76.00 82.00 

V 242.00 272.00 391.00 371.00 285.00 263.00 240.00 256.00 280.00 230.00 260.00 275.00 265.00 

Ga 12.40 13.20 16.60 16.10 14.60 12.90 12.70 14.30 13.60 11.70 13.00 13.80 12.40 
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Table B4. continued 

South of Merritt 

Sample ID SSV 128 SSV 129 SSV 133 SSV 134 SSV 135 SSV 137 

SiO2 47.70 46.10 48.10 49.50 49.30 48.40 

TiO2 0.55 0.52 0.80 0.81 0.89 0.85 

Al2O3 10.95 10.15 15.15 15.45 16.15 12.85 

Fe2O3 11.25 10.80 9.46 9.94 9.73 11.75 

MnO 0.18 0.17 0.14 0.18 0.17 0.19 

MgO 10.25 11.10 6.79 6.73 6.24 8.46 

CaO 11.75 11.55 7.31 8.75 7.13 10.30 

Na2O 3.21 2.65 2.66 3.32 2.38 3.50 

K2O 1.35 1.47 3.68 2.21 4.25 0.92 

P2O5 0.52 0.45 0.49 0.48 0.47 0.32 

Cr2O3 0.06 0.07 0.02 0.02 0.01 0.03 

SrO 0.08 0.09 0.08 0.09 0.10 0.04 

BaO 0.10 0.09 0.25 0.18 0.32 0.08 

LOI 3.19 2.39 3.19 2.00 2.81 3.12 

Total 101.00 97.60 98.10 99.70 100.00 101.00 

FeOvol05 1.65 1.90 1.46 2.86 2.16 5.78 

Fe2+ 1.28 1.48 1.13 2.22 1.68 4.49 

Fe3+ 6.59 6.08 5.48 4.73 5.13 3.73 

Trace elements 
     Rb 22.70 29.50 105.50 47.00 118.50 14.30 

Cs 2.31 1.31 2.58 2.67 3.20 0.34 

Ba 962.00 921.00 2460.00 1645.00 3080.00 716.00 

Sn 1.00 1.00 1.00 1.00 1.00 1.00 

Sr 680.00 777.00 730.00 748.00 835.00 348.00 

La 7.70 6.70 11.70 11.60 11.20 5.60 
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Table B4. continued 

South of Merritt 

Sample ID SSV 128 SSV 129 SSV 133 SSV 134 SSV 135 SSV 137 

Ce 15.50 13.30 23.30 23.30 23.80 12.50 

Pr 2.21 1.97 3.18 3.22 3.25 1.95 

Nd 10.00 8.70 13.60 14.00 14.30 9.40 

Sm 2.65 2.24 3.23 3.38 3.62 2.74 

Eu 0.75 0.72 0.97 0.99 1.08 0.91 

Gd 2.46 2.25 3.13 3.17 3.50 2.95 

Tb 0.35 0.32 0.46 0.48 0.53 0.48 

Dy 2.09 1.99 2.89 2.95 3.30 2.99 

Tm 0.16 0.16 0.25 0.26 0.28 0.25 

Yb 1.15 1.16 1.70 1.74 1.92 1.65 

Lu 0.17 0.17 0.27 0.26 0.28 0.26 

Zr 33.00 30.00 63.00 70.00 60.00 46.00 

Hf 1.20 1.10 1.90 2.20 1.90 1.50 

Th 1.16 0.98 2.36 2.27 1.69 0.64 

Ho 0.40 0.39 0.60 0.58 0.67 0.61 

Er 1.07 1.03 1.62 1.59 1.84 1.64 

Nb 1.00 1.00 3.50 3.50 3.30 1.70 

Ta <0.1 0.10 0.20 0.20 0.20 0.10 

U 0.38 0.49 1.18 1.08 0.63 0.33 

Y 12.60 12.10 17.70 18.10 19.70 18.30 

Ni 80.00 99.00 46.00 56.00 43.00 48.00 

Co 41.00 45.00 26.00 27.00 29.00 38.00 

Cr 410.00 520.00 130.00 150.00 90.00 210.00 

Cu 535.00 103.00 10.00 369.00 31.00 52.00 

Zn 77.00 76.00 67.00 98.00 93.00 91.00 

V 278.00 324.00 335.00 383.00 335.00 335.00 

Ga 11.70 11.40 15.60 16.80 16.90 14.30 
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Table B5. Quality assurance/Quality control (QA/QC) of whole rock and trace elements chemistry. Comparison of standards used in this thesis 

with a compilation of results using the same standard (BAS-1) and the same geochemical methods and laboratory (ALS).  

Standards Analyzed at ALS-Minerals, Vancouver, BC, Canada in this thesis  Compiled standard geochemistry from MDRU data base 

Analyte Unit 
BAS-1-

1 
BAS-1-

2 
BSA1-

A 
BAS1-

B 
BAS1-

C 
BAS1-

D 
BAS1-

W 
BAS1-

X 
BAS1-

Y 
BAS1-

Z 
 

Number 
of data 

Average Median Max Min 

SiO2 % 52.60 52.80 53.10 53.10 53.00 53.30 52.60 53.80 54.00 52.50  10 52.86 52.94 53.60 51.83 

Al2O3 % 15.30 15.40 15.20 15.40 15.15 15.10 15.25 15.55 15.50 15.35  10 15.37 15.38 15.61 15.10 

Fe2O3 % 10.80 10.90 10.65 10.80 10.80 10.75 10.80 11.10 10.90 11.00  10 10.81 10.76 11.11 10.60 

CaO % 7.93 8.00 8.10 8.23 8.08 8.17 7.98 8.19 8.16 8.14  10 8.05 8.10 8.21 7.84 

MgO % 7.07 7.11 7.10 7.20 6.99 7.17 7.01 7.17 7.13 6.91  10 7.29 7.33 7.49 6.91 

Na2O % 3.32 3.32 3.19 3.23 3.23 3.18 3.20 3.28 3.26 3.13  10 3.20 3.17 3.36 3.04 

K2O % 0.52 0.53 0.54 0.54 0.53 0.52 0.54 0.55 0.52 0.52  10 0.55 0.54 0.62 0.51 

Cr2O3 % 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03  10 0.03 0.03 0.03 0.03 

TiO2 % 1.32 1.33 1.26 1.28 1.32 1.26 1.28 1.31 1.30 1.28  10 1.29 1.28 1.36 1.22 

MnO % 0.15 0.15 0.14 0.14 0.15 0.14 0.14 0.14 0.14 0.14  10 0.14 0.14 0.15 0.13 

P2O5 % 0.18 0.21 0.22 0.21 0.24 0.21 0.21 0.21 0.22 0.20  10 0.21 0.21 0.26 0.15 

SrO % 0.06 0.06 0.04 0.05 0.06 0.06 0.05 0.05 0.06 0.06  10 0.05 0.05 0.05 0.05 

BaO % 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02  10 0.02 0.02 0.02 0.02 

LOI % 0.48 0.30 0.00 -0.30 0.19 0.10 0.20 0.20 0.40 -0.10  10 0.20 0.20 0.20 0.20 

Total % 99.80 100.00 99.60 99.90 99.80 100.00 99.30 101.50 101.50 99.20  10 99.84 99.92 100.80 98.21 

Ba ppm 171.00 175.00 174.00 177.00 167.00 162.00 180.00 187.00 180.50 179.00  10 176.40 178.00 187.00 167.00 

Ce ppm 19.60 19.80 20.60 20.60 19.70 17.60 20.80 21.70 19.60 21.30  10 20.55 20.25 22.00 19.50 

Co ppm 44.70 45.10 45.30 45.80 43.20 43.00 38.40 41.20 45.50 44.40  10 60.76 47.00 180.00 44.00 

Cr ppm 210.00 210.00 210.00 210.00 200.00 200.00 190.00 210.00 220.00 230.00  10 229.44 222.00 260.00 215.00 

Cs ppm 0.11 0.12 0.09 0.10 0.09 0.09 0.09 0.09 0.11 0.11  10 4.60 0.11 45.00 0.09 

Cu ppm 59.00 59.00 58.00 59.00 55.00 53.00 65.00 60.00 59.00 60.00  10 85.21 61.00 275.00 3.10 

Dy ppm 2.94 2.90 3.06 3.21 2.95 2.92 2.94 3.10 2.92 3.24  10 2.90 3.05 3.20 1.60 

Er ppm 1.58 1.53 1.64 1.67 1.57 1.47 1.57 1.73 1.36 1.66  10 1.49 1.50 1.66 1.10 

Eu ppm 1.13 1.19 1.19 1.20 1.16 1.13 1.22 1.24 1.19 1.28  10 1.22 1.24 1.30 1.10 

Ga ppm 18.30 18.70 19.30 19.20 18.20 17.80 18.30 18.70 18.90 19.20  10 19.09 19.00 20.40 18.00 

Gd ppm 3.33 3.33 3.40 3.38 3.30 3.14 3.16 3.39 3.26 3.60  10 3.50 3.40 3.80 3.28 
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Analyte Unit 
BAS-1-

1 
BAS-1-

2 
BSA1-

A 
BAS1-

B 
BAS1-

C 
BAS1-

D 
BAS1-

W 
BAS1-

X 
BAS1-

Y 
BAS1-

Z 
 

Number 
of data 

Average Median Max Min 

Hf ppm 2.30 2.20 2.30 2.40 2.20 2.10 2.20 2.70 2.30 2.30  10 2.30 2.30 3.00 2.00 

Ho ppm 0.57 0.59 0.57 0.58 0.55 0.57 0.55 0.61 0.52 0.61  10 0.61 0.60 0.64 0.60 

La ppm 8.80 9.00 9.10 9.00 8.60 7.60 9.00 9.30 9.00 9.60  10 9.17 8.85 11.00 8.50 

Lu ppm 0.19 0.19 0.19 0.20 0.19 0.19 0.20 0.20 0.18 0.21  10 0.19 0.20 0.23 0.10 

Nb ppm 7.10 7.30 7.10 6.90 6.60 6.40 7.20 7.50 7.00 7.00  10 7.52 7.65 8.00 6.90 

Nd ppm 12.10 12.20 12.50 12.60 12.00 11.40 12.50 13.40 12.50 13.20  10 13.15 13.00 13.50 13.00 

Ni ppm 177.00 178.00 172.00 173.00 166.00 153.00 160.00 148.00 146.00 147.00  10 176.80 174.00 191.00 160.00 

Pr ppm 2.80 2.80 2.85 2.86 2.76 2.40 2.80 2.97 2.82 2.91  10 2.87 2.90 3.00 2.70 

Rb ppm 6.20 6.30 6.00 6.30 5.90 5.70 6.50 6.80 6.90 7.20  10 6.72 6.65 7.60 5.60 

Sm ppm 3.32 3.27 3.24 3.35 3.18 2.92 3.39 3.58 3.21 3.48  10 3.39 3.46 3.52 3.10 

Sn ppm 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  10 1.02 1.00 1.10 1.00 

Sr ppm 452.00 455.00 450.00 452.00 431.00 434.00 454.00 475.00 476.00 500.00  10 458.00 452.50 502.00 404.00 

Ta ppm 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40  10 0.51 0.50 0.70 0.47 

Tb ppm 0.52 0.51 0.53 0.55 0.51 0.54 0.55 0.58 0.49 0.53  10 0.54 0.53 0.58 0.50 

Th ppm 0.81 0.82 0.87 0.84 0.81 0.87 0.89 0.89 0.82 0.84  10 0.88 0.83 1.00 0.80 

Tm ppm 0.23 0.24 0.22 0.21 0.20 0.21 0.21 0.23 0.19 0.21  10 0.21 0.21 0.23 0.20 

U ppm 0.30 0.31 0.29 0.29 0.27 0.29 0.29 0.31 0.28 0.31  10 0.32 0.32 0.32 0.31 

V ppm 152.00 152.00 151.00 150.00 145.00 140.00 140.00 168.00 160.00 162.00  10 170.60 164.50 200.00 154.00 

Y ppm 15.20 14.90 15.50 15.50 14.80 14.00 15.40 16.60 15.30 17.20  10 13.12 15.75 17.00 1.40 

Yb ppm 1.31 1.29 1.34 1.35 1.28 1.19 1.34 1.39 1.29 1.45  10 19.87 1.40 107.00 1.20 

Zn ppm 106.00 109.00 106.00 107.00 102.00 91.00 104.00 95.00 92.00 94.00  10 88.33 104.00 120.00 14.30 

Zr ppm 87.00 86.00 83.00 82.00 79.00 80.00 79.00 92.00 81.00 86.00  10 86.29 86.95 91.00 79.50 
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Table B6. Electron microprobe analyses of clinopyroxene from different localities along the Nicola Group. 

Location Mount Polley - LTNpv unit 

Sample ID PSV009 PSV016 

Spot ID A-1_R A-2_I A-3_I A-4_C A-5_I B-10_C B-11_I B-12_R B-6_R B-7_I B-8_C B-9_C A-1_R A-2_I A-3_I A-4_C A-5_I 

SiO2 49.09 49.87 49.92 50.14 50.49 49.91 50.88 49.63 50.17 49.51 48.71 49.80 50.39 51.03 51.88 51.10 48.36 

TiO2 0.67 0.82 0.73 0.64 0.55 0.79 0.61 1.19 0.57 0.66 0.84 0.70 0.45 0.24 0.25 0.39 0.68 

Al2O3 5.05 4.03 3.79 3.60 3.55 4.04 3.00 4.72 3.63 4.08 4.71 3.84 2.96 2.56 1.98 2.86 5.28 

FeO(t) 8.06 8.41 8.18 8.77 8.39 8.64 8.81 8.83 8.63 8.90 9.81 8.99 8.74 5.59 8.21 7.73 7.81 

MnO 0.20 0.28 0.27 0.26 0.28 0.32 0.25 0.15 0.23 0.24 0.27 0.30 0.28 0.07 0.38 0.27 0.20 

MgO 13.90 13.27 13.69 13.41 13.69 13.29 13.92 13.06 13.75 13.65 12.98 13.54 14.50 15.77 15.29 15.81 13.84 

CaO 22.72 22.25 22.59 22.39 22.35 22.12 21.96 21.70 21.97 21.78 21.67 22.06 21.92 22.78 21.22 20.92 21.87 

Na2O 0.34 0.59 0.54 0.56 0.53 0.45 0.45 0.67 0.44 0.45 0.51 0.43 0.34 0.20 0.38 0.36 0.34 

NiO 0.00 0.00 0.00 0.02 0.01 0.03 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.01 0.03 0.05 0.00 

Cr2O3 0.03 0.01 0.02 0.02 0.00 0.01 0.05 0.04 0.00 0.00 0.00 0.00 0.03 0.36 0.05 0.14 0.00 

Total 100.06 99.53 99.72 99.82 99.85 99.60 99.93 99.98 99.43 99.27 99.49 99.66 99.61 98.61 99.67 99.63 98.38 

Cation calculation based in 6 O 

Si 1.82 1.86 1.86 1.87 1.88 1.86 1.89 1.84 1.87 1.85 1.82 1.86 1.87 1.90 1.92 1.89 1.82 

Ti 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.02 

Al (IV) 0.19 0.14 0.15 0.14 0.13 0.14 0.11 0.16 0.13 0.15 0.18 0.14 0.13 0.10 0.08 0.11 0.18 

Al (VI) 0.04 0.04 0.02 0.02 0.03 0.04 0.02 0.05 0.03 0.03 0.03 0.03 0.00 0.01 0.01 0.01 0.05 

Fe3+ (IV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ (VI) 0.14 0.10 0.12 0.12 0.10 0.08 0.08 0.09 0.10 0.12 0.14 0.11 0.12 0.08 0.08 0.10 0.12 

Fe2+ 0.11 0.16 0.13 0.16 0.16 0.19 0.19 0.19 0.17 0.16 0.17 0.17 0.15 0.09 0.18 0.14 0.12 

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 

Mg 0.77 0.74 0.76 0.74 0.76 0.74 0.77 0.72 0.77 0.76 0.72 0.75 0.80 0.87 0.85 0.87 0.78 

Ca 0.90 0.89 0.90 0.89 0.89 0.89 0.87 0.86 0.88 0.87 0.87 0.88 0.87 0.91 0.84 0.83 0.88 

Na 0.02 0.04 0.04 0.04 0.04 0.03 0.03 0.05 0.03 0.03 0.04 0.03 0.03 0.02 0.03 0.03 0.03 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

Mg# 87.18 81.99 85.14 82.58 82.75 79.92 80.29 79.32 81.51 82.32 80.90 81.52 84.24 90.62 82.79 86.28 86.19 

MG# = 100*Mg/(Mg+Fe2+) ; C= Core; I= Interior; R= Rim 
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Table B6. (continued) 

Location Mount Polley – LTNpv unit 

Sample ID PSV016 PSV017 

Spot ID A-6_I A-7_R A-8_C B-9_R B-10_I B-11_I B-12_I B-13_I B-14_C B-15_C B-16_I B-17_I B-18_I B-19_R 1_R 2_I 3_I 

SiO2 47.87 47.94 51.05 48.96 48.96 48.13 48.95 48.58 52.00 49.94 49.08 49.09 49.44 47.81 48.73 49.73 48.44 

TiO2 0.62 0.83 0.33 0.71 0.75 0.74 0.41 0.77 0.21 0.44 0.61 0.62 0.69 0.69 0.56 0.45 0.61 

Al2O3 5.96 5.01 3.04 4.39 4.39 4.51 4.94 5.01 1.95 4.06 4.75 4.59 4.16 5.54 5.18 4.01 5.06 

FeO(t) 7.90 9.31 8.30 9.17 8.79 8.77 7.37 8.17 5.33 7.47 8.59 8.33 8.89 8.41 7.67 6.90 7.80 

MnO 0.15 0.26 0.32 0.18 0.22 0.21 0.16 0.19 0.12 0.14 0.17 0.23 0.19 0.17 0.17 0.21 0.17 

MgO 13.42 13.19 14.80 13.58 13.47 13.34 14.29 14.08 16.17 14.50 13.85 13.98 14.16 13.50 13.89 14.71 13.89 

CaO 22.25 21.96 21.54 22.12 22.07 22.14 22.26 22.18 23.46 22.20 21.54 22.09 21.93 22.43 22.61 22.65 22.79 

Na2O 0.35 0.45 0.38 0.40 0.41 0.34 0.37 0.38 0.26 0.54 0.36 0.37 0.40 0.36 0.41 0.39 0.38 

NiO 0.05 0.04 0.00 0.00 0.00 0.02 0.00 0.02 0.00 0.05 0.00 0.05 0.00 0.00 0.03 0.03 0.00 

Cr2O3 0.15 0.02 0.00 0.05 0.02 0.00 0.08 0.12 0.15 0.16 0.12 0.07 0.00 0.05 0.07 0.00 0.01 

Total 98.73 99.00 99.78 99.56 99.08 98.21 98.84 99.50 99.66 99.50 99.07 99.42 99.87 98.96 99.32 99.08 99.15 

Cation calculation based in 6 O 

Si 1.79 1.80 1.89 1.83 1.83 1.82 1.82 1.81 1.91 1.85 1.84 1.83 1.83 1.79 1.81 1.85 1.80 

Ti 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.02 

Al (IV) 0.21 0.20 0.11 0.17 0.17 0.18 0.18 0.20 0.08 0.15 0.17 0.17 0.17 0.21 0.19 0.15 0.20 

Al (VI) 0.06 0.02 0.02 0.02 0.03 0.02 0.04 0.02 0.00 0.03 0.04 0.03 0.02 0.03 0.04 0.02 0.03 

Fe3+ (IV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ (VI) 0.14 0.17 0.09 0.14 0.12 0.14 0.14 0.15 0.09 0.13 0.11 0.13 0.14 0.17 0.15 0.13 0.16 

Fe2+ 0.11 0.13 0.16 0.14 0.15 0.13 0.09 0.10 0.07 0.10 0.16 0.13 0.14 0.10 0.09 0.08 0.08 

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Mg 0.75 0.74 0.82 0.76 0.75 0.75 0.79 0.78 0.89 0.80 0.77 0.78 0.78 0.75 0.77 0.81 0.77 

Ca 0.89 0.88 0.86 0.88 0.89 0.90 0.89 0.88 0.92 0.88 0.86 0.88 0.87 0.90 0.90 0.90 0.91 

Na 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg# 87.13 85.44 83.38 84.09 83.28 84.88 89.40 88.41 93.12 89.18 82.82 86.01 85.31 88.46 89.34 90.98 90.52 
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Table B6. (continued) 

Location Mount Polley-LTNpv Mount Polley-LTNav 

Sample ID PSV017 PSV002 

Spot ID 4_I 5_I 6_I 7_C 8_C 9_I 10_I 11_R 1_R 2_I 3_I 4_I 5_I 6_C 7_I 8_I 9_R 

SiO2 48.36 48.07 48.03 51.06 53.22 48.79 49.15 49.86 50.35 48.66 48.73 47.39 47.54 47.44 47.88 48.96 49.51 

TiO2 0.65 0.64 0.64 0.34 0.12 0.54 0.53 0.45 0.44 0.67 0.62 0.69 0.61 0.78 0.80 0.63 0.70 

Al2O3 5.18 5.30 5.43 2.80 1.39 4.94 4.49 3.82 3.82 4.86 4.32 5.86 5.26 5.80 5.81 4.60 5.11 

FeO(t) 7.97 7.90 8.01 5.47 3.49 7.79 7.18 6.98 6.88 7.95 7.64 8.19 8.36 8.16 8.27 7.99 8.05 

MnO 0.16 0.18 0.13 0.12 0.12 0.19 0.15 0.25 0.23 0.26 0.26 0.20 0.22 0.22 0.24 0.29 0.25 

MgO 13.90 13.64 13.75 15.55 17.35 14.21 14.45 14.33 14.16 13.34 13.43 12.97 13.25 12.94 12.87 13.42 13.21 

CaO 22.79 22.70 22.87 22.85 23.31 22.85 22.85 22.64 22.77 22.61 22.75 22.82 22.68 22.94 22.96 22.79 22.69 

Na2O 0.39 0.31 0.41 0.36 0.22 0.35 0.38 0.41 0.48 0.61 0.55 0.54 0.41 0.58 0.60 0.55 0.59 

NiO 0.01 0.02 0.00 0.01 0.00 0.03 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

Cr2O3 0.05 0.02 0.00 0.66 0.52 0.07 0.01 0.02 0.01 0.00 0.04 0.04 0.07 0.00 0.00 0.01 0.00 

Total 99.45 98.78 99.26 99.23 99.74 99.75 99.19 98.80 99.14 98.95 98.35 98.70 98.40 98.86 99.42 99.25 100.11 

Cation calculation based in 6 O 

Si 1.80 1.80 1.79 1.89 1.94 1.81 1.83 1.86 1.87 1.82 1.83 1.78 1.79 1.78 1.78 1.83 1.83 

Ti 0.02 0.02 0.02 0.01 0.00 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Al (IV) 0.20 0.20 0.21 0.11 0.06 0.20 0.18 0.14 0.13 0.18 0.17 0.22 0.21 0.22 0.22 0.18 0.17 

Al (VI) 0.02 0.03 0.03 0.01 0.00 0.02 0.02 0.03 0.04 0.03 0.02 0.04 0.02 0.03 0.04 0.03 0.05 

Fe3+ (IV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ (VI) 0.17 0.15 0.18 0.09 0.05 0.17 0.15 0.12 0.10 0.16 0.15 0.19 0.18 0.19 0.18 0.15 0.12 

Fe2+ 0.08 0.09 0.07 0.08 0.06 0.07 0.07 0.10 0.12 0.09 0.09 0.07 0.08 0.06 0.08 0.10 0.13 

Mn 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Mg 0.77 0.76 0.76 0.86 0.94 0.78 0.80 0.80 0.79 0.74 0.75 0.73 0.74 0.72 0.72 0.75 0.73 

Ca 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.92 0.92 0.91 0.92 0.92 0.91 0.90 

Na 0.03 0.02 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.04 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg# 90.96 88.97 91.77 91.61 94.40 91.44 91.80 88.65 87.08 88.90 89.08 91.20 90.14 91.82 89.85 88.36 84.79 
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Table B6. (continued) 

Location Mount Polley – LTNav unit 

Sample ID PSV002 PSV003 

Spot ID 10_I 11_I A-1_R A-2_I A-3_I A-4_C A-5_C A-6_I A-7_I A-8_I A-9_R B-10_R B-11_I B-12_I B-13_C B-14_C B-15_I 

SiO2 48.97 48.95 49.82 49.22 49.70 49.77 48.11 48.38 47.98 48.58 47.84 47.93 47.96 47.79 48.94 48.63 48.50 

TiO2 0.60 0.61 0.58 0.64 0.58 0.52 0.70 0.70 0.83 0.68 0.80 0.72 0.74 0.67 0.77 0.71 0.72 

Al2O3 4.59 4.97 4.17 4.28 4.07 3.91 5.42 5.42 5.64 5.21 5.57 5.45 4.78 4.87 4.86 5.35 4.82 

FeO(t) 7.97 7.89 8.20 8.09 7.74 7.77 8.37 8.59 8.82 8.67 8.44 8.71 8.35 8.31 8.39 8.44 8.07 

MnO 0.20 0.16 0.21 0.30 0.24 0.27 0.21 0.28 0.22 0.28 0.30 0.24 0.29 0.26 0.24 0.29 0.30 

MgO 13.45 13.54 13.56 13.55 13.89 13.75 13.18 13.01 12.69 13.00 12.82 12.54 13.06 12.89 13.14 13.00 13.37 

CaO 22.43 23.28 22.62 22.42 22.61 22.80 22.39 22.31 22.38 22.58 22.06 22.22 22.59 22.27 22.28 22.33 22.49 

Na2O 0.57 0.41 0.53 0.44 0.41 0.50 0.47 0.45 0.46 0.49 0.47 0.53 0.46 0.48 0.52 0.50 0.46 

NiO 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.03 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.03 0.05 

Cr2O3 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 

Total 98.78 99.83 99.70 98.94 99.23 99.29 98.88 99.19 99.02 99.52 98.29 98.36 98.21 97.54 99.13 99.28 98.82 

Cation calculation based in 6 O 

Si 1.83 1.81 1.85 1.84 1.85 1.85 1.80 1.81 1.80 1.81 1.81 1.81 1.81 1.82 1.83 1.82 1.82 

Ti 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Al (IV) 0.17 0.19 0.15 0.16 0.15 0.15 0.20 0.19 0.20 0.19 0.19 0.19 0.19 0.18 0.17 0.18 0.18 

Al (VI) 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.05 0.05 0.04 0.05 0.05 0.02 0.04 0.05 0.05 0.03 

Fe3+ (IV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ (VI) 0.14 0.15 0.12 0.12 0.11 0.13 0.15 0.13 0.14 0.15 0.13 0.14 0.16 0.15 0.12 0.13 0.14 

Fe2+ 0.11 0.10 0.13 0.13 0.13 0.11 0.11 0.14 0.14 0.13 0.14 0.14 0.11 0.12 0.14 0.14 0.11 

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Mg 0.75 0.75 0.75 0.76 0.77 0.76 0.74 0.73 0.71 0.72 0.72 0.71 0.74 0.73 0.73 0.72 0.75 

Ca 0.90 0.92 0.90 0.90 0.90 0.91 0.90 0.89 0.90 0.90 0.89 0.90 0.91 0.91 0.89 0.89 0.90 

Na 0.04 0.03 0.04 0.03 0.03 0.04 0.03 0.03 0.03 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.03 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg# 87.07 88.77 85.03 85.11 85.81 87.05 86.78 84.30 83.50 85.25 84.09 83.46 87.30 85.99 83.55 84.08 87.23 
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Table B6. (continued) 

Location Mount Polley-LTNav 

Sample ID PSV003 PSV026 PSV039 

Spot ID B-16_R A-1_I A-2_R A-3_I A-4_I A-5_I A-6_C A-7_C B-10_R B-11_I B-12_C B-13_I B-14_R 1_R 2_I 3_I 4_I 

SiO2 48.02 47.40 46.96 46.59 53.58 53.34 53.65 53.43 48.07 49.39 47.74 47.99 48.04 49.81 51.44 51.89 49.36 

TiO2 0.81 0.72 0.84 0.86 0.14 0.18 0.11 0.15 0.83 0.60 0.73 0.66 0.76 0.59 0.33 0.24 0.58 

Al2O3 5.38 6.24 6.29 6.67 0.92 1.01 0.84 0.95 5.73 4.17 5.70 5.38 5.69 4.34 2.73 2.16 4.33 

FeO(t) 8.67 8.06 8.53 8.18 2.51 2.97 2.79 2.89 8.06 6.95 7.96 8.20 8.13 7.65 5.50 5.23 7.56 

MnO 0.19 0.17 0.18 0.18 0.05 0.06 0.10 0.03 0.21 0.13 0.18 0.23 0.21 0.28 0.17 0.17 0.30 

MgO 12.72 13.02 12.77 12.71 17.74 17.37 17.55 17.49 12.72 14.01 13.27 13.29 12.91 13.69 15.57 16.21 13.54 

CaO 22.11 22.74 22.85 22.81 24.23 23.89 23.97 24.30 22.96 23.44 22.66 22.75 22.64 22.41 22.94 22.98 22.65 

Na2O 0.53 0.44 0.42 0.43 0.18 0.20 0.23 0.17 0.44 0.33 0.45 0.45 0.48 0.62 0.42 0.40 0.56 

NiO 0.00 0.04 0.04 0.00 0.02 0.00 0.03 0.03 0.00 0.03 0.03 0.02 0.00 0.00 0.00 0.00 0.04 

Cr2O3 0.00 0.00 0.04 0.00 0.44 0.19 0.27 0.18 0.00 0.40 0.09 0.03 0.00 0.03 0.18 0.25 0.02 

Total 98.43 98.83 98.92 98.44 99.81 99.20 99.55 99.63 99.01 99.46 98.81 99.01 98.86 99.42 99.28 99.53 98.95 

Cation calculation based in 6 O 

Si 1.81 1.77 1.76 1.75 1.95 1.95 1.96 1.95 1.80 1.84 1.79 1.79 1.80 1.85 1.90 1.91 1.84 

Ti 0.02 0.02 0.02 0.02 0.00 0.01 0.00 0.00 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.02 

Al (IV) 0.19 0.23 0.24 0.25 0.04 0.04 0.04 0.04 0.20 0.17 0.21 0.21 0.20 0.15 0.10 0.09 0.16 

Al (VI) 0.05 0.05 0.04 0.05 0.00 0.00 0.00 0.00 0.05 0.02 0.04 0.03 0.05 0.04 0.02 0.00 0.04 

Fe3+ (IV) 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ (VI) 0.13 0.17 0.18 0.18 0.05 0.05 0.05 0.05 0.13 0.13 0.16 0.17 0.14 0.12 0.09 0.10 0.13 

Fe2+ 0.14 0.09 0.08 0.08 0.02 0.04 0.03 0.03 0.12 0.09 0.09 0.09 0.12 0.12 0.08 0.06 0.11 

Mn 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Mg 0.72 0.73 0.71 0.71 0.96 0.95 0.95 0.95 0.71 0.78 0.74 0.74 0.72 0.76 0.86 0.89 0.75 

Ca 0.89 0.91 0.92 0.92 0.94 0.94 0.94 0.95 0.92 0.93 0.91 0.91 0.91 0.89 0.91 0.90 0.91 

Na 0.04 0.03 0.03 0.03 0.01 0.01 0.02 0.01 0.03 0.02 0.03 0.03 0.04 0.05 0.03 0.03 0.04 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 

Mg# 83.49 89.53 89.43 90.32 98.12 95.73 96.74 97.32 85.32 89.62 89.58 89.40 86.20 86.56 91.64 93.85 87.50 
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Table B6. (continued) 

Location Mount Polley – LTNav unit Mount Polley – LTNpt unit 

Sample ID PSV039 PSV007 

Spot ID 5_I 6_I 7_C 8_C 9_I 10_I 11_R 12_I 13_R 14_C 15_I 16_R A-1_C A-2_I A-3_I A-4_R B-5_I 

SiO2 49.49 49.58 53.05 51.61 49.56 48.56 49.63 47.82 47.60 47.34 48.31 48.49 52.76 51.94 51.67 51.43 53.59 

TiO2 0.61 0.66 0.18 0.31 0.60 0.63 0.56 0.86 0.79 0.81 0.80 0.64 0.35 0.39 0.40 0.44 0.11 

Al2O3 4.33 4.57 2.20 2.39 4.44 5.33 4.50 5.76 5.82 6.21 5.59 5.49 1.67 2.05 1.89 2.38 0.98 

FeO(t) 7.58 7.85 4.81 5.30 7.56 7.76 7.66 8.23 8.35 8.08 8.08 7.61 7.72 8.36 8.63 8.20 2.67 

MnO 0.22 0.29 0.15 0.09 0.27 0.24 0.22 0.24 0.22 0.20 0.26 0.20 0.46 0.52 0.52 0.53 0.07 

MgO 13.47 13.28 15.98 15.69 13.52 13.06 13.28 12.70 12.54 13.01 12.83 13.22 15.40 15.48 15.11 15.16 17.56 

CaO 22.39 22.52 22.04 23.58 22.57 22.62 22.63 22.46 22.27 22.58 22.38 22.83 21.45 21.20 21.04 21.55 23.92 

Na2O 0.67 0.63 0.34 0.28 0.62 0.65 0.62 0.59 0.71 0.54 0.67 0.49 0.35 0.32 0.46 0.45 0.16 

NiO 0.00 0.00 0.01 0.01 0.00 0.02 0.00 0.02 0.03 0.02 0.01 0.05 0.00 0.00 0.00 0.04 0.05 

Cr2O3 0.04 0.00 0.11 0.09 0.01 0.01 0.02 0.00 0.03 0.00 0.00 0.16 0.00 0.02 0.00 0.00 0.46 

Total 98.79 99.38 98.86 99.36 99.13 98.88 99.13 98.68 98.36 98.79 98.94 99.19 100.16 100.28 99.71 100.17 99.58 

Cation calculation based in 6 O 

Si 1.85 1.85 1.96 1.90 1.85 1.82 1.85 1.80 1.79 1.77 1.81 1.81 1.95 1.92 1.92 1.90 1.96 

Ti 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.00 

Al (IV) 0.15 0.15 0.04 0.10 0.15 0.18 0.15 0.20 0.21 0.23 0.19 0.19 0.05 0.09 0.08 0.10 0.04 

Al (VI) 0.04 0.05 0.06 0.01 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.02 0.00 0.00 0.00 0.00 

Fe3+ (IV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ (VI) 0.12 0.12 0.00 0.09 0.12 0.15 0.11 0.15 0.16 0.17 0.14 0.14 0.04 0.08 0.09 0.11 0.04 

Fe2+ 0.12 0.13 0.15 0.07 0.11 0.10 0.13 0.11 0.10 0.08 0.11 0.10 0.20 0.18 0.17 0.14 0.04 

Mn 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.00 

Mg 0.75 0.74 0.88 0.86 0.75 0.73 0.74 0.71 0.70 0.73 0.72 0.74 0.85 0.85 0.84 0.83 0.96 

Ca 0.90 0.90 0.87 0.93 0.90 0.91 0.91 0.90 0.90 0.91 0.90 0.91 0.85 0.84 0.84 0.85 0.94 

Na 0.05 0.05 0.02 0.02 0.05 0.05 0.05 0.04 0.05 0.04 0.05 0.04 0.03 0.02 0.03 0.03 0.01 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 

Mg# 86.60 85.05 85.56 92.07 86.82 88.26 85.30 86.42 87.39 90.23 86.56 88.02 81.09 82.93 82.80 85.43 95.83 
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Table B6. (continued) 

Location Mount Polley-LTNpt 
Mount 

Milligan 

Sample ID PSV007 PSV028 MBT031 

Spot ID B-6_I B-7_I B-8_C B-9_I B-10_R 1_R 2_I 3_I 4_I 5_I 6_C 7_I 8_C 9_R 10_I 11_I A-1_R 

SiO2 52.87 53.69 53.07 53.86 53.61 50.14 50.67 49.69 50.34 48.65 50.50 50.17 49.16 49.14 48.91 47.39 48.62 

TiO2 0.11 0.16 0.14 0.11 0.09 0.57 0.48 0.51 0.52 0.57 0.43 0.53 0.62 0.70 0.85 0.94 0.97 

Al2O3 0.94 0.95 0.96 0.98 1.02 3.28 3.23 3.88 3.23 4.51 2.94 2.83 3.76 4.02 4.59 6.44 4.76 

FeO(t) 2.91 2.84 2.68 2.70 2.87 8.66 8.69 8.96 8.69 8.34 8.72 8.52 8.68 8.29 9.21 9.09 8.30 

MnO 0.13 0.06 0.06 0.05 0.07 0.32 0.28 0.36 0.32 0.24 0.35 0.32 0.29 0.28 0.28 0.25 0.15 

MgO 17.30 17.66 17.65 17.60 17.49 14.25 14.34 13.75 14.26 13.68 14.30 14.38 13.65 13.67 13.37 12.63 13.60 

CaO 23.90 24.14 24.03 24.02 24.30 21.32 21.44 21.17 21.32 21.95 21.04 21.92 22.12 21.77 21.61 21.73 22.18 

Na2O 0.20 0.21 0.15 0.16 0.21 0.45 0.38 0.49 0.42 0.38 0.42 0.38 0.37 0.39 0.42 0.50 0.29 

NiO 0.00 0.00 0.00 0.06 0.01 0.04 0.02 0.00 0.06 0.04 0.00 0.00 0.00 0.00 0.04 0.05 0.00 

Cr2O3 0.52 0.50 0.55 0.59 0.59 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.00 0.02 0.13 

Total 98.90 100.22 99.28 100.12 100.24 99.03 99.53 98.82 99.17 98.36 98.69 99.06 98.65 98.29 99.27 99.05 99.02 

Cation calculation based in 6 O 

Si 1.94 1.95 1.94 1.96 1.94 1.88 1.89 1.87 1.88 1.83 1.90 1.88 1.85 1.85 1.83 1.78 1.82 

Ti 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.03 0.03 

Al (IV) 0.04 0.04 0.04 0.04 0.04 0.12 0.11 0.14 0.12 0.17 0.10 0.12 0.15 0.15 0.17 0.22 0.18 

Al (VI) 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.04 0.02 0.03 0.03 0.00 0.02 0.03 0.03 0.06 0.03 

Fe3+ (IV) 0.02 0.01 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ (VI) 0.05 0.05 0.05 0.03 0.05 0.10 0.09 0.11 0.10 0.13 0.08 0.12 0.13 0.10 0.12 0.14 0.11 

Fe2+ 0.02 0.03 0.02 0.05 0.03 0.17 0.18 0.18 0.18 0.13 0.19 0.15 0.15 0.16 0.17 0.14 0.15 

Mn 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Mg 0.95 0.95 0.96 0.95 0.95 0.80 0.80 0.77 0.79 0.77 0.80 0.80 0.77 0.77 0.75 0.71 0.76 

Ca 0.94 0.94 0.94 0.93 0.94 0.85 0.86 0.85 0.85 0.89 0.85 0.88 0.89 0.88 0.87 0.87 0.89 

Na 0.01 0.02 0.01 0.01 0.01 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.02 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.02 0.01 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg# 97.50 97.22 98.11 95.42 97.35 82.66 81.22 81.47 81.89 85.51 80.86 84.66 83.92 82.85 81.35 83.18 83.38 
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Table B6. (continued) 

Location Mount Milligan Woodjam 

Sample ID MBT031 WTB085 

Spot ID A-2_I A-3_C A-4_C A-5_I A-6_R A-7_R B-8_I B-9_I B-10_I B-11_R B-12_C 1_R 2_C 3_R 4_I 

SiO2 50.92 50.92 51.12 50.34 48.21 50.79 51.10 50.85 50.85 48.52 49.68 52.14 53.72 54.05 53.81 

TiO2 0.61 0.54 0.52 0.60 1.03 0.61 0.56 0.55 0.57 1.03 0.75 0.24 0.04 0.08 0.04 

Al2O3 3.10 3.38 3.48 3.87 5.82 3.01 3.25 3.29 3.54 5.60 4.89 1.67 0.70 1.06 0.72 

FeO(t) 7.36 7.01 6.36 6.42 8.63 7.60 7.28 7.15 6.93 8.63 6.71 3.72 2.51 2.83 2.65 

MnO 0.14 0.20 0.13 0.09 0.20 0.16 0.19 0.19 0.22 0.15 0.16 0.50 0.56 0.52 0.68 

MgO 14.69 15.05 15.44 14.96 13.30 14.95 14.87 15.09 14.58 13.69 14.15 15.90 16.69 18.06 17.16 

CaO 22.02 21.94 22.02 22.43 21.77 21.99 22.13 21.59 22.25 21.30 22.22 23.62 24.30 21.53 22.47 

Na2O 0.23 0.35 0.21 0.25 0.33 0.25 0.32 0.26 0.27 0.34 0.28 0.47 0.29 0.32 0.37 

NiO 0.02 0.02 0.01 0.01 0.00 0.01 0.02 0.02 0.01 0.04 0.00 0.06 0.00 0.04 0.03 

Cr2O3 0.14 0.19 0.27 0.33 0.04 0.16 0.13 0.03 0.27 0.18 0.36 0.09 0.00 0.02 0.06 

Total 99.23 99.62 99.56 99.31 99.32 99.52 99.85 99.03 99.49 99.48 99.20 98.40 98.80 98.51 97.99 

Cation calculation based in 6 O 

Si 1.90 1.88 1.89 1.87 1.80 1.89 1.89 1.89 1.89 1.81 1.85 1.93 1.98 1.99 1.99 

Ti 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.01 0.00 0.00 0.00 

Al (IV) 0.10 0.12 0.11 0.13 0.20 0.11 0.11 0.11 0.11 0.19 0.15 0.07 0.02 0.01 0.01 

Al (VI) 0.03 0.03 0.04 0.04 0.06 0.02 0.03 0.04 0.04 0.06 0.06 0.01 0.01 0.03 0.03 

Fe3+ (IV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ (VI) 0.05 0.08 0.05 0.07 0.11 0.08 0.07 0.06 0.05 0.10 0.06 0.08 0.03 0.00 0.00 

Fe2+ 0.18 0.14 0.15 0.13 0.17 0.16 0.16 0.17 0.17 0.17 0.15 0.04 0.05 0.09 0.08 

Mn 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 

Mg 0.82 0.83 0.85 0.83 0.74 0.83 0.82 0.84 0.81 0.76 0.79 0.88 0.92 0.99 0.95 

Ca 0.88 0.87 0.87 0.89 0.87 0.88 0.88 0.86 0.89 0.85 0.89 0.94 0.96 0.85 0.89 

Na 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.02 0.03 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 

Mg# 81.85 85.40 85.33 86.78 81.82 83.81 84.04 83.56 82.92 81.70 83.59 95.81 95.27 91.93 92.24 

 

 

 

 



 

136 
 

Table B6. (continued) 

Location Copper Mountain Lac la Hache 

Sample ID CMSV203 LTB067 

Spot ID 1_R 2_I 3_I 4_I 5_C 6_I 7_I 8_C 1_R 2_R 3_I 4_C 5_C 6_I 7_I 

SiO2 48.67 47.31 50.12 49.18 49.46 49.80 49.61 49.29 48.15 49.06 49.93 49.23 48.53 49.29 49.27 

TiO2 0.73 0.75 0.50 0.64 0.83 0.53 0.60 0.55 1.00 0.48 0.62 0.68 0.86 0.55 0.56 

Al2O3 5.14 5.27 3.47 4.05 3.85 3.42 3.82 3.65 5.34 4.33 3.82 4.10 4.84 4.44 4.38 

FeO(t) 7.67 7.98 6.78 7.35 6.64 7.01 7.26 7.22 8.78 7.09 8.17 8.38 8.57 7.36 7.67 

MnO 0.17 0.17 0.15 0.24 0.21 0.24 0.23 0.20 0.24 0.15 0.24 0.25 0.25 0.15 0.18 

MgO 14.06 13.84 15.31 14.79 15.09 15.11 14.63 15.06 12.58 14.27 13.43 13.54 12.69 13.98 13.90 

CaO 22.28 22.33 22.28 21.91 21.96 21.75 21.94 21.76 22.06 22.78 22.14 22.03 22.30 23.12 22.26 

Na2O 0.36 0.39 0.35 0.41 0.56 0.40 0.37 0.41 0.41 0.26 0.46 0.42 0.42 0.26 0.31 

NiO 0.00 0.00 0.05 0.01 0.04 0.02 0.02 0.01 0.01 0.01 0.06 0.00 0.01 0.00 0.00 

Cr2O3 0.01 0.06 0.02 0.04 0.05 0.04 0.00 0.07 0.04 0.00 0.00 0.00 0.00 0.08 0.01 

Total 99.10 98.09 99.03 98.62 98.69 98.32 98.49 98.21 98.61 98.44 98.86 98.63 98.47 99.24 98.53 

Cation calculation based in 6 oxygen 

Si 1.81 1.78 1.86 1.84 1.84 1.86 1.86 1.85 1.82 1.84 1.87 1.85 1.83 1.84 1.85 

Ti 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.01 0.02 0.02 0.02 0.02 0.02 

Al (IV) 0.19 0.22 0.14 0.16 0.16 0.14 0.14 0.15 0.18 0.16 0.13 0.15 0.17 0.16 0.15 

Al (VI) 0.04 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.06 0.03 0.04 0.03 0.05 0.03 0.04 

Fe3+ (IV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ (VI) 0.13 0.19 0.13 0.14 0.14 0.12 0.11 0.14 0.10 0.13 0.08 0.11 0.10 0.12 0.10 

Fe2+ 0.11 0.06 0.08 0.09 0.06 0.10 0.12 0.08 0.18 0.10 0.17 0.16 0.17 0.11 0.14 

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Mg 0.78 0.78 0.85 0.82 0.84 0.84 0.82 0.84 0.71 0.80 0.75 0.76 0.71 0.78 0.78 

Ca 0.89 0.90 0.89 0.88 0.88 0.87 0.88 0.87 0.89 0.91 0.89 0.89 0.90 0.92 0.90 

Na 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.02 0.02 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg# 88.07 92.57 90.96 90.42 93.03 89.63 87.60 91.13 79.91 89.12 81.27 83.02 80.73 87.58 84.57 
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Table B6. (continued) 

Location Lac la Hache Bridge Lake 

Sample ID LTB067 LTB073 BTB051 

Spot ID 8_R 1_R 2_I 3_I 4_C 5_C 6_I 7_I 8_C A-1_R A-2_I A-3_C A-4_C A-5_I A-6_R 

SiO2 49.91 49.81 50.12 48.93 48.76 49.03 48.94 49.87 48.78 48.16 48.58 48.99 48.73 49.25 48.46 

TiO2 0.65 0.46 0.37 0.64 0.70 0.51 0.58 0.51 0.63 0.77 0.75 0.70 0.75 0.59 0.84 

Al2O3 3.76 3.76 3.31 4.61 4.62 4.26 4.33 3.90 4.41 5.40 5.23 4.95 5.36 4.40 5.56 

FeO(t) 8.50 7.71 7.17 8.13 8.19 7.73 7.67 7.61 8.15 8.95 8.73 8.44 8.90 8.31 8.91 

MnO 0.29 0.22 0.23 0.20 0.26 0.21 0.20 0.19 0.21 0.28 0.22 0.24 0.23 0.21 0.18 

MgO 13.53 14.67 15.08 14.10 13.91 14.20 14.26 14.40 13.97 12.84 13.33 13.53 12.99 13.88 12.80 

CaO 21.93 21.98 22.00 21.93 21.79 22.01 21.96 21.73 21.93 22.54 22.22 22.56 22.17 22.26 22.28 

Na2O 0.42 0.30 0.37 0.42 0.50 0.41 0.44 0.46 0.39 0.42 0.41 0.36 0.42 0.40 0.36 

NiO 0.00 0.01 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.05 0.00 0.02 0.00 0.00 0.00 

Cr2O3 0.04 0.00 0.10 0.05 0.01 0.01 0.08 0.00 0.03 0.03 0.13 0.00 0.03 0.04 0.05 

Total 99.03 98.92 98.74 99.02 98.73 98.40 98.49 98.67 98.51 99.45 99.60 99.79 99.58 99.35 99.44 

Cation calculation based in 6 O 

Si 1.87 1.86 1.87 1.83 1.83 1.84 1.83 1.86 1.83 1.80 1.81 1.82 1.82 1.84 1.81 

Ti 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Al (IV) 0.13 0.14 0.13 0.17 0.18 0.16 0.17 0.14 0.17 0.20 0.19 0.18 0.18 0.17 0.19 

Al (VI) 0.04 0.02 0.01 0.03 0.03 0.03 0.03 0.04 0.03 0.04 0.04 0.04 0.05 0.03 0.06 

Fe3+ (IV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ (VI) 0.09 0.12 0.12 0.14 0.14 0.13 0.14 0.11 0.14 0.15 0.13 0.13 0.12 0.13 0.11 

Fe2+ 0.18 0.13 0.10 0.12 0.12 0.11 0.10 0.13 0.12 0.13 0.14 0.13 0.16 0.13 0.17 

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Mg 0.76 0.82 0.84 0.79 0.78 0.79 0.80 0.80 0.78 0.72 0.74 0.75 0.72 0.77 0.71 

Ca 0.88 0.88 0.88 0.88 0.87 0.88 0.88 0.87 0.88 0.90 0.89 0.90 0.89 0.89 0.89 

Na 0.03 0.02 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg# 80.63 86.66 89.21 87.20 87.08 88.02 88.66 85.77 86.59 84.45 84.27 85.03 81.63 85.87 80.63 
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Table B6. (continued) 

Location Bridge Lake South of Merritt 

Sample ID BTB051 SSV128 

Spot ID B-7_R B-8_I B-9_C B-10_R B-11_I B-12_I B-13_R 1_R 2_I 3_C 4_C 5_I 6_I 7_R 

SiO2 47.78 53.32 53.40 47.73 53.26 53.65 48.62 48.39 47.65 47.94 48.62 48.21 48.26 48.51 

TiO2 0.85 0.14 0.13 0.86 0.17 0.14 0.73 0.62 0.65 0.62 0.58 0.65 0.62 0.63 

Al2O3 6.03 1.21 1.06 6.21 1.22 1.27 5.34 5.04 4.98 5.17 4.30 5.29 4.99 4.88 

FeO(t) 8.66 3.25 2.81 8.68 3.18 3.41 8.61 7.38 7.21 7.31 6.90 7.89 7.53 7.18 

MnO 0.18 0.04 0.05 0.18 0.06 0.08 0.21 0.22 0.16 0.12 0.15 0.18 0.16 0.19 

MgO 12.76 17.28 17.26 12.35 17.02 17.25 12.87 14.04 13.94 13.74 14.25 13.80 13.85 13.93 

CaO 22.50 23.97 24.34 22.56 23.92 23.70 22.57 22.75 22.58 22.92 23.03 22.67 22.56 22.89 

Na2O 0.40 0.17 0.13 0.49 0.18 0.17 0.43 0.47 0.45 0.48 0.41 0.44 0.40 0.45 

NiO 0.04 0.00 0.02 0.02 0.00 0.03 0.05 0.01 0.00 0.00 0.01 0.00 0.07 0.00 

Cr2O3 0.00 0.36 0.38 0.00 0.28 0.34 0.00 0.00 0.03 0.03 0.03 0.04 0.08 0.03 

Total 99.20 99.74 99.59 99.07 99.29 100.04 99.43 98.92 97.65 98.33 98.27 99.18 98.52 98.68 

Cation calculation based in 6 O 

Si 1.79 1.95 1.95 1.79 1.95 1.95 1.82 1.80 1.80 1.80 1.82 1.80 1.81 1.81 

Ti 0.02 0.00 0.00 0.02 0.01 0.00 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Al (IV) 0.21 0.05 0.05 0.21 0.05 0.05 0.18 0.20 0.20 0.20 0.18 0.21 0.19 0.19 

Al (VI) 0.06 0.00 0.00 0.07 0.01 0.01 0.05 0.02 0.02 0.03 0.01 0.03 0.03 0.03 

Fe3+ (IV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ (VI) 0.14 0.05 0.04 0.13 0.04 0.03 0.12 0.17 0.18 0.18 0.16 0.17 0.16 0.16 

Fe2+ 0.13 0.05 0.04 0.14 0.06 0.07 0.15 0.06 0.05 0.05 0.05 0.07 0.08 0.07 

Mn 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 

Mg 0.71 0.94 0.94 0.69 0.93 0.94 0.72 0.78 0.78 0.77 0.80 0.77 0.77 0.78 

Ca 0.90 0.94 0.95 0.91 0.94 0.92 0.90 0.91 0.91 0.92 0.92 0.90 0.91 0.92 

Na 0.03 0.01 0.01 0.04 0.01 0.01 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg# 84.17 95.16 95.79 83.19 93.91 93.09 83.06 93.13 94.09 93.55 93.74 91.31 90.54 92.05 
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Table B7.  Electron microprobe analyses of Fe-Ti oxide inclusions in clinopyroxene from different localities along the Nicola Group. 

Location Mount Polley – LTNpv unit 

Sample ID PSV009 PSV016 PSV017 

Spot ID A-1 A-2 B1-3 B2-4 A1-1 A1-2 A2-3 B1-4 B1-5 B2-6 B3-7 1 

SiO2 0.01 0.01 0.06 0.12 0.08 0.11 0.11 0.42 0.09 0.08 0.23 0.09 

TiO2 1.99 1.87 0.74 2.31 4.87 4.75 5.77 4.04 4.44 3.61 4.33 0.41 

Al2O3 0.73 0.78 0.47 1.10 5.68 5.76 4.40 2.59 8.37 7.09 8.28 13.04 

Cr2O3 0.17 0.14 0.10 0.14 0.18 0.13 0.17 0.61 0.60 7.89 2.40 0.87 

V2O3 0.25 0.25 0.67 0.30 0.27 0.32 0.37 0.00 0.37 0.12 0.38 0.19 

FeO 88.74 88.76 91.78 89.61 77.05 77.68 77.32 84.16 75.27 72.48 73.67 72.22 

MnO 0.24 0.09 0.17 0.61 0.47 0.44 0.49 0.58 0.96 2.66 0.85 0.43 

MgO 0.11 0.11 0.11 0.15 3.46 3.83 2.84 0.21 2.97 0.47 2.78 8.73 

CaO 0.21 0.22 0.15 0.07 0.04 0.07 0.10 0.34 0.15 0.10 0.18 0.24 

NiO 0.01 0.06 0.00 0.05 0.13 0.11 0.05 0.18 0.11 0.13 0.02 0.13 

Total 92.46 92.29 94.25 94.46 92.23 93.19 91.62 93.15 93.33 94.64 93.12 96.35 

 
Cation calculation based in 32 O 

Si 0.00 0.00 0.02 0.04 0.02 0.03 0.03 0.13 0.03 0.02 0.07 0.02 

Ti 0.46 0.44 0.17 0.53 1.09 1.05 1.31 0.93 0.97 0.80 0.95 0.08 

Al 0.27 0.29 0.17 0.39 1.99 1.99 1.57 0.93 2.87 2.46 2.85 4.07 

Cr 0.04 0.03 0.02 0.03 0.04 0.03 0.04 0.15 0.14 1.84 0.55 0.18 

V 0.06 0.06 0.16 0.07 0.06 0.08 0.09 0.00 0.09 0.03 0.09 0.04 

Fe3+ 14.70 14.74 15.27 14.38 11.69 11.75 11.62 12.81 10.91 10.03 10.47 11.50 

Fe2+ 8.28 8.28 8.05 8.30 7.42 7.25 7.90 8.66 7.40 7.89 7.54 4.47 

Mn 0.06 0.02 0.04 0.16 0.12 0.11 0.13 0.15 0.24 0.66 0.21 0.10 

Mg 0.05 0.05 0.05 0.07 1.53 1.67 1.28 0.10 1.29 0.21 1.21 3.44 

Ca 0.07 0.07 0.05 0.02 0.01 0.02 0.03 0.11 0.05 0.03 0.06 0.07 

Ni 0.00 0.02 0.00 0.01 0.03 0.03 0.01 0.04 0.03 0.03 0.01 0.03 
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Table B7. (continued) 

Location Mount Polley  - LTNpv unit Mount Polley – LTNav unit 

Sample ID PSV017 PSV002 

Spot ID 2 3 A1-1 A1-2 A1-3 A2-4 A2-5 A2-6 A2-7 A3-8 A3-9 A3-10 

SiO2 2.83 0.13 1.94 2.59 1.62 8.34 10.70 6.40 10.82 5.71 5.42 4.53 

TiO2 8.13 0.46 0.77 1.56 0.84 8.69 0.03 6.90 0.06 3.96 3.97 2.65 

Al2O3 1.63 5.85 0.41 0.55 0.40 1.21 3.98 1.25 4.02 2.13 2.01 1.63 

Cr2O3 0.43 0.84 0.32 0.35 0.34 0.08 0.11 0.19 0.09 0.32 0.31 0.28 

V2O3 0.00 0.19 0.00 0.00 0.00 0.00 0.02 0.05 0.02 0.00 0.00 0.00 

FeO 72.89 80.52 86.01 84.37 87.40 66.28 66.86 69.44 65.41 76.34 76.47 80.73 

MnO 0.04 0.50 0.24 0.18 0.25 0.25 0.16 0.49 0.20 2.03 2.04 1.45 

MgO 7.59 5.69 0.19 0.23 0.14 0.63 8.07 1.16 8.33 0.49 1.22 0.95 

CaO 2.97 0.19 0.59 1.14 0.33 6.83 0.51 4.72 0.46 0.11 0.12 0.11 

NiO 0.00 0.14 0.01 0.01 0.00 0.01 0.02 0.06 0.00 0.06 0.07 0.00 

Total 96.50 94.51 90.49 90.98 91.32 92.32 90.46 90.66 89.42 91.14 91.63 92.34 

Cation calculation based in 32 O 

Si 0.78 0.04 0.61 0.81 0.51 2.49 3.05 1.96 3.11 1.76 1.65 1.38 

Ti 1.69 0.10 0.18 0.37 0.20 1.95 0.01 1.59 0.01 0.92 0.91 0.61 

Al 0.53 1.95 0.15 0.20 0.15 0.43 1.34 0.45 1.36 0.77 0.72 0.58 

Cr 0.09 0.19 0.08 0.09 0.08 0.02 0.03 0.05 0.02 0.08 0.08 0.07 

V 0.00 0.04 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 

Fe3+ 10.42 13.55 14.18 13.37 14.36 6.66 8.52 8.41 8.37 9.80 10.08 11.38 

Fe2+ 6.45 5.52 8.44 8.64 8.46 9.91 7.43 9.33 7.36 9.87 9.43 9.14 

Mn 0.01 0.12 0.06 0.05 0.07 0.06 0.04 0.13 0.05 0.53 0.53 0.37 

Mg 3.13 2.40 0.09 0.11 0.07 0.28 3.43 0.53 3.57 0.23 0.56 0.43 

Ca 0.88 0.06 0.20 0.38 0.11 2.19 0.16 1.55 0.14 0.04 0.04 0.04 

Ni 0.00 0.03 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.02 0.02 0.00 
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Table B7. (continued) 

Location Mount Polley – LTNav unit 

Sample ID PSV003 PSV026 

Spot ID A1-1 A2-2 B1-3 B1-4 B2-5 B2-6 B2-7 A1-1 A2-2 B1-3 B1-4 B2-5 

SiO2 4.29 0.14 1.63 2.08 6.16 4.28 4.26 3.61 1.10 3.25 1.09 1.34 

TiO2 5.76 4.75 0.12 0.33 0.45 0.46 0.76 8.64 1.58 3.00 0.64 0.96 

Al2O3 2.42 7.81 0.28 0.33 3.39 2.50 2.11 0.66 3.27 0.68 0.16 0.15 

Cr2O3 0.00 0.00 0.01 0.01 0.06 0.00 0.03 0.28 0.40 0.07 0.06 0.28 

V2O3 0.00 0.18 0.06 0.06 0.21 0.23 0.21 0.00 0.22 0.16 0.32 0.35 

FeO 74.21 76.14 89.19 84.96 77.89 82.38 82.16 72.83 83.21 82.85 88.82 89.10 

MnO 0.63 0.56 0.09 0.11 0.23 0.24 0.18 2.51 0.06 0.17 0.28 0.11 

MgO 0.85 4.55 0.10 0.15 4.82 3.29 2.52 0.26 4.32 0.44 0.27 0.13 

CaO 2.67 0.24 0.37 0.63 0.22 0.19 0.22 3.08 0.57 2.43 0.84 1.00 

NiO 0.05 0.00 0.00 0.04 0.04 0.00 0.00 0.03 0.00 0.02 0.02 0.05 

Total 90.89 94.36 91.86 88.71 93.46 93.57 92.45 91.91 94.74 93.09 92.51 93.48 

Cation calculation based in 32 O 

Si 1.32 0.04 0.51 0.67 1.77 1.25 1.27 1.11 0.32 0.99 0.34 0.41 

Ti 1.33 1.02 0.03 0.08 0.10 0.10 0.17 2.00 0.34 0.68 0.15 0.22 

Al 0.88 2.62 0.10 0.13 1.15 0.86 0.74 0.24 1.11 0.24 0.06 0.05 

Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.07 0.09 0.02 0.02 0.07 

V 0.00 0.04 0.02 0.02 0.05 0.05 0.05 0.00 0.05 0.04 0.08 0.09 

Fe3+ 9.84 11.22 14.81 14.36 11.05 12.37 12.31 9.46 13.43 12.36 14.88 14.53 

Fe2+ 9.20 6.92 8.34 8.42 7.67 7.80 8.21 9.32 6.61 8.63 8.01 8.20 

Mn 0.16 0.14 0.02 0.03 0.06 0.06 0.05 0.66 0.02 0.04 0.07 0.03 

Mg 0.39 1.93 0.05 0.07 2.07 1.44 1.12 0.12 1.86 0.20 0.12 0.06 

Ca 0.88 0.07 0.12 0.22 0.07 0.06 0.07 1.02 0.18 0.79 0.28 0.33 

Ni 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 
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Table B7. (continued) 

Location Mount Polley – LTNav unit Mount Polley – LTNpt unit 

Sample ID PSV039 PSV007 PSV007 PSV007 PSV007 PSV007 PSV007 PSV007 PSV007 

Spot ID A1-1 A1-2 A2-3 A2-4 A1-1 A1-2 A2-3 A2-4 A2-5 B1-6 B2-7 B3-8 

SiO2 3.80 4.16 4.17 0.54 1.88 3.10 1.35 0.17 2.52 3.09 0.05 0.73 

TiO2 2.72 2.71 2.45 3.71 63.79 15.20 5.41 61.24 5.62 2.62 1.54 1.52 

Al2O3 1.07 1.23 1.28 1.75 0.30 1.29 0.94 0.00 0.88 1.95 1.57 1.65 

Cr2O3 0.31 0.34 0.36 0.25 0.00 0.00 0.11 0.02 0.08 0.76 0.67 0.70 

V2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.10 0.34 0.48 0.39 

FeO 80.92 81.20 79.61 83.03 19.32 66.64 80.27 26.91 78.73 80.26 87.30 85.65 

MnO 0.15 0.11 0.09 0.50 4.20 2.96 2.03 0.56 1.71 0.28 0.45 0.28 

MgO 0.49 0.48 0.66 0.41 2.11 0.14 0.15 2.35 0.17 0.29 0.35 0.38 

CaO 2.53 2.54 2.35 0.72 1.73 2.97 1.24 0.51 2.25 1.90 0.24 0.49 

NiO 0.03 0.00 0.03 0.05 0.00 0.00 0.05 0.01 0.00 0.02 0.00 0.00 

Total 92.03 92.77 91.00 90.96 93.32 92.30 91.64 91.78 92.06 91.52 92.66 91.78 

Cation calculation based in 32 O 

Si 1.16 1.26 1.28 0.17 0.60 0.96 0.42 0.06 0.78 0.95 0.02 0.23 

Ti 0.63 0.62 0.57 0.87 15.37 3.53 1.27 15.09 1.30 0.61 0.36 0.35 

Al 0.39 0.44 0.46 0.64 0.11 0.47 0.35 0.00 0.32 0.71 0.57 0.60 

Cr 0.08 0.08 0.09 0.06 0.00 0.00 0.03 0.01 0.02 0.19 0.16 0.17 

V 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.03 0.08 0.12 0.10 

Fe3+ 11.97 11.73 11.75 13.22 0.00 6.55 12.23 0.00 11.48 11.91 14.41 13.97 

Fe2+ 8.69 8.81 8.74 8.46 5.18 10.67 8.66 7.37 8.81 8.72 8.02 8.17 

Mn 0.04 0.03 0.02 0.13 1.14 0.78 0.54 0.16 0.45 0.07 0.12 0.07 

Mg 0.22 0.22 0.30 0.19 1.01 0.06 0.07 1.15 0.08 0.13 0.16 0.18 

Ca 0.83 0.82 0.78 0.24 0.59 0.98 0.41 0.18 0.74 0.63 0.08 0.16 

Ni 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 
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Table B7. (continued) 

Location Mount Polley – LTNpt unit Mount Milligan Woodjam 
 Sample ID PSV007 PSV028 PSV028 PSV028 PSV028 PSV028 PSV028 PSV028 MTB031 MTB031 WTB085 WTB085 

Spot ID B4-9 A1-1 A1-2 A2-3 A2-4 A2-5 A2-6 A2-9 1 2 1 2 

SiO2 2.12 6.89 7.58 0.01 0.58 7.47 0.03 0.63 0.85 0.50 0.50 0.82 

TiO2 0.06 6.88 7.41 0.36 0.20 3.98 0.14 0.35 1.28 1.90 2.49 3.07 

Al2O3 1.17 1.05 1.38 0.28 0.51 3.36 0.34 0.52 10.14 10.75 0.56 0.84 

Cr2O3 0.53 0.04 0.03 0.01 0.02 0.09 0.02 0.08 22.43 22.50 0.59 0.61 

V2O3 0.44 0.00 0.00 0.52 0.52 0.22 0.54 0.51 0.34 0.33 0.01 0.01 

FeO 84.35 70.56 67.82 91.34 90.81 70.01 91.88 89.84 54.52 54.55 85.80 84.10 

MnO 0.13 0.25 0.23 0.08 0.08 0.34 0.10 0.01 1.36 1.43 0.05 0.10 

MgO 0.76 0.08 0.09 0.09 0.33 2.53 0.10 0.19 0.51 0.30 0.15 0.17 

CaO 0.86 5.83 6.17 0.11 0.09 2.28 0.06 0.19 0.28 0.21 0.15 0.27 

NiO 0.07 0.03 0.03 0.02 0.02 0.05 0.03 0.00 0.04 0.07 0.04 0.09 

Total 90.49 91.62 90.73 92.82 93.15 90.32 93.23 92.33 91.73 92.53 90.33 90.09 

Cation calculation based in 32 O 

Si 0.66 2.10 2.32 0.00 0.18 2.25 0.01 0.20 0.26 0.15 0.16 0.26 

Ti 0.01 1.57 1.70 0.08 0.05 0.90 0.03 0.08 0.29 0.43 0.59 0.73 

Al 0.43 0.38 0.50 0.10 0.18 1.19 0.12 0.19 3.60 3.79 0.21 0.32 

Cr 0.13 0.01 0.01 0.00 0.01 0.02 0.01 0.02 5.35 5.32 0.15 0.15 

V 0.11 0.00 0.00 0.13 0.13 0.05 0.13 0.13 0.08 0.08 0.00 0.00 

Fe3+ 13.98 8.28 7.45 15.59 15.24 8.44 15.66 15.11 5.88 5.66 14.14 13.55 

Fe2+ 7.98 9.66 9.89 7.98 8.02 9.18 7.94 8.12 7.87 8.00 8.61 8.77 

Mn 0.03 0.06 0.06 0.02 0.02 0.09 0.03 0.00 0.35 0.36 0.01 0.03 

Mg 0.35 0.04 0.04 0.04 0.15 1.14 0.05 0.09 0.23 0.13 0.07 0.08 

Ca 0.29 1.90 2.02 0.04 0.03 0.74 0.02 0.06 0.09 0.07 0.05 0.09 

Ni 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.02 0.01 0.02 
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Table B7. (continued) 

Location Woodjam Copper  Mountain Lac la Hache 

Sample ID WTB085 CMSV203 LLTB067 LTB073 

Spot ID 3 4 5 6 1 2 3 2 3 4 1 2 

SiO2 0.27 0.68 0.05 1.38 0.13 0.09 0.09 1.21 7.00 0.28 0.07 0.14 

TiO2 2.27 2.53 1.30 1.34 3.01 3.31 1.90 8.06 2.86 5.66 2.66 3.66 

Al2O3 0.35 0.45 0.15 0.82 7.93 7.72 9.07 1.13 2.02 0.53 7.41 5.64 

Cr2O3 0.59 0.52 0.05 0.08 0.56 0.49 2.86 0.03 0.07 0.04 0.47 0.31 

V2O3 0.01 0.02 0.25 0.39 0.11 0.12 0.04 0.00 0.00 0.00 0.24 0.11 

FeO 86.08 84.88 87.67 84.00 75.06 75.14 71.86 77.78 73.98 84.96 79.33 81.57 

MnO 0.06 0.09 0.07 0.06 0.36 0.39 0.63 0.19 0.17 0.35 0.42 0.14 

MgO 0.24 0.12 0.11 0.21 6.49 6.39 6.87 0.18 1.84 0.09 1.93 1.17 

CaO 0.07 0.14 0.05 0.83 0.32 0.33 0.11 0.39 2.34 0.28 0.14 0.12 

NiO 0.00 0.09 0.00 0.03 0.02 0.11 0.17 0.00 0.00 0.06 0.04 0.12 

Total 89.95 89.51 89.70 89.14 93.99 94.09 93.60 88.96 90.28 92.25 92.72 93.00 

Cation calculation based in 32 O 

Si 0.09 0.22 0.02 0.44 0.04 0.02 0.03 0.39 2.13 0.09 0.02 0.04 

Ti 0.54 0.61 0.31 0.32 0.64 0.70 0.40 1.95 0.65 1.33 0.59 0.83 

Al 0.13 0.17 0.06 0.31 2.63 2.56 3.00 0.43 0.73 0.20 2.58 1.99 

Cr 0.15 0.13 0.01 0.02 0.13 0.11 0.63 0.01 0.02 0.01 0.11 0.07 

V 0.00 0.00 0.06 0.10 0.02 0.03 0.01 0.00 0.00 0.00 0.06 0.03 

Fe3+ 14.46 14.04 15.21 14.05 11.88 11.85 11.51 10.88 9.69 12.97 12.02 12.18 

Fe2+ 8.48 8.68 8.24 8.35 5.77 5.83 5.34 10.07 9.15 9.17 7.60 8.24 

Mn 0.02 0.02 0.02 0.02 0.09 0.09 0.15 0.05 0.04 0.09 0.11 0.04 

Mg 0.11 0.06 0.05 0.10 2.72 2.68 2.87 0.09 0.83 0.04 0.85 0.52 

Ca 0.02 0.05 0.02 0.28 0.10 0.10 0.03 0.13 0.76 0.09 0.05 0.04 

Ni 0.00 0.02 0.00 0.01 0.01 0.02 0.04 0.00 0.00 0.02 0.01 0.03 
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Table B7. (continued) 

Location Lac la Hache Bridge Lake South of Merritt 

Sample ID LTB073 BTB051 SSV128 

Spot ID 3 4 5 6 1 2 1 2 3 4 

SiO2 0.56 0.43 0.47 0.57 0.15 4.63 0.11 0.04 0.73 0.87 

TiO2 2.10 2.75 3.73 3.64 0.12 4.01 2.78 4.74 2.02 2.00 

Al2O3 3.02 4.97 2.63 4.22 1.35 0.78 1.94 1.93 0.40 0.38 

Cr2O3 0.52 0.49 0.26 0.25 13.16 5.22 0.49 0.43 0.66 0.50 

V2O3 0.14 0.12 0.02 0.11 0.42 0.03 0.20 0.00 0.00 0.00 

FeO 85.17 82.67 82.68 81.97 75.52 72.59 84.53 80.91 85.31 84.70 

MnO 0.09 0.12 0.77 0.51 0.58 0.42 0.02 0.09 0.21 0.21 

MgO 0.27 0.29 0.14 0.42 0.10 0.39 0.51 1.07 0.24 0.22 

CaO 0.11 0.09 0.15 0.09 0.64 3.64 0.03 0.05 0.21 0.20 

NiO 0.03 0.08 0.00 0.04 0.05 0.09 0.02 0.04 0.04 0.03 

Total 92.00 92.01 90.85 91.84 92.10 91.78 90.63 89.31 89.81 89.10 

Cation calculation based in 32 O 

Si 0.17 0.13 0.15 0.18 0.05 1.42 0.04 0.01 0.23 0.28 

Ti 0.49 0.63 0.88 0.84 0.03 0.92 0.66 1.13 0.48 0.48 

Al 1.09 1.79 0.97 1.52 0.49 0.28 0.72 0.72 0.15 0.15 

Cr 0.13 0.12 0.07 0.06 3.24 1.26 0.12 0.11 0.17 0.13 

V 0.03 0.03 0.01 0.03 0.11 0.01 0.05 0.00 0.00 0.00 

Fe3+ 13.44 12.54 12.92 12.36 12.01 9.76 13.73 12.88 14.25 14.21 

Fe2+ 8.46 8.55 8.70 8.65 7.65 8.84 8.43 8.59 8.47 8.53 

Mn 0.02 0.03 0.20 0.13 0.15 0.11 0.01 0.03 0.06 0.06 

Mg 0.12 0.13 0.07 0.19 0.05 0.18 0.24 0.50 0.11 0.10 

Ca 0.04 0.03 0.05 0.03 0.22 1.19 0.01 0.02 0.07 0.07 

Ni 0.01 0.02 0.00 0.01 0.01 0.02 0.01 0.01 0.01 0.01 
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Table B8. Electron microprobe analyses of apatite inclusions in clinopyroxene from different rocks units within the Mount Polley area. 

 

Location 
Mount Polley 

LTNpv unit 
Mount Polley – LTNav unit 

Sample ID PSV016 PSV002 

Spot ID 1 2 1 2 3 4 5 6 7 8 

CaO 55.17 54.66 55.72 54.91 55.60 54.92 55.09 54.88 53.96 54.33 
42.75 P2O5 40.38 42.22 41.83 42.92 41.96 42.60 42.68 42.53 40.49 

SO3 ND ND ND ND ND ND ND ND ND ND 

Cl 1.08 1.17 0.28 0.25 0.26 0.28 0.27 0.28 0.23 0.26 

F 1.30 1.40 2.64 2.66 2.86 2.65 2.80 2.83 2.83 2.91 

Total 97.93 99.45 100.48 100.73 100.68 100.44 100.83 100.53 97.52 100.24 

Anion calculation based in 26 (O, OH, Cl, F) 

Ca 10.210 9.866 9.882 9.651 9.810 9.692 9.672 9.660 9.833 9.560 

P 5.905 6.022 5.862 5.960 5.851 5.940 5.921 5.916 5.831 5.944 

Cl 0.316 0.335 0.080 0.068 0.072 0.078 0.076 0.078 0.067 0.071 

F 0.710 0.745 1.383 1.380 1.491 1.379 1.450 1.473 1.523 1.509 
0.420 OH 0.974 0.921 0.537 0.552 0.437 0.543 0.474 0.449 0.409 

                  ND = Not detectable. 
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APPENDIX C 

Table C1. δ13CPDB (‰) and δ13CPDB (‰) isotopic compositions of carbonates within basalts from different arc segments along the Nicola Group. 

 

Sample ID Location δ13CPDB (‰) δ18OSMOW (‰)  Sample ID Location δ13CPDB (‰) δ18OSMOW (‰) 

PSV001 Mount Polley 1.54 19.24  MTB030 Mount MIlligan -16.11 19.35 

PSV002 Mount Polley 0.48 17.99  MTB091 Mount MIlligan -6.40 13.50 

PSV003 Mount Polley 1.68 20.52  LTB68 Lac la Hache -1.67 15.05 

PSV007 Mount Polley -2.43 17.34  LTB072 Lac la Hache -3.93 12.29 

PSV010 Mount Polley -5.61 15.12  LTB080 Lac la Hache -2.26 17.26 

PSV011 Mount Polley -4.63 17.41  LTB081 Lac la Hache -2.03 14.73 

PSV012 Mount Polley -0.98 19.24  BTB051 Bridge Lake -9.57 10.59 

PSV017 Mount Polley 0.40 17.64  BTB053 Bridge Lake -15.40 8.33 

PSV022 Mount Polley 0.82 14.39  BTB056 Bridge Lake -7.77 11.51 

PSV028 Mount Polley -0.96 18.11  BTB077 Bridge Lake -6.94 14.22 

PSV036 Mount Polley 2.20 18.67  SSV128 South of Merritt -2.69 15.45 

MTB017 Mount MIlligan -8.85 11.08  SSV129 South of Merritt -5.65 15.60 

MTB019 Mount MIlligan -7.83 13.89  SSV133 South of Merritt -0.48 14.19 

MTB020 Mount MIlligan -9.19 12.85  SSV137 South of Merritt -3.58 5.12 
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 APPENDIX D 

 

 

Figure D1. Molar element ratio plots documenting the level of Ca, K, and Na mobility in the Nicola Group rocks. A) The basaltic to andesitic rocks 
all plot to the right of the albite-K-feldspar-kaolinite triangle in the diagram. The most primitive rocks (e.g. Bridge Lake) plot to the right, 
reflecting their high anorthite content, whereas the andesitic rocks of Woodjam plot furthest to the left. Note that with the possible exception of 
two Mount Polley samples (PSV036 and PSV049 from the LTNav unit, red-dashed line) no addition of K is evident. B) Loss on Ignition (LOI) versus 
(2*Ca+Na+K)/Al. There is no correlation of LOI with Ca-Na-K content in the rock, again with the possible exception of samples PSV001, PSV036 
and PSV049 from the LTNav unit (red-dashed line). The spread of LOI in the sample set is interpreted as the effect of variable amounts of 
secondary carbonate formation and hydration of the rock during seafloor alteration or low grade metamorphism but secondary carbonate 
formed with Ca already present in the rock and did not require addition of Ca to the rock. 
 

 

 


