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Abstract 

This study was initiated to identify what phases host the gold mineralization, which skarn 

assemblages it is hosted within, the relationship between the tungsten and copper 

mineralization and the gold and bismuth mineralization, as well as the timing of these gold 

mineralizing events and their relationships to nearby intrusions at the Cantung W-Cu 

mine, Northwest Territories, Canada. Using detailed reflected light microscopy, the main 

gold-bearing phase was identified as electrum (Au-Ag alloy) with an assemblage that 

included native bismuth, several bismuth telluride and selenide minerals, as well as silver 

and lead sulfosalts. The textures exhibited by these Bi-Au-Te-Se -bearing phases suggest 

they precipitated from aqueous solutions as polymetallic melts which remained molten 

throughout the growth of other skarn and vein minerals and ultimately exsolved from these 

melts. After ascertaining the skarn and vein assemblages hosting gold, U-Pb 

geochronology of allanite and titanite was conducted to determine the timing of these 

events.  
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Foreword 

This M.Sc. dissertation began with three weeks of fieldwork at the Cantung mine in March 

2015. These three weeks of fieldwork involved detailed re-logging of drill core on site 

and one visit underground. Sampling for this thesis was originally conducted to 

understand the events associated with scheelite mineralization and to examine the 

chemistry of skarn minerals to determine if their chemistry could be used as a vector 

towards undiscovered scheelite mineralization. The primary focus of the thesis was 

eventually changed to examine the historically overlooked gold mineralization 

An examination of the gold mineralization at Cantung was first done in 2014 by Emily 

Palmer, a University of New Brunswick undergraduate student using samples collected in 

2003 by Dr. David Lentz. Her comprehensive research on gold mineralization at Cantung 

was somewhat hindered by the type and number of samples available. Using whole-rock 

lithogeochemical data from these samples, she calculated both Pearson product and 

Spearman’s rank correlation coefficients. She also examined the metalliferous phases in 

samples with elevated gold concentrations and recognized these samples had an 

abundance of native bismuth as well as other bismuth-tellurides and sulfosalts. However, 

she was unable to identify the dominant phase responsible for the elevated gold 

concentrations determined in the whole-rock lithogeochemistry. The most significant 

conclusion of her thesis was demonstrating textures displayed by Bi-Te-Se-Ag bearing 

phases suggest they were liquid during the growth of other minerals. The current study 

utilized her findings, as well as those of Mathieson and Clark (1984) and Rasmussen 

(2013) as the starting point towards developing a more complete understanding of the 

source and timing of gold mineralization at the Cantung tungsten copper mine. 
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The initial research pertaining to Cantung focused on understanding the origins of rare 

earth element (REE) enrichment in the same samples used in the study of gold 

mineralization. Scheelite was analyzed using laser ablation inductively coupled plasma 

mass spectrometry (LA ICP-MS) trace element mapping to quantify the concentration of 

REE within scheelite crystals. These trace element maps of scheelite revealed zoning 

patterns which suggested they formed over two distinct periods of growth separated by a 

period of partial dissolution. Mathieson and Clark (1984) proposed that all skarn at 

Cantung formed as the result of a singular mineralizing event, and these findings directly 

contradict this hypothesis. 

These preliminary investigations suggest that a more detailed analysis of the different 

skarn and vein assemblages was required to determine if they constituted distinct 

mineralizing events and determine their association with the nearby intrusive events. The 

age of the intrusive events in the area surrounding Cantung as well as those from the 

Tombstone-Tintina W-Au belt has been thoroughly characterized, mainly by Kirsten 

Rasmussen as a part of her doctoral dissertation. Her research provided the ideal 

framework to use U-Pb geochronology to determine whether the different skarn and vein 

assemblages formed as the result of a single mineralizing event or if they formed as 

distinct events over a period of time as the intrusions in the areas surrounding Cantung 

did.  

 

 

 

 

 



v 

 

Acknowledgements 

I would like to acknowledge all the people who have made this project possible. 

First, I would like to thank Hendrik Falck, for without his help this project truly would not 

have been possible. His help ensured access to the core at the mine facility was possible, 

for sending us supplementary core, for getting us to and from the Northwest Territories to 

discuss our work with other scientists, and for making sure the knowledge gleaned from 

this project was shared with other scientists who are working on different aspects of this 

and other nearby deposits. Special thanks to Dr. Kevin Shelton of the University of 

Missouri College of Arts and Science, Geologic Sciences Faculty who graciously sent us 

samples of the scheelite-bearing quartz veins. I would like to thank my family and friends 

for their love, support, and dedication throughout the duration of this project. Mostly I 

would like to thank my spouse, Brielle Kaye who stood by me even in my worst moments. 

All the staff at the University of New Brunswick Earth Sciences Department, including 

Ven Reddy, Brandon Boucher, Calvin Nash, Stephen Delahunty, and Jody Chessie; their 

help was invaluable in many different aspects of the project. Both Dr. Doug Hall and 

Steven Cogswell have helped tremendously with my research at UNB, dating back to the 

later years of my undergraduate degree. Thanks to Ehsan Salmabadi (previously employed 

by North American Tungsten) for his help with all things related to the logistics of the 

deposit, long after being employed by North American Tungsten. I would like to thank 

fellow graduate student Chris Zelt for his conversations which have helped me be 

reminded of who I really am. I would also like to thank Dr. Bruce Broster for all his 

guidance and feedback. Finally, I would like to thank my thesis supervisor Dr. Chris 

McFarlane, for his guidance and support. This project was made possible through funding 



vi 

 

provided by the Society of Economic Geology Student Research Grant as well as the 

Northwest Territories Geological Survey.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

Table of Contents 

Abstract .............................................................................................................................. ii 

Foreword ........................................................................................................................... iii 

Acknowledgements ............................................................................................................ v 

Table of Contents ............................................................................................................. vii 

List of Figures ................................................................................................................... ix 

List of Tables ..................................................................................................................... xi 

Chapter 1: Genesis of Gold Mineralization at Cantung ..................................................... 1 

1.1. Introduction ............................................................................................................. 1 

1.2. Regional Geology .................................................................................................... 3 

1.3. Geology of the Cantung Area .................................................................................. 6 

1.3.1. Metasedimentary Host Rocks ........................................................................... 8 

1.3.2. Intrusive Rocks ................................................................................................. 9 

1.4. Skarn Petrogenesis ................................................................................................ 12 

1.4.1. Fluid Inclusion Geothermobarometry ............................................................. 14 

1.4.2. Stable Isotope Systematics.............................................................................. 16 

1.4.3. Gold Mineralization ........................................................................................ 16 

1.5. Sampling and Methodology .................................................................................. 18 

1.6. Results ................................................................................................................... 20 

1.6.1 Gold Associated with Skarn ............................................................................. 20 

1.6.1.1. Actinolite-Pyrrhotite Facies .................................................................... 21 

1.6.1.2. Biotite-Pyrrhotite Facies ......................................................................... 23 

1.6.2. Gold Associated with Quartz Veins ................................................................ 26 

1.6.2.1. Tungsten-Rich Veins ............................................................................... 26 

1.6.2.2. Gold-Rich Veins ..................................................................................... 26 

1.7. Discussion ............................................................................................................. 27 

1.7.1. Relative and Absolute Timing of Gold Mineralization ................................... 27 

1.7.2. Relationship Between Intrusions and Gold Mineralization ............................ 30 

1.7.3. Chemistry of Gold Mineralizing Fluids .......................................................... 32 

1.7.3.1. Bismuth Speciation ................................................................................. 32 

1.7.3.2. Gold Speciation ....................................................................................... 34 

1.7.4. Other Intrusion-Related Gold Systems ........................................................... 36 

1.10. Conclusions ......................................................................................................... 38 



viii 

 

1.11. References ........................................................................................................... 40 

Chapter 2: Geochronology of Intrusion-Related Mineralization at the Cantung W-Cu 

Skarn ................................................................................................................................ 46 

2.1. Introduction ........................................................................................................... 46 

2.2. Deposit Geology .................................................................................................... 48 

2.2.1. Regional Geologic Framework ....................................................................... 48 

2.2.2. Plutonism in the Selwyn Basin ....................................................................... 52 

2.2.3. Local Geology................................................................................................. 56 

2.3. Previous Geochronology ....................................................................................... 58 

2.3.1. U-Pb Zircon Geochronology .......................................................................... 58 

2.3.2. Lead Isotope Systematics................................................................................ 61 

2.3.3. K-Ar and Ar-Ar Ages ...................................................................................... 62 

2.4. Sampling and Methodology .................................................................................. 64 

2.5. Results ................................................................................................................... 68 

2.5.1. Skarn and Vein Petrogenesis ........................................................................... 68 

2.5.1.1. W-Cu-Bi-Au Bearing Quartz Veins ........................................................ 68 

2.5.1.2. W Bearing Anhydrous Skarn .................................................................. 70 

2.5.1.3. Au Bearing Biotite Skarn ........................................................................ 73 

2.5.2. U-Pb Geochronology ...................................................................................... 74 

2.5.2.1. Titanite from Quartz Veins ..................................................................... 74 

2.5.2.2. Allanite and Epidote from W-Bearing Anhydrous Skarn ....................... 79 

2.5.2.3. Allanite from Au-Bearing Biotite Skarn ................................................. 81 

2.6. Discussion ............................................................................................................. 84 

2.6.1. Justification of Methodology .......................................................................... 84 

2.6.2. Timing of Mineralizing Hydrothermal Events................................................ 86 

2.6.2.1. Titanite in W-Cu-Au Bearing Quartz Veins ........................................... 86 

2.6.2.2. Genesis of W-bearing Anhydrous Skarn................................................. 90 

2.6.2.3. Genesis of Au-bearing Biotite Skarn ...................................................... 91 

2.7. Conclusions ........................................................................................................... 92 

2.8. References ............................................................................................................. 93 

Chapter 3 Conclusions and Recommendation for Future Work ...................................... 99 

Curriculum Vitae ..................................................................................................................  

 



ix 

 

List of Figures 

Figure 1. 1 Summary Plutonic Map showing the location of the Cantung mine .............. 6 

Figure 1. 2 Schematic geological plan and cross section showing the local geology at 

the Cantung mine.. ............................................................................................................. 8 

Figure 1.3 Underground 3D map of the ore body. .......................................................... 13 

Figure 1. 4 Cross section through the E-zone orebody. .................................................. 14 

Figure 1. 5 Images of native bismuth associated with Act-Po skarn facies. ................... 22 

Figure 1. 6 Photographs of samples from drill hole U2083. ........................................... 23 

Figure 1. 7 Reflected light photomicrograph showing native bismuth and pyrrhotite ... 25 

Figure 1. 8 Reflected light photomicrograph of a grain of electrum............................... 25 

 

Figure 2. 1 Bedrock geologic map of the northern cordilleran orogeny (British 

Columbia, Yukon, Northwest Territories, and Alaska) and the various terranes it is 

composed of. .................................................................................................................... 51 

Figure 2. 2 Bedrock geologic map of the western Selwyn Basin and its associated 

structures as well as the intrusive suites emplaced within the basin. ............................... 52 

Figure 2. 3 Bedrock map of Mid-Cretaceous intrusive suites within the Selwyn Basin..

 .......................................................................................................................................... 55 

Figure 2. 4 Schematic bedrock geological plan and cross-sectional maps with the local 

geology at the Cantung mine. A. Map of the geology at the Cantung mine. B. A cross 

sectional view (looking southwest) of the orebodies at Cantung. .................................... 57 

Figure 2. 5 Bedrock Geologic map showing the 3aces and Sprogge property with the 

location of the Cantung mine outlined in red (taken from Whelan 2014). ...................... 61 

Figure 2. 6 Photograph taken underground at the 3850 level in the E-zone of a 

lamprophyre dyke cross-cutting tungsten ore from the actinolite-pyrrhotite skarn facies.

 .......................................................................................................................................... 63 

Figure 2. 7 Underground 3D map showing the location of the various zones and where 

pre-existing as well as previous plans for future stope development exist.. .................... 67 

Figure 2. 8 Photographs of the three types of mineralization used for U-Pb 

geochronology. a) Photograph of a scheelite-bearing quartz vein and its associated 

alteration envelope within the Open Pit zone. Photograph courtesy of H. Falck and K. 

Shelton. b) Photograph of scheelite-bearing anhydrous skarn. c) Photograph taken of 

same sample as 2.8 b), using U-V light to show the distribution of scheelite within the 

sample. D) Photograph of gold-bearing biotite skarn developed within the ore limestone.

 .......................................................................................................................................... 67 

Figure 2. 9 Bedrock geologic map of the Open Pit zone at Cantung. ............................. 70 

Figure 2. 10 Transmitted light photomicrographs showing deformation textures within 

quartz veins a) Transmitted light photomicrograph (cross-polarized; XPL) showing 

deformation lamellae within quartz from scheelite-bearing quartz veins. b) Transmitted 

light XPL photomicrograph showing bulging grain boundaries within quartz from 

scheelite-bearing quartz veins. ......................................................................................... 70 



x 

 

Figure 2. 11 Photographs of samples from drill hole U2602 491.0-492.6 ft. (149.66 -

150.15 m). a) Photograph of sample U2602 491.0-492.6 ft. (149.66 -150.15 m) showing 

the location of the thin section (Fig. 2.11 b). Thin section scan using non-polarized light 

of thin section U2602 491.0-492.6 A. .............................................................................. 72 

Figure 2. 12 Images of allanite and epidote from the scheelite-bearing anhydrous skarn 

facies. a) EPMA backscatter electron image showing allanite and epidote overgrowths b) 

Transmitted light photomicrograph (10x objective lens with the nichols crossed) 

showing similar zoning patterns as figure 2.12 a. ............................................................ 72 

Figure 2. 13 Images of biotite skarn and its associated Bi-Au mineralization from drill 

hole U2083 #205363 (335.0 - 338.9 ft.). a) Thin section scan using non-polarized light 

of biotite skarn. The areas circled in blue represent areas where gold (electrum) was 

identified. b) Reflected light photomicrograph (50x objective lens) of native bismuth 

with electrum as well as bismuth tellurides. c) SEM – BSE image of native bismuth, 

bismuth tellurides, bismuth-telluro-selenides, as well as trace amounts of galena. ......... 74 

Figure 2. 14 Thin section scan using non-polarized light of thin section HF-03-98-1. .. 75 

Figure 2. 15 U-Pb Tera-Wasserburg diagram of titanite analyses from sample HF-98-1, 

from scheelite-bearing quartz vein from the Open Pit zone.. .......................................... 75 

Figure 2. 16 Images showing the W-Cu-Bi-Au quartz vein sampled from the E-zone. 

The areas circled are the location where gold was identified. a) Thin section scan using 

non-polarized light of thin section 03-DL-27. b) Reflected light mosaic of thin section 

03-DL-27.. ........................................................................................................................ 76 

Figure 2. 17 LA ICP-MS U-Pb Tera-Wasserburg diagram of titanite analyses from 

sample 03-DL-27. ............................................................................................................ 76 

Figure 2. 18 U-Pb Tera-Wasserburg diagrams of allanite and epidote analyses from 

sample U2602 (491.0-492.6 ft). a) Tera-Wasserburg diagram of allanite and epidote 

analyses. b). b) Tera-Wasserburg diagram of allanite analyses showing the points used to 

calculate the age (red) as well as those excluded from the age (gray) ............................. 79 

Figure 2. 19 U-Pb Tera-Wasserburg diagram of allanite analyses from sample U 2083 

#205362 (331.0-335.0 ft.).. .............................................................................................. 82 

Figure 2. 20 Plot showing LA ICP-MS analyses of allanite of 207Pb – corrected 
206Pb/238U age versus alpha dose.. .................................................................................... 82 

Figure 2. 21 Schematic representation comparing the results of geochronology 

completed during this study (hydrothermal) with the results from Rasmussen (2013) 

which examined igneous intrusive events. ....................................................................... 88 

Figure 2. 22 (overleaf) µ-XRF maps of sample 03-DL-27. a) Elemental map showing 

the relative distribution of calcium (yellow), titanium (blue), aluminium (red), and 

bismuth (cyan). b) Elemental map showing the relative distribution of calcium (yellow), 

aluminium (red), and silicon (blue). ................................................................................. 90 

 

 

 

 



xi 

 

List of Tables 

Table 1. 1 Samples from drill hole U2083 and their corresponding W, Au, and Cu grades, 

as well as skarn assemblages............................................................................................ 19 

Table 1. 2 Whole-rock geochemistry, corresponding mineral assemblages and sample 

locations of gold-bearing samples from the 03-DL- series. ............................................. 20 

 

Table 2. 1 U-Pb titanite geochronology of scheelite-bearing quartz veins from Open Pit 

zone at Cantung (sample HF-03-98-1).. ........................................................................... 77 

Table 2. 2 U-Pb titanite geochronology of scheelite-bearing quartz veins from the E-

Zone zone at Cantung (sample 03-DL-27)....................................................................... 78 

Table 2. 3 U-Pb allanite geochronology of scheelite-bearing anhydrous skarn from the 

Amber Zone at Cantung (sample U2602-491.0-492.6-A and -B). .................................. 80 

Table 2. 4 U-Pb allanite geochronology of gold-bearing biotite skarn from the Amber 

Zone at Cantung (sample U2083-#205362-B2 and U2083-#205358) ............................. 83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 

 

Appendices 

Appendix 2. 1 EPMA analyses of allanite and epidote from sample U2602 491.0-492.6B.

 .......................................................................................................................................... 99 

 

 

 

 

 



1 

 

Chapter 1: Genesis of Gold Mineralization at Cantung 

This chapter is presented in journal format to expedite the preparation of this manuscript 

for publication following the completion of this degree. There was no contribution from 

other authors in the creation of this manuscript. Edits to this manuscript were provided by 

Dr. Stefan Kruse and Dr. Bruce Broster. Recommendations were also provided about the 

overall structure of this manuscript by my supervisor Dr. Chris McFarlane, and Hendrik 

Falck (NWT Geoscience Office). This manuscript will be submitted to Ore Geology 

Reviews. 

1.1. Introduction 

Cantung is a classic example of a replacement-style, reduced W–Cu skarn (Zaw 1976) 

with anomalously high tungsten grades and appreciable bulk tonnage. During a four year 

period between 2010 and its closure in 2015, 1.45 Mt of ore was extracted with an average 

grade of 0.98% WO3 (Delaney and Bakker 2014). Granitoids associated with reduced W–

Cu skarns have been classified as dominantly felsic, transitional between peraluminous 

and weakly metaluminous (Meinert 1995) and conform to the ilmenite-series granitoids 

(Ishihara 1981). The plutons associated with intrusion-related gold deposits are generally 

metaluminous subalkalic intrusions (van Middelaar and Keith 1990) which range from 

intermediate to felsic in composition and lie at the boundary between magnetite and 

ilmenite series granitoids (Lang and Baker 2001, Hart 2007). Early research on W–Cu 

skarns suggested they generally lack significant concentrations of Au, Ag, Sn, Pb, or Zn 

in part due to the petrochemical characteristics of plutons genetically associated with 

mineralization (Newberry and Swanson 1986). However, research on systems similar to 
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Cantung has identified the presence of economically significant concentrations of a suite 

of elements, mainly Au, Bi, As, Sb, Pb, Zn, and Ag (Neto et al. 2008, Soloviev et al. 

2017a, Xie et al. 2019). 

Intrusions related to the formation of reduced W–Cu skarns exhibit petrochemical 

characteristics that overlap significantly with those associated with intrusion-related gold 

systems (Hart 2007), which partly explains why they commonly form districts adjacent to 

one another (Thompson et al. 1999). Mineralized systems that have characteristics of both 

reduced W skarns and reduced intrusion-related gold have been documented in various 

places across the globe and are unequivocally tied to reduced mineral assemblages, in both 

the causative plutons and the associated mineralization (Neto et al. 2008, Soloviev et al. 

2017b). 

Previous research on scheelite-bearing sheeted veins at Cantung identified the 

presence of significant concentrations of Au using whole-rock geochemistry (Yuvan et al. 

2007). This study will investigate the relationship between gold mineralization, bismuth 

tellurides and selenides, as well as the W-rich and W-poor skarn assemblages compared 

to Cu-rich and Cu-poor skarn assemblages, their petrogenesis, and their relative 

mechanisms for triggering precipitation of gold. Contrary to the conclusions of previous 

studies, Cantung has been shown to exhibit multiple generations of magmatic-

hydrothermal events all of which have differing metallic assemblages (Mathieson and 

Clark 1984). As other authors have noted, the lack of alteration in granitoids adjacent to 

mineralized skarn makes determination of the relationship between granitoids and both 

skarn and vein mineralization at Cantung ambiguous (Rasmussen et al. 2011). The 

objective of this study is to determine which event gold mineralization is associated with 

at Cantung and the physicochemical controls on its deposition.  
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1.2. Regional Geology 

The northern part of the North American Cordillera comprises Precambrian continental 

margin, onto which various peri-cratonic, oceanic, and island-arc terranes were accreted 

(Colpron et al. 2007).  Ancestral North America (Laurentia) constituted Neoproterozoic 

rift-related sedimentary rocks that include the Mackenzie Mountains Supergroup and the 

Windermere Supergroup (Narbonne and Aitken 1995, Turner and Long 2012) and 

Paleozoic passive margin rocks, which ranged in depositional settings from platformal 

rocks in the northeast (Mackenzie Platform) to epi-cratonic basinal rocks in the south 

(Selwyn Basin) (Morrow 1991, Gordey and Anderson 1993). The deformation of these 

Laurentian and peri-Laurentian terranes is believed to have occurred between the Early 

Aptian to Late Albian periods due to limited or poorly preserved eastward directed 

sedimentation (Gabrielse et al. 1991). The deformation of these rocks into a thin-skinned 

fold and thrust belt with significant dextral movement along transpressional structures 

occurred as a result of variably oblique dextral movement of the subducting oceanic plate 

relative to the ancient North American continental margin (Price and Carmichael 1986).  

The docking of the Wrangelia terrane with Laurentia resulted in a change of far-field 

stresses, from an extensional environment into a compressional one (Plafker and Berg 

1994). The two dominant transpressional faults, which accommodated dextral strike-slip 

movement were the Denali-Farewell Fault (suture zone) and the Tintina Fault (inboard of 

continent) (Goldfarb et al. 2000) (Fig. 1.1). The Tintina Fault is a large terrane-bounding 

fault that was active from the Cretaceous into the Eocene (Gabrielse et al. 2006). 

Gold mineralization in the area surrounding the Tintina Fault has been collectively 

termed the Tintina Gold Belt. The spatial and temporal relationships that exist between 
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Cretaceous felsic intrusions and vein-related gold mineralization has led to their 

classification as intrusion-related gold deposits (Thompson et al. 1999, Lang and Baker 

2001). This fault juxtaposes rocks of the Yukon-Tanana terrane against rocks of the 

Selwyn Basin. The Laurentian rocks in the northern Canadian Cordillera are of sub-

greenschist facies, except for thermal aureoles surrounding plutons (Gordey and Anderson 

1993). 

Extensive magmatism within the Laurentian and peri-Laurentian rocks took place 

during the Cretaceous as a result of the subduction of the Farallon plate below the ancient 

western North American continental margin (Hart et al. 2004) (Fig. 1.1). The Tombstone-

Tungsten Belt consists of a series of Mid-Cretaceous felsic granitoids, which were 

emplaced into the ancient Laurentian margin (Lang et al. 2000, Hart et al. 2004).  This 

belt of tungsten deposits represents the eastern-most part of the Tintina Gold Province 

(Goldfarb et al. 2000, Hart et al. 2004). The Tombstone-Tungsten Belt is subdivided into 

three groups from east to west, including the Tombstone, Mayo, and Tungsten plutonic 

suites (Hart et al. 2004). These groups have been subdivided based on their geographical 

distribution, their compositions, and their metallogenic signatures.  

Granitoids belonging to the Tombstone plutonic suite exhibit overall alkalic 

signatures and are generally metaluminous, consisting of alkali-feldspar syenites and 

quartz syenites, which commonly have mafic intrusions associated with them. The plutons 

are typically strongly zoned with a range in granitoid compositions accompanied by sills, 

dykes, and pegmatites. Mineralization associated with many intrusions from the 

Tombstone plutonic suite typically have a metallogenic association comprising Au-Cu-Bi 

or U-Th-F. The Emerald Lake Pluton contains four intrusive phases: augite syenite, 

hornblende quartz syenite, hornblende quartz monzonite, and biotite granite (Duncan et 
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al. 1998). Mineralization of these intrusions consisted of Au-Cu-Bi-Mo associated with 

quartz-K-feldspar veins and miarolitic cavities. The Marn deposit is host to Au 

mineralization along with Cu–Bi associated with pyroxene-pyrrhotite skarn, which is 

situated adjacent to the Mount Brenner Stock that belongs to the Tombstone plutonic suite 

(Brown and Nesbitt 1987). 

Granitoids belonging to the Mayo plutonic suite are predominantly metaluminous 

and are dominated by porphyritic quartz monzonite. In some instances, the quartz 

monzonites are cut by monzonite and diorite dykes and sills. Mineralization associated 

with these intrusions has generally been classified as intrusion-related gold deposits. The 

Eagle Zone of the Dublin Gulch intrusion-hosted gold deposit possesses an array of 

sheeted quartz veins with K-feldspar-albite alteration envelopes (Maloof et al. 2001a). 

The assemblage present in these veins consists of early quartz-scheelite with variable 

amounts of pyrrhotite (Fe(1-x)S), pyrite (FeS2), and arsenopyrite (FeAsS). The mineral 

assemblage occurring with the gold mineralization includes molybdenite (MoS2), lead-

bismuth and antimony sulfosalts, as well as galena (PbS) and bismuthinite (Bi2S3). 

Petrochemical characteristics of granitoids belonging to the Tungsten plutonic 

suite include felsic compositions (quartz monzonites-monzogranites), mild 

peraluminosity, reduced mineral assemblages (dominantly ilmenite-bearing), abundant 

xenocrystic zircons, and are the most highly fractionated of the three plutonic suites 

(Gordey and Anderson 1993). They have variable, but highly radiogenic strontium and 

neodymium isotope signatures, and positive δ18O values which are collectively indicative 

of melts derived from sedimentary sources (Hart et al. 2004). Their high calcium and 

strontium contents, their low abundance of elements typically associated with S-type 

granites (e.g., Sn, Rb, Be, F, and Li), along with their low peraluminosity (ASI= 1.05-
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1.15) suggest they could not have been derived exclusively from partial melts of 

supercrustal rocks (Newberry 1998).  It has been proposed they were potentially sourced 

from continental crust with significant amounts of that crust containing carbonaceous 

pelitic metasedimentary rocks, along with more immature quartzo-feldspathic sediments 

(Hart et al. 2004). The styles of mineralization characteristic of the Tungsten plutonic suite 

consist of some of the highest-grade tungsten skarns in the world, often coupled with 

associated Cu, Zn, Sn, and Mo mineralization. The two most well-known deposits 

associated with the Tungsten plutonic suite include both the Cantung and Mactung 

tungsten skarn deposits (Dick and Hodgson 1982, Mathieson and Clark 1984). 

 

Figure 1.1 Summary Plutonic Map showing the location of the Cantung mine, Northwest 

Territories, Canada (modified from Stephens et al. 2004). 

 

1.3. Geology of the Cantung Area 

The Cantung mine is located within the Flat River Valley in the Northwest Territories, 

approximately 715 km to the west of Yellowknife, Northwest Territories and 400 km to 
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the northeast of Whitehorse, Yukon Territory. The Flat River Valley is made up of passive 

margin metasedimentary rocks that have been folded into a broad open syncline, which 

defines the valley’s northwest to southeast orientation (Armstrong et al. 1983). The 

orientation of this syncline is parallel to the regional structural fabric and is likely related 

to the northeast verging fold- and thrust-style deformation. The Cantung deposit is hosted 

within an overturned recumbent anticline, of Paleozoic metasedimentary rocks. The 

relationship between this overturned recumbent anticline and wide scale regional 

structures is unclear as is the absolute timing of its development. This overturned 

recumbent anticline is situated on the southwest limb of the larger open syncline which 

forms the Flat River Valley (Fig. 1.2) (Covert 1983). Another prominent structural feature 

present at Cantung are the late, sub-vertical and northeast trending low displacement 

brittle faults (Cummings and Bruce 1977). These brittle faults are characterized by the 

10–50 cm wide zones infilled with chlorite and carbonate, as well as clay-rich gouge 

material. Zones within these brittle structures also contain coarse-grained calcite crystals, 

as well as pyrite, typically where they cross-cut pyrrhotite-rich skarn (McDougall 1977). 

As of July 2014, the resource estimates that have been identified include indicated mineral 

resources of 3.84 Mt of 0.97% WO3, inferred mineral resources of 1.37 Mt of 0.80% WO3, 

and probable mineral reserves of 1.8 Mt of 0.8% WO3 (Delaney and Bakker 2014). 
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Figure 1.2 Schematic bedrock geological plan and cross-sectional maps showing the local geology 

at the Cantung mine. The a-b line (southeast to northwest) represents the location of a cross section 

through the mine area, which is represented in Figure 1.2 B. A. Map of the geology at the Cantung 

mine. The intrusive bodies are labeled as CS (Circular Stock) and MS (Mine Stock). B. A cross 

sectional view (looking northeast) of the orebodies at Cantung. Elevation relative to sea level 

(modified from Cummings and Bruce 1977, Hodgson 2000). 

 

1.3.1. Metasedimentary Host Rocks  

The stratigraphic sequence of the folded sedimentary rocks, which hosts the 

mineralization at Cantung, is comprised primarily of passive margin sedimentary rocks, 

including turbiditic sandstones and siltstones along with deep water limestones with 

variable amounts of chert. This stratigraphic sequence has been described in greater detail 

by previous workers (Gordey 1981, Gordey and Anderson 1993). The depositional facies 

from which these sequences of metasedimentary rocks originate are at the transition 
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between deep water siliciclastic rocks (Upper and Lower Argillites) and shallow water 

calcareous rocks (Swiss Cheese and Ore Limestones) (Gordey 1981). The oldest 

sedimentary rock unit in the area surrounding the mine is the “Lower Argillite”, which 

belongs to the Lower Cambrian Backbone Ranges Formation. The Backbone Ranges 

Formation is believed to be correlated with Hyland Group Proterozoic rocks, which span 

the Cambrian-Precambrian boundary. The Lower to Middle Cambrian Sekwi Formation 

were deposited above the Lower Argillite and include interbedded nodular limestone and 

mudstone (Swiss Cheese Limestone or SCL) and coarsely crystalline banded marble (Ore 

Limestone or OL). The dominant accessory minerals present within the Upper and Lower 

Argillite are graphite and pyrrhotite. Graphite is also a ubiquitous mineral within non-

skarnified Ore Limestone. These rocks were metamorphosed to sub-greenschist facies; 

the timing of their compression and uplift is reflected by the absence or poor preservation 

of east-directed sedimentation between the Late Aptian and Early Albian ages of the Early 

Cretaceous (Gordey and Anderson 1993, Hadlari et al. 2009). The metapelitic units exhibit 

a penetrative foliation defined by a chlorite and (or) muscovite preferred orientation while 

the marble units often display a preferred elongation direction of calcite grains. 

Unconformably overlying the rocks of the Sekwi Formation are the Middle to Upper 

Cambrian Rabbitkettle Formation, which are dominated by thinly bedded silty and 

graphitic limestones, as well as black shales and are the highest stratigraphic units present 

in the area surrounding the mine. 

1.3.2. Intrusive Rocks 

Two main intrusive phases occur at surface in the area surrounding the mine; the Circular 

Stock to the northwest of the deposit and the Mine Stock to the southeast (Fig. 1.2). Both 

intrusions are reduced (ilmenite-bearing), slightly peraluminous (ASI = 1.05-1.15), biotite 
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monzogranites belonging to the Tungsten plutonic suite. The intrusion which underlies 

the deposit is referred to as the apical Mine Stock and is interpreted to be related to the 

Mine Stock to the southeast of the mine which is referred to as the distal Mine Stock. 

These series of intrusions were dated using both isotope dilution thermal ionization mass 

spectrometry (ID TIMS) and laser ablation inductively coupled plasma mass spectrometry 

(LA ICP-MS). LA ICP-MS analyses of zircons from the Circular Stock yielded a weighted 

mean 206Pb-238U date of 96.9 ± 0.6 Ma from 18 variably concordant zircon analyses 

(Rasmussen 2013). LA ICP-MS analysis of zircon from the distal Mine Stock yielded a 

date of 101.15 ± 0.44 Ma (Rasmussen et al. 2011). The apical Mine Stock was dated using 

ID TIMS and yielded a weighted mean 206Pb-238U date of 98.2 ± 0.4 Ma (Rasmussen et 

al. 2007). The Mine and Circular stocks exhibit high SiO2 contents (70.39–71.16 wt.%), 

comparable trace element and REE abundances, relatively low incompatible element 

ratios (e.g., Zr/Hf, Ti/Zr), and an absence of any associated intermediate intrusive phases 

(Rasmussen et al. 2007): these characteristics are similar to other members of the Tungsten 

plutonic suite. They have been classified as either hybrid I/S -type or low temperature I-

type intrusions derived from partial melting of a bulk crustal source of intermediate (e.g., 

hornblende-bearing) composition (Rasmussen et al. 2011). Their weakly negative Eu 

anomalies suggest they most likely did not undergo significant plagioclase fractionation 

from their parental monzogranitic magma (Rasmussen et al. 2011). Although 

emplacement of the Mine and Circular stocks resulted in the contact metamorphism and 

ultimately the formation of skarnoid mineral assemblages in calcareous and siliceous 

rocks, the extent of alteration present along the margins of these intrusions is very weak 

(Mathieson and Clark 1984). Based on the low degree of differentiation that these 

intrusions underwent, the lack of extensive alteration in the area surrounding them and the 
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high fluid/rock ratios that would have been required to produce this deposit, it is unlikely 

these intrusions are directly responsible for the formation of the extensively mineralized 

hydrous skarn orebody at Cantung (Rasmussen et al. 2011).  

Two types of felsic dykes are present at Cantung; one which contains biotite and 

the other which does not. U-Pb geochronology was conducted using ID TIMS on zircons 

from both the biotite-bearing and the biotite-free dykes. A 206Pb-238U date of 97.4 ± 0.3 

Ma was calculated from one concordant zircon analysis from the biotite-bearing felsic 

dyke and the biotite-free dyke yielded a date of 98.3 ± 0.3 Ma (Rasmussen et al. 2007). 

These felsic dykes commonly contain modally abundant scheelite and a correlation 

between these dykes and areas with elevated tungsten grades within the skarn are 

documented. 

Geochronology using 40Ar-39Ar step-heating was also used to date some plutons 

as well as lamprophyre dykes from the area surrounding the Cantung mine (Rasmussen 

2013). A high temperature 40Ar-39Ar step-heating plateau segment date of 97.6 ± 0.5 Ma 

was produced from the Circular Stock, which included 70.7 % of the total 39Ar produced. 

The sample of the apical Mine Stock yielded 40Ar-39Ar step-heating plateau segment date 

of 95.1 ± 0.4 Ma, which included 94.4 % of the total 39Ar produced. The series of 

kersanitic lamprophyre dykes observed at Cantung near the Open Pit zone are the latest 

of the magmatic events at Cantung and they cross-cut mineralized skarn and all other 

intrusive phases. The 40Ar-39Ar geochronology conducted on these dykes yielded a high 

temperature plateau segment age of 91.0 ± 0.8 Ma, which includes 63.4 % of the total 39Ar 

produced. 
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1.4. Skarn Petrogenesis 

The skarn-forming minerals are grouped into four distinct facies based on their dominant 

assemblage: garnet-pyroxene, pyroxene-pyrrhotite, amphibole-pyrrhotite, and biotite-

pyrrhotite (Dick and Hodgson 1982). The majority of scheelite mineralization at Cantung 

is hosted within the sulfide-bearing skarn assemblages (pyroxene–pyrrhotite, amphibole–

pyrrhotite, and biotite–pyrrhotite) with the greatest concentrations being associated with 

the hydrous skarn assemblages. This is in contrast to other W-skarns where scheelite is 

dominantly associated with garnet-pyroxene skarn facies (e.g., Mactung) (Dick and 

Hodgson 1982).  The main orebody extends from near the hinge of the fold at the E-Zone 

and continues along the lower limb of the fold to the west at depth making up the Amber 

Zone and the West Extension (Fig. 1.3) (Delaney and Bakker 2014).  The skarn 

assemblages are zoned, with anhydrous skarn facies (garnet–pyroxene and pyroxene–

pyrrhotite) occurring more extensively along the hanging-wall (lower limb, between OL 

and SCL) and the footwall (lower limb, between OL and upper argillite/intrusive), 

whereas the hydrous skarn facies are more developed near the central parts (Fig. 1.4) 

(Mathieson and Clark 1984). The contacts between each skarn facies run parallel to the 

contact between the Ore Limestone and the overlying Swiss Cheese Limestone (lower 

limb) rather than being parallel to the contact of the underlying Mine Stock intrusion.  

Formation of the main skarn orebody developed in the Ore Limestone (E-Zone, 

Amber Zone, etc.) is described as occurring  through virtually simultaneously formation 

of both hydrous and anhydrous reduced skarn facies, with their zonation possibly 

reflecting a steep gradient in the ratio of aCa
2+/a∑ introduced components (Dick and Hodgson 1982, 

Mathieson and Clark 1984). The generally homogeneous composition of the Ore 
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Limestone, and the absence of siliceous impurities suggests the zonation in skarn facies 

present in the orebody and the distribution of both metasomatized and unaltered Ore 

Limestone reflects the development of fluid channel-ways and the variations in 

physicochemical conditions of the mineralizing fluids as opposed to inhomogeneities in 

the composition of the protolith. Although scheelite mineralization is most significantly 

developed within the Ore Limestone, some parts of the Swiss Cheese Limestone contain 

zones mineralized in scheelite which have been traditionally been referred to as “chert 

ore” (Dick and Hodgson 1982). The Open Pit zone is dominantly comprised of this “chert 

ore” along with abundant parallel quartz vein which contain coarse-grained scheelite. 

 

Figure 1.3 Underground 3D map of the ore body looking to the north showing the location of the 

various zones and where pre-existing as well as plans for future stope development exist. The 

circles show the approximate location of two samples from which gold was identified. The width 

of this figure is approximately 1.7 km (modified from Delaney and Bakker 2014). 
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Figure 1.4 Cross section through the E-zone orebody (looking to the east) and the surrounding 

country rocks along the 1215W section. This cross section is based on drill core interpretations 

(modified from Mathieson and Clark 1984). 

1.4.1. Fluid Inclusion Geothermobarometry 

Fluid inclusion thermometry conducted by Mathieson and Clark (1984) found that skarns 

from the E-zone formed through mineralizing fluids that were dominantly non-boiling 

moderate salinity brine (Type I inclusions; 4-14 equiv. wt.% NaCl) whose composition 

remained relatively constant over the formation of the deposit. Within scheelite from 

pyroxene-rich anhydrous skarn and quartz from biotite skarn, another population of 

inclusions was identified (Type Ia inclusions) with final melting temperatures (Tm) well 

above 0 oC, which exhibited double freezing behaviors and other characteristics that 

indicate the presence of CO2 as both a vapour and a solute. The Tm indicate there is CH4 

in the fluid as well as CO2, possibly exceeding 0.5 (XCH4) in the gas phase.  Some of the 

inclusions in apatite from the biotite-pyrrhotite skarn facies contained liquid CO2 in 

inclusions with higher CO2 (± CH4) concentrations (upwards of 2 mol. %), but whose 

salinities were comparable to the aqueous inclusions (Type II inclusions). Despite the fact 
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that the mode of pressure corrected homogenization temperatures (Tr) from the anhydrous 

skarn (Grt-Px & Px-Po; 420 oC) is slightly higher than that in the hydrous skarn (Amp-Po 

& Bt-Po; 325 oC), there is considerable overlap between the two populations. The range 

in Tr  between both anhydrous and hydrous skarns was interpreted as representing 

progressive cooling in a single protracted episode of metasomatism (Mathieson and Clark 

1984). 

The first pressure estimates under which scheelite mineralization at Cantung 

formed employed the sphalerite geobarometer (Scott 1973) on sphalerite coexisting with 

pyrite and pyrrhotite and the results suggested they formed at a pressure of 1.0 ± 0.3 kbar 

(Zaw 1976, Mathieson and Clark 1984). This pressure estimate was significantly lower 

than the pressure estimates typical of reduced scheelite-bearing skarns in the northern 

Cordillera and was understood to be problematic (Newberry and Einaudi 1981). Pyrite is 

virtually absent in this deposit and was only present within late veins or structures that 

cross-cut the ore. Within the Open Pit zone, en-echelon quartz veins containing coarse-

grained scheelite were interpreted as cross-cutting some of the earlier mineralization 

present within the Swiss Cheese Limestone. Isochores from primary H2O-CO2-NaCl±CH4 

inclusions within quartz, tourmaline, and scheelite from those quartz-scheelite veins 

constrained by temperature estimates using oxygen isotope thermometry (400–595oC) 

yielded a pressure estimate from 2–4 kbar (Yuvan et al. 2007). Biotite-apatite 

geothermometry and fluid inclusion microthermometry of CO2-dominant primary fluid 

inclusions in apatite from hydrous skarn in the E-Zone orebody yielded temperatures of 

formation of 400–500oC and pressure estimates of approximately 2–3 kbar (Marshall et 

al. 2003).  
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1.4.2. Stable Isotope Systematics 

Stable isotopic studies conducted by (Bowman et al. 1985) on the Ore Limestone, the 

Mine Stock, and other felsic magmatic phases along with skarn minerals from the E-Zone 

found that both hydrous and anhydrous skarn minerals began to form at approximately 

450–500o C from fluids with similar stable isotopic signatures, which are consistent 

throughout the deposit. This data was interpreted as evidence that formation of both 

hydrous and anhydrous skarn at Cantung occurred simultaneously from a fluid of 

relatively constant composition with retrograde formation of calcite and some hydrous 

skarns persisting to lower temperatures. The hydrogen isotopic data showed that any 

retrograde development in the hydrous skarn was not accompanied by a progressive influx 

of meteoric water. The hydrogen and oxygen isotopic signatures of the skarn-forming 

fluids suggest they were derived from fluids in equilibrium with a felsic-magmatic phase, 

either the Mine Stock or the aplite dykes. The δ18O values of the skarn fluids suggests 

there was some exchange that occurred between the fluids and the 18O enriched 

limestones; this could have occurred from direct exchange between the fluids and the 

marbles or through exchange between the water-rich skarn-forming fluids and CO2 

evolved from the marble during its replacement. If indeed CO2 evolution from reaction 

with the marbles did occur and had enriched the fluid in 18O, mass balance calculations 

limit X(CO2) to ≤ 0.04 for anhydrous skarns, and from 0.02-0.07 for the hydrous skarn. 

Estimates of fluid-rock ratios averaging approximately 40 were proposed to produce the 

isotopic signatures present in the skarn minerals. 

1.4.3. Gold Mineralization 

Analysis of drill core from underground using fire assays and multi-element analyses 

detected anomalous Au concentrations, which were also present within the copper 
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concentrate from the mill; this encouraged an effort to quantify any potential gold 

resources present at Cantung. Initial tests were undertaken by the mine operators (personal 

communication, Falck 2015). This study was designed to identify the source of the Au 

and if it was present at concentrations significant enough to warrant further investigation. 

A general correlation between elevated Au concentrations within the copper concentrate 

and elevated Bi concentrations was observed by metallurgists at the mill (personal 

communication, Bakker 2015).  

A correlation between Bi and Au concentrations was identified through whole-

rock lithogeochemistry conducted during research on scheelite-bearing quartz veins from 

the Open Pit zone and the E-Zone (Yuvan et al. 2007). Other whole-rock lithogeochemical 

studies using samples from both quartz veins and skarn employed the use of Pearson 

Product correlation coefficients to identify the elemental association which might be 

present, with the goal of identifying potential pathfinder elements (Palmer 2013). The 

correlation coefficients were calculated, and their significance determined at the 95% 

confidence interval using a 2-tailed distribution with 44 degrees of freedom (n=46) for 

which the critical value is 0.3. A statistically significant positive correlation was identified 

between W and Bi (r=0.59), Ag (r=0.51), Au (r=0.50), Fe (r=0.46), Cu (r=0.46), S 

(r=0.45), Mn (r=0.44), Mo (r=0.43), Zn (r=0.40), Cd (r=0.38), Co (r=0.31), and Sb 

(r=0.30). The elements with a significant positive correlation with Au include Bi (r=0.75), 

Mo (r=0.62), Ag (r=0.60), Fe (r=0.59), S (r=0.57), Cu (r=0.55), Co (r=0.52), W (r=0.50), 

Sb (r=0.41), and Mg (r=0.32). The preliminary investigations of these samples attempted 

to identify the phases responsible for the elevated Au concentrations and were followed 

up using petrography, scanning electron microscopy energy dispersive spectroscopy 

(SEM-EDS), and laser ablation inductively coupled plasma mass spectroscopy (LA ICP-
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MS) analyses (Palmer et al. 2014). The LA ICP-MS raster analyses detected a spot of 

significant Au (~ 1100 ppm), as well as silver enrichment associated with a domain 

containing native bismuth, however no Au-bearing phases were identified. 

1.5. Sampling and Methodology 

The main factor limiting the ability to collect samples with gold mineralization is the 

limited number of holes on which fire assay or multi-element analyses were conducted. 

For this reason, samples for this study were a combination of samples collected by others 

and drill holes for which this information was available. Samples were collected from 

several drill holes that contained intersections with anomalous Au and Bi concentrations. 

The gold in samples originating from the drill core were associated with hydrous skarn 

assemblages. Drill hole number U2083 contained a strongly mineralized interval of 

sulfide-rich skarn over a 23 feet interval (7.0 metres). This hole was collared in the Amber 

Zone at the 3700 level and was drilled at an azimuth of 066o with a dip of approximately 

-2.2o (Fig. 1.3).  The Au concentrations in this mineralized interval range from 0.71 ppm 

to 10.85 ppm and the tungsten concentrations in this interval range from 1.91 % WO3 to 

6.16 % WO3 (Table 1.1). The hole began within the Lower Argillite and intersected the 

Swiss Cheese Limestone, the Ore Limestone with some small intervals of granite present.  

The remainder of the samples used in this study originated from sample sets 

collected by other researchers including grab samples from the Open Pit zone and the E-

zone (Yuvan et al. 2007, Palmer 2013). The samples containing higher concentrations of 

Au (0.4 ≥ ppm) were examined to determine the skarn or vein assemblages they were 

associated with (Table 1.2).  
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Table 1. 1 Samples from drill hole U2083 and their corresponding W, Au, and Cu 

grades, as well as skarn assemblages. S.C.L. – Swiss Cheese Limestone, O.A – Older 

Argillite, O.L. – Ore Limestone, Act – actinolite, Bt – biotite, Cc – calcite, Di – 

diopside, Grt – garnet, Po – pyrrhotite. 

Sample ID From To 
Length 

(ft) 

WO3 

(XRF-%) 

Au  

(FA-

ppm) 

Cu 

(%) 
Unit 

Skarn 

Assemblage 

205339 175.0 178.8 3.8 0.14 0 0 O.A. - 

205340 178.8 182.0 3.2 0.14 0 0 S.C.L. skarnoid 

205341 182.0 186.0 4.0 0.27 0 0.09 S.C.L. skarnoid 

205342 186.0 190.7 4.7 0.08 0 0 S.C.L. skarnoid 

205343 190.7 192.0 1.3 0.15 0 0 Granite - 

205344 192.0 197.0 5.0 0.13 0 0 S.C.L. skarnoid 

205345 197.0 202.0 5.0 0.08 0 0.01 S.C.L. skarnoid 

205346 202.0 206.9 4.9 0.03 0 0.01 S.C.L. skarnoid 

205347 206.9 210.0 3.1 0.04 0 0 Granite - 

205348 270.0 273.0 3.0 0.11 0 0.01 Granite - 

205349 273.0 278.0 5.0 0.87 0 0.05 S.C.L. Di-Grt-Po 

205350 278.0 283.0 5.0 0.71 0 0.11 S.C.L. Di-Grt-Po 

205351 283.0 288.0 5.0 0.03 0 0.02 S.C.L. Di-Grt-Po 

205352 288.0 293.0 5.0 0.12 0 0.10 S.C.L. Di-Grt-Po 

205353 293.0 298.0 5.0 0.42 0 0.19 S.C.L. Di-Grt-Po 

205354 298.0 303.0 5.0 0.33 0 0.06 S.C.L. Di-Grt-Po 

205355 303.0 308.0 5.0 0.02 0 0.04 S.C.L. Di-Grt-Po 

205356 308.0 313.0 5.0 0.08 0 0.04 S.C.L. Di-Grt-Po 

205357 313.0 316.2 3.2 0.01 0 0.03 S.C.L. Di-Grt-Po 

205358 316.2 321.0 4.8 1.91 0.71 0.58 O.L. Act-Po-Qz 

205359 321.0 326.0 5.0 3.82 0.98 0.81 O.L. Act-Po-Qz 

205360 326.0 331.0 5.0 6.16 4.56 0.46 O.L. Act-Po-Qz/Bt-Po 

205362 331.0 335.0 4.0 4.46 10.85 0.02 O.L. Bt-Po/Bt 

205363 335.0 338.9 3.9 5.28 5.98 0.22 O.L. Bt-Po/Bt 

205364 338.9 342.0 3.1 0.03 0.02 0.010 O.L. - 

205365 342.0 344.4 2.4 0.09 0 0.020 O.L. - 

205366 344.4 348.7 4.3 0.70 0 0.200 O.L. Di-Grt-Cc 

205367 348.7 352.0 3.3 0.02 0 0.050 Granite - 
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Table 1. 2 Whole-rock geochemistry, corresponding mineral assemblages and sample 

locations of gold-bearing samples from the 03-DL- series. 

Samples 
Cu 

(ppm) 

W 

(ppm) 

Bi 

(ppm) 

Au 

(ppm) 

Ag 

(ppm) 

As 

(ppm) 

Sb 

(ppm) 
Type/Assemblage Sample Location 

03-DL-3 3542.5 3700 1392.2 0.9 2.5 76.0 0.7 Po-rich Px skarn 3850’ stope 

03-DL-4 2596.0 700 1051.1 0.6 1.3 42.0 0.4 Po-rich amphibole skarn 195E and 4280' stope 

03-DL-17a 14609.2 700 967.3 0.9 4.7 4.0 0.4 Po-rich skarn 4280’ - 195E stope 

03-DL-17b 3420.1 700 878.0 0.4 1.4 4.0 0.2 Po-rich tremolite skarn 4280’ - 195E stope 

03-DL-18 5089.4 500 2000.0 0.4 3.9 8.0 1.0 Po-rich actinolite vein 

with rich scheelite 
4100’ & 126W stope 

03-DL-20 1564.2 400 1353.4 0.4 1.6 13.0 0.4 Po-rich skarn 3940’-109 stope 

03-DL-25 3329.3 900 632.4 0.4 1.9 3.0 0.3 Po-rich skarn with 

actinolitic margin 
3812’ stope 

03-DL-26 1812.8 2800 1993.2 1.3 1.5 1.0 0.6 Po-cp-rich actinolite zone 4300’ & 195 stope 

03-DL-27 4020.1 1000 2000.0 8.0 8.0 18.0 6.8 Cp-qtz vein in cpx-gt 

skarn 
4270’ & 195W stope 

 

1.6. Results 

The following sections will describe the distribution of gold at Cantung, both within the 

various skarn facies as well as the different styles of quartz veins. Petrography of both the 

skarn minerals and metal assemblages which host the gold mineralization will be 

described, including their relative abundances and textures. 

1.6.1 Gold Associated with Skarn 

Skarn-related gold mineralization at Cantung is associated with two different hydrous 

sulfide mineral assemblages: actinolite–pyrrhotite and biotite ± pyrrhotite. Within all the 

samples of skarn which are mineralized with gold, native bismuth is ubiquitous along with 

variable bismuth tellurides and selenide minerals. Samples which contained high Au and 

Bi concentrations with an assemblage dominated by clinopyroxene–pyrrhotite were 
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present, however it is unclear if the gold is associated with this assemblage or one of the 

many others which overprint it. More work is required to determine if there is gold 

mineralization directly associated with the formation of the clinopyroxene–pyrrhotite 

skarn facies. 

1.6.1.1. Actinolite-Pyrrhotite Facies 

The hydrous skarn assemblages overprint the anhydrous skarn assemblages and is 

manifested in most samples by the overprinting of clinopyroxene by actinolitic 

amphiboles. The dominant mineral assemblage associated with the actinolite-pyrrhotite 

skarn facies ranges significantly from calc-silicate dominant to sulfide dominant 

assemblages. Within sulfide-rich zones the dominant assemblage is comprised of 

pyrrhotite (up to 70%), actinolite (15%), quartz (10%), as well as clinozoisite (≤ 5%), 

calcite (≤ 5%), chalcopyrite (≤ 3%), scheelite (≤ 3%), and apatite (≤ 3%) with accessory 

minerals which include titanite and allanite. In silicate-rich zones the minerals present are 

the same as within the sulfide-rich zones apart from a higher proportion of amphiboles to 

sulfides. Pyrrhotite forms anhedral to subhedral networks intergrown with the silicate 

minerals. Chalcopyrite generally rims pyrrhotite in sulfide-rich assemblages or forms 

infill textures within vein-like features associated with calcite.  Sphalerite is scarce, except 

within these overprinting chalcopyrite-rich vein-like features. 

Gold concentrations in samples with a mineral assemblage dominated by actinolite 

and pyrrhotite are lower than those in other hydrous skarn assemblages (≤ 1 ppm). The 

gold-bearing phase in these samples is electrum, which is texturally associated with native 

bismuth and bismuth-tellurides and selenides. These assemblages are present as inclusions 

within sulfides and scheelite, as well as occurring in the interstices of all skarn minerals 
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(Fig. 1.5 a and b). Native bismuth typically forms sub-spherical droplets included within 

other minerals or occurs between the interstices of other skarn minerals (Fig. 1.5 c and d). 

 

Figure 1.5 Images of native bismuth associated with Act-Po skarn facies; a) Reflected light 

photomicrograph showing native bismuth associated with both actinolite and pyrrhotite. Sample 

03-DL-04. b) Reflected light photomicrograph showing a grain of electrum associated with native 

bismuth, actinolite, and pyrrhotite. Sample 03-DL-04. c) Reflected light photomicrograph of sub-

circular inclusions of native bismuth within pyrrhotite d) Scanning electron microscope 

backscatter electron (SEM-BSE) image of native bismuth that is interstitial to subhedral scheelite 

crystals. Sample U2083-#205358-D2. Bi – native bismuth, Ccp – chalcopyrite, Po – pyrrhotite, 

Sch – scheelite.  
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Figure 1.6 Photographs of samples from drill hole U2083. A) Interval U2083-316.2-321 ft., 

Sample #205358; this interval is comprised of sulfide-rich actinolite skarn with an assemblage 

which includes actinolite, pyrrhotite, quartz, plagioclase, scheelite, chalcopyrite, apatite, and 

native bismuth. B) Interval U2083-321-326 ft. Sample #205359; this interval is comprised of 

sulfide-rich actinolite skarn which locally overprints a pyroxene-rich skarn. The mineral 

assemblage includes actinolite, pyrrhotite, quartz, plagioclase, scheelite, chalcopyrite, apatite, 

native bismuth and clinopyroxene. C) Interval U2083-326-331 ft. Sample #205360; this interval 

is comprised of sulfide-rich actinolite skarn which is overprinted by biotite skarn with only minor 

sulfides. The assemblage in the sulfide-rich actinolite skarn includes actinolite, pyrrhotite, quartz, 

plagioclase, scheelite, chalcopyrite, apatite, and native bismuth. The assemblage in the biotite 

skarn includes biotite, scheelite, apatite, allanite, native bismuth, and pyrrhotite.    D) Interval 

U2083-331-335 ft. Sample #205362; this interval is comprised of biotite skarn with an assemblage 

which includes biotite, scheelite, apatite, allanite, native bismuth, and pyrrhotite. E) Interval 

U2083-335-338.9 ft. Sample #205363; this interval is comprised of sulfide-rich actinolite skarn 

which is overprinted by biotite skarn with only minor sulfides. The assemblage in the sulfide-rich 

actinolite skarn includes actinolite, pyrrhotite, quartz, plagioclase, scheelite, chalcopyrite, apatite, 

and native bismuth. The assemblage in the biotite skarn includes biotite, scheelite, apatite, allanite, 

native bismuth, and pyrrhotite. 

1.6.1.2. Biotite-Pyrrhotite Facies 

The dominant minerals in this skarn facies include biotite, and pyrrhotite, with accessory 

allanite, apatite, and scheelite (Fig. 1.6 C, D, and E). In comparison to other skarn facies, 

these samples have the greatest Au and Bi concentrations, as well as the lowest proportion 

of sulfides. Within the biotite skarn, along the margins where this skarn has overprinted 
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the actinolite-pyrrhotite skarn, there is a higher abundance of pyrrhotite and scheelite, 

potentially due to the reaction between the hydrothermal fluids which formed the biotite 

skarn and the earlier actinolite-pyrrhotite skarn assemblage.   

What makes this skarn facies unique from all others is the relative enrichment of 

native bismuth, bismuth tellurides (± selenium), and gold. Native bismuth occurs as both 

inclusions within skarn minerals (Fig. 1.7 A and B), as well as occurring along grain 

boundaries or in the interstices of various skarn minerals (Fig. 1.7 C). The morphologies 

of native bismuth include spherical “droplet” shapes included within skarn minerals as 

well as interstitial infill between grain boundaries in skarn minerals. All Bi-, Te-, Se-, Au- 

and Ag-bearing phases occur in the same textural settings and exhibit textures suggesting 

they co-precipitated (Fig. 1.7 D). The gold-bearing phase in this skarn facies is electrum 

(~ Au66), which occurs with native bismuth (Fig. 1.8A) and bismuth tellurides (± 

selenium) (Fig. 1.8 B).  
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Figure 1.7 A) Reflected light photomicrograph showing native bismuth and pyrrhotite included 

within scheelite in biotite-muscovite skarn from sample U2083-#205363. B) Reflected light 

photomicrograph of inclusions of native bismuth, pyrrhotite, chalcopyrite and gold within allanite 

in biotite skarn from sample U2083-#205362. C) SEM-BSE image of native bismuth within 

fractures and the interstices of other skarn minerals from sample U2083-#205362. D) SEM-BSE 

image of native bismuth, bismuth tellurides, and bismuth telluro-selenides from sample U2083-

#205362 Aln-allanite, Au-gold, Bi-native bismuth, BiTe-bismuth tellurides, Bi-Te-Se-bismuth 

telluro selenides Bt-biotite, Ccp-chalcopyrite, Po-pyrrhotite, Sch-scheelite 

  

Figure 1.8 A) Reflected light photomicrograph of a grain of electrum present with native bismuth 

B) SEM-BSE image of electrum (Au-Ag alloy) with native bismuth, bismuth tellurides and 

bismuth telluro-selenides as well as galena. 



26 

 

1.6.2. Gold Associated with Quartz Veins 

1.6.2.1. Tungsten-Rich Veins 

The swarm of northeast striking scheelite-bearing quartz veins from the Open Pit zone 

have elevated concentrations of Bi (~80-1500 ppm) and Au (~ 0.1-0.7 ppm) (Yuvan 

2006). These quartz veins range from 10 cm to 1 metre in width. The veins comprise 

approximately 90% quartz along with < 5% K-feldspar, and < 5% calcite. Biotite or 

amphibole and titanite often replace fragments of wall-rock entrained within the veins.  

Alteration associated with these veins forms dark green selvedges surrounding the vein, 

which largely replace the pyroxene from the wall rock with actinolitic amphiboles or 

biotite. Accessory minerals associated with these veins include apatite, titanite, and 

clinozoisite. Native bismuth in these veins typically occurs along grain boundaries 

between adjacent quartz crystals or between quartz and fragments of altered wallrock 

entrained within the veins. The concentration of Au in samples of these veins is generally 

less than 1 ppm, and always correlates strongly with Bi concentrations. Multiple vein-

related minerals (e.g., scheelite, titanite) exhibit a significant enrichment in high field 

strength elements, such as yttrium, niobium, lanthanum. 

Unidirectional growth textures are present in quartz perpendicular to the walls of 

the vein. The quartz exhibits deformation structures, such as patchy and sweeping 

undulose extinction as well as deformation lamellae. Bulge recrystallization textures are 

present in quartz crystals which form the vein infill. Intracrystalline deformation textures 

are absent within K-feldspar from these veins. 

1.6.2.2. Gold-Rich Veins 

Quartz veins collected from the E-Zone exhibited a much greater enrichment in Bi, Au, 

and Cu than the quartz veins from the Open Pit zone.  Alteration associated with these 
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veins has replaced early equigranular granoblastic clinopyroxene with an assemblage 

consisting of amphibole, plagioclase, epidote, clinozoisite, quartz, calcite, and titanite. 

The sulfide assemblage associated with these veins includes pyrrhotite, chalcopyrite, and 

sphalerite, which are more focused along the margins of the vein compared to the 

alteration that is manifested more distally. The assemblage associated with Bi-bearing 

phases, include native bismuth, bismuth tellurides, bismuth seleno-tellurides, 

bismuthinite, hessite, electrum, and trace amounts of lead selenide sulfosalts.  

Compared to the veins from the Open Pit zone these quartz veins are more 

deformed. On top of the chessboard and undulose extinction, the quartz has extensive sub-

grain development, with sub-grain development aligned roughly parallel to the walls of 

the vein. Two generations of quartz exist, with the earlier generation exhibiting the 

deformation features, whereas the second generation is undeformed.  

1.7. Discussion 

1.7.1. Relative and Absolute Timing of Gold Mineralization 

All styles of mineralization (vein and skarn) cross-cut the deformation fabrics and their 

alteration is superimposed on the mineral assemblages associated with regional 

metamorphism. Intrusive events at Cantung cross-cut all regional metamorphic 

assemblages. A weak fabric developed locally within the Mine Stock underground has 

been described near its contact with adjacent Paleozoic metasedimentary rocks; however, 

there is no compelling evidence this relates to any regional tectonic fabrics.  

The scheelite- and gold-bearing quartz veins have previously been interpreted as 

being emplaced after the mineralized skarn (Yuvan et al. 2007). This interpretation was 

based on the observation that alteration envelopes surrounding the quartz veins were 

superimposed on unmineralized anhydrous (pyroxene dominant) skarn developed within 
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the Swiss Cheese Limestone (Yuvan et al. 2007). Some of the earlier research on Cantung 

found that much of the Swiss Cheese Limestone was converted to heterogeneous calc-

silicate hornfels dominated by clinopyroxene during contact metamorphism, prior to the 

formation of mineralized skarn (Dick and Hodgson 1982). The presence of unmineralized 

anhydrous skarn (wollastonite-vesuvianite-garnet-clinopyroxene) known as “skarnoid” 

have also been identified within the Swiss Cheese Limestone (Mathieson and Clark 1984), 

which are the result of isochemical reaction between two units during metamorphism. One 

hypothesis would be that these scheelite-bearing quartz veins could predate the formation 

of mineralized skarn but post-date the calc-silicate hornfels, which was confused with 

pyroxene skarn  

The intra-crystalline deformation textures within quartz from the scheelite-bearing 

quartz veins suggests they formed during a period of brittle deformation. Based on 

40Ar/39Ar step heating ages from work conducted in the western Selwyn Basin, ductile 

deformation is interpreted to have ceased sometime between 105 and 100 Ma (Mair et al. 

2006). This same work also suggested that the Yukon-Tanana Terrane underwent a period 

of northwest to southeast oriented extension that resulted in the exhumation of deeper 

structural levels and extensive felsic magmatism between 120 and 105 Ma. 

Following emplacement of the scheelite-bearing quartz veins, multiple anhydrous 

skarn assemblages were formed. Both skarns were dominated by garnet and pyroxene, 

with the earliest episode being relatively weakly mineralized in scheelite and the latter 

being more significantly mineralized. The later stage of scheelite-mineralized anhydrous 

skarn also had an assemblage that included hydrous phases, such as amphibole, quartz, 

epidote, calcite, allanite, clinozoisite, and apatite. Both the earlier and later anhydrous 
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skarn do not contain the Bi–Au association that the quartz veins and the other skarn do 

and no Bi- or Au-bearing phases were identified in this skarn. Unlike the early-formed 

quartz veins, none of the skarns at Cantung show any evidence of deformation following 

their formation.  

The anhydrous skarn facies were followed by development of hydrous actinolite–

pyrrhotite skarn facies; the facies from which the majority of scheelite has been extracted. 

The actinolite-pyrrhotite skarn facies is the oldest skarn to exhibit the Au–Bi association. 

Hydrous skarn, which is dominated by biotite, subsequently overprints actinolite–

pyrrhotite skarn, which is the skarn facies with the highest grade of gold mineralization.   

U-Pb geochronology of the various intrusive phases at Cantung provides insight 

into the timescale of felsic magmatism in the area, which ranges from approximately 101.5 

to 96.3 Ma (Rasmussen et al. 2011). Although the relationship between the intrusive 

events and the mineralizing events remains unclear, there is evidence that some 

mineralization at Cantung is related to the intrusions or source region at depth. The age of 

the two types of felsic dykes overlap within error of the age of the Mine Stock 

underground. These dykes are mineralized with scheelite, suggesting that some of the 

mineralization at Cantung could be related to an intrusive event that is of the same age as 

the felsic dykes (98.3 ± 0.3 Ma and 97.4 ± 0.3 Ma, Rasmussen 2013) and the Mine Stock 

underground (98.2 ± 0.4 Ma, Rasmussen 2013).  

The deformation textures present in quartz veins suggest they were emplaced 

during a period of deformation, which occurred after the main phase of regional collision-

related ductile deformation. Unidirectional growth textures in quartz along the walls of 

these veins and their en-echelon geometries suggests they were emplaced in a locally 
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dilational structural setting. The absence of internal strain textures in the K-feldspar from 

these veins indicate deformation occurred above the brittle-ductile transition at 

temperatures from approximately 300–500 oC (Passchier and Trouw 2005). These 

temperatures are in agreement with the quartz-scheelite oxygen isotope thermometry and 

the corresponding fluid inclusion microthermometry (Yuvan et al. 2007).  

1.7.2. Relationship Between Intrusions and Gold Mineralization 

The uncertainty of the relationship between mineralization and the intrusive events at 

Cantung is the result of the absence of alteration within the apical Mine Stock. Add onto 

this the conflicting views of the timing of both hydrous and anhydrous skarn 

mineralization and it’s clear why there has been little recent progress in understanding the 

petrogenetic controls on mineralization at Cantung. In order to understand the origins of 

gold mineralization these theories all need to be addressed. Some researchers have 

interpreted that all skarn facies at Cantung formed through a single protracted magmatic-

hydrothermal event, with skarn zonation associated with a steep gradient in aCa2+/a∑ 

introduced components in the fluid (Mathieson and Clark 1984). The large range in estimated 

temperature of skarn formation (both anhydrous and hydrous) indicated by fluid inclusion 

studies (500–540 oC down to below 300 oC Ttr, Mathieson and Clark 1984), is one 

indication there are potentially multiple unresolved magmatic-hydrothermal events. The 

presence of mineral inclusions of native bismuth, pyrrhotite, and other sulfides along 

crystal growth surfaces within skarn minerals such as scheelite and allanite (Fig. 1.7 A 

and B) also suggest the potential for multiple overprinting mineralizing events. Zaw 

(1976) interpreted that the formation of amphibole and biotite skarn occurred at lower 

temperatures than the garnet-pyroxene skarns they overprint. Variable metal associations 

present in quartz veins taken from different zones at Cantung could indicate multiple 
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generations of quartz veins exist which have not been temporally resolved. 

Geochronology of various granitoid, vein, and skarn phases at Cantung would likely be 

the most reliable method to determine the intrusive phases responsible for the 

development of replacement skarns, as well as the sheeted quartz veins.  

Previous studies of fluid inclusions from apatite associated with hydrous (biotite 

and actinolite-pyrrhotite) skarn identified 3 phase (liquid H2O, vapor H2O, and liquid CO2)  

primary or pseudosecondary inclusions that had CH4  (up to 0.5 mol %) within the carbonic 

fluid phase (Mathieson and Clark 1984). The presence of allanite and pyrrhotite in gold-

bearing hydrous skarns assemblages along with the presence of CH4 within the primary 

and pseudosecondary fluid inclusions (Mathieson and Clark 1984), suggests these 

mineralizing fluids were reduced.  Hydrous skarn with the lowest proportion of sulfides 

had the highest gold concentrations, suggesting that lower fS2 in the mineralizing fluids 

could be conducive to the formation of gold-enriched hydrous skarn.  The textures 

exhibited by native bismuth, electrum, as well as the bismuth-tellurides suggest they 

precipitated from an aqueous-carbonic fluid as low-temperature polymetallic melts 

dominated by Bi-Te-Se-Au, which ultimately saturated the various Bi-, Te-, Au- and Se-

bearing phases.  

Several authors have described the capacity of low-temperature Bi melts to 

sequester Au from hydrothermal fluids which are undersaturated with respect to Au and 

other chalcophile elements (Douglas et al. 2000, Ciobanu et al. 2005, Tooth et al. 2008, 

2011). Based on the experimental calculations conducted by Tooth et al. (2008), a liquid 

Bi melt in equilibrium with a hydrothermal fluid with a lower fO2 for a fixed pH and 

temperature can incorporate more Au than the same fluid with a higher fO2. The results of 
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their study also show that the same concentration of Au dissolved in a Bi melt can occur 

in equilibrium with an aqueous fluid with two orders of magnitude lower concentration of 

Au than that of the fluid previously mentioned if it has a very low fS2 (below pyrrhotite 

stability). This means that a Bi melt saturating from a fluid with low fO2 and fS2 values at 

a fixed temperature and pH can incorporate the highest Au concentration at a fixed 

chloride concentration. 

1.7.3. Chemistry of Gold Mineralizing Fluids 

1.7.3.1. Bismuth Speciation 

The main problem with understanding the speciation and transport of Bi in magmatic-

hydrothermal systems is the overall lack of experimental data regarding its behavior in 

high-temperature aqueous-carbonic fluids. This information is crucial for the 

interpretation of the genesis of a wide-range of ore deposit types, especially those that 

exhibit Au-Bi metallogenic associations. The few studies conducted on hydrothermal Bi 

speciation at these conditions suggest that the neutral complex (Bi(OH)3 (aq)) is likely the 

predominant species in most hydrothermal solutions (Skirrow and Walshe 2002). This is 

consistent with research on other group 15 elements (e.g., As and Sb), as research has 

shown their stable species at hydrothermal conditions are also as neutral hydroxide 

complexes (As(OH)3(aq) and Sb(OH)3(aq)) even within the presence of a high salinity 

aqueous fluid (Pokrovski et al. 2002, 2006). In aqueous fluids at temperatures >300oC and 

high salt concentrations (4m Cl), complexing of Bi by chloride ligands becomes 

increasingly significant (Tooth et al. 2013). The relativistic effect partly explains why the 

lighter group 15 elements (e.g., As and Sb) have an affinity towards complexing with 
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bisulfide ligands, whereas Bi has an affinity towards complexing with chloride ligands, 

despite their similar Z/r ratio and electronegativities (Crerar et al. 1985).   

Calculations were conducted by Tooth et al. (2013) comparing the solubilities of 

As-, Sb, and Bi-sulfides as a function of temperature within a moderate (1 m total chloride) 

salinity aqueous fluid buffered by the K-feldspar, muscovite, quartz (KMQ) rock 

assemblage at 1.5 kbar. The calculations were preformed in a closed system using two 

bulk compositions, one with iron and one without: no Fe) 1 kg H2O; 0.2 m KCl; 0.8 m 

NaCl; 1 mmol Sb2S3, As2S3 and Bi2S3 each; 1 mol SiO2, KAlSi3O8 and KAl3Si3O10(OH)2 

each; with Fe) 5 mol of FeS2, FeS and Fe3O4 each were added to the previous bulk 

composition (Tooth et al. 2013). These calculations showed at a given temperature, there 

is a decrease in relative solubilities of As, Sb, and Bi from lowest to highest atomic number 

in the list of these group 15 elements. The solubilities for all three elements increased with 

increasing temperature, with Bi only reaching ppm concentrations at T>400o C. Without 

Fe in the system and under S-poor conditions, Bi in the form of a melt is the stable phase 

at T>480o C. With Fe in the system, bismuthinite is the stable Bi-bearing phase at T>150o 

C and native bismuth is stable below 150o C, which is well below the melting temperature 

for pure Bi (271o C at 1.5 kbar) as well as the eutectic temperature for Au–Bi polymetallic 

melts (241o C). A sulfide assemblage which only contains pyrrhotite (as opposed to one 

buffered by pyrite, pyrrhotite, magnetite) would suggest much more reduced conditions, 

under which the stability of Bi as a melt is far greater than that of bismuthinite (Tooth et 

al. 2008). 

This work shows that a decrease in temperature of the hydrothermal fluids, 

introduction of iron and sulfur into the system, or a decrease in fO2 could result in the 

saturation and precipitation of Bi as a melt from aqueous hydrothermal fluids. The 
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precipitation of Bi as a melt from these hydrothermal fluids is necessary for Au and other 

elements to be partitioned into the Bi melts at conditions where those elements are 

undersaturated within the aqueous hydrothermal fluids. At Cantung, the textures exhibited 

by native bismuth within Au-mineralized skarn suggest that Bi was molten both during 

the formation of skarn minerals and after the majority of skarn minerals had formed. The 

proposed mechanism which resulted in this precipitation is interaction between the 

mineralizing aqueous-carbonic hydrothermal fluids and pre-existing Fe- and S-rich skarn. 

In the absence of the interaction with pre-existing Fe- and S-rich skarn increases in pH, 

such as those which would occur from interaction of high temperature low pH 

orthomagmatic fluids with marble could also result in the precipitation of Bi melt from 

those fluids (Tooth et al. 2008). 

1.7.3.2. Gold Speciation 

It has been proposed that solubility of Au governed by chloride complexing at high 

temperatures (> 350o C) is restricted to fluids with high fO2; this is based upon the fact 

that Cl- is a moderately hard anion and therefore would preferentially bond to harder 

cations at these conditions (e.g., Cu, Pb, and Zn) (Phillips and Evans 2004). Studies of 

gold solubilities transported as AuCl- found that at 500o C the solubility of Au (in molality 

at ΣCl=2.0) in fluids that are strongly oxidized (SO2/H2S = 100, -4.5 log molal) is 1.4 log 

units greater than for strongly reduced fluids (CO2/CH4= 0.01, -6 log molal) (Gammons 

and Williams-Jones 1997). This suggests that the potential for orthomagmatic fluids to 

carry gold is not restricted to oxidized magmas. Gold solubility in magmatic-hydrothermal 

fluids that have lower concentrations of H2S (below the stability field of pyrite) is 

governed by AuCl2
- and have solubilities that decrease steadily from 1ppm at ~ 475o C 
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down to a minimum of 20 ppb at 300o C (Gammons and Williams-Jones 1997). This 

drastic decrease in solubility of gold from solutions poor in H2S as temperature decreases 

suggests gold is more likely to be precipitated closer to the source as opposed to further 

away from more neutral H2S-rich fluids.  

Previous fluid inclusion studies of primary or pseudosecondary fluid inclusions in 

quartz from biotite skarn at Cantung found a range of inferred fluid trapping temperature 

from 350–450 oC (Zaw 1976, Mathieson and Clark 1984). Based upon the expected 

temperature, pH and fO2 of magmatic fluids exsolved from a reduced I-type biotite 

monzogranite, the dominant ligand responsible for the complexing of gold within these 

mineralizing aqueous-carbonic fluids is believed to be AuCl2
-  (Gammons and Williams-

Jones 1997). Between ~ 300–500o C at 1 kbar a decrease in temperature or fO2, an increase 

in pH or a decrease in ligand activity would result in a decrease in gold solubility. At the 

conditions predicted for these mineralizing fluids (low fO2, ~400 oC, pH ≤ 3), bisulfide 

complexes should not play a significant role in gold solubility, even at ≤ 300 oC (Williams-

Jones et al. 2009). The textures exhibited by gold suggest it did not precipitate due to 

saturation, but rather was sequestered from the aqueous fluids by Bi melts.  

In order to understand the transport of gold between the source intrusion and the 

skarn, it is important to understand what gold-complexing ligands are prevalent. The ratio 

of Bi to Au in hydrous skarn at Cantung is approximately 1000 to 1, which is well below 

the capacity for these Bi melts to incorporate gold at the predicted conditions of 

mineralization (Tooth et al. 2008). The likely factor limiting the enrichment of gold in 

skarn at Cantung is likely low concentrations of gold in the fluids when Bi melts 

precipitated from the hydrothermal fluids. 
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1.7.4. Other Intrusion-Related Gold Systems 

Research on fluid inclusion from reduced intrusion-related gold deposits formed at greater 

depths exhibit a pattern whereby abundant early low salinity, CO2-rich aqueous fluids 

(<10 wt.% NaCl equiv.) are overprinted by moderate- to high-salinity brines (10–40 wt.% 

equiv.) (Baker 2002).  

The Vostok-2 deposit is Eastern Russia’s largest skarn deposit with high-grade sulfide-

scheelite ore (Soloviev and Krivoshchekov 2011). Fluid inclusion studies of skarn 

minerals from the Vostok-2 deposit found quartz from hydrous (Act–Bt) sulfide-facies 

skarn preserve an assemblage of early two phase (liquid-gaseous) inclusions composed of 

a high-carbonic, CH4-dominated, hot (350-355 oC) low salinity fluid and a later and cooler 

(300–350o C) non-carbonic moderate-salinity (5.7–14.9 wt.% NaCl equiv.) fluid 

(Soloviev et al. 2017a).  

The gold mineralization at the Vostok-2 deposit is not associated with hydrous sulfide 

facies skarn mineralization, but rather with sheeted quartz veins and zones of replacement 

which surround them (Soloviev et al. 2017a). Primary and pseudosecondary fluid 

inclusions from scheelite and quartz associated with quartz veins from the Vostok-2 

deposit were grouped into two types. The first type (referred to as type 3) belong to the 

oldest assemblage of veins (quartz-arsenopyrite) and the second oldest vein assemblage 

(quartz-scheelite-arsenopyrite). The second type of inclusions (type 4) are associated with 

the youngest assemblage of veins (quartz-sulfide-bismuth-gold). The type 3 inclusions 

generally occur in clusters at the centre of quartz crystal and vary from liquid-gaseous and 

gaseous-liquid. The type 3a inclusions contain a significant carbonic phase (>95 vol. %) 

with CH4 mole fractions from 0.40 to 0.25. The type 3b inclusions contain approximately 
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equal amounts of carbonic and aqueous phases (40–60 vol. %) with CH4 mole fractions 

from 0.25 to 0.10. The type 4 inclusions are liquid-rich with a gas bubble occupying a 15-

30 vol.% and have salinities ranging from 6.6-12.0 wt.% NaCl equiv. The type 4 

inclusions are younger than the type 3 inclusions as they form trails which intersect 

clusters from the type 3 inclusions. 

The relative sequence of hydrothermal events at Cantung as well as the mineral 

assemblages and fluid inclusions assemblages within each event, have characteristics 

similar to the Vostok-2 deposit. Both Cantung and the Vostok 2 deposit are roughly 100 

Myr of age and formed as a result of multiple generations of reduced felsic to intermediate 

intrusions which were emplaced into Paleozoic passive margin sedimentary rocks, despite 

being on opposite sides of the Pacific Ocean. The fluid inclusion assemblage from hydrous 

skarn at Cantung was dominated by fluids with relatively high levels of CH4 present in an 

aqueous-carbonic fluid, which is very similar to the fluids from hydrous skarn (referred to 

as propylitic) from the Vostok-2 deposit. The fluid inclusion assemblages described by 

Yuvan et al. (2007) from quartz veins in the Open Pit zone at Cantung contained early 

CH4-rich (XCH4 of 0.93 to 0.96), three phase inclusions (vapor CO2, liquid CO2, and liquid 

H2O) assemblage. These early three phase inclusions are followed by a higher temperature 

(TmCO2 and ThCO2) and low-CH4 (XCH4 of 0.0 to 0.21) aqueous brine inclusion with 

salinities between 0.7 and 12.6 wt.% NaCl equiv. Concentrations of Au were identified in 

these veins along with native bismuth (Yuvan et al. 2007), which is consistent with one 

of the assemblages observed in the quartz veins at the Vostok 2 deposit.  

Despite the similarities, there are also many differences between Cantung and the 

Vostok 2 deposit. At Vostok 2, a pressure estimate for the formation of “retrograde” skarn 
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(pyroxene-garnet-amphibole-quartz-calcite-scheelite) was calculated using the 

temperature differential between the oxygen isotope geothermometry (quartz-

pyroxene,450-470 oC) and the fluid inclusion homogenization temperatures (~ 340 oC) 

which was attributed to a pressure correction to calculate fluid entrapment pressure of 1.1 

to 1.2 kbar (Soloviev et al. 2017a). This pressure estimate is in agreement with the pressure 

estimate calculated by Mathieson and Clark (1984) using sphalerite geobarometry, 

however, there is uncertainty as to the reliability of this estimate. The pressure estimates 

for biotite skarn at Cantung were calculated using biotite-apatite geothermometry and 

fluid inclusion microthermometry ranged from 2–3 kbar (Marshall et al. 2003). Using a 

similar methodology to Soloviev et al. (2017a), Yuvan et al. (2007) calculated a pressure 

estimate of 2-4 kbar. Both these pressure estimates from Cantung are in agreement with 

pressures which are characteristic to reduced W-skarn deposits in the northern Cordillera 

(Newberry and Einaudi 1981). 

1.10. Conclusions 

This study has outlined some of the challenges in interpreting the paragenesis of gold 

mineralization at Cantung. The following is a list of conclusions derived from the results 

of this study:  

1) Gold mineralization has been identified within two dominant geological 

settings; the first is associated with quartz veins and the second is with 

associated with hydrous (actinolite and biotite) skarn. In general, the Bi-, Te-, 

Au-, Ag- and Se-bearing phases between skarn and vein are quite similar, with 

the assemblages from the quartz veins being slightly more Te-rich and those 

from the hydrous skarn being more Bi-rich. 
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2) The new interpretation of the sequence of hydrothermal events from oldest to 

youngest is as follows: W–Au bearing quartz veins, W-bearing anhydrous 

(garnet-clinopyroxene) skarn, sulfide-rich hydrous (actinolite-biotite) skarn, 

and, finally, biotite skarn. 

3) Although the quartz veins have been subdivided based on their dominant 

mineralization (W-rich vs. Au-rich), the potential for multiple generations of 

mineralized quartz veins exists. Similar systems around the world identified 

multiple generations of veins with each generation having a unique metal 

assemblage. 

4) The successful identification of different generations of skarn with their own 

characteristic mineral and metal assemblages refutes an earlier interpretations 

of skarn formation occurring all during one single event.  

5) The assemblage of bismuth tellurides associated with gold mineralization as 

well as the textures they exhibit suggests they likely precipitated from an 

orthomagmatic fluid as polymetallic melts, which were saturated relatively 

early in the paragenesis and likely remained molten until after most other 

silicates crystallized.  

6) The potential mechanisms initiating the precipitation of the polymetallic melts 

include reaction between the mineralizing aqueous-carbonic hydrothermal 

fluids and pre-existing Fe- and S-bearing phases from earlier generations of 

skarn, reaction with the Ore Limestone, or simply cooling of the fluids.  

7) The low fO2 and fS2 values of the mineralizing fluids are the main factors which 

suppressed the stability of bismuthinite at gold-mineralizing conditions to 

allow Bi melts to be the stable Bi-bearing phase. This was crucial to the 
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enrichment of gold in these skarns as it enabled Au to be partitioned from 

AuCl2
- complexes in the aqueous environments where it was undersaturated, 

into the Bi melts.  

8) Between the W-Au mineralized quartz veins and the W–Cu-Au mineralized 

skarn, mineralization at Cantung exhibits characteristics of both reduced 

intrusion-related gold deposits and reduced W–Cu skarn. Coupled with the 

presence of multiple temporally distinct intrusive events; mineralization at 

Cantung is likely the result of multiple magmatic-hydrothermal systems 

emplaced in a small area, governed by the presence of brittle-ductile structural 

features associated with the waning stages of the Cordilleran orogeny. 
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Chapter 2: Geochronology of Intrusion-Related 

Mineralization at the Cantung W-Cu Skarn 

This chapter is organized in journal format to expedite preparation of this manuscript for 

publication following the completion of this degree. Because this chapter is written as a 

standalone manuscript intended for publishing, some of the background information from 

Chapter 1 will be repeated.  The scientific contributions to this paper other than those of 

the author include the following: Dr. Chris McFarlane developed the methodology to date 

allanite by LA ICP-MS without the necessity of matrix-matched standards (see McFarlane 

2016), and helped perform U-Pb analyses and provided guidance for generation of 

geochronology plots. Edits to this manuscript were provided by my supervisor Dr. Chris 

McFarlane as well as Dr. Bruce Broster and Hendrik Falck (NWT Geoscience Office). 

This manuscript was formatted for submission to the journal Minerals, although the 

citation style is consistent with the first chapter and will be updated prior to the submission 

2.1. Introduction 

The greatest limiting factor for our capacity to use geochronology to study the genesis of 

W-Cu-Au skarn deposits, is the absence of mineral chronometers that are both part of the 

mineralization assemblage and that are datable using the methods and techniques currently 

available. Such absolute ages are critical in understanding the duration of ore genesis, as 

well as the processes controlling their formation. Precise ages are of even greater 

importance for systems where multiple spatial and temporally distinct mineralizing events 

are superimposed upon one another. Even in circumstances where dateable phases exist, 

their integrity is often compromised due to open system processes. For these reasons, 
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methods that allow mineralization to be dated by directly dating the ore minerals (e.g. U-

Pb scheelite, Re-Os chalcopyrite), the major alteration minerals (e.g. U-Pb of garnet; Ar-

Ar of amphibole), or the accessory minerals (e.g. U-Pb titanite, apatite) are preferred. 

Complex textural relationships and zoning within minerals from ore deposits favor 

methods such as in situ laser ablation inductively coupled plasma mass spectrometry (LA 

ICP-MS) due to rapid analysis and cost efficiency, minimal sample preparation, and high 

spatial resolution. 

The geology surrounding the Cantung mine is a perfect example of a deposit where 

geochronology of the different mineralizing events is critical to understanding its genesis. 

As with many other W-Au deposits of the Canadian Cordillera Cantung has both W-Bi-

Cu-Au bearing quartz veins and skarns associated with both anhydrous and hydrous 

assemblages (Brown and Nesbitt 1987, Maloof et al. 2001, Mair et al. 2006a). Much of 

the complexity in understanding mineralization at Cantung stems from a lack of 

understanding of the relative and absolute timing of mineralizing events. Two different 

hypotheses exist with respect to the paragenesis of mineralization at Cantung. The first is 

that both anhydrous and hydrous skarn mineralization occurred as a single event with the 

mineralogical zoning possibly reflecting a steep gradient in the ratio of aCa
2+/a∑ introduced 

components (Mathieson and Clark 1984). The second hypothesis proposed that these different 

skarn assemblages represent chemically and temporally distinct events, with isochemical 

contact metamorphic and bimetasomatic skarnoid assemblages formed first in mixed 

pelite-carbonate, followed by anhydrous garnet-pyroxene (± pyrrhotite) skarn, followed 

by “hydrous” pyrrhotite-rich amphibole skarn, and subsequently biotite skarn (Zaw 1976, 

Zaw and Clark 1978). The presence of scheelite-bearing quartz veins, interpreted to post-

date all mineralized skarn throughout the deposit provides another element of complexity 
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to the history of mineralization at Cantung (Yuvan et al. 2007). The absence of alteration 

within the Mine Stock pluton, directly adjacent to mineralized skarn further complicates 

the interpretation of its role in skarn and vein mineralization (Mathieson and Clark 1984).  

The abundance of pre-existing U-Pb zircon data available on a number of 

magmatic events in the area of the Cantung mine provides an ideal context to understand 

the timing of mineralization at Cantung by directly dating the mineralized vein and skarn 

assemblages (Rasmussen et al. 2011, Rasmussen 2013). Dating the various mineralizing 

events will place the duration of this system in context with other tungsten deposits in the 

Canadian Cordillera and around the globe. These ages could also provide some insight 

into the wide range of ages produced from the plutons surrounding the mine (Rasmussen 

2013). 

2.2. Deposit Geology 

2.2.1. Regional Geologic Framework 

Mineralization at the Cantung mine formed during the Mid-Cretaceous within passive 

margin basinal rocks on the ancestral west coast of the North American craton following 

the end of the main ductile-deformation phase of the Canadian Cordilleran orogeny. The 

Canadian Cordilleran orogeny was defined by subduction along with accretion of 

allochthonous and parautochthonous terranes onto the Laurentian margin intermittently 

between the Mesozoic and the Cenozoic (Fig. 2.1) (Coney et al. 1980, Nelson et al. 2013). 

In the region of the Mackenzie mountains, ancestral North America comprised 

Neoproterozoic rift-related sedimentary rocks (Mackenzie Mountains and Windermere 

Supergroups) and Paleozoic passive margin rocks (Mackenzie Platform and Selwyn 

Basin) and were deformed into a thin skinned fold and thrust belt (Gordey 1981, Narbonne 
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and Aitken 1995, Turner and Long 2012). Final closure of the Slide Mountain Ocean 

resulted in the Yukon-Tanana terrane overriding the ancient western North American 

continental margin resulting in the development of the thin skinned, north-directed thrust 

faults in the western Selwyn Basin (Mair et al. 2006b). Deformation within the rocks of 

the Selwyn Basin contrast significantly with those of the Mackenzie fold and thrust belt; 

rocks of the Selwyn Basin exhibit internal ductile deformation and fabric development 

whereas the rocks of the Mackenzie fold and thrust belt have broad concentric folds and 

lack internal deformation fabrics (Gabrielse et al. 1991, Gordey and Anderson 1993).  

Within the western Selwyn Basin, convergence was accommodated along two 

detachments, with the Tombstone thrust fault occurring at the base of the package and the 

Robert Service thrust fault overlying it (Fig. 2.2) (Murphy 1997, Mair et al. 2006b). In the 

area surrounding Scheelite Dome intrusion-related W-Au vein and skarn deposit, three 

samples of Hyland Group rocks within the Robert Service thrust sheet were collected and 

muscovite was extracted and submitted for 40Ar/39Ar geochronology (Mair et al. 2006b). 

A sample of schist yielded a weighted mean 40Ar/39Ar plateau segment age of 100.5 ± 0.4 

Ma from muscovite extracted from microlithons associated with the S2 foliation (Mair et 

al. 2006b). The other two samples from micaceous quartzite yielded plateau ages of 103.9 

± 0.5 Ma and 104.6 ± 2.0 Ma. The spectra obtained from all three analyses exhibit no 

features that would suggest they were reset from younger plutonism or underwent 

protracted cooling histories (Mair et al. 2006b). These ages are interpreted as representing 

a minimum age for the termination of collision-related ductile deformation within the 

lower Robert Service thrust sheet; however, based on the known closure temperature of 

muscovite (~ 350 oC; McDougall and Harrison 1988), collision-related ductile 

deformation may have ended significantly earlier (Mair et al. 2006b). Following the end 
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of ductile deformation, subvertical north to north-northwest trending low-displacement 

brittle-ductile strike-slip faults with sinistral offsets were formed in a broadly north to 

south shortening regime, with local dextral reactivation following emplacement of Mid-

Cretaceous plutonism (Stephens et al. 2004). The north-northwest striking sinistral faults 

are interpreted to be the result of locking up of the thrust sheets during the waning of 

collisional driving forces (Mair et al. 2006b). The orientations of these faults coincide with 

the direction of elongation exhibited by many of the Mid-Cretaceous felsic intrusions 

emplaced into the Selwyn Basin, suggesting these granitoids were emplaced along these 

brittle-ductile fault structures (Marsh et al. 1998). Both lamprophyre dykes and Au- and 

W-bearing quartz veins in the areas surrounding these intrusions are commonly emplaced 

into steeply dipping East trending tensional zones, northwest trending low displacement 

sinistral faults, as well as northeast trending dextral faults (Hart et al. 2000, O’Dea et al. 

2000, Stephens et al. 2004, Mair et al. 2006a). 
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Figure 2. 1 Bedrock geologic map of the northern cordilleran orogeny (British Columbia, Yukon, 

Northwest Territories, and Alaska) and the various terranes it is composed of (modified from 

Nelson et al. 2013). 
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Figure 2. 2 Bedrock geologic map of the western Selwyn Basin and its associated structures as 

well as the intrusive suites emplaced within the basin (taken from Mair et al. 2006b).  

 

2.2.2. Plutonism in the Selwyn Basin 

In the northern Canadian Cordillera, subduction of the Farallon Plate (Gravina ocean 

crust) during the Early and Middle Cretaceous resulted in extensive and voluminous 

magmatism (Engebretson 1985, Nelson et al. 2013). This period of extensive felsic 

magmatism began at approximately 125 Ma and lasted until approximately 90 Ma 

(Mortensen et al. 2000, Hart et al. 2004a). Within the Selwyn Basin, Mid-Cretaceous felsic 

plutons with associated mineralization are subdivided based on their age, geographic 

location, their petrochemical characteristics and their metallic signatures (Hart et al. 

2004b). The plutons have been grouped into the Anvil, Hyland, Tay River, Tungsten, 

Mayo, and Tombstone plutonic suites (Fig. 2.3). These plutons formed during and 
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following the cessation of the main stage of ductile deformation within the Selwyn Basin 

(Mortensen et al. 2000).  

Granitoids belonging to the Anvil plutonic suite have high K calc-alkaline 

compositions and are believed to be the result of small fraction partial melting of a 

dominantly metasedimentary protolith (~ 750 oC) in a back arc setting (Pigage and 

Anderson 1985). Members of the Anvil plutonic suite within the Yukon-Tannana terrane 

inlier exhibit U-Pb zircon ages which are older (114-111 Ma) than ages zircons from the 

Anvil batholith (109-104 Ma) which is further to the north, within the western Selwyn 

Basin (Rasmussen 2013). Members of the Hyland plutonic suite (106-100 Ma) range from 

medium to high K calc-alkaline in composition with S-type signatures (Fig. 2.3) 

(Rasmussen 2013). Granitoids belonging to the Hyland plutonic suite formed as the result 

of larger fraction partial melts of a dominantly heterogeneous quartzo-feldspathic protolith 

at slightly higher temperature (750-850 oC) than those of the Anvil plutonic suite 

(Rasmussen 2013).  The age of the Tay River suite was determined using ID TIMS and 

LA ICP-MS U-Pb zircon geochronology and ranges from 99 to 95 Ma (Rasmussen 2013, 

Pigage et al. 2014). Plutons belonging to the Tay River plutonic suite have low SiO2 

contents and contain hornblende and biotite, have high-K calc-alkaline compositions and 

originate from high temperature (850-950 oC), large fraction partial melting of a 

metaigneous protolith (Rasmussen 2013). Plutons belonging to the Tungsten plutonic 

suite (Cantung, Lened, Baker, etc.) are reduced (ilmenite series) with high-K calc-alkaline 

compositions and relatively high SiO2 contents compared to some of the other plutonic 

suites. They are interpreted as originating from high temperature, small fraction partial 

melting of metaigneous protoliths but also show signs of incorporation of some 

metasedimentary rocks as well (Hart et al. 2004b, Rasmussen et al. 2011). Most of the 
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ages from Tungsten plutonic suite granitoids range between 98 and 96 Ma; however, a 

smaller subset of ages from these plutons are as old as 103 Ma, complicating the 

interpretation of their origins (Rasmussen et al. 2011, Rasmussen 2013). Plutons 

belonging to the Mayo plutonic suite are generally intermediate in composition (60-65% 

SiO2), high-K calc-alkaline granitoids likely derived from high temperature large fraction 

partial melting of a metaigneous protolith (Hart et al. 2004b, Rasmussen 2013). The Mayo 

plutonic suite intrusions are described as I-type intrusions, but features associated with 

their resulting mineralization suggests the potential contributions of S-type melts as well, 

such as high 18O values and reduced compositions, and high levels of CH4 and N2 within 

primary fluid inclusions assemblages (Hart et al. 2004b, Mair et al. 2006a). The ages of 

plutons belonging to the Mayo plutonic suite range from approximately 98 to 95 Ma (Mair 

et al. 2006a, Rasmussen 2013). The youngest of the Middle Cretaceous plutonic suites 

within the Selwyn Basin is the Tombstone plutonic suite, ranging from approximately 93 

to 89 Ma (Duncan et al. 1998, Rasmussen 2013). Plutons belonging to the Tombstone 

plutonic suite include a combination of peralkaline granitoids along with mafic intrusions 

with enriched mantle signatures formed in a post-arc environment (Hart et al. 2004b, 

Rasmussen 2013).   
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Figure 2. 3 Bedrock map of Mid-Cretaceous intrusive suites within the Selwyn Basin. The box in 

the upper right shows the distribution of plutons within the area surrounding the Cantung mine. 

The box in the upper left shows the distribution of plutons in the area surrounding the Mactung 

deposit (taken from Rasmussen 2013). 
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2.2.3. Local Geology 

The Cantung mine is located within the Flat River Valley in the Northwest Territories, 

approximately 715 km to the west of Yellowknife, Northwest Territories and 400 km to 

the northeast of Whitehorse, Yukon Territory. The Flat River Valley is made up of passive 

margin metasedimentary rocks that have been folded into a broad open syncline, which 

defines the valley’s northwest to southeast orientation (Fig. 2.4 A) (Armstrong et al. 

1983). The orientation of the syncline is parallel to the regional structural fabric and is 

likely related to the northeast verging fold- and thrust-style deformation. The Cantung 

deposit is hosted within an overturned recumbent anticline (Fig. 2.4 B) of Paleozoic 

metasedimentary rocks (Zaw 1976). The relationship between this overturned recumbent 

anticline and wide scale regional structures is unclear as is the absolute timing of its 

development (Salmabadi et al. 2019). The overturned recumbent anticline is situated on 

the southwest limb of the larger open syncline which forms the Flat River Valley (Covert 

1983).  

The sequence of metasedimentary rocks which host the mineralization at Cantung, 

from oldest to youngest include the Backbone Ranges Formation (lower argillite), which 

are conformably overlain by the Sekwi Formation (swiss cheese limestone, ore limestone, 

upper argillite, dolomite), which is unconformably overlain by the middle to upper 

Cambrian Rabbitkettle Formation. The rocks were deformed to sub-greenschist facies 

during the Cordilleran orogeny (Gordey and Anderson 1993, Hadlari et al. 2009). To the 

west of Cantung; the Gull Lake Formation is interpreted to be coeval with the Sekwi 

Formation (Gordey and Anderson 1993). 

The metasedimentary rocks at Cantung are intruded by plutonic rocks, which 

include the Mine Stock and the Circular Stock, felsic dykes, and lamprophyre dykes. The 
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Mine Stock pluton is further subdivided into the apical Mine Stock and the distal Mine 

Stock, with the apical Mine Stock being the section that is underground where it was 

intersected within the underground workings and the distal Mine Stock being the part 

exposed at surface to the southeast of the mine workings (Fig. 2.4). Two types of felsic 

dykes are also present which are referred to as felsic dykes and aplite dykes with the felsic 

dykes being biotite-bearing and are interpreted as predating the biotite-free aplite dyke 

(Rasmussen et al. 2011). Following the formation of felsic magmatic events at Cantung, 

kersanitic lamprophyre dykes were emplaced (Rasmussen et al. 2011).  

 

Figure 2. 4 Schematic bedrock geological plan and cross-sectional maps with the local geology 

at the Cantung mine. The a-b line (southeast to northwest) represents the location of a cross section 

through the mine area, which is represented in Figure 2.4 B. A. Map of the geology at the Cantung 

mine. The intrusive bodies are labeled as CS (Circular Stock) and MS (Mine Stock). B. A cross 
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sectional view (looking southwest) of the orebodies at Cantung. Elevation relative to sea level 

(modified from Cummings and Bruce 1977, Hodgson 2000). 

 

2.3. Previous Geochronology 

2.3.1. U-Pb Zircon Geochronology 

Multiple magmatic phases occur in the area surrounding Cantung and U-Pb zircon 

geochronology was previously conducted on all the felsic intrusive bodies in the areas. 

The first group of samples were analyzed using isotope dilution thermal ionization mass 

spectrometry (ID TIMS), due in part to the high precision in the ages produced as the gold-

standard for U-Pb zircon geochronology (Parrish et al. 2003). Samples of the Mine Stock 

pluton underground where it is adjacent to the orebody (apical Mine Stock) analyzed 

using ID-TIMS U-Pb zircon geochronology yielded a weighted mean 206Pb/238U age from 

four variably concordant analyses of 98.2 ± 0.4 Ma (Rasmussen 2013). Two different 

felsic dyke phases, some of which contained crystals of scheelite within them, were also 

dated using ID TIMS U-Pb zircon geochronology (Rasmussen et al. 2011). A biotite-free 

leucocratic dyke, referred to as the aplite dyke yielded a 206Pb/238U age from one 

concordant zircon analysis of 98.3 ± 0.3 Ma (Rasmussen 2013). The other dyke, a biotite-

bearing leucocratic dyke referred to as the felsic dyke yielded a 206Pb-238U age from one 

concordant zircon analysis of 97.3 ± 0.3 Ma (Rasmussen 2013).  

The remainder of the felsic intrusive rocks at Cantung were dated using laser 

ablation inductively coupled plasma mass spectrometry (LA ICP-MS). The advantages of 

in situ LA ICP-MS analysis for U-Pb zircon geochronology are the number of analyses 

which can be produced at very little cost, the absence of preparation required to produce 

the dates as thin sections can be directly dated, and preservation of textural settings from 
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the zircons being analyzed (Solari et al. 2010). The samples analyzed using in situ LA 

ICP-MS analyses include the Circular Stock and the Mine Stock expressed at surface 

(distal Mine Stock). Analysis of zircons from the Circular Stock yielded two age 

populations; a weighted mean 206Pb/238U age of 96.9 ± 0.6 Ma (MSWD = 0.74) produced 

from 17 variably concordant analyses, and a population with a  weighted mean 206Pb/238U 

age of 103.0 ± 1.6 Ma (MSWD = 1.9)  produced from 5 variably concordant analyses 

(Rasmussen 2013). The younger age from the Circular Stock was interpreted as the 

crystallization age, whereas the older age was interpreted to represent an inherited zircon 

age from earlier magmatism at depth. Analyses of zircons from the distal Mine Stock 

using LA ICP-MS U-Pb geochronology yielded an age of 101.2 ± 0.4 Ma, however 

specific details regarding how this age was produced (type of age, number of analyses, 

their concordance, and any corrections) are not available (Rasmussen et al. 2011). 

The other plutons belonging to the Tungsten Plutonic Suite (Mactung, Lened, 

Baker, etc.) generally fall between 98 and 96 Ma. Zircons from the Lened pluton analyzed 

using LA ICP-MS yielded a weighted mean 206Pb/238U age of 97.6 ± 0.8 Ma (MSWD = 

3.0) from 11 variably concordant analyses (Rasmussen 2013). A U-Pb zircon date of 92.1 

± 0.2 Ma was produced for the Mactung pluton; however, this age is not in agreement 

with the single crystals Re-Os molybdenite age produced from the mineralization (Selby 

et al. 2003). Other work on felsic intrusive phases at Mactung proved their crystallization 

ages were cogenetic with the Re-Os ages. Crystallization ages were obtained using ID 

TIMS zircon geochronology from the aplite dyke to the south of the skarn (97.1 ± 0.2 

Ma), the porphyritic biotite granite from the main phase of the Mactung pluton (97.6 ± 0.2 

Ma and 97.0 ± 0.1 Ma), and a leucocratic granitic dyke to the southeast of the Mactung 

pluton (97.0 ± 0.3 Ma) (Gebru 2017). Approximately 30 km to the southwest of Cantung 
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is the 3 Aces and Sprogge property (Fig. 2.5) which belonged to Golden Predator Mining 

Corp (Dessureau 2017). Gold mineralization at the 3 Aces property was interpreted as 

being of orogenic origins (Whelan 2014). At the Sprogge property, gold mineralization is 

interpreted to be intrusion-related and is associated with quartz veins which occur 

proximally to a biotite-quartz monzonite dyke (Hart and Lewis 2005, Whelan 2014). U-

Pb zircon geochronology of the biotite-quartz monzonite dyke yielded a range of 

crystallization ages from 103.5 ± 1.2 Ma (weighted mean 206Pb/238U ages, n=16) to 95.7 

± 2.0 Ma (weighted mean 206Pb/238U ages, n=11) (Whelan 2014). Inverse concordia ages 

were also produced from analyses of these zircons ranging from 102.2 ± 1.8 Ma (n=4) to 

98.1 ± 2.1 Ma (n=15), with the upper intercepts anchored at a 207Pb/206Pb value of 0.86 

(Stacey and Kramers 1975) (Whelan 2014). 
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Figure 2.5 Bedrock Geologic map showing the 3 Aces and Sprogge property with the location of 

the Cantung mine outlined in red (taken from Whelan 2014). 

2.3.2. Lead Isotope Systematics 

Lead isotopic studies were done to understand the sources for the Cretaceous intrusions 

and their mineralizing fluids. The 3 Aces property is situated approximately 200 km north-

northwest of Watson Lake, in the southeast of Yukon and is approximately 30 km to the 

south-southwest of Cantung (Fig. 2.5 Whelan 2014, Dessureau 2017). Galena hosted in 

gold-bearing quartz veins from the 3 Aces property was analyzed using multi collector 

ICP-MS. These analyses yielded 208Pb/204Pb ratios of 39.992 ± 0.015 and 39.170 ± 0.009 
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(2σ), 207Pb/204Pb ratios of 15.662 ± 0.006 and 15.708 ± 0.004 (2σ), 206Pb/204Pb ratios of 

19.004 ± 0.006 and 19.166 ± 0.003 (2σ) and   therefore 207Pb/206Pb ratios between 0.819 

and 0.824 (Whelan 2014). K-feldspar from a number of plutons, belonging to the Tay-

River, Tombstone and Tungsten plutonic suites yielded an average 207Pb/206Pb ratio of 

0.813 ± 0.006 (Rasmussen et al. 2010). Samples of various sulfides (galena, pyrite, 

pyrrhotite, and sphalerite) taken from the mineralization associated with these intrusions 

yielded an average 207Pb/206Pb ratio of 0.814 ± 0.023 (Rasmussen 2013). These ratios are 

slightly lower than modeled common lead values previously proposed (Stacey and 

Kramers 1975). 

2.3.3. K-Ar and Ar-Ar Ages 

The K-Ar thermochronometer was used in early attempts at dating both the intrusion and 

mineralization at Cantung (Archibald et al. 1978). Biotite separates from the Circular 

Stock generated an age of 91.6 ± 2.6 Ma. Biotite from the E-zone skarn generated an age 

of 92.3 ± 2.5 Ma, whereas tremolite (+ biotite) from the same skarn generated an age of 

94.9 ± 2.7. Muscovite taken from the margins of a quartz greisen vein from Mine Stock 

underground yielded an age of 89.9 ± 2.4 Ma (Archibald et al. 1978). These ages were the 

first convincing evidence that mineralization at Cantung was associated with Late 

Cretaceous felsic magmatism formed following the end of the Cordilleran orogeny.  

Although these early K-Ar ages indicated that the various magmatic-hydrothermal 

events at Cantung were Late Cretaceous in age, low precision limited their use for 

understanding the absolute duration of these events at Cantung. As a result, 40Ar-39Ar 

dates of biotite from the different intrusive rocks were produced to better understand the 

cooling history of these plutons (Rasmussen 2013). Biotite from the Circular Stock 
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yielded a plateau segment age (70.7% of 39Ar released, MSWD of 1.5) of 97.6 ± 0.5 (2σ) 

Ma. Biotite from the apical Mine Stock yielded a plateau segment age (94.4% of 39Ar 

released, MSWD of 1.5) of 95.1 ± 0.4 Ma. Phlogopite from the kersanitic lamprophyre 

dykes yielded a plateau segment age of 91.0 ± 0.8 Ma (63.4% of 39Ar released, MSWD of 

0.28). These kersanitic lamprophyre dykes crosscut all mineralization and other intrusive 

phases (Fig. 2.6), and therefore the U-Pb zircon geochronology and Ar-Ar geochronology 

has constrained intrusive activity at Cantung to period ranging from 103 Ma to 91 Ma 

(Rasmussen 2013). 

 

Figure 2.6 Photograph taken underground at the 3850 level in the E-zone of a lamprophyre dyke 

cross-cutting tungsten ore from the actinolite-pyrrhotite skarn facies. 
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2.4. Sampling and Methodology 

The samples used in this study consist of an amalgamation of samples from previous 

studies of the mineralization at Cantung (Yuvan et al. 2007, Palmer 2013), as well as a 

suite of samples collected for this study. The reason samples from multiple different 

studies were used is due to the wide range in styles of mineralization at Cantung. In order 

to have a dataset which is representative of this variability, sample sets from other projects 

that focused on a particular aspect of the mineralization were used in this study. The 

hypothesis is that if there is a range of different ages for each mineralization 

style/assemblage, a larger sample set would be more likely to encompass that variability. 

These samples were graciously provided by Hendrik Falck, Dr. Kevin Shelton, and Dr. 

David Lentz. Figure 2.7 shows an underground 3D map of the mine workings and where 

the samples used for this study were collected. The types of mineralization investigated in 

this study include scheelite-bearing (± Bi, Au, Cu) quartz veins from the Open Pit zone as 

well as the E-zone (Fig. 2.8 a), scheelite-bearing “anhydrous” skarn (Grt-Cpx) from the 

Amber East zone (Fig. 2.8 b and c) as well as Au-bearing biotite skarn from the Amber 

West zone (Fig. 2.8 d). 

Epidote and allanite from the anhydrous skarn were characterized using electron 

probe micro-analysis (EPMA) to aide with the interpretation. This data was collected 

using the JEOL733 EPMA from the UNB Microscopy and Microanalysis Facility. Micro-

XRF mapping of thin sections from samples of W-Cu-Bi-Au-bearing quartz veins was 

conducted at the UNB Earth Sciences isotope research lab using a Bruker M4 Tornado. 

The purpose of these maps was to recognize the gold mineralization event. This data was 

critical to interpret the formation of titanite from these samples. The abbreviations of 
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mineral names used in the figure annotations listed below are based on the system 

proposed by (Whitney and Evans 2010). 

U-Pb ages were produced from each skarn and vein assemblage using in situ LA 

ICP-MS analyses on polished thin sections; all analyses were conducted at the University 

of New Brunswick, Department of Earth Sciences. The system comprises a Resonetics M-

50 193 nm ArF excimer laser and Laurin Technic Pty S-155 large-format cell coupled (via 

4mm Nylon™ tubing) with an Agilent 7700x ICP-MS equipped with dual external pumps. 

Ablation is conducted in a mixed Ar (930 mL/min) and He (300 mL/min) atmosphere. 

Carrier gas is mixed with N2 downstream from the ablation cell to increase sensitivity. A 

Laurin Technic Pty ‘Squid’ smoothing device is used before reaching the ICP-MS. In-line 

mercury traps (Vici Metronics) are used on all gas lines entering the ablation cell keeping 

background 204Hg <150 cps. See McFarlane and Luo (2012) for more details of the laser 

ablation instrumentation.  

Analysis of titanite was conducted using a laser fluence of 4.0 J/cm2 at a frequency 

of 5 Hz and a crater diameter of 33 µm. A matrix matched mineral standard (MKED 

titanite) was ablated alongside a doped glass standard (NIST 610). The MKED titanite 

standard was chosen over other titanite standards (e.g. Khan) due to its low common lead 

content (Spandler et al. 2016).  The MKED titanite standard which was analyzed with this 

sample set yielded a concordia age of 1523.9 ± 3.2 Ma (2σ, MSWD = 2.1). This age 

obtained for the MKED titanite standard falls within the range of ages and their associated 

errors others have obtained using both ID TIMS and LA ICP-MS U-Pb geochronology 

(Spandler et al. 2016). Long-term (2 years) reproducibility studies of the age for the 

MKED titanite standard were confirmed with a concordia age of 1520 ± 5 Ma (n = 56).  
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Allanite and epidote were ablated  together as epidote exhibits a high fraction of 

Pbc/Pb* which enhances the data by effectively anchoring the regression closer to upper 

intercept of the concordia curve on the Tera-Wasserburg diagram (McFarlane 2016). The 

main standard used for external calibration of the data from these analyses is the NIST 

610 doped glass standard. Allanite from two different plutons of known ages were also 

ablated as consistency standards to display the reproducibility of these analyses 

(McFarlane 2016). These two plutons of known ages are the Hartfied tonalite from central 

New Brunswick (415 ± 1 Ma, concordant titanite, U-Pb, ID TIMS, Bevier and Whalen 

1990) and the Bergell pluton from Switzerland (weighted mean age of 31.53 ± 0.36, 

allanite, von Blackenburg 1992, Oberli et al. 2004). The allanite was ablated using a crater 

diameter of 45 µm with a laser fluence of 1 J/cm2 and a frequency of 3Hz for a duration 

of 15 seconds while also collecting a background signal for an additional 3 seconds (see 

McFarlane 2016) . Long term reproducibility of the age of the Siss3 allanite from the 

Bergell pluton in this study were confirmed with an inverse concordia age of 32.6 ± 1.6 

Ma (n = 78) and y-intercept of 0.8380 ± 0.0079 that overlap with measurements of (von 

Blackenburg 1992). Long term reproducibility of the age of allanite from the Hartfield 

tonalite was also confirmed with an anchored inverse concordia age of 412.4 ± 2.5 Ma (n 

= 41).  The ages produced in this study are less precise than the accepted ages for these 

plutons, which is largely a consequence of the LA ICP-MS method compared to the ID 

TIMS U-Pb geochronology. Regardless of the lower precision, we were able to reproduce 

the accepted ages for both the Hartfield tonalite and the Bergell pluton.   

Problems associated with dating allanite are the variable common lead 

concentrations, the preferential incorporation of 230Th which can affect the 206Pb/238U and 

the 207Pb/235U age in young samples, metamictization and problems finding homogenous 
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matrix matched standards. The high closure temperature for Pb in titanite (up to 700 oC), 

as well as the abundance of Ca and Ti in metasedimentary rock make it an ideal mineral 

to directly date mineralization related to magmatic-hydrothermal ore deposits that replace 

metasedimentary host rocks (Frost et al. 2001, Li et al. 2010).  

 

Figure 2.7 Underground 3D map showing the location of the various zones and where pre-existing 

as well as previous plans for future stope development exist. The circles show the approximate 

location from which some of the samples used for this study were taken. The width of this figure 

is approximately 1.7 km (Modified from Delaney and Bakker 2014). 

 

 

Figure 2.8 Photographs of the three types of mineralization used for U-Pb geochronology. a) 

Photograph of a scheelite-bearing quartz vein and its associated alteration envelope within the 

Open Pit zone. Photograph courtesy of H. Falck and K. Shelton. b) Photograph of scheelite-
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bearing anhydrous skarn overprinting barren skarn within the swiss cheese limestone from drill 

hole U2602-491.0-492.6. c) Photograph taken of same sample as 2.8 b), using U-V light to show 

the distribution of scheelite within the sample. D) Photograph of gold-bearing biotite skarn 

developed within the ore limestone. 

 

2.5. Results 

2.5.1. Skarn and Vein Petrogenesis 

2.5.1.1. W-Cu-Bi-Au Bearing Quartz Veins 

The en echelon scheelite-bearing quartz veins from the Open Pit zone were previously 

sampled to conduct fluid inclusion microthermobarometry, quartz-scheelite oxygen 

isotope geothermometry, and whole-rock geochemistry (Yuvan et al. 2007). A subset of 

those samples was used in this study to supplement the pre-existing set. Tungsten-rich 

quartz veins are the dominant type of vein present at Cantung. The veins range in size 

from approximately 10 cm to 1 m in width and form a swarm roughly 80 m wide within 

the Open Pit zone (Fig. 2.9). The veins have strikes ranging from 000o to 080o, with an 

average of 030o and are generally subvertical. The quartz veins have orientations similar 

to the scheelite-bearing aplite dykes, with both being emplaced parallel  to steeply dipping 

normal faults and associated minor faults and splays (Rasmussen et al. 2011). The 

common trend between the veins and the aplite dykes, along with several other features 

including the presence of scheelite within the aplite dykes have led previous workers to 

postulate a genetic relationship (Yuvan et al. 2007, Rasmussen et al. 2011). The veins 

themselves comprise approximately 80% quartz, 5 % K-feldspar, ≤ 5% calcite, ≤5 % 

scheelite, and ≤5% of apatite. Accessory minerals within the veins include titanite, garnet, 

and clinozoisite with minor amounts of native bismuth, pyrrhotite, and chalcopyrite.  A 

subtype is present within these scheelite-bearing quartz veins with much higher 



69 

 

abundances of sulfides (chalcopyrite and pyrrhotite), native bismuth and bismuth 

tellurides, as well as gold (electrum). Samples of quartz veins from the E-zone had 

significantly higher concentrations of bismuth and gold than those from the Open Pit zone 

(Yuvan et al. 2007, Palmer 2013). Whether the quartz veins from the E-zone represent 

metal zonation within a single generation of veins, or if they are of an entirely different 

generation has not yet been discerned. There is also a generation of quartz tourmaline 

veins with low concentrations of scheelite that cross-cut the Mine Stock pluton 

underground and are interpreted as being emplaced relatively late relative to all intrusions 

and mineralization (except the kersanite lamprophyres) (Legros 2019). 

Within the veins, quartz crystals along the margins have a c-axis which are directed 

towards the center of the vein in a comb-like texture. Textures indicative of intracrystalline 

deformation within quartz grains include patchy and sweeping undulose extinction, 

chessboard subgrain development, as well as deformation lamellae (Fig. 2.10 a). Dynamic 

recrystallization textures within quartz such as bulging recrystallization of grain 

boundaries, suggest that dynamic recrystallization occurred under conditions of 300-400 

oC (Fig. 2.10 b). The absence of recrystallization textures in K-feldspar from the veins 

suggests deformation occurred above the brittle-ductile transition (Passchier and Trouw 

2005). Deformation textures from the quartz veins are more indicative of a tensional 

structural environment and not a shearing setting, however no detailed structural analysis 

of these veins has been conducted.  The quartz veins were interpreted to post-date the 

mineralized skarn development based on apparent cross-cutting of unmineralized calc 

silicate rocks by dark alteration selvedges along the margins of the veins (Yuvan et al. 

2007).  
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Figure 2.9 Bedrock geologic map of the Open Pit zone at Cantung, showing the en echelon 

geometries and trends of the scheelite-bearing quartz veins from within the Open Pit zone 

(modified from Yuvan et al. 2007). 

 

Figure 2.10 Transmitted light photomicrographs showing deformation textures within quartz 

veins a) Transmitted light photomicrograph (cross-polarized; XPL) showing deformation lamellae 

within quartz from scheelite-bearing quartz veins. b) Transmitted light XPL photomicrograph 

showing bulging grain boundaries within quartz from scheelite-bearing quartz veins. Ap – Apatite 

Bt – Biotite. 

 

2.5.1.2. W Bearing Anhydrous Skarn 

The anhydrous skarn facies was intersected within the Swiss Cheese Limestone on the 

upper limb of the mine fold (Fig. 2.11 a) and was also found within the Open Pit zone 

where it contributes a large portion of the ore (Mathieson and Clark, 1984). Within the 

anhydrous skarn assemblage, the dominant tungsten-bearing phase is scheelite, which is 

associated with a calc-silicate mineral including garnet, clinopyroxene, epidote, calcite, 
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allanite, quartz, and actinolite (Fig. 2.11 b). Abundant infill textures are present with a 

paragenetic sequence as follows:  garnet and clinopyroxene are overgrown by hydrous 

minerals including actinolite and epidote group minerals with the final stage of infill being 

comprised of calcite and quartz. Garnet crystals typically transition from mainly 

grossularitic cores and have overgrowths which have more spessartine/almandine. The 

epidote group minerals include allanite, epidote and locally clinozoisite. Backscatter 

electron images (BSEI) show allanite often contains cores which are compositionally 

heterogeneous and resorbed (Fig. 2.12 a). The cores are overgrown by allanite which has 

oscillatory zoning, which in turn is overgrown by epidote with oscillatory zoning, 

followed by epidote without zoning (Fig. 2.12 b). See appendix 2.1 for the results of 

EPMA analyses of allanite and epidote.  

The garnet-pyroxene skarn facies at Cantung has sub-economic concentrations of 

scheelite. It is unclear if scheelite mineralized anhydrous skarn from the samples just 

described are the result of metal zonation within the massive subeconomic garnet-

pyroxene skarn or if they represent a different skarn-forming event altogether. 
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Figure 2.11 Photographs of samples from drill hole U2602 491.0-492.6 ft. (149.66 -150.15 m). 

Drill hole U2602 was collared at the 3950 level (Amber East zone) and was drilled at and azimuth 

of 342.7o with a dip of 31.7 (upwards). The hole was collared within the older argillite and ended 

within the swiss cheese limestone at a depth of 497.0 ft. This is a part of the same sample from 

Figure 2.8 b) and c). a) Photograph of sample U2602 491.0-492.6 ft. (149.66 -150.15 m) showing 

the location of the thin section (Fig. 2.11 b). Thin section scan using non-polarized light of thin 

section U2602 491.0-492.6 A. Act – Actinolite, Aln – Allanite, Bi – Native bismuth, Cal – Calcite, 

Ep – Epidote, Grt – Garnet, Sch – Scheelite. 

 

 

Figure 2.12 Images of allanite and epidote from the scheelite-bearing anhydrous skarn facies. a) 

EPMA backscatter electron image showing allanite and epidote overgrowths b) Transmitted light 

photomicrograph (10x objective lens with the nichols crossed) showing similar zoning patterns as 

figure 2.12 a. 
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2.5.1.3. Au Bearing Biotite Skarn 

Samples of biotite skarn from the Amber West zone are comprised of dominantly biotite 

with lesser amounts of allanite, apatite, scheelite, native bismuth, bismuth tellurides (± 

selenium), electrum, pyrrhotite along with trace amounts of chalcopyrite, sphalerite, and 

galena (Fig. 2.13 a and b). This biotite skarn cross-cuts the actinolite-pyrrhotite skarn 

which makes up the largest part of the scheelite ore at Cantung (Mathieson and Clark 

1984). Where the biotite skarn cross-cuts actinolite-pyrrhotite skarn, the outer margins of 

zones with the biotite skarn have a concentration of sulfides and scheelite greater than 

within the centre. Native bismuth, electrum, and bismuth tellurides (± selenium) fill the 

interstices between biotite crystals as well as other skarn minerals (Fig. 2.13 c) and also 

form inclusions within a variety of skarn minerals (e.g. scheelite, allanite, apatite). Where 

they occur as inclusions within other minerals, they typically exhibit spherical or “droplet” 

shaped textures. High concentrations of Bi, Te, and Au are characteristic of the biotite 

skarn assemblage, although lower concentrations are also present within the sulfide-rich 

actinolite-pyrrhotite skarn. 
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Figure 2.13 Images of biotite skarn and its associated Bi-Au mineralization from drill hole U2083 

#205363 (335.0 - 338.9 ft.). a) Thin section scan using non-polarized light of biotite skarn. The 

areas circled in blue represent areas where gold (electrum) was identified. b) Reflected light 

photomicrograph (50x objective lens) of native bismuth with electrum as well as bismuth tellurides 

(close to hedleyite). c) SEM – BSE image of native bismuth, bismuth tellurides, bismuth-telluro-

selenides, as well as trace amounts of galena. Aln – Allanite, Ap – Apatite, Bi – Native bismuth, 

Bi-Te – Bismuth tellurides, Bi-Te-Se – Bismuth telluro-selenides, Bt – Biotite, Gn – galena. 

 

2.5.2. U-Pb Geochronology 

2.5.2.1. Titanite from Quartz Veins 

Thin sections were prepared from samples taken from the Open Pit zone of quartz-

scheelite veins that cross-cut the Swiss Cheese limestone (Fig. 2.14). From 36 analyses, 

25  were used to produce an inverse Concordia lower-intercept age of 103.4 ± 2.3 Ma 

(Fig. 2.15, Table 2.1, 2σ, MSWD=0.66) with the upper intercept being anchored at a 

207Pb/206Pb value of 0.82 ± 0.01 (Rasmussen et al. 2010, Whelan 2014). From 11 of the 

36 analyses, another population was identified with an anchored lower intercept age of 

94.2 ± 1.9 Ma (Fig. 2.15, Table 2.1, 2σ, MSWD=0.87).  
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Samples of mineralized quartz veins from the E-zone orebody (Fig. 2.16) were 

dated using titanite from alteration along the margins of the veins. From 81 analyses, an 

inverse concordia lower intercept age of 99.7 ± 0.3 Ma was generated (Fig. 2.17, Table 

2.2, 2σ, MSWD=1.4).  

 

Figure 2.14 Thin section scan using non-polarized light of thin section HF-03-98-1. The areas 

circled are the locations of titanite analyzed using in situ LA ICP-MS. Ap – Apatite, Qz – Quartz, 

Sch – Scheelite. 

 

 

Figure 2.15 U-Pb Tera-Wasserburg diagram of titanite analyses from sample HF-98-1, from 

scheelite-bearing quartz vein from the Open Pit zone.  Upper intercept is anchored at a 207Pb/206Pb 

value of 0.82 (Rasmussen et al. 2010, Whelan 2014). Data point error ellipses are reported at 2σ. 
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Figure 2.16 Images showing the W-Cu-Bi-Au quartz vein sampled from the E-zone. The areas 

circled are the location where gold was identified. a) Thin section scan using non-polarized light 

of thin section 03-DL-27. b) Reflected light mosaic of thin section 03-DL-27. Bi – Native Bismuth, 

Cpx – Clinopyroxene, Grt – Garnet, Qz – Quartz, Sch – Scheelite. 

 

 

Figure 2.17 LA ICP-MS U-Pb Tera-Wasserburg diagram of titanite analyses from sample 03-DL-

27, from a W-Cu-Au bearing quartz vein from the E-Zone. Upper intercept is anchored at a 
207Pb/206Pb value of 0.82 (Rasmussen et al. 2010, Whelan 2014). Data point error ellipses are 

reported at 2σ. 
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 Table 2.1 U-Pb titanite geochronology of scheelite-bearing quartz veins from 

Open Pit zone at Cantung (sample HF-03-98-1). The text in black corresponds to 

the data used to produce the age 103.4 ± 2.3 Ma (Fig. 2.15). The text in blue 

corresponds to the data used to calculate the age 96.6 ± 3.9 Ma. 

Comments approximate concentrations (µg g-1) Isotopes ratios 

 
Th U Th/U 206Pb/204Pb 238U/206Pb 2σ 207Pb/206Pb 2σ 

err. 

Corr. 

C8 - 2 0.90 9.9 0.09 0.3 19.92 1.07 0.541 0.033 0.26 

C5 - 5 0.50 12.1 0.04 8 43.03 1.81 0.28 0.029 0.57 

C7 - 1 0.96 11.1 0.09 8.1 40.32 2.28 0.315 0.037 0.68 

C1 - 4 1.11 12.5 0.09 8.6 42.74 2.37 0.304 0.037 0.42 

C5 - 7 0.28 8.7 0.03 9.2 31.75 1.91 0.434 0.04 0.44 

C5 - 1 0.37 10.9 0.03 9.5 40.00 2.08 0.327 0.034 0.37 

C2 - 4 2.38 9.6 0.25 9.6 33.00 1.52 0.386 0.03 0.49 

C5 - 2 0.33 9.8 0.03 9.6 32.15 1.65 0.441 0.038 0.56 

C6 - 1 0.14 7.8 0.02 10.5 22.88 1.10 0.526 0.037 0.49 

C3 - 4 1.49 18.5 0.08 11.4 50.10 2.21 0.176 0.022 -0.03 

C5 - 3 0.37 8.0 0.05 11.8 22.68 1.08 0.494 0.03 0.36 

C7 - 2 2.18 19.4 0.11 11.9 45.64 2.04 0.23 0.023 0.31 

C3 - 2 0.85 13.7 0.06 12 41.12 1.66 0.315 0.028 0.27 

C5 - 4 0.70 16.4 0.04 12.3 42.11 1.74 0.298 0.03 0.31 

C3 - 1 2.00 14.2 0.14 12.3 44.44 2.37 0.265 0.027 0.45 

C4 - 2 2.74 16.3 0.17 14.2 29.76 1.59 0.459 0.028 0.41 

C2 - 3 2.40 23.5 0.10 15.3 46.32 2.12 0.25 0.023 0.12 

C5 - 6 0.64 8.9 0.07 15.3 20.28 1.03 0.572 0.036 0.39 

C6 - 4 3.26 13.6 0.24 16 28.90 1.42 0.453 0.028 0.39 

C6 - 3 1.31 16.6 0.08 16.7 33.56 1.80 0.418 0.031 0.09 

C3 - 8 4.41 26.0 0.17 20.7 47.08 1.66 0.237 0.02 0.30 

C2 - 2 1.43 15.1 0.10 23.6 24.10 0.93 0.535 0.032 0.27 

C1 - 1 1.57 19.2 0.08 27.3 18.59 1.17 0.583 0.027 0.02 

C2 - 1 0.72 9.9 0.07 27.8 13.97 0.98 0.651 0.03 -0.20 

C1 - 3 1.55 14.0 0.11 38.9 6.68 0.32 0.718 0.029 0.64 

C3 - 3 1.75 14.9 0.12 8.3 53.68 2.65 0.187 0.023 0.34 

C1 - 2 1.93 18.8 0.10 10 49.50 2.45 0.251 0.024 0.43 

C3 - 10 1.72 17.1 0.10 12.7 47.76 2.10 0.275 0.024 0.46 

C7 - 3 1.80 25.3 0.07 14.8 52.41 2.12 0.202 0.019 0.27 

C8 - 1 1.58 24.7 0.06 15.1 51.41 1.74 0.253 0.022 0.45 

C3 - 5 1.95 23.6 0.08 15.8 53.94 1.92 0.218 0.017 0.19 

C6 - 2 1.01 22.1 0.05 18.8 47.17 2.45 0.265 0.027 0.40 

C3 - 9 5.09 34.2 0.15 20.8 56.53 2.36 0.173 0.016 0.43 

C3 - 7 9.13 45.5 0.20 23.5 58.14 1.69 0.169 0.012 0.41 
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Table 2.2 U-Pb titanite geochronology of scheelite-bearing quartz veins from the E-

Zone zone at Cantung (sample 03-DL-27) 
Comments approximate concentrations (µg g-1) Isotopes ratios 

 Th U Th/U 206Pb/204Pb 238U/206Pb 2σ 207Pb/206Pb 2σ err. corr. 

6 - 2 64.2 30.54 0.48 38.41 64.39 1.12 0.077 0.004 0.12 

10 - 7 0.9 0.11 0.12 434.67 63.17 0.88 0.083 0.003 -0.08 

6 - 10 0.7 0.11 0.16 -21.29 64.47 1.37 0.073 0.004 -0.02 

3 - 1 1.4 0.57 0.40 0 65.06 1.31 0.065 0.006 0.21 

6 - 3 39.3 1.50 0.04 34.90 63.37 1.04 0.079 0.004 0.14 

2 - 9 65.0 1.53 0.02 -57.71 64.64 1.13 0.064 0.003 0.05 

6 - 5 47.4 1.17 0.02 406.00 63.98 1.06 0.070 0.003 0.08 

6 - 7 53.0 1.24 0.02 -1210.00 64.27 1.12 0.064 0.003 0.11 

11 - 1 46.3 2.22 0.05 26.02 64.35 0.95 0.060 0.003 0.00 

10 - 4 86.3 0.61 0.01 -59.13 54.47 1.13 0.180 0.010 -0.31 

4 - 2 82.5 1.38 0.02 -96.13 63.82 0.90 0.065 0.003 0.22 

10 - 16 27.4 0.17 0.01 20.50 64.39 1.04 0.060 0.002 0.29 

12 - 3 16.9 0.16 0.01 40.76 63.37 1.00 0.070 0.004 0.27 

10 - 2 34.2 0.40 0.01 34.26 63.98 0.94 0.060 0.002 0.23 

10 - 1 69.7 1.90 0.03 51.30 64.02 0.90 0.058 0.002 0.11 

6 - 1 55.4 1.27 0.02 29.19 36.06 1.22 0.404 0.019 0.26 

8 - 2 41.9 0.68 0.02 -58.96 62.93 1.03 0.072 0.005 0.06 

10 - 3 52.6 0.69 0.01 64.62 63.61 1.05 0.063 0.004 -0.02 

7 - 1 4.1 0.14 0.03 126.27 63.53 0.93 0.064 0.002 0.22 

4 - 10 13.0 0.66 0.05 -107.42 62.70 1.30 0.077 0.005 0.29 

2 - 6 61.4 2.87 0.05 265.20 63.82 0.98 0.060 0.003 0.30 

6 - 8 43.3 1.70 0.04 -48.85 62.81 1.38 0.075 0.005 -0.09 

5 - 1 61.6 1.23 0.02 127.90 54.11 0.94 0.176 0.005 0.05 

8 - 4 59.8 2.00 0.03 6.57 63.90 1.02 0.058 0.004 0.15 

6 - 6 55.0 1.90 0.03 27.23 62.11 1.20 0.080 0.004 0.01 

7 - 2 56.3 1.94 0.03 6.77 62.85 0.87 0.069 0.003 0.12 

6 - 11 28.8 0.45 0.02 29.81 63.17 1.64 0.070 0.007 0.30 

4 - 6 45.9 2.12 0.05 160.89 63.41 1.01 0.062 0.002 0.17 

5 - 2 34.8 1.26 0.04 29.65 63.41 0.92 0.061 0.002 -0.09 

6 - 4 36.7 1.36 0.04 55.71 62.27 0.97 0.075 0.004 0.05 

9 - 4 352.3 154.80 0.44 19.47 59.77 0.86 0.104 0.005 -0.12 

4 - 3 225.5 53.60 0.24 37.90 63.45 1.01 0.060 0.002 0.06 

10 - 15 271.7 30.34 0.11 54.30 57.05 1.63 0.141 0.013 0.40 

4 - 4 259.2 33.66 0.13 630.50 56.79 0.87 0.140 0.005 0.28 

12 - 10 287.8 62.29 0.22 7.92 63.29 0.92 0.061 0.002 0.13 

8 - 3 237.1 32.30 0.14 18.46 61.88 0.88 0.078 0.003 0.25 

10 - 10 214.4 103.40 0.48 66.85 63.05 0.87 0.064 0.002 0.25 

1 - 1 212.8 105.22 0.49 32.28 62.31 1.36 0.074 0.005 -0.26 

2 - 10 235.9 61.80 0.26 8.19 63.29 1.08 0.061 0.002 0.30 

2 - 8 254.4 130.10 0.51 13.31 62.58 0.98 0.069 0.004 0.11 
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2.5.2.2. Allanite and Epidote from W-Bearing Anhydrous Skarn 

Samples of scheelite-bearing anhydrous skarn from Amber West zone were dated using 

in situ LA ICP-MS analysis of allanite and epidote. From a total of 72 analyses (62 allanite 

10 epidote), 34 points from allanite and 5 points from epidote were used to calculate an 

inverse concordia age of 98.8 ± 0.6 Ma (Fig. 2.18 a), Table 2.3, 2σ, MSWD=1.9) with the 

upper intercept being anchored at a 207Pb/206Pb value of 0.82 (Rasmussen et al. 2010, 

Whelan 2014). A significant portion of the analyses had to be filtered for lead loss to 

ensure a tight regression (Fig. 2.18 b).  

 

Figure 2.18 U-Pb Tera-Wasserburg diagrams of allanite and epidote analyses from sample U2602 

(491.0-492.6 ft), from a W- bearing anhydrous skarn from the Amber East Zone. The upper 

intercepts of the Tera-Wasserburg diagram are anchored at a 207Pb/206Pb value of 0.82 (Rasmussen 

et al. 2010, Whelan 2014). Data point error ellipses are reported at 2σ. a) Tera-Wasserburg 

diagram of allanite and epidote analyses. The area in the black box is the sample set used in figure 

2.19 b). b) Tera-Wasserburg diagram of allanite analyses showing the points used to calculate the 

age (red) as well as those excluded from the age (gray) which were removed as they are believed 

to represent erroneous ages due to lead loss. 
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Table 2. 3 U-Pb allanite geochronology of scheelite-bearing anhydrous skarn from the 

Amber Zone at Cantung (sample U2602-491.0-492.6-A and -B). The data outlined in red 

represents the analyses of allanite used to produce the age of 98.8 ± 0.6 Ma, whereas the 

data outlined in green represents the analyses of epidote used to produce this age. 

Comments approximate concentrations (µg g-1) Isotopes ratios 

 Th U Th/U 206Pb/204Pb 238U/206Pb 2σ 207Pb/206Pb 2σ err. corr. 

2-rim-3 879 2358 0.37 -70 65.79 0.65 0.058 0.002 0.33 

2-rim-2 585 2117 0.28 -110 65.62 0.65 0.058 0.001 0.12 

rim-1 1816 1937 0.94 -340 65.83 0.74 0.065 0.002 0.25 

2-rim-3 2235 1874 1.19 -1540 67.43 0.82 0.066 0.002 0.27 

3-rim-3 1979 1816 1.09 -430 67.66 0.78 0.069 0.002 0.49 

rim-5 1763 1801 0.98 -570 64.98 0.72 0.066 0.002 0.24 

2-rim-2 2202 1779 1.24 57 66.67 0.76 0.076 0.002 0.37 

rim-2 2757 1729 1.59 -360 66.53 0.75 0.067 0.002 0.19 

6-rim-4 319 1680 0.19 -430 65.88 0.65 0.064 0.002 0.18 

2 - rim-1 822 1580 0.52 -240 65.79 0.91 0.062 0.002 0.33 

3-rim-1 1676 1502 1.12 -1100 65.75 0.78 0.069 0.002 0.04 

6-rim-9 356 1469 0.24 -260 66.01 0.74 0.065 0.002 0.17 

2-rim-1 2101 1450 1.45 3200 64.89 0.76 0.075 0.002 0.32 

rim-4 435 1442 0.30 -220 64.85 0.80 0.065 0.002 0.12 

3-rim-2 1483 1370 1.08 0 64.77 0.76 0.073 0.002 0.44 

3-rim-5 885 1215 0.73 -93 65.40 0.81 0.074 0.002 0.32 

rim-3 766 1102 0.69 -30 61.35 0.87 0.115 0.004 0.25 

5-rim-1 2030 1065 1.91 67 64.39 0.75 0.074 0.003 0.19 

3-rim-2 324 828 0.39 -116 63.17 0.92 0.077 0.003 0.15 

3-rim-1 1267 823 1.54 20 63.78 0.94 0.078 0.003 0.29 

4-rim-2 1006 780 1.29 -104 62.77 0.99 0.096 0.003 0.44 

rim-1 532 733 0.73 6 61.58 0.99 0.076 0.003 0.15 

rim-3 780 699 1.11 -21 62.93 0.83 0.081 0.003 0.19 

3-rim-4 1732 669 2.59 -95 60.94 0.89 0.084 0.003 0.31 

4-rim-1 364 590 0.62 -67 60.72 0.85 0.091 0.003 0.25 

3-rim-3 507 579 0.88 -48 60.94 0.97 0.101 0.003 0.24 

rim-2 1606 452 3.55 22 59.74 1.03 0.095 0.004 0.49 

6-rim-6 1449 414 3.50 -99 61.77 1.07 0.108 0.005 0.44 

6-rim-7 1174 408 2.88 9 62.15 1.16 0.112 0.005 0.21 

6-rim-8 91 403 0.23 43 52.33 0.82 0.164 0.005 0.49 

6-rim-1 1855 367 5.05 -200 57.64 1.06 0.124 0.006 0.41 

6-rim-2 944 315 3.00 -310 58.38 1.26 0.139 0.007 0.49 

6-rim-5 1558 313 4.98 -55 58.21 1.22 0.133 0.006 0.35 

6-rim-3 876 310 2.83 -264 58.28 1.19 0.134 0.006 0.46 

epid-3 31 170 0.18 2 46.23 1.11 0.257 0.011 0.56 

2-epid-1 38 136 0.28 5 40.45 1.15 0.332 0.015 0.62 

epid-1 44 106 0.41 17 36.70 1.02 0.365 0.015 0.65 

2-epid-2 178 103 1.73 -10 33.48 0.94 0.413 0.018 0.74 

epid-2 52 75 0.70 -10 27.47 0.83 0.488 0.023 0.76 
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2.5.2.3. Allanite from Au-Bearing Biotite Skarn 

Samples of biotite skarn from the Amber East zone were also dated using in situ LA ICP-

MS analyses of allanite. Allanite is in equilibrium with an assemblage comprised 

dominantly of biotite with lesser amounts of apatite, scheelite, native bismuth and minor 

pyrrhotite. The standards used to analyze the allanite from these samples are the same 

standards mentioned previously.  

An inverse concordia age of 96.2 ± 0.5 Ma (Fig. 2.19, Table 2.4, 2σ, MSWD=1.5) 

was produced from 41 analyses with the upper intercept anchored at a 207Pb/206Pb value 

of 0.82 (Rasmussen et al. 2010, Whelan 2014). Analyses of allanite from the W-bearing 

anhydrous skarn along with the Au-bearing biotite skarn were plotted together on a plot 

of 207Pb – corrected 206Pb/238U age versus alpha dose (Fig. 2.20). Alpha dose is a function 

of radioisotope starting concentrations, the duration of residence below annealing 

conditions, as well as the mass of the decaying isotopes and the purpose of the calculation 

is to determine the extent to which lead loss has occurred and if the younger ages 

calculated are correlated with the most heavily damaged zones (Nasdala et al. 2001). 
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Figure 2.19 U-Pb Tera-Wasserburg diagram of allanite analyses from sample U 2083 #205362 

(331.0-335.0 ft.). This sample consists of Au-bearing biotite skarn from the Amber West Zone. 

Upper intercept is anchored at a 207Pb/206Pb value of 0.82 (Rasmussen et al. 2010, Whelan 2014). 

Data point error ellipses are reported at 2σ. 

 

 

Figure 2.20 Plot showing LA ICP-MS analyses of allanite of 207Pb – corrected 206Pb/238U age 

versus alpha dose. The y-axis represents the calculation of alpha dose for each analyses measure 

in displacements per atom (dpa), whereas the x-axis represents the 207Pb-corrected 206Pb/238U age.   
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Table 2. 4 U-Pb allanite geochronology of gold-bearing biotite skarn from the Amber 

Zone at Cantung (sample U2083-#205362-B2 and U2083-#205358) 

Comments approximate concentrations (µg g-1) Isotopes ratios 

 Th U Th/U 206Pb/204Pb 238U/206Pb 2σ 207Pb/206Pb 2σ err. corr. 

1 - 1 1177 780 1.51 1330 62.85 0.83 0.092 0.003 0.31 

1 - 2 1118 868 1.29 -520 62.11 0.85 0.091 0.003 0.25 

1 - 3 920 607 1.51 -290 62.15 0.89 0.109 0.004 0.30 

1 - 4 807 563 1.43 -350 62.34 0.93 0.094 0.004 0.45 

1 - 5 854 771 1.11 2 63.73 0.85 0.071 0.003 0.36 

1 - 6 1695 395 4.29 -193 60.28 1.27 0.107 0.005 0.47 

1 - 7 497 335 1.49 46 49.53 2.36 0.249 0.021 0.56 

1 - 8 239 470 0.51 -112 62.27 1.09 0.103 0.005 0.35 

2 - 1 512 595 0.86 32 60.98 1.08 0.115 0.004 0.23 

2 - 2 802 710 1.13 -177 63.33 1.04 0.086 0.004 0.19 

2 - 3 961 391 2.45 -221 61.73 1.26 0.109 0.005 0.25 

2 - 4 898 293 3.07 -287 57.14 1.18 0.163 0.007 0.26 

2 - 5 831 405 2.05 -39 59.07 1.05 0.123 0.005 0.44 

2 - 6 471 629 0.75 -1290 62.97 1.07 0.098 0.003 0.22 

3-rim - 1 1130 634 1.78 -450 61.77 0.92 0.098 0.004 0.39 

3-rim - 2 766 1227 0.62 -450 66.27 0.83 0.065 0.002 0.30 

3-rim - 4 826 588 1.40 -570 62.97 1.03 0.081 0.004 0.50 

3-rim - 5 611 1043 0.59 -320 64.85 0.63 0.065 0.002 0.16 

3-core - 2 1189 454 2.62 -198 64.10 1.19 0.093 0.004 0.35 

3-core - 3 996 538 1.85 -280 62.66 1.10 0.086 0.004 0.57 

4-core - 1 332 486 0.68 -1920 62.62 1.06 0.095 0.004 0.32 

4-core - 2 1257 398 3.16 220 60.68 1.10 0.103 0.005 0.40 

4-core - 3 756 474 1.59 8 61.65 1.03 0.104 0.004 0.28 

4-rim - 1 200 700 0.28 -66 62.15 0.93 0.097 0.004 0.33 

4-rim - 2 825 699 1.18 -233 62.89 0.95 0.084 0.003 0.27 

4-rim - 3 719 725 0.99 -171 63.33 0.84 0.090 0.003 0.35 

4-rim - 4 685 689 0.99 -162 63.05 0.76 0.084 0.004 0.28 

4-rim - 5 684 725 0.94 -280 62.46 0.94 0.090 0.003 0.22 

rim - 1 1992 450 4.43 -64 55.10 1.70 0.179 0.016 -0.02 

rim - 3 602 672 0.90 -260 61.46 0.91 0.102 0.003 0.45 

rim - 4 941 569 1.65 -310 61.50 0.98 0.105 0.004 0.42 

core - 1 1133 549 2.06 63 48.36 0.89 0.239 0.008 0.00 

2 - 1 916 458 2.00 2210 58.72 1.14 0.131 0.006 0.54 

2 - 2 2531 512 4.94 -800 60.64 0.99 0.100 0.004 0.29 

2 - 3 2172 376 5.78 -142 61.43 1.02 0.100 0.005 0.22 

2 - 4 1543 444 3.47 57 48.19 0.98 0.253 0.009 0.53 

3 - 1 344 439 0.78 -260 61.92 1.27 0.104 0.005 0.48 

3 - 2 805 401 2.01 -220 62.93 0.99 0.101 0.004 0.29 

3 - 3 833 352 2.37 -106 59.67 1.28 0.119 0.006 0.44 

3 - 4 702 540 1.30 -350 61.58 0.91 0.093 0.004 0.29 

3 - 5 550 449 1.23 -330 60.57 0.99 0.102 0.005 0.38 
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2.6. Discussion 

2.6.1. Justification of Methodology 

The high common lead content of titanite and allanite typically necessitates correction in 

order to produce data that is accurate and with a precision necessary to make 

interpretations at the <1 Ma resolution (Horstwood et al. 2003, Simonetti et al. 2006). The 

most common way to correct for common lead is to use measured 204Pb data as it is the 

only component of common lead which is not radiogenic in origin. For the titanite 

analyzed here, the 204Pb analyzed are below 100 CPS, and for many of the allanite analyses 

they were below the limits of detection, and therefore couldn’t be used to correct for 

common lead. Some of the challenges in correcting for common lead using LA ICP-MS 

data includes inaccurately measured or low 204Pb concentrations, no data on the initial 

common lead concentrations (e.g., from cogenetic sulfides), as well as the relatively young 

age of the rocks. In circumstances where no reliable data is available for 204Pb,  207Pb or 

208Pb are used to correct for common lead (Andersen 2002, Zack et al. 2011). Common 

lead corrections assume that the only source of discordance is due to the presence of 

common lead, therefore in samples which have undergone lead loss, this correction would 

produce erroneously young ages. 

Tera-Wasserburg diagrams were selected over traditional U-Pb diagrams (e.g. 

Concordia, weighted mean 206Pb/238U) because of the high common lead contents of 

allanite and titanite, a lack of concordance in the samples analyzed, varying degrees of 

lead loss (uncertain if it is continuous vs. episodic), and therefore correcting for common 

lead would be unable to produce robust ages. Tera-Wasserburg diagrams display U-Pb 

data affected by common-Pb more clearly than the conventional (Wetherill) Concordia 
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diagram, especially in the case of younger rocks (e.g. Schärer et al. 1984). Because these 

rocks are so young, the very low concentrations of 204Pb will have a pronounced effect on 

the Pb*/Pbc, which is manifested as the mixing line on the Tera-Wasserburg diagram and 

therefore a wide range in Pb*
 /Pbc

 minimizes errors for a lower intercept date on a Tera-

Wasserburg plot. Another benefit of using Tera-Wasserburg diagrams is that 207Pb/206Pb 

ratios can be more accurately measured than U-Pb ratios and therefore the effects of error 

correlations are negated. Because the upper intercept of the y-axis on the Tera-Wasserburg 

diagram represents the common-Pb 207Pb/206Pb ratio at t0 (age of emplacement), no 

common lead correction is necessary to produce this age. Data on the initial 207Pb/206Pb 

ratio for rocks in the region is already available (approx. 0.82, Rasmussen et al. 2010, 

Whelan 2014) and this value is expected to remain unchanged since time t0. Analyses of 

two cogenetic minerals with different Pb*
 /Pbc increase our confidence in the 207Pb/206Pb 

ratios used to anchor our regression for the lower intercept Tera-Wasserburg ages. 

Dating complexly-zoned mineral deposits with multiple overprinting magmatic-

hydrothermal events necessitates detailed sample descriptions. However, using only the 

textural setting (at the thin section and grain scale) severely limits our ability to interpret 

the geochronologic data. Meaningful conclusions require the use of the precise U-Pb 

zircon geochronology of the various magmatic events at Cantung and the Pb isotope 

systematics of the surrounding geology (Rasmussen et al. 2010, 2011, Rasmussen 2013, 

Whelan 2014). 
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2.6.2. Timing of Mineralizing Hydrothermal Events 

2.6.2.1. Titanite in W-Cu-Au Bearing Quartz Veins 

A summary of the recent geochronology completed at Cantung is shown in Figure 2.21. 

The range in U-Pb ages obtained from analysis of titanite requires explanation. The first 

hypothesis would be that the older age obtained from quartz veins taken from the Open 

Pit zone (sample HF-98-1, 103.4 ± 2.3 Ma) represents a pre-mineralization event, where 

titanite was formed through contact metamorphism of a mixed carbonate and siliciclastic 

protolith. Populations of zircons from the Circular Stock pluton (103.0 ± 1.6 Ma) and the 

unpublished age for the distal Mine Stock (101.2 ± 0.4 Ma) both suggest that magma may 

have been locally emplaced between ~101 and 105 Ma (Rasmussen et al. 2011, 

Rasmussen 2013). Alternatively, the older titanite age could represent emplacement of the 

quartz veins and their associated scheelite mineralization, while the younger age (94.1 ± 

1.9 Ma) represents a secondary event which overgrew the primary titanite. Closer 

inspection of this sample (HF-98-1) reveals a significant amount of biotite replacing 

fragments within and adjacent to the vein, as well as extensive fracturing within the quartz 

vein. Biotite is not part of the primary alteration assemblage associated with these quartz 

veins. The age obtained from allanite in the biotite skarn (96.2 ± 0.5 Ma) suggests 

mineralization was concurrently occurring elsewhere and overlaps with this younger age 

from the quartz veins (94.1 ± 1.9 Ma). A potential solution to resolve this would be to date 

the apatite which occur as single euhedral crystals in equilibrium with the quartz from the 

vein. 

The age derived from analysis of titanite from the E-Zone quartz veins (99.7 ± 0.3 

Ma) is younger than the age produced from analysis of titanite in the Open Pit quartz 
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veins. The titanite was from alteration adjacent to the vein margin where the alteration 

had replaced the clinopyroxene from the hostrock with an assemblage comprised of 

calcite, clinozoisite, quartz. This differs from titanite analyzed in the Open Pit quartz 

veins, where fragments of altered wallrock were entrained within the vein.  Based on these 

differences, µ-XRF mapping was conducted to visualize the distribution of various 

elements in an effort to decipher whether the titanite formed from alteration associated 

with this vein or an event that overprinted it (Fig. 2.22). It is unclear if this alteration is 

directly associated with the vein or if it has interacted with and redistributed metals (Cu, 

Fe, Bi, Te, Au, etc.) originally associated with the veins. For this reason, the age cannot 

be confidently assigned to the age of emplacement of this quartz vein. A great deal of 

these problems come from using samples that were not originally collected by the authors 

of this study, thus limiting the extent to which contextual constraints could be used to help 

interpret this data. Due to the ambiguous results, the age determination could represent a 

minimum age of emplacement for the mineralized quartz veins from the E-zone or an 

overprinting alteration event. 
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Figure 2.21 Schematic representation comparing the results of geochronology completed during 

this study (hydrothermal) with the results from Rasmussen (2013) which examined igneous 

intrusive events. Error bars are reported at 2σ. 
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Figure 2. 22 (overleaf) µ-XRF maps of sample 03-DL-27. The intensity of the colours used in 

these maps is relative to each other and does not reflect the absolute concentration of that element. 

The white circles represent the place where electrum was identified. a) Elemental map showing 

the relative distribution of calcium (yellow), titanium (blue), aluminium (red), and bismuth (cyan). 

The dark orange areas represent clinozoisite, the light orange areas represent garnet, the bright-

yellow areas represent calcite, the pale-yellow areas represent clinopyroxene, purple areas 

represent titanite, the cyan areas represent native bismuth. b) Elemental map showing the relative 

distribution of calcium (yellow), aluminium (red), and silicon (blue). The dark orange areas 

represent clinozoisite, the light orange areas represent garnet, the bright yellow areas represent 

calcite, the blue areas represent quartz, and the dark purple areas represent actinolite. Act – 

Actinolite, Bi – Native Bismuth, Cpx – Clinopyroxene, Czo – clinozoisite, Grt – Garnet, Qz – 

Quartz. 

 

2.6.2.2. Genesis of W-bearing Anhydrous Skarn 

Interpretation of the age obtained from analysis of allanite and epidote from W-bearing 

anhydrous skarn (98.8 ± 0.6 Ma) is within error of the ID TIMS U-Pb zircon ages from 

the apical Mine Stock (98.2 ± 0.4 Ma), the aplite dyke (98.3 ± 0.3 Ma), and is slightly 

outside the error of the felsic dyke (97.4 ± 0.3 Ma) (Rasmussen 2013).  The presence of 

scheelite within the aplite dyke and the overlapping ages suggests the W-bearing 
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anhydrous skarn likely formed as the result of influx of orthomagmatic fluids sourced 

from the same melts that generated the apical Mine Stock as well as the aplite dykes. The 

absence of significant alteration or endoskarn development within the apical Mine Stock, 

directly adjacent to the E-zone and the other underground zones (cf. Mathieson and Clark 

1984) suggests that the apical Mine Stock itself wasn’t the source of the fluids, but likely 

a larger magma chamber at depth. 

W-bearing anhydrous skarn is typically manifested as zones of selective 

replacement with the presence of infill textures and mineral zoning from the outer parts 

of these zones inward (see Fig. 2.9). In the case of systems similar to Cantung, the first 

stages of scheelite mineralization were associated with an assemblage comprised 

dominantly of garnet, pyroxene, epidote (allanite, epidote, clinozoisite), and calcite and 

due to their association with hydrous phases were referred to as retrograde skarn (Soloviev 

et al. 2017). In those skarns, the first stage of mineralization was preceded by an episode 

of prograde calcareous skarn (pyroxene, garnet, wollastonite, vesuvianite) which was 

barren. The zones of unmineralized garnet-pyroxene skarn at Cantung can be interpreted 

as genetically unrelated to the later mineralized anhydrous skarn (garnet, pyroxene, 

hydrous minerals, etc.). The plot of alpha-dose versus 207Pb corrected 206Pb/238U age 

shows that many of the younger ages from the garnet-pyroxene skarn correlated with 

higher levels of alpha dose, which would make them more susceptible to experience lead 

loss which justifies their exclusion from the ages calculated. 

2.6.2.3. Genesis of Au-bearing Biotite Skarn 

The significance of the age calculated from allanite within the gold-bearing biotite skarn 

(96.2 ± 0.5 Ma) strongly suggests this event represents a temporally distinct mineralizing 

event. The age of the Circular Stock (96.9 ± 0.6 Ma; Rasmussen 2013) suggests it was 
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emplaced concurrently with the gold-bearing biotite skarn. The younger U-Pb age 

calculated using titanite from scheelite-bearing quartz veins in the Open Pit zone (94.1 ± 

1.9 Ma) may be the result of the biotite skarn-forming event being superimposed upon 

primary titanite (103.4 ± 2.3 Ma). 

The northern contact between the Circular Stock and the older argillite is defined 

by  breccia pipe which includes fragments of monzogranite, country rocks, as well as 

mineralized skarn fragments (Rasmussen et al. 2011). Breccias are formed as the result of 

mechanical energy which is released due to the sequential processes of second boiling 

followed by decompression and their formation is generally restricted to depths of 4-5 km 

(Burnham 1979, Burnham and Ohmoto 1980). The presence of breccias associated with 

the Circular Stock, which is the youngest pluton at Cantung suggests that a significant 

degree of uplift had occurred between the emplacement of the between the earliest and 

latest intrusive events. The geometry of the Circular Stock compared to some of the other 

intrusions also supports a changing geodynamic environment between the emplacement 

of the distal Mine Stock (101.2 ± 0.4 Ma, Rasmussen et al. 2011) and the Circular stock 

(96.9 ± 0.6 Ma, Rasmussen et al. 2011).  

2.7. Conclusions 

The results indicate unequivocally the presence of multiple, temporally distinct 

mineralizing events have impacted Cantung, and their timing differs from previous 

proposals (Zaw 1976, Dick and Hodgson 1982, Mathieson and Clark 1984). The ages 

produced for vein and skarn mineralization overlap the ages produced for the plutons in 

the areas surrounding the mine (Rasmussen et al. 2011). Gaps in time could help explain 

why events which are temporally distinct share some metal assemblages with other events 
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(i.e., through dissolution of earlier mineralization and redistribution of metals). 

Exploratory LA ICP-MS trace element mapping of scheelite from actinolite-pyrrhotite 

skarn revealed the presence of dissolution-reprecipitation textures which further supports 

the hypothesis of multiple mineralizing events that have resulted metal redistribution. 

These findings are significant because large intrusion-related gold and reduced skarn 

systems share many of these same characteristics (multiple reduced intrusive events, Au-

Bi-Te-W metal associations, vein and replacement-styles of mineralization, CO2- and 

CH4- rich fluid inclusion assemblages, etc.). In the recent past other intrusion-related gold 

systems (and some “orogenic”) have been found in the areas surrounding Cantung (e.g. 

Golden Predator – 3 Aces, Stratabound – Golden Culvert), some of which have dates 

which overlap with those of events at Cantung (Whelan 2014). 
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Appendix 2. 1 EPMA analyses of allanite and epidote from sample U2602 491.0-492.6B. 

EPMA of allanite from sample U2602 491.0-492.6B 
Pt # 1 2 3 4 5 6 7 12 13 14 15 16 

MgO 0.43 0.20 0.20 0.57 0.30 0.26 0.54 0.44 0.45 0.20 0.52 0.24 

Al2O3 19.45 22.70 22.38 18.36 19.88 21.02 19.19 19.35 19.11 22.71 18.44 20.71 

SiO2 33.29 36.29 35.92 32.74 34.51 35.88 33.19 33.01 32.95 35.90 32.55 35.06 

CaO 11.11 17.86 16.95 9.93 14.84 17.50 10.88 11.24 10.86 17.58 9.96 15.55 

TiO2 0.05 0.15 0.16 0.00 0.28 0.40 0.00 0.02 0.02 0.22 0.00 0.29 

MnO 0.36 0.10 0.10 0.42 0.06 0.18 0.32 0.35 0.34 0.13 0.45 0.15 

Fe2O3 12.26 10.64 11.03 13.08 11.66 10.23 12.17 12.13 12.57 10.48 12.90 11.49 

Y2O3 0.60 0.26 0.20 0.27 0.44 0.28 0.36 0.78 0.78 0.22 0.35 0.35 

La2O3 5.33 3.40 4.08 6.01 4.38 3.26 5.49 4.58 4.93 3.54 5.70 3.68 

Ce2O3 10.72 5.25 5.82 12.14 7.47 5.41 11.99 10.47 11.00 5.47 12.64 6.94 

Pr2O3 1.08 0.34 0.46 1.06 0.56 0.69 0.89 1.14 0.98 0.58 1.07 0.66 

Nd2O3 4.13 1.50 1.52 3.98 2.24 0.66 3.96 4.58 4.01 1.19 4.08 2.21 

Sm2O3 0.59 0.16 0.00 0.19 0.36 0.00 0.39 0.61 0.53 0.18 0.74 0.30 

ThO2 0.07 0.01 0.01 0.16 0.05 0.00 0.06 0.01 0.02 0.04 0.16 0.10 

UO2 0.09 0.33 0.27 0.05 0.30 0.30 0.05 0.06 0.09 0.18 0.10 0.23 

Total 99.57 99.19 99.13 98.97 97.34 96.07 99.47 98.77 98.64 98.62 99.66 97.96 

 

EPMA of allanite from sample U2602 491.0-492.6B 
Pt # 20 21 22 23 24 25 30 31 32 33 34 35 

MgO 0.02 0.13 0.46 0.27 0.51 0.44 0.04 0.08 0.01 0.45 0.26 0.39 

Al2O3 21.77 20.96 19.10 21.91 18.65 18.79 22.03 21.41 21.71 18.47 21.84 19.80 

SiO2 35.79 35.04 33.00 35.60 32.79 32.78 35.08 35.23 35.27 32.26 35.09 34.07 

CaO 17.53 15.88 11.18 17.41 11.75 11.88 17.27 17.07 17.16 10.58 16.58 14.41 

TiO2 0.27 0.23 0.02 0.21 0.19 0.07 0.08 0.17 0.12 0.01 0.16 0.15 

MnO 0.27 0.15 0.36 0.16 0.32 0.33 0.09 0.06 0.13 0.42 0.16 0.15 

Fe2O3 11.63 11.61 12.02 9.87 11.75 12.33 10.52 11.09 11.06 12.68 10.42 11.30 

Y2O3 0.04 0.19 0.48 0.14 0.29 0.36 0.00 0.29 0.14 0.70 0.23 0.42 

La2O3 3.20 4.41 5.80 3.49 5.54 5.17 3.72 2.86 3.22 4.70 4.56 4.37 

Ce2O3 5.68 6.94 11.31 6.01 11.23 10.48 5.61 5.59 5.59 10.75 6.60 8.31 

Pr2O3 0.38 0.53 1.05 0.53 1.01 0.80 0.44 0.59 0.62 1.08 0.43 0.84 

Nd2O3 1.73 2.10 3.52 1.03 2.79 3.08 1.91 2.35 2.06 4.69 1.48 2.55 

Sm2O3 0.00 0.03 0.29 0.15 0.18 0.27 0.14 0.46 0.09 0.58 0.32 0.21 

ThO2 0.09 0.13 0.09 0.05 0.30 0.08 0.98 0.17 0.41 0.03 0.10 0.04 

UO2 0.40 0.32 0.17 0.24 0.12 0.09 0.00 0.35 0.18 0.13 0.28 0.22 

Total 98.82 98.65 98.85 97.07 97.43 96.95 97.91 97.77 97.77 97.52 98.50 97.23 
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EPMA of allanite from sample U2602 491.0-492.6B 
Pt# 38 39 41 42 43 44 46 47 48 49 50 51 

MgO 0.49 0.39 0.20 0.41 0.50 0.11 0.02 0.18 0.40 0.44 0.43 0.50 

Al2O3 18.40 19.39 21.85 19.77 18.05 22.73 21.77 19.68 18.81 18.97 18.87 18.54 

SiO2 31.47 33.55 35.13 33.12 32.18 33.59 35.43 34.09 32.98 32.92 32.77 32.66 

CaO 9.87 13.11 16.85 12.54 10.13 15.95 17.72 15.15 11.81 11.45 10.81 10.77 

TiO2 0.00 0.15 0.09 0.05 0.00 0.11 0.31 0.40 0.03 0.05 0.01 0.02 

MnO 0.42 0.29 0.15 0.33 0.46 0.03 0.12 0.23 0.33 0.34 0.37 0.39 

Fe2O3 12.68 12.14 10.63 11.32 12.80 10.59 11.16 12.38 12.07 12.09 12.27 12.34 

Y2O3 0.31 0.48 0.15 0.61 0.38 0.75 0.10 0.01 0.34 0.55 0.81 0.37 

La2O3 5.61 4.94 4.39 5.17 5.77 2.97 2.19 5.02 5.94 5.43 4.77 5.42 

Ce2O3 12.43 9.45 6.38 9.85 12.20 5.57 5.21 7.31 11.06 10.77 10.44 11.58 

Pr2O3 1.25 0.67 0.59 1.03 1.22 0.71 0.79 0.65 1.22 1.16 1.13 0.93 

Nd2O3 3.94 3.06 1.62 3.49 4.13 2.12 2.55 1.83 3.05 3.86 4.31 3.69 

Sm2O3 0.34 0.29 0.00 0.48 0.50 0.41 0.02 0.12 0.20 0.51 0.55 0.36 

ThO2 0.35 0.04 0.02 0.08 0.13 0.07 0.66 0.47 0.07 0.13 0.02 0.39 

UO2 0.07 0.10 0.28 0.08 0.07 0.11 0.47 0.40 0.11 0.14 0.12 0.12 

Total 97.64 98.03 98.33 98.34 98.54 95.83 98.52 97.92 98.43 98.81 97.67 98.07 

 

EPMA of allanite from sample U2602 491.0-492.6B 

Pt# 52 53 57 58 60 61 62 63 64 65 66 67 68 72 

MgO 0.33 0.02 0.43 0.53 0.15 0.03 0.10 0.45 0.43 0.55 0.08 0.08 0.07 0.15 

Al2O3 20.12 24.94 18.23 18.62 20.37 21.60 15.45 18.47 18.64 18.36 20.93 21.38 21.56 20.43 

SiO2 34.31 38.17 32.08 32.84 34.69 35.46 26.07 32.55 32.70 32.39 34.89 35.37 35.32 34.53 

CaO 14.60 22.52 10.21 10.51 14.95 17.29 23.86 10.16 10.45 10.52 16.35 16.79 16.68 15.42 

TiO2 0.23 0.15 0.01 0.01 0.22 0.21 0.16 0.03 0.03 0.02 0.13 0.14 0.11 0.18 

MnO 0.19 0.08 0.31 0.18 0.22 0.15 0.11 0.54 0.43 0.22 0.14 0.06 0.08 0.17 

Fe2O3 11.79 10.19 12.22 12.12 12.07 11.44 9.16 12.64 12.64 12.05 11.31 11.32 11.54 11.81 

Y2O3 0.44 0.08 0.82 0.25 0.00 0.10 0.03 0.78 0.83 0.29 0.24 0.27 0.32 0.24 

La2O3 4.26 0.39 5.06 6.11 5.09 2.24 2.84 5.06 5.08 5.83 3.11 3.24 2.91 4.26 

Ce2O3 7.86 0.77 10.56 11.98 7.29 5.12 5.74 11.26 11.01 11.81 5.92 5.64 5.20 6.72 

Pr2O3 0.57 0.07 1.12 1.23 0.59 0.50 0.55 0.89 1.20 1.11 0.67 0.27 0.61 0.36 

Nd2O3 2.49 0.39 4.05 3.74 1.75 2.12 2.14 4.33 4.36 3.74 2.37 1.87 1.92 2.06 

Sm2O3 0.38 0.12 0.66 0.29 0.00 0.01 0.21 0.80 0.81 0.46 0.41 0.43 0.31 0.11 

ThO2 0.06 0.00 0.08 0.20 0.53 0.57 0.40 0.12 0.04 0.37 0.26 0.14 0.21 0.43 

UO2 0.23 0.00 0.11 0.02 0.38 0.42 0.21 0.06 0.07 0.08 0.30 0.36 0.49 0.33 

Total 97.87 97.89 95.95 98.63 98.30 97.25 87.04 98.14 98.71 97.81 97.10 97.37 97.33 97.19 
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EPMA of epidote from sample U2602 491.0-492.6B 

Pt # 8 9 10 11 17 18 19 26 27 28 29 36 37 

MgO 0.00 0.03 0.01 0.01 0.00 0.01 0.01 0.02 0.01 0.00 0.00 0.02 0.20 

Al2O3 26.14 25.85 25.95 26.30 26.02 26.23 26.05 24.69 25.07 25.85 25.72 25.32 22.00 

SiO2 39.41 39.49 39.30 39.26 38.98 38.97 38.74 37.86 37.68 38.47 38.58 38.50 35.25 

CaO 23.53 23.68 23.17 23.44 23.09 23.00 22.80 21.87 22.97 23.53 23.69 23.59 17.18 

TiO2 0.05 0.05 0.06 0.06 0.13 0.11 0.09 0.12 0.11 0.16 0.08 0.07 0.13 

MnO 0.14 0.21 0.37 0.35 0.04 0.08 0.11 0.06 0.06 0.03 0.26 0.23 0.08 

Fe2O3 9.86 10.42 10.59 10.34 9.74 9.41 9.12 9.74 9.63 9.17 9.83 10.16 10.43 

Y2O3 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.06 0.02 0.00 0.00 0.00 0.22 

La2O3 0.00 0.00 0.04 0.03 0.20 0.24 0.28 0.70 0.22 0.17 0.06 0.04 3.79 

Ce2O3 0.00 0.09 0.03 0.00 0.27 0.30 0.45 1.60 0.45 0.36 0.02 0.01 6.28 

Pr2O3 0.03 0.00 0.05 0.00 0.19 0.16 0.01 0.04 0.17 0.14 0.08 0.01 0.48 

Nd2O3 0.02 0.00 0.00 0.02 0.17 0.20 0.47 0.70 0.31 0.20 0.01 0.10 1.61 

Sm2O3 0.07 0.02 0.00 0.00 0.32 0.00 0.00 0.13 0.10 0.01 0.16 0.02 0.05 

ThO2 0.00 0.02 0.02 0.00 0.01 0.03 0.03 0.05 0.01 0.04 0.00 0.01 0.03 

UO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 

Total 99.26 99.87 99.57 99.82 99.21 98.74 98.16 97.64 96.82 98.11 98.49 98.08 97.97 

 

EPMA of epidote from sample U2602 491.0-492.6B 

Pt# 40 45 40 45 54 55 56 59 69 70 71 78 79 80 81 82 83 

MgO 0.01 0.02 0.01 0.02 0.00 0.01 0.02 0.02 0.01 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.03 

Al2O3 25.52 24.22 25.52 24.22 25.50 25.75 26.06 25.73 25.70 25.95 24.42 25.15 25.44 25.74 18.59 33.47 25.71 

SiO2 38.35 38.19 38.35 38.19 38.69 38.63 39.09 38.56 38.30 38.42 38.32 38.24 38.41 38.42 38.55 40.16 38.52 

CaO 23.23 23.52 23.23 23.52 23.04 22.94 23.76 22.38 22.65 22.76 23.04 23.06 23.33 23.46 31.49 24.89 23.85 

TiO2 0.17 0.10 0.17 0.10 0.13 0.10 0.07 0.10 0.04 0.05 0.06 0.12 0.12 0.09 0.63 0.00 0.07 

MnO 0.07 0.21 0.07 0.21 0.08 0.08 0.23 0.11 0.08 0.08 0.19 0.04 0.08 0.08 3.28 0.11 0.13 

Fe2O3 9.47 11.42 9.47 11.42 9.60 9.38 9.72 9.52 9.40 8.76 11.08 9.88 9.23 9.17 7.87 0.38 9.43 

Y2O3 0.05 0.00 0.05 0.00 0.00 0.00 0.00 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

La2O3 0.08 0.00 0.08 0.00 0.10 0.34 0.05 0.29 0.26 0.20 0.00 0.08 0.10 0.19 0.08 0.11 0.00 

Ce2O3 0.25 0.00 0.25 0.00 0.42 0.60 0.00 0.55 0.40 0.34 0.01 0.37 0.28 0.42 0.04 0.01 0.06 

Pr2O3 0.03 0.03 0.03 0.03 0.15 0.25 0.11 0.08 0.06 0.00 0.00 0.09 0.06 0.02 0.00 0.17 0.00 

Nd2O3 0.22 0.03 0.22 0.03 0.27 0.49 0.09 0.39 0.28 0.32 0.06 0.21 0.29 0.13 0.02 0.00 0.00 

Sm2O3 0.16 0.00 0.16 0.00 0.15 0.28 0.00 0.00 0.00 0.00 0.01 0.14 0.00 0.00 0.20 0.00 0.03 

ThO2 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.02 0.00 0.03 0.00 0.00 0.00 

UO2 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 0.03 0.01 

Total 97.63 97.74 97.63 97.74 98.11 98.87 99.18 97.77 97.20 96.87 97.21 97.38 97.36 97.75 100.77 99.34 97.83 
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EPMA of epidote from sample U2602 491.0-492.6B 

Pt # 84 85 86 87 88 89 90 91 92 93 94 

MgO 0.00 0.01 0.03 0.03 0.01 0.01 0.01 0.01 0.00 0.00 0.00 

Al2O3 25.65 26.22 30.19 28.48 26.42 30.70 29.43 29.96 27.81 28.38 26.55 

SiO2 38.61 38.63 39.45 39.09 38.91 39.44 39.32 39.17 38.64 39.04 38.61 

CaO 24.00 24.24 24.58 24.30 23.93 24.63 24.53 24.14 23.38 24.28 23.92 

TiO2 0.05 0.02 0.01 0.02 0.11 0.00 0.02 0.01 0.00 0.00 0.01 

MnO 0.08 0.11 0.18 0.11 0.14 0.17 0.10 0.25 0.06 0.11 0.14 

Fe2O3 10.09 9.21 4.21 6.65 8.73 3.57 5.29 4.44 6.04 7.05 9.21 

Y2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

La2O3 0.00 0.00 0.00 0.05 0.01 0.04 0.01 0.03 0.03 0.00 0.05 

Ce2O3 0.00 0.05 0.00 0.00 0.16 0.00 0.03 0.10 0.00 0.00 0.04 

Pr2O3 0.00 0.00 0.08 0.00 0.00 0.00 0.05 0.04 0.16 0.00 0.17 

Nd2O3 0.00 0.00 0.06 0.00 0.03 0.00 0.00 0.00 0.00 0.03 0.03 

Sm2O3 0.00 0.05 0.06 0.15 0.02 0.00 0.00 0.00 0.23 0.00 0.00 

ThO2 0.00 0.00 0.02 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

UO2 0.00 0.00 0.04 0.03 0.00 0.04 0.00 0.00 0.02 0.02 0.08 

Total 98.49 98.53 98.90 98.94 98.46 98.61 98.79 98.15 96.39 98.90 98.82 
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Chapter 3 Conclusions and Recommendation for Future 

Work 

The objective of this project was to use multiple analytical techniques to understand the 

origins of gold mineralization at Cantung as well as the timing and processes responsible 

for the gold enrichment. The suite of samples used in this study include a number of 

mineralization styles in a range of lithologies. These samples were petrographically 

characterized and the gold-bearing phases identified. This petrography was followed by 

SEM-BSE imaging and SEM-EDS analyses to further characterize the metal assemblage 

associated with gold mineralization. The chemistry of epidote group minerals was 

quantified using EPMA, prior to their analysis using LA ICP-MS for U-Pb geochronology. 

Based upon this work, a series of conclusions were drawn regarding the genesis of gold 

mineralization at Cantung: 

1) Gold mineralization at Cantung is associated with two styles of mineralization: the 

first being a series of en echelon quartz veins which contain scheelite and the 

second being replacement skarns with a hydrous mineral assemblage (actinolitic 

amphiboles, biotite, epidote group minerals). In both styles of mineralization gold 

is associated with native bismuth and bismuth tellurides, with textures that suggest 

they precipitated as a liquid (e.g. spherical droplets, filling the interstices of 

minerals and fractures) relatively early in the paragenetic sequence and persisted 

as liquids until after the growth of gangue minerals they are associated with. 

2) The textures of gold (mainly electrum), native bismuth, and bismuth tellurides 

suggest that they crystallized from a homogenous melt containing Bi-Te-Se-Au. 
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Based on these features, precipitation of liquid bismuth (bismuth(l)) from an 

aqueous-carbonic fluid occurred and the bismuth(l) sequestered other elements 

from the fluid regardless of if those elements were saturated within the aqueous-

carbonic fluids. These bismuth melts which have other metals dissolved within 

them are rereferred to as polymetallic melts and as they cooled, minerals and 

metals began to crystallize. Factors which increase the capacity for Au to be 

sequestered into Bi(l) from an aqueous fluid are low fO2, fS2, and pH (Tooth et al. 

2008).  

3) Interpretations of the physicochemical conditions which increased the efficiency 

of concentration of Au and other elements are largely based on the protolith 

composition and the skarn assemblage associated with the mineralization. The 

association of gold with a very reduced mineral assemblage (pyrrhotite, allanite, 

reddish brown biotite) is evidence that the fluids which formed the mineralization 

are reduced (low fO2) or they reacted with a reduced protolith. Research on the 

speciation of bismuth suggests that it is mainly transported as hydroxide 

complexes and to a lesser extent chloride complexes, and solubility decreases 

drastically as temperature decreases (less than 1 ppm at 450 oC when Fe(aq) is 

absent in the fluid and 580 oC when Fe(aq) is present in the fluid (Tooth et al. 2013). 

To stabilize native bismuth as a liquid instead of bismuthinite (Bi2S3), which is 

necessary for gold to be sequestered from the fluids by the Bi(l), the fluids should 

have a low aΣFe and aΣS (Tooth et al. 2008, 2013) and therefore the majority of 

Fe- and S-bearing minerals from this assemblage likely came from reaction with 

pre-existing Fe- and S-bearing skarn (e.g. actinolite-pyrrhotite skarn facies). Low 

fO2 and fS2 values of the mineralizing fluids are likely the main factors that 
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prevented bismuthinite from becoming the stable Bi-bearing mineral at the range 

of temperatures (500-300 oC) predicted during the mineralization process.  

4) The hypothesized gold-complexing ligand within these fluids are chloride 

complexes as their stability is greatest within higher temperature fluids (Gammons 

and Williams-Jones 1997). The textures within the assemblage containing Bi-Te-

Se-Au suggest that gold did not precipitate directly from aqueous fluids due to 

saturation, but rather was sequestered from those fluids by bismuth(l). 

5) Titanite from samples of quartz veins from the Open Pit zone were analyzed using 

LA ICP-MS U-Pb geochronology. The oldest population of titanite grains yielded 

an anchored inverse concordia lower intercept age of 103.4 ± 2.3 Ma, while the 

younger population of ages yielded an anchored lower intercept age of 94.1± 1.9 

Ma. The oldest age is interpreted as the age of quartz vein emplacement, whereas 

the younger age is interpreted as an overprinting event associated with the biotite 

alteration of wall rock and wall rock fragments. The oldest age overlaps within 

error of the oldest population of zircons from the circular stock (103.0 ± 1.6 Ma, 

Rasmussen 2013) which were interpreted as being inherited from the first stages 

of felsic magmatism in the area and are similar in age to the Hyland Plutonic suite 

to the southwest of Cantung. The younger titanite age overlaps within error of the 

age of emplacement of the circular stock (96.9 ± 0.6 Ma; Rasmussen 2013). 

Titanite from samples of quartz veins taken from the E-zone were also analyzed 

using LA ICP-MS U-Pb geochronology and produced an inverse concordia lower 

intercept age of 99.7 ± 0.3 Ma. This age is interpreted as being the result of 

alteration which post-dates the primary age of vein emplacement.  
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6) Spot analysis of allanite and epidote from scheelite-bearing anhydrous skarn using 

LA ICP-MS U-Pb geochronology and produced an anchored lower intercept age 

of 98.8 ± 0.6 Ma. This age overlaps within error of ages from nearby felsic 

magmatic events, which include the apical mine stock (98.2 ± 0.4 Ma), the aplite 

dyke (98.3 ± 0.3 Ma), and is slightly outside the error of the felsic dyke (97.4 ± 

0.3 Ma) (Rasmussen 2013). This age suggests that despite the lack of alteration 

within the apical mine stock, scheelite mineralization is associated with 

orthomagmatic fluids derived from the same magmatism that produced the apical 

mine stock, the aplite dyke, and the felsic dyke.  

7) Allanite from Au-bearing biotite skarn yielded an anchored lower intercept age of 

96.2 ± 0.5 Ma, which does not overlap within error of the ages of the apical mine 

stock, the aplite dyke, and the felsic dyke. This age overlaps with the U-Pb zircon 

age of the circular stock (96.9 ± 0.6 Ma; Rasmussen 2013).  

What makes this study unique relative to others is the use of U-Pb geochronology 

of various minerals and types of mineralization to determine the timing of their genesis 

within the context of identifying the gold mineralizing event(s) and what processes and 

physicochemical conditions resulted in mineralization. This would not have been possible 

without the detailed U-Pb geochronology conducted by Dr. Kirsten Rasmussen as part of 

her doctoral dissertation. 

The most significant finding of this study is the presence of electrum in gold 

mineralized samples, as opposed to the gold being in solid solution within other minerals. 

This is a critical finding for any future metallurgists who may try to extract the gold in a 

way that would avoid being penalized for the bismuth concentrations. A limited number 
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of studies have investigated the relative role that non traditional types of mineralizing 

processes (such as the liquid bismuth collector model, Douglas et al. 2000) play in 

comparison to traditional mineralizing processes (precipitation due to saturation) and the 

degree to which each is involved in the formation of gold mineralization within skarns. 

Textures within phases containing  Bi-Te-Se-Au at Cantung have elsewhere been 

described as evidence for the ability of  the Bi-Te-Se-bearing melts to scavenge gold 

(Ciobanu et al. 2005) 

This study has contributed significantly to the interpretation of the timing of skarn 

and vein emplacement at Cantung. The results of this study suggest that the different types 

of skarn at Cantung did not form simultaneously (cf. Mathieson and Clark 1984). This 

sequence of skarn-forming events is similar to those proposed from Late Cretaceous 

reduced intrusion-related gold deposits and reduced W-Cu skarns, both inside the 

Canadian Cordillera (Mair et al. 2006) and eastern Asia (Soloviev et al. 2017). The study 

of the chemistry of magmatic and hydrothermal apatite (Adlakha et al. 2018) were 

severely limited by the unclear interpretations of the timing of skarn-forming events 

previously established. This conclusion is fundamental in trying to understand 

mineralizing processes and the physicochemical conditions of fluids during 

mineralization, and therefore an updated study of the fluid inclusion assemblages within 

skarns at Cantung is in order. Fluid inclusion studies of skarn minerals at Cantung were 

mainly conducted during the 1980’s and the geochronology available at that time was 

limited, as was the understanding of the evolution of plutons from the various plutonic 

suites of the region. A combination of the study of fluid inclusion assemblages in skarn 

minerals supported by LA ICP-MS trace element mapping could deconvolute the fluid 



108 

 

inclusion data currently available. In systems very similar to Cantung (Soloviev et al. 

2017), fluid inclusion studies have been coupled with stable isotopic studies (oxygen, 

carbon, and sulphur) to understand the evolution of ore-forming fluids from one 

mineralizing event to the next. 
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