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Abstract 

Skarn W-(Au-Cu-Bi) deposit at Mactung, Yukon, Canada is situated within the eastern 

flank of the NW-SE striking poly-deformed Paleozoic Selwyn metasedimentary basin. 

Two biotite granite stocks occur south and north of the deposit. The northern stock is 

dominantly porphyritic, cut and rimmed by a more leucocratic medium- to coarse-grained 

granite. Prominent aplitic dykes outcrop south of the mineralization. Major- and trace-

elements strongly discriminate between the various phases of biotite granite and the 

leucogranite. The biotite granite has an arc-like affinity. The leucogranite is sourced from 

anatexis of a supracrustal sequence at depth. Tracer Sm-Nd and Rb-Sr isotope systems 

further indicate the granitoids were sourced from the partial melting of an old continental 

crust. The δ18O values of Mactung granitoids indicate strong metasedimentary 

contamination from the source region or during magma ascent. The less evolved biotite 

granite is directly associated with the W-(Au-Cu-Bi) mineralization, based on field 

relationships, metallogenic aspects of the intrusion, alteration-mineralization effects, and 

previously published Re-Os dating of molybdenite and new geochronological data. 

 Multiple dating techniques were used to date various rock types of Mactung, 

northeast Yukon. Ar-Ar dating reveals the following best ages: 95.6 ± 0.3 to 98.1 ± 2.0 

Ma from muscovite grains, and 91.8 ± 0.4 to 95.1 ± 0.8 Ma from biotite grains of 

porphyritic biotite granite; 93.3 ± 1.2 Ma from biotite grains of coarse-grained 

leucogranite; 92.9 ± 0.4 and 95.3 ± 0.4 Ma from muscovite grains of medium- to coarse-

grained leucocratic granite dyke; 94.0±0.5 Ma from biotite grains of an aplitic dyke; 97.1 

± 1.9 and 96.9 ± 0.6 Ma from biotite grains of biotite hornfels. U-Pb age data for zircon 

grains were obtained by ID-TIMS analytical techniques for five samples from three rock 
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types of Mactung granitoids: an aplitic dyke south of the Mactung skarn tungsten deposit 

yields igneous crystallization age of 97.1 ± 0.2 Ma; porphyritic biotite granite from the 

main phase of the Mactung pluton yielded a crystallization age of 97.6 ± 0.2 and 97 ± 0.1 

Ma. A leucocratic granite dyke, a marginal phase in the southeast of the pluton, gives an 

age of 97.0 ± 0.3 Ma. Combining the Ar-Ar and U-Pb age data, it is proposed that 

injection of leucogranite magma from 97-92 Ma to have prolonged the thermal regime of 

the area resulting in overprinting and partial resetting (beyond their blocking 

temperature) of the Ar-Ar ages. A titanite age from the lower skarn orebody was obtained 

using laser ablation inductively coupled plasma-mass spectrometry that yielded a less 

precise 206Pb/238U concordia intercept age of 97.1 ± 4.1 Ma that agrees very well with the 

U-Pb zircon dates (this work) of nearby granite intrusive rocks. Re-Os molybdenite 

dating of quartz veins, cutting all granitoids, and the lower metasedimentary unit, 

adjacent the Mactung tungsten skarn yields ages of 97.3 to 106.3 ± 0.4 Ma. Variation of 

Re-Os age dates, relative to the uniform U-Pb age dates, is likely due to 187Os and or 

187Re heterogeneity in the molybdenite grains. The vein age provides a direct lower 

timing constraint for granite intrusion and sulphide mineralization events of the area, if 

the older ages are disqualified.  

 The chemical composition of primary and accessory minerals of Mactung 

granitoids was determined using Electron Probe Microanalysis (EPMA) and SEM Energy 

Dispersive Spectroscopy (SEM-EDS). The minerals analysed included biotite, feldspars, 

muscovite, chlorite, apatite, tourmaline, and monazite. Biotite grains from skarn and 

hornfels (Unit 3C) were also investigated. Differences in the chemical composition of 

biotite and feldspar are the most robust means of distinctively characterizing rock types. 
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Aluminium Fe, and Mg are the main distinguishing elements between biotite grains of 

different lithologies.  The Mg, Fe, and Al compositions of biotite from Mactung 

granitoids and the high Fe and Al contents of tourmaline suggest a peraluminous magma 

source, derived from the melting of the continental crust, possibly in a collisional tectonic 

setting. A strongly contaminated and reduced I-type magma is implicated from the log 

XF/XOH and log XMg/XFe composition of biotite. 

 Non-mineralizing granites of Mactung (leucogranite and aplitic dykes) have high 

XFe, Aliv, lower XMg, and fO2 values relative to the biotite granite and ore zone granites, 

which are believed to be sources of the skarn tungsten mineralization at Mactung. These 

latter granitoids are characterized by lower IV(F/Cl) intercept ratios relative to porphyry 

copper-bearing intrusive systems, and higher IV(F) values relative to porphyry Mo and 

Sn-W-Be bearing systems.  

 Tungsten mineralization at Mactung is contained in scheelite, associated with or 

without pyrrhotite, chalcopyrite, and pyrite, in pyrrhotite-pyroxene skarn, (garnet) - 

pyroxene skarn, and pyroxene-pyrrhotite skarn, with anorthitic plagioclase and quartz. In 

pyrrhotite skarn, pyrrhotite and chalcopyrite are intimately associated, and their 

abundance is often indicative of higher grade copper. High Au is directly correlated to Bi. 

Iron, Ag, Sb, Co, Pb, and Cu are also positively correlated to Au. From SEM and EPMA, 

Au is associated with native bismuth, Te-bearing bismuth phases as solid solution; native 

bismuth is the dominant phase. Sphalerite and Aluminum-in-hornblende geobarometry 

show that skarn formed at 2 kb (200 MPa), which corresponds to a depth of 7-8 km. 

Mineral assemblages of contact metamorphism in hornfelsic rocks indicate temperatures 

of 585-635oC for a pressure of 2 kb (200 MPa). The host limestone beds were subjected 
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to about 560-675oC, based on solvus thermometric data obtained from coexisting 

dolomite and calcite. The temperature of formation of coexisting pyrrhotite and pyrite is 

about 640oC, which corroborates well with the calcite-dolomite solvus thermometer and 

contact mineral assemblage in hornfelsic rocks. The oxygen isotope fractionation factor 

between quartz and scheelite, for samples taken from quartz veins, indicate a 

corresponding temperature value of 558oC. At this temperature, the early stage pyroxene 

and scheelite probably crystallized at an oxygen fugacity of 10-17.5 bars or less. Sulphur 

isotope analysis of sulphides in the skarn system ranges from 9-19‰ relative to VCDT 

with an average of 13‰. A mixed source of fluids (magmatic and local sedimentary) is 

hypothesized for this skarn system. 
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Forward 

This PhD dissertation is the outcome of rigorous field work conducted over a length of 

six months, supported by variable types of laboratory work and data processing. It is 

organized into 7 chapters. Four of the chapters are independently researched core 

chapters written by this author.  

 Each core chapter has descriptions of introductory-level local and regional 

geologic setting and conclusions in addition to the main subject matter. For this reason, 

repetition of some descriptions and figures are unavoidable. 

 Chapter 1 describes introductory aspects of the project area, such as dissertation 

objectives, location, and description of fieldwork area, and type of field and laboratory 

work. It leads the reader through the type and volume of work done that became the basis 

for organizing each core chapter. It also gives a brief description of skarns and the causes 

of contact metasomatic skarn formation. 

 Chapter 2 is a literature review that focuses on the regional geology of the Yukon 

aimed at providing background information to the reader, particularly citing examples 

from the northwestern Cordillera geologic framework.  Four illustrations accompany this 

chapter, including a regional geologic map. 

 Chapter 3 highlights the petrology and petrochemical composition of granitoids 

near the Mactung skarn tungsten deposit, Yukon and Northwest Territories (NWT). The 

core subject area addressed include the local igneous and metasedimentary geology, 

petrochemistry (major elements, minor elements, and trace elements (including rare earth 

elements) of granitoids), classification and tectonic setting of granitoids, pressure-

temperature regime of granitic magma emplacement, alteration, source of granitic 
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magma, mechanism of magma generation, type and source of W-(Au-Cu-Bi) 

mineralization, and emplacement conditions of W (Au-Cu-Bi) mineralization. Thirty-four 

figures, 7 tables, and an appendix accompany this chapter. 

 Chapter 4 emphasizes the geochronologic research undertaken. The core subject 

of the chapter includes regional geologic setting and metallogeny, the local geologic 

setting and petrography, petrochemical analysis, and detailed geochronology work. 

Geochronology covers in-depth reporting of multiple dating techniques for various rock 

types from Mactung. It includes plotting and interpreting of Ar-Ar age data of biotite and 

muscovite from granitoids; of biotite, amphibole, and pyroxene from skarn; of biotite 

from metasedimentary rocks; and of tourmaline from quartz veins; U-Pb age data of 

zircon and titanite crystals from granitoids and skarn, respectively; and Re-Os age data of 

molybdenite from late-stage quartz veins. Thirty-three figures, 22 tables, and an appendix 

(containing Ar data) are provided in this chapter. 

 Chapter 5 focused on the chemical composition of rock-forming minerals. It 

consists of introductory regional geology on granitoids distribution and composition, 

local petrographic description of granitic rocks, as well as major and accessory mineral 

chemical compositions. Minerals studied in this category include: biotite (in detail), 

plagioclase, and alkali-feldspars (in detail), chlorite (in detail), muscovite (in detail), 

tourmaline (in detail), apatite, and monazite. Other parameters emerging from the study 

of these minerals are temperature and pressure conditions of mineral formations (the 

biotite-apatite thermometry, two feldspar thermometry, titanium in biotite thermometry, 

chlorite geothermometry, hornblende geobarometry, muscovite (phengite barometry), 
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oxygen fugacity and H2O conditions, petrogenesis, and metallogeny. Fifty-nine figures 

and 18 tables accompany this chapter. 

 Chapter 6 covers a vast subject area that has been presented in condensed form; it 

addresses the petrology and geochemistry of Mactung skarn and hornfelsic rocks. The 

subject matter covered includes the geological setting of the Mactung W-(Au-Cu-Bi) 

deposit, structural geology, ore and gangue mineralogy and paragenesis, skarn 

geochemistry, geobarometry, contact and regional metamorphic mineral assemblages, 

inferred temperature from metamorphic mineral assemblage, and from sulphur and 

oxygen isotope studies, as well as sulphide composition. Other areas of discussion in this 

chapter include sulphur isotopes of sulphide minerals in skarns and chemical composition 

of skarn-forming minerals. Seventy-seven figures and 28 tables accompany this chapter. 

  Chapter 7 is a summary of conclusions summarized from the main core chapters. 

It draws summaries, inferences, deductions, and assumptions, based on the findings of 

each chapter (Chapters 3 - 6). It also lists the possible direction of future research work.
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Chapter 1 

Introduction 

 

1.1 Location and Local Topography 

 The Mactung skarn tungsten deposit lies in the Yukon Territory, northeast of 

Whitehorse, on the border between the Yukon and Northwest Territories (NWT), 

northwest of the Canol Road near MacMillan Pass (Fig. 1.1a, b). The deposit is centred at 

130o9′30″W longitude and 63o17′01″N latitude.  

 The area is accessed by the 650-km long Whitehorse-Carmacks-Rose River-

Mactung road. Approximately 400 km of this road is paved, and in good condition, 

whereas the remaining 250 km of the road, from Ross River town to Mactung (Fig. 1a), 

along the Canol Road is in poor condition. Mactung can also be accessed by small twin 

engine aircraft to the airstrip at MacMillan Pass (Fig.1.1b), a 45-minute drive from the 

site to the southeast. Alternatively, it can be reached by a 2-hour helicopter flight from 

Whitehorse, directly to the site. There are several First Nations with interests in this area 

(Ross River, Mayo, Fort Smith, etc.). 

 The topography of the vicinity of the Mactung deposit ranges from less than 1400 

to 2200 metres above mean sea level (AMSL). Lower topography dominates the western 

and eastern sides of the property (Figs. 1.2 and 1.3). The highest peak is Mount Allan,  

which rises to 2220 m AMSL (Figs. 1.2, 1.3). The mountain forms an east-west trending 

ridge that is approximately two kilometres in length. The Mactung deposit was 

discovered by geologist J.F. Allan in 1962. Mount Allan, which is named after him, is 

underlain by and is host to the tungsten mineralization. Although ore-bearing strata 
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continue to the west and east, skarn formation seems to be restricted to Mount Allan 

(Figs. 1.3 and 1.4). North American Tungsten Corporation Limited (NATCL) owned the 

Mactung property until recently. The leasehold right to NATCL consists of 113 mineral 

claims and 38 mining leases in the Yukon, and eight mining leases in the NWT, and 

collectively  covered an area of 4,541.6 ha or 11,217.7 acres (Fig. 1.4). All leases and 

claims belonged to NATCL until June 2015 and royalties on production are payable to 

the Yukon and NWT governments under their respective mining legislation. NATCL has 

been in creditor protection through the British Columbia Supreme Court under the 

Companies' Creditors Arrangement Act since June 9, 2015. The Government of the 

Northwest Territories (GNWT) has acquired the leasehold interests for both the 

Northwest Territories and Yukon mineral rights to North American Tungsten Company 

Limited’s (NATCL) Mactung property in November 2015. 

 Mapping and sampling by this author covers a sizable area to the southeast and 

some amount to the west beyond the limits of the claim map (Fig. 1.4) and equates to the 

area covered by Figure 1.2.  

 

1. 2 Mactung Skarn Tungsten Deposit – Project Description 

 The Mactung deposit has about 33 million tonnes of indicated and 14 million 

tonnes of inferred resource of ore grading  ̴1% WO3, with lesser amounts of copper, gold, 

bismuth, and traces of silver. Analytical data from 60 additional boreholes drilled in 2009 

should bring the inferred resource to the indicated category. The deposit is hosted by 

layered and hornfelsed and skarnified clastic and calcareous Cambrian-Ordovician 

sedimentary rocks that dip at low angles (20 degrees) to the south.  The main ore mineral 
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is scheelite (CaWO4), which occurs in calc-silicate diopside-hedenbergite±garnet± 

pyrrhotite skarn.  There is an upper zone of mineralization that is suitable for open pitting 

and a lower zone of mineralization about 100 metres below the upper zone that is suitable 

for underground mining – the lower zone has the higher grade (Tenney, 2005 and this 

study).   

 Most (90%) of the orebody is on the Yukon side of the border, but the nearest 

suitable sites for a mill and campsite are 1-2 km away in the Northwest Territories, as is 

the most suitable water supply for the mill, Cirque Lake (Tenney, 2005).  Possible water 

supply, tailings, camp, and mill sites exist in the Yukon in the Hess River drainage basin 

about 10 km west of the mine (Tenney, 2005). NATCL pursued the second alternative for 

faster processing of the mining permit. 

 When Amax conducted feasibility work (including the driving of 300 m long adit) 

on this project over 30 years ago, they planned to mine the underground (lower) horizon 

first.  Milling rates are likely to be in the 2,000 tonne/day range.  The mill would ship a 

flotation concentrate via Ross River to either Edmonton or Skagway.  Annual WO3 

concentrate production is likely to be in the 5,000 tonnes per day range (Tenney, 2005). 

 

1.3 Dissertation Objective 

 The Mactung PhD project was conceived to answer questions with respect to the 

source of the skarn tungsten mineralization and the related by-product metal occurrences 

(Au-Cu-Bi); the project attempts to establish the possible link between the deposit and 

the adjacent pluton(s), draws fundamental concepts characterizing the plutonic rocks near 
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the deposit, and comes up with recommendations on the direction of future exploration 

and scientific research.  

 There has been no consensus on the origin of the Mactung tungsten skarn deposit. 

Several researchers visited the site and provided differing theories. Some suggested that 

the adjacent granite is responsible for the skarn tungsten mineralization (e.g., Dick, 1980; 

Hodgson and Dick, 1982; Gerstner, 1989).  Atkinson and Baker (1986), after extensive 

core logging and studying the sulphides, quartz veining and garnet distribution, theorized 

that the presence of the  Mactung pluton adjacent   the tungsten skarn is accidental and 

has nothing to do with the origin of the mineralization; Atkinson and Baker (1986) 

argued that mineralizing fluids on the apex of the granite, which lies to the north and 

upslope, cannot flow down and mineralize the limestone; they suggested that a buried 

intrusive somewhere to the south caused the mineralization. Selby et al. (2003), using U-

Pb dating of zircon grains from the granite and MC-ICP Re-Os dating of molybdenite 

crystals from quartz veins adjacent the skarn mineralization, found that the Mactung 

pluton’s age was younger than the molybdenite, and supports the second pluton model 

proposed by Atkinson and Baker (1986). The Mactung deposit has not benefited from 

graduate work (MSc or PhD) with the exception of a PhD Dissertation (Dick 1980), 

which dealt with tungsten skarn deposits petrogenesis in the Yukon province as a whole.  

 

1.4 Materials and Methods 

 Various methods and equipment were utilized to undertake the research. They can 

be divided into three categories: field, office, and laboratory and data processing work. 
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They collectively describe the steps taken to finalizing the research and are presented in 

Appendix 1.1.  

 

1.5 Field Work Organization 

1.5.1 Geological Mapping 

 The author spent a total of 6 months on fieldwork, 4 months of which were 

dedicated to geological mapping that was organized in two summer field seasons. One 

and a half months were spent in Phase 1 project mapping.  During this time, a general 

review of the company’s previous geological work and a limited area of geological 

mapping were undertaken. This phase of geological mapping took place around the skarn 

tungsten deposit (Fig. 1.3), and the area near the southern margin of the Mactung North 

Pluton. Emphasis was given to identifying various phases of the pluton. This was 

designed to understand the interrelationship among the various phases of the pluton, in 

order to better select representative samples for age dating, and to characterize the 

chemical composition of the rocks and minerals accordingly.  Felsic dykes samples from 

drill cores  in addition to those obtained from surface were sampled for lithogeochemical 

and petrographic work; cores from the Mactung drilling project (Year 2005) were 

examined and sampled in phase 1 mapping period. 

 More extended field mapping (2 ½ months) was undertaken in the next summer 

field season.  Although there was geological information available to work with, it was 

necessary for the research to follow a holistic approach by extending the area of mapping 

beyond the limits of the deposit. Ultimately an area of 25 km2 (Fig. 1.2) was mapped in 

detail with in excess of 450 observation and or sampling stations/ points. It was also 
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necessary to better study the whole of the two granite plutons in the area, as well as to see 

sedimentary facies change away from the tungsten deposit. It was necessary to see which 

direction the contact metamorphic aureole extends (or not). Therefore, an area 3 times the 

size of that mapped in the first phase was included in the project.   Geologic mapping was 

conducted at 1:2000 and was later reduced to 1:25000 for ease of data handling.  

 

1.5.2 Core Logging and Sampling from Old Archives 

 An additional two months were spent at Cantung logging and sampling diamond 

drill-core. Traveling to Cantung was necessitated since the old drill cores (collected in the 

1968, 1971, 1972, and 1973, and the later 1980 drilling campaigns) were stored at the 

Cantung mine, which was NATCL’s only operation until November 2015. For this task, 

four critical drilling fences (Fig. 1.3) were selected. Along these fences some critical drill 

cores that could define and characterize the extent and nature of the mineralization to the 

east, north, south, and west, were selected for logging and sampling. Drill core samples 

were collected at 15-foot interval (4.6 m) for chemical analysis and at various lesser 

distances for polished thin section and isotope analysis. 

 From core samples stored at Cantung, a total of 570 drill core samples were 

collected from the four fences (Fig. 1.3). The aim of the work was primarily for chemical 

analysis (to study metal dispersion trends using more accurate data using research-

standard analytical methods). Some samples were collected for isotopic analysis and/or 

later fluid inclusion study. However, chemical analysis for the dispersion study as 

originally planned was not possible due to NATCL’s funding limitations. Consequently, 

existing data (less accurate relative to research-standard laboratory methods) was utilized 
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to study metal dispersion using 27 samples collected from the adit wall (Fig. 1.3). The 

twenty-seven adit wall samples collected by NATCL, to validate the previous findings, 

were also investigated by the writer to identify gold and associated minerals using SEM 

imaging techniques and microprobe analysis.   

 The author, also sampled and logged some of the recent cores drilled by NATCL 

(2005 drill core stored at Mactung). The details of the work done at Mactung is 

summarised in Appendix 1.2 for work details).  The status and previous history of the 

Mactung tungsten project descriptions are given in Appendix 1.3 and 1.4, respectively. 

 

1.6 Other Relevant Works 

 The author, while on contract work with NATCL (2008-2009), managed  a 

15,000-meters drilling program at Mactung, and had the opportunity to revisit most of the 

core archive of the company, exploration data, and related reports. The author updated 

previous geological map interpretation during extensive core logging and archiving, data 

entry, and computerization of the company’s previous exploration documents.  The 

author also worked for the same company in 2011-2013 during which time he worked at 

Cantung. This provided the opportunity to gain a greater understanding of tungsten skarn 

systems in general and of Cantung, in particular, which has many similarities with 

Mactung.  

 

1.7 Skarn Deposits Overview 

 Skarns are Ca-Fe-Mg-Si-(Al-Mn)-bearing calc–silicate rocks commonly formed 

at or near the contact between felsic intrusions (granitic bodies) and carbonate 
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sedimentary rocks; however, they can also form under regional metamorphic conditions. 

Skarns form at high temperature by the replacement of primary carbonate minerals in 

sedimentary beds. Skarns sometimes develop around mafic rocks in contact with 

granitoid intrusive rocks. 

 Skarn deposits can be classified based on descriptive features such as source rock 

composition, skarn type, and dominant economic metal(s), as well as genetic features 

such as mechanism of fluid movement, alteration, P-T conditions of formation, and 

extent of magmatic fluid involvement. The general trend of recent authors is to adopt a 

descriptive classification, based upon the dominant economic metals and then further 

categorize them based upon compositional, tectonic, or genetic variations for individual 

bodies (Meinert, 1998). Based upon the dominant economic metal(s)), seven major skarn 

types are recognized by Einaudi et al. (1981, 1982). These include Au, Cu, Fe, Mo, Sn, 

W, and Zn-Pb skarns. Fluorine, Ba, Pt, U, and REE skarns may locally be significant. 

Irons skarns are the largest deposits in the group. Gold skarns have become important 

discoveries in the past two decades. Tungsten skarns are usually associated with 

equigranular coarse-grained granitoids associated with pegmatites and aplitic dykes. They 

commonly form in deep seated environments. 

 Skarns occur in all continents and are most closely associated with silicic to 

intermediate intrusions in subduction-related tectonic settings, i.e., island arc or 

continental arc environments. Although there are examples from Precambrian to recent, 

most are post-Paleozoic. Interestingly, these older skarns are usually magnesian and have 

a dolomitic protolith (Meinert et al., 2005). Skarns develop from contact metamorphism 

of pure carbonate or impure carbonate rocks and the subsequent metasomatism, because 
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of interaction with hydrothermal fluids. Impure carbonate rocks, i.e., those that contain 

clastic material (shale and siltstone) are the most favourable for gold mineralization 

(Meinert et al., 2005).  

 Skarn colour and mineralogy are varied and highly dependent on the type of 

minerals present, and the original host rock composition. Skarns are characterized by 

mineral zoning from the contact of the intrusion outward to the marble or carbonate front 

and this zoning is a useful guide to trace proximity to an intrusion or centre of a 

hydrothermal activity.  

 Skarn colour is also a function of mineralogical and elemental variations within 

the skarn mineral assemblage.  Pyroxenes are progressively enriched in iron and 

manganese with distance from the intrusion contact and hence hedenbergite and 

johannsennite are developed in intrusion distal zones/areas (Meinert, 1992). On the basis 

of mineralogy, skarns may be divided into two types: calcic and magnesian, both of 

which can be either oxidized or reduced. Calcic skarns are the most common and they 

can be reduced or oxidized. The reduced skarns commonly contain high grade gold 

deposits and are characterized by abundant iron-rich garnet (almandine) in proximal 

zones. Oxidized skarns are characterized by magnetite, a high proportion of calcic garnet 

(andradite) to pyroxene, garnets and pyroxenes with low iron contents, and low total 

sulphides. 

 Skarn deposits have variable shape and morphology. They may be tabular, pipe- 

like or isometric with an irregular outline. The causative intrusive in skarn systems may 

be in contact with the host sedimentary rock or may be some distance away. Skarns may 

form at shallow depth by hydro-fracturing or at depth by ductile shear deformation of the 
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cover rocks. Skarn alteration is extensive at shallow depths, but more restricted for 

systems forming at greater depth. Mineralization in skarns is dependent on several 

factors: source and P-T regime of cooling magma, degree of crystallization, oxidation 

state, composition of mineralizing fluids, composition of host rocks, etc. (Meinert, 1998; 

Meinert et al., 2005).  

 Skarns can show deformational structures, even though they commonly occur as 

massive metasomatic rocks.  Shearing structures along and across the walls of vein quartz 

and (or) any other fabrics within host rock are common. Shearing is usually brittle to 

ductile in nature. Brecciation and variably oriented fracturing are common in minerals 

showing behaviour of brittle failure like vein quartz and silicified host rocks. The degree 

of ductile or brittle deformation in skarns is a function of depth of formation which in 

turn will affect the mechanical properties of the host rocks (Meinert, 1997). 

 Cu-Au and base-metal skarns have a genetic link and spatial association with 

porphyry copper deposits. The style of alteration and tectonic setting of Cu-Au and base-

metal skarn deposits are similar to those of porphyry copper deposits. In fact, all 

porphyry copper related intrusions will undoubtedly result in the formation of significant 

skarn deposits if they are emplaced near carbonate sedimentary rocks. The Bingham 

intrusive, Utah and that of Mine Gaspé, Quebec Canada can be cited in this category. 

Therefore, exploration for skarn deposits should include carbonate sedimentary rocks that 

are proximal to porphyry copper occurrences. The study of intrusive bodies near skarns is 

of considerable importance to identify source of mineralization which in turn helps to lay 

out exploration strategies in a given metallogenic belt. This dissertation that follows was 

conceptualized and organized with this view in mind. 
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 The Canadian Cordillera is endowed with many skarn occurrences. Dick (1980) 

described the geology, mineralogy, and conditions of formation of 33 contact 

metasomatic (skarn) mineral deposits in the northeastern Canadian Cordillera.  Ray 

(2013) reviewed skarn-related deposits in the Canadian Cordillera and pointed out more 

than 1000 documented skarns, both mineralized and barren. Of these skarn occurrences, 

27 are associated with Cu, Mo, or W porphyry deposits; 37 are barren exo-skarns 

enveloping Au ± Cu-bearing quartz and/or sulphide veins; and 962  are related to barren 

intrusions or have no known igneous parent (695 in British Columbia; 267 in the Yukon 

and a small number in the NWT (Ray, 2013)).   

 Based on chemistry and (or) mineralogy, the group of 962 skarns of the Canadian 

Cordillera were further divided into nine classes: Cu (436), Fe (147), Pb-Zn (142), W 

(117), Au (33), Mo (29), Sn (19), industrial mineral (19), and unknown (16). An 

additional 4 occurrences in the Yukon were thought to represent U or rare earth element 

(REE) skarns (Ray, 2013). 

 Many of these skarns are in the Yukon and British Columbia, and occur within 

the accreted terranes of Wrangellia, Stikinia, Quesnellia, Cassiar, Yukon-Tanana, and 

Selwyn Basin, as well as the rocks of ancestral North America (Fig. 1.5).  The skarns 

formed during three major plutonic episodes (Early to Mid-Jurassic, Cretaceous, and 

Eocene-Oligocene) each of which produced skarns with distinctly different 

metallogenies. Most of the Au, Cu, and Fe skarns were generated during the Jurassic, 

whereas most of the Sn and W skarns formed in the Cretaceous. Many of the Sn and W 

skarn occurrences are prevalent in the Yukon Territory and are associated with plutons 

derived from continental crust enriched in lithophile-elements. In contrast the skarn-
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related plutons in British Columbia are mainly island arc-related and thus associated with 

chalcophile skarn deposits that are mainly Au-, Cu-, and Fe-producing skarns (Ray, 

2013).  Tungsten skarns are rare in British Columbia; only 5 % of the skarns in British 

Columbia are hosted by the North American craton, yet these are responsible for the 

entire province’s tungsten production (Ray, 2013).   

 In British Columbia and the Yukon, Ray (2013) grouped skarn occurrences into 7 

types (Fig. 1.5): Sn, Cu, Pb-Zn, W, Fe, Mo, and Industrial. In the Selwyn basin, in which 

lies the Mactung deposit, almost all skarns are W-bearing.  The only Au-bearing skarn 

bodies known in the Selwyn basin are Marn and Horn (Brown and Nesbitt, 1987; Yukon 

MINFILE; Ray, 2013). Some W-mineralized skarn-producing intrusions may be 

associated with a different stage of gold mineralization away from the skarn system. A 

good example of this is the Ray Gulch tungsten skarn and the Eagle Zone intrusion-

related gold deposit that are associated with the Dublin Gulch intrusion, which forms part 

of the Mid-Cretaceous Tombstone Plutonic Suite (Brown et al., 2002; Hart, 2007).  

 Ray (2013) suggested that mineralized skarns are the products of long lived 

hydrothermal systems in which prograde and retrograde alterations operate 

simultaneously. The later process in most cases is barren and not a reliable indicator of 

ore (Ray, 2013). 

 Ray (2013) also pointed out that areas in which there is an abundance of intrusive 

bodies are not necessarily the best sites to explore for skarn-related deposits. The Coast 

Belt of the western Cordillera has the greatest concentration of plutonic rocks in the 

region, yet it hosts less than 4% of the skarn occurrences, all with negligible metal 

production. This has a larger implication for the need to investigate the mineralogy, 
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petrochemistry, and specific tectonothermal dynamics of plutonic rocks, to which the 

core of this dissertation is devoted to. 
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Fig. 1.1a. Location Map of Yukon in Northwest Canada showing bordering 
provinces/territories, and settlement areas in the Yukon. Whitehorse, the capital of Yukon, is 

the largest populated city accounting over 80% of the province’s population (modified after 

Natural Resources Canada, 2006). 
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Fig. 1.1b. Location of Mactung with respect to Macmillan Pass (purple rectangle) and the 
Canol Road (northeast of Ross River), NWT. 
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Fig. 1.2. Modelled topography of Mactung area (45o view from the air); deep blue indicates 
areas below 1400 m level; red denotes mountainous areas. 
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Fig. 1.3. Location of exploration drillholes over the Mactung skarn tungsten deposit 

(background - Google terrain map). 
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Fig. 1.4. Mactung property leasehold claim map within Yukon and NWT. 
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Fig. 1.5. Simplified terrane map of the Canadian Cordillera (modified after Wheeler et al., 

1991 in Ray, 2013) showing the locations of significant skarns or mantos. The Mactung and 

Cantung world-class tungsten skarns are marked # 33 and 34, respectively. 
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Appendix 1.1. Materials and Methods 

1.1.1 Field Work (Geological Mapping and Related Work)  

➢ Organization of personal field and safety gears including Bear safety   manuals 

➢ CPR training  

➢ Silva compass for structural measurement and navigation 

➢ Hand lenses (15X   to 25X) 

➢ Magnetic and hardness pencils  

➢ Diluted HCl 

➢ Sledge and geological hammers 

➢ Core structure measurement tools 

➢ Garmin 76 GPS unit to mark way points and for navigational purposes 

➢ Topographic base map (1:50,000) of the area for navigation and field work 

planning 

➢ Water-proof notebooks and other stationary materials 

➢ Scale rulers 

➢ Plastic bags used to store samples weighing up to 5 kg 

➢ Polythene bags to store samples for U-Pb age dating – up to 20 kg 

➢ UV lamp 

➢ Drill core logging and drill hole data documentation sheet papers 

➢ Systematic surface sample collection using geologic and sledge hammers 

➢ In-depth observation - box by box inspection of drill cores  
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➢ Sampling involved grab sampling of drill core and outcrops based on type of 

lithology, ore mineral characteristics and thickness of stratigraphic units. Bulk 

rocks sampling for geochronology and tracer isotopes study was also undertaken 

 

1.1.2 Office and Analytical Laboratory Methods  

➢ Polished rock slab preparation (for photographing, to be used in report writing, 

dissertation work and presentations) 

➢ Polished thin section preparation for observation under SEM and ore and 

petrographic microscopes (at UNB) 

➢ Scanning electron microscope (SEM) for mineral phase identification, analysis 

and image production (at UNB) 

➢ Electron microprobe analysis of minerals and image production (at UNB) 

➢ Isotope analytical work for physicochemical parameters and petrogenetic study  

o Oxygen isotopes (whole rock, biotite, quartz, tourmaline and feldspars) (at 

Queens University) 

o Hydrogen isotope analysis of biotite and tourmaline (at Queens University) 

o Sulphur isotopes (sulphide minerals, mainly pyrrhotite) (at Memorial 

University) 

➢ ICP-MS and OES analytical work for trace elements analysis (at Actlabs) 

➢ Instrumental Neutron Activation Analysis (INAA) for the determination of 

REE’s, Au, W and other elements (at Actlabs) 

➢ X-ray Fluorescence analysis for whole rock major element geochemistry and 

certain trace elements determination (at Memorial University) 
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➢ Geochronology and tracer isotope work (UBC, UoT, UoA, UNB) 

o Uranium-Lead dating of zircon grains using TD-TIMS (at UBC) 

o U-Pb dating of titanite using LA ICP-MS (at UNB) 

o Ar - Ar dating (on biotite, muscovite, hornblende and tourmaline) (at UoT) 

o Re-Os dating molybdenite from host quartz veins (at UoA) 

o Sm-Nd tracer isotope analysis at UBC - for petrological application (at UBC) 

 

1.1.3 Data Processing 

➢ Global Mapper© software program for digitizing topographic map, triangulation 

of elevation data, and assembling of geological map 

➢ ArcMap© and MapInfo© software programs for final geology map preparation 

and 3D topographic modelling, respectively 

➢ Map symbols utility program for structural data input into MapInfo program 

➢ Irving library scanning equipment to scan large scale NATCL topographic maps 

(1:2000 scale) 

➢ MATLAB© software program for statistical analysis such as spearman 

correlation 

➢ CorelDraw© and Adobe Illustrator© to finish graphics (imported from several 

other softwares) 

➢ Geochemical kit to process geochemical data of igneous rocks 

➢ ImageJ© to study the nature of ore mineral grains in the skarn system and to 

understand liberation characteristics 

➢ Rockworks© for preparing cross-sections, plotting and projection of drillhole data 
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Appendix 1.2. Work Statistics 

1. Sampling 

Description Quantity Remark 

Borehole 72-69 36 Geochem, T.S., and (Slab) 

Borehole 72-66 38 Geochem, T.S., and (Slab) 

Borehole 72-68 44 Geochem, T.S., and (Slab) 

Borehole 80-134 49 Geochem, T.S., and (Slab) 

Borehole 72-06 12 Geochem, T.S., and (Slab) 

Borehole 72-21 27 Geochem, T.S., and (Slab) 

Borehole 72-39 8 Geochem, T.S., and (Slab) 

Borehole 72-11 22 Geochem, T.S., and (Slab) 

Borehole 72-55 15 Geochem, T.S., and (Slab) 

Borehole 72-57 13 Geochem, T.S., and (Slab) 

Borehole 72-08 21 Geochem, T.S., and (Slab) 

Borehole 72-48 12 Geochem, T.S., and (Slab) 

Borehole 79-118 24 Geochem, T.S., and (Slab) 

Borehole 80-138 30 Geochem, T.S., and (Slab) 

Borehole 2005-156 62 23 for P.T.S. 

Borehole 2005-149 17 Geochem, T.S., and (Slab) 

Outcrop samples 62 Geochem, TS Slab & age dating  

Boreholes 2005-148, 151,159, 161, 162 12 Granite dyke samples 

Boreholes 71-16; 72-27, 38, 43, 50, 59, 60, 62; 73-

78, 79-117, 79-123, 124; 80-135 32 Sulphur isotopes 

Borehole, 2005-144, 145, 156; 4 outcrop samples 7 MoS2 dating samples 

Adit wall samples for gold analysis 27 Thick sections 

Total 570 

 2. Detailed Geological Mapping 25 km2 

 3. Sulphur isotope samples  58 

 4. Oxygen isotopes samples  34 

 5. Hydrogen isotope samples  9 
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6. Lithogeochemistry samples (skarn, calc-

silicates, metasediments) 58 

 7. Thick sections for fluid inclusion analysis 14 

 8. Thin sections for petrography 165 

 9. Microprobe and SEM EDS work  

 

Selected samples 

Samples for sulphide analysis - gold and other trace 

elements 2 

 Granitoid samples for biotite 14 

 Granitoid samples monazite 7 

 Granitoid samples apatite 7 

 Feldspar (SEM-EDS) Many 

 Pyroxene (SEM -EDS) Many 

 Garnet (SEM -EDS) 7 

 Hornblende  Many 

 Tremolite – Talc Many 

 Plagioclase Many 

 10. Reports submitted to North American 

Tungsten Corporation Limited 3 

 11. Posters/ Extended Abstract Presentations 1 

 GAC-MAC  1 

 GOLDSCHMIDT 1 

 IAGS 1 

 Yukon Geological Survey (YGS) 2 

 12. Comprehensive open file report to YGS 1 
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Appendix 1.3. General information about the Mactung tungsten project   

1.3.1 Status 

• Advanced exploration project 

• Mactung is the largest known skarn tungsten deposit in the western world 

• Indicated resource: 33 Mt @ 0.88% WO3; Cut-off grade, 0.5% WO3 

• Inferred resource: 11.857 Mt @ 0.78% WO3; Cut-off grade, 0.5% WO3. There is 

sufficient new data to increase the indicated resource: 63 holes were drilled in 

2009 after the last resource calculation.  

• Envisaged plan: mining the lower orebody (2B) by underground and then revert to 

open pit for the upper orebodies (3D, 3E and 3F) 
 

• Environmental assessment done; approved by YESAB 

 

1.3.2 Exploration Work Completed on the Property 

• Exploration drill holes: 236 

• Condemnation drill holes: 7 

• Hydrogeology work: 10 holes (4 deep and 6 shallow; Contractor: EBA) 

• Geotechnical work: 27 shallow holes; at least 5 deep holes coordinated with 

exploration holes. 

 

• Geological Mapping 

o Atkinson and Baker (1986) (general deposit-scale mapping) 

o Gebru and Lentz (2008, 2009) (detailed deposit-scale and vicinity area 

mapping) 
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Appendix 1.4. Chronological events about Mactung Deposit: History of 

Exploration, Development and Ownership 

 

From 1962 to 1997, the Mactung property underwent through may property acquisitions. 

 

1962: Geologist J.F. Allan discovered the deposit, and transferred it to Amax 

1963-67: Surface geology, geochemistry and magnetics 

1968: 5 surface diamond drill holes  

1970: 11-km access road off the Canol Road to Mactung 

1971-72: 69 surface diamond drill holes 

1973: Adit development, and 295 tons of bulk sample for metallurgical testing, 

and 48 underground holes from the Adit into the lower orebody – 2B, to 

better define the deposit 

1979: 7 surface and 8 underground diamond drill holes 

1980: 10 surface diamond drill holes 

1981: Capital costs and project design study 

1982-1985: Bulk sampling, relogging core, and internal environmental evaluation 

1985: Scoping study 
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1986: Property sold to Canada Tungsten. Mining Corporation (CTMC), including 

the Cantung Mine 

1993:  Canada Tungsten Inc. formed through merger with CTMC, and controlled 

Mactung as well as Cantung 

1994: Aur purchased a 48% interest in Canada Tungsten Inc. 

1997: NATCL bought all interests including Aur’s  

2005: 25 surface diamond drill holes (6,639 m) by NATCL to better define the 

west ore zone 

➢ Underground bulk sampling 

➢ Environmental baseline study 

2006: Ongoing environmental study by EBA 

2007: Ongoing environmental and geotechnical studies by EBA 

➢ Update scoping study, and feasibility study by Wardrop 

➢ NI 43-101 report by Scott Wilson RPA Inc.  

2008: Drilling and ongoing environmental study 

➢ 20 surface diamond drill holes by NATCL in the eastern part of the 

orebody 

➢ Environmental, geotechnical and hydrogeological studies by EBA 

2009: Update feasibility study by Wardrop  

➢ NI 43-101 report by Lacroix and Associates 
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➢ 63 surface drill holes by NATCL in the western part of the orebody; note 

this work was done later than inferred resource calculation (after NI 43-

101). 

➢ Environmental, geotechnical and hydrogeological studies by EBA 

2010-12: Ongoing environmental study by EBA 

2012: Permitting stage 

2014: Positive response on EIA by YESAB and a go ahead for requesting mining 

permit 

June, 2015:  NATCL in creditor protection through the British Columbia 

Supreme Court under the Companies' Creditors Arrangement Act through 

a court-appointed monitor, Alvarez and Marsal, 

November, 2015: The Government of NWT acquired leasehold interests for both 

the Northwest Territories and Yukon mineral rights to North American 

Tungsten Company Limited’s (NATCL) Mactung property. 
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Chapter 2 

Physiographic Morphology and Regional Geology of Yukon 

 

2.1 General 

 The Yukon Territory occupies the northwestern tip of the Canadian land mass 

(Fig. 2.1). It borders the state of Alaska (USA) to the west and the Canadian province of 

British Columbia and the Northwest Territories to the south and east, respectively.  

 

2.2 Physiographic Morphology of Yukon Territory 

 The Yukon territory occupies the northern part of the Canadian Cordillera, a chain 

of mountainous regions that extends the length of British Columbia, through USA, and 

into Mexico. The Cordilleran orogen of western Canada consists of five morphological 

belts (Fig. 2.2) that, from east to west, are:   Foreland, Omineca, Intermontane, Insular, 

and Coast belts (Gabrielse et al., 1991; Monger and Price, 2002). Of these, two are 

parallel mountainous belts; one is located on the eastern side of the Omineca Belt (the 

Rocky Mountains) and the other is the Coastal Belt of the western zone.  Between these 

mountainous belts, there is a relatively subdued topography of about 1000 meters AMSL, 

which defines what is known as the Intermontane Belt. There are two prominent 

sedimentary basins in western Canada: Foreland and Omineca basins (belts). Rocks of 

the Foreland Belt consist of Paleozoic to Mesozoic strata. They were deformed during the 

Jurassic to Paleocene by compressional orogenesis that formed eastward verging fold and 

thin-skinned thrusts above the cratonic-sediment contact/detachment plane (Pattison et 

al., 2013). As a result, present day Omineca was uplifted forming a mountainous region. 
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The eastern margin of the Foreland Belt marks the eastern boundary of the Cordilleran 

orogeny, and the western part of the Foreland marks the Rocky Mountain trench of 

British Columbia, which extends to the north into the Tintina trench, in the Yukon 

(Pattison, 2013). The Omineca Belt covers the sedimentary infill formed in a rifted 

Ancient North American continental margin, and part of the volcano-sedimentary 

domains of the Intermontane Superterrane, which was thrust onto the North American 

margin during the Jurassic period (Colpron, 2007; Pattison et al., 2013). The region 

between the Rocky Mountain trench in the east, and the western margin of the 

Intermontane Belt contains a diverse assemblage of lithotypes, including: cratonic 

basement rocks exposed in metamorphic core complexes, Lower Paleozoic to 

Mississippian sedimentary strata, Permian mafic and ultramafic rocks, and Triassic to 

Jurassic arc-related volcano-sedimentary rocks (Pattison et al., 2013). The Intermontane 

Belt comprises of the Interior, Stikine, and Yukon plateaus and Skeena Mountains.  It 

consists of Devonian to Early Jurassic Island arc sedimentary and volcanic rocks; Middle 

Jurassic to Early Cenozoic continental arc volcanic rocks; and Devonian to Cenozoic 

granitoids (Monger and Price, 2002)    

 The Coastal Belt covers the region of the Intermontane Superterrane and part of 

the Insular Terrane to the west; it consists of Jurassic to Cenozoic plutonic rocks, 

amphibolite to granulite-facies arc rocks and rocks derived from accretionary margins 

(Pattison, 2013).  
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2.3 Yukon Geology 

 The geology and metallogeny of the Yukon Territory is available in several 

published papers and numerous other technical reports published by the Geological 

Survey of Canada and the Yukon Geological Survey.  Some of these works include  those 

of Tenney (1981), Goodfellow (1987), Gardner et al. (1988), Gordey (1991), Cecile and 

Norford (1991), Mortensen (1992), Gordey and Anderson(1993), Cecile et al. (1997), 

Hunt (1997), Hulbert (1997), Hart et al. (2004), Thorkelson, et al. (2005), Colpron et al. 

(2006), Nelson et al. (2007), Nelson and Colpron (2007), Bradshaw (2008), Piercey and 

Colpron (2009); Pigage (2009), Colpron (2011), Israel et al. (2011, 2012), Beranek et al. 

(2012), and Rasmussen (2013). Reference materials from these authors, and particularly 

from those of Israel et al. (2011, 2012) are utilized throughout this chapter. In the Yukon,  

two prominent geological provinces are separated  by the  major dextral  Tintina fault that 

has a displacement of approximately 450 km (Hart, 2002; Thorkelson et al., 2005; Nelson 

and Colpron, 2007; Nelson et al., 2007; Colpron, 2007, 2011; Israel et al., 2012; Pattison, 

et al., 2013). This fault separates the parautochthonous, and allochthonous accreted 

terranes in the southwest from autochthonous basinal and platformal facies (Selwyn and 

Mackenzie mountains, respectively), of ancient North America in the northeast (Fig. 2.3). 

Rocks on the NE side of the fault (on the Ancient North American margin) are mostly 

older (390-1000 Ma), whereas those in the accreted terranes are mostly young (20-300 

Ma) (Hart, 2002). 
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2.3.1 Ancient North American Basement  

 Prior to the Jurassic (180 Ma), the Ancient North American craton, composed of 

crystalline basement at least 1.8 billion years old. The craton extended to the west into 

the ancient Pacific Ocean (Hart, 2002; Thorkelson, 2000; Colpron, 2007, 2011).  

 

2.3.2 Basinal and Platformal Deposits on Ancient North America 

 Two depositional facies are recognized in a rifted basement on the Ancient North 

American continental margin: platformal carbonate facies (dolostone and limestone of 5-

7 km thickness; Abbott et al., 1986) in the shallower part of the rift (Mackenzie Mountain 

ranges and its southern extension), and basinal fine sandstones and argillites in the deeper 

part of the basin (the Selwyn and Richardson basins; Fig. 2.3; Chapter 3, Fig.3.1). The 

oldest sedimentary strata, known in the basinal facies is the Wernecke Group, an inlier in 

central Yukon, consisting of siliciclastic and carbonate rocks with an aggregate thickness 

of about 13 km (Delaney, 1981; Thorkelson, 2000); it forms the base of the succession 

over the Ancient North American Continental margin that has a minimum age 

constrained by the Bonnet Plume River Intrusions (1.71 Ga), which intrudes the 

Wernecke Supergroup (Thorkelson et al., 2001a). This may be regarded as the minimum 

timing of basin development over Ancestral North America. The Wernecke Supergroup 

is overlain by the Windermere Supergroup and began deposition at approximately 766-

769 Ma (based on dating of cross-cutting diabase dykes).  

 Abbott et al. (1986) regarded the deposition of the Windermere Supergroup as the 

beginning of basin development over Ancestral North American craton.  The sedimentary 

architecture of this continental rift consists of a thick Late Proterozoic syn-rift, mostly 
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oxidized, clastic sequence (Goodfellow, 2007). The Windermere Supergroup is a 

westward thickening clastic-dominated sequence that only occurs west of the Mackenzie 

arc (Abbott et al., 1986). They are absent from below the Mackenzie sequence in the east 

side either due to Paleozoic erosion or non-deposition. Three sedimentation cycles took 

place following the deposition of the Windermere Supergroup: 1) Early Cambrian to 

Middle Devonian shallow water clastic rocks and carbonates in the inner miogeocline and 

thinner deeper water clastic dominated strata deposition in the outer miogeocline in 

passive environment, which underwent intermittent extension; 2) Middle Devonian to 

Mississippian transgressive sequence of shale and siltstone, derived from the west and 

north and deposited in the inner miogeocline; and 3) Mississippian to Triassic fine-

grained clastic rocks and chert deposited in marine shelf environment.  

 At Mactung and vicinity, the Cambrian to Middle Devonian rocks are represented 

by rocks of the Sekwi, Hess River and Rabbitkettle formations, and by the Earn Group in 

the second case. Based on the stratigraphic section of Abbott et al. (1986), excluding the 

underlying Wernecke Supergroup, the Mackenzie Supergroup and the basinal fine-

grained clastic rocks of the Selwyn basin collectively account for an estimated thickness 

of 7-10 km.  The Richardson Trough, north of the Selwyn basin, and marked yellow (Fig. 

2.3) is filled by basinal facies similar to the Selwyn basin, formed in response to an 

isolated N-S rifting off the main axis of crustal attenuation direction, which was NW-SE.  

In the Wernecke Group the highest metamorphic grade is amphibolite facies (Thorkelson, 

2000). Otherwise much of this sequence underwent low grade regional greenschist facies 

metamorphism with relict sedimentary features still recognizable (Thorkelson, 2000).  
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 The metallogeny of the sedimentary package in the basinal facies, particularly in 

the upper succession of the Earn Group consists of stratiform Pb-Zn-Ag-(Cu) occurrences 

in localities such as the Howard’s Pass, Anvil, Jason, and Tom. The carbonate-bearing 

Mackenzie platformal deposits host stratabound MVT deposits, e.g., Bear Twit, northeast 

of Mactung, the Pine Point deposit, on the south shore of Great Slave Lake between Hay 

River to the east and Fort Resolution to the west, in NWT, and the Rob Lake base-metal 

deposit in northeast British Columbia can be cited as an example of MVT type of 

deposits (Fig. 2.4) (Nelson et al., 2006; Goodfellow, 2007). 

 

2.3.3 Accreted Terranes 

 There are several amalgamated terranes/super terranes in western and northern 

Yukon. (Fig. 2.3). They consist of the Intermontane Superterrane, Whitehorse Trough, 

Insular Superterrane, Arctic Alaska and several other terranes. They were formed by 

crustal addition in island arc subduction zones, and subsequently sutured to form 

composite terranes prior to final accretion to the North American margin (Nelson and 

Colpron, 2007; Fig. 2.4).  

 

2.3.3.1 The Intermontane Superterrane 

2.3.3.1.1 Stikinia, Slide Mountain, Cache Creek, and Quesnellia Terranes 

 The Intermontane Superterrane consists of 5 terranes that were welded together 

by the Jurassic (180 Ma). These are the Stikinia, Cache Creek, Quesanellia, the Slide 

Mountain, and Yukon-Tanana terranes. In Yukon, the Cache Creek terrane occupies the 



 

37 

centre, being surrounded by the progressively older rocks of Quesnellia, Stikinia, and 

Yukon-Tanana terranes due to tectonism in Early Jurassic (Mihalynuk et al., 1994, 2004). 

 The Stikinia terrane (Fig. 2.3) consists of oceanic volcanic rocks – island arc 

assemblages, like present day Japan.  Quesnellia occurs east of Teslin and consists of 

volcanic rocks of the Nicola Group that have the same age and lithotypes as Stikinia. The 

Slide Mountain, Cache Creek, and Windy-McKinley terranes consist of ocean floor 

volcanic rocks, as well as sedimentary rocks (chert, limestone, and shale). The Slide 

Mountain Terrane represents the up-thrusted remains of the ocean floor that once 

separated Quesnellia from North America, whereas the Cache Creek Terrane represents 

the ocean floor that existed between Stikinia and Quesnellia/Yukon-Tanana (Hart, 2002; 

Israel et al., 2012). Locally, the Slide Mountain, Cache Creek, and Windy-McKinley 

terranes contain ultramafic rocks. The Cache Creek Terrane likely originated far from 

Ancestral North America (Hart, 2002), as the rocks of the Cache Creek Terrane contain a 

particular fossil assemblage   common in Asia, but unknown elsewhere in Ancient North 

American rocks (Hart, 2002).  

 

2.3.3.1.2 Yukon-Tanana Terrane 

 The Yukon-Tanana Terrane (YTT) is a tectonic terrane that extends from central 

Alaska through central Yukon and into northern British Columbia, Canada and southeast 

Alaska, USA, extending over 2000 km. It is the largest terrane in the Yukon, has half a 

billion years’ (from Lower Paleozoic to the present) geological history, and consists of 

metamorphosed rock assemblages (Hart, 2002; Israel et al., 2012). It comprises the 

Nisling assemblage (quartzite, mica schist and limestone), the Nasina assemblage (mica 

https://en.wikipedia.org/wiki/Terrane
https://en.wikipedia.org/wiki/Alaska
https://en.wikipedia.org/wiki/Yukon
https://en.wikipedia.org/wiki/British_Columbia
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schist and black shales), the Pelly Gneiss (metamorphosed granitic and volcanic units), 

and the Nisutlin assemblage (highly foliated green quartz-mica schist).  

 The Whitehorse trough is a northwest-striking submerged structure formed during 

the convergence of Stikinia, Quesnellia, and the Cache Creek terranes in Early to Middle 

Jurassic (Israel et al., 2012). It consists of rocks of the Laberge Group and Tantalus 

Formation. The former represents 3000 m thick accumulation of clastic sedimentary 

rocks. To the north, shallow marine to fluviatile facies (sandstone, conglomerate, shale, 

and coal) prevail, whereas to the south deep-marine clastics turbidite and mass-flow 

deposits predominate.  Pyroclastic deposits (188-184 Ma) are common to both 

environments and are coeval with the latest pulse of Early Jurassic magmatism flanking 

the Whitehorse trough to the west and east. Deposition of fluvial, chert-pebble 

conglomerate, sandstone and coal of the Middle Jurassic to Lower Cretaceous (Tantalus 

Formation) marks the end of the Whitehorse trough. 

 

2.3.3.2 Insular Superterrane 

 The Insular Superterrane in southwest Yukon consists of the Wrangellia and 

Alexander terranes that were amalgamated by 320 Ma (Israel et al., 2011, 2012).  Both 

terranes are composed of island-arc and ocean-floor volcanic rocks and are overlain by 

thick accumulations of oceanic sedimentary rocks that range in age from 400 to 220 

million years old.  
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2.3.3.2.1 Alexander Terrane   

 The Alexander terrane consists of volcano-sedimentary and plutonic rocks (Israel 

et al., 2011, 2012). The volcano sedimentary package comprises three assemblages:  

1) Cambrian to Ordovician mafic volcanic rocks, quartz sandstone, volcaniclastic 

rocks and minor limestone of the Donjek assemblage; the Donjek assemblage is a 

rift/drift sequence that represents the formation of a back-arc basin that developed 

into a full-scale spreading centre in the Cambrian to Ordovician. 

2) Ordovician to Silurian carbonate and calcareous mudstone and siltstone of the 

Bullion assemblage. 

3) Devonian to Triassic carbonate, siltstone, sandstone, and minor volcanic rocks of 

the Icefield assemblage (Dodds and Campbell, 1992). Intrusive rocks in this 

terrane include the Pennsylvanian to Permian quartz monzonite to syenite of the 

Ice Field suite and the wide spread Jurassic (154-149 Ma) porphyritic to non-

porphyritic (K-feldspar), quartz diorite to granite of the Saint Elias Suite, which 

also occurs in the Alexander terrane in southwest Yukon.  

 

2.3.3.2.2 Wrangellia Terrane 

 The Wrangellia terrane comprises Paleozoic to mid-Mesozoic volcanic and 

sedimentary rocks of the Station Creek, Hasen Creek, and the Nikolai formations (Israel 

et al., 2011, 2012). 

 Station Creek Formation: represents Lower Mississippian (ca. 354 Ma) mafic 

volcanic rocks overlain by volcanic breccia, tuff, and volcaniclastic sandstone formed in 

back-arc oceanic crustal environment that was overlain by arc volcanic detritus. 
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 Hasen Creek Formation: includes a sequence of Permian conglomerate, 

sandstone, and siltstone turbidites and limestone. They formed by sedimentation 

following cessation of volcanism and subsidence of the Mississippian-Pennsylvanian arc. 

 Nikolai Formation: comprises a basal conglomerate, overlain by thick (up to 

3000 m) accumulations of subaerial, vesicular to amygdaloidal basalt flows overlying or 

interlayered with thick platformal carbonate horizons of the Chitistone limestone. 

Ultramafic intrusions (gabbro, pyroxenite, and dunite), host to Ni-Cu-PGE deposits, 

accompanied the eruption of the Nikolai basalt.   

 McCarthy Formation: deep marine sedimentary strata overlying the (Chitistone 

limestone).  

 Late Intrusions: Triassic suite of granodiorite to quartz-diorite with arc 

chemistry implying the development of an arc on Wrangellia in the Triassic. 

 

2.3.3.3 The Kluane Schist  

 The Kluane Schist is a monotonous package of biotite-muscovite-quartz schist in 

southwest Yukon and is part of the coastal plutonic complex north of the Denali Fault 

(Israel et al., 2012). The schist is at the base of a structural stack that includes the 

Paleocene Ruby Range Batholith and the Yukon-Tanana terrane. 

 

2.3.3.4 Outboard Terranes 

 The Chugach and Yakutat terranes are exotic occurrences within the insular 

terrane (Hart, 2002). They are composed of young (20-90 Ma) sedimentary rocks that 

were deposited on the floor of the Pacific Ocean. These sedimentary rocks were 
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subsequently scraped off the ocean floor by tectonic processes and accreted outboard 

onto the western margin of North America (Fig. 2.3). 

 

2.3.3.5 Overlapping Assemblages of Rocks 

 These include post-accretionary felsic plutonic igneous and (or) volcanic or 

sedimentary rocks that are not specific to one terrane but occur in two or more terranes, 

or on Ancient North America (Israel et al., 2012); Igneous rocks in this category include 

the Dezadeash Formation (Jurassic - Cretaceous), the Amphitheatre Formation 

(Oligocene), and the Wrangell volcanic rocks (Miocene).  

 Dezadeash Formation: consists of turbidites, formed in a proximal arc setting. 

Ages of tuffs within the Dezadeash Formation match those of the Saint Elias suite within 

the Alexander terrane and are likely related.  

 Amphitheatre Formation: consists of terrestrially-derived conglomerate and 

sandstone, with interlayered coal. It formed in a basin created on Alexander and 

Wrangellia terranes by dextral strike-slip pull-aparts along the Denali Fault (Ridgway et 

al., 1992). Material from the surrounding terranes forms the fill for the basins. The placer 

gold deposits of the Kluane Ranges might have been sourced by the reworking of the 

conglomeratic unit of the Amphitheatre Formation.  

 Wrangell Volcanic Rocks: overly both the Alexander and Wrangellia terranes; 

they consist of Miocene basalt, andesite, volcaniclastic rocks, and tuff that formed 

terrestrially in relation to subduction of the Pacific plate beneath southern Alaska and 

Yukon.  

 



 

42 

2.3.3.6 Arctic-Alaska Terrane 

 The Arctic-Alaska terrane is the least understood part of the Yukon (Israel et al., 

2012). It formed in early Paleozoic as an isolated crustal fragment originally located 

between the Siberian and Laurentian cratons (Dumoulin et al., 2002; Israel et al., 2012 

and references therein).   

 At least two stages of collisions characterize this terrane: Early to mid-Paleozoic 

exotic terranes accreted to the continent via plate convergence along northern Laurentia. 

Devonian collision of the Arctic-Alaska terrane with northern Laurentia formed the 

Romanzof orogen (Dumoulin et al., 2000; Lane, 2007; Moore et al., 2007; MacDonald et 

al., 2009; Israel et al., 2012)  

 The North Slope of the Arctic-Alaskan subterrane consists of thick accumulation 

of sedimentary and minor igneous rocks of Devonian to Neoproterozoic age. The oldest 

(700 Ma) rock consist of continental-shelf limestone, siltstone, slate, and chert formed on 

the Franklin continental margin. The Neruokpuk Formation, a thick succession of marine 

sand and silt formed during the Proterozoic to Cambrian period (Brooks and Lane, 2011; 

Israel et al., 2012, and references therein). 

 Shale, chert, and limestone were deposited in a basin that formed during Early 

Ordovician to Early Devonian (Lane, 2007). Post Early to Middle Devonian, there was an 

accretion of the North Slope subterrane and the Romanzof orogeny to Laurentia. Post-

collisional melting of the thickened crust resulted in Devonian granitic intrusions, e.g., 

those exposed at Mount Sedgewick, Mount Fitton, Hoidahl Mountain, and in the Old 

Crow Range, as well as in northern Alaska (Lane, 2007). Mississippian and younger 

strata that overlie the North Slope subterrane are associated with the ancestral continental 
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shelf of North America. From Early Ordovician to Early Devonian, the region became a 

basin in which shale, chert, and limestone were deposited (Lane, 2007). 

 

2.3.4 Cretaceous Felsic Magmatism 

 Cretaceous and younger magmatism is superposed on the amalgamation of 

terranes that formed the northern Cordillera (Fig. 2.5). It includes a series of distinct 

plutonic suites that cut across tectonic elements and crops out near the present continental 

margin as far as 700 km inboard into the Selwyn basin (Hart et al., 2004). Three felsic 

magmatic episodes are recognized in the ancient North American (Laurentia) and the 

accreted terranes of western Yukon (Figs. 2.3, 2.5). The first episode represents 

granitoids dating 118 Ma, whereas the second episode consists of granitic rocks dating 

110 Ma. The third episode of felsic magmatism includes the Tombstone, Mayo, and 

Tungsten plutonic granitic suites that are collectively included in the 90-98 Ma Mayo-

Tombstone-Tungsten magmatic suites (Hart, 2004). 

 According to Hart et al. (2004), the Tombstone Suite is alkalic, variably 

fractionated, slightly oxidized, contains magnetite and titanite, and has primary but no 

xenocrystic zircon. The Mayo Suite is sub-alkalic, bimodal (early felsic and late mafic), 

metaluminous to weakly peraluminous, fractionated, moderately reduced (titanite 

dominant), and has xenocrystic zircon. The Tungsten Suite is a felsic, peraluminous, 

more highly fractionated, reduced (ilmenite dominant), and has abundant xenocrystic 

zircon. The Tombstone Suite was derived from an enriched, previously depleted 

lithospheric mantle. The Tungsten Suite formed from the continental crust included, but 

not dominated by, carbonaceous pelitic rocks, whereas the Mayo Suite formed from a 
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similar sedimentary crustal source, but included a distinct mafic component from an 

enriched mantle source. The Tombstone Suite has two types of metallic mineral 

associations: 1) Au-Cu-Bi derived from oxidized magmas, and 2) U-Th-F mineralization. 

The Tungsten Suite intrusions are reduced and are commonly associated with tungsten 

skarn deposits and subordinate Cu, Zn, Sn, and Mo. The Mayo Suite intrusions are gold-

enriched, with As, Bi, Te, and W associations. Distal and lower temperature Ag-Pb- and 

Sb-rich minerals may accompany any of the above types of mineralization. The nature of 

the magmatic source materials and the oxidation state of the magma controls the type of 

mineral deposits that are likely to be associated with specific magmatic processes (Hart, 

2004).  Not all intrusive felsic plutons of the Tungsten Suite are mineralized. For 

instance, Rasmussen (2013) demonstrated that the halogen chemical composition of 

biotite in intrusive rocks of the southeast Yukon can be used to determine the fertility of 

the intrusion with respect to tungsten mineralization.   

 

2.3.5 Faults 

 There are three major regional-scale fault systems in the Yukon: Tintina, Denali, 

and Teslin (Fig. 2.3). The Tintina Fault follows a linear depression that extends 

northwesterly across the Yukon from Watson Lake to Ross River, Faro, and Dawson, and 

then into Alaska (Hart, 2002). Dextral strike-slip movement along this fault is 

approximately 450 km, most of which was in the Eocene (Gabrielse, 2006). The fault 

movement resulted in offsets of the northeastern section of Yukon-Tanana, as well as a 

set of Cretaceous thrust imbricates north of Fairbanks, which are considered equivalent to 

the Robert Service and Tombstone thrusts in Yukon (Fig. 2.5); there are offsets of the 98 
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to 90 Ma Tombstone plutonic suite from its Alaskan equivalent, the Livengood suite; and 

offset of Late Cretaceous (70-65 Ma) Sn-bearing peraluminous intrusions (McQuesten 

plutonic suite in Yukon; Gabrielse, 2006; Nelson and Colpron, 2007). North of 

Fairbanks, the Tintina Fault abruptly bends and splays into the Kaltag, Tozitna, and other 

faults that have a cumulative dextral displacement of approximately 130 km (Patton and 

Tailleur, 1977). The remaining displacement was probably taken up in compression and 

rotation (Nelson and Colpron, 2007). The southward projections of the Tintina Fault are 

assumed to lie between Stikinia and southern Quesnellia (Nelson and Colpron, 2007). 

 The Denali Fault accounts for a 370-km of dextral motion beginning in the 

Eocene (Lowey, 1998). The fault lies within the Wrangellia terrane; the northwest part of 

the fault separates Wrangellia from YTT (Yukon Tanana Terrane), and its southeast 

section occurs close to the boundary with Alexander Terrane (Fig. 2.3). The movement 

on the Denali Fault resulted in an overall shortening and widening of the pre-

displacement Insular terrane (Nelson and Colpron, 2007).  The Chatham Strait Fault is 

the southern continuation of the Denali Fault (Hudson et al., 1982; Nelson and Colpron, 

2007).  This fault and the associated Duke River Fault, are presently active and cause 

small earthquakes (Hart, 2002). 

 Movement along the Teslin Zone (TZ) Fault occurred in response to additional 

force produced to restore the two “halves” of the Cache Creek terrane (Gabrielse, 1985). 

The TZ is a penetrative ductile shear zone southwest of Tintina Fault that has been 

variably interpreted as: 
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1) a subduction complex that developed in a fore-arc setting during the Late Triassic 

– Early Jurassic convergence of Stikinia (early Mesozoic arc terrane) and North 

America (Tempelman-Kluit, 1979). 

2) a Permian–Triassic transpressional subduction-channel shear zone (Hansen, 1989; 

1992a, b). 

3) a zone of Late Triassic – Early Jurassic transpression and tectonic wedging above 

a low-angle detachment (Stevens and Erdmer, 1996). 

an Early (Permian?) thrust sheet of Yukon–Tanana terrane that was emplaced onto North 

America, folded by late (Jurassic?) northeast-verging folds and later cut by Cretaceous 

brittle faults (de Keijzer et al., 1999). 
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Fig. 2.1. Location Map of Yukon in Northwest Canada showing bordering 

provinces/territories, and settlement areas in the Yukon. Whitehorse, the capital of 

Yukon, is the largest populated city accounting over 80% of the province’s population 

(Modified after Natural Resources Canada, 2006). 
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Fig. 2.2. Morphological Belts of Western Canada (adopted from Pattison et al., 2013). The 

Coastal Belt and Omineca are mountainous, whereas the Insular and the Foreland belts 
exhibit subdued and flattened morphology. The Intermontane consists of subdued plateaus 

and mountainous regions. 
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Fig. 2.3. Yukon Terrane Map (after Yukon Geological Survey, 2011). Northeast of the 

Tintina fault, Platformal and Basinal facies deposited on the Ancient North American 
continental margin; southwest of the fault, several terranes amalgamated and accreted onto 

the ancient North American Continent. 
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Fig. 2.4. Tectonic setting of the western and eastern Yukon during the Devono-

Mississippian period. By that time rocks of the coastal plutonic complex to the west, the 

Stikinia, the Cache Creek and the Quesnellia terrane had not formed or had not started 
forming (diagram modified after Nelson and Colpron, 2007). 

 

 

Fig. 2.5. Location of Mactung granitoids with respect to early and mid-Cretaceous 

plutonic suites and belts across Alaska and Yukon (Regional map adopted from Hart, et 

al., 2004). YT Uplands-: Yukon-Tanana Uplands, NWT: Northwest Territories. 
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Chapter 3 

Petrology and Petrochemical Composition of Granitoids in the Vicinity 

of Mactung Skarn Tungsten Deposit, Yukon-NWT, Canada 

 

Abstract 

 There are two granitoid intrusions within and adjacent to the Mactung skarn 

tungsten deposit, 1) a leucogranite and 2) a porphyritic two-feldspar biotite granite with a 

related plagiogranite and associated undivided granite dykes all of which are related by 

fractionation. Major- and trace-elements geochemistry can be used to discriminate among 

the various granitoid phases. The biotite granite has an arc-like affinity, possibly derived 

from the recycling of I-type crust that assimilated sedimentary material. The leucogranite 

is transitional with a highly-fractionated S- and crustal A-type affinity. Due to its low 

Na/K, Zr, REE, and higher Rb, a source magma generated by anatexis of a supracrustal 

sequence in a syn-collisional setting is proposed. Tracer isotopes (Sm-Nd and Rb-Sr) 

suggest that very old (1.9 to 2.3 Ga) continental crust is the likely source material.  The 

δ18O values of Mactung granitoids indicate strong metasedimentary contamination in the 

source region or during magma ascent. The less evolved biotite granite is directly 

associated with the W-(Cu-Bi-Au) mineralization, based on field relationships, 

metallogenic aspects of the intrusions, alteration-mineralization effects, and previously 

published Re-Os dating of molybdenite and new geochronological data obtained in this 

study. 

KEYWORDS: skarn, tungsten, granitoids, geochronology, Mactung, Yukon-NWT. Ar-Ar, 

U-Pb,  Yukon : Biotite, Mineral,  sulphur 
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3.1 Introduction 

 Mactung is known for its large tungsten skarn deposit (33 Mt at 0.9% WO3 using 

0.5% cut-off grade) located on the Yukon/Northwest Territories border, in northwestern 

Canada (Fig. 3.1). The deposit is about 650 kilometres (ground distance) northeast of 

Whitehorse, centred at 63°17' N latitude, 130°10' W longitude (Fig. 3.1). The region 

hosts part of a belt of tungsten skarns including Lened, Cac, Rudi, Baker, and the world-

class Cantung mine, a tungsten producer in the Flat River valley of the Northwest 

Territories, and one of the highest-grade tungsten deposits (4.2 Mt at 1.6 wt.% WO3) in 

the world; Cantung lies about 165 km (air distance) southeast of Mactung. 

 

3.2 Previous Work 

 The Mactung tungsten deposit was discovered in 1962 by geologist J.F. Allan 

while conducting a reconnaissance geochemical stream sediment survey. Mr. Allan 

staked the property in the same year, subsequently  transferred it to the Southwest Potash 

Corporation (later-Amax). In 1963, J.F. Allan, under the Southwest Potash Corporation, 

returned to the area and conducted a preliminary magnetic survey and chip sampling. 

Since then, the area has been a focus of detailed exploration up until 2009. The most 

extensive exploration was conducted by Amax and included geological mapping, 

lithogeochemical sampling, and diamond drilling (142 holes) from the late 60’s to the 

mid 80’s. Currently, the property is owned by The Government of the Northwest 

Territories (GNWT). North American Tungsten Corporation Limited (NATCL), which 

also owns the Cantung tungsten mine, held ownership of the Mactung Project until 
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November 2015. NATCL completed 101 infill drill holes in the less explored western 

part of the Mactung deposit from 2005 to 2009. Results indicated a fairly consistent grade 

and thickness as revealed in the eastern ore body. In March, 2013, the company 

completed an environmental assessment work as a pre-mining requirement.  

 Abbott (1982, 1983) mapped in the Macmillan Pass region around Mactung, 

and divided the rocks of the area into five formations, which in ascending stratigraphic 

order, are the Vampire, Sekwi, Hess River, Rabbitkettle, and Duo Lake formations. 

Cecile (2000) mapped the adjacent Niddery Lake area (NE map sheet), and recognized 

over twenty formations, two of which, i.e., (Sekwi and Hess River formations), are 

recognized at Mactung. Cecile (2000) also identified three paleogeographic features in 

his map area: 1) Blackwater platform – large area of shallow water carbonate deposition, 

2) Misty Creek embayment – a marine rift at the western edge of the Blackwater 

platform, and 3) Niddery High – a submarine rise consisting of thin (only few hundred 

metres thick) succession of Middle Cambrian to Lower Silurian basinal shale and 

limestone; the equivalent succession in the Misty Creek embayment is up to 3 km.  The 

sedimentary sequence hosting mineralization at Mactung appears to be the continuation 

of this submarine high. Dick (1980), in a comparative study of skarn deposits in the 

northeast Canadian Cordillera, concluded that skarn formation at Mactung was related to 

the granite stock immediately to the north of the deposit. Based on the distribution and 

compositional and mineralogical relationship of alteration facies, Dick and Hodgson 

(1982) suggested that the ore-forming process could be described as a chemical 

transformation attributed to an interchange between the pelitic sediments and the 

calcareous units. They asserted that the progressive reaction of an inflowing 



 

58 

hydrothermal solution with a limestone protolith caused removal of calcium and addition 

of other constituents. Furthermore, they concluded that scheelite was deposited in a zonal 

sequence where the product of the WO4
-2 added and the Ca+2 extracted, exceeded the 

solubility product of scheelite. Subsequent researchers (e.g., Atkinson and Baker, 1986) 

have identified compelling evidence that the ore-forming fluids responsible for the 

transference of elements migrated through the sedimentary rock and were partly derived 

from felsic intrusions. Atkinson and Baker (1986) used a detailed study of drill core 

samples to examine the distribution of garnet, quartz veins, and sulphides. They 

hypothesized that a buried intrusion south of the deposit was responsible for the 

mineralization. Furthermore, they concluded that the proximity of the Mactung plutons to 

the north of the skarn is coincidental and not responsible for the mineralization. Selby et 

al. (2003) supported this conclusion by dating the mineralization and the intrusion; results 

from Re-Os analyses on molybdenite samples and U-Pb analyses of zircons demonstrated 

that the Mactung granite is a late intrusion (92.1± 0.2 Ma of U-Pb analysis), compared to 

a mineralization age of 97.5 ± 0.5 Ma (Re-Os isochron age of molybdenite in quartz 

veins). The Re-Os molybdenite chronometer can provide accurate and precise dates for 

the timing of metallic mineralization (Selby et al., 2003 and references therein).  

 Lithoprobe survey, Canada’s major national research project in the earth sciences, 

was conducted in northwestern Canada and other parts of the Canadian landmass from 

1984-2004. The survey combined multidisciplinary earth science studies of the Canadian 

landmass and surrounding offshore margins to determine how the northern North 

American continent has formed over geological time from 4 billion years ago to the 

present (Clowes et al., 1999). In northwestern Canada, three SNORCLE (Slave-Northern 
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Cordillera Lithospheric Evolution) transects were covered in phase IV of the Lithoprobe 

project (1993-1998).  Geological features extending from the region of Great Slave Lake 

westward to the Canada-United States border in Alaska were investigated to understand 

how continental lithosphere was constructed and modified during four billion years of 

Earth history. The Early Archean Slave craton, located in the western Northwest 

Territories, which comprises the oldest known crust on Earth (4,000 Ma), the Archean 

craton bordering Proterozoic features on the west and south, and the Cordillera (in which 

the Mactung skarn tungsten deposits lies) were part of the SNORCLE transect studies.  

The closest to the Mactung Skarn tungsten deposit is Transect 3, which starts from near 

MacMillan Pass on Ancestral North America, crosses the Tintina Fault, and other 

elements of the Northern Cordillera to Skagway (in the U.S.). The relevance of the 

Lithoprobe project is discussed in Section 8.7 of this dissertation.  

 

3.3 Present Work 

 Work at Mactung was primarily designed to encompass petrological 

characterization of intrusive rocks near the mineralization. As such, the petrochemical 

data of the granitoids will be presented and discussed. There was a second goal of 

identifying the temporal relationship between plutonism and mineralization, 

distinguishing primary igneous phases from alteration products, as well as establishing 

the genetic classification of the mineralization. Detailed mapping of the area and 

sampling the various intrusive phases is critical to these objectives. 
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3.4 Geological Setting 

 The Mactung W-(Au-Cu-Bi) mineralization is localized within a NW-SE-striking 

Cambrian to Silurian basin fill sequence of carbonate and argillaceous sedimentary rocks.  

Mineralization occurs at the interface of predominantly platformal carbonate facies to the 

northeast and a pelitic facies to the southwest (Fig. 3.1). The region at the Mactung area 

is underlain by black psammo-pelitic sedimentary rocks of the late Proterozoic to 

Mississippian Selwyn basin (Abbott, 1982; Cecile, 2000). The Selwyn Basin is a large, 

lenticular sedimentary basin mostly filled by black shales (Fig 3.1). It occupies the 

western margin of ancestral North America and extends for 1000s along strike from 

Alaska through the Yukon, western Northwest Territories and British Columbia, and into 

the United States (Nelson and Colpron, 2007; Goodfellow, 2007). The basinal 

sedimentary facies of the Selwyn basin are bounded by the Mackenzie and Macdonald 

carbonate platforms to the north and east, and the basin is dissected in its south-central 

part by the intrabasinal shelf facies of the Cassiar Platform (Goodfellow, 2007) (Fig. 3.1). 

Although the western margin is obscured by a later collisional event and right-lateral 

displacement on the Tintina Fault, it has been interpreted by Goodfellow (1985) to be the 

outer margin of the Proterozoic continental shelf.  

 The oldest rocks exposed in the Selwyn Basin near Mactung are a thick (4-6 km) 

sequence of Hadrynian-Cambrian clastic sedimentary rocks assigned to the Windermere 

Supergroup (Eisbacher, 1981; Goodfellow, 2007). The Windermere rocks are overlain by 

Cambro-Ordovician deep-water carbonate rocks of the Rabbitkettle Formation, which are 

in turn overlain by basinal-facies chert and shale of the Road River Group (Ordovician-

Devonian) and chert and autochthonous black clastic rocks of the Earn Group (Devono-
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Mississippian) (Gordey et al., 1988). Cecile (2000) describes the Road River Group as a 

combination of Duo Lake and Steel formations. In the Niddery Lake area, adjacent to 

Mactung, Cecile (2000) also recognized two other formations below the Rabbitkettle 

Formation – the Hess River and Sekwi formations. The W-(Au-Cu-Bi) deposit at 

Mactung is hosted by the Cambo-Ordovician Sekwi and the Rabbitkettle formations.  

 Discrimination of the Road River Group from the upper part of Rabbitkettle 

Formation is commonly difficult. In southeastern Yukon, Pigage (2006) describes the 

Road River Group as a heterolithic unit with the dominant lithology being a dark grey, 

noncalcareous to calcareous, graptolitic, silty shale. Interbeds within the shale include 

dark grey to black limestone and tan-weathering sandstone and siltstone. 

Overwhelmingly, the distinctive characteristics of the Road River Group are the presence 

of dark grey to black, organic material and the occurrence of graptolites.  For the most 

part, the sedimentary sequences of Mactung have only undergone low-grade regional 

metamorphism, which is locally overprinted by contact metamorphism. 

 The current continental margin of the Northern Cordillera is the result of 

convergent tectonism from Early Jurassic to mid-Cretaceous times (Gabrielse and 

Yorath, 1991; Plafker and Berg, 1994). During this time, extensive areas of the Yukon 

were intruded by granite batholiths and plutons that decrease in age from west to east. 

The mid-Cretaceous magmatic episodes are distributed towards the east, in broadly 

orogen-parallel belts and geographically restricted clusters (Hart, 2004). Hart (2004, and 

references therein) recognized variation in the characteristics among the intrusions of the 

eastern plutonic suites. Some are typical arc-related, metaluminous and calc-alkaline I-

types (e.g. Whitehorse Suite; Hart, 1997).  Others are peraluminous granitoids mainly 
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derived from crustal melts (e.g., Cassiar Suite), whereas the remainder are a collection of 

peraluminous (Tungsten suites), metaluminous to weakly peraluminous (Mayo Suite) and 

variably alkalic and locally silica-undersaturated plutons (Tombstone Suite; Anderson, 

1982).  

 The sedimentary succession at Mactung was locally intruded by mid-Cretaceous 

biotite granite that has a more leucocratic phase near the pluton margin. In general, these 

granite types are akin to the Tungsten suite rocks, part of the Tombstone-Mayo-Tungsten 

suites belt (TTB) described by Anderson (1993) and Hart (2004). The Tombstone, Mayo, 

and Tungsten suites (TTB) are among the mid-Cretaceous plutonic suites, which 

comprise the most inboard plutonic belt and that were emplaced on the edge of the 

Selwyn Basin along the ancient North American margin (Hart, 2004).  Each suite was 

emplaced post-collision in an inboard part of the continental margin, in an extensional 

tectonic setting, and each has distinct petrogenesis (Hart, 2004). Selwyn Basin strata were 

structurally thickened and locally metamorphosed to lower greenschist facies as a result 

of outboard terrane accretion immediately prior to mid-Cretaceous plutonism (Murphy, 

1997). 

 The Tombstone Suite is alkalic, variably fractionated, slightly oxidised. The 

Mayo Suite is sub-alkalic, metaluminous to weakly peraluminous, fractionated, but with 

early felsic and late mafic phases, moderately reduced. The Tungsten Suite is 

peraluminous, entirely felsic, more highly fractionated and reduced. The Tombstone 

Suite was derived from an enriched, previously depleted lithospheric mantle, the 

Tungsten Suite is from the continental crust including, but not dominated by, 

carbonaceous pelitic rocks, and the Mayo Suite is from a similar sedimentary crustal 
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source, but is mixed with a distinct mafic component from an enriched mantle source. All 

of these granite suites intruded the ancient North American continental margin of the 

northern Canadian Cordillera as part of a single magmatic episode in the mid-Cretaceous 

(96–90 Ma) (Hart, 2004b). Each suite has a distinctive metallogeny that is related to the 

source and redox characteristics of the magma. The Tombstone Suite has an Au-Cu-Bi 

association that is characteristic of most oxidised and alkalic magmas. The reduced 

Tungsten Suite intrusions are characterised by tungsten skarn deposits with less 

significant Cu, Zn, Sn, and Mo anomalies. The Mayo Suite intrusions are 

characteristically gold-enriched, with As, Bi, Te and W associations (Hart, 2004).  

 

3.5 Local Geology 

3.5.1 Metasedimentary Rocks – lithology and Structures 

 At Mactung, supracrustal rocks may be grouped into three major types based on 

outcrop nature, general colour expression, and compositional disparity: Lower, Middle, 

and Upper Metasedimentary rocks (Fig. 3.2a, b). The Lower Metasedimentary rocks are 

assigned to the Vampire Fm and make up  grey or greyish green to brown biotite schist 

and biotite-chlorite–muscovite schist or phyllite. They underlie the northern, eastern, 

southeastern and northwestern parts of the mapped area (Fig 3.2a). The Middle 

Metasedimentary sequence consists of calcareous black shale, graptolitic black shale, and 

siliceous argillite belonging to the Duo Lake Formation (Fm); underlying the Duo Lake 

Fm, in descending stratigraphic order, are: argillites, dolostone (now talc-tremolite rock), 

dark grey calcareous-argillites and psammites, and phosphatic limestones belonging to 

the Rabbitkettle Fm; dark grey argillites and psammites belonging to the Hess River Fm, 
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and grey and white carbonate-rich layers belonging to the Sekwi Fm (Abbott, 1982, 

1983; Cecil, 2000). The Middle Metasedimentary rocks occur throughout much of the 

mapped area, and host the Mactung deposit. The Upper Metasedimentary rocks crop out 

in the southeast corner of the mapped area (Fig. 3.2a), and consist of dark bioclastic 

limestone, chert, black shale, and thin conglomeratic limestone beds and have been 

correlated to the Devono-Mississippian Earn Group (Abbott, 1982; Gordey and 

Anderson, 1993; Cecil, 2000). They are characterized by loose or talus like outcrop.  

 Tungsten ore, skarn, and calc-silicate alteration are associated with two horizons. 

The first is within the Sekwi Fm (the lowest carbonate layer overlying the Vampire Fm), 

whereas the second calcareous argillite within the stratigraphically higher Rabbitkettle 

Fm. These two horizons are separated from each other by a barren 80 to 100m thick, 

strongly hornfelsed argillite belonging to the Hess River Fm. 

 In the mineralized zone, utilizing the exploration terminology, the thicker 

sequences of metasedimentary rocks (Lower Metasedimentary and Middle 

Metasedimentary rocks) are divided into nine units that in ascending stratigraphic order 

are: Units 1, 2B, 3C,  3D, 3E, 3F, 3G, 3H, and Unit  4 (Figs. 3.2a, 3.2b, and 3.3). The 

upper contacts of the units are often marked by a limestone or meta-argillite or meta-

dolomite. The first (Unit 1) constitutes the Lower Metasedimentary rock, whereas the last 

eight units (Units 2B to 4) constitute the Middle Metasedimentary rocks. The 

stratigraphic section is well exposed on the cliff that forms the northern face of Mount 

Allan (Fig. 3.3). The thickness of the units is estimated at 20-30 m (Unit 2B), 70-100 m 

(Unit 3C), 10-20 m (Unit 3D), 55-70 m (Unit 3E), 35-40 m (Unit 3F), 15-30 m (Unit 3G), 

90-130 m (Unit 3H), and 20-25 m (Unit 4).   The thickness of Unit 1 is unknown; 
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however, it is considerably thicker than all other units. Based on a regional correlation, 

Unit 1 belongs to the Vampire Fm; Unit 2B to the Sekwi Fm; Unit 3C to the Hess River 

Fm; Units  3D, 3E, 3F, 3G, and 3H to Rabbitkettle Fm; and  Unit 4 belongs to the Duo 

Lake Fm.  

 In the western part of the Mactung area (Figs. 2.2a, 2.3), bedding and 

metamorphic foliation in metasedimentary rocks strike NW-SE, and dip southerly 

between 17 and 40° (typically 20°). Northeast-striking foliation and bedding dip to the 

SE in the eastern part of the area (east of UTM 442000m E; Zone 09N, NAD1983), east-

west-striking bedding and foliation in the southern part of the area steeply dip to the north 

or to the south. In the west ore zone, locally developed isoclinal folds in a foliated talc-

tremolite rock on the southern slope of Mount Allan, have fold axes that plunge 

subhorizontally to the southwest (240o; Fig. 3.4a). These minor folds mimic the plunge of 

a large-scale isoclinal fold defined by drill intersections in the ore zone. Here, the 

highest-grade mineralization is concentrated in the hinge, and the upper limb of the large-

scale fold. An upright synformal structure occurs in the valley south of the deposit 

plunging about 20o towards 270o. Further south, close to the Mactung South granite 

pluton, a large-scale overturned antiformal structure occurs within (talc)-tremolite rock 

(Fig. 3.2a). An upright close fold  occurs in a leucocratic aplitic dyke in the southern part 

of the area, about a km south of the NATCL’s camp, close to Unit 3H (Figs. 3.2a, 3.4b). 

 

3.5.2 Granitoids 

 Granitoids at Mactung are dominated by two stocks/intrusions located north and 

south of the Mactung skarn tungsten deposit (Fig. 3.2a), and are referred to as the 
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Mactung North and Mactung South granite plutons, respectively. The granitoids are 

divided into four types, on the basis of colour, mafic mineral component, and chemical 

composition: The four types are: 1) biotite granite, 2) plagiogranite, 3) leucogranite, and 

4) undivided granite. The last two (types 3 and 4) are collectively delineated as felsic 

dykes in the geological map (Fig. 3.2a). The leucogranites includes coarse-grained 

granite, fine- to medium-grained granite, and aplitic granite dykes. Representative granite 

types are presented in Figure 3.5. 

 The Mactung North granite pluton is composed mainly of porphyritic biotite 

granite (15 to 20%). The main minerals are quartz, K-feldspar, Ca-rich plagioclase 

(andesine), biotite, muscovite, and tourmaline. Accessory minerals include apatite, 

epidote, rutile, titanite, and zircon. Apatite typically occurs within biotite as euhedral 

crystals. The contact of the granite with the wall rock dips at a high angle to the 

northeast. The wall rock within one kilometre of the pluton was metamorphosed to a 

biotite hornfels with the most intense metamorphism restricted to zone in the range of 

400-500 m wide. Partial assimilation of the wall rock has resulted in a marginal zone 

containing abundant biotite hornfels xenoliths. The granite is cut by molybdenite (coarse 

grained) bearing quartz veins. Quartz veinlets  (MoS2 not seen) of 0.2-1.2-cm width, 

similar to those found in the ore zone biotite hornfels (Unit 3C hornfels), occur in 

partially assimilated biotite hornfels xenoliths, near the southern contact zone of the 

Mactung North granite pluton. The veins in xenoliths do not truncate the granite–xenolith 

contact and are considered to be early. These veins are also molybdenite bearing; 

however, the molybdenite crystals are finer grained and that the veins are thinner relative 

to the late quartz veins truncating the granite.  
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 The biotite granite of Mactung South pluton is medium grained and equigranular, 

and is mineralogically similar to the biotite granite of the Mactung North pluton, except 

that its biotite content is lower.  

 The coarse-grained leucogranite of Mactung occurs as a smaller intrusion within 

the porphyritic biotite granite, developed near the peripheral part of Mactung North 

pluton. Much of this intrusive was inaccessible during geological mapping. Its boundary 

was delineated from aerial photos. The coarse-grained leucogranite is locally porphyritic 

(< 5%) consists of feldspars, quartz, muscovite, tourmaline, garnet, apatite, epidote, and 

rare dark biotite. Alkali feldspars are close to end-member orthoclase and plagioclase 

feldspars are more sodic (oliogoclase) relative to the biotite granite. The cores of feldspar 

crystals are commonly altered to epidote and sericite in both types of granites. It has 

euhedral garnet crystals in equilibrium with muscovite and biotite  

 East-west striking, steeply north-dipping, fine- to medium-grained felsic dykes, 

similar in composition to the coarse-grained leucocratic granite, crop out on the northeast 

side of the Mactung North pluton (Fig. 3.2a). In the southern part of the area a number of 

prominent felsic dykes (aplitic) crop out (Fig. 3.2a). The aplitic dykes are leucocratic and 

have less biotite than the coarse-grained leucogranite; however, they have more calcic 

plagioclase (andesine). These dykes also strike nearly east-west, and mostly dip at high 

angles due north. 

A number of porphyritic granite dykes (hereafter referred to as undivided granites), 

similar in colour and texture to the northern biotite granite intrusion, were identified in 

drill cores from the tungsten ore zones (Figs. 3.2a, 3.2b). The undivided granites are 

characterized by lower biotite and higher plagioclase feldspar contents than that of the 
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biotite granite. The plagioclase in the undivided granites is commonly calcium rich. 

There are also phases richer in epidote and Ti-minerals (mostly titanite).  

 In places, these granites have plagioclase compositions (labradorite – bytownite) 

that are more calcic than the other intrusions studied. They also have very low amounts of 

biotite giving the rocks a light colour such that they can be referred to as plagiogranite. 

The undivided granites represent a group of granitic rocks with mineral and chemical 

composition varying between the plagiogranite and the biotite granite. Secondary 

tremolitic amphiboles, diopsidic pyroxene, and sulphides are common in both the 

undivided granites and plagiogranite.  

 Magnetic susceptibility measurements were taken on representative rock samples 

of the four granitoids using a Terraplus KT-10 hand held magnetic susceptibility meter. 

Three separate point readings were collected and averaged for each rock type. The biotite 

granite has an average magnetic susceptibility of 0.153 x 10-3 SI, whereas the coarse-

grained leucogranite has 0.08 x 10-3 SI. Plagiogranite and undivided granite have 

magnetic susceptibility values of 0.735 x 10-3 and 0.234 x 10-3, respectively. The results 

suggest that both the biotite granite and the leucogranite are reduced or ilmenite series 

type (<3.0 x10-3SI). The higher magnetic susceptibility values in plagiogranite and 

undivided granite are due to disseminated Fe-sulphides (mainly pyrrhotite) connected to 

the skarn-forming processes. 

 

3.5.3 Quartz Veins 

 Quartz veins at Mactung are spatially associated with the skarn tungsten 

mineralization, and with the Mactung North granite.  Abundant quartz vein networks 
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occur in drill core of the biotite hornfels, particularly in Unit 3C, but become less 

abundant to the south beyond the limit of mineralization. Vein orientation could not be 

established as the drill cores were not oriented; however, two vein sets are recognized: 

the first is parallel to core axes and the second is at a high angle to the core axes and 

parallel to the strike of the sedimentary rocks (NW-SE).  

 Quartz veins in outcroppings are sparse near the mineralized area, since the 

wallrocks in most cases form rubble and talus.  Near UTM location 0442313mE, 

7017615mN (north of the Adit portal) (Fig 3.2a), a number of quartz veins of 0.3 – 14 cm 

wide occur within Unit 3C biotite hornfels. Major veins strike 085o – 090o and dip 58o – 

72o north. Smaller veins (≤ 8 mm wide) of 345o strike orientation dip to the northeast and 

are displaced or sheared by E-W vein sets and shear structures. Both vein sets cut 

bedding-parallel primary clasts - features within the hornfels. The small quartz veinlets 

have S-asymmetric folding with an apparent westward plunge. Wall rock (Unit 3C biotite 

hornfels) relict bedding and weak foliation strike 052o and dip at 48o to southeast, which 

shows that the veins are discordant. At 441719mE, 7017640mN, two sets of quartz veins 

were observed; one set strikes 020o and dips at 70o towards 110o, and the second set 

strikes 310o and, dips 57o towards 040o. The latter veins appear to cut the former set. At 

441754mE, 701743mN quartz veins have at least three orientations: 300o strike and 30o 

dip angle due 210o; 300o strike and 58o dip angle due 030o, and 210o strike and 80o dip 

angle due 270°. The foliation in the host rock (talc-tremolite rock) has an orientation 

similar to the first set of quartz veins. Along the northern edge of the mineralization zone, 

within the biotite granite and near the contact with pyroxene skarn (Fig. 2a), multiple 

vein orientations form stockworks and have vein thickness of 2 mm to 30 cm  (station 
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220; 441899mE,7018126mN). Vein orientations include: 060o strike, 78o dipping towards 

330o; 330o strike, 70o dipping towards 240°; 290o strike, 84o dipping towards 200o; 70o 

strike, dipping 45o towards 340o. The first two orientations are the most prevalent and are 

typically subvertical. The vein sets striking 060o are thicker and longer.  These vein sets 

can be traced on a cliff as high as 20 m over a zone of 30m width on the northern face of 

Mount Allan. Molybdenite crystals were observed in the first two vein orientations, 

coarse and robust crystals being associated with those striking 060o. Molybdenite crystals 

as big as 1.5 cm in diameter occur in quartz veins and in granite near the contact with 

quartz veins. Some of the molybdenite-bearing quartz veins cut the granite and 

hornfels/skarn contact and commonly contain large dark tourmaline crystals. These veins 

gradually diffuse and disappear into the skarn with increasing distance from the granite-

skarn contact.  

 Northeast and north of the mineralized zone several north or northeast striking, 

mostly westerly dipping, quartz veins were recognized. At 442673mN, 7017848mN a 4 

cm wide quartz vein strikes 019o and dips at 84o towards 321o; another of 6-mm thickness 

strikes 045o and dips at 28o towards 135o, parallel to lithologic foliation/bedding. These 

veins appear to be terminated by north-south vein sets. Molybdenite-bearing quartz veins 

of 2cm and 5-10cm thickness crop out at 442441mE, 7018004mN. The 2cm-wide vein 

strikes 080o with a dip angle of 42o towards 010o, whereas the other strikes 035o and dips 

at 54o towards 305o. In both locations, the wall rock is biotite schist (Unit 1). At 

442991mE, 7018333mN, quartz vein of 032o strike, and 38o dipping towards 302o, crops 

out about 100 m west of Cirque Lake and cuts medium-grained, biotite-rich granite. A 

2m diameter xenolith of Unit 1 (biotite schist) was found in the granite at this location. At 
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443153mE, 7018598mN, a 30cm-thick 15-m-long quartz vein, oriented 037o dipping at 

41o towards 307o cuts biotite schist. The vein contains arsenopyrite bands and 

disseminated chalcopyrite. 

  Establishing chronological order of various vein sets is difficult as apparently 

younger veins as identified by cross-cutting relationships at one location are in turn cut 

elsewhere by veins thought to be older. In general, north-south striking veins appear to be 

younger. Thinner and folded veins in the biotite hornfels are inferred to be older than 

those  in granite.  However, their orientation is not clearly established, as they have 

openly been observed in xenoliths of biotite hornfels in unoriented drill cores. These 

veins never truncate the granite-hornfels contact, which further supports their early 

generation. 

 

3.6 Petrochemistry 

3.6.1 Analytical methods 

 The various analytical techniques described below were conducted on samples  

collected during the course of detailed geological mapping and from drill core samples. 

Weathered surfaces and quartz veins were removed from the samples prior to crushing. 

Locations of samples (UTM Zone 09N, NAD1983, coordinates) are located in Table 3.1. 

Thirty-eight samples, including twelve from drill cores, were selected for the 

determination of major- and trace-element composition. The analytical techniques used in 

this study include pressed pellet X-Ray fluorescence spectrometry (XRF; Longerich, 

1995) for major- and selected trace-element contents, total digestion-inductively coupled 

plasma-mass spectrometry (TD-ICP-MS; Hall, 1992), and instrumental neutron activation 
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analysis (INAA; Hoffman, 1992) for 48 elements. The last two methods were performed 

at Actlabs, Ancaster, Ontario, whereas the XRF analyses were completed at Memorial 

University of Newfoundland. Graphical petrochemical data processing was undertaken 

using software developed by Janoušek et al. (2006). 

 Measurement of Nd and Sr isotope ratios and Sm, Nd, Rb, and Sr analytical 

determination were performed by isotope dilution mass spectrometry at the Pacific 

Centre for Isotopic and Geochemical Research (PCIGR) at the University of British 

Columbia. Neodymium and Sr isotope measurements were normalized internally for 

instrumental mass fractionation to a 146Nd/144Nd ratio of 0.7219, 152Sm/154Sm = 1.17537 

and 86Sr/88Sr = 0.1194. Isotopic reference standards run on the same turret at the time of 

the isotopic measurements of the Mactung samples are La Jolla and SRM987 which have 

values of 146Nd/144Nd = 0.511848 ± 0.000008 and  87Sr/86Sr = 0.710248 ± 0.000006., 

respectively. PCIGR does have QA/QP protocol in place to study changes in isotope 

values with time. sample. Nineteen sessions (batches of analysis) are conducted 

throughout the year, each session will have 12 measurements. Overall 234 individual runs 

of Nd standard analyses are used in the plotted sessions. Additional information on 

analytical techniques may be obtained from http://pcigr.eos.ubc.ca/. Detailed procedures 

of the Nd and Sr isotope ratio determination and quality control are given by Weis et al. 

(2006). 

 Oxygen and hydrogen isotope analysis of whole rock and mineral samples were 

prepared at UNB using left over material from samples for dating the granitoids in order 

to maintain data consistency. The minerals extracted from the crushed rocks include 

biotite and quartz. One sample each of feldspar and tourmaline were also prepared for 

https://en.wikipedia.org/wiki/Neodymium
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cross checking. Quartz was selected due to its resistance to alteration, whereas biotite was 

selected because it is the only ferromagnesian mineral and as it contains most metals and 

water molecules so it can elucidate the fluids in the melt system. Prepared samples were 

packed in hard paper bags and sent to the Department of Geological Engineering at 

Queens University for determination of oxygen and hydrogen isotopes. Oxygen isotope 

analyses of the minerals and whole-rock samples was conducted using the BrF5 

extraction method (See http://www.queensu.ca/geol/qfir/facilities/qfir-stable-isotope-lab). 

Approximately 5 mg of finely ground sample are loaded into Ni reaction tubes and 

reacted with BrF5 at 575°C overnight. The extracted oxygen is converted to CO2 in 

contact with a heated graphite rod; the CO2 is then analysed off-line using a Finnigan 

MAT 252. Hydrogen isotope compositions of biotite were determined using a Thermo 

Finnigan TC/EA and a Deltaplus XP IRMS. Oxygen and hydrogen isotopes are reported 

in δ notation in units of per mil relative to the Vienna Standard Mean Ocean Water (V-

SMOW). The department of Geological Science and Engineering, Queens University can 

be consulted on the detailed procedures of oxygen and hydrogen isotope analysis (QFIR 

lab). 

 

3.6.2 Whole-rock Geochemical Composition 

 The chemical composition of the granitic rocks is dependent on many factors 

including the composition of the source material, depth of magma generation and ascent 

rate, degree of partial melting, subsequent differentiation, and interactions with fluid 

phases and wall rocks. 
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 The study of the chemical composition of Mactung granitoids is primarily geared 

at establishing the behaviour of the major and trace elements, the source and geotectonic 

setting of magma generation, as well as an aid in identifying the similarities and 

differences among the various granite phases. This is done in order to establish genetic 

links among granite types and to establish links between the intrusions, and the skarn 

tungsten deposit and related Au-Cu-Bi mineralization. Analytical data for thirty eight 

samples collected from various phases of the Mactung North pluton granite and the 

Mactung South Pluton granite are averaged and summarized by the four rock types 

described previously and presented in Table 3.2 as are key diagnostic elements- and 

oxide-based ratios. Detailed analytical data is given in Appendix 3.1. The data set 

comprises eight of the samples from the biotite granite; 18 samples from coarse-grained 

leucogranite and felsic dykes that rim the Mactung pluton (one of which is aplitic dyke); 

3 drill core samples from plagiogranite hosting the mineralization; and 9 samples from 

undivided granite within the ore zone. The felsic (granitic) dykes from near the margin of 

the Mactung North Pluton are mineralogically and chemically similar to the coarse-

grained leucogranite and are included with the leucogranite for the purpose of the 

discussion.  

  

3.6.3 Major-element Distribution 

 The four types of granites vary considerably in the concentrations of major- 

elements and major-element based  ratios (Fig. 3.6). All of the granite types have SiO2 

greater than 67 wt.% (Table 3.2, Appendix 3.1). The  biotite granite has 67.2 to 71.4 

wt.% SiO2 (mean = 69.4 wt.%). The plagiogranite has a range of compositions from 71.5 
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to 73.2 wt.% (mean of 72.5 wt.%). The  undivided granite has SiO2 contents that  range 

from  67.7 to 72.7 wt.% (mean of 70.6 wt.%), whereas the SiO2 content of leucogranite 

ranges from 71.2 to 75.3 wt.% (mean of 73.7 wt.%). 

 In contrast to the leucogranites, the biotite granite contains less silica, lower 

content of K2O, Na2O, A/CNK,  and higher Al2O3, MnO,  CaO, FeOt, MgO, TiO2, and 

P2O5 than the leucogranite. Mean CaO/Na2O is about 0.4 in leucogranite and significantly 

higher (1.13) in biotite granite (see Table 3.2). Both plagiogranite and undivided granite 

have TiO2, Al2O3, MgO, and P2O5 contents that are higher than the leucogranite, but 

lower  than the biotite granite. CaO is significantly higher in plagiogranite  (mean = 6.62 

wt.%), followed by 2.75, 2.58, and 0.89 wt.% for biotite granite, undivided granite, and 

leucogranite, respectively. The K2O content is significantly lower in plagiogranite (mean 

=0.97 wt.%), whereas biotite granite, undivided granite, and leucogranite have mean 

values of 4.08, 4.49, and 4.82 wt.%, respectively. Contents of Na2O and MnO and 

A/CNK values in plagiogranite are lower than both the  leucogranite and biotite granite.  

 Figure 3.7 shows a plot of SiO2 versus major oxides and the A/CNK, as well as 

key ratios of some of these oxides. Only TiO2, Al2O3, and MgO, and to a lesser extent 

CaO, show a very good trend line between the various rock types, which is indicative of 

an assimilation-fractional crystallization (AFC) link among these varied rock types.  Plots 

of Na2O and K2O are more scattered and do not define linear trends for the data set as a 

whole; however correlation is better among samples from a specific rock type. Plots of 

SiO2 versus FeOt, P2O5, and A/CNK outline distinct populations based on rock type. For 

individual groups of rocks, there is a general positive correlation of SiO2 with A/CNK, 

and to some extent Na2O in leucogranite. FeOt and P2O5  data from leucogranite cluster 
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with no   definite trend, whereas MgO, CaO, TiO2, Al2O3, and K2O decrease with 

increasing SiO2. Decreasing K2O with increasing SiO2 is not consistent with fractionation 

trends. In the biotite granite, TiO2, Al2O3, FeOt, MgO, K2O, and P2O5 decrease with 

decreasing SiO2. There is increase in CaO and Na2O with increasing SiO2 and the 

increase in CaO is not consistent with fractionation trends. A/CNK of biotite granite does 

not show any significant variation with change in SiO2, i.e., the slope is relatively flat. 

Plagiogranite and undivided granite generally follow the patterns displayed by the biotite 

granite.  Individual values from these rock types commonly plot close to those of the 

biotite granite or on a trend with biotite granite, except minor discrepancies for some 

oxides plots like CaO, Na2O, and K2O, where remobilizations of the respective elements 

in the ore zone have played a role.  

 

3.6.4 Major-element Classification  

 Granitoids are the most abundant rocks in the continental crust; yet no single 

classification scheme has achieved universal use (Frost et al., 2001). This is largely due 

to absence of specific igneous processes that would result in specific mineral assemblages 

in granitic rocks (e.g., the mineral assemblage quartz -K-feldspar-plagioclase + one or 

more of other ferromagnesian minerals) can be generated by a number of unrelated 

processes. Granites can form by diverse igneous processes, such as differentiation from a 

hypersthene-normative melt, or by partial melting of a number of rocks including crustal 

rocks via a combination of processes.  As a result of these complexities, petrologists have 

often relied on geochemical classification to distinguish among various  granitoids.  

Accordingly, more than twenty classification schemes have been developed over the past 
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three decades (Frost et al., 2001). Some of the more  commonly used classification 

schemes are applied herein.  Using the Middlemost’s (1994) classification diagram (Fig 

3.8), the plagiogranite plots within the granodiorite field, whereas the leucogranite and 

undivided granite fall primarily in the granite field. The biotite granite samples cluster at 

the boundary of  the granite and granodiorite fields (Fig. 3.8); however, the absence of 

amphibole in modal mineralogy of the biotite granite indicates that this rock be classified 

as a granite. On the feldspar ternary granitoid classification diagram of O'Connor (1965), 

the leucogranite plots in the granite field, whereas biotite granite and undivided granite 

samples fall in the quartz monzonite field. Plagiogranite samples plot in the anorthite-rich 

section above the granodiorite and tonalite fields (Fig. 3.9). Using the major-element 

based R1-R2 discrimination diagram of  de la Roche et al.’s (1980), all of the biotite 

granite and some of the undivided granite samples fall within the granodiorite field, 

whereas almost all of the leucogranite samples fall in the granite field (Fig. 3.10). 

 Using  the  alumina saturation index (ASI) diagram (Shand, 1943; Maniar and 

Piccoli, 1989), all of the rocks in the dataset are peraluminous and have values in the 

range of 1.04-1.06 for plagiogranite, 1.15-1.48 for undivided granite, 1.15-1.17 for 

porphyritic biotite granite, and 1.17-2.25 for leucogranite (Fig. 3.11, Table 3.2 and 

Appendix 3.1). 

 Frost et al. (2001) developed a non-genetic and non-tectonic three-tiered 

classification scheme based on major-element oxides. The first tier is determined by the 

FeO/(FeO + MgO) ratio of the rock. This is a variable that conveys information about the 

differentiation history of the granitic magma. The second tier is the modified alkali–lime 

index of the rock (Na2O + K2O – CaO), which is an expression of the compositions and 
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abundances of the feldspars in the rocks, which in turn are related to the source (s) of the 

magma. The third tier is the ASI, which is expressed in the micas and minor minerals in 

the rock; it is similar to Shand’s ASI.  

 On the classification scheme of Frost et al. (2001), granitoids from the Cordilleran 

batholiths (USA and Mexico) are dominantly magnesian and are mostly alkali-calcic and 

calc-alkalic. Rocks from individual plutons tend to plot in a relatively narrow range on a 

MALI  (modified alkali–lime index) diagram. Most of the rocks that have SiO2 less than 

70% plot in the magnesian field and a small proportion of granitoids plot within the 

ferroan field (Frost et al., 2001). The granites of Mactung overlap the composition range 

of those granites of the Cordilleras of western North America (Frost et al., 2001). On the 

basis of the first tier - FeOt/(FeOt+MgO) versus SiO2 plot (Fig. 3.12a), the biotite granite, 

plagiogranite, and the undivided granite plot within the magnesian field, whereas the 

leucogranite falls within the ferroan field. On the second tier - MALI diagram, the biotite 

granite, undivided granite, and leucogranite plot primarily in the calc-alkali field, whereas 

the plagiogranite falls entirely within the calcic field (Fig. 3.12b).  

 

3.6.5 Trace-element Distribution 

 Average trace-element compositions and selected trace-element ratios of the four 

granite types are presented in Tables 3.2 and 3.3. The distribution of volatile elements (Cl 

and S), large ion lithophile elements (LILE), high field strength elements (HFSE), 

transition elements (TE), other metalliferous components, and rare earth elements (REE) 

are discussed below. 
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3.6.5.1 Volatile Elements - Cl and S 

 The amount of concentrations of volatile elements, such as Cl and S, are variable  

among the four types of granitoid rocks (Table 3.2). Chlorine is enriched in biotite granite, 

but is generally below detection limit in the others. Sulphur concentrations in the 

plagiogranite and undivided granites are generally above 1000 ppm  (maximum 3136 

ppm), and have mean values of 2111 and 1058 ppm, respectively. Equivalent rocks 

beyond the skarn system have S contents that are generally below 500 ppm. Average S 

contents for biotite granite and leucogranite are 217 and 92 ppm, respectively. The S 

content in samples of the biotite granite adjacent the skarn are >450 ppm; but elsewhere 

are < 100 ppm. Plagiogranite and undivided granite have the highest but variable S 

contents, whereas the leucogranite has consistently low S contents.  

 

3.6.5.2 Large Ion Lithophile Elements (LILEs) 

 The large ion lithophile elements (LILEs), e.g., Rb, Cs, Ba, and Sr, can be used to 

distinguish the leucogranite from  biotite granite. The leucogranite contains higher Rb (> 

300 ppm), but lower Sr, Ba, and Cs relative to the biotite granite (Table 3.2; Fig. 3.13), 

whereas values of Ba, Sr, and Cs are higher in the biotite granite with values of  700 ppm, 

300 ppm, and 15 ppm, respectively. However, the highest Sr (>300 ppm) occurs in 

plagiogranite. The highest Cs occurs in biotite granite followed by leucogranite, 

undivided granite, and plagiogranite.  The Cs content is expected to be higher in the 

genetically similar granites (plagiogranites and undivided granite) next to the biotite 

granite. Intra-rock variations of Rb are larger for leucogranite than biotite granite, 

undivided granite, and plagiogranite. Intra-sample variation in Cs is greater in the  biotite 
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granite than in leucogranite, undivided granite, and plagiogranite. Intra-rock variation in 

Ba and Sr are highest in the plagiogranite and undivided granite and lowest in the biotite 

granite and leucogranite (Fig. 3.13).  The variation of SiO2 with the LILE are variable 

(Fig. 3.14); Ba and Sr decrease with increasing SiO2 in all rock types, although Ba has a 

flatter slope (Fig. 3.14). These trends are consistent with fractional crystallization of 

plagioclase (Clarke, 1992; Christiansen and Keith, 1996; Yang et al., 2008). Rb and Cs 

decrease in biotite granites, plagiogranite, and undivided granite with increasing SiO2, 

whereas it increases in leucogranite with increasing SiO2.  

 

3.6.5.3 Th, U, and High Field Strength Elements (HFSEs)  

 The high field strength elements (HFSEs), like U, Nb, and Ta, are enriched in 

leucogranite compared to all other Mactung granites (Table 3.2, Fig. 3.15). Uranium 

values in undivided and plagiogranite are higher than those of biotite granite, but lower 

than leucogranite. Higher U in the former two relative to the genetically similar biotite 

granite may suggest that U was gained from the alteration-related processes related to the 

skarn tungsten mineralization. The leucogranite also contains the highest Nb 

concentration, followed by biotite granite, plagiogranite, and undivided granite in 

decreasing amounts. The concentration of Ta is very low in biotite granite and 

plagiogranite compared to the other rock types. Tanalum values in biotite granite and 

plagiogranite commonly do not exceed detection limit (<0.5 ppm). Thorium is enriched 

in biotite granite, whereas the other rock types have similar lower Th contents. Zirconium 

is highest in biotite granite and lowest in leucogranite, whereas the plagiogranite and 

undivided granites have  intermediate Zr contents. The Zr/TiO2 value can be used to 
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differentiate biotite granite from leucogranites, which have mean values of 0.520 and 

1.380, respectively (see Table 3.3). These values suggest that the biotite granite and the 

leucogranite are genetically unrelated. Plagiogranite and undivided granite have Zr/TiO2 

values of 0.620 and 0.540, respectively. Hafnium is enriched in biotite granite (mean = 

5.38 ppm) relative to the other rock types; plagiogranite contains the lowest Hf 

concentration (mean = 2.3 ppm). Undivided granite and leucogranite have similar Hf 

content with mean values of 3.10 and 3.17 ppm respectively. Biotite granite has Zr/Hf 

values that range from 27.68 to 39.02 (mean = 29.37), whereas leucogranite has Zr/Hf 

values that range from 6.81 to 30.19 (mean = 18.51). The Zr/Hf ratio in plagiogranite 

range from 25.17 to 55.39, (mean = 41.27), whereas in undivided granite the range is 

from 19.49 to 41.61(mean = 35.07).  

 Both the biotite granite and the leucogranite display decreasing Th and U contents 

with increasing SiO2 concentration (Fig 3.16). Niobium in biotite granite decreases with 

differentiation, whereas the Nb content of leucogranite increases with differentiation (Fig. 

3.16). In biotite granite, both Zr and Hf exhibit a pronounced negative correlation with 

SiO2. The Zr content of  leucogranite has a similar negative correlation with SiO2. But the 

correlation between Hf and SiO2 is poor (data is more scattered). Both biotite granite and 

leucogranite display decreasing Th/U ratio with increasing differentiation, suggesting the 

presence of early crystallizing Th-phases. In leucogranite, the Nb/Ta value increase with 

increasing SiO2 for the  Nb/Ta values (>50), whereas at lower Nb/Ta values there is a 

very weak negative correlation with SiO2. The Nb/Ta ratio decreases with increasing 

SiO2 in biotite granite, whereas the Zr/Hf values of leucogranite decrease systematically 

with an increasing in SiO2 and is consistent with Lan/Ybn against SiO2 trends. This 
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suggests that the formation of leucogranites may have been controlled by fractional 

crystallization. On the Zr/Hf versus SiO2 diagram, the biotite granite samples do not 

correlate well. Intra-sample variation of Zr/Hf in biotite granite samples is relatively low 

relative to the Zr/Hf variation in the leucogranite. Intra-sample consistency in of Zr/Hf 

values for the biotite granite suggests similarity in magma sources; the cause of intra-

sample variation in the leucogranite may be explained by assimilation and fractional 

crystallization processes.  

 

3.6.5.4 Transition Elements  

 Transition elements (TEs), such as Cr, Ni, Co, Sc, Zn, and V, can be used to   

differentiate between least two types of rocks (Table 3.2, Fig.3.17). TE abundances of 

transition elements in leucogranite samples are generally lower than in biotite granite. 

Biotite granite contains the highest mean Cr values (22 ppm), whereas leucogranite has 

the lowest with 13 ppm. Chromium values for undivided granite and plagiogranite (21 

and 20 ppm, respectively), are close to that of biotite granite. Mean Zn values are 58, 33, 

29, and 26 ppm for biotite granite, undivided granite, leucogranite, and plagiogranite, 

respectively. Similar Cr contents for the three granite types may indicate that the 

plagiogranite and undivided granites likely formed via  alteration of the biotite granite. 

Zinc is highly mobile which explains the highly variable but lower Zn concentration in 

plagiogranite and undivided granite compared to the unaltered biotite granite. The Sc and 

V values in biotite granite are higher than those of the leucogranite, whereas the 

plagiogranite and undivided granite have intermediate values. Nickel is higher in biotite 

granite and decreases progressively in leucogranite, undivided granites, and plagiogranite. 
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The lower Ni values in the undivided granites and the leucogranite may indicate mobility 

of Ni in the system. Cobalt is elevated in biotite granite, relative to the other rock types,  

which all have very low concentrations that cluster near the detection limit. Gallium is 

peculiarly high in plagiogranite relative to the other rocks  

 Transition-element variations against SiO2 between rock types and within 

individual rocks are illustrated in Figure 3.18.  Chromium and Zn decrease with 

increasing SiO2 between rock types consistent with their felsic nature. Concentrations of 

Cr and Zn are consistently low in leucogranitic samples, which reflects their highly 

evolved nature (Whalen et al., 1987).  

 

3.6.5.5 Other Metalliferous Components 

  Copper and Mo are highest in plagiogranite and undivided granite, and lowest in 

leucogranite and biotite granite (Table 3.2 and Fig. 3.18). Copper values range from 20 to 

51 ppm in plagiogranites and undivided granites within the zone of mineralization. 

Elsewhere, the Cu content falls below 15 ppm in both leucogranites and biotite granites. 

The average Cu contents are 30, 35, 7, and 5 ppm, respectively, for the ore zone granites 

(plagiogranite and undivided granite), biotite granite, and leucogranite, respectively. High 

Cu  in plagiogranite and undivided granites are due to interaction with mineralizing fluids 

in the skarn zone. Molybdenum ranges from <1 to 11 ppm in biotite granites, from 7 and 

20 ppm in plagiogranite, from 8 to126 ppm in undivided granite, and from  <1 to 88 ppm 

in leucogranites. The relatively high values in the undivided granite again are due to its 

spatial association with mineralization and related alteration. Tungsten is elevated in 

biotite granite relative to the other  granite types. It ranges from <1 ppm to 79 ppm in 
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biotite granite, <1 to 6 ppm in leucogranite, and <1 to 16 ppm (mean 5.7 ppm) in 

plagiogranite, whereas plagiogranite and undivided granite, and leucogranite have low W 

with both having a mean value of  2.0 ppm. The mean W values for biotite granite are 

fairly high (18 ppm), and all samples except one were above 5 ppm W. Lower W values 

in the genetically related  plagiogranite and undivided granites may suggest removal of 

W to form scheelite in the skarn system.  

 Plagiogranite contains relatively higher Au values (<2-12 ppb, mean = 3 ppb) and 

the other granitoids contain near detection limit (2 ppb). None of the biotite granite 

samples from outside of the skarn is Au bearing, i.e., all samples report below detection 

limit of  < 2 ppb. The median value for As is relatively low in leucogranite relative to the 

other granites.  Beryllium  decreases from plagiogranite (mean = 12 ppm) to undivided 

granite (mean = 4.4 ppm), through leucogranite  (mean = 9 ppm), and biotite granite  

(mean = 55.9 ppm). Bismuth is also higher in biotite granite and lower in the other three 

rocks (mean values of 5.2, 1.0, 1.0, and 0.4 ppm in biotite granite, leucogranite, 

undivided granite, and plagiogranite, respectively).  

 

3.6.5.6 Rare Earth Elements (REEs)  

 The light REE (e.g., La, Ce, Sm, and Nd) reach their highest concentrations in 

biotite granite and their lowest concentration in leucogranite (Table 3.2). Plagiogranite 

and undivided granite have La, Ce, Sm, and Nd values that are intermediate between 

those of  the biotite granite and the leucogranite. Lanthanum and Ce values in 

plagiogranite and undivided granite are similar, whereas Nd is higher in plagiogranite 

than in undivided granite; Samarium is highest in biotite granite and lower in the other 

https://www.google.ca/search?biw=1366&bih=600&q=Beryllium&spell=1&sa=X&ved=0ahUKEwj46KusxfnQAhUP4GMKHU7QD7kQvwUIFygA
https://www.google.ca/search?biw=1366&bih=600&q=Beryllium&spell=1&sa=X&ved=0ahUKEwj46KusxfnQAhUP4GMKHU7QD7kQvwUIFygA
https://www.google.ca/search?biw=1366&bih=600&q=Beryllium&spell=1&sa=X&ved=0ahUKEwj46KusxfnQAhUP4GMKHU7QD7kQvwUIFygA


 

85 

three type of granites, with plagiogranite having the lowest values, followed in turn by 

progressively higher concentrations in leucogranite and undivided granite.  

  Lower values of La, Ce, Nd, and Sm in plagiogranite and undivided granite 

compared to the biotite granite may be attributed to two factors: 1) alteration that 

facilitated the mobility of these elements (as a result of the dissolution of hosting 

minerals, such allanite, monazite, zircon, and xenotime) at higher temperatures and lower 

pH, and 2) contribution from fractionation. Differences in the concentration of these 

elements between the leucogranite and the biotite granite are considered to be due to 

crystal fractionation and also to variations in source composition. Lanthanum, Ce, Nd, 

and Sm decrease with increasing SiO2 in all rock types (Fig 3.19). The slopes that define 

the data array of the biotite granite and the other granitoids  are not congruent, which may 

indicate  mobility of the LREEs in the plagiogranite and undivided granite, and/or source 

difference for leucogranite.  

 Ytterbium and Lu are highest in leucogranite (3.58 and 0.55 ppm, respectively), 

and lower in the other three rock types; values are clustered at 1.75-2.12 ppm and 0.27-

0.33 ppm, respectively of Yb and Lu; the biotite granite has slightly lower values than the 

other two (ore zone granites). Both Yb and Lu  decrease with increasing SiO2 for biotite 

granite, plagiogranite, and undivided granite; data for leucogranite are more scattered, 

although these elements increase with increasing SiO2 (Fig. 3.19). Terbium is low in all 

four granite  types, except the range of values in leucogranite varies widely (Table 3.2). 

Terbium values do not correlate well with SiO2 for the biotite granite, plagiogranite, and 

undivided granite, and for most of the leucogranite samples. The majority of  samples 
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have Tb below detection limit (<0.5 ppm). The few samples of leucogranite that have Tb 

> detection limit seem to have a negative correlation between SiO2 and Tb.  

 Biotite granite has the highest Eu content with successively lower values in 

undivided granite, plagiogranite, and leucogranite. Like the LREEs, Eu is also mobile in 

the alteration zone as reflected by the variable Eu in the undivided granite and 

plagiogranite,  relative to the genetically related to the biotite granite. The trend is for Eu-

loss (mobility out of) the intensely altered plagiogranite compared to the less altered 

undivided granite. The SiO2 versus Eu variation diagram is presented in Figure 3.19. 

Europium decreases with increasing SiO2 in biotite granite, plagiogranite, and undivided 

granite. Like Tb, Eu vs. SiO2 plot also divides the leucogranite into two populations (Eu 

= 0.5-0.9 ppm and Eu < 0.2 ppm), the latter plotting parallel to the x-axis and the former 

showing a negative correlation of Eu with SiO2.  From qualitative assessment, the 

behaviour of Eu in the system positively correlates with the compatible LILEs, such as 

Ba and Sr. For Eu values above 0.5 ppm, there is an upward trend with increasing Ba and 

Sr for all rock types, and a downward trend with increasing Rb and Cs in leucogranite; 

there is an increasing trend of Eu in biotite granite, plagiogranite, and undivided granite 

with increasing Rb and Cs. Europium contents in biotite granite, plagiogranite, and 

undivided granite may thus have been controlled by other minerals besides plagioclase 

fractionation, whereas plagioclase fractionation alone controls Eu concentrations in 

leucogranite. 
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3.6.5.7 Thorium Variation Diagrams 

 Thorium abundance and variation diagrams provide some of the most useful 

information in terms of differentiating the granitoids of Mactung (Fig. 3.20a). The 

analytical data indicates Th goes into early crystallizing minerals, which is not consistent 

with the degree of its incompatibility described by Wood (1980), Jenner (1996), and 

Fowler (1990). In spite of this, it can be used as fractionation index as it consistently 

decreases with differentiation in all granitoids. Selected trace-elements are plotted against 

Th (Figure 3.20a) in order to highlight the geochemical relationships among the various 

granitoids of the Mactung system. Removing some outlier values, Zr, Ba, La/Yb, Th/U, 

Ce, Sr, and P increase with Th in plagiogranite, undivided granites, and biotite granite. 

Values plot on the same trend line for all these rocks implying that they were inter-related 

by some mechanism, probably dominantly by fractionation. In biotite granite and 

plagiogranite, there is an increase of Rb as Th increases; data in undivided granites is 

scattered 

 In leucogranite, removing some outlier values, Zr generally increases with Th. 

This may indicate that the parental magma of the leucogranite was undersaturated or 

much of the Zr was consumed by the primary differentiates. On the other hand, P appears 

to decrease with increasing Th in leucogranite. Strontium decreases in leucogranite ≥ 15 

ppm Th, and increases for values less than 15 ppm, removing scattered values. Lead 

increases slightly with increasing Th, but the data is more scattered. Barium increases 

with increasing Th, whereas Rb decreases to a greater extent with increasing Th.  

 There is a positive correlation of both La/Yb and Ce with Th in leucogranite at ≤ 

15 ppm  and 20 ppm Th contents, respectively. However, at high Th contents (for small 
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number of samples) the correlation becomes negative. This implies that the melt from 

which the leucogranite developed lost much of the Th to the solid phase (early 

differentiated rocks). As Th-bearing minerals like apatite, monazite, and allanite 

crystallize early, the more fractionated leucogranite will become depleted in Th. This 

explains why Th is lower  in the leucogranite relative to the less evolved biotite granite. 

With excessive Th, La and Ce are partitioned into early crystallizing phases in the early 

differentiates (Ce being less preferred than La). Therefore, La and Ce become depleted 

prior to the crystallization of the leucogranite. This may explain why these elements are 

enriched in the less fractionated Mactung biotite granite. On the other hand, the 

leucogranite becomes progressively depleted as these elements become incorporated in 

early crystallizing minerals (e.g.,  zircon, monazite, allanite, and plagioclase), as Th is 

partitioned into phases such as  monazite, allanite, and apatite. Lead in biotite granite or 

the early differentiates of leucogranite does not go into the solid phases with increased Th 

implying the crystallization of K-feldspars or other Pb-bearing minerals was later than 

that of Th minerals, such as monazite and apatite. 

 The degree of fractionation in the Mactung granitoids can also be illustrated using 

the Rb versus Sr and TiO2 versus Zr plot diagrams (Fig. 3.20b). The leucogranites clearly 

show a high degree of fractionation, plotting at the high end of Rb with a Sr/Rb ratio of 

0.5 or less (Fig. 20b-i). The biotite granite and undivided granites have Sr/Rb ratio of 

1.25 and 2.0, respectively indicating less fractionation, whereas the plagiogranites are the 

least “fractionated” having Sr/Rb ratio of 8 (Fig. 20b-i). However, the TiO2 versus Zr plot 

clearly shows that the plagiogranite are more fractionated relative to the biotite granite 

(Fig. 3.20b-ii) implying they have common genetic link. The high Sr in plagiogranite is 
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probably related to increased plagioclase that formed through high temperature re-

equilibration in contact with Ca-rich fluids during skarn formation. The biotite granite, 

plagiogranite, and undivided granites have TiO2/Zr values (ppm equivalent of TiO2) 

between 16.5 and 20.0, whereas the leucogranite has a lower TiO2/Zr ratio of < 13 (Fig. 

3.20b-i). In all granite types Zr increase with an increase in TiO2 indicating the 

compatible nature of Zr in the melt system. 

 

3.6.6 Trace-element Geotectonic Discrimination  

 The Nb vs. Y tectonic discrimination diagrams (Fig 3.21a) of Pearce et al. (1984) 

show a transition from volcanic arc granite (VAG) affinity or I-type to syn-collisional (S-

type) setting for the biotite granite, plagiogranite, and undivided granite. In contrast a 

transitional S- and A-type granite affinity is implied for the leucogranite (Fig. 3.21a-b). 

The previously described low Zr, REE, and Na/K, and high Rb in the leucogranite is 

consistent with a highly fractionated S-type granite (Christiansen and Keith, 1996). On 

the Rb vs Y+Nb diagram (Fig. 3.21b),  the biotite granite, plagiogranite, and undivided 

granite fall entirely in the VAG (I-type) field, but lie close to the boundary with the syn-

collisional field suggesting possible contamination through assimilation of sedimentary 

rocks or mixing with magma derived by anatexis of sedimentary rocks. Based on 

discrimination diagram, using Ga/Al ratio against trace elements, like Zr, Ce, Y, and Nb 

(Fig. 3.22a-f), plots of the leucogranite entirely fall within the “I+S” field, strengthening 

the syn-collisional or S-type affinity of the leucogranite (Whalen et al., 1987) rather than 

A-type affinity. Using FeO/MgO and (K2O+Na2O)/CaO vs Zr+Nb+Ce+Y discrimination 

diagram, the leucogranite plots in the highly fractionated felsic granite field with the rest 



 

90 

of the rock types plotting in the unfractionated I- and S-type granite field (Fig. 3.22g-h). 

On the R1-R2 tectonic discrimination diagram of Batchelor and Bowden (1986), the 

geochemical data of Mactung granitoids mostly fall in the syn-collisional field (Fig. 

3.23).  

 

3.7 Discussion 

3.7.1 Conditions of Magma Emplacement 

3.7.1.1 Temperature conditions 

 Magma temperature can be estimated by using zircon, apatite, and monazite 

solubility models of Watson and Harrison (1983) and Harrison and Watson (1984), which 

provide three independent geothermometers. Zircon and apatite saturation thermometry is 

based on the strong dependence of zircon solubility and phosphorous solubility as a 

function of temperature. The zircon and apatite techniques are applied to Mactung 

granitoids, as monazite was only adequately present in the leucogranite. Summary results 

are presented in Table 3.4. Using the bulk rock Zr and P2O5 composition to represent the 

melt compositions, apatite and zircon thermometry of Watson and Harrison (1983) and 

Harrison and Watson (1984) were applied to the Mactung granitoids that show evidence 

of saturation in Zr and P2O5. Zironium concentrations decrease with increasing SiO2 in all 

rock types (Fig. 3.16), suggesting melt saturation and fractional crystallization of zircon 

in these rocks. P2O5 concentration also decreases with increasing SiO2 in biotite granite, 

plagiogranite, and undivided granites (Fig. 3.7).  Leucogranite also shows a decreasing 

P2O5 trend with increasing SiO2, although less steeply than the other rock types. This 

indicates saturation of the parent melts in P2O5 and consequently fractional crystallization 
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of apatite in all rocks. Bea (1992) argued that apatite solubility increases in peraluminous 

melts and hence the model of Harrison and Watson (1984), which has been built from 

experiments on subaluminous systems needs correction. The Mactung granitoids are 

peraluminous,  but  phosphorus is low and was not influenced by higher alumina 

saturation index. The two factors that increase solubility of phosphorous in peraluminous 

melts are the formation of aluminophosphate complexes, and decreased calcium activity 

(Bea, 1992).  Higher calcium activity in the Mactung granitoids might have been the 

reason for lower phosphorous concentration. Hence, the temperatures calculated using the 

model of Harrison and Watson (1984) are directly applicable and need not be adjusted for 

excessive phosphorous. 

 On the basis of zircon geothermometry, the biotite granite shows the highest 

temperature (804°C) and leucogranite the lowest temperatures (721°C). This is consistent 

with the more felsic nature of the leucogranite relative to the biotite granite. The 

undivided granite and plagiogranite yield temperature estimates of 742°C and 763°C, 

respectively.  

 On the basis of apatite geothermometry, the order of magnitude of temperature 

reverses, i.e., plagiogranite (914°C), biotite granite (913°C), undivided granites (895°C), 

and leucogranite (797°C). As plagiogranite and undivided granite are fractionated and 

altered types of biotite granite, some apatite may have been inherited from the phosphatic 

formations in the host rock sequence (Unit B to Unit 3F), thereby yielding spurious 

results. Calculated high temperatures using both geothermometric methods for the biotite 

granite is consistent with its more mafic nature compared to the other intrusions. 

Discrepancies between apatite and zircon geothermometric estimates have been attributed 
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to several possible causes: (1) excessive apatite, which may not fractionate efficiently 

from the melt; (2) apparent saturation may be due to local disequilibrium (Bacon, 1989); 

(3) lower temperature estimates using the zircon geothermometer reflects proximity to 

the solidus (e.g., Wyllie, 1984; Anderson, 1996); and/or (4) presence of some other P-

bearing phases (e.g., monazite) that host a proportion of P, which causes the calculated 

TApatite values to reflect maximum apatite saturation temperatures (Yang et al., 2008). The 

fact that apatite is an early crystallized phase in the Mactung pluton (on the basis of 1) 

inclusion of apatite in early crystallizing biotite, 2) robust apatite crystals in the granitoids, 

and 3) decreasing P with increasing silica, suggest that the lower temperatures calculated 

by zircon thermometry reflect initial melt Zr undersaturation in the source. Subsequent 

saturation in Zr occurred only as the solidus was approached. In this case, temperature 

calculations  based on apatite geothermometry are likely to be closer to liquidus 

temperatures, whereas those obtained from zircon thermometry should be considered as 

minimum estimates (Asrat et al., 2004).  

 

3.7.1.2 Pressure conditions 

 Most granitic batholiths contain plutons, which are composed of low-variance 

mineral assemblages amenable to quantification of the P–T–f(O2)–f(H2O) conditions at 

the time of  crystallization/emplacement (Anderson, 1996). Some minerals, e.g., 

hornblende and clinopyroxene, and mineral associations like garnet-aluminosilicates-

silica (quartz)-plagioclase provide a  robust means of calculating the pressure at the time 

of emplacement.  The Mactung granitoids lack these robust minerals and mineral 

assemblages to use as geobarometers. However, taking into account the genetic link 

http://en.wikipedia.org/wiki/Quartz
http://en.wikipedia.org/wiki/Plagioclase
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between the biotite granite and the skarn tungsten mineralization (section 7.5), and 

considering the coexistence of the various granite phases, pressure for the emplacement 

of all granitoids of Mactung may be deduced from the adjacent skarn mineral 

assemblage. 

 Analysis of sphalerite co-existing with pyrrhotite and pyrite was conducted on 

one sample at UNB using SEM-EDS to measure the S (33.26 wt.%), Cd (1.0 wt.%), Mn 

(0.54 wt.%), Fe (10.3 wt.%), and Zn (54.32 wt.%). This amounts to about 18.04 mole % 

FeS in sphalerite yielding a pressure estimate of about 2 kb (200 MPa) (Gebru and Lentz, 

2008, 2009). This is consistent with the data of Gerstner et al. (1989) who calculated a 

pressure of 210 MPa for the Mactung skarn system from methane-bearing aqueous fluid 

inclusion data in biotites and garnets of hydrous skarn. Yuvan et al. (2004) calculated 

pressures of 2-4 kb for the Cantung skarn tungsten deposit (a similar style of 

mineralization south of Mactung) using isochores from primary H2O-CO2-NaCl±CH4 

inclusions in quartz-scheelite veins, and constrained by temperature estimates, based 

oxygen isotope thermometry (400 to 595°C). 

 

3.7.2 Alteration 

 Despite textural similarity, the plagiogranite and undivided granite at Mactung 

have some distinct aspects in their mineralogical composition relative to the biotite 

granite. Specifically, they contain more plagioclase and titanite, and less biotite. In terms 

of chemical composition, they contain higher SiO2 and lower amounts of immobile 

HFSEs. Two probable causes for the observed HFSE variations in the genetically related 

granitoids (biotite granite, plagiogranite, and undivided granite) are fractionation and 
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alteration. HFSEs are considered to be conservative (immobile) elements in most 

geological settings. Variation in  HFSE concentrations in the genetically similar 

granitoids of Mactung could result from fractionation; however, concentration variation 

in HSFEs  could also be related to the nature of the fluids and P-T conditions. Jiang et al. 

(2005) indicate that HFSEs can  be mobile in some cases and can be transported by 

magmatic-, metamorphic-, and submarine-hydrothermal solutions or in highly altered 

hydrothermal ore deposits.  HFSE mobility can occur over a wide range of P-T 

conditions, and their solubility is generally enhanced at high pH conditions. Likewise, 

high F contents in these fluids also largely enhance the mobility of HFSEs (Jiang et al., 

2005). Salvi and Williams-Jones (1996) found that high-temperature alteration at the 

Strange Lake peralkaline complex mobilized HFSEs and caused depletion of Zr, Y, and 

HREEs.  

Grant (1986, 2005) utilized the isocon technique to recognize and quantify 

metasomatic alteration and can be a simple and effective means of qualitatively and 

quantitatively estimating changes in mass or volume or concentrations in mass transfer. 

The Isocon method provides a graphical presentation of data by comparing altered 

composition against an original (least-altered protolith) composition without significant 

data manipulation (Grant, 2005). Species that have remained immobile in the process 

define the isocon, i.e., a straight line through the origin. This Isocon method was applied 

to determine if the plagiogranite and undivided granite are related to the biotite granite 

(Figs. 3.24-25).  

 Using the isocon technique the Yb, Y, Cr, Ba, Al2O3, and SiO2 in the undivided 

granite are unchanged, whereas Ta, U, Pb, and K2O are gained when compared to the 
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biotite granite (Fig. 3.24). Potassic alteration or contamination from the pelitic 

sedimentary rocks could have caused this gain. The HFSEs Hf, Th, La, and Zr of the 

undivided granite are clearly lower plotting below the ‘no mass change’ line and hence 

represent mass loss. However, they form a linear trend the slope of which intersects the  

origin. This could  be due to later alteration processes or fractional crystallization. A 

departure from a slope of unity in magmatic rocks should be interpreted with caution. 

The incorporation of Th and Zr in early crystallizing monazite and zircon, respectively, 

depletes the melt in these elements thereby lowering their concentration in the undivided 

granites. Furthermore, owing to a strong linear relationship among HFSEs (Figs. 3.16, 

3.20a), alteration processes in the Mactung skarn ore zone may not be responsible for the 

observed variation in the HFSEs (e.g., Th and Zr) contents between the biotite granite, 

and the undivided granite. On the other hand, loss in Rb, MgO, FeOt, MnO, Na2O, and 

CaO in undivided granites is most likely due to alteration given that the values are more 

scattered and do not exhibit well-defined linear relationships with the biotite granite. This 

scattered relationship with undivided granites is  supported by the SiO2 and Th variation 

diagrams at least for some of the elements and oxides (e.g., Th versus Na2O; SiO2 versus 

CaO) (Figs. 3.7 and 3.20a). 

 In plagiogranite, Yb, Nb, Y, Cr, and Al2O3 remain unchanged, whereas Ca, Ta, 

and Sr are enriched. Some Ca enrichment is expected from the host sedimentary rocks as 

calcite commonly occurs in this rock. Plagioclase is euhedral with albite and albite-

carlsbad twinning so as to discount the possible metasomatic origin through Ca-

enrichment. Barium and HFSEs in plagiogranite are depleted compared to values of the 

biotite granite. As in undivided granites, this feature is interpreted to be a result of 
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fractionation, as these elements have a linear relationship (Fig. 3.25), and that they also 

have  strong correlation with Th (see selected element plots (Figs. 3.16 and 3.20a). Loss 

in Cs, Rb, MnO, TiO2, MgO, FeOt, Na2O, and K2O can be explained in terms of 

alteration as these elements do not define linear relationships in the isocon diagram. 

Likewise these elements do not have strong correlation with SiO2 and Th (Figs. 3.7 and 

3.20a). The Isocon results confirm earlier presented data that the plagiogranite and 

undivided granite are more fractionated and altered forms of the biotite granite.  

 

3.7.3 Source of the Granitoids 

3.7.3.1 Major- and Trace-element Composition Signatures 

 The mineralogy and geochemical composition of the leucogranite and biotite 

granite indicate that they have distinct characteristics related to their sources and 

petrogenesis. The Alumina Saturation Index (ASI), SiO2- and Th-based variation 

diagrams, incompatible multi-element data, REE patterns (and abundances), major 

element data (SiO2, K2O, Na2O, MgO, FeOt, P2O5, Al2O3, and K2O/Na2O) ratios, are 

different for the biotite granite and leucogranite; the LILE and HFSE contents of the 

biotite granite and the leucogranite are also strikingly different with the two rocks 

displaying distinct differences in Lan/Ybn, Lan/Smn, Rb/Ba, Rb/Sr, Zr/Hf, Sr/Y, Nb/Ta, 

U/La, Th/U, Zr/TiO2, Ce/Pb, and Nb/U (Table 3.3).  

 As noted earlier, the A/CNK values for the biotite granite and the leucogranite are 

significantly different. The biotite granite has ASI ≤ 1.17, whereas the leucogranite has 

an ASI of >1.3. The whole-rock geochemical composition of the biotite granite indicates 

that it is less evolved than the leucogranite. The biotite granite has lower SiO2, K2O, and 
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Na2O, and higher TiO2, FeO, MgO, Al2O3, and CaO. It is also characterized by higher 

values of trace elements, like Cr, Ni, Ba, Sr, Zr, LREEs, and lower Rb, than the 

leucogranite.  

 The two rock types also show contrasting magnetic susceptibility values. Even if 

the magnetic susceptibility data indicate that both the biotite granite and the leucogranite 

are reduced or ilmenite series (Ishihara, 1977). There is clear distinction between them in 

terms of their absolute magnetic susceptibility values. The biotite granite has an average 

magnetic susceptibility of 0.153 x 10-3 SI, whereas the leucogranite has an average of 

0.08 x 10-3 SI.  Such chemical and physical variations between the biotite granite and the 

leucogranite may reflect differences in original source magma. Relatively high 

susceptibility values in plagiogranite and undivided granite can be attributed to the effects 

of alteration (disseminated pyrrhotite mineralization) rather than variations in magma 

source. 

 Thorium, when compared to other incompatible trace elements, demonstrates that 

the leucogranite and the biotite granite are not cogenetic. Rubidium, Ba, Sr, Th/U, U, Ce, 

Zr, P, and La/Yb versus Th diagrams clearly outline two separate populations: biotite 

granite and its altered and fractionated equivalents (plagiogranite and undivided granite),  

and leucogranite. Barium, Sr, Ce, Zr, P, Th/U, and La/Yb increase with increasing Th in 

biotite granite, plagiogranite, and undivided granite. Both the plagiogranite and undivided 

granite trends for all of these elements and ratios are collinear with the biotite granite. 

Rubidium decreases with increasing Th in biotite granite, but there is no similar  

relationship in plagiogranite and undivided granite; however, this may reflect  the effect 

of feldspar alteration. In leucogranite, like biotite granite and its altered equivalents, the 
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distribution of Ba, Th, U, and La/Yb increases with increasing Th. Strontium, Ce, and Zr 

correlate positively with Th, but negatively at higher Th contents. As in biotite granite, 

Rb decreases with increasing Th in leucogranite. In all the above cases, the slopes that 

define the biotite granite and the leucogranite data are divergent. Rocks that originate 

from a common source and are related by fractional crystallization processes cannot have 

this kind of divergent pattern and can only be explained in terms of differing sources. 

  Uranium decreases in biotite granite with increasing Th. Plagiogranite and 

undivided granite are on this decreasing trend with that of the biotite granite, whereas U 

increases with Th content in leucogranite. Na2O/K2O values  decrease with increasing Th 

in biotite granite. More scattered  data for the plagiogranite and undivided granite 

reflecting the effect of alteration, as suggested by petrographic observations (replacement 

of K-feldspars by plagioclase). Alteration and fractionation are largely responsible for the 

trace-element variations in plagiogranite and undivided granite. The biotite granite is 

relatively unaltered outside the mineralization zone and its composition appears 

homogeneous. This suggests that there was little interaction with host rocks during 

emplacement or that the primary magma interacted with the country rocks, but was 

thoroughly homogenized prior to final emplacement and solidification. However, some 

partially assimilated Unit 3C breccias previously discussed are exceptions and only occur 

at localized margins of the intrusive magma due to tectonic mixing or incorporation 

during magma emplacement. 

 The petrologic and whole-rock geochemical characteristics of the biotite granite, 

e.g., weakly peraluminous, high Sr, Ba, and CaO/Na2O, and low Rb, Rb/Sr, Rb/Ba, and 

Nd/Sm ratios indicate a quartzofeldspathic metasedimentary or igneous source rocks 
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(arkoses, greywacke, or granodiorite gneiss). The mineralogy (apatite inclusions in biotite, 

titanite, and allanite), geochemistry (higher CaO > 2.7%; low A/CNK (<1.17); relatively 

low normative corundum and regular inter-element variations (Kanen, 2001, and 

references therein; Pearce et al., 1984) support an I-type crustal source of the biotite 

granite. More basic K-poor source rocks, such as tonalites, can be discounted, since 

dehydration melting would cause the formation of trondhjemitic to tonalitic and not 

granite magmas (Johannes and Holtz, 1996). Therefore, an earlier I-type crust of 

granodiorite to diorite is proposed as the source rock for the magmas that generated the 

biotite granite of Mactung. Magma input through melting of sedimentary rocks is also 

suggested in view of the slightly higher ASI values, biotite granite samples plotting near  

the boundary of the S-type and I-type granite (Fig. 3.21b), and the presence of muscovite 

and tourmaline in the modal mineralogy of the rock.   

 Alternatively, an arc-like signature may be attained by anatexis of sedimentary 

rocks, if they were sourced from magmatic arcs. Snyder (2009 and references therein) 

described that much of the crust below the Cordillera is underlain by Early- to Mid-

Proterozoic quartz-rich and non-magnetic Proterozoic strata eroded out from the 

Wopmay Orogeny (1.84 Ga – 2.4 Ga) located east of the Cordillera. The Wopmay 

Orogen included accretion of c. 1.85 Ga crystalline basement rocks, composed largely of 

volcanic arcs and exotic continental fragments (Snyder, 2009). Quartz-rich sedimentary 

source rocks from the Wopmay orogen are unlikely source rock of the biotite granites of 

Mactung as they do not contain sufficient amounts of Ca, K, Na, and Al.  However, the 

Wernecke Supergroup, the base of the lower Proterozoic succession of northern 

Cordillera, represents the synorogenic distal deposits of the Wopmay or perhaps Trans-
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Hudson orogens (e.g., Rainbird et al., 1997; Ross et al., 2001; Thorkelson et al., 2005), 

and may have the mineral composition necessary for the formation of the granites of 

Mactung. The exposed lower section of the Early Proterozoic Wernecke Supergroup in 

central northern Yukon are predominantly weakly metamorphosed siltstones and 

argillaceous rocks with a thickness of 4 km (Hunt et al., 2005). The lower degree of 

metamorphism implies the lower section of the Wernecke Group cannot be the source of 

the Mactung biotite granite either.  

 So, a deeper source and more appropriate rock composition must exist below the 

existing level of the Wernecke Supergroup. Although arc-derived westward wedging 

sedimentary rocks are interpreted to exist at depth within much of the Cordillera, the 

Mactung biotite granite is probably originated from the melting of an igneous crust - in 

this case the crystalline basement below the westward wedging Proterozoic sedimentary 

rocks. The sedimentary rocks described by Snyder et al. (2009 and references therein) are 

quartz-rich (as identified by seismic survey e.g., Cook, 2004); are far away from source, 

and are likely to be mature; feldspars are prone to breakdown, and argillaceous 

components are likely to be washed out. If this is the case then it would be difficult to 

attain the granitic compositions, such as high CaO and Al2O3 displayed by the biotite 

granite of Mactung.  

 Numerous lines of geochemical evidence suggest that the leucogranites of 

Mactung are highly fractionated S-type granites: their Rb values are high (>275 ppm), a 

criterion developed by Chappell and White (1992) to distinguish fractionated S-type 

granites from other types for the Lachlan Fold Belt of SE Australia. Mineralogical 

evidence, such as abundant muscovite, tourmaline, and the presence of garnet, in the 
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leucogranite of Mactung also support an  S-type affinity. All geochemical features, i.e., 

high SiO2, Rb, and ASI, and low Ca, Sr, Ba, Zr, Ti, Na/K, and ∑REE and strong negative 

Eu anomalies support a crustal (metasedimentary) source for the highly evolved 

leucogranites of Mactung. Therefore, the leucogranites of Mactung are interpreted to 

have been derived from crustal sources of sedimentary composition.  

 The greater peraluminosity of the leucogranite, and its relatively low CaO 

contents when compared to sedimentary-sourced (psammitic)  granites suggest a major 

contribution from metapelitic metasedimentary source rocks. This is in agreement with 

Sylvester (1998) who stated that S-type peraluminous melts derived from pelites have 

lower CaO/Na2O (in this  case < 0.3) than melts produced from clay-poor psammitic 

sources. The leucogranite at Mactung has CaO/Na2O ratios of about 0.12-0.54 (Table 3.2), 

suggesting a predominantly pelite-greywacke mixed source. Moreover, the leucogranite 

is characterized by fairly high mean Al2O3/TiO2 (528) compared to biotite granites (31-61) 

generated from a predominantly non-pelitic source. The interpretation of metapelitic-

greywacke source for the magma is in line with the high Rb/Sr (>2), unlike those from 

purely psammitic derived rocks which have a ratio < 1. Moreover, the Rb/Ba ratio of the 

leucogranite is very high (>1) relative to psammitic derived magmas; therefore, a 

psammitic sedimentary lithology is unlikely to be the source of the leucogranite.  

 The bulk continental crust-normalized multi-element patterns for the Mactung 

granites have upper- to middle-crust compositions for biotite granites, undivided granites, 

and plagiogranites (Fig. 3.26). The biotite granite and undivided granite have significant 

positive Cs and U anomalies (up to 10x chondrite values) and pronounced negative Ba, 

Nb, Ta, and Ti anomalies (up to 5x less than bulk continental values). The plagiogranite 
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also shows positive U and negative Ba, Nb, Ta, and Ti anomalies, but the Cs anomaly is 

less obvious; unlike in the biotite granite, the Nb and Ta plots of the plagiogranite do not 

show any diagnostic anomalous features; additionally, it shows negative Rb and K 

anomalies in contrast to the biotite granite and undivided granite. These variations in 

plagiogranite and undivided granite from the biotite granite are interpreted to reflect the 

intensity of alteration, which is in agreement with the previous interpretation given using 

the isocon diagram (Figs. 3.24 and 3.25). Overall, the less altered undivided granite 

displays chemical compositions close to the biotite granite, whereas the relatively altered 

plagiogranite displays more variation from the unaltered biotite granite. For instance, as 

plagioclase replaces K-feldspar, the concentration of Rb, K, and Cs decreases in 

plagiogranite. Ytrium and Yb compositions of the biotite granite, undivided granite, and 

plagiogranite approximate the bulk continental crust composition (see Wedepohl, 1995), 

and the values do not distinctly differentiate these rocks from one another. This shows the 

less mobile nature of Y and Yb during alteration, and that fractionation did not affect 

these elements.  

 Considering effects of alteration and fractionation for the variation for some of the 

elements (in the multi-element diagrams of the plagiogranite and undivided granite), the 

mineralogical, textural, and spatial relationships these rocks have with the biotite granite, 

it is reasonable to assume the existence of a genetic relationship among the plagiogranite, 

the undivided granite and biotite granite,  Therefore, among the Mactung granitoids, 

contrasting petrogenetic difference basically exists only between the biotite granite and 

the leucogranite.    
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 The trace-element pattern of the leucogranite is spiky and varies greatly from that 

of the biotite granite (Fig. 3.26). These patterns are similar to the Himalayan 

leucogranites described by Kemp and Hawkesworth (2003). Villaseca (2008) relates 

these spiky trace elements as inherent to S-type granites. In the multi-element diagram, 

the leucogranite shows positive Rb, U, K, Ta, Zr, and negative Ba, Sr, and Ti anomalies. 

The absence of negative Rb, K, Sr, and Zr anomalies and presence of strong positive Ta 

anomaly in the leucogranite precludes any possibility that this granite developed through 

alteration  of biotite granite.  

 The extended element spider diagram (Fig. 26) for the leucogranite shows that 

elements from Cs to Ta strongly reflect upper crustal compositions; elements to the right 

of Ta (except Sr and Ti) are comparable to the bulk continental crust. The parent magma 

of the leucogranite may thus have formed by partial melting or anatexis of sedimentary 

rocks at the stability depth of amphibolite grade or higher. Therefore, fractionation and 

ascent of the parent magma to higher crustal levels, combined with input from 

supracrustal assimilation may have resulted in the formation of leucogranite. On the other 

hand, trace-element patterns of the biotite granite normalized to bulk continental crust are 

slightly elevated for most elements (Fig. 3.26). As the biotite granite is the least evolved 

of the Mactung granites fractionation is discounted for the observed enrichment. 

Additionally, elements like Ti and Ta are strongly depleted – a feature not common in 

upper continental crustal rocks. Therefore, the biotite granite can be linked to partial 

melting of an igneous crust, transitional from the middle to the upper-continental crust, 

coupled with mixing with magma derived from metasedimentary rocks at deeper levels. 

Tapatite shows that the biotite granite source magma had sufficient heat to cause melting in 
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metasedimentary rocks to contaminate the magma. To allow sufficient time for mixing, 

melting of sedimentary rocks at deeper levels or in the source region is postulated, 

because the biotite granite has remarkably homogenous geochemical composition. Some 

input from a sedimentary source in generation is suggested for the biotite granite magma 

as samples plot close to the S-type granite boundary, and because of  its weak 

peraluminosity. In this scenario, elements such as Rb and K, may have been added from 

crustal sedimentary sources.  

 The petrogenetic difference between the biotite granite and the leucogranite is 

also reflected by their respective REE compositions. The average ∑REE content 

(excluding Dy, Ho, Er, and Tm which were not analysed) of the biotite granite, 

plagiogranite, undivided granite, and leucogranite are 171, 86, 94, and 53 ppm, 

respectively. The plagiogranite, undivided granite, and the leucogranite have strong 

negative Eu anomalies, whereas the biotite granite only has a minor negative Eu 

anomaly. The Eu anomalies in the plagiogranite and undivided granite are explained in 

terms of mobilization during skarn formation rather than effects of magmatic 

fractionation. Chondrite-normalized REE patterns for the biotite granite samples are very 

similar, with the exception of samples proximal  to the skarn zone (samples 222 and 

224A; Fig. 3.2a), implying a homogenous magma composition (Fig. 3.27). The biotite 

granite is commonly enriched in LREEs with high Lan/Ybn ratios of 14.6–

23.4(mean=19.3) (Fig. 3.27). In this intrusion, Lan/Ybn  increases with increasing SiO2 

and Eu values decrease with increasing SiO2 (Fig. 3.19). Chondrite-normalized REE 

patterns of the leucogranite are distinct from those of the biotite granite rocks, with 

pronounced negative Eu anomalies and lower Lan/Ybn (5.2) (Fig. 3.27; Table 3.3). In 
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leucogranite, the Lan/Ybn values decrease with fractionation (Fig. 3.19; Appendix 3.1) 

suggesting that fractional crystallization is a dominant process governing evolution of the 

leucogranite. Among the leucogranite samples an aplite dyke is characterized by low Yb 

and Lu (Fig. 3.27). Titanium is less-depleted than most leucogranite rocks. This 

observation coupled with the higher Ca content of plagioclase (andesine) as opposed to 

oligoclase in leucogranites, as described in the “Local Geology” section may suggest that 

the aplitic dykes of Mactung are related to the biotite granite and that contamination from 

metasedimentary rocks may have obliterated much of the original compositional 

signatures. 

 The chondrite-normalized REE patterns for the plagiogranite and undivided 

granite are largely indistinguishable from those of the biotite granite, implying a common 

origin (Fig. 3.27). The only recognizable difference with the biotite granite data come in 

the form of crossover patterns in the REE plot of the plagiogranite and undivided granite 

that may point to additional processes, such as alteration linked to the skarn processes. It 

is also notable that the REE plots of the leucogranite demonstrate crossover patterns both 

for the heavy and light REEs (Fig. 3.27), suggesting involvement of additional magmatic 

processes, such as crustal contamination rather than simple differentiation from original 

source magma. The relatively low HREE patterns in all samples of the biotite granite, in 

contrast to the leucogranite, may suggest an absence of garnet in the source. The 

similarity in the trace-element patterns of the biotite granite with that of the upper 

continental crust (Taylor and McLennan, 1985; Wedepohl, 1995), and the unevolved 

nature of the biotite granite implies less differentiated initial magma composition close to 
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that of average upper continental crust and hence partial melting between the middle- and 

the upper-continental may have generated the biotite granite magma. 

 

3.7.3.2 Sm-Nd and Rb-Sr isotope composition signatures 

3.7.3.2.1 General 

 Several authors have discussed the geochemical behavior and application of tracer 

isotopes in the Sm-Nd and Rb-Sr systems (Faure, 1986; Newberry and Swanson, 1986; 

Goldstein and Jacobsen, 1987; DePaolo, 1988; Bullen and Kharaka, 1992; Dickin, 1995; 

Nimz, 1998; Banner, 2004). Neodymium and Sm are among the light REE and occur in 

silicates, such as feldspars, biotite, zircon, and garnet, and in phosphates, such as apatite 

and monazite. Both Sm and Nd are lithophile elements and increase in concentration in 

late-stage-forming minerals during successive crystallization from a magmatic system. 

Because of their similar geochemical behavior, Sm and Nd are not fractionated from one 

another as strongly as Rb and Sr. 147Sm decays by alpha emission to 143Nd with a half-life 

of 1.53 x 1011 years. This radioactive property in the Sm-Nd system allows age 

determination of geological events. The Sm-Nd dating is more applicable to older rocks, 

because of the long half-life in the decay series 147Sm (Nimz, 1998).  Both mafic and 

felsic rocks can be dated by Sm-Nd methods using whole-rock or mineral analysis for 

Sm-Nd isotopes. Samarium and Nd are less susceptible to alteration/weathering and 

metamorphism making this technique of dating more reliable for older rocks.  

In the mantle, Sm tends to be enriched relative to Nd. As a result, the Sm/Nd ratio 

is higher in the mantle. In contrast, in an evolving crust, the Sm/Nd ratio decreases with 

time as Nd is more incompatible than Sm, and more Nd is produced by the decay of 
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147Sm. This behavior of Sm and Nd makes them good isotope tracers in the study of the 

origin of rocks.   

 In most geological environments, the isotopic composition of Nd varies 

systematically and inversely with the isotopic composition of Sr. The Rb-Sr dating is 

applied on minerals that do not contain appreciable amount of Sr at the time of their 

formation; minerals in this category include muscovite, K-feldspar, and biotite. The Rb-

Sr method uses the decay of 87Rb into 87Sr (half-life of 4.8 x 1010 Years), via beta 

emission. The 87Sr/86Sr ratio is higher in the crust relative to the mantle due to 

preferential enrichment of Rb in the crust relative to Sr. The behavior of Rb and Sr can be 

utilized to trace the origin of rocks. 

 

3.7.3.2.2 Sm-Nd and Rb-Sr tracer isotopes in Mactung granitoids 

 The Sm-Nd and Rb-Sr isotopic compositions of seven whole-rock granitoid 

samples (3 from biotite granite, one from plagiogranite, and 3 from leucogranite 

including one aplitic dyke) were determined at the PCIGR at the University of British 

Columbia, Canada. The results of the Sm-Nd isotopes analyses are provided in Table 3.5. 

The 147Sm/144Nd values of Mactung granitoids range 0.0990 - 0.2027 (average 0.1487). 

There is clear distinction in the 147Sm/144Nd values among biotite granites and its related 

affinity rocks, i.e., ore zone granites (undivided granites and plagiogranite)), and the 

leucogranite.  The 147Sm/144Nd tracer isotope ratio values in the biotite granite, 

plagiogranite, and undivided granites are low (0.0990-0.1152), whereas they are higher in 

the leucogranites (0.1975- 0.2027). The Sm/Nd ratio of these two groups of rocks is also 

distinct (Table 3.5), with low values (0.16-0.19) in biotite granite, plagiogranite, and 
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undivided granites and higher values (0.33-0.34) in the leucogranites. Initial values of 

143Nd/144Nd (143Nd/144Ndi) were calculated back to the time the rocks formed and listed in 

Table 3.5.  The initial values for all of the biotite granites, the plagiogranite (Ore zone 

granite) and the aplitic dyke were calculated based on 97.3 Ma age, whereas all the 

leucogranites were calculated using the 97.1 Ma age as determined by U-Pb dating 

techniques (Chapter 4). The data show that all granitoids are characterized by low 

143Nd/144Ndi (0.511537 to 0.511684), with minor variation among them.  Both the low 

and high values in the range are from the biotite granite. To better understand the 

variation, a more convenient approach is the use of epsilon notation (εNdi), which is 

calculated relative to the chondritic uniform reservoir (CHUR; DePaolo 1981, 1988) 

value at equivalent crystallization age (t) (Table 3.5). Like the 143Nd/144Ndi values, the 

variations in the εNdi values of the Mactung granitoids are very tight and within the range 

of -19.05 to -16.17. Biotite granite from the Mactung South Pluton has the lowest εNd i, 

whereas biotite granite from Mactung North Pluton has the highest εNdi (Table 3.5). This 

very low εNdi suggests an upper crustal source for Mactung granitoids (Fig. 3.28), and 

mantle material seems not to have been involved in generation  of the various Mactung 

granitoids. 

 Ratios of 87Sr/86Sri are very high (0.723 and 0.749) in all Mactung granitoids.  The 

lowest values are from plagiogranite within the skarn tungsten ore body, and the highest 

are in leucogranite (Table 3.6). The high 87Sr/86Sri values of Mactung granitoids suggest 

derivation from crustal sources.  The very high 87Sr/86Sri ratio coupled with the very low 

initial 143Nd/144Nd ratio suggest very old continental crust (Fig. 3.28) as the likely source 

for magma generation (Depaolo and Wasserburg, 1979; Depaolo, 1988; White, 2013). 
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147Sm/144Nd values of the granitoids versus initial 143Nd/144Nd (143Nd/144Ndi) (Fig. 3.29) 

reveal  two data clusters: 1) all the biotite granite related rocks, and 2) all leucogranite 

samples including the aplite dyke. Adding straight age lines of depleted mantle (tDM) 

(Kagami et al., 2004) to the diagram a tDM age of 1.9-2.3 Ga for the biotite granite in 

indicated. The leucogranite samples plot further to the right pointing to an older age. 

DePaolo (1981) suggested that these tDM model ages provide a more accurate age of 

crustal formation than tCHUR model ages. McCulloch and Wasserburg (1978) published a 

revised tDM age of 1.3 Ga and tCHUR model age of 0.8 Ga for Grenville composite samples. 

The tDM age is typical of crust formation during the Grenville orogeny. This age better 

represents Grenville orogeny than the anomalously low tCHUR. Since Nd is more enriched 

in the crust than Sm, the mantle must be depleted relative to Sm as was confirmed by 

analysis of mantle derived rocks (White, 2013). 

 Calculation of tCHUR and tDM ages from the 143Nd/144Nd and 147Nd/144Nd data is 

(Table 3.5), is in agreement  with the TDM data generated graphically for the biotite 

granite and plagiogranite samples. However, the leucogranite samples have unrealistic, 

very high TDM ages and unrealistic negative TCHUR ages. Examination of the isotope data 

of the leucogranites shows that 147Sm/144Nd ratios are very high (0.1988-0.2027) and 

close to chondrite values. Further examination of Sm and Nd data show that the Nd 

values of leucocratic granite are unrealistically low. The high Sm/Nd ratio (about 0.33-

0.34) also indicates a problem in Nd analysis as the 143Nd/144Nd ratio is low. A 

differentiated old crust cannot have such high Sm/Nd value. Since the 147Sm/144Nd ratios 

were calculated from the Sm-Nd data, the results did not give meaningful TCHUR and TDM 

ages.  
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 The Nd isotope values of mid-Cretaceous Mactung granitoids can be used for 

correlation with granites of similar age elsewhere in the Yukon. Gordey and Anderson 

(1993) classified granitoids of the Selwyn plutonic suites (granitoids east of the Tintina 

fault) into three types based on the presence of: (1) widespread hornblende with or 

without minor biotite (hornblende granite), (2) biotite with rare scattered hornblende 

(transitional granite), and (3) biotite and muscovite (two-mica granite) (cf. Morris and 

Creaser, 2008). The first and the third types of granite were considered as equivalents of 

the I- and S-type Australian granitoids, respectively. In line with this classification, 

Morris and Creaser (2008) examined the isotopic composition of several intrusions 

including: the hornblende-bearing Keele Peak pluton (NW of Mactung), the transitional 

Orchay and Marjorie phases of the Anvil Batholith, the South Hess and Lobe plutons, and 

the two-mica Mount Mye phase of the Anvil batholith, the Point 1980-m, Bord, and 

South plutons. The Mactung granitoids plot between the Hb-bearing granitoids and the 

two-mica granitoids. The Nd isotope signature of the biotite granite phase of the Mactung 

plutons correlates well to those granites classified as transitional (Fig. 3.30), although it 

does not have hornblende, and still contain some muscovite. 

 

3.7.3.3 Oxygen and hydrogen isotopes signatures 

 Oxygen isotopes can be used in the study of magma genesis. The use of δ18O 

isotope values of granites may be useful in tracing their magma sources since the mantle 

has lower and more uniform δ18O value than the crust (Fourie and Harris, 2011). The 

Earth’s crust is enriched in δ18O relative to the mantle as a result of sustained interaction 

of the crust with the hydrosphere and the partitioning of δ18O into crustal minerals during 
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low temperature geological process (Rollinson, 1993). However, the use of oxygen 

isotopes is only feasible as long as the effects of factors, such as post-crystallization 

exchanges, and any high and low temperature alteration are understood (e.g., Taylor, 

1968; Gregory and Criss, 1986; Fourie and Harris, 2011 and references therein). Such 

exchange may take the form of diffusion between minerals during slow cooling (Giletti, 

1986; Fourie and Harris, 2011), exchange with fluids at high temperature (>445oC), and 

low-temperature exchange and alteration. 

 Nine crushed samples of granitoids, 5 quartz vein samples, 11 biotite separates, 1 

tourmaline separate, 1 plagioclase separate, and 9 quartz separates were sent to the 

isotope laboratory of Queens University for oxygen and hydrogen isotopes analysis. 

Hydrogen isotope analysis was only conducted on biotite and one tourmaline sample. The 

mineral samples were handpicked using a binocular microscope to locate the mineral 

grains and tweezers to pick the grain and a small clean paper bag to store the samples. 

The whole-rock granitoids samples showed δ18O values ranging from 13 to 18 ‰, 

averaging 14.3‰ (Table 3.7; Figs. 3.31, 3.32). High δ18O values were found from two 

leucocratic dykes (MAC-165A and MAC-165B) and one plagiogranite diamond drill core 

sample (MS148-144) taken from the ore zone. These samples registered 15.3, 18.0, and 

16.1 ‰ δ18O, respectively. It appears that the sample that was obtained from the ore zone 

interacted more with metasedimentary units, and the two leucocratic dykes exchanged 

fluids as they intruded the Lower Metasedimentary group (Unit 1). All other samples 

returned less than 14 ‰ δ18O values (Table 3.7).  

 Oxygen isotope analysis of quartz grains separated from the granitoids showed a 

minimum δ18O value of 12.2 ‰ and a maximum δ18O value of 18.1 ‰, (averaging 14.13 
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‰. Most samples returned less than 14 ‰. The three high values (14.6, 14.0 , and 18.1 

‰) in quartz separates were hand-picked from samples MAC-165B, MAC-197, and 

MAC-303 (Table 3.7). The first value is associated with the leucocratic dyke that 

intruded the Lower Metasedimentary rocks (Unit 1). The other two are from biotite 

granite samples that are epidotized and chloritized, respectively. Eight biotite separates 

returned an average of 9.5 ‰ of δ18O. The lowest δ18O value encountered is 6.6 ‰ in 

biotite granite sample and the highest δ18O is 12.3 ‰ in the leucocratic dyke (MAC-

165A) (Table 3.7).  

Primary δD values of biotite and hornblende in granitic batholiths are remarkably 

constant at about -50 to -85‰ (Taylor, 1978). The δD values of biotite from the Mactung 

granitoids ranges from -147 to -79 ‰ (Table 3.7). The average δD value is -105.6 ‰, 

significantly lower than biotite of many granitoids. Such low δD values may be related to 

interaction of the plutons with meteoric water, which could dilute the deuterium 

concentration, driving the δD value lower. This can occur at the time of intrusion (high 

temperature condition) or at lower temperature after the pluton was exposed to an open 

system, i.e., such as alteration processes by surface-derived waters that took place over an 

extended period long after magma emplacement. 

 Five quartz vein samples from Mactung area have the heaviest δ18O values in the 

area, averaging 16.49 ‰. The lowest value (13.9 ‰) from these veins is from sample 

222B, a molybdenite-bearing quartz vein cutting biotite granite. The highest, 17.7 ‰ 

δ18O, is from a quartz vein (MAC-243), containing chalcopyrite and arsenopyrite, inside 

the Mactung North pluton. Other samples analysed include tourmaline (11.5 and -73 ‰ 

of δ18O and δD, respectively) and plagioclase (15.7‰ δ18O) (Table 3.7). 
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 According to Taylor (1978), most granitic rocks have δ18O of +7.0 to +10.0‰, 

which is higher than mantle sources. This probably indicates significant involvement of 

high δ 18O metasedimentary or altered volcanic rocks in the melting process; such an 

origin is required for many other granodiorites and tonalites that have +10 to +13‰ 

(Taylor, 1978). Oxygen and hydrogen isotope studies of a number of granite suites and 

mineral separates can be used to discriminate the major granite protoliths (O'Neil, et al., 

1977). Granite suites divided on the basis of mineralogical and geochemical criteria into 

S-type (sedimentary) and I-type (igneous) have δ18O values consistently higher in the S-

type granites (10.4-12.5 ‰) than in the spatially related I-type plutons (7.7-9.9 ‰). There 

appears to be a systematic variation in δ18O from the most S-type to the most I-type 

granites, the dividing line between the two occurring at δ18O as equal to 10 (O'Neil et al., 

1977). On the basis of this classification the Mactung granitoids, having an overall 

average δ18O value of 14 ‰ (Figs. 3.31 and 3.32; Table 3.7), are clearly S-type. 

According to Clemens and Wall (1981), Taylor and Sheppard (1986), and Clemens and 

Wall (1981), strong contamination or assimilation of high δ18O supracrustal rocks by an 

ascending magma can cause an increase of up to 4‰ in δ18O of dykes/sills and margin of 

pluton. The highest oxygen isotopic compositions documented by Taylor and Sheppard 

(1986) for plutonic quartz reached a δ18O value of ~16‰; however, these were from  in 

crustally-contaminated border zones and (or) small volume intrusions (cf. Rasmussen, 

2013). In the present studying samples with highest δ18O are commonly from granitoids 

adjacent to metasedimentary rocks, or from granitoids that cut metasedimentary rocks.  If 

this spatial association of granitoids proximal to sedimentary rocks alone can increase the 

δ18O value by 4-5‰, then it is possible that the high δ18O values in the granite and quartz 
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vein samples probably resulted from interaction with host rocks during magma ascent and 

emplacement or any form of post-crystallization exchange or through assimilation of 

sedimentary material in the magma source region. 

 This argument may be supported by the mineral data, e.g., biotite which has an 

average δ18O composition is less than 10 ‰ (Table 3.7), whereas the whole-rock δ18O 

values are significantly higher indicating lower temperature minerals like feldspars and 

quartz exchanged oxygen isotopes with the surrounding rocks or fluids. Aside from 

interaction with the host rocks, Mactung granitoids also interacted with meteoric water, 

which shifted the δD value to significantly lower values. Figure 3.32 is a plot of δ18O 

versus δD of biotite and shows that all the data fall below the field defined by Cornwall 

magmatic waters and those of normal magmatic waters of many igneous rocks. 

Interaction with meteoric or formation waters has altered the δD content of biotite grains 

of the Mactung granitoids driving them to  lower values (Fig. 3.32). The δ18O and δD 

analysis undoubtedly indicate a greater interaction of granitoid magmas with 

metasedimentary rocks and meteoric waters. Plots of δ18O of quartz versus the δ18O 

values of biotite, plagioclase, and tourmaline (Fig. 3.33) suggest that these minerals 

interacted with hydrothermal solutions or other fluids. Feldspars with a fractionation 

factor (Δ) of 2 in the shaded region (Fig. 3.33) represents primary field where there is no 

interaction with hydrothermal fluids (Criss and Taylor, 1983). All the δ18O values of 

Mactung granitoids falling  outside of this primary field zone indicating  involvement of 

hydrothermal fluids. 

 Considering the roof pendant (this author’s interpretation) nature of the Mactung 

sedimentary rocks (Fig. 3.34), and the apex of the granite plutons just exposing from the 
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top, oxygen isotope exchange between the sedimentary rocks and the plutons is highly 

likely. The relatively shallow depth of pluton emplacement (7-8 km) also suggest the 

likelihood of interaction with meteoric water from the time the plutons formed up until 

the cover sedimentary rocks eroded and the plutons were exposed. Further, reheating of 

the crust (also implied from Ar-Ar dating of granitoids; Chapter 4) can cause degassing 

thereby depleting the light oxygen isotopes. Therefore, to unequivocally conclude that the 

granitoid rocks of Mactung are wholly the product of anatexis from sedimentary rocks is 

not possible.  

 

3.7.4 Source of Au, Cu, Bi, and W Mineralization 

 Arguments as to the source of the mineralization at Mactung have been numerous 

(Dick, 1980; Dick and Hodgson, 1982; Atkinson and Baker, 1986; Selby et al., 2003). 

Thus, comparing the biotite granite and leucogranites may provide important insights as 

to the source of the mineralizing fluids and may allow for the development of more 

targeted exploration strategies. Compared to leucogranites, Cl and S contents are high in 

biotite granite (Table 3.2), which is important to determine the better candidate to be 

source rocks for Cu and Au mineralization. These elements get complexed and 

transported with metals, such as Cu, Bi, and Au. Because S is relatively insoluble in 

evolved granite magmas (Poulson et al., 1991), the leucogranite is depleted in S. 

Plagiogranite and undivided granite contain highest and variable S contents, suggesting S 

has been hydrothermally derived. Sulphur concentration in the plagiogranite and 

undivided granites are generally above 1000 ppm reaching as high as 3136 ppm. The 

biotite granite outside of the skarn system have  S concentrations that are commonly 
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below 500 ppm. Gold is commonly below detection limit (< 2 ppb), except in three 

samples belonging to the leucogranite, and undivided granite and plagiogranite inside the 

skarn. The biotite granite, outside of the skarn, is not Au-bearing (Table 3.2, Appendix 

3.11). Tungsten ranges from <1 to 79 ppm in biotite granite, <1-6 ppm in leucogranite, 

and <1-16 ppm in plagiogranites (Table 3.2, Appendix 3.1). Lower W values in the 

plagiogranite and undivided granites compared to the biotite granite suggest removal of 

W to form the scheelite in the skarn. Increased S content in the granites, inside or near the 

skarn, strongly suggests that the biotite granite was present at the time of the sulphide 

stage skarn W mineralization. That the degree of hornfelsing of the country rocks at 

Mactung decreases to the south, away from the biotite granite, also implies that the skarn 

W mineralization is related to the biotite granite. The source of this elevated S content in 

the biotite granite is pyrrhotite disseminations and veinlets from fluids that migrated 

following fractures and joints during skarn formation. 

 At Mactung, W mineralization (0.9% WO3 - average grade in skarns) is associated 

with Cu (average of 0.25%), Au (average of 0.4 g/t), and Bi (up to 0.1%) (unpublished 

North American Tungsten Corporation data). A number of factors may play a role for the 

observed metal contents at Mactung; Meinert (1995), McCoy et al. (1997), Thompson 

and Newberry, (2000), Lang and Baker (2001), Baker (2002), Groves et al. (2003), Yang 

et al. (2003), Hart et al. (2004, 2007), and Sinclair (2007) emphasize source controls in 

intrusion-related Au-Cu systems.  

 Sinclair (2007 and references therein) emphasized that: 1) Au-rich porphyry Cu 

deposits commonly are associated with more primitive magmas in island arc settings; and 

2) porphyry Au deposits in the northern Cordillera occur in a continental arc setting and 
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have an affiliation toward porphyry W-Mo rather than porphyry Cu systems. Mactung 

granitoids did not form in either an island-arc or continental margin setting. Mafic 

mineral types and their constituent elements are limited. From this point of view, the 

potential for ore grade porphyry-type Cu-Au mineralization is less probable in the 

Tungsten Belt. Apart from the requirement for a more mafic source magma, redox 

conditions play a significant role in inhibiting or promoting concentration of these metals 

in the residual fluids. The Tungsten Belt intrusions (including Mactung) are reduced and 

associated with large tungsten deposits with minor enrichments of Cu, Mo, Zn, and Sn 

(Hart, 2004), and highly reduced with moderate Au-Cu-Bi-Mo enrichment (this study). In 

S- and Fe-rich hydrothermal systems, such as that of Mactung, the precipitation of 

pyrrhotite in the skarn  may result in sequestration of much of the available Cu  by 

pyrrhotite. Formation of ferrous minerals, such as pyroxenes in the skarn system, may 

also incorporate Cu thereby depleting it from the source. Magmas producing the biotite 

granites of the Tungsten Belt (including those at Mactung) passed through thick 

carbonaceous sediments, and magmatic volatiles interacted with the country rock (deep 

sea sedimentary rocks) at the site of ore deposition. These factors dramatically influenced 

redox conditions of the mineralizing fluids at the time of ore deposition apart from initial 

oxidation state of the magma facilitating the deposition of a pyrrhotite-dominated metal 

system. 

 Most Au-related granitoids are I-type, i.e. derived from igneous sources. From 

this point of view, the biotite granite is prospective for generating Au mineralization, but 

the observed low concentration of Au in this rock type in the study area limits the grade 

of Au to be expected at Mactung. Less differentiated phases in a granitoid suite have a 
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greater potential for generating gold deposits (Yang et al., 2003). The biotite granite of 

Mactung is less differentiated, but its source region is interpreted to be a recycled older 

arc-like crust. The capacity of arc-like magmatism to generate important (higher grade) 

Au mineralization at Mactung may be limited, since Au may remain in the solid phases 

during partial melting. Therefore, it is unlikely that biotite granites in this region would 

produce significant Au mineralization associated with W in the skarn systems.  

 Furthermore, Au abundance in granitic magmas may be controlled by the degree  

of S saturation. In the presence of excessive S, Au behaves as a compatible element 

allowing depletion in subsequent fractionated magmas. In S-poor magmas Au may 

behave as an incompatible element due to absence of Au-carrying sulphide-minerals. 

Meinert (1993) describes Au incorporated in magnetite during crystallization, and that 

late differentiates may be depleted in this element; however, if the magmas are reduced, 

magnetite formation is not favored. Hence any gold present may remain in the melt as 

magmas continue to evolve. Leucogranites are highly fractionated rocks, which can 

accommodate the enrichment of gold with differentiation, in the absence of magnetite 

and sulphide mineral formation in early phases, as per Mustard et al. (2006). Metal 

evolution was tracked by Mustard et al. (2006) by analyzing melt inclusions in 11 quartz 

samples from 7 zones at the Timbarra gold deposit (Australia), from a composite granitic 

pluton using laser ablation inductively coupled plasma-mass spectrometry. Gold was 

enriched during fractionation from a monzogranite to highly fractionated alkali-feldspar 

granite. From similar enrichment behavior for other metals, they concluded that a Au-

enriched precursor melt is not required and fractional crystallization can enrich the Au 

concentration to economic levels. The low content of accessory oxides and sulphides, the 
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absence of early Cl-bearing fluids, the volatile content in the melt, and a prolonged 

crystallization constitute major factors for extensive metal enrichment during crystal 

fractionation. From this perspective, the leucogranite of Mactung appears to have good 

potential for intrusion-related gold mineralization provided it intrudes a suitable lithology. 

Skarns developing from calcareous rocks intruded by leucogranite may thus be excellent 

candidates to host significant Au mineralization. However, field work has failed to 

identify a locality where the leucogranite intrusion has encountered a suitable lithology 

(such as calcareous pelites) and come in contact with it.  

 Despite the low content of Au in the source biotite granite, elevated Au is 

associated with the skarn system. An efficient mechanism of ore concentration is required 

to  achieve such Au grades (up to an average of 0.4 g/t (unpublished North American 

Tungsten Corporation data) from a source rock with below detection limit (<2 ppb) Au. 

The Au enrichment in the skarns  relative to biotite granite is interpreted to be due to Au 

scavenging by Bi melts, which are favoured by reducing conditions (presence of 

pyrrhotite). The effect of Au scavenging by Bi melts has been investigated by Tooth et al. 

(2008) using equilibrium thermodynamic modeling of an aqueous solution–mineral–melt 

system. The calculations for the Au-Bi-Na-Cl-S-H-O system at temperatures between 

300 and 450°C, demonstrate that Au concentrations in the melt are several orders of 

magnitude higher than in the coexisting fluid, indicating the potential to form of 

economic gold deposits from undersaturated aqueous fluids, in which mineralization 

would not be expected in the absence of a Bi melt (Tooth et al., 2008). 

 Bismuth and W concentrations in the biotite granite are sufficient  to provide 

these elements to the skarn hydrothermal system. In fact, these elements are preferentially 
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enriched in biotite granite compared to the leucogranite, and its potential remains 

excellent for intrusion related W-(Au-Cu-Bi) mineralization in skarns. This is in 

agreement with the general principles laid out by Govett (1986) for identifying 

mineralizing plutons. Productive intrusions can be recognized by analysis of relatively 

few samples for expected ore elements; for instance, porphyry copper deposits have 

distinctive halos of  K, Ca, Rb, Sr, Cu, Zn, Mo, and S that extend many 100’s of metres 

beyond mineralization (Govett, 1986). With similar argument, therefore biotite granite 

that hosts the highest W concentration of all other rocks is an excellent source rock for W 

mineralization in the region. The well-known high-grade Cantung skarn tungsten deposit 

is associated with biotite granite, which itself contains W mineralization and has high 

background of W concentration. In the Flat River area (which includes the W skarn 

deposits of Cantung, Baker, and other showings in the vicinity of Cantung), contact 

metasomatic, scheelite-bearing skarn deposits are emplaced within a Lower Cambrian 

limestone member in the vicinity of a granite intrusive body (Blusson, 1968), which is 

similar in composition to that of Mactung. This study also shows that the biotite granite 

of Mactung is directly related to the mineralization at Mactung. A source from the 

assimilated supracrustal rocks for the W mineralization cannot be ruled out without 

analyzing their W content, although the leucogranite that is interpreted to have formed 

through melting of supracrustal rocks contains minor amounts of W.  

 Increasing S and Cu values in plagiogranite and undivided granite underlying the 

mineralization, occurrence of W in veins cutting the biotite granite, presence of scheelite 

in sulphidized granites in the ore zone, and higher W background content of the biotite 

granite are all strong evidence linking the Mactung skarn tungsten deposit to this granite 



 

121 

in contrast to previous proposals, which emphasized the need for the existence of a blind 

intrusion south of the mineralization (Atkinson and Baker, 1986). Furthermore, Ar-Ar, U-

Pb, and Re-Os dating of the biotite granite, the biotite hornfels, skarn titanite, and 

molybdenite in the skarn system yield identical ages (this study) strengthening the 

petrogenetic relationship between W skarn mineralization and biotite granite.  

 

3.7.5 Emplacement Conditions of W-(Au-Cu-Bi) Mineralization 

 Mineralization formed from exsolved magmatic fluids that rose through 

hydrofracturing of the cover rocks, until intersecting carbonate rocks, prior to the  

emplacement of the biotite granite. Much of the pyroxene skarn probably formed at this 

early stage, whereas mineralization continued to form in the late sulphidation stage post- 

biotite granite emplacement. The sulphidation stage at Mactung is characterized by 

massive development of pyrrhotite subsequent to pyroxene replacement in recrystallized 

limestone. In the ore zone granitoids, this stage is recorded by patches and veinlets of 

pyrrhotite, chalcopyrite, and molybdenite and (or) quartz veins containing these phases. 

The development of tremolitc amphiboles and calcic pyroxene via Ca-metasomatism in 

ore-zone granitoids is also attributed to this stage. Based on dyke and vein orientations, it 

is proposed that dominantly E-W and NE-SW oriented, High-angle fault and fracture 

planes, dipping to the north  control emplacement of quartz veins and aplitic dyke and 

may also be the pathways for initial migration of mineralizing fluids (Fig. 3.34). 

However, a contribution from south-dipping to sub-vertical fracture systems cannot be 

ruled out.   
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 Once in contact with the carbonate rocks, the mineralizing fluids migrated 

northwards parallel to bedding along the suitable carbonate lithologies (Units 2B, 3D, 3E, 

and 3F).  This situation has given the orebody bedding-parallel strata bound morphology. 

The intensity of mineralization and skarnification is directly a function of the amount of 

carbonate in each lithology. Units 2B, 3D, 3E, and 3F (Figs. 3.2b and 3.28) are the most 

carbonate-rich rocks and are the units in which the skarn developed. Unit 2B was in 

contact with the ore-forming fluids earlier than other carbonate-bearing units, and as it 

consists  almost exclusively of recrystallized limestone, became altered to pyroxene skarn 

and was more intensely mineralized with tungsten than the other units. This is in 

agreement with the observation of Newberry (1982) who noted that little scheelite occurs 

outside the garnet-pyroxene skarns associated with the metasomatism of marble. The 

earlier regionally metamorphosed, low-grade metapelites, attained hornblende hornfels 

facies grade through superimposed contact metamorphism. and now have a mineral 

assemblage of biotite-feldspar-quartz-tremolite, and pyroxene. At a pressure of 2 kb, as 

determined from Fe composition in sphalerite (Gebru and Lentz, 2009) and fluid-

inclusion barometry (Gerstner et al., 1989), and considering the occurrence of cordierite 

in biotite hornfels (Dick, 1980; Dick and Hodgson, 1982), a maximum temperature of 

about 600-625oC is estimated for the thermal aureole in metapelites using the triple point 

of Holdaway and Mukhopadhyay (1993) and Spears et al. (1999) for andalusite-kyanite-

sillimanite phases, and applying the stability field of cordierite as determined by 

Holdaway and Lee (1977), Pattison (1989), and Mukhopadhyay et al. (1991).  

Petrographic work in the present study also identified of cordierite and andalusite in 

association with biotite, muscovite, and K-feldspars in the Lower Metasedimentary group 
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pelitic to quartzose rocks (Fig. 3.2). The presence of cordierite in the pelitic and 

quartzose rocks implies a minimum metamorphic temperature of approximately 500oC, 

and the presence of andalusite implies maximum pressure of 3 kb (Newberry, 1982 and 

references therein). 

 Gerstner et al. (1989) indicated that most of the pyroxene skarn at Mactung 

formed at a temperature of about 430oC, whereas biotite skarn continued to form to 

temperatures as low as 325oC. At Mactung, biotite-bearing skarn commonly accompanies 

massive pyrrhotite-skarn development. In the more sulphidized zone, ICP-MS analysis of 

adit wall samples reveals that gold  positively correlates  with Bi, Fe, Ag, Sb, Co, Pb, and 

Cu. From EPMA, however, Au is associated with native Bi, Te-bearing Bi, bismuthinite, 

and hedleyite as solid solution; native Bi is the dominant phase (Gebru and Lentz, 2008). 

Therefore, gold deposition must have occurred when the temperatures reached the range 

of 273-430oC, whereas scheelite deposition may have occurred  at higher temperatures.  

 

3.7.6 Deposit Classification 

 In skarn deposits, the general trend is to adopt a descriptive classification, based 

upon the dominant economic metals and then to modify individual categories, based upon 

compositional, tectonic, or genetic variations (Meinert, 1998). On the basis of this 

understanding and compositional criteria, the Mactung mineralized system is 

undoubtedly a tungsten skarn. Skarns often carry elevated contents of other elements that 

may be or may not be mined economically (Meinert, 1998). These elements may have 

genetic links with other deposits formed in other non-skarn environment (e.g., Cu in 

porphyry system). The Mactung tungsten skarn deposit is reduced; the deposit is 
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characterized by abundant ferrous minerals, such as hedenbergitic pyroxene and 

pyrrhotite (Dick, 1980; Dick, and Hodgson, 1982; Gebru and Lentz, 2008).  

 A genetic classification of the Mactung biotite granite in the context of Cu-Au 

mineralization, apart from the known W mineralization, is difficult with the existing 

models in the literature. According to Sillitoe (1993), major  porphyry-type deposits 

range from Cu-Au to Au only, and typically are associated with highly oxidized, calc-

alkaline to alkaline, intermediate (diorite-monzonite) I-type intrusions. He asserted that 

the oxidized character of the magmatic fluids is responsible for Au and Cu introduction. 

The I-type character of Mactung biotite granite places it among the porphyry-type Cu and 

Au mineralizing plutons; however, its highly reduced nature makes this classification  

somewhat tenuous.  This is also reflected in the lower grade of Cu and Au within the 

skarn system unlike the higher grade porphyry systems. Therefore, on the basis of its less 

mafic composition, and the reduced nature of the pluton, as well as on the reduced nature 

of the Cu-Au-bearing W skarn, the Mactung biotite granite may not be correlative to 

classic porphyry pluton systems. Although most copper skarns are associated with I-type, 

calc-alkaline, porphyritic plutons and form in close proximity to intrusion contacts, the 

plutons are magnetite-bearing and have a relatively oxidized skarn mineralogy dominated 

by andraditic garnet (Meinert, 1995). At Mactung, neither the pluton (despite being I-type 

and calc-alkaline) is magnetite-bearing nor does the skarn have an oxidized mineralogy. 

 A different class of deposits that can be compared to the Mactung gold-bearing 

skarn system are intrusion-related gold deposits (IRGD). IRGD occur worldwide in 

regions known for intrusion-related tungsten/tin mineralization, and possess a metal 

association similar to the W-Sn deposits (e.g., Bi, W, As, Sn, Mo, Te, and Sb; Thompson 
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et al., 1999). The gold deposits associated with tungsten and/or tin provinces of the 

eastern Yukon (such as those of the Tombstone and Mayo belts), are located along 

cratonic margins, in a landward or back-arc position relative to continental margin arcs 

(where recognized), or within continental collisional settings (Thompson et al., 1999). 

The deposits are genetically related to felsic domes, stocks or plutons of intermediate 

oxidation state (but are more reduced relative to porphyry types); both magnetite- and 

ilmenite-series magmas are represented (Thompson et al., 1999). Gold mineralization is 

commonly present with low total sulphide contents (<3%: pyrite and subordinate  

arsenopyrite). In several deposits, bismuth minerals are closely associated with Au, Bi-

Au, and Te-Au correlations. Base metals generally are present in minor amounts (e.g., 

<100 ppm Cu; Thompson et al., 1999).  

 Whereas the tectonic setting of the Mactung biotite granite, and the association of 

gold with bismuth and bismuth minerals may conform with those granitoids described 

above by Thompson et al. (1999), the oxidation state of Mactung granitoids and skarn 

system (highly reduced), and composition are not in direct agreement with the so-called 

intermediate oxidation state of granitoids related to IRG deposits. Tin and arsenic 

enrichments are absent from the Mactung skarn W-(Au-Cu-Bi) mineralization. Copper 

occurs in relatively higher abundance in the skarn (>100 ppm and locally as high as 

0.5%), but low relative to typical porphyry systems. In this context, the Cu mineralizing 

pluton at Mactung could be analogous to plutons related to porphyry copper systems. The 

largest copper skarns are associated with mineralized porphyry copper plutons (Meinert, 

1992). These plutons exhibit characteristic potassium silicate and sericitic alteration, 

which can be correlated with prograde garnet-pyroxene and retrograde epidote-actinolite 
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mineral assemblage, respectively (Meinert et al., 1997). The highly reduced nature of the 

mineralizing fluids were the limiting factor on Cu grades at Mactung, whereas bulk Au 

content of the source magma dictated the lower gold grade.   

 Blevin (2004, 2009) used K/Rb ratio versus SiO2 plots to compare granites suites 

associated with IRGDs in eastern Australia with  porphyry Cu-Au-related intrusions from 

New South Wales. The results showed that the porphyry-related intrusions have K/Rb 

>400, which is indicative of a less-evolved intrusion system, whereas the eastern 

Australian IRGD systems are below this limit (highly evolved to moderately evolved). 

The Mactung biotite granite has a K/Rb of about 190, and in this regard similar to the 

moderately evolved eastern Australian granite suites associated with IRGD. However, the 

Rb in biotite granite of Mactung is elevated due to contamination as previously discussed. 

Blevin (2009) also stated that IRGD in eastern Australia are associated with two broad 

granite associations: intermediate (SiO2 = 60 to 70 wt.%), medium- to high-K, I-type 

granodiorites to granites. They may be either amphibole-biotite or simply biotite bearing. 

These intrusions are typically moderately oxidized, but can be moderately reduced in 

regions where the dominant intrusions have reduced I-type character. The ƒO2 for the 

related granites of IRGD systems, determined from mineralogy, magnetic susceptibilities, 

and Fe2O3/FeO, indicate that they are neither strongly reduced nor oxidized; this is the 

key difference with the Mactung intrusion-related gold systems from those of the IRGD 

of eastern Australia or those of the Tombstone and Mayo IRG systems of Yukon, Alaska, 

and elsewhere.  

 By virtue of the genetic link between gold mineralization in skarns and the 

Mactung North pluton, the mineralization at Mactung can be classified as  IRGD type. 
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However, the causative intrusion is highly reduced and lacks the typical transitional 

oxidation state. Therefore, it may be appropriate to divide IRGD’s into two sub-types, 1) 

those of the moderately oxidized-reduced, transitional oxidation states, and 2) those of 

the reduced types, such as the Tungsten Belt IRGD systems. Likewise, if criteria like 

K/Rb ratio and redox states can define a porphyry systems, it may be appropriate to 

differentiate reduced copper deposits associated with granitoids as intrusion-related 

reduced copper deposits. This is analogous to Rowins (2000) who proposed a new model 

- reduced porphyry Cu-Au systems, which is a variation on current models for porphyry 

Cu-Au formation (from highly oxidized ore fluids). These “reduced” porphyry Cu-Au 

deposits lack primary hematite, magnetite, and sulfate minerals (i.e., anhydrite), but they 

contain abundant hypogene pyrrhotite, commonly have carbonic ore fluids with 

substantial CH4, and are associated with ilmenite-bearing, reduced I-type granitoids 

(Rowins, 2000).  The Mactung Cu-Au system would fit in Rowins’ (2000) granitoid 

classification.  

 

3.7.7 Tectonic Regime and Mechanism of Magma Generation 

 The  Mactung North granite pluton consists of two clearly defined contrasting 

types of rocks: weakly peraluminous biotite granite, which forms the core  and bulk of 

the pluton, and a peripheral, moderately to strongly peraluminous, leucocratic granite. 

Small apophysis of the biotite granite with K-feldspar megacrysts occur about 300 metres 

east of North American Tungsten Corporation’s camp (Fig. 3.2). It is expected that the 

two plutons of Mactung merge at depth, with the overlying metasedimentary rocks 

forming large roof pendant (Fig. 3.34).  
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 The Mactung granitoids are extensions of the Nahanni region tectono-magmatic 

activity. Rasmussen et al. (2006) described intrusive rocks of the Nahanni region (SE of 

Mactung), including the Cantung pluton, as granitic to granodioritc with low- to 

moderately peraluminous (cf. Rasmussen, 2006, 2013). These features are remarkably 

similar to the porphyritic biotite granite at Mactung. The Mactung granitoids lie within a 

linear belt of granite that extends beyond the Nahanni region to the south; the granite 

distribution maps of Baker et al. (2001), Hart et al. (2004a), and Heffernan and 

Mortensen (2000 and references therein) show a conspicuous array of elongated belts on 

the eastern margin of the Selwyn basin, stretching from the southeastern end of the 

Yukon Territory to the northwest of Mactung. Petrochemical composition and dating of 

rocks in the area, including those at Cantung, and rocks of similar petrochemical 

attributes places constraints on geodynamic setting. 

 It is noteworthy that the biotite granite and leucogranite of Mactung have major-

element data that fall within the calc-alkalic or alkali-calcic fields of Frost et al. (2001) 

and Irvine and Barager (1971). In the Pearce et al.’s (1984) tectonic discrimination 

diagrams, the leucogranite falls in the syn-collisional (S-type) granite and within-plate 

type (A-type) granite field and the biotite granite mainly plots in the I-type, volcanic-arc 

granite field indicating that the biotite granite formation is largely controlled by arc 

magmatism. However, the absence of diorite, granodiorite, and volcanic rocks (basalts, 

andesites, and dacites) in the belt and the peraluminous nature of the granitoids preclude 

a subduction-only melting of upper mantle or the lower basaltic crust as the principal 

mechanism of magma generation. Furthermore, plots of the Mactung granitoids 

geochemical data on the tectonic discrimination diagram of Batchelor and Bowden (1985) 
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mostly fall in the syn-collisional (S-type) field. Hart (2004) suggested that the TTB 

intrusions (including the Tungsten Belt granite suite of which includes the Mactung and 

Cantung plutons)  were emplaced during post-collision in an inboard part of the 

continental margin. Features associated with these plutons, such as east-trending dyke 

swarms and parallel sub-vertical extensional veins led Hart (2004) to suggest that the 

region underwent a period of post-collisional extension immediately following 

compression. The emplacement of the plutons may have post-dated tectono-metamorphic 

events registered in the metasedimentary rocks as the plutons do not show any clear sign 

of deformation suggesting emplacement along extensional zones. However, their genesis 

can also be linked to the evolution of collisional tectonic setting. Deformation is 

intimately linked to granitic magma ascent providing the required forces to overcome the 

strength barrier at the ductile/brittle transition (Vigneresse, 1995b, 2004). The best way to 

extract a melt from its matrix is by compression and shear, whereas the ascent must be in 

a locally extensional setting, because of the lesser magnitude of the tectonic stresses 

magma must overcome (Vigneresse, 1995a; Vigneresse and Burg, 2000). Field 

information is often restricted to the final stage of emplacement and the evidence of 

processes taking place at depth may be lacking (Vigneresse, 2004). Granites are 

emplaced in regions undergoing compression, although popular opinion correlates 

granitic emplacement with extension (Vigneresse, 1995). The regional stress field during 

the Mesozoic in the northern Cordillera was compressional. The TTB granitoids 

including those at Mactung and Cantung are aligned parallel to the regional fabric and 

likely reflect the regional stress fields. A compressional regime is also supported by the 

folding in the aplitic dyke at Mactung North (described above), and by aplitic dykes in 
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the southern part of Mactung (Fig. 3.4b).  Moreover, some of the coeval plutons in the 

Tungsten Belt are weakly foliated (e.g., Clea and Southern South Nahanni plutons; 

Anderson, 1983); thus, collisional tectonics may have controlled the partial melting of an 

older arc-type crust and supracrustal rocks to give rise to these specialized magmas.   

 The leucogranites were emplaced between 92.2 and 97.1 Ma relatively late in the 

tectonic history as established by U-Pb zircon dating (Selby et al., 2003) and by the Ar-

Ar, U-Pb, and Re-Os geochronological data of this study (Chapter 4). The lower age limit 

is from Selby et al. (2003). Whether the crystallization ages are similar or in disparity, the 

intimate association between the two granites may indicate that they are tectonically 

related. They probably originated from the same tectonomagmatic processes and 

compressional forces that facilitated the collision of the accreted terranes of the 

Intermontane and Insular terranes with the deep basin sedimentary rocks of the Selwyn 

basin. Progressive movement of the accreted terrane to the east, and the overriding of the 

continental crust from the east might have caused partial melting of the older igneous 

continental crust and sediments leading to the formation of magmas that generated the 

biotite granite and the leucogranite, respectively. This is in agreement with the opinion of 

Nelson and Colpron (2007 and references therein) who relate the history of the northern 

Cordillera to extension-related tectonics throughout the Paleozoic, followed by 

increasingly compression-dominated tectonics from the Late Triassic through the 

Paleocene. Nelson and Colpron (2007 and references therein) have related this latest 

fundamental compressional tectonic evolution, as a result of the westward advancement 

of the North American plate, overriding a subduction zone due to the opening of the 

Atlantic Ocean. 
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 As discussed earlier, the temperature of magmas that generated the two rock types 

are high (750 - 900oC). Such temperatures are difficult to attain at the upper and middle 

continental crust levels (10-15 km and 20-25 km, respectively). Stable continental 

geotherms produce only temperatures of 400–500oC in the range of 15–25 km depth 

(Gerbi et al., 2006). Two scenarios must happen to allow middle and upper continental 

crust melting to generate the parent magmas of the biotite granite and leucogranite at 

Mactung: low pressure anatexis or deep burial of the source rocks. Many orogenic belts 

contain rocks that were heated to  >600oC at upper- to middle-continental crust depths 

(Gerbi et al., 2006). Low-pressure metamorphic belts, which record these high 

temperatures, are common in orogens throughout the world and must represent transient 

conditions in Earth’s crust that develop into active tectonic settings (Gerbi et al., 2006 

and references therein). According to Gerbi et al. (2006), conditions suitable for anatexis 

in typical pelitic rocks, without inducing wholesale melting of the lower crust, may occur 

by several mechanisms: (i) magmatic advection by pervasive flow; (ii) crustal-scale 

detachment faulting; and (iii) presence of a high heat-producing layer. Combinations of 

these mechanisms combined with and one  or combination of 1) pluton-scale magmatic 

advection, 2) shear heating, and 3) removal of the lithospheric mantle  can produce  the  

high temperatures at shallow crustal levels required to generate low-pressure anatexis. 

 Douce and Harris (1998) experimented on metapelitic rocks from the High 

Himalayan Crystalline Sequence that are likely sources of leucogranite magmas. 

Experiments were conducted at 6, 8, and 10 kbar and 700–900°C, both without added 

H2O (dehydration–melting) and with 1–4 wt. % added H2O. Dehydration-melting begins 

at 750–800°C, and produces melts that are virtually identical in composition to the 
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Himalayan leucogranites. Adding H2O lowers the solidus by promoting plagioclase + 

quartz melting. Melts produced from these starting materials at T≤ 750°C with H2O-

fluxing are trondhjemitic, and vary in composition from most Himalayan leucogranites. 

They concluded that leucogranite magmas in the Himalaya formed by dehydration-

melting of metapelites during adiabatic decompression, at 6–8 kbar and 750–770°C. Due 

to the absence of high-grade Himalayan-type metamorphosed pelites in the vicinity of the 

Mactung granitoids, low pressure melting at middle to upper continental crust depths is 

likely responsible for the widespread melting of igneous and sedimentary rocks to 

generate the parent magma for the granites at Mactung and those of the Tungsten suite. 

Heating of the continental crust from an underplating basaltic magma can also be the 

possible source of the granitoids, but no bimodal volcanism was observed in the area.  

Recent lithoprobe surveys across the Canadian Cordillera, a 2000 km transect from the 

western end of the Canadian Cordillera to the Slave Craton in NWT, indicate a thick 

Lower- to Mid-Proterozoic  metasedimentary sequence occurring at mid-crustal levels 

that progressively wedges out to the west, where it completely vanishes below the 

Stikinia accreted terrane (Clowes et al., 1995; Cook, 1995; Cook et al., 1998; Cook, 

2000; Fernandez, et al., 2003; Cook et al.,  2004, Cook, et al., 2005; Cook and Erdmer, 

2005; Clowes, et al., 2005; Snyder, 2009). These authors emphasize the uniform depth of 

the Moho throughout the Cordillera (at about 33-36 km). For a high heat-generating crust 

like the Cordillera (Lewis et al., 2003), the Proterozoic metasedimentary rocks occur at a 

depth appropriate for partial melting to occur. However, as discussed earlier in section 

3.7.3.1, their hypothesized composition (dominantly quartz-rich) does not allow the 

generation of magma producing the biotite granite. The uniform depth of the Moho, as 
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reflected in the Lithoprobe surveys, implies that Himalayan-type thickened crust is not 

present in the Cordillera. Hence the existing weakly metamorphosed upper continental 

crust in the Cordilleran could not have generated the magmas of the Mactung granites by 

partial melting. This puts depth constraints on magma formation for the biotite granite of 

Mactung below or near the lower part of the mid-crust, from a crystalline igneous 

basement underlying the deeply buried Proterozoic sedimentary rock that were deeply 

buried by rifting and attenuation of the Precambrian upper crust. Higher level crustal 

melting for the Mactung granites and those of the Tungsten Belt is possible if the 

crystalline basement is uplifted. Hall and Cook (1998) interpreted the north-trending 

Richardson Mountains Anticlinorium to be a contractional (pop-up) structure, having a 

core of Proterozoic and lower Paleozoic rocks sitting on crustal-scale ramp at the top of 

the crystalline basement. However, no structures of this kind were reported for the 

Tungsten Belt. Consequently the preferred mechanism for the generation of the magmas 

at Mactung and granites throughout the Tungsten belt is melting of an igneous crust from 

the crystalline basement at deep levels. 

 If the lower age limit of 92.2 Ma is correct, one may wonder why two granite 

types of two contrasting ages with such narrow age gap form at depth within the same 

location. A number of researchers proposed the origin of granite in orogenic areas from 

the melting of continental crust of igneous and/or sedimentary provenance. Villaseca 

(1998b) described the origin of the central Spain Late Hercynian peraluminous granites 

from the melting of orthogneiss over a narrower time intervals (up to 25 Ma difference). 

Such diachronism is expected with partial melting processes originating at lower crustal 

levels in tectonically thickened areas (Villaseca, 1998b and references therein), or high 
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heat-producing crusts, such as the Cordilleras (Lewis et al., 003). Pulses of magmatic 

activity of closely spaced ages are not uncommon in the Yukon Cordillera (Flanigan et 

al., 2000; Mortensen et al., 2004). Hart (2004) reported the occurrence of granites over a 

narrow age range in the Tombstone-Tungsten belt of the Yukon Territory.  

 

3.8 Conclusions  

1) At Mactung, two main types of granitoids with differing geochemical 

characteristics are distinguished: biotite granite and leucogranite. The former is 

weakly peraluminous and the later strongly peraluminous. The other two types of 

granitoids (plagiogranite and undivided granite) are considered to be more 

fractionated and somewhat altered equivalents of the biotite granite. Chromium, 

Yb, Y, Al2O3, and REE patterns are the best discriminant to reconstruct protolith 

compositions of altered rocks, such as the ones at Mactung. Arsenic may also be 

used with caution, provided that there is no secondary enrichment from 

hydrothermal sources. 

2) The biotite granite at Mactung is similar in composition to those of the Tungsten 

suite intrusions of the Nahanni area, including that of the Cantung Granite, the 

causative intrusion for tungsten mineralization at Cantung.  

3) The biotite granite is calc-alkaline, weakly peraluminous to moderately 

peraluminous characterized by relatively low SiO2 (<70 wt.%), higher CaO (>2.7 

wt.%), Sr, Eu, variable K2O/Na2O ratios (1.4–2.3), lower incompatible elements, 

but moderate to high Lan/Ybn (3.5–35.8) and Zr/Hf (27.68-39.02, mean = 29.37), 



 

135 

and a pronounced negative Nb and Ti anomalies with small negative Eu, and Sr 

anomalies. These may have been derived from the partial melting of the older 

North American crust with arc-type chemical signatures.  

4) In contrast, the leucogranite is mostly calc-alkaline and strongly peraluminous; it 

contains high SiO2 (mean >73 wt.%), alkalis, incompatible elements, and HFSE 

(U, Ta);  low CaO (<1.75 wt.%), TiO2 (≤0.01 wt.%), Lan/Ybn (5.2), and Zr/Hf 

(6.81-30.19, mean = 18.51), and a very small negative Nb anomaly, more 

pronounced negative Eu, Sr, and Ba anomalies, and positive Rb, U, and Ta 

anomalies. They may have been derived from partial melting of crustal pelitic 

sources.  

5) Emplacement of both the biotite granite and the leucogranite took place in a syn-

collisional plate tectonic setting, with emplacement in localized zones of 

extension, possibly related to subsequent juxtaposition of the amalgamated super 

terranes of western Yukon and the deep-sea facies of the continental margin. 

Progressive migration of tectonic forces towards the continent triggered partial 

melting of the mid- to upper-continental crust (now relatively at deeper depth than 

previously position due to  thinning of  the Cordilleran crust), which was 

responsible for the generation of biotite granite and leucogranite magmas.  

6) Tungsten values in biotite granite are sufficiently high to form the Mactung skarn 

tungsten deposit. Copper concentrations in biotite granite are relatively low (mean 

of 10 ppm), but sufficient to account for the copper grade (0.25%) in the Mactung 

deposit. Bismuth values are also relatively high in biotite granite compared  to 



 

136 

other rocks and hence a better candidate as the source rock for the Bi 

mineralization observed in the skarns. Gold abundances in the biotite granite are 

relatively low (<2 ppb). At these low magmatic concentrations, an efficient Au 

mobilization and concentration mechanisms are required to obtain the higher  

value of Au (mean = 0.4 g/t) observed in the W skarn. The lower grade of Au was 

largely dictated by the low Au content of the source rock. The occurrence of 

elevated contents of Au and Bi in the skarns together implies that Au was 

probably sourced from the biotite granite though the background values of Au in 

biotite granite are lower (near detection limit). 

7) This study shows that the biotite granite at Mactung is directly responsible for the 

W-(Au-Cu-Bi) mineralization. The increasing S and Cu in plagiogranite and 

undivided granite underlying the mineralization; occurrence of W in veins cutting 

the biotite granite; presence of scheelite in sulphidized granites in the ore zone; 

presence of Mo mineralization in skarns associated with W, and in quartz veins 

cutting the biotite granite; a high Clark value of W in biotite granite; deceasing 

degree of hornfelsing to the south away from the granite contact; and 

metallogenic evidences, such as those similar rocks observed elsewhere in the belt 

(at Cantung, Baker, Clea etc.) are strong evidences to link the Mactung skarn 

tungsten deposit and associated Cu, Bi, and Au to this granite as opposed to 

previous suggestions for the need of an existence of a blind intrusion south of the 

mineralization. Re-Os model dating of molybdenite from the mineralized zone is 

also identical to U-Pb zircon ages of the biotite granite 
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8) Nd and Sr isotope studies on the Mactung granitoids indicate that source rocks are 

old continental crust with a crustal residence age of 1.9  to 2.3 Ga. Oxygen 

isotope values of whole rocks and minerals also indicate source granite magma 

enriched in δ18O as a result of exchange of fluids with or assimilation of 

sedimentary rocks and or metasedimentary rocks in the source region or on its 

way up to its present level of emplacement suggesting strong contamination from 

sedimentary sources.  

9) It is possible that early Proterozoic melts formed from depleted mantle gave rise 

to granodiorite rocks, which were subsequently deformed and cratonized. By mid-

Cretaceous, uplift of the Paleozoic rift fill Selwyn basin triggered melting of this 

basement craton to generate the biotite granite of Mactung. 

10) Bleaching of biotite in biotite granite, increased anorthitic plagoclase, higher 

Clarke concentration of tungsten, and higher amounts of biotite in granite, higher 

LILE (except Rb), HFSE, and ∑REE, association of aplitic dykes with biotite 

granite can be taken as general guides of identifying tungsten skarn producing 

granites. 
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Fig. 3.1. Location and geological setting of Mactung with respect to the Selwyn basin 

(modified from Hart, 2002). 
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 Fig. 3.2a. Local Mactung Geology (Yukon-NWT). 
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Fig 3.2b. Stratigraphic sequence of Mactung Metasedimentary Group rocks; 

UMS - Upper Metasedimentary rocks; MMD- Middle Metasedimentary Group 

rocks; LMS - Lower Metasedimentary Group rocks (constructed .based on field 
mapping and core logging – Gebru and Lentz, 2009). 
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Fig. 3.3. Photograph showing the Mactung sedimentary sequence on the northern face of 

Mount Allan, viewed SSW; photo taken from about 1 km distance. Purple lines are 
faults/lineaments. The view towards the viewer is a granite hill that extends to the 

metasedimentary rocks across the valley. 
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Fig. 3.4a. Photograph showing isoclinal folding in talc-tremolite rock 

(Unit 3G), about metres west of the west end of the Adit photo taken 

looking west. 

Fig. 3.4b. Upright close fold in aplitic dyke with subhorizontal fold 
axis plunging to the west; Photo looking to the west and on the 

southern part of Mactung 

.
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Fig. 3.5. Photograph of representative samples from Mactung granitoids. Left to right: 
porphyritic biotite granite, leucogranite, and plagiogranite (from drill hole MS-148, at a 

144metres depth). 
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Fig. 3.6. Box plots for major-element oxides of Mactung granitoids (wt.%): 1: 

undivided granite; 2: leucogranite; 3 biotite granite and 4: plagiogranite. The 
box represents 50% of the data and the vertical line inside the box represents 

the median values. 
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Fig. 3.7. SiO2 vs. major-element oxides for Mactung granitoids (wt.%) 
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Fig. 3.8. Classification of Mactung granitoids using the 

diagram of Middlemost (1994) - SiO2 vs. (Na2O + K2O) 

(wt.%) 

 

 

Fig. 3.9. Plot of Mactung granitoids using the 

Classification diagram of O'Connor (1965) for silica-rich 

rocks (quartz >10 % based on CIPW-normative contents of 

albite, anorthite and K-feldspar Ternary plot Ab- An-Or. 
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Fig. 3.10. Mactung granitoids on the Multicationic classification scheme of de La 

Roche et al. (1980) (R1= 4Si - 11(Na + K) – 2(Fe + Ti); R2= 6Ca + 2Mg + Al); R1–
R2 binary plot (in millications). 
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Fig. 3.11. Shand index plot for Mactung granitoids. Fields are from Maniar and 
Piccoli (1989); A/CNK = Al2O3 / (CaO + Na2O +K2O), A/NK =Al2O3 /(Na2O + 

K2O), in moles. 
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Fig. 3.12a-b. Mactung granitoids on the MALI diagram 

of Frost et al. (2001); binary plots: (a) SiO2 versus 

FeOt/(FeOt+MgO) (wt.%), and (b) SiO2  versus. 
Na2O+K2O-CaO (wt.%). 
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Fig. 3.13. LILE box plots for Mactung granitoids (ppm): BG: biotite granite; 

PG: plagiogranite; LG: leucogranite; and UG: undivided granite. The box 
represents 50% of the data and the vertical line inside the box represents the 

median values. 
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Fig. 3.14. Silica (wt.%) variation diagrams against LILE (ppm) for Mactung granitoids. 
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Fig. 3.15. HFSE box plots for Mactung granitoids (ppm): BG: biotite granite; PG: 

plagiogranite; LG: leucogranite; and UG: undivided granite. The box represents 50% of the 
data and the vertical line inside the box represents the median values. 
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Fig. 3.16. Silica (wt.%) variation diagrams against HFSE (ppm). 



 

167 

 
 

Fig. 3.17. Transition elements box plots for Mactung granitoids and other metalliferous 
components (ppm): 1- undivided granite; 2- leucogranite; 3- biotite granite; and 4- 

plagiogranite. The box represents 50% of the data and the vertical line inside the box 

represents the median values. 
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Fig. 3.18. Silica (wt.%) variation diagram against transition elements and other 

metalliferous components (ppm). 
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Fig. 3.19. Silica variation diagram (wt.%) versus REE (ppm). 
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Fig. 3.20a. Thorium variation diagram (ppm) versus selected trace-elements (ppm). 
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Fig. 3.20b. Fractionation trend from using i) Rb (ppm) versus Sr 
(ppm), and ii) Zr (ppm) versus TiO2 (%). 
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Fig. 3.21a-b. Plots of granitic rocks of Mactung on the discrimination 

diagram of Pearce et al. (1984). 
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Fig. 3.22a-h. Mactung granitoids on empirical geotectonic discrimination diagrams of 
Whalen et al. (1987). A-type granites are located outside of the divided box in each 

diagram. I+S = I-type and S-type granites; FG = fractionated felsic granites and OGT = 

unfractionated M-, I-, and S-type granites. 



 

174 

 

 

Fig. 3.23. R1 vs R2 plot of Mactung granitoids on the geo-

tectonic discrimination diagram of Batchelor and Bowden (1985): 

1 - Mantle Fractionates; 2 - Pre-plate collision; 3 - Post-collision 
Uplift; 4 - Late-orogenic; 5 - Anorogenic; 6 - Orogenic; and 7 - 

Syn-collisional. 
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Fig. 3.24. Plot of biotite granite vs. undivided granite using the isocon diagram of 

Grant (1986, 2005); binary plots to show changes in concentration of elements due to 

alteration and fractionation. 
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Fig. 3.25. Plot of biotite granite vs plagiogranite using the isocon diagram of Grant 

(1986, 2005); binary plots to show changes in concentration of elements due to 

alteration and fractionation. 
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Fig. 3.26. Extended trace-element spider diagram normalized to Bulk Continental Crust 

(Taylor and McLennan, 1995) for the Mactung granitoids. 
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Fig. 3.27. Chondrite-normalized REE patterns for the Mactung granitoids 
(normalizing values from Sun and Boynton, 1984). 
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Fig. 3.28. Plot of εNdi versus 87Sr/86Sr for Mactung granitoids in relation to 
depleted and Bulk silicate earth (BSE) and continental crust (Diagram after 

White, 2013; DePaolo, 1988). 
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147Sm/144Nd 

Fig. 3.29. Plot of 143Nd/144Nd versus 147Sm/144Nd for selected Mactung granitoids. 

Straight lines are tDM ages for an evolving crust from depleted mantle. Age lines from 

Kagami et al. (2004). 
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Fig. 3.30. Plot of 147Sm/144Nd vs. εNdi data for Mactung granitoids in relation to the 

fields of other mid-Cretaceous granites; shaded fields indicate terrane data from 
igneous and meta-igneous rocks and unshaded fields indicate terrane data from 

sedimentary and meta-sedimentary rocks. Based on this plot the Mactung biotite 

granite is transitional (diagram and Terrane data from Morris and Creaser, 2008). 
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Fig. 3.31. Range of δ18O values for various geological reservoirs and the range (dark 

horizontal box) and mean (red vertical line) values of δ18O for Mactung granitoids. 

(Adapted from Hoefs, 1997). 
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Fig. 3.32. Plot of delta oxygen versus delta H2O for biotite and tourmaline (symbol: grey 

diamond) from Mactung granitoids. Diagram modified from Rollinson, 1993 and 
references therein. The fields of δ18O and δD of  magmatic and formation waters, igneous 

biotite and hornblende are from Taylor (1974); Cornwall granite magmatic waters are 

from Sheppard (1977); the meteoric water line from Epstein et al. (1965) and (1970); the 
metamorphic field waters  from Taylor (1974) and Sheppard (1981). 

 

 
 

Fig. 3.33. Plot of δ18O values of quartz versus the δ18O values of feldspar (greyed 
diamond), tourmaline (black diamond) and biotite (white diamond). All minerals plot, 

outside the primary fractionation field (Δ=2; Criss and Taylor, 1983) of feldspars, in the 

area affected by hydrothermal or other fluids, indicating the granitoids interacted with 
external fluids; i.e. the granitoids were not in a closed system. 
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Fig. 3.34. North-South geologic cross-section (sketch) along a 6 km transect, and assumed hydrothermal fluid migration path for Mactung 

W-(Au-Cu-Bi) skarn mineralization. 
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Table 3.1. Location (UTM) of Mactung granitoid samples 
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 Table 3.2. Major- and trace-element composition of Mactung granitoids - summarized by rock type 



1
8

7
 



1
8

8
 

Table 3.3. Ratio of diagnostic elements and oxides (averages) for each igneous rock type 

Table 3.4. Zircon and apatite saturation temperatures for Mactung granitoids (ave., min. and max., respectively 

Table 3.5. Sm–Nd isotopic data for selected Mactung granitoids 



1
8

9
 

Table 3.6. Rb–Sr isotopic data for selected Mactung granitoids 

Table 3.7. Oxygen and hydrogen isotope analytical results of selected Mactung granitoid samples 
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Appendix 3.1. Major- and Trace-element Composition of Mactung Granitoids - Detailed Data 
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Chapter 4 

Ar-Ar, U-Pb, and Re-Os Geochronological Constraints that Link 

Granite Intrusion with Skarn Tungsten Formation at Mactung, 

Southeast Yukon-Northwest Territories 

Abstract 

 Multiple dating techniques were applied to the various rock types of Mactung, 

northeast Yukon. Ar-Ar age data of biotite and muscovite from granitoids; biotite, 

amphibole, and pyroxene from skarn; biotite from metasedimentary rocks; and 

tourmaline from quartz veins were used for this purpose. U-Pb age data for zircon and 

titanite crystals from granitoids and skarn, respectively, and Re-Os age data for 

molybdenite from late-stage quartz veins were also determined. The Ar-Ar dating reveals 

the following best ages: 95.6 ± 0.3 to 98.1± 2.0 Ma in muscovite and 91.8±0.4 to 95.1 ± 

0.8 Ma in biotite of  porphyritic biotite granite; 93.3±1.2 Ma in biotite of coarse-grained 

leucogranite; 92.9±0.4 and 95.3±0.4 Ma in muscovites of medium- to coarse-grained 

leucocratic granite dyke; 94.0±0.5 Ma in biotite of aplitic dyke; 97.1±1.9 and 96.9 ±0.6 

Ma in biotite grains of biotite hornfels; 95.7±0.4 Ma in biotite of footwall 

metasedimentary rocks, 89.9±2.9 Ma in ore zone biotite crystals (skarn); and an 

anomalous age of 127±20 Ma from an amphibole grain with pyroxene core, from 

pyroxene skarn. Zircon grains in Mactung granitoids are one of the early forming phases, 

commonly occurring as inclusions in biotite.  

 U-Pb age data for zircon grains were obtained by ID-TIMS analytical techniques 

for five samples from three rock types of Mactung granitoids: an aplitic dyke south of the 

Mactung skarn tungsten deposit yields igneous crystallization age of 97.1±0.2 Ma; 
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porphyritic biotite granite from the main phase of the Mactung pluton gives a 

crystallization age of 97.6 ± 0.2 and 97.0 ±0.1 Ma. A leucocratic granite dyke, a marginal 

phase in the southeast of the pluton, yielded an age of 97.0±0.3 Ma. Combining the Ar-

Ar and U-Pb age data, it is proposed that injection of leucogranite magma from 97-92 Ma 

to have prolonged the thermal regime of the area resulting in overprinting of argon ages. 

Hydrothermal titanite occurs in skarn ores and marbleized limestone at the Mactung W 

(Au-Bi-Cu) skarn deposit. Petrographic work on granitoid samples also reveals the 

presence of hydrothermal titanite in those granitoids adjacent to and inside the skarn 

orebody. Titanite in skarn occurs in association with pyrrhotite, pyroxene, quartz, 

plagioclase, and scheelite. Titanite age from the lower skarn orebody was obtained using 

laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). It yielded a 

less precise 206Pb/238U concordia intercept age of 97.1±4.1 Ma that agrees very well with 

the U-Pb zircon ages (this work) of nearby granite intrusives. 

Re-Os molybdenite dating of quartz veins, cutting all granitoids, and the lower 

metasedimentary unit (Unit 1), adjacent the Mactung tungsten skarn yields ages of 97.3  

to 106.3 ± 0.4 Ma. Variation of Re-Os age dates, relative to the uniform U-Pb age dates, 

is likely due to 187Os and or 187Re heterogeneity in the molybdenite grains. The veins are 

the latest visible magma-related activities linked to the biotite granite at Mactung, and 

hence provide a direct lower age timing constraint for granite intrusion and sulphide 

mineralization events of the area if the higher ages are discarded. 
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4.1. Introduction 

 Mactung is located in the eastern Selwyn Basin in northwestern Canada, NE of 

Whitehorse, the capital of Yukon (Fig. 4.1). The area is known for its large pyroxene 

skarn-hosted W deposit (indicated resource of 33M tonnes @ 0.88% WO3, using 0.5% 

cut-off grade; inferred resource of 11.857 Mt @ 0.78% WO3 using cut-off grade 0.5% 

WO3). Low-grade gold and copper mineralization is also associated with tungsten 

mineralization. The deposit lies on the boundary of the Yukon and the Northwest 

Territories, and is centred at about 63° 17' N latitude and 130° 10' W longitude.  

  

4.2. Previous Work 

 Granitic plutons and their country rocks in the southeastern Selwyn Basin have 

been mapped at a reconnaissance scale by several workers (Blusson, 1968, 1971, 1974; 

Garret, 1971a, b, 1972a; Gabrielse et al., 1973, Harris, 1977; Archibald et al., 1978, 1980, 

1981; Gordey, 1981; Godwin et al., 1980, Anderson, 1982, 1983; Abbot, 1983; Abbot et 

al., 1987; Cecile, 2000, 2001). Anderson (1982) carried out detailed geological mapping 

of the intrusive rocks to establish the lithological and petrological characteristics of the 

plutons in order to establish their relation with skarn-type mineralization. Anderson 

(1981) mapped parts of Mactung, Mount Wilson, Pelley River, and South Nahanni 

plutons. At Mactung he identified the composite nature of the northern Mactung pluton, 

but did not map the adjacent country rocks. Atkinson and Baker (1986) conducted 

geological mapping of the Mactung skarn tungsten ore body and proximal country rocks. 

They theorized that the presence of Mactung pluton adjacent to the tungsten skarn is 

accidental and that the mineralizing fluids were sourced from a blind intrusion south of 
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the deposit. Gebru and Lentz (2008, 2009) carried out detailed structural and geological 

mapping at the skarn tungsten deposit, and across a larger area south and north of the 

deposit and were able to link the two granite plutons. Wanless et al. (1974) dated the 

Mactung Pluton at 89.7 Ma using the K-Ar technique and employing the decay constants 

reported by Steiger and Jäger (1977). Selby et al. (2003) dated a granitoid sample from 

the southeastern part of the Mactung North pluton using the U-Pb in zircon from 

grantoids, and Re-Os in molybdenite samples from several quartz veins hosted by skarn 

and metapelite from the northeast side of the deposit. He obtained a best age of 92.1 ±0.2 

Ma for the granite, and 97.5 ± 0.5 Ma for mineralization in quartz veins samples. 

Cantung, another economically important skarn tungsten deposit and operating tungsten 

mine located southeast of Mactung (Fig. 4.1), is genetically and geochronologically very 

similar to Mactung and has been well studied by a number of researchers (Crawford, 

1963; Zaw, 1976, 1978; Mathieson and Clark, 1984, Bowman et al., 1985; van 

Middelaar, 1988, van Middelaar and Keith, 1987, 1990; Rasmussen et al., 2006, 2011, 

2013; Yuvan, 2006).  These studies have improved our understanding regarding the 

sources and processes of skarn tungsten mineralization in the area. 

 This study is targeted at constraining the age of the various types of granitoids, 

quartz veins, and the skarn rocks using a combination of geochronological techniques: 

Ar-Ar in biotite, muscovite, feldspar, amphibole, pyroxene, and tourmaline; U-Pb in 

zircon, and titanite; and Re-Os in molybdenite. The results presented here constrain 

thermal events over a temperature range of 900-300°C, allowing the understanding of 

magmatic processes and post-magmatic alteration in the area. Dating of the various 

minerals in associated rocks provides answers for the hitherto unresolved chronological 
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relationship between the Mactung North and South plutons and the adjacent skarn 

tungsten mineralization.  

 

4.3. Regional Geologic Setting and Metallogeny 

 The investigated area lies within the eastern sedimentary sequence of the poly-

deformed Selwyn Basin (Fig. 4.1). The Selwyn Basin is an elongate rift-controlled, 

epicratonic sedimentary basin, extending from Alaska through the Yukon, Northwest 

Territories, and British Columbia, and is flanked to the east and north by carbonate 

platforms that host co-genetic Mississippi Valley-type deposits (Abbot et al., 1987; 

Cecile, 1982, 1997; Goodfellow, 2007). The Selwyn Basin has a complex history of 

extensional tectonism from Late Proterozoic to Mississippian, which gave rise to a 

Paleozoic epicontinental margin characterized by a basin and arch morphology 

(Goodfellow et al., 1993). The sedimentary architecture of this continental rift consists of 

a Late Proterozoic (Hadrynian-Cambrian) 4-6 km thick mostly oxidized sequence of 

clastic rocks known as the Windermere Supergroup (Eisbacher, 1981). These clastic 

rocks are interpreted as a syn-rift sequence that formed by the erosion of Hudsonian 

crystalline basement during continental breakup that was initiated at about 760 Ma 

(Eisbacher, 1981). Rapid subsidence of the continental margin during the Cambrian 

indicates that the continent rifted apart and formed a marginal ocean basin to the west 

(Bond et al., 1988). The Windermere Supergroup is overlain by deep-water Cambro-

Ordovician carbonate rocks of the Rabbitkettle Formation, which are in turn overlain by 

basinal facies (chert and shale) of the Ordovician-Devonian Road River Group and chert 
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and autochthonous black clastic rocks of the Devono-Mississippian Earn Group (Gordey 

et al., 1988; Pigage, 2006; Goodfellow, 2007). 

 The sedimentary facies of the Selwyn Basin is bounded by the Mackenzie and 

Macdonald carbonate platforms to the east and north, and is dissected in its south-central 

part by the intrabasinal shelf facies of the Cassiar Platform (Fig. 4.1). The western margin 

of the Selwyn Basin is obscured by the late collisional events, and the extensive dextral 

Tintina Fault, which marks the outer margin of the Proterozoic continental margin 

(Goodfellow, 1985; Abbot et al., 1987; Nelson and Colpron, 2007, and references 

therein). The Selwyn Basin is known for hosting sedimentary exhalative (SEDEX) zinc-

lead and silver deposits.  There are 12 major SEDEX deposits that range in size from the 

giant Howard’s Pass deposit at 115 Mt to the relatively small Driftpile deposit at 2.4 Mt. 

Metal grades and ratios are highly variable among deposits, with Zn ranging from 4.7 to 

16.2%, Pb ranging from 2.0 to 5.5%, and up to 110 g/t Ag (Goodfellow, 2007). The 

Howard’s Pass, Jason, and Tom SEDEX deposits are on strike with the belt 

encompassing the Mactung tungsten deposit (Fig. 4.1). Sedimentary barite is predicted to 

occur at southern Mactung, based on the very high Ba content (>10%) in one sample. 

Barite is common in rocks of different ages in the Selwyn Basin, and is an important 

constituent of the Late Devonian SEDEX deposits. Mississippi Valley-type (MVT) Zn-

Pb-Ag deposits occur in the adjacent Mackenzie and Macdonald carbonate platforms 

(e.g., Goodfellow, 2007; Paradis and Nelson, 2007; Paradis et al., 2007). Goodfellow 

(2007) and Goodfellow and Lloyd (2007) suggested that both the Late Devonian SEDEX 

and MVT deposits in the Selwyn Basin and Mackenzie Platform are cogenetic and that 

both deposits formed by the mixing of metalliferous fluids with ambient anoxic waters at 
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the seafloor (i.e., SEDEX deposits) and within permeable carbonates (i.e., MVT 

deposits), because of migration of Pb-Zn-chloride hydrothermal fluids depleted in H2S.  

 Three syndepositional magmatic episodes are recognized in the Selwyn Basin: 

Early Cambrian, Middle Ordovician, and Middle to Late Devonian (Goodfellow, 2007). 

Volcanic rocks, mostly mafic flows, dykes and tuffs, occur as isolated piles or 

discontinuous lenticular bodies paralleling rift-bounding faults.  Their incompatible trace-

element geochemistry is similar to alkaline basalts formed in rifts by low-degree partial 

melting of a metasomatized upper mantle (Goodfellow, 1995). Some of the SEDEX 

deposits may spatially overlap these volcanic episodes. At McMillan Pass, Yukon, the 

early Late Devonian Tom and Jason deposits occur at the same stratigraphic horizon as a 

belt of middle to early Late Devonian alkalic mafic flows and volcaniclastic rocks 

(Abbott and Turner, 1991; Goodfellow, 2007).  

 Cretaceous plutonic rocks are widespread in British Colombia and in eastern and 

central Yukon (Dawson and Dick, 1978; Dick, 1979, 1980; Dick and Hodgson 1982, 

1983; Anderson, 1983; Dawson, 1991). These authors emphasized the role of country 

rocks for the localization of extensive tin-tungsten skarn near these plutons. Many biotite, 

biotite-hornblende, and hornblende-bearing granitoids occur in the southeastern Selwyn 

Basin (Anderson, 1983). Some of the most well-known are Mactung, Mount Wilson, 

Pelly River, Clea, O’Grady, South Nahanni (northern, central and southern), Lened, Cac, 

Rudi, Mount Appler, Flat Lake, Tungsten (Cantung), and Francis Lake plutons (Fig. 4.2). 

These plutons are known by the collective name Tungsten Belt (TB) magmatic suite as 

described by Lang (2000), Mortensen et al. (2000), Hart et al. (2004, 2005), and Morris 

and Creaser (2008). Granitoids in the TB were previously interpreted to represent 
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magmas derived from the anatexis of supracrustal rocks. However, recently they are 

considered to be of infracrustal anatectic origin, with an age ranging from 100 to 90 Ma 

(Rasmussen, 2013). Of the many plutons in the southeastern Selwyn Basin, those of Clea 

Lened, Cac, Rudi, and Cantung have associated tungsten mineralization. The Cantung 

area plutons are commonly associated with indications or deposits of tungsten skarn, e.g., 

Tungsten, Dolomite Mountain, Sheet Mountain, Rifle Range, Redpath, Baker, and at 

several other places south of Baker. Skarn develops in limestone and calcareous pelites at 

the contact with the associated respective plutons, except at Rifle Range where no 

limestone unit is known to occur adjacent the pluton.  

 At Cantung, in and around the E-Zone deposit, several granite phases are 

recognized: a medium- to coarse-grained equigranular phase, a porphyritic coarse-grained 

phase, a fine- to medium-grained leucocratic phase, and an aplitic dyke that commonly 

cuts the medium- to coarse-grained phase.  At Tungsten proper (Cantung Mine), two 

granite stocks are known: 1) the mine stock which lies immediately below the E-Zone 

(scheelite deposit hosted by pyroxene and pyrrhotite-pyroxene skarn), and 2) a circular 

stock that lies to the northwest, which may border a skarn orebody at depth immediately 

to the north and west of the E-Zone. This contrasts with Mactung where no intrusive 

rocks occur in direct contact with a skarn or skarn-hosted ore. Despite this dissimilarity, 

knowledge gained from earlier researchers in the style of skarn tungsten mineralization, 

and chemical composition, mineralogy, geochronology, and configuration of the intrusive 

at Canting is an asset in furthering our understanding of the Mactung deposit.  
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4.4. Geology of Mactung 

4.4.1 Sedimentary Rocks 

 At Mactung, there is a large body of pyroxene skarn hosted by carbonate rocks 

interlayered with dark grey psammo-pelitic sedimentary rocks near the Mactung North 

granitic pluton (Fig. 4.3). These sedimentary rocks underwent low grade regional 

metamorphism, prior to contact metamorphism related to the intrusives. Both bedding 

and foliation (tectonic) strike to the NW and dip gently to the SW. However, near the 

eastern part of the deposit, there is a NE-SW oriented foliation strike. All of the 

sedimentary rocks in the area are part of the sedimentary sequence of the Selwyn Basin 

of late Proterozoic to Mississippian age, and are on a major NW-SE facies boundary (Fig. 

4.1).  

 Nine metasedimentary units are recognized near the mineralization (Figs. 4.3, 4.4, 

and Fig. 3.2b - Chapter 3). Using the exploration terminology adopted for the area, these 

units are named Unit 1, 2B, 3C, 3D, 3E, 3F, 3G, 3H, and 4 in ascending stratigraphic 

order. They form a steep topography to the north (Figs. 4.3 and 4.4), and a gentler 

topography to the south (Fig. 4.3). Further south, these rocks crop out on a steep hill 

about 2 km from Mount Allan.  

 The thickness of Unit 2B, 3C, 3D, 3E, 3F, 3G, 3H, and 4, near the mineralization 

zone is estimated at 20-40 m, 80-100 m, 10-20 m, 55-60 m, 35-40 m, 15-30 m, 90-130 m,  

and 25-40 m, respectively. The thickness of Unit 1, the oldest exposed, is unknown; 

However, it is the most extensive in the area.  

 On a regional correlation, Unit 1 belongs to Vampire Formation; Unit 2B to 

Sekwi Formation; Unit 3C to Hess River Formation; Units 3D, 3E, 3F, and 3G to 
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Rabbitkettle Formation; and Unit 4 belongs to Duo Lake Formation. Units 3C and 3H 

and are mainly psammo-pelites, with Unit 4 being graphite (?) bearing. The former two 

are strongly affected by biotite hornfelsation within a zone of about 400-500-metre wide 

radius bordering the stock, 3C being the most altered, and swarmed by a stockwork of 

early- and late-stage quartz veinlets that are Fe-sulphide- and molybdenite-bearing (Figs. 

4.5 and 4.6). Two to three phases of quartz veins occur near the mineralisation zone. The 

oldest are commonly thinner and appear to be folded (Fig. 4.6b). Otherwise, it is difficult 

to distinguish them from late-stage quartz veins.  

 Unit 1 is a classic pelite, low-grade fine-grained schist/phyllite outside the contact 

metamorphic aureole; inside the metamorphic aureole, near the skarn zone, Unit 1 is 

hornfelsed and/or sheared (Fig. 4.6f), and characterized by the development of cordierite 

porphyroblasts. Units 3F, 3E, 3D, and 2B are carbonate-rich layers that are characterized 

by calc-silicate alteration and skarn formation in the ore zone (Fig. 4.7a-f.).  

 

4.4.2 Skarns 

 Skarns generally occur adjacent to plutons, along faults and major shear zones, in 

shallow geothermal systems, and in deeply buried metamorphic terrains (Meinert, 1989). 

What links these diverse environments, and what defines a rock as skarn is mineralogy. 

This mineralogy includes a wide variety of calc-silicate and associated minerals, but is 

dominated commonly by garnet and pyroxene (Einaudi, 1981, 1982; Meinert, 1998). 

Skarns can be subdivided according to several criteria, such as dominant economic 

mineralization, protolith host rock composition, and position with respect to the causative 

intrusive (Einaudi et al., 1981; Einaudi and Burt, 1982; Meinert, 1992, 1993, 1995, 1998; 

http://www.science.smith.edu/departments/Geology/Skarn/min.html
http://www.science.smith.edu/departments/Geology/Skarn/garnet.html
http://www.science.smith.edu/departments/Geology/Skarn/pyroxene.html
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Theodore et al., 1991; Newbery, 1998). The Mactung skarn is a tungsten skarn on the 

basis of the dominant economic metal, calcic based on protolith composition, and distal 

exoskarn based on the position of mineralization with respect to the causative intrusive. 

Down dip, the causative pluton is discordant to bedding in the protolith, unlike those deep 

and narrow skarn deposits formed in ductile deformation environment, such as the Pine 

Creek deposit described by Newberry (1982). Endoskarn development at Mactung is very 

weak or absent.  

 The skarn tungsten orebody at Mactung occurs in two stratigraphic levels 

separated by a barren psammo-pelitic zone of 80-100 metres thickness known as Unit 3C 

(see Chapter 3, Figs.3.2b and 4.3). The colour of skarn is variable and dependent on the 

abundance and texture of mineral phases (Fig. 4.7a-f) and can be green to dark green, 

light green, greenish brown, dark brown, mottled pink/red brown and green. Where 

pyroxene dominates and is coarse grained, it is green to dark green, and where quartz and 

plagioclase become abundant and fine grained, it is light green. The mineralogy of the 

green skarn consists of green pyroxene, quartz, plagioclase, scheelite, and calcite. 

Mineralogy in the light green skarn includes quartz, plagioclase, light green pyroxene, 

tremolite, and calcite ± scheelite. The green/dark green skarn is coarser grained than the 

light green skarn. Scheelite may be as coarse grained as 100-500 µ (several millimetres in 

some occasions). Scheelite abundance is commonly greater than 1% in the coarser and 

greener/dark green type. In light green skarn, scheelite always occurs at submicroscopic 

scale often less than 50 µ. Other minerals such as quartz and plagioclase are also very 

fine grained.  Scheelite is commonly less than 0.1% in abundance, rarely reaching a high 

of 0.5%.   Skarns of intermediate color may develop between these two end member 
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varieties. The texture and abundance of pyroxene and scheelite will also be intermediate. 

Pyroxene crystals in the green skarn may be as coarse as the scheelite or several times 

larger. In the light green skarn, pyroxene is much coarser than scheelite, but subhedral. 

Scheelite is always idioblastic in both the light green and green/dark green skarns. Skarn 

at Mactung can also be brownish green to dark brown some intermediate colour 

depending on the abundance of pyrrhotite; dark brown skarn is heavily impregnated with 

pyrrhotite, and contains biotite, plagioclase, quartz, apatite, scheelite, titanite, and 

pyroxene. Early-stage scheelite and pyroxene crystals may be encompassed by intense 

pyrrhotite mineralization. Pyrrhotite-pyroxene skarn (brownish green skarn) is an 

important skarn variety in the Mactung skarn system.  As in the green skarn, it is 

texturally coarse grained and contains a significant amount of scheelite. This is the most 

common skarn at Mactung, particularly in the lower ore body. In general, pyrrhotite is 

not necessary for high-grade scheelite mineralization. The pyrrhotite abundance probably 

simply reflects the path of ore-bearing fluid migration. Light green, green, brownish 

green, dark brown skarn types may occur adjacent to each other or in different zones. 

Zones of light green and green skarn reflect compositional variation of the protolith.  

Pure limestone or limestone predominantly composed of calcite result in the green to 

dark green relatively coarse-grained skarn. Interlayered calcareous pelites in limestone or 

in zones of calcareous pelites result in fine-grained light green skarn. Only in most 

advanced cases of skarnification, do pelitic lithologies result in green/dark green skarn. 

All heavily scheelite mineralized zones have pyroxene with significant iron enrichment, 

whereas light green lightly mineralized skarn zones contain calcic pyroxene. Away from 

the main skarn, pyroxene-dominated skarn gives way to carbonate-bearing skarn, which 
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consists of calcite, diopsidic pyroxene, light pink garnet (grossularite), quartz, 

plagioclase, and wollastonite. The amount of scheelite mineralization significantly 

decreases in this zone. Where garnet content is higher, the skarn is mottled brown to red 

brown. 

 

4.4.3 Granitoids 

 Two granitic stocks occur south and north of the Mactung tungsten deposit named 

here the Mactung South pluton and the Mactung North pluton, respectively (Fig. 4.3). 

The Mactung North pluton is roughly 1.2 km x 2.5 km in areal extent. The Mactung 

South pluton is slightly bigger, but its areal extent was not entirely mapped. The depth 

extent of both granitoids is unknown. The Mactung North pluton is in direct contact with, 

or proximal to, the lithologies hosting the skarn mineralization (lower sedimentary units, 

from Unit 1 to Unit 3F) to the south, and Unit 1 to the north (Figs. 4.3, 4.4, and 4.8). It is 

characterized by large feldspar laths up to 4 cm in length (Fig. 4.9a, b), and is cut by 

quartz veins that are commonly molybdenite-bearing (Fig. 4.10). The veins are sheeted 

and show no sign of deformation. Prominent tourmaline veins are also common in the 

pluton (Fig. 4.11). The Mactung North pluton is a composite granite consisting of two 

rock types (Figs. 4.3, 4.8, 4.9): the main phase is a gray, biotite-rich (10-20%) 

porphyritic, coarse-grained rock with feldspar laths up to 4 cm in length (Fig. 4.9a, b); 

and the subordinate phase is a light grey leucogranite, mostly equigranular coarse-grained 

rock with minor biotite (<5%) (Fig. 4.9e). This is restricted to the northwest and 

southeast margins of the pluton. The biotite granite occurs immediately north of the skarn 

tungsten deposit (Figs. 4.3, 4.4, 4.8) and is predominantly composed of quartz, 
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plagioclase (andesine), and alkali feldspars and biotite (Figs. 4.9a, b, 4.12). Accessary 

minerals include tourmaline, muscovite (mostly replacing biotite), chlorite, epidote-

allanite, titanite, zircon, monazite, apatite, rutile, and calcite. The leucogranite is 

predominantly composed of quartz, sodic plagioclase, K-feldspar, muscovite, chlorite 

(altered from biotite), garnet, zircon, apatite, and monazite (Fig. 4.13). Lower biotite 

(<5%), absence of allanite, abundant zircon with an intense radioactive halo in biotite, 

presence of garnet and dominance of albitic plagioclase are the distinguishing features of 

the leucogranite.  

 The southern granite lies about 3 km south of the tungsten deposit and the exposed 

part is in direct contact with the upper part of the sedimentary sequence (Units 4 and 3H; 

Fig. 4.3). It is a light grey, coarse grained, and equigranular (Fig. 4.9c) rock with a 

mineralogy similar to that of the northern stock, except for the lower proportion of biotite 

and higher feldspars. 

 Fine- or medium-grained variations of both biotite granite and leucogranite occur 

as dykes (Fig. 4.9d, f, and g). Varieties of biotite granite were encountered in the ore zone 

(intersected in drill holes) and are grey to light grey, finer grained with fewer amounts of 

phenocrysts (Fig. 4.9d). Within the dykes, bleaching of biotite and quartz enrichment are 

common. One type of dyke (plagiogranite) is rich in plagioclase and depleted in K-

feldspars, whereas the other (undivided granite) has intermediate content of plagioclase 

and K-feldspars between the plagiogranite dyke and the biotite granite outside of the ore 

zone. Dykes of leucocratic granite are fine- to medium-grained (Fig. 4.9f, g) and occur in 

the southeast margin of the Mactung North pluton. These dykes contain abundant 

muscovite and tourmaline unlike the coarse-grained leucogranite. The leucocratic dykes 
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are generally thin and are mostly oriented E-W and intrude Unit 1 or the biotite granite. 

Some of these felsic dykes demonstrate strain and must have been emplaced in a shearing 

environment within the biotite granite (Fig. 4.14.).  

 Molybdenite-bearing white quartz veins cut these felsic dykes in several places 

(Fig. 4.15).  In the southern part of the study area, within 1 to 2 km south of the camp, 

several leucocratic aplitic dykes (Figs. 4.8h, 4.16) with prominent strike lengths (20-100 

m),   intruded at the upper contact of Unit 3D and or the lower contact of Unit 3G, and 

they appear to differ (have higher An content of plagioclase) in composition from the 

other leucogranite phases.  

 

4.5. Petrochemistry of Granitoids 

 Anderson (1983) investigated the regional geochemistry of granitic plutons in 

southeast Yukon/ western NWT (such as Mactung, Clea, Cantung, Nahanni and several 

others in the belt). But analytical data are unavailable for reference. Anderson (1983)  

distinguished two major types of pluton compositions, hornblende-free plutons, and 

hornblende-bearing. He interpreted the hornblende-bearing granites as I-type and the 

hornblende free granites as S-type as per the criteria developed by White and Chappell 

(1974) and Kwak (1982). The hornblende-bearing granites, in contrast to the hornblende 

free granites, are less evolved (< 70% SiO2, enriched in MgO and CaO and peraluminous 

(< 1.07% Alumina Saturation Index) with normative diopside, and less than 1% 

normative corundum, and higher Zr/TiO2 ratio (Anderson, 1983). 

 The petrochemistry of the Mactung granitoids has been discussed by Gebru and 

Lentz (2008, 2009). Four rock types were identified: biotite granite, leucogranite, 
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undivided granite, and plagiogranite. The latter two are considered as altered or 

fractionated versions of the biotite granite. All have SiO2 greater than 68%; with 

leucogranite having the highest (72-75%). All the rocks are peraluminous or weakly 

peraluminous with ASI in the range of 1.05-1.1 for plagiogranite; 1.1-1.2 for porphyritic 

biotite granite, and 1.2-1.6 for leucogranite.  The biotite granite has an I-type, arc-like 

affinity, whereas the leucogranite has both S- and crustal A-type affinity, based on trace-

element composition tectonic discrimination diagram (Pearce et al., 1984). However, the 

leucogranite has low values of Zr, REE, and Na/K, and higher Rb. Such features are 

characteristic of S-type granites.  

 Using the classification diagram of Middlemost (1994), the plagiogranite plots 

within the granodiorite field and the rest of the granitoids largely plot in the granite field 

(also see Chapter 3). Trace element plots show a scattered relationship between the 

leucogranite and the biotite granite, and do not define any cohesive trend, implying they 

are not cogenetic (Chapter 3). The leucogranite shows variability in the trace-element 

content, possibly indicating magma interaction with host rocks, and subsequent chemical 

modification. The composition of the biotite granite, outside of alteration zones, is 

homogeneous suggesting little interaction between the magma and the host rocks during 

emplacement. Alternatively, the magma may have interacted with the country rocks, but 

had homogenized prior to emplacement and solidification.  

 The plagiogranite and undivided granite also shows variability in terms of 

composition. It has been interpreted as high-temperature metasomatic derivatives of the 

biotite granite (Gebru and Lentz, 2009).  
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4.6. Geochronology 

4.6.1 Samples and Analytical Techniques 

Argon-Argon, U-Pb, and Re-Os dating techniques were utilized in this investigation. 

Description of the results and interpretation of the dating work are provided in section 

4.6.2, whereas Ar-Ar data is presented in Tables 4.1-4.17. A summary of the estimated 

ages from all dating techniques is presented in Table 4.21, and the locations of samples 

are provided in Figure 4.16 and Table 4.21. Detailed age data are provided in Appendix 

4.1. 

For Ar-Ar dating, chip/grab samples of 0.5 to 1 kg were selected from outcrops and drill 

core. Samples were shipped to the University of Toronto (UoT) for processing. At UoT, a 

portion of each sample was crushed; grains of biotite, muscovite, lesser amphibole, 

feldspar, and tourmaline were separated by hand under a binocular microscope. The 10 

mineral separates were produced from biotite granite (MAC-177A and 224), leucogranite 

(MAC-177B), aplitic dyke (MAC-156), a more felsic granite dyke (MAC-165), biotite 

hornfels (MAC-223A), amphibole-pyroxene skarn (MAC-226), biotite schist of the 

Vampire Formation (MT72-27-778), lower ore zone biotite-pyrrhotite-bearing skarn 

(MT79-117-501.7), and tourmaline-molybdenite-bearing quartz vein (MAC-223C) 

cutting the biotite granite or Unit 3C. The minerals separates were then shipped, with 

appropriate standards of known age to the McMaster Nuclear Reactor in Hamilton, 

Ontario, for the neutron irradiation. At the reactor, mineral separates and standard 

samples were wrapped in aluminum foil and stacked in an irradiation capsule with 

neutron flux monitors. They were subsequently irradiated for 45 MWh, with a neutron 

flux of ∼6 × 1013 neutrons cm-2·s-1. After “cooling” at the reactor site, the irradiated 
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samples were returned to the UoT lab, and placed into holes in an aluminum disk, for 

loading into the mass spectrometer. After analysis of the standards, the samples were 

analyzed by step-heating with an Nd-YAG laser equipped with frequency-doubling to a 

wavelength of 532 nm. Each purified gas fraction, after the laser extraction, was directed 

to a VG 1200 noble gas mass spectrometer equipped with an ion multiplier, and the 

isotopic ratios measured. Corrections for atmospheric contamination and for by product 

isotopes from the irradiation were made, and the data sets then analyzed by a variety of 

software methods. 

 One additional sample (MAC-303) was obtained from the southern Mactung 

Pluton, at a later stage of the field mapping season, and was dated at the Noble Gas 

Laboratory of the Pacific Centre for Isotope and Geochemical Research (PCIGR) in the 

University of British Columbia (UBC). The mineral separates and whole rock fraction of 

this sample were step-heated at incrementally higher powers.  The details of the sample 

preparation, analytical procedures, error correction, and the data handling, as followed by 

the UBC laboratory, are given by Rasmussen (2013). 

 In this study the method of plateau age determination as practiced by the New 

Mexico Geochronological Research Laboratory (NMGRL) was followed. The NMGRL 

tests the statistical precision of several contiguous heating steps using the criteria of 

Mahon (1996). In this method the plateau age is calculated by weighting each step by the 

inverse of the variance. The plateau error is calculated using the method of Taylor (1982). 

The integrated age is calculated by weighting the individual steps by the fraction of 39Ar 

released. It is emphasise here that two or more contiguous heating steps are eligible for 

defining plateau age if it is supported by other evidences such as petrography, Ca/K ratio 
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(determined from measured Ca-derived 37Ar and K-derived 39Ar), K/Cl ratio (determined 

from measured Cl-derived 38Ar, and K-derived 39Ar), and radiogenic yield (percent of 

40Ar, which is not atmospheric). Isochron age determination has only been made in rare 

cases, and when used the 40Ar/36Ari values and MSWD values are calculated from the 

regression results obtained by the method of York (1969).   

 For U-Pb zircon dating, five samples weighing approximately 20 kilograms each 

were collected from outcrops and sent to PCIGR for dating using the isotope dilution - 

thermal ionization mass spectrometry (ID-TIMS) techniques. All samples underwent 

chemical abrasion (CA) treatment. The details of the procedures of the CA-ID-TIMS U-

Pb dating analytical techniques and the chemical abrasion pre-treatment can be found in 

the digital supplement of Scoates and Friedman (2008). Interpreted crystallization ages 

are based on a weighted mean of the 206Pb/238U ages calculated for at least two 

overlapping concordant points. Errors for the calculated concordia and weighted mean 

206Pb/238U ages are given at the 2s level. 

 One skarn sample (MT72-58-228) collected from drill core (borehole sample) was 

also investigated using U-Pb LA-ICP-MS dating technique in this study. The sample was 

collected from the lower skarn orebody near the adit’s end (Figs. 4.3, 4.16). The sample 

predominantly contains pyrrhotite, pyroxene, plagioclase, quartz, and some titanite. The 

U-Th-Pb isotopes were analyzed at the UNB LA-ICP-MS laboratory. Laser sampling was 

performed using a 193 nm Resonetics M-50 laser system, and an Agilent 7700x ICP-MS 

instrument was used to acquire ion-signal intensities. Helium was applied as a carrier gas, 

while argon was used as the make-up gas and mixed with the carrier gas downstream of 

the ablation cell before entering a Laurin Technic Pty ‘Squid’ smoothing device and then 

http://pcigr.eos.ubc.ca/services/instrumentation/Scoates%20&%20Friedman%20EG08%20DigSupp.pdf
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the ICP-MS torch. In order to decrease the detection limit and improve precision, 2.5 

mL/min nitrogen (N2) was added to the central gas flow (high purity Ar+He) of the Ar 

plasma, which increases the sensitivity for most elements by a factor of 2-3 (Hu et al., 

2008; McFarlane and Luo, 2012).  Selection of targets for isotope and trace element 

analysis was based on the size, morphology, and internal structure of titanite, specifically 

all spot analyses were made on grains of >25 μm diameter; ablation was made on clear or 

clearer parts of grains. The data were externally normalized using the Khan Mine titanite 

standard with reference isotope ratio values from Heaman (2009). The isotope ratios were 

calculated offline using the Iolite 2.5 software package (Paton et al., 2011) and ages 

calculated using Isoplot v. 3.75 (Ludwig, 2012).  

 Re-Os dating of 4 molybdenite samples, one from quartz veins cutting the 

Mactung North Granite pluton, one from a quartz vein cutting Unit 3C xenolith, and one 

cutting a leucogranite dyke, and finally a molybdenite sample from pyroxene skarn 

retrieved from drill core was conducted at the University of Alberta. The 187Re and 187Os 

concentrations in molybdenite were determined by isotope dilution mass spectrometry at 

the University of Alberta Radiogenic Isotope Facility, Edmonton, Alberta using Carius 

tube, solvent extraction, and chromatographic techniques (Selby and Creaser, 2001a). 

Rhenium and Os isotope ratios were measured using negative thermal ionization mass 

spectrometry (Creaser et al., 1991; Völkening et al., 1991) on a Micromass Sector 54 

mass spectrometer using Faraday collectors. All Re-Os dates reported in the text are 

reported with 2σ uncertainties, which include the uncertainties in Re and Os mass-

spectrometer measurements, spike, and standard Re and Os isotopic compositions, and 

calibration uncertainties of 185Re (0.1%) and 187Os (0.07%). Uncertainty in the 187Re 
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decay constant (Smoliar et al., 1996) was not considered. A 187Re-187Os model age was 

determined using the 187Re and 187Os contents, with 2σ absolute uncertainties and the 

187Re decay constant (1.666 × 10-11 a-1, Smoliar et al., 1996) using the Isoplot software 

program (Ludwig, 1998).  

 

4.6.2. Results and Discussion 

4.6.2.1 Ar-Ar Geochronology 

 The first step in Ar-Ar age dating is the calculation of an integrated age for total 

sample gas released in all step-heated fractions. This age is equivalent to the K-Ar age of 

the sample, and the age determined in this way is subject to the usual uncertainties of K-

Ar dating, in particular to the loss of Ar during secondary heating events. Because of this, 

the Ar-Ar data are commonly interpreted by use of the conventional age spectrum plot of 

cumulative 39Ar release vs. apparent age (Campbell and Sewell, 2007).  To do this 

interpretation for Mactung granitoids, apparent ages were calculated for each step heating 

gas fraction on the assumption that all of the initial 36Ar trapped in the sample is 

atmospheric in composition (40Ar/36Ar = 295.5). Graphical presentations of data include: 

1) the cumulative fraction of 39Ar released versus the calculated apparent age on the x 

and y axes, respectively, for generating spectrum; 2) the cumulative fraction of 39Ar 

released against the Ca/K ratio of each step heating fractions on the x and y axes, 

respectively, to help identify phases and interpret age dates; and 3) correlation plots of 

40Ar/36Ar vs the 40Ar/39Ar to interpret the step-heating data. All of the graphs from all age 

dating techniques are presented in Figures 4.17-4.29. In all of the graphs, the incremental 

heating fractions are labeled by their sequential fraction numbers.  
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 Interpretation of the Ar-Ar data for the Mactung samples include integrated and 

plateau ages and isochron age (in some rare cases). In both plateau and isochron age 

determination, the sequences of successive gas fractions that lie on a single plateau and 

isochron, within analytical error, were taken into consideration. Fractions are commonly 

omitted from the calculation when there is excessive scatter. To evaluate scatter, a 

goodness-of-fit criterion, also known as MSWD (for Mean Square of Weighted Deviates) 

was used. The goodness-of-fit (MSWD) is calculated using the equation, S/(n−k), where 

k is the number of degrees of freedom: k = 1 for means (as in plateau ages), and k = 2 for 

fitted lines (as in isochrons). S/(n−k) should ideally be close to one (York, 1969; Wendt 

and Carl, 1991). Since geological variations far exceed chemical analysis precision, 

values of ≤4 are taken to indicate self-consistent data.   Each analysis is discussed below, 

with the analyses presented by rock type and in alphabetical order by sample number. 

The location of these samples is presented in Figure 4.16 and Table 4.21 (UTM location). 

Summaries of the analytical data for the most relevant samples plot in the discussion are 

provided in Tables 4.1-4.17. As in the graphics, the incremental heating fractions listed in 

the tables are also labeled by their sequential fraction numbers. The detailed numerical 

argon data is presented in Appendix 4.1.  

 

4.6.2.1.1 Ar-Ar Geochronology of Granitoids 

 MAC-156 is an aplitic dyke from the southern part of the area (Fig. 4.16). The 

UTM location is 441501m E, 7015976m N. The sample is characterized by phenocrysts 

of biotite and feldspar laths (1 and 2 mm, respectively), and abundant very fine-grained 

muscovite in the groundmass. The dyke intrudes the metasedimentary rocks in the south 
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(Units 2B to Unit 4), and it strikes E-W and dip sub-vertically to the north. A biotite grain 

(P45-110) incrementally heated in sixteen steps (Fig. 4.17) yielded an integrated age of 

93.4 ±0.3 Ma with an integrated Ca/K ratio of 0.041 ±0.003. A broad plateau age of 94.1 

±1.3 Ma was obtained from steps 4 to 16, with 95.5% of the sample’s 39Ar with a large 

S/(n−1) of 13.51 due to influence from heating fractions 11 and 12. The goodness-of-fit 

parameter S/(n−1) is improved significantly to 2.68 by taking only fractions 5-10, with 

39.1% of the 39Ar. This reduces the error in the plateau age, but has little effect on the age 

itself (94.0 ±0.5 Ma). Fractions 11-12, with 30.8% of the 39Ar, yield a significantly higher 

age of 96.1 ±0.6 Ma [S/(n−1) = 2.28]. Fractions 11 and 12 are not anomalous on the Ca/K 

plot, but on the isochron plot they lie above and to the left of the radiogenic cluster 

formed by fractions 5-10 (i.e., close to the x-axis). Since fractions 11 and 12 are not as 

radiogenic, it is possible that they represent mixing of radiogenic argon (fractions 5-10) 

with argon having a higher than atmospheric 40Ar/36Ar ratio (i.e., a point well below 

“Nier” on the y-axis), at a time later than 94 Ma ago. Regardless of the details, the 

anomalous nature of fractions 11 and 12 lead suggests that the 94.0 ±0.5 Ma age of 

fractions 5-10 is probably a best estimate of the age of this sample. 

 MAC-165 is a leucocratic, medium-grained granite sample, rich in muscovite and 

tourmaline. It was collected from a dyke of about 3-metres width that strikes 117°, 

dipping subvertically to the north. The UTM coordinate location is 442733m E and 

7017826m N (Fig. 4.16). A muscovite crystal (P45-012) run in 14 steps (Fig. 4.18) gives 

an integrated age of 94.4 ±0.4 Ma, with an integrated Ca/K ratio of 0.029 ±0.003. The 

first five fractions, with 1.9% of the total 39Ar rise from a negative value to a high of 112 

Ma, and then drops gradually to a broad minimum spectrum pattern in fractions 8-9, 
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before increasing upward in fraction 10 to a high-temperature plateau defined by steps 

11-14. Four scenarios of plateau values can be generated from this sample at different 

goodness of fit, and % 39Ar composition: fractions 1-14, 100% total 39Ar argon, plateau 

age of 94.1 ±0.9 Ma, S/(n−1) = 3.98; fractions 8-14, 83.6% of total 39Ar, plateau age of 

93.8 ±1.1 Ma, S(n-1) = 4.62; fractions 8-10, 44.0% total 39Ar, plateau age of 92.9 ±0.4 

Ma, S(n-1)=0.12; fractions 11-14, 39.6% total argon, 95.3 ±0.4 Ma, S/(n-1)=0.12. 

 All 14 fractions give a plateau age of 94.1 ±0.9 Ma, and a scattered fit of 3.98. 

Eliminating the first seven fractions barely changes the total plateau age at 93.8 ±1.1 Ma, 

and shows a larger error in the goodness-of-fit. The very minor change in the age 

suggests that the low-temperature fractions reflect argon redistribution more than 

significant argon loss. The increase in scatter arises, because the goodness-of-fit 

parameter S/(n−1) sums the deviations of the individual fractions from their weighted 

mean in units of the standard error of that fraction. The large deviations of the first seven 

fractions are accompanied by large errors, whereas the last seven fractions show much 

decreased variation and more decreased errors. The large S/(n−1) of fractions 8-14 can be 

substantially reduced by breaking that plateau into two parts. The lower-temperature 

plateau comprises fractions 8-10, with 44.0% of the total 39Ar, gives an age of 92.9 ±0.4 

Ma, with an S/(n−1) near one. The high-temperature plateau (with 39.6% of the sample’s 

39Ar) yields an age of 95.3 ±0.4 Ma [S/(n−1) = 0.12]. Both plateaus show a very good fit 

and represent a significant proportion of the total 39Ar in the sample, but they give 

completely incompatible ages within their respective small errors. The high-temperature 

plateau with its older age probably represents the formation age, whereas the relatively 

low temperature plateau points to evidence of an overprinting event approximately 2 Ma 
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later. Tight clustering of the high-temperature points (7-13) near the x-axis precludes a 

more precise interpretation of the initial 40Ar/36Ar ratio using the 36Ar/40Ar vs. 39Ar/40Ar 

correlation plot.  

 MAC-177A is coarse-grained porphyritic granite rich in dark (visual colour) 

biotite. The sample was collected from a location of UTM 442806m E, 7018033m N 

(Fig. 4.16).  Muscovite and chlorite alteration of biotite is common throughout the 

sample. Some tourmaline grains are also recognized. A muscovite crystal (P45-011) run 

in 10 steps (Fig. 4.19) gave integrated age of 94.3 ±0.3 Ma, with an integrated Ca/K ratio 

of 0.082 ±0.003. From the age spectrum, a plateau age of 95.6 ±0.3 Ma is obtained for 

fractions 3 to 10 (containing 97.6% of the total 39Ar) with an ideal goodness of fit 

[S/(n−1) = 1.03]. On the 36Ar/40Ar vs. 39Ar/40Ar correlation plot, the same points are 

clustered and give an age of 95.6 ±0.4 Ma. Because of the clustering, the initial 40Ar/36Ar 

ratio is imprecisely defined, but probably atmospheric, at 294 ±25.  

 A biotite from the same sample (P45-124), run in 13 steps (Fig. 4.20), gave an 

integrated age of 92.3 ±0.3 Ma, with an integrated Ca/K ratio of 0.043 ±0.001. Its age-

spectrum climbs to an early maximum of 95.3 ±0.2 Ma (fraction 5). Subsequent fractions 

decline in age up to the final fraction 13 at 91.1 ±0.7 Ma, resulting in a slightly tilted 

plateau for fractions 3 to 13, which has a weighted average age of 93.2 ±1.8 Ma with a 

highly scattered goodness-of-fit parameter [S/(n−1) = 19.24]. On the 36Ar/40Ar vs. 

39Ar/40Ar plot, points 3 to 10 form a slightly scattered [S/(n−2) = 5.33] isochron yielding 

an age of 94.5 ±0.5 Ma, with a low initial 40Ar/36Ar ratio of 282.0 ±5.9 (significantly 

fractionated from the atmospheric value of 295.5). As with sample MAC-165, steps 6-13 

can be divided into two much better-fitting plateaus. Steps 6-10, with 36.2% of the total 
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39Ar, give a plateau age of 94.0 ±0.3 Ma [S/(n−1) = 1.08], whereas steps 11-13, with 

42.2% of the total 39Ar, give a plateau age of 91.8 ±0.4 Ma [S/(n−1) = 1.89]. Unlike in 

previous sample (MAC-165), the high temperature age here is lower than the 

intermediate-temperature age, which makes interpretation problematic. The ideal nature 

of the muscovite age spectrum indicates that there is a reliable age of 95.6 ±0.3 Ma for 

the blocking of Ar in this mineral. The pattern for biotite is coincident with that of the 

muscovite for at least a third of its spectrum. The downward-tilting pattern spectrum is 

indicative of diffusive Ar gain in the biotite. In this case, the high temperature age of 91.1 

±0.7 Ma would yield the maximum age of Ar blocking in altered biotite. The lower ages 

in the biotite are also coincident with higher Ca/K ratios, ending in the highest value in 

the final fusion fraction 13. This is consistent with the alteration of the biotite described 

above. Even the higher age estimate of biotite (94.0 ±0.3 Ma) is at the lower end due to 

loss of argon during alteration at 91.1 ±0.7 Ma.  This implies that the ages obtained from 

step heating of muscovite and biotite may be similar and that rapid cooling of the granite 

is indicated after the formation of muscovite. In addition to muscovite and biotite, four 

tourmaline fractions from MAC-177A were analysed for dating. They yielded an 

integrated Ca/K ratio of 303 ±8, but no other useable data was obtained.  

 MAC-177B is a leucocratic coarse-grained granite with minor biotite (<5%). The 

sample was collected from the southeast periphery of Mactung North pluton, from the 

same location as sample MAC-177A. Here the leucogranite granite clearly cuts the 

porphyritic biotite granite. A small biotite (P45-009), run in 10 heating steps (Fig. 4.21), 

yields an integrated age of 93.5 ±2.3 Ma, with an integrated Ca/K ratio of 0.01±0.01. On 

the isochron plot, all fractions are quite radiogenic.  Although many of the steps are not 
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as precise (the most precise is fraction 9 having an age of 93.5 ±1.3 Ma), the age 

spectrum is ideally flat within the uncertainties [S/(n−1) = 0.14], and thus the plateau age 

for all fractions (100% of the 39Ar) of 93.3 ±1.2 Ma is the best estimate of the sample’s 

age. The fact that there is no evidence of a higher argon blocking age in this sample may 

mean that all the argon has been reset and that the age simply reflects later thermal events 

or the rock belongs to a younger phase. 

 MAC-224A is a sample of porphyritic biotite granite collected from the central 

southern end of the Mactung North pluton in contact with skarn/biotite hornfels. Its UTM 

location is at 441839m E, 7018089m N (Fig. 4.16). A muscovite crystal (P45-016) run in 

9 steps (Fig. 4.22) gives an integrated age of 94.2 ±2.0 Ma, with an integrated Ca/K ratio 

of 0.204 ±0.010. On the age spectrum, the first two fractions rise rapidly to an excellent 

plateau [S/(n−1) = 0.16] formed by fractions 3 to 9 (with 81.3% of the total 39Ar) and 

yielding an age of 98.1 ±2.0 Ma, which may represent the age of crystallization. A biotite 

grain (P45-017) run in 9 steps (Fig. 4.22) gives an integrated age of 94.0 ±1.3 Ma, with 

an integrated Ca/K ratio of 0.125 ±0.007. The sample gives an excellent plateau [S/(n−1) 

= 0.38] for all nine fractions at an age of 95.1±0.8 Ma (100% of the sample’s 39Ar 

composition) representing the argon blocking age in biotite. On the 36Ar/40Ar vs. 

36Ar/39Ar plot, most of the fractions are radiogenic clustering near the x-axis (Fig. 4.23). 

A plagioclase grain (P45-126) (Table 4.8) run in 7 steps gives an integrated age of 183 

±33 Ma, with an integrated Ca/K ratio of 6.4 ±1.1. On the 36Ar/40Ar vs. 39Ar/40Ar 

diagram, all points yielded an imprecise isochron age of 90 ±18 Ma, with an elevated 

initial 40Ar/36Ar ratio of 334 ±12.  Fraction 6 constituting 65.8% percent of the total 

argon, yields an age of 98.68 ± 15.71 Ma, whereas fraction 7 that comprises 14.33 % of 
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the total argon yields an age of 49.91 ± 77.82 Ma. Fractions 1-5 have shown apparent 

ages of 136.16 ± 541.34 Ma to 583.89 ± 369.70 Ma and account for 19.87% of the total 

argon. Feldspars are prone to deuteric alteration or re-equilibration to later geological 

processes.  Disparity in ages in the lower and higher temperature fractions could be 

attributed to excess argon from other mineral phases (inclusions) for the lower 

temperatures fractions (fractions 1-5), and loss of argon due to later events in the very 

high temperature fraction (fraction 7), which is supported by higher Ca/K ratio attributed 

to mineral inclusions as observed in thin section. 

 MAC-303 is light grey, coarse-grained, biotite granite collected from the southern 

Mactung stock (Figs. 4.3, 4.16) from a UTM coordinate location of 440026m E, 

7015106m E. An integrated age of 95.44 ±1.05 Ma has been calculated for nine heating 

step fractions (Fig. 4.24).  Fractions 2 to 9, which account for 99% of the argon released, 

yielded a plateau age of 95.5±1.2 Ma with a goodness of fit of 3.3 (Fig. 4.24a). Fractions 

4 to 9, which account for 70% of the argon released, yields a plateau age of 95.57 ± 0.55 

Ma with an excellent goodness of fit of 0.95.  The 2σ age error for this plateau age is also 

low, and is taken here as the best cooling age of biotite in the sample. Fraction 1 has low 

argon release, and phase inclusions in biotite might have been the cause. This is 

supported by Ca/K value (2.1), which is higher compared to the Ca/K values for the rest 

of the argon fractions (<0.21). The apparent age in fraction 2 is relatively low possibly 

due to argon loss during step heating. In the inverse isochron plot, fractions 3-9, are more 

radiogenic and clustered near the x-axis. Fractions 1-2 are not as radiogenic as the rest of 

the argon released. It is appropriate to exclude these two fractions in the spectrum for best 

plateau age calculation. Fraction 3, which contains 29% of the Ar released, has an age of 
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97.56 ±1.02 Ma; this is the source of the higher error in the goodness of fit (at 3.3) in the 

preceding plateau calculation (the cause of the higher plateau age, error for heating 

fractions 2-9). This higher age of 97.56 ±1.02 Ma in fraction 3 is interpreted as the 

crystallization age of the rock. The normal isochron age for MAC-303 yielded a higher 

age at 96.8 ± 1.3 Ma (Fig. 4.24b) with a goodness of fit value of 1.7. The inverse 

isochron yielded an age = 95.3 ± 2.4 Ma with a goodness of fit of 2.5 (Fig. 4.24c). 

Though the inverse isochron age is similar to the plateau age, the higher error in age, and 

the higher goodness of fit suggest that it is not as good as the plateau age.  

 

4.6.2.1.2 Ar-Ar Geochronology of Skarn Samples 

 MAC-124 (Fig. 4.7b and c) is a surface skarn sample collected from the NE 

corner of the skarn, near the adit portal (Figs. 3.3, 3.16). The UTM location of the sample 

is 442420m E, 7017725m N.  It is a composite sample consisting of coarse-grained green, 

and fine-grained, light green skarn. The coarser grained part consists predominantly of 

pyroxene with subordinate garnet, amphiboles, calcite, quartz, and wollastonite. The finer 

type consists of abundant quartz and plagioclase, pyroxene, calcite, and some apatite. 

Three analyses were run, but what looked like amphibole (P45-026, P45-114) from grain 

shape turned out to be pyroxene? A felsic grain (P45-115) also lacked sufficient 39Ar for 

precise results.  

 MAC-226 is a green pyrrhotite-garnet-pyroxene skarn with abundant scheelite. 

The sample was taken from a UTM location of 441910m E, 7018082m N (Fig. 4.16). A 

grain thought to be amphibole (P45-146) was run in 9 steps (Fig. 4.25) and gave an 

integrated age of 673 ±10 Ma, with an integrated Ca/K ratio of 1779 ±18. The age 
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spectrum showed saddle shape with maxima at fraction one at 2272 ±44 Ma, and 

fractions 9 at 662 ±47 Ma. The minimum at fraction 4 provides a maximum age of 127 

±20 Ma for this sample. The high Ca/K ratio for this sample indicates that this sample 

consisted of largely pyroxene or had a predominant pyroxene core. 

 MT-71-11-336 was obtained from NATCL’s Cantung core archive from borehole 

# MT71-11 at a depth of 336 feet. The hole is located at UTM coordinates 442,087m E, 

7,017,693m N (Fig. 4.16).  The sample is a pyroxene skarn that is strongly oxidized. 

Grains considered biotite in hand specimen were altered/oxidized to hematite. Step-

heating was not successful in yielding meaningful data. Two attempts (P45-120, P45-

121) yielded no usable data.  

 MT79-117-501.5 is a biotite-bearing pyroxene-pyrrhotite skarn collected from 

borehole MT79-117 from a depth of 501.5 feet (158.6m). It was retrieved from NATCL 

core archive at Cantung. The location of MT79-118 is at UTM 442117m E, 7017731m N 

(Fig. 4.16). The sample is from the northeast flank of the skarn orebody close to the 

southeast corner of Mactung North Pluton, an area known to contain composite granite 

(biotite granite, leucogranite and abundant dykes). A biotite grain (P45-117) run in 11 

steps (Table 4.10) gives an integrated age of 90.7 ±3.1 Ma, with an integrated Ca/K ratio 

of 4.78 ±0.08. The run yields a good plateau age averaging 89.9 ±2.9 Ma for fractions 4 

to 9 (78.3% 39Ar). This lower age of biotite in skarn is attributed to continued thermal 

events throughout the evolution of magmatism at Mactung.  
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4.6.2.1.3 Ar-Ar Geochronology of Meta-argillite/pelites 

 Two pelitic rock samples were chosen for Ar-Ar dating. MAC-223-A is a brown 

fine-grained biotite hornfels collected from Unit 3C in contact with porphyritic biotite 

granite, near the central northern end of the skarn deposit (Figs. 4.3, 4.16). The sample’s 

UTM coordinates are 441889m E, 7018110m N (Fig. 4.16). The hornfels contains a 

granite apophysis with a thickness ranging from a couple of millimeters to several 

centimeters (Fig. 4.6c). A small biotite grain (P45-027) run in 7 steps (Fig. 4.26) gives an 

integrated age of 93.3 ±1.7 Ma, with an integrated Ca/K ratio of 0.048±0.007. There is a 

good plateau for fractions 3 to 6 (with 63.7% of the total 39Ar) yielding an average age of 

97.1 ±1.9 Ma [S/(n−1) = 0.02]. A larger biotite (P45-111) run in 20 steps gives an 

integrated age of 95.0 ±0.3 Ma, with an integrated Ca/K ratio of 0.0601±0.0004 (Fig. 

4.27). The age spectrum features a low- to mid-temperature plateau [S/(n−1) = 5.25] for 

fractions 6 to 12 (with 46.8% of the sample’s 39Ar), giving an age of 96.9 ±0.6 Ma (Fig. 

4.27). The pattern peaks at 99.5 ±0.3 Ma in fraction 14, and then drop to 91.8 ±0.3 Ma in 

the final fraction (fraction 20). Best plateau ages (96.9 ±0.6 and 97.1 ±1.9 Ma) signify 

time of metamorphism and approach the crystallization age of the granite at 97.1 ±0.1 Ma 

(determined by U-Pb dating of zircon). Lower ages in the hornfels signify later thermal 

overprinting.   

 MT-72-27-778 is strongly foliated cordierite-muscovite-biotite schist in which 

biotite and muscovite crystals anastomose around cordierite implying shear deformation. 

The rock belongs to Unit 1(Vampire Formation).  The sample is obtained from drill-hole 

number MT72-27 below the Lower Orebody (2B) from a depth of 778 feet (237.13 m). 

The UTM coordinate location of the borehole is at 441979m E, 701772m N (Fig. 4.16). 
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Several pyrite-bearing quartz veins cut this unit. A biotite (P45-118) run in 17 steps (Fig. 

4.27) gives an integrated age of 91.3 ±0.3 Ma, with an integrated Ca/K ratio of 

0.083±0.002. On the age-spectrum, fractions 4 to 16 (90.7% 39Ar) yield a plateau age of 

95.9 ±0.7 Ma at 6.04 goodness of fit. A better S/(n−1) of 2.42 is achieved by reducing the 

plateau to fractions 11-15 (with 54.2% of the total 39Ar); the resulting age is 95.7 ±0.4 

Ma, which is indistinguishable from the age of the broader plateau. This age is taken as 

the age of metamorphism, possibly related to a local shear deformation after contact 

metamorphism. 

 

4.6.2.1.4 Ar-Ar Geochronology of Quartz Veins 

 Tourmaline grains were used to date a quartz vein north of the mineralization. 

Tourmaline which is resistant to alteration and metamorphism almost up to anatexis (Von 

Goerne et al., 1999; Kawakami, 2001; Bea, 2009). Despite this characteristic, the dating 

of tourmaline has not received enough attention by geochronologists, and it occasionally 

yielded controversial results (e.g., Damon and Kulp, 1958; Frei and Pettke, 1997; 

Richards and Wagner, 1997). Damon and Kulp (1958) showed anomalously high K-Ar 

ages for the mineral. The older ages were attributed to excess radiogenic Ar trapped 

because of the mineral’s ring structure. The K2O content of tourmaline seldom exceeds 

0.1 wt.% (London et al., 2006), although it may attain over 2% in the relatively rare K-

tourmaline. Other researchers have reported success in tourmaline dating: Pb-Pb (Frei 

and Pettke, 1996; Kudryashov et al., 2004), Rb-Sr (Chen et al., 1996), Sm-Nd (Anglin et 

al., 1996), and K-Ar and 40Ar/39Ar (Fitch and Miller, 1972; Allen, 1991; Andriessen et 

al., 1991; Bea, 2009).  Bea et al. (2009) reported the most precise estimation of the age of 
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crustal thickening in Central Iberia (D1 deformation) from the crystallization age of 

tourmaline. From a study of tourmaline in alpine leucocratic rocks, Andriessen et al. 

(1991) compared muscovite K-Ar ages to those of tourmaline and suggested that 

tourmaline’s higher ages reflect a higher blocking temperature, even higher than 

hornblende. 

 MAC-223-C is a grey white massive quartz vein with abundant black tourmaline 

(Fig. 4.6d, e) and some molybdenite crystals. The sample was collected from the southern 

end of the granite close to the contact with skarn mineralization. Here the biotite granite 

contains a dismembered biotite hornfels xenolith that is partly weakly to moderately 

skarnified. The quartz vein visibly cuts the biotite hornfels, skarnified hornfels, and the 

biotite granite. The UTM location coordinates are 441889m E, 7018110m N (Fig. 4.16).  

The vein depicts bleaching that appears to be the effect of greisenization, showing clay 

and sericite alteration (Fig. 4.6e) after the emplacement of the main granite pluton phase.   

Three submillimetre crystal fragments were examined. The analyses show low and 

variable integrated Ca/K ratios (from 8 to 25), unlike the single analysis from MAC-

177A, which has a very high ratio of 303. Calcium occupies the same crystallographic 

site as K in tourmaline, and the Ca/K heterogeneity may result from chemical zoning in 

the crystals. The Cl/K ratios from MAC-223-C are more homogeneous at 0.003-0.006. 

Age data collection on three tourmaline crystal fragments was attempted (Fig. 4.29): one 

(P45-037) on 5 heating fractions had an integrated 40Ar/36Ar ratio of 295 ±7, essentially 

that of modern atmosphere, with Ca/K of 11.2 ±0.3 (Table 4.15). Sample P45-037 is not 

significantly enriched in radiogenic 40Ar to yield a meaningful integrated age. Another 

fragment (P45-123) on 8 heating steps had an integrated 40Ar/36Ar ratio of 347.17 ± 
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11.31with an integrated age of 39.59 ± 7.31 Ma, and Ca/K of 8.525 ± 0.173 (Table 4.16).  

A third crystal (P45-129) with 10 heating steps has an integrated age of 50.73 ± 3.16 Ma 

with an integrated Ca/K ratio of 25.28 ±0.2 (Table 4.17).   

 MAC-223C did not give a meaningful plateau age. There are no overlapping 

plateaus (Fig. 4.28). In the isochron plot (Fig. 4.29), there is a clear picture where the 

low-temperature heating fractions lie close to zero on the x-axis, and significantly lower 

than the value labeled “Nier”. This represents the modern atmospheric 36Ar/40Ar value of 

1/295.5, which signify excess argon, or argon recoil that created 39Ar deficiency pushing 

the apparent age higher in the low temperature fractions. The step heating data on the 

correlation diagram (40Ar/36Ar vs. 40Ar/39Ar) shows no defined isochron, a reason to 

believe argon recoil occurred.  The high temperature fractions (last 10% of P45-123 and 

126) show higher apparent ages compared to the mid temperature fractions, which may 

signify argon loss in the intermediate fractions. The weighted mean of these high 

temperature fractions is 86 ±12 Ma [S/(n−1) = 1.83]. Plotting the integrated points (Fig. 

4.30b) for all three analyses yield a 3 point isochron age of 58.0 ±4.8 Ma, and [S/(n−2) = 

1.10] on the 36Ar/40Ar vs. 39Ar/40Ar plot, with a corresponding initial 40Ar/36Ar ratio of 

280 ±7. Neither of the two age determinations agrees with the age results of the rest of 

Mactung samples, although the age 86 ±12 Ma is somewhat closer.  There is significant 

argon loss and recoil argon in the tourmaline sample resulting in a younger ages.  

 

4.6.2.2 U-Pb Geochronology of Zircon (ID-TIMS) 

 Uranium-lead (U-Pb) dating is one of the oldest, most precise and most accurate 

geochronometer for dating terrestrial and extra-terrestrial rocks (Faure, 2005).  The 
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method is based on two decay series: the uranium series that involves the decay of  238U 

to 206Pb, with a half-life of 4.47 billion years; and the actinium series, which is based on 

the transformation of  235U to 207Pb, with a half-life of 704 million years. U-Pb dates on 

igneous rocks are often the standard of choice in determining crystallization ages, 

especially when the mineral used is zircon, which forms and closes to Pb-diffusion at 

high temperatures.  

 Uranium - lead age data of multigrain zircon fractions (3-4 grains each) of five 

granitoid samples for three major rock types was acquired via the CA-ID-TIMS 

analytical technique. The ages obtained for all the samples are almost the same (centered 

at 97 Ma) within the limit of the error reported. Detailed data is presented in Table 4.18, 

and concordia and weighted mean age data plot diagrams are given in Figure 4.30a-f.  

Concordant ages of 97.1 ±0.1 and 97.6 ± 0.2 Ma, based on the oldest grains, are 

calculated for biotite granite, distal and proximal to the skarn tungsten mineralization, 

respectively (Table 4.18, Fig. 4.30d, f). This age represents the main phase of the 

Mactung North pluton. An age of 97.2 ± 0.2 Ma is calculated for the biotite granite of 

Mactung South pluton based on the oldest grain. Two granitic dykes of differing textures 

and mineralogy give ages of 97.2 ± 0.2 and 97.2 ± 0.3 Ma (MAC-156 and 165A, 

respectively).  

 Notable observations from our results are the dates from the two radiogenic 

systems (206Pb/238U and 207Pb/235U) are identical within uncertainties (Table 4.18; Fig. 

4.30) in almost all of the samples indicating the ages are concordant, and that the system 

was in isotopic equilibrium, and has remained closed since the time of crystallization. 

Only in the case of MAC-156 (aplitic dyke) is there an age discrepancy in one fraction 

http://en.wikipedia.org/wiki/Decay_chain
http://en.wikipedia.org/wiki/Uranium_series
http://en.wikipedia.org/wiki/Actinium_series
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(fraction D in Table 4.18). U-Pb isotope plots for this sample resulted in two age 

intercepts at 97.2 ±0.3 Ma and 1817 ±22 Ma (goodness of fit or MSWD=0.62). This 

latter age is attributed to inherited zircon and may represent the source rock from which 

the aplitic dyke was generated. Calculated weighted mean 206Pb/238U age for three of the 

fractions (leaving out the outlier anomalous fourth fraction (fraction D) gives an age of 

97.2 ±0.2 Ma (error within 2s) at goodness of fit (MSWD) of 0.23. This age is 

represented by a horizontal line in Figure 4.31a. Considering the older of the three ages 

of the biotite granite (97.6 ±0.2 Ma), we may infer that the aplitic dykes are younger by 

about 600,000 years, and the leucogranites are younger by about 600,000 years; and 

considering the lower temperature ages (close to 92 Ma) obtained through Ar-Ar dating, 

we propose here that pulses of leucogranite emplacement likely continued to persist for 

about 0.6 to 5.6 million years after the emplacement of the biotite granite. 

   

4.6.2.3 U-Pb Geochronology of Titanite (LA- ICP-MS) 

 This study represents the first direct dating of the Mactung skarn deposit using 

titanite U-Th-Pb geochronometer, and highlights the usefulness of titanite for accurate 

dating of hydrothermal ore formation. Titanite is an important accessory mineral not only 

in magmatic and metamorphic rocks, but also in hydrothermal mineral deposits. It 

incorporates appreciable amounts of U and Th (usually 10’s to 100 ppm) into its structure 

and has a closure temperature of Pb diffusion greater than 660-700 °C (Scott and St-

Onge, 1995; Frost et al., 2001), making it an ideal U-Th-Pb geochronometer. Although 

the feasibility of dating titanite by the U-Pb method was recognized early on (Tilton and 

Grünenfelder, 1968), the technique has been applied mostly to magmatic and 
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metamorphic rocks (Corfu and Grunsky, 1987; Carr, 1991; Essex and Gromet, 2000; 

Buick et al., 2001; Koksal et al., 2004), with only limited applications to hydrothermal 

minerals (Jemielita et al., 1990; Romer et al., 1994; Corfu and Stone, 1998; Whitney and 

Olmsted, 1998; de Haller et al., 2006). Laser ablation inductively coupled plasma-mass 

spectrometry (LA ICP-MS) has recently been used as a rapid technique for age 

determination of U-bearing accessory minerals (Horstwood et al., 2003; Simonetti et al., 

2006; Buick et al., 2007; Storey et al., 2006, 2007; Li et al., 2013). This technique has 

several advantages over conventional methods, ranging from simplified sample 

preparation and measurement of isotopic ratios at high-spatial resolution (beam focused 

on a sample spot of 10 μm) to rapid analysis and low cost compared to other analytical 

protocols (e.g., ID-TIMS). Employing this technique, several studies have successfully 

dated U-bearing accessory minerals. 

 Titanite from the Mactung pyroxene-pyrrhotite skarn (Fig. 4.31: sample MT59-

278) occurs as euhedral to subhedral grains that coexist with pyrrhotite, scheelite, 

pyroxene, plagioclase, and quartz (Fig. 4.32). Crystals are brown, wedge shaped, of high 

relief and high birefringence, and in the order of 15-100 μm diameters. Titanite shows no 

evidence of inheritance and overgrowth textures that would indicate multiple periods of 

growth. Laser ablated spot locations are marked in Fig. 4.32. The timing of emplacement 

of skarn tungsten mineralization at Mactung has been determined by using the LA ICP-

MS titanite U-Pb dating method, following the procedures given in section 6.1. Using the 

semi-total Pb/U (i.e. inverse isochron) method, an anchored (at common-Pb 207Pb/206Pb = 

0.805 ± 0.002; Hefferman et al., 2005) age of the mineralization obtained is 97.1 ±4.1 
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Ma (MSWD = 0.099, n=18) (Fig. 4.33), which agrees well with the U-Pb zircon ages 

determined by ID-TIMS.  

 

4.6.2.4 Re-Os Molybdenite Geochronology 

 Studies of Re-Os in molybdenite from a variety of geological environments have 

shown that it is a reliable geochronometer with a high blocking temperature (i.e., 600-

700°C) (Kontak et al., 2004) and can retain primary ages despite the influence of tectono-

thermal activity (e.g., Stein et al., 1998; Raith and Stein, 2000). Other studies have 

concluded that the Re-Os system in molybdenite is susceptible to disturbance by 

interaction with post-formation fluids (e.g., McCandless et al. 1993; Suzuki et al. 2000, 

2001; Selby, 2003). Drawbacks in this technique, which can lead to erroneous age, come 

from procedural errors in sample preparation and the decoupling of Re and Os in 

molybdenite which can be avoided with careful sample selection and preparation. (e.g., 

Stein et al., 1997, 1998, 2000, 2001, 2003; Creaser and Selby, 2002; Košler et al., 2003; 

Selby and Creaser, 2003, 2004; Kontak et al., 2004). 

 The Re-Os geochronometer application on molybdenite has been used 

successfully in the Yukon and the NWT both for younger and older intrusive rocks, and 

is in good agreement with U-Pb zircon ages. For example there is good agreement for age 

of the Fort Knox deposit, Alaska (U-Pb zircon age  = 92.5 ± 0.2 Ma and the Re-Os 

molybdenite age = 92.4 ± 1.2 Ma; Selby et al., 2002), the Ryan Lake pluton, Yellowknife 

greenstone belt (U-Pb zircon age = 2671 +6/-5Ma and the Re-Os molybdenite age = 2675 

±7 Ma), and the Duckfish aplite of Yellowknife Greenstone belt (U-Pb zircon age of  

2611.2 ±1.5 Ma, and Re-Os molybdenite age of  2611 ±7 Ma)  (Ootes et al., 2002, 2007). 
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Re-Os dating of molybdenite was also applied elsewhere successfully (e.g. biotite-

monzogranite pluton of Königshain, Germany, from Late Variscan magmatism yields Th-

U-Total Pb age of 328.6 ±1.9 Ma in uraninite and Re-Os dates of and 327.0 ± 1.3 Ma and 

in molybdenite) (Förster, 2012). 

 Using the Re-Os technique, three Mactung quartz veins (MAC-176C, MAC-

222B, and MAC-223C) and one skarn sample (MS145-354.7) that contain coarse 

molybdenite crystals were dated. The veins all cut the granitoids and lower 

metasedimentary rocks whose ages have been constrained by Ar-Ar and U-Pb dating 

techniques (this study). Four Re-Os model ages were calculated following the equation: t 

= [ln (1+ 187Os/187Re)]/λ, where λ, the decay constant of 187Re, is 1.666×10−11/year 

(Smoliar et al., 1996); initial Os was taken as 1 ± 0.5 in the age determination (Table 

4.20). In the three quartz vein samples the concentrations of Re, 187Re, and 187Os in the 

samples range from 0.437 to 5.876 ppm, 274 to 3694 ppb and 0.453 to 6.548 ppb, 

respectively.  The ages obtained range from 99.1 ± 0.5 to 106.3 ± 0.4 Ma. One of the 

samples (MAC-176A) showed relatively high common Os (54.4 ppm), although it 

returned a good Re-Os age of 100.7 ± 3.5 Ma (Table 4.20). Final age is dependent on 

initial 187Os/188Os ratio. Two ages were calculated by varying the initial Os. An age of 

103.8 Ma was calculated using an initial mantle Os of 0.13 and an age of 97.3 Ma using a 

very crustal initial Os of 2. This latter age agrees well with the Re-Os dates of Selby et al. 

(2003) as determined on six samples whose isochron age is 97.5 ± 0.5 Ma, and with  U-

Pb ages (97.1 ± 0.1 Ma and 97.6 ± 0.2 Ma) of granite samples (MAC-177A and MAC-

224B, respectively). The fourth sample taken from a skarn orebody showed 9.753 ppm, 

6130 ppb and 4.865 ppb Re, 187Re and 187Os, respectively; the data did not result in a 
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realistic age (47.6 ± 48.3 Ma). There was a large amount of scheelite interference in this 

sample, as revealed by XRD examination, which impacted the accuracy of the Re-Os 

dating application.  

 Published data in the literature indicate progressive Re decrease from >100 ppm 

in molybdenum derived from mantle sources through tens of ppm for mixed mantle/crust 

source to below 10 ppm for crustal sources (Mao et al., 1999, 2008; Berzina et al., 2005; 

Li et al., 2013;). As shown in Table 4.20 of this study, the Re contents in the Mactung 

molybdenite samples are quite low (0.437 ppm to 5.876 ppm), suggesting an upper 

crustal molybdenum source, genetically related to granitic magmas formed by the partial 

melting of the upper continental crust. This agrees well with the works of Right (1998), 

who demonstrated the decreasing trend of rhenium concentrations from intermediate rock 

to acidic rocks.  Right (1998) concluded that rhenium mimics the trends seen in FeO and 

TiO2 vs SiO2 diagrams based on whole rock analysis (mafic to felsic composition),. 

Rhenium in mafic rocks is driven from 320 ppt to 850 ppt during fractionation of olivine, 

augite, and plagioclase. Once magnetite is stable and fractionates, Re drops from 850 to 

610 ppt in rocks of intermediate composition and finally to 36 ppt in rhyolite (Right, 

1998). 

 

4.7 Conclusions 

1) The Ar-Ar dating results identified two distinct important plateau ages in many of the 

samples. For instance, in a felsic leucocratic granitic dyke east of the mineralization 

zone (sample MAC-165), step heating of muscovite grains yielded two plateaus of 

low and high temperatures, corresponding ages of 92.9 ± 0.4 Ma and 95.3 ± 0.4 Ma, 
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respectively. However, U-Pb dating on zircon reveals only an older age (97 ±0.3 Ma).  

Overprinting by a similar younger age event was evident in biotite from biotite 

granite, where a lower age of 91.8 ± 0.4 Ma indicates resetting and argon loss. 

2) The U-Pb dating on zircon grain separates from five Mactung samples (granitoid) 

gave indistinguishable ages of ~97 Ma. Re-Os molybdenite dating of a quartz vein 

cutting a leucocratic dyke (MAC-176C) at the southeast end of the northern Mactung 

pluton gave an age of 100.7 Ma and 97.3 Ma (initial Os=1and 2, respectively). The 

leucogranite (MAC-165) was also cut by a similar molybdenite-bearing quartz vein. 

Although the leucogranite intrudes the biotite granite, the Re-Os dating constrains the 

leucocratic dyke is not younger than 97 Ma. Consequently, the lower Ar-Ar age of 

92.9 ± 0.4 Ma in muscovite (sample MAC-165) could not be the age of this dyke.  

3) The possible explanations for the younger Ar plateau ages are either there is a late-

stage leucogranite intrusion that we have not encountered, or a blind younger 

intrusion at depth, or hot fluid derivatives of the leucogranite and biotite granite that 

were active through late stage, and subsequently affected the argon content of the 

sample. Thermal heating by younger events can cause argon clock resetting. Selby et 

al. (2003) obtained an age of 92.1±0.2 Ma in granite samples from near the eastern 

end of the skarn mineralization, using U-Pb zircon dating. In combination with the 

findings herein, the possible presence of minor younger pulses of leucogranite in the 

area cannot be ruled out. In the southeast Selwyn Basin, magmatism dating to 90 Ma 

was reported by Rasmussen (2013), as well as other parts of the Selwyn Basin, such 

as Tombstone magmatic suites (e.g., Hart, 2004, 2005).  



 

237 

4) Alteration features, such as sulphidation, and formation of pyroxene and titanite, are 

widely prevalent in skarn. Similar features are observed in granites within and 

adjacent to the skarn orebody (although not as extensive). Likewise, U-Pb 

geochronological studies of zircon in granitoids and Re-Os dating of molybdenite in 

quartz veins (Selby et al., 2003) that cut granite and skarn (established by this work) 

yield similar ages. The skarn deposit at Mactung and its spatially associated 

intrusions may have thus formed synchronously at about 97-98 Ma.  

5) The Ar-Ar metamorphic ages (biotite in biotite hornfels), Ar-Ar crystallization ages 

of muscovite and biotite in biotite granite (the main phase at Mactung plutons) and 

the U-Pb crystallization age of zircon suggest that contact metamorphism and granite 

intrusion at Mactung were synchronous; dating of two biotite grains from the biotite 

hornfels (at the contact with the granite) yield ages of 97.1 ±1.9 and 96.9 ±0.6 Ma. 

Zircon grains separated from two samples of the biotite granite proximal and distal to 

the skarn (Fig. 4.16) gave U-Pb dates of 97.6 ± 0.2 and 97.1± 0.1 Ma, respectively. 

These ages of the two rock types are identical with the limit of uncertainties 

encountered. 

6) Dating of titanite from the skarn by LA-ICP-MS showed an age of 97.1± 4.1 Ma 

despite the lower precision, which may be inherent to the capability  of the 

instrumentation; the date obtained is similar (accurate) to the U-Pb zircon results for 

biotite granite and biotite hornfels determined using the CA-ID-TIMS method. 

7) Skarn tungsten and associated Au-Cu-Bi mineralization and strong calc-silicate 

alteration at Mactung are limited to the contact metamorphic aureole of the Mactung 
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North pluton. Outside of this zone, the grade of metamorphism drops to low grade 

regional metamorphism. This implies the Mactung North pluton caused skarn 

formation and tungsten mineralization. 

8) Regionally, the biotite granite of Mactung is geochemically and geochronologically 

similar to many of the granitoids of the southeastern Selwyn Basin with 

crystallization ages of 97-98 Ma (Rasmussen (2013).   Some of these plutons include: 

Tay River East suite  (Marion, coal River, Roy, Fish, Coal River and Powers), 

Tungsten southeast (Circular Stock, Cantung, Rifle Range, Little highland, Nahanni 

Range, Cac, Lened) and Mayo (North Nahanni, central Nahanni, South Nahani, 

Mount Christie, Mount Wilson, Pelly, Mile 22).  The two stocks at Cantung, the Mine 

stock and the Circular stock, are known for being the causative intrusives for the 

world-class Cantung skarn tungsten deposit. U-Pb and Ar-Ar dating of granitoid 

samples from the Cantung granites, southeast of Mactung, as reported by Rasmussen 

et al. (2013), have ages of 98.2 ±0.4 and 96.9 ±0.6Ma for the Mine and circular stock 

respectively; the Ar-Ar dates on biotite crystals yielded 95.08 ±0.43 and 97.57 ±0.53 

Ma, respectively. Such data reflect a shared metallogenic history with that of 

Mactung. 

9) Plutonism in the Mactung area, as in the rest of the Tombstone-Tungsten magmatic 

belt (Selby et al., 2003; Rasmussen, 2013), is constrained to between 92 and 98 Ma, 

with many of the granitoids having restricted age intervals between 97 and 97.6 Ma. 

The Re-Os dates (Selby et al., 2003) for Mactung quartz veins are in agreement with 

U-Pb ages from zircon and titanites of granitoids and skarn, respectively, in that the 



 

239 

Mactung pluton is not younger than the adjacent skarn and perhaps is coeval with 

mineralization.  

10) Skarn tungsten mineralization at Cantung and in the surrounding areas is always 

associated with biotite granite (Mine Stock and Circular Stock). Granite in direct 

contact with limestone or calcareous rocks granite always produced skarn with 

tungsten mineralization. The Mactung pluton, with a similar age and geochemistry, 

should therefore be the causative intrusive for the Mactung tungsten deposit. 

11) The Re contents in the Mactung molybdenite are low (between 0.437 ppm and 5.876 

ppm), suggesting an upper crustal molybdenum source, and likely genetically related 

to granitic magmas formed by the partial melting of the upper continental crust. 
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Fig. 4.1. Geological setting of Mactung (red circle) with respect to the Selwyn 

Basin (modified from Cecile, 2000); the Selwyn Basin (yellow) contains basinal 

clastic rocks. East of Mactung platformal deposits (blue) of the Ancestral North 

America are mainly  limestone and dolostone; further east platformal deposits 

(white) of the foreland basin, consists of undeformed carbonate rocks; west of 

the Selwyn Basin are amalgamated Mesozoic terrenes. 
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Fig. 4.2. Location of granitic plutons in parts of the southeastern Selwyn Basin; modified 

from Anderson (1983c) and Groat et al. (2003). 
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Fig. 4.3. Geological map of Mactung skarn tungsten deposit.  
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Fig. 4.5. Photograph showing stockwork of quartz veins in core from the Mactung 

metasedimentary rocks (Unit 3C) at the skarn tungsten deposit site. Core diameter 

is 47 mm. 

Fig. 4.4. Photograph showing Mactung sedimentary sequence on the northern face of 

Mount Allan. View is toward the southwest. 
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Fig. 4.6. Photographs of drill core (47 mm diameter) and outcrop samples of 

metasedimentary rocks and quartz veins. a) Calc-silicate and biotite alteration in 

metapelite (Unit 3H); alteration is predominantly parallel to bedding, evidence of 

discordant off-shoot alteration. b) biotite hornfels (Unit 3C) cut by quartz veins. 
Three generation of quartz veins in biotite hornfels (Unit 3C): one set of veins is 

parallel to bedding (So) or S1 foliation (thin and thicker veins in the centre); another 

set is at 45 degrees to bedding /S1 foliation, (at acute angle to the core axis). The 

third set is less than 45o to bedding/S1 and is folded (by shear deformation); dark 
brown layers reflect the moderately hornfelsed part of the original lithology and the 

brown is the most intensely hornfelsed part of the lithology. Original lithology is dark 

grey (no trace of it here); c) Biotite hornfels (MAC-223A): grey brown, fine-grained 
cut by granite stringers (0.5-1.0 cm thick), sample taken near the southern margin of 

the Mactung North pluton; d) quartz vein with black tourmaline; e) quartz vein 

(MAC-223C): brecciated, clay and muscovite alteration in brecciated part, and 

abundant dark tourmaline at breccia margin; cuts MAC-223A; c-f two times 
magnified. f) MT72-27-778 (cordierite-muscovite-biotite schist – unit 1): fine to 

medium grained, highly foliated schist, sample taken from below the Lower skarn. 
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Fig. 4.7. Photographs of skarn rocks: a) Garnet-pyroxene skarn (MT80-134-537): 
from the Upper Ore zone, from a depth of 537 feet (drill hole); calc-silicated, 

limestone is progressively replaced by garnet and pyroxene; core diameter 47.6 mm 

b) MAC-124A (Garnet-pyroxene skarn): impregnated with garnet that is more 

enriched in the originally carbonate-rich layer, partly oxidized; c) MAC-124B 
(Pyroxene Skarn): coarse- and fine- grained, layers, with light red brown garnet in 

the coarser part; d) MAC-226 (Pyroxene skarn): fine to medium grained compact, 

pyroxene-rich, with some red brown garnet; e) MT79-117-501.5 (Pyroxene-

pyrrhotite skarn): heavy pyrrhotite impregnation, with biotite in association; f) 
MT71-11-352 (Pyrrhotite-pyroxene skarn): oxidized, pyrrhotite and biotite partly 

changing to hematite, fragmental pyroxene-rich centers that replaced a breccia 

textured parent rock (limestone breccia). 
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Fig. 4.8. Photograph showing the northern contact of Mactung stock; photo looking 

north; grey white is granite and rusty brown is Unit 1. 
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Fig. 4.9. Photographs of representative outcrop and drill core samples of granitoids from the 

Mactung area. a) MAC-177A (Porphyritic biotite granite): coarse grained, porphyritic with 

large ellipsoidal plagioclase feldspar phenocryst, (b) MAC-224A (biotite granite near the ore 
zone): texturally as in MAC-177A, but also has large phenocrysts of both plagioclase and 

potassium feldspar, c) (Biotite granite) lighter grey coarse grained, with large subhedral 

feldspar taken from the Mactung South Pluton, d) MS148-144 (Biotite granite in ore zone): 

enriched in plagioclase feldspar, leached of its biotite content, and generally characterized by 
textural grain size reduction, e) MAC-177B (leucogranite): coarse grained, equigranular, rare 

biotite, some black tourmaline, cuts MAC-177A, (f) MAC-165A (leucocratic granitic dyke), 

medium to coarse grained, enriched in alkali feldspars, muscovite, intrudes the Lower 

Metasedimentary sequence (unit 1), g) MAC-183 (leucocratic dyke), fine to medium grained 
with abundant grey quartz, and h) MAC-156 (Aplitic dyke): fine grained, with tabular biotite 

and euhedral feldspar phenocrysts, characterized by subparallel orthogonal joints, often 

marked by brownish oxidation stains. See Fig. 4.16 and Table 4.21 for location reference. 
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Fig. 4.10. Photograph on the northern face of Mount Allan, showing 

sheeted molybdenite-bearing quartz veins (denoted by red arrows) 

intruding porphyritic biotite granite; view looking to the Northwest. 

 

Fig. 4.11. Photograph showing black tourmaline (at tip of pencil) 
cutting the biotite granite of the Mactung North pluton. 

30 cm 
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Fig. 4.12. Photomicrographs of biotite granite (a) and (b), and plagiogranite (c to f) in plane 
polarized light (PPL) and cross polarized light (XPL). (a) sample MAC-177A (biotite 

granite) in PPL: fox red biotite altered to light green chlorite; fine zircon crystals surrounded 

by dark radioactive halo; well-shaped epidote (allanite) adjacent to biotite; euhedral zoned 

plagioclase saussuritized from its core; light grey groundmass consisting of feldspars and 
quartz, (b) XPL view of (a): light coloured minerals (quartz and feldspars) more visible in 

the groundmas; coarser minerals (biotite and plagioclase) show alignment, (c) xenoblastic 

light brown diopside in association with feldspars and quartz, (d) XPL view of (c): diopside 

showing second order red, orange and blue colours with grey feldspars and light coloured 
quartz. (d) brown titanite (wedge shaped and high relief); pyroxene development in left 

upper corner, and right lower corner; skeletal calcite reacting with groundmass feldspars to 

form pyroxene in left lower corner. f) XPL view of e): better contrast showing diopside, 

titanite, quartz, and feldspars. bt=biotite; pl=plagioclase; qtz=quartz; zn=zircon; ep=epidote; 
di=diopside; tnt=titanite; mu=muscovite; kfs=K-feldspar; chl=chlorite. 
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Fig. 4.13. Photomicrographs of Mactung leucogranite (sample MAC-177B) in plane 

polarized light (PPL) and cross polarized light (XPL): a) zircon in biotite with large 

radioactive halo, and epidote alteration of plagioclase, zircon as rounded and elongate 

grain inside biotite, (b) XPL view: anhedral to subhedral white quartz at K-feldspar grain 
boundary, c) biotite altering to light green chlorite; smooth and larger part below biotite 

is K-spar. Left top is plagioclase-altering to muscovite; wedge shaped is muscovite, (d) 

XPL view of (c); chlorite is light green in plane light and light greenish grey in crossed 

nicol, (e) muscovite, and garnet in equilibrium with biotite; both primary (adjacent to 
garnet), and secondary muscovite-anhedral and replacing K-feldspars, right side of the 

large biotite). White is quartz. Rest is K-feldspar; a lot of dark radioactive halo due to 

zircon in biotite; zircon, light grey to white, and (f) XPL view. 
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Fig. 4.14. Photograph (looking west) of leucocratic granite dyke cutting biotite granite; note 

the sigmoidal shape of the dyke (relict granite inside) implying emplacement of the dyke in a 

shearing environment.  

 

 

Fig. 4.15. Large molybdenite (dark) in massive white quartz vein cutting 

leucocratic granitic dyke (from which sample MAC-165A was taken); 

molybdenite occurs at the margin of the vein close to the contact with the 
leucocratic dyke, to the left (covered by grey lichen). 
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Fig. 4.16. Location of age dating samples; Sedimentary units grouped into three major 

depositional cycles: Lower, Middle, and Upper (see Fig 3.2b). 
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Fig. 4.17. Ar-Ar dating of aplitic dyke (sample MAC-156): a) Spectrum 

of 40Ar*/39Ar dates of biotite; b) spectrum of Ca/K ratios of biotite; c) 
39Ar/40Ar vs. 36Ar/40Ar inverse correlation diagram of the same mineral; 

Neir represents composition of modern atmosphere.; numbers identify 

individual gas fractions. 
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Fig. 4.18. Ar-Ar dating of leucocratic felsic dyke (sample MAC-165): a) Spectrum of 
39Ar /40Ar* dates of muscovite b) spectrum of Ca/K ratios of muscovite; and c) 
39Ar/40Ar vs. 36Ar/40Ar inverse correlation diagram for the same mineral; Neir 

represents composition of modern atmosphere.; numbers identify individual gas 

fractions. 
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Fig. 4.19. Ar-Ar dating of biotite granite (sample MAC-177A): a) Spectrum of 40Ar*/39Ar 

dates of biotite, muscovite and feldspar, b) spectrums of Ca/K ratios of biotite, muscovite 

and feldspar. 
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 Fig. 4.20. Ar-Ar dating of biotite granite correlation diagrams (sample MAC-
177A): 39Ar/40Ar vs. 36Ar/40Ar inverse correlation diagrams: a) for muscovite, b) for 

biotite; and c) for feldspar. Neir represents composition of modern atmosphere; 

numbers identify individual gas fractions. 
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Fig. 4.21. Ar-Ar dating of leucogranite (sample MAC-177B): a) Spectrum of 
40Ar*/39Ar dates of biotite, b) spectrum of Ca/K ratios of biotite, c) 39Ar/40Ar 

vs. 36Ar/40Ar inverse correlation diagram for the same mineral. Neir represents 

composition of modern atmosphere; numbers identify individual gas fractions. 
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Fig. 4.22. Ar-Ar dating of biotite granite (sample MAC-224A): a) Spectrum of 
40Ar*/39Ar dates of biotite and muscovite crystals with their corresponding gas 

fractions, b) spectrum of Ca/K ratios of biotite and muscovite with their 

corresponding gas fractions; numbers identify individual gas fractions. 
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Fig. 4.23. Ar-Ar dating of biotite granite (sample MAC-224A): a) 39Ar/40Ar vs. 
36Ar/40Ar inverse correlation diagram for muscovite; b) 39Ar/40 vs. 36Ar/40Ar inverse 

correlation diagram for biotite; Neir represents composition of modern atmosphere.; 
numbers identify individual gas fractions. 
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Fig. 4.24. Ar-Ar dating of biotite granite (sample MAC-303): a) Spectrum of 
40Ar*/39Ar dates of biotite, b) Normal isochron age using 40Ar/36Ar vs. 
39Ar/36Ar inverse correlation diagram of biotite c) Inverse isochrones age 

using 39Ar/40Ar 36Ar/40Ar inverse correlation diagram for biotite. Neir 

represents composition of modern atmosphere. Numbers identify individual 

gas fractions. 
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Fig. 4.25. Ar-Ar dating of skarn (sample MAC-226): a) Spectrum of 40Ar*/39Ar dates of 

amphibole/pyroxene), b) spectrum of Ca/K values of amphibole/pyroxene; Numbers identify 

individual gas fractions.; mineral most likely pyroxene after amphibole. 
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Fig. 4.26. Ar-Ar dating of biotite hornfels (sample MAC-223A): a) Spectrum of 
40Ar*/39Ar dates of two biotite crystals with their corresponding gas fractions, b) 

spectrum of Ca/K values of two biotite crystals with their corresponding gas 

fractions; numbers identify individual gas fractions. 
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Fig. 4.27. Ar-Ar dating of biotite schist (sample MT72-27-778): a) 

Spectrum of 40Ar*/39Ar dates of biotite b) spectrum of Ca/K ratios of 
biotite; c) 39Ar/40Ar vs. 36Ar/40 inverse correlation diagram for the same 

mineral; Neir represents composition of modern atmosphere.; numbers 

identify individual gas fractions. 
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Fig. 4.28. Ar-Ar dating of tourmaline-bearing quartz vein cutting biotite granite 
(sample MAC-223C): a) Spectrum of 40Ar*/39Ar dates of three tourmaline 

samples with their corresponding gas fractions b) spectrum of Ca/K ratios of 

three tourmaline samples with their corresponding gas fractions; numbers identify 

individual gas fractions. 
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Fig. 4.29. Ar-Ar dating of MoS2 and tourmaline-bearing quartz vein cutting biotite 

granite (sample MAC-223C): a) 39Ar/40Ar vs. 36Ar/40Ar inverse correlation diagram 
for individual three tourmaline samples (sample MAC-223C); b) 39Ar/40Ar vs. 
36Ar/40Ar inverse correlation diagram for tourmaline-combined data for the three 

spectrum plots/correlation plots shown in Fig. 28a and Fig. 29a. Neir represents 

composition of modern atmosphere; numbers identify combined individual gas 
fractions. Refer Fig. 28a and 28b for age and Ca/K spectrums corresponding to the 

three tourmaline samples. 
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Fig. 4.30. Weighted mean, discordia and concordia diagrams for zircon separates of 
Mactung granitoids. (a) Plot of weighted mean 206Pb/238U ages of three zircon analyses for 

sample MAC-156 (aplitic dyke); b) discordia diagram for sample MAC-156. Fig.30c), d), 

and e): Concordia diagrams for zircon separated from samples MAC-165, (leucocratic 
felsic dyke) MAC-177A (biotite granite from Mactung North Pluton), MAC-224B (as in 

MAC-177A) and MAC-303 from the Mactung South Pluton), respectively. 
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Fig. 4.31. Scanned image of a thin section (of Pyroxene-pyrrhotite skarn from 

the Lower Orebody) sample MT59-278; the green circles or marks are the part 
of the thin section where well developed titanite grains were encountered, 

marked for the purpose of subsequent laser ablation work; long dimension of 

thinsection = 2.5 cm. 

Fig. 4.32. Photomicrograph showing location of titanite grains (red marks) for 

laser ablation. Sample from Lower orebody. Quartz (qtz), plagioclase (pl), 

pyroxene (pxn), and scheelite (sch). The bulk of the sample is heavily impregnated 

with pyrrhotite. Imaged using a digital microscope at UNB. 
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Fig. 4.33. LA-ICP-MS U–Pb concordia plots of hydrothermal titanite from the Mactung 

skarn tungsten deposit (sample MT59-278 from lower orebody). Age uncertainties are 

quoted as 95% confidence level (2σ), individual precision ellipse are 1σ. 
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Table 4.1. Sample MAC-156 (aplitic dyke): biotite (Lab # P45-110); Yukon-NWT 

ID Temp step   Cum 39K    Cum 36S    40Ar* / 39K Err 40Ar / 36Ar Err 37Ca / 39K Err Age (Ma) Err (Ma) 

110-01 1 0.01041 0.22318 1.639 ± 0.20 327.67 ± 4.28 239.377 37.031 m 14.772 1.768 

110-02 2 0.01322 0.2368 9.757 ± 0.71 1143.44 ± 237.71 -34.029 128.153 m 86.225 6.121 

110-03 3 0.04551 0.35727 9.944 ± 0.06 1417.74 ± 29.64 71.629 9.699 m 87.841 0.495 

110-04 4 0.14825 0.43794 10.504 ± 0.03 5928.5 ± 201.81 39.964 4.100 m 92.664 0.234 

110-05 5 0.2683 0.47269 10.705 ± 0.02 15862.46 ± 1338.07 15.501 3.545 m 94.387 0.215 

110-06 6 0.34205 0.49123 10.614 ± 0.03 18075.52 ± 1908.58 29.818 4.715 m 93.604 0.221 

110-07 7 0.39801 0.50147 10.66 ± 0.04 24835.75 ± 6804.17 5.764 7.615 m 94.004 0.378 

110-08 8 0.44358 0.51181 10.547 ± 0.05 19864.91 ± 6337.80 11.653 8.866 m 93.028 0.467 

110-09 9 0.4994 0.52466 10.73 ± 0.05 19914.32 ± 4557.47 -13.868 6.867 m 94.601 0.443 

110-10 10 0.53945 0.53814 10.603 ± 0.06 13559.87 ± 2930.55 5.409 9.610 m 93.509 0.515 

110-11 11 0.64038 0.5955 10.873 ± 0.03 8350.4 ± 471.97 24.205 3.701 m 95.827 0.283 

110-12 12 0.84705 0.71343 10.945 ± 0.04 8372.32 ± 214.89 16.122 1.945 m 96.451 0.301 

110-13b 14 0.90661 0.77844 10.661 ± 0.04 4407.88 ± 245.94 25.208 9.247 m 94.014 0.384 

110-14 15 0.94423 0.83155 10.571 ± 0.07 3447.88 ± 223.95 13.453 9.302 m 93.237 0.581 

110-15 16 0.9906 0.94464 10.525 ± 0.06 2112.74 ± 64.95 14.033 10.221 m 92.838 0.558 

110-16 17 1 1 10.234 ± 0.21 1026.83 ± 51.92 62.581 36.153 m 90.339 1.849 

Average/Integrated age   10.59 ± 0.021  2.219  ± 0.160 E-2 93.398 ± 0.318 

 

Table 4.2. Sample MAC-165 (leucocratic granitic dyke): muscovite (Lab # P45-110); Yukon-NWT 

ID 

12-01 

Temp step 

1 

Cum 39K 

0.00027 

Cum 36S 

0.06132 

40Ar* / 39 K  

-20.318 

Err 

± 32.90 

40Ar / 36Ar 

215.72 

Err 

± 94.25 

37Ca / 39K  

0.894 

Err 

± 1.484 

Age (Ma) 

-200.483 

Err (Ma) 

343.342 12-02 2 0.00095 0.12738 -2.502 ± 14.79 272.95 ± 123.14 1.132 ± 0.754 -23.518 139.956 

12-03 3 0.00241 0.20217 4.513 ± 7.58 373.38 ± 165.25 3.175 ± 0.381 41.662 69.214 

12-04 4 0.0086 0.31413 8.573 ± 1.59 713.93 ± 186.73 252.51 ± 62.894 m 78.34 14.205 

12-05 5 0.0191 0.36919 12.379 ± 0.88 2380.27 ± 1186.96 16.492 ± 36.184 m 112.05 7.767 

12-06 6 0.03956 0.50969 11.407 ± 0.51 1762.62 ± 386.69 13.279 ± 18.713 m 103.5 4.477 

12-07 7 0.16399 0.57146 10.578 ± 0.08 19109.41 ± 8614.28 15.099 ± 3.294 m 96.179 0.692 

12-08 8 0.21229 0.61402 10.247 ± 0.17 10564.21 ± 6078.32 10.868 ± 9.248 m 93.242 1.524 

12-09 9 0.51908 0.89596 10.188 ± 0.04 10084.07 ± 1028.66 12.095 ± 1.350 m 92.72 0.314 

12-10 10 0.6043 0.95173 10.346 ± 0.10 14254.68 ± 6265.67 1.679 ± 5.386 m 94.119 0.871 

12-11 11 0.6866 0.97016 10.46 ± 0.10 41543.03 ± 56305.18 7.6 ± 5.886 m 95.133 0.929 

12-12 12 0.76923 0.98406 10.455 ± 0.10 55156.54 ± 99886.31 2.51 ± 5.292 m 95.087 0.929 

12-13 14 0.99506 0.9872 10.483 ± 0.05 666747.64 ±6662755.00 4.705 ± 2.409 m 95.335 0.453 

12-14 15 1 1 9.362 ± 2.14 3487.26 ± 8563.62 -3.612 ± 121.654 m 85.382 19.032 

Average/ Integrated age   10.372 ± 0.043 9454.36 ± 1004.18 1.579 ± 0.172 E-2 94.357 ± 0.407 
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Table 4.3. Sample MAC-177A (biotite granite): muscovite (P45-011); Yukon-NWT 

ID Temp step Cum 39K Cum 36S 40Ar* / 39K Err 40Ar / 36Ar Err 37Ca / 39K Err Age (Ma) Err (Ma) 

11-01 1 0.00339 0.04214 6.967 ± 286.72 747.02 ± 444.81 60.06 ± 183.432 m 63.916 ± 24.533 

11-02 2 0.024 0.21243 3.655 ± 0.37 651.86 ± 79.87 67.323 ± 23.337 m 33.816 ± 3.418 

11-03 3 0.08436 0.51616 10.513 ± 0.14 1978.78 ± 151.02 19.311 ± 6.651 m 95.606 ± 1.270 

11-04 4 0.23573 0.67245 10.439 ± 0.06 8441.77 ± 1228.51 16.787 ± 2.607 m 94.948 ± 0.521 

11-05 5 0.38378 0.77352 10.431 ± 0.06 12604.3 ± 2865.00 19.93 ± 3.441 m 94.874 ± 0.527 

11-06 6 0.58798 0.9449 10.551 ± 0.04 10423.8 ± 1307.43 24.686 ± 2.257 m 95.937 ± 0.396 

11-07 7 0.67083 0.94827 10.705 ± 0.11 212064.2 ±1572474.95 1.224 ± 5.690 m 97.303 ± 1.016 

11-08 8 0.83936 0.97476 10.533 ± 0.04 54285.34 ± 35627.79 32.985 ± 2.816 m 95.779 ± 0.392 

11-09 9 0.97024 0.98632 10.512 ± 0.06 96179.99 ± 155692.42 126.401 ± 4.114 m 95.593 ± 0.507 

11-10 10 1 1 10.556 ± 0.36 18799.22 ± 39255.35 304.147 ± 15.282 m 95.986 ± 3.146 

Average/ Integrated age   10.365 ± 0.034 8645.69 ± 623.61 4.454 ± 0.153 E-2 94.286 ± 0.347 

 

Table 4.4. Sample MAC-177A (biotite granite): biotite (P45-124); Yukon-NWT 

ID Temp step Cum 39K Cum 36S 40Ar* / 39K Err 40Ar / 36Ar Err 37Ca / 39K Err Age (Ma) Err (Ma) 

124-01 1 0.00353 0.07923 5.37 ± 0.49 389.18 ± 11.29 140.796 ± 61.432 m 47.962 ± 4.339 
124-02 2 0.00872 0.14255 6.498 ± 0.35 503.94 ± 19.25 119.657 ± 43.547 m 57.883 ± 3.098 

124-03 3 0.05166 0.43141 10.467 ± 0.04 904.29 ± 5.93 19.692 ± 4.706 m 92.342 ± 0.329 

124-04 4 0.10762 0.56292 10.627 ± 0.05 2065.15 ± 28.61 11.506 ± 3.370 m 93.716 ± 0.387 
124-05 5 0.21628 0.67148 10.81 ± 0.03 4529.63 ± 97.81 11.933 ± 1.187 m 95.294 ± 0.246 

124-06 6 0.27654 0.70871 10.615 ± 0.05 7018.94 ± 358.10 13.829 ± 3.569 m 93.615 ± 0.442 
124-07 7 0.36488 0.76227 0.706 ± 0.04 7206.28 ± 413.64 11.325 ± 2.795 m 94.396 ± 0.312 

124-08 8 0.44307 0.7915 10.676 ± 0.04 11470.94 ± 868.21 10.566 ± 2.866 m 94.141 ± 0.378 

124-09 9 0.50487 0.81413 10.607 ± 0.04 11630.3 ± 1117.96 10.614 ± 3.499 m 93.544 ± 0.337 
124-10 10 0.57825 0.84818 10.65 ± 0.04 9274.93 ± 598.90 15.177 ± 2.979 m 25 93.91 ± 0.355 

124-11 11 0.96754 0.97227 10.416 ± 0.02 13083.24 ± 272.62 17.559 ± 0.606 m 54 91.90 ± 0.162 

124-12 13 0.98277 0.98523 10.254 ± 0.10 5008.38 ± 738.48 121.664 ± 11.735 m 77 90.50 ± 0.849 
124-13 14 1 1 10.323 ± 0.08 5008.03 ± 590.51 374.106 ± 12.154 m 00 91.10 ± 0.671 

Average/ Integrated age   10.517 ± 0.026 4411.19 ± 35.43 2.347 ± 0.076 E-2 92.775 ± 0.314 
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Table 4.5. Sample MAC-177B (leucogranite): small biotite (P45-09); Yukon-NWT 

ID Temp step   Cum 39K    Cum 36S    40Ar* / 39K Err 40Ar / 36Ar Err 37Ca / 39K Err Age (Ma) Err (Ma) 

09-01 1 0.00424 0.00266 13.385 ± 22.03 18809.06   ±1932873.66   586.942    ± 627.169 m 120.863 ± 192.373 

09-02 2 0.06372 0.03475 11.379 ± 1.49 18583.14    ± 150276.82 9.418 ± 37.094 m 103.259 ± 13.142 

09-03 3 0.21867 0.34749 10.095 ± 0.43 4632.5 ± 2866.54 6.387 ± 14.083 m 91.893 ± 3.796 

09-04 4 0.34992 0.48615 10.208 ± 0.74 8674.91 ± 17737.06 -8.279 ± 15.244 m 92.903 ± 6.540 

09-05 5 0.39189 0.55005 10.005 ± 1.81 5994 ± 20871.24 41.641 ± 54.346 m 91.101 ± 16.081 

09-06 6 0.42287 0.524 11.201 ± 3.08 -11253.29   ± 120734.60    -47.265 ± 72.885 m 101.689 ± 27.207 

09-07 7 0.47445 0.55176 10.172 ± 1.33 16685.87    ± 120557.16    -53.862 ± 37.632 m 92.579 ± 11.783 

09-08 8 0.53868 0.61998 10.225 ± 1.10 8644.11 ± 26183.23 13.138 ± 31.122 m 93.049 ± 9.744 

09-09 10 0.97398 0.86485 10.273 ± 0.15 16130.78 ± 12688.17 11.846 ± 3.041 m 93.473 ± 1.344 

09-10 99 1 1 8.489 ± 2.73 1712.74 ± 2636.22 -22.587 ± 68.219 m 77.582 ± 24.396 

Average/Integrated age   10.279 ± 0.255 9208.58 ± 6833.09 5.867 ± 6.599 E-3 93.524 ± 2.261 

 

 

 

 

Table 4.6. Sample  MAC-224A (biotite granite): muscovite (P45-16); Yukon-NWT 

 
 

 

 

 

 

 

 

ID Temp step Cum 39K Cum 36S 
40Ar* / 39 K  Err 40Ar / 36Ar Err 37Ca / 39K  Err Age (Ma) Err (Ma) 

16-01 1 0.02134 0.32702 1.533 ± 287.28 330.28 ± 83.09 335.423 ± 88.631 m 14.257 ± 30.354 

16-02 2 0.18673 0.80841 9.838 ± 0.37 1471.16 ± 216.95 143.958 ± 11.288 m 89.616 ± 3.249 

16-03 3 0.29648 0.89428 10.33 ± 0.99 4886.96 ± 7265.44 85.294 ± 15.879 m 93.979 ± 8.774 

16-04 4 0.35848 0.96718 9.908 ± 1.19 3226.31 ± 3840.88 130.252 ± 28.059 m 90.237 ± 10.586 

16-05 5 0.48009 0.98264 10.721 ± 0.74 29619.03 ± 201304.15 109.181 ± 12.942 m 97.439 ± 6.508 

16-06 6 0.58362 1.00025 10.764 ± 0.61 22310.61 ± 93976.36 77.964 ± 16.922 m 97.824 ± 5.402 

16-07 7 0.7672 1.00907 10.945 ± 0.37 79507.39 ± 714166.32 96.973 ± 9.057 m 99.424 ± 3.263 

16-08 8 0.87594 1.00803 10.904 ± 0.59 394931.21 28665407.9 103.84 ± 14.871 m 99.059 ± 5.250 

16-09 9 1 1 10.796 ± 0.52 57748.6 ± 542231.44 99.928 ± 14.455 m 98.107 ± 4.571 

Average/ Integrated age   10.36 ± 0.226 3898.83 ± 1030.60 1.112 ± 0.052 E-1 94.249 ± 2.010 
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Table 4.7. Sample MAC-224A (biotite granite): biotite (P45-17); Yukon-NWT 

ID Temp step Cum 39K Cum 36S 40Ar* / 39K Err 40Ar / 36Ar Err 37Ca / 39K Err Age (Ma) Err (Ma) 

16-01 1 0.00133 0.03125 7.65 ± 52.52 549.14 ± 3234.92 7.65 ± 52.52 70.064 ± 471.798 

16-02 2 0.0056 0.08344 9.714 ± 12.31 914.35 ± 2424.73 9.714 ± 12.31 88.515 ± 109.479 

16-03 3 0.05563 0.3226 9.553 ± 1.05 1850.73 ± 1072.16 9.553 ± 1.05 87.076 ± 9.368 

16-04 4 0.2158 0.39606 10.471 ± 0.29 18064.11 ± 29707.58 10.471 ± 0.29 95.234 ± 2.543 

16-05 5 0.3281 0.43404 10.463 ± 0.39 24374.78 ± 72919.95 10.463 ± 0.39 95.163 ± 3.412 

16-06 6 0.39906 0.54447 10.048 ± 0.63 5319.9 ± 5667.60 10.048 ± 0.63 91.48 ± 5.600 

16-07 7 0.5943 0.75056 10.257 ± 0.20 7858.35 ± 3922.54 10.257 ± 0.20 93.336 ± 1.785 

16-08 8 0.94183 0.81656 10.528 ± 0.10 43434.24 ± 58215.06 10.528 ± 0.10 95.732 ± 0.877 

16-09 9 1 1 9.972 ± 0.83 2756.54 ± 1906.59 9.972 ± 0.83 90.804 ± 7.366 

Average/ Integrated age   10.336 ± 0.148 8339.76 ± 3209.33 6.821 ± 0.358 E-2 94.036 ± 1.322 

 

Table 4.8. Sample MAC-224A (biotite granite): feldspar/muscovite (P45-126); Yukon-NWT 

ID Temp step Cum 39K Cum 36S 40Ar* / 39K Err 40Ar / 36Ar Err 37Ca / 39K Err Age (Ma) Err (Ma) 

126-01 1 0.0249 0.16443 76.166 ± 56.45 336.98 ± 31.56 15.714 ± 10.835 583.886 ± 56.45 

126-02 2 0.06047 0.22782 76.114 ± 66.36 449.11 ± 170.65 11.502 ± 10.146 583.546 ± 66.36 

126-03 3 0.08105 0.33963 135.926 ± 76.95 385.49 ± 33.59 8.922 ± 15.158 938.097 ± 76.95 

126-04 4 0.16884 0.88695 59.014 ± 21.23 329.55 ± 13.47 3.835 ± 2.427 467.905 ± 21.23 

126-05 5 0.1985 0.90137 15.624 ± 64.49 411.07 ± 662.45 6.12 ± 6.053 136.156 ± 64.49 

126-06 6 0.85672 0.94093 11.205 ± 1.83 966.03 ± 357.34 2.797 ± 0.234 98.681 ± 1.83 

126-07 8 1 1 5.591 ± 8.84 344.28 ± 89.76 1.115 ± 1.076 49.912 ± 8.84 

Average/ Integrated age   21.222 ± 4.072 371.83 ± 18.23 3.503 ± 0.605 182.546 ± 33.248 
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Table 4.9. MAC-303: (biotite granite): biotite grain Ar-Ar dating data (analysis at UBC) 

Power (%) 

 

40Ar/39Ar 

 

1s 

 

37Ar/39Ar 1s 36Ar/39Ar 1s Ca/K %40Ar atm % 39Ar 
40

Ar*/
39

ArK  Age 2s 

2.00 W 47.63 1.32 1.15 1.43 0.153 0.016 2.11 94.75 0.05 2.504 25.93 ± 1.42 

2.30 W 14.03 0.10 0.11 0.08 0.023 0.001 0.19 47.95 0.81 7.303 74.62 ± 5.65 

2.70 W 9.88 0.06 0.01 0.00 0.002 0.000 0.02 5.52 29.25 9.330 94.80 ± 1.07 

2.90 W 9.71 0.05 0.02 0.01 0.000 0.000 0.04 1.01 12.15 9.609 97.56 ± 1.02 

3.20 W 9.60 0.05 0.06 0.00 0.000 0.000 0.10 1.32 14.61 9.470 96.18 ± 1.00 

3.80 W 9.53 0.05 0.01 0.00 0.000 0.000 0.03 1.23 33.44 9.410 95.59 ± 0.96 

4.20 W 9.57 0.07 0.04 0.02 0.001 0.000 0.07 2.15 3.64 9.362 95.12 ± 1.57 

5.20 W 9.59 0.05 0.12 0.02 0.001 0.000 0.21 1.94 3.91 9.401 95.50 ± 1.25 

6.70 W 9.69 0.05 0.06 0.03 0.001 0.000 0.12 4.23 2.15 9.283 94.33 ± 1.77 

Average/Integrated  age 0.020 0.016 0.001 0.0004 0.0000   100.00 9.419 95.44 1.05 

Total Plateau age at 2s,and  MSWD = 3.3

   

   

   

   95.5

 ±1.2 

Normal isochron age  

   

   

   

   96.8

 ± 1.3 

Inverse isochron age  

   

   

   

   95.3

 ± 2.4 

 

 

        95.5 ±1.2 

 Normal isochron age  

   

   

   

   96.8

 ± 1.3 

Inverse isochron age 

        96.8 ± 1.3 

Inverse isochron age         95.3 ± 2.4 

 
 
 
Table 4.10. Sample MAC-226 (pyroxene skarn): amphibole/pyroxene (P45-146); Yukon-NWT 

ID 

146-01 

Temp step 

1 

Cum 39K 

0.12419 

Cum 36S 

0.62254 

40Ar* / 39K  

502.825 

Err 

± 17.11 

40Ar / 36Ar 

682.35 

Err 

± 8.59 

37Ca / 39K  

20.687 

Err 

± 0.986 

Age (Ga/Ma) 

2.272 

Err (Ga/Ma) 

± 0.044 Ga 

146-02 2 0.13201 0.63253 -8.017 ± 52.91 271.27 ± 146.49 13.201 ± 10.784 -74.071 ± 498.990 Ma 

146-03 3 0.23842 0.7242 39.449 ± 4.98 472.08 ± 35.19 15.361 ± 0.698 325.813 ± 37.636 Ma 

146-04 4 0.37316 0.79118 14.516 ± 2.36 408.13 ± 25.02 8.159 ± 0.429 126.835 ± 19.907 Ma 

146-05 5 0.51771 0.82256 15.268 ± 2.58 566.72 ± 87.05 9.682 ± 0.456 133.168 ± 21.661 Ma 

146-06 6 0.65012 0.83897 20.277 ± 2.80 926.34 ± 270.84 15.884 ± 0.404 174.802 ± 23.009 Ma 

146-07 7 0.83192 0.91251 38.16 ± 2.86 659.34 ± 57.83 936.278 ± 22.934 316.05 ± 21.740 Ma 

146-08 8 0.91473 0.96215 27.083 ± 4.84 469.73 ± 49.65 2.829 ± 0.089 k 229.866 ± 38.609 Ma 

146-09 9 1 1 88.423 ± 7.45 1063.88 ± 200.08 6.52 ± 0.286 k 662.423 ± 46.713 Ma 

Average/ Integrated age   90.148 ± 1.756 643.17 ± 11.74 9.694 ± 0.096 E 2 673.211 ± 10.487 
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Table 4.11. Sample MT79-117-501.5 (skarn): biotite  (P45-117); Yukon-NWT 

ID 

117-01 

Temp step 

1 

Cum 39K 

0.01463 

Cum 36S 

0.12304 

40Ar* / 39K  

0.976 

Err 

± 6.80 

40Ar / 36Ar 

303.55 

Err 

± 57.69 

37Ca / 39K  

6.679 

Err 

± 0.800 

Age (Ma) 

8.81 

Err (Ma) 

± 61.287 

117-02 2 0.02793 0.17327 0.169 ± 7.55 298.6 ± 140.15 4.656 ± 1.024 1.526 ± 68.291 

117-03 3 0.05254 0.2487 7.55 ± 3.24 466.47 ± 115.60 11.893 ± 0.657 67.08 ± 28.273 

117-04 5 0.17389 0.26155 11.087 ± 1.19 7563.54 ± 20003.79 4.805 ± 0.108 97.664 ± 10.245 

117-05 6 0.33026 0.3207 10.359 ± 0.68 2196.19 ± 922.25 3.27 ± 0.073 91.412 ± 5.833 

117-06 7 0.43715 0.38543 9.366 ± 1.02 1368.88 ± 538.63 2.28 ± 0.109 82.847 ± 8.790 

117-07 8 0.54372 0.42565 10.187 ± 1.03 2169.14 ± 1392.07 1.746 ± 0.113 89.936 ± 8.905 

117-08 9 0.73284 0.63819 10.125 ± 0.59 920.83 ± 113.33 1.85 ± 0.059 89.402 ± 5.096 

117-09 10 0.83519 0.82184 10.139 ± 0.92 687.69 ± 82.28 1.409 ± 0.098 89.522 ± 7.900 

117-10 11 0.92632 0.98142 12.276 ± 1.18 782.07 ± 121.49 758.554 ± 151.417 m 107.836 ± 10.102 

117-11 12 1 1 12.907 ± 1.52 3847.12 ± 5300.41 890.156 ± 162.038 m 113.208 ± 12.889 

 Integrated ag e  10.277 ± 0.358 1008.76 ± 84.24 2.605 ± 0.041 90.705 ± 3.094 

 

 

Table 4.12. Sample MAC-223A (biotite hornfels): small biotite (P45-111); Yukon-NWT 

 
ID Temp step    Cum 39K     Cum 36S          40Ar* / 39K 

  
Err 40Ar / 36Ar Err 37Ca / 39K 

 

Err 

 

Age (Ma) Err (Ma) 

27-01 1 

 

0.02624 

 

0.03107 

 

4.498 

 

± 2.95 2964.04 

 

± 17535.04 336.346 ± 49.358 m 

 

41.522 ± 26.906 

27-02 3 0.27412 0.31525 9.957 ± 0.23 6397.06 ± 3099.90 3.95 ± 5.951 m 90.669 ± 2.081 

27-03 4 0.45068 0.37444 10.722 ± 0.39 22764.13 ± 62099.59 7.705 ± 7.956 m 97.448 ± 3.413 

27-04 5 0.55582 0.56994 10.559 ± 0.66 4285.07 ± 3624.87 68.845 ± 14.571 m 96.009 ± 5.867 

27-05 6 0.6299 0.61772 10.664 ± 0.60 11912.1 ± 26199.09 33.432 ± 13.629 m 96.943 ± 5.288 

27-06 7 0.911 0.76147 10.679 ± 0.30 14965.74 ± 20759.36 18.099 ± 5.927 m 97.069 ± 2.648 

27-07 8 1 1 9.754 ± 0.95 2852.38 ± 2395.62 -0.421 ± 20.214 m 88.866 ± 8.424 

Average/Integ rated age   10.249 ± 0.189 7496.04 ± 3328.08 2.593 ± 0.390 E-2 93.264 ± 1.677 
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Table 4.13. Sample MAC-223A (biotite hornfels): big biotite (P45-27); Yukon-NWT 

ID 

111-01 

Temp step 

1 

Cum 39K 

0.00032 

Cum 36S 

0.01549 

40Ar* / 39K 

-2.013 

Err 

± 1.78 

40Ar / 36Ar 

277.51 

Err 

± 14.92 

37Ca / 39K 

1.151 

Err 

± 0.077 

Age (Ma) 

-18.31 

Err (Ma) 

± 16.237 

111-02 2 0.01128 0.08063 0.502 ± 0.06 332.55 ± 5.36 215.845 ± 4.247 m 4.536 ± 0.583 

111-03 3 0.01842 0.14027 5.619 ± 0.08 590.62 ± 8.55 98.499 ± 5.628 m 50.162 ± 0.725 

111-04 4 0.05667 0.22634 9.503 ± 0.03 2148.14 ± 26.00 52.743 ± 1.149 m 84.035 ± 0.237 

111-05 5 0.09347 0.25284 10.295 ± 0.04 6570.24 ± 224.25 39.47 ± 0.996 m 90.867 ± 0.311 

111-06 6 0.21145 0.28501 11.047 ± 0.02 18063.18 ± 704.08 14.186 ± 0.322 m 97.32 ± 0.157 

111-07 7 0.28611 0.29543 10.958 ± 0.03 34742.97 ± 3338.41 9.052 ± 0.475 m 96.559 ± 0.218 

111-08 9 0.35322 0.41921 10.976 ± 0.04 2906.19 ± 25.32 14.458 ± 0.696 m 96.711 ± 0.371 

111-09 10 0.40554 0.48464 10.925 ± 0.05 4128.24 ± 77.46 16.097 ± 0.809 m 96.278 ± 0.449 

111-10 11 0.49296 0.60568 11.091 ± 0.04 3809.56 ± 42.73 41.722 ± 0.576 m 97.705 ± 0.357 

111-11 12 0.5157 0.63496 10.867 ± 0.04 3999.21 ± 157.32 50.127 ± 1.713 m 95.78 ± 0.308 

111-12 13 0.56194 0.66758 11.048 ± 0.04 7167.77 ± 241.59 26.281 ± 1.167 m 97.331 ± 0.348 

111-13 14 0.64241 0.7297 11.301 ± 0.04 6717.25 ± 119.19 38.96 ± 0.661 m 99.505 ± 0.346 

111-14 15 0.72954 0.8033 11.213 ± 0.04 6119.25 ± 107.90 60.096 ± 0.623 m 98.746 ± 0.345 

111-15 16 0.80847 0.86632 11.116 ± 0.04 6403.68 ± 118.68 34.183 ± 0.765 m 97.915 ± 0.384 

111-16 17 0.86048 0.89549 11.031 ± 0.05 8923.16 ± 427.98 22.682 ± 1.167 m 97.19 ± 0.391 

111-17 18 0.90248 0.9211 10.877 ± 0.06 8123.29 ± 392.70 23.542 ± 1.386 m 95.867 ± 0.503 

111-18 19 0.95269 0.95459 10.907 ± 0.03 7469.72 ± 263.88 22.086 ± 1.205 m 96.124 ± 0.291 

111-19 20 0.98095 0.97879 10.519 ± 0.05 5686.65 ± 261.44 28.837 ± 1.861 m 92.786 ± 0.462 

111-20 21 1 1 10.398 ± 0.04 4391.06 ± 208.61 27.399 ± 2.910 m 91.751 ± 0.340 

Average/Integrated age   10.782 ± 0.017 5025.72 ± 25.36 3.275 ± 0.022 E-2 95.049 ± 0.317 
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Table 4.14. Sample MT72-27-778 (biotite schist): biotite  (P45-118); Yukon-NWT 

ID 

118-01 

Temp step 

1 

Cum 39K 

0.03248 

Cum 36S 

0.16021 

40Ar* / 39K 

1.417 

Err 

± 0.05 

40Ar / 36Ar 

401.45 

Err 

± 5.34 

37Ca / 39K  

198.802 

Err 

± 6.311 m 

Age (Ma) 

12.781 

Err (Ma) 

± 0.474 
118-02 2 0.04647 0.2941 2.507 ± 0.19 392.07 ± 9.69 567.159 ± 18.697 m 22.552 ± 1.702 

118-03 3 0.066 0.35072 6.093 ± 0.11 1070.8 ± 47.92 85.384 ± 11.392 m 54.33 ± 0.930 

118-04 4 0.07555 0.3603 11.243 ± 0.16 4430.62 ± 862.31 61.019 ± 19.494 m 99.005 ± 1.367 

118-05 5 0.09489 0.38044 11.095 ± 0.10 4224.65 ± 490.65 29.62 ± 10.620 m 97.735 ± 0.877 

118-06 6 0.11439 0.40457 11.126 ± 0.08 3610.5 ± 257.11 24.698 ± 12.254 m 97.998 ± 0.665 

118-07 7 0.15936 0.45975 11.003 ± 0.05 3602.98 ± 131.75 22.404 ± 4.885 m 96.947 ± 0.449 

118-08 8 0.2057 0.50418 11.033 ± 0.05 4538.49 ± 242.00 24.486 ± 4.786 m 97.203 ± 0.449 

118-09 9 0.22692 0.52816 10.61 ± 0.10 3758.02 ± 387.37 36.907 ± 9.388 m 93.57 ± 0.897 

118-10 10 0.30249 0.57209 10.957 ± 0.04 7246.49 ± 403.56 21.835 ± 2.592 m 96.554 ± 0.309 

118-11 11 0.44467 0.66432 10.89 ± 0.04 6486.65 ± 197.51 20.159 ± 1.734 m 95.973 ± 0.349 

118-12 12 0.53674 0.70625 10.822 ± 0.03 9059.87 ± 477.22 13.863 ± 2.779 m 95.392 ± 0.292 

118-13 13 0.67329 0.777 10.91 ± 0.04 8060.5 ± 281.51 22.967 ± 1.566 m 96.148 ± 0.330 

118-14 14 0.7491 0.81871 10.807 ± 0.03 7541.04 ± 424.23 23.218 ± 2.905 m 95.268 ± 0.247 

118-15 15 0.84478 0.89035 10.915 ± 0.03 5671.06 ± 197.69 36.815 ± 2.545 m 96.193 ± 0.278 

118-16 16 0.97293 0.97462 10.725 ± 0.04 6310.54 ± 176.65 67.288 ± 2.024 m 94.56 ± 0.327 

118-17 17 1 1 10.147 ± 0.07 4287.08 ± 318.80 68.45 ± 7.928 m 89.584 ± 0.595 

Average/Integrated age   10.345 ± 0.021 4110.82 ± 40.16 4.531 ± 0.093 E-2 91.296 ± 0.313 

 

Table 4.15. Sample MAC-223C (quartz vein) : tourmaline (P45-37); Yukon-NWT 

ID Temp step   Cum 39K    Cum 36S    40Ar* / 39K Err 40Ar / 36Ar Err 37Ca / 39K Err Age (Ma) Err (Ma) 

37-01 2 0.00581 0.06466 393.68 ± 386.50 369.73 ± 53.59 14.386 15.103 2.005 Ga ± 1.188 Ga 

37-02 3 0.01023 0.0607 333.351 ± 447.47 484.69 ± 936.16 -4.25 11.939 1.809 Ga ± 1.533 Ga 

37-03 4 0.0137 0.09249 159.841 ± 482.74 332.09 ± 102.23 -2.728 13.015 1.088 Ga ± 2.467 Ga 

37-04 5 0.0186 0.13698 344.544 ± 419.68 375.06 ± 67.38 -10.663 14.847 1.847 Ga ± 1.408 Ga 

37-05 6 1 1 -6.398 ± 2.08 280.23 ± 4.71 6.205 0.141 60.766 Ma ± 20.119 Ma 

Average/Integrated age   -0.277 ± 3.201 294.92 ± 6.70 6.093 ± 0.181 -2.585 Ma ± 29.936 Ma 
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Table 4.16. Sample MAC-223C (quartz vein) : tourmaline (P45-123); Yukon-NWT 

ID Temp step   Cum 39K    Cum 36S    40Ar* / 39K Err 40Ar / 36Ar Err 37Ca / 39K Err Age (Ga/Ma) Err (Ga/Ma) 

123-01 1 0.01002 0.18536 317.588 ± 29.52 496.03 ± 16.46 -0.481 ± 1.654 1.719 Ga ± 0.103 Ga 

123-02 2 0.01042 0.18725 766.94 ± 1580.04 2190.56 ± 8201.31 61.125 ± 130.218 2.848 Ga ± 2.950 Ga 

123-03 3 0.0107 0.19106 1223.146 ± 3327.25 1367.23 ± 2550.03 80.922 ± 228.788 3.546 Ga ± 4.220 Ga 

123-04 4 0.01122 0.18476 1085.746 ± 1652.63 -753.03 ± 937.32 63.928 ± 101.259 3.362 Ga ± 2.320 Ga 

123-05 5 0.32083 0.62494 1.931 ± 2.14 311.37 ± 18.56 3.461 ± 0.084 17.391Ma ± 19.224 Ma 

123-06 6 0.88309 0.97812 -2.816 ± 0.49 243.11 ± 7.48 4.671 ± 0.088 25.674 Ma ± 4.490 Ma 

123-07 7 0.95188 0.98549 10.51 ± 2.12 1441.37 ± 1124.15 8.425 ± 0.738 92.716 Ma ± 18.209 Ma 

123-08 80 1 1 5.847 ± 2.59 522.18 ± 176.98 6.079 ± 0.890 52.167 Ma ± 22.744 Ma 

Average/Integrated age   4.422 ± 0.930 347.17 ± 11.31 4.646 ± 0.095 39.589 Ma ± 7.311 Ma 

 

 

Table 4.17. Sample MAC-223C (quartz vein): tourmaline (P45-129); Yukon-NWT 

ID Temp step   Cum 39K    Cum 36S    40Ar* / 39K Err 40Ar / 36Ar Err 37Ca / 39K Err Age (Ga/Ma) Err (Ga/Ma) 

129-01 1 0.00138 0.18267 562.351 ± 158.31 364.74 ± 10.73 6.023 ± 21.415 2.419 Ga ± 0.375 Ga 

129-02 2 0.00151 0.18617 84.435 ± 862.84 346.86 ± 594.28 0.283 ± 1.001 0.637 Ga ± 5.486 Ga 

129-03 3 0.00318 0.19818 19.237 ± 58.40 339.17 ± 151.68 1.941 ± 17.643 166.234 Ma ± 482.121 Ma 

129-04 4 0.00512 0.20024 173.245 ± 64.88 2969.73 ± 9039.31 24.281 ± 14.867 1.129 Ga ± 0.314 Ga 

129-05 5 0.06798 0.25905 1.692 ± 1.61 325.01 ± 30.84 11.136 ± 0.558 15.247 Ma ± 14.428 Ma 

129-06 6 0.12429 0.32172 -7.227 ± 2.08 189.48 ± 19.59 11.7 ± 0.597 66.634 Ma ± 19.526 Ma 

129-07 7 0.83859 0.67918 5.151 ± 0.22 463.56 ± 11.01 14.415 ± 0.084 46.035 Ma ± 1.903 Ma 

129-08 8 0.92762 0.94154 2.33 ± 1.40 308.41 ± 8.08 15.177 ± 0.648 20.964 Ma ± 12.511 Ma 

129-09 9 0.93845 0.96244 29.096 ± 11.66 541.68 ± 178.41 20.121 ± 3.764 245.838 Ma ± 92.114 Ma 

129-10 9 1 1 10.2 ± 1.34 568.4 ± 68.91 8.942 ± 0.601 90.047 Ma ± 11.576 Ma 

Average/Integrated age   5.684 ± 0.361 388.3 ± 7.69 1.378 ± 0.013 E 1 50.732 Ma ± 3.164 Ma 
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Table 4.18. Isotope Dilution – Thermal Ionization Mass Spectrometry (ID–TIMS) Zircon U–Pb data for Mactung Granitoids, NE Yukon 

 
 

Sample/fraction 

 Ratio 

207Pb/235U 

Error 

± 1s, % 

Ratio 

206
Pb/

238
U

 

Error 

± 1s, % 

Err Corr 

rho 

Age 

206
Pb/

238
U

 

Error 

± 2s, Ma 

Age 

207
Pb/

235
U

 

Error 

± 2s, Ma 

Age 
207

Pb/
206

Pb 

Error 

± 2s, Ma 

MAC-156   

B 0.100736 0.437 0.015195 0.111 0.4962 97.2 0.2 97.5 0.8 103.3 18.5/18.7 

C 0.100526 0.609 0.015189 0.439 0.7627 97.2 0.9 97.3 1.1 99.3 18.6/18.8 

D 0.157988 0.207 0.01885 0.074 0.6049 120.4 0.2 148.9 0.6 631.7 7.4/7.4 

E 0.100672 0.292 0.015226 0.170 0.5790 97.4 0.5 97.4 0.5 97.0 11.2/11.3 

 
MAC-165 

A 

 

 

0.099515 

 

 

0.232 

 

 

0.01506 

 

 

0.109 

 

 

0.4755 

 

 

96.4 

 

 

0.2 

 

 

96.3 

 

 

0.4 

 

 

95.5 

 

 

9.7/9.7 
B 0.098686 0.301 0.014916 0.142 0.5503 95.5 0.3 95.6 0.6 98.5 11.9/12.0 

D 0.098607 0.174 0.014921 0.134 0.6993 95.5 0.3 95.5 0.3 95.8 5.9/5.9 

E 0.100282 0.261 0.015173 0.143 0.4707 97.1 0.3 97.0 0.5 96.1 10.9/11.0 

 
MAC-303 

A 

 

 

0.098751 

 

 

0.138 

 

 

0.014923 

 

 

0.087 

 

 

0.7110 

 

 

95.5 

 

 

0.2 

 

 

95.6 

 

 

0.3 

 

 

99.0 

 

 

4.6/4.6 
B 0.100535 0.186 0.015193 0.075 0.6091 97.2 0.2 97.3 0.3 98.8 7.2/7.2 

C 0.100386 0.237 0.015129 0.136 0.5281 96.8 0.3 97.1 0.4 105.3 9.5/9.6 

 
MAC-177A 

A 

 

 

0.10034 

 

 

0.255 

 

 

0.015176 

 

 

0.073 

 

 

0.5353 

 

 

97.1 

 

 

0.1 

 

 

97.1 

 

 

0.5 

 

 

96.9 

 

 

10.6/10.7 

B 0.100138 0.211 0.015139 0.083 0.4845 96.9 0.2 96.9 0.4 98.0 8.8/8.8 

D 0.099767 0.688 0.015095 0.142 0.4412 96.6 0.3 96.6 1.3 96.1 30.0/30.5 

 
MAC-224B 

A 

 

 

0.100577 

 

 

0.268 

 

 

0.015205 

 

 

0.154 

 

 

0.6304 

 

 

97.3 

 

 

0.3 

 

 

97.3 

 

 

0.5 

 

 

97.9 

 

 

9.9/9.9 
B 0.100917 0.171 0.015252 0.091 0.6682 97.6 0.2 97.6 0.3 98.6 6.1/6.1 

D 0.0999 0.203 0.01511 0.070 0.5312 96.7 0.1 96.7 0.4 96.9 8.3/8.3 

E 0.099705 0.160 0.015064 0.058 0.6826 96.4 0.1 96.5 0.3 99.5 6.0/6.1 

N.B.  A–E are labels for fractions composed of single zircon grains or fragments. r, error correlation coefficient. 
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Table 4.19. U–Th–Pb Laser Ablation data of titanite from the Mactung Skarn Tungsten Deposit, Yukon-NWT, Canada 

 

                         Error Correlation 

Duration(s) Sample analysis # 
238

U/
206

Pb 
238

U/
206

Pb_Prop2SE           
207

Pb/
206

Pb    
207  

Pb/
206

Pb_Prop2SE    
238

U/
206

Pb vs.
207

Pb/
206

Pb 
 

27.223 Mt-59-278_Tnt21 60.61 10.65 0.121 0.013 0.48 

26.369 Mt-59-278_Tnt17 64.52 12.07 0.067 0.010 0.37 

19.382 MT-59-278_Tnt12 64.94 11.81 0.066 0.009 0.30 

27.363 MT-59-278_Tnt13 62.50 11.33 0.085 0.010 0.29 

30.167 MT-59-278_Tnt2 61.73 11.05 0.070 0.009 0.45 

28.11 MT-59-278_Tnt3 62.50 11.33 0.076 0.010 0.40 

19.33 MT-59-278_Tnt11 62.50 11.33 0.086 0.010 0.12 

27.353 MT-59-278_Tnt5 57.80 9.69 0.093 0.011 0.68 

27.154 MT-59-278_Tnt9 65.36 11.96 0.076 0.010 0.36 

25.512 MT-59-278_Tnt15 60.98 10.41 0.085 0.010 0.12 

26.346 MT-59-278_Tnt10 65.36 11.96 0.072 0.009 0.18 

27.863 MT-59-278_Tnt19 64.52 12.07 0.096 0.010 0.08 

23.665 MT-59-278_Tnt18 64.94 12.23 0.058 0.009 0.30 

25.825 MT-59-278_Tnt4 60.98 10.78 0.096 0.010 0.18 

25.543 MT-59-278_Tnt14 62.11 10.80 0.104 0.010 0.24 

28.355 MT-59-278_Tnt20 63.69 11.77 0.107 0.010 0.25 

28.395 MT-59-278_Tnt22 61.73 11.05 0.109 0.011 0.07 

28.005 MT-59-278_Tnt6 60.98 10.78 0.104 0.010 0.03 
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Table 4.20. Re and Os data using Isotope dilution Mass Spectrometry (ID-MS) for molybdenite grains from  quartz veins cutting 

biotite granite and leucogranite adjacent to skarn 

 

Sample  Re ppm ± 2s 187Re ppb  ± 2s 187Os ppb  ± 2s Total common Os pg Model Age (Ma) ± 2s with l (Ma)  

        I Os = 1± 0.5 

MAC -176C 1.081 0.003 679 2 1.141 0.039 54.4 100.7 3.5 
 
MAC-222B 5.876 0.015 3694 9 6.548 0.009 2.9 106.3 0.4 
 
MAC-223C 0.437 0.001 274 1 0.453 0.002 2.2 99.1 0.5 
 

MS-145-354.7 9.753 0.024 6130 15 4.865 4.935 637 47.6   48.3 
 
 
For Mac-176C has high common Os;  age is dependent on initial 187Os/188Os ratio. 

Age will be 103.8 Ma with a mantle initial Os (0.13), and 97.3  Ma with a very crustal initial Os (2.0) 
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Table 4.21. Ar-Ar, U-Pb, and Re-Os age dates for Mactung granitoids (Easting and Northing in UTM coordinates - metres) 

Sample # 

 
MAC-156 

Lithology 

 
Aplitic dyke 

Easting 

 
441501 

Northing 

 
7015976 

Ar-Ar age (Ma) 

 
94.0±0.5 

Mineral Phase 

 
biotite 

U-Pb age (Ma) 

 
97.2 ± 0.2 

 

MAC-165 
 

Granitic dyke 
 

442733 
 

7017826 
 

92.9±0.4 

95.3±0.4 

 

muscovite 

muscovite 

 

97.1 ± 0.3 

 

MAC-177A 
 

Biotite granite 
 

442806 
 

7018033 
 

95.6 ±0.3 

94.0±0.3 

91.8±0.4 

 

muscovite 

biotite  

biotite 

 

97.1 ± 0.1 

 

MAC-177B 
 

Leucogranite 
 

442806 
 

7018033 
 

93.3±1.2 
 

muscovite 
 

- 

MAC-224A Biotite granite 

(near skarn) 

441839 7018089 98.1±2 

95.1 ±0.8 

muscovite 

biotite 

97.6 ± 0.2 

 

MAC-303 
 

Biotite granite 
 

440026 
 

7015106 
 

95.57±0.55 
 

biotite 
 

97.2 ± 0.2 
    97.56±1.02 biotite  
MAC-223A  Biotite hornfels 441889 

   
7018110 

 

 

97.1±1.9 

 
Biotite (small)  

 
    96.9 ±0.6 biotite (big)  
 

MAC-226 
 

Amph-Pxn skarn 
 

441910 
 

7018082 
 

127±20 
 

amph/pxn core 
 

 

MAC72-27-778 
 

Biotite schist 
 

441979 
 

7017724 
 

95.7±0.4 
 

biotite 
 

- 
 (Vampire Fm)      
 

MAC79-117-
501.5 

 

Biotite-bearing skarn 
 

442117 
 

7017731 89.9 ±2.9    biotite  

 (ore zone)      
 

MS72-59-278 
 

Pxn-pyrrhotite skarn 
 

441976 
 

7017638 
- 

 

titanite 
 

97.1±4.1 
 

MAC -176C 
 

Quartz vein 
 

442770 
 

7017886 
  

molybdenite 
 

100.7±3.5 
 

MAC-222B 
 

Quartz vein 
 

441899 
 

7018126 
 

 

molybdenite 
 

106.3±0.4 
 

MAC-223C 
 

Quartz vein 
 

441889 
 

7018110 
  

molybdenite 
 

99.1±0.5 

  



 

298 

Appendix 4.1. Detailed Geochronological Data for Mineral Fractions 

from the Mactung Granitoids 
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Chapter 5 

Major and Accessory Rock-forming Minerals as Footprints of Magma 

Type, Source Region, Fluid Composition and Metallogenesis: A Case 

Study from Mactung Granitoids, Yukon-NWT, Canada 

 

Abstract 

 The chemical composition of major and accessory minerals of Mactung granitoids 

(biotite granite, leucogranite, ore zone granites, and aplite dykes) was determined using 

Electron Probe Microanalysis (EPMA) and SEM Energy Dispersive Spectroscopy (SEM-

EDS). The minerals analysed are biotite, feldspar, muscovite, chlorite, apatite, 

tourmaline, and monazite. Biotite grains from adjacent skarn and hornfels (Unit 3C) were 

also investigated. 

 Variations in the chemical composition of biotite and feldspar are the most robust 

means of distinctively characterizing rock types. Aluminum, Fe, and Mg are the primary 

distinguishing elements among biotite of different lithologies.   Biotite from the 

leucogranites is more siderophyllite. Biotite grains from the biotite granite are iron-rich, 

but more magnesian than the iron-rich biotite of the leucogranite. Biotite grains from ore 

zone granites and pyrrhotite skarns are magnesian; but biotite grains from hornfelsic unit 

are the most magnesian of all the biotite grains analyzed. The Fe/(Fe+Mg) ratio increases 

from ore zone granite to biotite granite and then to leucogranite. The fO2 condition is the 

reverse of this trend; however, all rock types crystallized under reducing fO2 conditions. 

In the Fe/(Fe+Mg) versus Al compositional space, biotite from the pyrrhotite skarn 

plotted in the area very close to those biotite grains from the biotite granite and ore zone 
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granite, whereas the biotite from the metapelite (hornfels) plotted far out, occupying a 

separate compositional space, away from the biotite granite and ore zone granite fields. 

 The IV (F/Cl) versus IV(F) data distribution in biotite from Mactung granitic 

rocks are uniquely defined, different from those of porphyry copper, Sn-W-Be and 

porphyry Mo deposit-hosting granites. The Mactung granitoids are characterized by 

lower IV(F/Cl) intercept ratios relative to porphyry copper-bearing intrusive systems, and 

higher IV(F) values relative to porphyry Mo and Sn-W-Be bearing systems. Non-

mineralizing granites of Mactung (leucogranite and aplitic dykes) have high XFe, Aliv 

lower XMg, and fO2 values relative to the biotite granite and ore zone granites, which are 

believed to be sources of the skarn tungsten mineralization at Mactung. 

 The anorthite (An) composition of plagioclase feldspars increases from the highly 

differentiated leucogranite to the less differentiated Mactung North biotite granite and ore 

zone granites. Plagioclase core compositions in biotite granite of the northern pluton are 

andesine to labradorite, whereas their rims are oligoclase. In the ore zone granites, core 

An composition is andesine to bytownite, whereas rims are andesine. In leucogranite, 

cores are oligoclase, whereas the rims are albitic. In aplite dykes, plagioclase composition 

is similar to those in biotite granite. 

  Several minerals were investigated as geothermometers, such as the biotite-

apatite, two feldspars, titanium-in-biotite, and chlorite geothermometers to understand the 

crystallization temperature conditions and late-stage processes for the different Mactung 

granitoids. Application of the biotite-apatite thermometry of Sallet (2000) to this system 

yielded a temperature of 580-856°C. The Ti-in-biotite thermometry of Henry (2005) gave 

a temperature of 536-719°C. Application of the two feldspar geothermometric equations 
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of Putirka (2008) to Mactung granitoids showed a wide temperature range of 430-884°C. 

Temperatures of 225 to 450°C were determined from six methods of chlorite 

geothermometry, three of which are in good agreement yielding temperatures of 300-

450°C. 

 Pressure conditions of final magma emplacement at Mactung were determined 

using aluminium-in-hornblende geobarometer. An average pressure of ~2 kb (200 MPa) 

was calculated (average of 4 different barometers) from an amphibole grain in calc-

silicate biotite hornfels near the contact with biotite granite. A minimum pressure of 4.2 ± 

0.4 kb at 650-675°C for biotite granite, and a maximum pressure of about 2.1 ± 0.3 kb at 

600-630°C for leucogranite were determined from phengite geobarometry. These latter 

pressure values reflect the prevailing conditions at the time muscovite formed in the two 

types of rocks. Considering a pressure gradient of 3.7 km/kb, the two pressures of 

muscovite crystallization correspond to 15.5 ± 1.5 km and 7.8 ± 1.1 km depth, 

respectively. The presence of magmatic epidote in the biotite granite of Mactung 

indicates that the depth of magma generation was probably deeper than 15 km. The 

presence of primary epidote in tonalite and granodiorite is taken as suggestive of 

crystallization under lithostatic pressures of >6 kb Thus the initial depth of magma 

generation for Mactung biotite granite magma was as deep as 22 km or more. 

 The Mg, Fe, and Al compositions of biotite from Mactung granitoids and the high 

Fe and Al content of tourmaline suggest a peraluminous magma source, derived from the 

melting of the continental crust, possibly in a collisional tectonic setting. A strongly 

contaminated and reduced I-type magma is implicated from the log XF/XOH and log 

XMg/XFe composition of biotite. 



 

325 

 

5.1 Introduction 

 Mactung is located NE of Whitehorse (the capital of Yukon), along the border of 

the Yukon and the Northwest territories in northwest Canada (Figs. 5.1 and 5.2). The area 

is accessed by two hours of helicopter flight, or by four-wheeled drive following the 650-

km-long Whitehorse-Ross River-Mactung route (Fig. 5.1).  

 Mactung is known for its large skarn tungsten deposit, the largest known in the 

western hemisphere (indicated resource of 33 M tonnes @ 0.9% WO3, using 0.5% cut-off 

grade, and open-ended to the west). The deposit is centred at about 63° 17' N latitude and 

130° 10' W longitude. The tungsten mineralization was discovered by geologist J.F. Allan 

in 1962 during a regional stream sediment sampling program. Geologist J.F. Allan staked 

the area immediately after his discovery, and subsequently transferred his interest to 

AMAX, which held the property until 1986. From 1986-1997, the property went through 

a number of acquisitions.  From 1997 to 2015, the Mactung property was owned by 

North American Tungsten Corporation Limited (NATCL), a Canadian public junior 

company listed in the TSX Venture Exchange. NATCL has been in creditor protection 

through the British Columbia Supreme Court under the Companies' Creditors 

Arrangement Act since June 9, 2015. The Government of the Northwest Territories 

(GNWT) has now acquired the leasehold interests for both the Northwest Territories and 

Yukon mineral rights to NATCL Mactung property. 

 The scientific work on the deposit, and the local geology is reported in a  number 

of works (Dick, 1980; Abbot et al., 1986; Atkinson and Bakker 1986; Gerstner et al., 

1989; Cecile, 1991, 1997, 2000; Selby 2003). Dick (1980) made a comparative study on 
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the geology, mineralogy, and conditions of formation of many skarn deposits throughout 

the northeast Canadian Cordillera, including Mactung. Atkinson and Baker (1986) made 

use of detailed observations on drill core to elucidate the distribution of garnet, quartz 

veins, and sulphides at the deposit scale. Gerstner et al. (1989) studied fluid inclusions in 

skarn silicate minerals using microthermometer and Raman spectrometer to establish 

trapping pressure and temperature conditions in scheelite-associated gangue minerals 

(e.g., pyroxene, garnet, and biotite). Abbot et al. (1986) and Cecile (2000) reconstructed 

the geological frame work of basinal facies that host Pb-Zn-(Cu) SEDEX deposits. 

Selby’s (2003) work focused on the U-Pb dating of zircons from the Mactung North 

pluton and Re-Os dating of molybdenite hosted in quartz veins. Gebru and Lentz (2009) 

mapped an area of 25 km2 surrounding the Mactung skarn tungsten deposit, and dated all  

the granitoids by multi-geochronology techniques (TIMS U-Pb dating of zircon, LA ICP-

MS U-Pb dating of titanite, Re-Os dating of molybdenite, and Ar-Ar dating of biotite and 

muscovite). The geochronological work has greatly helped to constrain the emplacement 

age of these granitoids with respect to skarn tungsten mineralization. A detailed 

description of these results is presented in Chapter 4 of this dissertation. 

 The purpose of this chapter is to study the composition of major and accessary 

rock-forming minerals, a first of its kind on the property. This was done to complement 

the previously conducted whole-rock geochemical work (Chapter 3) in order to trace the 

source of the magma and its tectonic setting, and document the nature of fluids associated 

with the magma that formed the different granitoid phases, as well as to identify which 

granitoids were responsible for the skarn tungsten mineralization. In short, the research 

reported herein attempts to establish  the petrogenesis, tectonic setting, and mineralizing 
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fluid composition and evolution of the Mactung granitoids using major elemental 

chemical compositions of biotite, feldspars, apatite, and other accessory minerals; and 

includes investigating the nature of REEs and distribution of other selected trace elements 

in accessory minerals, such as monazite and apatite. 

 

5.2 Granitoids in Southeast Yukon and Western Northwest Territories 

 Early- and mid-Cretaceous magmatism is widespread throughout the Yukon and 

Alaska. These plutons cut across terrane boundaries, and were emplaced from the 

proximal-trench environment along the current continental margin to 700 km inboard 

from the current plate margin (Hart et al., 2004).  

 Three Cretaceous plutonic belts are recognized within the Yukon-Alaska region 

(Fig. 5.3): 1) Early Cretaceous (145-135 Ma) plutons are localized in the Insular terranes 

that may mark the final stages of Late Jurassic subduction-related arc magmatism on the 

seaward side of the evolving orogeny; 2) Mid Cretaceous (118-110 Ma) plutonic suites 

emplaced across the breadth of the Northern Cordilleran orogen in response to  

magmatism, resulting from an increase in convergence rates among oceanic plates and 

Ancient North America; and  3) plutons of  99-90 Ma that formed further inland towards 

the termination of the latest orogeny. The 118 to 90 Ma magmatism is notably the most 

widespread, voluminous, diverse, and metallogenically important in both Alaska and the 

Yukon (Hart et al., 2004). 

 In southeastern Yukon and southwestern NWT, several biotite, biotite-hornblende 

and hornblende-bearing granitoids define a NW-SE trending belt. Some of the best 

known plutons are Mount Wilson, Pelly River, Clea, O’Grady, South Nahanni (northern, 
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central and southern), Lened, CAC, RUDI, Mount Appler, Flat Lake, Tungsten 

(Cantung), and Francis Lake plutons (Fig 5.4).  Granitic plutons in areas of Clea, Lened, 

Cac, Rudi, and Cantung are associated with tungsten mineralization. Biotite is the only 

ferromagnesian common to all of these plutons. The Cantung area plutons, which are 

similar in age and composition to those at Mactung, occur in other areas: Tungsten, Sheet 

Mountain, Rifle Range, Baker, and several other localities south of Baker. In these 

localities, skarn develops where limestone and calcareous argillites occur in contact with 

the plutons. An aplitic dyke and two granite stocks (the Mine Stock and the Circular 

Stock) are at Tungsten (Cantung proper). The Mine Stock lies immediately below the E-

Zone scheelite deposit that formed within pyroxene and pyrrhotite-pyroxene skarn. The 

Circular stock lies further northwest, and is connected to the Mine Stock at depth. At the 

Mine Stock, several granite phases are recognized: a medium- to coarse-grained 

equigranular phase, a porphyritic coarse-grained phase, a fine- to medium-grained 

leucocratic phase and an aplitic dyke that commonly cuts the medium- to coarse-grained 

phase. 

 

5.3 Previous Work on Halogen Chemistry of Granitoids 

 No previous work has been published on the mineral chemistry of Mactung 

granitoids, with the exception of a few samples by Middelaar (1988) from unspecified 

granite phases (possibly leucogranite) of the Mactung North pluton. Halogen-focussed 

metallogenic studies were done in other parts of the Yukon and NWT on primary and 

alteration minerals associated with calc-alkaline porphyry copper deposits (e.g., Lang, 

1998; Selby and Nesbitt, 1998, 2000), intrusion-related gold deposits (Coulson et al., 
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2001) and skarn tungsten deposits (Zaw and Clark, 1978; van Middelaar, 1988; van 

Middelaar and Keith, 1990; Rasmussen, 2013). Most of these studies focused on biotite 

halogen compositions of mineralized systems, and the adjacent granites were believed to 

be sources of the mineralization; in doing so, attempts were made to link these 

observations to compositions of mineralizing or non-mineralizing fluids. Three detailed 

halogen studies were completed at the Cantung tungsten skarn deposit (Zaw and Clark, 

1978, van Middelaar, 1988; van Middelaar and Keith, 1990; Rasmussen, 2013). 

 Studies of Zaw (1976) and Zaw and Clark (1978) indicate that the skarn and 

micas adjacent intrusive are primarily annite-phlogopite-siderophyllite, but trend towards 

the siderophyllite end-member (cf. Rasmussen, 2013). Relatively low fluorine 

concentrations in biotite from the associated unaltered granite intrusion (0.30-0.42 wt.% 

F) in comparison to the high fluorine in the skarn micas (0.82-2.98 wt.% F) were reported 

by Zaw (1976) and Zaw and Clark (1978). Chlorine was below the detection limit of 0.2 

wt.% in all mica analyses reported by Zaw (1976). Van Middelaar (1988) found less than 

0.1 wt.% chlorine in micas from all the intrusive phases.  Both investigations of biotite 

revealed that fluorine concentrations were highest in the more magnesian micas.  

 Rasmussen (2013) completed a detailed regional halogen analysis of apatite and 

biotite across intrusive suites in southeastern Yukon. The work, done on five multi-phase 

plutons proximal to the Cantung mine area, is of special interest here. These plutons: 

Central Nahanni and Rifle Range plutons, and the tungsten-associated Rudi, Lened, and 

Mine Stock plutons were emplaced in a linear belt southeast of Mactung (Fig. 5.3). The 

first two were considered barren by Rasmussen (2013), but this may not be the case for 

the Rifle Range granite pluton (personal communication with Dave Tenney). 
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  The main constituents of apatite, CaO and P2O5, range from 51.7-56.0 wt.% 

(average 54.2 wt.%) and 39.6-43.6 wt.% (average 41.7 wt.%), respectively, in these 

plutons (cf. Rasmussen, 2013). Apatite associated with mineralization has an average of 

54.6 wt.% CaO, and 41.4 wt.% P2O5 content. In primary apatite and apatite associated 

with mineralization, MnO averages 0.51 and 0.22 wt.%, respectively, whereas FeOt 

averages: 0.30 and 0.18 wt.%, respectively; they are present in relatively high 

concentration, typically above their minimum detection limits (0.12 wt.% for both 

oxides). MgO, Al2O3, and SrO are very low, usually below their detection limits (0.04, 

0.03, and 0.11 wt.%, respectively), particularly in apatite associated with mineralization. 

Fluorine content ranges widely (1.04-4.53 wt.%, commonly >3.5 wt.%) and correlates 

negatively with the predominantly low to very low (i.e., below detection) chlorine 

content (0.02-1.06 wt.%, typically < 0.12 wt.%).  Most the samples analyzed by 

Rasmussen (2013) contain near end-member fluorapatite, although fluorine is typically 

higher in apatite associated with mineralization (3.19-4.52 wt.%; average 3.86 wt.%), in 

contrast chlorine is highest in least-altered rocks (0.02-0.16 wt.%; average 0.07 wt.%; 

several samples may have anomalous chlorine and/or fluorine concentrations 

(Rasmussen, 2013). 

 The Fe/(Fe+Mg) composition of fresh biotite (0.34-0.86 apfu) in general increases 

with increasing ΣAl (2.48-3.75 apfu) for all of  the plutons (Rasmussen, 2013). Primary 

magmatic biotite commonly has high TiO2 (1.18-4.82 wt.%; average 3.30 wt.%) and 

MnO (0.12-1.44 wt.%; average 0.47 wt.%). In some samples TiO2 is lower, but still 

within the range of magmatic TiO2 content. Fluorine and chlorine are also present in low 

abundances (<1.73 and <0.32 wt.%, respectively) in all samples reported by Rasmussen 
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(2013). They are above their respective detection limits of 0.08 and 0.01 wt.%, and 

commonly correlate inversely (Rasmussen, 2013). These results have important 

implications for the understanding of intrusives responsible for forming mineralized 

skarn at Mactung and throughout southeastern Yukon.  

 The best diagnostic criteria that may be extracted from the apatite and biotite data 

of Rasmussen (2013), for identifying barren granitoids from fertile ones is the variation in 

the abundance of fluorine and chlorine. Four plutons (Cantung, Rudi, Lened and Rifle 

Range) studied by Rasmussen (2013) are characterized by relatively higher fluorine and 

lower chlorine concentrations, whereas the fifth pluton (Central Nahanni), not known for 

tungsten mineralization, is characterized by lower fluorine and higher chlorine 

concentrations. The Fe/(Fe+Mg) ratio and fluorine concentrations in biotite of the central 

Nahanni pluton are substantially lower than in the tungsten-bearing granitoids of 

Cantung, Rudi, Lened, and Rifle Range. Similar trends, in the behavior of mineralized 

and unmineralized granitoids, were noted for the Sarcheshmeh porphyry system in Iran. 

In this porphyry system, fluorine contents in biotite grains from the potassic and phyllic 

zones are higher than in the non-mineralized granitoids, whereas their Cl contents are 

lower than those of the non-mineralized granitoids (Boomeri et al., 2010). 

 

5.4 Petrography of Mactung Granitoids 

 Two biotite-bearing granite plutons occur in Mactung area, south and north of the 

tungsten skarn deposit (Fig. 5.4). Two contrasting granite types occur at Mactung North 

pluton: 1) a gray biotite granite (10-20%) porphyritic, coarse-grained rock, and 2) a light 

grey, equigranular coarse-grained leucogranite with low abundance of biotite (<5%). The 
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biotite granite is the main phase of the Mactung North pluton occurring immediately 

north of the skarn tungsten deposits. The leucogranite is a minor phase that occurs only 

on the western and eastern margins of the pluton. Fine-grained versions of the 

leucogranite occur nearby and away from the coarse grained leucogranite as dykes. Fine- 

to medium-grained biotite granite dykes (plagiogranite and undivided granites - variably 

enriched in plagioclase feldspars) occur within the ore zone, whereas fine-grained 

leucocratic granite dykes intrude the biotite schist northeast of the ore zone; the former 

type are referred as ‘ore zone granites’ hereafter. Biotite granite in the ore zone is grey to 

light grey, texturally finer and less porphyritic. It has abundant quartz (up to 50%) and 

bleaching of biotite is common. It occurs in two forms. One variety is rich in plagioclase 

with apparent depletion in K-feldspars. The other variety is more enriched in plagioclase 

compared to the biotite granite outside of the ore zone, but significantly richer in K-

feldspars compared to the one strongly enriched in plagioclase. Felsic leucocratic aplitic 

dykes are abundant in the southern part of the map area; they have a chemical signature 

intermediate to the biotite granite and the leucogranite. The colour and mineralogy of 

these two granitoids group is given in Figures 5.5 and 5.6, and the detailed description is 

available in Chapter 4 of this dissertation. 

 

5.5 Methodology 

   Standard polished thin sections were prepared for silicate, oxide, and sulphide 

mineralogical examination using granitoid samples from drill core and outcrops (Table 

5.1). After petrographic examination, in addition to discrimination by whole-rock 

geochemical analysis, selected polished thin sections were identified for compositional 
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investigation of rock-forming minerals (micas, feldspars, chlorite, apatite, tourmaline, 

and monazite) by EPMA and SEM-EDS.  In the case of EPMA investigation, the silicates 

were analyzed in wavelength-dispersive mode on a JXA JEOL-733 Superprobe at the 

University of New Brunswick, with 15 kV accelerating voltage, 30 nA beam current, and 

a maximum of 30-s integration counting interval. The beam size was set at 1-5 μm.  The 

elements analyzed include major elements: K, Na, Ca, Mg, Mn, Fe, Al, Ti, Si, F, and Cl, 

and trace elements: Ba, Cr, Cu, Rb, S, Sr, Th, U, V, La, Ce, Pr, Nd, Sm, Eu, and Gd. A 

ZAF-4 (atomic number, absorption, and fluorescence, respectively) correction procedure 

was employed during data extraction. The background X-ray spectrum height is 

subtracted from the peak height. The net intensity of the characteristic X-ray peak is 

proportional to the mass concentration of that element in the specimen. Quantitative 

analysis relies on comparing the specimen with a standard of known concentration of the 

element. 

 In each polished thin section, several grains of each mineral were selected for 

analysis on the basis of textural relationship and grain positions marked during 

petrographic work. In many instances, an average of the analytical results was taken to 

represent the typical composition of that mineral. Formula calculations for biotite are 

based on 22 atoms of oxygen; with H2O contents were calculated by stoichiometry. All 

iron content is computed as ferrous. Formula calculations of amphibole are based on 23 

atoms of oxygen, and their ferric and ferrous compositions are calculated 

stoichiometrically. Data on feldspar composition was determined using SEM-EDS and 

wt.% major element oxides presented in table form, with calculated mole fractions of 

albite, orthoclase, and anorthite. Muscovite, chlorite, and tourmaline were analyzed as 
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well. Apatite and monazite grains from a variety of the granitoids in the region were 

analyzed separately, to compliment the work done on the other primary minerals.  

 

5.6 Major and Accessory Minerals Compositions 

 The chemical compositions of primary and accessary minerals of Mactung 

granitoids are presented and discussed below. Pressure and temperature conditions of 

magma crystallization and the nature of magmatic volatiles, as well as the petrogenetic 

and metallogenic implications, and volatile budget are highlighted.  

 

 5.6.1 Biotite 

5.6.1. 1 General 

 Felsic magma petrogenesis and related metallogeny, were discussed by several 

workers (Cherry, 1976; Cherry and Trembath, 1978; Clemens and Vielzeuf, 1987; Seal et 

al., 1987; Whalen et al., 1987, 1996; Kirkham and Sinclair, 1988; Keith and Shanks,1988; 

Keith et al., 1989; Candela, 1989, 1995, 1997; McLeod, 1990; Hayashi and 

Ohomoto,1991; Whalen, 1993; Richards, 1995; Christiansen and Keith, 1996; McCoy et 

al., 1997; Gammons and Williams-Jones, 1997; Keith et al., 1998;  McLeod and 

McCutcheon, 2000; Clemens and Watkins, 2001; Chi, 2002; McLeod and  Fyffe, 2002; 

Davis et al., 2004).  Non-magmatic gold metallization by fluid generation during 

devolatilization reactions in metamorphic terrains was discussed by other researchers 

(e.g. Groves, et al., 1998, 2003). The metamorphic history of rocks in and around lode 

gold camps has been constrained well, based on several investigations involving mineral 
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equilibria calculations (Powell et al., 1991; Elmer et al., 2006; Phillips and Powell, 2009, 

2010; Bhattacharya and Panigrahi, 2015 and references therein). 

 In recent years, intrusion-related gold deposits (caused by moderately oxidized, 

intermediate to felsic igneous rocks) have become a focus of intense study in the Yukon, 

Alaska and elsewhere (McCoy et al., 1997; Lang, 2001; Lang and Baker, 2001; Baker, 

2002; Frank et al., 2002; Lentz et al., 2002; Bierlein et al., 2003; Fan et al., 2003; Yang et 

al., 2002, 2003, and 2004; Doebrich et al., 2004; Davis et al., 2004; Hart, 2004). The 

work reported herein is an extension of this research as many skarn deposits occur 

adjacent to the causative intrusive rocks. Intrusion-related skarn and calc-silicates 

petrogenesis, and their related mineralization have been discussed in detail (Einaudi, et 

al., 1981; Meinert, 1993, 1997, 1998, 2005; Ray, 1996; Newberry, 1998; Lentz, 1998, 

1999, 2000). 

 Micas are almost always involved in one way or another during metallization in 

intermediate to felsic magmatism (and their late stage derivatives). The study of the 

chemical composition of micas, biotite in particular, may be one of the best tools for 

identifying granitoids related to mineralization. Numerous studies have been published 

that demonstrate the use of biotite composition as a valuable guide to granite petrogenesis 

(e.g., Dodge et al. (1969), Neiva (1976, 1981), Barrière and Cotton (1979), Holdaway 

(1980), Speer (1981, 1984), Ague and Brimhall (1988), Finch et al. (1995), Shabani et al. 

(2003), Yang and Lentz (2005)). In addition, the classic experimental work of Wones and 

Eugster (1965) established biotite as a valuable indicator of redox conditions in granitic 

magmas. The composition of biotite can also be used as a tectonomagmatic indicator 

[e.g., Nachit et al. (1985), Lalonde and Bernard (1993), Burkhard (1993), Abdel-Rahman 
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(1994)]. Biotite, by virtue of its crystal structure, can accommodate most of the common 

elements present in granitic magmas (Shabani, 1999). It is a valuable probe of magma 

composition for two reasons: 1) It is the most important reservoir of any excess 

aluminum in granites that do not contain appreciable amounts of garnet, cordierite, or the 

Al2SiO5 polymorphs; therefore, it directly reflects the peraluminosity of the host magma 

in such rocks, and 2) it is the most readily available indicator of oxidation state. Magma 

peraluminosity and relative oxidation state have been the basis for the classification of 

granites into I- and S-types (Chappell and White 1974), and into those of the ilmenite and 

magnetite series (Ishihara, 1977). Recently, granitic rocks of the different 

tectonostratigraphic zones of the Canadian Appalachian orogen have been the subject of 

several detailed geological, geochemical and isotopic investigations aimed primarily at 

defining their source materials (e.g., Shabani et al., 2003; Yang and Lentz, 2005, 2008). 

In addition, these investigators have addressed the relationship between granitic 

magmatism and tectonism. 

 Volatile budgets have important control on magmatic and magmatic-hydrothermal 

processes (Yang and Lentz, 2005). Water and F act as fluxes to lower liquidus and solidus 

temperatures and affect liquidus mineral assemblages (Wyllie and Tuttle, 1961; Wyllie, 

1977; Munoz, 1984, 1992; Ague and Brimhall, 1987, 1988; Yang and Lentz, 2005; 

Schrader, 2009). Lentz (1994) used the chemical composition of biotite together with 

petrological information to constrain the relative fluorine-chlorine activity in fluids as 

factors responsible in the genesis of intrusion-related gold systems in southern New 

Brunswick.  The evolution of halogens (F and Cl) and hydroxyl species, in relation to 

fugacity ratios, from fluids of mineralized systems, have been dealt with in recent times 



 

337 

by several researchers (e.g., Idrus et al., 2007; Boomeri et al., 2010, Siahcheshm et al., 

2012; Esmaeily et al., 2013; Sarjoughian, 2014). 

 The composition of biotite depends on a number of interdependent variables, e.g., 

P, T, and element activities (a), one of which must be defined either empirically or 

indirectly (Wones and Eugster, 1965; van Middelaar, and Keith, 1990; Shabani, 2010; 

Esmaeily et al., 2013). Qualitative measurement of oxygen fugacity can be obtained from 

the Fe+2-Fe+3-Mg ternary diagram (Wones and Eugster, 1965). A semi-quantitative 

evaluation of oxygen fugacity can be made from the Fe/(Fe+Mg) ratio of biotite by using 

the calibration curve of Wones and Eugster (1965) that are based on fO2-T data. In this 

study, the chemical composition of biotite from the Mactung granitoids is investigated in 

order to constrain tectono-magmatic evolutions, and the F-Cl composition is compared to 

other skarn and porphyry copper-related granitioids in Canada (and elsewhere), and the 

metallogenic implications will be deduced. 

 

5.6.1.2 Major and Selected Trace-element Composition of Biotites 

 Microprobe data of biotite analysis (107 points) from 21 polished thin section 

specimens, prepared from various granitoids (ore zone granites, biotite granite and 

leucogranites), metasedimentary, and skarn rock samples, collected in the Mactung area, 

are presented in Table 5.2.  

 

5.6.1.2.1 Ore zone granites 

 Ore zone granites have biotite average silica content at 32.81 wt.%. Individual 

samples range 29.32-34.72 wt.%. The most altered biotite grains have lower silica values 
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(samples MS148-144 and MS148-134.6b have 29.32 and 32.31 wt.% SiO2, respectively). 

The average value of TiO2 in biotite is 2.82 wt.%, whereas individual values spread 

between 1.27 and 3.77 wt.%. Lower values of TiO2 are commonly related to incipient 

alteration (as in samples MS144.0G1/4 and MS148-134.6a), such as chloritization and 

muscovitization at the expense of biotite. Alumina values range from 16.17 to17.80 wt.% 

and average 17.45 wt.%.  Alumina increases by about 2 wt.% in altered biotite (e.g., 

MS148-144.0G1/4 and MS148-134.6a). Iron oxide (as total FeO) ranges from 17.33 to 

22.38 wt.% with an average of 20.82 wt.%. The effect of alteration is towards increasing 

the iron content (MS148-134.6b and MS151-136.93b). Manganese oxide ranges from 

0.17% to 0.44% (averages 0.30 wt.%); although it is less mobile compared to the 

preceding elements, it generally decreases with increasing alteration. Magnesium oxide 

values range from 8.11 to 13.47 wt.%, and average 10.09 wt.%.  The effect of alteration 

on biotite in the ore zone granites is toward increasing MgO in the order of 2-3 wt.% (as 

in samples MS148-144.0G1/4 and MS148-134.6a). Calcium oxide also increases by 

several orders of magnitude in altered biotite grains (MS148-144.0G1/4 and MS148-

134.6a) relative to the fresh or less altered types. The unaltered biotite grains range from 

0.07 to 0.23 CaO wt.% (average 0.20 wt.%). Sodium oxide values range from 0.05 to 

0.15 wt.% and average 0.10 wt.%. The effect of biotite alteration and or re-equilibration 

is toward reducing the Na2O content by 60-70%. Potassium oxide averages 6.34 wt.% 

and ranges from 0.66 to 9.08 wt.%. The most altered biotite grains (MS148-144.0G1/4 

and MS148-134.6a) have the least K2O content- samples MS148-144.0G1/4 and MS148-

134.6a have 0.66 and 2.39 wt.% K2O, respectively. Strontium oxide averages about 94 

ppm, with a range from below detection limit to 193 ppm. The effect of alteration is 
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toward lower Sr content. Barium oxide averages about 1787 ppm and ranges from below 

detection limit to 3206 ppm.  Rubidium values are erratic and range from below detection 

limit to 199 ppm (average 77 ppm). For both Ba and Rb, the effect of alteration is toward 

lower contents. Chlorine and Fluorine also tend to lower in altered biotite grains relative 

to fresher grains. Average values are 0.017 (range, 0.045 to 0.094) and 0.814 wt.% 

(range, 0.587 to 1.199 wt.%,), respectively. The range of values for altered and least 

altered biotite grains are 0.045 to 0.094 and 0.587 to 1.199 wt.%, respectively. Calculated 

H2O content of the biotite grains of ore zone granites is 3.35 wt.%. The H2O content of 

biotite grains affected by alteration appears to be lower than those of the unaltered types 

or least-altered types (Table 5.2). 

 

5.6.1.2.2 Biotite Granite 

 The average silica content of biotite grains in biotite granite is 34.88 wt.%, and ranges 

from 33.87 wt.% to a maximum of 36.17 wt.%. Biotite from the most altered samples, 

MAC303b and 177A C3 G2c, have higher silica (35.28 and 36.17 wt.%, respectively). 

Unaltered biotite grains from biotite granite have TiO2 contents ranging from 2.84 to 3.56 

wt.% (average 3.17 wt.%). In altered biotite, it can show as low as 0.031wt% (MAC-

303b) to 0.222 wt.% TiO2 (MAC-177A C3 G2c) (Table 5.2). As in the ore zone granites, 

the lower TiO2 content in biotite granite are commonly related to alteration (e.g. 

chloritization) and titanite formation at the expense of biotite. Alumina values in 

unaltered/least altered biotite grains range from 17.31 to 19.84 wt.% (average 18.41 

wt.%).  Sample 177A C3 G2c contain intensely altered biotite as indicated by a high 

alumina content of 27.48 wt.% (excluded from average values), whereas less to 
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moderately altered biotite in sample MAC-303b (biotite granite) also has higher alumina 

(20.73 wt.%; excluded from average). Alumina increases by about 2-9 wt.% in altered 

biotite of these granitoids (MAC-303b and MAC-177A C3 G2c). Iron oxide (as total 

FeO) in biotite ranges from 19.32 to 23.98 wt.% (average of 22.49 wt.%). The effect of 

alteration is toward decreasing the iron content (MAC-177A C3 G2c, MAC-303a and 

MAC-303b). Manganese oxide ranges from 0.323% to 0.747 wt.% (average 0.430 wt.%).  

As in ore zone granite, manganese is less mobile than the other major elements but it 

tends to decrease in more altered biotite grains (e.g., sample MAC-177A C3 G2c at 0.278 

wt.% MnO). Magnesium oxide ranges from 6.57 to 7.89 w.t% (average 7.25 wt.%).  The 

effect of alteration on biotite grains for the biotite granite is variable - reflecting change in 

MgO content- reflecting muscovitization and chloritization (MAC-177A C3 G2c and 

MA-303b, respectively). The CaO content of unaltered or least-altered biotite ranges 

from 0.021 to 0.161 wt.% (average 0.077 wt.%). Calcium oxide decreases in altered 

biotite (MAC-177A C3 G2c and MA-303b) compared to the fresh or least altered ones. A 

deviation from this trend is observed in least altered sample (MAC196) that contains low 

CaO content.  Sodium oxide ranges from 0.076 to 0.168 wt.% (average 0.117 wt.%). The 

effect of alteration and (or) re-equilibration is toward increasing Na2O content (0.149 

wt.% in MAC-177A C3 G2c) or lowering the Na2O content (0.091 wt.% in MAC-303b) 

implying the presence of different type of alteration mechanisms. The average Na2O 

content in altered samples is about 0.12 wt.%. Potassium oxide averages 8.28 wt.% with 

a range of 7.27 to 9.2 wt.%. The most altered biotite grain (MAC-177A C3 G2c) has the 

least K2O wt.% (5.11%). Sample MAC-303b, the next most altered biotite, does not show 

any significantly lower K2O content, again implying more than one type of alteration.  
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Strontium oxide averages about 222 ppm, with a range of 117 to 375 ppm. The effect of 

alteration is toward lower strontium values (e.g., samples MAC-177A C3 G2c and MAC-

303b). Barium oxide averages about 1829 ppm, with a range of below detection limit to 

2877 ppm.  With altered biotite in biotite granite of the Mactung North pluton, the trend 

is toward gaining BaO, whereas with altered biotite in the Mactung South pluton it is 

toward losing Ba. Not all biotite grains of the biotite granite samples were analysed for 

Rb, those that were have Rb values ranging from below detection to -460 ppm (fresh and 

altered). Altered biotite grains tend to have higher Rb compared to the unaltered types 

possibly due to alteration to muscovite. This is in contrast to the trend in the ore zone 

granites, and possibly signifies different alteration mechanisms. Fluorine and chlorine 

also tend to decrease in altered biotite, with average values of 0.857 (range 0.462-1.282) 

and 0.068 wt.% (range 0.05-0.095 wt.%), respectively.  The calculated average H2O 

content of the biotite in biotite granite ranges from 3.227 to 3.715 wt.% (average 3.49 

wt.%). H2O content can be lower or higher in altered biotite relative to the unaltered or 

least-altered types. Copper oxide in biotite of least-altered granite averages 240 ppm and 

ranges from 150 to 460 ppm. The most altered biotite grain (sample MAC-177A C3 G2c) 

has much lower CuO compared to the least altered/unaltered biotite granite. In sample 

MAC-303b (from the Mactung South pluton) CuO is slightly higher than the least-altered 

biotite (sample MAC-303a). The average Cr content in biotite from the biotite granite is 

about 90 ppm, and ranges from between 40 ppm to 160 ppm. Alteration tends toward 

lowering the Cr content of biotite at Mactung. 

 

5.6.1.2.3 Leucogranite 
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 In biotite grains of leucogranites (including aplitic dykes), silica averages about 

32.97 wt.% and ranges from 31.46 to 34.66 wt.%. Silica decreases in altered samples 

(e.g. MAC172 and MAC172 C5 G2c). Titanium oxide averages about 2.00 wt. % 

including altered and unaltered samples. This average is 2.30 wt. % when altered grains 

are excluded. In the least-altered samples, TiO2 content ranges from 1.58 to 3.02 wt.%. 

As in ore zone granites and biotite granites, the effect of alteration in leucogranites yields 

biotite with lower TiO2. The alumina content of biotite ranges from 19.7to 22.57 wt.% 

(average 21.04 wt.%) and reaches a high of 25.99 wt.% in the more altered grains (e.g., 

MAC172 C5 G2c). The FeOt content in the least-altered biotite ranges from 20.62 to 

30.69 wt.% (average 25.42 wt.%). Alteration in leucogranite tends to lower the FeOt 

content of biotite (e.g., MAC172 C5 G2c). The average manganese oxide in least-altered 

leucogranites is 0.76 wt.% (range from 0.17% to 1.39 wt.%.) but lower in altered biotite. 

Values of Magnesium oxide in biotite range from 1.12 to 6.54 wt.% (average 3.84 wt.%). 

In many cases MgO is unchanged in altered grains (e.g., MAC172 C5 G2c). Some 

leucogranites with higher MgO may have mixed with the biotite granite. The average 

CaO content of biotite in fresh leucogranites is about 0.242 wt.% (range 0.004 to 0.665 

wt.%) but increases in altered grains. Sodium oxide in biotite averages 0.161 wt.% (range 

0.049 to 0.306 wt.%) with lower values in altered grains. The K2O content of biotite 

ranges from 6.37 to 9.19 wt.% (average 7.85 wt.%). Potassium is strongly depleted in 

altered biotite grains reaching a low of 3.51 wt.%. Strontium oxide averages 160 ppm and 

ranges from 14.5 to 410 ppm, respectively. Alteration depletes SrO in biotite, driving it to 

below detection limit. Barium in fresh biotite averages 692 ppm (range 440 to 1180 

ppm); however, alteration decreases Ba substantially. Rubidium oxide averages 710 ppm, 



 

343 

and ranges from 410 to 990 ppm in fresh biotite. As in the case with Ba, alteration tends 

to decrease Rb content substantially. Average fluorine and chlorine contents of biotite are 

0.423 wt.% (range 0.041to 0.783 wt.%) and 0.075 wt.% (range 0.028-0.117 wt.%), 

respectively. In both cases abundance is reduced during alteration. The average calculated 

H2O content of biotite grains in leucogranites is 3.58 wt.% and ranges from 3.41 to 3.76 

wt.%. The H2O content tends to increase in biotite of the leucogranites (Table 5.2). 

Chromium oxide ranges from 40 to 210 ppm (average 120 ppm), whereas copper oxide 

averages 190 ppm and ranges from below detection limit to 350 ppm). 

 A light grey aplitic dyke located about 2 km south of the ore zone, is included 

with the leucogranite for discussion purposes. Biotite from this dyke contains the lowest 

MnO and MgO, and the highest CaO and FeOt of all other leucoganite. It is characterized 

by higher FeO content (Table 5.2). 

 

5.6.1.3 Compositional Classification of Biotites 

 Results of chemical analyses of biotite grains from representative samples of the 

three groups of granitoids, skarn and hornfels are provided in Table 5.2. The structural 

formulae calculated based on 24 anions (O, OH, F, Cl), using a spreadsheet excel 

program designed by Tindle and Webb (1990), are included in this table. The complete 

data set, all but three samples, are all trioctahedral common micas (5< M site < 6 atoms 

per formula unit, apfu). Structural formulae (Table 5.2) show that most of the mica grains 

analysed are full in their tetrahedral site (ivSi + ivAl = 8.00). Most of them show 

deficiency in the octahedral sites; cation totals in octahedral sites for least-altered or 

unaltered biotite grains are between 5.56 and 5.96 atoms per formula unit (apfu), which is 
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less than the 6.00 cations in an ideal trioctahedral mica. The interlayer (xiiCa + xiiBa + 

xiiNa + xiiK) site in most of the grains is also deficient (<2.00), and ranges  from 0.238 to 

1.881 apfu. 

 Total Al, Aliv and Alvi versus Fe/(Fe+Mg) or Mg/(Mg+Fe) variables are 

commonly used to illustrate compositional relationships of trioctahedral micas in igneous 

rock suites (Guidotti, 1984; Deer, 1992; Rieder et al., 1999). Other authors used 

triangular plots of cations to distinguish among biotite types (e.g., Foster, 1960; Mitchell, 

1995). Figures 5.7, 5.8, and 5.9 show the composition of biotite grains for various 

granitoids from the Mactung area, plotted in the annite - siderophyllite - phlogopite - 

eastonite (ASPE) quadrilateral using the Fe# and Mg# versus tetrahedral or octahedral 

aluminum, adapting the techniques of several researchers. According to the nomenclature 

of Deer (1992) (Aliv versus Fe/(Fe+Mg) plots), the trioctahedral micas for the Mactung 

granitoids are all biotite, compositionally leaning towards the annite-siderophyllitic part 

of the quadrilateral (Fig. 5.7). Two samples of biotite from the pyrrhotite skarn and the 

hornfelsic unit also plot within the annite-siderophyllitic field, the latter plotting close to 

the phlogopite field (Fig. 5.7). In the classification scheme of Rieder et al. (1999). In the 

Aliv versus Mg/(Mg+Fe)) plot, three biotite grains fall within the phlogopite field (Fig. 

5.8). Two of these fall close to the boundary that separates biotite from phlogopite, and 

one of them (biotite from metasedimentary rock), lies well inside the phlogopite field 

(Fig. 5.8). The third classification, a binary diagram, adopted by Guidotti (1984) uses 

octahedral aluminum (the excess aluminum left after filling all tetrahedral site) as 

opposed to the tetrahedral aluminum used by Deer (1992) and Rieder et al. (1999). Here 

too, three of the biotite grains fall within the phlogopite field; one of which falls outside 
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the ASPE quadrilateral (Fig. 5.9). An interesting aspect of this classification scheme is the 

distinct clustering of biotite from various lithologies (Fig. 5.9): e.g. biotite from the 

hornfels, show a separate field, with a phlogopite composition (more Mg-rich); biotite 

grains, from ore zone granites, commonly with low octahedral Al, falls near the 

phlogopite boundary; biotite granite, moderately enriched in Mg, and more tetrahedral Al 

relative to ore zone granites, plots well within the biotite field, between Aliv 0.52 and 1.00 

apfu; the leucogranite is characterized by low Mg# and a high tetrahedral Al of wide 

variation (Aliv >1 apfu) and plots in the biotite field. In all the classification schemes 

discussed above and illustrated (Figs. 5.7-5.9), the biotites of Mactung granitoids and 

skarn rocks tend to have annite-siderophyllite composition. 

 Within the broad annite-siderophyllite compositional range of biotite from the 

Mactung area granitoids, further variation in compositional variation among rock types is 

evident. Leucocratic granites, including medium- to fine-grained dykes and aplites, are 

more siderophyllitic and show Fe/(Fe+Mg) value of 0.64 to 0.94 (average of 0.78), the 

aplite dyke having the highest Fe/(Fe+Mg) value of 0.94.  The effect of alteration in 

leucogranite, as in sample MAC172 C5 G2c, is toward lowering the Fe/(Fe+Mg) value. 

Primary biotite in some samples of leucogranite, with no or minimal alteration, also have 

relatively low Fe# possibly due to interaction with other types of magmas, such as those 

that produced the biotite granite. The ore zone granites are moderately enriched in Mg 

and have relatively low Al and Fe, and have Fe/(Fe+Mg) value ranging from 0.47 to 0.61 

(average of 0.57). Rarely, do altered biotites grains in ore zone granite attain higher 

octahedral aluminum content, e.g. closer to the eastonite-siderophyllite join (Figs 5.7 and 

5.8). The Fe# of ore zone granites appear to have been affected by alteration or later re-



 

346 

equilibration resulting in lower Fe/(Fe+Mg) values. Biotite from biotite granite of the 

Mactung North pluton has an Fe/(Fe+Mg) that ranges from 0.63 to 0.66 ( average 0.64). 

Biotite from the Mactung South pluton shows substantial re-equilibration and (or) 

alteration resulting in lower amount Fe/(Fe+Mg) values (0.49 -0.59), with the most 

affected biotite yielding lower values. The effect of alteration or re-equilibration is to  

reduce the Fe/(Fe+Mg) value (e.g. sample MAC-177A; Table 5.2). In the granitoids of 

Mactung, chloritization of biotite is the most common type of alteration, followed by 

muscovitization of biotite.   

 Biotite from the pyrrhotite skarn sample correlates well with the biotite granite 

and ore zone granites (the moderately altered equivalents of biotite granite) in terms of 

composition. In contrast, biotite from the metapelite (hornfels) plots well away from 

these two clusters of granitoid samples (Figs. 5.7-5.9). The lower Fe/(Fe+Mg) value in 

biotite of this hornfels reflects higher Mg# and lower octahedral iron. 

 The composition of trioctahedral micas of Mactung are assessed using the Mg-Al-

Fe ternary plot diagram of Mitchell (1995) (Fig. 5.10).  All grains identified as biotite 

using the petrographic microscope fall within the biotite field, except for three spots (Fig. 

5.10). In this diagram, any mica plotting between the 50 and 25% Al, is considered to be 

a true trioctahedral mica. As in the preceding diagrams, one sample from the biotite 

granite and two samples from the leucogranite plot outside of the range of true 

trioctahedral micas; one in biotite from the leucogranite plots on the border separating 

true trioctahedral micas from non-trioctahedral, and indicates the incipient alteration into 

other minerals.   
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 Foster (1960) proposed a classification scheme for biotite, based on a triangular 

plot comprising of Mg, AlVI+Fe+3+Ti, and Fe+2+Mn (Fig. 5.11). He classified biotite 

types into phlogopite, Mg-biotite, Fe-biotite, and siderophyllite. Using this approach, the 

Mactung granitoids overlap Mg- and Fe-biotite and siderophyllitic biotite fields (Fig. 

5.11). Biotite from ore zone granites are magnesian; some of the biotite grains from the 

leucogranites are Fe-biotite, whereas others are siderophyllitic; biotite grains from the 

biotite granite are Fe-type but more magnesian than the Fe-biotite of the leucogranite. 

Biotite from pyrrhotite skarns is magnesian but biotite grains from hornfelsic units are the 

most magnesian of all (Fig. 5.11). Samples from the biotite granite and leucogranite that 

plot outside of the defined fields, (toward the Al and Mn join) are likely affected by 

alteration. 

 

5.6.1.4 Primary Biotite Identification 

 Optical microscopy can be used to recognize magmatic from non-magmatic 

biotite in an igneous rock, however, it is commonly difficult to identify subtle alteration 

in biotite affected by secondary processes.  The use of analytical methods to determine 

mineral composition may be a necessary task in order to understand the full spectrum of 

alteration processes. Microscopic observation of biotite for the Mactung granitoids 

reveals strong chloritization. Sampling spots which were selected for microprobe 

analyses, under the impression that they looked like least-altered, were later recognized 

chemically that they underwent secondary alteration. Aside from petrography and 

qualitative microprobe data analysis, the chemical criteria of Nachit et al. (2005) was 

applied to discriminate primary biotite from the non-primary or re-equilibrated biotite 
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(Fig. 5.12). The method of Nachit et al. (2005) plots biotite on a (10*TiO2 - (FeOt+MnO) 

– MgO) ternary diagram on which, most of the biotite grains from the leucogranite plot as 

magmatic with some modification. Samples MAC-I72 C5 G2c, MAC-177B, MAC-178, 

and MAC-171 show evidence of re-equilibration; sample MAC-178 lies close to the 

boundary demarcating primary from re-equilibrated compositions.  

 Most of the biotite grains from the biotite granite, and ore zone granites have 

retained their primary magmatic features, with the exception of a few samples (MAC-

177A C3G2c and MAC-303b from the biotite granite) and samples MS148-134.6b and 

MS148-144 G1-4 from ore zone granites). In biotite granite, the biotite grains in samples 

MAC-177A C3G2c and MAC-303b are strongly affected by secondary processes as 

shown by the field of secondary biotite on the (FeOt + Mn)-10TiO2-MgO triangular plot. 

However, petrographic evidence indicates that they are primary grains, which are 

strongly altered.  

 Samples of biotite from pyrrhotite skarn (MS156-223.3) and biotite hornfels 

(MS156-118) plot within the secondary biotite and re-equilibrated biotite fields, 

respectively. The former biotite could have been a re-equilibration product of a biotite 

derived from a biotite granite source rock, whereas the latter is undoubtedly of 

metamorphic origin. It appears that Nachit’s discrimination diagram is best suited for 

identifying fresh magmatic biotite from re-equilibrated or altered biotite regardless of 

source origin. Despite the mobility of FeOt, MnO, TiO2, and MgO in the skarn system, 

biotites from the ore zone granites largely preserves primary magmatic signatures. 
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5.6.1.5 Major Elements Variation Diagrams 

 The plots of XMg versus other major elements and halogen compositions of biotite 

from Mactung granitoids is presented in Fig. 5.13. For all elements, concentrations are 

calculated in apfu from oxide values determined by EPMA. The data show that XMg is a 

most useful parameter in distinguishing biotite of different rock affiliation. Plots of Si, 

Aliv, and Alvi versus XMg show two compositionally distinct populations, consisting of 

leucogranite, and the other by biotite granite and its equivalent in the ore zone (ore zone 

granites). The Si, Aliv, and Alvi versus XMg, diagrams do not show distinct correlation 

trends, whereas Mn, Fe, Ti, Cl, Ba, and calculated OH decrease with increasing XMg in the 

leucogranite. Fluorine and K increase with increasing XMg in leucogranite. The increase of 

F with XMg, and Fe with Cl matched with the XMg-Cl and XFe-F avoidance principle of 

Munoz (1984). In biotite granite, Ti, Si, Al, OH, and F are unaffected with variation in 

XMg, whereas Mn, Fe, Ba, and Cl all negatively correlated with XMg. Octahedral Al (Alvi), 

Fe, Ti, Ca, and OH correlate positively with XMg, whereas K, F, Cl, and Ba have weak 

negative correlation to XMg. Aluminum, Cl, Mn, and Fe are distinctively higher in biotite 

of the leucogranite, whereas Si, Ti, and Ba are higher in biotite of the biotite granite and 

ore zone granites with the exception of  some ore zone granites affected by alteration. 

 Comparing the XMg and XFe composition with the fluid composition - the XF/XOH, 

XCl/XOH, and XF/XCl composition of Mactung granitoids, we see that fluid composition 

and temperature conditions are somewhat different among the ore zone granite, 

leucogranite, and biotite granite (Fig. 5.14a-f). Biotite from leucogranite crystallized 

under increasing XF/XOH versus XMg conditions; biotite from ore zone granite 

crystallized/equilibrated under decreasing XF/XOH versus XMg trend, and biotite in biotite 
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granite crystallized/equilibrated under constant XMg (about 0.36 apfu) and varying XF/XOH 

conditions. There was likely a steady supply of fluorine in the system during the 

crystallization of biotite in biotite granite. In the case of XCl/XOH versus XMg, all biotite in 

all granitoids crystallized under decreasing XCl/XOH, as XMg increases, with distinct trend 

lines. In the case of XF/XCl versus XMg, the trend for leucogranite and biotite granite is 

maintained as that in XF/XOH versus XMg diagram - constant XMg conditions with 

increasing XF/XCl in biotite granite, and a negative correlation of  XF/XCl versus XFe for 

leucogranite. In ore zone granites the pattern reflects an increasing XF/XCl over a narrow 

range of XMg composition. There is a negative correlation of the XF/XOH versus XFe for 

leucogranite and a positive correlation for ore zone granites. In biotite granite XF/XOH 

values are variable at a constant XFe (mean 0.66 XFe). In the XCl/XOH versus XFe plots, all 

granitoids reflect a positive slope as the two variables increase in magnitude. In the 

XF/XCl versus XFe plot there is increasing XFe with decreasing XF/XCl for leucogranite and 

increasing XFe with increasing XF/XCl for ore zone granites. Biotite granite has constant 

XFe regardless of change in the XF/XCl. Linear trends on XF/XOH, XCl/XOH and XF/XCl versus 

XFe, XMg, plots for minerals from various rocks are interpreted to reflect crystallization 

under similar T and fluid composition.  In the case of Mactung, biotite from the  three 

granitoids appear to have crystallized under different T and fluid composition but 

maintained similar T and fluid composition within each group. The fact that the halogen 

composition of pyrrhotite skarn overlaps the compositional range of ore zone granite 

signify that the biotites of the two rocks crystallized/re-equilibrated under similar P-T, 

and fluid composition. Since plots of the XFe, XMg and halogen composition ratios of the 

biotite granite and ore zone granite are similar, it is inferred that changing fluid 
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composition or exsolution of fluids from the biotite granite only modestly modified the 

biotite composition in the ore zone granites.  The influence of added components, in 

particular, XMg from the sedimentary rocks into the ore zone granites and the evolving 

skarn system could also be the cause for the observed variation. 

 

5.6.1.6 Fluorine and Chlorine Intercept Values and Halogen Fugacities of Biotite 

 Munoz (1984) developed the concept of F and Cl intercept values to define a 

single numerical value representing the relative degree of F or Cl enrichment in mica. 

Munoz (1984) states that the fluorine and Cl intercept values are temperature independent 

and are useful for comparing the halogen contents in micas with different composition. 

Employed below are several equations of Munoz (1984) for calculating the F and Cl 

intercept values, (IV(F) and IV(Cl) respectively), for various Mactung granitoids: 

IV(F)biotite=1.52Xphl+0.42XAn+0.20XSid-log (XF/XOH) [1] 

Xphl =Mg/Σoctahedral cations [2] 

Xsid = (Si-3/Al)/1.75*(1-XPhl) [3] 

Xann = 1 - (Xphl-Xsid) [4] 

IV(Cl)biotite=-5.01-1.93Xphl-log (XCl/XOH) [5] 

Rearranging Equations [1] and [5] gives:   

log (ƒH2O/ƒHF) = 2100/T+IV(F) [6] 

log (ƒH2O/ƒHCl) = 5151/T+IV(Cl) [7] 

 Another important parameter in the study of the halogen contents of biotite is the 

ratio of the partial pressure of HCl to HF (Munoz, 1984). The ƒHCl/ƒHF ratio can be 



 

352 

calculated from the fluorine-chlorine intercept values by combining Equations [6] and 

[7]: dividing formula [6] by formula [7] yields: 

log (ƒHCl/ƒHF)=-3051/T+IV(F)-IV(Cl)=-3051/T+IV(F/Cl) [8] 

IV(F/Cl)=3.45 Xphl+0.41XAnn+0.20XSid-log (XF/XCl)+5.01 [9] 

 These equations relate the water-halogen fugacity ratio in the fluid to the 

composition of the mica, and the intercept values relate the fluorine and chlorine fugacity 

in the fluid to the composition of fluid (Munoz, 1984; Boomeri, 2006): The F intercept 

value IV(F) and the Cl intercept value IV(Cl) for biotite in the Mactung granitic rocks are 

presented in Table 5.3. A graphic  summary of the intercepts IV(F), and IV(Cl)   is also 

presented in Fig. 5.15.  The F, Cl and F/Cl intercept values - [(IV(F), IV(Cl) and IV(F/Cl) 

respectively] of the Mactung granitoids range from 1.57 to 2.56 (average 1.86); -2.79 to -

2.67 (average -2.74); and 4.72 to 6.13 (average 5.19), respectively (Table 5.3). The 

biotite-bearing pyrrhotite skarn at Mactung yielded IV(F), IV(Cl) and IV(F/Cl) values of 

1.82, -2.76 and 4.84, respectively and very similar to those of the Mactung biotite granite 

and ore zone granites (Table 5.3). Smaller fluorine intercept values are correlated with 

higher relative degrees of fluorine enrichment in the fluid and more negative chlorine 

intercept values correlate with higher chlorine enrichment (Munoz, 1984; Lentz, 1994; 

Yang et al., 2002; Boomeri, 2006; Siahcheshm et al., 2012). 

 The F intercept, IV(F) values for biotite in the Mactung granitic rocks is similar to 

those of normal igneous rocks and porphyry granitoids of Cu-bearing ore systems; the 

Sarnowsar granite (Boomeri, et al., 2006), and the Santa Rita Porphyry and other 

porphyry Cu-related intrusions (Munoz, 1984) (Table 5.3). The Cl intercept values of 

biotite in the Mactung granitic rocks, however, is significantly different from porphyry 
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Cu, Mo and Sn-W-Be bearing granitoids (Table 5.3). In this regard, the data suggest that 

chlorine intercept values of biotite from the Mactung granitoids tend to be less negative 

(implying less Cl and lower chlorine activity) relative to biotite from granitoids 

associated with porphyry Cu, Mo, and Sn-W-Be deposits (Table 5.3). 

 The IV(F/Cl) values are lower than those reported for Cu, Mo and Sn-W-Be 

bearing granites (Table 5.3), but similar to the Cantung Granite, southeast of Mactung 

(Figs. 5.2 and 5.3). The IV(F), IV(Cl) and (F/Cl) values of the freshest samples from the 

Cantung granite, adjacent to the E-zone skarn tungsten deposit, were reported to have 

values of 1.55, -3.57 and 5.11, respectively (van Middelaar and Keith, 1990).  The skarn 

rocks of Cantung also yielded somewhat similar results to the Cantung granite. Skarn A 

(Fe-rich biotite-bearing) has IV (F), IV(Cl) and IV(F/Cl) values of 1.41, -3.84 and 5.25, 

respectively, whereas skarn B (Mg-rich biotite-bearing) has IV(F), IV(Cl) and IV(F/Cl) 

values of 1.28, -3.88 and 5.17, respectively (Middelaar and Keith, 1990). The chief 

distinction between Cantung and Mactung skarn mineralization and their respective 

intrusions, is that the activity of chlorine in the Cantung granites and skarn system is 

slightly higher. 

 The halogen fugacities of Mactung granitoids calculated at magmatic 

temperatures are presented in Tables 5.3. Biotite grains from the Mactung granitoids have 

largely retained their magmatic temperature of formation (minimally affected by late 

process), evidence gathered from application of the principles of apatite-biotite 

thermometry of Sallet, (2000). The fH2O/fHF, fH2O/fHCl and fHCl/fHF values of fluids in 

equilibrium with the granitoids at the initial subliquidus to subsolidus state are 3.45 to 

3.78, 1.93 to 2.32 and 1.95 to 3.17, respectively (Table 5.3). These values do not 



 

354 

adequately discriminate the different types of granitoids in the Mactung area and this 

implies that all rocks (with the exception of aplitic dykes), shared similar water-halogen 

fugacities. The chief distinction among the granitoids is in the fO2, XMg, XFe, and Alvi 

compositions. Biotite in the unmineralized granites at Mactung (leucogranites and aplitic 

dykes) has high XFe and Alvi, and low XMg compared to the biotite granite and ore zone 

granites. Tungsten content is higher in the less differentiated biotite granite (Chapter 3 of 

this dissertation). Skarn fluids initially equilibrated with the causative intrusives (e.g. 

biotite granite/ ore zone granite), and with decreasing temperature, the fugacity ratios, 

fH2O/fHF and fH2O/fCl increased substantially, whereas fHCl/fHF decreased sharply. For 

instance, using a temperature value of 350°C, based on the minimum trapping 

temperature calculated from fluid inclusion data in biotite-bearing skarn (Gerstner, 1989), 

the calculated fH2O/fHF, fH2O/fHCl and fHCl/fHF values are 5.18, 5.48 and -0.041, respectively. 

These values are higher than those in granitoids associated with many porphyry copper 

deposits. 

 

5.6.1.7 Peraluminosity, Differentiation and Halogen Trends  

 Biotite is known to host excess aluminum in granitic rocks (Lalonde and Bernard, 

1993; Shabani et al., 2003). Microprobe analysis of biotite in the present study supports 

this observation. Alumina saturation index in biotite is above the 1:1 line trend, in the 

order of 1.4 -2.14 times the values obtained from whole rock analysis of the respective 

samples (Fig. 5.16 and Table 5.4). 

 During differentiation of a granite melt, CaO, FeO, MgO, MnO and TiO2 are 

removed from the magma, whereas the F, Cl, and H2O concentration of magma increases 
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until the magma becomes saturated with respect to a fluid phase (Webster, 1990; Webster 

and Holloway, 1990; Boomeri, 2006). Trends in the F and Cl content of biotite from the 

biotite granite and leucogranite at Mactung display opposing characteristics with 

increasing differentiation. With increasing Si in the biotite structure, the contents of Cl 

and F decrease and increase, respectively (Fig. 5.17a and b). This is in agreement with the 

positive correlation of F with K and Na in the biotite (Fig. 5.13) values, and is expected 

in an evolving magma. The whole-rock data (Chapter 3) shows that the leucogranites 

have substantially lower Cl compared to the biotite granite and ore zone granites.  These 

relationships may suggest the evolution and separation of Cl-bearing aqueous phases 

from the Mactung leucogranite magma, and agrees with the general Cl behavior noted by 

other researchers (e.g. Boomeri, 2006). The volatile chlorine ion (Cl-) partitions strongly 

into the aqueous phase (Klink and Burnham, 1972; Burnham, 1979; Boomeri, 2006 and 

references therein) primarily because chloride minerals are not stable in magmas of 

intermediate to felsic compositions, as they form highly stable, neutral chloride 

complexes with hydrogen, alkali metals, alkaline earths, and heavy metals in aqueous 

solutions at magmatic temperatures and low to moderate pressures (Burnham and 

Ohmoto, 1980; Boomeri, 2006). These fluid phases that separated from the leucogranite 

magma probably had no influence in the Mactung skarn tungsten mineralization as the 

leucogranites are not spatially related to skarn tungsten mineralization. The solubility of 

fluorine in silicate melts is high and this causes fluorine to be partitioned into melts and 

hydrous minerals (Burnham and Ohmoto, 1980; Boomeri, 2006). This may be the case 

for all Mactung granites as there is a general trend of increasing F. There are negative 

correlations between Cl and SiO2, and between F and Cl in the leucogranites and the 
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biotite granites of Mactung (Fig. 5.17a, b and 18) which may suggest that a Cl-rich fluid 

probably evolved from the melt at an early stage of crystallization, whereas F increased 

gradually at a late stage; however, in biotite granite, Cl did not separate into a 

mineralizing aqueous phase (biotite in the mineralization does not contain significant Cl), 

and hence might have not exerted direct influence on the mineralization. 

 The F/Cl intercept values of biotite in the Mactung granitic rocks and skarns 

indicate a weak Cl system.  Cl concentration in a mineral phase should be much higher 

(several order times more) than that in whole rocks. With this in mind, chlorine is lower 

in biotite from the Mactung granitoids and much lower in the more evolved leucogranite 

of Mactung, which is characterized by low solidification index (SI) (Fig. 5.19). The 

degree of Cl concentration in biotite from the various granitoids generally mirrors the 

whole-rock geochemistry. Whole-rock chlorine data for the biotite granite (Chapter 3, 

appendix 3.1) gives a chlorine concentration of 53 to 75 ppm (average 68 ppm), whereas 

chlorine concentration in the leucogranites ranges from less than detection limit to 12 

ppm. In ore zone granite, Cl averages 49 ppm,   and in aplitic granite, it averages 39 ppm. 

This evidence coupled with lower chlorine content in the skarn system (0.08% for biotite 

of pyrrhotite skarn) indicates that the granitoids and skarns were in equilibrium with a Cl-

poor hydrothermal fluid. Variation of F contents in whole rocks is strongly dependent on 

the modal percent of F in biotite, because 70 to 90% of fluorine in the melt can be 

substituted into the biotite structure (Speer, 1984, Boomeri, 2006). As in the case of Cl, 

fluorine can also form stable neutral fluoride complexes in magmatic fluids. However, 

the fluorine content of biotite from the Mactung skarn mineralization is the same, if not 

less than the values for biotite from the biotite granite. The magmatic fluids entering the 
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skarn system were not enriched in F relative to the biotite granite. The role of F as a 

factor of metallization in the skarn system is not marked by a greater abundance of 

fluorine in the fluid phase. However, the lack of evidence for enrichment in Cl and F in 

the skarn system relative to the causative intrusive might have a role to play indirectly by 

allowing other fluids to operate efficiently in promoting tungsten mineralization. One 

such possibility is the association of W to phosphate ligands within the hydrothermal 

system. The higher correlation of W and phosphorous (Chapter 6) in the skarn ore body is 

an indication of this mechanism as one possible mode of tungsten transportation. 

Manning and Henderson (1984) carried out an experimental study to determine the effect 

of solution composition on the partitioning behaviour of tungsten in granitic melt-vapour 

systems at 800°C and 1 kbar. With chloride and phosphate solutions, tungsten partitions 

strongly into the aqueous phase, whereas in fluoride, carbonate and borate solutions, and 

water alone, tungsten partitioning favours the melt. Within high temperature 

hydrothermal solutions, tungsten may be transported in part as isopolytungstates and 

heteropolytungstates in addition to chloride complexes, and this may, in part, account for 

the common association of apatite and arsenopyrite with scheelite (Manning and 

Henderson, 1984). Aresenopyrite is not commonly associated with W in Mactung skarn 

which might be a function of  the lower oxidation state. 

 For fluid exsolution, a minimum of 2.7 wt. % of H2O in the initial melt is required 

prior to emplacement and crystallization of a magma at shallow depths of the crust 

(Burnham and Ohmoto, 1980; Boomeri, 2006). Mineral textures (such as very large 

feldspar phenocrysts suggesting crystallization in a vapour-rich systems), as do the 

presence of appreciable amount of OH-bearing phases (biotite and muscovite) in the 
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Mactung granites contained enough water and volatile to permit the exsolution of 

mineralizing fluids. 

 

5.6.2. Feldspars 

 One hundred and seven spots analyses of plagioclase and potassium feldspar from 

four types of granitoids of the Mactung area were conducted using SEM-EDS. Rims and 

cores of coexisting plagioclase and alkali feldspars were targeted in this analysis. 

Analytical results are given in Tables 5.5 and 5.6. 

 

5.6.2.1. Plagioclase 

 The anorthite (An) composition of plagioclase feldspar increases from the highly 

differentiated leucogranite to the less differentiated Mactung North biotite granite and ore 

zone granites (Table 5.5 and Fig. 5.20). Generally, plagioclase from aplitic dykes and the 

Mactung South pluton have intermediate An composition, - i.e.  between those of the 

biotite granite and leucogranites (Table 5.5 and Fig. 5.20). In all granitoid plagioclase 

cores are generally characterised by higher An contents (Fig. 5.20), whereas rims are 

enriched in albite. 

 Plagioclase grains in leucogranite intrusion and dykes commonly have oligoclase 

core composition except for one sample (e.g. MAC-165B) that has an albite rim and core 

compositions. The rim composition ranges from 0.6 to 10.59% An, whereas the core 

composition ranges from 0.9 to 19.56% An. In all cases, the content of anorthite in 

plagioclase of the leucogranite consistently decreases towards the rims except for one 
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grain that is characterized by a relatively higher anorthite (1.94% An) in the rim and a 

lower anorthite (1.0% An) in the core. 

 In the biotite granite of the Mactung North pluton, plagioclase core compositions 

range from 27.09 to 51.07% An (most however are above 32% An), whereas rims have 

compositions varying from 1.27 An to 40.19% An (Table 5.5). This corresponds to rims 

of oligoclase to andesine composition except for one grain which has an albite 

composition. Core plagioclase composition in biotite granite of the Mactung North pluton 

is andesine except for two samples which have > 50% An (labradorite). In the case of the 

biotite granite of the Mactung South pluton, plagioclase compositions are more albitic in 

rims, and are relatively low andesine in the core (Table 5.5). Cores have 24.61-39.63% 

An composition; most cores are oligoclase dominated. Rims are 1.86 to 5.98% An, 

entirely of albite composition. Generally, the biotite granite group are characterized by 

high PlAn/PlOr , whereas the leucogranites have low PlAn/PlOr (Table 5.5). 

 Ore zone granites have plagioclase core composition that range from andesine to 

bytownite. Rims have An compositions that in many cases range from oligoclase to 

andesine, except for a single grain of albite composition. Core compositions range from 

45.35 to 75.28% An, whereas rims range from 9.41 to 40.13% An. The high An in ore 

zone granite is distinctly different from the plagioclase feldspars in the least-altered 

biotite granite outside of the ore zone, which may be attributed to new plagioclase 

formation resulting from melt reactions. Johannes (1989) showed that partial melting of 

plagioclase (An60) in the system Qz-Ab-An-H2O at 200 MPa (2 Kb) and 850°C produces 

new plagioclase crystals (An82-85) as well as a more sodic plagioclase component in the 

melt. The wide An compositional range in the different plagioclase crystals of the ore 
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zone granites suggest changing local equilibrium conditions during formation of the new 

calcic plagioclase (White, 2004). Alternatively, the dissolution of pre-existing alkali-

feldspars can lead to the appearance of new feldspars of variable An content. Solid state 

reaction of alkalifeldspar with Ca-rich fluids from the skarn system can also drive the 

normal biotite granite into one rich in anorthite by the following reaction: 

2 K-feldspar + Ca(OH)2 (aq) → anorthite + quartz + 2 KOH (aq) 

At constant temperature, an increase in the Ca-content of the feldspar phases will result in 

a higher K/Na ratio in the vapor phase as K+ is driven out and is replaced by Ca+2. Rocks 

originally rich in Ca will tend to be depleted in K-feldspar, and rocks originally poor in 

Ca will tend to be enriched in K-feldspar. Alkali metasomatism will take place in the 

presence of an alkali-bearing vapor phase as a consequence of temperature, pressure, and 

compositional gradients in the Earth's crust (Orville, 1963, 1972).  

 Plagioclases from aplitic dykes mostly have andesine core composition and 

oligoclase rim composition. Core composition ranges from 36.85 to 44.28% An, whereas 

rims range from 10.42 to 37.54% An, except for two grains, one having more albitic rim 

(8.54% An) and andesine core (36.85 An), and another having an anorthite-enriched 

andesine rim (44.93% An), and anorthite-bearing andesine core (42.54% An). The latter 

grain could be related to reverse zoning arising from three possible mechanisms: 1) 

reaction of early formed feldspars with a Ca-rich melt generated through assimilation of 

calcareous host rocks in the skarn system, 2)   a new batch of magma mixing with an 

earlier one, and 3) solid state reaction of alkali-feldspar with Ca-rich aqueous phases 

from the skarn. The more albite-rich rims may result from decreasing temperature thereby 

advancing fractional crystallization locally. Aplitic dykes share the characteristics of both 
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the biotite granite and the leucogranites, and may have developed from the interaction of 

the two magmas or interaction of leucogranite magma with early formed biotite granite. 

 Albite in plagioclase averages 73.75% for all granitoids, and ranges from 23.72 to 

98.44%. The albite content of plagioclase in the Mactung granitoids is dependent on the 

anorthite composition; where anorthite is higher (be it in rims or cores), the albite content 

of plagioclase feldspars is always lower. Ore zone granites, biotite granite and aplitic 

dykes have lower albite composition compared to the leucogranites. The Or content in 

plagioclase feldspars averages 1.34%, and ranges from 0.29 to 3.48%. 

 

5.6.2.2. K-feldspars 

 The Or content of alkali feldspars from Mactung granitoids ranges from 86.26-

97.82% (average 92.9%; Table 5.6; Fig. 5.20) indicating all the alkali feldspars have 

orthoclase/microcline composition, although microperthites are locally present in thin 

sections. Leucogranites overall have orthoclase composition, whereas biotite granite, ore 

zone granite and aplitic granite have both orthoclase and microcline composition. The 

lowest Or content occurs in alkali feldspars from the biotite granite (sample MAC177A) 

and the highest Or content occurs in alkali feldspars from a leucogranite dyke (MAC-

165B; Table 5.6). Although there is a general increasing trend in the Or content of alkali 

feldspars from core to rim, this relationship is not clear in all cases. There are several 

cases of lower Or content in rims of alkali-feldspars, whereas high and low An contents 

are common in cores and rims of alkali-feldspars, respectively. This consistency in An 

composition in the cores of alkali feldspars is due to the incorporation of more An-

enriched albite in K-feldspars as solid solutions in early stage crystallization. The albite 
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content of alkali feldspars in general tend to decrease from the core to rim, but as in the 

case of Or, it is common to encounter increased albite composition in rims when the Or 

content decreases. The range of variations in the Or and Ab content of alkali feldspars is 

much narrower than in plagioclase (Table 5.5 and 5.6).  The average albite content of 

alkali feldspars (K-feldspars) is 6.69% with individual values ranging from 2.03 to 

13.5%. The average anorthite content of alkali feldspars for all rocks is 0.41%, or 0.29% 

when three values above 1% An (An =1.34%, 3.95% and 5.57 %) are included and 

excluded, respectively.  The highest An in Alkali feldspar is associated with aplitic dyke 

(mean of 1.07% An), followed by ore zone granite (mean of 0.39% An), biotite granite 

(mean of 0.3% An) and then leucogranite (mean of 0.29% An). Alkali feldspar from the 

Mactung South pluton has the lowest An (at 0.11%). The Mactung South pluton may have 

had extensive contamination by sedimentary sources or other fractionated peraluminous 

granites, relative to the Mactung North pluton. 

 

5.6.3. White Mica 

 The Mactung granitoids contain two types of muscovite crystals: large euhedral, 

largely reflecting derivation (by alteration or subsolidus reaction) from biotite, and 

smaller euhedral and tabular crystals often enclosed in feldspars that probably represent 

primary crystallization.  Muscovite crystals were analyzed along with biotite using the 

microprobe facility at the University of New Brunswick. The oxide and elemental 

compositions of muscovite in the studied samples are given in Table 5.7. The Ti 

composition of muscovite varies between 0.00 and 0.198 apfu, averaging 0.049 apfu for 

all granitoids. The muscovite grains in biotite granite have Ti content in the range of 
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0.008 to 0.198 apfu averaging 0.065 apfu. The muscovite grains in leucogranite samples 

have Ti contents of 0 to 0.042 apfu. Samples from the leucogranite have Na content of 

0.0719 to 0.2088, averaging 0.128 apfu; muscovite in samples from the biotite granite 

have Na content of 0.0581 to 0.206, averaging 0.116 apfu. The Si content of muscovite in 

biotite granite is between 6.0407 and 7.7654 apfu whereas the leucogranite has 5.5711 to 

6.152 apfu, averaging 5.9045 apfu. Aluminium in muscovite is more enriched in the 

leucogranites than it is in the biotite granite; tetrahedral aluminium is 1.848 to 2.429 apfu, 

averaging 2.096 apfu in the leucogranite whereas it is 0.2346 to 1.9593 apfu, averaging 

1.4129 apfu in the biotite granite. Octahedral aluminium is 3.6212 to 4.034 apfu, 

averaging 3.865 apfu, and 3.496 to 3.833 apfu, averaging 3.3465 apfu in the leucogranite 

and least-altered biotite granite respectively. The Fe-content of muscovite is generally 

higher in the biotite granite than in the leucogranite (average of 0.2764 apfu and 

0.161apfu respectively). The magnesium composition of muscovite from the Mactung 

granitoids ranges from 0.0337 apfu to 0.338 apfu, averaging 0.189 apfu. Magnesium in 

muscovite of the biotite granites varies in composition between 0.034 and 0.278 apfu, 

averaging 0.144 apfu, whereas in the leucogranite, it varies between 0.118 and 0.338 

apfu, averaging 0.24 apfu. Manganese and calcium generally follow the trend of iron and 

magnesium - more abundant in muscovite of the biotite granite than in the leucogranite. 

Calcium, however, is scarcer than Mn in the granites (Table 5.7). The fluorine contents of 

muscovite in the two granite types are comparable (0.072 apfu and 0.075 apfu in 

leucogranite and biotite granite respectively). Chlorine in muscovite is generally low in 

both groups of granitoids (average values of 0.00278 apfu and 0.00272 apfu in 

leucogranite and biotite granite, respectively). 
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 Muscovites are far from ideal composition [KAl2AlSi3O10(OH)2] as noted by 

Miller et al. (1981) and Rieder et al. (1998). This deviation is due to the presence of 

variable amounts of substitutions with other white mica group end members such as 

celadonite [K(Mg, Fe2+) (Fe3+, Al)Si4O10 (OH)2], paragonite [NaAl2AlSi3O10 (OH)2] and 

margarite [CaAl2Al2Si2O10(OH)2]. The content of margarite in our granitoids is negligible 

as the white micas contain insignificant Ca. The degree of solid solution between the 

other two white mica types can be visualized graphically in Figure 5.21. Residual values 

of Si-6 > 0, Al-6 > 0 and Fe+Mg > 0 reflect the extent of celadonite substitution. This is 

better discernable graphically as provided in Figure 5.21a.  Here, except two leucogranite 

samples, the Si-6 values of the micas remain nearly constant while there is a rapid 

increase in the Fe+Mg ratio because of the celadonite substitution. The values lie above 

the ideal muscovite-phengite solid solution line. Celadonitic primary muscovites are 

considered to have crystallized at low temperature or high pressure conditions (Velde, 

1972, 1973). Thermodynamic experiments show that their source is tonalitic to 

granodioritic magma (Anderson and Rowley, 1981).  The extent of paragonite 

substitution in muscovite can be assessed using the K versus Na plot (Fig. 5.21b). In this 

plot, it is evaluated by the proportion of Na to (Na+K) expressed in percentages [Na* 

=100* Na/(Na+K)]. The muscovites of Mactung granitoids are spread between 4-12 % 

Na* values (Fig. 5.21b). From this diagram, we can see that the white micas of Mactung 

granitoids can also be considered as paragonitic muscovite. Aluminium  substitution for 

Si in muscovite grains is evident from the (Aliv + Alvi ) versus Si plots (Fig. 5.21c). 
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5.6.4 Chlorite 

 Chlorite is a mica-like hydrous aluminosilicate mineral. The ideal structure of this 

mineral is characterized by regularly alternating TOT (tetrahedral-octahedral-tetrahedral) 

called "talc-like" sheets (also known as the 2:1 sheets) which are bound by hydroxide 

sheets, also called brucite layers (cf. Deer et al., 1966; Eggleton and Banfield, 1985; 

Bailey, 1988a; Kogure and Banfield, 1998; Shabani, 2009). Chlorite occurs in a variety of 

geological environments including sedimentary, low-grade to medium-grade 

metamorphic and hydrothermally altered rocks (Deer et al., 1966). It can replace pre-

existing (generally, ferromagnesian) minerals or precipitate directly from solutions. The 

mineral displays a wide range of composition and has varied crystallochemical formulae. 

Variations in chlorite composition may reflect changes in physical conditions and fluid 

chemistry among other things (Jiang, 1994 and reference therein). The various 

characteristics of chlorite are therefore of great interest in studies of regional patterns and 

reaction mechanisms of alteration processes, and ore-forming processes, particularly 

those involving from fluid mixing and temperature-related variations. 

 

5.6.4.1 Chlorite Composition of Mactung Granitoids 

 The chemical composition of chlorite from the Mactung granitoids was 

determined using EPMA that was set up on wavelength-dispersion mode on a JEOL-733 

Superprobe at the University of New Brunswick, with 15 kV accelerating voltage, 15 nA 

beam current, and a maximum 30-s counting interval. The beam size was set at 1-5 µm. A 

combination of various mineral and metal standards was used with ZAF matrix 

corrections by means of CITZAF version 3.03 software programme (Armstrong, 1997, 
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shareware; Division of Earth and Planetary Sciences, the California Institute of 

Technology). The analytical limits are on the order of 0.05 wt.%.  Data are summarized in 

Table 5.8 along with their respective structural formulae based on O20(OH)16, and based 

on the chlorite formula of Y12 Z8 O20 (OH, F, Cl)16, where Y and Z are octahedral and 

tetrahedral sites, respectively. Total iron is represented as FeO, and Fe2O3, was 

determined by charge balance using the spreadsheet programme of Tindle and Webb 

(1990). A common criterion for monitoring the quality EMPA data of chlorite analysis is 

to check the content of alkali oxides. High concentrations of Na, K and Ca in chlorite 

analyses indicate contamination from other overgrowths and inclusion minerals. Relict 

biotite composition at Mactung could also be a source of contamination as chlorite 

largely developed from the alteration of biotite.  The limiting value for a good quality 

chlorite analysis is Na2O + K2O + CaO < 0.5 wt.% (Foster 1962; Hillier and Velde 1991). 

Mactung chlorite samples have low Na+K+Ca oxide values (relative to the criteria set by 

Foster, 1962; and Hillier and Velde 1991), and hence represent far less contamination (or 

no contamination) from other mineral intergrowths or inclusions (Table 5.8). 

 From the microprobe data (Table 5.8), the chief constituents of chlorite are Si, Al, 

Fe, Mg. Aluminium and Si are the only elements filling the tetrahedral site, and range 

from 5.142 to 5.344 apfu and 2.656 to 2.858 apfu, respectively. Silicon less than 6.25 

apfu, and Ca less than 0.1 apfu (per 28 oxygen) are characteristic indicators of chlorite 

composition (Bettison and Chiffman, 1988; Shabani, 2009). Aluminium in octahedral 

sites is higher than aluminium in tetrahedral sites. Total aluminum in both tetrahedral and 

octahedral sites ranges from 5.433 to 6.117 apfu. The Fe/(Fe+Mg) ratio ranges from 

0.375 to 0.857apfu, but the most common values range from 0.6 to 0.69 apfu. Total iron 
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ranges from 3.234 to 6.129 apfu with calculated Fe3+ ranging from 1.8 to 7.7% of this 

total iron content. Magnesium is erratic ranging from 1.026 to 5.532 apfu (averaging 

about 3.33 apfu). Manganese ranges from 0.082 to 0.246 apfu with no clear correlation 

between Fe2+ and Mg2+; however, it does have a strong correlation with Fe3+ (r2=0.65) 

signifying substitution in the octahedral site. There is a weak correlation between Fe3+ 

and Aliv implying some limited substitution of ferric iron in the tetrahedral site. There is 

no correlation between ferric and ferrous iron. The strongest correlation (r=0.89) of 

aluminum with ferric iron is in the octahedral site. Titanium in the octahedral site ranges 

from 0.00334 to 0.0725 apfu. Potassium concentration ranges from 0 to 0.624 apfu (most 

less than 0.1 apfu). Fluorine, chlorine and calculated H2O have 0.0335-0.3083, 0.0012-

0.0304 and 15.69-15.96 apfu levels of concentration, respectively. Calcium and Na values 

in the X site range from 0.008 to 0.095   and from 0.063 to 0.064, respectively. Barium 

and Cr have oxide values of 0.01152 to 0.0977 and 0.002475 to 0.0264%, respectively. 

Vacancy in the octahedral site is 0.144-1.123 apfu. The higher vacancy (1.123 apfu) is 

due to one sample having the composition of daphanite (an iron rich chlorite) in 

leucogranite (Table 5.8). Otherwise all are below 0.5; the next highest vacancy is 0.456 

apfu. The very low vacancies in the octahedral site indicate that all octahedral sites are 

filled with cations, and the chlorite at Mactung is indeed trioctahedral type.  The sum of 

the difference of the octahedral and tetrahedral Al cation number added to the octahedral 

trivalent cations, (Alvi-Aliv) + Fe3+, strongly correlates (r=0.95) with the vacancy number 

in octahedral sites. 
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5.6.4.2 Chlorite Classification and Cation Substitution 

 Several systems of chlorite classification have been proposed. One of most 

commonly used, and still popular, is an old classification scheme developed by Hey 

(1954). In this classification, all chlorites of the Mactung granitoids plot within the 

ripidolite field (Fig 5.22). They occupy a wide Fe/(Fe+Mg) range (between 0.35 to 0.85 

apfu); however, most of the chlorites data are concentrated at Fe/(Fe+Mg) = 0.6 apfu. 

Silicon values occupy a narrow range (5.0 to 5.6 apfu), with most being in the 5.2 -5.5 

apfu range. 

 Other chlorite classification systems have been proposed (e.g. Bailey 1980; 

Wiewióra and Weiss, 1990; Weiss1 991). These classification schemes were designed to 

include chlorites from all paragenetic types.  More recently, Zane and Weiss (1998) 

proposed a very simple, practical procedure for chlorite classification (Fig. 5.23), which 

was specifically designed to provide rigorously defined names for rock-forming chlorites, 

based solely on results of electron-microprobe analyses (EPMA) in which the iron 

contents are given only as Fe+2 (cf. Zane et al., 1998). The triangular compositional 

diagram (e.g. Fig. 5.23) is a handy and rapid way of differentiating compositional change 

in chlorites with respect to the most important elements found in chlorites like Mg, Fe 

and Al. Chlorites from the Mactung granites are largely Type I enriched in Fe and Mg, 

i.e., XMg+XFe > Alvi +X ; (where X is the atomic fraction per formula unit; and delta is 

vacancy). 

 Three main substitution types are discussed here for the chlorite from the  

Mactung granitoids: Tschermark substitution (TK), dioctahedral substitution – Al2Mg-3 

(AM) and FeMg-1 substitution (FM).  
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 The nature of the TK and AM substitution types are graphically presented in 

Figure 5.24. Data points at or close to the origin (0, 0) show no TK substitution (Zane et 

al., 1998). Data points distal to origin in the direction of the arrow indicate maximum TK 

substitution (Fig. 5.24).  The chlorite grains from the Mactung granitoids are clustered 

close to the TK arrow, distal from the origin, implying extensive TK substitution (Aliv 

replacing Alvi +2Ti + Cr). Dioctahedral substitution, Al2Mg-3 (AM substitution) creates 

one vacancy in the sheets of chlorite octahedral (Zane et al., 1998). Its occurrence and 

extent of substitution for chlorite in the Mactung granitoid may be evaluated based on the 

distance of the data plot in the Aliv versus Alvi + (2Ti+Cr) binary diagram (Fig.  5.24). 

There is a weak dioctahedral substitution as most of the data lie close to the TK line. 

However, one sample from leucocratic granite shows strong dioctahedral substitution. 

This occurs in the data where the Δ = Aliv-(Alvi+2Ti+Cr) is much lower than 0, beyond 

the range at which Al, Cr and Ti cannot replace R2+ without the involvement of Si 

replacing Alvi (Fig 5.24).  Any data plotting in the area where Δ > 0 indicates the 

incorporation of the R3+ cation and not considered to have a role in TK substitution; for 

example, Fe3+ replacing Al3+ or vice versa (Zane et al., 1998). The FeMg-1 substitution 

(FM substitution) includes the range of replacements between the end members (Fe2+ and 

Mg2+). Most chlorite grains from the Mactung granitoids plot within a narrow range of 8-

9 apfu ΣMg2+ +Fe2+. The data define a regression line defined by the equation y = -

1.393x + 10.17, and R2 of 0.8093 (R = 0.9). The value R2 improves to a higher value of 

0.9323 (R = 0.966) when one outlier value is excluded from the plot (Fig. 5.25).  The 

distribution of data indicates substitution occurred continuously over a moderate range of 

Fe2+ and Mg2+ variation (Fig. 5.25). The range of Fe variation appears to be relatively 
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restricted for chlorite in the leucogranite (5-6 apfu). The difference in the range of Fe and 

Mg variation between the biotite granite and ore zone granite appears to be of no major 

significance (Fig. 5.25). The leucogranite is also the source of the outlier data that plotted 

far away from the regression line, due to the effect of the very low magnesium content in 

that sample (Fig. 5.25, Table 5.8). 

 

5.6.4.3 Origin of Chlorites 

 Chlorites in the Mactung granitoids are derived via alteration from biotite. The 

process of chlorite alteration involves the transformation of two sheet layers of biotite 

into a single layer of chlorite sheets. Altered chlorite is commonly light grey in reflected 

light, whereas it is greyish green in transmitted light, having an anomalous blue 

interference color under crossed nicols. Rarely, do chlorite grains show pale green or 

greyish green interference colour. Chlorite often replaces biotite on the grain margin, in 

some occasions in the center as well but and rarely do they attain complete pseudomorph 

replacement. Chlorite may occur as wholly parallel intergrowth, or interfinguring 

intergrowth with biotite. The chlorite alteration of biotite commonly exists associated 

with muscovite replacing biotite, and becomes prevalent where they come in contact with 

plagioclase. This may imply the reaction of biotite and plagioclase to create chlorite, 

muscovite, titanite and epidote. An exchange reaction of K+ and Ca+2 takes place between 

biotite and plagioclase because of diffusion in the hydrous fluid responsible for the 

reaction. Extensive areas of chlorite alteration with buckled layers of relic biotite are 

common.  There are cases in which biotites is altered to phlogopite in zones of 

chloritization. When biotite alters to phlogopite it appears as skeletal or needle-shaped 
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fragments within a structureless material interleaved with chlorite.  All the chlorite grains 

of the Mactung are a solid solution between clinochlore and chamosite. Only in one 

sample from a leucogranite was the end member, daphanite, recognized. 

 During chlorite alteration, the tetrahedral sheet of the biotite crystal is 

incorporated intact by the evolving chlorite, as the octahedral sites undergo leaching and 

or redistribution of elements (Eggleton and Banfield, 1985). In the Mactung samples, 

chlorite replacement is characterized by the loss of Si and Ti, and the gain of Al and Fe. 

Magnesium is somewhat conserved. Titanite inclusions within biotite that has altered to 

chlorite have been identified. These crystals are oriented parallel to the (110) and (001) 

faces of the biotite-chlorite growth directions. The mechanism of biotite decomposition is 

initiated when water in granites supplies hydrogen ion that diffuses along the biotite layer 

to replace K+ in biotite. This process weakens the biotite structure ultimately leaching out 

Ti and silica.  Titanium that mobilized will be available to form titanite and (or) rutile, 

and the Ca+ from plagioclase will be available to form titanite and epidote, and K+ will be 

available to form sericite/muscovite. This mechanism explains the wide spread of 

secondary epidote, titanite and sericite in plagioclase or K-feldspars of the various 

granitoids. 

 

5.6.5 Apatite 

 Apatite was analyzed from three types of Mactung granitoids: biotite granite, ore 

zone granites and leucogranites. Most of the apatite grains selected for microprobe 

analysis were enveloped by or adjacent to biotite. The chemical compositions are 

presented in Table 5.9. Phosphorus (37.48-39.06 wt.% P2O5)  and Ca (54.98-57.48 wt.% 
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CaO) are  the major components of the mineral. Levels of F and Cl concentrations range 

from 2.73 to 3.42 wt. %, averaging 3.09 wt.%, and from 0.001 to 0.034 wt. %, averaging 

0.001% wt.%, respectively. Apatite, in a sample taken from the pyrrhotite skarn part of 

the Ore body, has 2.56 wt.% and 0.004 wt.% F and Cl, respectively.   All apatites of the 

samples belong to the fluorapatite group which is typical of igneous apatite (Nash, 1984: 

F/(F + Cl + OH) > 0.5 = fluorapatite; Chu et al., 2009: F contents >1 wt.%, and F/Cl > 1 

= fluorapatite). However, apatite crystals from hydrothermal veins are also F-rich, for 

example, the fluorapatites from the tin-tungsten deposits at Panasquiera, Portugal (Kelly 

and Rye, 1979). 

 The F/(F + Cl + OH) values in apatite for all the granitic rocks of Mactung are 

tightly constrained (Table 5.9). Apatite in one ore zone granite has F/(F + Cl + OH) value 

of 0.860 apfu; Apatite from three samples of the biotite granite have F/(F + Cl + OH) 

values, ranging from 0.770 to 0.860 apfu (average of 0.801 apfu); apatite grains from two 

leucogranite samples have higher values: 0.939 and. 0.951 (average 0.945 apfu). 

 The relative XF and Si contents of apatite increase higher from biotite granite to 

ore zone granite and then to leucogranite (Table 5.9). That F and SiO2 are higher in 

apatite grains from the leucogranite samples is in agreement with the higher degree of 

differentiation. Thorium concentration is rather low for normal apatite grains, whereas the 

distribution of most other elements is erratic. The only distinctive feature is the high FeOt 

content of apatite grains from pyrrhotite skarn. 

 Figures 5.26a and b show the plots of F, Cl and OH data of apatite grains for the 

three granitoids at Mactung, and the skarn tungsten deposit. Apatite grains from the 

leucogranite and pyrrhotite skarn have high and moderately high F contents, respectively, 
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whereas F values from ore zone granite and biotite granite apatite grains cluster between 

them. All the apatite samples plot on the fluorine-hydroxyl join, since they contain very 

low amount of chlorine (less than 0.03%).  Czamanske et al. (1981) designates granitic 

rocks with apatites below 0.03% Cl to the ilmenite series, and those with 0.1-0.5% Cl to 

the magnetite series. This suggests that the apatite grains of Mactung granitoids probably 

crystallized under reducing conditions, typical of ilmenite-series granitoids. This agrees 

with the biotite analytical data, and the low magnetic susceptibility readings in whole 

rock samples (Chapter 3). 

 Other elements (in addition to F and Cl) of petrogenetic significance in apatite 

geochemistry are Mn, Sr and rare earth elements (REE’s). These elements generally vary 

in apatite systematically with the composition of the host magma and thus have high 

potential as petrogenetic tracers (Chu et al., 2009). In the Mactung granitoids, Mn is 

erratic in apatite, with no clear characterization of the host rocks (Table 5.9) although it 

appears that there is a tendency for Mn to decrease progressively from leucogranite to 

biotite granite, to ore zone granite and then skarn mineralization, with the last two have 

the lowest Mn values (Table 5.9). Strontium values of apatite in the Mactung granitoids 

are too low to extract any meaningful petrological information. Likewise, the REEs 

content is insufficient for characterizing the Mactung granitoids. However, apatites in 

altered rocks (ore zone granites and skarn) generally have lower REEs and ∑REE. A 

Spider diagram for REEs in apatites, normalized to chondrite values, has a spiky pattern 

(not provided for this reason); despite this problem, the leucogranite (sample MAC-

177B) stands out as distinctive from the rest of the granitoids in that it has the lower 

concentration of LREE, and negative Pr and Eu anomalies. This spiky pattern is probably 
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due to the low accuracy of EPMA for this mineral, which is 70-80%. While apatite 

mineral analysis by microprobe did not result in a clear picture of the different granitoids 

of Mactung, the high levels of whole rock P2O5 data of the biotite granite clearly 

differentiates it   from the leucogranite (Chapter 3).   

 

5.6.6 Tourmaline 

 Tourmaline commonly has a prismatic shape, with well-defined crystal faces 

(Ford and Dana 1932); but sometimes it occurs as more equidimensional grains and 

masses (e.g., Slack 1996; Henry, et al., 1999). Tourmaline is a very common accessory 

mineral found in many rock types and terrains (Henry and Guidotti, 1985, and references 

therein; Collins, 2010; Van Hinsberg et al., 2011 and references therein). It occurs in 

metamorphosed and unmetamorphosed sedimentary rocks; pegmatites, granites, aplites, 

in hydrothermally altered rocks and mineral deposits. The temperature and pressure of 

tourmaline formation may range from low to high, surpassing the stability field of 

amphiboles. The Lower temperature stability field of tourmaline, although not well 

constrained, can go as low as 150°C at 1kb (Henry et al., 1999; Moore et al. 2004; Van 

Hinsberg, et al., 2011). The upper stability fields may range from 750 to 950°C depending 

on pressures and compositions (Van Hinsberg, et al., 2011 and references therein). In 

terms of upper pressure stability of tourmaline, the Mg end-member tourmaline is stable 

up to at least 6 GPa (Krosse, 1995). Tourmaline accommodates a variety of cations of 

different charges and valency, and can provide useful petrogenetic information about both 

metamorphic and igneous environments (Tindle et al., 2002 and references therein). 

Tourmaline with elevated Li implies a pegmatitic environment (Keller et al., 1999, 
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Selway et al., 1999, 2000; Hezel et al., 2011; London, 2011; Van Hinsberg et al ., 2011). 

Iron-rich dravitic tourmaline is associated with emerald (Galbraith, et al., 2009). 

Tourmaline with elevated Mg, Ti, Ca, V, Cr, and Ni is interpreted to have been influenced 

by contamination involving mafic-ultramafic rocks such as amphibolites, gabbros and 

pyroxenites; or by contamination with bauxites and metamorphosed anoxic sedimentary 

rocks (Henry and Dutrow, 2001; Tindle et al., 2002; Bačík et al., 2011). Stable isotope 

ratios provide an additional source of information on the sources of its constituent 

elements; Rb-Sr, Nd-Sm, B, H and O isotope systems are the most commonly used. 

Boron isotope studies are increasingly becoming popular as sensitive petrogenetic 

indicators (Van Hinsberg, et al., 2011, and references therein). In this study, tourmaline 

from the Mactung granitoids are chemically characterized (major elemental 

compositions), and petrogenetic significance solely based on these observations are 

inferred. 

 Tourmaline has a complex chemical composition and it is commonly 

incompletely chemically characterized (Hawthorne and Henry, 1999; Milan Novák, et al., 

2009)  Its basic formula can been written as XY3Z6(T6O18)(BO3)V3W (Hawthorne and 

Henry, 1999), where X= Na, Ca, K, vacancy; Y= Fe2+, Mg2+, Mn2 +, Li, Al3+, Cr3+,V3+, 

Fe3+, (Ti4+); Z = Mg2+, Al3+, Fe3+, V3+, Cr3+; T = Si4+, Al3+, (B); B = B, (vacancy), V=OH, 

O; W= OH, F, O. The main compositional varieties are Na- and Mg-rich dravite, Na and 

Fe-rich schorl, Ca- and Mg-rich uvite, and Na and Li-rich elbaite (e.g. Deer et al., 1962; 

Dietrich, 1985). Complete solid solution occurs between dravite and schorl, and nearly 

complete solid solution exists between schorl and elbaite (Donnay and Barton, 1972; Foit 

and Rosenberg, 1977). From a metallogenic point of view, the composition of tourmaline 
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commonly reflects its deposit origin. Iron-rich tourmalines are often associated with Sn-

W deposits whereas, Mg-rich ones tend to be related with massive sulphide or strata-

bound W deposits. Rubidium and Ce-rich tourmalines are indicative of rare earth 

mineralization. (Collins, 2010; Slack and Coad, 1989; Slack, 1996; Galbraith et al., 2009; 

Slack and Trumbull, 2011). 

 

5.6.6.1 Tourmaline Chemical Composition 

 At Mactung tourmaline occurs as black needle-like accessary mineral (several 

mm long and from 0.5 to 1mm in width) in biotite granite and leucogranite, mostly as a 

minor constituent (< 1.0%). However, in one leucogranite sample (MAC-165B, near the 

southeast margin of the Mactung North pluton) its concentration reaches to about 5%. 

Around this location, the concentration of tourmaline increases towards the margin of the 

granite pluton phase that intrudes the lower metasedimentray sequence (Unit 1). Heavy 

tourmaline impregnations along leucogranite dyke margins are common (e.g. MAC-183; 

see Table 5.1 for location) implying the possibility of granite magma assimilating 

metasedimentary rocks rich in boron. 

 In thin section, tourmaline crystals from the Mactung granitoids are brown to 

brownish green to green and commonly zoned. Microprobe analysis of tourmaline is 

presented in Table 5.10. Tourmaline grains from the Mactung granitoids are characterized 

by high Na/(Na+Ca) and high FeX composition (Table 5.10). Based on the alkali-, calcic-, 

X-vacant-ternary system for X-site occupancy, the tourmaline composition of the 

Mactung granitoids fall within the alkali tourmaline subgroup (Fig. 5.27).  The ternary 

plot in Fig. 5.28 further discriminates alkali tourmaline with end members elbaite, schorl 
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and dravite in the three y-site cations [in Al (y)+Li (y)-Fe-Mg plot]. All sample points 

from the granitoids fall below the Al50-(Fe, Mg)50 line, close to the schorl end member. 

On the basis of the Na/(Na+Ca) versus Fet/(Fet+Mg) plot diagram by Shao-Yong Jiang et 

al. (2002), and the Ca/(Ca+Na) versus Fet/(Fet+Mg) diagram (Selway et al., 1998), the 

Mactung tourmalines fall within the schorl field (Figs. 29a and b). Testing several other 

classifications schemes, (e.g. Tindle et al., 2002; Henry et al., 2011), tourmaline grains 

from the Mactung granitoids consistently yield schorlitic composition (Figs. 5.29c and d). 

The tourmalines from Mactung granitoids are Al-sufficient with Al contents in the ranges 

of 6.77-7.06 apfu. The Al in the T-site is 0.34-0.51 apfu, whereas Al in the Z-sites is filled 

(6 apfu), and there is significant Al in the Y-site (0.37 to 0.67 apfu). Total iron as Fe2+ is 

1.833 to 2.214 apfu, considerably higher than Mg (0.233 to 0.379 apfu). Titanium is 

0.059 to 0.134 apfu, and the calculated Li ranges from zero to 0.059 apfu. Tetrahedral Si 

is deficient to fill all the space in the T-sites; and it ranges from 5.595 to 5.663 apfu. The 

X-site is dominated by Na (0.267-0.430 apfu) and vacancies, Δ (0.523 - 0.677 apfu), and 

small amounts of Ca (and 0.038-0.045 apfu). Ferric iron is negligible in tourmalines of 

the Mactung granitoids as the data points fall outside the fields assigned to Fe3+-rich 

quartz-tourmaline rocks, calcium-silicate rocks and metapelite in the triangular 

discrimination diagram of Henry and Guidotti (1985) (Fig. 5.30). Therefore, mixed 

valence state is insignificant in these tourmalines. Fluorine, Cl, and OH are 0.073-

0.241(av = 0.19) apfu, 0.001-0.006 (av = 0.003) apfu and 3.755- 3.925 (av = 3.81) apfu, 

respectively. The dominance of OH anion in the W-site of tourmaline for the Mactung 

granitoids indicates that the composition of tourmaline falls within the hydroxyl 

tourmaline subgroup. 



 

378 

 Hydrothermal tourmaline is characterized by the absence of Al in the Y site 

(London and Manning 1995), Al deficiency in the Z site (Aurisicchio, et al., 1999; 2007), 

low degree of alkali-site vacancies (Trumbull and Chaussidon 1999) and Fetot/Mgtot ratio 

<1 (Aurisicchio et al., 2007, and references therein). None of these features are consistent 

with the tourmaline crystals from Mactung granitoids which supports their interpreted 

magmatic signature. The absence of fine scale oscillatory zoning (as confirmed under 

transmitted light microscope) further supports the magmatic origin of Mactung 

tourmalines. The dominance of Fe2+ indicates fO2 conditions were reducing, in agreement 

with the biotite, apatite and whole-rock chemical compositions. The value of Fe/(Fe+Mg) 

in tourmaline is dependent on the Fe and Mg content in the melt, prevailing pressure, 

temperature and composition (London and Manning, 1995). Higher Fe/(Fe+Mg) values 

in the tourmaline of the Mactung granitoids indicate increasing Fe and decreasing Mg 

with progressive differentiation of the magma. 

 Correlation between elements in a binary diagram shows that there is substitution 

between elements in tourmaline (Fig. 5.31a-g). There is a very strong correlation between 

Al total (Alt+Alz+Aly) and Na; and between Al in Y site and vacancy in X site. These 

require coupled substitution as it involves site occupancy using elements in the X and Y 

sites. There is also a good correlation between the vacancy in X site and calcium; 

between Fe and Al in the Y site; between (Fe+Mg+Mn) Y and Al in Y site; between (Al 

+Li) in Y site and Fe; and between Mg and Fe. The TiO2 and SiO2 composition of 

tourmaline are independent of the Fe number (Fig. 5.31h and 5.31i). The cations in the Y 

site have no bearing to the concentration of Ti or Si. 
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5.6.7 Other Accessary Minerals 

 Accessory mineral phases in Mactung granitoids include zircon, monazite, garnet, 

Ta-Nb oxides, carbonate, titanite, rutile, and epidote.  Garnet occurs as submicroscopic 

euhedral grains adjacent to biotite in leucogranites. Tantalite-columbite grain was 

recognized during feldspar investigation using SEM. It occurs within the albite-rich 

leucogranite dyke (MAC-165B). Chemical analysis of one grain (sample MAC-165B) by 

SEM indicates Ta/Nb values less than 1 (Table 5.11) which agrees with the common 

observation of enriched Nb (Nb>Ta) in granitoids. 

 Monazite chemical data was obtained for the various granitic rocks of Mactung 

using the microprobe facility at UNB.  The refined chemical composition of monazite is 

given in Table 5.12.  The data shows that monazite is characterized by high 

concentrations of oxides of La, Ce, Nd, Th and P, the former three accounting about 50% 

of the monazite, whereas the latter two constitute about 40% of it. The remaining 10% is 

composed of oxides of Al, Si, Ca, Y, Pr, Sm, Pb, and U. Average ThO2 in monazite are 

16.57, 11.12,5.83, 8.66, 11.56 % from aplitic dyke (n=8), leucogranite intrusion (n=13), 

biotite granite (n=7), leucocratic felsic dykes (n=10), and ore zone granite (n=1), 

respectively. Lanthanum trioxide amounts to 11.21, 10.33, 14.86, 9.5 and 10.63% in 

monazite grains of the aplitic dyke (n=8), leucogranite intrusion (n=13), biotite granite 

(n=7), leucocratic felsic dykes (n=10), and ore zone granite (n=1), respectively. Cerium is 

the most abundant rare earth element in monazites of all granitoids. It averages 23.45, 

24.34, 30.12, 24.74 and 24.25% in the monazite grains of aplitic dyke (n=8), leucogranite 

intrusion (n=13), biotite granite (n=7), leucocratic felsic dykes (n=10), and ore zone 

granite (n=1), respectively. Neodymium trioxide averages 9.57, 11.89, 10.98, 12.92 and 
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10.58 in monazites of the aplitic dyke (n=8), leucogranite intrusion (n=13), biotite granite 

of the Mactung South pluton (n=7), leucocratic felsic dyke (n=10), and ore zone granite 

(n=1), respectively. Microprobe chemical data of monazite is not available for Mactung 

North pluton, due to low abundance and extremely fine grain size. Levels of % UO2 are 

0.78, 0.68, 0.43, 1.02 and 0.86 % in monazites from aplitic dyke grains (n=8), 

leucogranite intrusion (n=13), biotite granite (n=7), leucocratic felsic dyke (n=10), and 

ore zone granite (n=1), respectively. Again, there is no UO2 data for the Mactung North 

pluton. The average P2O5 contents of monazite grains from aplitic dyke (n=8) 

leucogranite intrusion (n=13), biotite granite of the Mactung South pluton (n=7), 

leucocratic felsic dyke (n=10), and ore zone granite (n=1) are 24.22, 28.41, 30.95, 29.37 

and 28.77 wt.%, respectively. Lead oxide concentration is generally <0.50, 0.1183, 

0.1180, 0.0642, 0.0583 wt.%, and less than detection limit  for aplitic dyke, leucogranite 

intrusion, biotite granite of the Mactung South pluton,  leucocratic felsic, and ore zone 

granite, respectively. Other oxides present in lower concentration are Al2O3, SiO2, CaO, 

Y2O3 and Pr2O3 (Table 5.12). Alumina is mostly 0-1.05% with one anomalous value of 

4.66 wt.% in leucogranite; silica values lie between 0-2.23% for most samples except for 

few anomalous values between 3.04 and12.49% in aplitic dyke and leucogranite. 

Contents up to 1.485%, 2.311% and 2.227% of CaO, Y2O3 and Pr2O3, respectively were 

encountered (cf. Table 5.12). The monazites in the Mactung granitoids are primary as 

unmineralized granites with primary monazite have high values of ThO2 (5-27%), and 

moderate values of UO2 (0.2-3%), whereas most secondary monazites also have high Y 

content (Bea, 1996).   
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 The presence of allanite and monazite in granitoids is commonly linked to magma 

chemistry. Catlos et al. (2007) reported that aluminous granitoids from the Menderes 

Massif in western Turkey, with high Al2O3 (>15.4 wt. %) contain allanite and/or 

monazite, whereas those with low Al2O3 (<14.8 wt. %) contain monazite only.  

Granitoids with allanite contain 3.8-4.1 wt.% CaO, whereas those with allanite + 

monazite contain 2.1-2.6 wt.% CaO, and those with monazite-only contain considerably 

lower CaO (0.7-1.8 wt.%). Granitic rocks with higher Ba (>522 ppm), Sr (>231 ppm), 

and Zr (>116 ppm) contain allanite and/or monazite, whereas those containing less Ba 

(<510 ppm), Sr (<180 ppm), and Zr (<108 ppm) contain monazite only. At Mactung, 

monazite is more abundant in alumina-rich leucogranite, whereas allanite is restricted to 

the more calcium rich biotite granite which has lower monazite. 

 Monazite in the samples investigated is selectively enriched in LREE for all 

granitoid types, and has a negative slopping LREE pattern. However, elements from Gd 

to Lu were not analyzed, and consequently a complete picture of REE pattern is not 

possible given the high detection limit of HREE’s on the microprobe.  Therefore, 

construction of REE profile relative to chondrite values has been avoided here.  In 

addition, there was no standard analyzed alongside the samples. In light of this 

observation, the monazite data should be taken as semi-quantitative.   

 

5.7 Temperature, Pressures, Oxygen Fugacity and H2O Conditions 

 The biotite-apatite, two feldspars and the titanium-in-biotite thermometry were 

used to understand the crystallization temperature conditions of Mactung granitoids. 

Estimates were made using microprobe compositional data obtained from coexisting 
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biotite-apatite, and plagioclase-potassium feldspar pairs and biotite grains respectively. 

Chlorite compositional data were utilized to assess post-magmatic temperatures. Pressure 

estimates were deduced from calcic amphibole composition in a hornfelsed and calc-

silicated pelite adjacent to the southern margin of the biotite granite, the main intrusion 

phase of the Mactung North pluton.  The silicon content of white mica was further  

evaluated to complement the Al-in-hornblende geobarometry. Oxygen fugacities were 

estimated from the XFe, and equations developed from experimentation in the literatures 

(from the works of Wones, 1989). 

 

5.7.1 Temperature  

5.7.1.1 Biotite-Apatite Thermometry 

 The biotite-apatite thermometer is based on the F-OH exchange equilibrium at the 

hydroxyl site of these minerals in which the partitioning of fluorine between biotite and 

apatite is dependent on temperature (Blattner 1980; Nedachi, 1980; Vukandinovic and 

Edgar, 1993). Stomer and Carmichael (1971) were the first to calibrate the biotite-apatite 

geothermometer for sub-solidus temperatures using thermodynamic data and empirical 

reasoning. Ludington (1978) modified this thermometer to include the effects of 

octahedral cations on the biotite (F) contents (cf. Sallet, 2000) based on the exchange 

reaction of apatite(OH)+biotite(F) = apatite(F)+biotite(OH); the temperature formulation 

is: 

T = 1100/logK; where logK=log(XF/XOH)ap +log(XOH/XF)bt-1.107Xann-1.444Xsid; 

T is in Kelvin. 
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 Estimated values of temperature from this exchange reaction were said to be 

dispersed and lower than the probable solidus value (Parry et al., 1978; Nedachi, 1980, 

Wones, 1980). These less reliable values were attributed to three factors: 1) analytical 

error in fluorine determination; 2) mobility and redistribution of fluorine at the subsolidus 

stage, and 3) compositional factors. In some situations where apatite may retain its 

original igneous composition, biotite may undergo modification or re-equilibration, thus 

raising the possibility of fluorine loss owing to circulating magmatic or meteoric fluids. 

Zhu and Sverjensky (1992) recalibrated the apatite-biotite thermometer based on solid 

solution models involving an ideal mixing of F-OH-Cl and Mg-Fe-Alvi. Sallet (2000) 

developed an improved thermometer that permits the estimation of closure temperature 

for fluorine in biotite and apatite from near-liquidus to near-solidus conditions as well as 

the evolution of fH2O/fHF during cooling. 

 To calculate the apatite-biotite thermometric data for Mactung granitoids, the 

biotite-fluid and apatite-fluid F-OH experimental data and equilibrium relations equations 

defined by Sallet (1988b), Sallet and Sabatier (1996), Sallet (2000), and the Zhu and 

Serjensky’s (1992) solid solution equations models were examined.  Sallet (2000) derived 

a series of equations exploring exchange reactions between biotite and F-OH, apatite and 

F-OH and biotite-apatite-F-OH to arrive to a refined biotite-apatite thermometry.   

 The F-OH exchange equilibrium between biotite and either a silicate melt or 

aqueous fluid phase systems are written as (Sallet, 2000): 

Biotite(OH)+HF = biotite(F)+H2O 

The log equilibrium constant of this reaction is expressed as: 

logK=log(aF/aOH)bt+log(aH2O/aHF)sys; 



 

384 

 Assuming pure H2O and HF standard state, and ideal mixing of OH and F at a 

given temperature, the log equilibrium constant is given as: 

Log K=log(XF/XOH)bt+log(fH2O/fHF)sys. 

 Munoz and Ludington (1974) equated the equilibrium constant for the biotite-

system F-OH exchange as well as the log (fH2O/fHF) of the system that is related to 

temperature and mica composition by the following relations: 

 log K= 2100/T+1.52XMg+0.42An+0.2Xsid  

 log(fH2O/fHF) =2100/T+IV(F) 

The OH-F equilibrium exchange between apatite and the system is expressed as: 

 Apatite(OH)+HF=apatite(F)+H2O. 

The log equilibrium constant of this reaction is: 

 log K = log(XF/XOH)ap+log(fH2O/fHF) 

 The experimental data of Korzhinskiy (1981) indicate that the F-OH exchange 

behaves as an ideal solid solution at a fixed (fH2O/fHF); increasing T decreases the F/OH 

ratio of apatite (Sallet, 2000). Sallet (2000) related the equilibrium constant and log 

(fH2O/fHF)sys to temperature and apatite composition according to the formula: 

 log K=-0.0085T(K)+13.25 

 log(fH2O/fHF)sys = -0.0085T(K)+13.25-log(XF/XOH)ap 

The basic formulation of the thermometry of the biotite-apatite and F-OH exchange 

equilibrium is expressed as 

 Tapatite(OH)+biotite(F) = apatite(F)+biotite(OH). 

The F-OH equilibrium exchange reaction between apatite and biotite equilibrates under 

the same fugacity ratio of fH2O/fHF (Sallet, 2000). Therefore: 
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 log (fH2O/fHF)sys = -0.0085T+13.25-log(XF/XOH)ap = IV(F)+2100/T; rearranging 

this equation gives, 

 0.00885T2-(13.25-IV(F)-log(XF/XOH)ap/T+2100 = 0 

IV(F) and log(XF/XOH) are determined from the biotite and apatite compositions 

respectively. Solving this quadratic equation will result in two temperatures, out of which 

only one is valid. Tables 5.13a and 5.13b summarize temperature values of Mactung 

granitoids, derived using this procedure. 

 

5.7.1.2 Titanium-in-Biotite Thermometry 

 The Ti content of biotites is believed to be dependent on the temperature of 

crystallization of biotite and the oxygen fugacity (fO2) and possibly on the volatile 

content of the magma (Albuquerque, 1973; Henry et al., 2005; Esmaeily, et al., 2013). A 

low Ti content correlates with low temperature of crystallization and low oxygen fugacity 

(Buddington and Lindsley, 1964; Esmaeily et al., 2013).  For a given Mg/(Mg + Fe) 

value, Ti concentration increases as a function of temperature in a nonlinear fashion, and 

for a given temperature, Ti concentration decreases with an increase in Mg/(Mg + Fe) 

values (Henry et al., 2005). 

 Temperature determinations here are built on the methods of the Ti-in-biotite 

(TIB) geothermometer of Henry et al. (2005) which is calibrated based on the Ti-

saturation surface of near-isobaric natural biotite data for peraluminous metapelites that 

equilibrated at 4-6 kbar. This surface is evaluated in terms of temperature (T) vs. XMg vs. 

Ti, and is solved specifically for T using the equation:   

 T = [ln(Ti) - a - c(XMg)3]/b)0.333 , 
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where, T is temperature in °C, Ti is the apfu value normalized to 22 oxygens, XMg is 

Mg/(Mg+Fe), and coefficient parameters: a= -2.3594; b = 4.6482e-9 and c = -1.7283 

(Henry, 2005). This expression is calibrated for T = 480-800°C. The TIB Temperatures 

can also be determined by plotting biotite Ti and Mg/(Mg+Fe) values on a simple binary 

diagram, and superimposing that on the temperature contour lines defined by Henry 

(2005).  Due to isotherm spacing, derived temperatures are more uncertain at low 

temperatures (< 600°C). The uncertainty of the TIB geothermometer is estimated to be 

24°C at lower temperatures (< 600°C), improving to 12°C at high temperature (> 700°C). 

This estimate is based on the standard deviations of the temperatures in Henry’s (2005) 

calibrated data set from the saturation surface. 

 Henry (2005) set conditions for application of the TIB thermometry: presence of 

ilmenite or rutile in the rock to set  maximal Ti levels in biotite; presence of graphite to 

keep fO2 and Fe3+ at steady low levels; presence of aluminous minerals to keep Al in 

biotite at maximal levels; pressure range of the rocks is 4-6 kb since the data set was 

calibrated at this range; biotite compositions in the range XMg = 0.275-1.0 and Ti = 0.04-

0.6 apfu, since pressure was calibrated for these compositions ranges. In our samples, all 

conditions are met except contact metamorphism pressure is lower and we have no 

visible aluminosilicate minerals, and that graphite is absent. However, Mactung granite 

samples are peraluminous and come from a reduced granite intrusion (low fO2 and low 

Fe3+). The absence of aluminosilicates and graphite has probably no effect in the levels of 

Al in biotite, and the fO2 condition of the rock, respectively and hence cannot be taken as 

a setback for application of TIB. The lower pressure of Mactung granitoids also applies to 

the level of final emplacement and not to pressures at the time of biotite crystallization, 
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which might be higher. Therefore, it is reasonable to use this thermometry to constrain 

temperature of crystallization of biotite for Mactung granitoid samples. It is also 

reasonable to check this thermometry to see if it finds its use in other geological 

environments, such as Mactung. 

 The biotite Ti data obtained from four different granitoids was tested using the Ti- 

in-biotite thermometry of Henry (2005) mathematically (Table 5.14). The results are 

meaningful. The numbers, though slightly lower in magnitude, compliment what has 

been provided by other thermometers, and it differentiates the granitoids based on the 

temperature of their respective biotites. The results also gives strength to the validity of 

temperature data calculated using the apatite-biotite thermometry of Sallet (2000). 

 

5.7.1.3 Two Feldspars Thermometry 

5.7.1.3.1 General 

 Thomas S. Barth is said to be the father of modern geothermo-barometry (Putirka, 

2008). Barth (1934) suggested that the relative solution of albite in plagioclase and alkali 

feldspar could be formulated as an analytical geothermometer (cf. Putirka, 2008). He 

followed on his earlier hypothesis with several calibrations (Barth, 1951, 1962, 1968). 

The first major revision of the two-feldspar thermometer was presented by Stomer 

(1975), He illustrated the weaknesses of Barth’s (1951) and (1962) suggestions which 

stipulate that albite solution followed Henry’s law which states that the activity of a 

component in a dilute solution varies linearly with composition. Increasingly complex, 

thermodynamic models predicting temperature of feldspar crystallization were developed 

by many workers (Whitney and Stomer, 1977; Powell and Powell, 1977; Fuhrman and 
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Lindsley, 1988, Elkins and Grove, 1990; Benisek, et al., 2004).  None of these 

calibrations, however, was said to have produced accurate or reliable results, largely due 

to lack of consistent experimental observation (Putirka, 2008). 

 

5.7.1.3.2 Basis of Two Feldspars Thermometry 

 Herein the calibration and tests of the two-feldspar thermometry of Putirka (2008; 

the latest addition and the better thermometer in the class) is used to establish temperature 

conditions for Mactung granitoids. The discriminant two feldspar thermometry of Stomer 

(1975) for comparison.  Attempts to utilize the commonly used thermometry of Fuhrman 

and Lindsley (1988) in igneous and metamorphic petrology did not give meaningful 

temperature estimates (very low calculated temperatures).   

 Putirka (2008) used 41 experimental data of Elkins and Grove (2004), Gerke and 

Kilinc (1992), Patiño -Douce (2005) and Azannnneau et al., (2006). Compositions of 

experiments were not artificially adjusted as opposed to that done by Fuhrman and 

Lindsley (1988) and Elkins and Grove (2004). Putirka (2008) suggested that there is no 

clear reason by which experimental data or composition of natural samples should be 

adjusted to minimize effects on parameter estimates in least square analysis. The basic 

reasoning for his suggestion was that temperature estimates are highly sensitive to small 

changes in albite, plagioclase and K-feldspar compositions. He developed a new 

thermometer by just adding few empirical corrections to Barth’s (1951) thermometer. The 

revised thermometers of Putirka (2008) (Equations 27a and 27b) for the two feldspar 

thermometries are as follows: 

𝟏𝟎𝟒

𝑻(𝑪)
= 𝟗. 𝟖 − 𝟎𝟗𝟖𝑷 (𝒌𝒃𝒂𝒓) − 𝟐. 𝟒𝟔𝒍𝒏 (

𝑿𝑨𝒃

𝒂𝒇𝒔

𝑿
𝑨𝒃

𝒑𝒍𝒂𝒈 ) − 𝟏𝟒, 𝟐𝟗(𝑿𝑺𝒊

𝒂𝒇𝒔
) + 𝟒𝟐𝟑(𝑿𝑪𝒂

𝒂𝒇𝒔
) − 𝟐. 𝟒𝟐𝒍𝒏(𝑿𝑨𝒏

𝒂𝒇𝒔
) − 𝟏𝟏. 𝟒(𝑿𝑨𝒏

𝑷𝒍𝒂𝒈
∗ 𝑿𝑨𝒃

𝒑𝒍𝒂𝒈
)  𝑬𝒒. 𝟐𝟕𝒂 
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𝑻(𝑪) =
−𝟒𝟒𝟐 − 𝟑. 𝟕𝟐𝑷(𝒌𝒃𝒂𝒓)

−𝟎. 𝟏𝟏 + 𝟎. 𝟏𝒍𝒏 (
𝑿

𝑨𝒃

𝒂𝒇𝒔

𝑿
𝑨𝒃

𝒑𝒍𝒂𝒈) − 𝟑. 𝟐𝟕(𝑿
𝑨𝒏

𝒂𝒇𝒔) + 𝟎. 𝟎𝟗𝟖𝒍𝒏((𝑿
𝑨𝒏

𝒂𝒇𝒔) + 𝟎. 𝟓𝟐(𝑿
𝑨𝒏

𝑷𝒍𝒂𝒈 ∗ 𝑿
𝑨𝒃

𝒑𝒍𝒂𝒈) 

 𝑬𝒒. 𝟐𝟕𝒃 

The temperatures from the two equations were reported to be within errors of 23°C and 

30°C, respectively for the calibration data. 

 

5.7.1.3.3 Results of Feldspar Thermometry 

 The two feldspar thermometric data of Mactung granitoids, generated using the 

above equations, is provided in Table 5.15. Since the data reflect several episodes of 

activity (magmatic, sub-solidus re-equilibration and late-stage hydrothermal reaction 

temperatures), they were not averaged. In general, the two equations yielded comparable 

temperature results within each group of the Mactung granitoids. Using equation 27a for 

coexisting plagioclase and alkali-feldspars, feldspars from the aplitic dyke yielded 

temperatures ranging from 475 to 762°C, whereas coexisting feldspars, using equation 

27b, yielded temperatures of 450-720°C. Feldspars in the leucogranite yielded 

temperatures of 415-586°C and 399-543°C using equations 27a and 27b, respectively; in 

ore zone granite, the temperatures determined are 474-785°C and 451-695°C, 

respectively. Temperatures of 430-823°C and 412-728°C were calculated for biotite 

granite using equations 27a and 27b, respectively. Temperature modification in alkali and 

plagioclase feldspars can occur because of late-stage processes, particularly at the rims 

resulting in temperatures as low as 400°C. Magmatic crystallization temperatures as high 

as 823°C are commonly retained in cores of alkali and plagioclase feldspars.   Exception 

to this generalization is the leucocratic granitic dykes and (or) leucogranite intrusions of 

Mactung in which all the feldspars show temperatures of subsolidus re-equilibration and 
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or late-stage hydrothermal processes where, even for feldspar cores, temperatures are 

fairly low (as low as 586°C) compared to magmatic temperatures, as reflected in other 

types of granitoids (695-823°C). 

 The two feldspar composition was also tested and compared to temperature of 

crystallization using the approach of the two-feldspar thermometry of Stomer (1975), 

which stems from the principal expression developed by Barth (1951) where, 

µ*Ab,PF- µ*abAF=RT ln(aAb,AF/aAb,PF); µ* and a refer to chemical potential and activity 

respectively. 

 For the above expression to be valid, it is assumed that solid solution is ideal 

(activity of a component equals mole fraction which is related to chemical composition), 

and that the potassium component in plagioclase has no effect on plagioclase phases, and 

the calcium component in K-feldspar has no effect on alkali feldspars phases. Thus the 

compositions (represented by activity) in the two phases is controlled by the difference in 

chemical potential of the two phases in standard state. The above expression can be 

written as: 

 µ*Ab,PF- µ*abAF=RT ln(XAb,AF/XAb,PF)   

Stomer (1975) argued that albite in K-feldspar and albite in plagioclase do not follow 

ideal solution, as the albite components in the two phases are not equal. He thus 

introduced an activity coefficient γ, a factor relating activity to mole fraction. Using 

Margules parameters of Thompson and Waldbaum (1969a, 1969b) he developed a 

complex formula (equation 18) relating Alkali feldspar compositions to temperature and 

pressures (cf. Stomer, 1985). He prepared determinative curves of isotherms relating 

feldspar composition to temperatures at different pressure conditions as a means of a 
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more convenient form of temperature determination than dealing with the complex 

equation (equation 18 in Stomer, 1975).  Mactung feldspar data were plotted on these 

determinative curves (Figs. 5.32a-b and 5.33a-b). The temperatures obtained using this 

methodology were found to be too low, a condition attributed in the literature to late-

stage magmatic processes. The graphic demonstration reveals that rims in aplitic dykes 

re-equilibrated between about 350 and 400°C, whereas cores re-equilibrated at about 400-

500°C; rims of feldspar in leucogranite re-equilibrated at about 300-375 °C and cores re-

equilibrated at about 350-425°C.  Feldspar rims in biotite granite re-equilibrated at about 

350-400°C and cores re-equilibrated at about 400-500 °C. Ore zone granites show feldspar 

rim temperatures of about 400-500°C and core temperatures of about 500-700°C.  Using 

the approach of Stomer (1975), only feldspars from ore zone granite show some 

semblance of magmatic temperatures, whereas all others feldspars in the rest of the 

Mactung granitoids reflect considerable re-equilibration. 

 

5.7.1.4 Chlorite Geothermometry 

5.7.1.4.1 General layer 

 Trioctahedral chlorites of the clinochlore-chamosite solid solution series may 

show a wide range of compositional variability that reflects the physico-chemical 

conditions under which they formed. Numerous attempts have been made to interpret the 

composition of chlorite in terms of their temperature of formation (cf. Zimák, 1999 and 

references therein). The Fe/(Fe+Mg) ratio of chlorites appear to correlate poorly with the 

temperature of formation, as is strongly dependent on the host-rocks composition. Many 

authors have noted a systematic increase in tetrahedral Al and a decrease in octahedral 
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vacancies in chlorites with increasing depth in diagenetic and geothermal systems 

(McLeod, 1990; Keith et al., 1998), or with increasing grade of metamorphism in 

metamorphic rocks (McDowell and Elders, 1980; Cathelineau and Nieva, 1985; 

Cathelineau, 1988; Jahren and Aagaard, 1989; Hillier and Velde, 1991; De Caritat et al., 

1993). Four approaches have been used in the literature for chlorite geothermometry. One 

is structural and the other three are compositional. Structural-based method of 

temperature determination is a semi-quantitative approach which takes into account the 

chlorite structural changes with temperature (Haynes, 1970). This method of qualitative 

determination requires X-ray diffraction, and reconstruction of polytypes. Here the  

temperature of formation of chlorite of Mactung granitoids was quantified based on 

compositional relations alone as there is no x-ray analytical data. However, the chlorite 

structure was indirectly deduced from compositional data and then qualitatively related 

that structure to temperature. 

 For the quantitative determination of temperature, several compositional 

geothermometers were tested and compared. Six types of chlorite geothermometers were 

applied in this study: the formulation of Cathelineau and Nieva (1985); Cathelineau 

(1988); Kranidiotis and MacLean (1987); Jowett (1991); and Zang and Fyfe (1995). 

 

5.7.1.4.2 Basis of Chlorite Thermometry 

 Cathelineau and Nieva (1985) proposed the first empirical thermometer based on 

the AlIV content of chlorite and the vacancy in octahedral sites using chlorite data from 

altered andesite on the active Los Azufres geothermal fields of Mexico. The 

geothermometer of Cathelineau and Nieva (1985) applies two approaches: 1) equation 
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relating the number of octahedral vacancies to temperature and 2) equation relating the 

number of tetrahedral Al to temperature. The two approaches start from the premise that 

temperature increases linearly with decreasing vacancy occupancies, and that there is an 

increase in tetrahedral Al with increasing temperatures, respectively.   

 The thermometers proposed by Cathelineau and Nieva (1985) based on the 

amount of octahedral vacancies (designated as  or, r) and AlIV content are expressed by 

the following two equations, respectively: 

T = - ( -2.4)/0.00857   [1] 

ToC = 106Aliv + 18   [2]    

Cathelineau (1988) derived a new equation, revising the equation of Cathelineau and 

Nieva (1985), relating temperature to the number of tetrahedral aluminum based on new 

chlorite analyses, and fluid inclusion data from Los Azufres, and data from the Sutton Sea 

(recalculated and averaged from the work of McDowell and Elders, 1980). The equation 

is: 

T = -61.92 + 321.98 (A1iv)   [T3] 

This thermometry takes low temperature values into account that were not addressed in 

Cathelineau and Nieva (1985). Data trend-line was said to fit very well with a correlation 

coefficient of 0.97. The formula was calibrated for temperatures in the ranges of 130-

310°C, but is likely to be valid for higher temperature since chlorite formation from other 

localities reflects temperatures of 350°C (Cathelineau, 1988, Caritat, et al., 1993). 

Kranidiotis and MacLean (1987) used a thermometer that is based on the number of 

tetrahedral Al and the XFe value, Fe/(Fe+Mg); they suggested the use of a corrected Aliv 

value (Alc
iv) in situations where chlorite grows in an aluminium-saturated environment 
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(where other aluminous minerals are present). Following this argument, Kranidiotis and 

MacLean (1987) modified the Cathelineau and Nieva (1985) expression by calculating a 

corrected Aliv value (AIc
iv) as follows: 

 Alc
iv = Aliv + 0.7(Fe/[Fe + Mg]), 

from which the temperature, T (in °C) can be computed per the expression:  

T= 106 Alc
iv + 18   [T4] 

 Jowett (1991) suggested a similar type of correction, derived from an isothermal 

Fe/(Fe + Mg) normalization based on the Salton Sea and Los Azufres chlorite 

compositions. Jowett (1991) stated that this Fe-Mg-modified geothermometer is 

applicable to a variety of systems in the range150 to 325°C for chlorites with Fe/(Fe 

+Mg) values < 0.6. Their formulation is based on the correction: 

Alc
iv = Aliv +0.1*[Fe/(Fe + Mg)], from which the following equation is derived 

T = 319Alc
iv – 69 [T5].1(Fe/[Fe +]) 

 Zang and Fyfe (1995) revised the thermometers of Cathelineau and Nieva (1985), 

Cathelineau (1988) and Kranidiotis and MacLean (1987), and argued that for high 

Fe/(Fe+Mg) ratios, the calculated temperatures tend to be high since the calibration of the 

geothermometers have been for lower ratios (e.g. 0.37 in Cathelineau, 1988; and 0.18- 

0.64 in Kranidiotis and MacLean, 1987). The revised Zang and Fyfe (1995) formulation 

is based on Aliv correction in chlorite that shows high Fe/(Fe+Mg) ratio, in the range of 

0.78-0.81. The correction factor is: 

 Alc
iv = Aliv-0.88[Fe/ (Fe+Mg)-0.34], 

 which is inserted in the following equation to calculate temperature of chlorite 

formation. 
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T °C=106.2 Alc
iv +17.5       [T6].  

Replacing the correction factor in the above equation would give: fat 

T (°C) = 106.2×(AlIV
measured − 0.88 [Fe/(Fe+Mg)−0.34]+17.5) 

 Chlorite thermometry using the approach of Zang and Fyfe (1995) does not mirror 

that obtained from the equation of Kranidiotis and MacLean (1987). Frimmel (1997) 

states that the Zang and Fyfe’s (1995) formulation is useful for iron rich chlorite with 

Fe/(Fe+Mg) greater than 0.5, whereas those by Kranidiotis and MacLean (1987) are more 

reasonable for Mg-chlorite. In this work it was found that the chlorite formation 

temperature is rather better constrained using the equation of Kranidiotis and MacLean 

(1987). 

 

5.7.1.4.3 Results of Chlorite Thermometric Data 

 The results obtained by the application of the six geothermometers to the chlorites 

analyzed are summarized in Table 5.16. The temperatures calculated using different 

methods and calibrations differ to some degree by two categories. Temperature 

determinations made using the equations of Kranidiotis and MacLean (1987), 

Cathelineau (1988) and Jowett (1991) closely match to one another (Table 5.16 and Fig. 

5.34). The calibrations of Cathelineau (1988) and Jowett (1991) are similar.   

 The thermometric data show that the chlorites are not the low temperature-type 

developed by surficial alteration mechanisms. Rather they are the more stable chlorites 

that are commonly seen in metamorphic rocks and medium- to high-temperature 

hydrothermal deposits. They demonstrate IIB-structure field as defined by Hayes (1970), 

Bailey (1988) and Shabani (2009) (Fig. 5.35). It appears that the geothermal gradient at 



 

396 

the time of chlorite alteration was sufficiently high (probably close to that of the green 

schist facies metamorphic grade) or the chlorites are products of deuteric alteration - 

high-temperature fluids reacting with magmatic biotites, or there was reheating of the 

crust (by late events after the granitoids of Mactung were emplaced) which facilitated the 

alteration of biotite to chlorite. This is explained from the compositions of the chlorites, 

which plot in the fields of IIB type structure (Fig. 5.35). Younger ages obtained by Ar-Ar 

dating of muscovite in Mactung granitoids seem to support these re-heating events. 

 The use of chlorite compositional geothermometry is not immune from criticism. 

In the case of geothermometers based on the number of tetrahedral Al, it is reported that 

the Si content of chlorite may be strongly influenced not only by the temperature of 

formation but also by the pH of the coexisting fluid (Walshe, 1986). According to Jiang et 

al. (1994), the application of chlorite geothermometry based on the proportion of 

apparent vacancies or tetrahedral Al is unwarranted, and leads to inaccurate temperature 

estimates. Chlorite thermometers based on Aliv and octahedral vacancies are sensitive to 

the (Fe+Mg) compositions (cf. Tartèse et al, 2012). The contents of Aliv and octahedral 

vacancy are positively and negatively correlated to the (Fe+Mg) compositions, 

respectively and any thermometry should address the effect of these situations. DeCaritat 

et al. (1993) opines that the application of chlorite composition for geothermometric 

purposes should be utilized with caution. 

 That as it may, chlorite compositional empirical geothermometers are widely 

popular among researchers. Comparable results were reported between the method of 

Cathelineau (1988) and fluid inclusion thermometric data associated with quartz veins. 

For instance, in hydrothermal manganoan chamosite from vein and replacement Pb-Zn 



 

397 

deposits of Madam district, Bulgaria, fluid inclusion thermometry yielded 

homogenization temperatures of 308-330°C, whereas temperatures calculated using the 

approach of Cathelineau (1988) returned 300-360°C (Vassileva and Bonev, 2002). 

Temperatures from arsenopyrite thermometry matched those from chlorite, determined 

using the Kranidiotis and MacLean (1987) empirical thermometer (Zoheir, 2012). 

Calculated temperatures from experimental studies of chlorite are consistent with 

compositional empirical geothermometers (Shabani, 2009 and references therein). Based 

on detailed petrography, scanning electron microscope (SEM), X-ray diffraction (XRD), 

and electron microprobe data, these authors demonstrated that biotite is altered 

exclusively to chlorite in 13 granite-fluid experiments conducted at the following 

conditions: T = 170-300°C, P = vapor saturation = 200 bar; salinity = H2O, 0.1 and 1 m 

NaCl; fluid/biotite mass ratios = 3−44; and run durations = 122-772 hrs. The amount of 

chlorite, quantified through point counting and XRD, increased with increasing 

temperature, salinity, and time (Shabani, 2009 and references therein). 

 

5.7.2 Pressure Conditions 

 Two approaches were utilized to constrain the depth of emplacement of the 

Mactung granitoids. The first method was the application of the aluminium content of 

hornblende from pelitic hornfels occurring in direct contact with the Mactung North 

pluton. The other method of pressure quantification was made using the Si content of 

phengite in various granitoids of Mactung. 
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5.7.2.1 Hornblende Barometry 

 The aluminium content of calcic hornblende has been used to constrain the depth 

of magma emplacement of plutonic rocks by several researchers (Hammarstrom and Zen, 

1986; Hollister et al., 1987; Johnson and Rutherford, 1989 and Schmidt, 1992). The 

mineral assemblage quartz-plagioclase-K-feldspar-biotite-titanite-magnetite and 

coexisting ilmenite was stated to be necessary to calculate realistic pressure condition of 

magmatic crystallization (cf.  Hammarstrom and Zen, 1986). 

  Many calibrations were developed for quantitative Al-in-hornblende barometry. 

Hammarstrom and Zen (1986) first used the Al content in hornblende to derive an 

empirical correlation between pressure of solidification of calc-alkaline plutons and the 

total content of Al in hornblende on the basis of 23 oxygens. They devised a formula that 

relates pressure as follows: 

P(±3 kbar) = -3.92+5.03 Al (total); r2=0.8; 

 The pressure determination is governed on the principle of Leak (1971) who 

concluded that igneous hornblendes have lower Alvi contents than metamorphic 

hornblendes, an observation based on over 1500 analysis of aluminous and edenitic 

hornblendes. The proposed limit for octahedral aluminium (Alvi) in calcic amphibole of 

plutonic rocks is Alvi = 0.6A1iv + 0.25. Furthermore, Si > 7.5 apfu, and Ca<1.5 apfu are 

avoided in this barometer (Hammarstrom and Zen, 1986). The Mactung amphibole grains 

in calc-silicates, despite being hosted in contact-metamorphosed pelite, meets these 

criteria: hornblendes from Mactung calc-silicated pelitic hornfels have Alvi less than 0.3 

apfu, far below the proposed limit set by Leak (1971), with Si < 7.5 apfu and Ca  > 1.5 

apfu (Table 5.17). 
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 Hollister et al. (1987) explained the thermodynamic reasoning behind the 

hornblende thermometry, and refined Hammarstrom and Zen (1986)’s thermometry using 

additional compositional data from hornblende that crystallized at intermediate pressures. 

Their proposed new formula is: 

P(±1 kbar) = -4.67+5.64 Al (total); r2=0.97 

Johnson and Rutherford (1989) provided a calibration to determine pressures using the 

aluminum content in hornblende. Their formula is expressed as: 

P(±0.5 kbar) = -3.46+4.23 Al (total). 

Schmidt (1992) developed a calibration for pressure estimation using hornblende in 

tonalitic rocks. The proposed equation is: 

P(±0.6 kbar) = -3.01+4.76 Al (total); r2=0.99 

All of the barometric calibrations provided by the authors mentioned above were used. 

Ten amphibole grains from sample MAC-223A (Table 5.17), a hornfels sample obtained 

from Unit 3C at the northern end of the tungsten skarn deposit in direct contact with 

granite were selected (See Table 5.17 for analytical data, and Fig. 5.4 for sample 

location). All amphibole grains are calcic in composition. Using the classification method 

of Leake (1997), the compositions of amphibole grains fall entirely within ferro-edenite 

subgroup of amphiboles (Fig. 5.36). On an Aliv versus Alvi plot, the samples tightly 

cluster along a line which permits the calculation of pressure (Fig. 5.37). 

 The equation of the line is y= 0.8262x-0.482; R2 = 0.9558 and indicates an 

excellent correlation to be used in the Al-in-hornblende pressure determination. The 

spreadsheet program developed by Tindle and Webb (1990) was used to calculate 

pressure values for all calibrations discussed previously. Eight of the ten grains gave 
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acceptable SiO2 contents for pressure estimation (Table 5.17). The other two samples 

have higher silica content (>48%) and hence were not suitable for Al in hornblende 

barometry per the spreadsheet program of Tindle and Webb (1990). 

 Using the Hammarstrom and Zen (1986)’s Al-in-hornblende barometry 

calibration, a pressure of 1.4-3 kb was obtained (average 2 kb). Calculated pressures 1.2-

3 (average 1.9); 1-2.4 kb (average 1.5 kb), and 2-3.6 kb (average 2.6 kb) using the 

calibrations of Hollister et al. (1987), Johnson and Rutherford (1989) and Schmidt 

(1992), respectively were found . The average and individual pressure values determined 

by each of the four methods are presented in Table 5.18.  Mean pressure by combining all 

four methods is 2.02 kb. 

 Anderson and Smith (1995) provided a calibration of Al-in-hornblende barometry 

for temperatures in the ranges of 600 to 800°C that took into account the effect of 

temperature on pressure. Testing the Anderson and Smith (1995) barometer calibration, 

provided below, using a temperature of 650°C, a maximum temperature determined for  

Fe-cordierite stability (at 2 kb calculated above), within the hornfelsed Unit 1(Vampire 

Formation), using the aluminosilicate triple points of  Holdaway (1971), Spear and 

Cheney (1989), Holdaway and Mukhopadhyay (1993), and Spear et al. (1999) (See also 

Chapter 6 of this dissertation for P-T curves).  Anderson’s pressure equation is: 

P (kbar) = 4.76 Al (total) - 3.01 - [(T - 675)/85] x [0.53Al + 0.005294 (T - 675)] [5] 

 The pressure calculated using the above equation at T=650°C is 2.43 kb, slightly 

higher than the average pressure obtained from the preceding pressure calibrations. The 

average 2 kb pressure calculated represents the prevailing pressure condition under which 

contact metamorphism was imposed on the Mactung metasedimentary units at the time 
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the biotite granite was intruding. This pressure can also be regarded as the final 

emplacement pressure of Mactung granitoids prior to the erosion of the overlying cover 

rocks. The 2 kb determined using the Al-in-hornblende geobarometry is in agreement 

with the pressure (pressure of skarn ore body development) obtained using data from 

sphalerite geothermometry (Chapter 6). 

  Qualitative pressure estimation can be done based on the content of octahedral 

aluminium (Alvi) and Si in amphiboles: Alvi >1 and Si >7.65 separate pressures values of 

5 kb and above (Raase, 1974) (Fig. 5.38). Another approach to qualitatively evaluate 

pressure is based on the ratio of tetrahedral aluminum to octahedral aluminum in calcic 

amphiboles. In amphiboles (hornblende), a ratio Aliv/Alvi of 2 in metamorphic hornblende 

is a marker for low and high pressure metamorphic grade boundary (Fleet and Barnet, 

1978). This ratio corresponds to the low- and high-pressure boundary of 5 kb reported by 

Raase (1974); values higher than 2, imply lower pressure, whereas lower values (<2) 

indicate higher pressure. The Aliv/Alvi ratio of the hornblende in Mactung pelitic hornfels 

is > 3.27 apfu (Table 5.17 and Fig. 5.39). Fleet and Barnet (1978) considered Aliv/Alvi 

values of 3.3 and higher, a limiting boundary for the field of unaltered igneous 

amphiboles. The chemical characteristics of Mactung calcic amphiboles in calc-silicated 

biotite hornfels, in contact with the Mactung North pluton, are similar to those of igneous 

rocks. On both schemes of qualitative pressure estimations, the Mactung granitoids were 

emplaced at pressures less than 5 kb. 

 Aluminium-in-hornblende barometry is not commonly used for pressure 

determination of metamorphic rocks. Several reasons can be sited for this; most 

hornblendes in metamorphic rocks show compositional variation and their total Al versus 
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Aliv plots reflect different trends (Hammarstrom and Zen, 1986); metamorphic rocks do 

not have mineral assemblages or bulk compositions that correspond to those of calc-

alkalic igneous rocks although many contain quartz (Hammarstrom and Zen, 1986). The 

study of the variation in the Al content of metamorphic hornblende coexisting with 

specified mineral assemblages in contact metamorphic aureoles could eventually provide 

a calibration that matches pressures of emplacement of igneous intrusions as equal 

pressure values could be assumed (Hammarstrom and Zen, 1986). Notwithstanding some 

of the issues, it is possible to quantify pressure of granite emplacement from 

metamorphic hornblende successfully, i.e. using the required mineral assemblage 

accompanying hornblende as well as the chemical compositional criteria. 

 

5.7.2.2 Muscovite Barometry 

 The phengite component of white mica is used as pressure indicator (Velde, 1967; 

Guidotti and Sassi, 1976; Ernst, 1988). For the paragenesis kfs + qtz + phl + mus + H2O, 

the phengite content of primary magmatic white mica is a function of the activities of 

these phases (Massonne and Schreyer, 1987; Massonne and Szpurka, 1997; Klein, 2008). 

Massonne and Schreyer (1987) and Massonne and Szpurka (1997) calibrated the Si 

content of white mica as a barometer for the assemblage, quartz + biotite + white mica + 

K-feldspar. Based on experimental work, magmatic muscovite commonly has been 

regarded to have crystallized at elevated pressures (3-4 kb, at depths of 11-15 km) by 

several workers (e.g. Thompson 1974). However,  several researchers, have reported 

primary-looking muscovite in granite that crystallized at less than 3 kb or 11 km depth 

(Nelson and Sylvester, 1971; Benoit, 1971; Banks, 1977; Swanson, 1978; Sylvester et al., 
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1978; Bradfish, 1979). The current understanding is that the many additional components 

in a melt may enhance the stability field sufficiently to explain the occurrences of 

primary muscovite at surprisingly shallow depths as low as 5-10 km (Anderson and 

Rowley, 1981; Miller et al., 1981; Klein, 2008 and references therein).  Muscovites 

should be evaluated for primary origin using textural and chemical criteria to obtain 

meaningful depth of magmatic crystallization (Miller et al., 1981). 

 

5.7.2.2.1 Textural Criteria of Primary Muscovite Identification 

 The identification of primary muscovite has commonly been a difficult task. 

Textural criteria, to distinguish primary from a secondary muscovite, have been proposed 

by many researchers (e.g. Benoit, 1971; Saavedra, 1978; Miller et al., 1981). For a 

primary origin, a mica grain must; l) have relatively coarse grain size, comparable to 

other obvious primary phases; 2) be cleanly terminated, ideally with subhedral or 

euhedral form; 3) not be enclosed by, or raggedly enclose a mineral (or other possible 

alteration products of a mineral) from which the muscovite may have formed by 

alteration (e.g., feldspar, aluminum silicate); and 4) be in a rock with clean, unaltered, 

igneous (in most cases hypidiomorphic-granular) texture. 

 Muscovite in the Mactung granitoids occurs in four forms: 1) Fine-grained, 

dispersed anhedral flakes within feldspars, 2) Fine- to medium-grained tabular euhedral 

cleanly terminated crystals within feldspars, 3) subhedral to euhedral medium-grained 

grains coexisting with quartz, feldspars and biotite, and 4) large euhedral grains, partially 

or completely replacing biotite. The first types are clearly a low-temperature alteration 

from feldspars (both plagioclase and K-feldspars). Most muscovites selected for 
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microprobe analyses, using the above criteria are thought to be primary except that, in 

some of them, there is a clear alteration of biotite into muscovite.  

 

5.7.2.2.2 Chemical Criteria of Primary Muscovite Identification 

 In the absence of conclusive petrographic evidence for distinguishing primary 

muscovite from secondary muscovite, chemical compositional data are commonly cited. 

Compositional criteria set by researchers to identify primary and secondary muscovites 

are not straight forward, and at times they are conflicting.  Most texturally defined 

primary-looking muscovites are considerably richer in Ti, Al and Na and poorer in Mg 

and Si than secondary white micas (Miller et al., 1981; Klein, 2008; JiHua et al. 2013 and 

references therein). Paragenetic association, changes in physicochemical environment, 

including subsolidus re-equilibration may have a bearing in the variation in the chemical 

composition of primary muscovites even at the hand specimen scale. 

 Miller et al. (1981) investigated the chemical composition of magmatic and 

secondary muscovites of 16 plutons from North America and found muscovites that 

appear to be primary had elevated concentrations of Ti, Al and Na and lower 

concentrations of Si and Mg. Speer (1984) found systematic differences in Ti contents   

between primary and secondary muscovite for the southern Appalachian granite plutons. 

Titanium contents were distinctively higher in primary muscovites. The fields of Mg, Al, 

Na, and Si overlapped in both types of muscovites; however, secondary muscovite tends 

to be preferentially enriched in Si.  Monier et al. (1984) found a clear chemical 

distinction for three generations of muscovite (magmatic, late- to post-magmatic and 

hydrothermal) in the Millevaches massif, France. Titanium was the richest in magmatic 
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muscovite with intra-pluton variation (decreasing trend) following the magmatic 

evolution. Late or post-magmatic muscovites were more Fe-rich than hydrothermal 

muscovite. Both late stage and post-magmatic muscovite were of lower Ti content. The 

ratio Na/(Na+K) was 0.6-0.12, 0.01-0.07 and < 0.04 for magmatic, late to post-magmatic 

and hydrothermal muscovite, respectively. Hydrothermal muscovites also contain Ca and 

significant H2O. Dempster et al. (1994) identified the complex history of alteration in 

zoned muscovites for the Caledonian Oughterard granite in Connemara, western Ireland, 

using a discrimination diagram of Si versus Fe and Mg/(Mg+Fe). Hydrothermal 

muscovite showed high Si (3.3 apfu and higher Si per 11 oxygens) and more scattered 

data set. In his discrimination diagram, magmatic muscovite had lower Si value (<3.1 

apfu per 11 oxygens) and the data points were tightly clustered (at 0.25 apfu Fe and 0.3 

Mg# versus 3.055 apfu Si). 

 The primary or secondary nature of muscovite from the Mactung granitoids was 

investigated using the discrimination criteria of Miller et al (1981), Monier et al. (1984), 

Speer (1984), Dempster et al. (1994), and Sun et al. (2002). In the chemical criteria of 

primary muscovite identification (Sun et al. (2002), the Ti, Mg, Na and Al contents of 

Mactung muscovites was plotted against Fe #, (Fe/(Fe+Mg)) (Fig. 5.40a-d). Based on Ti 

versus (Fe/(Fe+Mg)), only one sample from biotite granite has Ti value above 0.5 apfu, 

reflecting most of the muscovites as being secondary origin. Data plots using Mg and Na 

versus (Fe/(Fe+Mg)) show mixed results. Both the biotite granite and leucogranites have 

muscovites of primary and secondary origin based on the Fe# versus Na plot, whereas the 

Fe# versus Mg plots show that muscovite from biotite granites are primary, whereas 

muscovite from leucogranite may be primary or secondary (Fig. 5.40b and c). Plots using 
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values of total aluminum versus (Fe/(Fe+Mg)) show the secondary nature of all 

muscovites of Mactung granitoids, which have aluminium concentration as high as 6 

apfu, far higher than the upper limit of Al (4.8 apfu) for primary muscovite (Sun et al., 

2002). This high Al apfu in all muscovite grains may disqualify them from being primary 

per the criteria of Sun et al. (2002). In contrast, Miller et al. (1981) put muscovite with 

high Al as indicative of primary origin. Muscovite in strongly peraluminous granite 

commonly have high Al contents (Zane et al., 1999). The fact that primary-looking 

muscovite almost invariably coexists with aluminous biotite±garnet suggests that such 

muscovite is indeed restricted to rocks that crystallized from primary strongly 

peraluminous magmas, even if the muscovite itself is secondary (Miller et al., 1981). 

Using the criteria of Miller et al. (1981), which utilizes Ti-Mg-Na ternary plot, most of 

the muscovite grains from the leucogranite plot within the primary field, whereas all 

muscovite from the biotite granite (except one sample) plot in the secondary muscovite 

field (Fig. 5.41).  As in Sun et al. (2002), the low Ti contents of muscovite in the Mactung 

granitoids is evident in this discrimination diagram, on which most muscovite grains are 

of secondary origin. The high-Mg content criteria for secondary muscovite in this plot   

conflicts with that of Sun et al. (2002) which places most muscovites of the biotite granite 

into primary field on the basis of Mg content (Fig. 5.40c). Furthermore, on the basis of 

the FeO*-TiO2-MgO (ternary diagram of Monier et al., 1984) in Figure 5.42, two of the 

muscovite samples (biotite granite and leucogranite) reflect primary composition, one 

from the leucogranite plotted in the hydrothermal field, and all other muscovites of both 

the biotite granite and the leucogranite plotted in the late to post-magmatic field (Fig. 

5.42).  Using the discrimination diagram of Dempster et al. (1994),  the Mactung 
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muscovite grains have Si values of less than 6.2 apfu per 22 oxygens but their Fe and 

Mg# values are highly variable (spread 0.15 - 0.8, and 0.2 - 0.6 apfu respectively) (Figs. 

5.43a and b). The data show that they are away from the field of secondary muscovite 

determined by Dempster, et al. (1994) (Figs. 5.43a and b). In the case of muscovites from 

Mactung granitoids, the higher variability in the Fe composition and Mg# could be due to 

variation in the rock types (two type of lithologies) rather than changes due to low 

temperature secondary processes, and may qualify as primary muscovites or muscovites 

of high temperature subsolidus crystallization. 

 Muscovites from Mactung granitoids are more likely to be primary, based on 

petrographic and other chemical criteria; however, one notable drawback in assigning 

them definitely to a primary origin is their lower Ti content (<1%). The high Ti content of 

primary muscovite has been emphasized by all authors that studied muscovite 

composition (Miller, et al, 1981; Speer, 1984; Monier et al., 1984; Zen, 1988; Anderson, 

1996; Sun et al., 2002). In the granitoids of the Mactung area, the titanium content of 

muscovite is substantially lower (av=0.039 apfu). It is suspected that the bulk 

composition of the rock controls this low concentration rather than the secondary 

processes. Moreover, the presence of abundant aluminum has exerted substantial 

substitution of Alvi for Ti4+ in biotite. Albeit this lower content of Ti, most muscovite 

grains analyzed fulfill the limiting Si (<6.6 apfu) and Na (>0.1apfu) values, universally 

accepted by all researchers; and define primary muscovites (Table  5.7). 

 In many of the Mactung granitoids, muscovite commonly replaces biotite, 

muscovite + biotite occur in equilibrium, or muscovite completely replaces and 

pseudomorphs biotite. Zhang et al. (2010) and Tao et al. (2013) suggested that 
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muscovites of this type are in fact primary, and formed by replacement of biotite in 

supersolidus conditions.  They concluded that as the crystallization temperature of the  

biotite (~800°C) is higher than that of the muscovite (~700°C), the muscovite could have 

formed by replacement of previous biotite in supersolidus conditions (Zhang et al., 2010; 

Tao et al., 2013). Moreover, the analyzed muscovites of both the biotite granite and the 

leucogranite group at Mactung do not seem to have developed through hydrothermal 

alteration. Unlike muscovites of the Mactung granitoids, hydrothermal muscovites have 

exceptionally low concentration of Ti, Na, Si, and Na/(Na+K); Magnesium and Fe2+ are 

considerably higher. There is no substantive evidence to suggest that late-stage low-

temperature hydrothermal alteration, except for the obvious fine aggregate masses of 

sericite within plagioclase and K-feldspars. Therefore, the analysed muscovites of 

Mactung are considered as high-temperature crystals (even those developed from the 

alteration of biotite), and thus can be used to constrain crystallization pressure of 

Mactung granitoids based on the tetrahedral Si concentration (apfu) in muscovite.  

 

5.7.2.2.3 Pressure determination for Mactung Granitoids using muscovite 

composition 

 The pressure of magmatic crystallization can be quantified for a known 

temperature using the muscovite Si isopleth drawn in a P-T space. Alternatively, a 

temperature of about 700-750°C can be assumed for magmatic muscovites in the 

haplogranite system based on experimental work in the literature. In the absence of a 

known temperature to fix pressure values in a P-T diagram, a minimum pressure can be 

established for a partially molten intrusion using the intersection of the Si isopleth 
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imposed on a haplogranite solidus line. We used the Si isopleth developed by Massonne 

and Szpurka (1997) projected in a P-T diagram, and superimposed in the haplogranite 

system of Holland and Powell (2001), in conjunction with the muscovite stability curves 

in a P-T space. Two pressure-temperatures sets were constrained using this technique 

(Fig. 5.44). A minimum pressure of 4.2kb±0.4 kb at 650-675°C for biotite granite, and a 

maximum pressure of about 2.1 kb±0.3kb at 600-630°C for leucogranite have been 

determined. Considering a pressure gradient of 3.7 km/kb, the two pressures of muscovite 

crystallization correspond to depths of 15.54 ±1.48 km and 7.77±1.11 km, respectively. 

The latter lower pressure is interpreted to represent muscovite crystallization at the 

solidus state (via reaction of biotite with the melt) overlapping the present-day position of 

Mactung granitoids. This interpretation is supported by the various calibrations of 

aluminum-in-hornblende barometry techniques used, which yielded a combined average 

pressure of about 2 kb. The presence of magmatic epidote in the Mactung biotite granite 

suggests that the depth of magma generation is greater than the 15 km which is estimated 

using the muscovite barometry. The presence of primary epidote in tonalite and 

granodiorite suggests that the pluton crystallized under lithostatic pressures of at least 6 

kbar (Zen and Hammarstrom, 1984). This assumption is based on, a) phase equilibria (8 

kbar, 600°C ˗ 800°C) of synthetic granodioritic melts (Nancy, 1983),  and b) epidote 

stability curve which intersects the liquidus curve of tonalitic melts appears only at 

pressure ≥ 6 kbar (Zen and Hammarstrom, 1984). The occurrence of euhedral to 

subhedral epidote/muscovite crystals require not only deep-seated emplacement but also 

a rapid upward transport, since euhedral crystals such as epidote cannot survive 

dissolution by quartzo-feldspathic matrix if slow cooling took place at the site of magma 
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generation, or depths deeper than the current shallow depth emplacement settings (Zen, 

1985; Brandon et al., 1996; Sial et al., 1999; Schmidt and Poli, 2004; Wen et al., 2008). 

The minimum pressure of magma formation for Mactung biotite granite may thus be as 

deep as 22 km (or more). This depth estimate is greater than the estimated 20 km 

sedimentary succession within the Selwyn basin (Abbott et al., 1986; Delaney, 1981; 

Thorkelson, 2000). 

 

5.7.3 Oxygen Fugacity Conditions 

 The comparison of biotite compositions with common oxygen buffers (quartz-

fayalite-magnetite (QFM), nickel-nickel oxide (NNO) and hematite-magnetite (HM)), 

using the diagram of Wones and Eugster (1965), show that all biotite samples from the 

various Mactung granitoids plot at, or below, the QFM line, and are indicative of  

reducing condition for biotite crystallization (Fig. 5.45). This reducing environment of 

crystallization is reflected by the absence of magnetite, presence of ilmenite and rutile, all 

characteristic of reduced or ilmenite series granitoids. A semi-quantitative evaluation of 

oxygen fugacity can be made from the Fe/(Fe+Mg) value of biotite by using the 

calibrated curve of Wones and Eugster (1965) in the f(O2)-T space (Fig. 5.46) and 

applying the temperature data from Gebru and Lentz (2010), also incorporated here 

(Chapter 3), derived using the apatite saturation thermometry (Watson, 1979, 1980; 

Harrison and Watson, 1984).  The estimated f(O2) value for the ore zone granite is about 

10-13.8 bars; the fugacity of the biotite granite magma is at 10-14.8 bars, and that of the 

leucogranite is 10-15.8 bars. Reducing condition of biotite crystallization is implied based 

on these f(O2) values. They lie at or below the QFM buffer in the temperature range of 
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760-925°C (Fig. 5.46).  A plot   of the estimated fugacities, and corresponding 

temperatures on the calibration curve of Ague and Brimhall (1988) for weakly-, 

moderately-, and strongly-contaminated I type granitoids of western California (cf. 

Young and Lentz, 2005), shows that all of the Mactung granitoids plot in the fayalite-CO2 

buffer zone, again reinforcing the reduced nature of these granitoids (Fig. 5.47). 

Calculations of the fugacities of the Mactung granitoids using the equation of Wones and 

Eugster (1989) mirror the semi-quantitative fugacity values obtained from the 

Fe/(Fe+Mg) composition of biotite, except that the values are slightly lower by about 10-2 

and 10-3 for biotite granite and leucogranites, respectively (Table 5.19). This may be 

attributed to the fact that the composition of biotite influenced the fugacity more than the 

general equation developed by Wones and Eugster (1965) for reduced magmatic systems.  

 

5.7.4 Water Content of Magmas 

 At 6-8 kb, source magma generation depth, which the biotite granite and perhaps the 

leucogranite originated from, are estimated to possess 3-3.75% and 5-6% initial water 

contents, respectively (Fig. 5.48). These observations agree with the views of many 

authors that melts generated from the partial melting of the crust may initially have lower 

concentration of water and (or) volatiles (Yang and Lentz, 2005 and references therein). 

The huge K-feldspars and plagioclase phenocrysts (2-4 cm by 4-8cm) in the biotite 

granite indicate that the melt from which this pluton formed was volatile saturated. As the 

initial biotite granite magma ascended from an initial pressure gradient of about 6 kb into 

a pressure of 2 kb (from 22-25 km to 7-8 km), the water content increased from an initial 

value of 3.5% to 6.5% (Fig. 5.48). This increase is sufficient to exsolve volatiles that 
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ultimately became the source of skarn tungsten mineralization in the adjacent calcareous 

rocks (Units 2B, 3D, 3E and 3F) (Fig. 3.2b, 3.3 in Chapter 3). Intercalated argillite layers 

are altered (calcsilicated) but are largely devoid of tungsten mineralization for inability to 

undergo complete metasomatism, which is marked by the formation of iron-rich 

clinopyroxene, which is associated with co-precipitating scheelite. In the case of the 

leucogranite, the initial water content is high enough that it may not require low pressure 

gradient to achieve volatile saturation. It is possible that the volatiles could have exsolved 

at levels deeper than the current level of emplacement. The very low Cl content in biotite 

and apatite of these granites (Tables 5.1 and 5.9) may also suggest that Cl was 

preferentially segregated into the volatile phase and was possibly lost by volatile 

exsolution from the initial magma at greater depths. 

 

5.8 Petrogenesis and Metallogeny 

 Many researchers have used biotite compositional data to establish magma origin 

and or tectonothermal environment (Wones and Eugster, 1965; Dodge et al., 1969; 

Barrière and Cotton, 1979; Neiva, 1976, 1981; Speer, 1981; Nachit et al., 1985; Ague and 

Brimhall, 1988; Lalonde and Bernard, 1993; Burkhard, 1993; Abdel-Rahman, 1994; 

Aydin et al., 2003; Shabani et al., 2003; Machev et al., 2004; Yang and Lentz, 2005; 

Bónová, 2006, 2010;). Herein the nature of magma and tectonothermal environment 

using various discrimination diagrams developed for biotite, and the compositional data 

of other minerals accompanying biotite are evaluated. Comparisons are made with some 

published works of known igneous provinces. 
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 Magmatic fluids and the partial pressure of oxygen of mineralized systems were 

investigated by several workers, e.g. van Middelaar (1988) for W-bearing Cantung 

granite in NWT, Canada; Selby and Nesbitt (1998, 2000) for Casino porphyry copper in 

Yukon Canada; Yang and Lentz  (2002, 2005) for W-Au Systems in granitoids of  

southwestern New Brunswick, Canada; Siahcheshm et al. (2012) for Maher-Abad 

porphyry copper deposit, Iran; and Esmaeily et al. (2013) for the Jurassic Boroujerd 

granitoids in western Iran. From the fluid characteristics of Mactung granitoids the 

petrogenetic and metallogenic implications (particularly as applied to tungsten 

mineralization) will be highlighted in this section. 

 

5.8.1 Granitoid Magma Types   

Nachit (1985) developed the Al total vs Mg diagram for biotite composition in granitoids 

to relate magma types from which biotite crystallized. He classified the nature of 

granitoid magmas into: peraluminous, calc-alkaline, sub-alkaline, and alkaline-

peralkaline. Almost all the biotites of the various Mactung granitoids plot within the 

peraluminous magma field of Nachit (1985) diagram (Fig. 5.49). In this diagram, if five 

scattered, outlier values of biotite grains that show substantial alteration (MS148-

144.0G1/4, MS148-134.6b, MAC-172 C5 G2c, 177A C3 G2c and MAC-303b) are 

ignored (Table 5.1 and Fig.  5.49), there is an excellent negative correlation between Al 

total and Mg. This trend line is parallel to the line Nachit (1985) developed to classify 

granitoid magmas. The negative correlation of Al total and Mg observed in the biotite 

composition reflects the decreasing trend of aluminum in less evolved peraluminous 

magmas. It also signifies the changing compositions of the four biotite end-members 
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through several cation substitution mechanisms (Spear, 1984; Nachit, 1985).  Of note 

here for the Mactung granitoids, we observe that biotites from the more evolved 

leucogranite plot distinctly towards the low MgO line of the graph, whereas biotite from 

the biotite granite and ore zone granite plot to the higher end of the MgO line in the 

graph, proximal to the calc-alkaline field (Fig. 5.49). 

 Abdel Rahman (1994) identified three compositionally distinct assemblages of 

biotite representing three magmatic rock types (anorogenic extensional-related alkaline 

rocks, calc-alkaline I-type orogenic suites, and peraluminous including S-type rocks). The 

averages of FeOt = [FeO + (Fe2O3 * 0.89981)], MgO, and A12O3 in biotites in the six 

alkaline suites he investigated (from 45 samples) were 30.6%, 4.4%, and 11.2%, 

respectively; the corresponding values for nine peraluminous rock suites (from 70 

samples) were 22.1%, 6.3%, and 18.9%; and for the 13 calc-alkaline suites (from 214 

samples) were 19.7%, 11.2%, and 14.9%. The average FeOt/MgO of biotite are 6.95, 

3.51 and 1.76 for alkaline, peraluminous and calcalkaline rocks, respectively. The 

average FeOt/MgO value almost doubles from calcalkaline (1.76), to peraluminous (3.48) 

to alkaline suites (7.04) (Abdel-Rahman, 1993). In Mactung case, biotite from the 

leucogranite is siderophyllitic consistent with the findings of Abdel Rahman (1993); 

however, the FeOt/MgO ratio is 7.32 (n= 4) and all the data points fall entirely within the 

peraluminous magma field contrary to the alkaline field in the diagrams of Abdel 

Rahman (1993). Biotites from the biotite granite are annite-siderophyllitic in composition 

with FeOt/MgO value of 3.2, whereas biotite grains from ore zone granites have an 

average FeOt/MgO value of 2.31. 
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 In addition to the above variation among biotites, Abdel Rahman (1994) used four 

discrimination diagrams in identifying alkaline magma (A), calc alkaline magma (C) and 

peraluminous magma (P), using biotite compositional ternary plots of FeOt-MgO-Al2O3, 

and binary plots of FeOt-Al2O3, MgO-Al2O3, and FeOt-MgO. In the FeOt-MgO-Al2O3 

the ternary discrimination diagram, biotite samples from the biotite granite and 

leucogranite of the Mactung area entirely fall within the field of peraluminous magmas 

(Fig. 5.50), consistent with the whole-rock alumina saturation index (ASI>1.1). Biotite 

from the ore zone granites mostly fall within the calc-alkaline magma field, which is 

consistent with the whole-rock ASI data (see petrological data in Chapter 3). The 

leucogranites are the most peraluminous; and are sequesters of the least magnesium; 

some of the samples from these rocks plot close to the FeOt-Al2O3 join. It is worth noting 

that the biotite compositions from skarn and hornfelsic rock from the metasedimentary 

units fall within the calc-alkaline field. It appears that the enrichment of magnesium in 

the biotite of the ore zone (in the pyrrhotite skarn) during contact 

metamorphism/metasomatism has increased the magnesium content of the mineral 

phases. In the case of biotite from the biotite hornfels, the data probably reflect the 

composition of source igneous protolith.  High Mg in biotite of the skarn and ore zone 

granites was probably sourced from the hornfelsic rocks. The binary FeOt-Al2O3 and 

MgO-Al2O3 diagrams consistently show that all the granitic rocks of the Mactung area 

were derived from peraluminous magmas (Figs. 5.51 and 5.52). Biotite from skarn and 

sedimentary hornfels samples also reflect the peraluminous composition in the MgO-

Al2O3 binary diagram. However, the binary FeOt-Al2O3 discrimination diagram shows 

skarn and hornfelsic samples fall within the calc-alkaline compositional field implying 
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that the protoliths to the hornfelsic sedimentary rocks were most likely from calc-alkaline 

magma suite.  It is obvious that if metasedimentary rocks with composition similar to that 

of the Mactung hornfelsic samples are subjected to voluminous anatexis, a calc-alkaline 

magmatic trend can show up in the discrimination diagrams. Consequently, combinations 

of different methods should be routinely applied when tracing source magma. Field 

observation and documentation are undoubtedly useful in identifying occurrences in 

sedimentary rocks, from biotite of igneous sources. This is an avenue igneous petrologists 

need to explore in developing effective discrimination criteria when sedimentary and 

igneous protolith reflect overlapping features. 

 The binary plot MgO vs. FeOt, places the leucogranite and biotite granite samples   

within the peraluminous field, but did not return a consistent picture for the other 

granitoids (Fig. 5.53); the ore zone granites samples are spread across the three fields: 

alkaline, calc-alkaline and peraluminous (Fig. 5.53). which might be due to the mobility 

of iron and magnesium after magma emplacement. Compositional overlaps, which may 

exist between P and C fields as defined by Nachit et al. (1985) and Abdel Rahman 

(1994), result either from differences in the physical conditions prevailing during granite 

genesis from one orogeny to another, or from late magmatic to sub-solidus alteration, 

modifying pristine compositions. In conclusion, from the various discrimination diagrams 

of Abdel Rahman (1994), the MgO-FeO binary plots of biotite generally are not as 

effective as the other diagrams in categorizing magmatic rock suits distinctly. 
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5.8.2 The Al, Ti, Fe, and Mg Composition of Granitoids as Tectonic Indicators 

 Biotite composition in peraluminous granitoids tend to have an increasing 

aluminum trend with increasing F/(Fe+Mg),  a common occurrence in S-type or 

contaminated I-type granites in many parts of the world; the granites of the Gander zone 

of the Canadian Appalachians in New Brunswick; the Adamello massif in  Northern Italy; 

the Southern Piedmont granites of the Appalachians; the Umm Naggat stock of Egypt; 

the Zaer granite of Morocco; the granites of Northern Portugal; the batholiths of 

California, USA and the Hepburn intrusive suite of Wopmay Orogeny (Lalonde and 

Bernard, 1993; Shabani, 1999 and references therein) to list a few. Assimilation of 

graphitic metasedimentary wall rocks during magma intrusion is commonly cited as the 

lead cause behind Al enrichment in peraluminous granites (Ague and Brimhall, 1988; 

Lalonde and Bernard, 1993; Shabani et al., 2010). Additionally, the presence of carbon 

and sulfur in source rocks results in a more reduced magma causing S-type granite to be 

more reduced than I-types which are produced by simple igneous melting (Flood and 

Shaw 1975; Shabani et al., 2010). It seems that such conditions may have prevailed 

during biotite crystallization in the Mactung granitoids.  The progressive increase of total 

Al in the biotite of the leucogranite at lower oxygen fugacity during crystallization 

suggests anatexis of reduced metasedimentary rocks rich in alumina. The trends defined 

in the biotite granite and ore zone granites (with moderate values of Fe/(Fe+Mg) in 

biotite suggest that the granites evolved under less reducing conditions with a lower 

metasedimentary contribution compared to the leucogranite phases. 

  Lalonde and Bernard (1993) state that the chemical composition of biotite and its 

colour under the optical microscope strongly reflect the tectonic origin of its host rock. 
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Biotite from peraluminous granitic plutons, in collisional tectonic belts, are characterized 

by a high total Fe # and a bright red brown color. Those criteria were used to discriminate 

continental collision from arc-related granitic suites (Hepburn and Bishop intrusive 

suites, respectively) of the early Proterozoic Wopmay Orogeny. ln the continental-

collision-related Hepburn suite, enrichment of Al total and Fe2+ and lower Fe3+ in biotite 

are interpreted to be the results of anatexis or assimilation of reduced metasedimentary 

material (Lalonde and Bernard, 1993), whereas biotite developed from continental arc 

magmatism are Al-poor and Mg- and Fe3+-rich (Lalonde and Bernard, 1993). In the 

biotite quadrilateral (annite-siderophyllite-phlogopite-eastonite diagram), high Fe/ 

(Fe+Mg) >0.5 apfu, and total Al above 3 apfu or Aliv greater than 2.5 apfu in biotite 

appear to define continental collision granitoids. Titanium content ranges from 0.032 to 

0.45 apfu. The most common values of titanium and (Fe/ (Fe+Mg) range from 0.15 to 

0.45 apfu and 0.59 to 0.78, respectively (Lalonde and Bernard, 1993). 

 Biotite from the Mactung granitoids shares some of the chemical composition and 

mineral characteristics of the biotite from the Hepburn intrusive suites of the Early 

Proterozoic Wopmay Orogeny. In terms of chemical composition, as in biotite of the 

Hepburn granitoids, aluminum is in excess (3-4 apfu) in all the Mactung biotite samples. 

There is sufficient Al3+ to completely fill the tetrahedral sites, and there is an excess of 

Al3+ carried in the octahedral sites. As in the Hepburn suite, biotite grains of the Mactung 

granitoids are Fe-rich; (Fe/(Fe+Mg) values range from 0.51to 0.93; the leucogranite and 

aplitic dykes are characterized by high Fe# (about 0.7-0.93). 

 As in the Hepburn granitic rocks, amphibole is absent, and biotite the only 

ferromagnesian mineral in the Mactung granitoids, has a bright red brown colour under 
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the optical microscope. Even Mactung granitoids with lower Fe#s (e.g. in the ore zone 

granites, Fe# = 0.57), have bright red brown biotite grains. Such colouring of biotite 

effectively distinguishes peraluminous granite from metaluminous calc-alkaline granites 

that have greenish biotite characterized by high Fe3+/(Fe3++Fe2+). Other mafic minerals 

such as tourmaline, chlorite and ilmenite occur in trace amounts in both the Mactung and 

Hepburn granitoids. Pattison et al. (1982) reported that the Hepburn granites contain 

garnet, and rare cordierite and sillimanite.  Following the Chappell and White (1974) 

classification of granitoids, Pattison et al. (1982) classified them as “S-type” granites and 

suggested that they were derived from the melting of metasedimentary protolith. They 

theorized that garnet, cordierite and sillimanite are relict minerals brought up from 

magma generated at depth under P-T conditions of 5-10 kb and 800-1100°C. Cordierite 

and sillimanite are exclusively absent from Mactung granitoids, and garnet is restricted 

only to the leucogranite phases.  This is clearly dissimilar to the Hepbum granitoids.  

A comparison of biotite chemical compositions using Al and Ti versus Mg/(Mg+Fe) 

diagrams from known calc-alkaline andesitic volcanic rocks (Yavuz et al., 2002); silicic-

alkaline metasomatized oceanic  peridotitic xenoliths (Wulff-Pedersen et al., 1996); 

alkaline rock (lamproite, kimberlite and melilite) and crustal  and peridotitic xenoliths  

carried by many lamproites (Wagner and Velde, 1986; Mitchell and Bergman, 1991; 

Cullers et al., 1996; Beard et al., 1998; Conticelli, 1998) with biotite composition from 

Mactung granitoids is presented in Figures 5.54 and 5.55, respectively. By comparison, 

biotite from the Mactung area is enriched in Al and Fetotal, and depleted in Ti. In the Mg# 

versus Altotal diagram (Fig. 5.54), biotite from the Mactung leucogranite shows an 

increasing Al  with decreasing Mg#. In contrast, biotite from the biotite granite and ore 
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zone granite tends to reflect increasing Mg# with increasing Al. Total aluminum and Mg# 

for Mactung granitoids are much higher and lower respectively than the values for calc-

alkaline, alkaline and crustal xenoliths, respectively (Figs. 5.54 and 5.55). It appears that 

the source magma for Mactung granitoids is crustal.   

 Christiansen et al. (1986) used plots of Al total versus Fe# to discriminate 

granitoids from various tectonic settings. Calc-alkaline rocks occupy the field of lower 

total Al, and intermediate to lower Fe#; A-type granitoids are characterized by high Fe# 

and low total aluminum, and two-mica granites are characterized by high total Al and 

Fe#. In this discrimination diagram, the Mactung granitoids occupy two compositional 

spaces. Biotite granite and ore zone granite occupy a field intermediate between the fields 

of calc-alkaline and two-mica granites (Fig. 5.56) reflecting a possible sedimentary rock 

assimilation by a calc-alkaline magma. The leucogranites plot to the right of the two-mica 

field, possibly indicating a very crustally sourced magma (a sedimentary protolith). 

 

5.8.3 Volatile Budget and XMg/XFe Ratio as Indicators of Magma Source and 

Metallogenic Association 

 Ague and Brimhall (1988) used the XMg/Fe and XF/OH frame work to classify 

magmatic biotites, and related them to the degree of contamination for the continental 

crustal source of the igneous rocks of Western California (Fig. 5.57).  This principle was 

adopted by them because these variables reflect:  1) the fO2 and fHF/fH2O condition of 

biotite crystallization; 2) F and OH are the principal substituting hydroxyl anion in the 

hydroxyl site of biotite, and 3) Fe and Mg are the major constituents of octahedral cations 

in biotite (Ague and Brimhall, 1988; Shabani, 1999). In this scheme,  Ague and Brimhall 
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(1988) divided igneous rock of Western California into four subgroups (Fig. 5.57): those 

containing biotite with log (XMg/XFe) < −0.21 are classified as strongly contaminated and 

reduced I-type (I-SCR type); rocks containing biotite with log (XMg/XFe) > −0.21 are 

divided into three subgroups on the basis of  increasing F/OH ratio: weakly contaminated 

I-type (I-WC), moderately contaminated I-type (I-MC) and strongly contaminated I-type 

(I-SC) (Fig. 5.57). The uncontaminated to moderately contaminated groups of the I-type 

granitoids are characterized by high oxidation state (Siahcheshm et al., 2012; Brimhall 

and Crerar, 1987). The log (XMg/XFe) and log (XF/XOH) values of the Mactung biotites 

range from -1.19 to 0.049 and -2.29 to-0.63, respectively (Tables 5.2 and 5.3; Fig. 5.57). 

Most of the data show low XMg/XFe values between -0.21 and -0.6, and log XF/XOH values 

of -1.25 to -0.7. The plot of log (XMg/XFe) and log (XF/XOH) of the biotite clearly indicates 

that the Mactung biotite granite had assimilated a substantial sedimentary component, 

and can be categorized following the classification of Ague and Brimhall (1988), into I-

SCR - strongly crustal-contaminated reduced I-type granite. 

 The molar fraction of phlogopite (Xphl) and the F/Cl (molar ratio) content of 

granitoid magma and associated hydrothermal ore deposits have been used to 

characterize the nature of intrusive granites vis-a-vis the various styles of mineralization 

linked to these intrusives (e.g. Gilzean and Brimhall, 1983 for porphyry copper and 

molybdenum systems and for I-type and S-type granites; van Middelaar and Keith, 1990 

for skarn deposits and skarn related granitoids). The log (XF/XCl) intercept versus 

Xphlogopite (Xphl) discrimination diagram of Middelaar and Keith (1990) was used to 

classify the Mactung granitoids as S- or I-type, and whether there was equilibrium 

exchange between the mineralizing fluids and the granitoids. For comparison, the fields 
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of the Santa Rita porphyry Cu, Henderson Mo, the I-type and S-type granitoids (from 

Gilzean and Brimhall, 1983) together with the fugacity contours of HF-HCl ratio of an 

equilibrating fluid calculated at 350°C were superimposed (Fig. 5.57). A temperature of 

350°C was chosen based on the minimum trapping temperature of fluid inclusion data of 

Mactung skarns, as calculated by Gerstner et al. (1989). 

 The XF/XCl versus Xphl diagram in Fig. 5.58 shows that the halogen (F and Cl) 

contents of Mactung granitoids differ from those of the porphyry Cu and porphyry Mo 

systems, whereas they share some resemblance to those of the granites and skarn systems 

of Cantung. In this diagram, all the granitoids (biotite granite, aplitic dykes and 

leucogranite, except few samples) plotted inside the S-type granitoid field. Biotite from 

the ore zone granites plotted inside, and near the I-type granite field, whereas biotite from 

the pyrrhotite skarn plotted inside the I-type field, and biotite from a hornfels plotted well 

away from the other fields (Fig. 5.58).  Interaction with the host metasedimentary rocks 

most likely caused the XMg content of some of the Mactung granitoids (ore zone granites) 

to shift to the right. The Mg content of biotite in the ore zone granites and the Mg content 

of biotite from pyrrhotite skarn are strikingly similar, whereas the Mg content of the host 

metasedimentary rocks is even higher. If these metasomatic effects are removed from the 

system, the discrimination fields of Gilzean and Brimhall (1983) places most of the 

Mactung granitoids into S-type category (Fig. 5.58). 

 Both the leucogranite and the biotite granite were moderately discordant to the F-

Cl ratio fugacity contours indicating that the final mineralizing fluids were probably not 

in equilibrium with the biotite granite and leucogranite, but was in equilibrium with the 

ore zone granites (Fig. 5.58). It is proposed here that the mineralizing fluids exsolved 
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earlier from the biotite granite. Upon interaction with the host country rocks, and with 

falling temperature they evolved and changed from the equilibrium position they attained 

at or before the time of exsolution. This is reasonable given the similarity of IV(F), 

IV(Cl), IV(F/Cl), fH2O/fHF, fH2O/fHCl and fHCl/fHF values of granitoids and skarn fluids at 

magmatic temperatures (Table 5.3). 

 Further correlation of the IV(F/Cl) intercepts values for biotite from the Mactung 

granitoids against their IV(F) intercepts and host rock differentiation indices (DI), 

respectively (following the scheme of Munoz, 1984), provides insight into styles of 

mineralization (Figs. 5.59a and b). The Mactung granitoids show two trends in magma 

evolution (Fig. 5.59a). The leucogranite is more evolved and comparable to porphyry Mo 

systems in terms of differentiation index. The biotite granite and ore zone granites are 

different from those of porphyry Mo and Cu deposits in that they have a differentiation 

index of 72-82, and occupy an intermediate position on the differentiation trend line 

(between those of porphyry Cu and porphyry Mo systems) (Fig. 5.59a).  They are more 

evolved than the porphyry copper-bearing granites but less differentiated than granites 

associated with porphyry Mo deposits. They plot between these two fields below the 

trend line linking porphyry Mo and porphyry Cu deposits. This is quite in contrast with 

the position of Cantung granite which lies on or above the normal differentiation trend 

line (Fig. 5.59a). The main reason for this disparity is the lower Cl content of the 

Mactung granitoids relative to Cantung. Other than this difference the Canting granite has 

similar differentiation index as that of the Mactung biotite granite. 

 With the exception of the leucogranite and aplitic dykes, all biotite grains from 

the biotite granite, ore zone granites and skarn define a unique field distinct from those of 
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porphyry copper, tin-tungsten-beryllium, and porphyry molybdenum deposits (Fig. 

5.59b). An examination of the IV(F) and IV(F/Cl) intercept values in Figure 5.59b 

indicates that the Mactung granitoids have similar IV(F) intercept values to those of 

porphyry copper deposits but behave differently in terms of their IV(F/Cl) composition. 

They are characterized by a relatively low IV(F/Cl) intercept values, in the range of 5 -4, 

(compared to porphyry Cu deposits; IV(F/Cl) = 7-5.5) which are indicative of lower 

chlorine activity. They also have a range of IV(F/Cl) intercept values similar to those of 

the Sn-W-Be deposits, but differ from them in terms of their higher IV(F) intercept 

values. This implies comparatively lower fluorine activity which is expected in less 

differentiated systems. The unique fields of the tungsten-bearing Mactung granitoids both 

in the IV(F/Cl) versus IV(F) and IV(F/Cl) versus D.I. graphs probably suggest a unique 

source region and magma type rather than being a continuum of differentiation from 

basaltic magmatism that produces Cu-bearing diorites and granodiorites, and the more 

evolved granitoids responsible for porphyry Mo, Sn-W-Be deposits. 

  

5.9 Conclusions 

1) Differences in the chemical composition of biotites and feldspars are the most 

robust means of distinctively characterizing rock types. Al, Fe and Mg are the 

main distinguishing elements among biotites of various granitoids.  The content of 

plagioclase distinctly identifies granitoids of differing sources. 

2) No enrichment factor in F and Cl was observed in the Mactung skarn fluid system 

relative to the biotite granite, the causative intrusion for tungsten mineralization. 
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3) The IV(F), IV(Cl), F/Cl intercept, log ƒH2O/ƒHF and ƒH2O/ƒHCl values of 

biotites in skarn are similar with that of the biotite granite and ore zone granite at 

magmatic temperatures, suggesting mineralization was sourced from these  

granitoids. The F/Cl composition of the skarn forming fluid did not change until it 

separated from the source granite magma and interacted with the host country 

rocks.  The fH2O/fHF and fH2O/fHCl ratios increased and fHF/fHCl ratio 

decreased significantly with falling temperature, whereas the F/Cl ratio and the 

HF-HCl fugacity decreased. 

4) The XMg and XFe compositions of biotite from Mactung granitic rocks show inter-

intrusion variation. The XMg content of biotite progressively decreases from ore 

zone granite to biotite granite and then to leucogranite, whereas the XFe content of 

biotite of the Mactung granitoids assumes the reverse order.  In leucogranite, XMg 

is positively correlated with F and negatively correlated to Cl contents. 

5) The discordant nature of the XF/XCl versus XMg plots of the biotite granite with 

respect to the contours of the fHF/fHCl fugacity ratio in the fluid at 350°C 

(hydrothermal temperature of biotite formation/biotite re-equilibration with skarn 

fluids), indicate a shift from the equilibrium conditions between the intrusion and 

the evolving fluid as magmatic temperature falls. The incorporation of F, Cl and 

other elements in the biotite granite were not likely influenced by the fugacity of 

the halogens.  This is likely the result of the absence of interaction between the 

fluid and the granitoids because of fluid exsolution from the magmatic system, 

and its migration along a different path away from the intrusives. On the other 
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hand, the subparallel nature of the biotite composition and the fHF/fHCl ratio 

contours of the ore zone granite and the skarn system indicate exchange of 

elements between the ore zone granite and the hydrothermal fluids that were 

modified through interaction with the host metasedimentary rocks. 

6) The IV(F) intercept of biotite in the Mactung granitoids is comparable to those of 

porphyry copper ore deposits and their associated granitoids. However, the IV(Cl) 

and IV(F/Cl) values of biotite from the Mactung granitic rocks are distinctly 

different from porphyry Cu-, Mo-, Sn-W-Be-bearing granites and other igneous 

rocks. The chlorine intercept values of biotite demonstrate that the Mactung 

granites are more depleted in Cl than biotite from common igneous rocks and 

those related to porphyry systems.   

7) Biotite from the leucogranite is siderophyllitic and consistent with the findings of 

Abdel Rahman (1993); however, the FeOt/MgO ratio is 7.32 (n= 4) and all the 

data points fall entirely within the peraluminous magma field unlike the alkaline 

assignment in the diagrams of Abdel Rahman (1993). Biotite from the biotite 

granite is annite to siderophyllitic in composition (FeOt/MgO = 3.2), whereas 

biotite from ore zone granite has an average FeOt/MgO of 2.31; and has calc-

alkaline affinity in the FeOt-MgO-Al2O3 and FeOt-Al2O3 ternary and bivariate 

diagrams, respectively; but are somewhat scattered across the three fields in the 

FeOt-MgO diagram, and completely within the peraluminous field in the MgO-

Al2O3 bivariate diagram. In aplitic dyke, there is unrealistically very high 

FeOt/MgO value of 27.35 which may point to a possible alteration undergoing in 



 

427 

the biotite of this lithology. 

8) The Mactung biotite granite, the causative intrusive for skarn tungsten 

mineralization, differs from the Cantung granites (also skarn related) in that its 

fluorine/chlorine intercept values are relatively low implying lower chlorine 

activity in Mactung granitoids. The F/Cl intercept versus D.I. data plot of Keith 

and van Middelaar (1990) shows that the Cantung granite falls within the normal 

porphyry copper-molybdenum differentiation line, albeit it too does have a similar 

differentiation index as that of the Mactung biotite granite and ore zone granite. 

9) Magma source for the Mactung granitoids originated from depths greater than 22-

25 km.  Fluid exsolution occurred through water enrichment as the temperature of 

the magma cooled from 900°C to 700°C when the magma ascended from 22- 25 

km to 7.7km.  Crystallization of muscovite and biotite in the biotite granite was 

probably completed at or above 4.2 kb (15 km or deeper). Crystallization of 

muscovite in the leucogranite was completed at 2 kb (7.7 km depth). 

10) The biotite granite of Mactung occupies an intermediate position between calc-

alkaline and two-mica granites on the discrimination diagram of Christiansen et 

al. (1986), and a strongly contaminated reduced I-type granitoid based on the 

log(XF/XOH) versus log(XMg/XFe) diagram of Ague and Brimhall (1988) and S-type 

granites based on the classification scheme of Abdel-Rahman (1994). 

Contamination and assimilation of sedimentary material, or the incorporation of 

S-type granite melts probably changed the original I-type source magma. 
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Fig. 5.1. Location map of Mactung, along the Yukon-NWT border. 
 
 



 

459 

 

 

Fig. 5.2. Location of Mactung granitoids with respect to early and mid-Cretaceous plutonic 

suites and belts in Alaska and Yukon (Regional map adopted from Hart et al., 2004). YT 

Uplands-:Yukon-Tanana Uplands, NWT: Northwest Territories. 
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Fig. 5.3. Location of granitic plutons in parts of the southeastern Selwyn Basin; 

modified from Anderson (1983c) and Groat et al. (2003). 
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Fig. 5.4. Local Mactung Geology (Yukon-NWT). Skarn tungsten mineralization 
occurs in altered limestone beds interlayered with dark grey argillites of the deep sea 

sedimentation. 



 

462 

 
 

Fig. 5.5. Photographs of granitoids hand specimens from Mactung area: A & B -

Biotite granite from Mactung North pluton, C - Biotite granite from Mactung South 
pluton; D – Ore zone granite; E and F -Leucogranite from the southern margin of 

Mactung North pluton; G and H- aplitic dyke south of the skarn tungsten deposit; 

dark horizontal lines on each specimen photo represent 1 cm length. 
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Fig. 5.6. Photomicrograph from some of the Mactung granitoids. A: Biotite 

granite; B and C: ore zone granite; D-H: leucogranite. A) biotite granite; the core 

of plagioclase alters to sericite and epidote; biotite alters to chlorite; radioactive 
halo of zircon in biotite; B & C) ore zone granite; destruction of biotite and 

development of titanite; plagioclase alters to epidote and pyroxene (pxn); D-H) 

leucogranite; D) abundant radioactive halo of zircon in biotite; biotite shows 

alteration to muscovite; well-developed garnet coexists with biotite and, E) biotite 
alters to chlorite; F) apatite (white) in plagioclase and zircon in biotite, G) 

plagioclase alters to sericite and epidote; H) large K-feldspar with tartan twinning 

(kfs). bt=biotite; pl=plagioclase; qtz=quartz; zn=zircon; ep=epidote; di=diopside; 
tnt=titanite; mu=muscovite; kfs=K-feldspar; chl=chlorite. 
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Fig. 5.7. Classification of biotite in granitoids from Mactung, plotted on the 

Fe/(Fe + Mg) versus Aliv diagram, in the quadrilateral annite-siderophyllite-

phlogopite-eastonite (Classification according to Deer, 1992). apfu = atoms 
per formula unit. 

 

Fig. 5.8. Classification of biotite in granitoids from Mactung area, plotted on 

the Mg/(Mg + Fe) versus Aliv diagram, portrayed as the quadrilateral annite-

siderophyllite-phlogopite-eastonite-siderophyllite. Classification after Rieder 
et al. (1998); apfu = atoms per formula unit. Symbols as in Fig.5.8. 
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Fig. 5.9. Plots of biotite of Mactung granitoids on the ideal trioctahedral 

mica plane being based on ts and Mg-Fe2+ exchanges (fields after Guidotti, 

1984). 
 

Fig. 5.10. Mg-Al-Fe plot of Mactung granitoids. Fields from Mitchell 

(1995). Data points plotting above the Eastonite-Siderophyllite indicate 

contamination during  microprobe analysis or some degree of  alteration 
(more Al introduced from chlorite alteration).  
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TiO2 

Fig. 5.11. Ternary plots of tetrahedral elements  [Mg-(Alvi+Fe+3+Ti)-

(Fe+2+Mn)] of biotite from Mactung granitoids on the basis of biotite 

classification  by Frost (1960). Symbols as in Fig. 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.12. Composition of biotites in the 10TiO2 -FeOt-MgO ternary diagram 

(Nachit et al., 2005). A) Field of primary magmatic biotites, B) Field of re-

equilibrated biotites, C – Field of neoformed/altered biotites. FeO* - total Fe as 

Fe2+. 
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Fig. 5.13. Plot of XMg versus major elements (apfu) and halogens. 1: ore zone 

granite; 2: 3C Biotite hornfels; 3: leucogranite; 4: biotite granite; 5: Pyrrhotite 

skarn. Symbols as in Fig.9. 
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Fig. 5.13 continued 



 

469 

 
 

Fig. 5.14a-f. The XMg and XFe composition versus the logarithm of halogen 
compositional ratio in biotite of Mactung granitoids; XF, XCl , and XOH 

represent the mole fractions of F, Cl, and OH, respectively in the hydroxyl 

site [e.g., X is defined as X = F/(F+Cl+OH). 
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Fig. 5.15. Histogram showing the F/Cl intercept value - (IV(F/Cl) for biotites from 
the Mactung granitoids: a) biotite granite and b) leucogranites.  
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Fig. 5.16. Plot of A/CNK ratio [molar Al2O3 /(CaO + Na2O +K2O)] of 

biotite versus whole-rock values for all samples whose biotite has 

been determined by microprobe. All biotite grains from all types of 
granite of Mactung are highly more aluminous than their 

corresponding whole-rock values. 

 
 

Fig. 5.17a. Chlorine versus Si in biotite from Mactung granitoids. 

There is a negative and positive correlation between Si and Cl in 
leucogranites and ore zone granites. Trend in the biotite granite is not 

obvious, though it appears to decrease at slower rate. 
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Fig. 5.17b. Fluorine versus Si  (apfu) in biotite from Mactung  granitoids. 

Fluorine increases with increasing Si  in leucogranites and Ore zone  granites. 

Trend in the biotite granite is not obvious, appears unaffected. 
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Fig. 5.18. Bivariate  plot of Cl versus F; decreasing F with 

increasing Cl in biotites of biotite granite, and  increasing Cl  

with increasing F in  biotites of leucogranite and ore zone 

granite. 

SI 

Fig. 5.19. Solidification index (SI) in biotites of Mactung granitoids. 

Biotite in the various lithologies show increasing Fe/(Fe+Mg) with low 
degree of solidification index, which is in accordance with normal 

crystallization trend. 
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Cl 
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Fig. 5.20. An-Ab-Or ternary diagram showing plagioclase and K-feldspar phenocryst 

compositions from the various Mactung granitic rocks: a) biotite granite, b) ore zone 

granite, c) Aplitic dyke, and d) leucogranite. Red and black circles represent core and 
rim composition respectively. Triangular plots in Fig. 20b represent biotite granite from 

Mactung South (fields of feldspar composition are from Deer et al., 1992). 

 



 

475 

Fig. 5.21a. Compositional variation within two-mica granitoid muscovites from the 

Mactung area. (a) (Fe2+ + Mg) versus Si–6 (apfu) diagram, illustrating the extent of the 

celadonitic substitution. Fe2+: total Fe (Fe2+ + Fe3+), the filled circle is the phengite 
position whereas the open square represents the ideal muscovite position. Fig. 5.21b. 

Degree of paragonite substitution expressed as Na versus K (apfu) diagram. Na* = 100 

Na/(Na + K). The open square represent the ideal muscovite composition (IMU). 

Fig. 5.21c. Tschermakitic substitutions in muscovites in a binary 

diagram showing the relationship between Al and Si. There is a strong 

correlation implying Al substitution for Si in the tetrahed ral site. Cross 

symbols represents biotite granite and triangles represent leucogranite. 
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Fig. 5.22. Si vs. Fe/(Fe/Mg) and Fe total diagram showing chlorite compositions 

from Mactung granitoids (classification using Hey, 1954).Chlorites crystallized at 

uniform Si as the Fe# number varies widely. All chlorite samples are ripidolite. 

Symbol representation: circle, chlorite from ore zone granite; cross, chlorite from 
biotite granite; and triangle, chlorite from leucogranites. 
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Fig. 5.23. Classification of chlorite according to Zane and Weiss, 1998. End-

member chlorite points (Clinochlore and Chamosite) according to Wiewiora 
and Weiss (1990). Samples of Mg- and Fe-  dominant chlorite plot entirely 

within Type I chlorite field, with the exception of one sample plotting on the 

borderline of  Type I and Type II chlorites. Vacancy represents deficiency in 
octahedral sites for divalent, trivalent and tetravalent cations.  The proportion 

of vacancies is calculated as follows: 12-(R2+R3+R4+) on the basis of 28 

oxygens. The number 12 represent full octahedral occupancy in apfu. 

 
Fig. 5.24. Tschermark and dioctahedral substitutions (AM) in chlorites of Mactung granitoids 

(after Zane et al., 1998) using plots of Aliv versus (Alvi+2Ti+Cr). Δ = Aliv-(Alvi+2Ti+Cr). 

Open circle is position of end members (Clinochlore-Chamosite) FM substitution. Increasing 

AM (dioctahedral substitution) in the direction of short arrow. Increasing TK substitution 
with increasing #s - 0, 2, 4 and 6. 
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Fig. 5.25. Plots of chlorite compositions from Mactung granitoids on 

the Fe-Mg substitution diagram; dashed line is best fit line for the 
whole  of the population; dot lines: Fe + Mg between 8 and 9 afpu. 

Radial lines correspond to Mg/Fe ratio of 2, 1 and 0.5. Formulae 

related to regression lines: (1) for whole chlorites population, and (2) 

when one outlier value is discarded.  

 

 

 
Fig. 5.26a. F-Cl-OH plots of apatite from Mactung granitoids. 

Fluorine is the dominant phase, followed by hydroxyl. Chlorine 
concentration is negligible. 
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Fig. 5.26b. Diagram showing fluorine versus chlorine concentration (apfu) – 

content of apatite from Mactung granitoids.  
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Fig. 5.27. Chemical subdivision of tourmalines from the Mactung 

granitoids: Classification of the principal groups based on X-site 
occupancy. Mactung tourmalines belong to the alkali tourmaline 

subgroup (after Hawthorne and Henry, 1999). r=vacancy in X-site.  

 

Fig. 5.28. Tourmaline from Mactung granitoid plotted in compositional 

variation diagram of Schorl-Dravite-Elbaite end members (after Dietrich, 
1985). Mactung tourmalines are solutions between the three end 

members. 



 

481 

Fig. 5.29a. Classification of tourmalines in granitoids at Mactung 

using plots of Na/(Na + Ca) versus Fe/(Fe + Mg); compositional field 

from Shao-Yong Jiang et al. (2002). 

 

Fig. 5.29b. Classification of tourmalines in granitoids of Mactung 

using plots of Ca/(Ca+Na) versus Fe/(Fe + Mg); compositional field 

from Selway et al. (1998). 
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Fig. 5.29c. Discrimination diagram for tourmaline species of Mactung 
granitoids using plots of Mg# (Mg/(Mg+Fe)) versus, r# (r/(Na+r)) relative to 

Na in X-site. Lines dividing the diagram represent 50% of the end members. 

R represents vacancy. Fields are from Henry et al. (2011).  
 

 

Fig. 5.29d. Discrimination diagram for tourmaline species 

of Mactung granitoids using plots of Al # (Al/(Al+Fe+)) in 
the y site versus, Na# (Na/(Na+r)) relative to X site 

vacancy. (Tourmaline fields are from Tindle et al., 2002). 
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Fig. 5.30. Compositional range of tourmalines from various rocks displayed in the Al-Fe-Mg 

ternary diagram. Field assignment taken from Henry and Guidotti (1985) dark circles 
represent compositions of tourmalines from Mactung leucogranite. Composition indicates the 

magmatic origin of tourmaline. 
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Fig. 5.31a. Plot showing the variation of Al_y (A1 in Y site) versus r 

(vacancy in X-site). There is a strong correlation between Al and vacancy in 

X-site. From this relationship, coupled substitution involving Na(x) + (Mg, 

Fe) y = A1(y)+Vacancy(x) is inferred. 

 

Fig. 5.31b. Plot showing the variation of A1_t+Al_z+Al_y versus 
Na_x (Na in X site). There is a strong correlation between Al and Na 

in X site. From this relationship, coupled substitution involving 

Na(x) + (Mg, Fe) y =A1(y)+Na(x) is inferred. 
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Fig. 5.31c. Variation in the vacancy r of X site versus Ca in the X site (apfu) 
in tourmaline. It appears no substitution between Ca2+ and vacancy.  

 

 Fig. 5.31d. Variation in Fe2+
 versus Al at the Y site (apfu) in tourmaline 

. 
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Fig. 5.31e: Plot of Fe versus Al+Li in Y site of tourmaline. Fe and Al(y) 

show inverse relationship. Coupled substitution has played a significant 

role in Y site occupancy of magmatic tourmaline in Mactung granitoids: 
Fe2* = Al 3+ + Li. 

 

 
 

 

Fig. 5.31f. Plot showing the variation in Al_y (A1in the Y site) versus 

(Fe+Mg+Mn) in Y site of tourmaline. Most grains have Al_y (A1 in Y site) 

above 0.4 apfu). 
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Fig. 5.31g. Variation in Fe and Mg content 
in the Y site of tourmaline. More Mg has 

substituted for Fe. 

Fig. 5.31i. Plot of TiO2  against XFe for 

tourmaline grains. TiO2 is independent  of  

XFe (Fe/(Fe+Mg)) composition. 

Fig. 5.31h. Plot of SiO2 versus 

XFe (Fe/(Fe+Mg)) composition of 
tourmaline. SiO2 is  independent 

of XFe composition. 
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Fig. 5.32a-b. Plots of albite in K-feldspar versus albite in Plagioclase: 
a) aplite dyke, b) Leucogranite. Red circles are cores and black circles 

are rims. 
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Fig. 5.33a-b. Plots of albite in K-feldspar versus albite in plagioclase: 

a) biotite granite; triangles represent composition of feldspars from 

Mactung South pluton and the rest from Mactung North pluton. b) ore 
zone granite. Red symbols are cores and black symbols are rims.
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Fig. 5.34. Graphical representation of chlorite geothermometers for chlorite 

composition data  in Table 16 (chlorite alteration from biotite). T1: 

Cathelineau and Nieva (1985); T2: Cathelineau and Nieva (1985); T3: 

Cathelineau (1988); T4: Kranidiotis and MacLean (1987); T5: Jowett (1991) 
and T6: Zang and Fyfe (1995). T3, T4 and T5 agree well. 

 

Fig. 5.35. Plot of tetrahedral Aliv versus Fe/(Fe+Mg) in chlorite 
samples from granitic rocks of Mactung. Solid lines define field 

after Hayes (1970) and dashed lines defined field after Bailey 

(1988). Both fields define the compositional range of the more 

stable (IIB structure type) metamorphic chlorites. 
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Fig. 5.36. Compositions of amphibole in calc-silicated biotite 

hornfels (Unit 3C) plotted in the amphibole classification 
diagram of Leake et al. (1997) in terms of Si [apfu] versus 

Mg/(Mg + Fe2+). apfu = atoms per formula unit. 

 

Fig. 5.37. Plot of Altotal versus Aliv in 10 hornblende grains in 

pelitic hornfels; solid line and formula represent regression 
line and its equation respectively; Alvi and Aliv used in the 

data are calculated on the basis of 23 cations. 
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Fig. 5.38. Plot of the Si versus Alvi content of amphibole grains as a 

semi-quantitative geobarometry (fields after Raase, 1974). 

 
 

Fig. 5.39. Alvi (apfu) versus Aliv (apfu) plots of metamorphic 

hornblende (from pelitic hornfels) adjacent to biotite granite of 

Mactung North pluton (pressure estimation diagram: modified after 
Fleet and Barnet, 1978); solid line with Aliv/Alvi = 2.0 approximates 

the 5 kbar boundary of Raase (1974); Aliv/Alvi ≥2: field of low-

pressure hornblende. Aliv/Alvi ≤ 2.0: field of high-pressure 

metamorphic hornblende. 
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Fig. 5.40a-d. Geochemical discrimination diagrams of primary and secondary muscovites 

from Mactung granitoids: plots of Fe # (Fe+(Fe+Mg)) versus Ti, Mg, Na, Altotal (modified 

after Sun et al., 2002). 
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Fig. 5.41. Muscovite from Mactung granitoids plotted in the Na-

Mg-Ti ternary diagram (fields after Miller et al., 1981). PM = 

Primary muscovite. SM=secondary muscovite. 

 

Fig. 5.42. Biotites from Mactung granitoids plotted on the 
FeO*–TiO2 –MgO (wt. %) diagram of Monier et al. (1984).  

The arrow indicates path of compositional evolution of 

magmatic muscovites. FeO*: total iron oxides (FeO+Fe2O3). 

PM = primary muscovite. SM=secondary muscovite. HM = 
hydrothermal muscovite. 
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Fig. 5.43. Comparison and discrimination of muscovite of Mactung 

granitoids using the chemical variation diagram of magmatic (Group 

l) and secondary (Groups 2-5) white micas from a granite sample of 
western Ireland, in cations per formula unit (Dempster et al., 1994). 

Mica groups 1-5, refer to different stage growths/alterations. a: 

muscovites from Mactung granitoids; b: muscovites from granitoids 

of western Ireland. 
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Fig. 5.44.  Emplacement depth of Mactung granitoids by phengite barometry. P-T 

diagram for crystallization conditions of magmatic/sub-solidus muscovites. The small 

rectangles indicate the P-T-window in which magmatic muscovite and subsolidus 
muscovite crystallized. Reactions curves after Holland and Powell (2001). Si-Isopleth 

modified from Massonne and Szpurka (1997). Ab=albite; mu=muscovite, fs=K-

feldspar; q=quartz; sill=sillimanite; cor=cordierite; liq=liquid. 



 

497 

Fig. 5.45. Composition of biotite from the granitic rocks of Mactung 

area, plotted in the Fe+2–Fe+3–Mg diagram of Wones and Eugster 

(1965), along with the three common f(O2) buffers: quartz – fayalite – 
magnetite (QFM), nickel – nickel oxide (NNO), and hematite–

magnetite (HM); Note: Fe+3 determined using Fe+2/Fe+3 ratio of 0.9 

for the Cantung granite (Middelaar and Keith, 1990). 

 

Fig. 5.46. Projection of the Fe/(Fe+Mg) axis of biotite equilibria of 

Mactung granitoids onto the log fO2 -Temperature diagram of Wones 

and Eugster (1965); P=2070 bar; biotite stabilized along fO2 - 
Temperature diagram in terms of 100*(Fe/Fe+Mg) of biotite 

composition. 
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Fig. 5.47. Plots of Temperature versus log oxygen fugacity (fO2) diagram for 

Mactung granitoids. The solid lines show the fO2 –T conditions for the redox 

buffers Hmt-Mt (hematite-magnetite), NiO–Ni (nickel oxide–nickel), QMt–F 
(quartz-magnetite- fayalite), and CO2–CH4 (carbon dioxide-methane); data from 

Candela (1989) (in Yang et al., 2005). Upper dotted lines represent weakly to 

moderately contaminated I-type (I-WC & I-MC. ISC) granitoids; Lower dotted 

lines denote strongly contaminated and reduced I-type (I-SCR) granitoids (after 
Ague and Brimhall, 1988). Red ellipse represents the ore zone granites; green 

ellipse Represents biotite granite; dark grey ellipse denotes leucogranites. The 

former two granitoids fall between I-MC fields and the latter in the I-SCR field. 
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Fig.  5.48.  Estimated  initial  water  content  of  leucogranite  and  biotite  
granite  using  the experimental model of Holtz et al. (2001) (in Yang and 

Lentz, 2005). By the time magma reaches to a depth corresponding to 2kb 

(final emplacement pressure), the biotite granite (mineralizing intrusive) 

would attain about 6-7% H2O. 

 
Fig. 5.49. Biotite composition of Mactung granitoids on the tectonic 
Classification diagram of Nachit et al. (1985); Mg versus Al binary plot 

(apfu), demonstrating the peraluminous affinity of the rocks hosting the 

analyzed biotite. Al total is the sum of tetrahedral and octahedral aluminum 

(Aliv + Alvi). Three distinct features of granitoids: low Mg granitoids (<1.5 
apfu), moderate Mg granitoids (1.5-1.85 apfu) and high Mg granitoids (>1.85 

apfu). 
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Fig. 5.50. FeOt–MgO–Al2O3 biotite discrimination diagram (using the 

method of Abdel-Rahman,1994), showing the calc-alkaline and 

peraluminous characters of  the Mactung granitoids. FeOt is total (FeO + 
Fe2O3).  

 

Fig. 5.51. FeOt–Al2O3 (wt. %) biotite discrimination diagram (using the 
method of Abdel-Rahman,1994), showing the peraluminous characters of the 

Mactung granitoids. Symbols as in Fig. 5.50. 
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Fig. 5.52. MgO-Al2O3 (wt. %) biotite discrimination diagram (using the method 

of Abdel-Rahman,1994), showing the peraluminous characters of the Mactung 

granitoids. 

 

Fig. 5.53. FeOt–MgO (wt.%) biotite discrimination diagram (using the method of 
Abdel-Rahman,1994), showing the predominantly peraluminous characters of the 

Mactung granitoids. Rocks symbols as in Fig. 50. 
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Fig. 5.54. Variations in Al total against Mg# (Mg/Mg+Fe)) for biotite of Mactung granitoids, 

compared to biotite from calc-alkaline andesitic volcanic rocks (Yavuz et al., 2002); silicic-

alkaline metasomatized oceanic peridotitic xenoliths (Wulff-Pedersen et al., 1996); alkaline 

rock (lamproite, kimberlite and melilitite) and crustal and peridotitic xenoliths in lamproites 
(Wagner and Velde, 1986; Mitchell and Bergman, 1991; Cullers et al., 1996; Beard et al., 

1998; Conticelli, 1998). Fig. 5.55. Variations of Ti versus Mg# (Mg/Mg+Fe)) in biotite of 

Mactung granitoids compared with biotite of various sources. The symbol representation is 

the same as in Fig. 54. 

Fig. 5.54. 

Fig. 5.55. 
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 Fig. 5.56. Biotite compositions from Mactung granitoids relative 

to various types of granites. Fields taken from Christiansen et al. 
(1986). 

  

 

Fig. 5.57. Composition of biotite for Mactung granitoids plotted in the 
log(XF/XOH) versus log(XMg/XFe) diagram of Ague and Brimhall (1988). I-

WC: Weakly contaminated I-type; I-MC and I-SC: Moderately and strongly 

contaminated I-type; ISCR: Strongly contaminated and reduced I-type.  
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Fig. 5.58. The Xphl versus log(XF/XCl ) composition of biotite from granitoids, 

Mactung area, NE Yukon. XF and XCl are the mole fractions of F and Cl in the 

hydroxyl site, respectively. Contours are the logarithm of the fluorine-
chlorine fugacity ratios (fHF/fHCl) for a fluid in equilibrium with biotite 

(Munoz, 1984), calculated at 350oC. 
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Fig. 5.59. a) F/Cl intercept values (IV(F/Cl)) of biotite plotted against 

differentiation index (DI) for Mactung granitoids; Cantung data fields are from 

Keith and van Middelaar (1990) and porphyry Cu and Mo fields are from Munoz 

(1984). b) F/Cl intercept values (IV(F/Cl)) of biotite plotted versus F intercept 
values (IV(F)); the fields are modified from Munoz (1984). Compositions of 

biotites from the Mactung granitoids uniquely define their own field; they are 

different from those of porphyry Cu, Mo and Sn-W-Be deposits. 
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Table 5.1.  Location of samples used for mineral composition analysis from 

Mactung granitoids (Easting and Northing in UTM coordinates - metres) 
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Table 5.2. Electron Probe microanalysis (EPMA) of biotite grains from Mactung granitoids 
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 Table 5.3. Comparison of IV(F), IV(Cl), IV(F/Cl), (fH2O/fHF, fH2O/fHCl, fHF/fHCl) values of Mactung granitoids with other  
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Table 5.4. The alumina saturation index of Mactung whole rock and biotite analysis 
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Table  5.5. SEM-EDS analysis of plagioclase feldspars (wt.%)  
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Table 5.6. SEM-EDS analysis of alkali-feldspars (wt.%) 
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 Table 5.7. Electron microprobe analysis of muscovite from Mactung granitoids, Yukon-NWT (wt.%) 
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Table 5.8. Electron microprobe analysis of chlorite  (wt. %) from Mactung granitoids, Yukon-NWT 
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Table 5.9. Electron microprobe analysis of apatite (wt.%) from 

Mactung granitoids, Yukon-NWT 
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Table 5.11. Electron microprobe analysis of niobates from Mactung granitoids, Yukon-NWT 
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Table 5.12. Electron microprobe analysis of monazite from selected Mactung granitoid samples, Yukon-NWT 
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Table 5.13a. Apatite-biotite temperature determination using the method of Sallet (2000) 

 

Table 5.13b. Apatite-biotite temperature determination using the method of Zhu (1992)  
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Table 5.14. Ti-in-biotite geothermometer for Mactung granitoids (after 

Henry et al., 2005), Yukon-NWT 

 



 

 

5
3

7
 

 

Table 5.15. Temperature based on Two feldspars thermometry of Putirka (2008) 
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Table 5.16. Temperature determination of chlorite formation using various calibrations 
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Table 5.17. Electron microprobe analysis of amphibole grains from Mactung calc-silicated biotite hornfels 
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Table 5.18. Pressure determinations from amphibole grains in biotite hornfels using various calibrations of 

Al- in amphibole thermometry, Mactung, Yukon-NWT 

 



 

 

5
4

3
 

Table 5.19. Calculated fO2 values of Mactung granitoids using the formula of Wones  (1989) 
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Chapter 6 

Mactung W-(Cu-Au-Bi) Skarn Deposit, Yukon-NWT: analysis of 

Geological, Geochemical, and Mineralogical Controls on Mineralization 

Skarn Deposit, Yukon-NWT: 

 
 

Abstract 

W-(Au-Cu-Bi) mineralization at Mactung, Yukon, Canada is situated within the 

eastern flank of the NW-SE-striking poly-deformed Selwyn sedimentary basin, in 

skarnified limestone beds interlayered with dark siliceous to argillaceous/pelitic 

sedimentary rocks that have been subjected to low-grade regional metamorphism and 

contact metamorphism. A lower skarn tungsten orebody occurs within the Lower 

Cambrian Sekwi Formation and three upper orebodies occur in the overlying Ordovician 

Rabbitkettle Formation. Two Middle Cretaceous biotite granite plutons are exposed both 

south and north of the deposit. The North Pluton is dominantly porphyritic, and is 

intruded and rimmed by a more leucocratic medium- to coarse-grained granite. Prominent 

aplitic dykes outcrop south of the deposit.  

Tungsten mineralization is as scheelite, associated with pyrrhotite, chalcopyrite, 

and pyrite in various skarn facies: pyrrhotite-pyroxene skarn, (amphibole)-(garnet) - 

pyroxene skarn, and (biotite)-pyroxene-pyrrhotite skarn, with anorthitic plagioclase and 

quartz. In pyrrhotite skarn, pyrrhotite and chalcopyrite are intimately associated. Higher 

Cu with more chalcopyrite is obvious. There is extensive bleaching of the 
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argillaceous/pelitic layers (graphite removal) adjacent to mineralized zones coincident 

with biotitization.  

Gold mineralization is erratic in general. It occurs in sulphide-rich skarn rocks, 

particularly in the lower orebody. An average of 0.38 g/t Au over an apparent thickness 

of 135 metres was returned from bulk samples from the adit wall, collected at 5 metre 

intervals in the lower orebody. Minimum true thickness of the lower orebody is 25-35 

metres. Although Au is not directly correlated to W values, individual assays as high as 

1.74 g/t Au occur in the high tungsten zone.  Gold is directly correlated to Bi 

(Spearman’s Rank r' = 0.83). Bismuth abundance reaches as high as 1680 ppm. Iron, Ag, 

Sb, Co, Pb, and Cu are also positively correlated to Au (Spearman’s Rank r'= 0.72, 0.71, 

0.69, 0.67, 0.62, and 0.53, respectively). No electrum has been observed, and from 

EPMA, Au is intimately associated with native bismuth and Te-bearing bismuth phases 

as a solid solution, with native bismuth as the dominant phase. These phases contain 115-

949 ppm gold, the highest being a composition of hedleyite-bismuth solid solution. 

Copper, Se, and Sb occur in amounts in the order of 1000's ppm.  

Sphalerite geobarometry and aluminium-in-hornblende geobarometry show that 

skarn formed at ~2 kb (200 MPa), which corresponds to a depth of ~7-8 km. The mineral 

assemblage of the meta-argillic/pelitic rocks indicate a temperature of about 420 oC was 

attained during regional metamorphism.  Mineral assemblages in the lower pelitic rocks 

associated with contact metamorphism indicate temperatures of up to 635oC for a 

pressure of 2 kb. The host limestone beds were subjected to temperatures of up to 675oC, 

based on solvus thermometric calculations obtained from analytical data on coexisting 

dolomite and calcite in the skarn orebody (pyroxene- and scheelite-bearing calcite 
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dominated skarn). Pyrrhotite composition was used to infer sulfur fugacity and locally 

temperature with coexisting pyrite and pyrrhotite. The fugacity of sulfur for coexisting 

early-stage pyrrhotite-pyrite assemblage is ~10-1 bars. The temperature of formation of 

coexisting pyrrhotite and pyrite at this fugacity is about 640oC, which corroborates the 

calcite-dolomite solvus thermometer determination. The fS2 drops with lowering of 

temperatures.  Oxygen isotope fractionation between quartz and scheelite, in a sample 

taken from a quartz vein, indicates a corresponding temperature value of 558oC. At this 

temperature, the early stage pyroxenes and scheelite probably crystallized at an oxygen 

fugacity of 10-17.5 bars or less. Scheelite precipitated in two stages. In the early stage, it 

preceded or co-precipitated with pyroxene. Its grain size is finer than or equal to that of 

coexisting pyroxene.  The later stage was concomitant with intense pyrrhotite 

overprinting. Grain size is markedly smaller and subrounded. The main scheelite 

crystallization was not controlled by pyrrhotite mineralization, rather it only implicates 

that they shared a common path and fluid source. In massive pyrrhotite zones, the 

scheelite grade is typically lower. The Fe content of pyroxene has a direct relationship on 

the extent and grade of scheelite mineralization. 

 

6.1 Property Location, Accessibility and Topography 

The Mactung W-(Au-Cu-Bi) deposit is in the Yukon Territory, Map sheet NTS-

105/O-8 in northwestern Canada, about 385 km (air distance) NE of Whitehorse, the 

capital of Yukon (Fig. 6.1). The deposit lies along the boundary of the Yukon and the 

Northwest Territories and is centred at about 63o 17' N latitude and 130o 10' W longitude. 

The primary commodity at Mactung is tungsten; with indicated resources of 33 million 



 

547 
 

tonnes at average grade of 0.9% contained WO3 @0.5% cut-off grade, and an additional 

inferred resource of 14 million tonnes at an average grade of 0.8% contained WO3 @ 

0.5% cut-off grade. Low grade gold and copper mineralization is also associated with the 

resource. The Mactung skarn hosts one of the largest tungsten deposits in the world, and 

is the single largest deposit in the western hemisphere. The deposit occurs in 

mountainous topography whose highest point, north of the deposit, rises to more than 

2220 metres above mean sea level (AMSL) from a base of approximately 1800 metres to 

the east, and 1400-1600 metres to the west (Fig. 6.2a, b). The mountain runs east-west for 

distance of approximately two kilometres. The ore-bearing strata continue to the west and 

east, but productive skarn formation seems to be restricted near the highest parts of 

Mount Allan (Fig. 6.2a).  

 

6. 2 Background 

The Mactung tungsten deposit was discovered and staked in 1962 by geologist 

J.F. Allan. He transferred the property to the Southwest Potash Corporation (later named 

Amax) in the same year. J.F. Allan returned to the area in 1963 and conducted a 

preliminary magnetic survey and chip sampling. Since then, the area has been a focus of 

detailed exploration, the most extensive of which was that of Amax. Amax conducted 

exploration work by way of geological mapping, rock geochemical sampling, and 

diamond drilling from the late 60’s to the mid 80’s.  Until June 2015, the property was 

owned by North American Tungsten Corporation Limited (NACTL), a public company 

registered in the Toronto Stock Exchange. NACTL conducted  infill drilling (25 diamond 

drillholes) in the less explored western part of the Mactung deposit in 2005. In 2008 and 
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2009, NATCL further drilled 19 and 63 boreholes, respectively, in the eastern, central 

and western sections of the deposit, totalling 14,500 metres (See Appendix 1.1 of Chapter 

1 for details of NATCL’s activities) to upgrade the inferred resource. Results 

corroborated consistent grade and thickness revealed in previous drilling campaigns. 

Revision of resource calculation using the latest drilling results should bring the indicated 

resource to more than 45 million tonnes @ 0.9% WO3 at a cut-off grade of 0.5% WO3. 

 Abbott (1982) mapped the Mactung region and divided the rocks of the area into 

five formations, that from the oldest to the youngest are Vampire, Sekwi, Hess River, 

Rabbitkettle, and Duo Lake formations. Dick (1980) undertook a comparative study on 

the geology, mineralogy, and conditions of formation of skarn deposits in the northeast 

Canadian Cordillera (including Mactung). He related the skarn formation to the Mactung 

granite pluton in the north. To Atkinson and Baker (1986), the presence of the Mactung 

granite pluton in contact with the Mactung skarn tungsten mineralization is purely 

accidental and has nothing to do with the mineralization. Atkinson and Baker (1986) 

reached this conclusion after detailed observation of core samples, studying the 

distribution of garnet, quartz veins, and sulphides. They hypothesized that a blind 

intrusion located south of the deposit is responsible for the mineralization. They reasoned 

that the Mactung North Pluton, which lies on the north side of the deposit, cannot be the 

source of the mineralization as the fluids responsible for the mineralization should gather 

at the apex of the pluton and hence could not migrate down dip to form the deposit. 

Gerstner et al. (1989) studied the condition of scheelite deposition using fluid inclusion 

data in garnets, pyroxenes, amphiboles, and biotite. They constrained the mineralization 

P-T of 2.1 kb and 350 – 430oC, respectively. Selby et al. (2003) took a granite sample 
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from the Mactung North Pluton, near the Cirque Lake and found an age of 92 Ma, which 

is younger than the age (97.5 ± 0.5 Ma) they determined for the molybdenite samples 

taken from the mineralized zone; the molybdenite samples were collected from quartz 

veins hosted in the mineralized pelitic rocks. Evidences from recent geological mapping 

and the multi-method recent geochronological work undertaken by this author on the 

property, reveal that the Mactung pluton is synchronous with the mineralization (see 

Chapter 4).  

 

6.3 Geological Setting of the Deposit 

Intrusion-related W-(Cu-Zn-Au-Bi) skarn mineralizations in southeast Yukon 

include Mactung, Clea, Lened, Cantung, and Baker (Fig. 6.3). They are aligned along a 

northwest-striking linear belt along the eastern flank of the Selwyn basin. The Mactung 

W-(Au-Cu) mineralization is localized within a NW-SE-striking sedimentary basin of 

late Proterozoic to Mississippian age.  Mineralization is situated at the interface of 

predominantly platformal carbonate facies to the northeast and some argillaceous facies 

to the southwest, near the eastern edge of the Selwyn basin (Fig. 6.4). Mineralization is 

hosted in altered carbonate rocks interlayered with argillites that have been subjected to 

low-grade regional metamorphism prior to hornfelsization and skarnification.  

 

6.4 Local Geology 

The Mactung area consists of sedimentary rocks of the Selwyn basin. These rocks 

can be grouped broadly into Lower, Middle, and Upper Metasedimentary groups, based 

on the nature of the deposits (presence of organic matter, apatite, chemically precipitated 
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carbonate layers, and degree of compaction; Fig. 6.5).  Two Middle Cretaceous granitic 

plutons one to the north and another to the south are proximal to the Mactung skarn 

tungsten deposit. Several generations of quartz veins also occur within the sedimentary 

rocks and granite stocks. 

 

6.4.1 Metasedimentary Rocks 

Eleven metasedimentary units are recognized in the area (Figs. 6.5 – 6.7). 

Following the exploration terminology, these units are named Units 1, 2B, 3C, 3D, 3E, 

3F, 3G, 3H, 4, 5, and 6, in ascending stratigraphic order. Unit 1 rocks comprise the 

Lower Metasedimentary Group; Units 5 and 6, the Upper Metasedimentary Group, and 

the remainder (units 2B-4) comprise the Middle Metasedimentary Group. Units 1 to 4 

form steep topography to the north throughout the Mount Allan range and a gentler 

topography to the south (Figs. 6.6, 6.7). Further south, the rocks crop out on a steep hill 

about 2 km from Mount Allan (Figs. 6.5, 6.6). The thicknesses of these units are 

estimated to be 25-50 m, 80-130 m, 15-30 m, 35-40 m, 55-60 m, 10-20 m, and 80-100 m 

for units 4, 3H, 3G, 3F, 3E, 3D, and 3C, respectively. Unit 1 is considerably thicker than 

the other units; however, its actual thickness is not known. Unit 6 occurs in the southern 

part of the mapped area, forming a range of high-rising hills that are oriented east-west 

(Figs. 6.5, 6.6, 6.8), and is dominated by black shale that has experienced low-grade 

regional metamorphism. Subordinate, buff and light gray, grain-supported, conglomeratic 

limestone beds are interlayered with shale. The thickness of Unit 6 is not known as its 

southern part was not mapped, but it is estimated at 300 m. Unit 5 underlies Unit 6 on a 

flatter topography (Figs. 6.5, 6.6, 6.8). Unit 5 is characterized by the dark clastic 
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limestone at its base that is possibly related to the last-stage deposition of Unit 4, and a 

beige to light yellowish coloured cherty (with abundant quartz clasts) layer at the top, 

with no limestone. Unit 5 reaches a maximum thickness of 25-30 metres, but can be 

considerably thinner in places. Stratified sulphide layers up to 0.5 cm thick were 

observed in the cherty rock of Unit 5. Units 5 and 6 are the equivalents of the rocks that 

host the SEDEX deposits at Howard’s Pass, Tom, and Jason. About 10% + barium 

mineralization was detected from this cherty horizon (Fig. 6.8) and is an interesting target 

for SEDEX-type mineralization in this area. 

 

6.4.2 Granitoids 

Two granitic stocks are exposed to the south and north of the deposit. The North 

Pluton is roughly 1.2 km x 2.5 km and is in direct contact with the mineralized sequence 

(lower part of the Middle Sedimentary Group), to the south, and with Unit 1 to the north 

(Figs. 6.6, 6.7, 6.9, 6.9). It is cut by a late generation of quartz veins that are typically 

molybdenite-bearing (Fig. 6.10). Minute quartz veinlets, like those in the ore zone biotite 

hornfels occur in partially assimilated xenoliths of Unit 3C inside this granite near its 

southern contact. These xenoliths are hornfelsed and the veins in them do not cross cut 

the granite–hornfels contact (Fig. 6.11); hence, they are considered early generation 

relative to the intrusion. The contact does not show any quenching texture. No well-

developed calc-silicate (or) endoskarn alteration is evident. This granite is characterized 

by large feldspar laths, as large as 4 cm, and abundant dark biotite. The South pluton 

granite lies about 3 km south of the mineralized zone and is slightly bigger than the North 

Pluton. It is medium-grained and equigranular in texture.  The exposed part of the Pluton 
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is in direct contact with the upper part of the sedimentary sequence (particularly Unit 

3H).  

A leucocratic granite occur as a smaller intrusion in the western and eastern 

margins, as well as sporadically within the porphyritic biotite granite of the North pluton 

(Figs. 6.5, 6.6). The rock is composed of feldspars, quartz, muscovite, tourmaline, and 

minor dark biotite. The leucocratic granite is a late-stage intrusion that follows fracture 

planes within the overlying rocks, and the porphyritic granite of the North pluton. 

Leucocratic granitic dykes that are similar in composition to the leucogranite intrusion 

crop out to the northeast of the mineralization, mainly in Unit 1 (Figs. 6.5, 6.6). The 

leucocratic dykes are generally thin and are oriented E-W and dip steeply to the north 

(Figs. 6.12, 6.13). In the southern part of the area, in the valley south of the camp and 

beyond, several aplitic dykes occur (Figs. 6.5, 6.14). These dykes have prominent strike 

lengths and commonly intruded at the upper contact of Unit 3D and lower contact of Unit 

3G. Satellite dykes to the porphyritic granite pluton commonly occur beneath the deposit 

in Mount Allan (Fig. 6.2a).  

 

6.4.3 Quartz Veins 

Quartz veins in the area have at least four orientations and are of three or more 

stages of generations (Fig. 6.15a-c). The first set strikes parallel to the lithologic layering 

with a subvertical dipping. The second set strikes perpendicular to the lithologic layering 

and also have subvertical dips. The third and the fourth sets are conjugate veins that strike 

either northeast or northwest, dipping steeply to the NW and NE, respectively. The veins 

are stockworks and originated from the same geological process, although they show 
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cross-cutting relationships. This can be deduced from molybdenite occurring in both east-

west and north-south-striking quartz veins; these veins occur in biotite granite near the 

contact with the skarned rocks, with the latter displacing the former set of veins (UTM 

441899 mE and 7018126 mN; Zone 09N, NAD1983, coordinate system; Figs. 6.5 and 

6.10). The ENE-WSW-striking quartz veins are the most prevalent (up to 1 metre thick) 

in the area followed by the north–south-striking and northeast-striking sets (Fig. 

Fing.6.15a, b). Numerous early-stage thin quartz veins occur primarily in Units 3C and 1. 

They are commonly slightly discordant to bedding and foliation (oriented WNW-ESE), 

although some may be parallel to in the strike direction of the lithological layering. They 

are commonly tightly folded at the outcrop (and microscopic) scale. The minute veins 

and larger veins that are prevalent in Unit 3C hornfelsic rocks are not readily 

recognizable as independent veins in the skarn ore zone. These veins are tracers of paths 

of fluid migration that possibly supplied the constituents for the greatest proportion of 

scheelite mineralization in skarns. The veins maybe scheelite- and sulphide-bearing (Fig. 

6.16) or barren. Dilation through fracturing of the veins accommodated mineralization. 

 

6.4.4 Deformation Structures  

The Mactung area has undergone at least four phases of deformation (Fig. 6.17); 

the D1 event produced east-west layer-parallel folds (Fig. 6.18) that stretched pre-existing 

veins, clasts, and layers in the direction of the cleavage planes, which is nearly east-west 

(Fig. 6.19). D2 led to the refolding of F1 foliation (Fig. 6.20) and the development of S2 

spaced foliation (fracture cleavages) (Figs. 6.21, 6.22), as well as very weak closely 

spaced cleavage. The F2 fracture foliation is largely east-west. F2 fold axes are also E-W, 



 

554 
 

except when otherwise affected by later phases of deformation. The superimposition of 

F2 folds on F1 produced Type-3 interference pattern (Fig. 6.23). Mega-scale F2-folding 

controls the distribution of mineralization where the richest part of the mineralization 

coincides with the fold structure (Figs. 6.17, 6. 42).  F2 folds might have been products of 

thrusting. Some shear veins and stretching-lineation (in phosphatic beds) probably 

developed during F2 folding or thrusting (Figs. 6.24, 6.25). D2 deformation, which 

resulted in the F2 folds, was likely synchronous with skarn formation. D3 generated 

north–south compression led to shortening, the development of upright megascopic folds, 

and crenulation folds with associated axial plane fracture cleavages (Fig. 6.26); the F3 

fold axes plunge subhorizontally to the west. The foliation tends to be near-perpendicular 

to the main penetrative foliation near the hinge zone of this F3-fold (Fig. 6.27). Tension 

gashes filled by quartz veins are noticeable in the hinge zones (Fig. 6.27).  A well-

developed lineation marks the intersection of the S1 and S2 planes (Fig. 28). Parasitic 

folds of Z-asymmetry also predict the occurrence of these upright F3 folds (Fig. 6.29). 

Aplitic dykes have been affected by this phase of folding (Fig. 6.30). F3 is probably a 

continuation of the F2 folding event.  D4, the latest deformational event, developed 

adjacent the margins of the two granite stocks. It resulted in gentle N-S folds that plunge 

to the north or south.These events led to the warping of lithologies. D3 and D4 have post-

dated skarn formation and have weakly affected the configuration of earlier folds or 

mineralization. For instance, in the ore zone, the axis of the F2 east-west fold plunges to 

west and east, because of the effect of D4 deformation.  

Numerous lineaments, faults, and fractures oriented NW, N-S, NE, and E-W are 

common in the area (Figs. 6.6, 6.31). The faults have caused some displacements on the 
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lithologies, but are generally of less magnitude. The NE to EW and N-S faults 

(particularly the former types) appear to have some influence on the formation of skarn 

orebody. While skarn mineralization may be a combined effect of structures parallel to 

bedding and across bedding, the best mineralized area lies where ENE and NW structures 

intersect (Fig. 6.5). Two prominent faults, one in the far west (Fault 1) and another near 

NATCL’s camp site (Fault 6), have a sinstral and dextral sense of movement, 

respectively (Fig. 6.6). They both form cliff topography. The fault in the east probably 

controlled the eastward extension of the mineralization. The eastern part of the 

mineralization was uplifted and subjected to erosion, subsequently stripping ore-bearing 

strata to the east of the Adit portal (Figs. 6.5, 6.6).  

A fifth type of deformation is hypothesized based on the microscopic observation 

of anastomosing biotite grains around cordierite porphyroblasts occurring in Unit 1 rocks 

that were initially metamorphosed to phyllite by regional metamorphism (Figs. 6.32a, b), 

near the northern margin of the mineralization (Figs. 6.5, 6.6); the deformation might 

have occurred immediately following F2-folding and hornfelsing. Biotite grains within 

hornfelsic rocks of the Middle Metasedimentary Group (Units 3C and 3E) have been 

affected by this deformation as well.   

 

6.4.5 Metamorphism  

6.4.5.1 General 

Two types of metamorphism occur in the Mactung area: regional metamorphism 

and contact metamorphism. The regional metamorphism is typical of metamorphism that 

occurs over broad areas that have undergone deformation during an orogenic event 
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resulting in mountain belts that have since been eroded to expose the metamorphic rocks 

(Nelson, 2012; Pattison, 2013). The transition from diagenetic assemblages consisting of 

various clay group minerals, notably illite, to very low grade metamorphism is a complex 

process involving the gradual ordering and coarsening of the clays and chlorite, and the 

eventual breakdown of illite to sericite (Mather 1970; Winkler, 1979; Pattison 1987; 

Sandiford, 1998, 2000; Abadi et al., 2002). Beyond the pressure and thermal regime of 

diagenetic processes, clay minerals are transformed into metamorphic minerals, such as 

chlorite, muscovite, and biotite. The assemblage chlorite-muscovite-quartz is the 

typical greenschist facies pelitic assemblage characteristic of slates and defines 

the chlorite zone. With increasing temperature, the chlorite and phengite component of 

white mica react to form biotite according to the reaction (eq. 1): 

 Chl + Phengite = Bt + Mu + Qz + H2O    (eq.1) 

The first appearance of biotite at the biotite-in isograd marks the lower boundary 

of the biotite zone. This zone corresponds to a temperature of 350-440oC (Spear and 

Cheney, 1989; Spear, et al., 1999; Winter, 2010). 

 

6.4.5.2 Metamorphic mineral assemblages in Mactung metasedimentary rocks 

All 11 lithological units in the Mactung area (Figs. 6.5, 6.6) underwent regional 

metamorphism prior to contact metamorphism. The age of this regional metamorphic 

event is not accurately known. The tectonic elements that formed during regional 

metamorphism may be related to collisional tectonics between the amalgamated Yukon 

terranes to the west and a westward moving plate from the east. Regionally, the Mactung 

area geologic setting maybe interpreted as part of the northward continuation of the 
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Omineca belt as described by Gabrielse et al. (1991), Monger and Price (2002), and 

Pattison et al. (2013). Near the Mactung skarn tungsten deposit, the lower seven (Unit 1, 

2B, 3C, 3D, 3E, 3F and 3G) lithologies were strongly affected by contact metamorphism 

because of the intrusion of a granite stock immediately to the north (the Mactung North 

pluton). This granite is believed to extend at depth towards the south, possibly merging 

with another stock (the Mactung South pluton) in the southern part of the mapped area, 

with less visible contact metamorphic effects.  

 

6.4.5.2.1 Regional Metamorphic Mineral Assemblages 

In the regionally metamorphosed sedimentary rocks of Mactung, the mineral 

assemblages were determined via petrography, and supported by a SEM verification 

work are summarized below.  Photographs of outcrops and hand specimens of respective 

rock types are also presented in Figures 6.32a to 43b. 

Unit 1: This is a phyllitic, light grey rock consisting of biotite, muscovite, quartz, 

chlorite, ilmenite, and zircon (Fig. 6.32a, b). It is localized mainly in the southeastern part 

of the mapped area. The top 10 metre section of this unit appears to have a calcareous 

component that reflect a transition with the overlying Unit 2B. 

Unit 2B: This unit is chiefly made of limestone bed; over 95% of the limestone 

bed is composed of calcite, followed by small amount of quartz, titanite, and rutile. In 

places this unit contains fragments of Unit 1 pelite, in a grey and white limestone breccia 

cemented by limestone and or argillaceous matrix. The sizes of the breccias range from 

millimetres to tens of centimetres (Fig. 33a, b, c, and d). 



 

558 
 

Unit 3C: It is principally argillaceous siltstone (Fig. 6.34a, b, c), consisting of 

quartz, muscovite, phlogopite, K-spar, pyrrhotite, titanite, and apatite. Minor isolated 

limestone beds up to a metre thick occur in several parts of the section. 

Unit 3D: This unit predominantly contains calcite-rich beds with intercalations of 

minor dark siltstone or argillaceous siltstone beds up to a metre thick. It commonly  

exhibits conglomeratic to breccia textures due to inclusion of phosphatic fragments of 

varying sizes (Fig. 6.35a, b and c). Dark coloured pelletal cryptocrystalline apatite is a 

significant component (up to 30%) of this unit (Fig. 6.37a) (Gebru, 2011).  The mineral 

assemblage in this unit consists of calcite, quartz, apatite, (muscovite, and phlogopite), 

titanite, and pyrite. 

Unit 3E: This unit contains two varieties: argillaceous rich horizons (upper and 

lower 10 meters of the Unit) and disseminated calcite-rich intercalations (more prominent  

between about 10 meters inwards from the top and bottom parts of the unit (Figs. 6.6, 

6.36).  Thin limestone layers may also sporadically occur in the middle and lower parts of 

the unit (Fig. 6.6). Mineral assemblage in Unit 3E argillaceous siltstone consists of 

quartz, calcic plagioclase, tremolite, phlogopite, apatite, pyrrhotite, K-feldspar, pyrite, 

and titanite. Unit 3E calcareous argillite consist of quartz, tremolite, calcite, titanite, 

pyrrhotite, K-feldspar, and plagioclase. Quartz, tremolite and calcite dominate this variety 

of lithology. 

Unit 3F: This unit is characterized by alternating bands of grey or grey white up 

to 90% carbonate and silt-size quartz-rich calcareous layers (Fig. 6.37). The argillite and 

carbonate beds have an approximate proportion of 1:1. Intermediate compositions 

between these proportions are very common giving the rock unit a complex array of 
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colour bands. Quartz-rich layer’s mineral assemblage includes quartz, muscovite, K-

feldspar, plagioclase, titanite, pyrrhotite, rutile, and apatite. Carbonate-rich layer’s 

mineral assemblage consists of calcite, quartz, tremolite, phlogopite, apatite, and 

anorthitic plagioclase. 

Unit 3G is originally an altered impure dolostone. Mineral assemblage in this unit 

varies based on texture (Fig. 6.38): Texturally fine-grained parts of the Unit consist of 

tremolite, quartz, and phlogopite. Texturally medium-grained types contain: tremolite, 

calcic-plagioclase, apatite, quartz, titanite, and zircon. Texturally very fine-grained parts 

of Unit 3G contain varying proportion of banded quartz- and tremolite-rich layers. Quartz 

and tremolite are extremely fine grained. Where fine quartz is abundant, the rock 

becomes darker and where tremolite dominates, it becomes lighter. 

Unit 3H:  A dark grey compacted rock (siltstone) conformably overlies Unit 3G 

(Fig. 6.39). It dominates the western and southern parts of the mapped area. 

Petrographically examined samples of this unit consist of quartz, K-feldspar, phlogopite, 

apatite, titanite, framboidal pyrite, and pyrrhotite.  

Unit 4 is a dark fissile monograptolite-bearing shaly siltstone.   (Fig. 6.40). 

Quartz is the dominant constituent of this rock unit (70-80%). Some calcareous layers 

were also observed in the upper sections. The lower part of the unit consists of highly 

siliceous horizons giving the rock a cherty appearance and indurated features. Mineral 

assemblage in the upper part of this unit includes quartz, alumino-phosphate, and K-

feldspar.  

Unit 5: A rock unit consisting of a light grey cherty rock, consisting of quartz 

fragments (Fig. 6.19) in upper parts,  and a dark grey impure carbonate at the base; 
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chemical analysis of one sample from the former type of this rock unit shows over 10% 

barium. The lower carbonate part of this unit, immediately overlying Unit 4, contains 

clasts. The clasts are subrounded to rounded well compacted argillites. 

Unit 6: It is a dark grey fissile argillite, like Unit 4 (Fig. 6.41a); it forms a 

prominent mountainous topography in the southern part of the mapped area (Figs. 6.5, 

6.6, 6.8). It often forms talus deposits along slopes. No thin section study was conducted 

on this rock. However, chemical analysis shows it is a more aluminous rock relative to 

the Middle Sedimentary Group rocks. Thin (up to 2 m) horizons of grain-supported 

limestone conglomerate beds are recognized (Fig. 6.41b).  

 

6.4.5.2.2 Contact metamorphic and metasomatic mineral assemblages 

The central part of the mapped area, near the skarn tungsten deposit (Figs. 6.5, 

6.6), and further north, around the Mactung North Pluton are most affected by contact 

metamorphism.  High temperature heating by the adjacent exposed intrusion and high 

heat flow from the buried part of the intrusion has caused the transformation of the low-

grade regional metamorphic mineral assemblages into medium-grade contact 

metamorphic mineral assemblages, and are listed below: 

Unit 1: The mineralogy of Unit 1 rocks (Figs. 6.6, 6.32b) in the contact 

metamorphic aureole includes quartz, biotite, sodic plagioclase (oligoclase), K-feldspar, 

muscovite, cordierite, (± andalusite), tourmaline, ilmenite, monazite, zircon, and pyrite. 

Biotite commonly anastomoses around cordierite porphyroblasts. 

Unit 2B. This is the most metasomatically affected unit in the metamorphic 

aureole. Much of the original mineralogy of the rock has recrystallized to form coarse 
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calcite or it has been replaced by calc-silicate minerals, and a completely new rock was 

produced (Fig. 6.33d). Scheelite becomes a primary constituent, crystallizing with silicate 

minerals like pyroxene and feldspar. The mineral assemblage includes Fe-clinopyroxene, 

calcic plagioclase, quartz, scheelite, zoisite, Fe-chlorite, epidote, pyrrhotite, chalcopyrite, 

and pyrite. The outer part of the metasomatic aureole in Unit 2B is characterized by 

abundant calcite in addition to light green pyroxene (diopside), followed by light brown 

garnet, fibrous wollastonite, and a minor amount of Fe clinopyroxene. Phlogopite, 

epidote, and titanite occur in very low amounts. 

Unit 3C: There are two types of mineralogical changes in this unit (Fig. 6.34b). 

One type is a brown rock consisting of quartz, phlogopite (+biotite), calcic plagioclase, 

K-feldspar, apatite, and rutile. Key changes in this rock are the removal of dark 

impurities, coarsening of quartz grains and enrichment of silica (by about 10-15%), 

increased calcic plagioclase - much higher than that outside of the contact metamorphic 

aureole and coarse pyrrhotite. The other type is a light green, fine-grained very hard rock 

consisting of quartz, calcic plagioclase, tremolite, epidote, apatite and titanite with or 

without calcite. Again, there is enrichment in silica, increased Ca content in calcic 

plagioclase, and coarsening of sulphides. Tremolite is added in this unit. Of note is the 

presence of abundant anorthitic plagioclase and the decreased muscovite. 

Unit 3D: It is a light grey to green rock that metamorphosed into calc-silicate and 

skarn from phosphatic limestone via contact metsomatic processes. In the unmineralized 

outer periphery of the metamorphic aureole, the mineral assemblage of this rock unit 

(Fig. 6.35b) includes calcite, quartz, pyrrhotite ± calcic clinopyroxene. The mineral 

assemblage in skarnified parts of this lithology includes Fe-clinopyroxene, calcic 
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plagioclase, quartz, (garnet enclosing clinopyroxene), zoisite, calcite, very coarse apatite, 

and scheelite. 

 Unit 3E: varies from dark hornfelsed argillite to light coloured calc-silicate to 

green skarn. Three mineralogical features are recognized: the argillaceous component of 

this lithology has an assemblage of quartz, tremolite, plagioclase, K-feldspar, titanite, 

Mg-chlorite, apatite, and pyrrhotite as in U nit 3C (Fig. 34b). In more calcareous layers, 

minerals formed from metasomatic contact metamorphism are clinopyroxene, anorthitic 

plagioclase, quartz, apatite, titanite, pyrrhotite, and scheelite. Plagioclase and quartz 

usually occur as xenoblastic phases in the matrix; pyroxene occurs as porphyroblasts and 

interlocked fine grains and becomes Fe-rich in the stronger metasomatic zones near Unit 

3D, and vein-like pyroxene develops along fractures. The third type is where dolomite 

and calcite predominate with minor pyroxene grains. The assemblage includes dolomite, 

ferroan dolomite, calcite, quartz, iron carbonate, pyrrhotite, pyrite, chalcopyrite, and 

scheelite. Of note here is the presence of abundant scheelite in calcite dominated skarn, 

an unlikely association considering the general observation in which scheelite occurs in 

association with abundant clinopyroxenes.  

Unit 3F: metasomatic contact metamorphism largely affects this unit adjacent to 

Unit 3G.  Effects of this process result in three mineralogical changes. In limestone beds 

the mineral assemblage consists of Fe-rich clinopyroxene, quartz, plagioclase, zoisite, 

(garnet), Fe-chlorite, and calcite. Chlorite and zoisite are retrograde alteration types. In 

the impure (calcareous-) argillite, strong calc-silicate hornfelsing results in very hard and 

fine grained rocks. Minerals in this variety include calcic clinopyroxene, calcic 
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plagioclase, tremolite, pyrrhotite, (pyrite), calcite, zircon, rare chalcopyrite, titanite, 

minor alkali amphibole, and K-feldspar. 

In the predominantly pelitic/argillite layers, with less intense metasomatic contact 

metamorphism, the mineral assemblage includes quartz (fine-grained sedimentary quartz 

and recrystallized metamorphic quartz), K-feldspar, tremolite, calcic plagioclase, 

phlogopite, apatite, and pyrrhotite. Selective bleaching of the dark components along the 

path of fluid movement is common. The dominant composition of the dark component is 

very fine quartz. 

Unit 3G: This is a light grey to buff, medium-grained rock occurring near the 

tungsten deposit (Fig. 6.38c). That is a marker unit immediately overlying the upper 

Orebody. It consists of tremolite, talc, quartz, epidote/allanite, calcite, dolomite, 

magnesian chlorite, phlogopite, and apatite. A clear change of this unit’s mineral 

assemblage relative to the original rock is the addition of talc, epidote, and dolomite. 

Unit 3H: This is a dark grey partially hornfelsed, indurated rock, sporadically 

bleached following high heat flow pathways (Fig. 6.39b, c). It consists of quartz, K-

feldspar, calcic plagioclase, phlogopite, epidote, apatite, and pyrite. Barium-rich feldspar 

rimming normal feldspar was observed. Partial bleaching of the dark material, coarsening 

of quartz and phlogopite and increased phlogopite are the main changes in this rock type 

due to contact metamorphism, possibly along paths of fluid migration. Except for Unit 4, 

this unit is one of the least affected by contact metamorphism. 

Unit 4: This unit is weakly affected by contact metamorphism; selected 

compaction and hardening are the main changes in this unit. Otherwise there is no 
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fundamental change in the mineralogy of the rock. It consists primarily of quartz (85%). 

The remaining minerals include apatite and alumino-apatite and calcite. 

Units 5 and 6 are not affected by contact metamorphism within the limit of the 

mapped area. However, no thin section study was made to give conclusive remarks. 

 

6.5 Ore and Gangue Mineralogy 

Skarns at Mactung are localized into four layers following the carbonate 

stratigraphy within the two sedimentary formations - Sekwi and Rabbitkettle formations 

(Figs. 3.2b, 6.6, 6.42). At the tungsten deposit the Sekwi Formation is mapped as Unit 2B 

and the Rabbitkettle Formation as Units 3D, 3E, 3F, and 3G upwards (Figs. 3.2b, 6.6, 

6.42). Units 2B, 3D, 3E, and 3F form the skarn orebodies. Between these two formations, 

there is a barren meta-argillite unit (Unit 3C) belonging to the Hess River Formation. On 

the nature of the mineralization and stratigraphic position, Unit 2B is referred to as the 

Lower Orebody, and units 3D to 3F collectively as Upper Orebody. Pyrrhotite, 

chalcopyrite, and scheelite are richer in the Lower Orebody. The Lower Orebody is 

isoclinally folded (F2-folding, possibly synchronous with skarn formation) and traced by 

drilling throughout Mount Allan. In the eastern part of the deposit, the amplitude of the 

F2-folding gradually diminishes in the overlying strata, (or) the nose of the fold in the 

overlying units was eroded. In the western part of the area, where erosion is less, the nose 

of the fold is likely at depth further to north, outside of the drilled section.  

Calc-silicate hornfels constitutes a significant part of the Upper Orebody, whereas 

the Lower Orebody is entirely skarn (with the exception of remnant marble that is low in 

tungsten). Tungsten, copper, gold, and bismuth are the ore metals associated with the 
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Mactung skarn. Scheelite, chalcopyrite, bismuth, and compounds of bismuth are the 

respective metal-bearing mineral phases. Apatite is significant and occurs with scheelite 

in the skarn zone; outside of the skarn zone, apatite mostly occurs within Unit 3D, 

reaching as high as 30% and attaining a 7-20 metre thickness. 

Scheelite mineralization occurs in five forms:  1) as disseminations within skarn 

together with pyroxenes, quartz, plagioclase, and sulphides (Fig. 6.43a); 2) skarn selvages 

mantling quartz veins or fragments or zones of silica enrichment (Fig. 6.43b); 3) in 

fractured quartz veins (Fig. 6.43c); 4) as isolated blebs anywhere or near the boundaries 

of quartz veins and skarns and skarnified rocks (Fig. 6.43d, e) and 5) in association with 

massive pyrrhotite skarn.  

Mineralogical differences in skarns of Mactung are reflected in their colours and 

textures. Based on texture, skarns at Mactung may be divided broadly into two types: 

fine- to medium-grained (Fig. 6.44a, b) and fine grained (Fig. 6.45). The fine- to 

medium-grained skarns are commonly green to dark green with conspicuous 

development of Ca-Fe pyroxenes and minor amphiboles. Other minerals include quartz, 

plagioclase, calcite, titanite, and rutile. In high sulphide zones, coarse aggregates of 

pyrrhotite, chalcopyrite, and pyrite accompany pyroxene and scheelite (Fig. 6.46). 

Pyrrhotite and chalcopyrite are prevalent in the Lower Orebody with pyrrhotite reaching 

maximum of 75%, and chalcopyrite reaching as high as 3% (Fig. 6.46). Tungsten is also 

richer in the Lower Orebody (>1%). The fine-grained skarns are generally light green 

with significant Mg-Ca pyroxene, quartz, amphibole (often tremolitic), plagioclase, and 

minor calcite (Fig. 6.45). Both pyrrhotite and chalcopyrite are present, but in lower 

quantities, and are of finer-grain size texture. Quartz and pyroxene are also very fine-



 

566 
 

grained, and amphibole is generally coarse-grained relative to other minerals (Fig. 6.45). 

A transition to amphibole-pyroxene skarn is marked by beige to pale green calc-silicate 

with abundant fine-grained tremolite, quartz, anorthite, and some diopside. It has a cherty 

appearance (porcellanite), and often overprinted by (amphibole)-pyroxene and pyrrhotite-

pyroxene skarn as a continuation of advanced alteration. This transitional calc-silicate to 

skarn lithology is mineralized with scheelite and sulphides, although grades are relatively 

low. 

A third type of mineral assemblage is a feldspathic quartz-biotite-pyrrhotite 

replacement zone. Intense pyrrhotite mineralization occurs in this lithology (Figs. 6.47 

and 6.48), along with biotite (chlorite often forms after biotite). In addition to the 

detection  of higher bismuth values (Table 6.1), bismuth, bismuthinite, and Bi-Te phases 

were identified by SEM in this ore mineral association in samples collected from the 

Lower Orebody. In one sample, bismuth was observed within iron-rich pyroxene grains. 

Gold was detected in these phases by EPMA analysis (Table 6.2). It is possible that the 

protolith was of igneous origin, or an intermingled zone of igneous rocks and a 

metasomatized limestone. In pyroxene skarn, quartz occurs as anhedral clean grains 

filling space interstitial to pyroxene and amphibole grains, as well as engulfing them 

indicating its late stage formation in the paragenesis (Fig. 6.49). Sulphides, particularly 

pyrrhotite, occur as fracture fillings in pyroxene and amphibole, and at times traverse the 

interstitial quartz, implying its late formation after quartz (Fig. 6.50). The sulphides also 

display anhedral and skeletal texture, where their shape is determined by fractures and 

available open space in other minerals growing irregularly in multiple directions. 
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Where skarn gives way to recrystallized limestone, outside the ore zone, coarse 

garnet appears (mostly in the Lower Orebody). Garnet first developed in the initial stage 

of metasomatism with progressive destruction as pyroxene starts to form. In zones where 

garnet is associated with pyroxene and amphibole, tungsten mineralization remains high. 

Garnet in such zones is deepens in colour, becoming reddish brown or dark reddish 

brown (Fig. 6.51). There is no distinct zonation of garnet in the Upper Orebody, but 

marginal unskarned limestone zones locally contain light brown garnet (Fig. 6.52). Late-

stage light brown garnet occurs in the form of veinlets cutting pyroxene skarn (Fig. 6.53). 

Interlocked pyroxene and scheelite occur in pyrrhotite-rich skarns (Fig. 6.54). Scheelite 

has a very irregular crystal outline, in places having sharp boundaries with pyrrhotite, and 

at times the latter is surrounding the former (Fig. 6.54).  

 

6.6 Skarn Bulk Rock Geochemistry in the Lower Orebody 

Geochemical data for twenty-seven bulk samples, collected from the wall of the 

adit in the Lower Orebody of the Mactung tungsten skarn were made available by 

NATCL. The data is presented in Table 6.1, and Figs. 6.55 and 6.56. The tungsten assays 

plotted in Figure 6.56 were determined by X-Ray Fluorescence Spectrometry, whereas 

Au analysis was done by Fire Assay with AAS finish. The other trace elements, along 

with W, were analyzed using ICP-MS (Table 6.1). The chemical analysis was carried out 

by Teck Cominco Global Discovery labs, in Vancouver, British Columbia. The sample 

preparation for the ICP trace elements analytical package involved digestion of 0.5 gram 

powdered rock sample in hot Aqua Regia. Twenty-seven polished thin sections of the adit 

wall samples were prepared by this author, using epoxy as binding material. Ore 
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microscope and SEM were used to study the ore minerals and the gold-bearing mineral 

phases, respectively.  

Tungsten is the dominant economic mineralization at Mactung and occurs in 

strongly altered carbonate layers adjacent to a granitic stock. Grades in the Lower 

Orebody (adit wall samples) range from 0.08-5.0% WO3 with an average of 1.73% (Fig. 

6.56). Unaltered carbonate rocks yield very low WO3 values. Light green skarn rocks 

commonly show up to 0.2% WO3, but can sometimes reach 0.5%. In the Mactung skarn 

system tungsten grade increases from recrystallized limestone to calc-silicate to light 

green skarn to green or dark green skarn rocks. Calc-silicate and light green skarn rocks 

are the initial stage of alteration in calcareous argillites, and are overprinted by later green 

and dark green types. Fe-rich pyroxene dominates in the green and dark green skarns, 

along with significant amount of pyrrhotite, in the Lower Orebody, whereas calcic 

amphibole dominates the lighter green type. Chalcopyrite is generally more prevalent in 

the Lower Orebody; up to 0.5% copper was encountered locally in adit wall samples 

assayed by ICP-MS (Table 6.1). Overall, the copper content of the Lower Orebody 

reaches close to 0.22%. This average grade is higher if lower analytical values are 

discarded.  

Spearman Rank correlation coefficients for various elements are presented in 

Table 6.3. Copper strongly correlates with silver, bismuth, and iron. From the multi-

element analytical data, phosphorous and antimony are the only elements correlating with 

tungsten (Table 6.3). Apatite is the only source of phosphorus in skarn orebody. There is 

a weak to moderate degree of correlation between gold and copper (Spearman Rank 
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correlation, coefficient, r’ = 0.53) (Table 6.3), implying that some of the gold may be 

sequestrated in chalcopyrite. Antimony and cobalt also moderately correlate with copper.  

From Spearman Rank correlation analysis (Table 6.3), we can see that the 

correlation coefficient between gold and tungsten is weak (around 0.36).  However, there 

is a spatial relationship between Au and W in terms of the zone of occurrence, although 

gold concentration values are not directly correlated to tungsten values (Tables 6.1, 6.3, 

and Fig. 6.56). Elevated gold is always in association with the skarn zone, which hosts 

the W mineralization. Up to an average of 0.38 g/tonne (ppm) of gold over an apparent 

width of 135 metres has been found in samples collected from the adit wall (Fig. 6.56). 

Individual values reach as high as 1.74 g/t Au (Table 6.1, Fig. 6.56). High values of Bi 

yielded high values of gold and iron, resulting in a pronounced positive correlation (r’ = 

0.83 and 0.86, respectively). Up to 1680 ppm Bi was detected by ICP-MS analysis of 

bulk rock adit wall samples (Table 6.1). The sources for higher gold values are native 

bismuth, bismuthinite, and bismuth telluride minerals associated with the skarn (Figs. 

6.47, 6.48, and 6.54) and perhaps Fe-sulphides, despite the erratic nature of Au in Fe-

sulphides analyzed by EPMA. Some high values of Au are encountered in some sulphide 

grains, whereas in others it is absent. Further checking by LA-ICP-MS/analysis is 

required. Bi-Te phases and their compounds were identified using SEM-EDS semi-

quantitative analysis and later re-analyzed for gold using EPMA. The analysis affirmed 

the presence of Au as solid solution with Bi and Bi-phases. The highest gold content was 

associated with bismuth-hedleyite solid solutions (Table 6.2, Fig. 6.57); however, much 

of the Bi occurs as native bismuth and therefore much of the gold mineralization is 

probably related with native bismuth. Bismuth grains mostly occur along grain 
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boundaries, and cut scheelite; and range from 0.003 to 0.175mm and averaging ≤ 0.050 

mm.  

  

6.7 Mactung Skarn Ore Paragenesis 

The mineral paragenesis of skarn minerals in the Mactung tungsten skarn is given 

in Fig. 6.61b. In pyroxene skarn, large prismatic pyroxene crystals formed early via 

complete prograde transformation from amphiboles. Abundance of this stage of pyroxene 

is low. It was then followed by abundant precipitation of pyroxenes of short cross 

sections and medium-grained size. Textural relationships suggest that scheelite and 

apatite co-precipitated, with the later stage pyroxene (Figs. 6.44b, 6.48). From the ore 

minerals, scheelite is the only early phase to have precipitated at the second stage of 

pyroxene formation. Quartz and calcite invaded the early formed minerals resulting in 

embayment and engulfing of the pyroxene crystals and scheelite (Figs. 6.49, 6.50). In 

places the early prismatic pyroxene crystals contained fractures filled with calcite, quartz 

and scheelite indicating continued precipitation of scheelite. Pyrrhotite crosscuts the early 

pyroxene and quartz crystals and engulfs the scheelite and the late pyroxene (Fig. 6.50). 

Increasing sulfur fugacity led to the development of pyrite at the expense of pyrrhotite. 

Chalcopyrite precipitation accompanied pyrite, often by way of replacement of 

pyrrhotite. Pyrrhotite rimmed by chalcopyrite and islands of pyrrhotite in chalcopyrite are 

very common (Fig. 6.58). Chalcopyrite cuts pyrite (Fig. 6.59). Late growth of pyrite 

encloses early scheelite (Fig. 6.60) Hematite formed late through alteration of pyrrhotite, 

probably as a result of secondary processes. Rutile also comes late in the paragenesis 

possibly from alteration of the earlier formed Ti-bearing silicates. Apatite forming in 
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early prograde skarn has well developed crystal outlines, and in equilibrium with 

plagioclase feldspars (Fig. 6.61a). 

A summary of the skarn mineral paragenesis of the Mactung tungsten deposit is 

given in Table 6.61b.  Scheelite mineralization followed at least two paths of formation. 

The first was directly from the replacement of carbonate source rocks through high 

temperature prograde alteration of calcareous layers into an amphibole-pyroxene-bearing 

skarn (Figs. 6.44,  6.45 and 6.49), and then to an exclusively pyroxene-pyrrhotite skarn 

through retrograde overprinting by pyrrhotite (Fig. 6.46). Garnet is associated with the 

former type of alteration (Fig. 6.51), but its timing is not obvious except for the early 

forming garnet in the marble front (Fig. 6.52). Continued garnet formation was probably 

coincident with the development of (amphibole)-pyroxene skarns and a later overprinting 

of pyroxene skarn. However, late stage garnet in the form of veining commonly occurs 

overprinting (pyrrhotite)-pyroxene skarn (Fig. 6.53).  

The second path of scheelite mineralization (retrograde stage) probably involved  

a quartzo-feldspathic source rock in which scheelite and apatite formed together with 

quartz, plagioclase, biotite, and some K-feldspar. Minor molybdenite also formed with 

these minerals (in addition occurrences in quartz vein cutting early skarn). Scheelite 

formation was early to synchronous with pyrrhotite development in this process (Fig. 

6.54). Late pyrrhotite then invaded the rock thereby decreasing the W concentration, and 

resulting in massive occurrences of pyrrhotite (Figs. 6.46, 6.47). Areas that have 

appreciable amounts of pyrrhotite without massive replacement contain the most 

abundant scheelite mineralization. Biotite rims pyrrhotite and appears to have formed via 

replacement of feldspar, as observed from the breakdown of plagioclase. Chloritization is 
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a late alteration of biotite; it has bluish interference colour and is pale green in plane 

polarized light, suggesting an Fe-rich composition. Hematite might then have formed 

from late secondary processes unrelated to skarn forming processes.. Gold is in the latest 

retrograde skarn paragenesis and is associated with Bi and Bi-Te phases. The high gold 

values revealed by analysis of adit wall samples (Table 6.1 and Fig. 6.56) are within the 

main tungsten high grade zones; it is reasonable to suggest that scheelite and gold 

mineralization are spatially and paragenetically related, even though Bi-Au phases 

precipitated later than scheelite. There was no direct observation made in the ore 

microscope study that indicates a relationship of gold with the sulphides owing to the 

very fine nature of the Bi and Bi-Te phases; however refractory gold was confirmed by   

electron microprobe analysis of Bi-bearing phases.  

 

6.8 Mineral Chemistry of Skarn and Metasedimentary Rocks 

Skarn deposits contain several common minerals including pyroxene, garnet, 

scapolite, calcite, quartz, epidote, actinolite, tremolite, and hornblende (Einaudi, 1981, 

1982; Newberry and Swanson, 1986; Kwak, 1987; Nakano et al., 1991; Meinert, 1998, 

2005). At Mactung, the most common skarn silicate minerals are pyroxene, quartz, 

plagioclase, garnet, amphibole, and biotite; the dominant sulphide phase is pyrrhotite 

with subordinate chalcopyrite and pyrite. For a better understanding of the mineralogical 

variation, many minerals from the skarn, hornfelsic rock, and the regionally 

metamorphosed rocks were analyzed using SEM-EDS to understand the major element 

distribution in these minerals. The results of this work are presented in Tables 4 to 26. 

The analyzed minerals are discussed as follows. 
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Pyroxene 

Two types of pyroxene were recognized at Mactung, based on the chemical 

composition: one is Ca-Mg-rich light green, fine-grained clinopyroxene (diopside). 

Diopside occurs in metasomatically altered calcareous argillites, where the Ca was 

internally available to form diopside, and in metasomatized argillites where Ca was 

externally derived (Table 6.4). Diopside also forms in the outer calcite-garnet dominated 

skarn system where pyroxene is less developed from more pure carbonate (calcite or 

magnesian calcite).  The second type of pyroxene is Fe-Ca-rich, dark green, hedenbergite 

occurring as the metasomatic alteration product of carbonate rocks through interaction 

with high-temperature fluids (Table 6.4). The most iron-rich pyroxene becomes abundant 

in the central skarn zone along with an increased Mn content together with scheelite and 

andraditic grossularite.  

 

Garnet 

The Mactung skarn contains light-brown to red-brown garnet in association with 

pyroxene, sulphides, and carbonates (Fig. 6.51a, b, and c). The light-brown, grossular 

garnet almost always occupies the outer skarn zone near the marbled limestone. The red 

brown to darker red brown garnet is sporadically distributed in the skarn, but mostly 

occurs in the central pyroxene skarn/pyrrhotite-pyroxene skarn zone where it becomes 

more Mn- and andradite-rich. Abundant scheelite mineralization occurs in the central 

zone. All garnets are dominantly of grossularite composition, between 64.15 and 84.89% 

(Table 5). The average grossularite content of 20 analyzed garnet grains is 78.81%. The 
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high grossularite garnet composition indicates the highly-reduced nature of the Mactung 

skarn tungsten deposit, which is a typical characteristic of reduced skarns as discussed by 

Newberry and Einaudi (1981), and Newberry (1982, 1983). The andradite components of 

grossular garnet in the skarn system are between 11.2% and 26.2%.  In the andraditic 

garnet the MnO composition ranges between 0.27% and 3.03% averaging 1.7%.  Locally 

increasing andradite garnet content indicates local variation in oxygen fugacity 

(increasing oxygen fugacity in parts of the skarn system). 

 

Feldspars 

Both plagioclase and alkali feldspar occur in unskarned metasedimentary and 

skarned host rocks (Tables 6.6 and 6.7).  Oligoclase to andesine plagioclase compositions 

occur in the unskarned argillite rocks of the Lower Metasedimentary Group. Bytownite 

and anorthitic plagioclase occur in metasedimentary hornfelsic rocks above the Lower 

Orebody, whereas anorthitic plagioclase occurs in skarn rocks (Table 6.6). High calcic 

plagioclase (bytownite to anorthite) may locally occur in unskarnified metasedimentary 

rocks, which may signify local metasomatism. Sodic plagioclase (oligoclase) often 

characterizes Unit 1 rock types. In the hornfelsed rocks (with less bleaching) above the 

Lower Orebody, the average alkali-feldspar composition is 97% orthoclase with 

minimum and maximum Or content of 86% and 100 %, respectively. The most Or-rich 

alkali feldspar occur in hornfelsic rocks. Skarns contain very minor alkali feldspars.   
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Amphibole 

Three types of amphiboles occur in the Mactung rocks: tremolite, actinolite, and 

hornblende (Table 6.8). Tremolite is characterized by higher Ca and Mg contents and the 

absence of Fe or presence of reduced amount Fe, whereas actinolite is peculiarly richer in 

Fe. Hornblende contains high Fe and Al and lower silica relative to tremolite, and high 

silica and alumina relative to actinolite. Tremolite occurs in regionally metamorphosed 

siliceous dolomite as very fine-grained oriented aggregates. Local coarsening may occur 

in metasomatized zones following fractures, and in areas where there was fluid 

penetrations beyond the contact metamorphic aureole. Beds generally show calc-silicate 

layering due to mineralogical variation in the content of tremolite and quartz. Tremolite 

also occurs in association with talc, calcite, and dolomite in the contact metamorphic 

aureole with rock Unit 3G (talc-tremolite rock), and in calc-silicated/hornfelsic rocks 

along with calcium-rich pyroxene. Actinolite and hornblende mainly occur as retrograde 

minerals in the skarn, and rarely in hornfelsic rocks; in the latter, they are commonly a 

part of the prograde assemblage.  

 

Biotite  

 Biotite occurs in regionally metamorphosed argillite, hornfelsic rocks, and 

marbled limestone, and sulphide-rich skarns. Biotite in regionally metamorphosed Upper 

Metasedimentary Group rocks is phlogopite (Table 6.9, Fig. 6.64). Biotite grains in 

marbled limestone and hornfelsed sedimentary rocks are also phlogopitic, but have been 

enriched in Fe relative to their equivalents outside the contact metamorphic aureole. 

Biotite grains in sulphide-rich skarns are Mg rich, but do not fall within the field of 
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phlogopite (see Chapter 5).  All phlogopites in altered and unaltered argillite and marbles 

are low in alumina.  Biotite in Unit 1 regionally metamorphosed rocks and contact 

metamorphosed equivalents are essentially normal biotites - with significant iron and 

aluminum enrichment.  

 

White mica 

White mica analysis was made in multiple grains obtained from samples of 

argillite and marble (Table 6.10). All the grains are dominated by muscovite (90-97%), 

paragonite (2-11%), and margarite (1-2%) (Fig. 6.65). 

 

Chlorite 

Chlorite from pyroxene skarn, pyrrhotite skarn, biotite hornfels, and quartz vein 

margins was analyzed to characterize late stage alteration features. The chlorite phases 

identified chemically are penninite, diabantite, brunsvigite, and ripidolite (Table 6.11). 

The former two are Mg-rich, whereas the latter two are iron-rich. Five chlorite grains 

analyzed plot outside of the commonly occurring chlorite phases, as demonstrated in 

Hey’s (1954) diagram (Fig. 6.66). In this diagram, all chlorite samples plot in fields to the 

right side of the most common chlorite phases; they are markedly silica enriched and are 

considered here to have undergone intense low temperature alteration, and hence were 

most likely modifications of hypogene chlorite that were significantly modified during 

weathering.   
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Cordierite 

Cordierite is abundant in the Lower Metasedimentary Group rocks (Unit 1), 

within the contact metamorphic aureole, below the Lower Orebody. Outside the Orebody, 

it covers extensive parts further north within the mapped area and maybe beyond (Figs. 

6.5, 6.6, 6.9). Cordierite occurs as small porphyroblasts (spotted) with biotite crystals 

wrapping around them.  Its chemical composition indicates that it is the iron-rich variety 

(Table 12). Andalusite with good crystal outlines, in association with cordierite, was also 

observed, but no chemical analysis was done. 

 

Tourmaline 

Tourmaline in Mactung rocks is mostly related to veining in the Lower 

Metasedimentary Group rocks (Unit 1). Structural analysis shows that the tetrahedral site 

is fully occupied by silicon and all the octahedral sites are largely filled by Fe and Mg. 

The B site is partially filled by sodium. The high Mg/(Mg + Fe) ratio of the mineral 

indicates a dravitic tourmaline composition (Table 6.12).  

 

Epidote and Zoisite 

Epidote occurs as weakly pleochroic, brownish masses in the contact 

metamorphic aureole associated with hornfelsic and skarn rocks. In the hornfelsic rocks, 

it is commonly a part of the prograde metamorphic facies forming plagioclase-tremolite-

biotite-alkali feldspar assemblage. In skarn, it is often a retrograde product of garnet or 

anorthite.  The chemical composition of epidote indicates that it is enriched with La and 

Ce (up to 4.87% La2O3 and 9.55% Ce2O3, respectively)..  
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Zoisite occurs as an anomalous bright blue interference coloured mineral under 

transmitted light. It always forms from the alteration of anorthite in calc-silicates, 

hornfelsic and skarn rocks. The processes involves the removal of aluminum and the 

incorporation of Fe during retrograde alteration of anorthite in late stage processes. The 

chemical composition of zoisite is given in Table 6.13. 

 

Apatite  

Apatite occurs in three textural/colour varieties. In the metasedimentary rocks, 

outside the contact metamorphic aureole, it occurs as phosphatic beds together with 

quartz, feldspars, and micas (Figs. 6.34c, 6.35a). It is mainly fine-grained and forms dark 

layers; it is isotropic in crossed nicols, under the petrographic microscope (Fig. 6.34c). 

The mineral is abundant in Unit 3D limestone constituting as much as 30% of the rock 

mass (Fig. 6.35a).  In the hornfelsic zone apatite also occurs largely in a fine-grained 

form, but has a lighter tone relative to apatite occurring outside the metamorphic aureole 

(Figs. 6.34b, 6.36). However, it remains dark in crossed polars under the petrographic 

microscope (Fig. 6.34c). Quartz and feldspar within apatite layers in hornfelsic rocks 

increase in grain size during alteration. Biotite becomes prevalent relative to muscovite in 

these apatite-rich layers and elsewhere in hornfelsic rocks.  Some crystalline anisotropic 

apatite grains occur sporadically, particularly in calc-silicates. In skarns, apatite occurs as 

elongate euhedral crystals (Fig. 6.61a). This type of apatite may have been sourced from 

the adjacent biotite granite or it may well have been remobilized from the sedimentary 

rocks at high temperature into the fluid phase and re-precipitated during skarn formation 

with falling temperatures. No distinct major-element chemical characteristic 
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differentiates the coarse-grained euhedral apatite from the fine aggregated mass of 

collophane-like apatite occurring in argillite and hornfelses (Table 6.14), except that the 

CaO content of apatites in skarns is slightly elevated.  

 

Calcite  

Calcite is a common mineral among the metasedimentary rocks outside the 

contact metamorphic aureole, in hornfelsic rocks and skarns; it is a product of high 

temperature recrystallization in the contact aureole and low temperature recrystallization 

outside the contact aureole. There appears to be no unique chemical compositional 

difference between calcites of different generations (Table 6.15). However, there are 

clear textural differences. Calcite grains in the regionally metamorphosed sedimentary 

rocks are sheared, and elongated in the direction of foliation, and they contain very fine 

dark coloured quartz impurities.  Calcite grains in the contact metamorphic aureole are 

coarse, mosaic textured with well-developed twinning. Quartz crystals are medium-

grained and equant, and without organic matter/dark pigment inclusions. There was only 

one occurrence of Fe-carbonate associated with calcite in Unit 3E.  

 

Dolomite/ Dolomitic calcite 

Abundant dolomite was encountered in skarned Unit 3E associated with calcite 

(sample MS156-92, Table 6.16). Calcite in skarns and hornfelsic rocks crystallized 

concomitant with the silicate phases. Younger calcite crystals, which formed during the 

main stage of skarn-forming processes or in late stage fracture-fillings (much later than 

the main skarn), are common. 
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Wollastonite 

Wollastonite is one of the earliest minerals to crystallize during reaction of calcite 

with external siliceous fluids. It commonly occurs in pure marbled limestone (less 

pyroxene-bearing zone) along fractures indicating it was sourced in part, by external 

fluids migration. Chemical analysis of this mineral is given inTable. 6.17. 

 

Titanite 

Titanite is another important mineral associated with the metasedimentary rocks both 

outside and inside the metamorphic aureole.  In many cases, it appears to have formed by 

the reaction of calcic feldspars with Ti-phase minerals, such as biotite, rutile, and (or) 

ilmenite. Titanite in regionally metamorphosed rocks may be purely metamorphic in 

nature. Titanite in the contact metamorphic aureole was derived by metasomatic reaction 

of infiltrating fluids, without necessarily the involvement of Ti-bearing minerals as Ti can 

be supplied from hydrothermal fluids. The chemical composition of 3 grains of titanite is 

presented in Table 6.18. Calcium and Ti are the chief constituents of titanite in the 

analyzed samples. Skarn titanite contains significant Al2O3, FeO, and MnO relative to 

titanite from metasedimentary or hornfelsic rocks (Table 6.18). 

 

Talc 

Talc occurs in hornfelsed Unit 3G (talc-tremolite rock). It caps the Upper Orebody and is 

usually a marker bed during geological mapping. The chemical analysis of two talc grains 

is presented in Table 6.19. 
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Scheelite 

Scheelite is a white mineral of moderate hardness (fluorite-apatite) that resembles 

feldspar. It is a slightly creamy coloured mineral relative to feldspars. Under the optical 

microscope, it is characterized by high relief and fracturing. The chemical composition of 

scheelite grains in the Mactung skarn system (Table 6.20) shows the minimum WO3 

content of scheelite is 75%, whereas the maximum content is 81% (average WO3 = 

78.77% - when two contaminated grain analyses are omitted). Impurities in scheelite 

include Mo, Fe, and Mn. These elements might substitute for Ca in the structure of 

scheelite. The Mo2O3 content of scheelite ranges from 0.55 to 1.46% and the average 

content of Mo2O3 is 0.86%. These Mo2O3 contents are very low relative to many tungsten 

deposits. This level of purity gives an added value to the Mactung Tungsten deposit.  

 

Sulphides 

The dominant sulphide phase in the Mactung skarns and metasedimentary rocks is 

pyrrhotite. Pyrrhotite in metasedimentary rocks and hornfelsic rocks is chiefly 

metamorphic in origin; it is either a result of the transformation of sulphates to pyrrhotite 

or the transformation of pyrite to pyrrhotite during metamorphism, or simply the 

metamorphism of pre-existing pyrrhotite  formed during regional metamorphism. In 

skarns, it is a result of the interaction of the host sedimentary rocks and the hydrothermal 

fluids. Pyrrhotite appears to have formed during two mineralizing stages. In the first stage 

associated with skarn and calc-silicate alteration, it formed concomitantly with or later 

than plagioclase, quartz, tremolite, and pyroxene. In the second stage, it formed in 
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association with biotite overprinting earlier formed minerals. Pyrrhotite altered to pyrite 

and chalcopyrite with falling temperature and as the fS2 activity increased locally relative 

to the activity of Fe. Bismuth and bismuth-compounds are probably the latest addition in 

the skarn system. They occur along grain boundaries of silicates and other ore minerals, 

and are observed cutting scheelite. Sulphur isotope compositions of sulphides, chemical 

compositions of sphalerite coexisting with pyrite and pyrrhotite, and composition of 

pyrrhotite coexisting with pyrite are presented in Tables 6.21, 6.22 and 6.23. 

 

6.9 Sulfur Isotopes of Sulphide Minerals in the Skarn System 

Fifty-eight sulphide samples (mostly pyrrhotite, with a few chalcopyrite and 

pyrite samples) were selected (hand-picked using binocular microscope) from the 

Mactung tungsten skarn deposit and analyzed for sulfur isotopes (δ34S) at the isotope 

laboratory of the Department of Earth Sciences, Memorial University: twenty-eight 

sulphide samples from the Lower Orebody (Unit 2B), 23 samples from the Upper 

Orebody (7 from Unit 3D, 9 from Unit 3F and 7 from Unit 3E), 2 samples from biotite 

granite and (or) ore zone granite, and 5 samples from quartz veins. The samples were 

selected to be representative, considering the wide spatial occurrence of the orebody, to 

understand how δ34S varied in space and timing during the development of the 

hydrothermal alteration.   

The δ34S values of all analyzed sulphide minerals from the Mactung skarn range 

from 9.46 to 18.92 ‰, averaging 13.01‰ relative to VCDT.  The mean of the peak δ34S 

values for 4 skarn layers (one layer from the Lower Orebody and 3 layers from the Upper 

Orebody), the δ34S values density distributions, and the δ34S variability for 4 skarn-
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bearing units (2B, 2D, 2E an 3F) are presented in Table 6.21, and Figures 6.66, 6.67 and 

6.68, respectively. The detailed δ34S data distribution of the 58 samples (see Table 6.22) 

shows that the most frequent δ34S peak values from all skarn samples lie between 10 and 

14 ‰ for all stratigraphic skarn layers (Figs. 6.66 and 6.67). For Unit 2B skarn, the 

Lower Orebody, the most common δ34S peak values are around 10-12 ‰ (Table 6.22 and 

Fig. 6.68). The incoming hydrothermal fluids first interacted with Unit 2B before moving 

to stratigraphically higher units. 

 

6.10 Pressure and Temperature Conditions, Source of Fluids and the Mode of 

Tungsten and Gold Transportations and Depositions 

6.10.1 General 

The options available to constrain pressure and temperature conditions of regional 

and contact metamorphism, and skarn tungsten mineralization at Mactung are limited. 

Minerals indicative of pressure-temperature regimes at the time of skarn development are 

scanty or were not in equilibrium. Nevertheless, every opportunity available is used to 

check physicochemical conditions of skarn formation. Two approaches were followed to 

determine pressure.  The first is the use of the FeS content in sphalerite and the second is 

the aluminum-in-hornblende barometry.  Several techniques were used to constrain 

temperature: the calcite-dolomite solvus thermometer, plagioclase-amphibole 

thermometer, and mineral equilibria, which involved the comparison of Mactung 

metamorphic, and skarn mineral assemblage to known reaction curves in the literature 

(e.g., Holdaway, 1971; Spear and Cheney, 1989; Mukhopadhyay et al., 1991; Holdaway 

and Mukhopadhyay, 1993; Spear et al., 1999; Bowman, 1998; Winter, 2001, Pattison, 
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2006; Winter, 2010). The use of mineral equilibria of contact metamorphism becomes 

apparent once the pressure of skarn formation is constrained using the sphalerite, and Al-

in-hornblende barometry, and data from previous research (e.g., Gerstner et al., 1989).  

Several other approaches were used to establish conditions of tungsten mineralization. 

The sulfur fugacity at the time of tungsten mineralization was estimated from the 

sulphide mineral assemblage and sulfur isotope thermometry. The oxygen fugacity was 

inferred from the sulfur fugacity, sulphide assemblages, QMF buffer boundary, and 

garnet composition. The source of mineralizing fluid is inferred from the sulphur isotope 

compositions. Isotope thermometry was applied to the skarn system, based on coexisting 

pyrrhotite-pyrite, pyrrhotite-chalcopyrite, and scheelite-quartz pairs. 

 

6.10.2 Sphalerite Geobarometry 

6.10.2.1 General 

Coexisting iron and zinc sulphides are among the most common mineral 

assemblages of hydrothermal ore deposits. Sphalerite with pyrite and (or) pyrrhotite is 

very useful association to deciphering the history of ore formation (Burnham, 1997). 

Sphalerite was first used as a geothermometer and its application was in the literature 

before half a century. In the early 1960’s, the sphalerite geothermometry was widely used 

in temperature determination of ore deposits (Rose, 1961; Sims and Barton, 1961; Arnold 

et al., 1962; Mookherjee, 1964). The principle of the thermometer was based on the 

pioneering work of Kullerud’s (1953) experimental work on the FeS-ZnS system. The 

theoretical basis of the thermometry emanates from the assumption that the iron content 

of sphalerite, coexisting with sulphides, increases with increasing temperature (cf. Zaw, 
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1976). In later years, the use of the FeS content of sphalerite as a geothermometer was 

stated to be incorrect since the sulfur fugacity was not controlled in the experimental 

work of Kullerud (1953) (e.g., Barton and Kullerud, 1957, 1958; Barton and Toulmin, 

1966). Between 300 and 550oC, sphalerite in equilibrium with pyrite and pyrrhotite was 

reported to have a constant FeS content at 20.8 ± 0.6 mole percent (Scott and Barnes, 

1967, 1971; Scott, 1973), and this precluded the use of sphalerite as a geothermometer. 

However, Scott and Barnes (1971) and Scott (1973) confirmed, from further 

experimental work, that the FeS content of sphalerite can be used as a geobarometry if 

temperatures are roughly estimated thus making it a useful application in the study of the 

pressure regime of ore deposits formation. The sphalerite geobarometry also has 

applications in regionally metamorphosed rocks and ore deposits and has been 

successively applied by many workers (Bristol, 1974; Dewitt and Essene, 1974; Lusk et 

al. 1975; Zaw, 1976; Scott, 1976; Hutchison and Scott, 1980). Zaw (1976) applied the 

sphalerite geobarometry extensively to determine the pressure regime of the Cantung 

skarn tungsten deposit. Cantung is located about 176 km (air distance) southeast of 

Mactung. It shares many aspects of the metallogenic characteristics of the Mactung skarn 

tungsten deposit.  

 

6.10.2.2 Sphalerite Barometry in the Mactung Skarn System 

Unlike the Cantung skarn, sphalerite is a very rare occurrence in the Mactung 

skarn. Nevertheless, maximum effort was made, with some success, in search of 

sphalerite grain for the application of determination of pressure conditions of skarn 

tungsten mineralization. Sphalerite grains coexisting with pyrite and pyrrhotite were 
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identified in the Lower Orebody from an adit wall sample (R051458) of Unit 2B, and 

borehole sample (MT-08-1-302) from Unit 3C. The chemical composition of sphalerite 

was determined using SEM-EDX at the University of New Brunswick. Elements 

determined include S, Cd, In, Mn, Fe, Cu, and Zn (see Table 6.23). The Fe content of 

sphalerite from Unit 3C sample (MT-08-1-302) ranges from 7.5 to 8.14%, which 

corresponds to 13.5 and 14.4 mole percent FeS.  Analysis of sphalerite co-existing with 

pyrrhotite and pyrite, from one skarn sample (R051458, Table 6.23) using SEM-EDS for 

S, Cd, Mn, Fe, and Zn at UNB SEM laboratory gave 33.26, 1.00, 0.54, 10.30, and 54.32 

percent, respectively. This corresponds to about 18.04 mole % FeS in sphalerite. 

Trace elements like Cd, Mn, In, and Cu occur collectively up to an average of 

1.6% (Table 6.23). Scott (1971) explained that minor elements up to several percent in 

sphalerite should not affect the sphalerite geobarometry; however, in this study the values 

of Fe, Zn, and S were normalized to 100%, and used that for pressure determination. The 

amount of FeS in solid solution with sphalerite (XFeS) is a function of temperature, 

pressure, and FeS activity (aFeS). Barton and Toulmin (1966) and Scott and Barnes (1971) 

have shown that the XFeS of sphalerite is a function only of pressure in the range 254-550 

oC if the aFeS is buffered by coexisting pyrite + hexagonal 1C pyrrhotite. Under these 

conditions, sphalerite has a fixed FeS content of 20.8 mol. % at 1 kbar, but with 

increasing pressure XFeS decreases progressively. This compositional change has been 

calibrated as a geobarometer to 10 kbar by Scott (1973), Lusk and Ford (1978), and 

Hutchison and Scott (1981).  Above 550oC, XFeS varies with both temperature and 

pressure, but at high pressures the temperature-independent field extends above 600 oC 

(Hutchison and Scott, 1981). 
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Below 254 oC (at 1 bar), 1C pyrrhotite undergoes structural and compositional 

changes, and monoclinic 4C pyrrhotite becomes stable in the assemblage pyrrhotite-

pyrite-sphalerite. Low-temperature re-equilibration of sphalerite in this assemblage 

results in a marked decrease in XFeS. Scott and Kissin (1973) and Groves et al. (1975) 

have found convincing evidence of a temperature-independent monoclinic pyrrhotite-

pyrite-sphalerite solvus corresponding to between about 10.5 and 12.0 mol. ~ FeS in 

sphalerite. Pressure values from FeS data can be calculated using the formula of 

Hutchison and Scott (1981):  

 p=42.3 - 32.1 log mole % FeS, 

 (or) it can be estimated graphically using the mole % FeS content of sphalerite 

superimposed on the diagram of Hutchison and Scott (1981) (Fig. 6.69). 

Using the above formula of Hutchinson and Scott (1981), from FeS composition 

of 18.04 mole %, a pressure of 1.975 kb (rounded to about 2 kb, 200 MPa) was 

determined in skarn. Gerstner et al. (1989) calculated a pressure of 2.1 kb from methane-

bearing aqueous fluid inclusion data in garnets and hydrous skarn. In hornfelsed argillite, 

from an average FeS composition of 14.5 mole % in sphalerite, a pressure of 5.02 kb 

(500 MPa) is calculated. On the basis of the SEM-EDS analytical values of Fe in 

sphalerite, the later moles % FeS in sphalerite indicates derivation from a deeper source.  

This indicates thermal waning was initiated out at much greater depth i.e.  greater 

pressure than the final emplacement level,  implying uplift of the sedimentary rocks by 

about 10.5 km from a depth of about 17.5 km to a shallow depth of 7 km before 

skarnification took place at 2 kbars (200 MPa). 
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6.10.3 Hornblende Barometry 

The aluminium content of calcic hornblende has been used to constrain the depth 

of magmatic emplacement of plutonic rocks by several researchers (Hammarstrom and 

Zen, 1986; Hollister et al., 1987; Johnson and Rutherford, 1989; Schmidt, 1992). There is 

one sample  collected (MAC-223A) from Unit 3C that contained amphibole grains right 

at the contact of the Mactung North pluton and the metasedimentary units. Some of the 

good grains were selected and analyzed using EMPA.  All amphibole grains are calcic in 

composition and hence provide us an opportunity to determine pressure. More over the 

Aliv versus Alvi plot resulted in tightly clustered data along a well-defined trend that 

permitted the calculation of pressure. A mean pressure of 2kb (200 MPa) was determined 

from all the methods applied (see Chapter 5, section 5.6.1 of this dissertation for details 

of methodology and results). 

 

6.10.4 Calcite-Dolomite Solvus Geothermometer 

The distribution of Mg between calcite and dolomite can be used to estimate peak 

metamorphic temperatures (Rathmell et al., 1999). Magnesium partitioning between 

calcite and dolomite is a function of temperature along the calcite-dolomite miscibility 

gap (Letargo et al., 1995). This geothermometer, unlike calcite + graphite, is generally 

independent of fluid composition, but can re-equilibrate quickly during retrograde 

conditions, so it offers only a minimum value in temperature estimates (Essene, 1983).  

The chemical compositions of calcite and dolomite from the Mactung skarn system were 

measured using EPMA at the University of New Brunswick (Table 6.16). Temperatures 

were estimated using the graphical interpolation in the figures from Anovitz and Essene 
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(1987), which corrects for the presence of iron as a chemical component (Fig. 6.70). 

Temperatures obtained using this method ranges from 560 to 675oC. The maximum 

temperature (675oC) is taken here as the peak of contact metamorphism.  

 

6.10.5 Plagioclase-Amphibole Thermometry 

A suitable silicate mineral assemblage for pressure-temperature determination is 

one of the challenges encountered during the course of this research. No sensitive 

mineralogy was encountered to determine pressure-temperature conditions. The most 

commonly used calibration of the Gr–Cpx geothermometry derived by Ellis and Green 

(1979) returned results with no meaningful temperature values. It is likely that garnet and 

pyroxenes were not in equilibrium in the Mactung skarn system.  

The development of hornblende in calc-silicated hornfels within Unit 3C argillite 

in association with plagioclase at the contact with biotite granite of the Mactung North 

pluton did provide one potential geothermometer (Table 6.24). From this paragenesis, the 

temperature conditions of contact metamorphism near the Mactung North Pluton was 

estimated using the empirical amphibole-plagioclase geothermometer of Blundy and 

Holland (1994), where the An content of plagioclase is ≤ 0.92 and Si in amphibole (< 7.8 

apfu). The geothermometer is described by the following equation (Equation 2).  

T (oK) = (0.677P-48.98)/(0.0429-0.0083144 ln[(Si-4)/(8-Si)]*(XPl
Ab)  (Eq. 2) 

For equation 2, Si is atoms per formula unit in amphibole, based on 23 oxygens 

and XPl
Ab is the mole fraction of albite in plagioclase and T is the absolute temperature. 

Two data points from hornblende and calcium-rich plagioclase were used to deduce 

temperature at the location of contact metamorphism (Table 6.24): At a pressure of 2kb, 
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one point data with Si =7.325 apfu, Ab =0.07 gave a temperature of 813.5oC; the second 

point data with Si = 7.257 apfu, Ab = 0.08 gave a temperature of 812.2oC. The 

temperature values obtained are at the interface of the hornfels and the intrusion, and 

results are reasonable considering an intrusion having a temperature of ≥ 900oC 

(determined by apatite saturation geothermometry). 

 

6.10.6 Regional Metamorphism  

The presence of abundant muscovite and biotite in Unit 1 outside of the contact 

metamorphism aureole indicates that the muscovite isograd has been passed and the 

biotite-in isograd is achieved (Barrow, 1893; Winkler, 1979; Sandiford, 1998, 2000; 

Abadi et al., 2002; Winter, 2010; Nelson, 2012; Pattison, 2013).  In a P-T diagram, this 

zone corresponds to a temperature of 400-430°C for a pressure of 5 kb (determined from 

the sphalerite barometry in argillite sample), which later equilibrated to 2 kb determined 

in the hornfels zone using the Al in amphibole geobarometry (Fig. 6.71). Typical mineral 

assemblages for this P-T condition are biotite, muscovite, quartz, chlorite, ilmenite, and 

zircon in the more clay-rich rocks (Unit 1). These mineral assemblages in Unit 1 pelitic 

rocks were also observed in rocks higher in the stratigraphic sequence (Units 3C, 3E, 3F, 

and 3H), except for variation in the mineral proportion, i.e., less of muscovite, biotite, 

and higher feldspars relative to Unit 1. Unlike in higher units, feldspars are absent from 

Unit 1 in the regionally metamorphosed rocks, which is consistent with the composition 

of clay-rich sedimentary rocks that had undergone lower degree of regional 

metamorphism. However, there is a common  occurrence of calcic plagioclase in the 

upper argillaceous siltstones that underwent only greenschist metamorphic facies of the 
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biotite isograd. At this metamorphic grade, plagioclase should not exceed the albite-

oligoclase composition. In regional metamorphism, the transition from greenschist to 

amphibolite facies first involves the transformation of albite into oligoclase, followed by 

the change of actinolite to hornblende as more Ca and Al are incorporated in the 

respective minerals (Nelson, 2011, 2012). Nelson (2011) states that the reactions that 

generate calcic plagioclase and hornblende are complex and variable, involving the 

breakdown of epidote and chlorite to supply the Ca and Al for the anorthite and Al-

hornblende components. In this case, it appears that the effects of contact metamorphism 

upon the surrounding country rocks at Mactung were probably much wider than 

previously thought. The extent of high temperature volatile penetration, and the scale of 

the granitic intrusive magma systems at depth might have been strong, and that diffusion 

of volatiles via fracture system into higher parts of the sedimentary sequence, together 

with the presence of calcareous admixtures in them, facilitated the crystallization of 

calcic plagioclase, overprinting the regionally metamorphosed mineralogy. Liou et al. 

(1974) indicates that in contact metamorphic situations, the transition to more calcic 

plagioclase involves epidote and the temperature of the reaction increases with pressure 

more rapidly than those responsible for the actinolite-hornblende transition. In the higher-

pressure Barrovian sequence, hornblende appears before oligoclase, whereas in low-P 

contact aureoles, the plagioclase transition occurs first, resulting in a transitional zone 

with coexisting actinolite/tremolite + calcic plagioclase (as calcic as labradorite) (Liou et 

al., 1974).  
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6.10.7 Contact Metamorphism 

Perhaps the very first qualitative estimation of P-T conditions of contact 

metamorphism is the mineral assemblage. Near the biotite granite of Mactung North 

Pluton, high temperature index minerals occur in the pelitic rocks of Unit 1, immediately 

north and immediately below the skarn tungsten deposit. The mineral assemblage 

includes cordierite, biotite, muscovite, K-feldspar, plagioclase ± andalusite, whereas 

garnet is absent. The absence of garnet in this mineral assemblage which includes 

cordierite is one of the reasons for the low-pressure estimate of contact metamorphism 

(e.g., Nicolescu and Cornell, 1999). Temperature estimation on a P-T diagram based on 

the alumino-silicate triple point of Holdaway (1971), Spear and Cheney (1989), 

Holdaway and Mukophadayay (1993), Spear et al. (1999), Pattison (2001), and Winter 

(2010) corresponds to a value of about 635oC (Fig. 6.71) for a pressure of 2 kb, which 

was determined by the sphalerite in skarn, and the Al in hornblende geobarometry (in 

hornfels).  Gerstner et al. (1989) also established a pressure of 2.1 kb from the fluid 

inclusion study of silicate minerals. In younger pelitic rocks, overlying the Lower 

Orebody, the mineral assemblage of quartz-plagioclase-K-feldspar-biotite-muscovite, 

which may be the equivalent of the cordierite isograd of the lower pelitic rocks is 

recognised. However, the absence of index minerals in the latter does not allow a tightly 

constrained temperature estimate. Unlike in Unit 1 rocks, cordierite did not develop in 

these rocks due to differences in the protolith mineralogy (the younger rocks being less 

aluminous and less ferrous than the older pelitic rocks). Eskola (1914, 1915) stated that 

rocks with K-feldspar + cordierite at Oslo, Sweden contained the compositionally 

equivalent pair biotite + muscovite at Orijärvi, S. Finland.   
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6.10. 8 Metasomatic Skarn Formation and (XCO2) -T Conditions 

The skarn zone of Mactung consists of an inner metamorphic aureole consisting 

of zoned skarn mineralization, a hornfelsic mineral assemblage, and an outer talc-

tremolite rock. Infiltrating high temperature fluids have affected argillaceous, calcareous 

argillite, and carbonate sediments to variable extents. Pure or predominantly carbonate-

rich strata have changed into skarn. Argillaceous rocks have changed into biotite 

hornfels, and calcareous argillites into calc-silicate hornfels.  

Hornfelsic rocks occur between individual skarn orebodies, and above and below 

the whole of the skarn orebody. Hornfelsic rocks below the lower skarn orebody (Unit 1 

rocks, directly below Unit 2B skarn) are characterized by an assemblage of cordierite, 

oligoclase, quartz, biotite, muscovite, K-feldspar, ilmenite, pyrrhotite, and pyrite. 

Hornfels formed from argillaceous rocks of Units 2B, 3D, 3E, and 3F consist of quartz, 

K-feldspar, biotite, tremolite, and calcic plagioclase. Calcareous argillites of the same 

units are turned into calc-silicates, with the chief minerals being diopside, tremolite, and 

calcic plagioclase with or without calcite. Grossular garnet common in the skarn zone 

that developed from pure carbonate rocks was not observed in altered pelite or calcareous 

pelites.  

The talc-tremolite rock near the upper contact of the Upper Orebody (immediately 

overlying Unit 3F skarn), equates to a tremolite facies zone of contact metamorphism. It 

is a product of the overprinting of thermal metamorphism on quartz-tremolite 

schist/phyllite of a regional metamorphic rock. Regional metamorphism of greenschist 

facies has transformed the dolostone at Mactung into quartz-bearing tremolite 
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schist/phyllite. Subsequent contact metasomatism of quartz-tremolite schist/phyllite 

through interaction with silica-rich fluids has produced a talc-tremolite rock. 

Hydrothermal fluid circulation may have been intense so as to alter the tremolite schist 

into talc along the borders of the skarn tungsten deposit where abundant talc occurs. The 

contact with unit 3F and shearing in Unit 3G has been the most favorable sites for talc 

formation. The mineral assemblage of the talc-tremolite rock at Mactung corresponds to 

an invariant point A in the reaction curve of Slaughter (1975), which corresponds to a 

temperature of about 445oC (Fig. 6.72).  

In the skarn zone that developed from the purer limestone, four zonation features 

are recognized inwards from barren country rock (Fig.6.42):  

1) Zone 1 is consists of an outer marbled limestone predominantly containing calcite 

and a very minor amounts of biotite, epidote, amphibole (tremolite), titanite, 

(minor wollastonite bordering the skarn); this is nearly the equivalent of the 

regional metamorphic rock with minimal metasomatic exchange from fluid 

infiltration (e.g. wallastonite formation).. 

2) Zone 2 consists of garnet, pyroxene, anorthite, calcite, wollastonite, and quartz or 

garnet, calcite, wollastonite, and quartz. 

3) Zone 3 comprises Fe-pyroxene, (retrograde amphibole), sulphides (largely 

pyrrhotite), plagioclase, (retrograde clinozoisite), quartz, calcite, apatite, (biotite), 

(garnet); plagioclase, K-feldspar, quartz, biotite, (calcic pyroxene), apatite often 

due to presence of calcareous argillites. This zone may be further divided into a 

more pyrrhotite-pyroxene skarn and a more pyroxene skarn subzones. 
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4) Zone 4 consists of core mineral assemblage containing massive pyrrhotite and 

biotite (retrograde?), plagioclase, K-feldspar, quartz, apatite, pyroxene, and 

retrograde chlorite.   

Calcite in contact metamorphosed carbonate rocks can withstand temperatures of 

700-800oC without noticeable change in mineralogy. At Mactung, the outer marble zone 

was subjected to two thermal conditions: an earlier stage of regional metamorphism of 

less than 500oC, and a subsequent contact metamorphism of high temperature conditions 

(650-675oC). Wollastonite commonly occurs near the outer zone of the mildly skarned 

limestone. The possible reaction mechanisms to produce the different skarn mineral 

assemblages are presented below.  

In the wollastonite-bearing zone, the reactions required to produce the observed 

mineral assemblage are as follows. Calcite from marble can change to wollastonite by 

addition of silica from impure limestone or by addition of external fluids during the initial 

stage of decarbonation. The fact that wollastonite developed in marble or veins, along 

fractures and joints, indicates the infiltration of external fluids. The reaction for the 

formation of wollastonite is expressed in equation 3 (Winkler, 1971, 1979; Cooke and 

Godwing, 1984; Butcher and Grapes, 2011) (reaction curve in Fig. 6.73; Eq. 3). 

Calcite + Qz = Wollastonite + CO2  (Eq. 3)  

The equilibrium temperature of wollastonite formation varies between 610 oC -

710 oC depending on the composition of the fluid phase; at 2kb, X(CO2) = 0.25, 0.50, 

0.75, and 1.00, T = 610oC,  670oC, 715oC, and 730oC, respectively (Winkler, 1971, 

1979). For an infiltrating external fluid, the X(CO2) can be as low as 0.005 (Lentz and 

Suzuki, 2000). This implies that wollastonite can initially form at temperatures as low as 
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500oC in extremely H2O-rich fluids, with progressive temperature rise as the proportion 

of XCO2 increases. Using the experimental work of Winkler (1971, 1979), fixing the 

magnitude of temperature of contact metamorphism at 2kb pressure conditions, can be 

used to constrain the X(CO2) composition during decarbonation reaction, and the stage of 

wollastonite formation in the Mactung skarn system.  For a temperature of 675oC, 

determined from coexisting calcite and dolomite thermometry, the X(CO2) composition is 

about 0.54. (Fig. 73)  

  A process fundamental to the formation of contact metasomatic skarns is the 

infiltration of H2O-rich, aqueous solutions into the carbonate rocks (Bowman, 1998). 

This infiltration driven mechanism results in the formation of a series of skarn minerals 

as a result of decarbonation reaction, which releases CO2 (Bowman 1998). The mole 

fraction of X(CO2) in the reaction system, in addition to temperature, thus becomes an 

important parameter controlling the formation and zonation of skarn silicate minerals.  

The calc-silicate phase equilibria used to describe the zonation sequence have been 

reinterpreted by Lentz and Suzuki (2000) using quartz-undersaturated (silica) activities. 

Low silica activities at the beginning of fluid infiltration shifts the calc-silicate-forming 

reaction boundaries to very low X(CO2) consistent with decarbonation reactions (Lentz 

and Suzuki, 2000). Depending on the pressure and temperature conditions, calc-silicates 

and skarns, forming near the reaction front at very low silica activities, are manifested 

compositionally by a general absence of quartz (Lentz and Suzuki, 2000).  

Mineralogical zoning at the Mactung skarn system is spatially arranged from the 

centre of high heat outwards with increasing X(CO2) (Fig. 42). The andradite component 

of garnet can be the best indicator of this zoning (Bowman, 1998). For a pressure of 2 
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kbar as determined from sphalerite barometry (this work) and fluid inclusions (Gertner, 

1989), the association of garnet (Gr) + quartz (Qz) has Tmax = 597 °C (Eq. 4). 

Gr100 + Qz = An + 2Wo        (Eq. 4) 

An increase in the content of the andradite component of garnet to 10% shifts the 

temperature from 597oC to 623oC (Fig. 6.74). This temperature matches the outer zone of 

the skarn system where calcite and garnet predominate. With progressive increase in the 

andradite component of garnet from 20 to 30%, into the skarn orebody, there will be a 

shift of temperature in the skarn zone from 623o to 647oC and then to 672oC, respectively 

(Fig. 6.74). 

The minimum temperature of prograde skarn is constrained by the stability of the 

Gr + An assemblage relative to clinozoisite (Cz) (Bowman, 1998a; Xu et al., 2016). This 

temperature, at 2kb, is at about 500oC. This association of prograde mineralogy was not 

clearly observed in the Mactung main skarn system as temperature rose significantly, 

completely changing the mineralogy of the skarn system (Eq. 5).  

4Clz + Qz  = Gr + 5An + 2H2O      (Eq. 5). 

Retrograde alteration is generally low in the Mactung skarn system. The most 

common alteration is the breakdown of garnet into clinozoisite, which is represented by 

the following reaction from Bowman (1998) (Eq. 6); 

 2Clz + 5Cal = 3Qz = 3Gr + 5CO2 + H2O     (Eq. 6)  

The high temperature of skarn formation is also indicated by several other 

independent geothermometers: 1) temperature obtained from pyrrhotite compositions 

coexisting with pyrite (640oC); 2) occurrence of widely spread massive pyrrhotite 

coexisting with pyrite corresponding to a temperature of 512°C, as determined by ΔPo-Py 
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fractionation, and 3) the calcite-dolomite solvus thermometry (675oC). Pyroxene and 

scheelite in the skarn paragenesis, in early skarn assemblages, probably formed between 

510° and 675oC.  This is in agreement with temperature of 558oC of scheelite formation 

in quartz veins occurring in the Mactung skarn system, as determined from Δqtz-sch 

fractionation. This formation temperature of Mactung scheelite agrees well with the 

works of Yuvan et al. (2006) who obtained temperatures of 430-595oC, averaging 530°C, 

for scheelite-bearing quartz veins from the Cantung skarn system. 

In the massive pyrrhotite zone, the major controls on the metasomatic 

replacement of skarn were the infiltration of metalliferous iron- and sulfur-bearing fluids 

of mixed origin, possibly accompanying a felsic dyke intrusion. The occurrence of 

euhedral plagioclase showing distinct polysynthetic twinning in the massive pyrrhotite 

zone indicates the possible involvement of igneous plagioclase rather than plagioclase 

feldspars being solely of reaction products. Biotite and K-feldspar accompany the 

plagioclase.  

Precipitation of scheelite mineralization seems to be largely controlled by the 

presence of Fe species in the mineralizing fluids. Where there is a predominant formation 

of diopside in the calc-silicate hornfels, scheelite concentration is low. This is mainly due 

to the inability of the W-bearing, Fe-rich fluid phase to penetrate the quartz-feldspar-

bearing Upper and Lower Metasedimentary Group rocks.  In the more carbonate-rich 

limestone beds, permeability was high enough to allow the penetration of high 

temperature mineralizing fluids, thereby promoting the co-precipitation of scheelite along 

with pyroxene, quartz, and plagioclase. The reactant fluid was enriched in Fe, Mg, Ca, 

and W, which allowed the precipitation of anorthite, hedenbergite and scheelite. 
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However, the precipitation of wolframite (iron or manganese tungstate) instead of 

scheelite (calcium tungstate) was not possible since the incoming Fe-rich solution could 

not completely displace the large supply of Ca+2 from the marble unit, i.e., the Ca activity 

was relatively high. In the calc-silicates, external infiltration of W-Mg-Fe-Al species 

from the hydrothermal fluid was limited to fractures, and in cases of strong alteration 

there is an overprinting of hedenbergite on diopside. The host rocks (quartzofeldspathic 

argillites) had sufficient Mg- and Ca-bearing mineral phases to form calc-silicate 

alteration (and unpublished chemical data of argillites). During later overprinting of this 

calc-silicate alteration, only Fe was needed to drive the commonly observed diopside 

composition of 8-12% FeOt to higher FeOt contents.  The Fe species were externally 

derived as the host pelitic to semi-pelitic quartz-feldspathic sedimentary rocks did not 

lose any of their iron composition. This is supported by the similarity of compositional 

data of biotite, which was obtained from the adjacent biotite granite and biotite from the 

pyrrhotite skarn, except minor modification in the latter. 

 

6.10.9 Sulfur and Oxygen Fugacities 

Pyrrhotite occurs in many hydrothermal deposits (vein load deposits, skarns 

rocks, massive sulphide assemblages) in association with pyrite and chalcopyrite and 

many other ore minerals. Pyrrhotite is also common in metamorphic rocks. 

Understanding conditions of formation of pyrrhotite elucidates many geological 

problems. Toulmin and Barton (1964) experimented on the electrum-tarnish method to 

determine the fS2 vs. T curve for the univariant assemblage pyrrhotite-pyrite-vapor in the 

temperature range of 325°C to 743°C. They found that the activity of FeS (aFeS) in 
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pyrite-saturated pyrrhotite is very different from unity. The composition of pyrrhotite 

they found out was in excellent agreement with the results of Arnold (1958, 1962). The 

pyrrhotite composition (XFeS) is expressed in mole fraction FeS: 

XFeS = moles FeS/(moles FeS + moles S) (Burnham, 1979, 1997)   (eq. 7) 

The d(120) value of pyrrhotite can be used to determine the composition of 

pyrrhotite. Electron microprobe analysis is a quick way to determine the composition of 

pyrrhotite. This procedure was used to find out the pyrrhotite composition of Mactung 

skarns system (Table 6.25) in order to  utilize the data generated to determine fS2  and T 

conditions of skarn formation. 

Toulmin and Barton (1964) determined the fugacity of S2 as a function of 

pyrrhotite composition and temperature using the formula:  

log fs2 = (70.3– 85.83N) (l000/T - 1) + 39.302√(l - 0.9981N)  - 11.91 (Eq. 8) 

If temperature is known, the fugacity of the system can be calculated easily. In 

this case since pyrite and pyrrhotite coexist, fixing the fugacity and temperature of 

formation, based on the FeS composition alone, is straight forward without having to use 

the above formula.  A temperature of 640°C and an fS2 of 10-0.70 bars were estimated 

using an FeS composition of 0.9125 moles in pyrrhotite (Table 6.25 and Fig. 6.76).  

The activity of FeS (aFeS) in pyrrhotite relative to the pure substance at the 

temperature of consideration was deduced from the above equation using the Gibbs-

Duhem relation (Toulmin and Barton, 1964); it is given by:   

Log aFeS = 85.83(l000/T-1) (l -N +lnN) + 39.302 √(l - 0.9981N)-11.91- 39.23 

tanh-l √(l - 0.9981N)- 0.002          (Eq. 9)  
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The oxygen fugacity of the Mactung skarn system can be estimated using the 

oxygen fugacity versus temperature plots in a QMF buffered assemblage for coexisting 

hedenbergite. Taking the highest temperature at which point pyrrhotite first formed 

(640oC), the fO2 value is 10-16 atm (Fig. 6.77).  fO2 conditions of 10-17.5, 10-19, 10-21, and 

10-24 atm are estimated based on temperature values of 558°C, 510°C, 430°C and 315°C 

at which point scheelite-quartz, pyrite-pyrrhotite, and chalcopyrite-pyrrhotite coexist. 

 

6.10.10 Sulfur Isotope Geothermometry 

Isotopic fractionation occurs during the precipitation of sulphide minerals from 

aqueous solutions (Botoman and Faure, 1976; Faure, 1986). The extent of isotope 

fractionation depends on the temperature and on the nature of the precipitating phases. 

When two sulphide minerals form at the same temperature from the same solution, they 

generally incorporate sulfur of differing isotopic composition (Botoman and Faure, 1976; 

Faure, 1986; Rollinson, 1993). The difference, expressed as the change between their 

respective δ34S values, is inversely related to the square of the absolute temperature. The 

difference in δ34S fractionation between primary sulphide minerals and an igneous melt is 

in the order of 1-3 ‰ (Ohmoto and Rye, 1979; Chaussidon et al., 1989; Rollinson, 1993). 

Differentiated mafic or felsic igneous rock show a maximum of 1 ‰ decrease in δ34S. 

Fractionation in igneous systems occurs either through reaction between melt and crystals 

or gas and crystals, and by the degassing of SO2 (Rollinson, 1993). In sedimentary rocks 

sulfur isotope fractionation occurs through several mechanisms: 1) bacterial reduction 

and oxidation of seawater, 2) evaporation of seawater, and 4) weathering. At 

temperatures below 350°C, the dominant sulfur species are sulphates and H2S (Ohmoto 
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and Rye, 1979). All sulphate species are considered to have the same fractionation 

factors. At temperatures greater than 400°C, the dominant species in hydrothermal fluids 

are H2S and SO2 (Rollinson, 1993); the isotopic composition can be expressed as:   

δ34Sfluid = δ34SH2S * XH2S + δ34SSO2 * XSO2,     (Eq. 10) 

where XH2S is the mole fractions of H2S relative to total sulphur in the fluid 

(Ohmoto and Rye, 1979; Rollinson, 1993). There are several experimental and theoretical 

determination of δ34S fractionation factors for coexisting sulphide mineral phases as a 

function of temperatures. The coefficient of fractionation factor (A) for sulphide minerals 

of interest here is given as follows: Pyrite = 0.40± 0.08; pyrrhotite = 0.10 ± 0.05 and 

chalcopyrite = -0.05 ± 0.08 (Ohmoto and Rye, 1989; Seal II, 2006). For H2S, the A value 

is 0.71, and the C value is −6.67 (Szaran, 1996); 

αPy-Po =RA/RB         (Eq. 11) 

where RA and RB refer to the δ34S values of the respective minerals (Ohmoto and 

Rye, 1989; Seal II, 2006). 

This equation is simplified to:   

αPy-Po = 1000+ δ 34A/1000+ δ 34B      (Eq. 12) 

This last equation of αPy-Po and αPo-Cpy pairs is used to calculate temperatures 

of sulphide formation at Mactung after calculating fractionation. 

αPy-Po = 1000+ δ34Py/1000+ δ34Po; Fractionation equals 1.524 

α Po-Cpy = 1000+ δ34Po/1000+ δ34Cpy; fractionation equals 

ΔPy-Po = ΔPy –ΔPo;  

ΔPo-Cpy = ΔPo –ΔCpy;  
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A convenient mathematical relationship is that 1000ln(1.00X) is approximately 

equal to X, so that: 

ΔA-B ≈ 1000lnαA-B        (Eq. 13) 

The results obtained using this procedure are presented in Table 26. Uncertainties in 

sulfur isotope temperature estimates generally range between ± 10° and 40°C (Ohmoto 

and Rye, 1979). 

 

6.10.11 Oxygen Isotope Geothermometry 

Stable isotope data was acquired from quartz-scheelite pairs handpicked from a 

quartz vein containing large crystals of scheelite, within Unit 3C (Fig. 6.16a). The sample 

was analyzed at the Queen’s Facility for Isotope Research (http://queensu.ca/geol/qfir) in 

the Department of Geological Sciences and Geological Engineering at Queens 

University, Kingston, Ontario. The δ18O value of quartz and scheelite obtained from this 

analysis are 15‰ and 9.6‰, respectively; the Δqtz-sch (calculated fractionation factor 

between quartz and scheelite) is 5.35 ‰ (Wesolowski and Ohmoto, 1986). The 

temperature obtained using this fractionation factor is 558oC (Table 6.27).  

 

6.10.12 Source of the Fluids in the Skarn System 

The high δ34S values of sulphide minerals (higher than magmatic values of δ  34S) 

from Mactung skarn do not necessarily signify an exclusively sedimentary source. The 

best scenario applicable for the system is mixed sources of sulfur isotopes. For two fluids 

a and b, the δ34S value of the mixed fluid can be expressed as follows using a mass 

balance equation:  
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δa+b = Xaδa + Xb δb (Rui et al., 1985; Seal II, 2006)   (Eq. 14) 

where δa+b is the resulting isotopic composition of the mixture, δa and δb, are the 

isotopic compositions of components a and b, and Xa and Xb are the mole fractions of 

components a and b. 

To visualize the contribution of the δ34S composition of the original hydrothermal 

fluids or the proportion of the δ34S composition contributed from the host rock, using the 

above equation, the δ34S value of the host sedimentary rocks must be known and the mole 

proportion of the two fluids must be assumed. The sulphate of seawater in which Upper 

Proterozoic to Devonian age sediments were deposited was described by Rollinson 

(1993) as having δ34S value of 25-30 ‰. Similar values were reported for diagenetic 

pyrite and seawater sulphate by Goodfellow and Jonasson, (1987), Shanks et al. (1987), 

Goodfellow (1993, 2007) and Michael, et al. (2016) from the study of the Selwyn basin 

sedimentary rocks in general, and those of the Howard’s Pass Pb-Zn host rocks in 

particular. The Mactung metasedimentary host rocks near the skarn deposit are Cambrian 

to Silurian. Conservatively using a value of δ34S 20‰ for skarn-hosting rocks, an attempt 

is made here to trace the possible magnitude of the source δ34S composition prior to 

mixing, based on the observed δ34S sulphide minerals as it exists now at Mactung. The 

Mactung sulphide minerals (largely Po) have δ34S values of 10-19‰ with an average of 

13‰. These values suggest that hydrothermal fluids that interacted with the Mactung 

sedimentary rocks should initially have had lower values of δ34S ‰, and underwent some 

degree of mixing with the host sedimentary rocks to result in the observed high δ34S 

values in skarns. Assuming δ34S of 5-6‰ for the initial magmatic hydrothermal fluid, 

mixing with the host sedimentary rocks (at 20‰ δ34S) will result in δ34S values of 11.75-
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13.70‰ (Table 6.28) which is very close to the measured δ34S in the Mactung skarn 

system (average of 13‰).  On average, the proportion of δ34S magmatic hydrothermal 

sourced fluids needed to interact with the host sediments is 55-45%.  In places where the 

δ34S values of sulphides in skarns reaches as high as 19 ‰, the contribution from the host 

sedimentary rocks, for the final δ34S value, may be as high as 95 mole %, and as low as 5 

mole % for magmatically sourced hydrothermal fluids of 5‰ δ34S. This is reasonable 

considering the spatial occurrence of the high δ34S values at the periphery and 

stratigraphically higher parts in the sedimentary sequence where the wall rock to 

hydrothermal fluid ratio is very high.   In this zone, the degree of skarnification and 

amount of skarn minerals is often low. Considering the recycling of crustal igneous 

sources for the Mactung North Pluton, which is adjacent to the skarn tungsten 

mineralization. It is postulated here that the causative pluton for skarn formation needed 

to attain an original hydrothermal fluid composition of δ34S 5-8 ‰. Assuming a 

proportion of 55-40 and 60-45% of the δ34S contribution for magmatic and sedimentary 

sources, respectively. The process of sulphur isotope mixing could have started at depth 

and continued all the way up at the site of mineralization.  

 

6.10.13 H2S Composition 

Assuming the entire sulphide minerals budget originated from an H2S fluid, then 

the δ34 H2S can be calculated using the temperature of formation of sulphides and their 

fractionation factors determined experimentally.  Rye and Ohmoto (1979) devised a 

formula for a H2S fluid coexisting with sulphides as follows: 

 1000 lnα(min-H2S) = A (106)/T     (Eq. 15) 
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Where A (empirically determined constant) = 0.1, 0.4 - 0.5, 0.71 for pyrrhotite, 

pyrite, chalcopyrite and H2S, respectively (Ohmoto and Rye, 1979; Szaran, 1996). In this 

case the temperature of formation of pyrite and chalcopyrite coexisting with pyrrhotite in 

the skarn was determined to be 510° and 315°C, respectively (Table 6.26). The δ34S of 

H2S composition from a mixed source derivation is calculated using these temperatures 

(Table 6.22). The temperature of early-stage pyrrhotite coexisting with pyrite as 

determined from pyrrhotite composition in the FeS-S2 system within pyrrhotite-pyroxene 

skarn is about 640°C (Fig.6.76).  

 

6.10.14. The Mode of Tungsten and Gold Transportation and Deposition 

6.10.14.1 Tungsten  

There exist widely varying views on the mode of tungsten transportation and 

deposition during ore deposit formation. Manning (1984) and Manning and Henderson 

(1984) suggested transport of tungsten as H(WO3)2Cl and WCl6(aq) species, based on 

experimental work on tungsten partitioning between melt and aqueous fluid containing 

NaCl. Partitioning of W increased with increasing NaCl.  

Eugster and Wilson (1985 and references therein) discussed the solubility of WO3 

in the presence of HCl and KOH solution at 600oC and 2 kbar. Per these authors, tungsten 

solubility was independent of HCl at least to 3 molal and that the presence of KOH 

tended to increase the solubility slightly. Based on this data they suggested the ion 

pairing of tungstate ion with K+ rather than chloride complexing as a viable mechanism 

for tungsten transport. The mechanism of W-complexing was given as follows 

WO3 + H2O = H2WO4
0  
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The solubility of tungsten was also stated to be oxygen fugacity dependant 

(Haselton and D'angelo, 1986). They experimented using a 1 molal chloride solution in 

equilibrium with synthetic quartz monzonite at 600 to 700oC and 1 kbar. Oxygen fugacity 

was controlled using nickel-nickel oxide buffer. Solubility of W up to 300 ppm was 

reported but the change of chloride concentration during the experiment was not 

conducted. 

Based on well controlled experimental work, Wood and Vlassopoulos, (1989) 

proposed that in natural waters, the complexing of Cl- with W is not significant at lower 

concentrations. Their study was backed by an experiment placing solutions of HCl (0.5-5 

molal), NaOH (0.01-Imolal), NaC1 (1-6 molal) and KCI (1 molal) in pure water to 

determine the speciation of tungsten in hydrothermal solutions in the presence of Cl-, Na+ 

and K+; experimental conditions were limited to 500°C and approximately 1 kbar. The 

average solubility in pure water was of 515 ppm WO3 under the above parameters. There 

was no significant change in solubility under varying HCl concentration to 5 molal. 

Solubility increased significantly with additional NaCl and more so with additional 

NaOH.  The reaction mechanism is 

WO3(s) + H2O(l) = H2WO4(aq) 

The importance of cation tungsten pairs was emphasized by these authors, without 

excluding the significance of polymeric tungstate species formation. 

WO3(s) + NaOH(aq) = NaHWO (aq) 

WO3(s) + NaOH(aq) = NaHWO4
0 

WO3(s)+ NaCl°(aq+) H2O(aq) =   NaHWO4
0 +HCl°(aq) 
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In their experiment, the assemblage containing WO2 was found to have higher 

solubility than with WO3. Solubility was even higher with the addition of KCl and KOH. 

The experiments demonstrate the role of salts in hydrothermal solution as important agent 

in facilitating the dissolution of tungsten at sufficiently higher concentration. 

Wood and Vlassopoulos, (1989) suggested that cation-tungstate ion pairing is 

most important for the formation of tungsten deposits where salinities are moderate to 

high and this kind of environment is suitable for skarn deposits; on the other hand, 

chloride complexing of W, will be negligible under natural conditions (Wood and 

Vlassopoulos, (1989). However, Kwak and Tan (1981) and Kwak et al. (1986) stressed 

the dominance of salts such as CaCl2, FeCl2 an MgCl2 in specific environments such as 

skarn and porphyry copper. 

The mechanism of high temperature tungsten transport, speciation and scheelite 

solubility in aqueous solutions buffered by the calc-silicates and by the mica schist 

assemblages were investigated by Gibert et al. (2000) for the scheelite-bearing calc-

silicate gneisses of the Montagne Noire, France, for a hydrothermal alteration 

characterized by the crystallization of idocrase-grossular in the calc-silicate with 

concomitant precipitation of scheelite. It was found that H2WO0
4, HWO4

- and WO4
2-

 are 

the dominant tungsten aqueous species in H2O-NaCl (1 molal) solutions at 500oC and 2-4 

kbar. Decreasing pressure and increasing activity of aqueous calcium in this system 

increased scheelite deposition. The presence of volatiles (N2, CH4, CO2) in the fluids was 

proved to drastically increase scheelite deposition by determining the effect of N2 on 

tungsten speciation and scheelite solubility. The addition of N2 (up to 10 mol%) to the 

mineralizing fluids results in a marked increase in H2WO0
4 and HWO4

- concentrations 
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relative to WO4
2- and in a large decrease of scheelite solubility. This mechanism favours 

scheelite precipitation and accounts for the commonly observed association of W 

deposits with graphitic rocks generating mixed volatiles fluids (Gibert et al., 2000). This 

experimental result and the conclusions drawn thereof are applicable to conditions of 

tungsten transport and deposition for the Mactung skarn tungsten deposit. Gerstner et al. 

(1989) conducted microthermometric and Raman spectroscopic analyses of fluid 

inclusions from the Mactung scheelite skarn deposit and found that the skarn-forming 

fluids are water-dominant, low salinity (<5.0 equivalent wt. % NaCl), and methane-

bearing. The role of salts of Na and K salts may be limited in view of the lower 

concentration of NaCl in the fluid inclusions (Gerstner et al., 1989). Furthermore, no 

significant K- and Na-bearing mineralogy were observed in the skarn system except in 

the massive pyrrhotite zone that contains appreciable amount of biotite. Therefore, salts 

of iron and calcium probably played the dominant role at least in early-stage skarn.  

 

6.10.14.2 Gold 

Experimental, thermodynamic, and molecular data on Au aqueous speciation, 

solubility, and partitioning in major types of geological fluids in the Earth’s crust, from 

low temperature aqueous solution to supercritical hydrothermal magmatic fluids, 

vapours, and silicate melts was discussed by Seward (1973), Stefánsson and Seward 

(2004), Williams-Jones et al. (2009), Pokrovski et al. (2014) and references therein and 

many other researchers. The dominant complexes in aqueous hydrothermal solutions are 

AuOH, AuCl2, AuHS, and Au(HS)2. The most important ligand at temperatures up to 
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350°C is HS- (Seward 1973), with AuHS° predominating at lower pH and Au(HS)2
- at 

higher pH (Stefánsson and Seward, 2004).  

Gold has a strong affinity to bond with reduced sulphur, and this is responsible for 

Au enrichment in S-rich vapours and sulphide melts, which are important gold sources 

for hydrothermal deposits; Physico-chemical parameters such as temperature, pressure, 

salinity, acidity, redox and the nature of fluid components (S, CO2, As) affect Au 

concentration, transport, precipitation, and fractionation from other metals in the crust 

(Williams-Jones, 2009 and references therein). 

Spooner (1993), based on the study of Archean  deposits of Au-quartz veins, 

epithermal Au-Ag and Au skarn deposits, proposed that ore fluids derive their 

characteristic element enrichments by high temperature fluid/vapour dissolution of 

magmatic sulphide liquid droplets/solids (chalcophile element-enriched). Components of 

the mineralization enrichment process are sulphide melt/silicate magma partition during 

which ore grade Au concentrations can be produced from non-anomalous background Au 

abundances of ~1 ppb (enrichment factor = ~104), and high aqueous phase sulphide 

solubilities at high temperatures, and selective Au precipitation. 

Heinrich et al. (2004), from gold-solubility experiments involving fluid-phase 

stability relations combined with thermodynamic modeling using fluid-inclusion 

analyses, made an integrated geological interpretation linking epithermal gold 

mineralization and porphyry-style ore formation to the cooling of hydrous magma 

chambers. He suggested that the essential chemical requirement for gold transport at low 

temperatures is an initial excess of sulphide over Fe in the magmatic fluid, which is best 

achieved by condensing an Fe-rich brine from a buoyant, low- to medium-salinity vapor 
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enriched in S. This vapor can transform directly to an aqueous liquid, by cooling at 

elevated pressure above the critical curve of the salt-water fluid system. Physical and 

chemical conditions are matched when magmatic fluid is released through a gradually 

downward-retracting interface of crystallizing magma beneath a porphyry stock, 

predicting the consistent zoning and overprinting relations of alteration and 

mineralization observed in magmatic hydrothermal systems (Heinrich et al., 2004). 

Mexias et al. (2005), from the study of the Bloco do Butiá gold mine, Lavras do 

Sul, Brazil, suggested that change in temperature and pH conditions are key parameters 

for the occurrence of gold in the pyrite structure (invisible gold) in the zone of phyllic 

alteration. Temperature and pH decrease were fundamental to gold deposition by the 

destabilization of sulfur species [Au(HS)2
-, HAu(HS)2(0) and Au(HS)0] dissolved in the 

aqueous solution, being Au(HS)0 the main gold transporting complex (Mexias et al., 

2005).  

The role of Cu-Au transport in brine solutions were also advanced by many 

researchers. Moderately saline (5 wt.% NaCl), relatively reduced, single phase (non-

boiling), hydrothermal fluids at 300° to 700°C and 0.5 to 2 kbars can transport modest 

quantities of Cu (typically 10s to 100s of ppm) as neutral chloride species (Rowins, 2000 

and references therein). Copper solubility increases with higher chloride concentrations 

and lower ƒS2, but changes little with ƒO2 if reduced S remains the dominant S species. 

There is a decreasing Cu solubility with decreasing ƒO2 in dilute aqueous fluids at 

elevated temperatures and pressures (Seyfried and Ding, 1993; Rowins, 2000 and 

references therein). Unlike Cu, dissolved Au (>0.1 ppm) as AuCl2
-, is transported in 

similar quantities in magmatic brines regardless of the oxidation state of the system 
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(Gammons and Williams-Jones, 1997). For example, at 500°C, Au solubilities are only 

~1.1 log units apart for a strongly oxidized fluid (at the SO2/H2S buffer) versus a strongly 

reduced fluid at the CO2/CH4 buffer (cf. Gammons and Williams-Jones, 1997; Rowins, 

2000). Loucks and Mavrogenes (1999) favored Au transport as a hydrosulphide complex 

under reducing conditions despite their experimental work confirming that the solubility 

of Au is unaffected by oxidation state in hot brine solutions. Taken together, these metal 

solubility studies indicate that significant quantities of Au can be transported by hot, 

saline, magmatic fluids under either reducing or oxidizing conditions, whereas Cu 

transport is much more favored in the oxidizing environment. Thus, reduced porphyry 

copper-gold (RPCG) ore systems have the potential to transport just as much Au as the 

classically oxidized porphyry systems, but significantly less Cu (Rowins, 2000).  The 

Mactung Cu-Au occurrence in the skarn system can be viewed as a continuum of reduced 

porphyry copper-gold (RPCG) occurrence having formed from relatively reduced ore 

fluids. Reduced porphyry Cu-Au deposits lack primary hematite, magnetite, and sulfate 

minerals (i.e., anhydrite), but contain abundant hypogene pyrrhotite, commonly have 

carbonic-rich ore fluids with substantial CH4, and are associated with ilmenite-bearing, 

reduced I-type granitoids, which are typical features shared by the Mactung granitoids.  

In contrast to the above assertions, the role of hot brines as important mechanisms 

of Cu-Au transport was given less significance based on the study of fluid inclusions 

from reduced Sn-W-Ag porphyry deposits and porphyry-related Au-Mo breccias. That 

study revealed that Cu, and very likely Au, strongly partition into the low density H2S-

rich vapor phase rather than the co-existing high density chloride-rich liquid during 

moderately high pressure phase separation (e.g., Heinrich et al., 1999, and references 
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therein). If ore fluids are reduced, Cu and Au, strongly partition into the low density H2S-

rich vapor phase rather than the co-existing high density chloride-rich liquid during 

moderately high pressure phase separation (e.g., Heinrich et al., 1999). This vapor 

transport of Au and Cu directly impacts on how metals will be zoned in reduced porphyry 

ore systems. Specifically, Au in reduced H2S rich magmatic vapors will tend to be carried 

away from the parent intrusion, since not only does the vapor phase have a much higher 

diffusivity than the saline brine, but Au also, apparently, exhibits retrograde solubility 

with cooling to ~350°C in the vapor phase (Gammons and Williams-Jones, 1997). 

Other authors (e.g., Tooth, 1975, 2007) emphasized the role of Bi droplets in a 

hydrothermal system as important parameter in gold deposition; this hypothesis applies 

more to the Mactung Au mineralization associated intimately with native bismuth and Bi-

Te phases.  Tooth et al. (1975), using an Au–Bi model, explored experimentally a 

polymetallic melts capacity to precipitate directly from a hydrothermal fluid, and the 

ability of these melts to scavenge Au from the solution. Bi-rich melts were readily 

obtained by reaction with pyrrhotite, graphite or amorphous FeS. When Au was added to 

the system, Bi–Au melts with compositions consistent with the Au–Bi phase diagram 

were obtained. Direct fractionation of Bi–Au melts from a hydrothermal fluid, or 

precipitation of a Bi-melt followed by partitioning of Au from ambient fluid, offer 

possible pathways to the enrichment of minor ore components such as Au, without 

requiring fluid saturation with respect to Au (Tooth et al., 1975). This mechanism is said 

to explain the strong geochemical affinity between Au and low-melting point chalcophile 

elements such as Bi, Te and Sb in many gold deposits, and only small quantities (ppm) of 
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polymetallic melts are required to affect the Au concentration of a deposit via interaction 

with a hydrothermal fluid (Tooth et al., 1975). 

Törmänen and Koski (2005) further strengthened the role of Bi-scavenging from 

observation of high gold contents (to 10.1 ppm, avg 1.4 ppm) in samples containing 

pyrrhotite-rich massive sulphide including Bi minerals (native bismuth, Bi tellurides, Bi-

Te sulphides, and bismuthinite) from the sediment-covered floor of the Escanaba Trough, 

East Pacific Rise.  The availability of Au for precipitation directly from hydrothermal 

solution is inhibited by its low solubility as bisulphide complex. Instead, gold 

precipitation is thought to be linked to elevated concentrations of Bi in the late main-

stage fluids. The low melting point of native bismuth (271.4°C) and recent experimental 

results on Au and Bi in hydrothermal fluids contribute to the hypothesis that gold was 

effectively scavenged from vent fluids by coexisting droplets of liquid bismuth. 

Additional phase relationships of alloys in the Au-Bi system indicate that deposition of 

native bismuth and maldonite occurred at temperatures as low as 241°C. Bismuth 

droplets trapped in void space between main-stage mineral grains scavenged gold from 

ambient hydrothermal fluid than bismuth enclosed by late-forming pyrrhotite (Törmänen 

and Koski, 2005).  

 

6.11 Conclusions 

1) W-(Au-Cu-Bi) mineralization at Mactung is hosted by carbonates and impure 

carbonate rocks that are transformed into light green, green and dark green skarns. 

There is some contribution from altered pelites within the carbonate sequence in 

structurally favourable areas.  
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2) In early skarn, scheelite and pyroxene most likely formed at high temperature 

(550-650oC). This conclusion differs from the work of Gerstner (1989) who found 

trapping temperature of 350-430oC for many of the minerals (amphibole, 

pyroxene, garnet and biotite). We interpret the temperatures  of Gerstner (1989) as 

belonging to the retrograde stage of the skarn development.   

3) Skarn formation at Mactung is generally prograde: amphibole-bearing skarn 

followed by pyroxene skarns. However, this phenomenon is mainly due to 

variation in original host rock composition. Less carbonate-rich rocks followed 

this path, whereas pure carbonate rocks formed pyroxene at the initial stage or lost 

all early-formed amphiboles when the former still contained amphiboles. 

Sulphidation accompanied both types of skarns but the most intense is associated 

at the retrograde stage in the purer pyroxene skarns within the Lower Orebody. 

Biotite, quartz anorthitic plagioclase, massive pyrrhotite (with some amount of 

pyrite and chalcopyrite), chlorite and scheelite are prevalent minerals in the this 

facies. Sub-rounded to anhedral scheelite crystallized simultaneously with 

pyrrhotite. 

4) Much of the high grade scheelite mineralization formed simultaneously with the 

medium- to fine- grained pyroxene skarn and predated sulphidation although 

some late-stage scheelite is observed in sulphide-bearing quartz veins and in 

quartzo-feldspathic dominated facies.  

5) Sulphidation is not a prerequisite for tungsten mineralization. The presence of 

sulphides (pyrrhotite, pyrite and chalcopyrite) have no direct bearing on tungsten 

mineralization. Their presence simply indicates they have shared same fluid 
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pathways in the whole episode of skarn formation. In fact, abundant overprinting 

of pyrrhotite lowers tungsten grades. Because sulphides and scheelite shared same 

channel ways, sulphides are good indicator minerals for tungsten mineralization. 

6) Calc-silicate alteration at Mactung is not a result of a mere isochemical contact  

metamorphism. It involved fluid-wall rock interaction leading to low content of 

sulphides and scheelite deposition. These rocks commonly contain ≥ 0.1% WO3 

and up to 0.5% WO3 in places. 

7) High temperature tungsten solubility, speciation and transport took place in water 

dominant solutions along with salts (particularly FeCl2 and CaCl2, and KCl2 (in 

late skarn). Increasing activity of aqueous calcium in this system increased 

scheelite deposition. Volatiles such as CH4 and CO2 in the fluids enhanced 

scheelite deposition. The high correlation between tungsten and phosphorus may 

in part signify the possibility of a role for P-bearing ligands in tungsten 

transportation. 

8) Gold mineralization is associated with Bi and Bi-Te phases linked to skarn 

formation and it post-dated scheelite mineralization. The high gold values 

revealed by analysis of adit wall samples are within the main tungsten zone and it 

is reasonable to suggest that scheelite and gold mineralization are spatially 

correlated. 

9) Sulphidation strongly controls copper and gold mineralization. Higher amounts of 

Cu always occur where massive pyrrhotite occurs. Increasing sulphur activity or 

falling temperature caused the conversion of pyrrhotite into chalcopyrite and 

pyrite. Gold-bearing bismuth and Bi-minerals formed via infiltration along grain 
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boundaries, particularly in scheelite and pyroxene. These may be due to the 

greater space availability along the grain boundaries.  

10) Relatively less skarned, recrystallized limestone in Unit 3D in the southern part of 

the area, and relict marble units in skarned Unit 3F and Unit 2B are evidences for 

carbonates being converted into skarn. Moreover, skarn remnants (sheared 

limestone relics) in the Lower Orebody clearly indicate the metasomatic 

conversion of limestone into skarn,  

11) Unit 2B is the most sulphide rich, and dominantly very green, relatively coarser 

grained pyroxene skarn. The other units contain all the three colour varieties of 

skarn. The light green skarn zones in Units 3F, 3E, and 3D have a cherty 

appearance probably owing to their initial high silica content.   

12) The Mactung deposit is a distal exo-skarn type mineralization. Deep-seated ESE-

WSW faults and numerous fractures that formed by doming beneath Mount Allan 

might have been the channel ways for the mineralizing fluids. The fluids probably 

separated ahead of the emplacement of the Mactung porphyritic biotite granite. 

The distal nature of the mineralization has significant implication on the 

exploration strategy in the vicinity of and away from the Mactung deposit.  

13) Scheelite mineralization predated D3 and D4 deformation events and might have 

been related to processes leading to D2 deformation.  Mineralizing fluids at the 

Mactung deposit originated directly from beneath Mount Allan. The main trend of 

the tungsten mineralization is in the direction of ENE-WSW. The zone of intense 

quartz veining in Unit 3C and Unit 1 are localized in this trend although 

individual vein orientation can vary from this general orebody trend. The fact that 
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carbonate rocks are intensely skarned and mineralized to the north, and that 

hornfelsization decreases toward the south (for example, south and southwest of 

the North American Tungsten Corporation campsite) implies that the mineralizing 

pluton or structure lies beneath Mount Allan. Deep faults beneath Mount Allan 

might have been the channel ways for the mineralization. This has significant 

implication on the exploration strategy, outside the Mactung occurrence.  

14) Sphalerite geobarometry reveals that skarn sulphides at Mactung developed at a 

pressure of 2 Kb, whereas regionally metamorphosed sedimentary rocks may 

have been buried to a depth of 5 kbar before they were uplifted to a depth of 2 

kbar.  

15) Metasomatic replacement of skarn was via infiltration of metalliferous iron- and 

sulfur-bearing fluids of mixed origin (magmatic and sedimentary sources). 

Emplacement of mineralizing granitoids was probably controlled by plate 

collisions (an eastward drift of the Mesozoic amalgamated terrane of the western 

Cordillera and a westward plate movement as the Atlantic Ocean’s opening 

advanced). Plate collisions controlled tungsten mineralizations are reported 

elsewhere (e.g., the Hahaigang W–Mo polymetallic skarn deposit is in the central-

eastern part of Gangdese tectono-magmatic belt in Lhasa Terrane, Tibet; Li et al., 

2014). 
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Fig. 6.1. Location of Mactung along the Yukon-NWT border. 
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Fig. 6.2a. Mactung ore zone aerial view (Looking West); Granite stock north of 

Mount Allan.  

 

Fig. 6.2b. Looking East to the Canol Road from the eastern side of Mount Allan; 

the NNW-SSE Canol Road further east, behind the hill (light brown) in the center 
carbonate beds (lighter tone) reappear southeast of Cirque Lake; arrow on photo 

towards. 
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Fig. 6.3. Mineralized skarn deposits in southeastern Yukon and southwestern NWT of the 

Selwyn Basin (modified from Dick, 1980). 
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Fig. 6.4. Geological setting of Mactung (red dot) with respect to the Selwyn Basin 
(modified from Cecile, 2000); the Selwyn basin (yellow shade) contains basinal clastic 

rocks. East of Mactung platformal deposits (blue shade) of the Ancestral North America, 

mainly limestone and dolostone; further east platformal deposits (white) of foreland basin, 

consist of undeformed carbonates; west of the Selwyn basin are amalgamated terrenes of 

Mesozoic age. 
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Fig. 6.5. Local Mactung Geologic map (Yukon-NWT) showing the 3 groups of 

metasedimentary rocks and various intrusive phases. 
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Fig. 6.6. Detailed geological map of Mactung (11 lithological units). Phosphatic beds 

and nodules are restricted to the middle depositional cycle (Explanation next page). 

Geologic cross-section is presented in Fig.3.34. 
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Fig. 6.7. Metasedimentary sequence near the Mactung skarn tungsten deposit on the northern 

face of Mount Allan. Photo looking southwest. Light grey surface represents part of the area 
covered by Mactung North Pluton. 

 

 

  

northern face of Mount Allan. Photo looking southwest. Light grey surface 

represents part of the area covered by Mactung North Pluton. 
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Fig. 6.8. Upper Metasedimentary Group (Units 5 and 6) in the southern part of the 

mapped area forming an E-W mountain range (about 300 m above the flat land); 

Mactung South Pluton lies west of the area in the picture; Photo looking south. 
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Fig. 6.9. Photograph looking to the north, showing the contact (dash line) of 

granite and Unit 1; contact dips to NE; view approx. 2 km width. 

Fig. 6.10. Photograph looking SW, showing late generation quartz veins; they 

strike NE and dip NW. Hammer for scale. 
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Fig. 6.11. Photograph looking SW, showing partially assimilated 

metasedimentary rocks (Unit 3C) with older generation quartz veins; note the 
veins are not cutting the granite.  

 

Fig. 6.12. The E-W striking felsic/leucocratic granitic dykes dipping at high 
angle to the north; they occur northeast of the skarn tungsten deposit. The largest 

dyke, on the left, is 3m thick. Looking to the west. 
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Fig.6.13. Leucocratic granite dykes (arrow pointing to) parallel to So/S1 within 

Unit 1; they occur as blubs/pods within the Unit. 

Fig. 6.14. E-W -striking and northerly dipping aplitic dyke (centre) from the 
southern Mactung area intruding between Unit E (left) and Unit D. (right). Hammer 

for scale. 
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Fig. 6.15. Quartz veins: a) Three generations of quartz veins in biotite hornfels 

(Unit C); one set of veins is parallel to bedding or S1 foliation; another set is at 45 

degrees to bedding /S1 foliation; the third set is less than 45 degrees to bedding 

(So)/S1 and is folded (shear deformation). b) First generation of quartz veins 
folded parallel to S1 foliation as tight to open type of folds with easterly vergence 

and plunge; they are terminated/cut by late veins at low angle to S1 foliation, also 

cut by high-angle thin late-stage veins. Elliptical dark layers are phosphatic 
formations; they are stretched and or boudinaged along the So plane (bedding). 

Drilling direction- north; core size- 47 mm. Both set of veins cut the bedding 

plane. c) stepping quartz vein in talc-tremolite rocks. Cliff height about 2 meters. 

50 cm 
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Fig. 6.16. Quartz veins, a) very coarse scheelite- euhedral white grain in 

weakly fractured quartz vein (sample MS243-33.1); scheelite occurs along 

fracture openings or at the intersection of fracture systems, b) Pyrrhotite 
aggregates in highly fractured Quartz vein (sample MT16-292), c) barren 

white quartz vein, with skarn selvages (sample MT66-488B), d) arsenopyrite 

in fractured quartz from inside the Mactung North pluton (sample MAC-
243),  c) and d) next page. 
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Fig. 16 continued 
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Fig. 6.17. Folding and direction of plunge of fold axes in the Mactung meta 

sedimentary rocks. 

F2 
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Fig. 6.18. Sheared quartz vein within Unit 3F; vein cutting across 

bedding prior to shearing of the argillite and carbonate beds. 3 cm vein 

thickness. 

 

Fig. 6.19. Devonian Earn Group rock (MAC399B from Unit 5) largely of 

chert with over >10% barium. Rock shows mylonitic foliation and sheath 

folds.  
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Fig. 6.20. F2 isoclinal fold in Unit 3G it plunging subhorizontally to 
WSW; photo looking west. From the west section of the ore zone.  

 

 

Fig. 6.21. So and S1 fabric (left, around hammer) overprinted by S2 

fracture foliation/spaced foliation (right) in southern part of Mactung. 
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Fig. 6.22. F1 foliation destroyed in part and replaced by green skarn 

(left side), and partly cut by F2 fracture foliation (right side) defined by 

boudinaged calc-silicate/sulphide assemblage alteration; arrow 

indicates downhole; the intersection of the F1 and F2 foliation at high 

angle my signify nose area, in the F2 mega-fold ore zone (Sample 

MS223-134.68). 

 

 

 

Fig. 6.22. F1 foliation destroyed in part and replaced by green skarn (left side), 
and partly cut by F2 fracture foliation (right side) defined by boudinaged calc-

silicate/sulphide assemblage alteration; arrow indicates downhole; the 

intersection of the F1 and F2 foliation at high angle my signify nose area, in the 

F2 mega-fold ore zone (Sample MS223-134.68). 

 

 

Fig. 6.23. Type-3 interference pattern between F1 and F2 folding within Unit 1; 

a float northeast of the Adit portal on the north face of Mount Allan. Dashed 

lines represent trace of axial planes. 
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Fig. 6.24. Quartz veins in Unit 3F showing the style of minute quartz 

cutting calcareous units of the ore zone. The dominant veins strike is NE 

and dip to NW. These veins in attendant with hydrothermal solutions are 
believed to be indicative for scheelite precipitation in the calcareous zones. 

Photo looking to the southeast. 

 

Fig. 6.25. Stretching lineation displayed by phosphatic nodules within unit 
3C; they are cut by quartz veins; Arrow points north. Photo looking to the 

west. 
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Fig. 6.26. Upright F3 folding with W-asymmetry and subhorizontal fold 

axis (plunging about 20o to the west) about 2km south of NATCL campsite; 

Unit 3H. Tension gashes filled by quartz veins at the limbs and hinges. 

 

Fig. 6.27. Intersection of bedding and foliation; foliation strikes E-W 
parallel to long side of photo, whereas bedding strikes northerly. Photo 

looking north. 
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Fig. 6.28. S1 lineation on So bedding plane in Unit 3H inside the valley south of 

Mount Allan. S1 plunges subhorizontally to the west. Photo taken looking to the 

east. The plunge angle and direction are comparable to the plunge angle and 
direction of a F3 fold. Photo looking to the east. 

 

Fig. 6.29. Mega-scale Z-asymmetric parasitic fold with northerly vergence 

indicating the closure of an anticline to the north. Photo looking west. 
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Fig. 6.30. Upright open fold in aplitic dyke (in the southern part of Mactung) 

with sub-horizontal fold axis plunging to the west; Photo looking to the west. 

 

 
Fig. 6.31. Highly jointed biotite granite at the foot of Mactung North pluton. 
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Fig. 6.32a. Regionally metamorphosed (low-grade) phyllite from Unit 1. 

 

Fig. 6.32b. Muscovite-biotite hornfels from Unit 1 (sample MS156-
295); biotite-rich (grey brown) layer and muscovite-rich (light grey) 

layer; cordierite spots in both layers. 
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Fig. 6.33a. Marbled limestone south of the broad valley, south of 
Mactung Campsite. Outcrop shows a steep dip of bedding and S1 

foliation as opposed to the shallow dipping in the ore zone (to the 

north). 

 

Fig. 6.33b. Handspeciemen from outcrop sample in Fig.33a; 
recrystallized calcite generally coarse-grained. 
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Fig. 6.33c. Unit 2B Breccia texture in float from the southern part of 

the area. Rounded light-grey carbonate in a pelitic and carbonate 

matrix. 

 

 
Fig. 6.33d. Float of Unit 2B showing alternating layers of carbonate 

(grey) and siliceous pelite (light brown) in the southern part of the area, 

outside the contact aureole. 
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Fig. 6.33e. Photograph, looking to the south, showing pyroxene skarn in Unit 2B. The 
rock has changed to rusty brown on the surface due to oxidation of sulphides; relic 

foliated marbled limestone shows evidence of deformation. 
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Fig. 6.34a. Dark grey meta-argillite from Unit 3C, in the southern part of 
Mactung; it contains very dark phosphatic layers (not visible). 

 

 

Fig. 6.34b. Photograph showing complete removal of dark argillaceous component 

due to heat and alteration to biotite; 47 mm core diameter. First run represents Unit 

3C hornfels; lower run is from Unit 3E. Phosphatic layers along the trace of 
bedding. 
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Fig. 6.34c. Apatite-rich layers in biotite hornfels of Unit 3C; central dark layer is apatite-

rich where apatite is isotropic; most of the highly birefringent mineral is biotite, and the 

grey and light grey is quartz and feldspars (in crossed nicol). 
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Fig. 35a. Unit 3D limestone breccia/conglomerate; poorly sorted pelletal 
phosphatic fragments (dark) set in a grey carbonate matrix; sample from 

borehole MS184 (17.7 m depth) on the southern foot of Mount Allan. 

 

 

Fig. 6.35b. Unit 3D (sample MT72-68-811.8) in the western part of the 

deposit, from borehole # 72-68, within the zone of contact metamorphism. 
with light brown and grey phosphatic nodules; grey carbonate matrix re-

crystallized to give way for white carbonate. Core diameter 47 mm. 
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Fig. 6.36. Dark grey meta-argillite from Unit 3E, in the southern part of 
Mactung. Very dark phosphatic layers - interlayered with argillite (sample # 

MAC-349). 

 

 
 

Fig. 6.37. Unit 3F outcrop in the western part of Mactung. Photograph 

looking NE, showing alternating bands of gray brown pelite and lighter gray 
marbled limestone. 
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Fig. 6.38. Unit 3G rocks: a) Tremolite schist/phyllite 
(MAC-384A2); b) quartz and phyllo-silicate-rich tremolite 

schist (MAC-384B); dark colouring due to fine quartz; c) 

talc-tremolite rock in the zone of contact metamorphism 

(MS156-9.9), characterized by textural coarsening with 
development of tremolite porphyroblasts. 
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Fig. 6.39a. Photograph of Unit 3H slab from sample taken at the western 
periphery of the contact metamorphic aureole. Outcrop sample MAC-259B. 

 

 

 
Fig. 6.39b. Photograph drill core showing biotite alteration in unit 3H; 

white veinlets are quartz; core diameter is NQ (47 mm); original dark 

argillaceous composition bleached resulting in the recrystallization of 

coarser quartz and biotite and light tremolite.(sample # MT80-68). 
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Fig. 6.39c. Selective bleaching in meta-argillite within Unit 3H. 

Sample MW08-01-69. light and yellowish brown colouring due to 

oxidized sulphides; dark thin layers are phosphatic beds. 
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Fig. 6.40a. Photograph showing mono graptolite in Unit 4 (sample # 

MAC-445B). 

 

Fig. 6.40b. Photograph showing calc-silicate alteration in Unit 4; core 
diameter is NQ (47 mm diameter). Sample # MT80-69. 
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Fig. 6.41a. Devonian Earn Group rock (MAC-397, from Unit 6) that is fine-

grained dark metapelite. 

 

 
 

Fig. 6.41b. Devonian Earn Group rock (MAC-396, from Unit 6) that is grain 

supported conglomeratic limestone layer within dark metapelite; grey white quartz 
veins cut across the matrix and pebbles. 
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Fig. 6.42. Model for skarn formation and tungsten mineralization: Section (sketch) from 
UTM 441733E, 7017000N to 441815E, 7018357N into the central skarn-tungsten orebody 

(See Fig 1.3). High temperature mineralizing fluids infiltrate pelitic and carbonate layers. 

Carbonate layers convert into pyroxene skarn; scheelite co-precipitates with pyroxene; 

Heavy pyrrhotite impregnation in retrograde stage along with biotite, plagioclase, some 
pyroxene, and scheelite. Argillite/pelitic layers are converted to calc-silicate layers, and in 

rare cases to skarn, when metasomatism is strong. Note: Unit 4 missing in this section due 

to erosion. Cc= calcite; di=diopside; grs=grossular garnet; po=pyrrhotite; hd=hedenbergite.  
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Fig. 6.43. Scheelite mineralization in the Mactung skarn system: a) disseminated scheelite 

interlocked with silicates in skarn rocks (MS243-66.6); b) coarse scheelite in skarn 
selvages (sample # MS239-123.5); c) fracture fills coarse-grained scheelite in quartz vein 

viewed in sunlight and under ultra-violet light (sample # MS220-105.11), d) as equant 

grains within quartz veins (sample # MS232-206.1), and e) as large euhedral isolated grain 

in skarned rocks (Sample # MS218-214.7). 
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Fig.6.43. continued. MS220-105.11: coarse scheelite around quartz vein, viewed in sun 

light and under ultra-violet light in dark room, respectively. 
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Fig. 6.43 continued. d) MS232-206.1 and e) MS218-214.7). 
See description above. 
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Fig. 6.44a. Photomacrograph showing green pyroxene with abundant scheelite 
(white spots); accompanying minerals are apatite, anorthite, quartz, garnet and few 

pyrrhotite grains (sample # MAC-226). 

 

Fig. 6.44b. Photomicrograph showing scheelite grains (smaller 
reddish/purplish) in medium to coarse-grained pyroxene (pxn) 

skarn from lower ore body (sample # MS156-240.55); scheelite 

(sch) mostly occurs with the medium-grain type. Coarse-

grained pyroxene developed at early stage; X-nicols. 
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 Fig. 6.45a. Light green skarn from the Upper ore body (Unit 

3F);beige to very light green transitional skarn overprinted by 
prograde dark green skarn consisting of hedenbergitic skarn 

(sample # MS157-36.7). 

 

Fig. 6.45b. Photomicrograph, showing (amph)-pyroxene skarn (sample # 
MS156-79); larger crystals are amphiboles from the Upper Orebody; finer 

grains are pyroxenes; X-nicols. 
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Fig. 6.46. Massive pyrrhotite (po) skarn within Unit 2B (sample MT59-278) with patches of 
chalcopyrite (cpy) (light yellow). 
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 Fig. 6.47. Back scattered electron (BSE) image showing bismuth (Bi) 
occurring between grains of pyrrhotite (Po) and biotite (bt) in sample 

# R0531358. The dark gray is plagioclase (pl). 

 

 
Fig. 6.48. Back scattered  electron (BSE) image showing bismuth (Bi) 

- bright, on centre, Bi-Te phase - rod shaped, left of Bi, along with 
pyrrhotite (po) (light), scheelite (sch) (white), and plagioclase (pl) 

(dark gray). Sample # R0531358. 
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Fig. 6.49. Photomicrograph showing typical Lower Ore body pyroxene skarn 

which mostly favours scheelite mineralization; high relief reddish/pinkish- 

scheelite in the center and elsewhere; X-nicols (sample # MS156-233). 

 

Fig. 6.50. Photomicrograph showing pyrrhotite (po), cutting across 

pyroxene (sample # MS156-240); X-nicols). 
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Fig. 6.51. Dark reddish brown garnet (sample # MT72-59-280) – from 
the eastern part of the Lower Ore body. Limestone is completely 

replaced by garnet and pyroxene. The garnet composition is marked by 

more andradite and johannsenite component. 

 

Fig. 6.52. Skarn from the Upper Ore body; relic calc-silicated limestone replaced 

by pyroxene and garnet (grossular); sample # MT80-134-537.  
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Fig. 6.53. Green pyroxene skarn in Unit 2B (sample MS145-354.7) cut by light brown 
late generation garnet veins. 
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Fig. 6.54. Back scattered electron (BSE) image of pyrrhotite skarn 

showing scheelite and pyrrhotite interlocked texture (Lower Orebody; 

sample # R0531345); scheelite has irregular shape unlike in pyroxene 

skarn, possibly due to late-stage replacement. 
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Fig. 6.55. Location of adit wall samples analyzed for Au, W, and other trace elements (Table 

6.1), Mactung, Yukon-NWT. 
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Fig. 6.56. Plot of Au and WO3 values of adit wall samples, Mactung, Yukon-NWT; above 

average values of Au (0.38 ppm) and WO3 (1.73%) in red. Top are Au values and lower are 

WO3 values. 
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Fig. 6.57. Triangular plot of the system Bi-S-Te. Open circles 

represent ideal compositions of defined minerals in the system. 

Abbreviations: iku = ikunolite (Bi4S3), jos-A = joseite-A (Bi4Te2S), 
bak = baksanite (Bi6Te2S3), jos-B= joseite-B (Bi4Te2S), pil = pilsenite 

(Bi4Te3 ), ing = ingodite (Bi2TeS), stsu = sulphotsumoite (Bi3Te2S), 

tsu = tsumoite (BiTe), bis = bismuthinite (Bi2S3 ), tedy = tetradymite 
(Bi2Te2S), ruck= rucklidgeite ((Bi,Pb)3Te4), tebi = tellurobismuthite 

(Bi2Te3). Star = 'protojoseite' (BiTeS). Triangle = unnamed mineral 

(BiTeS); after Cook et al. (2007). The Mactung Bi-Te phases have 

composition between hedleyite and bismuth. 
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Fig. 6.58. Photomicrograph showing pyrrhotite (brown) being 
replaced by chalcopyrite (light and orange coloured), in the 

Lower Orebody (sample # MS145-354.7). Reflected plane 

polarized light. 

 

  
Fig. 6.59. Photomicrograph showing chalcopyrite (cpy) -
yellow cutting into pyrite (py), with pyrrhotite (Po) (brown) on 

the right side (sample # MS156-274.8); reflected plane 

polarized light. 
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Fig. 6.60. Photomicrograph of pyrite around grains of 

scheelite (reddish/purplish color); note fracture limited to 
scheelite; outside fractures are healed by pyrite growth; 

transmitted light, X-nicols and reflected light combined 

view (Sample # MS156-240.55). 

 

 
Fig. 6.61a. Photomicrograph of apatite with plagioclase (gray) 

and quartz (white) in sample # MS156-103.4 in Unit 3D skarn; 

apatite has bluish, dark gray shades. X-nicols. 
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Minerals Prograde stage Retrograde stage 

Non-sulphides     

Calcite  

 

  

Wollastonite 
 

  

Garnet  

 

  

Amphibole 
 

  

Clinopyroxene  

 

  

Scheelite  

 

  

Apatite 
 

  

Plagioclase  

 

  

Quartz  

 

  

Epidote   
 

Zoisite/Clino-zoisite   
 

Biotite   
 

Chlorite   
 

      

Sulphides     

Pyrrhotite 
  

Chalcopyrite   
 

Pyrite   
 

Bismuth   
 

Bi-Phases   
 

Gold    

 

      

 

Fig. 6.61b. Skarn mineral paragenesis of the Mactung tungsten deposit, Yukon-NWT, 

Canada. 
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Fig. 6.62. Plot of pyroxene composition from Mactung skarn and (or) calc-silicate rocks; 

scheelite is associated with the more Fe-rich pyroxene (hedenbegite). See Table 6.4. 
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Fig. 6.63. Plot of garnet compositions from Mactung skarn using the subcalcic garnet 

diagram of Newberry (1983). Garnets in Mactung skarn are largely high grossular 
indicating a highly reduced environment of scheelite deposition. See Table 6.5. 
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Fig. 6.64. Ca-Na-K diagram (atom %) showing SEM and EPM analyses of biotite 

for metasedimentary rocks of Mactung (see Table 6.9). 
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Fig. 6.65. Ca-Na-K diagram (atom %) showing SEM and EPM analyses of white 

mica for metasedimentary rocks of Mactung (see Table 6.10). 
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Fig. 6.66. Density distribution of δ34S (VCDT) for 

Mactung skarn, for all rock units. The most common 

values lie between 12 and 14 δ34S permil. See Table 6.22. 

 

 
Fig. 6.67. δ34S value of sulphide minerals from Mactung 

skarn rocks relative to various geologic reservoirs. Modified 

from Seal et al. (2006a). All isotopic values in permil 

relative to VCDT.  



 

692 
 

 
Fig. 6.68. δ34S values of Mactung skarn rocks within the various rock units. The 

lowest δ34S values occur within Unit 2B which is also the most intensely altered. 

Removing one outlier δ34S value (δ34S of 18‰), the average δ34S for Unit 2B rocks is 

approximately 12‰; S-isotope is less variable in granite (7) and quartz veins (8). 

 

 

 



 

693 

Fig. 6.69. Z-X projection onto the FeS-ZnS join of sphalerite-pyrite-hexagonal 

pyrrhotite; Pressure fields adopted from Scott (1973). 
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Fig. 6.70. Temperatures estimated based on the calcite - dolomite solvus 

diagram of Anovitz and Essene (1987) for magnesian-ferroan calcites in 
equilibrium with dolomite/ankerite. Experimental pressures corrected to 2 

kb using the correction of Goldsmith and Newton (1969). 

 

(Ca,Mg)CO3)2 
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Fig. 6.71. The stability field of Mu-Chl association in Mactung regionally 
metamorphosed argillites at P= 5 & 2 kbars, T = 415o & 430oC, respectively; and the 

stability field of crd-bt association in Mactung contact metamorphosed argillte at P=2 

kbar and T=615-635oC. LGRegM- PT = Low grade regional metamorphism pressure- 

temperature; CM = contact metamorphism;  CM @2 kbars: pressure estimate from FeS in 
sphalerite and Al in Hornblende barometry. Temperatures inferred  based on the mineral 

stability fields adopted from Spear and Cheney (1989); Spear et al. (1999) as cited in 

Winter (2010). In the CM zone,  the Mg/(Fe+Mg) values in biotite of  the Mactung 
Lower Metasedimentary sequence is low, whereas the bulk rock FeOt is high. This 

favours high temperature contact metamorphism. 
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Fig. 6.72. Experimentally derived isobaric T-XCO2 diagram for reactions 

in siliceous dolomitic marble and the conditions for the formation of the 
Mactung talc-tremolite rocks. Diagram after Slaughter (1975). 
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Fig. 6.73. Isobaric equilibrium curves for various reactions (adopted from 

Winkler, 1979); At 675oC, the reaction calcite + quartz = wollastonite is promote 

at XCO2 = 0.54 mole fraction in a fluid phase containing CO2 and H2O. 
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Fig. 6.74. Partial T-XCO2 diagram for water-rich fluids in the system  Ca-

Al-Si-C-OH at a total pressure of 2 kb. Equilibrium related to invariant 
points A, B, and C are from Gordon and Greenwood (1971); invariant point 

D based on prehenite terminal reaction in pure H2O (from Liou, 1987); 

andradite terminal reaction and shift of grossularite on addition of 10 and 30 

mole % andradite (upward-pointing arrows) from Taylor and Liou (1978), 
and Bowman, (1998).  
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Fig. 6.75. Plot of d(102) (y-axis) versus composition of pyrrhotite (x-

axis) corresponding to 0.01o 2 theta for CuK alpha radiation; 
uncertainty in the dimension is 0.005Ao. 
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Fig. 6.76. Fugacity of sulphur versus temperature for coexisting 

pyrrhotite and pyrite liquid sulphur and vapour sulphur. 

 

 
Fig. 6.77. Temperature versus log fO2 stability diagram for a hedenbergitic 

composition of Mactung skarns. at 4 kbars; solid lines correspond to the stability 
boundary (Redhammer et al., 2000); at 4 kbars; change in the boundary lines due 

to pressure is assumed minimal). For a temperature of 675oC (first crystallization 

in Mactung skarn), the fO2 is 10-15.5 bar. As temperature falls to 500oC, fO2 drops 

to 10-20 bar; HM: hematite-magnetite buffer; QMF: Quartz-magnetite-fayalite 
buffer. 
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Table 6.1.  ICP-MS analysis (ppm) of Adit-wall rock bulk samples from the skarn - Lower Ore body 
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Table 6.1.  ICP-MS analysis (ppm) of Adit-wall rock bulk samples from the skarn - Lower Ore body (continued) 
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Table 6.2. Electron probe microanalysis (EPMA) of sulphides from Adit-wall rock samples  (wt.%) – Lower Orebody 
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Table 6.2. continued 
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Table 6.3. Spearman correlation between various trace elements 
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Table 6.4. Pyroxene composition (%) for Mactung skarn and calcsilicate rocks 
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Table 6.5. Garnet composition (%) for Mactung skarn and calcsilicate rocks 
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Table 6.6. Composition (%) of plagioclase  from the zone of  contact metamorphism 
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Table 6.7. Composition (%) of K-feldspars from the zone of contact metamorphism 

 

 



 

 

 

Table 6.8. Amphibole composition (%) for the Mactung skarn and calcsilicate rocks 
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 Table 6.9. Biotite composition (wt.%) for Mactung regional and contact metamorphism  
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 Table 6.9. Biotite composition (wt.%) for Mactung regional and contact metamorphism 

(continued) 
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Table 6.10. Muscovite composition (%) for Mactung regional and contact metamorphic rocks 
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Table 6.11. Chlorite composition (%) for Mactung skarn and or contact 

metamorphic rocks 
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Table 6.12. Composition of cordierite (%) and tourmaline from the Lower Metasedimentary rocks (Unit 1 rocks) 
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Table 6.14. Apatite composition (%) from the Mactung metasedimentary rocks 

Table 6.13. Zoisite composition (%) from Mactung  skarn  rocks 
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Table 6.15. Calcite composition (%) from Mactung metasedimentary rocks 

 

Table 6.16. Dolomite/dolomitic calcite composition (%) from the Mactung marble rocks 
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Table 6.17. Wollastonite composition (%) from the Mactung calcite marble/pyroxene-calcite-skarn 

Table 6.19. Talc composition  (%) from the Mactung talc-tremolite rocks- Upper Orebody cap 

Table 6.18. Titanite composition (%) from the Mactung skarn 



 

 

7
3

0
 

 

 

Table 6.20. Scheelite composition (%) from the Mactung skarn rocks 

Table 6.21. Summary – sulphur isotope composition (‰) of sulphide minerals (pyrrhotite) from the Mactung  skarn  
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Table 6.23. The mole %  FeS in Sphalerite coexisting with pyrite and  pyrrhotite 

 



 

734 

 

 

  

Table 6.24. Coexisting amphibole and plagioclase pairs (used for thermometry) 

in calc-silicated biotite hornfels 
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Table 6.25. The pyrrhotite composition of the Mactung skarn system, expressed in mole fractions (XFeS) 

 

Table 6.26. Temperatures calculated from sulphur isotopes for coexisting pyrrhotite-pyrite,  and pyrrhotite-

chalcopyrite 

 

Table 6.27. Temperatures calculated from oxygen isotopes for coexisting quartz and scheelite  
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Table 6.28. Assumed mixing between δ34S of sedimentary formation and δ34S of magmatic fluids for an equal 

proportion of S 
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Chapter 7 

Conclusions and Recommendations 

 Detailed research in the Mactung area included geological mapping,  

petrochemical and petrographic analysis of granitoids, investigation of primary rock-

forming minerals; petrology and petrography of skarn rocks, analysis of skarn-forming 

minerals, sulphur isotope study of sulphide minerals, oxygen isotopes of whole-rock and 

silicate minerals, geochronology, and tracer isotopes. The research results have increased 

the breadth of understanding of the genesis of the granitoids of the area and the role they 

played as direct contributors to tungsten mineralization. The geochronology work is the 

first of its kind to firmly establish the relationship between the Mactung pluton and the 

skarn tungsten mineralization. The following salient features are concluded from this 

study. 

 

7.1 Conclusions 

1) At the Mactung skarn tungsten deposit, the supracrustal rocks may be divided into 

three major groups based on their stratigraphic position, nature of outcrop 

exposures, general colour, and compositional differences: Upper, Middle, and 

Lower Metasedimentary sequence. In the mineralized zone, utilizing the 

exploration terminology, the thicker sequences of metasedimentary rocks (Middle 

Metasedimentary and Lower Metasedimentary rocks) are divided into nine units; 

these are named Units 1, 2B, 3C, 3D, 3E, 3F, 3G, 3H in ascending stratigraphic 

order. The upper contacts of the units are often marked by a limestone or meta-
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argillite/metapelite or meta-dolomite. Units 2B, 3D, 3E, and 3F host the tungsten 

deposit. 

2) The granitoids at Mactung are divided into two major types, based on their colour, 

content of mafic minerals, and chemical composition: biotite granite and 

leucogranite. Leucogranite includes coarse-grained granite intrusion and fine- to 

medium-grained granite dykes. Biotite granite includes plagiogranite and 

undivided granite which are altered and fractionated versions of the biotite granite 

that are restricted in the ore zone and are not exposed at surface. Aplitic granite 

dykes have characteristics transitional between the biotite granite and the 

leucogranite. Specifically their An content of plagioclase is similar to that of 

biotite granite, whereas their Fe# in biotite is similar to those of the leucogranites.  

3) The two major types of granites show some noticeable differences in their source 

(origin) and the concentrations of major elements and elemental ratios. Thorium 

abundance and Th-based discrimination diagrams provide the most useful 

information in order to uniquely differentiate the various granitoids of Mactung. It 

has been used as fractionation index as it consistently decreases with 

differentiation in all granitoids. Plots of Rb, Ba, Sr, Th/U, U, Ce, Zr, P, and La/Yb 

against Th clearly outline two separate populations: biotite granite and its altered 

and fractionated equivalents, and leucogranite, implying that the two types of 

granitic rocks are not petrogenetically cogenetic. Similarly, Zr decreases with a 

decreasing TiO2, indicating the compatible nature of Zr in the melt system. This 

possibly indicates the intermediate to felsic nature of the initial protolith magma 

and Zr is sequestrated in early crystallizing zircon. 
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4) The biotite granite has an arc-like geochemical signature based on the tectonic 

diagram of Pearce (1984). It most likely originated from the melting of the 

Precambrian basement underlying the Selwyn Basin. Source rocks are probably of 

intermediate to felsic igneous origin but strongly contaminated with sedimentary 

rocks during partial melting and/or during magma ascent. The leucogranite has a 

transitional S- and A-type granite affinity with low Zr, REE, and Na/K, and 

higher Rb, and are interpreted as highly fractionated S-type granites (Christiansen 

and Keith, 1996). Tracer isotopes in the Sm-Nd and Rb-Sr systems indicate an old 

continental crust as the likely magma source for the granitoids of Mactung. 

Source rocks have crustal residence age of 1.9-2.3 Ga for biotite granite. 

5) The granitoids are believed to have formed in a collisional tectonic setting. 

Progressive movement of the accreted terrane eastwards and the overriding of the 

continental crust from the east, during mid-Cretaceous may have caused the 

partial melting of the older igneous crust and sedimentary rocks leading to the 

formation of magmas that generated the biotite granite and the leucogranite, 

respectively. Magmatic heat from the biotite-source magma may also have been 

responsible for the generation of the younger leucogranites.  

6) U-Pb dating of zircon grain separates from five Mactung granitoid samples gave 

consistent ages of about 97 Ma. Re-Os molybdenite dating of a quartz vein cutting 

biotite granite and a leucocratic dyke near the southeast end of the northern 

Mactung pluton gave an age of 97-106 Ma. The Re-Os dating constrains that the 

leucocratic dykes to no younger than 97 Ma. However, the older Re-Os age dates 

are rejected here.  Selby et al. (2003) reported Re-Os age of 97.5 ± 0.5 Ma for 
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molybdenite crystals from Mactung consistent with the findings of this work. Ar-

Ar dating of two biotite grains from the biotite hornfels (from the contact with the 

Mactung north pluton) gave ages of 97.1 ±1.9 Ma and 96.9 ±0.6 Ma. The Ar-Ar 

metamorphic ages (biotite in biotite hornfels) and the U-Pb crystallization ages of 

zircon in granites suggest that contact metamorphism and granite intrusion at 

Mactung was synchronous.  The skarn tungsten deposit also yielded an age of 

97.1± 4.1 Ma (U-Pb dating of titanite by LA ICP-MS method) despite lower 

precision, the age date obtained is similar to the Ar-Ar and the U-Pb zircon ages 

determined for biotite hornfels and biotite granite, respectively 

7) Ar-Ar dating of micas in granitoids yielded cooling ages between 95.6 ± 0.3 and 

91.1 ± 0.7 Ma. The younger Ar-Ar ages may suggest the reheating of the crust 

near Mactung and a possible emplacement of a late-stage granite phases as late as 

92 Ma. 

8) Aluminum, Fe, and Mg are the chief distinguishing elements among biotite of 

different lithologies.  Biotite grains from ore zone granites are magnesian; some 

of the biotite grains from the leucogranites are Fe-biotites, whereas most are 

siderophyllitic; biotite grains from the biotite granite are Fe-type, but more 

magnesian than those of the Fe-biotites of the leucogranite. Biotite from 

pyrrhotite skarns is magnesian as in the ore zone granites; biotite from hornfelsic 

units (from the Middle metasedimentary sequence) are the most magnesian of all 

Mg-biotites analyzed. The Fe/(Fe+Mg) ratio increases from ore zone granite to 

biotite granite and then to leucogranite. In the ore zone granites the average 

Fe/(Fe+Mg) is 0.57. Least-altered biotite granite from the northern pluton has an 
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average Fe/(Fe+Mg) = 0.64; leucogranite and aplitic granite have high 

Fe/(Fe+Mg) ratio of 0.77 and 0.94, respectively. The latter might have been 

influenced by alteration.  

9) All granites in the Mactung area contain biotite with high aluminum which is 

characteristic of peraluminous granites derived from the melting of the continental 

crust. There is also intra-rock variation in biotite composition, such that some are 

more aluminous than others. Using the discrimination diagram of Abdel-Rahman 

(1994) and Nadchit et al. (1985) biotite minerals in the various granitoids of 

Mactung fall within two or three compositionally distinct fields. Biotite in the 

leucogranite mostly plots well inside the peraluminous field and are always of low 

MgO content. They have the highest Al concentration and the highest 

Fe/(Fe+Mg) ratio. Biotites from the ore zone granites plot inside the calc-alkaline 

and peraluminous fields (depending on the type of discrimination diagrams). 

Biotite from the biotite granite always plots in the peraluminous field; however, 

data points are often clustered near the boundary with the calc-alkaline field. 

10) The biotite compositional data for Mactung granitoids suggest greater 

involvement of crustal material. Using the Al versus Fe/(Fe+Mg) discrimination 

diagram of Christiansen et al. (1986), the composition of biotite granite and ore 

zone granites falls between the two-mica and calc-alkaline granite compositions;  

the Mactung granitoids are also characterized by high fHF/fH2O values. 

According to the discriminants of Ague and Brimhall (1988), the nature and 

amount of hydrous minerals (e.g. biotite) present in source rocks undergoing 

partial melting control the H2O + halogen content and temperature of the first-
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formed melts. Higher fHF/fH2O values in biotite indicate involvement of 

progressively greater amounts of continental crustal material. This research  

results are consistent with the findings of Ague and Brimhall (1988). The field 

defined by biotite grains of the Mactung granitoids overlaps considerably with the 

I-SCR (strongly contaminated I-type granitoids) field of Ague and Brimhall 

(1988). In the Al versus Fe/(Fe+Mg)  compositional space, biotite from the 

pyrrhotite skarn sample correlates well with the biotite granite and ore zone 

granites, whereas the biotite from the meta-argillite/metapelite (hornfels) plot 

apart from the two clusters of granitoid samples. The composition of biotite from 

ore zone granite was most likely modified by infiltrating metasomatic fluids 

sourced from the sedimentary units, with the most significant change being 

variation in the XMg composition (addition).  

11) To characterize the metallogenic significance of Mactung granitoids, the 

fluorine/chlorine intercept values were evaluated as a function of differentiation 

index and fluorine intercept values - IV(F/Cl), and correlated with porphyry Cu-

Mo and Sn-W-Be deposits. The Mactung biotite granitoids, the causative plutons 

for tungsten mineralization, define a unique field in both instances. The 

fluorine/chlorine intercepts values are relatively low (implying lower chlorine 

activity) compared to porphyry copper deposit-related granites. The 

differentiation index also clearly show that Mactung biotite granitoids by and 

large are more differentiated than porphyry copper-related granitoids and less 

evolved than molybdenum-related granitoids.  
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12) Phengite geobarometry indicates that the depth of source magma that produced 

the biotite granite of Mactung cannot be less than 15 km. The presence of primary 

epidote in tonalite and granodiorite suggests that the pluton crystallized under 

lithostatic pressures of at least 6 kbar or more (Zen and Hammarstrom, 1984), 

which corresponds to depths of 20-25 km indicating a continental crust lying 

below the Selwyn Basin. Considering the thickness of sedimentary rocks in the 

Selwyn Basin (no less than 20 km), and the absence of metamorphic rocks in the 

Selwyn basin higher than amphibolite facies (a P-T regime that would not allow 

anatexis of the Selwyn Basin sedimentary rocks), the generation of source magma 

deeper than 20 km is plausible. 

13) A quantitative and semi-quantitative evaluation of oxygen fugacity from the Fe/ 

(Fe+Mg) ratio of all biotite samples from the various Mactung granitoids show 

higher reducing conditions during biotite crystallization. This environment of 

crystallization is also reflected by the absence of magnetite, presence of ilmenite 

and rutile, all characteristic of reduced or ilmenite-series granitoids (cf. Ishihara, 

2004). 

14) The Mactung North Pluton is responsible for the observed skarn tungsten 

mineralization. Several reasons can be cited why the biotite granite is considered 

the source of W mineralization.  It is the single largest intrusive body adjacent to 

the skarn. There is a sign of endoskarn development within the ore zone granite; 

alteration of biotite to titanite and development pyroxene is common, although not 

as intense as in the skarn system. Sulphur in granitoids within the ore zone have 

concentration of 1000s ppm; the biotite granite has the highest W concentration 
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(17.4 ppm; average of n = 8), whereas in leucogranite it is 2.0 ppm (n = 18). 

Contact metamorphism diminishes to the south rapidly, whereas to the north, it 

persists within the limit of the mapped area. Geochronologically, the skarn and 

the biotite hornfels have the same age as the biotite granite (97 Ma) within the 

limit of error. Moreover, skarn tungsten mineralization at Cantung and 

surrounding areas is always associated with biotite granite (Mine Stock and 

Circular Stock). Limestone or calcareous rocks in direct contact with granite were 

a necessary condition for tungsten mineralization at Cantung. The Mactung 

pluton, with a similar age and geochemistry (comparison with the works of Zaw, 

1976, 1978; van Middelaar, 1988; van Middlelaar and Keith, 1990; Rasmussen, 

2013) should therefore be the causative intrusive for the Mactung tungsten 

deposit. 

15) Tungsten, copper, gold, and bismuth are the ore metals associated with the 

Mactung skarn, the former being the primary economic commodity. Tungsten is 

strongly correlated with Sb and P.  Apatite is the source of abundant phosphorous 

in the mineralization. There is a spatial relationship between Au and W, although 

gold content does not directly correlate with tungsten. Elevated gold is always 

associated with the skarn that hosts the W-mineralization. Copper and Au have a 

moderate correlation implying that gold may have been partly accommodated in 

the lattice of the Fe-sulphides such as chalcopyrite and pyrrhotite.  There is a 

pronounced spearman Rank correlation between gold and Bi (r’ = 0.83) and Bi 

and Fe (r’=0.87). Gold occurs in native bismuth and less abundantly bismuth 



 

745 

compounds. The highest-grade gold is associated with bismuth-hedleyite solid 

solutions.  

16) At Mactung the most common skarn-related minerals are pyroxene, quartz, 

plagioclase, garnet, amphibole, biotite, calcite, talc, apatite, scheelite and 

sulphides; the dominant sulphide phase is pyrrhotite with some chalcopyrite and 

pyrite. Other accessory minerals include titanite, epidote, zoisite/clinozoisite, 

wollastonite, dolomite, and tourmaline. Two types of pyroxene were recognized 

at Mactung from the chemical compositional data: one is Ca-Mg rich, light green 

fine-grained occurs in metasomatically altered calcareous argillites. The second 

type of pyroxene is Fe-Ca-rich, dark green and occurs as the metasomatic 

alteration product of carbonate rocks interacting with high- temperature fluids. 

17) Formation of scheelite and Fe-pyroxene was largely controlled by the presence 

and abundance of carbonate mineral species. Where there is only diopside in the 

calc-silicate hornfels, scheelite concentration is low; this was largely a function of 

the incapacity of the W- and Fe-rich fluids to penetrate the quartz- and feldspar-

bearing Upper and Lower Metasedimentary Group rocks.  In the more carbonate-

rich limestone beds, permeability was high enough to allow the penetration of 

high-temperature W- and Fe-rich fluids, thereby promoting the co-precipitation of 

scheelite along with pyroxene, quartz, and plagioclase. The fluids were enriched 

in Si, Fe, Mg, and Ca and Al, which allowed the precipitation of quartz, anorthite, 

hedenbergite and garnet.  
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18)  Pyrrhotite in metasedimentary rocks and hornfelsic rocks is chiefly metamorphic 

in nature; it is either a result of the transformation of sulphates to pyrrhotite or the 

transformation of pyrite to pyrrhotite during metamorphism, or simply the 

metamorphism of pre-existing pyrrhotite. In skarns it is a result of the interaction 

of the host sedimentary rocks and magmatic hydrothermal fluids.  

19) Sulphide minerals from the Mactung skarn system have high δ34S values (9.46 to 

18.92 ‰, averaging 13.01‰) relative to magmatic values. In order to account for 

such high δ34S in the skarn system, a mixed sulphur source is preferred. Assuming 

a magmatic hydrothermal fluid with δ34S of 5-6 ‰ mixing with the host 

metasedimentary rocks (having δ34S of 20 ‰) will produce sulphide minerals 

having the δ34S values observed in Mactung skarn system (δ34S = 13 ‰). This 

suggestion of a mixed source of S is in agreement with the oxygen and hydrogen 

isotope data that indicate magmatism at Mactung was not a closed system. 

20) Several methods have been used to determine the P-T conditions of contact 

metamorphism and skarn formation: the calcite-dolomite solvus thermometer, 

mineral assemblages (cordierite, oligoclase, quartz, biotite, muscovite, K-feldspar, 

ilmenite, pyrrhotite, and pyrite ± andalusite.), the pyrrhotite composition 

coexisting with pyrite, the scheelite-quartz pair of isotope;  temperatures ranging 

from 560 to 675°C were obtained. This temperature corresponds to amphibolite-

facies contact metamorphism of the inner aureole.  The temperature of the outer 

metamorphic aureole was 445°C, determined by the mineral assemblage - calcite, 

dolomite, quartz and talc - in talc-tremolite rock, near the upper contact of the 

Upper Ore body (immediately overlying Unit 3F skarn). It is a product of the 
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overprinting of thermal metamorphism on quartz-tremolite schist/phyllite of a 

regional metamorphic rock.  

 

7.2 Recommendation 

1) Fluid inclusions studies of quartz veins have not been conducted. Gerstner et al. 

(1989) carried out fluid inclusion study in other silicate minerals. This author 

prepared 14 vein samples for fluid inclusion study and at some point intends to 

complete the work.  

2) In situ oxygen isotope analysis of various minerals at Mactung (pyroxene, quartz, 

feldspars, apatite, scheelite, garnet biotite, amphibole, and calcite) is 

recommended. This will help calculate the water/wall rock ratio and evaluate the 

extent of fluid penetration to form the deposit. Mineral separation maybe a very 

difficult task for Mactung skarn. First, the texture is fine, and second the minerals 

are interlocked and it is difficult to get minerals of high purity for analysis.  

3) Gold mineralization in the Mactung skarn system is intimately related with Bi and 

Bi-compounds. However, geochemical correlation between copper and gold 

suggest the possibility of other sulphides (Fe- and Cu-bearing sulphides) carrying 

some amount of gold. Further analysis of sulphides (Py, Po, Cpy, Bi, and other 

Bi-phases using LA ICP-MS) is recommended in order to confirm the presence of  

gold within Fe-sulphide minerals.  

4) Apatite and garnet are abundant in the Mactung skarn system. La ICP-MS dating 

of these minerals as well as studying the distribution of their trace-elements, is 



 

748 

useful as the next stage of research to fully characterize ore forming processes 

throughout the skarn development. Other minerals recommended for trace- 

element geochemical study are pyroxene, plagioclase, epidote, wollastonite, 

titanite, amphiboles and scheelite. 

5) Dating the regional metamorphism (outside the contact metamorphic aureole) 

exerted in the Mactung sedimentary units will be an interesting undertaking. It 

can provide a better understanding of the relationship between deformation and 

emplacement of granitoids of the area vis-à-vis the Mesozoic regional tectonics. 

6) Sm-Nd and Rb-Sr isotope analysis of clastic sedimentary rocks of the area is also 

recommended.  The data can be used as additional input to models of continental 

development, evaluate the provenance of the sedimentary succession and the role 

of tectonic setting in controlling the Nd isotope composition of sedimentary mass. 
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