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Abstract 
 

An integrated geological, structural and geochemical study of the Moly Brook 

Mo-Cu deposit, southern Newfoundland (Canada), is presented. The role of subordinate 

leucogranite as progenitor to the mineralizing components (e.g. fluids, metals, sulfur) is 

assessed. Re-Os molybdenite dating constrains the timing of Mo-Cu-(W) mineralization 

and establishes a temporal framework for Late Devonian granite-hydrothermal systems 

in this sector of the northern Appalachian orogen. 

 

The Moly Brook deposit comprises a c. 0.8 x 1 km, c. N- to NNE-trending vein 

network that transects the c. 412 Ma Burgeo Intrusive Suite [BIS]. At the deposit, BIS 

wall rocks are moderately to intensely deformed and contain structures consistent with 

cataclasis within an c. E-W-trending deformation zone. Four wall rock subunits 

(megacrystic, intermediate, mafic, granitic) reflect igneous heterogeneities and variable 

responses to episodic deformation-metasomatism and alteration. Compared to distal 

(less altered) equivalents, BIS wall rocks display geochemical characteristics reflecting 

episodic modification by early pervasive calcic ± sodic metasomatism and subsequent 

vein-related potassic ± phyllic alteration associated with Mo-Cu mineralization. 

 

Overall, the vein network has a sheeted conjugate form, with local stockwork or 

irregular zones also occurring. Individual veins mainly strike c. NNW – NNE and are 

steeply c. E- or W-dipping. Subordinate c. E-W-striking veins also occur and exploit 

older structural fabrics. Vein characteristics, geometries and growth textures (e.g. 

crustiform banding) indicate the network formed under dominantly extensional 

conditions during a single phase of multi-step (cyclical) hydrofracturing. During veining, 

the maximum effective principal stress (σ’1) had a sub-vertical orientation, while 

fluctuating fluid pressures produced variable effective differential stress (σ’3 ≥ σ’2) 

which influenced vein orientations and formation modes. Paragenetically early, non-

planar, sulfide-bearing veins also suggest mineralization initially occurred at relatively 

high temperatures within a deeper setting and mark a ductile-brittle transition. A 

systematic relationship between vein frequency and Mo and Cu grades is not observed 

at Moly Brook, suggesting these metals were decoupled within the hydrothermal system. 

 

Nine vein types, formed during three successive stages (I to III), are recognised at 

Moly Brook. Stage I comprises amphibole-chlorite ± biotite (Type 1) and rare quartz-K-

feldspar veinlets (Type 2). Stage II (main sulfide stage) is divided into three sub-stages. 

Stage IIA (Mo-rich) comprises aplite-sulfide-molybdenite (Type 3), quartz-molybdenite 

(Type 4) and quartz-molybdenite-chalcopyrite-pyrite (Types 5) veins associated with 

variable K-feldspar + hematite ± magnetite alteration (potassic-ferroan assemblage). 

Stage IIB (Mo-poor) comprises quartz-chalcopyrite-pyrite (Type 6) and quartz-

muscovite-fluorite ± chalcopyrite (Type 7) veins, mainly associated with sericite + 

pyrite ± fluorite ± quartz haloes (phyllic/greisen assemblage). Stage IIC (Pb ± Au 

association) comprises quartz-pyrite-galena veins (Type 8) associated with weak sericite 

alteration. Finally, barren Stage III calcite-fluorite veinlets (Type 9) and breccia zones 

crosscut all other vein types and represent a late, retrograde fluid infiltration event. 

 

Re-Os molybdenite dating of Stage IIA veins (Types 4 and 5) yielded overlapping 

ages ranging from 381.4 ± 1.6 to 379.9 ± 1.7 Ma (± 2σ), which have a weighted mean 

age of 380.9 ± 0.8 Ma (n = 4). Additionally, Type 5 equivalent veins crosscutting 

metamorphic rocks further south (closer to the Grey River tungsten prospect) yielded 

edwlyn
Cross-Out
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Re-Os ages of 381.9 ± 1.6 and 380.6 ± 2.0 Ma, which are similar to the Moly Brook 

dates. Combined, the mean weighted age for the six samples is 381.0 ± 0.7 Ma and 

represents the best estimate for the timing of Mo-Cu mineralization. These results 

confirm the epigenetic character of the deposit (with respect to the host BIS), the 

contemporaniety of Mo-Cu and W mineralization, and support a causative link with 

felsic magmatism which overlaps in both space and time with the deposit forming event. 

 

Fluid inclusions in Stage IIA-B quartz veins comprise carbonic, aqueous-carbonic 

[AC] and aqueous types that record the progressive evolution of the hydrothermal 

system. During Stage IIA veining, an initial high temperature (> 500°C), moderate 

salinity (c. 5 – 12 wt% NaCl eq.), supercritical fluid (approximate H2O-CO2-NaCl-KCl 

± CO3
2- system) underwent volatile phase immiscibility and cooling between c. 520 and 

250°C without major dilution by external fluids. Later fluid pulses (Stage IIB) record 

similar cooling trends (c. 460 – 240°C), a bulk loss of CO2 and fluctuating salinities 

(with a general trend towards marginally lower salinities). Isochore modelling of AC 

fluid inclusions in a Type 4 vein indicate initial trapping pressures of 1.8 to 2.2 kbars (c. 

7 – 8 km lithostatic equivalent) and confirm a relatively deep (plutonic) setting. Vein 

sulfides have δ34S values ranging from +4.3 to +8.5‰ (n = 27) and indicate a consistent 

supply of 34S-enriched magmatic sulfur, derived from a mainly infracrustal (meta-

igneous) source, was involved in the mineralization. 

 

Undeformed leucogranite dykes at Moly Brook are similar to Late Devonian 

leucogranites in the broader Grey River-south coast area. Field relationships and 

petrographic features support a temporal and causative link between the dykes and 

Stage II veining and mineralization. Compositionally, the dykes are weakly 

peraluminous, high-silica granites enriched in K, Na, Rb, U and Th, with elevated K/Na, 

Rb/Sr, Ta/Zr and Mo/Cu ratios. Conversely, they are depleted in Fe, Ca, Mg, Ba, Sr and 

Ti, and have low Nb/Ta, Zr/Hf, LaN/YbN and (Eu/Eu*)N ratios. Whole-rock ɛNd(380Ma) 

values for Moly Brook-Grey River leucogranites range from -0.6 to -1.8 (n = 8), while 

Nd-TDM model ages range from 1.2 to 1.5 Ga (n = 4). These data, combined with trace 

element and sulfur isotope systematics, suggest parental magmas formed by anatexis of 

Ganderian continental crust that was compositionally modified by earlier Acadian-cycle 

subduction-collision processes. A possible direct or indirect contribution from juvenile 

lithospheric mantle material cannot be excluded however. Melt migration along 

translithospheric deformation zones would have facilitated extended magma 

fractionation ± assimilation and the transfer of mineralizing components from a deeper 

source area to the uppermost continental crust. 

 

Several lines of evidence support a genetic link between the Moly Brook Mo-Cu 

deposit and the Grey River tungsten prospect. These include; the structural similarity 

and continuity of both vein networks, their similar vein types and parageneses, 

overlapping hydrothermal ages from both areas, comparable fluid regimes, and inferred 

causative links with granitic intrusions.  Combined, their geological features bear the 

hallmarks of a larger granite-hydrothermal system with an apparent north-south zoned 

metal distribution. Overall, the character of the Moly Brook-Grey River system and 

other analogous Mo ± W ± Cu mineralized areas in southeast Newfoundland, coupled 

with Re-Os age constraints for these systems, highlight a focused Givetian-Frasnian (c. 

387 – 377 Ma) granitoid-metallogenic epoch in this sector of the northern Appalachians.  
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Chapter 1 

INTRODUCTION, STUDY AIMS & CONTEXT 

 

1.1 Introduction 

Like all naturally occurring deposits of base, rare and precious metals, 

molybdenum [Mo] deposits represent extraordinary mineralogical and geochemical 

anomalies within the Earth’s crust. Compared with an average upper continental crustal 

abundance of c. 1.1 ppm1 (Rudnik & Gao 2014), world class deposits with average 

grades of c. 1400 ppm Mo (Carten et al. 1993) contain extreme concentrations of this 

transition metal, equating to an enrichment of about 1270 times the background value 

(cf. Henrich & Candela 2014). Likewise, the average size of these systems (c. 140 

million tonnes [Mt] of potential ore) affirms the efficiency of certain geological 

processes to source, scavenge, transport, concentrate and deposit Mo and other potential 

ore elements (e.g. W ± Cu ± Bi ± Sn), provided the right conditions fortuitously 

combine (e.g. Richards 2013). 

 

Geological factors promoting the enrichment of small volumes of the upper 

continental crust with Mo include (Lerchbaumer & Audétat 2013): (1) remobilisation of 

pre-existing crustal ± mantle Mo by anatectic melts, (2) magma geochemistry (e.g. 

composition, oxidation state) which influences the partitioning behaviour of Mo, (3) 

extended magma fractionation leading to residual felsic magmas with increased Mo and 

volatile contents, (4) the size, shape and depth of progenitor magma chambers and/or 

their apophyses, (5) separation of a volatile- and metal-rich residual magmatic-

hydrothermal phase, (6) formation of new structures (e.g. hydrofractures) and/or the 

exploitation of pre-existing ones that focus magmas, fluids and mineralization, and (7) 

the efficient transport and precipitation of Mo by mineralizing hydrothermal fluids. 

 

These factors emphasise consanguinity between source rocks, magma forming 

processes (e.g. orogenesis), infracrustal mass/heat transfer (via melt segregation and 

ascent), progressive magma ‘specialization’ (i.e. enrichment in volatiles and metals) and 

late-stage magmatic-hydrothermal processes which may all combine to produce 

potentially economic mineralization (e.g. Henrich & Candela 2014, Audétat 2015, 

                                                 
1 1 ppm is the same as 1g tonne-1 
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Clemens & Stevens 2016). Within this mechanistic framework that is ultimately driven 

by tectonism, moderately siderophile Mo (Liang et al. 2017) behaves incompatibly (i.e. 

favours residual melt/fluid), leading to its retention by felsic magmas, its late-stage 

enrichment by fractionation and volatile phase fluxing/convection, and eventual 

partitioning into a mineralizing hydrothermal fluid (e.g. Keppler & Wyllie 1991, 

Shinohara et al. 1995, Zhang et al. 2012). 

 

Although roughly half of the world’s annual Mo supply (c. 0.24 Mt; Polyak 2017) 

comes from the mining of porphyry Cu-Mo deposits (Sillitoe 2010), an equally 

important source of this metal is granitoid-related Mo deposits (i.e. porphyry Mo 

deposits sensu lato; Seedorf et al. 2005). Traditionally, two broad categories of 

porphyry Mo deposits are recognised (e.g. Sillitoe 1980); (1) subduction-related 

deposits formed in continental arcs (e.g. Endako, British Colombia), and (2) rift-related 

(post-subduction?) deposits formed in continental retroarc hinterlands (e.g. Climax, 

Colorado). Critically, prevailing tectonic conditions strongly influence the consequent 

magmatic, geochemical and hydrothermal processes that control the genesis of these 

differing systems (e.g. Westra & Keith 1981, Richards 2011, Audétat 2015). 

 

A third type of Mo deposit are those associated with granite-hydrothermal 

systems formed in continental accretionary-collisional orogens (e.g. ‘collision-type’ of 

Chen et al. 2017a; see also Černý et al. 2005). Although presently less significant in 

terms of global Mo production (likely < c. 5 %; Sinclair 2007), they tend to be 

polymetallic (e.g. Mo ± W ± Cu ± Sn) and may contain elevated concentrations of rare 

and/or precious metals with zoned spatial distributions (e.g. U ± Re ± Bi ± In ± Li ± 

REE ± Ag ± Au; Černý et al. 2005). Consequently, these systems have been important 

past producers (e.g. Mt Pleasant, New Brunswick; Sinclair 2007) or currently represent 

new prospectivity targets (e.g. southeast Australia; Huston et al. 2013). 

 

In general, collision-type Mo deposits form late in orogenic cycles, and causative 

intrusions, while consistently evolved (i.e. felsic; > c. 71 wt. % SiO2), may locally 

acquire specific compositional and/or emplacement characteristics that influence metal 

tenor and degrees of enrichment (e.g. changes to redox state, carapace morphology, 

pegmatite formation). At the deposit-scale, mineralization may occur within causative 

intrusions as disseminations, greisen and breccia zones, and/or veins (endogranitic- or 

endocontact-style), or is hosted by veins and/or pegmatitic segregations in adjacent 



Chapter 1 - Introduction, Study Aims & Context 

3 

 

country rocks (exogranitic- or exocontact-style; Černý et al. 2005). More rarely, the 

latter case may also produce skarn-type Mo ± W ± Cu mineralization (e.g. 

Whycocomagh prospect, Nova Scotia; see Meinert 1993). Overall, these hydrothermal 

mineralization styles reflect fluid enrichment and exsolution from a residual cupola 

zone or stock (Burnham & Ohmoto 1980), with local factors influencing the location of 

the depositional site (e.g. emplacement depth, fluid overpressure, evolving permeability; 

see Solomon & Groves 1994, p. 441). 

 

Similarities between collision- and rift-type Mo systems include their 

intracontinental settings, formation during a switch to extensional tectonism, and an 

association with evolved magmatism. In detail, however, key differences exist regarding 

the source and composition of parental magmas, the degree of heat input during melt 

generation, and the character of mineralizing fluids which, in turn, influences intrusion 

fertility and bulk productivities (see Chen et al. 2017a). For collision-related systems, 

the compositional heterogeneity and variable thickness of continental orogens are some 

of the key factors influencing metallogenic variability and whether productive intrusions 

produce Mo ± W mineralization or more common Sn ± W deposits (e.g. Romer & 

Kroner 2015, 2016). In contrast, rift-type Mo systems, particularly in the type locality 

(southwest USA), may have benefitted from a less heterogeneous and perhaps unique 

precursor tectonothermal regime (Pettke et al. 2010). 

 

Given the potential variability of these systems, studies of collision-type Mo 

deposits in continental orogens are justified to further understand ‘source-to-sink’ 

factors controlling their setting, genesis and metal tenor (i.e. Mo ± Cu ± W versus Sn ± 

W ± Be ± Li; Blevin & Chappell 1995, Romer & Kroner 2015). Likewise, studies of 

Mo deposits residing in older (pre-Mesozoic), more deeply eroded orogens may help to 

refine conceptual genetic models and exploration strategies for these systems, and thus 

revive interest in orogenic belts or terranes that may be considered less prospective for 

such systems (e.g. Kerrich et al. 2005). 

 

The preceding discussion provides a broad, geological context for the work in this 

thesis which presents the first systematic description of the Moly Brook Mo-Cu deposit 

in southern Newfoundland (Fig. 1.1). This deposit lies adjacent to the Grey River 

tungsten prospect and early investigations proposed a link between both systems and, by 

implication, a causative role for associated granitic intrusions (Mercer 1996; see also 
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Higgins et al. 1990). These assertions, combined with its late orogenic setting, suggest 

affinities with collision-type Mo mineralization and possibly the broader porphyry Mo 

deposit clan. In this study, new petrologic, structural, geochemical and geochronological 

data provide the basis for a holistic appraisal of the deposit, to assess links with adjacent 

W mineralization, establish a viable genetic model and consider its position within the 

broader porphyry Mo deposit spectrum. 

 

While economic interest in Mo is maintained through its traditional use in steel 

production (Kropschot 2010), the potential use of Mo and molybdenite (MoS2) in new 

‘high-tech’ applications (e.g. Liu et al. 2013, Song et al. 2015) highlights the growing 

significance of this transition metal and its primary ore mineral. Likewise, the 

designation of Mo and W as ‘critical’ or ‘supply risk’ materials by several authorities 

(Bedder 2015) renews societal interest in the geologic factors controlling the behaviour, 

enrichment and distribution of these elements in the upper continental crust. 

 

1.2 Study aims 

The aims of this study are: 

 

(1) To constrain the geological and geochemical characteristics of the Moly Brook Mo-

Cu deposit. New field observations, drill core logging, structural mapping and 

petrography are combined with lithogeochemical data, Re-Os molybdenite 

geochronology and fluid inclusion and stable sulfur2 isotope analyses, to characterise 

the vein system and its host rock, and provide insights into the nature and evolution of 

the mineralizing fluid. 

 

(2) To assess the role felsic magmatism has played in the genesis of the deposit. New 

petrographic, lithogeochemical and Sm-Nd isotopic data are used to characterise a suite 

of leucogranites in the area, constrain their petrogenesis (e.g. source rock contributions) 

and consider a connection to the mineralization. Additionally, new lithogeochemical 

and Sm-Nd data for granite hosting the Granite Lake Mo-W-Cu prospect (south-central 

Newfoundland, Fig. 1.1) are included here for comparative purposes. 

 

                                                 
2 The spelling of sulfur, sulfide and sulfate in this thesis conforms with IUPAC recommendations 
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(3) To compare the geological and geochemical characteristics of the Moly Brook 

deposit with those previously reported for the adjacent Grey River tungsten prospect 

(e.g. Higgins 1985). This aim will test an earlier proposal by Mercer (1996) that both 

systems are related and form part of a larger Mo-Cu-W mineralization zone. 

 

(4) To conduct Re-Os molybdenite dating of other Mo-mineralized localities across 

Newfoundland, with a focus on Late Devonian granitoid-related occurrences. The 

results of this work have been preliminarily reported elsewhere (Lynch et al. 2009, 

2012; see also Table A2.1, Appendix 2) and help establish a regional space-time 

framework for Devonian granitoid-related metallogeny in this sector of the orogen. 

 

These aims provide a basis to enhance our understanding of Late Devonian 

‘lithochalcophile’ element mineralization in the Newfoundland Appalachians (e.g. 

Strong & Chatterjee 1985). Specifically, they permit the first integrated synthesis and 

assessment of the largest Mo deposit in Newfoundland3, the refinement of its 

preliminary classification (i.e. porphyry-style magmatic-hydrothermal; e.g. Lendrum & 

Mercer 1998) and the establishment of a conceptual genetic model for the system. 

Likewise, they offer the potential to gain new insights into the petrogenesis of post-

collisional metalliferous granitoids emplaced in collided continental orogens, and the 

broader tectonothermal controls on granitoid metallogeny during a specific evolutionary 

epoch of the composite Northern Appalachians (e.g. van Staal 2007). 

 

1.3 Study areas, field work and sampling 

The approximate locations of the various study areas are shown in Figure 1.1 

(locations 1 to 11). Study area location details and sample UTM coordinates are also 

given in Table A1.1 – A1.5 in Appendix 1. 

                                                 
3 Based on the current NI 43-101-compliant indicated and inferred resource estimate (Tenajon Resources 2009) 
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Figure 1.1. Location of the Moly Brook Mo-Cu deposit in southern Newfoundland (eastern Canada). The approximate locations of other study areas associated with this 

thesis are also shown. Grid system and coordinates shown on the Newfoundland map are based on UTM grid zone 21U/T. Base geology highlighting Palaeozoic 

intrusive rocks is modified after Colman-Sadd et al. (1990). DHBF = Dover-Hermitage Bay fault, RIL = Red Indian Line (Iapetus suture).
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As previously stated, the main focus of this investigation is the Moly Brook deposit, 

some 2.5 km north of Grey River on the south coast of Newfoundland (location 1, Fig. 1.1). 

The Grey River community (outport) is located about 330 km due west of St. John’s and is 

primarily accessible by ferry (MV Gallipoli) from Burgeo, a further 38 km to the west (Fig. 

1.1). Geological mapping, drill core logging and sampling was performed during two visits 

to Moly Brook-Grey River in the autumns of 2007 and 2008. This work provided 

geological field constraints for all subsequent analyses. 

 

Reconnaissance mapping and sampling at the Granite Lake Mo-Cu-W prospect 

(Granite Lake molybdenum # 1, Granite Lake molybdenum # 7 and Moly Hill prospects, 

location 2, Fig. 1.1) in south-central Newfoundland was undertaken in autumn 2007. 

Additional core logging and sampling of Granite Lake material was performed at the 

Geological Survey of Newfoundland and Labrador (GSNL) drill core archive in Buchans 

during autumn 2009 (some additional core sample material was also provided by J. Conliffe 

and A. Kerr, GSNL). Investigation of the Granite Lake prospect provided a basis to 

compare the Moly Brook mineralization (inferred exocontact-style) with an analogous area 

where Mo mineralization occurs within a cogenetic granitic intrusion (endocontact-style; 

see Chapter 7 and Lynch et al. 2012, 2013). 

 

Reconnaissance sampling of Mo-mineralized localities in southeast Newfoundland 

was performed in the autumns of 2007 and 2009. These included the Harbour Breton 

granite northwest of Pool’s Cove (Leonard’s Find and Road Cut Mo showings, location 3, 

Fig 1.1), Belle Island in Fortune Bay (location 4, Fig. 1.1), the Rencontre Lake unit of the 

Ackley granite (Motu, Wylie Hill and Ackley City Mo prospects, location 5, Fig. 1.1), the 

Sage Pond unit of the Ackley granite (Anesty Hill South and Deer Pond Mo showings, 

location 6, Fig. 1.1), and the St Lawrence granite (Lawn No. 1 and No. 2, and Three Sticks 

Pond Mo showings, location 7, Fig. 1.1). 

 

Additional molybdenite samples from four locations in western Newfoundland were 

provided by A. Kerr (GSNL) and D. Wilton (Memorial University) in 2008 and 2010. 

These included samples from the Moly Peak Mo-Bi-Cu prospect (location 8, Fig. 1.1), the 

Topsails intrusive suite (location 9, Fig. 1.1), the Coney Head complex (Birchy Cove North 
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Mo-Cu indication, location 10, Fig. 1.1) and the Parrell Mo-Cu-Pb prospect (location 11, 

Fig. 1.1). These samples were used for Re-Os dating and sulfur isotope analysis of Mo 

mineralization within the composite Laurentian margin (i.e. west of the Red Indian Line; 

Fig. 1.1). 

 

1.4 Structure and layout of thesis 

Chapters 1 and 2 provide an introduction and background context for this thesis. 

Subsequent chapters (3 to 7) are primarily results-based and each contains individual 

methodology sections describing the different analytical procedures (as opposed to a 

separate methodology chapter). 

 

Chapter 2 reviews the geological setting of the Moly Brook deposit from a regional to 

local perspective and is based on the available literature. It reviews Appalachian 

lithotectonic domains and orogenic events in Newfoundland, associated Palaeozoic 

plutonism (with a particular focus on Acadian- and Neoacadian-cycle intrusions) and 

Devonian granitoid-related mineralization. Focusing closer to the deposit, it summarises the 

geology of the Hermitage Flexure (south coast) region, the main geological units and types 

of mineralization in the Grey River area, and provides an overview of the exploration 

history of the Moly Brook-Grey River area. 

 

Chapter 3 presents a systematic description of the geology of the Moly Brook deposit. 

It includes a petrologic assessment of the host granitoid (primary rock facies, alteration 

style), the mineralized vein system (vein types, paragenesis and alteration) and an 

assessment of the geochemical footprint of the deposit (e.g. bulk element mobility, 

gains/losses). Geological comparisons with the Grey River tungsten prospect and other 

analogous deposits in the Canadian Appalachians are also given. 

 

Chapter 4 deals with the structural character and control of the Moly Brook 

mineralization. A structural lineament analysis of the study area is followed by the 

presentation of new vein orientation data. Vein frequency controls on Mo and Cu grades 

are also assessed. These data are integrated with existing structural information to develop a 

conceptual structural model for the deposit. Finally, the Moly Brook veining event is 
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assessed as part of the structural and tectonic evolution of the broader south coast 

(Hermitage Flexure) region which provides the basis for a new sequential deformation 

history for the area. 

 

Chapter 5 presents the results of Re-Os molybdenite dating at Moly Brook. New Re-

Os molybdenite ages for two samples closer to the Grey River tungsten prospect are also 

reported. The significance of the Re-Os ages is discussed in relation to W mineralization at 

Grey River, granite emplacement ages in the area and the timing of Mo mineralization at 

other localities (e.g. Ackley Granite). The rhenium contents of the dated molybdenite 

samples provide a basis for a discussion about the potential source of the metals at Moly 

Brook. 

 

Chapter 6 presents a fluid inclusion and stable sulfur isotope investigation of the 

hydrothermal veins at Moly Brook. Fluid inclusion petrography, microthermometry and 

Raman analysis are used to characterise the nature of the mineralizing fluid, constrain fluid 

trapping conditions and assess hydrothermal system evolution. Sulfur isotope results 

provide insights into the source and behaviour of sulfur during mineralization. These data 

also facilitate comparison with the hydrothermal system responsible for W mineralization 

at Grey River. 

 

Chapter 7 describes the petrologic and geochemical character of leucogranites in the 

Moly Brook-Grey River area and assesses evidence for their involvement in the 

mineralization. New Sm-Nd isotopic data for these rocks provide additional constraints on 

granite petrogenesis and possible metal sources. Lithogeochemical and Sm-Nd isotopic 

data for leucogranites hosting the Granite Lake Mo-W-Cu prospect are also included in 

Chapter 7 which facilitates comparisons with the Moly Brook-Grey River leucogranites. 

 

Chapter 8 synthesises all of the preceding results, summarises evidence for a genetic 

link between the Moly Brook and Grey River mineralization, and proposes a new unifying 

genetic model for both vein systems. It postulates on the implications of this study for 

Newfoundland and Appalachian metallogeny, and for exploration strategies for analogous 
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systems in collisional belts. Finally, some suggestions for future research work are 

presented. 

 

Four appendices contain supplementary material relating to this work and are 

provided on an accompanying disc in digital format (PDF file). 

 

Appendix 1 contains five tables (A1.1. – A1.5, organised by study area) that list the 

samples used for age dating and the various geochemical analyses. 

 

Appendix 2 contains 17 tables (A2.1 – A2.17, organised by analytical method) that 

list the full analytical results for all of the study areas. For example, Table A2.1 lists 

regional Re-Os geochronology results for Mo-mineralized locations across Newfoundland, 

including four model ages for mineralized locations in western Newfoundland. 

 

Appendix 3 contains an assessment of quality assurance/quality control [QA/QC] for 

each of the analytical methods used and is mainly based on the analysis of duplicate 

samples and standard reference materials.  

 

Finally, Appendix 4 provides a reference list of conference and other publications 

associated with this study. It also includes reprints of an extended abstract describing the 

results of a regional sulfur isotope investigation (Lynch et al. 2013), a GSNL publication 

that presents Re-Os age constrains on Mo mineralization in the Ackley granite, southeast 

Newfoundland (Lynch et al. 2009), and an abstract describing Re-Os molybdenite dating 

results and preliminary implications from a regional perspective (Lynch al. 2012). These 

results are also incorporated and referred to in Chapters 5 and 6. 

 

1.5 Background literature 

The following sub-sections give examples of prominent ‘gateway’ publications on 

hydrothermal geochemistry, granitoid-related Mo ± Cu ± W ± Sn mineralization, 

Newfoundland granitoid geology and metallogeny, and granitoid-related mineralization 

elsewhere in the Canadian Appalachians. 
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1.5.1 Hydrothermal geochemistry 

Key texts outlining the geochemical principles controlling hydrothermal mineral 

deposit formation are provided by Barnes (1997), Robb (2004), Pirajno (2009) and 

Heinrich & Candela (2014). 

 

Important papers describing the geochemistry and behavioural systematics of Mo, 

Cu, W, S and CO2 in the magmatic-hydrothermal environment include Manning & 

Henderson (1984), Candela & Holland (1984), Graney & Kesler (1995), Wood & Samson 

(1998), Lowenstern (2001), Einaudi et al. (2003), Linnen & Cuney (2005), Veksler (2005), 

Williams-Jones & Henrich (2005), Ulrich & Mavrogenes (2008), Seo et al. (2009), Audétat 

et al. (2011), Zhang et al. (2012), Seo et al. (2012), Lerchbaumer & Audétat (2013), Sun et 

al. (2014), Seward et al. (2014), Fontboté et al. (2017). 

 

Detailed appraisals of the theoretical principles, physicochemical characteristics and 

evolutionary character of magmatic-hydrothermal aqueous ± carbonic fluids are provided 

by Roedder (1984), Diamond (1994), Van den Kerkhof & Thiéry (2001), Wilkinson 

(2001),  Samson et al. (2003), Audétat et al. (2008), Bodnar et al. (2014) and Hurai et al. 

(2015). 

 

1.5.2 Granitoid-related Mo ± Cu ± W deposits in post-subduction settings 

Comprehensive reviews describing the geology, geochemistry and metallogeny of 

granitoid-related Mo ± Cu ± W deposits formed in intracontinental rift and collisional (i.e. 

post-subduction) settings are provided by Mutschler et al. (1981), Clarke (1992), Carten et 

al. (1993), Keith et al. (1993), Wallace (1995), Sillitoe (1996), Černý et al. (2005), Seedorf 

et al. (2005), Sinclair (2007), Pirjano (2009), Ludington & Plumlee (2009) and Huston et 

al. (2013, p. 40). 

 

Critical assessments of source region, magmatic and hydrothermal controls on Mo ± 

Cu ± W ± Sn mineralization in non-arc intracontinental settings are given by Stein & 

Hannah (1985), Blevin & Chappell (1992), Cline & Bodnar (1994), Solomon & Groves 

(1994), Shinohara et al. (1995), Blevin & Chappell (1995), London (1995), Richards 
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(2009), Audétat (2010), Pettke et al. (2010), Richards (2011), Audétat et al. (2011), Sato 

(2012), Lerchbaumer & Audétat (2013), Audétat (2015), and Romer & Kroner (2016). 

 

Detailed accounts of the tectonic, structural and mechanical controls on the formation 

of intrusion-related vein systems are provided by Roberts et al. (1999), Sanderson & Zhang 

(1999), Cox et al. (2001), Tosdal & Richards (2001), Sanderson et al. (2008), Cox (2010) 

and Harris & Holcombe (2014). Additionally, Bons et al. (2012) provide a comprehensive 

review of the mechanisms and characteristics of hydrofracturing and veining. 

 

Notable studies on Mo ± Cu ± W deposits formed in intracontinental settings include 

those from Henderson, Colorado (Carten et al. 1988, Seedorf & Einaudi 2004a, 2004b), 

Climax, Colorado (Bookstrom 1989, Audétat 2015), Pine Grove, Utah (Lowenstern 1994, 

Audétat et al. 2011), Questa, New Mexico (Ross et al. 2002, Pettke et al. 2010), Rialto, 

New Mexico (Thompson 1968), Spinifex Ridge, Pilbara (Huston et al. 2007, Stein et al. 

2007) and deposits associated with the Mo-mineralized Drammen granitoid in the Oslo rift 

(Geyti & Schønwandt 1979, Lerchbaumer & Audétat 2013). Recent studies of Mo 

mineralization in the Quinling-Dabie Shan orogenic belt (eastern China) also provide key 

insights into the genesis of these systems (Pirajno 2013, Chen et al. 2017a, 2017b). 

 

Granitoid-related Mo-W ± Cu mineralization is known from the Palaeozoic 

Tasmanides of eastern Australia (e.g. Unicorn and Dolphin [King Island] deposits), 

although is less abundant compared to granite-hydrothermal Sn ± W and granite-skarn W ± 

Mo mineralization (e.g. Solomon & Groves 1994, Huston et al. 2013). Excluding the 

Unicorn deposit (c. 203 Mt of potential ore; Hochwimmer 2012), these systems are 

generally small (c. 1 to 11 Mt) and granite compositional trends (lower oxidation potential 

and/or degree of fractionation) appear less favourable for porphyry-style Mo ± Cu 

mineralization (Blevin 2004). Magmatic-hydrothermal Sn ± W ± Cu mineralization in the 

classic Cornwall mining district (SW England) shares similarities with continental rift- and 

collision-type Mo systems (e.g. Černý et al. 2005). However, key differences in terms of 

source rocks, magma geochemistry, hydrothermal fluid evolution and timing have yielded 

preferential enrichments in Sn ± W and generally smaller volume deposits (e.g. Shepherd et 

al. 1985a, Linnen 1998, Müller et al. 2006). 
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1.5.3 Newfoundland granitoids and related mineralization 

Studies relating to the tectonic framework, geology, geochemistry and petrogenesis 

of Appalachian-cycle plutonism and, in particular, the emplacement of Middle to Late 

Devonian granitoids include Kerr et al. (1993a), Dickson et al. (1996), D’Lemos et al. 

(1995), D’Lemos & Holdsworth (1995), Kerr et al. (1995), Kerr (1997), Schofield & 

D’Lemos (2000), Whalen et al. (2006), van Staal et al. (2009), Hibbard & Karabinos (2013) 

and Kellett et al. (2014). 

 

General assessments and reviews of granitoid-related mineralization and 

metallogeny in Newfoundland are provided by Strong (1980), Strong & Chatterjee (1985), 

Kerr et al. (1993a), Dickson (1995), van Staal (2007) and Kerr et al. (2009). 

 

Examples of pluton- to deposit-scale investigations of granitoid-related 

mineralization (typically with a geochemical focus) include those of the St. Lawrence 

fluorspar deposit (Teng & Strong 1978, Collins & Strong 1988), Mo ± Sn ± W 

mineralization in the Ackley granite (Whalen 1980, Tuach et al. 1986, Tuach et al. 1988), 

inferred granite-related Au mineralization in southwest Newfoundland (Wilton & Strong 

1986), Mo-W-Cu mineralization at Granite Lake (Tuach 1996), and the Grey River 

tungsten prospect (e.g. Higgins 1985, Higgins et al. 1990). 

 

1.5.4 Other Mo ± Cu ± W ± Sn deposits in the Canadian Appalachians 

The geology and setting of granitoid-related Mo ± W ± Cu ± Sn mineralization in 

Nova Scotia, New Brunswick and Quebec have been assessed by Strong & Chatterjee 

(1985), Swinden et al. (1995) and van Staal (2007). Yang et al. (2008) presented a regional 

petrogenetic study of granitoids associated with Au mineralization in New Brunswick, 

while Kontak et al. (2013) investigated the nature and timing of Mo mineralization in 

southwest Nova Scotia. 

 

Examples of deposit-scale studies include those for the East Kemptville Sn deposit, 

Nova Scotia (Halter et al. 1998), Mo-Cu-W mineralization in the New Ross area, Nova 

Scotia (Carruzzo et al. 2004), the Mt Pleasant W-Mo-Bi and Sn ore bodies, New Brunswick 

(Kooiman et al. 1986, Inverno & Hutchinson 2004), the Sisson W-Mo deposit, New 
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Brunswick (Nast & Williams-Jones 1991) and the Burnthill W-Mo prospect, New 

Brunswick (MacLellan & Taylor 1989). 
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Chapter 2 

GEOLOGICAL SETTING OF THE MOLY BROOK MO-CU DEPOSIT 

 

2.1 Introduction 

Bedrock in the Moly Brook-Grey River area comprises Late Cryogenian to Late 

Devonian metamorphic and igneous rocks that record c. 300 million years of 

discontinuous geological evolution. From a provenance perspective, the area forms part 

of Ganderia1, one of several continental ‘exotic’ terranes that were accreted to the 

southern margin of Laurentia (present day eastern North America) during the closure of 

the Iapetus and Rheic oceans in the Lower Palaeozoic (e.g. Pollock et al. 2012). Basin 

closure facilitated sequential accretionary-collisional orogenesis, culminating in the 

composite Appalachian orogen and the assembly of the supercontinent Pangea during 

the Carboniferous (van Staal & Barr 2012). 

 

Geological studies in the Grey River-south coast area have contributed to a greater 

understanding of tectonothermal processes associated with Appalachian-cycle 

orogenesis. For example, bedrock mapping, geochemical and isotopic studies have 

helped constrain the age and provenance of isolated metamorphic rocks (Dunning & 

O’Brien 1989, Kerr et al. 1995), characterise continental arc and post-subduction 

plutonism (Higgins et al. 1990, Dickson et al. 1996), and identify key factors controlling 

hydrothermal tungsten mineralization (Higgins & Kerrich 1982, Higgins 1985). Due to 

the strategic location of this area (Fig. 2.1), these and other studies have also helped 

establish lithotectonic correlations with other sectors of the orogen to the southwest and 

have thus contributed to a better understanding of the tectonic evolution of the broader 

northern Appalachians (Barr et al. 1998, 2014a). 

 

This chapter presents a review of the geological setting of the Moly Brook deposit 

from both a regional and local perspective and is based on the literature. Section 2.2 

reviews the regional geology of the Newfoundland Appalachians, with a focus on major 

                                                           
1 In this thesis, Appalachian lithotectonic components/domains and orogenic cycles (e.g. van Staal & Barr 

2012) are used as a framework to discuss Newfoundland regional tectonothermal events, as opposed to 

the traditional lithostratigraphic zones and subzones of Williams et al. (1988) (see Table 2.1). 



Chapter 2 – Geological Setting of the Moly Brook Deposit 

16 

 

lithotectonic terranes and orogenic cycles. Section 2.3 summarizes the geology of the 

south coast (Hermitage Flexure) area and reviews the criteria used in recognising its 

Ganderian affinity. Section 2.4 reviews the nature of Palaeozoic plutonism in 

Newfoundland with a focus on Acadian- and Neoacadian-cycle granitoid suites. A 

summary of lithophile element mineralization associated with the latter is also 

presented. Finally, Section 2.5 reviews the main geological units in the Grey River area. 

It also includes a summary of the exploration history of the area and the nature of 

hydrothermal rare, base and precious metal mineralization. 

 

2.2 Appalachian lithotectonic components and orogenic cycles 

Comprehensive reviews describing the various crustal components and 

accretionary-collisional events associated with Appalachian-related orogenesis are 

provided by Pollock et al. (2012), van Staal & Barr (2012) and Hibbard & Karabinos 

(2013). The following descriptions are mainly based on these accounts and references 

therein. 

 

The Pre-Carboniferous geology of Newfoundland records the time-progressive 

outboard growth of the southern margin of Laurentia during several episodes of 

accretionary-collisional orogenesis in the Lower Palaeozoic (Fig. 2.1). Episodic, 

convergence and accretion of a variety of oceanic and continental components (Table 

2.1) produced a collage of continental terranes, oceanic basins and tectonic structures 

that collectively define the northernmost sector of the composite Appalachian orogen. 

During each accretionary stage, subduction- and collision-related anatexis produced 

abundant magmatism with compositions reflecting the prevailing tectonothermal 

conditions. This magmatism contributed to the emplacement of numerous plutonic 

suites within the accretionary belt, leading to episodic growth of the continental margin 

(e.g. van Staal et al. 2009). 
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Figure 2.1. Lithotectonic map of the northern Appalachian orogen (modified after Hibbard et al. 2006). Granitoids associated with Acadian- and Neoacadian-cycle orogenesis are highlighted. Major mineral deposits and prospects associated with Middle 

to Late Devonian (Neoacadian) granitoids are also shown (based on Strong & Chatterjee 1985; bold text in list are Newfoundland examples). Abbreviations: DHBF = Dover-Hermitage Bay fault, CCF = Cobequid-Chedabucto fault, RIL = Red Indian 

line (Iapetus suture), PA = Penobscot arc, PVA = Popelogan-Victoria arc, NDA = Notre Dame arc. 
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Prior to Appalachian-related convergence, rifting of the supercontinent Rodinia 

between c. 750 and 570 Ma facilitated the opening of the Iapetus Ocean (Cawood et al. 

2001). Continued tectonic dispersal produced several discrete palaeocontinents 

including Laurentia and Gondwana on the northwest2 and southeast margins of Iapetus, 

respectively. During basin opening, both margins experienced fragmental rifting, basin 

formation and subsequent arc magmatism as subduction systems began to develop (e.g. 

Dashwoods-Humber system on the Laurentian side, Ganderia-Exploits system on the 

Gondwanan side). Growth of Iapetus continued until the Late Cambrian (c. 500 Ma) by 

which time it had reached a maximum width of c. 4500 km (van Staal & Barr 2012). At 

this stage, sustained subduction along both Iapetan margins initiated a switch to 

convergent tectonics and commenced the rift-to-drift transfer of several Gondwanan-

derived microcontinents (e.g. Ganderia) to Laurentia. Diachronous opening of a 

southern Rheic backarc-ocean system from the Late Cambrian onward advanced 

continental rifting and convergence, thus further promoting accretionary orogenesis and 

the formation of the composite Appalachian orogen (Pollock et al. 2009, van Staal et al. 

2012). 

 

In the Newfoundland Appalachians, five major orogenic cycles are recognised 

(Table 2.1; van Staal & Barr 2012). Four of these (Taconic, Salinic, Acadian, 

Neoacadian) relate to protracted (Middle Cambrian to Early Devonian) microcontinent 

accretion and collision along the Laurentian margin, while one (Penobscot) represents 

short-lived (Early Ordovician) arc-backarc convergence in the Gondwanan realm. 

Although each cycle represents a separate accretionary event (e.g. see Fig. 2.1), their 

tectonothermal effects partly overlap spatially and/or temporally (e.g. van Staal et al. 

2009, 2014). The following sections briefly summarize the main Appalachian orogenic 

cycles in Newfoundland and their constituent lithotectonic components (Table 2.1).  

                                                           
2 Paleo-orientation (e.g. van Staal et al. 2012) 
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Table 2.1: Orogenic, lithotectonic and paleogeographical lexicon for the Appalachian orogen (Newfoundland, Maritime Canada and USA)1 

Continental (ensialic) terranes2 Oceanic (ensimatic) terranes/basins2 Major terrane boundaries Traditional lithostratigraphic zones (NL)3 Orogenic event4 

Peri-Laurentian realm 

    Laurentia/Humber margin Taconic/Humber Seaway Baie Verte Brompton Line (BVBL) Humber zone Taconic 1 (495 Ma) 

Dashwoods Lushs Bight oceanic tract (LBOT) Green Bay fault (GBF) Dunnage zone 

 Notre Dame arc Baie Vert oceanic tract (BVOT) 

 
Notre Dame subzone Taconic 2 (475 Ma) 

Roberts arm arc Lloyds River backarc basin 

   Red Indian Lake arc Annieopsquotch accretionary tract (AAT) 

 

Taconic 3 (455 Ma) 

Piedmont complex (east USA) Iapetus Ocean (NW plate) 

   

  
Red Indian Line (RIL; Iapetus suture) 

            

Peri-Gondwanan realm 

 
Red Indian Line (RIL; Iapetus suture)  

  Moretown (New England) Iapetus Ocean (SE plate) 

 

Dunnage zone Penobscot (486 Ma) 

Penobscot arc Penobscot backarc basin Penobscot suture Exploits subzone 

 Popelogan-Victoria arc Tetagouche-Exploits backarc basin Dog Bay Line (DBL) Gander zone (inc. Hermitage Flexure) Salinic (early, 455 Ma) 

Ganderia La Poile-Mascarene backarc basin Dover-Hermitage Bay fault (DHBF) Meelpaeg subzone Salinic (late, 435 Ma) 

Coastal/Kingston arc Acadian Seaway 

 

Gander Lake subzone 

 Avalonia Rheic Ocean Cobequid-Chedabucto fault (CCF) Avalon zone Acadian (421 Ma) 

Meguma (Nova Scotia) 

   
Neoacadian/Fammenian 

    
(395 Ma) 

Microcontinents of the southern Appalachian orogen 

   Smith River allochthon (?) 

   

Alleghenian (340 Ma) 

Carolinia (Florida) 

    Suwannee (Virginia-Alabama) 

              

1 = terms based on van Staal & Barr (2012) and Hibbard & Karabinos (2013). Red text = tectonic components discussed in this study. 

2 = terranes listed by general increasing distance outboard from Laurentia (i.e. progressive accretion direction). Local spatial overlap 

3 = lithostratigraphic subdivision of Newfoundland (NL) based on Williams et al. (1988). Dunnage and Gander zones = central mobile belt 

4 = listed in general decreasing age (although temporal and spatial overlap occurs). Ages in brackets = approximate commencement of orogenesis 
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2.2.1 The Laurentian (Humber) margin and Taconic-cycle orogenesis 

The Laurentian margin comprises Meso- to Neoproterozoic (Grenvillian) gneissic 

basement rocks, an overlying Late Neoproterozoic metasedimentary cover (e.g. Fleur de 

Lys Supergroup) and Lower Palaeozoic arc-backarc, ophiolite and basinal rocks (Fig. 

2.1). Plume-initiated rifting of the Proterozoic margin at c. 550 Ma detached a linear 

microcontinental terrane (Dashwoods) from Laurentia, separated by a relatively narrow 

oceanic basin (Humber Seaway; Waldron & van Staal 2001). Subsequent arc-related 

convergence during the three-stage Taconic orogeny (c. 500 and 450 Ma) resulted in 

basin inversion, obduction and the re-attachment of Dashwoods to Laurentia (e.g. van 

Staal et al. 2007). Latest Taconic 3 orogenesis subsequently conjoined the first arrived 

peri-Gondwana terrane to Laurentia (see below). 

 

2.2.2 Gondwanan arc-backarc terranes and the Penobscot orogeny 

During the Ediacaran to Middle Cambrian, southward-directed subduction of 

Iapetus beneath the northwest margin of Gondwana (Amazonia) produced a continental 

arc terrane upon a Proterozoic substrate (e.g. Barr et al. 2014a). As part of this process, 

the Penobscot arc-backarc system formed between c. 515 and 490 Ma, while rifting in 

the retroarc hinterland initiated opening of the incipient Rheic Ocean (Murphy et al. 

2006). The latter event caused detachment of the composite arc from Gondwana to form 

the microcontinent Ganderia (van Staal & Baar 2012, van Staal et al. 2012). Subsequent 

Penobscot intra-arc convergence, due to a shallowing of the Iapetan slab, caused 

backarc inversion and a temporary magmatic shutdown as part of the short-lived 

Penobscot orogeny between c. 486 and 478 Ma. By that point, Ganderia had drifted 

further northward from its source due to continued Rheic opening. 

 

2.2.3 Ganderia and Salinic-cycle orogenesis 

Recommencement of Iapetan subduction beneath Ganderia’s northern margin at c. 

475 Ma produced the Victoria arc (VA) and Exploits backarc system. The opening of 

the Exploits basin divided Ganderia into a leading and trailing part, with the leading part 

forming the substrate to the VA. Continued closure of Iapetus between c. 475 and 460 

Ma via divergent double subduction (e.g. Soesoo et al. 1997) juxtaposed the VA-

Exploits-Ganderia system closer to Laurentia by the Late Ordovician. Final 

convergence (c. 455 to 450 Ma) resulted in closure of Iapetus along the Red Indian Line 

and the accretion of composite VA-Ganderia (the first arrived peri-Gondwanan terrane 
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and Ganderia’s leading edge) to Laurentia during Taconic 3 orogenesis. Subsequent 

closure of the Exploits basin at c. 435 Ma resulted in the collision of Ganderia’s trailing 

part to the Laurentian margin (i.e. VA-Ganderia) during the Salinic orogeny (Fig. 2.1; 

van Staal et al. 2014). Salinic-related deformation, metamorphism and magmatism 

continued to affect the interior of Ganderia until c. 423 Ma (Late Silurian), while along 

its trailing edge (Laurentia’s outboard margin), a new continental arc-backarc system 

had begun to form at c. 429 Ma above a subducting slab. This slab formed part of the 

Acadian Seaway separating Ganderia from Avalonia, another peri-Gondwanan 

microcontinent, which was converging from the southeast. 

 

2.2.4 Avalonia and Acadian-cycle orogenesis 

The Avalonia terrane is mainly comprised of Neoproterozoic metasedimentary, 

metavolcanic and plutonic rocks, overlain by an Ediacaran to Early Ordovician clastic 

cover sequence (O’Brien et al. 1996, Pollock et al. 2015). It detached from Gondwana 

(Amazonia) in the Early Ordovician during opening of the Rheic Ocean and by c. 475 

Ma had begun to drift toward Laurentia along transcurrent fault systems. Convergence 

of Avalonia with Laurentia (i.e. accreted Ganderia) was accommodated by subduction 

of the Acadian Seaway (see above). This produced the Coastal arc-Mascarene backarc 

system, a Cordilleran-style plutonic-volcanic complex within upper plate (i.e. 

Ganderia’s trailing margin). Collision between Avalonia and Laurentia commenced at c. 

421 Ma along the Dover-Hermitage Bay fault [DHBF] zone and initiated the Acadian 

orogeny (Fig. 2.1; van Staal et al. 2014). Acadian-related deformation and magmatism 

preferentially affected Ganderia as orogenesis progressed from 422 to 395 Ma. Syn- to 

late-collisional magmatism produced a suite of intermediate to felsic plutons mainly 

along southern and eastern part of Ganderia (Fig. 2.1). Concurrent with late-stage 

Acadian orogenesis, a poorly defined ensimatic basin of probable Rheic Ocean affinity 

was undergoing flat-slab-style subduction beneath composite Laurentia (Murphy & 

Keppie 2005), with the point of convergence focused on approximately present-day 

Maine (Fig. 2.1). This putative basin separated Avalonia from Meguma, the final peri-

Gondwanan microcontinent to accrete to Laurentia in the northern Appalachians. 

 

2.2.5 Meguma and Neoacadian-cycle orogenesis 

The Meguma terrane, restricted onshore to Nova Scotia and Cape Cod (Fig. 2.1), 

consists of an Ediacaran to Early Ordovician clastic metasedimentary succession 
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(Meguma Supergroup) disconformably overlain by a thinner sequence of Late 

Ordovician to Early Devonian sedimentary and volcanic rocks (Waldron et al. 2009, 

Pollock et al. 2012). Termination of Acadian orogenesis in Newfoundland (c. 395 Ma) 

overlaps with dextral-transcurrent accretion of Meguma to the Laurentian margin 

(Avalonia) along the Cobequid-Chedabucto fault system, and the onset of the 

Neoacadian (Famennian) orogeny (Fig. 2.1; Murphy & Keppie 1998). In 

Newfoundland, compressive structures related to Neoacadian convergence are largely 

absent (van Staal et al. 2009). However, earlier formed (i.e. Acadian) transcurrent 

structures and related splays were likely reactivated at depth (e.g. the DHBF; Fig. 2.1; 

see Kellett et al. 2016), providing initiation sites for crustal anatexis and conduits for 

magma ascent (D’Lemos et al. 1995). Neoacadian-related magmatism produced a suite 

of c. 395 to 372 Ma granitoids and subordinate mafic rocks in Newfoundland and across 

the orogen (Fig. 2.1; see below). Additional younger granitoids (c. 372 to 363 Ma) 

occurring in southern Nova Scotia may relate to a new phase of shallow-angle 

subduction beneath Meguma’s trailing edge (Moran et al. 2007), concomitant with 

ongoing Rheic Ocean closure. 

 

2.3 Geology of the south coast region and Ganderian affinities 

Isolated and rare Neoproterozoic inliers in the south coast-Hermitage Flexure 

region of Newfoundland (e.g. Grey River Enclave; see below) provide intermittent 

geological evidence reflecting protracted peri-Gondwanan and Appalachian-related 

tectonothermal events (Fig. 2.2). Additionally, a scarcity of stratified rocks and 

associated structures in the region, the somewhat telescoped arrangement of the 

Hermitage Flexure (Williams et al. 1970), and the widespread occurrence of Siluro-

Devonian granitoids have made it a challenge to assign the area to a specific 

lithostratigraphic zone, subzone and/or lithotectonic domain. 
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Figure 2.2. Geology of the south coast-Hermitage Flexure area (modified after Colman-Sadd et al. 1990). Main granitoid-related mineralization occurrences 

(deposits, prospects and showings) are also shown (based on the GSNL MODS database). DHBF = Dover-Hermitage Bay fault zone, RIL = Red Indian Line (Iapetus 

suture). 
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Over recent decades, Neoproterozoic south coast ‘basement rocks’ have been 

variously assigned to the Avalon Zone (O’Brien et al. 1991, Swinden & Dunsworth 

1995; van Staal et al. 1996), an Avalonian basement zone (O’Brien et al. 1996), part of 

West Avalonia (Murphy et al. 1995; Murphy & Nance 2002), the Burgeo subzone (of 

the Avalon zone; Williams 1995), the Exploits subzone (of the Dunnage zone; Colman-

Sadd et al. 1990), the Bras d’Or terrane (Dunning et al. 1990a; Barr & White 1996), the 

Brookville-Bras d’Or terrane (Barr et al. 1998; van Staal & Barr 2012), the Gander zone 

(Williams 1980; Strong & Chaterjee 1985; Dickson et al. 1996), or part of a Ganderia 

suspect terrane (Williams & Hatcher 1982; van Staal et al. 1998; Hibbard et al. 2006). 

 

In an important paper, Dunning and O’Brien (1989) presented the first U-Pb 

TIMS zircon ages for basement rocks in the south coast region (including ages from 

Grey River). These dates constrained magmatic and metamorphic events between c. 686 

and 544 Ma and supported geological correlations within other Precambrian rocks in 

Newfoundland. These workers proposed the dated Late Neoproterozoic units 

represented either; (1) basement rocks of Avalonian affinity, (2) part of a (unnamed) 

deep crustal block underling the eastern central mobile belt (as imaged by seismic 

reflection data; e.g. Marillier et al. 1989), or (3) rocks of uncertain tectonic affinity that 

may represent a ‘unique terrane’. Thus, although geochronology confirmed a Late 

Neoproterozoic ‘southern gneiss belt’ in the south coast region, constraining the ultimate 

zonal (lithotectonic) affinity of the area remained elusive. 

 

Additional bedrock mapping and geochronology along Newfoundland’s south 

coast (e.g. Dunning et al. 1990b, O’Brien et al. 1990) maintained tentative correlations 

between the south coast region and Precambrian rocks of the Avalonia domain further 

east, and contributed to the concept of an ‘Avalon composite terrane’ (Keppie et al. 

1990, O’Brien et al. 1991, 1996). In this model, basement rocks of the Avalon Zone and 

south coast region had a shared Neoproterozoic to Early Cambrian history as part of an 

amalgamated continental terrane. Subsequently during the Middle to Late Cambrian, 

composite Avalonia broke apart forming a collective of peri-Gondwanan terranes 

(microcontinents) that accreted to Laurentia during Appalachian-related orogenesis 

(O’Brien et al. 1996, van Staal et al. 1996, 2009). Thus, while the south coast region 

could be correlated with the Avalon Zone sensu lato based on Neoproterozoic 

tectonothermal events (O’Brien et al. 1996, Murphy & Nance 2002), Lower Palaeozoic 



Chapter 2 – Geological Setting of the Moly Brook Deposit 

25 

 

structural and lithological features supported alternative correlations, such as with 

Gander Zone successions to the north (e.g. O’Brien et al. 1993). Likewise, the lack of 

preserved basement-cover relationships similar to that recorded by Avalonian 

successions precluded an absolute Avalonian correlation (O’Brien et al. 1990, van Staal 

2007). 

 

More recent integration of lithological, structural and geochronological data for 

various Precambrian basement units across the south coast region has strengthened 

correlations with the Grey River area and locations in central Newfoundland, and helped 

constrain their broader tectonic affinity (e.g. Valverde-Vaquero et al. 2006). Examples 

of correlative south coast units include: (1) c. 675 to 495 Ma orthogneiss in the Grand 

Bruit and Cinq Cerf areas some 100 km west of Grey River (Dunning & O’Brien 1989, 

O’Brien et al. 1991, Valverde-Vaquero et al. 2006), (2) c. 578 Ma meta-granitic rocks of 

the Roti Intrusive Suite that crosscut amphibolitic gneiss north of Burgeo (O’Brien et al. 

1991), (3) c. 575 Ma intrusive and volcanic rocks hosting the Hope Brook epithermal 

gold deposit in the Cinq Cerf area (Dubé et al. 1995), and (4) amphibolitic and 

metasedimentary xenoliths within the BIS northwest of Grey River (Williams et al. 

1995), although this correlation remains equivocal (Dickson et al. 1996). 

 

Summarising tectonothermal events in the Cinq Cerf area (and the broader 

Hermitage Flexure region) Valverde-Vaquero et al. (2006) proposed that Neoproterozoic 

magmatic, metamorphic and deformational events supported links with composite 

Avalonia, while the region’s Lower Palaeozoic geology evolved as part of a separate 

distinct terrane. This interpretation thus retained a general two-stage, two-component 

evolutionary model for the Hermitage Flexure region. 

 

The recognition of Neoproterozoic basement rocks in central Newfoundland 

extended the geographical range of known Neoproterozoic basement rocks, facilitated 

correlations with coeval units in the south coast region, and helped establish a revised 

tectonic model for the Appalachian peri-Gondwanan realm. For example, geochemistry, 

Sm-Nd isotopic data and U-Pb TIMS zircon ages from the Sandy Brook-Crippleback 

block of the Victoria Lake Supergroup [VLS; western Ganderia domain] characterise c. 

563 Ma continental arc magmatism with a generally evolved (negative) Nd isotopic 

signature (Rogers et al. 2006). These units are interpreted to represent the basement to 
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the Exploits Subzone and, by extension, the Gander Zone, based on established spatial, 

stratigraphic and tectonic relationships. 

 

Overall, the generally negative εNd(i) values and c. 1.2 Ga depleted mantle model 

ages obtained for these units are similar to isotopic results obtained for coeval basement 

rocks in the south coast region and Lower Palaeozoic Gander Group metasedimentary 

rocks (e.g. Kerr et al. 1995, D’Lemos & Holdsworth 1995, van Staal et al. 1996). In 

contrast, analogous Avalonian rocks generally have less evolved (positive) εNd(i) 

compositions and younger model ages (c. 0.8 Ga), indicating a more juvenile source 

region (Murphy et al. 2008; Hibbard et al. 2007). Thus, Sm-Nd isotopic and U-Pb age 

data supported a correlation between central and southern Newfoundland and helped 

identify a spatially extensive and geologically distinct crustal block west of the Avalon 

Zone (sensu stricto). Furthermore, an Exploits-Gander-Hermitage Flexure lithotectonic 

linkage is supported by structural continuities derived from crustal-scale seismic 

reflection data (Marillier et al. 1989; van der Velden et al. 2004). 

 

Overall, the present geological, isotopic and geochronologic evidence indicate 

that the predominantly magmatic and sedimentary rocks of central Newfoundland and 

south coast basement units form part of the peri-Gondwanan microcontinent Ganderia 

(e.g. van Staal et al. 1996, Rogers et al. 2006, Hibbard et al. 2007). Ganderia developed 

as a ribbon-like continental block at middle southern latitudes along the oceanic 

(Iapetan) margin of Amazonia, an Archean to Proterozoic cratonic component of 

northern Gondwana (van Staal et al. 1996, 1998). A Ganderia-Amazonia link is 

primarily inferred from isotopic, paleogeographical, faunal and lithological evidence, 

and the correspondence of Proterozoic detrital and inherited zircon populations with the 

timing of major orogenic episodes recorded in ancient South America (e.g. Pollock et al. 

2012; van Staal et al. 2012). 

 

Rocks of Ganderian affinity extend from Newfoundland southwest into Nova 

Scotia, New Brunswick and New England (e.g. Barr et al. 1998, van Staal & Barr 2012, 

2014). In the Canadian Appalachians, examples of Ganderian units include (1) the Bras 

d’Or terrane, Cape Breton Island, Nova Scotia (Barr et al. 1998; Barr et al. 2014b), (2) 

the Kathy Road dioritic suite, Nova Scotia (Raeside & Barr 1990), (3) the Late 

Neoproterozoic New River Belt, New Brunswick (Johnson & McLeod 1996), (4) Green 
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Head Group metasedimentary rocks in New Brunswick (Barr et al. 2003) and (5) the 

Brookville terrane, New Brunswick (Barr & White 1996; Barr et al. 2014a). 

Lithotectonic correlations between these Ganderian blocks are based on geological (Barr 

& Raeside 1989), geophysical (Loncarevic et al. 1989; Barr et al. 2014b), 

geochronological (Dunning et al. 1990a) and isotopic (Barr et al. 1992, 1998) 

similarities. 

 

2.4 Palaeozoic plutonic suites 

Palaeozoic plutons comprise about 25 percent of the bedrock of Newfoundland 

(Colman-Sadd et al. 1990). While they occur within all lithotectonic domains, the vast 

majority (c. 90 percent) preferentially intrude the central part of the island (eastern 

Laurentian margin and Ganderia domain) where episodic deformation, metamorphism 

and magmatism was primarily focused during sequential accretionary-collisional 

orogenesis (Fig. 2.3). This correlation between spatially focused plutonism and the zone 

of repeat collision reflects the consanguineous link between deformation and 

magmatism during Appalachian orogenesis (e.g. van Staal et al. 2009). 

 

The space-time-petrogenetic linkage for Newfoundland plutonic suites attests to 

the physicochemical response of the lithosphere to protracted polyphase deformation, 

which drives anatexis, melt migration, magma emplacement and intrusion formation 

(e.g. Brown 2007). Thus, Appalachian-cycle crustal amalgamation provided favourable 

tectonothermal conditions for episodic and sometimes voluminous plutonism with 

varying compositional characteristics (see below). In general, such plutonism that forms 

in response to accretionary-collisional events constitutes an integral component of 

composite continental orogens (Brown & Solar 1999, Jahn 2004, Johnson & Harley 

2012). 

 

In Newfoundland, Appalachian-cycle plutonic suites encompass a broad range of 

compositional types reflecting variable source regions, tectonic environments, 

emplacement mechanisms and magmatic processes (e.g. Elias & Strong 1982, Kerr 

1997; van Staal et al. 2009). An orogen-scale, first-order assessment of their relative 

ages and spatial distribution indicates that plutonic suites (broadly) young and evolve 

from west to east (Fig. 2.3; e.g. Strong & Dickson 1978). This trend, while overly 
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simplistic (van Staal et al. 2009), mimics the general tectonic evolution of the orogen 

and reflects a migrating locus of magmatism that stepped outboard from the stable 

Laurentian margin during successive accretionary events. 

 

 

Figure 2.3. Distribution of Palaeozoic intrusions in Newfoundland (main map based on Colman-Sadd et 

al. 1990). Abbreviations: LL-AF = Logan’s Line-Appalachian Front, BVBL =Baie Verte-Brompton Line, 

RIL = Red Indian Line (Iapetus suture), GRUBL =Gander River Ultrabasic Line, DHBF = Dover-

Hermitage Bay fault. Inset map: SJ = St. John’s, H = Halifax. 

 

Successive magmatic pulses or ‘flare-ups’ accompanied the pattern of time-

progressive, episodic orogenesis, as the various crustal fragments accreted to Laurentia 

(Williams et al. 1989; van Staal 2007). The culmination of this tectonothermal trend in 

Newfoundland was the emplacement of a suite of evolved granitoids and subordinate 

mafic rocks mainly in the southeast of the island during the Middle to Late Devonian 

(Strong 1980, Strong & Chatterjee 1985, Kerr et al. 1993a; see below). In detail, 

Palaeozoic plutonic suites exhibit a degree of spatial and temporal overlap that 

complicates the west-to-east evolutionary pattern and illustrates the complexities of 

magmatism formed as part of the lifecycle of spatially and temporally overlapping 
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complex accretionary-collisional systems (e.g. Whalen et al. 2006; van Staal et al. 

2009). 

 

In terms of the Moly Brook-Grey River area, two phases of plutonism are most 

relevant; Acadian-cycle plutonism (c. 412 Ma) responsible for forming the granitoid 

hosting the Moly Brook deposit (i.e. Burgeo Intrusive Suite; see Section 2.4.1 below), 

and Neoacadian-cycle plutonism (c. 380 Ma) which formed a suite of evolved granitic 

rocks in the area (e.g. Grey River leucogranites and the François Granite; see Section 

2.4.2 below). The following sections present a summary of these key magmatic-plutonic 

suites. 

 

2.4.1 Acadian-cycle intrusive rocks (c. 429 to 395 Ma) 

In general, Acadian-cycle plutonism in Newfoundland displays a temporal-spatial 

zonation (Fig. 2.4). For example, early arc-related intrusions (Coastal arc; see below) 

are confined to a belt in the eastern and southern Ganderian domain (adjacent to the 

Dover-Hermitage Bay fault zone), while younger collisional suites mainly occur 

adjacent to the Dog Bay Line (DBL) further to the northwest (Fig. 2.4). This pattern 

reflects a magmatic younging direction that followed the migration of the Acadian 

deformation front westward across Laurentia’s interior hinterland (Murphy et al. 1999, 

van Staal et al. 2009). This trend runs counter to the broader west-to-east migration of 

the orogenic magmatic front, indicating that tectonothermal processes specific to an 

individual orogenic cycle (e.g. slab break-off) influenced the character and siting of the 

various intrusive belts (Whalen et al. 2006). 

 

In Newfoundland, Acadian-related magmatism initiated in the Late Silurian (c. 

429 Ma) coincident with the subduction of the Acadian Seaway beneath the Laurentian 

margin (by then Ganderia’s Rheic-facing edge; see Section 2.2.4 above). While this 

magmatism temporally overlapped with Salinic-related late-collisional magmatism (van 

Staal et al. 2009), the respective magmatic suites remained spatially separate domains 

located east and west of the DBL, respectively (Fig. 2.4). 

 

Acadian arc-related magmatism produced Cordilleran-style composite granitoid 

batholiths and subordinate intermediate intrusions along the margin of upper plate 

Ganderia (van Staal et al. 2014). Collectively, these suites have been named the Coastal 
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(or Kingston) arc (Bradley 1983, van Staal et al. 2009). Examples in Newfoundland 

(south-western Ganderia domain) include the c. 430 to 429 Ma Western Head granitoid 

(O’Brien et al. 1991) and c. 429 Ma (early-stage) dioritoids to granitoids of the Burgeo 

Intrusive Suite (see Section 2.5.2 below). Compositionally, these plutons are 

metaluminous to peraluminous with calc-alkaline series ‘I-type’ characteristics, 

consistent with their inferred tectonic setting (Dickson et al. 1996). Likewise, whole-

rock ɛNd(c. 430 Ma) and δ18O values, ranging from c. -4 to +2 and +7 to +10‰, 

respectively (Fryer et al. 1992; Kerr et al. 1995), largely support a subduction zone 

model. Batholith construction within Ganderia was likely facilitated by (and sited 

along) transpressional structures during oblique subduction of the Acadian Seaway (van 

Staal et al. 2009). 

 

Coincident with Acadian-cycle, subduction-related plutonism, bimodal arc-

backarc volcanism also formed during rifting of the Coastal arc from c. 429 to 422 Ma 

(e.g. La Poile Group rocks, south-western Ganderia domain; O’Brien et al. 1991). 

Tectonic inversion of these arc-backarc sequences and a cessation of Coastal arc 

magmatism at c. 421 Ma coincided with the onset of Acadian collisional-stage 

orogenesis and related magmatism (van Staal et al. 2009, 2014). 

 

Late Silurian to Middle Devonian (c. 422 and 396 Ma) collisional-stage plutonism 

generated voluminous granitoids and subordinate mafic intrusions as crustal shortening 

progressed toward termination (van Staal et al. 2009). This tectonothermal phase also 

coincided with peak Acadian metamorphism that attained upper amphibolite facies 

conditions at c. 418 to 414 Ma (Valverde-Vaquero et al. 2006). In general, 

volumetrically minor mafic suites have calc-alkaline basaltic to subordinate continental 

tholeiitic signatures, while abundant, voluminous granitoid suites consist of composite 

tonalitic to granitic intrusions with mixed I- and S-type characteristics (e.g. locally two-

mica granite varieties). Examples include the c. 415 to 411 Ma (late-stage) granitoid 

phases of the Burgeo Intrusive Suite in the Grey River area (Dickson et al. 1996; see 

below), the c. 410 Ma Middle Ridge granitoid, central Ganderia domain (Tucker 1990) 

and the c. 404 to 396 Ma granitoids of the North Bay Granite Suite, located in the 

southwest Ganderia domain (Dickson 1990, Dunning et al. 1990b). 
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Figure 2.4 Geological map of Newfoundland highlighting Acadian- and Neoacadian-cycle intermediate 

to felsic intrusive rocks (modified after Colman-Sadd et al. 1990 and Hibbard et al. 2006). Intrusions 

discussed in the main text are numbered. Intrusions that form part of this study are listed in bold text. 

DBL = Dog Bay Line, DHBF = Dover-Hermitage Bay fault, GRUBL = Gander Lake ultrabasic line, HF 

= Hermitage Flexure, RIL = Red Indian Line (Iapetus Suture), LL-AF = Logan’s Line-Appalachian 

Front, HBG = Harbour Breton granite. 
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Compositionally, Acadian collisional-stage granitoids are metaluminous to 

dominantly peraluminous, are LREE-enriched, and have mainly mature volcanic arc to 

‘syn-collisional’ signatures associated with elevated Rb concentrations. Exclusively 

negative ɛNd(c. 410 Ma) values range from -5.4 to -1.1 (Kerr et al. 1995), while a small 

number of δ18O determinations range from +9 to +11‰ (Fryer et al. 1992). These data 

are indicative of parental melts mainly derived from ensialic source(s) within a complex 

collisional setting. The Ganderian lower to middle crustal block (i.e. the overriding 

plate) is a likely major source region, along with its supracrustal cover sequences. In 

addition, an Acadian flat-slab subduction model proposed by van Staal et al. (2009) 

provides a mechanism for subduction-eroded forearc and arc prism material to have 

contributed as a source for partial melts while minimising the input of juvenile magmas. 

 

2.4.2 Neoacadian-cycle intrusive rocks (c. 395 to 370 Ma) 

Neoacadian-cycle intrusive rocks comprise a bimodal association of granitoid and 

subordinate mafic intrusions emplaced during the Middle to Late Devonian (c. 395 to 

372 Ma). The granitoids form a cohesive plutonic suite with partly similar petrologic, 

geochemical, structural and emplacement characteristics (Dickson et al. 1988, Williams 

et al. 1989, Kerr et al. 1993a). The main rock types are undeformed to weakly foliated 

biotite ± magnetite granite and alkali feldspar granite (sensu stricto), with lesser 

granodiorite, quartz monzonite, quartz syenite and quartz alkali syenite (Kerr et al. 

1993a). Mafic bodies (commonly dykes) are basaltic in composition with alkaline 

‘within-plate’ anorogenic signatures (Dickson et al. 1996). Detailed studies of the mafic 

suite in Newfoundland and its petrogenetic, tectonic and/or metallogenic significance 

are presently lacking, although analogous magmatism in Nova Scotia has been 

investigated (e.g. Clarke et al. 1997). 

 

In Newfoundland, Middle to Late Devonian granitoids [MLDGs]3 preferentially 

occur in the east and southeast of the island adjacent to the Dover-Hermitage Bay fault 

                                                           
3 In this thesis, Neoacadian-related granitoids are henceforth collectively referred to as ‘Middle to Late 

Devonian granitoids’ [MLDGs]. This term incorporates dominantly granitoid (felsic, > 20 modal % 

quartz) intrusive rocks emplaced as a semi-continuous magmatic event between c. 393 and 372 Ma in the 

Newfoundland Appalachians (Table 2.2; Fig. 2.4). The term is favoured from a purely descriptive 

perspective and seeks to avoid possibly unfamiliar type locality/intrusion names and potentially 

ambiguous or misleading geochemical- and tectonic-based nomenclative qualifiers (e.g. ‘high-silica’, 

‘post-orogenic’, ‘post-tectonic’, etc.). 



Chapter 2 – Geological Setting of the Moly Brook Deposit 

33 

 

zone [DHBF], where they define a relatively narrow (c. 100 km-wide) and somewhat 

arcuate magmatic belt (Fig. 2.4; e.g. Kellet et al. 2014). Based on this distribution and 

prevalent NNE- to NE-orientations for individual intrusions, the earlier formed DHBF 

strongly influenced the siting of most MLDGs (e.g. D’Lemos et al. 1995). 

Notwithstanding this dominant control, isolated MLDGs also occur distal to the DHBF 

within the Avalonian, Ganderian and, rarely, Laurentian margin domains (Fig. 2.4, Table 

2.2). Their overall distribution in Newfoundland thus partly reflects broader 

emplacement patterns (up to c. 400 km-wide) seen for Neoacadian-cycle granitoids in 

other sectors of the orogen to the south (Fig. 2.1; van Staal 2007, Hibbard & Karabinos 

2013). 

 

During emplacement, felsic magmas likely exploited the pre-existing permeability 

of the DHBF and other Acadian (or older?) structures which provided pathways for 

magma ascent (D’Lemos et al. 1992, Brown 2007). Moreover, reactivation of these 

structures during far-field Neoacadian convergence (D’Lemos et al. 1995, Kellett et al. 

2016) may have contributed to crustal anatexis and melt generation. Subsequent step-

wise, buoyancy-assisted melt migration within steeply-dipping trans-crustal deformation 

zones transferred parental magmas toward the upper crust (D’Lemos et al. 1995; cf. 

Bons et al. 2010, Clemens & Stevens 2016). At upper crustal levels, magmas may have 

attained a neutral buoyancy state (e.g. Tosdal & Richards 2001), while local extensional 

sites (fault conduits) promoted emplacement and pluton growth. On the south coast, the 

ring-like François Granite (Fig. 2.2, Dickson et al. 1996) suggests steep dyke and fault 

systems locally controlled granite emplacement (see Chapter 4). While processes such as 

cauldron subsidence and/or block stoping may have also assisted magma emplacement 

(Miller & Tuach 1989), wall-rock xenoliths are relatively uncommon and occur only 

locally along the margins of some intrusions (D’Lemos et al. 1995). 

 

From a petrographic perspective, Newfoundland MLDGs display megacrystic to 

equigranular textures, while local porphyritic, granophyric and aplite-pegmatite styles 

indicate shallow-level, volatile-rich conditions. Additionally, feldspar phenocrysts 

sometimes show rapakivi zoning and perthitic exsolution textures. Overall, textural 

variations occur between neighbouring consanguineous plutons (Strong & Dickson 

1978) and commonly define gradational to sharp internal contacts within individual 

plutons (e.g. Whalen 1980, Dickson 1983). Rare mafic microgranular enclaves, clots, 
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xenoliths and screens locally occur and sometimes exhibit a preferred NNE- to NE-

alignment, sub-parallel to the trends of tectonic foliation in adjacent country rocks (e.g. 

O’Neill 1991, D’Lemos et al. 1995).  

 

In general, grain-sizes are finer (< 10 mm) within marginal and/or inferred apical 

zones and locally systematically decrease toward country rock contacts, possibly 

representing chilled margins. Locally, marginal zones also show overprinting solid-state 

ductile fabrics (e.g. stretching lineations, phenocryst resorbtion textures) indicative of 

sub-solidus deformation and fluid fluxing during late-stage emplacement (D’Lemos et 

al. 1995). Angular wall rock fragments and stoped xenoliths locally occur along these 

marginal zones (e.g. Teng & Strong 1976, D’Lemos et al. 1995) while porphyroblastic 

andalusite, cordierite and muscovite are also locally developed in adjacent wall rocks 

(O’Neill 1991, D’Lemos et al. 1995, Dickson et al. 1996). 

 

In some shallow-level intrusions, late-stage magmatic-hydrothermal and 

metasomatic (deuteric) features occur including greisen zones, quartz and aplite-

pegmatite clots, quartz-feldspar pods and segregations, miarolitic cavities, oversized 

quartz ‘stockschieder’, unidirectional growth textures and graphitic intergrowth zones 

(e.g. Teng & Strong 1976; Whalen 1980). In addition, late-stage aplitic dykes and veins, 

breccias, and quartz veins occur, with the latter locally sulfide-bearing (see Section 2.4.3 

below). Alteration is locally pervasive to selective (e.g. vein-related) and typically 

comprises potassic-ferroan and phyllic (greisen) assemblages. In non-mineralized areas, 

granitoids are relatively fresh, although some locations display weak to moderately 

pervasive sericitization of feldspar and also chloritization of biotite. 

 

Geochemically, MLDGs display weakly metaluminous to mainly peraluminous 

characteristics, have elevated silica concentrations (c. 63 to 76 wt %) and are relatively 

enriched in large-ion lithophile and other incompatible elements (e.g. K, Na, Rb, Th, U, 

F; e.g. Kerr et al. 1993a). Accordingly, Harker-type bivariate plots show decreasing 

abundances and inverse linear correlations of Fe, Ca, Mg and Ti with increasing SiO2. 

These trends reflect a bulk shift to highly evolved ‘leucogranite’ compositions for the 

suite as a whole, with major element bivariate trends generally becoming more scattered 

at higher silica contents (Tuach et al. 1986, Kerr et al. 1993a). 
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In terms of trace elements, relatively compatible high field strength elements are 

depleted in evolved intrusions (e.g. Cr, V, Ni; c. < 80 ppm), while plagioclase-

compatible Ba and Sr have relatively low abundances also (c. 100 to 300 ppm and 30 to 

100 ppm, respectively; Kerr et al. 1993a). Chondrite-normalized rare earth element 

(REE) plots typically show negative sloping patterns reflecting light REE-enrichment 

(typically LaN/YN of c. 5 to 20), and moderate to strong negative EuN anomalies (e.g. 

Strong & Chatterjee 1985, Higgins 1985, Kerr et al. 1993a). In general, composite 

intrusions display similar geochemical trends toward the most evolved units, with 

internal geochemical variations reflecting macroscopic lithologic-mineralogical 

variation, as well as more cryptic, fractionation-related, orthomagmatic layering-

stratification (e.g. Ackley granite suite; Tuach et al. 1986, Dickson et al. 1996). 

 

The bulk compositions of MLDGs, while overall geochemically restrictive, 

display a degree of geographical variability (cf. Kerr et al. 1993a). For example, 

granitoids in the northeast of the Ganderia domain are marginally less evolved (e.g. 

broader range of SiO2 and CaO values) compared to those in the southern Ganderia and 

Avalonia domains. Additionally, granitoids in the south coast region (southern Gander 

domain) have mineralogical and geochemical compositions conforming to the 

infracrustal ‘I-type’ source classification (i.e. alumina saturation index (ASI) < 1.1; e.g. 

Chapell & White 2001). In contrast, MLDGs in the northeast Gander zone (e.g. Gander 

Lake granitoid) intruding meta-volcanosedimentary rocks of the Gander Group have 

higher ASI values (> 1.1) and locally contain wall rock xenoliths, suggesting 

metasedimentary rocks contributed to their genesis. Overall, geochemical variability 

tends to mimic the subtle lithological variations seen within the suite. Additionally, the 

apparent northeast-southwest geochemical evolutionary pattern may partly reflect 

present erosion/preservation levels (cf. Schofield & D’Lemos 2000). 

 

Isotopic studies (Nd, O and Sr) have helped constrain the petrogenesis of 

Newfoundland MLDGs and assess the effects of fluid infiltration/contamination (e.g. 

Dickson et al. 1988, Tuach et al. 1988, Fryer et al. 1992, D’Lemos & Holdsworth 1995, 

Kerr et al. 1995, Schofield & D’Lemos 2000). Whole-rock ɛNd(c. 380 Ma) values for the 

suite range from c. -4.5 to +4.0 and display spatially-controlled contrasts dependant on 

the nature of the underlying terrane (e.g. Fryer et al. 1992, Kerr et al. 1995). For 

example, granitoids in the Avalonia domain generally have more juvenile initial εNd 
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values (c. +1 to +4), while those within the Ganderian domain are generally negative (c. 

-4.5 to 0.0; see Chapter 7 for further discussion). Overall, initial Nd data indicate 

parental magmas were mainly sourced from the lower to middle crust, with a possible 

contribution from juvenile (lithospheric mantle) melts (Schofiled & D’Lemos 2000). 

Locally, assimilation of supracrustal rocks also played a role (Kerr et al. 1995, D’Lemos 

& Holdsworth 1995). 

 

Based on a limited dataset, whole-rock δ18O values range from c. +3 to +10‰ (e.g. 

Fryer et al. 1992, Kerr et al. 1993a) and overlap with the expected signature for ‘normal’ 

infracrustal granitoids (i.e. c. +5 to +8‰; Taylor 1978, Faure 2001). Deviations from 

this range likely reflect sub-solidus interaction with deuteric, meteoric and/or other fluid 

reservoirs (e.g. Strong et al. 1984, Tuach et al. 1988). Similar to the Nd data, variations 

is whole-rock O isotopic data show a degree of spatial variation dependant on the 

underlying lithotectonic terrane, with isotopically heavier values recorded for Avalonia-

hosted MLDGs, compared to Ganderia-hosted intrusions (Fryer et al. 1992).  

 

Whole-rock initial Sr values (Sr(i)) values have been reported for several MLDGs, 

although they are generally based on imprecise Rb-Sr dates that commonly 

underestimate true crystallization ages (Bell & Blenkinsop 1975, Bell et al. 1977, Wilton 

1983, Tuach 1987; see compilations of both Strong 1980 and Currie 1995). Despite this 

limitation, the Sr(i) values are relatively consistent (0.702 to 0.708; average = 0.705; n = 

10), display little variability with respect to lithology or host terrane, and are marginally 

lower compared to older Appalachian-cycle plutonic suites. The Sr(i) values fall within 

the broad range for Lower Palaeozoic upper mantle and supracrustal rocks (c. 0.7010 

and 0.7250, respectively) reported by Schofield & D’Lemos (2000). In general, the Sr 

isotopic data are consistent with a multi-component mixture of lower continental crust, 

sub-continental lithospheric mantle [SCLM] and/or assimilated upper crust having 

contributed to MLDG magma formation (Strong 1980; Schofield & D’Lemos 2000). 

 

Overall, petrogenetic models for Newfoundland MLDGs suggest parental magmas 

were mainly generated within the continental crust (e.g. Strong 1980, D’Lemos et al. 

1995, Schofield & D’Lemos 2000). Possible mechanisms such as slab break-off, SCLM 

delamination and/or gravitational collapse would have facilitated the ingress of high 

temperature asthenospheric mantle melts into the base of the crust, promoting magma 
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generation (e.g. Schofield & D’Lemos 2000, van Staal et al. 2009). Regardless of the 

exact processes responsible for anatexis, felsic magmas exploited a fortuitous structural 

regime that facilitated upward migration through the lithosphere, providing space and 

time for extended fractional crystallisation. This led to volatile-saturated residual 

magmas which locally concentrated lithochalcophile metals (e.g. Bi, Sn, W, Mo) and 

fluids leading to eventual mineralization (see Section 2.4.3 below and Chapter 7). 

 

Table 2.2 provides a comprehensive list of MLDGs in Newfoundland including 

those either mentioned or discussed in the main text. Intrusions are listed by 

lithotectonic domain and decreasing age. The table also includes several intrusions 

which have an uncertain affinity with MLDGs (? symbol) based on age, structural 

and/or petrographic considerations. Granitoids investigated as part of this study are 

highlighted (bold text) and correspond to those numbered in Fig. 2.4. 

 

Table 2.2: List of key Middle to Late Devonian granitoids [MLDGs] in Newfoundland 

Intrusion1 Rock type 

Age 

(Ma)2 Intrusion reference Age reference 

Avalonia 

    Grand Beach (?) Qz-fld porphyry 394 +6/-4 Strong et al. 1978 Krogh et al. 1988 

Red Island (?) Bt granite c. 390K 
O'Driscoll & Muggridge 

1979 Strong et al. 1974 

Terra Nova Bt granite 384 ± 4 
O'Brien & Holdsworth 

1992 Kellet et al. 2014 

Old Woman stock 

(HBG) AF granite 383 ± 2Re Furey & Strong 1986 this study 

Belle Isl (Fortune 

Bay) Bt granite 382 ± 2Re Whalen 1980 this study 

Ragged Islands, part of Granite c. 382K 
O'Driscoll & Muggridge 
1979 Strong et al. 1974 

Belleoram, part of Granodiorite, granite 381 ± 1 Furey 1985 Rogers et al. 2015 

Old Woman stock 

(HBG) AF granite 381 ± 2Re Furey & Strong 1986 this study 

Rencontre (SW 

Ackley) 

Granite to AF 

granite 379 ± 2Re Whalen 1980 Lynch et al. 2009 

Sage Pond (S Ackley) AF granite (greisen) 379 ± 5Re Whalen 1980 this study 

Hungry Grove (S 

Ackley) Bt granite 377 ± 3 
Dickson 1983; Tuach 

1987 O'Brien 1998 

St Lawrence 

Granite to AF 

granite 374 ± 2 Teng & Strong 1976 Kerr et al. 1993b 

Tolt (SE Ackley) Bt granite 372 ± 4 
Dickson 1983; Tuach 

1987 Kellet et al 2014 

Iona Islands Bt granite c. 364Rb Peckham 1992 Peckham 1992 

Iron Island (?) Bt granite not dated Kerr et al. 1993a n/a 

Fox Island (?) Bt granite not dated Kerr et al. 1993a n/a 

Clarenville (?) Granite not dated Strong et al. 1974 n/a 

Little Woody Island (?) Granite not dated Kerr et al. 1993a n/a 

Berry Hills Bt granite not dated O'Brien et al. 1984 n/a 

     Ganderia 
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Petites (?) Bt granite 397 ± 5 Brown 1976 Kerr et al. 2009 

Dolland Brook (?) Bt granite 396 +6/-3 Dickson 1990  Dunning et al. 1990b 

Deadman's Bay 

Granodiorite to 

granite 390 ± 4 Jayasinghe 1978 Kellet et al 2014 

Chetwynd Bt granite 390 ± 3 O'Brien et al 1991 O'Brien et al 1991 

Overflow Pond Bt ± ms granite 387 ± 8 Dallmeyer et al. 1983 Dallmeyer et al. 1983 

Wolf Mountain 

(NBGS) Bt granite 387 ± 2Re Tuach 1996; this study 

Kerr & McNicoll 2012; 

this study 

Isle aux Morts Brook Bt granite 386 ± 4 Wilton 1985 Dubé et al. 1996 

Newport Bt granite 385 ± 5 Jayasinghe 1978 Kerr et al. 2009 

Maccles Lake (?) Bt granite 382 ± 2Ar 
O'Brien & Holdsworth 

1992 Kellet et al 2014 

Middle Brook (?) Bt granite c. 379Ar Jayasinghe 1978 Dallmeyer et al. 1981 

Kepenkeck (NW 

Ackley) Bt-ms granite 

378 - 

368Ar 
Dickson 1983; Tuach 

1987 Kontak et al. 1988 

François Bt granite 378 ± 2 Dickson et al. 1996 Kerr et al. 1993b 

Moly Brook-Grey 

River dykes, stock 

Bt granite to AF 

granite 378 ± 4 Higgins 1985; this study Kerr & McNicoll 2012 

Gander Lake Bt ± ms granite 378 ± 4 Strong et al. 1974 Kellet et al 2014 

Ironbound, part of (?) Monzonite to granite not dated O'Brien et al. 1986 n/a 

Penguin Islands (?) Bt granite not dated O'Brien et al. 1986 n/a 

     Laurentian margin 

    
Strawberry Bt granite 384 ± 2Um Wilton 1985 Dubé et al. 1996 

Partridge Point Bt-ms granite c. 368K Hibbard 1983 Hibbard 1983 

Belle Island (White 

Bay) Bt-ms granite c. 368K Williams & Smyth 1983 Wanless et al. 1973 

          

1? = indicates uncertain affinity based on petrological, structural and/or geochemical criteria. Bold text = part of this study 

2 = Ages are U-Pb TIMS zircon dates except; Ar = Ar-Ar mica, Re = Re-Os molybdenite, Um = U-Pb monazite, K = K-Ar 
mica, Rb = Rb-Sr whole rock. Moly Brook-Grey River age based on U-Pb SIMS zircon dating.  

HBG = Harbour Breton granite, NBGS = North Bay granite suite, Bt = biotite, fld = feldspar, ms = muscovite, qz = quartz, AF 

= alkali feldspar 

 

2.4.3 Late Devonian granite-related mineralization 

Reviews of ‘lithochalcophile’ element mineralization associated with Neoacadian-

cycle granitoids in Newfoundland are provided by Strong (1980), Strong & Chatterjee 

(1985), Dickson (1995) and Kerr et al. (1993a, 2009). The following summary, along 

with a subsequent section on the Grey River prospect, provides a metallogenic context 

for this study. 

 

Several Late Devonian granitic intrusions in southern and eastern Newfoundland 

(mainly Ganderia and Avalonia domains) are genetically associated with variable Mo, 

W, Sn, F, Cu ± Pb, Zn, Au mineralization. The main occurrences (excluding Moly 

Brook) and their salient geological features are presented in Table 2.3, with locations 

shown in Figures 2.1 and 2.2. Key examples include; the Grey River tungsten prospect 

(Higgins 1985; see Section 2.5.4 below), Mo and Sn ± W mineralization in the southern 
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Ackley Granite (Whalen 1980), the Granite Lake Mo-W-Cu prospect (Tuach 1996), and 

the historically mined St Lawrence fluorspar veins (Collins & Strong 1988). 

Additionally, variable Au mineralization in southwest Newfoundland (Laurentia 

domain) has been linked to the c. 384 Ma Strawberry granite (Wilton & Strong 1986), 

while over 100 mineralized occurrences, mainly associated with MLDGs, are located 

across the island (see Kerr et al. 2009, and the GSNL’s on-line mineral occurrence 

database system). 

 

Table 2.3. Summary of key Late Devonian granite-related deposits and prospects in Newfoundland 

     Prospect, area Grey River Granite Lake Ackley St Lawrence 

     Commodities W ± Mo ± Pb Mo-W-Cu Mo ± W ± Sn F ± Mo ± U 

     

Mineralization style 
Veins, lodes 

(exocontact) 

Veins, fractures 

(endocontact) 

Disseminations, 

segregations, veins, 

greisen zones 

(endocontact) 

Veins (endo- to 

exocontact) 

     

Mineralization 

Wolframite,   

scheelite,  

molybdenite, galena 

Molybdenite, 

wolframite, scheelite, 

chalcopyrite, galena 

Molybdenite,      

scheelite,            

cassiterite 

Fluorite, galena, 

molybdenite 

(late), uraninite 

Alteration 

assemblages           

(1 = early, 2 = late) 

Mus + qz + fl + py 

(phyllic, greisen) 
1. Kfs + hem (potassic) 

1. Kfs + hem  

(potassic) 
Cal + fl + qz ± 

ep ± clay 

  

2. Mus + qz + fl + chl 

(phyllic, greisen) 

2. Qz + tpz + ser + py 

± fl (phyllic, greisen)  

 
Host rock 

Metasedimentary, 

metavolcanic rocks 
Granite, aplite Granite, pegmatite 

Granite, 

porphyry dykes 

Age of 

mineralization 
c. 380 Ma* c. 387 Ma* c. 379 - 377 Ma* 

c. 374 Ma# 

c. 367 Ma* 

Deposit reference Higgins 1985 Tuach 1996 Whalen 1980 

Collins & 

Strong 1988 

     

Age reference this study Lynch et al. 2012 Lynch et al. 2009 

Kerr et al. 

1993b, Lynch et 

al. 2012 

          

* = Re-Os molybdenite dating, # = U-Pb TIMS zircon dating 

Cal = calcite, chl = chlorite, ep = epidote, mus = muscovite, qz = quartz, fl = fluorite, py = pyrite, Kfs = K-feldspar, tpz = topaz, 

ser = sericite 

 

In general, two broad mineralization styles predominate; late crystallization-stage 

intragranitic disseminations (i.e. endocontact-style; e.g. Ackley Granite) and magmatic-

hydrothermal vein systems. In the latter case, mineralized sheeted to stockwork quartz 

veins are either detached from their causative source (i.e. exocontact-style; e.g. Grey 

River), or crosscut cogenetic intrusions (e.g. Granite Lake). At St Lawrence, fluorite-

calcite ± barite veins marginally extend along strike from the source granite into 

adjacent country rocks (e.g. Teng & Strong 1976). At several localities, mineralization is 
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associated with irregular greisen zones (i.e. endoskarn), aplite-pegmatite segregations 

and veins, fluid ± fault breccia, and quartz-greisen veins (e.g. Whalen 1980). Such 

features generally reflect the physicochemical effects of volatile-saturated hydrothermal 

fluids (e.g. S, F, Cl, P, CO2) that were active during residual magma emplacement 

and/or a sub-solidus cooling stage. In altered and mineralized areas, exposed granites are 

interpreted to represent structurally high apical zones, with emplacement at depths of c. 

2 to 4 km (e.g. Strong 1980, Whalen 1980, Tuach et al. 1988). 

 

While specific mineralization styles and features vary between prospects (Table 

2.3), the general character and setting broadly reflect coupled magmatic-hydrothermal 

and deformation processes and controls during granite emplacement (Tosdal & 

Richards 2001, Černý et al. 2005). Specifically, fractional crystallization and melt-fluid 

partitioning concentrated incompatible metals (Mo, Cu, W) and volatiles into residual 

felsic magmatic phases (e.g. Burham & Ohmoto 1980). Early, residual sulfide 

precipitation (e.g. Ackley) and late-stage fluid exsolution followed upon magma cooling 

and solidification (Grey River, Granite Lake). For vein systems, fluid ± melt 

overpressures, pluton cooling (contraction) and/or fault-valve cycling would have 

promoted brittle hydrofracturing and repeated veining (Teng & Strong 1976, Higgins 

1985). 

 

Where studied, mineralizing fluids are dominantly of magmatic affinity with 

mainly aqueous-carbonic compositions (e.g. Higgins & Kerrich 1982, Higgins 1985, 

Collins & Strong 1988). In some vein-hosted examples (e.g. Grey River), fluid trapping 

temperatures (c. 150 to 500°C) and salinities (c. 3 to 15 wt % NaCl eqv.) systematically 

decrease during successive mineralization/veining events, while the bulk fluid 

underwent corresponding compositional changes (e.g. CO2 loss). In general, localized 

greisen zones contain evidence of more complex fluid compositions with higher 

salinities (e.g. multi-phase, salt-saturated fluid inclusions; Lynch et al. 2010), while 

most prospects record the infiltration of low-temperature, non-magmatic fluids (e.g. 

Higgins 1985, Collins & Strong 1988). 

 

From a metallogenic perspective, Late Devonian granite-related mineralization 

developed in response to the prevailing Neoacadian tectonothermal regime and local 

structural-hydrothermal depositional controls. Regional age constraints (Re-Os 
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chronometer) indicate mineralization mainly occurred during a relatively short-lived 

epoch between c. 387 and 377 Ma, with a very general sense of younging from west to 

east (Lynch et al. 2012; see Table 2.1 in Appendix 2). Younger, quartz vein-hosted Mo 

mineralization in the St Lawrence area (Avalonia) dated to c. 367 Ma likely reflects 

renewed fluid flow along reactivated fracture systems (Lynch et al. 2012, Kellett et al. 

2016). Overall, the genetic characteristics and setting of these mineralized systems 

overlap with those for shallow-level, post-subduction porphyry Mo deposits (Carten et 

al. 1993) and intracontinental (collisional) granite-hydrothermal mineralization formed 

in marginally deeper settings (cf. Strong 1988, Černý et al. 2005). 

 

2.5 Geology and metallogeny of the Grey River area 

The geology of the Grey River area has previously been described by Higgins 

(1980a, 1985), Blackwood (1985) and Dickson et al. (1996). Two major geological 

units underlie the area (Figs. 2.5 & 2.6): an older package of Neoproterozoic 

metamorphic rocks (c. 686 – 579 Ma) termed the Grey River Enclave in the south, and a 

Lower Devonian granitoid in the north (c. 412 Ma) which forms part of a large 

composite batholith named the Burgeo Intrusive Suite [BIS]. The contact between these 

units is a c. 0.5 to 1 km-wide, east-west-aligned, high-strain deformation zone 

informally called the Granite Cliff shear zone [GCSZ; Higgins 1980a]. Within this 

zone, both GRE and BIS rocks are mylonitized, faulted and locally metasomatized. 

 

The major rock units in the area are intruded by undeformed granitic rocks. These 

include the Late Devonian François Granite complex, located c. 15 km to the east of 

Grey River, and analogous granitic plugs, dykes and veins. Additionally, minor doleritic 

dykes occur and are locally spatially coincident with evolved granite (Fig. 2.5). Late-

stage hydrothermal veins transect the area and locally host significant rare and base 

metal mineralization (i.e. Moly Brook-Grey River systems). The following sub-sections 

provide summary descriptions of the main geological units. 
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Figure 2.5. Geology of the Moly Brook-Grey River area (modified after Higgins 1980a, Dickson et al. 1996). 

Profile line A-A´-A´´ corresponds to the cross-section shown in Fig. 2.6. Geochronology and other 

abbreviations: S = SIMS analysis, T = TIMS analysis, zr = zircon, mol = molybdenite, bt = biotite, wr = 

whole-rock, tit = titanite, hbl = hornblende, ms = muscovite, GCSZ = Granite Cliff shear zone. Age sources: 

Dunning & O’Brien (1989), Higgins et al. (1990), Kerr & McNicoll (2012), this study. 
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Figure 2.6. Schematic geological cross-section through the Moly Brook-Grey River area (profile line A-A’-A’’ shown in Fig. 2.5). Section drawn at 1:20,000-scale (no vertical exaggeration) and based on geological maps contained in Higgins (1980a) 

and Dickson et al. (1996). M.a.s.l. = metres above sea level, ? = geological uncertainty at depth. 
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2.5.1 The Grey River Enclave 

The Grey River Enclave [GRE] refers to an elongate, wedge-shaped belt of 

metavolcanic, metasedimentary and gneissic rocks occurring east and west of Grey 

River village (Figs. 2.5 & 2.6). About 20 km to the east of the main belt, at the entrance 

to Devil’s Bay, a narrow zone (c. 0.5 x 6 km) of foliated metavolcanic rocks represents 

the eastern limit of the GRE (see Fig. 2.2). In this eastern area, the Late Silurian Black 

Cove gabbro and Late Devonian François Granite both intrude GRE rocks. 

 

In the immediate Grey River area (Fig. 2.5), the enclave consists of pelitic to 

psammitic schist, phyllite, banded amphibolite, and felsic metavolcanic rocks. These 

units form an inferred conformable succession younging to the north (Dickson et al. 

1996). Along the coast, a thin zone of tonalitic to dioritic gneiss occurs, representing the 

oldest units. Based on geological and geochronology constraints (see below), an 

unconformable basement-cover relationship is inferred between the gneissic rocks and 

the stratified succession (Dunning & O’Brien 1989). Migmatitic textures are commonly 

developed in the metasedimentary units, while deformed and foliated amphibolite dykes, 

granitic patches and quartz veins are minor components. About 3 km west of Grey River 

village, several small, metamorphosed and deformed peridotitic to gabbroic 

(hornblendite) units also crop out (Dickson et al. 1996). 

 

The rocks of the GRE display a dominant, east-west-aligned, steeply north-

dipping, tectonic fabric (e.g. Fig. 2.6; see Chapter 4). This penetrative foliation strikes 

parallel to inferred sedimentary layering, gneissic and migmatitic banding, and the axial 

planes of F2 isoclinal folds (Dickson et al. 1996). Locally, a discordant crenulation 

cleavage also occurs and is approximately axial planar to more upright, open to 

moderately tight, east-west-aligned F3 folds. Schistose rocks in the eastern GRE display 

evidence of an earlier foliation that was later transposed by the main E-W fabric. 

Locally, quartzite and schist contain sub-horizontal mineral lineations and S-C fabrics 

that exhibit a dextral shear sense (Piasecki 1995). Chapter 4 presents a further 

assessment of these structures. 

 

The metamorphic grade in the area reached amphibolite facies conditions based 

on reported mineral assemblages and textures (Blackwood 1985). Migmatite patches and 
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veining occur throughout the sequence, with a generally deceasing degree of 

migmatization from south to north.  

 

Dunning and O’Brien (1989) dated several metamorphic units from the GRE. 

Zircons from a mafic orthogneiss close to Grey River Point (Fig. 2.5) gave an igneous 

(protolith) age of 686 +33/-15 Ma. Metamorphic titanite from the same orthogneiss 

record an age of 579 ± 10 Ma (Fig. 2.5). Dating of a felsic metavolcanic unit located 

about 10 km northeast from the orthogneiss gave a crystallization age of 544 ± 5 Ma. 

The magmatic ages from the GRE thus suggest a protracted Neoproterozoic geological 

evolution. Higgins et al. (1990) presented K-Ar hornblende ages of 434 ± 14 Ma and 

418 ± 18 Ma for the same mafic orthogneiss dated by Dunning and O’Brien (1989). 

While these younger ages may reflect uplift and cooling, they likely represent 

deformational and metasomatic overprinting, coincident with the syn-kinematic 

intrusion of the adjacent BIS granitoid at c. 420 Ma (cf. Dunning et al. 1990b). 

 

Initial εNd values for two units of the GRE are reported by Kerr et al. (1995). The 

c. 686 Ma orthogneiss and the c. 544 Ma felsic metavolcanic rock have εNd(i) values of 

+1.0 and -0.8 (± 0.5), respectively. Corresponding depleted mantle model ages (TDM) 

range from c. 1.1 to 1.2 Ga. These data, along with εNd(i) values for analogous meta-

igneous rocks to the west (e.g. Roti Intrusive Suite; Kerr et al. 1995), provide a basis for 

constraining the tectonic provenance of the GRE as part of broader crustal evolutionary 

events and younger Appalachian-cycle granitoid petrogenesis. Further discussion of this 

data is presented in Chapter 7. 

 

2.5.2 The Burgeo Intrusive Suite 

The Burgeo Intrusive Suite [BIS] is an aerially extensive (c. 2200 km2), Late 

Silurian-Early Devonian calc-alkaline granitoid batholith extending north and west from 

the GRE (Figs. 2.2 & 2.5; Dickson et al. 1996). At its northern contact, it intrudes c. 466 

Ma meta-volcanosedimentary rocks of the Bay du Nord Group (O’Brien et al. 1986; 

Dunning et al. 1990b). At its southern contact it intrudes the GRE along a c. 45 km-long 

brittle-ductile deformation zone that locally displays dextral transcurrent deformation 

fabrics (Piasecki 1995). Proterozoic rocks to the west of Burgeo are also intruded by the 

BIS. 
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In general, the BIS is a composite body mainly consisting of biotite granodiorite, 

biotite ± muscovite granite and subordinate quartz monzonite, quartz monzodiorite, 

tonalite and gabbroic phases (Dickson et al. 1996). Locally, pendant-like screens, 

xenoliths and inclusions with metasedimentary, meta-igneous and migmatitic 

characteristics also occur, including compositionally mafic (amphibolitic) varieties. 

Porphyritic to megacrystic texture is most commonly developed in the granodiorite to 

tonalitic varieties, while granitic units are generally more equigranular. 

 

Petrologic heterogeneity in the BIS is reflected in its variable geochemical 

signatures, which broadly exhibit linear trends between the various internal units. SiO2 

abundances range from c. 58 to 78 wt % and show an inverse correlation with CaO, 

MgO, FeO and Sr concentrations (Dickson et al. 1996). In general, relatively younger 

units correspond to the more evolved (granite sensu stricto) parts of the intrusion. 

 

The BIS is moderately foliated throughout, with weakly foliated to rare massive 

varieties also occurring. Relatively older units are generally more deformed compared to 

the younger phases (Dunning et al. 1990b). At the margins of the batholith the dominant 

foliation trends parallel to regional fabrics in adjacent country rocks which formed 

during Acadian-cycle deformation events (Zagorevski et al. 2007). Overall, the 

structural character of the BIS is consistent with syn-kinematic emplacement during Late 

Silurian Acadian-related transpressive deformation (Piasecki et al. 1990; Piasecki 1995). 

Seismic reflection imaging of the BIS has not resolved the extent of the batholith at 

depth (e.g. van der Velden et al. 2004) and offshore extent is also unknown. 

 

In the part of the batholith hosting the Moly Brook deposit (i.e. its south-eastern 

margin; Figs. 2.2 & 2.5), the dominant rock type is a reddish pink to dark grey, medium- 

to coarse-grained, moderate to intensely foliated, K-feldspar-megacrystic biotite ± 

muscovite granite (K-feldspar megacrystic granite of Higgins 1980a; Unit 10 of 

Blackwood 1985; Unit SBk of Dickson et al. 1996). Locally, this unit grades into 

granodioritic to quartz monzodioritic varieties, and it contains dark amphibolitic 

xenoliths, or perhaps mafic enclaves, and pale pink, equigranular, granitic to aplitic 

zones (see Chapter 3). 
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At Grey River, the BIS is moderately to intensely foliated, characterised by 

aligned, elongate to rounded, K-feldspar phenocrysts, and a variable planar fabric within 

the mafic groundmass. Typically, the foliation strikes east-west, is northward-dipping, 

and parallels structures developed in the GRE. At this contact, a c. 1 km-wide, intense 

deformation zone transects the granitoid and adjacent metamorphic units, which are 

mylonitized, sheared, faulted, brecciated and recrystallised (Granite Cliff shear zone of 

Higgins 1985). Although deformation intensity decreases toward the north, the variable 

foliation, combined with an amphibole-biotite-chlorite-epidote groundmass assemblage, 

defines an c. 3 km-wide zone of deformation and alteration at the southern contact of the 

intrusion. Beyond this contact zone, the megacrystic granite is weakly foliated to 

massive, and is generally less altered. In the Grey River area, the main foliation and 

shearing in the BIS (S2) is superseded by at least two other deformation events; a D3 

crenulation event and a D4 brittle overprint (see Chapter 4). 

 

Several radiometric ages have been determined for the BIS. Dunning et al. 

(1990b) presented U-Pb TIMS zircon ages of 429 +5/-3 Ma for a moderately foliated 

granodiorite unit and 415 ± 2 Ma for a weakly foliated granite unit located c. 25 km 

north of the GRE. The granodiorite also provided a U-Pb TMS titanite age of 417 ± 2 

Ma, coincident with the crystallisation age of the weakly deformed granite. Higgins et 

al. (1990) reported a Rb-Sr whole-rock age of 412 ± 5 Ma for an undeformed K-

feldspar-megacrystic granite c. 2 to 3 km northwest of the Moly Brook deposit (Fig. 

2.5). Kerr and McNicoll (2012) reported a U-Pb SIMS zircon age of 411 ± 3 Ma for 

foliated and altered K-feldspar megacrystic granite within the Moly Brook 

mineralization zone, in good agreement with the earlier Rb-Sr and U-Pb ages (Fig. 2.5). 

 

Initial εNd values for foliated biotite granite and biotite-muscovite granite phases 

of the BIS range from -3.6 to -2.7, with an average of -3.1 (n = 5; Kerr et al. 1995). 

Corresponding depleted mantle model ages for four of these samples range from c. 1.2 

to 1.5 Ga, with one sample calculated at c. 2.6 Ga and attributed to elevated 147Sm/144Nd 

ratios. A εNd(i) value of c. +2 has been additionally reported for a muscovite granite 

phase of the BIS (Fryer et al. 1992). Reconnaissance-level, whole-rock δ18O values for 

BIS granitoids range from +7 to +10‰ (relative to seawater; Fryer et al. 1992). 
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The BIS is interpreted as a syn-collisional granitoid batholith that formed within 

a continental arc-type setting (Dickson et al. 1996, van Staal 2007). The composite 

nature of the intrusion (dioritoid to granitoid varieties) and its broadly calc-alkaline, I-

type composition, suggests parental magmas produced by melting of a gneissic lower 

crust, with a potential input from melts derived from a metasomatized mantle wedge. 

This two component, mixed-source interpretation is generally supported by the limited 

Sr(i), εNd(i) and δ18O data for the batholith (Higgins et al. 1990; Fryer et al. 1992; Kerr et 

al. 1995). Assimilation of older supracrustal rocks during batholith emplacement (e.g. 

Gander Group metasedimentary rocks) may have only played a minor role in BIS 

formation based (Piasecki et al. 1990, Fryer et al. 1992, D’Lemos & Holdsworth 1995). 

 

At the time of early BIS emplacement (Late Silurian), continental arc 

magmatism developed as the Acadian Seaway subducted beneath the Rheic-facing 

Laurentian margin, marking the beginning of Acadian-cycle accretionary tectonics (van 

Staal et al. 2009). Ongoing accretion formed a regional-scale, volcanic-plutonic paired 

arc-backarc system (Coastal volcanic arc of van Staal 2007; Kingston arc terrane of 

Barr et al. 2002) on the trailing edge of Ganderia during subduction of the Acadian 

Seaway, an oceanic tract separating Ganderia and Avalonia (van Staal et al. 2009). 

 

2.5.3 The François Granite and related granitic dykes 

At its closest point, the François Granite (FG) crops out about 15 km east of Grey 

River village and with a surface area of c. 280 km2, represents the nearest bona fide 

granite pluton to the Moly Brook deposit (see Fig. 2.2). The geological and geochemical 

summary presented here is primarily based on Poole et al. (1985) and Dickson et al. 

(1996). In addition, an overview of François-like microgranite-aplite dykes is also 

given. These minor units are lithologically similar to leucogranite dykes at Moly Brook 

(see Chapter 7). 

 

The François Granite is a leucocratic, composite pluton consisting of two sub-

circular bodies, namely the southwest lobe [FG-SWL] and northeast lobe [FG-NEL]. 

The intrusion has an overall NNE to NE orientation, while the FG-SWL is more ovoid 

in plan compared to the FG-NEL with a NNE trend. Both lobes display variably 

developed ring complex-type geometries with concentric, lithological zoning which is 

best developed in the FG-NEL. The outer margin of the FG-NEL truncates the outer 
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margin of the FG-SWL, indicating the former is the younger complex (Dickson et al. 

1996). 

 

The François Granite intrudes all major geological units and ductile structures in 

the area including the Grey River Enclave, the Burgeo Intrusive Suite, the Black Cove 

gabbro, Bay du Nord Group metasedimentary rocks, the deformed Gaultois Granite, the 

Devils Bay deformation zone in the north, and the eastern extension of the Granite Cliff 

(Grey River) shear zone in the south. Only locally occurring granitic dykes, quartz 

veins, greisen zones, dolerite dykes and brittle fractures crosscut the intrusion. 

 

While the lithological character of the pluton is dominantly granitic, ten internal 

subunits have been identified based on field relationships, grain size, texture and 

mineral modal variation. The FG-SWL contains six of these subunits, while four occur 

in the FG-NEL. Nine of the subunits are biotite-bearing granite (sensu stricto), while 

one is a biotite-bearing granodiorite (unit DFg, FG-NEL; Dickson et al. 1996). Biotite 

abundance moderately increases from the older to younger subunits within each lobe, 

while all subunits contain magnetite. Porphyritic biotite granite in the core of the FG-

NEL is inferred to be the youngest phase (unit DFf of Dickson et al. 1996). It contains 

accessory muscovite, garnet and fluorite and displays petrographic features indicating 

derivation from a high-level, volatile-saturated, residual melt (e.g. fine-grained 

porphyry, local miarolitic and pegmatitic zones). 

 

U-Pb TIMS zircon dating has yielded a magmatic age of 378 ± 2 Ma for the 

granodioritic subunit (DFg) of the Francois Granite (Kerr et al. 1993b). Additional U-Pb 

TIMS titanite ages of c. 379 – 377 Ma are consistent with the calculated zircon age and 

suggest little post-magmatic modification. The precise U-Pb zircon age confirms earlier 

unpublished Rb-Sr whole-rock and mineral ages (c. 383 – 368 Ma) acquired during the 

1980’s and subsequently reported by Dickson et al. (1996). The oldest of these ages, 

combined with Re-Os age results presented in this thesis (Chapter 5 and Appendix 2), 

provide a minimum age limit for Acadian-related ductile deformation in the south coast 

area (i.e. c. 383 to 380 Ma). 

 

The François Granite is geochemically evolved, with a calc-alkaline, 

peraluminous and weakly oxidized character. Relative to neighbouring, older intrusive 
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suites, it has a restricted range of elevated SiO2 values (c. 72 – 77 wt. %) and shows 

enrichment in several large-ion lithophile and other incompatible elements (e.g. K, Rb, 

U, Th). It is relatively depleted in CaO and FeOt, while a systematic trend toward lower 

CaO, K/Rb, Sr and Ba values occurs from the older to younger units within each lobe, 

indicative of feldspar fractionation during progressive crystallization (Dickson et al. 

1996). Overall, the FG-NEL is marginally more evolved compared to the FG-SWL, 

with greater Rb, U, Th, and lower Ba and Sr concentrations. Broad compositional 

overlap exists, however, between both bodies. The inferred youngest phases of the 

granite (subunits DFq and DFf) typically display enrichment in several lithophile 

elements such as Li, Be, F and Sn. 

 

Whole-rock initial εNd values for the François Granite range from -2.5 to 0.0 (± 

0.5), with an average of -1.4 (n = 4; Kerr et al. 1995). The most negative value (-2.5) is 

for the oldest, less-evolved part of the pluton (subunit DFm, FG-SWL), while the least 

negative value (0.0) is for the youngest, most evolved part (subunit DFf, FG-NEL). This 

latter subunit is garnetiferous, which may partly account for the marginal increase in 

Sm/Nd values (0.15 to 0.19) from the older to younger subunits, as well as the observed 

shift to a less-negative εNd(i) signature (e.g. Ayres & Harris 1997). 

 

In general, the mildly negative values suggest the parental magma formed via 

anatexis of older, relatively ‘mature’ (isotopically negative) continental crust, with a 

possible contribution from more ‘juvenile’ (isotopically positive) upper mantle melts 

(e.g. Kerr et al. 1995). Potential source rocks are represented by Proterozoic basement 

inliers of Ganderian affinity in central and southern Newfoundland (e.g. the GRE). This 

‘infracrustal’, mixed source hypothesis is supported by the relatively oxidized (i.e. 

magnetite-bearing, median Fe2O3/FeO ~ 0.85) and peraluminous nature of the intrusion 

that is more typical for evolved and metalliferous ‘I-type’ granites (Blevin & Chappell 

1995, Dickson et al 1996, Chappell & White 2001). 

 

Numerous reddish-pink, microgranite, aplite and pegmatitic dykes occur within 

the François Granite and extend intermittently for up to 7 km beyond its outer margin or 

contact. Six subunits within the pluton are also reported to have been crosscut by 

granitic dykes (Dickson et al. 1996). Outside the pluton, granitic dyke swarms are most 

prevalent to the west and north (i.e. toward Grey River), and transect all major 
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geological units and structures. Typically, they are either northerly- or westerly-

trending, are steeply dipping (> 80°), and measure 0.2 to 25 m in width and 50 to 400 m 

in length. Locally, they display textural grading from aplitic margins to pegmatitic 

cores. Sheets of sub-parallel-trending quartz ± K-feldspar veins may also occur adjacent 

to dyke zones. 

 

The granitic dykes are undeformed and consist of an interlocking, equigranular 

matrix of fine-grained quartz, alkali feldspar and minor biotite. K-feldspar- and quartz-

porphyritic varieties also occur. Rarely, they contain garnet, and some examples are 

reported to be molybdenite-bearing (McConnell 1984). Secondary muscovite-sericite 

replaces feldspar. Geochemically, the dykes are compositionally similar to the younger, 

more evolved parts of the François Granite and have comparable, elevated 

concentrations of SiO2, Rb, U, Th, Y, Nb, F and Sn. 

 

Overall, the geological characteristics of the François Granite have led to its 

classification as an evolved, infracrustal (i.e. ‘I-type’) granitic intrusion (e.g. Dickson et 

al 1996), and a prime example of a Late Devonian ‘post-orogenic’ or ‘post-tectonic’ 

granite emplaced during the waning stages of Appalachian-cycle orogenesis (e.g. 

Dickson et al. 1988, Kerr et al. 1993a). From a metallogenic perspective, the François 

Granite has been described as having “no significant mineralization”, despite its evolved 

geochemistry (Dickson et al. 1996). However, its combined structural, geochemical, 

textural and mineralogical properties place it within the spectrum of ‘specialized’ 

granites (e.g. Tischendorf 1977) that are spatially and genetically associated with base 

and rare metal mineralization (e.g. Černý et al. 2005). 

 

2.5.4 Exploration history of the Moly Brook-Grey River area 

Historical exploration in the Moly Brook-Grey River area mainly relates to the 

discovery and development of the Grey River tungsten prospect, with some additional 

prospecting for precious and base metals (see Section 2.5.5 below). A review of 

exploration activity and geological mapping in the area from the 1950’s until the mid-

1990’s is presented by Dickson (1997). More recent reviews are available in Moore 

(2008a) and Kerr et al. (2009). A summary of some key exploration milestones is 

presented here, including information relating to the discovery and development of the 

Moly Brook deposit. 
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Bedrock mapping (at 1:15,000-scale) and prospecting in the Grey River area 

commenced in 1955 by the Buchans Mining Company Ltd (BMC Ltd). By July of that 

year, hundreds of quartz veins between Grey River village and Long Pond to the north 

had been delineated, including tungsten-bearing varieties (Higgins & Swanson 1956). 

The earliest reports of vein- and fracture-related molybdenite and chalcopyrite 

mineralization were also made around this time (e.g. Bahyrycz 1956). In addition, the 

occurrence of auriferous quartz-base metal veins along Dog Cove Brook was also noted. 

Follow-up work by BMC Ltd and later by the American Smelting and Refining 

Company (ASARCo) identified two prospective tungsten-bearing quartz lodes (veins 

No. 6 and No. 10) extending north-northeast from Grey River (see Section 2.5.4 below). 

 

In 1966, ASARCo commenced construction of an underground drift adit 

following the No. 10 lode (Fig. 2.6). By the mid-1970’s the adit had reached about 1,900 

m in length and in 1979 a pre-regulatory resource estimate of 0.52 million tonnes (Mt) 

grading 1.09% WO3 was outlined (Dickson 1997). In 2004, Playfair Mining Ltd 

commenced a re-evaluation of the Grey River prospect, and in 2007 they produced an 

updated regulatory compliant (NI 43-101) resource for the No. 10 vein of 0.85 Mt 

grading 0.86% WO3 (0.2% cut-off; Moore 2008a). 

 

The Grey River area has seen several campaigns focusing on precious (Au, Ag) 

and base metal mineralization, primarily within the metamorphic Grey River Enclave. 

Mapping and gold prospecting has been conducted by Abitibi-Price Ltd, Selco-BP 

(Canada) Ltd, Teck Explorations Ltd, Raventures Inc. (Webster 1996), Copper Hill 

Resources Ltd (Wilton & Taylor 1999), Cornerstone Resources Inc. (Froude & Lang 

2004), South Coast Ventures Inc. (Dearin 2004) and Alterra Resources Inc. (Lewis 

2008). 

 

In 1994, Royal Oak Mines Ltd began exploring for vein-hosted gold and base 

metal mineralization north of Long Pond in the BIS (Mercer 1995). Quartz-sulfide veins 

containing anomalous Au were initially investigated. Geological mapping in 1995 

identified stockwork-style quartz-molybdenite veins cropping out along a c. 500 m-long 

stream bed coincident with an inferred fault (the stream would later be named ‘Moly 

Brook’). Follow-up lake and stream sediment geochemistry, ground geophysics and 

some diamond drilling resulted in the discovery of “a porphyry style Mo-Cu deposit 
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south of Moly Brook” (Mercer 1996). At this stage, genetic link between Mo-Cu 

mineralization, the quartz-tungsten veins at Grey River, and various vein-hosted Au-Ag-

Zn-Pb occurrences peripheral to the “main porphyry zone” was also envisaged. 

Additional prospecting in late-1995 and 1996 delineated an approximately 1.5 x 0.5 km, 

north-south-trending zone of Mo-Cu mineralization hosted by steeply-dipping quartz 

veins (Lendrum & Mercer 1998). 

 

Following Royal Oak’s exploration programme, local prospectors from Grey 

River optioned the Moly Brook property and conducted intermittent prospecting 

between 2002 and 2006. In 2007, Tenajon Resources Corporation acquired the Moly 

Brook claims (licence 015981M) and commenced a drilling programme that ran until 

late-2008 (Scott 2008; Visagie 2009). This work identified three main areas of Mo 

mineralization, namely the Moly Brook, Wolf Pond and Chimney Pond zones. 

Combined, these areas comprise the Moly Brook mineralization zone (Fig. 2.5). 

 

In 2009, Tenajon produced a regulatory compliant (NI 43-101) resource estimate 

for the Moly Brook deposit. Using a cut-off grade of 0.04% Mo, the calculation outlined 

an indicated resource of 86.8 Mt grading 0.065% Mo and 0.034% Cu, with an additional 

inferred resource of 31.3 Mt grading 0.056% Mo and 0.027% Cu (Tenajon Resources 

Corp. 2009). Up until the end of 2014, the Moly Brook deposit was optioned firstly by 

Mercator Minerals Ltd and then by Creston Moly Corp. (Vancouver). Since 2015, a 

100% interest in the property is held by Starcore International Mines Ltd (Vancouver). 

 

2.5.5 The Grey River tungsten prospect 

The Grey River area is best known for its tungsten-bearing quartz veins and the 

following summary is based on comprehensive studies by Higgins (1980a, 1980b, 1985) 

and Higgins & Kerrich (1982, 1985). 

 

The Grey River tungsten prospect consists of a zone of NNE-aligned, sub-

vertical mineralized quartz veins truncating the GRE and adjacent BIS over c. 1.8 x 1 

km (Fig. 2.5). The veins are typically 1 to 40 cm thick, while thicker composite lodes up 

to 4 m wide also occur (numbered veins in Fig. 2.5). The quartz vein system formed 

during a phase of extensional deformation which produced a sheeted fracture network 

that strikes perpendicular to older tectonic foliations in the GRE and BIS units (see 
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Chapter 4). Mode I-type extensional veins are common, and thicker composite lodes 

have a banded (crustiform-style?) texture that is locally striated, indicating dip-slip 

displacements and normal faulting (Higgins 1985). These features also reflect phases of 

repeated fluid infiltration during repeat normal faulting. 

 

At Grey River, eight vein types formed during four paragenetic stages (I to IV) 

within an evolving hydrothermal system (Higgins 1985). Stage I consists of early 

formed quartz-K-feldspar-molybdenite ± muscovite veins representing relatively high 

temperature sulfide mineralization. Stage II, the main tungsten mineralization stage, 

consists of five vein types that formed ‘crack-seal’-type composite lodes and 

overlapping vein segments during multiple fluid infiltrations. The Stage II veins are: 

(IIa) quartz-bismuthinite-pyrite ± fluorite ± molybdenite veins, (IIb) quartz-wolframite-

fluorite ± muscovite ± molybdenite veins, (IIc) greisen-type muscovite-quartz-fluorite ± 

pyrite ± molybdenite veins, (IId) coarse and vuggy quartz-pyrite-chalcopyrite-fluorite 

veins, and finally, (IIe) quartz-wolframite-chalcopyrite-pyrite veins. According to 

Higgins (1985), wolframite Fe/Mn ratios are high in IIb veins and lower in IIe veins, 

while it is altered to scheelite in the latter. Additionally, thin pyrite and scheelite-

bearing fractures occur adjacent to composite Stage II veins. Stage III consists of 

quartz-galena-sphalerite-pyrite veins that are spatially distal to other vein types and 

reflect lower temperature, late-stage mineral deposition (see below). Finally, Stage IV 

consists of barren calcite-fluorite-barite veins that crosscut all other vein types and older 

formed structures.  

 

Vein-related alteration at Grey River consists of greisen- or phyllic-type 

muscovite + sericite + quartz + pyrite + fluorite haloes overprinting amphibolitic GRE 

wall rocks. More intense sericite alteration generally corresponds to higher wolframite 

abundances in Stage II veins (Higgins 1985). Locally, hydrothermal biotite-amphibole 

associated with epidote-chlorite-fluorite veinlets and patches is more prominent in less 

sericitized zones. Where quartz veins crosscut the deformed granitoid to the north (e.g. 

vein No. 6, Fig. 2.5), a more silicic-type quartz + pyrite + fluorite alteration occurs. 

 

Stage I and II veins at Grey River were deposited from a hydrothermal fluid that 

underwent a complex physical and compositional evolution during a period of 

successive fracturing and fluid infiltration. In general, mineralization was promoted by 
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decreasing fluid temperature, pressure and CO2 concentration. A concomitant increase 

in fluid pH, from weakly acidic to weakly alkaline, also occurred (pHfluid of c. 5 and 6 

during Stage I molybdenum and Stage II tungsten mineralization, respectively). 

 

In general, Stage I quartz-molybdenite-K-feldspar veins and early Stage IIa 

quartz-bismuthenite ± molybdenite veins were deposited from a low salinity (c. 5 wt % 

NaCl eq.), heterogeneous aqueous-carbonic fluid containing c. 10 – 40 mol. % CO2. 

Vein precipitation occurred between c. 390 to 465°C (c. 450 to 500°C based on δ18O 

quartz-muscovite thermometry) at fluid pressures of 1000 to 1400 bars (100 – 140 

MPa). Later Stage II quartz-wolframite ± sulfide veins were deposited from a low 

salinity (c. 0.5 – 3 wt % NaCl eq.) aqueous brine that was CO2 depleted (c. 0.05 – 10 

mol. % CO2) and which underwent retrograde boiling during fracture filling. 

Wolframite was deposited between c. 280 to 330°C at fluid pressures ranging from 200 

to 400 bars (20 – 40 MPa). 

 

Stable oxygen isotope analyses of vein quartz, muscovite, K-feldspar, 

wolframite and scheelite indicate an initial δ18Ofluid composition of c. 5.6 to 7.4‰ (early 

Stage I and Stage IIa quartz-molybdenite and quartz-bismuthinite veins), indicative of a 

magmatic-hydrothermal mineralizing fluid (Higgins & Kerrich 1982; Higgins 1985). 

During subsequent Stage II mineralization (i.e. tungsten stage), the fluid became 

progressively 18O depleted, with δ18Ofluid compositions ranging from c. 1.6 to 3.2‰. 

According to Higgins & Kerrich (1982), progressive degassing of CO2 from the 

hydrothermal fluid during successive mineralization stages (via immiscibility, 

retrograde boiling) can account for the 18O-depleted signature of the later veins 

compared to the earlier mineralization, without the need to invoke δ18Ofluid-light 

meteoric water (cf. Higgins & Kerrich 1985). 

 

The combined mineralogical, fluid inclusion and isotopic data indicate 

wolframite ± sulfide mineralization formed from an exsolved magmatic-hydrothermal 

fluid that underwent progressive cooling and CO2 depletion. The predominantly 

aqueous-carbonic fluid provided important metal-complexing ligands (e.g. WO4
2-, 

HWO4
-, CO2, HCO3

-) for the hydrothermal transport of tungsten (Wilkinson 2001). 

Additionally, the progressive loss of CO2 caused a shift to a more alkaline fluid, 

lowering the solubility of tungsten and promoting wolframite deposition. 
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While a causative pluton or stock is absent at Grey River, geological evidence 

linking felsic magmatism to W mineralization is provided by a suite of undeformed 

leucogranite dykes, plugs and vein dykes that are spatially and temporally associated 

with the hydrothermal system (e.g. Higgins 1980a, 1985). Furthermore, the integration 

of deposit-scale structural, mineralogical, geochemical and geochronological data with 

district- and regional-scale features has established a probable link between evolved 

felsic magmatism and the fluids responsible for wolframite ± sulfide mineralization (see 

Chapters 5 & 7). The recognition of a role for granitic intrusions validates the earliest 

hypothesis for the cause of the Grey River mineralization as proposed at the time of the 

first exploration campaign (e.g. Bachyrytz 1956, 1957). 

 

2.5.6 Vein-hosted Pb ± Zn ± Au ± Ag mineralization 

Vein-hosted Pb ± Zn ± Au ± Ag mineralization is also known from the Grey River 

area, although systematic studies on its distribution and character are presently lacking 

(Figs. 2.5 & 2.6). In general, the mineralization is hosted by typically milky-white and 

somewhat vuggy quartz veins containing variable abundances of pyrite, with minor 

galena, sphalerite, chalcopyrite and wolframite (e.g. Wilton & Taylor 1999). Several 

assayed veins have proven anomalous for Au ± Ag, although reported grades for 

samples with similar vein assemblages have been inconsistent (e.g. Lendrum 1998, 

Wilton & Taylor 1999). To the author’s knowledge, visible gold has not been reported 

from the Grey River area. 

 

Overall, the structural continuity between quartz veins hosting base metal ± Au 

mineralization and those associated with Mo-Cu and W mineralization in the area (i.e. 

typically N-S trending and steeply-dipping) suggest a potential link between the various 

mineralization events (e.g. Higgins 1985). Vein mineral and alteration assemblage 

characteristics, and rare cross-cutting relationships also suggest base metal ± Au 

mineralization was relatively late in the hydrothermal cycle (Higgins 1985; see Chapter 

3). Additionally, the distribution of base metal ± Au occurrences is mainly peripheral to 

the zone of Mo-Cu and W mineralization suggesting a degree of lateral zonation (Fig. 

2.5). In general, this type of spatial and paragenetic relationship is more commonly 

associated with intrusion-centred magmatic-hydrothermal systems (e.g. Fournier 1999, 

Seedorf et al. 2005). 
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Chapter 3 

GEOLOGY OF THE MOLY BROOK VEIN SYSTEM 
 

3.1 Introduction 

Mineralization at Moly Brook mainly occurs over a c. 0.8 x 1 km area extending 

from Long Pond in the south to the Moly Brook fault in the north (Fig. 3.1). This area, 

herein referred to as the ‘Moly Brook deposit’, or simply ‘Moly Brook’, corresponds to 

the Moly Brook zone of Visage (2009) and the area where most exploration work 

between 2007 and 2009 was conducted by Tenajon Resources. Two additional 

mineralized areas named the Wolf Pond Zone and Chimney Pond Zone also occur to the 

south of Long Pond, some 200 to 300 m further south of the main deposit (Fig. 3.1). 

Combined, the three areas occur along a linear, NNE-trending, c. 2 km mineralized zone 

that, at its southern end, overlaps with the northern limit of the Grey River W prospect. 

 

The Moly Brook deposit coincides with several irregular to somewhat linear, 

north-south-oriented Mo, Cu and W geochemical anomalies delineated in the glacial 

overburden (Fig. 3.2). Likewise, it overlaps with a ‘main zone’ of relatively high 

chargeability identified by induced polarisation geophysical methods as reported by 

Scott (2008). Another chargeability high located to the southeast of the deposit at the 

eastern end of Long Pond is inferred to represent additional sulfide mineralization 

(Scott 2008). For this study, structural mapping, core logging and sampling was mainly 

undertaken on outcrops and drill core located within the main deposit (Fig. 3.2). 

 

This chapter presents the first comprehensive description of the Moly Brook 

deposit. Section 3.3 describes the character of deposit wall rocks, with an emphasis on 

metasomatism and deformation fabrics. Section 3.4 presents a systematic description of 

the different veins types and their paragenesis based on mineral and alteration 

assemblages, and crosscutting relationships. Section 3.5 presents an assessment of vein 

textures and growth mechanisms. Section 3.6 compares Moly Brook vein types and 

paragenesis with those from the Grey River tungsten prospect to the south. Section 3.7 

presents a preliminary assessment of bulk metal associations, element mobility and 

mass changes affecting the deposit wall rocks during early metasomatism and the main 

mineralization event. Finally, comparisons between the Moly Brook deposit and other 

granite-related deposits in the Canadian Appalachians are given in Section 3.8. 
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Figure 3.1. Geology of the Moly Brook-Grey River area showing the location of the Moly Brook deposit 

(modified after Higgins 1980a and Dickson et al. 1996). Extent of potassic alteration in the Burgeo Intrusive 

Suite is from Mercer (1996) shown in Hussey & Froude (2003). Radiometric dating sources: U-Pb SIMS 

zircon ages (U-Pb S zr) = Kerr & McNicoll (2012), U-Pb TIMS zircon age (U-Pb T zr) = Dunning & 

O’Brien (1989), K-Ar and Rb-Sr ages = Higgins (1980a), Higgins et al. (1990), Re-Os TIMS molybdenite 

age (Re-Os T mol) = this study. Mineral abbreviations: bt = biotite, hbl = hornblende, ms = muscovite, mol 

= molybdenite, tit = titanite, wr = whole-rock, zr = zircon. 

 

 

Figure 3.2. Geological 

map of the Moly Brook 

deposit/zone (partly based 

on Bahyrycz 1957). 

Foliation measurements 

are from Dickson et al. 

(1996). Vein orientations 

are from this study 

(Chapter 4). Mo, Cu and 

W till anomalies are from 

Scott (2008). Red drill hole 

collars with labels are 

those logged or sampled as 

part of this study (see 

Table A1.1 in Appendix 1). 
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3.2 Methodology 

Fieldwork was conducted during two visits in September 2007 and September 

2008. Petrographic descriptions are based on the logging of c. 3180 m of half-split NQ-

diameter (48 mm) drill core from eight drill holes, and some complementary field 

mapping. The logged drill holes were selected to provide a good spatial distribution 

across the main part of the deposit and to assess representative mineralized and altered 

intervals (Fig. 3.2). In total, 88 representative and well constrained vein and wall rock 

samples were collected from ten drill holes (Fig. 3.2; see Appendix 1). In addition, eight 

outcrop samples were also acquired (Appendix 1). Petrographic characterisation is 

based on the visual assessment of drill core samples, hand specimens and polished slabs 

using a Nikon SMZ 1-B binocular microscope, and transmitted and reflected light 

microscopy of 43 thick (c. 100 μm) and 25 standard thin sections. In addition, mineral 

identification by Raman spectroscopy was performed using a Horiba LabRam HR 

system (e.g. Hope et al. 2001). In total, 200 individual veins were identified and 

petrographically characterised. 

 

Mineral modal proportions are based on visual estimations in hand samples and 

thin/thick sections using standard graphical charts (e.g. Terry & Chilingar 1955, Reid 

1985). Vein descriptions incorporate textural and genetic terminology outlined by 

Ramsay and Huber (1983), Dong et al. (1995), Bons (2000) and Bons et al. (2012). 

Vein width terms (i.e. vein >10mm, veinlet <10mm) are based on the informal system 

used by Seedorff et al. (2005). Mineral abbreviations used in several figures generally 

follow the guidelines of Whitney and Evans (2010). 

 

With regard to vein and alteration mineral assemblages, the plus (+) symbol 

indicates the mineral is generally present in the assemblage, whereas the plus/minus (±) 

symbol precedes minerals that are not consistently present (Seedorf & Einaudi 2004a). 

Vein names or types use two or three of the most common or identifiable minerals in 

the assemblage, separated by a dash (-) symbol. In this study, the general term ‘sulfide’ 

refers to the presence of chalcopyrite and/or pyrite, whereas the presence of 

molybdenite is explicitly stated if it occurs in a vein. Qualitative descriptions of 

alteration assemblages follow the methodology of Gifkins et al. (2005). 

 

Lithogeochemistry data for Moly Brook wall rocks (Section 3.6) are based on 

the analysis of crushed and pulped samples of individual, c. 3 m-long, half-split NQ 
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core intervals. This work was performed in 2008 by Accurassay Labs (Ontario) for 

Tenajon Resources (data listed in Visage 2009). For each batch, 30 major and trace 

elements were analysed by inductively coupled plasma-optical emission spectrometry 

following a four acid digestion procedure. Quality control at Accurassay (ISO/IEC 

17025 accredited) was maintained during each analytical run by the analysis of blanks, 

reference standards and sample duplicates. Section 3.6 also uses a subset of whole rock 

geochemical data for the Burgeo Intrusive Suite acquired by the Geological Survey of 

Newfoundland and Labrador (Dickson & Kerr 2007). Analytical procedures (e.g. AAS, 

XRF, ICP-ES) and estimates of data quality and precision for these historical 

geochemical data are reported by Hayes (1994). 

 

3.3 Burgeo Intrusive Suite wall rocks 

The Moly Brook deposit is hosted by deformed and metasomatised granitoid 

rocks which form part of the southern margin of the c. 428 – 411 Ma Burgeo Intrusive 

Suite [BIS] (Fig. 3.2; see Chapter 2). In the Grey River area, the BIS consists of a buff 

to pale pink, medium- to coarse-grained, K-feldspar megacrystic granite to quartz 

monzonite (Fig. 3.1; Higgins et al. 1990). In detail, however, the petrological character 

of this unit varies due to primary lithologic heterogeneities and the effects of 

overprinting deformation and metasomatism. Table 3.1 lists the main features and 

nomenclature of the BIS in the Moly Brook-Grey River area based on the descriptions 

of Higgins (1980a), Higgins et al. (1990), Dickson et al. (1996), and this study. 

 

At the southern end of the deposit (Figs. 3.1 & 3.2), BIS wall rocks are transected 

by the Granite Cliff shear zone (Higgins 1985; see Chapter 4). In this area, the granitoid 

has been affected by relatively intense shearing, cataclasis, sodic ± calcic metasomatism 

and syn-mineralization alteration, leading to the partial or complete modification of the 

protolith (Higgins 1980a, 1985). In the Long Pond area, where the granitoid is in 

tectonic contact with the Grey River Enclave, deformation intensity is greatest and 

protomylonitic to mylonitic fabrics occur (Fig. 3.1; Dickson et al. 1996). Higgins 

(1980a) noted that strain intensity progressively decreases northward away from the 

Grey River Enclave-Burgeo Intrusive Suite contact zone (i.e. becoming mylonitic to 

weakly foliated; see Chapter 4). A K-Ar biotite age of 395 ± 8 Ma from a mylonitic 

schist south of Long Pond (Fig. 3.1) provides an approximate estimate for the timing of 

this phase of deformation and metasomatism (Higgins 1980a). 
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Table 3.1: Summary of Burgeo Intrusive Suite wall rocks hosting the Moly Brook deposit 

Petrographic description 

Mineralogy (decreasing relative 

abundance) Reference 

Protolith distal to Moly Brook 

  Pink to buff, medium- to coarse-grained (c. 1 - 30 

mm), K-feldspar porphyritic biotite granite to local 

granodiorite. Massive to weakly foliated. Metre-

sized doleritic to gabbroic xenoliths are relatively 

common. Rare aplite-granite dykes related to main 

porphyritic unit also occur. 

K-feldspar (microcline, orthoclase), 

quartz, plagioclase (oligoclase), 

biotite, titanite, hornblende, zircon, 

apatite, muscovite, magnetite; 

secondary chlorite, epidote, sericite 

Dickson et al. 1996 

(units SBk & SBp) 

   Buff to pink, K-feldspar megacrystic granite to 

quartz monzonite. Orthoclase megacrysts mantled 

by plagioclase (rapakivi). Contains bands of foliated 

equigranular granite. Increasing deformation and 

metasomatism intensity closer to Grey River 

Enclave. 

K-feldspar (orthoclase), plagioclase, 

quartz, biotite, apatite, magnetite; 

secondary sericite, chlorite, 

amphibole, hematite, ilmenite 

Higgins 1980a (unit 7), 

Higgins 1985  

Moly Brook wall rocks 

 

This study 

Megacrystic facies (end member 1): Reddish to pink 

to buff, fine- to coarse-grained (c. 0.5 - 35 mm) K-

feldspar ± quartz porphyritic granite to quartz 

monzonite. Moderate to intense foliation, shearing, 

and metasomatism (protomylonitic). Feldspar 

phenocrysts display intragrain cataclastic fracturing, 

thin, mafic net veining and hematite-altered rims, 

patches and fractures. Locally contains 

compositionally granitic (intrusion subunit) and 

mafic (?) sections (xenoliths or dykes?). 

K-feldspar, quartz, plagioclase, 

biotite, titanite, zircon; secondary 

amphibole, chlorite, sericite, biotite, 

epidote, rutile, magnetite, ilmenite, 

hematite, pyrite, chalcopyrite 

   

 Mafic facies (end member 2): Dark greenish-grey to 

black, fine- to medium-grained (0.1 - 3 mm), 

foliated mafic unit. Represents intensely 

metasomatised granodioritic to monzonitic rock 

(texturally destroyed) or, locally, metasomatised 

mafic dykes or xenoliths hosted by the BIS 

granitoid. 

Amphibole, chlorite, biotite, 

magnetite, rutile, quartz, feldspar, 

pyrite, epidote, rutile 

This study 

      

 

Based on a combination of inferred primary and secondary petrological features, 

Moly Brook wall rocks have been categorised into four subunits (Table 3.2). These are 

(in decreasing relative abundance); (1) a buff to reddish-pink, weakly foliated to 

protomylonitic ‘megacrystic’ subunit, (2) a speckled, dark greenish grey and white to 

reddish pink, partly porphyritic, foliated to protomylonitic ‘transitional’ subunit, (3) a 

dark greenish grey to black, foliated ‘mafic’ subunit, and (4) a buff to reddish-pink, 

generally equigranular, foliated ‘granitic’ subunit. Table 3.2 lists the main petrographic 

and alteration features of each subunit and includes several comparative unit terms used 

by Higgins (1985), Higgins et al. (1990) and Dickson et al. (1996). The following 

sections provide more detailed descriptions for each subunit. 
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Table 3.2. Summary of Burgeo Intrusive Suite [BIS] wall rocks hosting the Moly Brook Mo-Cu deposit (Abbreviations: act = actinolite, bt = biotite, cal = calcite, chl = chlorite, ep = 

epidote, fspar = feldspar, Kfs = K-feldspar, mag = magnetite, py = pyrite, qz = quartz, ser = sericite, ti = titanite) 

Subunit % Groundmass General description Alteration assemblages 

Correlative BIS/regional unit of previous 

authors 

  
 

  Megacrystic ≤ 25 % White to pink to reddish-pink, granite to quartz 

syenite; Kfs porphyritic (c. 10 - 30 % phenocrysts), 

locally seriate; medium- to coarse-grained (c. 1 - 35 

mm); moderate to intense foliation, recrystallised qz; 

drill hole section thickness c. 5 - 120 m 

(1) Early, pervasive, act + chl + bt ± mag ± ser alteration of 

groundmass and phenocrysts (fracture net veining). (2) Main-

stage, vein-related Kfs + bt + hem + py + cp ± ser halos and 

staining ('red rock' alteration). (3) Late, patchy and vein-related 

ep ± cal ± fluor assemblage. (4) Supergene clay weathering 

(illite ± kaolinite) replacing feldspars 

Kfs megacrystic bt granite1; Kfs 

porphyritic bt granite (SBk)2; Mylonitic 

granite (SBp)2 

Transitional 25 - 75 % Variably deformed and altered granite to quartz 

syenite; dark green to black groundmass, white to 

reddish-pink plagioclase phenocrysts (c. 20 - 40 %) 

with diffuse margins (ghost-like); fine- to coarse-

grained (c. 0.5 - 25 mm); Weak to modertely foliated, 

qz less abundant; section thickness in drill hole c. 20 - 

110 m 

Same as megacrystic facies Same as megacrystic facies; Locally, bt 

tonalite to granodiorite (SBt?)2 

Mafic ≥ 75 % Dark greenish black, act + chl + bt ± mag ± ti subunit; 

fine- to medium-grained (c. 0.2 - 3 mm); remnant pl 

phenocrysts (c. 3 - 20 vol.%; up to 20 mm); weakly 

foliated, short gradational to sharp (intrusive?) 

contacts with other facies; thickness typically c. 0.2 - 

20 m intervals 

Same as megacrystic facies; vein-related ser + qz ± fl (greisen) 

haloes more visible when overprinting mafic facies; 'red rock' 

alteration less prevelant due to lack of feldspar 

Layered, bt-rich (mafic) horizons2; clots 

or xenoliths of bt-rich tonalite, 

metasediment (SBt?)2; doleritic dykes 

(SRd?)2 

Granitic 5 - 10 % Buff to pink to orange, bt granite; fine- to medium-

grained (c. 0.5 - 4 mm), seriate; short gradational (± 

foliated) contacts with other facies; weak to moderatly 

foliated; section thickness typically c. 0.2 to 2 m 

intervals (up to 10 m) 

Early ser + qz + chl alteration overprinted by vein-related Kfs + 

bt + hem haloes & staining; veins more abundant compared to 

massive, syn-mineralization, granite dykes (Chapter 7) 

Deformed granite dykes1; weakly 

foliated, medium-grained bt granite 

(SBm)2  

          
1From Higgins (1985) and Higgins et al. (1990) 
2From Dickson et al. (1996) 
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3.3.1 Megacrystic subunit 

This lithology generally consists of speckled black and grey, or buff to pink to 

reddish-pink, fine- to coarse-grained (c. 0.5 - 35 mm) K-feldspar-megacrystic granite to 

quartz monzonite (Fig. 3.3A). This unit most closely resembles descriptions of the less 

deformed and altered granitoid protolith distal to the deposit (Table 3.1). Typically, 

megacrystic intervals in drill cores range from c. 5 to 110 m in thickness and have short 

(c. < 1 m), gradational contacts with adjacent subunits. 

 

In general, conspicuous K-feldspar and lesser plagioclase phenocrysts (c. 40 – 70 

vol. %) are subhedral, tabular to blocky, have irregular or embayed margins and display 

intragrain fractures, veinlets and dislocations that appear to be in optical continuity with 

the surrounding mafic matrix (Fig. 3.3B-C). Quartz is typically fine-grained, anhedral 

and forms tabular to elongate, granular aggregates with well formed triple junctions, 

indicating complete recrystallisation (Fig. 3.3B-C). The matrix (c. 10 to 25 vol. %) 

consists of fine- to medium-grained (c. 0.1 – 5 mm), equigranular to seriate, 

intergranular actinolite, chlorite, biotite, quartz and plagioclase feldspar (Fig. 3.3A-B). 

 

The megacrystic subunit displays a variety of structural fabrics consistent with 

variable deformation intensities and localised strain partitioning. In general, a prominent 

cataclastic to protomylonitic texture occurs that is mainly exhibited by preferentially 

aligned, flattened and fractured feldspar phenocrysts, and stretched quartz aggregates 

(Fig. 3.3D-E). This fabric is consistent with grain-scale dislocation, displacement 

(intragrain slip) and microfracturing at relatively high stain rates during shearing (Fig. 

3.3A). Locally, intervals consisting of stretched and somewhat merged feldspar 

phenocrysts and displaying an accompanying reduction in grain size also occur (Fig. 

3.3F-G). These latter features are consistent with those formed during mylonitization of 

granitic rocks in shear zones (Vernon et al. 1983, Fitz Gerald & Stunitz 1993). Overall, 

cataclastic fracturing likely enhanced secondary permeability, increasing fluid flow and 

facilitating syn- or post-deformation metasomatism (cf.  McCaig 1997). 
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Figure 3.3: Burgeo Intrusive Suite megacrystic subunit. A. Weakly foliated megacrystic granite. K-

feldspar megacrysts are buff (fresher) to salmon pink (altered). B. Weakly foliated, K-feldspar 

megacrystic granite showing abundant fracturing and veining related to calcic ± potassic alteration of 

the matrix. C. Weakly foliated K-feldspar megacrystic granite. Megacrysts show early development of 

‘red rock’-type K-feldspar + magnetite ± hematite alteration along margins. D. Weakly foliated K-

feldspar megacrystic granite with moderate to intense, selectively pervasive potassic-ferroan staining of 

feldspars. E. Moderetly foliated (protomylonitic) K-feldspar megacrystic granite with intense, pervasive 

‘red rock’ alteration. F. Strongly foliated (mylonitic) and ‘red rock’-altered megacrystic granite. G. Late-

stage epidote alteration overprinting earlier foliated and potassic-altered granite. Quartz grains form 

elongate, recrystallised aggregates. H. Outcrop surface view of clay weathered feldspar megacrystic 

granite. Megacrysts (arrowed) show kaolinite ± sericite ± illite supergene weathering. Hammer is c. 30 

cm long. Mineral abbreviations: amph = amphibole, an = anatase, bt = biotite, chl = chlorite, cp = 

chalcopyrite, ep = epidote, hem = hematite, Kfs = K-feldspar, mol = molybdenite, pl = plagioclase, py = 

pyrite, qz = quartz. 



Chapter 3 – Geology of the Moly Brook Vein System 

65 
 

Three hypogene alteration assemblages overprint these megacrystic rocks. These 

are; (1) a moderate to strong, pervasive, calcic ± potassic assemblage consisting of 

amphibole + chlorite + biotite ± albite ± magnetite and representing a relatively early 

metasomatic assemblage that replaced the primary igneous matrix (Fig. 3.3A-B), (2) a 

syn-mineralization, moderate to intense, selectively pervasive (vein-related) potassic-

ferroan assemblage consisting of K-feldspar + hematite + magnetite + sericite + biotite 

+ pyrite (Fig. 3.3D-F; see Section 3.4). This assemblage forms distinctive 'red rock'-

style alteration patches and zones (e.g. Carlon 2000, Corriveau et al. 2009) that 

preferentially replaces phenocrystic and matrix feldspar, and may represent an 

important alteration vector for the mineralization. (3) A post-mineralization, patchy and 

vein-related carbonate-calcic assemblage consisting of epidote ± calcite ± fluorite (Fig. 

3.3G). Latest supergene clay alteration (likely kaolinite ± illite ± sericite) affecting 

feldspar phenocrysts are developed on weathered and exposed surfaces (Fig. 3.3H). 

 

3.3.2 Transitional subunit 

This subunit represents an intermediate stage between the megacrystic and mafic 

subunits and records the progressive destruction of precursor granitoid textures (Fig. 

3.4). Typically, drill core intervals display thicknesses of between c. 20 and 110 m for 

this particular facies (similar to the megacrystic facies) and display gradational contacts 

with adjacent subunits. 

 

In general, the transitional subunit consists of a fine-grained (c. 0.1 – 1 mm), dark 

green to black, amphibole-biotite-chlorite-feldspar groundmass (c. 30 – 70 vol. %), 

containing medium- to coarse-grained (c. 3 – 25 mm), white to reddish-pink K-feldspar 

and plagioclase phenocrysts (c. 20 - 45 vol. %). Overall, quartz is generally less 

abundant compared to its content in the megacrystic subunit (c. 5 – 10 vol. %). Feldspar 

phenocrysts typically have diffuse, irregular margins and display internal fracturing and 

net veinlets similar to those of the megacrystic facies (Fig. 3.4A). Locally, porphyritic 

zones contain somewhat isolated, sub-rounded to irregular, matrix-rich zones 

reminiscent of mafic enclaves or clots (Fig 3.4A-B), while some intervals contain 

plagioclase and quartz phenocrysts in approximately equal proportions (Fig. 3.4C). A 

characteristic feature of this facies is alteration replacement textures that record the 

progressive obliteration of feldspar phenocrysts, which in some sections have a relict or 

ghost-like appearance and may also appear albitised (Fig. 3.4D). 
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Figure 3.4: Burgeo Intrusive Suite transitional subunit (mafic matrix c. 30 – 70 vol. %). A. – B. Weak to 

moderately foliated, fine- to coarse-grained, plagioclase-phyric granitoid to dioritoid with greenish black 

chlorite-biotite matrix. Phenocrysts are cut by numerous actinolite-biotite-chlorite veinlets. C. Weakly 

foliated and metasomatised quartz-plagioclase porphyritic granitoid. D. Weakly to moderately foliated 

and metasomatised granitoid with relict (ghost) plagioclase phenocrysts in mafic matrix. E. Moderate to 

intensely foliated and metasomatised porphyritic granitoid. Preferential alignment of feldspar and quartz 

crystals which define a composite S3-4 mylonitic fabric (see Chapter 4 for discussion). Feldspar 

phenocrysts display reddish-pink hematite staining. F. Moderate to intensely foliated and metasomatised 

porphyritic granitoid. Quartz grains are stretched and elongate parallel to the dominant foliation. 

Mineral abbreviations: bt = biotite, chl = chlorite, Kfs = K-feldspar, mol = molybdenite, pl = 

plagioclase, qz = quartz. 
 

The transitional subunit is moderately to strongly foliated, with feldspar ± quartz 

phenocrysts having a preferred orientation that defines a composite c. E-W-aligned 

foliation and associated mineral stretching lineation (Fig. 3.4E-F). In high strain zones, 

quartz forms granular, stretched aggregates oriented parallel to feldspar phenocrysts that 

are fractured and sometimes augened (Fig. 3.4F). 
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Overall, the alteration displayed by this facies is similar to that observed in the 

megacrystic subunit, although the destructive intensity of pre-mineralization 

metasomatic calcic ± potassic assemblage is greater in the former. Likewise, syn-

mineralization potassic-ferroan alteration, while present, is locally less pervasive due to 

lower abundances of feldspar phenocrysts and/or sulphide-bearing quartz veins (Fig. 

3.4A-B). Overall, the transitional subunit records a higher degree of early 

metasomatism, although some intervals may also represent compositionally different 

subunits of the intrusion (e.g. quartz monzonitic to granodiorite phases of the BIS; 

Dickson et al. 1996). 

 

3.3.3 Mafic subunit 

This subunit corresponds to zones where a dark, greenish-black mafic groundmass 

is conspicuously the dominant component of the rock (Fig. 3.5; Table 3.2). In general, 

this facies is less abundant and forms c. 0.2 to 20 m-thick intervals in drill core. 

Geological contacts with the other subunits are generally gradational (< 0.5 m). Locally, 

however, sharp (igneous?) contacts also occur, in particular in association with the 

granitic subunit, which are accentuated by the compositional contrast between both 

facies suggesting primary protolith-related variation as opposed to the effects of intense 

replacement/metasomatism (Fig. 3.5D). 

 

In general, the mafic subunit consists of a fine- to medium-grained (c. 0.2 - 2 

mm), dark greenish grey to black, amphibole-chlorite-biotite groundmass (c. > 70 vol. 

%) with isolated and diffuse, medium-grained (c. 1 – 5 mm) plagioclase and quartz 

phenocrysts (c. 3 – 10 vol. %; Fig. 3.5A). Locally, medium- to coarse-grained (c. 3 – 20 

mm) feldspar phenocrysts are more abundant (up to c. 25 vol. %) and form clustered 

aggregated enclaves or isolated and diffuse (remnant) phenocrysts (Fig. 3.5B-C). The 

possibility that some of these features locally resulted from primary magma mingling-

mixing episodes (i.e. xenocrysts) may also be valid. Overall, the mafic groundmass-rich 

zones have a weakly foliated appearance (Fig. 3.5D). However, local zones contain 

flattened and preferentially aligned feldspar phenocrysts and felsic patches that mimic 

planar fabrics and stretching lineations occurring in other subunits (Fig. 3.5E). 

 

Syn-mineralization potassic-ferroan alteration is not well recorded by the mafic 

subunit due to generally low abundances of feldspar (Fig. 3.5A). However, greisen-type 

sericite ± quartz ± pyrite ± fluorite alteration envelopes associated with quartz-fluorite-
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muscovite and quartz-sulfide veins are generally well preserved and form fine-grained, 

micaceous haloes overprinting the mafic matrix (see Section 3.4). Likewise, post-

mineralization calcic alteration is well preserved by mafic horizons where disseminated 

epidote ± carbonate overprints feldspar phenocrysts and the mafic matrix (Fig. 3.5F).  

 

 

Figure 3.5: BIS mafic subunit (mafic matrix c. > 70 vol. %). A. Typical dark, greenish black, fine-

grained, intergranular mafic matrix (chl ± bt ± amph). Note lack of a strongly developed planar fabric or 

foliation (compared to other facies). Quartz ± molybdenite veinlet crosscuts the top rung. B. Contact 

between mafic and transitional facies sections with narrow transitional or destructive contact. C. Intense, 

metasomatic destruction of feldspar phenocrysts (remnant megacrystic to transitional facies) in a fine-

grained mafic matrix. Several quartz-pyrite veinlets also occur. D. Relatively sharp, likely intrusive 

contact between mafic and granitic facies arrowed. E. Moderately to strongly foliated transitional to 

mafic facies with flattened and elongate K-feldspar phenocrysts/patches. Aplite-sulfide veinlet also seen. 

F. Mafic facies with potassic-altered plagioclase phenocrysts overprinted by late-stage epidote 

alteration. Abbreviations: amph = amphibole, an = anatase (replacing rutile), bt = biotite, chl = chlorite, 

ep = epidote, Kfs = K-feldspar, mol = molybdenite, pl = plagioclase, qz = quartz. 
 

3.3.4 Granitic subunit 

This subunit is the least common wall rock type and corresponds to local zones, 

or horizons, with an equigranular, medium-grained, granitic appearance (Fig. 3.6A). 
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Typically, these sections are between 0.2 and 2 m thick and display short gradational (< 

0.1 m) or relatively sharp (igneous?) contacts with adjacent facies (Fig. 3.6B & E). 

Locally, contacts are foliated and sheared suggesting strain may have been 

preferentially partitioned by these feldspar-rich horizons (Fig. 3.6B). 

 

 

Figure 3.6: Burgeo Intrusive Suite granitic subunit. A. Outcrop horizontal surface view of K-feldspar-

hematite-altered granitic zone or clot within a metasomatised (transitional facies) feldspar-phyric 

granitoid. Hand-lens diameter is c. 2 cm. B. Split drill core view of foliated and altered granitic zones or 

clots within mafic subunit. Numerous amphibole-chlorite-biotite veinlets (arrows) crosscut the granitic 

zones and locally extend from the matrix into granitic areas. Note that both sheared and relatively sharp 

contacts between mafic and granitic facies. C – D. Contacts between transitional subunit and (weakly 

foliated) granitic facies. E. Relatively sharp and foliated contact between mafic and granitic facies. Both 

are cut by a quartz-molybdenite-chalcopyrite vein. F. Weakly foliated, pervasively altered granitic facies 

with relatively abundant (c. 20 – 25 vol. %) recrystallised quartz aggregates (local silicification). 

Mineral abbreviations: cal = calcite, chl = chlorite, cp = chalcopyrite, ep = epidote, Kfs = K-feldspar, 

mol = molybdenite, pl = plagioclase, qz = quartz, ser = sericite. 
 

In general, the subunit consist of fine- to medium-grained (c. 0.5 - 5 mm), pale 

pink to orange, equigranular to seriate, syenogranite to alkali feldspar granite (Fig. 
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3.6A). Biotite ± actinolite are relatively minor constituents (c. 3 – 8 vol. %). Typically, 

the horizons are moderate to strongly foliated and display variation in the degree of 

strain across their width (as encountered in drill cores; Fig. 3.6B-C). Locally, granular 

sections display a weak alignment of feldspar and narrow shear planes (Fig. 3.6D). 

 

Similarly to the megacrystic and transitional subunits, granitic horizons have 

been affected by cataclastic fracturing and are cut by thin amphibole-biotite-chlorite 

veinlets that extend from the matrix into the felsic domain (Fig. 3.6B-C). This feature, 

along with its generally deformed character, distinguishes BIS-related granitic sections 

from younger, undeformed, leucogranite dykes and veins associated with the sulfide 

mineralization (Chapter 7). Likewise, syn-mineralization quartz veins are generally 

more abundant in granitic subunit horizons compared to the younger dykes (Fig. 3.6E). 

 

The granitic horizons generally display pervasive, moderate to intense ‘red 

rock’-style potassic-ferroan alteration which formed during Mo-Cu mineralization (Fig. 

3.6A-E). Locally in more quartz-rich zones, sericite + quartz + chlorite alteration is 

overprinted by vein-related K-feldspar + hematite + magnetite haloes (Fig. 3.6F). 

Overall, the granitic horizons likely represent older granitic dykes formed during late 

emplacement of the megacrystic subunit (which is also largely granitic in composition), 

or a more evolved, equigranular phase of the main BIS granitoid (e.g. Unit SBm of 

Dickson et al. 1996). 

 

Dickson et al. (1996) presented a detailed account of the composite and 

lithologically variable nature of the BIS (e.g. dioritic to tonalitic to granitic phases), and 

noted the occurrence of mafic dykes, xenoliths and clots within certain subunits. Such 

primary heterogeneity may account for the petrographic and compositional variation 

seen in the Moly Brook wall rocks where dominant K-feldspar megacrystic granite 

containing subordinate and compositionally variable phases may explain the observed 

lithological variations, which in turn had consequences for the distribution and intensity 

of overprinting alteration. However, since the deposit is located within a variably 

intense deformation zone, compositional and textural variations delineated by the 

identified subunits could also be explained by the variable intensity of syn- or post-

deformation fluid flow within a higher permeability shear zone. 
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In general, the megacrystic, transitional and mafic subunits record variably intense 

metasomatic calcic ± potassic alteration of the precursor granite within a relatively 

narrow shear zone, although some mafic and granitic horizons likely represent primary 

lithological variations of the precursor granitoid. Progressive and variable 

metasomatism resulted in the destruction of feldspar and the replacement of biotite by 

actinolite, chlorite and secondary (remobilised?) biotite. The variable presence of 

remnant (diffuse) feldspar phenocrysts and patches, particularly in transitional horizons, 

also support variable metasomatic-hydrothermal modification of the wall rock unit. 

Likewise, a loss of quartz likely accompanied increasing degrees of deformation and 

metasomatism prior to syn-mineralization veining. Subsequent syn-mineralization 

potassic-ferroan alteration overprinted each subunit, although its effect is best recorded 

by the more compositionally felsic subunits, and by isolated feldspar phenocrysts in the 

transitional to mafic horizons. 

 

3.4 Vein types, mineralogy, alteration and paragenesis 

Mineralization at Moly Brook is structurally controlled, with the main ore sulfides 

(molybdenite and chalcopyrite) mainly occurring within quartz veins and veinlets. Some 

sulfides also are locally disseminated in altered wall rocks and along alteration haloes 

adjacent to veins. Hairline microfractures, containing fine-grained molybdenite (rarely 

chalcopyrite) but without macroscopically visible gangue (quartz, K-feldspar) also 

occur and crosscut wall rocks and veins, suggesting remobilisation of Mo (and possibly 

Cu) during progressive fracturing. Combined, the mineralized structures define a 

fracture network that discordantly crosscuts and post-dates the host granitoid (see also 

Chapters 4 and 5). 

 

3.4.1 Veining stages and paragenesis 

Establishing a paragenetic classification for the different veins at Moly Brook is 

complicated by the sub-parallel to sheeted character of the vein network which provides 

few observable crosscutting relationships (e.g. Chapter 4). Furthermore, multiple, repeat 

vein forming events, in particular during the main mineralization stage (Stage IIA-B) 

have resulted in  the co-precipitation of different veins that display overlapping mineral 

assemblages forming composite vein types. In areas with more of a stockwork character 

(vein density > c. 30 vol. %), crosscutting veins are more common and these 

relationships, combined with vein mineral assemblages, vein texture and fluid inclusion 

constraints, provide a basis for paragenetic classification (Plumlee & Whitehouse-
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Veaux 1994, Vry et al. 2010, Spencer et al. 2015). Figure 3.7 summarises the hypogene 

mineralogical and alteration characteristics of the different vein types at Moly Brook, 

and presents a new paragenetic sequence for the hydrothermal system. In total, nine 

vein types are recognised (Types 1 to 9) that formed during three temporally distinct 

veining stages or events (Stages I to III). 

 

Stage I corresponds to early pre-mineralization veining mainly associated with 

deformation-related metasomatism of BIS wall rocks. It comprises two vein types; 

abundant Type 1 amphibole-chlorite ± biotite veinlets and rare Type 2 quartz-K-

feldspar veinlets. The latter veins are tentatively assigned to Stage I based on their 

apparent barren character and generally wavy (non-planar) form, although a paragenetic 

link with Stage IIA veining cannot be discounted (see Section 3.4.2.2 below). 

 

Stage II represents the main veining and mineralization event and is subdivided 

into three sub-stages (IIA, IIB and IIC) based on vein mineral assemblage and 

paragenetic considerations. In summary, Stage IIA represents the main Mo 

mineralization event and comprises three vein types; relatively common Type 3 aplite-

sulfide ± molybdenite and Type 4 quartz-molybdenite-K-feldspar veins, and less 

abundant Type 5 quartz-molybdenite-sulfide veins. Stage IIB is less Mo-rich (based on 

lower molybdenite abundances) and comprises relatively common Type 6 quartz-sulfide 

(pyrite ± chalcopyrite) veins and less common Type 7 quartz-muscovite-fluorite veins. 

Stage IIC represents the latest phase of sulfide mineralization and consists of less 

common Type 8 quartz-galena-pyrite ± sphalerite veins that generally occur distal to the 

main Mo-Cu mineralization zone (Higgins 1985). Historically, Stage IIC Type 8 veins 

have yielded elevated concentrations of Au ± Ag and have been targeted during 

previous exploration campaigns in the Grey River area (e.g. Froude 2004). 

 

Stage III records a late, post-mineralization hydrothermal event and consists of 

relatively abundant Type 9 calcite-fluorite veinlets and less common calcite-rich breccia 

zones. These structures crosscut all other vein types and are inferred to represent a final 

phase of relatively low temperature hydrothermal alteration (see below). 

 

The following sections detail the main characteristics of the various vein types in 

terms of their mineral and alteration assemblages, emplacement style or form, and key 

features relevant to the overall paragenetic order. 
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Figure 3.7. A. Summary of Moly Brook vein types. Mineral abbreviations: act = actinolite, alb = albite, bt = biotite, cal = calcite, chl = chlorite, cp = chalcopyrite, ep = epidote, fl = fluorite, Kfs = K-feldspar, mag = magnetite, mol = molybdenite, mus =muscovite, py 

= pyrite, qz = quartz, ser = sericite. Listed vein numbers correspond to those shown in B. Note: Vein-related alteration haloes are not consistently developed and their presence and style is partly influenced by the nature of the wall rocks. B. Vein crosscutting matrix 

showing the number of times one vein type is crosscut by another (based on a total of 102 observed crosscutting examples). The red polygon highlights examples of when the more commonly observed (or inferred) paragenetic order is reversed (e.g. a Type 5 vein 

(designated younger in A above) is cut by a Type 3 vein (designated older) six times). C. Split drill core views showing examples of crosscutting veins. The vein numbers correspond to those shown in A and B.
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3.4.2 Stage I veinlets (pre-mineralization) 

3.4.2.1 Type 1 amphibole-chlorite ± biotite veinlets 

Type 1 veinlets consists of fine-grained (0.1 – 1 mm), greenish-black, anhedral 

amphibole-chlorite ± biotite, with minor magnetite and rare pyrite. Typically, the 

veinlets are 0.2 to 8 mm thick and form planar to locally wavy, laterally continuous, 

sub-parallel to stockwork-type networks that crosscut the host granitoid (Fig. 3.8A-B). 

In general, the vein assemblage is similar to the fine-grained mafic matrix of the host 

granitoid (e.g. transitional to mafic subunits). Sulfides are generally absent from Type 1 

veinlets, although minor pyrite does occur which, in part, may be related to later Stage 

II veining and/or alteration based on its subhedral to euhedral form. 

 

Type 1 veinlets locally display irregular alteration haloes consisting of fine-

grained, creamy white feldspar (Fig. 3.8A-B), which extend c. 0.2 – 4 mm beyond the 

vein margins. Additionally, these haloes are sometimes overprinted by epidote (Fig. 

3.8A-B), which also partly or fully overprints the primary mafic assemblage in some 

examples (Fig. 3.8E-F). In general, these alteration features are not evident where mafic 

net veining crosscuts wall rock feldspar phenocrysts. 

 

In general, the Type 1 veinlets are similar to dark hairline fractures and 

amphibole-rich veinlets which commonly crosscut feldspar phenocrysts in the BIS wall 

rock, in particular the megacrystic and transitional subunits (e.g. Figs. 3.3 & 3.4). 

Locally, however, net-veining in the phenocrysts is more diffuse and discontinuous, and 

is sometimes displaced by Type 1 veinlets (Fig. 3.8C). From a paragenetic perspective, 

Type 1 veinlets are inferred to have developed during a protracted episode of semi-

continuous fracturing and metasomatism associated with cataclastic deformation within 

the Granite Cliff shear zone (Dickson et al. 1996; see Chapter 4). 
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Figure 3.8. Stage I veinlets. A. Network of Type 1 amphibole-chlorite veinlets with albite (?) alteration 

haloes preferentially overprinted by epidote. B. Planar, sub-parallel Type 1 amphibole-chlorite ± biotite 

veinlet associated with epidote alteration haloes crosscut by a Type 6 (Stage IIB) quartz-K-feldspar ± 

sulfide veinlet and microfractures. C. Planar, sub-parallel Type 1 amphibole veinlets (arrowed) 

crosscutting foliated and metasomatised megacrystic granitoid. Veinlets displace and partly displace 

feldspar phenocrysts. D. Thin, Type 1 amphibole veinlets associated with feldspar alteration halo 

crosscutting mafic wall rock with foliated and stretched granitic xenolith or clot. Epidote is partly 

replacing part of the amphibole veinlet. A Type 6 quartz-sulfide veinlet associated with sericite alteration 

also shown. E – F. Abundant Type 1 amphibole ± pyrite veinlets showing partial or full replacement by 

epidote. The central veinlet shown in F is a suspected Type 3 K-feldspar-quartz veinlet replaced by 

epidote. Epidote may be synchronous with Stage III calcite veining. Mineral abbreviations: amph = 

amphibole, cal = calcite, ep = epidote, py = pyrite, mol = molybdenite, Kfs = K-feldspar, qz = quartz, ser 

= sericite. 

 

3.4.2.2 Type 2 quartz-K-feldspar veinlets 

Type 2 quartz-K-feldspar veinlets, although rare, are typically 0.2 to 4 mm wide 

and consist of anhedral, fine-grained (0.1 – 1 mm) granular quartz and reddish-pink K-

feldspar (Fig. 3.3A). In general, they display an irregular to wavy (non-planar) and 

laterally discontinuous form with relatively diffuse and irregular margins. Locally, Type 
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2 veinlets display discontinuous, thin potassic-ferroan alteration haloes (Fig. 3.9A). 

Rarely, thicker examples (c. 2 – 4 mm) display thin, discontinuous K-feldspar + sericite 

haloes extending 0.1 to 2 mm from the veinlet margin (Fig. 3.5B). Type 2 quartz-K-

feldspar veinlets typically lack sulfides, although some very rare occurrences of fine-

grained anhedral pyrite were noted. 

 

The relative timing of Type 2 quartz-K-feldspar veinlets remains uncertain; 

however, they are tentatively assigned here to Stage I (i.e. pre-mineralization event) 

based on their apparent barren character and irregular, discontinuous and wavy (ductile) 

form. A paragenetic link with Stage IIA veining may be permissible though, based on 

mineralogical and textural similarities with other Stage IIA veins (e.g. Types 3 and 4). 

Likewise, Type 2 veinlets are consistently cut by Stage IIA quartz-sulfide ± K-feldspar 

veins and thus may represent an early Stage IIA (pre-mineralization) vein type (e.g. Fig. 

3.9A-B). Overall, however, their diffuse and irregular form, and general lack of sulfides 

permits the differentiation of Type 2 veinlets from later Stage IIA-B veins. 

 

3.4.3 Stage IIA veins (syn-mineralization – Mo-rich) 

3.4.3.1 Type 3 aplite-sulfide-molybdenite veins and veinlets 

Type 3 veins are relatively distinctive at Moly Brook and consist of intergranular, 

anhedral and blocky, fine- to coarse-grained (c. 1 – 10 mm) K-feldspar and quartz with 

minor fluorite, muscovite, pyrite, chalcopyrite and molybdenite (Fig. 3.9). K-feldspar 

has a pink to brick red appearance indicative of the presence of very fine-grained 

hematite ± magnetite inclusions (Reed 1997). In general, they have an aplitic (granitic) 

appearance and resemble high temperature ‘vein dykes’ reported from porphyry Mo 

deposits elsewhere (e.g. White et al. 1981, Carten et al. 1988, Seedorf & Enaudi 2004a). 

 

Typically, Type 3 veins are planar to somewhat wavy, and are parallel and 

laterally continuous with thicknesses ranging from c. 0.3 to 35 mm.  In general, they 

display an aplitic to pegmatitic texture, with the latter producing a somewhat vuggy 

appearance (Fig. 3.9C & F). Fine-grained anhedral to subhedral pyrite and chalcopyrite 

are commonly disseminated within Type 3 veins (Fig. 3.3C), while rare molybdenite 

mainly occurs along vein margins, or is intergrown with K-feldspar and quartz closer to 

the vein centres (Fig. 3.9E & F). In some veins, paragenetically late, colourless to pale 

green fluorite and dark green amphibole- or chlorite occur in open space vugs 

suggesting a later phase of deposition (Fig. 3.9C & F). 
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Figure 3.9. Stage I and Stage IIA veins. A. Inferred early Type 2 quartz-K-feldspar veinlets crosscut by 

irregular Stage III calcite veinlets. B. Type 2 or 3 quartz-K-feldspar veinlet cut by a Type 5 quartz-

molybdenite-sulfide veinlet. C – D. Reddish-pink, undeformed, Type 3 aplite-sulfide vein showing K-

feldspar + hematite + sericite ± pyrite alteration halo. E. Planar, sub-parallel Type 3 aplite-sulfide, Type 

4 quartz-molybdenite and Type 5 quartz-sulfide (pyrite + chalcopyrite) veinlets. F. Somewhat vuggy 

(pegmatitic) undeformed Type 3 aplite-sulfide vein (with molybdenite, fluorite and possibly amphibole) 

showing a fine-grained K-feldspar + hematite + sericite alteration halo. 

 

Alteration associated with Type 3 veins predominantly consists of moderate to 

intense potassic-ferroan haloes that extend up to c. 4 cm from vein margins and imparts 

a distinctive brick-red to pink (dis)colouration of feldspar-bearing wall rocks (Fig. 3.9C-

D). The assemblage mainly consists of fine-grained (< 0.1 - 0.5 mm) K-feldspar + 

hematite ± biotite ± sericite ± magnetite. Typically, wall rock feldspar phenocrysts 

adjacent to Type 3 veins show preferential replacement by the potassic halo (Fig. 3.9D). 

Rare disseminated molybdenite, chalcopyrite and magnetite also occur within the spatial 

confines of the potassic haloes. Overall, Type 3 vein-related alteration haloes reflect 

relatively high fluid/melt temperatures and, combined with the ‘melt-like’ nature of the 

Type 3 veins, strongly suggest a magmatic-hydrothermal affiliation. 

 

Paragenetically, Type 3 veins display an overlapping chronologic relationship 

with other Stage IIA veins. For example, they are regularly cross-cut by Type 4 and 

Type 5 veins, while more localised instances of the reverse of that relationship are also 

observed (see Fig. 3.3B). Likewise, composite quartz ± molybdenite ± sulfide veins 

contain aplitic central or median channels suggesting cyclical hydrofracturing and vein 
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formation (e.g. Fig. 3.10F). Based on the compositional and textural characteristics of 

Type 3 veins which suggest a likely magmatic affinity (e.g. intergranular texture, locally 

K-feldspar-rich), Stage IIA veining cycles were likely initiated by Type 3 vein 

formation, which were then very closely (temporally) followed by the other vein types. 

This idea is further supported by rare Type 3 veins that show a transition from aplitic to 

quartz-rich characteristics along their length, suggesting progressive change from melt-

like to hydrothermal conditions during fracturing and emplacement (e.g. see Fig. 

3.17F). 

 

3.4.3.2 Type 4 quartz-molybdenite veins and veinlets 

Type 4 veins represent the most molybdenite-rich vein type at Moly Brook and 

tend to lack other sulfides (i.e. pyrite, chalcopyrite). Typically, they comprise anhedral, 

intergranular quartz + molybdenite + K-feldspar with minor magnetite, range from c. 

0.2 to 25 mm in thickness, are planar to locally wavy, and are laterally continuous (Fig. 

3.10A-B). Quartz tends to have a distinctive bluish-grey appearance, is fine-grained (0.1 

– 1 mm), anhedral and blocky/granular (e.g. Fig. 3.10G). K-feldspar is typically pale 

pink to reddish pink, fine- to medium-grained (c. 0.5 – 3 mm) and anhedral, and is 

intergrown with quartz as isolated aggregates or along the centre of veins or close to 

vein margins (Fig. 3.10C-D). Locally, where Type 4 veins crosscut feldspar phenocrysts 

belonging to the wall rock, the portion of the phenocryst closest to the vein may extend 

into the vein and is preferentially potassic-ferroan altered (Fig. 3.10A). 

 

Figure 3.10. (Opposite) Stage IIA veins. A. Type 4 quartz-molybdenite veinlet with K-feldspar-hematite 

alteration rims crosscut by a Type 6 quartz-pyrite-chalcopyrite veinlet. Several quartz-molybdenite ± 

sulfide microfractures also occur. B. Type 4 quartz-molybdenite-K-feldspar vein with typical 

disseminated, stringer molybdenite occurring along the margins of the vein. Note wall rock (amphibole?) 

fragment inside the vein with molybdenite along its margin. Type 3 aplitic veinlet with magnetite also 

occurs. C. Type 3 quartz-molybdenite-K-feldspar vein with molybdenite preferentially occurring 

asymmetrically on one side of the vein. Thin K-feldspar-hematite alteration rim discontinuously occurs 

also. D. Type 3 quartz-molybdenite-K-feldspar veinlet (centre) with discontinuous K-feldspar-hematite 

alteration halo. Note quartz-molybdenite microfracture to the right of the image with disseminated, fine-

grained molybdenite occurring between the veinlets. E. Type 3 quartz-molybdenite vein with K-feldspar 

alteration halo cut by Stage III Type 9 calcite veins and fractures causing displacements. F. Type 3 

quartz-molybdenite vein with central median channel of aplite (Type 3?). G. Type 4 quartz-molybdenite 

vein crosscutting (or coeval with) a Type 3 aplite ± sulfide veinlet. Intense ‘red rock’-style alteration 

affects feldspar. H. Type 5 quartz-pyrite-chalcopyrite-molybdenite vein associated with sericite alteration 

halo overprinting potassic altered wall rock. I. Type 5 quartz-molybdenite-pyrite-chalcopyrite vein 

crosscutting early amphibole veinlets and granitic wall rock. J. Type 5 quartz-molybdenite-pyrite-

chalcopyrite vein crosscut by aplite-sulfide vein associated with sericite alteration. K. Type 5 quartz-

molybdenite-pyrite-chalcopyrite vein crosscutting megacrystic granitoid. Note transition from early blue-

grey quartz (1) at vein margin to a creamy white quartz (2) at centre. Abbreviations: amph = amphibole, 

cal = calcite, cp = chalcopyrite, hem = hematite, py = pyrite, mag = magnetite, mol = molybdenite, fl = 

fluorite, mus = muscovite, Kfs = K-feldspar, mag = magnetite, qz = quartz, ser = sericite. 
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In general, molybdenite in Type 4 veins is fine-grained (0.1 – 1 mm) and forms 

anhedral to subhedral tabular disseminated plates and laths, preferentially forming 

discontinuous clumps and aggregates along one or both vein margins. Additionally, 

disseminated molybdenite may occur closer to the centre of the vein or may extend 

beyond the vein walls and overprint the wall rocks within discontinuous fractures (Fig. 

3.10D). 

 

Type 4 veins typically display narrow, continuous to discontinuous, reddish-pink 

K-feldspar + hematite ± magnetite ± sericite alteration haloes similar to those associated 

with Type 3 veins (i.e. potassic-ferroan assemblage; e.g. Figs. 3.10A-G). Typically the 

haloes extend c. 0.1 to 15 mm beyond vein margins and are more strongly developed 

where feldspar is a relatively abundant component of the wall rock. Locally, K-feldspar 

precipitated along vein margins as part of the vein assemblage grades into or overlaps 

with the K-feldspar-rich potassic haloes highlighting the link between vein formation 

and wall rock-fluid reactions (Fig. 3.10D). Some Type 4 veins lack potassic haloes, 

reflecting changes in fluid physicochemical conditions and/or degree of fluid-wall rock 

interaction. 

 

Overall, the character of Type 4 quartz-molybdenite veins and their observed 

crosscutting relationships with other veins are consistent with formation during the early 

evolution of the Moly Brook hydrothermal system (Fig. 3.3). Notably, the preferential 

occurrence of molybdenite along Type 4 vein margins/selvages suggests relatively 

early- or initial-stage deposition of molybdenite from mineralizing fluid system during 

individual Type 4 vein formation (see Section 3.5.1 below). 

 

3.4.3.3 Type 5 quartz-molybdenite-sulfide veins 

Type 5 veins are generally molybdenite-rich but also contain other sulfides, 

principally pyrite and chalcopyrite (Fig. 3.10H-K). Typically, they are planar, laterally 

continuous and 0.5 to 25 mm thick. Quartz is the main gangue mineral and is generally 

fine-grained (c. 0.1 to 1 mm), dark grey to creamy white in colour, anhedral and 

granular, and intergrown with minor K-feldspar and rare magnetite. Locally, quartz has 

a somewhat vuggy, coarse texture. 

 

Molybdenite is generally fine-grained (< c. 0.5 mm), anhedral and, like Type 4 

veins, is disseminated in the veins mainly along their margins. Pyrite and chalcopyrite 
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are generally fine- to medium-grained (c. 0.2 – 5 mm) and anhedral, and form tabular 

disseminations and stringers along the margin of the vein or closer to the vein centre. In 

some veins, pyrite and chalcopyrite form relatively large (up to 1.5 cm) tabular 

aggregates possibly infilling open space vugs in the centre of these structures. Sulfides 

also occur adjacent to the veins within microfractures and/or are disseminated within 

alteration haloes overprinting wall rocks. 

 

Alteration associated with Type 5 veins consists of a potassic K-feldspar + 

hematite ± magnetite assemblage and sericite-rich haloes (e.g. Fig. 3.10H), although 

generally they are less intensely developed compared to Type 3 and Type 4 veins. 

Typically, diffuse haloes extend from c. 0.3 to 10 mm beyond the vein margin and they 

may contain disseminated pyrite and chalcopyrite. 

 

3.4.4 Stage IIB veins (syn-mineralization – Mo-poor) 

3.4.4.1 Type 6 quartz-sulfide veins and veinlets 

Type 6 veins typically contain pyrite and chalcopyrite but lack significant 

molybdenite and thus mark a phase in the evolution of the hydrothermal system that is 

generally less enriched in Mo (i.e. Stage IIB). In detail, however, the transition between 

Stage IIA and IIB is somewhat gradational, as evidenced by the overlapping and 

cyclical nature of Stage II veining and the complex nature of the crosscutting 

relationships and vein paragenesis (see Fig. 3.7). 

 

In general, Type 6 veins are planar, parallel and laterally continuous, and have 

typical thicknesses of 3 – 15 mm (Fig. 3.11A-C). Pyrite and chalcopyrite are fine- to 

medium-grained (c. 0.1 – 2 mm) and intergrown with quartz (Fig. 3.11C). Quartz is 

generally fine- to medium-grained (c. 0.5 – 2 mm), dark to medium grey, anhedral and 

intergrown with pale pink K-feldspar. Pyrite and chalcopyrite form irregular 

disseminations both within and along vein margins, or along central channels associated 

with stringers of K-feldspar (Fig. 3.11B). Stringer zones and disseminations of fine-

grained magnetite also occur within some Type 6 veins (Fig. 3.11A). 
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Figure 3.11. Stage IIB and IIC veins. A. Type 6 quartz-sulfide vein with a central channel of magnetite. 

B. Sub-parallel, Type 6 quartz-pyrite-chalcopyrite veinlets. Sulfides preferentially occur at the margins of 

the veinlets or within the centre. C. Type 6 quartz-sulfide (pyrite + chalcopyrite) vein associated with 

sericite alteration haloes. D. Type 7 quartz-muscovite-fluorite vein with muscovite-sericite (greisen) 

alteration halo. E. Type 7 quartz–muscovite-fluorite veinlet with sericite alteration halo adjacent to a 

Type 6 quartz-sulfide veinlet. F. Type 7 quartz-muscovite-fluorite-pyrite veinlet (at left) crosscutting a 

quartz-K-feldspar veinlet. Milky quartz at the intersection of the two veinlets possibly reflects 

remobilisation of silica from the earlier formed vein. Additional Type 7 vein at right shows wide sericite 

alteration halo. G. Outcrop, vertical surface view (to the south) of Type 8 quartz-pyrite-galena vein. 

Milky quartz has a massive to somewhat vuggy texture. Mineral abbreviations: amph = amphibole, cal = 

calcite, cp = chalcopyrite, fl = fluorite, hem = hematite, Kfs = K-feldspar, mag = magnetite, mol = 

molybdenite, , mus = muscovite, py = pyrite, qz = quartz, ser = sericite. 

 

Alteration associated with Type 6 veins includes rare, discontinuous, weak to 

moderate intensity and relatively narrow potassic-ferroan haloes (Fig. 3.11B), and less 

common sericitic haloes that are typically diffuse. The latter become more intensely 

developed where Type 6 veins crosscut mafic wall rocks (Fig. 3.11C). Overall, the 

lower intensity of potassic alteration associated with Type 6 veins suggest they formed 
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at somewhat lower temperatures, consistent with lower molybdenite abundances and the 

overall paragenetic evolution of the system. 

 

3.4.4.2 Type 7 quartz-muscovite-fluorite veins and veinlets 

Type 7 veins and veinlets are relatively distinctive at Moly Brook and commonly 

display moderate to intense greisen-style alteration haloes (Fig. 3.11D-F). Typically 

they are planar, parallel and laterally continuous, although some examples are 

discontinuous due to fracturing and bifurcation. They typically range from 0.2 to 15 mm 

and contain anhedral, fine- to medium-grained (c. 0.1 - 2 mm), elongate blocky to 

tabular muscovite, fluorite and milky quartz. Locally, Type 7 veins have a somewhat 

vuggy texture that may be filled with subhedral to euhedral, relatively coarse pyrite 

(Fig. 3.11F). Typically, fluorite is colourless or light purple in Type 7 veins, while 

subhedral to euhedral, fine-grained pyrite and chalcopyrite also occur. Rarley, some 

examples contain rare anhedral laths and fibres of molybdenite. 

 

Type 7 vein alteration haloes generally consist of muscovite + sericite ± quartz ± 

fluorite ± pyrite (greisen/phyllic assemblage) and are most apparent when the veins 

cross cut mafic wall rocks (Fig. 3.11D). In general, the greisen-like haloes extend from 

5 to 25 mm beyond the vein walls and are typically sericite-rich. Some examples 

contain comb-like muscovite that forms the internal margins of the vein and then 

progress to a central channel of fluorite ± quartz ± sulfide. Locally milky quartz fills 

vugs and intersection areas where Type 7 veins cross cut earlier formed Stage IIA-B 

quartz veins. 

 

3.4.5 Stage IIC (late sulfide stage – Pb ± Au association) 

3.4.5.1 Type 8 quartz-pyrite-galena veins 

Type 8 veins are less common and represent a distinct phase of sulfide 

mineralization in the study area (herein designated Stage IIC). While several generally 

pyrite-rich Type 8 veins are exposed in exploration trenches transecting the deposit, 

they are more commonly found distal with respect to the main Moly Brook 

mineralization zone (Higgins 1985, Wilton & Taylor 1999). For this study, a Type 8 

vein was sampled at the Galena # 1 Pb ± Au prospect (Higgins 1985, Froude 2004) 

located c. 1.2 km north of the Moly Brook camp (Fig. 3.1). 
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From a paragenetic perspective, Type 8 (Stage IIC) veins are generally not 

crosscut by Stage IIA-B veins. This suggests they formed after the main phase of Mo-

Cu mineralization and veining (cf. Higgins 1985). However, their mineralogical and 

textural characteristics, and orientations (mainly c. north-south-trending and steeply 

dipping) suggest a degree of continuity with earlier Stage II vein types (see Chapters 4 

& 6). 

 

In general, Type 8 veins are planar, parallel to weakly dilated, laterally continuous 

and range from c. 5 to 50 cm in thickness (Fig. 3.11G). They consist of intergranular 

and blocky, medium- to coarse-grained (c. 5 – 20 mm), milky white ‘buck’ quartz with 

minor K-feldspar and muscovite. In general, disseminated or aggregated clusters of 

fine- to medium-grained pyrite occur in vein centres or filling vugs. Local examples 

also contain relatively abundant galena and rare sphalerite (up to c. 10 – 15 vol. %). 

Vein-related alteration haloes consist of muscovite + sericite ± quartz and typically 

result in a bleaching of granitoid wall rocks. 

 

3.4.6 Stage III (post-mineralization) 

3.4.6.1 Type 9 calcite ± fluorite veins, veinlets and breccia zones 

Type 9 veinlets and breccia zones represent a late-stage sulfide-barren 

hydrothermal event at Moly Brook (Stage III) that post-dates the main sulfide 

mineralization episode (i.e. Stage II, Fig. 3.7). Similar veins also post-date wolframite-

bearing quartz veins at the Grey River tungsten prospect (e.g. Higgins 1985) and are 

interpreted to have formed during late-stage brittle deformation and local faulting (see 

Chapters 4 and 6). 

 

In general, Type 9 veins are irregular and discontinuous, are c. 0.1 to 12 mm thick 

and consist of fine-grained (0.1 – 1 mm), intergranular to locally laminated calcite, 

along with rare fluorite, barite and chlorite (Fig. 3.12). Typically, the veinlets form 

irregular networks with variable orientations, trend sub-parallel to earlier formed quartz 

veins or exploit the orientations of pre-existing Stage II veins (Fig. 3.12A-B). Rarely, 

Stage III calcite forms a lattice ‘cement’ that infills previously formed Stage IIA-B 

veins (Fig. 3.12C). Alteration haloes are not strongly developed, although minor haloes 

consisting of calcite and epidote locally extend up to 3 mm beyond some vein margins. 

In general epidote alteration overprinting wall rock feldspar and amphibole is spatially 

associated with Stage III calcite veining (see also Fig. 3.8F). 
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Figure 3.12. Examples of Stage III veinlets and breccia. A. Irregular network of laterally discontinuous 

and dilational Type 9 calcite veinlets. B. Irregular, dilational Type 9 calcite veinlet crosscutting a Type 6 

quartz-pyrite veinlet. At the intersection point the calcite veinlet is channelled by the earlier formed vein. 

C. Type 9 calcite ’cement’ infilling a Type 5 quartz-molybdenite-sulfide vein. D. Type 9 calcite breccia 

zone displaying a sheared internal lamination or foliation and containing numerous potassic-altered wall 

rock clasts. 

 

In some drill core intervals, calcite-rich breccia zones occur and consist of fine-

grained calcite-fluorite matrix containing angular wall rock clasts (Fig. 3.12D). Locally, 

the contact zone between the breccia and wall rock is laminated suggesting brecciation 

was coeval with displacement along the breccia zone (i.e. faulting). Additionally, the 

presence of angular wall rock clasts suggests breccias formed by dynamic or mechanical 

fragmentation in association with high fluid pressures (e.g. Jébrak 1997). 

 

3.4.7 Sulfide mineralization textures in Stage II veins 

Examples of Stage II vein sulfide ore textures are shown in Figure 3.13. For 

molybdenite-rich Type 4 and Type 5 veins (Table 3.3), molybdenite is preferentially 

distributed along vein margins and forms thin stringer channels parallel to the vein walls 

that are generally symmetrical. Additionally, molybdenite occurs as isolated 

disseminations randomly distributed within the vein (Fig. 3.13A-B). Rarely, 

molybdenite occurs within a central channel associated with K-feldspar and quartz (Fig. 

3.13A). 
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Typically, molybdenite is fine-grained (c. 0.03 to 0.5 mm) and forms anhedral 

‘book’-like clumps or aggregates of flake-like laths (Fig. 3.13B-C). The latter 

aggregates form discontinuous, disseminated groups along vein margins and are up to 1 

cm in length. Where molybdenite is associated with chalcopyrite (and pyrite), it forms 

isolated disseminations along the vein margin or in the wall rock adjacent to veins and 

is generally not intergrown with either chalcopyrite or pyrite (Fig. 3.13D-F). 

 

Chalcopyrite is the main Cu-bearing mineral at Moly Brook, although rare bornite 

tarnishing to a bluish-purple tinge locally occurs intergrown with chalcopyrite in some 

Type 6 quartz-sulfide veins. Chalcopyrite is anhedral, fine-grained (c. 0.1 – 1 mm), 

irregular to tabular, and occurs as disseminations along vein margins, or is distributed 

within the veins or along a central median channel where it is intergrown with quartz, 

K-feldspar and sometimes subhedral to euhedral pyrite (Fig. 3.13F). In thicker Type 6 

quartz-sulfide and Type 8 quartz-pyrite-galena veins, rare chalcopyrite is associated 

with pyrite filling vugs. Likewise, where Type 4 quartz-molybdenite veins have been 

reopened by a later vein, chalcopyrite is associated with pyrite within a central or 

marginal channel and may fill vugs in Type 3 aplite-sulfide veins. Chalcopyrite also 

overprints wall rock quartz and feldspar and is associated with pyrite and magnetite in 

vein alteration haloes (Fig. 3.13G-H). 

 

Overall, the ore textural relationships at Moly Brook combined with the 

paragenesis of Stage II veins suggests molybdenite was the first sulfide mineral to form 

in Type 3 and Type 4 veins, although minor chalcopyrite is present in some Type 3 

veins. Subsequently, as the hydrothermal fluid evolved, hypogene chalcopyrite and 

pyrite were precipitated in Stage IIA Type 5 veins. Late Stage IIB (Type 6 and 7) veins 

are associated with additional pyrite and chalcopyrite mineralization, which locally 

overprint earlier formed veins usually by open space filling (e.g. pegmatitic examples of 

Type 3 veins). Figure 3.14 summarises the hydrothermal evolution of the Moly Brook 

Mo-Cu deposit in terms of stages of veining and sequential hydrothermal events. It also 

lists the main minerals which form part of each hydrothermal stage, reflecting a 

combination of vein and related alteration processes. 
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Figure 3.13. Mineralization textures. A. Type 4 vein with fine-grained ‘stringer’ molybdenite distributed 

along the vein margins. B. Reflected light [RL] view of vein margin area highlighted in A showing 

aggregate of fine-grained, anhedral molybdenite flakes. Note ‘leakage’ of molybdenite from the vein into 

the wall rock. C. RL view of fine-grained, anhedral ‘book’ molybdenite in a Type 4 vein. D. RL view of 

fine-grained, disseminated molybdenite associated with pyrite and chalcopyrite disseminated in a Type 5 

vein. E. RL view of Type 5 vein margin. Note disseminated molybdenite in wall rock. F. Disseminated, 

fine-grained flake molybdenite associated with disseminated chalcopyrite and pyrite in a Type 5 vein. G. 

RL view of granitoid wall rock showing disseminated, subhedral chalcopyrite overprinting intergranular 

quartz-feldspar matrix. H. RL view of granitoid wall rock showing subhedral to anhedral chalcopyrite 

and pyrite with magnetite and chlorite overprinting intergranular quartz-feldspar matrix. Abbreviations: 

amph = amphibole, cal = calcite, cp = chalcopyrite, fl = fluorite, hem = hematite, Kfs = K-feldspar, mag 

= magnetite, mol = molybdenite, mus = muscovite, py = pyrite, qz = quartz, ser = sericite. 
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Figure 3.14. Schematic paragenetic summary of the main hydrothermal events recorded at Moly Brook 

based on the sequence and distribution of mineral assemblages. Each event represents a combination of 

alteration and vein assemblages. 1 = relative intensity terms based on Gifkins et al. 2005. * = reported 

by Visage (2009). 
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3.5 Vein growth textures and system evolution 

3.5.1 Vein textures and growth mechanisms 

Veins provide important information about paleostress mechanisms, rock finite 

strain conditions, fluid-rock interactions and the composition, flow patterns and 

evolution of hydrothermal fluids (e.g. Pirajno 2008). Their geometries, morphologies, 

internal mineralogy and textures, and external alteration envelopes preserve evidence of 

coupled structural-hydrothermal processes from a variety of geological settings and 

deformation-fluid flow events (e.g. Oliver & Bons 2001, Vernon 2004, Passchier & 

Trouw 2005, Bucher & Stober 2010; see Chapter 4). In particular, vein textures and 

microstructures provide information about the deformation and growth mechanisms that 

lead to fracture initiation and dilation, fluid advection, mineral precipitation and vein 

formation (e.g. Cox 1987, Vearncombe 1993, Bons 2000, Hilgers et al. 2004, Bons et 

al. 2012). Thus, vein microstructures and growth textures can offer important insights 

about the development and evolution of both individual veins and composite vein 

systems and provide critical information relating to the formation and evolution of 

hydrothermal mineral deposits (Dowling & Morrison 1989, Foxford et al. 1991, Dong et 

al. 1995, Seedorf & Einaudi 2004a, Shimizu 2014). 

 

At Moly Brook, a variety of microstructures and textures are preserved in Stage II 

veins which provide useful insights into the growth mechanisms of individual veins, the 

cyclical nature of the sulfide mineralization and the evolution of the hydrothermal 

system. Locally, veins displaying banded and composite textures reflect repeated 

hydrofracturing and/or cyclical mineral deposition and vein forming processes. In 

contrast, non-banded veins with mosaic (granular) and massive textures have somewhat 

simpler ore textures and distributions. Overall, an assessment of these vein textures 

provide critical constraints on fluid flow processes and veining mechanisms and 

facilitates geological correlation with the Grey River tungsten prospect. 

 

Five main vein textures are recognised for the Stage II veins (Fig. 3.15). These 

are: (1) aplitic, associated with Type 3 veins, (2) mosaic (or blocky/granular), 

commonly associated with Type 4, Type 5 and Type 6 veins, (3) crustiform (either 

banded/laminated or composite), mainly associated with Type 4 and Type 5 veins, (4) 

comb, associated with Type 6, Type 7 and, rarely, Type 3 veins, and (5) massive, 

associated with Type 6, Type 7 and Type 8 veins. 
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Texturally, aplitic (1) and mosaic (2) veins have broadly similar characteristics 

(generally blocky, anhedral, interlocking grains) but are distinguished here on 

compositional grounds due to the distinctive ‘magmatic-hydrothermal’ character of 

Type 3 aplite-sulfide ± molybdenite veins. Thus, the mosaic textural qualifier, although 

also applicable to Type 3 veins, is here reserved for equigranular and blocky 

hydrothermal veins dominated by gangue quartz (cf. Dong et al. 1995). 

 

 

Figure 3.15. Summary description of vein textures associated with Stage II veins at Moly Brook. Vein 

texture terminology is partly based on that presented by Dong et al. (1995), vein numbers and types are 

the same as those shown in Fig. 3.7, while the inferred temperature regime (final column) partly 

incorporates inferences from fluid inclusion and sulfur isotope results reported in Chapter 6. 

 

Veins displaying aplitic and mosaic textures contain fine- to medium-grained 

(0.05 – 3 mm), equigranular or blocky minerals with intergranular patterns (Fig. 3.16B-

C). They generally lack inclusion bands/trails, although thin wall rock 

fragments/screens may be incorporated close to vein margins in syntaxial growth veins 
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or in median channels of antitaxial veins, while rare inclusion trails impart fibrous 

patterns aligned orthogonal or oblique to vein walls, indicating potential dilational 

trajectories (Fig. 3.16D; Bons et al. 2012). In some veins, mosaic and aplitic zones 

transition to areas displaying incipient comb texture (4) comprising more elongate, 

subhedral grains that increase in size toward the vein centre (Fig. 3.16F). For Type 3 

aplite-sulfide veins (vein dykes), this textural transition may also coincide with a 

compositional change from magmatic-hydrothermal segments comprised of 

intergranular K-feldspar and quartz (± sulfides), to hydrothermal segments (sensu 

stricto) dominated by quartz with minor K-feldspar and sulfides (e.g. Figs. 3.9E & 

3.17F). Such transitional vein segments provide strong support for the hypothesis that 

mineralization formed by magmatic-hydrothermal processes. 

 

Type 3 aplite-sulfide veins also locally display drusy (vug-like) and rare fibrous 

textures (e.g. Fig. 3.16G; see also Fig. 3.9E). Drusy zones consisting of filled subhedral 

(angular) cavities usually contain fluorite, muscovite, pyrite or milky quartz. These may 

have formed by dissolution processes or by incomplete growth or sealing across the 

vein (e.g. Bons et al. 2012). The inferred ‘cavities’ are always filled by late precipitating 

minerals, or by minerals associated with other vein types (e.g. Type 7 quartz-muscovite-

fluorite veins), producing an overall superimposed or telescoped vein mineral 

assemblage (Fig. 3.9C & 3.16H). 

 

In general, individual veins displaying aplitic (1) or mosaic (2) textures (e.g. Type 

3 and some Type 4 veins, respectively) are consistent with single-step growth and 

relatively rapid mineral precipitation in dilating tensional fractures (Passchier & Trouw 

2005). Their granular and blocky nature suggests a relatively consistent growth rate 

between crystals in a fluid-saturated fracture, which inhibited growth competition (Bons 

et al. 2012). Growth suppression may also have been enhanced via inferred rapid 

cooling from relatively high fluid (or fluid-melt) temperatures as evidenced by mineral 

and alteration assemblages, crosscutting relationships and fluid inclusion and isotopic 

data (see also Chapter 6). 
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Figure 3.16. (Previous page) Combined transmitted plus back-lit light images of vein thick sections 

showing mineral textures for various Stage IIA veins (mineralogy partly confirmed by in situ Raman 

spectroscopy). A. Type 4 quartz-molybdenite veinlet showing aggregated mattes of fine-grained 

molybdenite in the vein selvage and centre. Two generations of fine-grained and blocky vein quartz are 

apparent. B. Type 5 quartz-molybdenite-pyrite vein showing fine-grained, granular-blocky quartz with 

disseminated, anhedral molybdenite along the vein margin and within the vein. Anhedral pyrite also 

forms along the vein margin adjacent to molybdenite and as subhedral grains within the vein. C. Type 4 

quartz-K-feldspar-molybdenite vein with abundant secondary fractures and fluid inclusions associated 

with weak, patchy potassic halo. Fine-grained, platy to lath-like molybdenite aggregates occur as a 

discontinuous seam preferentially along the vein margins. D. Split view with white and black 

backgrounds showing Type 4 quartz-molybdenite-K-feldspar-pyrite vein with thin K-feldspar + hematite 

alteration halo. Vein quartz is fine-grained, blocky with abundant secondary fluid inclusion trails 

delineating the trajectory of vein opening. E. Type 7 quartz-muscovite-fluorite vein associated with 

sericite (greisen) alteration. Muscovite forms radiating laths that extend from the vein wall inward 

toward a central channel of elongate-blocky fluorite. F. Granular Type 5 quartz-molybdenite-pyrite-

chalcopyrite vein containing a thin, quartz-K-feldspar-pyrite vein formed along the lower margin. G. 

Fibrous quartz-K-feldspar zone within a (earlier?) quartz vein. Note vuggy, coloulrless fluorite. H. 

Blocky to banded Type 5 quartz-molybdenite-sulfide vein containing a K-feldspar-rich median channel. I. 

Split view (white and black backgrounds) showing blocky or mosaic Type 4 quartz-molybdenite vein (note 

abundant secondary fluid inclusion trails). Mineral abbreviations: act = actinolite, bt = biotite, cp = 

chalcopyrite, FI = fluid inclusion, fl = fluorite, hem = hematite, Kfs = K-feldspar, mag = magnetite, mol 

= molybdenite, mus = muscovite, py = pyrite, qz = quartz, ser = sericite, w.r. = wall rock fragment. 

 

For Stage IIA Type 3 – 5 veins (Fig. 3.7), the preferential occurrence of 

molybdenite and other sulfides along vein margins and the general lack of median lines 

(Oliver & Bons 2001) suggest these vein types displaying aplitic (1) and mosaic (2) 

textures formed during syntaxial growth (i.e. from one or both vein walls filling inward 

along a single growth front; Fig. 3.17A). Microstructures in some veins also suggest 

syntaxial growth was bidirectional (i.e. symmetric; bitaxial of Hilgers et al. 2001; Fig. 

3.16F), while others indicate unidirectional growth (asymmetric; uniaxial of Hilgers et 

al. 2001; Fig. 3.17D). Overall, these textures support displacement-controlled growth 

and partly concur with a deeper crustal setting with elevated fluid pressures 

(Vearncombe 1993; see below and Chapter 6). 

 

Veins with ‘textbook’ examples of crustiform (3) texture are relatively common at 

Moly Brook (Figs. 3.16G-H & 3.17B-E). In general, two types are recognised; banded 

(or laminated) and composite. This distinction is primarily based on differing 

compositional and morphological characteristics between internal bands or zones, and 

possible differences in their mechanisms of formations. Specifically, the use of the term 

‘composite’ here refers to crustiform veins that display inferred ‘vein-in-vein’ textures 

with strong compositional differences between the component bands (e.g. Fig. 3.17B & 

F). Such variation may mark switches in growth mechanism where a succeeding band 

or zone may represent a switch from syntaxial to antitaxial growth (i.e. from inward 

(toward vein centre) to outward (toward wall rock) growth; cf. Passchier & Trouw 

2005). 
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Figure 3.17. Vein growth textures associated with Stage IIA veins. A. Type 3 quartz-molybdenite vein showing mosaic texture formed during single-step syntaxial growth. B. Crustiform composite vein formed by two-step, likely syntaxial growth with a Type 4 quartz-

molybdenite vein containing a median channel similar to Type 3 quartz-K-feldspar-pyrite veins. C. Banded vein containing two symmetric molybdenite seams that may have formed by semi-continuous, two-stage syntaxial growth. D. Banded, semi-composite vein 

formed by an early stage syntaxial growth and later infiltrated by a Type 3 aplite-sulfide vein. The second growth stage may also have caused the entrainment of wall rock material by the vein. E. Banded vein with a vuggy internal channel associated with late-stage 

pyrite and chalcopyrite formation. F. Evidence of a magmatic-hydrothermal transition where a K-feldspar-rich Type 3 aplite-sulfide vein laterally evolves into a quartz-rich Type 3 quartz-molybdenite vein. The median white channel is a Stage III Type 9 calcite veinlet. 
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Banded, crustiform (3) veins (typically Stage IIA quartz-molybdenite ± sulfide 

assemblage) with symmetrical patterns typically consist of two parallel marginal seams 

with molybdenite (± pyrite ± chalcopyrite) disseminated along the vein wall, followed 

by a single central (median) seam that may display two narrow, parallel inclusion bands 

of disseminated molybdenite (± K-feldspar ± chalcopyrite ± pyrite) along its outer 

margins (e.g. Fig. 3.17D-E). Some examples have sulfides disseminated within the 

seam, rather than as stringers along the margins (e.g. Fig. 3.16A). This may reflect 

partial modification of the fluid composition and/or precipitation conditions. 

 

Occasionally, banded veins display two sets of marginal seams and a third central 

channel comprised of fine-grained, blocky quartz and K-feldspar (Fig. 3.17C). Rarely, 

the outermost inclusion bands may be separated from the vein wall by a narrow seam or 

gap, effectively representing a third set of parallel seams (Fig. 3.17C). This feature, 

combined with the presence of a median channel likely reflects antitaxial-style vein 

growth (Bons et al. 2012). In some banded veins, marginal seams contain coarser aplitic 

segments that disrupt the finely laminated appearance of the banded vein (Fig. 3.17D). 

Such features reflect superimposed mineral precipitation during crack-seal modification. 

In general, banded or laminated veins appear more susceptible to this type of 

modification, possibly due to their inherent structural weakness (i.e. pre-existing planar 

fabric) in comparison to mosaic or comb veins. 

 

Composite crustiform (3) veins generally consist of pre-existing veins (with either 

banded, mosaic or comb textures) that have been ‘split’ during a further stage of dilation 

and mineral precipitation. Thus, two outer marginal seams are separated by a central 

channel or seam that formed when fluids infiltrated the late forming dilational site (Figs. 

3.16G & 3.17B). Some examples display more asymmetric patterns reflecting the non-

systematic nature of fracture formation and re-sealing due to local changes in fluid 

pressure, fluid saturation or differential stress levels (Fig. 3.16F). 

 

In general, the banded, laminated and composite nature of the crustiform veins is 

consistent with their formation by multi-step or episodic fracture dilation and mineral 

deposition. This may have been achieved during gradual (semi-continuous) growth or 

by the classic crack-seal mechanism with incremental growth (Ramsey 1980). For 

antitaxial examples, vein growth may have proceeded by the ‘force of crystallisation’ 

method (Wiltschko & Morse 2001) where new crystals in fluid-saturated marginal 
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seams ‘push out’ the wall rock. Either simultaneous or alternating fracturing of 

opposing vein margins seems less likely for these veins (e.g. Bons & Montenari 2005). 

 

Veins displaying comb (4) texture (typically Type 6 & 7 veins) generally contain 

fine- to medium-grained (0.05 – 3 mm), anhedral to prismatic, elongate blocky to rare 

fibrous crystals that have long axes oriented orthogonal to the vein walls (Fig. 3.16E, G-

H). In some fluorite-muscovite veins, muscovite forms marginal seams and displays 

partly radiating patterns that fan out in the growth direction, while vein centres are 

comprised of elongate blocky fluorite ± quartz crystals arranged side by side with some 

becoming wider and others taper in the growth direction (Fig. 3.16E; see also Fig. 

3.11D). Locally, although comb texture forms the main texture of individual veins, it 

may also represent the texture of internal seams or bands in composite crustiform veins 

(e.g. Fig. 3.16G-H). Occasionally, some veins show a lateral transition from comb to 

mosaic or even filled drusy texture (Fig. 3.11F). 

 

Veins with comb textures likely formed during a gradual, single-step fracture-

filling event. Crystal nucleation was likely inhibited and growth rates varied between 

crystals, promoting growth competition and crystal elongation parallel to the growth 

direction to produce elongate blocky forms (Bons et al. 2012). For some veins, 

changing fluid composition may also have affected the growth patterns. In general, 

comb texture veins appear to have formed via syntaxial growth that was either 

bidirectional or unidirectional. 

 

Moly Brook veins display (5) massive texture (e.g. Type 8 quartz-galena-pyrite 

veins) predominantly consist of fine- to coarse-grained (0.5 – 20 mm), anhedral, milky 

‘buck’ or ‘bull’ quartz, generally have a macroscopically amorphous texture, and are 

transected by irregular fractures aligned orthogonal to vein walls (Fig. 3.11G). Inclusion 

bands are generally absent and internal crystals laterally grade between blocky and 

elongate blocky types, particularly for thicker Stage III quartz ± sulfide veins. Wall rock 

fragments may also form part of the margins. Commonly, massive veins are somewhat 

vuggy or drusy in character and contain irregular cavities filled with aggregates of 

sulfide, muscovite or sometimes fluorite. Some veins (e.g. Type 7 quartz-fluorite 

muscovite and Type 6 quartz-sulfide veins) display massive textures where two veins 

intersect or where a thicker vein crosscuts a zone containing earlier veins (Fig. 3.11F). 

This feature is likely a result of silica remobilisation. 
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Overall, massive veins are interpreted to have formed during single-step, mainly 

syntaxial and/or non-directional growth associated with a relatively consistent fluid 

composition. This texture also suggests the nucleation rate of new crystals was greater 

than the growth rate of existing crystals, leading to an overall growth suppression 

(Vearncombe 1993). For the Stage IIC (Type 8) veins, mobile hydrofracturing may 

have exploited previous Stage IIA-B vein networks (e.g. Bons 2001). Additionally, 

massive veins also include some examples that have undergone a degree of 

recrystallisation. 

 

3.5.2 Hydrothermal cycling and system evolution 

Vein textures and microstructures at Moly Brook, particularly those found in 

Stage IIA-B veins, suggest Mo-Cu mineralization occurred as part of an evolving 

hydrothermal system which experienced cyclical fluctuations in physicochemical 

properties. Stage IIA veins (Type 3-5), inferred to have been produced under relatively 

high temperature conditions, display cyclical relationships such as composite veins and 

crustiform textures. These features are less common in Stage IIB veins (Types 6-7), 

whereas Stage IIC (Type 8) veins generally do not show any evidence of repeat veining 

or cyclical hydrothermalism. Thus cyclical activity appears to have waned as the system 

evolved from Stage IIA to IIC. Overall, the hydrothermal sequence shows evidence of 

more local paragenetic reversals and cyclical activity (in particular during Stage IIA-B 

veining) as the larger system evolved in a broadly unidirectional manner. 

 

By way of summarising the above processes, a single phase of sulfide-related 

veining at Moly Brook may have proceeded as follows; initial deposition of higher 

temperature aplite-sulfide, quartz-molybdenite and quartz-molybdenite-sulfide veins 

associated with potassic-ferroan alteration (Stage IIA Types 3-5) was followed by lower 

(but moderate) temperature quartz-sulfide and fluorite-muscovite-quartz veins 

associated with sericite (greisen) haloes (Stage IIB Types 6-7). This sequence may have 

repeated several times before the cycle was broken by lower levels of fluid flow. During 

the waning phase (Stage IIC), or at locations distal (?) to the fluid source, Type 8 

quartz-pyrite-galena ± Au veins formed, either during a hiatus in magma emplacement 

or as a function of distance from the main fluid source where residual fluids travelled 

further from the original site of fluid emplacement (e.g. Pirajno 2009). During a 

retrogressive stage associated with brittle deformation, Stage III calcite-fluorite veins 

(Type 9) were deposited from a fluid unrelated to that which formed the earlier veins. 
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Cyclical fluid flow and veining, driven by multiple stock emplacements, are 

relatively common in porphyry Mo deposits (White et al. 1981, Seedorf & Einaudi 

2004a, 2004b). At Moly Brook, the overlapping and cyclical nature of Stage IIA-B 

veins suggests multiple pulses of hydrothermal fluid flow during the evolution of the 

system. Whether these cycles corresponded to the emplacement of a single granitic 

stock or multiple overlapping intrusions remains uncertain though, although the 

petrologically consistent nature of granitic dykes at the deposit suggests the former 

scenario may be more valid (Chapter 7). In such a case, additional fluid flow 

mechanisms such as seismic pumping (Sibson 2001) and/or fault-valve cycling (Sibson 

1992) may also have contributed to localized permeability enhancement and the 

establishment of repeated hydrothermal events (see Chapter 4). 

 

Overall, leucogranite dykes at Moly Brook display relatively consistent 

compositions and textures (Chapter 7) suggesting magmatism remained relatively 

constant and thus likely formed during a single emplacement event. Multiple fluid 

pulses may have accompanied the episodic emplacement of multiple granitic dykes 

derived from a single parental stock. Overlapping Stage IIA-B veins could have 

developed as part of a single, unidirectional hydrothermal system that was episodically 

exsolved from a single stock or pluton. In this regard, the nested character of the nearby 

François Granite, to the east of Moly Brook, suggests tectonothermal conditions in the 

region were favourable for the development of cyclical magmatic and fluid flow events 

between c. 383 and 378 Ma. 

 

3.6 Comparison with vein types at the Grey River tungsten prospect 

Higgins (1980a, 1985) presented a detailed account of the vein types and related 

alteration occurring at the Grey River tungsten prospect and devised a comprehensive 

paragenetic model for the system (see Chapter 2). In summary, eight different vein 

types formed during four veining stages (early Stage I, composite Stage II, ‘sulphide’ 

Stage III and late Stage IV). Stage II represents the main tungsten mineralization event 

which formed composite quartz-wolframite-scheelite ± sulfide ± fluorite lodes 

associated with greisen-type alteration envelopes (e.g. veins #10 and #6; Fig. 3.1). The 

Stage II quartz-wolframite veins are paragenetically divided into earlier veins with Fe-

rich wolframite and later veins with Mn-rich wolframite (e.g. Higgins 1985). Stage II 

veining at Grey River was preceded by Stage I quartz-K-feldspar-molybdenite veining, 

and followed by Stage III quartz-galena and Stage IV fluorite-calcite veining. 
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Figure 3.18. Space-time comparison between vein types and vein paragenesis at the Moly Brook 

deposit and the Grey River W prospect. Dashed arrowed lines denote paragenetic overlap 

between both systems based on vein mineral and alteration assemblages, and relative timings. 

Abbreviations: act = actinolite, amph = amphibole, BIS = Burgeo Intrusive Suite, bt = biotite, 

chl = chlorite, cp = chalcopyrite, fl = fluorite, GRE = Grey River Enclave, Kfs = K-feldspar, 

mol = molybdenite, ms = muscovite, py = pyrite, qz = quartz. 
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Figure 3.18 presents a comparative space-time summary of the vein types 

recognised at the Moly Brook Mo-Cu deposit (this study) and the Grey River tungsten 

prospect (e.g. Higgins 1985). Based on mineralogical, alteration and paragenetic 

considerations, several similarities exist between both hydrothermal systems, although 

important differences are also evident. For example, Stage IIA, IIB and III veining at 

Moly Brook display broadly similar mineralogical and paragenetic characteristics to 

Stage I to IV veining at Grey River. In contrast, Moly Brook Stage I pre-sulfide mafic 

veinlets are not reported from Grey River, while composite quartz-wolframite veins are 

presently lacking from the Stage II veining event at Moly Brook. 

 

For the Stage II veins at Moly Brook, Type 4 quartz-molybdenite ± K-feldspar 

veins correspond with Grey River Stage I quartz-K-feldspar-molybdenite veins (Fig. 

3.18). Additionally, Type 6 quartz-sulfide (pyrite-chalcopyrite) and Type 7 quartz-

fluorite-muscovite ± sulfide veins correspond with Grey River quartz-sulfide (pyrite-

chalcopyrite) and greisen (fluorite-muscovite) veins, respectively. Likewise, Stage IIC 

Type 8 quartz-pyrite-galena veins at Moly Brook correspond to Stage III quartz-galena 

± pyrite veins at Grey River. Furthermore, Stage III calcite ± fluorite veins and breccia 

zones at Moly Brook correspond to Stage IV fluorite-calcite veins at Grey River. The 

general similarity of these vein types, coupled with their relative paragenetic 

sequencing, spatial proximity and other geological factors (e.g. fluid inclusion 

characteristics, geochronology; see Chapters 5 & 6) strongly suggest a genetic link 

between both mineralization systems. 

 

Further support for a genetic link between the Moly Brook and Grey River 

systems is provided by their structural similarity, with both networks dominated by sub-

parallel, c. north-trending and steeply-dipping veins (Chapter 4). Additionally, a degree 

of spatial overlap exists between both systems. For example, quartz-molybdenite veins 

and Mo-mineralized boulders occur south of Long Pond and to the west of the major 

quartz-wolframite-scheelite veins (i.e. Wolf Pond Zone and Chimney Pond Zone of 

Visage 2009; Fig. 3.1). Additionally, Higgins (1980a) reported that quartz-K-feldspar-

molybdenite veins occur to the west and southwest of the major tungsten-bearing lodes 

at Grey River and noted that molybdenite is locally found associated with muscovite in 

quartz-wolframite ± scheelite veins. Overall, the similar vein types suggest two partly 

equivalent metallogenic systems and provide geological evidence that both systems are 

the products of a single evolving mineralization system. 
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A notable difference between the Moly Brook and Grey River systems is the 

apparent absence of wolframite ± scheelite-bearing veins at the former, equivalent to 

Stage II quartz-wolframite ± scheelite veins at Grey River. Similarly, while bismuthinite 

rarely occurs in Type 3 aplite-sulfide and Type 5 quartz-molybdenite-sulfide veins at 

Moly Brook, a consistently developed quartz-bismuthinite vein type equivalent to Stage 

II quartz-bismuthinite veins at Grey River appears absent. Moly Brook drill core assay 

data indicate elevated W concentrations (c. > 100 ppm) in some sulfide-mineralized 

intervals, consistent with reported occurrences of minor wolframite in several drill holes 

(Visage 2009). Overall, W and Bi mineralization appears to be less abundant at the 

Moly Brook deposit compared to the Grey River vein system to the south. 

 

Assuming both vein systems are to some degree genetically related and formed 

during the same hydrothermal event, the lack of consistently formed quartz-wolframite 

and quartz-bismuthinite veins at Moly Brook suggests a degree of metal zoning in the 

area (Lynch et al. 2011a). Thus, the bulk of W mineralization may be spatially confined 

to GRE meta-volcanosedimenatry rocks in the south, with Mo and Cu mineralization 

preferentially located to the north within the BIS granitoid (see Fig. 3.1). This zoning 

suggests Mo and W were spatially, geochemically and possibly temporally decoupled 

within the broader evolving hydrothermal system. Factors such as wall rock 

composition, fluid evolution and/or strain partitioning (i.e. faulting or fracturing 

responses) may have played a role in influencing the type, style and distribution of the 

mineralization (Chapter 6). The spatial zonation of W, Mo and other lithochalcophile 

elements is known from similar Late Devonian deposits in the northern Appalachians, 

such as the Mt Pleasant system in New Brunswick (e.g. Thorne et al. 2014; Table 3.5). 

 

Moly Brook Stage I amphibole-chlorite ± biotite ± pyrite ± magnetite veinlets 

associated with albitic alteration haloes and retrogressive epidote alteration have not 

been reported from the Grey River area (Higgins 1980a). These veinlets appear spatially 

restricted to the sheared and metasomatised southern margin of the BIS granitoid. They 

may have formed by the leaching, remobilisation and deposition of mafic wall rock 

components (Fe, Ca, Mg) during deformation-related (cataclastic) metasomatism prior 

to the main Mo-Cu mineralization event. 
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3.7 Bulk metal associations, element mobility and mass changes 

Comparative geochemical analysis of rock units located proximal and distal to 

mineral deposits provides a means to identify bulk metal associations and 

mineralization trends, to assess element mobility and identify potential indicator 

elements, and estimate relative and absolute enrichments and/or depletions for altered or 

mineralized systems (e.g. Lesher et al. 1986). For the Moly Brook deposit, available 

geochemical assay data (Visage 2009) for altered and mineralized (veined) wall rock 

intervals (c. 3 m in length) provide a means to constrain metal associations within the 

deposit, characterise element mobility during metasomatism-alteration and assess 

relative net mass changes occurring within the system (cf. Piercey 2009). 

 

To ascertain bulk geochemical trends at Moly Brook, a comparative dataset of 

geochemical data representing relatively fresh or ‘least altered’ precursor wall rocks is 

required to constrain the effects of superimposed metasomatism and syn-mineralization 

potassic and phyllic alteration. To achieve this, the lithogeochemical dataset of Dickson 

and Kerr (2007) was used. This dataset lists historical whole-rock geochemical data for 

Palaeozoic plutonic rocks across the Newfoundland, including 715 analyses for the 

Burgeo Intrusive Suite [BIS]. Each analysis provides the concentrations of 10 major and 

up to 24 trace elements, along with pertinent petrological and mineralogical information 

for each sample (Hayes 1994). From the complete BIS lithogeochemical dataset (n = 

715), a reference subset of 197 lithogeochemical analyses representing relatively fresh 

granitic rocks collected north of the Granite Cliff shear zone (Fig. 3.1) were used to 

constrain the geochemistry of the host BIS granitoid prior to calcic ± alkali 

metasomatism at c. 395 Ma, and overprinting syn-mineralization hydrothermal 

alteration at c. 381 Ma. 

 

Table 3.3 lists the median elemental concentrations for the ‘least altered’ BIS 

granitoid reference data and three drill holes (MB08-25, MB08-14, MB08-13) that 

intersect metasomatised and altered Moly Brook wall rocks (see Fig. 3.2 for drill hole 

collar locations). Geochemical data from drill hole MB08-25 represents 170 interval 

analyses over 448.17 m, while drill holes MB08-14 and MB08-13 correspond to 80 

interval analyses over 210.26 m and 29 analyses over 79.35 m, respectively. 

Lithologically, drill holes MB08-25 and MB08-13 mainly consist of megacrystic and 

transitional facies sections, while drill hole MB08-14 mainly consists of transitional to 

mafic facies, with an overall darker, matrix-dominated metasomatic appearance.  
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Table 3.3. Median whole rock analyses for 'least altered' Burgeo Intrusive Suite [BIS] granitoid rocks 

including Moly Brook wall rocks. The BIS dataset (2nd column) is from Dickson & Kerr (2007). Moly 

Brook datasets (columns 3 to 5) are derived from assay data listed in Visage (2009). 

     
Sample unit BIS granitoid 

Altered, foliated BIS 

granitoid 

Altered, foliated BIS 

granitoid 

Altered, foliated BIS 

granitoid 

Lithology 
Megacrystic granite to 

granodiorite 

Granite to quartz 

monzonite, syenite 

Granite to quartz 

monzodiorite 

Granite to quartz 

monzonite 

Alteration 
Fresh, weak potassic 

(sericite) 

Intense sodic-calcic, mod. 

to intense potassic-ferroan 

+ silicic (veins) 

Intense sodic-calcic, mod. to 

intense potassic-ferroan + 

silicic (veins) 

Intense sodic-calcic, 

mod. to intense 

potassic-ferroan + 

silicic (veins) 

No. of 

analyses1,2 
197 170 80 29 

Sampling 

extent 

c. 650 km2 area north 

of Moly Brook-GRE 

From 5.49 m to 453.66 m, 

DDH MB08-25 

From 191.16 m to 401.42m, 

DDH MB08-14 

From 331.32 m to 

410.67 m, DDH 

MB08-13 

wt. % 

    
SiO2 69.40 n.d. n.d. n.d. 

TiO2 0.50 0.56 0.67 0.59 

Al2O3 14.91 7.56 15.70 13.76 

Fe2O3T 3.22 4.23 6.05 4.17 

MnO 0.08 0.11 0.14 0.11 

MgO 1.05 1.81 2.40 1.43 

CaO 2.07 3.19 3.22 2.98 

Na2O 3.29 n.d. n.d. n.d. 

K2O 4.45 1.81 3.66 3.60 

P2O5 0.15 0.21 0.14 0.23 

LOI 0.81 n.d. n.d. n.d. 

Total 99.93 n.d. n.d. n.d. 

ppm 

    
Ag n.d. 2 2 <1 

As n.d. 4 9 6 

Ba 611 203 532 667 

Be 3.5 5 6 5 

Bi n.d. 7 19 8 

Cd n.d. 4 5 <4 

Ce 78 n.d. n.d. n.d. 

Co 7 18 22 13 

Cr 17 57 250 147 

Cu 11 186 70 107 

F 619 n.d. n.d. n.d. 

Ga 18 n.d. n.d. n.d. 

La 34 n.d. n.d. n.d. 

Li 41 45 127 62 

Mo 2 272 337 451 

Nb 13 n.d. n.d. n.d. 

Ni 6 14 23 8 

Pb 21 119 147 107 

Rb 185 n.d. n.d. n.d. 

Sb n.d. 5 6 5 

Se n.d. n.d. 7 6 
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Sn 1 16 13 14 

Sr 198 128 230 253 

Th 15 n.d. n.d. n.d. 

Tl n.d. 4 5 3 

U 3.0 n.d. n.d. n.d. 

V 59 76 114 73 

W n.d. 36 17 25 

Y 28 28 25 49 

Zn 51 84 106 91 

Zr 191 n.d. n.d. n.d. 

          

1 The median value for several trace elements is based on a lower count number than that shown above since concentrations were 
either not determined or were less than the detection limit 

2 BIS = outcrop hand samples; Moly Brook = c. 3 m drill hole splits. Bold red text = analysed elements common to both BIS and 

Moly Brook datasets as presented in Table 3.4. n.d. = not determined (or detected)  

 

A disadvantage of the Moly Brook and BIS datasets (particularly the former) is 

that they contain incomplete or partial element analyses, which makes comparisons 

between the datasets more difficult. In total, eight major element oxides and 15 minor or 

trace elements are common between both datasets (bold red text in Table 3.3) with 

SiO2 and Na2O concentrations absent from the Moly Brook assay data. Thus, although 

the available data and derived geochemical plots (Figs. 3.20 – 3.22) provide a partial 

assessment of the geochemical variability between the precursor BIS granitoid and its 

metasomatised/altered equivalent, a preliminary assessment of element mobility and 

metal enrichment-association patterns for the Moly Brook deposit is permissible based 

on the available data. 

 

Prior to an assessment of metal associations and element mobility for the Moly 

Brook system, bivariate plots of elements considered immobile under hydrothermal 

conditions were constructed to test if they acted conservatively during metasomatism 

and/or alteration (Fig. 3.19; Jenner 1996). In general, bivariate plots of geochemically 

immobile elements for a given rock suite or unit should plot along a straight line from 

the origin, with geochemically mobile elements deviating from this trend (Gifkins et al. 

2005). 

 

From a suite of seven elements considered to behave conservatively during 

hydrothermal alteration (P, Mg, Mn, Ti, Ni, V, Y; Jenner 1996), the majority displayed 

some degree of scatter on the bivariate plots (Fig. 3.19; Mg and Ni not shown). Of these 

elements, P, Ti, Mn and V are considered to be the most conserved (immobile) when 

comparing the Moly Brook datasets to the reference BIS data, with analyses from drill 
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holes MB08-13 and MB08-25 (mainly megacrystic to transitional granitoid lithologies) 

most closely corresponding to the linear regression lines for the reference dataset on the 

P versus Mn and Ti, and V versus Ti plots (R2 = 0.65, 0.75 and 0.78, respectively; Fig. 

3.19). In contrast, data points from drill hole MB08-14 scatter from the best-fit line 

(Fig. 3.19), which probably reflects primary compositional/lithological differences 

between MB08-14 drill core (mainly transitional to mafic granitoid lithologies) and the 

reference BIS granitoid (i.e. megacrystic granodiorite to granite; Dickson & Kerr 2007). 

In this regard, the positive correlation and higher concentrations of V and Ti for the 

MB08-14 data points relative to the reference BIS granitoid and the other two drill holes 

is also consistent with the more mafic nature of the wall rocks in this drill hole. 

 

 

Figure 3.19. Bivariate plots of several high field strength elements (along with P and Mn) to test relative 

element mobility. The plots compare three Moly Brook altered and mineralized drill hole datasets 

(MB08-13, MB08-14, MB08-25) with the ‘least altered’ signature of a reference BIS granitoid dataset 

derived from samples distal to the Moly Brook deposit (‘BIS ref’ in legend). Dashed lines with 

corresponding R2 values are linear regression lines through the ‘BIS ref’ dataset only. BIS dataset is from 

Dickson & Kerr (2007). Moly Brook datasets are from Visage (2009).  
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Figure 3.20 shows normalized bivariate alteration index plots (using P and Ti as 

conservative elements; see Fig. 3.19 above) that highlight the mobile nature of Ba, Sr, K 

and Ca in the Moly Brook system relative to the reference BIS granitoid dataset 

(utilising the same datasets described above). In general, Ba, Sr and K display weak to 

moderate degrees of mobility/depletion when comparing the metasomatized and altered 

wall rock dataset (coloured symbols) to the least altered BIS reference data (grey 

circles). The relative depletions in Ba, Sr and K are most likely controlled by feldspar 

and/or biotite replacement during pervasive calcic ± sodic ± potassic metasomatism of 

the Moly Brook wall rocks. At the deposit-scale (and within the broader Granite Cliff 

shear zone [GCSZ]), early (pre-mineralization) metasomatic modification of granitoid 

wall rocks produced a pervasive, moderate to intense calcic ± sodic alteration zone 

(amphibole-chlorite assemblage) which tends to mask the modifying effects of 

subsequent vein-related (syn-mineralization) potassic-ferroan alteration. Overall, this 

bulk geochemical modification is substantiated by the weak enrichment in Ca for the 

system (Fig. 3.20), although a degree of scatter relative to the reference BIS dataset 

lessens this enrichment effect. 

 

Higgins (1980a) reported that greenschist facies metasomatism affecting the BIS 

granitoid north of the Grey River tungsten prospect (i.e. the GCSZ area) formed 

secondary hornblende, biotite, chlorite and rutile, primarily at the expense of primary 

(igneous) biotite and feldspar. The net result of this alteration was an increasingly mafic 

composition for the granitoid and an associated increase in Al2O3, MgO, TiO2, FeO, 

CaO, Cu, Zn and Ga. Higgins (1980a) also noted a general loss of Na2O relative to K2O 

for the metasomatized granitoid (i.e. plagioclase destruction). While an assessment of 

Na2O (or SiO2) mobility for the Moly Brook system is presently not possible based on 

the available assay data (Visage 2009), the relative depletions of Ba, Sr and K (and 

likely Na; see Higgins 1980a) within the system is consistent with the pervasive and 

systematic metasomatic replacement of feldspar within the wall rocks (see Section 3.3). 

 

Fig. 3.20 also highlights a weak enrichment in P for Moly Brook altered wall 

rocks relative to the distal (least altered) BIS dataset. This enrichment may reflect fluid-

mediated volatile element increases during syn-mineralization K-feldspar ± sericite 

alteration (see Section 7.4.4, Chapter 7; cf. Kontak et al. 1996). Increases in other 

volatile components (F, H2O) associated with greisen alteration and secondary mica and 

fluorite formation have also been noted at the Grey River W prospect (Higgins 1985). 
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Figure 3.20. Normalised elemental ratio plots showing the variation between Ba, Sr, K and Ca relative to 

P and Ti (partly conservative elements) for altered and mineralized Moly Brook wall rocks (coloured 

symbols) and a ’least altered’ or deposit distal Burgeo Intrusive Suite [BIS] reference dataset (grey 

circles). The Moly Brook samples display weak to moderate losses of Ba, Sr and K probably due to biotite 

(bt) and/or feldspar (fspar) destruction. In contrast, Ca shows a weak net gain relative to the BIS 

reference dataset (e.g. pre-mineralization calcic metasomatism) along with a weak net gain in P also. 
 

In order to identify favourable pathfinder element/metal associations for the Moly 

Brook system, normalized bivariate index plots for several metals (Cu, Pb, Zn, Sn, Co 

and Fe) were constructed using Ba, Sr and K (i.e. weakly to moderately elements; see 

Fig. 3.20) in the denominator component of each index (Fig. 3.21). In general, Moly 

Brook wall rocks (red diamonds) show weak to moderate enrichments in these elements 

relative to the reference BIS dataset (grey circles; Table 3.4). Likewise, Figure 3.21 

highlights positive correlations between Mo and Cu (i.e. potential ore metals), and Pb, 

Zn, Sn and Co relative to Mo + Cu. These correlations/enrichments likely reflect net 

geochemical changes associated with Mo-Cu mineralization and are consistent with 

similar trends reported by Higgins (1980a) for altered BIS granitoid rocks in the GCSZ. 
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Figure 3.21. Normalized bivariate element ratio plots showing relative metal enrichments for altered 

Moly Brook wall rocks (red diamonds; grouped assay data from drill holes MB08-13, MB08-14 and 

MB08-25) and a ‘least altered’ BIS reference dataset comprising lithogeochemical samples distal to the 

deposit (grey circles). Positive correlations and abundance enrichments occur for Mo and Cu, and Pb, Zn 

and Sn relative to Mo + Cu. A weak positive correlation/enrichment is evident between Co and Mo + Cu, 

and Fe relative to Cu. Log plots were used due to low metal abundances (typically < 50 ppm) in the 

reference BIS dataset, while selected metals are common between the Moly Brook and BIS datasets 

(Table 3.3). Moly Brook dataset is from Visage (2009), BIS dataset is from Dickson & Kerr (2007). 
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In general, Mo and Cu show a very strong positive correlation for the mineralized 

samples, reflecting their spatial association within the Moly Brook vein system (Fig. 

3.21). Likewise, both metals display positive correlations with Pb, Zn and Sn, indicating 

weak to moderate enrichments of these elements (in particular Pb and Sn) in the 

mineralized and altered drill holes. This relative enrichment may reflect increased 

abundances of galena, sphalerite and possibly cassiterite in the Moly Brook system (e.g. 

within Type 8 quartz-sulfide ± Au veins; see below). Figure 3.21 also shows a weak 

positive correlation between Co and Mo + Cu, and Fe relative to Cu for the two 

datasets. Enrichment of Co in the deposit may reflect the presence of cobaltiferous 

pyrite, or the leaching of Co from country rocks by either metasomatic and/or 

mineralizing fluids. A weak enrichment of Cr and Ni (not shown in Fig. 3.21) also 

suggests a potential Co-Ni-Cr association for the deposit wall rocks and their potential 

use as pathfinder elements. 

 

Higgins (1980a) reported the presence of sphalerite, galena and Pb-sulfosalts in 

quartz-sulfide veins at the Grey River W prospect. While cassiterite (SnO2) has not been 

reported from Moly Brook or Grey River, this mineral occurs in other hydrothermal 

deposits in the Canadian Appalachians associated with Mo and W mineralization (e.g. 

Mt Pleasant North Zone; Thorne et al. 2013; Table 3.5). Additionally, McClenaghan et 

al. (2014) reported elevated enrichments of Pb, Zn and Sn in the glacial overburden 

overlying and adjacent to the Sisson W-Mo deposit in New Brunswick, thus 

highlighting the relative enrichment of these metals in locations where W and Mo 

mineralization also occurs. 

 

Isocon plots provide an additional means to assess elemental enrichment/depletion 

trends, quantify elemental net gains/losses during alteration-mineralization, and 

constrain the net mass change of the Moly Brook system (Gresens 1967, Grant 1886, 

2005). Such plots utilise comparisons between a least altered precursor rock (i.e. distal 

BIS granitoid dataset) and an altered equivalent (i.e. Moly Brook wall rock dataset), and 

generally assume the system has not experienced any volume change during 

hydrothermal modification (Grant 2005). 

 

Figure 3.22A shows an isocon plot for the Moly Brook (altered) and BIS (least 

altered) granitoid datasets based on the median elemental concentrations provided in 

Table 3.4. The position of each element is plotted using a scaled system between 0 and 
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200 to account for orders-of-magnitude differences between concentration ppm and wt 

% data. Using P and Ti as conservative elements (based on their bivariate distribution 

patterns relative to the reference dataset; Fig. 3.19), the isocon plots to the left of unity 

(1:1 line) with a slope of 1.24, which represents an overall net mass gain for the system 

(i.e. > 1.0; Grant 1986). Consequently, the majority of elements (17) fall above the 

isocon and experienced net gains, with the remainder (six) displaying net losses. 

Overall, most elements (16) display net gains or losses within 100% of the calculated 

isocon. In contrast, Sn, Co, W, Pb, Cr, Cu and Mo display significant enrichments/gains 

relative to the reference BIS granitoid dataset (Fig. 3.22A). 

 

Table 3.4. Median elemental concentrations for 'least altered' BIS granitoid and altered Moly Brook wall 

rocks used for the isocon and relative gain/loss plots in Figure 3.22. Listed elements are those common to 

both datasets (see also Table 3.3). 

  

Least altered 

BIS granitoid,  

(n = 197)1 

Moly Brook wall 

rocks (n = 279)2 

Reconstituted 

composition3 

Absolute gain or 

loss4 (wt % or 

ppm) 

Relative gain 

or loss (%) 

Major elements (wt %) 

    
Al2O3 14.91 8.88 7.02 -7.89 -53 

CaO 2.07 3.09 2.44 0.37 18 

Fe2O3 3.22 4.23 3.34 0.12 4 

K2O 4.44 2.25 1.78 -2.66 -60 

MgO 1.04 1.86 1.47 0.43 41 

      Trace elements 

(ppm) 

     Ba 611 261 206 -405 -66 

Be 4 5 4 0 -1 

Co 7 18 14 7 103 

Cr 17 96 76 59 346 

Cu 11 132 104 93 848 

Li 41 58 46 5 12 

Mn 620 916 724 104 17 

Mo 2 337 266 264 13212 

Ni 6 13 10 4 71 

P 655 872 689 34 5 

Pb 21 125 99 78 370 

Sn 1 14 11 10 1006 

Sr 198 163 129 -69 -35 

Ti 2998 3484 2752 -246 -8 

V 59 80 63 4 7 

W 1 17 13 12 1243 

Y 28 29 23 -5 -18 

Zn 51 90 71 20 39 

            
1BIS dataset derived from Dickson & Kerr (2007). 2Assayed c. 3 m drill core intervals are from drill holes MB08-25, MB08-14 & 

MB08-13 (see Fig. 3.2). Data listed in Visage (2009). 3RC = enrichment factor (EF) x altered composition (Moly Brook data 

column). Median EF = 0.790 (n = 556) using P and Ti as conservative (immobile) elements. 4Absolute gain/loss = altered 
composition - least altered composition (percent value in last column). 
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In general, the isocon plot highlights elemental gains similar to the enrichment 

patterns evident in the metal association plots shown in Fig. 3.21. The isocon also 

confirms a suite of metallic elements (Mo, Cu, W, Sn, Pb, Co and Cr) that are 

anomalously enriched within the deposit wall rocks reflecting the effects of 

overprinting, episodic metasomatic-alteration events in the area. Likewise, lithophile 

elements that underwent net mass loss (e.g. Ba, Sr, K2O) are consistent with the bulk 

mineralogical and lithogeochemical changes recorded by the wall rocks. 

 

 

Figure 3.22. Net elemental gains and losses for a median least altered BIS granitoid (n = 197; Table 3.4) 

and a median altered/mineralized Moly Brook wall rock proxy (n = 279; Table 3.4). A. Isocon plot 

showing gains and losses for 23 elements that equate to a net mass gain of 1.24 (e.g. via fluid 

infiltration). Thicker dashed line represents isocon through P and Ti (deemed relatively immobile – see 

Fig. 3.20). Scaling (0 – 200) accounts for orders-of-magnitude differences between ppm and wt % values. 

B. Median relative gains or losses plot in % comparing the BIS granitoid (least altered, deposit distal) 

and Moly Brook wall rock (altered/mineralized) datasets. 
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Figure 3.22B illustrates net gains or losses (in %) for Moly Brook wall rocks 

relative to the BIS control dataset (Table 3.4) and is based on the ‘relative mass change’ 

method of MacLean (1990). Relative mass gains increase from left to right in 

percentage terms. The four elements with the largest net gains are Mo (+13,212%), W 

(+1,243%), Sn (+1,006) and Cu (+848%). Although these data highlight the high 

element enrichment factors associated with Mo-Cu mineralization (e.g. the c. 1321-fold 

net increase for Mo – a value consistent with porphyry-style Mo mineralization; 

Henrich & Candela 2014) they are broadly expected given the metal tenor, mineral 

assemblages and alteration characteristics of the vein system. Additionally, Pb, Cr and 

Co display relatively high net enrichments compared to their background values. Thus, 

the trace element suite of Mo, W, Sn, Cu, Pb, Cr and Co represent an important element 

association that may prove useful as pathfinder elements to aid exploration vectoring 

toward granophile Mo ± Cu ± W mineralization overlain by glacial till (e.g. 

McClenghan et al. 2014). 

 

Other elements display little or variable relative gains or losses that are typically 

less than 50% from their background values. The elements Ba, K2O, Al2O3 and Sr have 

seen the largest relative loss with respect to their background concentrations which 

mimic bivariate distribution patterns shown in Figure 3.20. 

 

3.8 Comparison with other granite-related Mo ± W ± Sn deposits in the 

Canadian Appalachians 

Table 3.5 lists the key geological characteristics of the Moly Brook deposit and 

eight granophile deposits or prospects located elsewhere in Newfoundland and the 

Canadian Appalachians. The list includes archetypal examples of Middle to Late 

Devonian ‘lithochalcophile’ element (Mo, W, Sn, F and Cu) mineralization that are 

spatially and/or genetically linked to evolved granitic intrusions (Strong 1980, Strong & 

Chatterjee 1985, van Staal 2007, Kerr et al. 2009). 

 

In Newfoundland, the Granite Lake Mo-W prospect, located in the Meelpaeg 

Lake area (Ganderia domain), consists of a network of molybdenite and wolframite-

bearing quartz veins formed in a weakly deformed to massive, biotite ± muscovite 

granite (Tuach 1996, Moore 2008b, Kerr et al. 2009). In general, the mineralization 

consists of quartz-molybdenite and quartz ± wolframite ± chalcopyrite veins mainly 
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associated with sericite-pyrite-quartz-fluorite (greisen-type) alteration envelopes. The 

quartz-molybdenite ± chalcopyrite veins are similar to some Stage IIA veins at Moly 

Brook, while veins with greisen alteration envelopes also occur (Type 7 veins). 

 

Radiometric dating from the Granite Lake prospect indicates that both the granite 

and veins formed synchronously at c. 387 Ma, about 6 million years prior to Moly 

Brook-Grey River mineralization (Lynch et al. 2012, Kerr & McNicoll 2012; see 

Chapter 5). Likewise, the general style and setting of the mineralization at Granite Lake 

suggests a cogenetic link between the granite and the vein system (i.e. endocontact-style 

mineralization). Such a setting contrasts with the inferred exocontact setting in the 

general Grey River area, where W ± Mo mineralization is considered to lie beyond a 

postulated buried or unseen felsic intrusion (Higgins et al. 1990; see Chapters 7 and 8). 

 

At the St Lawrence fluorspar deposit (southeast Newfoundland), abundant 

fluorite-calcite ± barite veins are associated with a c. 374 Ma peralkaline granite (e.g. 

Collins & Strong 1988). Additionally, minor late-stage quartz-molybdenite veins also 

occur which have yielded a Re-Os molybdenite date of c. 366 Ma (Lynch et al. 2012). 

The Re-Os age suggests these veins formed after granite crystallisation, possibly during 

late-stage fluid flow in the vicinity of the intrusion, and thus highlight the potential role 

of post-magmatic remobilization of Mo by late-stage circulating fluids. 

 

In Nova Scotia, numerous lithophile element deposits and prospects are associated 

with the Late Devonian South Mountain Batholith and its satellite granites (e.g. Caruzzo 

et al. 2000, Kontak et al. 2013). In general, these occurrences exhibit similar features to 

the granite-related occurrences in Newfoundland (Table 3.5). Examples such as the 

New Ross-Long Lake Mo-Cu-W and Clayton Hill Mo prospects mainly represent 

endocontact-style disseminated mineralization associated with greisen alteration (Table 

3.6). Both areas, however, contain quartz veins that locally extend beyond granite 

contacts into the country rock and exhibit greisen- or phyllic-type alteration envelopes 

similar to those present at Moly Brook-Grey River. At the East Kemptville Sn deposit 

(e.g. Halter et al. 1998) mineralization mainly occurs in an endocontact greisen zone; 

however, quartz-muscovite-fluorite veins containing cassiterite also occur adjacent to 

the granite. Granite-related deposits in this area of Nova Scotia are dated between c. 380 

and 360 Ma and represent a marginally younger epoch of granite-related mineralization 

compared to that which developed in Newfoundland (Kontak et al. 2013). 
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Table 3.5. Geological comparison between the Moly Brook deposit and other Middle to Late Devonian granite-related mineral deposits or prospects in the Canadian Appalachians.   

       
Deposit, prospect Resource or reserve estimate1 Mineralization age Deposit host rocks Mineralization style Mineralization-stage alteration References 

Newfoundland 
 

 

 

   Granite Lake Mo-W-Bi No details c. 387 Ma c. 388 - 387 Ma biotite ± muscovite granite Endogranitic, quartz vein-hosted mol + wol + 

sch + cp + bis; disseminated mol in granite 

Granite and vein-related greisen-phyllic (ser + py + qz 

+ fl) 

Moore 2008b; Kerr & McNicoll 

2012; Lynch et al. 2012 

Moly Brook Mo-Cu Indicated & inferred: 118.1 Mt @ 0.063% 

Mo, 0.032% Cu (using 0.04% Mo cut-off) 

c. 381 Ma c. 415 - 411 Ma deformed granitoid Quartz and aplite vein-hosted mol + cp; minor 

inter-vein mol + cp disseminations. Inferred 

exogranitic 

(1) Vein-related potassic (Kfs + hem + ser + mag). (2) 

vein-related greisen-phyllic (ser ± py ± fl ± qz) 

Visage 2009; Lynch et al. 2011a; 

Kerr & McNicoll 2012; this study 

Grey River W Inferred: 1.2 Mt @ 0.73% WO3 (#10 & #6 

lodes only) 

c. 381 - 378 Ma c. 544 Ma meta-volcanosedimentary rocks Quartz lode-hosted wol + sch. Inferred 

exogranitic 
Vein-related greisen-phyllic (ser + py + qz + fl ± bt) Higgins 1985; Playfair Mining 

Ltd 2011; this study 

St Lawrence F Indicated & inferred: 9.4 Mt @ 42.0% CaF2 

(AGS vein); 13.5 Mt for other veins (no 

grades available) 

c. 374 - 366 Ma c. 374 Ma alkali granite and Ediacaran to 

Cambrian meta-volcanosedimentary rock 

Endo- to exogranitic, fluorite-quartz-barite-

calcite ± galena veins; minor quartz-mol veins 

Granite & vein-related silicic ± greisen (qz ± carbonate 

± sulfide ± mus) 

Teng & Strong 1976; Collins & 

Strong 1988; Lynch et al. 2012; 

Canada Fluorspar Inc. 2013 

Nova Scotia       

New Ross-Long Lake Mo-Cu-W No details c. 377 - 371 Ma c. 380 Ma leucogranite Endogranitic, disseminated mol + cp + sch in 

aplite-pegmatite and greisen zones 

Greisen (qz + mus + chl) Carruzzo 2003, Carruzzo et al. 

2000, 2004 

East Kemptville Sn-(Zn-Cu-Ag) Pre-mining historical resource: 58 Mt @ 

0.165% Sn 

c. 376 Ma c. 380 Ma monzogranite and adjacent 

Cambro-Ordivician metasedimentary rocks 
Endogranitic, disseminated cas ± sph ± cp in 

greisen zones and quartz-muscovite-fluroite 

veins 

Greisen (qz + ser + fl + tpz) Richardson 1988; Halter et al. 

1998; Kontak et al. 2001 

Clayton Hill Mo No details c. 360 Ma c. 360 Ma biotite granite Endogranitic, disseminated mol in greisen 

zones and quartz vein-hosted mol 

Greisenization (mus-ser) and greisen vein envelopes Kontak et al. 2013 

New Brunswick       

Burnthill W-Mo-Sn Indicated: 0.5 Mt @ 0.49% WO3, 0.012% 

Mo & 0.01% Sn 

c. 383 Ma Cambro-Ordivican meta-

volcanosedimentary rocks adjacent to c. 

386 Ma granite 

Endogranitic, disseminated wol + mol + cas; 

exogranitic quartz vein-hosted wol + mol + 

cas 

Vein- and breccia-related greisen (phyllic) Taylor et al. 1987; Puritch et al. 

2009; Fyffe & Thorne 2010 

Sisson W-Mo Proven & probable reserves: 334 Mt @ 

0.066% WO3 & 0.021% Mo 

c. 375 - 365 Ma Shear zone contact between Ordivician 

meta-volcanosedimentary rocks & c. 432 

Ma grabbro-granodiorite 

Quartz vein-hosted wol, sch + mol. Inferred 

exogranitic. 

Vein-related potassic (bt) and greisen  Nast & Williams-Jones 1991; 

Duncan & Lang 2013; Thorne et 

al. 2014 

Mt Pleasant W-Mo-Bi (Fire Tower 

Zone) 

Indicated: 13.5 Mt @ 0.33% WO3, 0.21% 

Mo & 0.06% Bi 

c. 370 Ma c. 370 Ma granite Endogranitic, breccia pipe- and vein-hosted 

wol + mol + cas + bis 

Silicic + greisen zones (qz + ser + tpz + fl) in granite; 

vein- and breccia-related greisen 

Kooiman et al. 1986; Thorne et al. 

2013; Adex Mining Inc 2014 

Mt Pleasant Sn-Cu-W-Mo-In 

(North Zone) 

Indicated: 10.8 Mt @ 0.42% Sn, 0.11% Cu, 

0.09% WO3, 0.06% Mo & 0.007% In 

c. 370 Ma c. 370 Ma granite Endogranitic, breccia pipe- and vein-hosted 

cas + wol + mol 

Silicic + greisen zones (qz + ser + tpz + fl) in granite; 

vein- and breccia-related greisen 

Yang et al. 2003; Thorne et al. 

2013; Adex Mining Inc 2014 

1Where given, resource estimates are NI 43-101 compliant except East Kemptville 

Mineral abbreviations: bis = bismuthinite, bt = biotite, cas = cassiterite, cp = chalcopyrite, fl = fluorite, mol = molybdenite, mus = muscovite, qz = quartz, sch = scheelite, ser = sericite, tpz = topaz, wol = wolframite 
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In New Brunswick, the Sisson W-Mo deposit displays several characteristics 

similar to those at Moly Brook. For example, mineralization is hosted by a sheeted to 

stockwork network of quartz veins (exogranitic-style) within a shear zone contact 

between an Early Devonian granodioritic intrusion in the west and Ordovician 

metasedimentary rocks in the east (Thorne et al. 2014). Vein-related alteration includes 

potassic (biotite) and greisen-style assemblages. Other granophile mineralization in 

New Brunswick, such as the Mt Pleasant W-Mo-Sn deposit and Burnt Hill W-Mo-Sn 

prospect, represent endogranitic-style mineralization with both disseminated and quartz 

vein-hosted mineralization. Mineralization is generally associated with greisen-phyllic 

alteration zones and patches overprinting the granitic stock or related to veins (e.g. 

Kooiman et al. 1986). These deposits formed between c. 383 and 370 Ma, which is 

broadly similar to the granite metallogenic epoch in Newfoundland (Table 3.6). 

 

Although a comparison of the deposits based on resource evaluation is 

complicated by differences in how the resources are reported and estimated, 

mineralization at Moly Brook represents the one of the largest Mo deposits in the 

Canadian Appalachians in terms of tonnage and contained metal, and is of a comparable 

order of magnitude to the Sisson W-Mo deposit (Table 3.6). The general geological 

characteristics of these deposits highlight the fact that post-accretionary events in the 

Appalachians were conducive for the production of geochemically evolved granite 

intrusions that were emplaced at a high level into the crust. Volatile phase saturation 

(e.g. H2O, CO2, F) during emplacement would have resulted in the separation and 

exsolution of metal laden fluids forming the mineralization. Overall, the style, 

distribution and age of the deposits highlight a regionally extensive and potentially 

economically significant episode of granophile mineralization between c. 387 and 360 

Ma. 

 

3.9 Summary 

The results presented in this chapter based on the integration of new geological, 

mineralogical, paragenetic and lithogeochemical constraints, are summarised as follows: 

 

(1) The mineralized vein network at the Moly Brook Mo-Cu deposit crosscuts 

altered and deformed granitoid rocks belonging to the c. 428 to 411 Ma Burgeo 

Intrusive Suite. The discordant orientation of the vein system (relative to mainly c. east-

west-trending structures in the host granitoid), coupled with the character of the various 
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vein types, indicates the hydrothermal network post-dates both the host granitoid and a 

subsequent phase of ductile deformation and greenschist facies metasomatism in the 

study area (see Chapters 4 and 5 for further details). 

  

(2) Wall rocks at the deposit have been classified in to four subunits (or facies) 

based on mineralogical and textural characteristics. Three subunits (megacrystic, 

transitional and mafic) record the variable and progressive deformation and 

metasomatism of the protolith granitoid (a K-feldspar-megacrystic biotite granite to 

quartz monzonite). Metasomatism consists of a calcic-sodic assemblage of actinolite-

chlorite-albite that caused the progressive textural destruction of biotite, and in 

particular feldspar.  Mafic horizons without ghost feldspar phenocrysts may represent 

primary intermediate to mafic dykes or clots within the granitoid (cf. Dickson et al. 

1996). A minor granitic subunit consisting of deformed and potassic-altered 

equigranular granite horizons and clots is attributed to grain-size variation within the 

protolith or the presence of granitic dykes. 

 

(3) Three veining stages are recognised at Moly Brook (Stages I, IIA-C and III), 

which formed a total of nine major vein types. Stage I produced actinolite-biotite-

magnetite ± pyrite veinlets with albitic alteration haloes and minor quartz-K-feldspar 

veinlets. Both types of Stage I vein are sulfide poor. Stage II represents the main 

veining and mineralization phase. It produced six vein types, five of which formed 

during a period of cyclical veining that repeated during recurring pulses of hydrothermal 

fluid flow and fracturing. For a given cycle, molybdenite-rich veins formed first (Types 

3, 4 and 5), followed by pyrite and chalcopyrite-rich veins towards the end of the given 

cycle (Types 6 and 7). The former veins are associated with potassic-ferroan (red rock) 

alteration haloes, patches and zones along vein margins and as more pervasive zones 

between the veins, whereas the latter veins types are associated with sericite alteration 

haloes (greisen). Stage III calcite veinlets and breccias zones are associated with post-

mineralization brittle deformation and retrograde fluid infiltration. 

 

(4) The vein types and paragenesis identified at Moly Brook partly correspond to 

the veins and paragenesis of the Grey River tungsten prospect located further south. 

Five vein types from Moly Brook have similar assemblages to vein counterparts at Grey 

River and formed at similar stages of the veining cycle. These features, coupled with 

other geological evidence presented in later chapters of this thesis indicate a genetic and 
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spatial relationship between the mineralization at Moly Brook and the tungsten 

mineralization at Grey River. The overalp between some vein types, coupled with their 

spatial distribution, also suggests that the entire system displays a degree of metal 

zonation, where Mo and Cu is more abundant in the north (hosted by the BIS granitoid) 

while tungsten mineralization is more abundant in the south (Grey River enclave 

metasedimentary rocks). Factors such as wall rock composition and spatially focused 

deformation may have contributed to the metal zoning (see Chapter 8). 

 

(5) The bulk geochemical signature of the Moly Brook deposit (based on the 

meta-analysis of wall-rock lithogeochemical data) indicates a strong positive correlation 

between Mo and Cu and other transition metals such as Pb, Zn and Sn. A weak 

enrichment in Co, Cr, Ni and Fe is also recorded. Overall the deposit records a mass 

gain, assuming no volume change for the mineralized system. Cu, Sn, W and Mo 

represent the most enriched elements with relative enrichment factors ranging from c. 

750 to 12,000% above background concentrations. 

 

(6) The geological and mineralogical characteristics of the Moly Brook deposit 

are similar to other Middle to Late Devonian, granite-related Mo-W-Sn-Cu-F ± Bi 

deposits or prospects located elsewhere in Newfoundland and the Canadian 

Appalachians. A particularly correlative (albeit younger) system is the c. 365 Ma Sisson 

W-Mo deposit in New Brunswick (Nast & Williams-Jones 1991). This deposit consists 

of sheeted to stockwork mineralized quartz veins that formed within a shear zone 

marking the contact between older (Ordovician – Late Silurian) metamorphic and 

plutonic country rocks. A causative association with a putative buried Late Devonian 

granitic intrusion is also proposed (Nast & Williams-Jones 1991, Fyffe et al. 2008). 
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Chapter 4 

STRUCTURAL SETTING, VEIN GEOMETRIES & DEFORMATION 

HISTORY 
 

4.1 Introduction 

Geological structures in the study area record a protracted history of 

discontinuous polyphase deformation from Cryogenian to Late Devonian times and 

reflect intermittent episodes of ductile and brittle deformation, both prior to and during 

Appalachian-related orogenesis (Higgins 1980a, Blackwood 1985, Dickson et al. 1996). 

Ductile deformation mainly reflects compressional regimes associated with Ganderia 

crustal growth and its subsequent accretion to Laurentia. Younger brittle structures 

record more shallow-level deformation associated with regional translational 

deformation and post-Devonian crustal exhumation. 

 

A key component of this deformation history was the formation of tensional 

hydrofractures that constitute the Moly Brook and Grey River systems. The combined 

effects of the prevailing stress regime, localised fluid overpressures, and possibly 

buoyancy-driven magma ascent likely promoted extensional faulting, wall rock rupture, 

quartz vein formation and mineralization. Hydrofracturing associated with translational 

deformation, fluid advection and localized faulting is broadly recognised as an efficient 

way to increase the secondary permeability of both stratified and crystalline bedrock 

and promotes hydrothermal fluid flow, fluid pressure fluctuations, veining and metal 

deposition (Cox 1995, Barton et al. 1995, Sibson 1996, Bons 2001, Cox et al. 2001, 

Richards 2003). 

 

This chapter presents new structural data for the Moly Brook-Grey River area. 

Section 4.3 briefly reviews the main geological structures in the area, while the results 

of a structural lineament investigation are presented in Section 4.4. In Section 4.5, new 

orientation data for Moly Brook veins is presented based on surface outcrop mapping. 

These data provide ‘ground truth’ information for part of the satellite image-inferred 

lineaments. Section 4.6 discusses correlations between vein frequencies and Mo and Cu 

grades. Section 4.7 presents a new structural model for the vein system based on the 

lineament and vein orientation results. Finally, Section 4.8 presents a composite 

deformation history for the study area and broader region by integrating the new 
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structural data from this chapter with existing structural and geochronology information 

from across southern Newfoundland. 

 

4.2 Methodologies 

4.2.1 Lineament analysis 

Structural lineament analysis was performed using a cloud-free, orthorectified 

SPOT-5 panchromatic satellite image (pre-processing level 2A, DIMAP/GeoTIFF 

format, UTM 21/N projection and WGS84 datum). The image was collected by the 

satellite’s P-band system (0.51 – 0.73 μm spectral range, M-mode acquisition) on the 

25th of October 2008 and has a swath width of 60 km, and a pixel resolution of 10 m. 

The image was imported to ArcGIS 10.1 and a linear contrast stretch (standard 

deviation spread) and edge enhancement filter (high-pass 3x3 mosaic) applied to 

improve grey-scale contrast and accentuate linear features prior to lineament mapping 

(e.g. Fabbri 1984, Drury 2001). 

 

Surface lineaments were manually extracted by on-screen digitizing. Lineament 

selection was based on qualitative visual recognition of rectilinear patterns, the tonal 

variation of surface features and physiographic discontinuities and breaks (e.g. drainage 

channels, escarpments; Drury 2001). Reference to a 1:50,000-scale combined 

topographic-geological map was also made to improve lineament selection criteria (Map 

94-221, Dickson et al. 1996). During digitizing, the on-screen image scale was typically 

set to c. 1:25,000 and did not exceed 1:10,000. In addition, only lineaments with lengths 

greater than 100 m were digitized to maximise the likelihood of their continuity with 

subsurface geological features (i.e. local penetrative structures; Süzen & Toprak 1998). 

 

Following digitizing, lineament length and azimuth values were calculated to the 

nearest whole number. In addition, a lineament density map (summed lineament lengths 

per km2; Karcz 1978) was produced using the ‘line density’ function in ArcGIS (Spatial 

Analyst tool) using a 250 m cell search radius and a nine-class equal interval 

classification. 

 

4.2.2 Structural mapping 

In the absence of access to orientated drill core, vein orientations were measured 

from four exploration trenches transecting the Moly Brook mineralization zone over a 

total length of c. 650 m (trenches T105, T106, T107 and T108). In total, 232 vein 
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orientations (dip, dip direction) were measured to the nearest whole degree. Since each 

trench was oriented approximately orthogonal to the dominant c. north-south strike of 

the vein system, care was taken to identify and measure the orientations of any broadly 

east-west-striking veins also. A comparative dataset of 209 vein and 55 joint/fracture 

orientations from trenches T105, T106 and T107 is also presented in this section 

(Tenajon Resources raw structural data listed in Visage 2009). 

 

4.3 Summary of the main geological structures 

Figure 4.1 highlights the main geological structures evident in the Moly Brook-

Grey River area. In general, five major structural components occur: 

 

(1) A composite c. east-striking and mainly steeply north-dipping, penetrative 

foliation (S1-2) comprising gneissic layering and amphibole ± mica schistosity, occurs in 

the Grey River Enclave [GRE] (Fig. 4.2A; Higgins 1980a, Dickson et al. 1996, this 

study). The intensity of S1-2 is higher in the GRE and southernmost Burgeo Intrusive 

Suite [BIS], decreasing gradually toward a northern ‘strain boundary’ limit located c. 3 

– 4 km north of Grey River (Fig. 4.1; Higgins 1980a). Locally in the GRE, the dominant 

S1-2 foliation strikes parallel to inferred bedding. 

 

(2) The c. 100 to 400 m wide, east-west-aligned Granite Cliff shear zone [GCSZ] 

is a high-strain deformation zone marking the contact between the GRE and southern 

BIS (Fig. 4.2C). It contains a relatively intense, c. east-striking and steeply north-

dipping mylonitic fabric (late-S2 foliation of Dickson et al. 1996) with locally developed 

oblique shear planes (S3 crenulation of Dickson et al. 1996). It has been proposed that 

the GCSZ has a mainly dextral-oblique shear sense (Fig. 4.1; Higgins 1980a, Higgins 

1985, Piasecki 1995). 

 

(3) The north- to northeast-trending, sub-vertical vein and fracture network 

comprising the Moly Brook Mo-Cu and Grey River W deposits (Higgins 1980a, 

Higgins 1985; this study). Higgins (1980a) reported c. north-striking and east-dipping 

normal faulting was synchronous with composite quartz-wolframite ± sulfide veins at 

Grey River and contributed to hydrothermal fluid flow (e.g. fault-valve pumping). 
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Figure 4.1. Major geological structures in the Moly Brook-Grey River area (based on Higgins 1980a, Higgins 1985, Dickson et al. 1996, Froude 2004). Background image is an orthorectified SPOT-5 panchromatic satellite image (band P, 0.48 – 0.71 

μm spectral range, 10 m spatial resolution) acquired in October 2008 and used for surface lineament mapping. LPTF1 and LPTF2 = Long Pond Twin Faults 1 and 2.
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(4) Several c. east-trending normal to oblique-normal faults and fractures locally 

displace the hydrothermal veins in the eastern GCSZ area (e.g. Long Pond transform 

faults 1 and 2; Higgins 1980a, 1985) and north of the Moly Brook mineralization zone 

(e.g. Moly Brook fault, Fig. 4.2B). 

  

(5) Undifferentiated mainly c. northeast- and northwest-oriented faults, fractures 

and joints transect the area and represent the youngest phase of composite brittle 

deformation (e.g. Dog Cove Brook fault, Fig. 4.2A; Blackwood 1985). 

 

 

Figure 4.2. Examples of major structures and deformation zones in the Moly Brook-Grey River area. A. 

View to the east of the Grey River Enclave [GRE] showing prominent, c. east-trending and north-dipping 

composite S1B-2 structural grain. B. View to the west of the Burgeo Intrusive Suite [BIS] showing c. east-

trending, sub-vertical composite S3-4 fabric. C. View to the northeast of the c. east-trending Moly Brook 

fault (eastern segment). D. View to the southwest of the Granite Cliff shear zone (western end of Long 

Pond) marking the contact zone between the GRE and the BIS. E. Panoramic view to the northwest of the 

c. northeast-trending Dog Cove Brook fault transecting the BIS. 
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4.4 Structural lineament analysis 

The analysis and interpretation of structural lineaments from topographic maps, 

aerial photographs, satellite images and geophysical data can aid regional- to local-scale 

structural geology investigations (e.g. Gupta 1991, Drury 2001, Ponce & Glen 2002). 

For example, the geometric properties of lineaments (e.g. orientation, length, 

distribution, density per unit area) can help identify prevailing structural trends and 

provide insights into related geologic, deformation and tectonic processes (e.g. 

Chernicoff et al. 2002, White et al. 2014, Petukhov et al. 2015). Furthermore, lineament 

analysis combined with structural field measurements can provide new insights into the 

deformation history of poorly mapped areas (e.g. Solomon & Ghebreab 2006). This 

approach has found particular application in constraining structurally controlled 

mineralization in underexplored terrains (e.g. Hill et al. 2002, Chernicoff et al. 2002, 

Volesky et al. 2003). Likewise, long-lived dislocations in the continental crust, with 

corresponding surface expressions as major lineaments, may exert a fundamental 

tectonic control on the distribution of certain types of mineral deposits (see Sawkins 

1990, p. 377). 

 

In general, however, it is recognised that the successful application of structural 

lineament analysis is of limited use without the integration of other types of geological 

information (e.g. Kutina 1980, Richards 2000, Drury 2001). Furthermore, the subjective 

nature of lineament extraction from remotely sensed imagery may potentially result in 

spurious selection criteria and misidentification, leading to potential over-interpretation 

and derivation of somewhat spurious conclusions (Wise 1982). Thus, integration of new 

structural field measurements and the incorporation of pre-existing structural constraints 

(i.e. previous mapping) can help mitigate inherent uncertainties associated with 

structural lineament mapping and interpretation using satellite or other imagery (Arlegui 

& Soriano 1998). 

 

For the Moly Brook-Grey River area, analysis of structural lineaments (as defined 

by O’Leary et al. 1976) was performed to ascertain the number of paragenetically-

related lineament sets, characterise their geometries, link these to new field 

measurements, and integrate with known geological structures and processes. The 

analysis also provides a broader context for the orientations of the mineralized veins at 

Moly Brook and aims to complement existing structural mapping in the Grey River 

area. 
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In total, 1334 structural lineaments were extracted from the SPOT satellite image. 

A map of the unclassified surface lineaments and a gridded lineament density map are 

presented in Figure 4.3A-B. The results are shown at a scale of c. 1:25,000 and cover a 

land surface area of c. 65 km2. For the purpose of the present discussion, the study area 

has been divided into three domains: namely the GRE, BIS and GCSZ domains (Fig. 

4.3B). 

 

The spatial distribution and orientations of the lineaments highlight five key 

observations (Fig. 4.3A): 

 

(1) A relatively high number of discontinuous, c. east-west-oriented lineaments 

form a laterally persistent set within the GRE and GCSZ domains. A similar set also 

occurs in the BIS domain, although they are fewer in number. 

 

(2) A well-developed and laterally persistent set of broadly north-south-trending 

lineaments occurs across the area approximately orthogonal to the east-west-trending set 

in (1) above (intersecting at c. ≥ 70°). This set is best developed in the GRE and BIS 

domains. In the latter domain, it has mainly c. north-northeast or north-northwest 

orientations (Fig. 4.3A). Locally in the GRE domain, the north-trending set appears to 

truncate and displace (off-set) the east-west-trending set. 

 

(3) In the GCSZ domain, lineament orientations mainly define an east-trending set 

and a north-northeast to northeast-trending set. Both sets intersect at moderate to high 

angles (c. 60 to 85°). The east-west trending set is most intensely developed in the Long 

Pond area corresponding to a narrow zone of relatively high lineament density (Fig. 

4.3B). 

 

(4) An apparent clockwise rotation or dextral offset of north-trending lineaments 

towards the northeast occurs when moving from the GRE domain northward into the 

GCSZ domain. 
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Figure 4.3. Structural lineament analysis of the Moly Brook-Grey River area. A. Unclassified lineaments 

derived from the SPOT satellite image mapped at c. 1:25,000. B. Gridded lineament density map (number 

of lineaments per km2) for the study area. The sheared contact zone of the southern BIS (dashed line, 

GCSZ) is taken from Dickson et al. (1996). BIS = Burgeo intrusive suite, GCSZ = Granite Cliff shear 

zone, GRE = Grey River Enclave. 
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(5) Finally, an approximately orthogonal, conjugate set of mainly northeast- and 

northwest-oriented lineaments locally transect all three domains. These have somewhat 

longer surface traces and locally appear to off-set or truncate the other east- and north-

trending sets (e.g. northwest of Grey River Point, Fig. 4.3A). A prominent example 

extends c. northwest from Grey River village to just south of Dog Cove (Fig. 4.3A). 

This composite lineament is not displaced or offset as it transects from the GRE domain 

to the GCSZ domain, suggesting a relatively late deformation event. 

 

In terms of lineament density, the GRE and GCSZ domains have marginally 

wider ranges and higher maximum values compared to the BIS domain (Fig 4.3B, Table 

4.1). Lineament density values in the GRE and GCSZ domains range from c. < 2 to 18 

per km2. Areas with the highest lineament densities (c. 10 – 18 per km2) occur within 

and adjacent to the GCSZ (Long Pond area) and directly east and west of Grey River 

village (Fig. 4.3B). In the BIS domain lineament densities range from c. < 2 to 12 per 

km2 and form broader, more diffuse patterns compared to the domains further south. 

 

Table 4.1: Main characteristics of unclassified structural lineaments in the study area 

Structural domain (south to north) 
Main lineament trends (decreasing 

abundance) 

Lineament density range 

(no. per km2 by domain) 

Grey River Enclave [GRE] (1) c. east-west < 2 - 18 

 

(2) c. north-south 

 

 

(3) c. northeast + northwest 

 

   Granite Cliff Shear Zone [GCSZ] (1) c. east-west < 2 - 18 

 

(2) c. north-northeast 

 

 

(3) c. northeast + northwest 

 

   Burgeo Intrusive Suite [BIS] (1) c. north-south < 2 - 14 

 

(2) c. east-west 

 

 

(3) c. northeast + northwest 

       

 

The consistently higher lineament densities observed in the GRE domain likely 

reflects the older Neoproterozoic bedrock of this block, where gneisses and meta-

volcanosedimentary rocks display several superimposed structural and metamorphic 

fabrics (e.g. Dickson et al. 1996). Likewise, higher strain cataclastic to mylonitic 

deformation in the GCSZ domain is reflected in the relatively high lineament densities 

in this particular area. The higher lineament densities in both areas thus reflect the 

proportionality between fracture density and deformation (e.g. Nur 1982). Conversely, 
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the marginally lower lineament densities in the BIS domain, notwithstanding lineament 

mapping inconsistencies, likely reflects a lower degree of strain affecting the c. 421 Ma 

intrusion and its contrasting rheological (thermo-elastic) properties compared to the 

mainly metasupracrustal package in the GRE. 

 

 

Figure 4.4. Summary plots of the combined structural lineament azimuths and lengths. A. Histogram for 

lineament azimuth data using 5° bins. B. Rose diagram showing lineament azimuths using 10° bin sizes. 

The dashed lines in A and B represent empirical breaks in the data delineating major orientation trends. 

C. Histogram of lineament lengths using 50 m bins. 95% of the dataset have lengths between c. 100 and 

580 m. Exponential distribution function for lineament lengths > 304 m is also shown. D. Polar plot of 

lineament length versus azimuth. Longer lineaments tend to have c. northeast-southwest and northwest-

southeast orientations. 

 

Classification of the traced surface lineaments into geologically meaningful and 

paragenetically equivalent sets is based on; (1) the identification of prevailing lineament 
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orientation trends, (2) an assessment of any length versus orientation patterns, (3) a 

comparison with measured structural orientations and other field observations (Section 

4.5 below), and (4) reference to the geometry of known structures from both local and 

regional studies. 

 

A statistical assessment of lineament azimuths and lengths is presented in Figure 

4.4. For the dataset as a whole, several empirical trends are evident based on the 

directional information (Fig. 4.4A-B). A major azimuth peak occurs between 085 and 

095°, reflecting the high number of broadly east-west trending lineaments. An 

additional dominant orientation trend occurs between 355° (175° [+ 180°]) and 010° 

corresponding to the mapped c. north-south lineament set (Fig. 4.4A-B). 

 

In terms of lineament lengths, 95% of the dataset have values between c. 100 and 

580 m (at the given mapping scale). The dataset has a peak length range of 250 to 300 

m and a mean length of 325 m (Fig. 4.4C). Outlier, or anomalously long, lineaments 

(taken as lengths greater than c. 580 m) tend to have orientations toward the northeast-

southwest or northwest-southeast (Fig. 4.4D). Several longer lineaments also trend east-

west and north-south, with the former representing a set with marginally longer lengths 

compared to the north-south set (Fig. 4.4D). 

 

In general, the lineament frequency/length distribution shown in Fig. 4.4C 

conforms to the exponential distribution function: 

 

n = n0e
-kl for l > l0  

 

where n = lineament frequency, l = lineament length, n0 and k are constants for a given 

study area or sample set, and l0 is the shortest length for a given range of values (Fig. 

4.3C). This distribution mode for the mapped lineaments is consistent with the lengths 

of surface fractures formed under dominantly tensile stress conditions (e.g. Nur 1982). 

 

Based on the histogram distribution (at 5° intervals) presented in Figure 4.4A, the 

azimuth ranges for the two major north-south and east-west lineament sets can be 

expanded to incorporate lineament directions that fall between the first minimum bin 

values adjacent to the main north-south and east-west peaks. This approach also 

considers vein orientation and other structural data presented in the sections which 
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follow. Thus, for the north-south set the chosen azimuth range is 345° (165° [+ 180°]) 

to 035°, while for the east-west set, the azimuth range is 070° to 105°. These new 

ranges define the directional ranges for the main lineament sets and are considered 

geologically meaningful with respect to major structural trends in the area. 

 

Lineaments with orientations that fall between the main east-west and north-south 

sets are generally less abundant and have wider azimuth ranges (Fig. 4.4A-B). On the 

histogram plot (Fig. 4.4A) c. northeast-southwest-trending lineaments have azimuth 

values from 035° to 070°, with a count peak at the 060° to 065° range. For the c. 

northwest-southeast-trending lineaments, the azimuth values have a broader range from 

105° to 165°, with a count peak at the 115° to 120° range (i.e., marginally more east-

southeast-trending; Fig. 4.3B). 

 

Based on the distribution patterns and orientations discussed above, and with 

reference to the orientations of known geological structures in the Moly Brook-Grey 

River area (e.g. Dickson et al. 1996, this study), a classification of the mapped 

lineaments into cogenetic sets that can be linked to known geological structures is 

possible. A three-part lineament classification scheme is presented in Table 4.2 and 

Figure 4.5 illustrates the distribution of the classified lineaments across the study area. 

 

Table 4.2. Classified lineament sets for the Moly Brook-Grey River area   

    Classified set Azimuth range Inferred link to known structures Relative timing 

    

Set 1: c. ENE- to 

ESE-trending set 
070 to 105° 

Mainly composite S0-3 foliation in Grey River 

Enclave, Granite Cliff shear zone and Burgeo 

Intrusive Suite.. May relate to east-trending 

faults southeast of Long Pond. 

Truncated or displaced 

by Sets 2 and 3 (pre-

mineralization) 

    

Set 2: c. NNW- to 

NNE-trending set 
345 to 035° Moly Brook & Grey River vein systems 

Truncated by Set 3, 

displaces Set 1 (syn-

mineralization) 

    

Set 3: Conjugate c. 

NE and NW-

trending set 

(a) 035 to 070° Faults, fractures, joints 

Transect or truncate all 

other lineament sets 

(post-mineralization) 

 

(b) 285 to 345° 
  

        

 

For the three lineament sets identified from the lineament analysis, the following 

links to geological structures and processes can be made: 
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Figure 4.5. Results of structural lineament classification. A. Map of the Moly Brook-Grey River area 

showing structural lineaments classified into three major orientation-paragenetic sets (c. east-west, 

north-northwest to north-northeast, and inferred conjugate northeast and northwest). B. Rose diagrams 

for the structural lineaments classified by their orientation-paragenetic association. Rose diagram petals 

correspond to 10-degree intervals. Outline colours correspond to those shown on the map in A. 

 

(1) The c. ENE-ESE–trending set [Set 1] contains the most numerous mapped 

lineaments (n = 528, Fig. 4.5B) and mainly corresponds to the various broadly east-

trending, steep foliations occurring in the general Moly Brook-Grey River area (e.g. 

Dickson et al. 1996). In the GRE and GCSZ domains (Fig. 4.3B) inferred bedding, 

metamorphic foliations and shear planes form a composite, somewhat transposed east-

west fabric, while in the BIS domain syn-emplacement shearing may account for the E-

trending fabric that occurs there (Dickson et al. 1996). Locally, Set 1 lineaments are 

truncated and displaced by those assigned to Sets 2 and 3, indicating they represent 
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relatively early (older) structures that formed prior to Mo-Cu-(W) mineralization. 

However, Higgins (1985) reported that local east-striking, dip-slip to oblique-slip faults 

in the Long Pond area displace mainly north-striking, W-bearing quartz lodes. Thus, 

several east-trending lineaments in this area may also be related to these later structures. 

  

(2) Lineaments that comprise the c. NNW- to NNE-trending set [Set 2] have the 

same general orientations as the Moly Brook vein network (see Section 4.5 below) and 

the main tungsten-bearing quartz lodes at Grey River (Higgins 1980). Within and 

adjacent to the GCSZ domain, the lineaments deflect somewhat more to the NNE, 

possibly reflecting a synthetic crenulation fabric associated with dextral oblique 

shearing within the GCSZ. Set 2 is also developed in the BIS and is marginally more 

abundant there compared to the c. east-trending Set 1. The c. north-trending Set 2 

lineaments truncate earlier Set 1 lineaments and appear locally offset by Set 3 

lineaments. The relatively strong correlation with the trend of the vein fracture system 

indicates that Set 2 most likely reflects the orientations of syn-mineralization structures. 

 

(3) The c. NW- and NE-trending Set 3 lineaments have similar orientations to that 

of inferred late-stage brittle fault and joint zones (e.g. the c. northeast-aligned Dog Cove 

Brook fault in the BIS domain: see Figs 4.1 and 4.2) and are interpreted to represent a 

conjugate set. These features reflect the youngest structures occurring across the study 

area. 

 

4.5 Vein geometries 

In general, the vein system at Moly Brook consists of sub-parallel sets of single-

segment planar veins with relatively consistent attitudes (Fig. 4.6A). Locally, veins with 

multiple segments are also found displaying slight variations in segment strike direction 

and connectivity along their trace. Vein sets mainly consist of sub-vertical, c. north-

trending quartz veins that display an overall sheeted to locally stockwork-type pattern 

(Fig. 4.6A-B). Where veins crosscut, they intersect at relatively acute angles (c. 2 – 

25°). Vein surface traces typically extend from c. 0.2 to 3 m (depending on exposure 

level) and have thicknesses ranging from c. 0.3 to 5 cm. Locally, rare coarse-grained 

and blocky, quartz ± sulfide veins (Type 8, see Section 3.4 & Fig. 3.7) up to c. 60 cm 

thick also occur (Fig. 4.6C). These veins consistently crosscut the generally thinner 

Stage IIA quartz ± molybdenite ± chalcopyrite veins and appear to be paragenetically 
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late (Fig. 4.6D; see Higgins 1980). While the majority of veins represent planar, 

laterally continuous structures, examples of vein bifurcation occur throughout the 

network producing offshoots and splays (Fig. 4.6E-F). 

 

Vein attitudes were measured from four surface trenches (T105, T106, T107 and 

T108) transecting the mineralization zone (Fig. 4.7). In total, 237 orientations were 

measured (to the nearest 1°) to constrain the main trend of the vein system and any 

demonstrable spatial variation in vein geometries. The majority of measurements relate 

to undifferentiated quartz-sulfide veins (typically quartz + pyrite ± molybdenite ± 

chalcopyrite), while a few orientations represent other vein types (e.g. Type 3 aplite and 

Type 9 calcite veins; Fig. 4.7). The results are plotted as poles to veins on equal area 

stereonets, with corresponding 2% area contours. Structural plotting was performed 

using Stereonet v.9.5.2 (Cardozo & Allmendinger 2013). 

 

In general, the vein attitudes are relatively consistent across the deposit and have a 

dominantly north-northwest to north-northeast strike, and are steeply c. east- or west-

dipping. This broad trend corresponds to the orientation of Set 2 structural lineaments 

highlighted in Figure 4.5 and Table 4.2. A subset of quartz ± sulfide veins tends to 

strike c. east-west, somewhat orthogonal to the main orientation trend, and broadly 

correspond to the orientation of the Set 1 structural lineaments (Fig. 4.5, Table 4.2). The 

similarity of these latter c. east-west orientations suggests pre-mineralization structures 

(as manifest by Set 1 lineaments) acted as existing permeability or weak zones during 

syn-mineralization fluid flow and veining (see below). 
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Figure 4.6. Representative outcrop views of the Moly Brook vein system. A. Horizontal surface view (to 

the south) of typical sheeted to partly stockwork, sub-vertical quartz ± sulfide veins. Assay channel is 

visible in the centre of the outcrop. B. Horizontal and partly vertical surface views (to the south) of 

stockwork-type vein network. C. Vertical surface view (to the south) of relatively thick, east-dipping, 

blocky Type 8 quartz-galena-pyrite vein. D. Vertical surface view (to the south) of relatively thick, steeply 

west-dipping, blocky quartz-pyrite vein. White arrow shows truncation of earlier formed quartz vein. E. 

Horizontal surface view (to the south) of bifurcating Type 4 quartz-molybdenite-K-feldspar vein (arrow). 

F. Vertical surface view (to the south) showing sheeted, steeply c. west-dipping quartz-molybdenite veins 

with bifurcation (arrow). Hammer used for scale in all images is c. 30 cm long, with a c. 15 cm wide 

head.   
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Figure 4.7. Vein orientations at Moly Brook measured from four broadly east-west surface trenches 

(T105, T106, T107 and T108; total length = c. 650 m). These trenches transect the mineralized zone as 

depicted by elevated Mo, Cu and W till concentrations. Equal area stereonets show poles to veins with 

2% shaded contour intervals. Till geochemistry data is modified from Visage (2009). Foliation 

measurements are from Dickson et al. (1996). Three highlighted drill holes (red circles with labels) 

correspond to the drill holes shown in Fig. 4.9. 

 

Quartz-sulfide veins in trench T105 (southernmost trench) have a clustered 

distribution around a point maximum plunging c. 07° towards 102° (Fig. 4.7). The 

majority of veins define a relatively consistent, sub-parallel set that dips steeply (c. 70 

to 90°) to the east-southeast or west-northwest. The distribution of the poles, forming 

two opposing clusters adjacent to the primitive circle, indicates a conjugate, sub-vertical 
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fracture set with axial symmetry. A small number of quartz-sulfide veins (n = 9) dip 

steeply toward the northwest, southwest and southeast (Fig. 4.7). 

 

The majority of quartz-sulfide veins in trench T106 (south-central area) display a 

clustered to weak girdle distribution around a point maximum plunging c. 09° towards 

096°. A subset of veins clusters around a second point maximum plunging c. 09° 

towards 186° (Fig. 4.7). In general, the main population is similar to that further south 

in trench T105 and consists of a sub-vertical (c. 70 - 90°) conjugate set dipping c. east-

northeast to east-southeast, or west-northwest to west-southwest. The subset population 

(n = 7) dips steeply towards the north to north-northeast. Two Type 4 quartz-

molybdenite veins have poles that plot within the main point maximum area and thus 

have orientations consistent with the main quartz-sulfide trend. The attitude of a single 

Type 9 calcite-fluorite vein also corresponds to that of the dominant vein population 

suggesting late Stage III calcite-fluorite veins have been localized by pre-existing 

fractures (see Section 3.4). 

 

Quartz-sulfide veins in trench T107 (north-central area) have a partial girdle 

distribution that extends between two point maxima plunging c. 06° towards 069° and c. 

07° towards 126° (Fig. 4.7). This corresponds to two conjugate vein sets that dip steeply 

(c. 70 - 90°) towards the northwest and southwest, or the northeast and southeast. A 

subset of veins (n = 7) steeply dip towards the c. south-southeast or north-northwest and 

suggest an overall tri-modal distribution. 

 

Vein orientations in trench T108 (northernmost trench) define a clear bimodal 

clustered distribution around two point maxima plunging c. 06° towards 058° and c. 14° 

towards 305° (Fig. 4.7). This equates to two conjugate vein sets dipping steeply towards 

the southwest and southeast. The orientations of the different vein types from this trench 

(quartz-molybdenite-sulfide, quartz-pyrite, aplite, quartz-sulfide) generally overlap, 

suggesting relatively consistent strain conditions during Stage II vein formation. 

 

Overall, the vein orientations define a dominant c. north-northwest to north-

northeast structural trend across the deposit comprising a sheeted to partly stockwork 

system with an elongate, surface footprint extending for some 900 m in length. The 

majority of veins dip steeply (c. 70 - 90°) towards the c. west-southwest to west-

northwest, while a smaller number dip steeply eastward. Small variations in both strike 
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and dip generally result in two main overlapping and sub-parallel vein sets, while 

locally, the angles between the sets are larger (Fig. 4.6A-B). 

 

This main mineralization trend is mimicked by the surface patterns for anomalous 

Mo, Cu and W concentrations in the overburden, which have irregular and elongate, c. 

north-trending shapes based on the 50, 100 and 50 ppm contours, respectively (Fig. 

4.7). These geochemical distribution patterns reflect the underlying structurally 

controlled nature of the mineralization and mineralogy of the deposit, and suggest 

spatial coupling between the mineralization and lithophile element enrichment in the 

glacial overburden is retained in the area. This kind of association between vein-hosted 

mineralization zones and linear geochemical anomalies in cover till is also known from 

the Sisson W-Mo vein deposit in New Brunswick (McClenaghan et al. 2014). 

 

The dominant vein orientation also corresponds to the north- to northeast-trending 

structural lineaments (Set 2, Fig. 4.5) occurring in the general Moly Brook-Grey River 

area. Likewise, this trend is consistent with the main north- to north-northeast 

orientation of the major quartz-wolframite ± sulfide lodes in the Grey River 

mineralization zone and associated normal faults (Higgins 1980; Fig. 4.1). These 

directional similarities suggests the stress regime prevalent during vein formation 

affected a relatively broad area, consistent with the widespread distribution of numerous 

c. north-trending tensile fractures and veins across the general Moly Brook-Grey River 

area (e.g. Bahyrycz 1956, Higgins 1980). 

 

Although a subset of Moly Brook veins dip steeply towards the north or south 

(e.g. quartz-sulfide veins in trench T106 and T107, Fig. 4.7), the dominant broad north-

south trend of the vein network is partly orthogonal to the main c. east-west tectonic 

foliation and shearing direction in the Moly Brook-Grey River area (i.e., structural 

lineament Set 1, Fig. 4.5). Thus, the majority of the veins did not exploit or reactivate 

earlier, pre-existing east-west penetrative structures during hydrofracturing and 

mineralization. This suggests the stress regime had shifted at the time of mineralization 

and did not follow the earlier deformation regimes, and also that high fluid pressures 

were likely highly active during wall rock fracturing and rupture, resulting in an 

effective stress that was greater than the force of applied normal stresses (McKeagney et 

al. 2004). 
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In general, vein orientations are relatively consistent going from south to north 

between trenches T105, T106 and T107 (Fig. 4.7). However, sub-vertical veins in 

trench T108 deviate from the general broad north-south trend and have more northwest 

and northeast orientations. This reflects a progressive spatial variation in the vein 

orientations that is particularly evident between trenches T106, T107 and T108. This 

variation equates to a c. 40° anticlockwise rotation (between T105 in the south and 

T108 in the north) for the steeply c. west-dipping vein set, and a c. 26° clockwise 

rotation for the steeply c. east-dipping veins. 

 

Trench T108 is located closest to the east-southeast-trending Moly Brook fault 

zone (Figs. 4.2 and 4.7). This fault zone trends parallel to the broadly east-aligned 

composite foliation in the GRE and transects the BIS area variably affected by pre-

mineralization shearing. The fault zone may thus represent a splay of the c. east-

trending Granite Cliff shear zone. Reactivation of the Moly Brook fault at the time of 

vein formation may thus have influenced the orientation of vein sets that formed in 

closest proximity to it. The apparent deviation in vein orientations moving closer to the 

Moly Brook fault may have important implications for further exploration in the area 

(e.g. drill hole orientations to optimise vein intersections). 

 

Figure 4.8 presents the stereonets with poles to veins (and corresponding 2% area 

contours) measured as part of this study and a comparative dataset of vein and joint 

orientations from trenches T105, T106 and T107 (structural data listed Visage 2009; see 

Fig. 4.7). These additional 209 vein orientations provide an independent assessment of 

the vein geometries for three of the four studied surface trenches. Both datasets display 

broadly similar vein orientations which confirms that the different vein types form a 

regular and systematic hydrofractures network that likely formed during a single 

deformation event, during a relatively consistent stress regime. 

 

A total of 97 joint or fracture orientations are also shown in Figure 4.8 (mainly 

from trenches T105 and T107). Across the study area, joints or fractures consistently 

truncate and dilate pre-existing structures (including hydrothermal veins) and are 

considered to represent late-stage brittle deformation formed during Stage III veining or 

later. 
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Figure 4.8. All vein and fracture orientation data from the Moly Brook deposit (measurements from this 

study plus those listed in Visage 2009). Stereonet plots show poles to veins and fractures with 

corresponding 2% area contour patterns and provide a visual comparison between measurements from 

this study (four trenches, data at left; see Fig. 4.7) and those made by Tenajon Resources (trenches T105, 

T106 and T107 only, data at right). 
 

In general, the joints display more variable attitudes compared to veins and do not 

define a dominant preferred orientation. In trench T105, joints or fractures are 

somewhat randomly oriented, with the most dominant sets dipping steeply towards the 

northeast or northwest or towards the c. north or south (Fig. 4.8). The former trend 
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corresponds to the main trend of Set 3 structural lineaments, while the latter trend is 

consistent with the dominant c. east-west foliation, suggesting some joints and fractures 

have exploited older planes of structural weakness. This idea is also apparent in the data 

from trench T106 where several steeply c. west and east-dipping joints follow the trend 

of the hydrothermal vein network. 

 

In trench T107, joint or fracture orientations have a clustered to partial girdle 

distribution and show a main set of joints that dip steeply towards the c. northwest or 

southeast, and a lesser number that have moderate to steep dips towards the c. northeast 

or southwest. These general orientations partly overlap with the orientations of veins 

from trench T107 and generally mimic the conjugate bimodal distribution defined by 

the structural lineaments of Set 3 shown in Figure 4.5. Thus a different stress regime 

was evidently active when later joints and fractures formed compared to that which 

operated during the formation of the mineralized veins. 

 

4.6 Vein frequency controls on Mo and Cu grades 

Sulfide mineralization at Moly Brook is dominantly hosted by quartz veins or 

veinlets that display a degree of spatial and paragenetic variability in terms of their 

molybdenite and chalcopyrite abundances (see Chapter 3). Thus, characterising the 

relationship between quartz veining intensity and zones of Mo and Cu enrichment may 

provide additional insights into the structurally controlled nature of the mineralization 

and its spatial variability. Such information may also have important implications for 

further exploration and resource modelling in the area. 

 

To constrain the relationship between quartz vein abundances and Mo and Cu 

enrichment, the spatial density (or frequency) of macroscopic quartz veins and the 

concentrations of Mo and Cu along three drill holes from the Moly Brook 

mineralization zone were assessed (Figs. 4.9 and 4.10). The drill holes (MB08-14, 

MB08-13 and MB08-25) are located adjacent to each other along gridline 5273090N 

(local gridline 10720mN) and were collard in an area with anomalous Mo and Cu 

concentrations in the glacial overburden (see Fig. 4.7 for location details). The three 

holes have azimuths of 270° (due west) and dip between -45° and -55°. Thus, they 

intersect orthogonally with the dominant c. north-trending sub-vertical veins. All three 

drill holes contain mineralized intervals along their length (e.g. > c. 0.05% Mo and 

0.025% Cu). 
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Figure 4.9. Quartz vein frequency (number per m-1) versus Mo and Cu concentrations (wt. %) for drill 

holes MB08-14, MB08-13 and MB08-25 (see Fig. 4.7 for collar locations). Vein frequency is based on the 

number of macroscopic quartz veins per c. 3 m core sections, normalized to a 1 m interval. Assay data 

based on elemental analysis of c. 3 m sections of split drill core (analysis by ICP-AES, Accurassay, 

Ontario). Assay data and vein count information listed in Visage (2009). Dip angle of drill holes (c. 45° 

to the west) or the distance between holes along gridline 5273090 N (equivalent to local gridline 107N) 

not represented in figure. Average vein frequency (± 1σ range) and average Mo and Cu concentrations 

for each hole also shown. 

 

Quartz vein abundances and Mo and Cu assay data were acquired by Tenajon 

Resources (data is listed in Visage 2009). Quartz vein frequency [QVF] values are 

based on the number of macroscopic quartz veins occurring over c. 3 m core intervals, 

subsequently normalized to a 1 m interval (i.e. number of veins/total interval length). 
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QVF’s plotted in Figures 4.9 and 4.10 are rounded to the nearest whole number. The 

concentrations of Mo and Cu (wt %) were determined from half-split, c. 3 m core 

sections by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) at 

Accurassay, Ontario, Canada. 

 

 

Figure 4.10. Quartz vein frequency (number per metre) versus Mo and Cu concentrations (wt %) for drill 

holes MB08-13, MB08-14 and MB08-25 at the Moly Brook deposit (based on data listed in Visage 2009). 

Regression lines and related R2 values (coefficient of determination) for vein frequency versus metal 

concentrations are also shown. The bottom right plot shows Mo versus Cu concentrations for 411 assay 

intervals from the three drill holes. A median Mo/Cu ratio of 1.9 derived from these data is also plotted. 

Grey shaded areas represent the typical range of Mo and Cu concentrations associated with 

intracontinental (Climax-type) Mo ± Cu ± W deposits based on values presented in Seedorf et al. (2005) 

and Sinclair (2007). Dashed blue lines represent indicated resource grades for the Moly Brook deposit 

(Tenajon Resources 2009). 

 

Based on 131 core intervals measured of over 399.8 m (hole length less 

overburden), drill hole MB08-14 has a mean QVF of 3.0 m-1 ± 1.4 m-1 (1σ-level; Fig. 

4.9). The minimum and maximum QVF is 1.0 m-1 and 10.5 m-1, respectively, while 
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most values fall between 1.0 and 5.0 m-1 (Fig. 4.10). The mean concentration of Mo and 

Cu over the length of the hole is 0.051% and 0.035%, respectively (Fig. 4.9), while the 

bulk of the concentration data falls below 0.2 wt %, rare high-grade intersections with 

Mo and Cu abundances greater than 0.4 wt % also occur. 

 

While relatively high QVF values occur between c. 112 and 130 m, no systematic 

spatial trend or pattern is discernible for drill hole MB08-14 (Fig. 4.9). Likewise, linear 

correlative relationships (either positive or negative) between QVF values and Mo and 

Cu concentrations are also not apparent down hole. This lack of correlation is reflected 

in the low R2 values for QVF versus Mo and Cu concentrations (0.001 and 0.006, 

respectively; Fig. 4.10). An additional first-order assessment of the concentration 

patterns suggests intervals with relatively high Mo concentrations generally correspond 

to zones with lower Cu concentrations, and vice versa (Fig. 4.9). 

 

For drill hole MB08-13 (based on 133 intervals over 409.1 m), the average QVF 

is 2.7 m-1 ± 1.4 m-1 (1σ; Fig. 4.9). Minimum and maximum QVF values are 0 m-1 (no 

veins counted) and 7.2 m-1, respectively, while most values fall between 1.0 and 6.0 m-1 

(Fig. 4.10). The mean concentration of Mo and Cu over the length of the hole is 0.061% 

and 0.038%, respectively (Fig. 4.9), with the majority of the assay data falling below 

0.15 wt %. 

 

Similar to MB08-14, no systematic spatial trend is generally apparent from the 

QVF values in drill hole MB08-13 (Fig. 4.9). However, a zone of marginally higher 

QVF values occurs between c. 188 and 335 m, corresponding to a depth range with 

above average Mo concentrations (Fig. 4.9). Additionally, higher QVFs between c. 135 

and 160 m also correspond to somewhat elevated Mo concentrations. In general, 

however, no clear correlative relationship between QVF values and the Mo and Cu 

abundances occurs (R2 values of 0.013 and 0.005, respectively; Fig. 4.10). Likewise, a 

positive correlation between Mo and Cu concentration is not apparent, although a partial 

overlap between relatively higher metal abundances occurs at depths between c. 5 m 

and 115 m. 

 

For drill hole MB08-25 (147 intervals over 449.1 m, less one interval for Cu), the 

average OVF is 2.1 m-1 ± 1.3 m-1 (1σ; Fig. 4.9). Minimum and maximum QVF values 

are 0 m-1 (no veins counted) and 6.2 m-1, respectively, with most values falling between 
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1.0 and 5.0 m-1 (Fig. 4.10). The mean concentration of Mo and Cu over the length of the 

hole is 0.047% and 0.027%, respectively (Fig. 4.9), with the majority of the assay data 

are below 0.20 wt %. In terms of the spatial distribution of the quartz veins, a zone with 

somewhat higher than average frequencies occurs between c. 134 m and 190 m, while 

below 300 m quartz, quartz vein abundances are generally lower than average (Fig. 4.9). 

A positive correlation between QVF values and Cu concentrations is somewhat 

apparent in drill hole MB08-25 (R2 = 0.077; Fig. 4.10). In contrast, no obvious 

correlation is apparent for Mo concentrations (R2 = 0.029), although overall there is a 

better correlation if compared to the other two drill holes. 

 

In general, the observed vein frequencies highlight the rather non-systematic 

nature of the veining and illustrate the lack of a positive correlation between zones of 

abundant veining and elevated Mo and Cu concentrations. Similarly, local high-grade 

intervals or horizons occur without a corresponding increase in vein frequency. For 

example, peak concentrations of Mo and Cu in hole MB08-14 (0.48 and 0.50 wt %, 

respectively) correspond to core sections with below average vein frequencies (Fig. 

4.9). Similar enrichment peaks associated with lower vein frequencies are also found in 

drill hole MB08-13 (at c. 15 m and 128 m) and MB08-25 (at c. 70 m and 194 m). This 

suggests individual ‘bonanza’-type veins may play an important role in concentrating 

both Mo and Cu at Moly Brook. Alternatively, microfractures and disseminated 

mineralization in alteration zones located between macroscopic quartz veins may also 

represent important controls on the mineralization. 

 

The quartz vein frequencies also identify horizons with relatively abundant 

veining and lower Mo and Cu concentrations (e.g. at c. 40 m in MB08-13 and c. 212 m 

in MB08-25). This feature is consistent with the variable mineralogy of the quartz veins 

(e.g. sulfide-rich versus sulfide-poor), the sequential nature of the vein paragenesis (see 

Fig. 3.7, Sections 3.4-5) and the possible mobility of molybdenite ± chalcopyrite during 

repeat fracturing events. Systematic vein and fracture mapping (on outcrops and drill 

core) that constrains the spatial distribution of the different vein types could yield 

important additional information about the controls on the mineralization. 

 

The Mo versus Cu plot shown in Figure 4.10 highlights the lack of a positive 

correlation between Mo and Cu concentrations (R2 = 0.014). This lack of correlation, 

combined with the observed vein mineral assemblages, suggests that Mo and Cu were 
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partly decoupled within the hydrothermal system and reflects the physicochemical 

variability of the mineralizing fluids as the system evolved (see Chapter 6). Figure 4.10 

also indicates a partial inverse relationship between enrichments of Mo and Cu, in 

particular for assay intervals with Mo and Cu concentrations greater than 0.2 wt %. This 

likely reflects the variable mineralogy of sulfide-rich veins where molybdenite-rich 

quartz veins tend to lack abundant chalcopyrite and chalcopyrite-rich veins tend to have 

lower molybdenite abundances (see Chapter 3). 

 

For the vein-hosted W mineralization further south at Grey River, Higgins (1980) 

suggested that fracture and vein geometries, and also faulting intensity were the 

dominant controlling factors on grade distribution, with the thinner and shallower-

dipping sections of composite lodes having the higher W grades. Additionally, the more 

faulted sections of the W-bearing lodes display increased fluid-rock interaction (e.g. 

more intense wall rock alteration), which show a positive correlation with higher W 

grades. 

 

Overall, Mo grades are consistently higher compared to Cu in the three 

investigated holes, as indicated by the median Mo/Cu ratio of 1.9 (Fig. 4.10). This ratio 

is consistent with that for the bulk indicated resource (1.86) and falls within the 

expected range for other Mo deposits formed in intracontinental settings (e.g. Sinclair 

2007). Likewise, Mo and Cu concentrations partly overlap with the typical ranges for 

post-subduction (Climax-type) Mo ± Cu ± W deposits (Seedorf et al. 2005, Sinclair 

2007), although the bulk Mo and Cu grades for the deposit (i.e. 0.065% Mo and 0.035% 

Cu based on the indicated resource estimate) occur at the lower end of these ranges (Fig. 

4.10). 

 

4.7 A structural model for the Moly Brook vein system 

4.7.1 Paleostress regime and hydrofracturing modes 

The morphology and character of the Moly Brook veins are consistent with 

formation by dilation, or rupture, under dominantly extensional conditions during high 

fluid flow. Additionally, their dominant sub-vertical attitudes indicate the plane 

containing the minimum principal stress (σ3) would have been oriented sub-

horizontally, with σ3 perpendicular to vein sheets (e.g. Fossen 2010). Furthermore, their 

predominantly NNE to NNW strike suggests σ3 was mainly c. E-W-oriented, although 
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subordinate E-W-striking veins (coincident with pre-mineralization S1-2 fabrics) indicate 

its position fluctuated or rapidly switched (with σ2) to occupy an approximate N-S 

orientation during the evolution of the system (e.g. Trench T106, Fig. 4.7; see below). 

 

While such vein trends can form when the maximum principal stress (σ1) occupies 

either a vertical or horizontal orientation, the conjugate geometry of the vein sets, 

particularly in Trenches T105, T106 and T107 (Fig. 4.7), suggests σ1 was dominantly 

sub-vertical during the lifetime of the system (see Bons et al. 2012). Supporting 

evidence that σ1 occupied a vertical position include the overall linearity of the vein 

system and a lack of prominent syn-mineralization, laterally-controlled shear fabrics 

(e.g. boudins, en-échelon veining, tension gashes), the association between quartz 

veining and normal faulting at the Grey River prospect to the south (Higgins 1985), and 

the general consistency between a σ1-vertical stress orientation at the deposit and a 

similar district-scale stress regime inferred from broader geological setting which likely 

influenced local structural orientations (Tosdal & Richards 2001; see below). 

 

At the deposit, the prevailing stress regime, coupled with the high level of fluid 

flow, local dyke emplacement and possible normal faulting provided optimal conditions 

to generate extensive fracturing and vein formation. Specifically, buoyancy assisted 

ingress of fluid ± magma (likely accompanied by phase separation and volume 

expansion; see Burnham & Ohmoto 1980) would have increased pore fluid pressure (Pf) 

relative to the lithostatic load (Plith), resulting in decreased normal stress magnitudes (σ1 

and σ3) and a reduced effective normal stress (σ´n), such that σ´n = σn - Pf (Cox et al. 

2001). In the evolving hydrothermal regime, high Pf and variable effective differential 

stress (σ´1 - σ´3) satisfied the hydraulic fracture criterion (Pf = σ3 + T), inducing 

extensional rupture of the host rock, rapidly enhancing permeability and producing a 

combination of oblique extensional and ‘pure’ extension veins (Fig. 4.11; e.g. Dennis 

1987, Cox et al. 2001). 

 

For oblique extensional veins (i.e. extensional-shear, hybrid or mixed mode 

veins), fracturing and displacement was mainly extensional (sub-parallel to σ´3), with a 

minor dip-slip to oblique-slip component (Fig. 4.11A). Evidence for the latter includes 

the angular orientation of elongate blocky and fibrous grains relative to some vein 

margins, suggesting opening trajectories were non-perpendicular (see Figs. 3.16G & 

6.5), the non-planar form of some early-formed Type 2 to Type 4 veins and rare 
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irregular to planar fabrics along the margins of early-formed Stage IIA veins or their 

potassic alteration haloes (see Chapter 3 & Section 4.7). Overall, the shear component 

was minimized by high Pf and moderate to low effective stress difference conditions, 

producing conjugate, steeply-dipping vein sets at high angles to σ’3 and bisected by σ’1 

(Fig. 4.11A). 

 

 

Figure 4.11. Mohr diagrams illustrating simplified failure modes for Moly Brook hydrofractures and 

veins (assuming an isotropic host). Pf = fluid pressure, n = normal stress, s = shear stress, -T = tensile 

strength, C = cohesive strength. A. Oblique extensional (hybrid or mixed mode) veins with conjugate 

attitudes form at elevated fluid ± melt pressures and moderate to low levels of effective differential stress 

as σ´3 reaches -T. The maximum effective principle stress (σ´1 = σ1 - Pf) bisects the acute angle (90°-α) 

between the conjugate sets and is oriented vertically. Under these conditions, shear stress (s) is 

considered low for steeply dipping veins (i.e. α ≈ c. 80 to 90°). B. ‘Pure’ extension (mode 1) veins form 

orthogonal to the minimum effective principal stress (σ´3 = σ3 - Pf) when σ´3 = T at high Pf, giving s = 0. 

Note the lower effective differential stress (σ´1 - σ´3) compared to A. 
 

The dominant failure mode was likely ‘mode 1’ extension fracturing, forming 

pure extension veins (Fig. 4.11B; e.g. Bons et al. 2012). High Pf combined with a low 

differential effective normal stress (σ´3 ≈ σ´2) produced negative σ´3 magnitudes equal 

to the host rock tensile strength (T). These conditions initiated fracturing perpendicular 

to σ´3, with opening trajectories orthogonal to fracture propagation directions (i.e. 

parallel to σ´3; Fig. 4.11B). Extensional fracturing is evidenced by the trends of 

perpendicular elongate blocky vein minerals and parallel vein inclusion bands relative 

to vein margins (see Figs. 3.16 & 3.17). Likewise, the tendency for Stage IIA composite 

veins to contain sub-parallel vein segments (Fig. 3.17) suggests repeat cycles of 
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extension failure and fluid flow occurred and that the deposit stress regime remained 

relatively consistent during early, high temperature fluid flow. 

 

A relatively consistent local stress regime is also supported by the general sheeted 

to conjugate orientations of Stage II veins and the consistent trend of syn-mineralization 

lineaments across the broader Moly Brook-Grey River area (Figs. 4.5 & 4.7). However, 

local stockwork patterns and vein orientations deviate from the main trend (e.g. some c. 

E-W-striking veins) and suggest the effective normal stress varied episodically. In this 

scenario, the orientations of σ’3 and σ’2 would have intermittently and sporadically 

switched, particularly during episodes of fluctuating fluid pressure as the system 

evolved (e.g. Stage IIA to IIB veining). The non-conjugate/-parallel orientations of 

Trench T108 vein sets (Fig. 4.7) also indicate the attitude of the effective normal stress 

regime varied in terms of geographic location and/or depth, or was locally influenced by 

superimposed structural controls (e.g. magmatism, normal faulting). Their orientations 

suggest rapid changes to the attitude of σ’2-σ’3, or the σ’1 stress component became 

moderately inclined to the south (c. 50º) during a phase of higher effective differential 

stress. Alternatively, localised block rotation or displacements associated with post-

mineralization faulting (e.g. D6 brittle deformation; see below) may have affected the 

orientations of these veins. 

 

The morphology of certain Moly Brook veins also indicates temporal variation in 

terms of the ambient deformation conditions. For example, non-parallel Stage I (or 

possibly Stage IIA) quartz-K-feldspar veins (Type 2), and similarly wavy Stage IIA 

aplite-sulfide (Type 3) and quartz-molybdenite (Type 4) veins suggest initial 

hydrofracturing progressed in a ductile manner. Similar non-planar veins are known to 

form early in porphyry-type magmatic-hydrothermal systems (so-called ‘A veins’) and 

mark a ductile-brittle failure mode transition (e.g. Tosdal & Richards 2001). For these 

veins, brittle failure may have been inhibited by initial high lithostatic loads (i.e. 

confining pressure/depth), higher ambient temperatures and/or an initial Pf that was 

close to Plith (Cox et al. 2001). Additionally, reaction-weakening by earlier pre-

mineralization veining and calcic ± sodic metasomatism would have reduced the 

cohesive strength of the wall rocks further promoting ductile strain (Cox et al. 2001). 

 

As the fault-valve cycle progressed (see Sibson 2001), later Stage IIA-IIB veins 

(Types 4 to 7) formed by dominantly brittle fracturing and tend to exhibit planar 
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margins (see Chapter 3). Brittle deformation was likely driven by changes to fluid 

pressure state, shear stress and possibly coeval faulting. A final, late phase of resurgent 

fluid flow (Stage IIC) may have formed by mobile hydrofracturing (Bons 2001), which 

may account for the greater thickness displayed by Type 8 quartz-pyrite-galena veins 

(Fig. 4.6C-D). In this scenario, earlier formed veins and fractures (i.e. Stage IIA-B) 

formed a permeability network (i.e. planes of weakness) which allowed residual fluids 

with high Pf to ascend, merge and initiate sustained extensional fracturing at a focused 

depositional site. 

 

Overall, the structural characteristics of the Moly Brook deposit are consistent 

with the preliminary structural model presented for the Grey River tungsten prospect 

(Higgins 1985). This model envisaged extensional fracturing and coeval differential 

normal faulting as the main controls on fluid flow, veining and mineralization. 

Additionally, Higgins (1980a) suggested the intrusion of a putative granitic stock 

(‘cupola model’; see Park 1983) could have produced normal stress trajectories with 

orientations favourable for normal faulting and sub-vertical hydrofracturing (i.e. σ1 and 

σ3 having vertical and horizontal orientations, respectively). Thus, magma emplacement 

and fluid exsolution could have established a local stress regime promoting focused 

hydrofracturing, faulting and veining. 

 

At the Grey River prospect, W mineralization is primarily confined to relatively 

thick (up to c. 4 m) broadly N-S-trending composite lodes associated with hydrothermal 

cycling and normal faults (Fig. 3.1). W mineralization is considered paragenetically 

intermediate (Stages IIb and IIe; Higgins 1985) and formed after initial hydrofracturing 

produced numerous c. N-S-oriented, steeply dipping quartz veins (Stages I and IIa). 

Thus, the prevailing effective normal stress regime remained relatively consistent and 

mimics the structural evolution at Moly Brook. Additionally, the earlier formed veins at 

Grey River could have facilitated later normal faulting and fault-valve fluid cycling as 

the system evolved (see Blenkinsop 2008). The apparent lack of thick composite lodes 

and associated normal faults at Moly Brook may reflect rheological contrasts between 

GRE meta-volcanosedimentary and BIS rocks and their differential responses during 

this later stage of extensional deformation. 
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Figure 4.12. Proposed structural model for the 

origin of the Moly Brook-Grey River vein system. 

See main text for discussion. A. Emplacement of 

the François Granite complex centred on an 

extensional zone that intersects earlier formed 

deformation zones within a larger releasing bend 

or jog. SWL = southwest lobe, NEL = northeast 

lobe, GRPG = Grey River Point granite, GCIG = 

Gulch Cove Islands granite, GCSZ = Granite 

Cliff shear zone, DHBF = Dover-Hermitage Bay 

fault. B. Schematic cross-section profile (c. E-W 

section line shown in A) of the François Granite 

complex and adjacent areas. Vertical component 

is exaggerated and not to scale. GRE = Grey 

River Enclave, SWL = southwest lobe. C. 

Schematic 3D sketch (not to scale) of the Moly 

Brook-Grey River vein system(s). Principal stress 

axes indicate syn-mineralization stress regime. 

Numbered structural features discussed in 

Section 4.8. BIS = Burgeo Intrusive Suite, GRE = 

Grey River Enclave, GCSZ = Granite Cliff shear 

zone, ? = uncertain or hypothetical feature. 
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4.7.2 District- to deposit-scale structural model and tectonothermal controls 

 Figure 4.12 presents a schematic, conceptual structural model for the Moly Brook 

deposit based on its previously described structural characteristics and known district- 

to local-scale tectonothermal events at the time of mineralization (c. 381 Ma). This 

model incorporates an assumed emplacement mechanism for the nearby François 

Granite which, although quite speculative, may account for a district-scale, mainly 

extensional stress regime at c. 383 to 378 Ma (see Kellett et al. 2016). Such an 

‘extensional centre’ may have influenced local stress states and deformation styles in 

the broader vicinity, including the Moly Brook-Grey River area (Tosdal & Richards 

2001). The main aspects of the structural model are as follows: 

 

 (1) Prior to c. 390 Ma, dextral transcurrent deformation associated with late-

Acadian orogenesis was ongoing in Newfoundland (Holdsworth 1994, Hibbard 1994). 

In the south coast region (Hermitage Flexure), oblique shear zones likely formed 

dilational sites (releasing bends) for syn-orogenic granitoid intrusions (c. 412 Ma BIS) 

and provided permeability channels for focused fluid flow and metasomatism (e.g. 

GCSZ affecting the southern BIS; Dickson et al. 1996). 

 

 (2) After c. 390 Ma, Neoacadian ‘soft’ orogenesis proceeded to the south of 

Newfoundland (i.e. Meguma-Avalonia oblique accretion; van Staal & Barr 2012). 

While compressive deformation was minimal in Newfoundland (van Staal et al. 2009), 

reactivation of Acadian shear zones, possibly accompanied by orogenic relaxation, 

produced extensional deformation sites in the upper crust, facilitating the emplacement 

of suite of ‘post-collisional’ granitoids between c. 390 and 372 Ma (e.g. D’Lemos et al. 

1995, Schofield & D’Lemos 2000, Kellett et al. 2014). 

 

 (3) As part of the Neoacadian tectonothermal event, the c. 383 to 378 Ma François 

Granite complex was emplaced to the east of Moly Brook-Grey River (Fig. 4.12A; see 

Dickson et al. 1996). In general, the concentric forms of its constituent lobes are 

consistent with episodic, sequential emplacement under extensional conditions, with σ1 

vertically orientated (e.g. Paterson & Fowler 1993, Tosdal & Richards 2001). 

Additionally, the ovoid shape of the older southwest lobe [SWL], its c. NNE-trend, and 

a lack of radiating dykes (Dickson et al. 1996) indicate σ3 was horizontal and broadly 

ESE-WNW-oriented (Fig. 4.12A). These characteristics, coupled with the more circular 

from of the younger northeast lobe [NEL], also suggest emplacement progressed under 
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initial differential (σ2 > σ3) to later uniformal normal stress conditions (σ2 ≈ σ3), with 

both intrusive centres intersecting pre-existing deformation zones (see Tosdal & 

Rochards 2001). 

 

 (4) Given the prevailing stress regime and the concentric nature of the François 

Granite, magma emplacement may have been facilitated by steep, outward-dipping and 

intrusion-fringing ring faults commonly associated with central igneous complexes (Fig. 

4.12A-B; e.g. O’Driscoll et al. 2006). Such structures would have provided conduits for 

magma ascent (possibly from a deeper source intrusion; e.g. Burchardt et al. 2013) and 

feeder pathways during sequential pluton intrusion (Fig. 4.12B). As the SWL grew, the 

extensional deformation zone would have propagated outward from the emplacement 

centre, mainly producing NNE-striking normal faults (i.e. orthogonal to regional σ3). 

Across the district, extensional deformation and normal faulting allowed additional 

magma to ascend to produce François-like intrusions peripheral to the main igneous 

centre (e.g. the Grey River Point and Gulch Cove Islands granites, Fig. 4.12A). 

 

(5) In the Moly Brook area, extensional deformation developed in response to the 

regional stress regime (Fig. 4.12C). Buoyancy-driven ascent of volatile-rich magma, 

facilitated by normal faulting and pre-existing structural anisotropies (i.e. older c. E-W-

aligned shear zone fabrics), likely promoted magma volume expansion, fluid pressure 

increase, fluid exsolution and wall rock hydrofracturing. A combination of high fluid 

pressures and the orientations of the local stress trajectories yielded a linear network of 

preferentially c. N-S-aligned and steeply dipping mineralized veins and granitic dykes 

(Fig. 4.12C). Vein geometries and internal textures suggest fault-valve cycling (e.g. 

Sibson 1992) and consequent fluid pressure variations strongly influenced fracturing 

modes, vein orientations and morphologic characteristics. 

 

4.8 Moly Brook veining as part of the deformation history of south-central 

Newfoundland 

This section integrates the structural features of the Moly Brook-Grey River area 

with equivalent (correlative) structures in the broader south coast (Hermitage Flexure) 

and central Newfoundland regions, to produce a new tectonic synthesis for the study 

area. Based on new and existing structural, metamorphic, magmatic and 

geochronological data, six sequential deformational events are recognised for the area 



Chapter 4 – Structural Setting, Vein Geometries & Deformation History 

153 
 

(D1 to D6) and correspond to major periods of tectonism and deformation that occurred 

prior to, and during, Appalachian-related orogenesis. A schematic summary of the 

deformation history and evolution of the Grey River-Hermitage Flexure region is 

presented in Figure 4.13 and a description of the six deformation events, their key 

structural features and correlative evidence is outlined below: 

 

4.8.1. D1: Cryogenian to Late Cambrian deformation 

D1 encompasses protracted Neoproterozoic – Cambrian deformation events and is 

divided into two sub-stages (early and late; Fig. 4.13). Earliest D1 deformation is 

recorded by gneissic rocks in the Grey River Enclave [GRE] metamorphosed to 

amphibolite facies conditions (Higgins 1980a). A protolith age of c. 686 Ma for the 

gneiss and an associated metamorphic age of c. 579 Ma bracket the timing of this 

earliest deformation event (Fig. 4.13: Dunning & O’Brien 1989). Early D1-related 

structures include broadly east-west-aligned, sub-vertical gneissic and migmatitic 

layering and banding, which form a composite planar fabric, here designated S1A (Fig. 

4.14A; see Dickson et al. 1996). Locally, isoclinal and steeply east- or west-plunging F1 

intrafolial folds also occur in the gneissic rocks (Fig. 4.14A-B). 

 

S1A gneissic layering at Grey River is correlative with early D1 deformation 

recorded by the c. 675 Ma Cinq-Cerf basement complex, Grand Bruit area, southwest 

Hermitage Flexure (Fig. 4.13; Valverde-Vaquero et al. 2006). Here, D1 tectonothermal 

events have a minimum age of c. 584 Ma, based on a crosscutting granodiorite 

(Valverde-Vaquero et al. 2006). In the Cinq-Cerf complex, north-northeast- to 

northeast-aligned composite S1 gneissic layering contains axial planar to steeply-

plunging isoclinal F1 folds. 

 

Late D1 deformation is recorded by a locally preserved foliation (S1B) in GRE 

metasedimentary rocks that formed during greenschist facies metamorphism (S1 

foliation of Dickson et al. 1996). The timing of late D1 deformation is constrained by 

the c. 544 Ma formational age for GRE meta-volcanosedimentary rocks and the c. 499 

to 495 Ma ages reported for gabbroic and granitic bodies which intrude F1 folded c. 578 

to 563 Ma basement units in the Roti Bay-Cinq Cerf Bay area to the west (Fig. 4.13; 

Dunning & O’Brien 1989, O’Brien et al. 1991). Early and late D1 events are thus 

separated by a period spanning c. 580 to 544 Ma associated with intermittent, bimodal 

plutonism during gradual crustal growth of peri-Gondwanan basement terranes.
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Figure 4.13. Proposed schematic tectonostratigraphy and deformation history for the Moly Brook-Grey River area based on Higgins (1980a), Dickson et al. (1996), 

and data from this study. Rock unit abbreviations (bold text = unit in Grey River area) as follows: GRE = Grey River Enclave, CCG = Cinq-Cerf Gneiss, RIS = Roti 

Intrusive Suite, SPG = Spanish Point Granite, BDNG = Bay Du Nord Group, WHG = White Head granite, BIS = Burgeo Intrusive Suite, OPG = Otter Point granite, 

NBGS = North Bay Granite Suite, CG = Chetwynd Granite, FG = François Granite. Geochronology sources: U-Pb zircon ages = Dunning & O’Brien (1989), 

Dunning et al. (1990b), O’Brien et al. (1991), Kerr et al. (1993b), van Staal et al. (2005), Valverde-Vaquero et al. (2006), Kerr & McNicoll (2012); Ar-Ar age = 

Reynolds & Murthy (1983); Re-Os molybdenite age = this study; K-Ar hornblende ages = Higgins et al. (1990); U-Pb titanite ages = Dunning & O’Brien (1989), 

Valverde-Vaquero et al. (2006); Rb-Sr muscovite ages = Higgins et al. (1990); U-Pb monazite age = Dickson (1990). Correlations with regional deformation events 

are based on 1 = Valverde-Vaquero et al. (2006), 2 = Zagorevski et al. (2007), 3 = O’Brien et al. (1986), 4 = Hibbard & Waldron (2009), 5 = Kellett et al. (2016).
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In the GRE, a remnant late D1 foliation, here designated S1B, is c. east-west-

aligned, steeply north-dipping and parallels inferred bedding (Fig. 4.14; Dickson et al. 

1996). Correlative late D1 structures occur in the southwest Hermitage Flexure, 

including penetrative fabrics and associated isoclinal, steeply-plunging intrafolial 

folding in the c. 578 to 563 Ma Roti Intrusive Suite and ductile deformation affecting c. 

557 to 548 Ma mafic to intermediate intrusive rocks (Dunning & O’Brien 1989, 

O’Brien et al. 1991, Valverde-Vaquero et al. 2006). 

 

In general, D1-related structures record protracted and episodic tectonothermal 

events affecting Ganderia prior to Appalachian-cycle orogenesis. Between c. 615 and 

500 Ma, Ganderia crustal growth intermittently progressed along the coastal margin of 

Amazonia (Gondwana), which lay to the southeast of a maturing Iapetus Ocean 

(O’Brien & van der Pluijm 2012, van Staal et al. 2012). During that time, polyphase and 

variably intense deformation likely occurred in a continental arc-type setting and may 

relate to proto-Andean mountain building such as the Sunsas and/or Pampean orogenic 

events (e.g. Rogers et al. 2006, Chew et al. 2007, Barr et al. 2014a). 

 

4.8.2. D2: Late Ordovician to Middle Silurian (Salinic) deformation 

D2-related structures record a major phase of deformation at Grey River 

associated with peak lower amphibolite facies metamorphism (Dickson et al. 1996). The 

onset of D2 deformation is dated at c. 448 Ma, based on a U-Pb TIMS titanite age from 

a deformed diorite in the southwest Hermitage Flexure area (Fig. 4.13; Valverde-

Vaquero et al. 2006) and it continued until c. 432 to 429 Ma, based on igneous ages 

obtained for syn-kinematic granitoids in this region (Dunning et al. 1990b, O’Brien et 

al. 1991, Valverde-Vaquero et al. 2006). At Grey River, metamorphic hornblende in 

gneissic rocks dated to c. 434 Ma (Higgins et al. 1990) records the D2 deformation 

event. 

 

The dominant D2-related structure at Grey River is a penetrative, broadly east-

west-aligned, mainly steeply north-dipping schistosity in GRE rocks, here designated S2 

(equivalent to D2 of Higgins 1980a, S2 of Dickson et al. 1996; dominant structural 

lineament Set 1 shown in Fig. 4.5). Locally S2 is axial planar to steeply plunging F2 

folds and is associated with c. east-west boudinaged granitic dykes (Dickson et al. 

1996). D2-related shearing and deformation likely transposed earlier D1 fabrics, forming 

a sub-parallel composite foliation in the GRE (e.g. Fig. 4.14C). 
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Figure 4.14. D1 to D5 ductile-brittle structures in the Moly Brook-Grey River area. A. Horizontal surface 

view (to the NW) of c. E-aligned and steeply N-dipping, early S1A gneissic layering and banding in c. 686 

Ma Grey River gneiss. S1A is axial planar to isoclinal, upright and sub-vertical intrafolial F1 folds (see 

inset sketch). NNW- to NW-aligned fractures are interpreted as D6 brittle fractures, joints. B. Horizontal 

surface view (to the W-NW) of banded gneiss with early c. E-aligned S1A foliation and isoclinal F1 folds. 

Gneiss is cut by D5-related massive, pegmatitic granite. C. Horizontal surface view (to the S-SW) of c. E-

aligned and steeply N-dipping composite S1-2 foliation in c. 544 Ma mica-amphibole schist. D. Split drill 

core showing S3 foliation and S4 crenulation (S-C fabric) affecting altered c. 415 Ma BIS granitoid. 

Elongate feldspar phenocrysts form an L4 mineral stretching lineation. Drill core width is c. 5 cm. E. 

Split drill core showing mylonitic, composite S3-4 foliations. Feldspar phenocrysts are locally imbricate 

and asymmetrically deflected with a mainly sinistral shear sense. Core is c. 5 cm wide. F. Split drill core 

showing irregular, wavy Type 4 quartz-molybdenite vein (D5 event) with non-parallel walls crosscutting 

mafic section of BIS. The non-planar vein suggests, high-temperature hybrid veining at the ductile-brittle 

transition. Hammer for scale in images A-C is c. 30 cm long. 
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The D2-related structures at Grey River are correlative with S2 foliations and open 

F2 folding observed in the southwest Hermitage Flexure area (Valverde-Vaquero et al. 

2006). Additionally, correlations with local D2 structures straddling the Red Indian Line 

in central Newfoundland are also possible (see Zagorevski et al. 2007). These include c. 

northeast-aligned S2 foliations that are axial planar to F2 folds and other structures that 

record southeast-directed, sinistral-oblique thrusting. A further correlation with the D1 

regional deformation reported by both O’Brien et al. (1986) and Dunning et al. (1990b) 

in the central and northern Hermitage Flexure area may also be valid. 

 

Overall, D2-related structures in the Grey River-Hermitage Flexure region record 

deformational effects associated with the Salinic Orogeny during the Silurian (Dunning 

et al. 1990b, van Staal & Barr 2012). Salinic-cycle orogenesis progressed as several 

major tectonothermal events in central Newfoundland related to the terminal closure of 

the Iapetus Ocean, arc-continent collision, accretion of Ganderia to composite 

Laurentia, and the subduction of the Acadian Seaway beneath the trailing Ganderian 

margin (van Staal et al. 2014). 

 

4.8.3. D3: Late Silurian to Early Devonian (early Acadian) deformation 

D3-related structures form localised, high-strain deformation zones in the Grey 

River area, exemplified by the Granite Cliff Shear Zone [GCSZ] which transects both 

the Grey River Enclave [GRE] and the southern Burgeo Intrusive Suite [BIS] (see Fig. 

4.1). Discrimination between D3 planar structures in the area and earlier, composite D1-2 

fabrics with sub-parallel orientations is based mainly on strain intensity. 

 

The timing of D3 deformation is constrained between c. 420 and 411 Ma, based on 

metamorphic and igneous ages from the BIS (Dunning et al. 1990b, Higgins et al. 1990, 

Kerr & McNicoll 2012) and a metamorphic age (U-Pb TIMS titanite) from mafic dykes 

in the Cinq-Cerf area (Valverde-Vaquero et al. 2006; see Fig. 4.13). The lower (older) 

age limit may partly overlap with latest D2 (Salinic) deformation in other parts of the 

Hermitage Flexure and central Newfoundland (Fig. 4.13; see Dickson et al. 1996, van 

Staal et al. 2014), although the age range corresponds to that inferred for early Acadian 

deformation elsewhere in Newfoundland (e.g. McNicoll et al. 2006, van Staal et al. 

2014, Kellett et al. 2016). A metamorphic K-Ar age (hornblende) of c. 418 Ma obtained 

from gneissic rocks in the GRE (Higgins et al. 1990) is also consistent with D3 

deformation and related metasomatism (Fig. 4.13). 
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At Grey River, D3 deformation is mainly represented by a broadly east-west-

aligned, sub-vertical S3 foliation that locally develops high-strain mylonitic zones 

(equivalent to ‘Sm’ fabric of Higgins 1980a). Locally, S3 displays asymmetric shearing 

patterns with both dextral and sinistral kinematics (Piasecki 1995). In the BIS, the S3 

foliation is marked by preferentially aligned feldspar phenocrysts and recrystallised 

elongate quartz aggregates which form a moderate to steeply-plunging L3 mineral 

stretching lineation (Figs. 4.12 & 4.13). Locally, on L3 parallel surfaces, deformed 

feldspar phenocrysts have asymmetric shapes, curving tails and form possible shear 

band boudins, consistent with sinistral shearing (Fig. 4.14D-E). In GRE rocks adjacent 

to the BIS, rare andalusite and cordierite porphyroblasts, formed during syn-D3 BIS 

magmatism, overprint earlier composite S1-2 foliations (Dickson et al. 1996). 

 

The D3 structures in Grey River are correlative with local D3 mylonitisation and 

thrusting that affects Neoproterozoic gneiss and c. 431 Ma granitoids in the Cinq-Cerf 

area, southwest Hermitage Flexure (Valverde-Vaquero et al. 2006). Here, broadly east-

aligned, sub-vertical S3 shear planes display dextral kinematics and are associated with 

c. east-facing open F3 folds, L3 lineations and greenschist facies metamorphism 

(Valverde-Vaquero et al. 2006). A correlation with structures adjacent to the Red Indian 

Line (Iapetus Suture) in central Newfoundland may also be valid (e.g. c. 426 to 417 Ma 

D4 structures of Zagorevski et al. 2007). In this area, local D4-related structures include 

northwest-directed dextral thrusting and reverse faulting, a c. northeast-aligned and 

steeply southeast-dipping S4 spaced composite cleavage, northwest-verging and 

overturned F4 folds, boudinaged veins with dextral displacements, and down-dip, 

southeast-plunging L4 stretching lineations. 

 

In general, the D3 event in the Grey River area represents a phase of 

heterogeneous strain recording the localised effects of early Acadian orogenesis 

(Hibbard 1994, van Staal et al. 2014). This orogenesis was initiated during terminal 

subduction of the Acadian Seaway and continued during the accretion of Avalonia to 

composite Laurentia. The youngest phases of the syn-kinematic BIS (c. 415 - 411 Ma) 

were emplaced during this accretionary-collisional event (Dickson et al. 1996). 

 

4.8.4. D4: Early Devonian (late Acadian) deformation 

D4 deformation is characterised by a discordant S4 crenulation cleavage locally 

preserved in the BIS and GRE (equivalent to D3 of Higgins 1980a, S3 cleavage of 
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Dickson et al. 1996). In the BIS, S4 is typically orientated c. 5 - 30° relative to D3 

foliations, trends c. east-northeast or west-northwest and is moderate to steeply-dipping 

(Figs. 4.12D-E & 4.13C). Together, both S3 and S4 form an S-C’ fabric that imparts an 

augen-like texture to the rock and suggests sinistral shearing (Fig. 4.14D). Additionally, 

S4 cleavages are axial planar to local open to tight, upright F4 folds (Dickson et al. 

1996). 

 

 

Figure 4.15: Variable degrees of strain affecting Burgeo Intrusive Suite wall rocks at Moly Brook. A. 

Less deformed (lower strain) K-feldspar megacrystic granite showing D4 intragranular fracturing and 

D5-related intense, pervasive potassic alteration. B. Megacrystic granite showing moderate S3 foliation 

and phenocryst alignment. C. Higher strain affecting megacrystic granite with S3 foliation and S4 

crenulation cleavage associated with L4 stretching lineations. Note mylonitic fabric and grain size 

reduction compared to A. D. Strain partitioning in megacrystic granite with localised shear band 

containing D3 and D4 fabrics. 
 

In BIS rocks hosting the Moly Brook deposit, D4 post-solidification intragranular 

fracturing affects alkali feldspar phenocrysts and is associated with pervasive amphibole 

+ magnetite + titanite + pyrite metasomatism (Figs. 4.14 & 4.15). The textural 

characteristics of this deformation (e.g. intragranular fracturing, recrystallization and 

grain-size reduction) are indicative of post-solidification cataclasis and fluid flow during 

shearing (Fitz Gerald & Stünitz 1993). Thus, phenocryst fracturing developed 

progressively during D4 cataclasis and was possibly accentuated by early D5 biotite ± 

amphibole veinlet formation (see Chapter 3). In general, the intensity of both late D3 

and D4 deformation varies within the BIS wall rocks suggesting a degree of strain 

partitioning across the area (Fig. 4.15). Deformation heterogeneity varies from 

relatively lower strain, coarse-grained intervals (Fig. 4.15A), to moderate to high strain 
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foliated and mylonitic varieties displaying a grain size reduction associated with 

recrystallisation and shearing (Fig. 4.15B-C; cf. Vernon et al. 1983). Local shear bands 

also attest to the localisation of strain intensity (Fig. 4.15D). 

 

The D4 crenulation fabric at Grey River is correlative with local crenulation 

cleavages in the Red Indian Line area, west-central Newfoundland (S5 of Zagorevski et 

al. 2007). There, local S5 schistosity is typically southeast-trending, sub-vertical and 

axial planar to steeply-plunging F5 folds. The S4 cleavage at Grey River is also 

correlative with structures assigned to a regional D2 deformation event in the central 

Hermitage Flexure area (O’Brien et al. 1986, Dunning et al. 1990b). These include an 

S2 crenulation cleavage and associated F2 folds and mark a phase of transitional brittle-

ductile deformation across the region (O’Brien et al. 1986). 

 

The timing of D4 deformation is not well constrained in the Grey River or 

southern Hermitage Flexure areas. However, temporal constraints for post-D3 and pre-

D5 tectonothermal events in the region (i.e. between 411 and 390 Ma) are provided by 

(1) emplacement of the syn-tectonic c. 404 to 396 Ma North Bay Granite Suite in the 

Meelpaeg Lake area, north of the Hermitage Flexure (Dunning et al. 1990b, van Staal et 

al. 2005) and (2) c. 403 to 400 Ma deformation adjacent to the Dover Fault east of Grey 

River (Kellet et al. 2016). The D4 fabrics may temporally overlap in part with latest D3 

deformation and together may represent a semi-continuous phase of Acadian-related 

deformation. However, the classification of D4 as a separate and distinct deformation 

event based on the observed structural relationships is preferred here. 

 

From a regional perspective, the D4-related structures formed during late-stage 

Acadian orogenesis the progressed during the collision of Avalonia to composite 

Laurentia represented by the trailing edge of Ganderia (Hibbard 1994, van Staal et al. 

2014). Regionally, Acadian orogenesis is associated with extensive bimodal magmatism 

in central and eastern Newfoundland, including the emplacement of relatively abundant, 

syn-collisional intermediate to felsic intrusive rocks such as the BIS (e.g. van Staal et al. 

2009). 

 

4.8.5 D5: Late Devonian veining and mineralization event 

In the Moly Brook-Grey River area, D5 deformation is represented by the major 

vein system associated with Mo, Cu and W mineralization, which consistently crosscuts 
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D1 to D4 ductile structures (Fig. 4.16A-B, see also Fig. 4.13). In general, D5 structures 

(e.g. extensional veins, normal faulting) reflect a phase of dominantly brittle 

deformation formed during a mainly tensional stress regime (see Section 4.6). However, 

the presence of non-planar, ductile-like veins at Moly Brook (Figs. 4.12F & 4.14D) and 

the variation in vein geometries (see Fig. 4.7) suggests a degree of localised lateral 

shearing may have been active during D5 fracturing reflecting somewhat transitional 

brittle-ductile conditions (see Section 4.6). Additional D5 structures include broadly 

north- to northeast-trending, relatively steeply-dipping normal faults associated with the 

main W-mineralized quartz lodes. Associated fault planes contain L5 slickenlines that 

plunge steeply to the east (Higgins 1980a). Further east from Grey River, adjacent to the 

François Granite, sets of c. north-trending granitic dykes have also been reported 

(Dickson et al. 1996). 

 

D5 deformation at Grey River is correlative with broadly north-northwest to north-

northeast-aligned joints and faults in the southwest Hermitage Flexure (composite D4 of 

Valverde-Vaquero et al. 2006). Additionally, a link with other Late Devonian 

mineralized vein systems (e.g. St. Lawrence fluorite deposit, southeast Newfoundland) 

and the contemporaneous emplacement of Late Devon granitic intrusions occurring 

across central and south-eastern Newfoundland is proposed. 

 

The timing of D5 deformation at Moly Brook-Grey River is constrained by the c. 

382 to 380 Ma Re-Os molybdenite ages presented in this study (see Chapter 5). 

Additionally, hydrothermal ages (muscovite) ranging from c. 387 to 372 Ma for the 

mineralized quartz veins at Grey River provide further timing constrains (Higgins et al. 

1990). Syn-D5 felsic magmatism is constrained at c. 380 - 378 Ma (Kerr et al. 1993b, 

Dickson et al. 1996, Kerr & McNicoll 2012) and corresponds with other magmatic-

hydrothermal ages in the south coast area (Lynch et al. 2009, 2012). 
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Figure 4.16. D5 and D6 brittle structures. A. Split drill core showing sub-parallel Type 6 quartz-pyrite-

sericite veinlets crosscutting foliated BIS (D3-4 fabrics). B. Type 4 quartz-molybdenite vein dextrally offset 

by D6-related fracturing and Type 9 calcite veining. C. Split drill core showing D6-related faulting of D5 

quartz-molybdenite vein (Stage IIA, Type 4). The fault is filled by a calcite ± fluorite veinlet. D. D6 calcite 

veinlet partly following the trend of a D5 quartz-K-feldspar-molybdenite-pyrite veinlet (Stage IIA, Type 

5). Asymmetric fabrics in the calcite veinlet suggest dextral shearing. E. D6 fracturing and calcite-fluorite 

veining of BIS forming an incipient breccia. Fracture offsets indicate dextral displacements. F. Crackle 

breccia showing potassic-altered BIS clasts in a calcite-fluorite matrix. The larger clasts contain D5-

related quartz ± sulfide veinlets. G. D6 breccia zone with fault gouge clay. H. Vertical surface view (to 

the NE) showing late-stage, sub-vertical joints and fractures in the BIS. The hammer for scale is c. 30 cm 

long (circled). 
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In the wider region, the onset of D5 deformation may be contemporaneous with 

the emplacement of the c. 390 Ma Chetwynd Granite in the south-western Hermitage 

Flexure (O’Brien et al. 1991). This granite represents the oldest ‘post-tectonic’ intrusion 

in the region and is compositionally similar to other syn-D5 granitic intrusions (Dickson 

et al. 1989). Additionally, lateral fault displacements along the Dover Fault in eastern 

Newfoundland dated at c. 386 Ma (Kellett et al. 2016) are consistent with D5 

deformation and fluid flow at Grey River and highlight active crustal movements at that 

time. 

 

From a regional perspective, D5 deformation generally coincides with Middle t o 

Late Devonian dextral transcurrent deformation, crustal-scale tectonic re-alignment and 

a switch to localised extensional-transtensional conditions in the northern Appalachians 

(Hibbard & Waldron 2009, Hibbard & Karabinos 2013). At that time, the accretion and 

collision of Meguma to composite Laurentia during the Neoacadian orogeny overlapped 

with the emplacement of a belt of felsic-dominated, bimodal magmatism (van Staal et 

al. 2009). Combined, these processes facilitated localised brittle deformation 

(fracturing, faulting), high crustal-level magma emplacement and hydrothermal fluid 

flow (see Chapters 6 and 7). 

 

4.8.6. D6: Late Devonian or younger composite brittle deformation 

A composite D6 deformation event is marked by structures which postdate the D5 

vein system, and represent younger, episodic brittle deformation events. The most 

widespread D6 structures are numerous calcite ± fluorite veinlets (Stage III, Type 9) and 

local breccia zones that crosscut and disrupt the main vein system (Fig. 4.16B-G; see 

Section 3.4). Commonly, calcite veinlets (Type 9 in this study) crosscut the sub-vertical 

D5 veins at discordant, oblique angles (c. 60 to 80°), suggesting overall shallow to 

moderate dips (Fig. 4.16B-C). Rarely, the calcite veinlets exploit pre-existing D5 vein 

orientations or are deflected into the earlier formed veins (Fig. 4.16D). Locally, they 

occupy the planes of small faults and fractures that displace earlier formed D5 veins and 

display mainly dextral offsets (Fig. 4.16B-C). Although earlier normal faulting is 

associated with D5 veining at Grey River (e.g. Higgins 1980a), this suggests calcite 

veining formed during a phase of brittle faulting. 

 

Locally at Moly Brook, increasing calcite veining and fracturing forms dextrally-

offset sections (incipient breccia?) and breccia zones (Fig. 4.16E-F). The breccias 
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consist of angular and fragmented clasts of altered BIS wall rock in a non-laminated, 

calcitic ± fluorite matrix which forms an in situ, mosaic or crackle pattern (Fig. 4.14F). 

Clasts may contain D5 quartz ± sulfide veinlets that show geometric continuity with 

their related vein segments outside the breccia (i.e. no significant rotation; Fig. 4.16F). 

Overall, these features are consistent with brecciation formed by pulsed, hydraulic 

fracturing (i.e. fluid-assisted mechanical fragmentation) during D6 deformation (see 

Jébrak 1997). More locally, breccia zones are associated with fault gouge and sericite 

and clay alteration (Fig. 4.16E & G). 

 

Other D6 structures at Grey River include c. east-aligned, north-dipping normal 

faults that displace D5 veins and granitic dykes in the Long Pond area (e.g. Long Pond 

Twin faults 1 and 2, Fig. 4.1). According to Higgins (1980a) these faults predate the D6 

calcite veining and fracturing described above. Additionally, relatively large-scale, c. 

northeast- and northwest-trending faults and fracture zones that truncate pre-D6 

structures also occur (e.g. Dog Cove Brook fault; Figs. 4.1 & 4.2). These structures 

have similar orientations to the abundant, sub-vertical fracture and joint sets across the 

study area and may reflect late-stage deformation associated with bedrock unloading 

and exhumation (e.g. Fig. 4.16H). The dominant c. northeast and northwest trends of 

these brittle structures is reflected by the conjugate Set 3 structural lineaments identified 

from the Grey River area (Fig. 4.5, Section 4.4). 

 

Correlative D6 deformation east of Grey River includes faults, fractures and joints 

that transect the c. 383 to 378 Ma François Granite (Dickson et al. 1996), while in west-

central Newfoundland (near the Red Indian Line), late broadly east-trending brittle 

faults displaying dextral displacements occur (D7 deformation of Zagorevski et al. 

2007). 

 

Absolute age constrains for late-stage D6 brittle deformation is not available in the 

Hermitage Flexure region; however, U-Pb monazite cooling ages of c. 370 to 350 Ma 

close to the Dover Fault in south-eastern Newfoundland (Kellett et al. 2016) record the 

effects of brittle deformation and waning fluid flow. Additionally, a c. 368 Ma Re-Os 

molybdenite age determined for a quartz-molybdenite vein close to the St Lawrence 

granite is consistent with a phase of Late Devonian brittle deformation and fluid flow 

(Lynch et al. 2012). 
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4.9 Summary 

Table 4.4 summarises the timing, key structural evidence, dominant structural 

trends and inferred tectonic processes that define the D1 to D6 deformation events 

recognised in the Moly Brook-Grey River area. 

 

Table 4.4: Summary of structures & deformation events recorded in the Moly Brook-Grey River area 

Deformation event Timing (Ma) Key structures1 Tectonic event 

    Peri-Laurentian (Appalachian) deformation 
 

Composite D6 Post-370 E-aligned normal faulting displaces D5 quartz veins 

and lodes. Calcite veining, dip-slip faulting, 

brecciation, local shearing. Late NE- & NW-aligned 

faults, fractures, joints. 

Late Neoacadian 

orogeny? Crustal 

uplift, late fluid flow 

D5 (start of mainly 

brittle deformation, 

vein formation) 

c. 390 - 372 NNW- to NNE-aligned, sub-vertical sheeted vein 

system, Mo-Cu and W mineralization and related 

alteration. Granitic dykes and intrusions (François 

Granite). Syn-D5, N-aligned normal faults enhance 

fluid flow and vein reactivation. 

Neoacadian orogeny: 

Far-field Meguma-

Laurentia accretion. 

Regional translation, 

uplift, extension. 

D4 (last ductile 

deformation event) 

c. 404 - 396 S4: Oblique (c. 5 - 30°) steep S4 crenulation 

cleavage forming local S-C fabric w.r.t. S3 

foliations. S4 is axial planar to open F4 microfolds. 

In BIS, late D4 intragranular fracturing of feldspar 

phenocrysts via strain partitioned cataclasis. Late D4 

metasomatism develops pervasive bt + amph + Kfs 

+ py alteration assemblage in BIS. 

Acadian orogeny 

(late): Avalonia-

Laurentia accretion, 

far-field Rheic Ocean 

subduction 

D3 c. 421 - 411 S3: E-W-aligned, sub-vertical S3 foliation (locally 

mylonitic) affecting the GRE and BIS. In the BIS, 

phenocryst alignment into S3 fabric forming L3 

mineral stretching lineation. Local dextral shearing. 

BIS is syn-D3 plutonism. Rare contact 

metamorphism (andalusite, cordiorite) overprints S2. 

Acadian orogeny 

(early): Avalonia-

Laurentia accretion 

D2 c. 448 - 421 S2: Dominant E-W-aligned, sub-vertical penetrative 

S2 schistosity in GRE metamorphic rocks. Peak 

regional metamorphism (amphibolite facies). 

Salinic orogeny: 

Iapetus closure, 

Ganderia-Laurentia 

accretion 

Ganderia drifting stage, suprasubduction deformation  

Not recorded c. 485 - 475 Not preserved in Grey River area (best preserved in 

central Newfoundland) 

Southern Iapetus 

subduction, 

Penobscot orogeny 

Peri-Gondwanan (proto-Andean) deformation  

D1 (late) c. 544 - 499 Late S1: Earliest schistosity in GRE 

metasedimentary rocks. 

Southern Iapetus 

subduction. Pampean 

orogeny? 

D1 (early) c. 675 - 579 Early S1: Gneissic & migmititic banding in 

basement units. 

Poorly defined proto-

Andean deformation 

        
1Based on Higgins (1980), Dickson et al. (1996), and this study 

Abbreviations: BIS = Burgeo Intrusive Suite, GRE = Grey River Enclave, bt = biotite, amph = amphibole, Kfs = K-feldspar, py = 

pyrite 

 

At the Moly Brook deposit, a linear network of conjugate sheeted to locally 

stockwork, sulfide-bearing veins formed during D5 hydrofracturing. These veins 

generally have c. north-northwest to north-northeast trends, are sub-vertical and 

consistently crosscut earlier D1 to D4 ductile fabrics. While the majority of veins are 
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planar with extensional characteristics (i.e. brittle conditions), local non-parallel and 

wavy examples indicate initial high temperature formation at the ductile-brittle 

transition. 

 

The character of the veins (i.e. magmatic-hydrothermal style) and their 

microstructures indicate the system formed spontaneously and episodically (cyclically) 

by fluid-driven extensional fracturing (i.e. hydrofracturing). Vein attitudes, segment 

geometries and textures are all consistent with a local normal stress regime having σ´1 

and σ´3 in vertical and horizontal orientations, respectively (see Chapter 3 also). 

Fluctuating fluid pressures during system evolution likely explains variations in 

differential effective normal stress, vein geometries, fracturing styles and internal 

textures (e.g. crustiform banding). 
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Chapter 5 

RE-OS MOLYBDENITE GEOCHRONOLOGY 

 

5.1 Introduction 

An important aim in mineral deposit studies is to establish the absolute age of 

mineralization (e.g. Chesley 1999, von Quadt et al. 2011, Chiaradia et al. 2013). 

Radiometric dating of mineralized systems provides unequivocal timing for deposit 

formation and helps elucidate the number and duration of such events (e.g. Reynolds et 

al. 1998, Barra et al. 2003, Spencer et al. 2015). Dating of ore and related alteration 

minerals can directly constrain mineralization ages (e.g. Stein et al. 1998, Selby et al. 

2002, Morelli et al. 2005, Li et al. 2017). Additionally, dating of well field-constrained 

cogenetic and/or unrelated rock units (e.g. plutons, host rocks, crosscutting dykes) can 

indirectly bracket, or provide lower and/or upper limits on the timing of mineralization 

(e.g. Ballard et al. 2001, McNaughton et al. 2005, Baumgartner et al. 2009). These 

approaches can resolve focused, short-lived mineralization events and delineate district-

scale metallogenic epochs (e.g. Chelle-Michou et al. 2015). They may also identify 

protracted, polyphase and overprinting mineralization episodes that episodically 

affected the same deposit or area (e.g. Wanhainen et al. 2005). Such invaluable 

information can contribute to the refinement of mineral deposit genetic models and 

facilitate reappraisal of exploration criteria and strategies (e.g. Cathles et al. 1997, 

McCuaig et al. 2010, Sillitoe 2010). 

 

In recent years, the rhenium-osmium (187Re-187Os) chronometer in molybdenite 

has repeatedly proven successful in the provision of accurate and precise absolute ages 

of mineralization from a variety of mineral deposit types, including porphyry copper, 

base metal skarn, iron oxide-copper-gold and orogenic gold systems (e.g. Selby et al. 

2002, Barra et al. 2005, Ootes et al. 2007, Smith et al. 2007, Duncan et al. 2009, Porter 

& Selby 2010, Stein 2014, Spencer et al. 2015). The technique has also found 

application in linking hydrothermal mineralization to specific magmatic and 

tectonothermal events (e.g. Selby et al. 2003, Selby et al. 2007, Feely et al. 2007, Selby 

et al. 2008, Mao et al. 2008). Furthermore, it has helped unravel the timing of complex 

metallogenic and tectonic processes occurring at epochs spanning a broad swath of 

geological time (e.g. Bingen & Stein 2003, Valencia et al. 2005, Bingen et al. 2006, 

Ootes et al. 2007, Selby et al. 2007, Zimmerman et al. 2008). In the case of granite-
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related Mo ± Cu ± W ± Sn mineralization, Re-Os molybdenite dating is considered the 

primary dating tool, since molybdenite represents the principal mineralization sulfide 

(e.g. Stein et al. 1997, Mao et al. 1999, Selby and Creaser 2001, Brooks et al. 2004, 

Mao et al. 2003; Dai et al. 2009). 

 

This chapter presents the results of Re-Os molybdenite dating in the Moly Brook-

Grey River Enclave area. The new Re-Os ages constrain the timing of Mo-Cu 

mineralization and deposit formation. The new ages, combined with additional 

geological information, supports a temporal and genetic link between Moly Brook 

mineralization and the Grey River W prospect, and advance the case for its recognition 

as a single Mo-Cu-W-bearing hydrothermal system. 

 

5.2 Previous geochronology 

Previous radiometric dating in the Moly Brook-Grey River area has helped 

constrain the ages of the major geological units (i.e., Grey River Enclave [GRE], 

Burgeo Intrusive Suite [BIS]), deformation-related metasomatism and subordinate late-

stage granitic magmatism. Dating of hydrothermal alteration associated with the Grey 

River prospect has also provided age constraints for vein-hosted W ± base metal 

mineralization in the area. Thus, a variety of chronometers (e.g. K-Ar, Rb-Sr, U-Pb) 

have established a temporal framework for the various geological events, albeit with 

varying degrees of precision. 

 

A list of previously published ages for the area is presented in Table 5.1. The 

following summary focuses on established ages for the BIS granitoid (i.e., Moly Brook 

wall rocks), tectonothermal-related metasomatism of GRE units, crosscutting granitic 

dykes, and hydrothermal alteration and veining at the Grey River prospect. Late 

Neoproterozoic protolith and metamorphic ages for GRE units have previously been 

summarised and discussed in Chapters 2 and 4 and are thus not included here. 

Additionally, several historical K-Ar mica ages deemed to have been affected by ‘open 

system’ disturbance and thus geologically unrealistic are also not considered further 

(Table 5.1; Higgins et al. 1990). 

Higgins et al. (1990) determined a nine-point Rb-Sr whole-rock age of 412 ± 5 

Ma for a variably foliated K-feldspar-megacrystic BIS granite using samples collected 

approximately 2 to 3 km NE of Moly Brook and petrographically similar to the 

megacrystic granitoid wall rocks hosting the deposit (Fig. 3.1). This Rb-Sr age is 
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practically identical to a recent U-Pb SIMS zircon age of 411 ± 4 Ma reported for 

foliated BIS granitoid from the Moly Brook deposit (Kerr & McNicoll 2012). Both of 

these ages coincide with a U-Pb TIMS zircon age of 415 ± 2 Ma (Dunning et al. 1990b) 

for a weakly foliated, equigranular, muscovite-bearing BIS granite located c. 20 km 

NNW of Moly Brook. These data thus constrain the timing of the youngest phase of 

BIS magmatism between c. 415 and 411 Ma (Early Devonian, Lochkovian) and provide 

a robust and relatively precise date for the Moly Brook host rock (Dickson et al. 1996). 

The timing of early-stage, Middle Silurian BIS magmatism is constrained by a U-Pb 

TIMS zircon age of 429 +5/-3 Ma for a moderate to strongly foliated, syn-tectonic, BIS 

granodiorite located c. 30 km NW of Moly Brook (Dunning et al. 1990b; see Section 

2.3). 

 

Imprecise K-Ar cooling ages of 434 ± 14 Ma, 418 ± 18 Ma and 395 ± 16 Ma 

obtained from GRE metamorphic rocks have been attributed to metasomatic 

overprinting driven by BIS-related magmatism and Acadian-related deformation 

affecting the Grey River area (Higgins et al. 1990). The latter age, obtained from a mica 

schist unit, broadly corresponds to the postulated termination of Acadian regional 

deformation in Newfoundland (van Staal et al. 2009) and may represent a minimum age 

limit for D4 ductile deformation in the general Grey River-Hermitage Flexure area (see 

Chapter 4, and also Fig. 4.13). 
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Table 5.1: Previously reported radiometric ages in the Moly Brook-Grey River area 

       

Unit Rock 

Age ± 2σ 

(Ma) Method Mineral Comment Reference 

G
r

e
y

 R
i
v

e
r

 

e
n

c
l
a

v
e

 Amphibolitic 

gneiss 

686 +33/-15 U-Pb 

TIMS 

zircon 
igneous (protolith) 

age Dunning & O'Brien 

1989 
579 ± 10 titanite metamorphic age 

434 ± 14 
K-Ar hornblende metasomatic age Higgins et al. 1990 

418 ± 18 

Metavolcanic 

rock 
544 ± 5 

U-Pb 

TIMS 
zircon igneous age 

Dunning & O'Brien 

1989 

Mica schist 395 ± 16 K-Ar biotite metasomatic age Higgins et al. 1990 

B
u

rg
e
o

 I
n

tr
u

si
v

e
 

su
it

e
 

Granitoid 

466 ± 50 

K-Ar biotite 
low K concentration, 
unrealistic ages 

Higgins et al. 1990 462 ± 36 

412 ± 5 Rb-Sr whole rock 
9 point isochron; Sr(i) 

= 0.7086; igneous age 

411 ± 4 
U-Pb 

SIMS 
zircon 

39 point isochron; 

igneous age 
Kerr & McNicoll 2012 

M
id

-L
at

e 

D
ev

o
n

ia
n
 

G
ra

n
it

o
id

 

Leucogranite 

dyke 

444 ± 22 K-Ar muscovite 
low K concentration, 

unrealistic age 
Higgins et al. 1990 

378 ± 4 
U-Pb 

SIMS 
zircon 

31 point isochron; 

igneous age 
Kerr & McNicoll 2012 

H
y

d
r

o
th

e
r

m
a

l 
v

e
i
n

 s
y

s
te

m
 

Wall rock 

greisen 

c. 387 Rb-Sr 

muscovite 

hydrothermal 'model 
age' (inferred Sr(i) = 

0.710) 

Higgins et al. 1990 

386 ± 12 

K-Ar hydrothermal ages 381 ± 16 

378 ± 12 

c. 372 Rb-Sr 
hydrothermal 'model 

age' (inferred Sr(i) = 

0.710) 

365 ± 16 

K-Ar 

reset or disturbed 

ages 364 ± 12 

Quartz-

greisen vein 

369 ± 8 hydrothermal age 

364 ± 12 

reset or disturbed 
ages 

360 ± 14 

352 ± 18 

329 ± 8 
low K concentration, 
unrealistic age 

Green text = accepted, geologically meaningful age 

    

Higgins et al. (1990) reported several ages for greisen-type alteration related to 

Stage II (main-stage) tungsten mineralization at the Grey River prospect. Two Rb-Sr 

muscovite model ages of 387 ± 10 Ma and 372 ± 10 Ma were calculated for Stage IIc 

quartz-muscovite ± wolframite ± sulfide veins (using an assumed initial 87Sr/86Sr = 

0.710 from inferred coeval leucogranite). Similarly, K-Ar ages determined for vein-

related wall rock greisen range from c. 386 to 369 Ma. The combined alteration dates 

provided an indirect age for W ± base and precious metal mineralization at Grey River 
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of between c. 387 and 370 Ma (Higgins et al. 1990) and supported the earlier hypothesis 

that mineralization was related to Late Devonian ‘post-tectonic’ granitic magmatism, 

locally represented by undeformed leucogranite dykes crosscutting GRE and BIS units 

(see Higgins 1985). Recently, Kerr and McNicoll (2012) reported a U-Pb SIMS zircon 

date of 378 ± 4 Ma (preliminarly reported as 379 ± 3 Ma by Lynch et al. 2011) for an 

undeformed leucogranite dyke at Moly Brook (Fig. 4; see Section 5.5). This precise 

igneous age overlaps the earlier alteration ages (Fig. 5.2) and is identical (within error) 

to the 378 ± 2 Ma age (U-Pb TIMS zircon dating) determined for the François Granite 

c. 20 km east of Grey River (Kerr et al. 1993b; see Section 2.3). 

 

5.3 Sampling strategy and Re-Os analysis 

5.3.1 Sampling and sample descriptions 

Six molybdenite-bearing vein samples were dated and their characteristics and 

locations are presented in Table 5.2 (see also Table A1.1, Appendix 1). Drill core and 

outcrop samples representative of Stage II molybdenite mineralization were selected to 

constrain the age of the deposit and resolve the duration of mineralization (Fig. 3.1). 

Molybdenite-bearing samples hosted by GRE metamorphic rocks were also dated to test 

the temporal continuity of Mo mineralization to the south and assess genetic links with 

W mineralization at the Grey River prospect. 

 

Three drill core samples were taken from intervals with relatively high Mo grades: 

 Sample MB14-11-250.10 occurs within a 9.2 m section of core grading 0.059% 

Mo and 0.007% Cu. 

 Sample MB13-19- 147.55 occurs at the start of a 15.2 m section of core grading 

0.038% Mo and 0.009% Cu. 

 Sample MB36-1-173.00 occurs near the start of a 9.1 m core section grading 

0.024% Mo and 0.017% Cu. 

Sample MBT106-1 was collected from a broadly E-W-aligned exploration trench 

(T106) close to the collar of drill hole MB08-27 (Fig. 3.1) and is sub-vertical, and 

broadly NNE-aligned. 
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Table 5.2: Description of vein samples used for Re-Os molybdenite geochronology. UTM coordinates for drill hole collars and 

outcrop samples are listed in Table A1.1 in Appendix 1. Vein types corespond to those shown in Figure 3.7   

     
Sample no. Location Vein type Sample description and geological context Molybdenite (size, form, setting) 

Moly Brook 

   MB14-11-250.10 DDH MB08-14 @ 250.10 m 

depth 

Quartz-

molybdenite 

(Type 4) 

Planar, sub-parallel, blue-grey, quartz-molybdenite vein with moderate 

reddish-pink, K-feldspar ± biotite ± molybdenite halo. Vein crosscuts 

foliated, amphibole-biotite ± sulfide altered BIS granitoid 

c. 0.1 - 1 mm, anhedral elongate to flake-

like, disseminated along vein margins. 

MB13-19-147.55 DDH MB08-13 @ 147.55 m Quartz-

molybdenite-

sulfide (Type 5) 

Planar, parallel, granular to blocky, grey-white, quartz-molybdenite-

pyrite-chalcopyrite vein with weak to moderate sericite-K-feldspar-

pyrite halo. Vein crosscuts foliated, K-feldspar-amphibole-sericite ± 

sulfide altered BIS granitoid 

c. 0.05 - 3 mm, anhedral elongate to 

tabular, disseminated and aggregate 

clumps (ca. 3 - 6 mm) in vein margins 

MB36-1-173.00 DDH MB08-36 @ 173.00 m Quartz-

molybdenite-

sulfide (Type 5) 

Planar, prallel, granular to blocky, grey to milky white, quartz-

molybdenite-pyrite vein with a weak to moderate, K-feldspar-sericite-

pyrite halo. Vein crosscuts foliated and amphibole-biotite-K-feldspar ± 

sulfide altered BIS granitoid 

c. 0.05 - 1 mm, anhedral elongate to 

tabular, disseminated stringers and flakey 

aggregates (ca. 2 - 10 mm) in the vein 

margins 

MB-T106-1 Outcrop, tench 106 (Fig. 3.2) Quartz-

molybdenite-

sulfide (Type 5) 

Planar, granular to blocky, grey to white, quartz-molybdenite-pyrite-

chalcopyrite vein with weak sericite alteration. Vein part of ca. N-

aligned, sub-vertical sheeted set crosscutting foliated and altered BIS 

granitoid 

c. 0.5 - 8 mm, anhedral flakes to subhedral 

rosettes, disseminated stringers and 

clumpy aggregates (mm) in the vein 

margin 

Grey River area 

   GR6A Spoil heap, opposite vein No. 

10 mine adit (Fig. 3.1) 

Quartz-

molybdenite-

sulfide (Type 5) 

Planar, granular to blocky, grey-white, quartz-molybdenite-pyrite-

chalcopyrite vein with weak, K-feldspar halo. Vein crosscuts amphibole 

schist at angle to penetrative foliation 

c. 0.05 - 0.5 mm, anhedral tabular to 

elongate, disseminated flakes and patches 

within the vein and adjacent to pyrite 

GR3 Outcrop, northern GRE (exact 

location unknown) 

Quartz-

molybdenite-

sulfide (Type 5) 

Planar, granular to blocky, quartz-molybdenite-pyrite-chalcopyrite vein 

with weak biotite-chlorite-sericite halo. Vein crosscuts moderately 

foliated, amphibole-biotite schist at angle to the foliation. 

c. 0.05 - 0.5 mm, anhedral tabular to 

elongate, disseminated flakes and patches 

within the vein margins 
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Within the GRE, sample NLD6A is a float sample collected from a spoil heap 

located directly opposite the entrance to the Vein No. 10 mine adit, c. 300 m east of 

Grey River village (Fig. 3.1). Using the Grey River vein classification (Higgins 1985), 

this sample corresponds to a Stage IId quartz-sulfide ± molybdenite vein paragenetically 

associated with the main tungsten-bearing veins. Finally, sample GR3 was acquired from 

a sample collection housed at the Department of Earth Sciences, Memorial University 

and was originally acquired by N. Higgins during a study of the Grey River tungsten 

prospect (Higgins 1980a). The exact location from where GR3 was taken is not known. 

However, the vein type and amphibolitic schist wall rock is similar to abundant 

mineralized quartz veins occurring in the northern GRE close to Long Pond (N. Higgins, 

pers. comm., 2012). Using the Grey River vein classification (Higgins 1985), sample 

GR3 corresponds to a Stage IId quartz-sulfide ± molybdenite vein associated with main 

stage tungsten mineralization. 

 

Molybdenite in each of the samples is bluish-grey, generally fine- to medium-

grained (c. 0.05 to 5 mm) and occurs as anhedral tabular to flake-like disseminated 

stringers or aggregated clumps (c. 3 – 8 mm), preferentially forming  sub-parallel bands 

along the margins of the veins. Rarer, individual disseminations also occur closer to vein 

centres. Raman spectroscopy of individual molybdenite grains (not illustrated here) yield 

spectra consistent with the common 2H polytype (Song et al. 2015), which is consistent 

with similar to other analogous molybdenite occurrences in southern Newfoundland 

(e.g. Whalen 1980). 

 

5.3.2 Analytical method 

Re-Os geochronology was conducted at the Department of Earth Sciences, 

Durham University, UK. Re-Os dating utilized the ‘whole-rock’ sampling and 

separation approach (Stein et al. 2001), pre-age determination ‘screening’ of 

molybdenite Re contents by X-series ID-ICP-MS, Carius tube sample digestion (Shirey 

& Walker 1995) and isotope dilution analysis by negative-thermal ionization mass 

spectrometry (N-TIMS; Creaser et al. 1991). Sample crushing, molybdenite separation, 

the isolation of pure aliquots of Re and Os, and the measurement of 187Re and 187Os 

concentrations followed the analytical procedure outlined by Selby & Creaser (2001). 

Model ages were calculated using the 187Re decay constant of Smoliar et al. (1996), with 

Re-Os data regression performed using the ISOPLOT program (Ludwig 2012). All 

results are reported at the 95% (2σ) uncertainty level. A more detailed account of the 
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analytical technique is presented in Appendix 3, including a full assessment of analytical 

uncertainty and measurement of a reference standard. 

 

5.4 Re-Os geochronology results 

Results of Re-Os molybdenite geochronology are presented in Table 5.3. The 

determined model ages range from 381.94 ± 1.57 Ma to 379.87 ± 1.69 Ma (samples 

GR6A and MB14-11-250.10, respectively) and document an apparent mineralization 

event that spans a maximum range of approximately 2.07 million years. However, all 

the ages overlap within analytical uncertainties (mean uncertainty of ± 1.66 Ma; c. 

0.4%; n = 6) and are thus geologically indistinguishable at the analytical precision level. 

 

Table 5.3: Results of Re-Os molybdenite geochronology. All uncertainties reported at the 2σ-level 

          

Sample no. Sample type1 

Re 

(µg.g-1) ± 

187Re 

(µg.g-1) ± 

187Os 

(ng.g-1) ± 

Age 

(Ma) ± 

                    

          

MB14-11-250.10 
Qz-mol vein (kfs ± bt 

halo) 
12.29 0.05 7.72 0.03 49.02 0.17 379.87 1.69 

MB-T106-01 
Qz-mol-py-cp vein 

(ser ± qz halo) 
65.20 0.25 40.98 0.15 260.90 0.84 380.96 1.54 

MB13-19-147.55 
Qz-mol-py-cp vein 

(ser + kfs halo) 
24.66 0.08 15.50 0.05 98.78 0.27 381.37 1.59 

MB36-1-173.00 
Qz-mol-py vein (kfs + 

ser ± py halo) 
9.76 0.03 6.13 0.02 39.06 0.11 381.09 1.63 

GR3 
Qz-mol-py-cp vein (bt 

halo) 
14.46 0.05 9.09 0.03 57.81 0.23 380.56 1.96 

GR6A 
Qz-mol-py-cp vein 

(weak kfs halo) 
34.81 0.12 21.88 0.07 139.65 0.38 381.94 1.57 

                    

1 = mineral abbreviations: bt = biotite, cp = chalcopyrite, kfs = K-feldspar, mol = molybdenite, py = pyrite, qz = quartz, ser = 

sericite. 
  

Four samples from the Moly Brook deposit have equivalent model ages within 

analytical uncertainties and, when combined, yield a weighted mean age of 380.85 ± 

0.79 Ma (0.2%; MSWD = 0.63; Fig. 5.1a). Re-Os model ages for the two GRE schist-

hosted samples are also identical, within uncertainties, and coincide with the model ages 

for the BIS-hosted molybdenite from Moly Brook (Fig. 5.1b). Taken together, the six 

samples provide a robust and precise weighted mean age of 381.02 ± 0.66 Ma (0.2%; 

MSWD = 0.70; Fig. 5.1b). Temporally discrete ages for main mineralization-stage Type 
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3 and 4 veins (quartz-molybdenite and quartz-molybdenite-sulfide, respectively) were 

not resolvable at the given level of analytical precision. However, ages for Type 4 veins 

cluster between c. 381.4 and 381.0 Ma, whereas the Type 3 vein is marginally younger, 

with an age of 379.87 ± 1.69 Ma. A six-point 187Re-187Os isochron plot for the data 

yields an age of 381.62 ± 1.50 Ma (0.4%; MSWD = 0.56), which overlaps with the 

individual model ages and both weighted mean ages (Fig. 5.1c). The 187Re-187Os 

regression also provides an initial 187Os value of -0.11 ± 0.25 ppb, indicating negligible 

concentrations of common Os in the sample molybdenite (e.g. Stein et al. 2001). 

Replicate analysis of sample material from the Moly Brook-Grey River area was not 

performed; however, repeat analysis of the H2A molybdenite standard yielded a mean 

age of 27.698 ± 0.113 Ma which coincides with its accepted age of 27.656 ± 0.079 Ma 

(Markey et al. 2007; see Appendix 3). 
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Figure 5.1. (right) Re-Os 

molybdenite dating results (using 

Re decay constant λ = 1.666 ± 

0.017.10-11 a-11 of Smoliar et al. 

1996). All errors are at 2σ level. 

(A) Weighted mean Re-Os date for 

Mo mineralization at the Moly 

Brook deposit (n = 4). (B). 

Weighted mean Re-Os date for 

combined Mo mineralization at 

Moly Brook and GRE-hosted 

molybdenite (n = 6). (C) Six-point 
187Re-187Os isochron (molybdenite 

separates) and calculated 187Re-
187Os molybdenite age for Mo 

mineralization at Moly Brook and 

Grey River area. 

  



Chapter 5 – Re-Os Molybdenite Geochronology 

177 
 

Re contents in molybdenite are moderately low and relatively consistent (Table 

5.3). Re concentrations in five samples range from 9.76 to 34.81 ppm, with one sample 

(MBT106-1) having a slightly higher content of 65.20 ppm. The median value for the 

six samples is 19.56 ppm. Overall, these data are up to an order of magntiude higher 

than molybdenite Re values of c. 2.6 to 6.8 ppm (n = 6) reported for the Ackley City 

and Motu Mo prospects in the SW part of the Late Devonian Ackley Granite, c. 120 km 

east of Moly Brook (Lynch et al. 2009; Fig. 5.3). However, the Wyley Hill Mo 

prospect, also located in the SW Ackley Granite, contains molybdenite Re contents of 

approximately 28.3 ppm (n = 2; Lynch et al. 2009), which are comparable to the Moly 

Brook-Grey River values. 

 

5.5 Discussion 

5.5.1 Timing of Mo-Cu mineralization 

Re-Os molybdenite geochronology provides the first accurate and precise absolute 

ages for vein-hosted sulfide mineralization in the Moly Brook-Grey River area. These 

data also represent the first precise and direct age constraints for Appalachian-cycle 

sulfide mineralization in the Ganderia terrane (see Lynch et al. 2009; Kerr & Selby 

2012). The weighted mean ages indicate main-stage Mo-Cu mineralization formed at c. 

381 ± 1 Ma (Upper Devonian, early Frasnian), with individual model ages overlapping 

this date (Figs. 5.1a and 5.1b). The identical ages for BIS- and GRE-hosted quartz-

molybdenite ± sulfide veins, combined with their similar petrological characteristics, 

suggest Mo ± Cu mineralization to the south of Moly Brook formed during the same 

event at c. 381 Ma. The Re-Os ages also provides a new minimum age limit for D4 

shearing along the Granite Cliff shear zone (previously constrained by the crosscutting 

c. 378 ± 2 Ma François Granite to the east; Dickson et al. 1996) and more accurately 

constrains the onset of local D5 brittle faulting and fracturing in the area (see Chapter 4; 

Higgins 1985). 

 

5.5.2 Temporal correlations with W mineralization at Grey River 

The Re-Os dates overlap with historical, comparatively lower precision (c. ± 3%) 

K-Ar and Rb-Sr muscovite alteration ages from the Grey River W prospect (Fig. 5.2; 

Table 5.1). Higgins et al. (1990) proposed a bracketing of the W mineralization event 

between c. 387 and 370 Ma, based on the available and most analytically robust (and 

geologically reasonable) K-Ar and Rb-Sr results (Fig. 5.2). This relatively broad age 

range for Grey River alteration thus encompasses the c. 382 to 380 Ma range for Moly 



Chapter 5 – Re-Os Molybdenite Geochronology 

178 
 

Brook mineralization recorded by the new Re-Os dates. Taken together, the 

geochronology results strongly suggests a probable temporal and genetic link between 

Mo-Cu mineralization at Moly Brook and W±Mo mineralization at Grey River (see 

below). This suggestion is further supported by the close spatial proximity and locally 

overlapping nature of both systems (e.g. in the Long Pond area; Fig. 3.1). 

 

 

Figure 5.2. Summary of radiometric ages for magmatic, metasomatic and mineralization events in the 

Moly Brook-Grey River area. Comparative crystallisation and mineralization ages for the Ackley granite 

suite located c. 120 km east of Moly Book are also shown. Older (Neoproterozoic) ages for GRE 

metamorphic units not shown (see Fig. 5.3). Sources of geochronological data: 1 = Higgins et al. 1990, 2 

= Kerr & McNicoll 2012; 3 = Kerr et al. 1993b, 4 = Dunning et al. 1990b; 5 = O’Brien 1998, 6 = Kellett 

et al. 2014, 7 = Lynch et al. 2009 and this study, 8 = Lynch et al. 2012 and this study. Abbreviations: BIS 

= Burgeo intrusive suite, GRE = Grey River enclave, wolf = wolframite, mol = molybdenite. 
 

Additional geological and geochemical evidence supports the hypothesis that the 

Moly Brook and Grey River deposits represent a single Mo-Cu-W-bearing 

hydrothermal system (e.g. Mercer 1996). These include similarities between the 

different vein types, paragenetic sequences and alteration assemblages (e.g. Fig. 3.18), 

the dominantly c. north-aligned and sub-vertical structural orientation of both vein 

systems (Chapter 4), vein-related fluid inclusion and stable sulfur isotope characteristics 
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(Chapter 6), and the spatial association and field contact relationships between quartz 

veins, aplitic veins and leucogranite dykes (Chapter 7). 

 

The common occurrence of molybdenite and lesser chalcopyrite in both pre- and 

main tungsten-stage quartz veins at Grey River (Stages I and II, respectively; Higgins 

1985) indicates W mineralization there is paragenetically associated with Mo ± Cu-

bearing lodes. Likewise, rare wolframite is reported from quartz veins at Moly Brook 

and assay data and metal association trends show positive correlations between Mo, Cu 

and W abundances (Chapter 3, see Visage 2009). These data thus indicate that the entire 

c. 3 km-long, N- to NNE-aligned vein array is geologically comparable. Furthermore, it 

suggests a degree of metal zonation, where the northern system (Moly Brook) is 

predominantly Mo-Cu mineralized, whereas the southern system (Grey River) is more 

W-Mo mineralized. Taken together, the available geological, geochemical and 

geochronological data provide support for considering the Moly Brook and Grey River 

hydrothermal systems as a single, spatially zoned, Mo-Cu-W deposit (see Lynch et al. 

2011a). 

 

The hydrothermal age range of c. 2 million years constrained by the new Re-Os 

dating is shorter than the c. 7 million year range previously reported from the Grey 

River area (Higgins et al. 1990). Petrographic and paragenetic observations of Stage II 

quartz veins at Moly Brook indicate the hydrothermal sequence broadly evolved from a 

system that formed relatively sulfide-rich quartz-molybdenite veins (Type 4) to sulfide-

poor, quartz-greisen veins (Type 7) during multiple, episodic, repeating hydrothermal 

pulses (via hydraulic fracturing) over the lifetime of the system (see Chapter 3). 

Ubiquitous, late-stage, crosscutting calcite ± fluorite veins (Type 9) mark the 

termination of the main hydrothermal event. 

 

A similar hydrothermal evolution has been proposed for the Grey River prospect 

from early molybdenite-bearing to late wolframite ± scheelite-bearing quartz veins (see 

Fig. 3.18). There, a relatively short-lived hydrothermal event is supported by 

petrographic, fluid inclusion and stable O isotope data (Higgins 1980a, 1980b; Higgins 

& Kerrich 1982, 1985). Thus, vein assemblage and paragenetic characteristics at Moly 

Brook and Grey River indicate Mo-Cu-W mineralization formed during a relatively 

short-lived, single event, consisting of several repeating hydrothermal pulses (cf. 

Higgins 1985). 
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The ability to precisely resolve the duration of the hydrothermal event is limited 

by Re-Os analytical uncertainties (c. ± 0.4%), as demonstrated by the identical ages for 

the Stage IIA Type 4 and 5 veins (Fig. 5.1a), and the absence of absolute ages for Stage 

IIC quartz-galena-pyrite or Stage III calcite veins. However, the new Re-Os ages, 

combined with the system paragenesis, support a single (albeit cyclical), relatively 

short-lived deposit forming event at c. 381 Ma, with a maximum ‘hydrothermal 

window’ lasting not more than approximately 2 million years. Such a temporal range, 

although somewhat imprecise, is relatively consistent with the duration of episodic or 

pulsed mineralization commonly associated with magmatic-hydrothermal systems (e.g. 

El Teniente Cu-Mo deposit, Chile; Spencer et al. 2015). The present recognition of only 

a single syn-mineralization intrusive unit at Moly Brook (as evidenced by granitic 

dykes; Chapter 7) however suggests a relatively short duration mineralization event, 

which may also have implications for the overall productivity of the system (see also 

Chapters 7 and 8). 

 

5.5.3 Temporal links to granitic intrusions at Moly Brook and in adjacent areas 

Undeformed, geochemically evolved, leucogranite dykes and minor aplite-

pegmatite veins constitute a subordinate, late-stage granitic suite in the Moly Brook-

Grey River area (e.g. Higgins 1985; Blackwood 1985, Dickson et al. 1996; see Chapter 

7). The new Re-Os molybdenite ages coincide with a 378 ± 4 Ma U-Pb SIMS zircon 

age determined for an undeformed, fine- to medium-grained, leucogranite dyke at Moly 

Book that is representative of the evolved granitic suite in the area (Kerr & McNicoll 

2012; Fig. 5.2, Table 5.1). Although the Re-Os ages are slightly older than the reported 

c. 378 Ma crystallisation age, the 2σ upper limit of the latter overlaps the Re-Os 

weighted mean and individual model ages. Thus, the mineralization and crystallisation 

ages are considered geologically identical within analytical error and effectively record 

the same magmatic-hydrothermal event (Fig. 5.1). 

Field relationships at Moly Brook show that leucogranite dykes and related aplitic 

veins crosscut BIS wall rocks with sharp, intrusive contacts. In addition, granitic dykes 

vein dykes both truncate and are themselves crosscut by main mineralization-stage 

quartz-molybdenite ± sulfide veins (e.g. Fig. 3.10G and Chapter 7). Locally, the dykes 

are also molybdenite-bearing (see Chapters 3 and 7). Thus, the leucogranite dykes at 

least partly represent a suite of syn-mineralization granitic intrusions. Such evidence 

may account for the overlap in Re-Os and U-Pb ages recorded at Moly Brook. 
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Additional field evidence in support of felsic magmatism and hydrothermal 

system contemporaniety is provided by: 

 

1. the presence of transitional aplite-pegmatite veinlets within the 

mineralization-stage paragenesis (i.e. Type 3 veins; Fig. 3.9) 

2. similarities in the type and style of alkali alteration associated with 

leucogranite dykes, aplite veins and molybdenite-bearing Type 4 and  

Type 5 veins 

3. the general evolved, alkali-rich and geochemically specialized nature of 

the dykes, and  

4. the general geological, geochemical and temporal similarities with other 

mineralized Late Devonian granites elsewhere in Newfoundland.  

 

Overall, these constraints mimic those proposed to support a genetic link between W 

mineralization and leucogranite dykes at the Grey River tungsten prospect (Higgins 

1980a, 1980b, 1985). 

 

U-Pb zircon and Re-Os molybdenite geochronology utilise isotopic chronometers 

with closure temperatures of c. 900 and 550°C, respectively (Suzuki et al. 1996, Lee et 

al. 1997). For volatile-saturated felsic intrusions, this temperature range reflects 

geological processes operating under both magmatic and hydrothermal conditions 

(Chiaradia et al. 2013). Likewise, water-staurated granitic melts may yield zircon 

populations formed at lower temperatures (c. 700ºC) than those crystallised from mafic 

to intermediate magmas (Harrison et al. 2007). 

Given the broadly coeval Re-Os and U-Pb ages from the Moly Brook-Grey River 

area, hydrothermal fluids likely underwent rapid cooling during leucogranite 

emplacement and fluid egress, and suggest a relatively proximal setting relative to a 

progenitor intrusion (assuming such a cogenetic link). Alternatively, evolved, volatile-

saturated leucogranite melts can precipitate oscillatory-zoned magmatic zircons at lower 

crystallisation temperatures (approximately 600 – 700°C; e.g. Schaltegger 2007). Thus, 

the mineralized system at Moly Brook-Grey River may reflect coeval events spanning 

the magmatic-hydrothermal transition. 
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The new Re-Os dates are slightly older than a precise 378 ± 2 Ma crystallisation 

age reported for the François Granite, c. 20 km east of Moly Brook-Grey River (Kerr et 

al. 1993b), although five of the Re-Os model ages overlap within analytical 

uncertainties (Fig. 5.2). Kerr et al. (1993b) also report U-Pb TIMS titanite ages from the 

François Granite ranging from c. 379 to 377 Ma, while a Rb-Sr whole-rock age of c. 

383 Ma for a unit within the southwest lobe is reported in Dickson et al. (1996). The 

overlapping Re-Os and U-Pb ages, combined with the c. 378 Ma felsic magmatism 

recorded at Moly Brook (Kerr & McNicoll 2012), suggest mineralization and 

leucogranite emplacement at Moly Brook-Grey River was broadly contemporaneous 

with the emplacement of the François Granite and similar intrusions along the south 

coast region. 

 

The François Granite and associated late-stage, granite-aplite dykes are 

petrographically and geochemically similar to the leucogranite suite in the Moly Brook-

Grey River area (i.e. granitic sensu stricto, high-silica, alkali-rich, locally garnet and 

molybdenite-bearing; Dickson et al. 1996; see Chapter 7). Granite-aplite dykes are 

associated with six internal phases of the François Granite (suggesting several dyke 

generations) and extend up to 7 km beyond the pluton margin (Dickson et al. 1996). In 

addition, numerous (generally barren) quartz veins are spatially associated with the 

dykes. Analogous, François Granite-like intrusive bodies are also known from adjacent 

areas toward Grey River, such as the eastern Ramea Islands, c. 18 km southwest of 

Grey River, and on the Gulch Cove Islands, c. 7 km east-southeast of Grey River 

(Blackwood 1985; Dickson et al. 1996). Thus, the products of a phase of geochemically 

evolved, felsic magmatism are relatively widespread in the Moly Brook-Grey River and 

adjoining south coast areas. Given the overlap between Re-Os mineralization and U-Pb 

crystallisation ages, a significant magmatic-hydrothermal event between c. 381 and 378 

Ma is now recognised for the area. 

 

5.5.4 Re contents in molybdenite and possible metal source 

Re abundance in the bulk continental crust is estimated to be between c. 0.18 and 

0.20 ppb (Rudnick & Gao 2014). Although very rarely found as the disulfide rheniite 

(ReS2), naturally occurring Re typically occurs in molybdenite (commonly < 0.1 wt %, 

though rarely > 1 wt %), with Re4+ substituting for Mo4+ within the crystal structure 

(Rathkopf et al. 2017). Thus, molybdenite-bearing mineral deposits can represent 

significant Re anomalies, where the metal is concentrated by several orders of 
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magnitude above bulk crustal values (e.g. Fleischer 1959, Voudouris et al. 2009, 

Wanhainen et al. 2014). Anatexis-generated magmatic-hydrothermal systems, formed in 

both arc and non-arc settings, play an important role in the remobilisation, redistribution 

and concentration of litho-chalcophile metals within the continental crust and may 

ultimately form intrusion-related mineral deposits containing molybdenite with variably 

elevated Re contents (e.g. Richards 2011, Lerchbaumer & Audétat 2013, Wilkinson 

2013). 

 

In general, hypogene molybdenite in Mo deposits contains lower Re 

concentrations compared to other intrusion-related deposits where molybdenite is a 

subordinate phase, such as subduction-related porphyry Cu-Mo deposits (e.g. Newberry 

1979, Berzina et al 2005). Mass balance-related dilution of the total available Re within 

a mineralizing system has been proposed to account for this empirical difference (e.g. 

Stein et al. 2001). Thus, large volume molybdenite deposits (e.g. Endako- and Climax-

type porphyry deposits; c. Mo/Cu > 2; Carten et al. 1993) tend to dilute and disperse 

available Re throughout the system, resulting in moderate to low Re contents in 

molybdenite (typically c. 1 to 200 ppm; Berzina et al. 2005). In contrast, deposits with 

lower volumes of molybdenite (e.g. porphyry-type Cu-Mo; c. Mo/Cu < 0.15) generally 

contain higher Re contents (typically c. 200 to 2,000 ppm; Berzina et al. 2005), since 

the total Re budget is taken up by a lower overall molybdenite volume (Stein et al. 

2001). Exceptions to these general observations have been reported, however (e.g. 

Voudouris et al. 2009), and suggest other factors such as tectonic setting and/or local 

depositional controls can influence Mo and thus Re abundance in intrusion-centred 

systems (e.g. Mao et al. 2008; Spencer et al. 2015; see also Lerchbaumer & Audétat 

2013). 

 

Mao et al. (1999) suggested Re contents in molybdenite progressively decrease 

depending on the degree of input of mantle-derived melts and/or fluids during granitoid 

melt generation (Stein et al. 2001). Accordingly, Re contents are generally: 

 

 high to very high for upper mantle-derived molybdenite (c. 103 to 104 ppm levels) 

 moderate to moderately low for mixed upper mantle-infracrustal molybdenite (c. 

101 to 103 ppm levels) and  

 low for infracrustal molybdenite with negligible direct mantle input (c. 10-1 to 100 

ppm levels). 
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Stein (2006) suggested that molybdenite formed by metamorphic-metasomatic 

dehydration melting in the continental crust tends to contain very low Re contents 

(typically sub-ppm level). Further general correlations with granitoid source regions 

(e.g. infracrustal vs. supracrustal) have also been proposed using molybdenite Re 

contents combined with other diagnostic information (e.g. lithogeochemistry, tracer 

isotopes; e.g. Dai et al. 2009). Thus, molybdenite Re contents have potential use as a 

proxy for the ultimate source of Re and, by inference, other litho-chalcophile metals 

(Mo, Cu, W) in granitoid-related systems (Stein et al. 1997, Mao et al. 1999, Zhang et 

al. 2005). 

 

Local-scale, hydrothermal factors may also influence Re contents in molybdenite 

(e.g. Giles & Schilling 1972, Newberry 1979). In particular, changing physicochemical 

conditions during the evolution of the hydrothermal system (e.g. temperature, pressure, 

composition, pH, fO2) can result in variations in Re contents at different paragenetic 

stages (Bernard 1990; Xiong & Wood 2001, 2002). Likewise, molybdenite 

crystallography (i.e. rare 3R vs. common 2H polytype) has been implicated in the 

variation observed in molybdenite Re contents (Ayres 1974, Newberry 1979). In 

addition, supergene-stage, lower temperature leaching and redistribution of Re by 

meteoric water can also affect its abundance in molybdenite (Xiong & Wood 2001, 

Xiong et al. 2006, Grabezhev & Shagalov 2010). Thus, the interpretation of metal 

source regions and large-scale tectonothermal processes from single Re content values 

may be equivocal at best and should be supported by additional geological and 

geochemical information (see Giles & Schilling 1972). 
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Figure 5.3. Re contents in molybdenite from Moly Brook-Grey River compared to other Devonian 

granite-related Mo mineralization in the Canadian Appalachians. Approximate source control ranges for 

Mo and Re are taken from Berzina et al. (2005) and Stein (2006). Range labels are from this study. Mo 

concentration (ppm) in the continental crust is from Rudnik & Gao (2014). Abbreviations: CC = 

continental crust, SMB = South Mountain batholith, SCLM = sub-continental lithospheric mantle 
 

The Re contents for Moly Brook-Grey River molybdenite (Table 5.3 and Fig. 5.3) 

fall within the low to moderate abundance range (c. 1 to 200 ppm) typical for Mo-

dominant, felsic intrusion-related magmatic-hydrothermal deposits (e.g. Giles & 

Schilling 1972, Ayres 1974, Selby & Creaser 2001, Berzina et al. 2005). The relatively 

consistent range of values from c. 9 to 65 ppm suggests that main mineralization-stage 

Re (and Mo) was derived from a single source during deposit formation, under 

relatively comparable depositional conditions. This observation is compatible with 

stable sulfur isotope values at Moly Brook which range from +4.3 to +8.5‰ and 

indicate a fairly consistent and singular supply of 34S-enriched sulfur during Stage II 

sulfide mineralization (Lynch et al. 2013; see Chapter 6). 
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Experimental evidence suggests relatively high-salinity, acidic and oxidised 

hydrothermal fluids act as effective Re solvents and increase its availability (as ReS2 or 

ReCl2) for subsequent mineral sequestration (e.g. Xiong & Wood 1999, 2002). 

Additionally, Re solubility remains relatively high in hypothermal fluids (c. > 400°C) 

and can preferentially retain Re in solution during mineral and vein precipitation (Xiong 

& Wood 2002). Aqueous-carbonic fluids associated with Moly Brook main-stage 

molybdenite mineralization is characterised as a moderate to high temperature (c. 350 to 

450°C), moderate salinity (c. 4 to 14 eq. wt % NaCl) fluid associated with alkali 

alteration (see Chapter 6). Thus, the character of the mineralizing fluid at Moly Brook 

suggest lower overall Re abundance in solution compared to more oxidized fluids 

associated with porphyry Cu mineralization.     

 

Re contents from Moly Brook-Grey River molybdenite are slightly higher than 

the c. 0.26 to 4.27 ppm range reported for molybdenite mineralization associated with 

the c. 370 Ma New Ross phase of the South Mountain batholith within the Meguma 

terrane, Nova Scotia (Selby & Creaser 2004; see Fig. 2.1). Similariy, the Moly Brook 

data are higher than Re contents of c. 1.4 ppm reported for molybdenite from a W-Mo 

mineralization zone associated with the c. 370 Ma Mount Pleasant complex within the 

Ganderia terrane, New Brunswick (Thorne et al. 2013; Fig. 5.3). Kontak et al. (2013) 

recorded a higher Re concentration of 16 ppm for c. 363 Ma molybdenite also in the 

Meguma terrane, which is comparable with the range from Moly Brook-Grey River. 

Overall, the somewhat variable nature of these values suggests no clear, discernable 

correlation between molybdenite Re content and their host terranes. This suggests Re 

concentrations are more influenced by local magmatic-hydrothermal factors that may 

relate to the variablility of granitoids and fluid systems associated with the 

mineralization. 

 

The Re contents of molybdenite from the Moly Brook deposit are broadly 

consistent with an infracrustal molybdenite source and may thus reflect molybdenite 

derived from several previous crustal recycling events. This idea fits with the general 

tectonic setting of Neoacadian granitic magmatism in Newfoundland; however, an 

ultimate mantle-derived source for the metals that were subsequently involved in crustal 

recycling prior to or during Acadian orogenesis may have been possible. A protracted, 

c. 25 million year period of collisional magmatism preceded the emplacement of Middle 

to Late Devonian granitoids in the Newfoundland Appalachians. The Re contents are 
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thus consistent with regional geochemical and isotopic data for Late Devonian 

granitoids suggesting infracrustal melting with the possible input of upper mantle-

derived material (see Tuach et al. 1988; Schofield & D’Lemos 2000; van Staal et al. 

2009). 

 

5.5.5 Temporal links to regional magmatic-hydrothermal events and metallogenic 

implications 

Middle to Late Devonian granitoids [MLDGs] in Newfoundland represent a 

spatially focused suite of evolved intrusions, emplaced during regional transcurrent 

deformation and terrane reorientation during Neoacadian orogenesis (e.g. D’Lemos et 

al. 1995, Kerr 1997, Hibbard & Waldron 2009, van Staal et al. 2009). Crystallisation 

ages range from c. 395 to 372 Ma and the intrusive suite marks a relatively short, 

voluminous pulse of terminal-stage orogenic magmatism following protracted 

Avalonia-Laurentia accretion between c. 430 to 395 Ma (e.g. van Staal et al. 2009, van 

Staal & Barr 2012, Kellett et al. 2014; Fig. 5.3). In southern Newfoundland, MLDGs 

are associated with variable lithochalcophile mineralization (Mo-Cu-F-W-Sn ± U ± Au) 

and the timing of mineralization at Moly Brook-Grey River coincides with, or slightly 

predates, several prominent prospects discussed below (Fig. 5.4; see Kerr et al. 2009). 

 

The c. 381 ± 1 Ma mineralization event at Moly Brook-Grey River overlaps with 

Re-Os ages of approximately 382 to 378 Ma for late-stage, granite- and vein-hosted Mo 

± W ± Sn mineralization in the southern Ackley granite (Lynch et al. 2009, 2012; see 

also Whalen 1980) . Both Moly Brook and Ackley granite Re-Os dates slightly predate 

the c. 374 ± 2 Ma St Lawrence granite containing vein-hosted fluorspar and late Mo 

mineralization (Fig. 5.4; Teng & Strong 1976, Strong et al. 1984). The timing of the 

Moly Brook mineralization event also overlaps with the c. 384 ± 2 Ma Strawberry 

granite in SW Newfoundland (Dashwoods terrane). This granitoid is spatially associated 

with the Cape Ray shear zone-hosted Au ± base metal deposit, although a genetic link 

remains equivocal (Dubé et al. 1996). 

 

Taken together, the new Re-Os ages from Moly brook-Grey River and the age 

constraints from other mineralized areas in Newfoundland (e.g. Ackley granite) indicate 

a significant c. 387 to 374 Ma ‘metallogenic epoch’ for this particular sector of the 

northern Appalachians (Fig. 5.4). This phase of mineralization coincided with abundant 
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felsic magmatism and transcurrent deformation (D’Lemos et al. 1995) which provided 

the necessary geological, structural and geochemical conditions to develop a spatially 

and temporally focused Mo mineralization (see also Lynch et al. 2012). 



Chapter 5 – Re-Os Molybdenite Geochronology 

189 
 

 

 

Figure 5.4. Summary of geochronology from the Moly Brook-Grey River area and comparison of its relationship to other reported examples of magmatism and 

mineralization on the south coast of Newfoundland. Major orogenic and plutonic events during Appalachian-cycle orogenesis also shown (based on van Staal et al. 

2009). Geochronology references: 1 = Dunning & O’Brien (1989), 2 = Higgins et al. (1990), 3 = Dunning et al. (1990b), 4 = Kerr & McNicoll (2012), 5 = Kerr et 

al. (1993b), 6 = Lynch et al. (2012) and this study, 7 = Lynch et al. (2009) and this study, 8 = O’Brien (1998), 9 = Kawasaki & Simons (2008). Abbreviations: qz = 

quartz, mol = molybdenite, wol = wolframite. 
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5.6 Summary 

The results of Re-Os molybdenite geochronology from Moly Brook-Grey 

River identify a deposit forming event at c. 381 Ma, while  the longevity of Stage II 

Mo-Cu mineralization is resolved to within a maximum duration of c. 2 million years 

(although mineralization probably formed over a much shorter duration). The new 

Re-Os molybdenite ages support the idea that vein-hosted mineralization at both 

Moly Brook and Grey River represent a single, integrated Mo-Cu-W-bearing 

hydrothermal system, and corroborate a genetic link with a phase of felsic 

magmatism in the south coast region. 

 

Re contents in molybdenite (c. 9.8 – 65.2 ppm) indicate a relatively consistent 

supply of magmatic-derived metals and suggest a dominantly infracrustal source (i.e. 

lower to middle continental crust). A minor contribution from source materials which 

derived forom or interacted with sub-continental lithospheric mantle melts and/or 

fluids during earlier subduction or orogenic events may also be valid however. 

 

The c. 381 Ma age for Moly Brook mineralization concides with a spatially and 

temporally focused Givetian-Frasnian (c. 387 – 374 Ma) phase of Mo ± Cu ± W ± F 

mineralization in southeastern Newfoundland (e.g. Lynch et al. 2012). Mineralization 

overlapped with the coeval emplacement of numerous granitic intrusions which, 

taken together, define a  significant granitoid-metallogenic epoch in this sector of the 

northern Appalachian orogen (see Chapters 7 and 8). 
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Chapter 6 

VEIN MINERALIZATION: FLUID INCLUSION & SULFUR ISOTOPE 

CONSTRAINTS 

 

6.1 Introduction 

Veins represent evidence for the movement of hydrothermal fluids through 

lithological or structural permeability zones at some point in the past (e.g. Oliver & 

Bons 2001, Gudmundsson et al. 2001, Passchier & Trouw 2005, Bons et al. 2012). They 

typically form in fracture networks which provide pathways for advective fluid flow 

caused by temperature, viscosity, density and/or hydraulic pressure differences, 

facilitating the transfer of mass (i.e. dissolved constituents) and energy (i.e. heat) within 

the crust (e.g. Norton & Cathles 1979, Cathles 1997, Cox 2005, Bucher & Stober 2010). 

Fluid advection invariably causes physicochemical changes to hydrothermal fluids (e.g. 

cooling, pH shifts), eventually leading to mineral precipitation, deposition and vein 

formation (e.g. Bons 2001, Reed & Palandri 2006, Bons et al. 2012). 

 

Direct insights into the character of vein-forming hydrothermal fluids are 

provided by fluid inclusions trapped within vein minerals (e.g. Roedder 1984). These 

micro-scale cavities contain small samples of the fluid from which vein minerals 

precipitate, or later fluids unrelated to the vein-forming event. Thus, studies of the 

former help elucidate the character and evolution of fluids associated with vein-forming 

processes and environments in the upper continental crust (e.g. Everett et al. 1999, 

Kontak et al. 2006, Worden et al. 2016). Importantly, fluid inclusion analysis provides 

critical information about the physicochemical nature and evolution of metal-bearing 

hydrothermal fluids and the role they play in the genesis of mineral deposits (e.g. 

Wilkinson 2001, Kesler 2005, Bodnar et al. 2014). 

 

This chapter presents the results of a fluid inclusion and sulfur isotopic 

investigation of the mineralized vein system at Moly Brook. Fluid inclusion 

petrography, microthermometry and Raman analysis have been integrated to constrain 

the character and trapping conditions (i.e. density, temperature, pressure) of the 

hydrothermal fluid system. Additionally, stable sulfur isotope analysis of vein sulfides 

provides insights into the source of the sulfur and its behaviour during hydrothermal 
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mineralization. Combined, these data constrain the character and evolution of the Moly 

Brook system and permit comparisons with the fluid regime responsible for W 

mineralization at Grey River (e.g. Higgins 1980b, Higgins 1985). 

 

6.2 Sampling and analytical methodologies 

6.2.1 Study approach and samples 

For this study, Stage IIA and IIB veins (Types 3, 4, 5, 6 and 7; see Fig. 3.7) 

representing the main Mo-Cu mineralization event were investigated (Table 6.1). From 

a total of 217 drill core and outcrop vein samples, a detailed petrographic assessment of 

44 veins was performed to characterise their fluid inclusion [FI] types and gauge 

suitability for microthermometry. Of these, a subset of 22 samples containing well-

characterised and suitable FI populations was used for microthermometry and/or Raman 

analysis. 

 

6.2.2 Fluid inclusion petrography, microthermometry and modelling 

FI petrography was performed using transmitted light microscopy on standard 

thin sections and doubly-polished fluid inclusion wafers. FI classification was based on 

the number, types and relative proportions of inclusion phases visible at room 

temperature, and supporting Raman compositional data. Additionally, fluid inclusion 

assemblages [FIA] consisting of one or more FI types formed at approximately the same 

time were identified (e.g. Bodnar 2003). This chronological interpretation was based on 

the spatial relationships determined between the different FI types, their textural setting 

with respect to the host mineral, and the order of the host vein within the overall 

hydrothermal paragenesis (see Fig. 3.7 and also Fig. 3.14). Homogenization temperature 

consistency was used to validate the FIA classification and check for any post-

entrapment changes (e.g. necking). 

 

FI microthermometry was conducted at NUI Galway using a Linkam THMGS 

600 heating-freezing stage mounted on an Olympus BX51 microscope. Heating-

freezing runs were performed on sample chips (c. 4 – 8 mm) separated from larger 

wafers using a clean, stainless steel blade. Temperature run rates (ºC.min-1), heating-

freezing limits and temperature cycling were all controlled using Linksys 32 software 

(v.2.0.3). Calibration of the stage was routinely performed using pure H2O and CO2 

synthetic FI standards supplied by Synflinc (Sterner & Bodnar 1984). The estimated 

precision (± 2σ) of fluid phase changes at -56.6°C (CO2 triple point melting), 0.0°C (ice 
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melting) and 374.1°C (H2O critical point homogenization) are ± 0.2, ± 0.1 and ± 2.0°C, 

respectively. In general, microthermometry analysis followed the methodologies 

described by Shepherd et al. (1985b) and Belkin (1994). 

 

Table 6.1: Samples (listed in paragenetic order) used for the fluid inclusion [FI] study. See Figure 3.7 

for classification of vein stages and types 

    
Sample no.1 Vein type, assemblage & alteration2 FI host Analysis 

Stage IIA 
Molybdenite-rich 

  MB35-2-41.30 

Type 3: Aplite-sulfide-molybdenite Quartz Raman MB20-2a-23.76 

MB14-3a-265.10 

MB09-12a-304.10 Type 3 + 4: Qz-Kfs-mol, moderate potassic halo 

Quartz 
Microthermometry, 

Raman 

MB13-8a-158.20 Type 4: Qz-mol ± py ± cp, moderate potassic halo 

MB09-3-90.00 Type 4: Qz-mol-Kfs, weak potassic halo 

MB14-3b-265.14 Type 4: Qz-mol-Kfs-mag, moderate potassic halo 

MB13-6a-145.63 

Type 4: Quartz-molybdenite Quartz Raman 
MB14-1-248.25 

MB20-5b-433.25 

MB31-7a-181.86 

MB09-07-160.00 Type 5: Qz-py-mol-Kfs-cp, weak potassic halo 
Quartz 

Microthermometry, 

Raman MB09-11a-309.10 Type 5: Qz-mol-py, weak phyllic halo 

MB35-7a-135.30 
Type 5: Qz-mol-sulfide Quartz Raman 

MB14-2a-237.45 

MBR07-2 (outcrop) Type 5: Qz-mol-py-cp, weak potassic halo Quartz Raman 

Stage IIB 
Molybdenite-poor 

   
MB25-2a-64.53 Type 6: Qz-py-cp-Kfs-mag, weak potassic halo Quartz 

Microthermometry, 

Raman 

MB31-9a-186.32 
Type 6: Qz-sulfide Quartz Raman 

MB13-9b-179.34 

MB13-2-53.83 Type 7: Qz-mus-fl-Kfs, strong phyllic halo Quartz, 

Fluorite 

Microthermometry, 

Raman MB16-3a-54.48 Type 7: Qz-fl-mus-py-cp, strong phyllic halo 

MB31-8b-183.75 Barren quartz vein (uncertain type/paragenesis) Quartz Raman 

 

      
1  Last 4 or 5 digits = sample depth (metres) in drill hole, except MBR07-2. See Table A1.1 for drill hole collar coordinates 
2 Potassic halo = Kfs + mag + hem ± bt ± ti;  Phyllic halo = ser + py + fl ± qz.  Abbreviations: bt = biotite, cp = chalcopyrite, fl 

= fluorite, hem = hematite, Kfs = K-feldspar, mag = magnetite, mol = molybdenite, py = pyrite, qz = quartz, ser = sericite, ti = 

titanite 

 

FI modelling was performed using the software Clathrates and FLUIDS (Bakker 

1997; Bakker 2003). FI salinities are reported as wt % NaCl equivalent and are based on 

the equation of Bodnar (1993). FI trapping conditions and density isochores were 

determined using the BULK and ISOC modules of the FLUIDS program and followed 

the methodology of Bakker & Brown (2003). Table 6.2 lists FI abbreviations and 
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symbols used in this chapter and Tables A2.8 – A2.17 in Appendix 2, which are based 

on the recommendations of Diamond (2003). 

 

Table 6.2. Fluid inclusion [FI] abbreviations and symbols used in this chapter 

and the full results tables (A2.8 – A2.17) in Appendix 2 

Abbreviation/symbol Description1 

C Homogenization by critical fading 

Laq Aqueous liquid phase 

Lc Carbonic liquid phase 

S Solid phase (trapped or daughter mineral) 

SCc Supercritical (homogenised) carbonic phase 

Tnice Nucleation (freezing) temperature of ice 

TnCO2 Nucleation (freezing) temperature of CO2 

Tfm ice First (eutectic) melting temperature of ice 

Tm CO2 Last melting temperature of CO2 

Tm ice Last melting temperature of ice 

Tm clath Last melting temperature of clathrate 

ThCO2 Homogenization temperature of CO2 

Th tot Total homogenization temp. (min. trapping temp.) 

Tt Trapping temperature (calculated) 

Td Decrepitation temperature 

Vaq Aqueous vapour phase 

Vc Carbonic vapour phase 

wt % NaCl equiv. Equivalent weight (mass) % NaCl 

XH2O Mole fraction of H2O 

XCO2 Mole fraction of CO2 

Xsalt Mole fraction of salt 

1All temperature data given in °C 

 

6.2.3 Raman analysis of fluid inclusions 

Raman spectroscopy of fluid inclusions was conducted at NUI Galway using a 

Horiba LabRam HR laser Raman spectrometer. The instrument is equipped with a 600 

groove.mm-1 diffraction grating, confocal optics, a Peltier-cooled CCD detector (255 by 

1024 pixel array at -67°C) and an Olympus BX41 microscope (arranged in 180° 

backscatter geometry). Sample excitation was performed using a diode-pumped, solid-
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state, Ventus LP laser with a wavelength of 532 nm and a maximum power output of 50 

mW. Excitation power at the sample typically ranged between 10 and 20 mW. Analyses 

were performed using a Leica-L x100/0.75 objective providing a laser spot diameter of 

c. 1 µm. Individual analyses were performed at room temperature in air for between 20 

to 60 s over the spectral range 100 cm-1 to 4200 cm-1. The number of spectral 

accumulations per analysis was typically between 5 and 10 to maximise the signal-to-

noise efficiency of the spectrometer. 

 

Instrument operating parameters, spectral acquisition settings and spectra 

manipulation were controlled using LabSpec software (v.5.78.24). Raman spectra were 

identified using in-house (NUIG), commercial (Spectral ID 3.0.3) and open source 

spectral databases (e.g. Downs 2006; Frezzotti et al. 2012). Instrument calibration was 

routinely performed using the peak of a crystalline silicon wafer (520.2 ± 0.5 cm-1; 

Parker et al. 1967). Uncertainty associated with the generation of Raman peak positions 

based on replicate analyses of the standard is ± 1.0 cm-1 (2σ). 

 

Raman analysis of some FIs was also performed to determine the relative 

proportion (molar fraction) of trapped gas species in the vapour phase (Frezzotti et al. 

2012) and the densities of homogenized carbonic phases (Wang et al. 2011). These 

techniques relied on establishing an empirical calibration curve for the Galway LabRam 

instrument using two mixed CO2-N2 gas standards provided by A. Van den Kerkhof 

(University of Göttingen). Estimated analytical precisions (± 1σ-level) associated with 

the measurement of molar gas fractions and CO2 densities by Raman analysis is ± 0.02 

and ± 1.0 g.cm-3, respectively. 

 

6.2.5 Stable sulfur isotope analysis 

Stable sulfur isotope analysis of vein-hosted sulfides was mainly conducted at the 

Scottish Universities Environmental Research Centre (SUERC), East Kilbride, Scotland. 

Some additional, preliminary analysis was also performed at the Department of Earth 

Sciences, Memorial University, St. John’s, Newfoundland (Conliffe et al. 2009). Two 

techniques were employed at SUERC; conventional gas analysis of mineral separates 

(e.g. Robinson & Kusakabe 1975, Rees & Holt 1991) and in situ laser analysis (e.g. 

Kelley & Fallick 1990). At Memorial, sulfide separates were analysed using an on-line, 

continuous flow-mass spectrometry method (e.g. Grassineau 2006). 
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For the conventional analysis at SUERC, sulfur was extracted as SO2 by fusing c. 

8 mg of sulfide separate with c. 200 mg of cuprous oxide powder during combustion at 

approximately 1100°C under vacuum. Subsequently, isolated and purified SO2 was 

analysed for mass ratio 66SO2/
64SO2 relative to a reference gas (with a known 

66SO2/
64SO2 value) using a gas-source, dual-inlet, VG SIRA II mass spectrometer. Raw 

δ66SO2 values were then converted to δ34SV-CDT values using standard correction factors 

and an empirical calibration curve based on certified reference materials with known 

δ34SV-CDT compositions (Coleman 2004). For the laser method, vein sulfides were 

analysed in situ on polished blocks using a microprobe system equipped with a 

SPECTRON Lasers 902Q, continuous wave, 1064 nm Nd-YAG laser. The laser operates 

at c. 1 W power in TEM00 mode which provides a power density of c. 2 x 109 W.m-2 and 

a beam diameter is c. 25µm at the sample. During each analysis, volatilized SO2 was 

transferred to a miniature gas extraction line and isolated from other combustion 

products (e.g. H2O, CO2). Subsequently, sample SO2 was analysed for mass ratio 

66SO2/
64SO2 on a gas-source, dual-inlet, VG SIRA II mass spectrometer, relative to a 

reference gas with a known 66SO2/
64SO2 ratio. Raw δ66SO2 values were converted to 

δ34SV-CDT values using standard correction factors and adjusted to account for known 

isotope fractionation effects during laser combustion (e.g. Wagner et al. 2002). 

 

At Memorial, sulfides were analysed ‘on-line’ using a Carlo Erba NA1500 Series 

II NC elemental analyser coupled to a gas-source, continuous flow, dual-inlet, Finnigan 

MAT 252 isotope-ratio mass spectrometer. Approximately 0.2 mg of sample material 

and c. 0.2 mg of V2O5 oxidant were loaded into a vertical catalytic reaction chamber and 

flash combusted with a pulse of pure oxygen at c. 1800°C. Combustion products were 

then transferred to a gas chromatography column for the separation of SO2. Isolated and 

purified SO2 was then transferred to the mass spectrometer for the measurement of 

66SO2/
64SO2 mass ratios (sample and reference gas). The calculation of δ34S values from 

raw isotope compositions was performed using standard correction procedures and 

reference calibration curves. 

 

Stable sulfur isotope results are reported using conventional delta (δ) notation in 

per mill (‰) relative to Vienna-Cañon Diablo troilite (δ34SV-CDT = 0.0‰; e.g. Coplen & 

Krouse 1998). Based on replicate analyses of field and reference samples (e.g., CP-1 at 

SUERC; IAEA-S-1 at Memorial, Ding et al. 2001), analytical precision for SO2 analysis 

for the sulfide separates is estimated to be ± 0.3‰ (2σ-level). Replicate analyses of δ34S 
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measurements using the in situ laser technique at SUERC were not performed as part of 

this study. However, analytical uncertainty during routine laser analysis is estimated to 

be ± 0.4‰ (A. Fallick, pers. comm., 2011) and is thus comparable to the other 

techniques. 
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6.3 Fluid inclusion results 

6.3.1 Fluid inclusion types and classification 

Fluid inclusion petrography results are summarised in Figures 6.1 and 6.2, and 

also Table 6.3. In total, six main fluid inclusion types were identified: 

 

(1) Type C: Rare, two-phase (Lc+Vc) or monophase carbonic [C] fluid inclusions 

in vein quartz (Figs. 6.1A & 6.2A). In general, these are c. 3 to 8 μm in size 

(longest dimension) and have oblate or, more rarely, elongate hexagonal forms. 

Although dominantly carbonic, some Type C inclusions displayed darker 

margins relative to the rest of the inclusion, suggesting the possible presence of 

a thin rim of aqueous liquid wetting some inclusion walls. 

(2) Type AC: Relatively common two-phase (Laq+SCc), three-phase (Laq+Lc+Vc) 

and less common four-component (Laq+Lc+Vc+S) aqueous-carbonic [AC] 

inclusions in vein quartz that are isolated or occur in groups (Figs. 6.1A & 

6.2B-F). These are typically c. 3 to 16 μm in length and have oblate, 

rectangular or elongate hexagonal shapes. The relative fill volume of the 

carbonic component (Lc+Vc) is generally between c. 35 and 55 % (Fig. 6.2E, 

H), although some examples have larger carbonic fill volumes up to c. 80 % 

(Fig. 6.2C). Additionally, three-phase examples have variable Vc/Lc ratios, 

resulting in some Vc-rich varieties (Fig. 6.2F,H). Overall, the differences in 

carbonic phase volumes suggest variability in terms of bulk CO2 contents and 

densities (Diamond 2001; see also Section 6.5.1). Rare, solid phases are 

compositionally variable suggesting derivation as captive or trapped solids. 

(3) Type A1: Relatively common two-phase (Laq+Vaq) and rarer three-phase (Laq 

+Vaq+S) aqueous [A1] inclusions in vein quartz and fluorite occurring as 

isolated, individual inclusions or clustered groups preferentially aligned with 

respect to host crystal growth axes. These inclusions have vapour fill volumes 

of c. 20 to 35 %, mostly range from c. 3 to 12 μm in length and have 

rectangular, elongate or negative hexagonal shapes (Figs. 6.1A & 6.2G-I). Rare 

solid phases are compositionally variable and inconsistently trapped like those 

in AC inclusions. Based on Raman and microthermometry analyses, A1 

inclusions may contain trace CO2 and/or bicarbonate [CO3]
2- within the vapour 
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and/or liquid phase, suggesting a compositional link with C and AC types (see 

Section 6.3.3 below). 

(4) Type A2: Rare, three-phase (Laq+Vaq+S) aqueous [A2] inclusions in vein 

fluorite occurring as 3-dimensional groups or in secondary trails. Generally, 

these display vapour fill volumes of c. 20 to 30 %, are c. 3 to 20 μm in length 

and have elongate rectangular, negative crystal (hexagonal or cubic), and 

irregular forms (Figs. 6.1A & 6.2J). Calcite is typically present as a solid phase 

and occupies c. 5 to 10 % of the inclusion volume. These consistencies suggest 

calcite precipitated as a daughter solid (e.g. Shepherd et al. 1985). Rarely, 

elongate and oversized (up to c. 25 μm) two-phase (Laq+S) inclusions without 

vapour bubbles occur in trails that parallel fluorite grain boundaries (Fig. 

6.1C). Their lack of a vapour bubble suggests metastability effects or leakage 

(e.g. Roedder & Belkin 1988). 

(5) Type A3: Abundant, liquid-rich, two-phase (Laq+Vaq) aqueous [A3] inclusions 

in vein quartz or fluorite occurring in secondary trails. Generally, these FIs 

display vapour fill volumes of c. 10 to 15 %, are typically c. 1 to 10 μm in 

length and have oblate or elongate rectangular shapes (Fig. 6.2K). 

(6) Type A4: Abundant, monophase (Laq) or rare two-phase (Laq+Vaq) aqueous 

[A4] inclusions in vein quartz or fluorite occurring in secondary trails (Fig. 

6.2L). Typically, they range from c. 2 to 20 μm in length and have elongate 

irregular and oblate forms. Their general lack of a vapour bubble and cross-

cutting relationships with other inclusion types suggests latest-stage trapping 

under relatively shallow, low temperature conditions (e.g. Goldstein & 

Reynolds 1994). 
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Figure 6.1. Visual summary of fluid inclusion [FI] petrography. A. Main FI types in vein quartz and fluorite. Abbreviations: cal = calcite, cp = chalcopyrite, hal = halite, mol = molybdenite, nahc = nahcolite, qz = quartz, smith = smithsonite, syl = 

sylvite, vat = vaterite. B. Distribution and paragenesis of fluid inclusion assemblages [FIA] by veining stage and vein type. C. Schematic sketch of FI topology and settings in individual quartz and fluorite grains.
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Figure 6.2. Photomicrographs of fluid inclusion types. A. Aligned cluster of two-phase (Lc+Vc) C and 

three-phase (Laq+Lc+Vc) AC inclusions. B. Isolated and aligned, three-phase (Laq+Lc+Vc) AC inclusions. 

C. Isolated and aligned three-phase (Laq+Lc+Vc) AC inclusion adjacent to a hexagonal molybdenite 

inclusion. D. Isolated and aligned three-phase (Laq+Lc+Vc) AC inclusion in centre of quartz grain. E. 

Isolated, CO2-rich, three-phase (Laq+Lc+Vc) AC inclusion. F. Aligned cluster of three-phase (Laq+Lc+Vc) 

AC inclusions. G. Aligned cluster of two-phase (Laq+Vaq) aqueous (A1) and three-phase (Laq+Lc+Vc) AC 

inclusions. H. Mixed cluster of three-phase (Laq+Lc+Vc) AC and two-phase (Laq+Vaq) A1 inclusions. I. 

Isolated and oversized two-phase (Laq+Vaq) A1 inclusion adjacent to molybdenite. J. Broad trail of three-

phase (Laq+Vaq+S) aqueous inclusions (A2 type). K. Trail of two-phase (Laq+Vaq) aqueous inclusions (A3 

type). L. Trail of monophase (Laq) aqueous inclusions (A4 type). (A-D, F) occur in Type 4 veins, (E, H) 

are in Type 3 veins (G, I, K) are in Type 5 veins, (J) is in a Type 7 vein & (L) is in a Type 6 vein.  
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6.3.2 Fluid inclusion assemblages and distributions 

In terms of a trapping chronology, six fluid inclusion assemblages [FIA] or fluid 

‘events’ were resolved based on inter-inclusion textural relationships, their settings 

within host fluorite and/or quartz, and their distributions within the different veins. A 

summary of the FIAs and their distributions are given in Figure 6.1B and Table 6.3, and 

a brief description of each is as follows: 

 

(1) FIA-1 occurs within partly overlapping Stage IIA Types 3-5 veins associated 

with variable potassic (K-feldspar) alteration (i.e. the main Mo-mineralizing 

stage) and  represents the earliest temporally resolvable fluid event. FIA-1 

consists of groups of individual AC, A1 and rare C inclusions, aligned either 

parallel or orthogonally to each other and also the edges of host quartz crystals 

(Fig. 6.2A,H). Additionally, individual tapered inclusions tend to point toward 

inferred crystallographic growth directions and/or vein centres (Fig. 6.2B-C). 

Isolated and sometimes oversized FIA-1 inclusions also occur, often located 

close to grain centres or adjacent to solid molybdenite inclusions in Type 4 & 5 

veins (Fig. 6.2C,D,I). These petrographic characteristics and additional 

considerations (e.g. trapped molybdenite and chalcopyrite solids) suggest FIA-

1 formed during vein mineral deposition (i.e. from vein-forming fluid). 

(2) FIA-2 occurs within a Stage IIB Type 6 quartz-sulfide vein displaying 

moderately developed potassic alteration haloes (sample MB25-2a-64.53; see 

Table 6.1). It consists of aligned clusters of AC and A1 inclusions (or their 

isolated equivalents) and is thus petrographically and compositionally similar 

to FIA-1. Based on its setting (i.e. Stage IIB Type 6 vein lacking molybdenite), 

FIA-2 is designated here as a temporally separate fluid event, although its 

aqueous-carbonic character and association with potassic alteration suggests a 

potential genetic link with FIA-1 (see Section 6.5.1 for further discussion). 

(3) FIA-3 occurs in Stage IIB Type 7 veins associated with phyllic-greisen 

alteration. It consists of A1 and rare AC inclusions occurring as aligned groups 

or isolated inclusions in quartz, and rare, solid-bearing A2 inclusions in fluorite 

which form aligned groups or clusters. A trail of relatively vapour-rich A1 

inclusions in a Type 6 vein (MB25-2a-64.53) is assigned to FIA-3 based on its 

crosscutting character and microthermometric considerations (Table 6.4; see 

Section 6.5.1). 
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(4) FIA-4 consists of solid-bearing A2 inclusions forming planar, intra-grain 

(pseudo-secondary) and inter-grain (secondary) trails hosted by fluorite. In 

terms of its distribution, FIA-4 most commonly occurs in Stage IIB Type 7 

veins associated with phyllic-greisen alteration. Trails of A2 type inclusions 

also occur in fluorite in earlier Types 3, 4 & 6 veins (Fig. 6.1B), suggesting 

that fluorite in some paragenetically earlier veins may represent open space 

filling during Stages IIB or III veining. Based on the setting of the A2 

inclusions (i.e. mainly as secondary trails), FIA-4 is designated as a separate 

fluid event, although a potential link with A2 inclusions in FIA-3 may also be 

valid (see Section 6.5.1). 

(5) FIA-5 consists of A3 inclusions in planar to curvilinear, trans-granular 

(secondary) trails and shorter intragrain trails that crosscut earlier FIAs (Fig. 

6.2D,H,K). FIA-5 is recorded by all Stage IIA and IIB veins and represents a 

relatively late fluid infiltration event, possibly related to Stage III veining or a 

younger fluid flow event (Fig. 6.1B-C). 

(6) FIA-6 consists of monophase A4 inclusions in planar to curvilinear, trans-

granular (secondary) trails, or irregular zones marking grain boundaries (i.e. 

inter-grain trails). The character of FIA-6 inclusions (i.e. inferred low 

temperature aqueous inclusions in trails) and their distribution across all Stage 

IIA-B vein types suggests the association represents the latest fluid infiltration 

event that likely postdates Stage III veining (Fig. 6.1B-C). 

 

Notwithstanding the overlapping and complex nature of the veining at Moly 

Brook (Chapter 3), the determined FIAs represent the largest number of temporally 

resolvable fluid flow events which were active during the sequential development and 

evolution of the hydrothermal system (Table 6.3). Thus, an early, composite aqueous-

carbonic fluid (FIA-1) is associated with Stage IIA veining, Mo mineralization and 

selective potassic alteration. Subsequently, later fluids (FIA-2 to FIA-4) mainly related 

to Stage IIB veining, Cu mineralization and selective phyllic (greisen) alteration record 

an evolution from an aqueous-carbonic to more aqueous (CO2-depleted) regime. The 

latest fluid infiltration events represented by FIA-5 and FIA-6 crosscut the earlier 

formed quartz ± K-feldspar veins, and may relate to late Stage III veining, although this 

link remains equivocal. 
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Table 6.3. Summary of fluid events recorded by different fluid inclusion assemblages [FIA]. FIA are 

numbered and listed, from inferred. See Figure 6.1A for fluid inclusion type descriptions and Figure 6.1B 

for veining stage scheme 

FIA FI types FIA setting1 

Vein stage 

association4 

FIA distribution by vein 

and mineral4 

Relative 

age: 

1 AC + A1 ± C 
Aligned cluster or 

isolated FIs 
IIA 

Types 3, 4 & 5 veins 

(quartz) 
Early 

2 AC + A1 ± C 
Aligned cluster or 

isolated FIs 
IIB Type 6 veins (quartz) 

 3 A1 ± AC ± A2 
Aligned cluster or 

isolated FIs 
IIB 

Type 6 (trails) & Type 7 

veins (quartz) 

4 A2 only 
Intra- to intergrain 

trails 
IIB, or younger 

Type 7 ± Type 6, 4, 3 veins 

(fluorite) 

5 A3 only Intergrain trails III, or younger 

Type 2 veins & all Stage 

IIA and IIB veins (quartz & 

fluorite) 

6 A4 only Intergrain trails None 

Type 2 veins & all Stage 

IIA and IIB veins (quartz & 

fluorite) 
Late 

1With respect to host mineral.  

 

 

6.3.3 Raman analysis of FI gas and liquid phases 

Figure 6.3 shows example Raman spectra (c. 1000 to 4200 cm-1 spectral range) 

for gas and liquid phases in the various fluid inclusion [FI] types. Monophase C 

inclusions (in FIA-1 and FIA-2) consist of CO2, with corresponding spectra displaying 

diagnostic Fermi diad peaks at c. 1282 and 1387 cm-1 (ν1-2ν2 resonance), and two low 

intensity ‘hot bands’ at either side (Fig. 6.3A-B; Rosso & Bodnar 1995). Diad peak 

positions lower than pure CO2 (c. 1288 and 1388 cm-1; Hurai et al. 2015) likely result 

from fluid density variations rather than the presence of H2O, which has a similar effect 

(see Anderson 1976). Rarely, C inclusions also contain a low intensity peak at c. 2913 

cm-1 corresponding to the main ν1 stretching mode of CH4 (Fig. 6.3B). 

 

In general, the gas phase of FIA-1 AC inclusions consists of CO2, whereas the 

liquid components in three-phase types consist of CO2 surrounded by H2O, which may 

also contain dissolved [CO3]
2- in trace amounts (Fig. 6.3C). Regarding the latter phase, 

a perceptible shoulder inflection or positive ‘kink’, commonly present on the main H2O 

peak at c. 3250 cm-1, indicates low to moderate fluid salinities for the aqueous phase 

(e.g. < c. 20 wt. % NaCl equivalent; Mernagh & Wilde 1989). The gas phase of AC 
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inclusions associated with FIA-2 (Type 6 veins) also consists of CO2, although some 

examples have low intensity peaks at c. 2607 and c. 2915 cm-1 corresponding to the ν1 

modes of H2S and CH4 (Fig. 6.3F). This compositional variability suggests that FIA-2 

may have had a more intermediate to reduced oxidation state compared to FIA-1. 

 

The gas phases of FIA-1 A1 inclusions are dominated by H2O, yielding spectra 

with a broad, asymmetric peak between c. 2800 to 3800 cm-1 (O-H stretching mode) 

and an additional low intensity peak centred at c. 1630 cm-1 (O-H bending mode; Fig. 

6.3D; cf. Carey & Korenowski 1998). Occasional low intensity peaks at c. 1382 and 

1364 cm-1 are interpreted as the [CO3]
2- and [HCO3]

- ions, respectively, most likely 

dissolved in the surrounding liquid phase (Fig. 6.3D & E). FIA-1 A1 inclusions 

commonly contain trace amounts of CO2 in their vapour bubbles also, particularly when 

found adjacent to AC inclusions (Fig. 6.3E). 

 

A1 inclusions associated with FIA-2 and FIA-3 (Types 6 and 7 veins, 

respectively) have similar spectra to those in FIA-1, although additional peaks for CH4 

(c. 2915 cm-1) and rare H2 (4156 cm-1) may also occur (Fig. 6.3G-H). This 

compositional variation mimics that seen for the AC inclusions associated with both 

FIA-1 and FIA-2, with a trend toward fluids that are CH4-bearing. This transition is also 

recorded by some A1 inclusions in Type 5 veins (late FIA-1?) which may also contain 

CH4 in the gas phase. 

 

For the solid-bearing A2 inclusions (FIA-4, mainly Type 7 veins), both the gas 

and liquid phases dominantly consist of H2O (Fig. 6.3I). However, diagnostic spectra 

for these phases were sometimes masked by the spectral response of host fluorite and/or 

fluorescence effects. Liquid-rich two-phase A3 inclusions (FIA-5) and liquid-only A4 

inclusions (FIA-6) also mainly consist of H2O. These late-stage fluid inclusion 

assemblages reaffirm the concept of a broad evolution of the hydrothermal system from 

an early-stage dominated by aqueous-carbonic fluids to a later stage where aqueous 

fluids were mainly active (Table 6.3). 

 



Chapter 6 – Vein Mineralization: Fluid Inclusion & Sulfur Isotope Constraints 

206 
 

 

Figure 6.3. Selected Raman spectra for FI gas and liquid phases. Spectral intensity on Y-axis is in arbitrary units (a.u.). Density (d) values for CO2 are based on the technique of Wang 

et al. (2011). A. Carbonic [C] inclusion in a Type 4 vein with pure CO2 spectrum. B. C inclusion in a Type 4 vein with CO2 and trace CH4. C. Aqueous-carbonic [AC] inclusion in a 

Type 4 vein showing pure CO2 for Lc and Vc phases. D. Aqueous [A1] inclusion in Type 4 vein with peaks for H2O and trace CO3
2- ion. Spectrum for host quartz also shown. E. Cluster 

of A1 inclusions in a Type 3 vein with peaks for H2O, trace CO2 and trace HCO3
-. F. Isolated AC inclusion in Type 6 vein with peaks for CO2 and trace H2S and CH4. G. A1 inclusion in 

a Type 6 vein with peaks for H2O with trace CH4 and H2. Solid phase is nahcolite (NaHCO3). H. A1 inclusion in Type 7 vein showing broad H2O peak and additional peaks for CH4 and 

CO2. I. A2 inclusion (note lack of vapour bubble) in Type 7 vein showing broad H2O peak for the liquid phase. Solid phase is calcite or possibly dawsonite, host is fluorite.
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6.3.4 Raman analysis of FI solid phases 

Figure 6.4 shows examples of Raman spectra for various solid phases occurring in 

several of the FI types (c. 100 to 1800 cm-1 range). Overall, nine different minerals were 

identified, with three additional solids having an uncertain mineralogy (Fig. 6.1A). 

Carbonates are the most commonly identified solids, with rare sulfides also occurring. 

These observations likely reflect the aqueous-carbonic character of Stage II FIAs and 

the sulfidic nature of mineralization. They also suggest that FIAs were derived from a 

precursor fluid that was saturated in carbonic species (CO2, CO3
2-) and S2- prior to 

exsolution and trapping. Both volatiles, in addition to H2O, are abundant in magmatic-

hydrothermal fluids fluxed by subvolcanic felsic intrusions in the coupled plutonic-

volcanic settings (e.g. Hedenquist & Lowenstern 1994). 

 

Although generally rare, solid phases are most commonly found in AC and A1 

inclusions, particularly those occurring as part of FIA-1 and FIA-2 (Type 3 to 6 veins). 

Thus, these solid-bearing varieties are classified as subtypes of the main AC and A1 

inclusions, as opposed to separate FI types or assemblages (Fig. 6.1A). Overall, the 

inconsistent nature of the solids (e.g. one or more per inclusion, volumetric ratio, 

mineralogy) suggests random capture or entrapment during Stage II FIA formation. 

However, some carbonate solids in FIA-1 may have precipitated directly from their 

enclosing fluid (i.e. daughter solids; see Roedder 1984). Likewise, the A2 inclusions 

that define FIA-4 invariably contain a trapped carbonate solid with a consistent relative 

proportion to the other inclusion phases (Fig. 6.2J). These features are consistent with 

minerals precipitated from the fluid, representing true daughter solids produced during 

post-entrapment cooling (e.g. Van den Kerkhof & Hein 2001). 

 

Trapped solids in AC inclusions (FIA-1 and FIA-2) include chalcopyrite, quartz, 

calcite and possibly sylvite. Relatively common chalcopyrite is opaque, forms tabular to 

(sometimes) angular crystals (< 5 μm in size) and yields low intensity Raman peaks at 

293 and 378 cm-1 (Fig. 6.4A,C). Rare colourless quartz occurs as tabular to angular 

grains (< 3 μm) that display moderate birefringence under cross-polarised light (Fig. 

6.4C). Quartz solid incluions most likely originates as trapped fragments of the host 

vein quartz based on similarity of their Raman spectra (Fig. 6.4C). Calcite also occurs in 

FIA-1 AC inclusions (including some Type 3 veins) and displays diagnostic Raman 

peaks at 1085 and 284 cm-1 (Fig. 6.4D). 



Chapter 6 – Vein Mineralization: Fluid Inclusion & Sulfur Isotope Constraints 

208 
 

 

Figure 6.4. Selected Raman spectra of solid phases in various fluid inclusions. Intensity on Y-axis is in arbitrary units (a.u.). Density (d) for CO2 shown in D is based on the technique of 

Wang et al. (2011). A. AC inclusion in a Type 4 vein with chalcopyrite. B. A1inclusion in a Type 4 vein with nahcolite. C. AC inclusion in a Type 5 vein with chalcopyrite and quartz. 

Gas phase shows CO2 and trace CH4. D. AC inclusion in a Type 5 vein. Solid phase is calcite. E. A1 inclusion in a Type 3 vein. Solid phase is vaterite. F. A1 inclusion in a Type 6 vein. 

Solid phases are chalcopyrite and smithsonite. G. A2 inclusion in a Type 3 vein (host is fluorite). Solid phase is calcite. H. A2 inclusions in a Type 7 vein. Solid phase is calcite. I. A2 

inclusion in a Type 7 vein. Solid phases are calcite and fluorite. 
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Solid-bearing A1 inclusions (FIA-1) contain chalcopyrite, calcite, vaterite 

(CaCO3) and nahcolite (Fig. 6.4B,E). Additionally, smithsonite (ZnCO3) and 

chalcopyrite were identified in an A1 inclusion assigned to FIA-2 (Fig. 6.4F). Vaterite 

(ν1 stretching at c. 1090 cm-1; Truchet et al. 1995) is an intermediate phase between 

amorphous calcium carbonate and calcite, and its occurrence may reflect pH and/or 

compositional variations in the parental fluid (Rodriguez-Blanco et al. 2011). The 

presence of nahcolite (NaHCO3; ν1 peak at c. 1045 cm-1) in a FIA-1 inclusion (Type 4 

vein) is consistent with a source fluid saturated in HCO3
- or containing excess CO2, and 

reaffirms the carbonic nature of the hydrothermal system during Stage IIA veining (cf. 

Bakker & Mamtani 2000). Nahcolite has been also observed elsewhere as a daughter 

solid in fluid inclusions in alkaline-carbonatitic rocks (Rankin & Le Bas 1974), 

pegmatite (Sirbescu & Nabelek 2003) and vein-hosted mineralization of inferred 

magmatic origin (e.g. Santos et al. 1998). 

 

In addition to more common chalcopyrite, rare molybdenite was identified in a 

single A1 inclusion (FIA-1) within a Stage IIA Type 4 quartz-molybdenite vein (Fig. 

6.5A-E). The host quartz crystal is located at the vein margin adjacent to a narrow 

potassic alteration halo and a ‘stringer’ band of fine-grained disseminated molybdenite 

(Fig. 6.5A-B). Diagnostic Raman peaks for the included molybdenite occur at c. 281, 

376 and 403 cm-1, with the latter corresponding to the main ν1 stretching mode (Fig. 

6.5F; Wieting & Verble 1971). A noted variability for the relative peak intensities of 

molybdenite reflects the crystallographic orientation and/or morphology of the crystals 

relative to the incident laser (Fig. 6.5G). 

 

Based on its petrographic setting (i.e. vein type, inclusion orientation) and general 

infrequency as an opaque solid in FIA-1, this particular molybdenite was probably 

trapped during A1 inclusion formation, having been retained in fluid suspension 

following initial hydrofracturing and vein formation. The petrographic evidence shown 

in Figure 6.5 thus indicates a genetic (or broadly contemporaneous) link between Mo 

mineralization and FIA-1 formation for the molybdenite-bearing veins (mainly Types 3 

to 5), although a slight delay between initial molybdenite precipitation and subsequent 

fluid trapping may have occurred (e.g. Lerchbaumer & Audétat 2013). Consequently, 

FIA-1 (while dominantly aqueous-carbonic [AC]) was likely saturated in both Mo and S 

at the time of initial mineral deposition and trapping. This contention is further 
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supported by the occurrence of small (< 10 μm) molybdenite inclusions in vein quartz 

adjacent to FIA-1 inclusions (Fig. 6.2C). 

 

Daughter solids trapped in A2 inclusions (FIA-4) in vein fluorite mainly consist of 

calcite (Fig. 6.2J). In general, they are colourless to pale yellow, moderately birefringent 

under cross-polarised light, have tabular to rectangular forms and occupy c. 8 to 10 % of 

the inclusion volume. Typically, they yield an intense peak at c. 1085 cm-1 (ν1 stretching 

mode) with lesser peaks at c. 1435, c. 713 and 278 cm-1 (Fig. 6.4H; cf. Turet et al. 

1995). Rarely, the ν1 and 𝑣3 peaks have higher frequency shifts (c. 1088 and 1047 cm-1, 

respectively) that are consistent with those for Mg-calcite (Fig. 6.4G). Fluorite is an 

additional rare solid phase occurring in the A2 inclusions, and it displays an identical 

Raman spectrum to that of the host mineral (Fig. 6.4I). 

 

The character of the A2 inclusions (FIA-4) and their petrographic setting (mainly 

intra-grain trails in Type 7 veins, trans-grain trails in Type 3, 4 and 6 veins) suggests 

that FIA-4 formed either during Stage IIB Type 7 veining or Stage III when calcite-

fluorite veins and breccia zones formed. If the latter interpretation is more valid, then 

fluorite crystals in Type 3 and Type 7 veins (Stages IIA and IIB, respectively) may also 

have formed during Stage III veining. Alternatively, two or more generations of fluorite 

may have precipitated during the different veining stages. This suggestion is supported 

by the variation observed in the colour of fluorite within the different vein types. 
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Figure 6.5. A - E.  Sequentially zoomed ‘vein-to-inclusion’ photographic sequence showing an A1 inclusion 

(FIA-1) in a Type 3 vein (sample MB14-3b-265.14) with an included rare molybdenite crystal. Note the 

alignment of the assemblage approximately parallel, or orthogonal, to the growth direction of the host quartz 

grain. F. Composite Raman spectrum for the entrapped molybdenite crystal shown in E with diagnostic peaks at 

281, 376 and 403 cm-1. G. Comparison of Raman spectra for the inclusion-hosted molybdenite and molybdenite 

and quartz crystals from the same sample. 
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6.3.5 Microthermometry results 

Microthermometric results for the different mineralization stages, fluid inclusion 

assemblages [FIAs] and their constituent inclusions are summarised in Table 6.4, and 

Figures 6.6 and 6.7. Additionally, a full list of the microthermometric data is provided 

in Tables A2.8 – A2.15 in Appendix 2. A summary of the main findings of this work 

follows, as grouped by fluid inclusion assemblage. 

 

6.3.5.1 FIA-1 (Stage IIA fluid – potassic alteration-related) 

Aqueous-carbonic [AC] inclusions in FIA-1 have Te ice values ranging from -38.3 

to -17.9°C with a median value of -22.0 ± 3.4°C (± 1σ). Aqueous [A1] inclusions have a 

broader range of Te ice values (-46.0 to -10.0°C), with a median value (-22.0 ± 8.2°C) 

similar to the AC forms. The Te ice values for both inclusion types mainly coincide with 

the eutectic temperatures for the H2O-NaCl-KCl and H2O-NaCl systems (i.e. -22.9 and -

21.2°C, respectively; e.g. Hurai et al. 2015), and preferentially cluster around the former 

value (Fig. 6.6A). A small number of A1 inclusions have Te ice values similar to the 

H2O-KCl system eutectic (-10.5°C) and may actually represent misclassified secondary 

inclusions (Fig. 6.6A; see Section 6.3.5.5). Both carbonic [C] and AC inclusions have 

median Tm CO2 values of -56.6°C, identical to the triple point temperature of CO2 (e.g. 

Diamond 2001). These data, combined with Raman analysis (Section 6.3.3 above), 

suggest the carbonic components of FIA-1 are dominated by CO2. Marginally lower Tm 

CO2 values (down to -57.6°C in some AC inclusions) likely reflects trace amounts of 

CH4 in the carbonic vapour phase, as identified by Raman analysis (see Fig. 6.3).   
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Table 6.4. Summary of microthermometric results for the different mineralization stages, Fluid Inclusion Associations [FIA] and Fluid Inclusion [FI] types. Data reported as ranges or median values ± standard deviation (1σ). Green numbers in brackets 

represent the number of measurements (n) 

             
FIA 

FI 

type1 Vein2 
Te ice (°C) Tm CO2 (°C) Tm ice (°C) Tm clath (°C) Th CO2 (°C)3 Th sol (°C) Th tot (°C)4 

Salinity 

(wt % NaCl equivalent) 
XCO2 (mol.) 

FI density 

(g.cm-3) 

Stage IIA veins - potassic alteration 

F
lu

id
 
I
n

c
lu

s
io

n
 
A

s
s

e
m

g
la

g
e

 
1

 

C T4:14-3b 
 

-56.6 to -56.3 (24) 
  

1.9 to 28.1 (24) → Lc 
   

c. 0.95 to 1.00 0.78 ± 0.07 (24) 

AC 
 

-22 ± 1 (15) -56.6 to -56.4 (32) 
 

6.0 ± 1.9 (55) 27.0 to 29.9 (14) → Vc 
 

424 to 517 (7) → Lc 7.6 ± 3.3 (38) 0.03 to 0.67 (41) 0.70 ± 0.06 (8) 

      
17.7 to 29.4 (16) → Lc 

 
333 ± 47 (22) → Laq 

  
0.73 ± 0.07 (19) 

      
27.0 to 30.9 (14) → C 

    
0.71 ± 0.09 (13) 

A1   -22 ± 2 (14) 
 

-5.3 ± 1.6 (23) 
  

  275 ± 39 (26) → Laq 8.3 ± 2.3 (23)   0.82 ± 0.08 (22) 

C T4:09-12 
 

-57.0 to -56.6 (3) 
  

21.2 to 29.1 (3) → Lc 
   

c. 0.95 to 1.00 0.65 ± 0.07 (3) 

AC 
 

-22 ± 3 (26) -57.6 to -56.6 (49) 
 

6.3 ± 0.9 (55) 28.6 to 30.6 (12) → Lc 
 

373 ± 46 (22) → Lc 9.2 ± 2.4 (56) 0.19 ± 0.8 (50) 0.66 ± 0.11 (20) 

      
26.9 to 30.8 (18) → Vc 

 
331 ± 39 (14) → Laq 

  
0.66 ± 0.07 (14) 

      
29.5 to 30.9 (18) → C 

     

A1 
 

-21 ± 4 (21) 
 

-6.4 ± 2.0 (24) 
   

290 ± 37 (25) → Laq 9.7 ± 2.6 (24) 
 

0.84 ± 0.06 (21) 

 
  

     
  275 (1) → Vaq       

AC T5:13-8a -38 (1) -56.6 to -56.0 (5) 
 

6.2 ± 0.5 (11) 29.0 to 29.2 (2) → Vc 
 

404 ± 36 (5) → Lc 9.2 ± 2.0 (11) 0.16 ± 0.6 (11) 0.66 ± 0.05 (5) 

      
30.0 to 31.1 (7) → C 

 
370 ± 35 (6) → Laq 

  
0.69 ± 0.04 (6) 

A1 
 

-40 ± 5 (5) 
 

-7.4 ± 1.3 (6) 
   

351 ± 61 (6) → Laq 11.0 ± 1.5 (6) 
 

0.76 ± 0.06 (6) 

Stage IIA- weak potassic±sericite alteration 

F
I

A
 

1
 

AC T5:09-7 
 

-56.6 (2) 
 

6.2 (2) 30.2 (2) → C 
 

355 ± 35 (3) → Laq 9.4 ± 0.2 (2) 0.13 (2) 0.69 to 0.70 (2) 

A1 
 

-10 ± 1 (8) 
 

-3.8 ± 2.0 (30) 
   

284 ± 37 (32) → Laq 6.4 ± 2.5 (27) 
 

0.80 ± 0.08 (24) 

A1(vr) 
       

373 ± 19 (6) → Vaq 
  

0.56 ± 0.06 (5) 

A1(hal)   
 

  
   

104.0 (1) 316 (1) → Laq 27.8 (1)   0.88 (1) 

A1 T5:09-11a -30 ± 5 (7)   -5.6 ± 0.7 (15) 
  

  251 ± 20 (15) → Laq 8.7 ± 1.0 (15)   0.88 ± 0.02 (15) 

Stage IIB - phyllic-greisen ± potassic alteration 

F
I

A
 

2
 AC T6:25-2a -29 ± 10 (5) -58.0 to -56.2 (12) 

 
7.7 ± 0.6 (12) 28.0 to 29.9 (10) → Vc 

 
392 to 497 (3) → Lc 6.8 ± 1.1 (12) 0.16 to 0.25 (3) 0.52 to 0.65 (3) 

      
28.5 (1) → Lc 

 
427 ± 35 (9) → Laq 

 
0.23 ± 0.13 (9) 0.56 ± 0.13 (9) 

      
30.2 (2) → C 

     

A1 
 

-30 ± 7 (23) 
 

-6.1 ± 1.3 (37) 
   

325 ± 27 (34) → Laq 9.3 ± 1.5 (31) 
 

0.74 ± 0.04 (32) 

F
I

A
 

3
 A1(s) 

 
-23 ± 4 (14) 

 
-7.0 ± 1.6 (23) 

  
  251 ± 36 (24) → Laq 10.5 ± 2.0 (23)   0.90 ± 0.06 (23) 

AC T7:13-2 -23 (1) -56.9 (1) 
 

7.3 (1) 30.8 (1) → C 
 

317 (1) → Lc 7.5 (1) 0.24 (1) 0.61 (1) 

A2 
 

-21 to -23 (2)   -2.6 ± 0.8 (6) 
  

not seen 249 ± 11 (6) → Laq 4.3 ± 1.2 (6)   0.85 ± 0.03 (6) 

A1 T7:16-3a -24 ± 5 (4)   -4.0 ± 1.3 (13) 

 
 

  320 ± 33 (16) → Laq 6.4 ± 1.9 (13)   0.68 ± 0.05 (14) 

FIA 4 A2(s) 
T7:13-2 -26 ± 6 (14)   -4.0 ± 1.1 (33) 

  
not seen 197 ± 21 (33) → Laq 6.4 ± 1.7 (33)   0.84 ± 0.06 (33) 

T7:16-3a -23 ± 1 (4)   -2.4 ± 0.1 (10) 
  

not seen 174 ± 18 (10) → Laq 4.0 ± 0.2 (10)   0.82 ± 0.03 (10) 

Latest fluids (Stage III or younger) 

F
I

A
 

5
 

A3(s) 

T4:09-12 -11 ± 2 (13) 
 

-1.1 ± 0.5 (18) 
   

182 ± 46 (23) → Laq 1.9 ± 0.8 (18) 
 

0.91 ± 0.03 (18) 

  
 

  
   

  280 ± 13 (3) → Vaq       

T4:14-3b -21 to -18 (2)   -2.0 to -0.2 (6) 
  

  253 ± 43 (10) → Laq 0.4 to 3.4 (6)   0.79 ± 0.03 (6) 

T5:09-7 -23 ± 14 (4)   -0.6 ± 0.6 (25) 
  

  233 ± 42 (34) → Laq 1.1 ± 0.9 (25)   0.84 ± 0.07 (6) 

T7:13-2 -20 ± 14 (24) 
 

-1.0 ± 0.6 (35) 
   

171 ± 36 (36) → Laq 1.7 ± 1.1 (35) 
 

0.77 ± 0.05 (35) 

            

  

          

1 See Figure 6.1 for FI Types. (s) = secondary FI, all others primary. (vr) = vapour-rich, (hal) = halite-bearing. 2 See Table 6.1 for complete sample numbers and descriptions. 
    3 Arrow symbol (→) indicates mode of homogenization to the following phases: C = critical fading, Lc = carbonic liquid, Laq = aqueous liquid, Vaq = aqueous vapour, Vc = carbonic vapour 
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Figure 6.6. (Previous page) Histograms of eutectic melting temperatures (Te ice) for the various fluid 

inclusion assemblages [FIA] and fluid inclusion [FI] types determined in this project. Reference eutectic 

temperature lines for different aqueous binary and ternary systems are from Hurai et al. (2015).  A. FIA-

1 associated with Stage IIA Type 3, 4 & 5 veins. B. FIA-2 associated with Stage IIB Type 6 veins. C. FIA-

3 associated with Stage IIB Type 7 veins. D. FIA-4 associated with Stage IIB Type 7 or younger veins. E. 

FIA-5 associated with Stage III Type 9 or younger veins. 

 

Based on Tm clath and Tm ice measurements (Table 6.4), and using the H2O-NaCl 

system to model bulk fluid compositions (e.g. Bodnar 1993), AC inclusions have 

salinities ranging from 2.6 to 16.2 wt% NaCl equivalent (median of 8.9 ± 2.9 wt% NaCl 

equivalent), while A1 inclusions have salinities ranging from 1.7 to 14.1 wt % NaCl 

equivalent (median of 8.7 ± 3.7 wt% NaCl equivalent). A single A1 inclusion 

containing rare halite yielded a salinity of 27.8 wt% NaCl equivalent based on a halite 

dissolution temperature of 104.0°C (Th sol; Table 6.4). Carbonic-rich AC inclusions 

homogenise to the supercritical carbonic phase between 287 and 517°C (median Th tot 

of 404 ± 51°C), while aqueous-rich varieties homogenise to the aqueous liquid phase 

between 261 and 454°C (median of 338 ± 42°C). A number of AC inclusions 

homogenised by critical fading between 328 and 417°C (Table 6.4). Vapour-rich A1 

inclusions have Th tot values ranging from 275 to 386°C (median of 373 ± 37°C), while 

liquid-rich types homogenise to the aqueous liquid phase between 195 and 372°C 

(median of 282 ± 37°C). On a Th-salinity bivariate plot, paired FIA-1 inclusions 

delineate a low to moderate salinity (c. 6 to 14 wt% NaCl equivalent) and moderate to 

high temperature (c. 240 to 520°C) cluster that displays a cooling trend toward 

marginally lower salinity values (Fig. 6.7A). FIA-1 inclusions with relatively low 

salinities (< c. 6 wt % NaCl equivalent) that deflect to the right of the main cooling 

trend indicate a degree of isothermal mixing between FIA-1 and a lower salinity fluid 

(e.g. Wilkinson 2001). 

 

6.3.5.2 FIA-2 (Stage IIB fluid – potassic alteration related) 

AC inclusions in FIA-2 display a broad range of Te ice values between -49.0 and -

20.0°C (median of -28.9 ± 9.9°C). A1 inclusions demonstrate a similar wide range of Te 

ice values (from -41.3 to -19.0°C, with a median of -30.0 ± 7.1°C). Overall, the broad 

spread and low number of Te ice values precludes an estimate of the bulk fluid 

composition (Fig. 6.6B). However, a cluster of Te ice values close to the H2O-NaCl-KCl 

system eutectic temperature (-22.9°C), combined with petrographic similarities between 

FIA-2 and FIA-1, suggest a likely compositional affinity with this ternary system. AC 
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inclusions have a median Tm CO2 value of -56.8, while their lower limit (-58.0°C) is 

consistent with generally low concentrations of CH4 in the carbonic vapour phase, as 

indicated by Raman analysis (see Fig. 6.3F-G). 

 

 

Figure 6.7. Th-salinity plots for the different Fluid Inclusion Associations [FIA] (see Fig. 6.1 & Table 6.2 

for fluid inclusion types and abbreviations). A. FIA-1 associated with Stage IIA fluids. B. FIA-2 

associated with Stage IIB fluids. C. FIA-3 and FIA-4 associated with Stage IIB or younger fluids. D. FIA-

5 associated with Stage III or younger fluids. FIA-5 is subdivided based on compositional (Te ice) criteria 

(see Fig. 6.6). 
 

Based on Tm clath and Tm ice measurements (Table 6.4), AC inclusions have 

salinities ranging from 4.1 to 7.5 wt% NaCl equivalent (median of 6.8 ± 1.1 wt% NaCl 

equivalent), while A1 inclusion salinities range from 5.0 to 10.9 wt% NaCl equivalent 

(median of 9.3 ± 1.5 wt% NaCl equivalent). Although based on relatively few 
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measurements (n = 3), carbonic-rich AC inclusions homogenise to the carbonic phase 

between 392 and 497°C (median Th tot of 423 ± 54°C), while aqueous-rich varieties 

homogenise to the aqueous liquid phase between 395 and 503°C (median Th tot of 427 ± 

35°C). In contrast, A1 inclusions homogenise to the aqueous liquid phase between 280 

and 387°C, and have a lower median Th tot value (325 ± 27°C). On a Th-salinity 

bivariate plot (Fig. 6.7B), paired FIA-2 inclusions delineate a low to moderate salinity 

(c. 5 to 11 wt% NaCl equivalent) and moderate to high temperature (c. 280 to 500°C) 

cluster that displays a cooling trend toward marginally more saline values. This trend 

may reflect H2O and/or CO2 effervescence during assemblage trapping, producing a 

consequent increase in the salinities of liquid-rich aqueous inclusions (e.g. Wilkinson 

2001). A possible weak dilution trend is also discernible for A1 inclusions during 

cooling (Fig. 6.7B). 

 

6.3.5.3 FIA-3 (Stage IIB fluid – phyllic-greisen alteration-related) 

A single FIA-3 AC inclusion occurring in sample MB13-2-53.83 yielded a Te ice 

value of -23.0°C (approximate H2O-NaCl-KCl eutectic temperature), a Tm CO2 value of 

-56.9°C (close to the CO2 triple point), a salinity of 7.5 wt% NaCl equivalent and a Th 

tot value of 317°C with homogenisation to the liquid carbonic phase (Table 6.4). A1 

inclusions have Te ice values ranging from -33.9 to -16.6°C (median of -23.4 ± 4.4°C) 

and mainly overlap the eutectic temperatures of the H2O-NaCl and H2O-NaCl-KCl 

systems (Fig. 6.6C). Two Te ice values of -21.0 and -23.0 were measured for A2 

inclusions (Table 6.4, Fig. 6.6C). 

 

Based on Tm clath and Tm ice values (Table 6.4), the AC inclusion has a salinity of 

7.5 wt% NaCl equivalent, while A1 inclusions have salinities between 2.6 and 13.4 wt 

% NaCl equivalent (median of 8.7 ± 3.0 wt% NaCl equivalent). In contrast, the 

salinities of A2 inclusions range from 4.2 to 7.3 wt% NaCl equivalent (median of 4.3 ± 

1.2 wt% NaCl equivalent). The AC inclusion has a Th tot value of 317°C with 

homogenisation to the carbonic liquid phase. A1 inclusions have Th tot values ranging 

from 210 to 364°C (median of 291 ± 46°C) and homogenise to the aqueous liquid phase 

(Table 6.4). Calcite-bearing A2 inclusions have Th tot values ranging from 234 to 263°C 

(median of 249 ± 11°C) and record disappearance of the vapour phase prior to calcite 

dissolution. These inclusions typically decrepitated at around 300°C before the 

dissolution of calcite and thus the measured Th values represent minimum values only. 
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On a Th-salinity bivariate plot (Fig. 6.7C), paired FIA-3 inclusions delineate a low to 

moderate salinity (c. 3 to 14 wt% NaCl equivalent) and moderate temperature (c. 220 to 

360°C) cluster that displays a cooling trend and marginal shift toward more saline 

values, as recorded by A1 inclusions crosscutting a Type 6 vein. Similar to FIA-2, this 

trend may reflect increased salinities for residual aqueous fluids due to bulk CO2 loss 

(i.e. effervescence; Fig. 6.7C). 

 

6.3.5.4 FIA-4 (Stage IIB or younger fluids – phyllic-greisen related) 

A2 inclusions assigned to FIA-4 display a broad range of Te ice values (36.8 to -

18.0°C, with a median of -25.1 ± 5.7). While these data fall between the eutectic 

temperatures for the H2O-NaCl, H2O-NaCl-KCl and H2O-MgCl2-NaCl systems (Fig. 

6.6D), the large spread and low number of Te ice measurements (n = 18) precludes an 

accurate estimation of the bulk fluid composition. However, the presence of Mg is 

partly confirmed by the identification of Mg-calcite solids in some secondary FIA-4 A2 

inclusions (see Fig. 6.4G). 

 

Based on Tm ice values (Table 6.4), FIA-4 A2 inclusions have salinities ranging 

from 2.2 to 7.9 wt% NaCl equivalent (median of 6.3 ± 1.7 wt% NaCl equivalent), which 

is comparable with similar (A2) inclusions in FIA-3. Th tot values range from 140 and 

237°C (median of 190 ± 22°C) and are generally lower than those recorded by inferred 

primary A2 inclusions in FIA-3. Both sets of A2 inclusions homogenise to the aqueous 

liquid phase by vapour bubble disappearance prior to solid phase dissolution and 

inclusion decrepitation at c. 300°C, indicating the measured Th values represents 

minimum Th tot estimates. On a Th-salinity bivariate plot (Fig. 6.7C), paired FIA-4 A2 

inclusions form a distinct low to moderate salinity (c. 2.5 to 7.9 wt% NaCl equivalent) 

and low temperature (c. 150 to 235°C) cluster below the FIA-3 grouping. 

 

6.3.5.4 FIA-5 (Stage III or younger fluids) 

A3 inclusions assigned to FIA-5 have Te ice values ranging from -34.0 to -8.9°C, 

with a median value of -19.0 ± 5.8°C (Table 6.4). These data display a somewhat 

bimodal distribution that overlaps eutectic temperatures for the H2O-NaCl and H2O-KCl 

systems (-21.2 and -10.5, respectively; Fig. 6.6E). The Te ice values suggest FIA-5 

represents two compositionally different fluids that were active following Stage II 
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veining. Some A1 inclusions associated with FIA-1 with Te ice values close to the H2O-

KCl eutectic reaffirm the presence of this fluid system (Fig. 6.6A). 

 

Based on Tm ice values (Table 6.4), A3 inclusions have salinities ranging from 0.2 

to 4.5 wt % NaCl equivalent (median of 1.7 ± 1.0 wt% NaCl equivalent), while Th tot 

values range from 125 to 331°C (median of 201 ± 46°C). On a Th-salinity bivariate plot, 

paired FIA-5 inclusions form a low salinity (c. 0.5 to 4.0 wt% NaCl equivalent), low to 

moderate temperature (c. 125 to 320°C) cluster that shows a cooling trend associated 

with weak dilution (Fig. 6.6E). Within this cluster, A3 inclusions with H2O-KCl 

compositions form a lower temperature subgroup (c. 125 to 220°C) suggesting either 

compositional variation upon cooling or that different fluids were active during late-

stage hydrothermal circulation. 

 

6.4 Stable sulfur isotope results 

6.4.1 Vein-hosted sulfides 

Stable sulfur isotope results for vein-hosted molybdenite, chalcopyrite, pyrite and 

galena are shown in Table 6.5 and Figure 6.8. In total, 27 analyses were made on 17 

samples, including two repeat measurements. In terms of the different vein types and 

sulfide settings, δ34S values were determined for monomineralic sulfides or coexisting 

sulfide pairs hosted in both single and inferred composite vein types (e.g. Fig. 6.8A-H). 

 

Overall, the δ34S values display a relatively narrow range from +4.3 to +8.5 ‰, 

with half of the data (at median of +6.9 ± 25% spread) exhibiting a restricted range 

between +6.2 and +7.8 ‰ (Fig. 6.8I-J). In detail, sulfides hosted by Stage IIA veins 

(Types 3 to 5) have δ34S values ranging from +4.3 to +8.5 ‰ (n = 16), with an average 

of +6.7 ‰ (± 1.1 ‰; 1σ). Within this group, anhedral molybdenite in Type 4 and Type 

5 veins (n = 11) demonstrate the widest range of values (+4.3 to +8.5 ‰) with an 

average of +6.8 ‰ (± 1.3; 1σ). In contrast, anhedral chalcopyrite (n = 4) in Type 3 and 

Type 5 veins displays a narrower range from +6.2 to +7.2 ‰, with an average of +6.7 

‰ (± 0.5 ‰; 1σ). One analysis of subhedral pyrite intergrown with anhedral 

chalcopyrite in a Type 3 aplite-sulfide vein had a δ34S value of +5.7 ‰ (Fig.6.8A). 

 

Sulfides hosted by Stage IIB veins (Types 6 to 7) have δ34S values from +7.0 to 

8.4 ‰ (n = 6), with an average of +7.9 ‰ (± 0.5 ‰; 1σ). In general, these data are more 
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34S-enriched compared to Stage IIA sulfides, although a degree of overlap does occur 

(Fig. 6.8I-J). Subhedral to euhedral pyrite hosted by Types 6 to 7 veins has δ34S values 

from +7.7 to +8.4 ‰, with an average of +8.1 ‰ (± 0.3; 1σ). One analysis of fine-

grained, subhedral chalcopyrite located in the central channel of a composite Type 5 + 

Type 6 vein displayed a δ34S value of 7.0‰ (Fig. 6.8F). 

 

Table 6.5: Summary of δ34S values of vein sulfides from Moly Brook-Grey River. Samples in first 

column listed in inferred paragenetic order; (repeat) = repeat analysis, (m) margin of vein, (c) = centre 

of vein. 

Sample no. 

Host 

rock Stage 

Vein type 

Two types listed together = inferred composite vein Mineral 
δ34S 
(‰)1 

Moly Brook deposit 
 

    MB20-2a-23.76 (m) 
Granitoid IIA Type 3: Aplite-sulfide 

Pyrite +5.7 

MB20-2a-23.76 (c) Chalcopyrite +6.4 

MB25-1a-49.87 (c) Granitoid IIA + IIB 
Type 3 + 7: Aplite-sulfide + quartz-

muscovite-fluorite 
Pyrite +7.9 

MB20-5b-433.25 Granitoid IIA Type 4: Quartz-molybdenite Molybdenite +5.6 

MB13-10a-193.00 (m) 

Granitoid IIA 
Type 4 + 5: Quartz-molybdenite + 

quartz-molybdenite-sulfide 

Molybdenite +6.1 

MB13-10a-193.00 (c) Molybdenite +4.3 

MB13-10a-193.00 (c) Chalcopyrite +7.2 

MB25-5a-100.10 (m) 
Granitoid IIA + IIB 

Type 4 + 6: Quartz-molybdenite + 

quartz-sulfide 

Molybdenite +6.5 

MB25-5a-100.10 (c) Pyrite +8.0 

MB09-07-160.00 

Granitoid IIA Type 5: Quartz-molybdenite-sulfide 

Molybdenite +7.5 

MB13-14b-242.93 Molybdenite +6.3 

MB1107E (repeat) Chalcopyrite +6.9 

MB1107E Chalcopyrite +6.2 

MB31-12a-297.33 (m) 

Granitoid IIA + IIB 
Type 5 + 6: Quartz-molybdenite-sulfide 

+ quartz-sulfide 

Molybdenite +6.4 

MB31-12a-297.33 (c) Pyrite +8.4 

MB31-12a-297.33 (c) Chalcopyrite +7.0 

MB36-1-173.00 

Granitoid IIA Type 5: Quartz-molybdenite-sulfide 

Molybdenite +7.9 

MB1107B Molybdenite +8.4 

MB-T108-18 Molybdenite +8.5 

MB14-4a-297.10 Granitoid IIB Type 7: Quartz-muscovite-fluorite Pyrite +8.3 

MBG1-1 

Granitoid IIC Type 8: Quartz-galena-pyrite-muscovite 

Galena +5.3 

MBG1-1 (repeat) Galena +5.2 

MBG1-1 Pyrite +7.5 

MBG1-2 
Granitoid IIC 

Type 8: Quartz-galena-pyrite-

muscovite-chlorite 

Galena +5.4 

MBG1-2 Pyrite +7.3 

Grey River area  
    

GR6A Schist IIA Type 5: Quartz-molybdenite-sulfide Molybdenite +7.1 

GR1007B Schist IIB Type 6: Quartz-sulfide Pyrite +7.7 

           

1 Relative to V-CDT (primitive mantle proxy). Analytical precision = ± 0.3 to 0.4 ‰ (2σ-level) 
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Galena and pyrite from a Stage IIC quartz-galena-pyrite-muscovite ± chlorite vein 

(Type 8) have δ34S values ranging from +5.2 to +7.5 ‰ (Fig. 6.8I-J). Although only five 

Stage IIC sulfides were analysed (Table 6.5), these data exhibit a bimodal distribution 

with subhedral, medium- to coarse-grained galena and pyrite (c. 3 – 8 mm) having 

average values of +5.3 and +7.4 ‰ (± 0.1 ‰; 1σ), respectively (Fig. 6.8J). This 

variation, however, is consistent with that predicted from estimated isotopic 

fractionation factors where δ34Sgalena < δ34Spyrite under equilibrium conditions (Ohmoto 

& Rye 1979). 

 

Overall, the new sulfur isotope data for vein-hosted sulfides define a relatively 

consistent dataset of moderately 34S-enriched sulfur (Fig. 6.8I-J) and are comparable 

with δ34S data presented by Lynch et al. (2013) for the Mo-mineralized portion of the 

Ackley Granite (southeast Newfoundland; Fig. 6.8I). In contrast, Moly Brook-Grey 

River sulfides have marginally heavier δ34S signatures than those for vein sulfides at the 

granite-hosted Granite Lake Mo-W-Cu prospect in south-central Newfoundland, 

although some overlap does occur (Fig. 6.8I).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. (Following page) Sulfur isotope results for Moly Brook-Grey River vein sulfides. A - H. 

Detailed polished surface views of vein samples analysed by in situ laser method including composite 

veins. Cp = chalcopyrite, mol = molybdenite, py = pyrite. I. Compilation histogram of δ34Ssulfide values 

measured. Comparative ranges for Granite Lake and Ackley granite sulfides are from Lynch et al. (2013). 

WMG = Wolf Mountain granite. Mantle sulfur range is from Ohmoto (1986). J. δ34Ssulfide values grouped 

by veining stages (IIA, IIB & IIC). 
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6.4.2 Sulfide-sulfide thermometry 

The δ34S compositions of coexisting, and paragenetically equivalent, sulfides can 

provide estimates of the temperature of mineral and host vein formation under certain 

conditions (e.g. Ohmoto & Rye 1979, Seal 2006). These include: (1) that the mineral 

pairs crystallised under isotopic equilibrium conditions at about the same time, (2) that 

no isotopic exchange occurred between the mineral pair and/or with other mineral or 

fluid phases after crystallization, and (3) that homogenous mineral samples were 

analysed. Additionally, the technique relies on theoretically or empirically determined 

fractionation coefficients (designated a or A in the literature) that describe the 

relationship between isotopic fractionation and equilibration temperature for coexisting 

sulfur compounds (see Li & Liu 2006). 

 

Table 6.6. Sulfide-sulfide thermometry results       

Sample Stage Vein type δ34Ssulfide 1 (‰) δ34Ssulfide 2 (‰) 

Δ34Ss1-s2 

(‰)1 

Temp. 

(°C)2 

MB20-2a-23.76 IIA 
Type 3: 

Aplite-sulfide 

+5.7 

(pyrite) 

+6.4 

(chalcopyrite) 
0.7 529 ± 40 

MB31-12a-297.33 IIB 
Type 5 or 6: 

Quartz-sulfide 

+8.4 

(pyrite) 

+7.0 

(chalcopyrite) 
1.4 294 ± 40 

G1-1 IIC 
Type 8:  

Quartz-galena 

+7.5 

(pyrite) 

+5.2  

(galena) 
2.3 390 ± 20 

G1-2 IIC 
Type 8:  

Quartz-galena 

+7.3 

(pyrite) 

+5.4 

(galena)  
1.9 456 ± 20 

1 Δ = sulfide 1 - sulfide 2 

2 Temp. (°K - 273.15°) = a x 1000/Δ1/2, where a = sulfide pair fractionation coefficient (Seal 2006) 

 

Table 6.6 lists the results of sulfide-sulfide thermometry for two coexisting sulfide 

phases (chalcopyrite-pyrite and galena-pyrite) hosted by three vein types formed during 

Stage IIA, IIB and IIC veining at Moly Brook. The sulfur isotope compositions of the 

Stage IIA and IIB samples were determined using the in situ laser method, while the 

Stage IIC samples were analysed by the conventional mineral separate technique. All 

analysed material was visually inspected for mineral purity prior to analysis. Sulfur 

isotope thermometry was conducted to provide an independent assessment of vein 

formational temperatures and to complement fluid inclusion Th data (Table 6.4). 
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Intergrown chalcopyrite and pyrite in the Stage IIA Type 3 aplite-sulfide vein 

yielded a temperature of 529 ± 40°C (using a = 0.45; Seal 2006). Although the Δ34Spy-cp 

value of 0.7 ‰ is consistent with the attainment of isotopic equilibrium at relatively 

high temperatures, the δ34S values show δ34Schalcopyrite > δ34Spyrite which is contrary to the 

order predicted from estimated fractionation factors (Table 6.6; Ohmoto & Rye 1979). 

This suggests either: 

 

 sluggish equilibration by pyrite, 

 fluctuating δ34Sfluid compositions or fluid temperatures during 

crystallization,  

 the sulfides were not coeval, or 

 inaccurately estimated fractionation coefficient (Williams-Jones & 

Samson 1989). 

 

In general, however, the aplitic-pegmatitic texture of the Type 3 vein supports its 

formation at a relatively high temperature (> 450°C), likely under volatile-saturated 

conditions (Fig. 6.8A). 

 

Chalcopyrite and pyrite in the Type 6 quartz-sulfide veinlet yielded a reasonable 

temperature estimate of 294 ± 40°C (a = 0.45), consistent with its hydrothermal 

character and inferred paragenesis. The larger Δpy-cp value of 1.4 ‰ reflects an expected 

increase in isotopic fractionation with decreasing temperature (Table 6.6), although the 

higher δ34S value for pyrite is consistent with a predicted increase in 34S/32Spyrite relative 

to chalcopyrite under equilibrium conditions (Ohmoto & Rye 1979). The analysed 

veinlet forms a thin (c. 2 – 3 mm) central channel within a wider Type 5 quartz-

molybdenite-sulfide vein without potassic alteration haloes (Fig. 6.8F). Both 

chalcopyrite and pyrite are fine-grained (< 1 mm), anhedral tabular, and variably 

disseminated along the narrow veinlet suggesting co-precipitation (Fig. 6.8F). The 

central Type 6 veinlet may represent a late component of the earlier formed Type 5 vein 

(i.e. late Stage IIA mineralization) or a younger fluid flow and mineralization event 

(either Stage IIB or IIC). 

 

Two samples from the Stage IIC Type 8 quartz-galena-pyrite-muscovite vein 

yielded temperatures of 390 and 456 ± 20°C based on coexisting pyrite and galena (a = 

1.01; Ohmoto & Rye 1979). Both temperatures lie between those estimated for the 
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Stage IIA and IB veins and are consistent with hydrothermal mineralization under 

mesothermal conditions. Notwithstanding a common tendency for coexisting pyrite and 

monosulfide minerals (e.g. ZnS, PbS) to form in isotopic disequilibrium due to 

compositional and kinetic factors (Ohmoto 1986), the observed Δpy-gal values (1.9 and 

2.3 ‰) and δ34Spyrite > δ34Sgalena are consistent with isotopic equilibrium fractionation at 

elevated temperatures (e.g. c. 2.2 ‰ at 400°C; Seal 2006). Assuming the applied 

fractionation coefficient is correct, observed variations in the Δpy-gal values and 

estimated temperatures must mainly reflect analytical uncertainty in the δ34S values (± 

0.15 ‰; 1σ) and an average of c. 420 ± 20 °C is taken to constrain the formation 

temperature of the Stage IIC vein. Unfortunately, the present lack of fluid inclusion Th 

values for galena-bearing Type 8 veins at Moly Brook-Grey River precludes 

comparison with other temperature data. 

 

The sulfur isotope thermometry results constrain the commencement of Stage IIA 

veining at c. 530°C (aplitic Type 3 ‘vein dykes’ or veins) and Stage IIB veining at c. 

290 °C (Type 6 and Type 7 veins), and thus help to bracket the thermal history of the 

vein system. The higher temperature indicated by the Type 3 vein provides an upper 

limit for molybdenite-bearing Stage IIA veins, and is broadly consistent with the c. 320 

to 520°C temperature range recorded by aqueous-carbonic inclusion Th tot values from 

Type 4 and Type 5 veins which represent minimum trapping temperatures (Table 6.4 & 

Fig. 6.7; see Section 6.5.1). Likewise, the c. 530°C limit is consistent with oxygen 

isotope thermometry results (average of c. 507°C, n = 3) and pressure-corrected fluid 

inclusion temperatures (c. 450 to 500°C) reported for early quartz-K-feldspar-

molybdenite veins at the Grey River prospect (Higgins & Kerrich 1982; see Section 

6.6). 

 

The c. 290°C estimate for the formational temperature of the Stage IIB Type 6 

veinlet overlaps with the lower limit of the c. 280 to 500°C temperature range recorded 

by FIA-2 for Type 6 quartz-sulfide veins associated with variable potassic alteration 

(Table 6.4). This temperature estimate is also similar to the median Th tot value (280 ± 

45°C) for Stage IIB Type 7 veins associated with phyllic-greisen alteration haloes, and 

is thus consistent with the proposed lower temperature limit for Stage IIB veining (i.e. c. 

250 - 300°C; see Table 6.7). Combined, these data suggest progressive cooling of the 

hydrothermal system following early Stage IIA veining and higher temperature 

mineralization and alteration. 
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If valid, the c. 420°C average estimate for the formation temperature of the Type 8 

vein (Table 6.6) indicates Stage IIC veining formed during a resurgent phase of higher 

temperature fluid flow, possibly facilitated by cyclical hydrofracturing, faulting and 

magmatism (cf. Higgins & Kerrich 1982). In general, local episodes of repeated 

hydrofracturing and fluid flow are supported by the composite nature of some veins. 

Alternatively (and considering the location of the sample north of the main deposit; Fig. 

3.1), Stage IIC quartz-galena veins at Moly Brook-Grey River may represent a 

paragenetically transitional vein type between Type 4 quartz-molybdenite veins (Stage 

IIA) and Type 7 quartz-muscovite-fluorite (greisen) veins (late Stage IIB) that 

preferentially formed distal to the main mineralization zone during Stage IIB veining. 

 

Overall, the calculated sulfur isotope temperatures reflect the progressive thermal 

evolution of the Moly Brook vein system, from an initial high temperature regime to 

one experiencing fluctuating hydrothermal circulation at lower temperatures. Veining 

initiation occurred at c. 530°C, and was subsequently followed by progressive cooling 

toward c. 290°C. Such a trend is consistent with a magmatic-hydrothermal model for 

the mineralization and is similar to that described for other granite-related Sn-W 

mineralization and porphyry Cu ± Mo deposits (e.g. Wilkinson 2001). An early, 

relatively high temperature regime is supported by the presence of granitic vein dykes at 

Moly Brook, the aplitic character of the high temperature Type 3 veins, and moderate to 

intense K-feldspar ± biotite ± hematite (potassic-ferroan) alteration on the margins of 

some Type 3 aplite-sulfide and Type 4 quartz-molybdenite ± K-feldspar veins. The 

common association of molybdenite with high temperature Stage IIA veins is also 

consistent with the typical early (T > 500°C) condensation of Mo in volatile-rich 

magmatic-hydrothermal fluids (Williams-Jones & Heinrich 2005). 

 

6.5 Hydrothermal system evolution 

6.5.1 Thermal and compositional evolution of fluids 

Table 6.7 and Figure 6.9 provide summaries of the thermal and compositional 

evolution of the Moly Brook hydrothermal system based on the fluid inclusion results 

presented above. The petrographic character and microthermometric data for the 

different fluid inclusion types and fluid inclusion assemblages [FIA] suggest a single, 

initially homogenous supercritical aqueous-carbonic fluid experienced phase 

immiscibility, cooling and compositional change during Stage IIA-B veining and Mo-

Cu mineralization. Subsequent Stage III veining (assuming a paragenetic link with FIA-
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5 aqueous fluid inclusions; see below) formed during the ingress of a separate, unrelated 

fluid (or fluids) facilitating the retrograde (i.e. down-welling) deposition of carbonate 

(e.g. Kesler 2005). 

 

Inferred primary carbonic [C], aqueous-carbonic [AC] and aqueous [A1 type] 

fluid inclusions comprising FIA-1 provide petrographic evidence for H2O-CO2 

immiscibility, volatile phase separation (effervescence) and fluid evolution during Stage 

IIA veining and Mo ± Cu mineralization. A high temperature (> 500°C), precursor fluid 

(P1 in Fig. 6.9) would have experienced cooling and depressurisation during initial wall 

rock rupturing, facilitating effervescence and fluid unmixing (e.g. Lowenstern 2001). 

Volatile phase separation would have been accompanied by fluid volume expansion, 

thus further enhancing deformation and hydrofracturing (e.g. Tosdal & Richards 2001; 

see Chapter 4). FIA-1 homogenization temperatures (Th tot), while exhibiting a broad 

range (c. 230 - 517°C; Table 6.7), suggest cooling was a critical process during fluid 

evolution and strongly influenced molybdenite precipitation. Initial higher temperature 

trapping is recorded by CO2-bearing AC (and likely also C) inclusions (c. 318 - 517°C), 

with A1-type inclusions recording a rapid progression toward lower temperatures at the 

vein-scale (c. 231 - 389°C; Fig. 6.9). 

 

In terms of compositional change, FIA-1 AC inclusions have variable CO2 

contents (c. 3 to 94 mol. %; Table 6.8), while C and A1 types represent compositional 

end members in terms of the overall carbonic content of the fluid (i.e. pure CO2 and 

CO2-depleted or absent, respectively). These variations reflect a combination CO2 

degassing and H2O-CO2 effervescence (unmixing) that proceeded fluid cooling and 

depressurisation. During cooling, the bulk salinity of FIA-1 (c. 5.0 – 11.6 wt% NaCl 

equivalent) was not strongly modified, although a marginal trend toward lower salinities 

is evident under this cooling (Figs. 6.7A & 6.9).  
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Table 6.7. Summary properties for the different fluid events at Moly Brook. Values shown in coloured 

boxes as: range; median ± std. deviation (number of measurements). * = mean ± std. dev. value 

     
Veining/fluid stage Stage IIA Stage IIB Stage IIB 

or younger 

Stage III 
or younger 

     
Mineralization Mo ± Cu Cu ± Mo Cu ± Mo Barren 

     Alteration Potassic-ferroan Potassic-ferroan Phyllic-greisen Calcic 

     
Fluid composition H2O-CO2-Na-K H2O-CO2-Na-K ± CH4 H2O-Na-K±CO2±CH4 H2O-Na ± K ± Mg 

     
Min. temp. (Th - °C)1 

FIA-1    

AC 
318 - 517; 

360 ± 52 (83)    

A1 
231 - 389; 

284 ± 42 (109)    

FIA-2  

AC 
 

392 - 503; 

425 ± 37 (12)   

A1 
 

280 - 387; 

325 ± 27  (34)   

FIA-3  
AC+A1+A2 

  

210 - 364; 

280 ± 45 (47)  

FIA-4  
A2 

  

140 - 237; 

190 ± 22 (43)  

FIA-5  
A3 

   
125 - 331; 

201 ± 46 (100) 

     
Salinity (wt % NaCl equivalent) 

FIA-1    

AC 
2.6 - 16.2; 

8.9 ± 2.7 (107) 

   
A1 

1.7 - 27.8; 

8.7 ± 3.7 (84) 

   

FIA-2  

AC 

 

4.1 - 7.5; 

6.8 ± 1.1 (6) 

  
A1 

 

5.0 - 10.9; 

9.3 ± 1.5 (31)   

FIA-3  AC+A1+A2 
  

2.6 - 13.4; 

7.9 ± 3.1 (43)  

FIA-4  A2 
  

2.2 - 7.9; 

6.3 ± 1.7 (43)  

FIA-5  A3 
   

0.2 - 4.5; 

1.7 ± 1.0 (78) 

     
X CO2 (mol)2 

0.03 - 0.94; 

0.18 ± 0.15 (110)* 

0.10 - 0.45; 

0.23 ± 0.11 (12) 
0.24 (1) n/a 

     
Density (g.cm-3) 

    

FIA-1    C+AC+A1 
0.37 - 0.94; 

0.75 ± 0.10 (212)    

FIA-2    AC+A1 
 

0.39 - 0.87; 

0.74 ± 0.11  (44)   

FIA-3    AC+A1+A2 
  

0.61 - 0.95; 

0.87 ± 0.07 (40)  

FIA-4  A2 
  

0.68 - 0.90; 

0.82 ± 0.06 (43)  

FIA-5  A3 
   

0.62 - 0.95; 

0.81 ± 0.07 (78) 

          
1 Th < Th sol in A2 FIs 
2 Based on AC fluid inclusions only 
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Figure 6.9. Temperature-salinity evolution trends for Stage IIA to III veining at Moly Brook (based on 

data shown in Fig. 6.7). See main text for further discussion. Grey shaded Th-salinity range for Grey 

River tungsten veins is derived from Higgins (1985). P1 = precursor fluid pulse 1, P2 = precursor fluid 

pulse 2. 
 

For Stage IIB-related fluids (FIA-2 to FIA-4), a broadly similar immiscibility and 

cooling regime is evident (P2 trend in Fig. 6.9), although more pronounced 

compositional differences are evidenced by a broader range of salinities and the more 

common occurrence of CH4 in AC and A1 inclusions assigned to FIA-2 and FIA-3 (Fig. 

6.3). FIA-2 AC and A1 inclusions (hosted by a Type 6 vein with potassic alteration 

envelopes) display a Th tot-salinity pattern indicating the precursor fluid underwent a 

cooling trend similar to that exhibited by FIA-1 (Figs. 6.7B & 6.9). A marginal shift to 

higher bulk salinities recorded by A1 inclusions (relative to AC inclusion salinities) is 

consistent with H2O-CO2 unmixing and the enrichment of Cl- in the residual aqueous 

liquid phase (e.g. Wilkinson 2001). 
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Rare AC and (predominantly) A1 inclusions assigned to FIA-3 (Stage IIB Type 7 

veins) record lower Th tot values (c. 210 - 364°C) and display a cooling trend toward 

higher salinities (Table 6.7, Figs. 6.7C & 6.9). This likely reflects more pronounced 

immiscibility effects during loss of CO2 and trapping of overall CO2-depleted aqueous-

rich fluid (Figs. 6.7C & 6.9). The predominance of carbonate solids in A2-type fluid 

inclusions typically found in Type 7 veins may also reflect immiscible separation of 

CO2 and H2O in the residual fluid. In general, the physicochemical signatures of FIA-3 

and FIA-4 fluid inclusions overlap the Th tot-salinity range determined by Higgins 

(1985) for fluid inclusions hosted by W-bearing veins at the Grey River prospect (Fig. 

6.9) suggesting their formation at broadly similar stage of the hydrothermal cycle (see 

Section 6.6 below for further discussion). 

 

Late-stage infiltration of external fluids at Moly Brook is recorded by FIA-5 and 

FIA-6 (Type A3 and A4 inclusions, respectively; Fig. 6.1). The former assemblage 

displays variations in temperature with relatively consistent lower salinities, possibly 

reflecting intermittent episodes of infiltration and flow. Te ice values for FIA-5 

inclusions indicate variable bulk compositions and suggest that post-mineralization 

fluids comprised at least two separate fluid types (Fig. 6.7). The petrographic setting of 

FIA-5 (annealed trails) suggests a link with Stage III carbonate veining or even a 

younger fluid event. These low salinity fluids could have precipitated carbonate 

associated with increasing temperatures along a down-welling path. Alternatively, FIA-

5 represented fluids unrelated to Stage III carbonate veining. 

 

The fluid evolutionary pathways highlighted in Figure 6.9 are interpreted to 

represent the evolutionary trend for separate pulses of a single-phase hydrothermal 

source fluid that experienced progressive physicochemical changes during its evolution. 

Fluid immiscibility, cooling and depressurization was associated with bulk depletion of 

CO2. Combined, these processes would have promoted gangue mineral deposition and 

sulfide mineralization. In general, volatile phase immiscibility and vein-scale fluid 

cooling are considered to be efficient methods to trigger the precipitation of sulfides 

from hydrothermal fluids (e.g. Wilkinson 2001, Redmond et al. 2004). 

 

Similarities between Stage IIA quartz-molybdenite ± chalcopyrite and some Stage 

IIB quartz-chalcopyrite ± pyrite veins (e.g. MB25-2a-64.53) in terms of textures, fluid 

inclusion characteristics (i.e. overlapping Th tot and salinity values, intermediate 
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densities) and an association with potassic alteration haloes suggests selective metal 

precipitation rather than major differences in fluid characteristics may account for 

contrasting metal enrichment of both stages (notwithstanding an overall bulk depletion 

of CO2). Likewise, the precipitation of MoS2 and CuFeS2 as the main ore minerals 

suggests S2- availability was generally maintained during the life time of the system. 

Moreover, the prevalence of Mo mineralization during early Stage IIA veining and the 

preferential occurrence of molybdenite along vein selvages compared to chalcopyrite 

more typically found within vein centres or filling vugs (i.e. paragenetically later) 

suggests molybdenite saturation preceded chalcopyrite saturation for a given 

mineralizing fluid pulse. The apparent lack of a positive correlation between Mo and Cu 

grades further supports this assertion (see Section 4.6, Chapter 4). Thus, factors such as 

the supply of Mo, changes in fluid redox state or acidity may be responsible for the 

partitioning of Mo and Cu during successive fluid pluses. For example, slightly more 

reducing conditions for Stage IIA Mo mineralization may have promoted the early 

saturation and precipitation of molybdenite upon cooling, followed by chalcopyrite 

saturation at slightly lower temperatures (e.g. Seo et al. 2012). An overall lower initial 

Cu concentration in the source reservoir may also have played a role in metal 

segregation. 

 

6.5.2 Source of fluids 

The petrographic and physicochemical character of early FIA-1 fluid inclusions 

(Stage IIA-related) suggests a predominantly magmatic origin for the mineralizing fluid 

at Moly Brook. The relatively high Th tot values for FIA-1 AC inclusions (up to 517°C) 

and their corresponding low to moderate salinities are consistent with CO2-rich 

aqueous-carbonic fluids exsolved from a degassing granitic intrusion (e.g. Baker 2002). 

Likewise, Te ice values (Fig. 6.6) indicate the bulk fluid was saturated in Na+, K+ and 

Cl-, elements indicative of hydrosaline fluids in compositional equilibrium with felsic 

magmas (e.g. Lowenstern 2001). Additional supporting evidence for a predominantly 

magmatic fluid origin includes: 

 

(1) the petrographic association between FIA-1 AC fluid inclusions and host veins 

(Types 3 to 5) with mineral and alteration assemblages indicative of hypo- to 

mesothermal temperatures (see Chapter 3) 

(2) FIA-1 inclusions containing trapped sulfides (e.g. chalcopyrite, rare 

molybdenite) that also form part of the high temperature vein assemblages 
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(1) sulfur isotope compositions of vein-hosted chalcopyrite and molybdenite 

consistent with a magmatic sulfur source (see Section 6.5.4 below for further 

discussion), and  

(2) the age of the Moly Brook system (c. 381 Ma), which coincides with a phase of 

regionally extensive felsic magmatism within a late- to post-collisional (i.e. 

post-metamorphic) setting, which lessens the need to evoke metamorphic 

dewatering as a potential fluid source. 

 

While a mainly magmatic source is inferred for the Moly Brook fluid, some FIA-1 

fluid inclusions (AC & A1) display lower salinities (< c. 5 wt% NaCl), which indicates 

that possible mixing with an external fluid may have locally occurred during vein 

formation (Fig. 6.7). However, such a fluid reservoir likely did not contribute 

mineralizing components to the system (e.g. metals, sulfur), while fluid mixing is not 

envisaged to have played a significant role in triggering mineral deposition during Stage 

IIA veining (see below). A greater degree of fluid mixing (between primary magmatic 

and meteoric fluids) may have affected later Stage IIB fluids at Moly Brook based on a 

general evolution toward lower salinities (Figs. 6.7 & 6.9; Section 6.5.1 above). Low 

salinity, low to moderate temperature aqueous fluid inclusions associated with FIA-5 

(Stage III veining or younger) likely reflect the subsequent ingress of meteoric fluids 

during a post-mineralization phase, while monophase inclusions assigned to FIA-6 

(latest low-temperature fluid) are also interpreted to derived from a similar meteoric 

source. 

 

6.5.3 Trapping pressure-temperature conditions during Stage IIA Mo mineralization 

Figure 6.10 presents the preliminary result of isochore modelling for a primary 

aqueous-carbonic [AC] fluid from a Stage IIA (Type 4) quartz-molybdenite vein at 

Moly Brook (sample MB14-3b-265.14; Table 6.1). The isochore is based on average 

fluid compositional parameters and utilises the equation of state of Bowers & Helgeson 

(1983), as modified by Bakker (1999), which is applicable to mixed gas-NaCl fluid 

systems (cf. Bakker 2003). To constrain fluid trapping pressure, the ‘independent 

geothermometer’ method (e.g. Shepherd et al. 1985) was employed by incorporating 

oxygen isotope temperatures determined by Higgins and Kerrich (1982) for a quartz-K-

feldspar-molybdenite vein at the Grey River tungsten prospect. This vein type (defining 

Stage I veining at Grey River; Higgins 1985) is analogous to Stage IIA (Type 4) veins 

defined herein for the Moly Brook deposit (see Chapter 3). 
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Figure 6.10. Fluid inclusion isochore determination (black solid line/curve) for an average intermediate 

density aqueous-carbonic [AC] fluid from a Stage IIA (Type 4) quartz-molybdenite vein (sample MB14-

3b-265.14). Oxygen isotope temperature range is from Higgins & Kerrich (1982) and relates to quartz-K-

feldspar-molybdenite veins analysed at the Grey River tungsten prospect (i.e. equivalent to Moly Brook 

Type 4 veins; see Chapter 3). Sulfur isotope temperature range for a Type 3 aplite-sulfide vein is from 

this study (see Section 6.4.2). Wet granite solidus line is from Audétat & Pettke (2003). 
 

The average Th tot value (i.e. minimum trapping temperature) for the AC fluid in 

the Type 4 vein is 407°C (± 52°C; n = 16; Fig. 6.10), while δ18Omineral temperatures for 

the Grey River vein range from 465 to 540°C (n = 3; Higgins & Kerrich 1982). This 

latter range overlaps with the maximum Th tot value measured for the AC fluid (517°C) 

and the c. 490 to 570°C temperature range determined for a paragenetically related 

Stage IIA (Type 3) aplite-sulfide vein using sulfur isotope thermometry (Fig. 6.10; 

Table 6.6). Although imprecise, the Grey River δ18O temperatures provide a 

geologically reasonable estimate of the trapping temperature for Moly Brook Type 4 
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veins considering their hypo- to mesothermal character (e.g. potassic-ferroan haloes, 

locally non-planar forms), range of Th tot values (c. 318 - 517°C; Table 6.7), and other 

geological factors (e.g. paragenetic association with aplitic ‘vein dykes’). Thus, based 

on their intersection with the average AC fluid isochore, these temperatures yield a 

trapping pressure range of c. 1.8 to 2.2 kbars (Fig. 6.10). This equates to a formational 

depth of c. 6.8 to 8.4 km (assuming near lithostatic conditions; see below), a depth 

further supported at Moly Brook by the presence of two alkali feldspars in syn-

mineralization leucogranite dykes (i.e. > c. 1.5 kbars; see Chapter 7). These pressure 

estimates also indicate an average pressure correction of c. +95°C for AC Th tot values 

associated with Stage IIA veins, although the immiscible character of FIA-1 suggests a 

pressure correction to FIA-1 Th tot values is not applicable. 

 

Although the pressure-temperature [PT] estimates are limited by uncertainties 

associated with oxygen isotope geothermometry (see Higgins & Kerrich 1982) and 

practical difficulties constraining a representative AC fluid isochore, PT trapping 

conditions for Moly Brook Stage IIA veining and related Mo mineralization are 

consistent with the general character of the deposit and the composition of the 

mineralizing fluid. Specifically, the pressure range of c. 1.8 to 2.2 kbars (c. 7 to 8 km 

lithostatic equivalent) indicates that the vein system formed within a relatively deep, 

upper crustal setting. 

 

Such a formational setting is supported by the sheeted nature of the Moly Brook 

vein network, its association with localised greisen alteration, and bulk system 

enrichments in W, Mo, Bi and Sn (Chapters 3 and 7), which are indicative of deeper, 

upper crustal formational conditions (c. 5 – 10 km) and characteristic of some granitoid-

hydrothermal systems (e.g. Baker 2002). Additionally, an initial mineralization 

temperature range of c. 470 to 530°C (Fig. 6.10) is consistent with the ductile-like 

nature of some Stage IIA Type 3 – Type 5 veins (i.e. wavy, non-planar form), their 

observed mineral assemblages, and an association with potassic alteration which all 

corroborate deeper, higher temperature (hypo- to mesothermal) formational conditions 

(e.g. Sillitoe 1973, Linnen 1998, Baker 2002, Seedorf et al. 2005). Furthermore, 

Vearncombe (1993) has suggested quartz veins with displacement-controlled, parallel-

banded (crack-seal) textures, as exemplified by some Stage IIA Type 4 and 5 (Fig. 3.17, 

Chapter 3), partly support deeper brittle-ductile conditions and initial fluid pressures 

equivalent or close to the pressure of the overriding lithostatic column during early vein 
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formation. However, a transition to dominantly brittle and hydrostatic conditions is also 

supported by the presence of radiating (comb) textures associated with some Stage IIB 

Type 7 veins (Figs. 3.11D & 3.16E, Chapter 3; cf. Vearncombe 1993). 

 

A deeper upper crustal setting for the Moly Brook system is also supported by the 

aqueous-carbonic character of Stage IIA mineralizing fluids (Table 6.7). In general, 

deeper formed felsic plutonic-hydrothermal systems commonly yield fluid inclusions 

with low to moderate salinities (c. 2 to 10 wt% NaCl equivalent), moderate to high CO2 

contents (c. 18 to 75 mol. %), Th tot values of c. 150 to 350°C and fluid trapping 

pressures > 1.1 kbars (Baker 2002). Elevated CO2 content reflects the low solubility of 

CO2 in felsic magmas (Fogel & Rutherford 1990), which promotes early saturation and 

volatile phase immiscibility (i.e. effervescence) during magma ascent and/or 

emplacement (e.g. Lowenstern 2001). Likewise, the lower salinities reflect higher fluid 

pressures (minimising brine-vapour phase separation and chloride partitioning into the 

aqueous phase) and/or the general low bulk salinities of felsic magmas (c. 2 to 10 wt% 

NaCl equivalent; see Hedenquist et al. 1998). 

 

Overall, the proposed preliminary PT trapping conditions (Fig. 6.10) are 

consistent with open system degassing, supercritical fluid exsolution and volatile phase 

immiscibility occurring within a relatively deep (c. 6.5 – 8.0 km) magmatic-

hydrothermal setting (e.g. Baker 2002). These processes produced a low to moderate 

salinity (c. 2 to 14 wt% NaCl equivalent), moderate to high temperature (c. 250 - 

530°C) immiscible aqueous-carbonic fluid that cooled and evolved during subsequent 

veining stages (Table 6.7, Section 6.5.1 above). These fluid characteristics contrast with 

immiscible vapour-rich and high-salinity aqueous-rich ‘boiling’ assemblages commonly 

associated with shallower level porphyry systems (e.g. < 1.3 kbars or c. 5 km; Cline & 

Bodnar 1991), which reaffirms a deeper crustal setting for the Moly Brook system. 

Critically, the presence of CO2 promoted volatile separation and fluid unmixing at a 

greater depth, facilitating the partitioning of CO2 and other volatiles (e.g. F, H2S, H2O 

vapour) from a residual, H2O-saturated magma into an intermediate density, volatile-

rich fluid (e.g. grey arrow in Fig. 6.10). Volatile phase partitioning would have 

facilitated the transport and enrichment of Mo within the exsolved fluid (e.g. as 

molybdate and/or thiomolybdate species; Ulrich & Mavrogenes 2008, Zhang et al. 

2012), while H2O-CO2 immiscibility and cooling during hydrofracturing provided 
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efficient and optimum mechanisms for mineral precipitation and vein formation (e.g. 

Lowenstern 2001, Audétat et al. 2008, Bodnar et al. 2014). 

 

6.5.4 Sulfur isotope systematics 

In general, the δ34S compositions of hydrothermal vein sulfides tend to reflect: 

i. Primary isotopic signatures inherited from source areas (e.g. magmatic and/or 

leached sedimentary sulfur), 

ii. Modification of primary signatures en route to depositional sites (e.g. magma 

degassing, contamination, fluid mixing), and  

iii. Fluid physicochemical variability at the site of deposition, in which changes to 

key parameters such as temperature, oxidation state (which influences fSO2 and 

fH2S), pH and bulk sulfur content can cause isotopic fractionation and S 

isotope variability during hydrothermal system evolution (e.g. Ohmoto & 

Goldhaber 1997).  

Thus, δ34Ssulfide compositions may not necessarily reflect the original S isotopic 

signature of the fluid from which the sulfides precipitated or, in the case of magmatic-

hydrothermal systems, the parental magma from which the fluid exsolved (e.g. 

Williams-Jones & Samson 1991). 

 

In general, deviations between δ34Ssulfide compositions and precursor components 

(bulk fluid, magma) are more commonly associated with relatively oxidized magmatic-

hydrothermal systems (Ohmoto & Rye 1979). Sulfur in these systems mainly occurs as 

SO2 and/or [SO4]
2- (i.e. lower fH2S; Richards 2015) and experiences relatively large 

kinetic fractionation effects during redox exchanges (e.g. reduction of SO2 to H2S). 

Specifically, fluids exsolved from relatively oxidized felsic magmas tend to be 34S-

enriched relative to the source (Δ34S of c. +3 to +5 ‰ at magmatic temperatures) while 

derivative sulfides can have δ34S values up to 10 ‰ lower than the bulk fluid, provided 

the sulfidation state (SO2/H2S) does not decrease during cooling (Ohmoto & Rye 1979). 

Alternatively, if SO2/H2S decreases as the fluid evolves (e.g. via SO2 disproportionation 

or degassing), fractionation may be less pronounced (Δ34S of c. -1 to -4 ‰) and 

δ34Ssulfide values will more closely resemble the δ34S signature of the parental fluid (but 

not necessarily the precursor magma). Overall, these conditions highlight the potential 

variability between δ34S values of sulfide minerals and their parental system making 

their interpretation more challenging (see Raith & Stein 2000). 
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Under more reducing geochemical conditions, however, δ34Ssulfide values tend to 

more closely approximate the isotopic composition of the bulk hydrothermal fluid and 

its precursor magma. Such systems dominantly contain sulfur as H2S (i.e. SO2/H2S < 1) 

and both kinetic and equilibrium isotopic fractionation remains low during high 

temperature fluid exsolution and sulfide precipitation, provided the oxidation state 

remains relatively constant (Ohmoto & Rye 1979). Consequently, reduced fluids will 

yield similar δ34Ssulfide values to their source and tend to lie within a relatively narrow 

range provided the source area remains compositionally unchanged (e.g. Kontak 1990). 

Variations in δ34Ssulfide values may occur, however, if the total sulfur budget is relatively 

low (relative to fluid volume) or is rapidly diminished during mineralization. Likewise, 

increasing fSO2 during cooling (via oxidation or loss of H2S) and/or ingress of external 

sulfur with a different δ34S signature (e.g. sedimentary sulfur) may also cause S isotopic 

variability in reduced magmatic-hydrothermal systems (see Kontak & Kyser 2011). 

 

Magmatic-hydrothermal systems that are weakly oxidized (SO2/H2O ≈ 1) lie 

intermediate between the two previous compositional states discussed above, and their 

exsolved fluids precipitate sulfides with δ34S values similar to the bulk fluid provided 

the oxidation state remains relatively constant during cooling (e.g. parallel to the 

SO2/H2S ≈ 1 boundary in fO2-T space; see figure 10.7 in Ohmoto & Rye 1979). 

Additionally, sulfide minerals with similar fractionation factors relative to H2S and 

containing cationic metals with comparable masses (e.g. molybdenite, pyrite) tend to 

yield similar δ34S values if precipitated from an ‘intermediate’ system under equilibrium 

conditions (Seal 2006; Raith & Stein 2000). 

 

Overall, linking hydrothermal δ34Ssulfide values to precursor or formational 

geological processes is predicated on having independent knowledge of both the 

temperature and oxidation state of the magmatic-hydrothermal system. Temperature is 

typically constrained by fluid inclusion microthermometry and/or mineral chemistry 

analysis, while the oxidation state may be established by measuring whole-rock or 

mineral Fe3+/Fe2+ ratios (e.g. via ion chromatography), and/or mineral equilibrium 

modelling (Richards 2015). In the absence of analytical data, oxidation state may be 

approximately constrained by critical assessment of sulfide-bearing mineral 

assemblages and consideration of the broader geological context of the system (e.g. 

Ohmoto 1986, Seal 2006, Marini et al. 2011). 

 



Chapter 6 – Vein Mineralization: Fluid Inclusion & Sulfur Isotope Constraints 

238 
 

For the Moly Brook-Grey River sulfides, the relatively narrow range of 

moderately positive δ34S values (+4.3 to +8.5 ‰) recorded is generally consistent with 

sulfur derived from a moderately reduced fluid (i.e. SO2/H2S < 1; see Kontak 1990). A 

reduced oxidation state is supported by the presence of CH4 and rare H2S in Stage IIB 

fluid inclusions (Fig. 6.3), the apparent absence of SO2 or [SO4]
2- in inclusion aqueous 

and vapour phases, and the lack of sulfate minerals (e.g. anhydrite) in the vein 

assemblages. 

 

Evidence supporting a weakly oxidized fluid redox state (i.e. higher fSO2 giving 

SO2/H2S ≈ 1) is, however, also present at Moly Brook. For example, some early Stage 

IIA Type 4 and 5 veins contain magnetite while variably developed, reddish-pink K-

feldspar + hematite (potassic-ferroan) alteration typically associated with Type 3 and 4 

veins is also consistent with a more oxidized fluid regime (Fig. 6.5). Likewise, lower 

abundances of CH4 in primary aqueous-carbonic FIs in Stage IIA veins, compared to 

Stage IIB counterparts, suggests the early fluid may have been marginally more 

oxidized. Additionally, the mineralogical and geochemical character of Moly Brook 

leucogranite dykes suggest affinity with I-type (magnetite-series) magmas (see Chapter 

7) and support the idea that early fluids exsolved from a relatively oxidized magmatic-

hydrothermal system (i.e. SO2/H2S close to or slightly above 1). 

 

When considered overall, variations in Moly Brook δ34Ssulfide values become 

apparent when the data are viewed by veining stage and vein type (Fig. 6.11A). This 

likely reflects fluctuating physicochemical conditions during system cooling and 

suggests an intermediate oxidation state (e.g. SO2/H2S ≈ 1) may have existed, 

particularly during early Stage IIA veining (see below). 

 

To better assess S isotopic variability during fluid evolution, δ34Ssulfide values were 

converted to δ34SH2S using the equilibrium fractionation factors listed in Ohmoto & Rye 

(1979) and minimum temperature estimates based on microthermometry and sulfide-

sulfide thermometry results (Fig. 6.11B, see also Tables 6.4 & 6.6). In general, δ34SH2S 

values for corresponding sulfides precipitated from reduced to weakly oxidized fluids 

(SO2/H2S ≈ 1) more closely approximate the δ34S signatures of system fluids at the time 

of sulfide precipitation (Ohmoto 1986). Thus, combining the δ34SH2S values with 
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knowledge of vein paragenesis and temperature can provide a more realistic assessment 

of sulfur behaviour during veining and mineralization (e.g. Kontak et al. 1999). 

 

Figure 6.11. A. δ34S compositions of vein sulfides arranged by veining stage and paragenesis (Types 1 to 

9, inferred oldest on left, to youngest on right). B. Calculated δ34SH
2
S compositions for the vein sulfides 

based on Δ34Ssulfide-H
2
S fraction factors listed in Ohmoto & Rye (1979). Equilibrium temperatures are 

based on fluid inclusion and sulfide-sulfide thermometry results reported herein. The average δ34SH2S 

value (± 1σ range) for disseminated sulfides in the southern part of the Ackley Granite is also shown. 
 

Figure 6.11B also shows the average δ34SH2S value (± 1σ range) for disseminated 

(igneous) molybdenite and pyrite in the southern part of the Ackley Granite (red dashed 

line, 5.3 ± 1.0 ‰; equilibrium temperature = 700°C; see Poulson et al. 1991). Since δ34S 

compositions for leucogranite dykes (or related sulfides) in the Moly Brook-Grey River 

area were not determined, the Ackley signature facilitates comparisons between Moly 

Brook-Grey River sulfides and those for granite-related sulfides from a comparable Mo-

mineralized area (see below). 

 

Overall, the calculated δ34SH2S values are marginally less positive compared to the 

measured δ34S values (+3.4 to +7.6 ‰), while a trend toward isotopically heavier 

δ34SH2S values is perceptible in early to late formed veins (Fig. 610A-B). Specifically, 

sulfides hosted by Type 3 and 4 veins (early Stage IIA) have broadly comparable 

δ34SH2S compositions with an average of +5.1 ‰ (n = 7), while those in Type 5 veins 

(late Stage IIA) are more 34S-enriched (mean of +6.7 ‰, n = 8; Fig. 6.11B). For a 

weakly oxidized fluid (SO2/H2S ≈ 1) with a finite total sulfur budget, a shift to more 
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positive δ34S values could be achieved by rapid depletion of H2S during initial sulfide 

saturation and precipitation, causing the residual fluid to become enriched in 34S 

(Ohmoto 1986). This scenario is supported by the higher δ34S values recorded for 

molybdenite in Type 5 veins, which tends to favour 34S relative to 32S (Seal 2006). A 

lowering of the bulk fO2 by concomitant SO2 disproportionation (yielding H2S) would 

also promote sulfide precipitation and cause an overall enrichment in 34S as the system 

evolved (Ohmoto & Rye 1979). 

 

Sulfides from Stage IIB and IIC veins have δ34SH2S values comparable with the 

34S-enriched signatures of molybdenite and chalcopyrite in late Stage IIA Type 5 veins 

(averages of 6.9 and 6.6 ‰, respectively). A weak trend toward slightly less positive 

δ34SH2S values is also discernible, however, for both pyrite and galena in Type 7 and 8 

veins (Fig. 6.11B). This may reflect: 

i. a build-up of 32S-enriched H2S via the reduction of residual SO2 (e.g. wallrock 

‘scrubbing’ method; Mavrogenes & Blundy 2017),  

ii. lower total metal abundances which would retard sulfide precipitation and 

promote isotopic disequilibrium (Ohmoto 1986), and/or  

iii. the assimilation of more 32S-enriched sulfur (e.g. igneous sulfide in granitoid 

wallrock; see Poulson et al. 1991).  

A more pronounced shift to less positive δ34SH2S values might be expected, 

however, if 32S assimilation (point iii above) was significant. Variably developed 

greisen (sericite + quartz ± fluorite) alteration on the margins of Type 7 quartz-

muscovite-fluorite-sulfide veins (e.g. Fig. 6.8G) also indicates a transition to more 

acidic conditions (pH < 7) during fluid cooling and evolution. Provided the fluid redox 

state remained relatively reduced (i.e. SO2/H2S < 1, as suggested by mineral assemblage 

and FI constraints), this change would not likely lead to major variations in late-stage 

sulfide δ34S values (see Ohmoto & Rye 1979). 

 

The preceding discussion is somewhat complicated by uncertainty regarding the 

paragenesis of Stage IIC Type 8 (late sulfide) veins and the timing of peripheral Pb ± 

Au mineralization in the Moly Brook-Grey River area. Moreover, independent 

temperature constrains, which influence calculated δ34SH2S values, are presently lacking 

for Type 8 vein formation (Fig. 6.1B). Thus, the designation of Type 8 vein 

mineralization as a relatively late Stage IIC event at c. 400°C (Table 6.6) suggests a 
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phase of resurgent higher temperature fluid flow may have followed cyclical cooling of 

the system below c. 250°C, and that the S isotopic signature of the residual fluid was 

broadly similar to that associated with earlier Stage IIB mineralization (Fig. 6.11B). 

 

An alternative scenario, based on the S isotope thermometric and compositional 

constraints, envisages Type 8 vein formation either as a late Stage IIA event 

(approximately synchronous with Type 5 veining) or during the initial phase of Stage 

IIB veining (Fig. 6.11B; see also Fig. 3.7). This interpretation reaffirms the proposal 

that Moly Brook mineralization evolved from a weakly oxidized (SO2/H2S ≤ 1) parental 

fluid that experienced a progressive enrichment in 34S and decrease in fSO2 and pH 

under cooling. Type 8 vein-related mineralization preferentially formed distal to the 

main mineralization zone following initial depletion of the fluid in Mo ± Cu, while 

other metals (e.g. Pb ± Au) were carried further by the modified fluid. 

 

6.5.5 Sulfur source(s) and regional δ34S constraints 

Although the physicochemical conditions controlling peripheral Pb ± Au 

mineralization remain poorly constrained, the sulfur isotopic character of the Moly 

Brook-Grey River system is generally consistent with a single sulfur source (e.g. Lynch 

et al. 2013), with observed δ34S variations likely reflecting changes in fluid oxidation 

state and/or the total sulfur budget as the system progressively cooled and evolved 

(Ohmoto & Rye 1979). Considering the geological character of the deposit, the spatial 

association between mineralization and felsic magmatism (Chapter 7), and the relatively 

high temperature of the fluid regime (c. 500 - 300°C), sulfur was most likely of 

magmatic (igneous) origin. 

 

Potential source reservoirs for the system sulfur include the sub-continental 

lithospheric mantle [SCLM] and/or the lower to middle crust from where sulfur would 

have been mobilized by Late Devonian felsic magmatism (see also Yang & Lentz 

2010). In general, the relatively narrow range of δ34Ssulfide values precludes a significant 

direct role for supracrustal sedimentary sulfur that would have been ultimately derived 

from seawater sulfate (e.g. Raith & Stein 2000). However, some input of secondary 

sulfur leached from pre-existing igneous sources with broadly similar isotopic 

signatures (i.e. 34S-enriched) cannot be ruled out either (see below). 
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In general, Moly Brook-Grey River δ34Ssulfide values are similar to those recorded 

for other Late Devonian granitoid-related sulfides in southeast Newfoundland (Table 

6.7; see Lynch et al. 2013). For example, they overlap with the δ34S values for 

magmatic and hydrothermal molybdenite and pyrite in the southern Ackley Granite 

(+4.5 to +7.6 ‰ and +2.9 to +6.8 ‰, respectively), and sulfide minerals in the Harbour 

Breton Granite (+4.9 to +6.3 ‰). Additionally, δ34Ssulfide compositions from the Granite 

Lake, Belle Island and St Lawrence areas, while generally less positive, overlap with the 

less positive δ34Ssulfide values from Moly Brook-Grey River (Table 6.7). Overall, the 

regional sulfur isotope signatures, combined with other geological factors (e.g. timing 

and character of Mo ± Cu ± W mineralization) suggest the sulfur isotope systematics 

evolved in a broadly similar manner at several geographically discrete localities to yield 

sulfides with mainly 34S-enriched signatures. Moreover, these data and its geological 

context reaffirm a proposed genetic link between felsic magmatism and hydrothermal 

sulfide mineralization at Moly Brook-Grey River (see Section 6.5.6 below). 

 

The δ34Ssulfide values listed in Table 6.7 provide a basis to further assess the 

physicochemical controls on granite-related Mo mineralization in the wider south coast 

region and infer links between Moly Brook mineralization and a possible causative 

intrusion. Overall, the similar δ34S values for both disseminated and hydrothermal 

sulfides associated with the Granite Lake (Wolf Mountain), Ackley and Harbour Breton 

granites (i.e. unequivocally magmatic-hydrothermal in origin) suggest minimum 

isotopic fractionation between residual magma, exsolved fluids and precipitated 

sulfides, such that δ34Ssulfide ≈ δ34Sfluid ≈ δ34Smagma. These conditions typically reflect 

weakly oxidized to reduced magmatic-hydrothermal systems (e.g. SO2/H2S ≈ 1 or less) 

like those associated with granitoids emplaced in collided orogen settings (Ohmoto & 

Rye 1979, Ohmoto 1986; see Richards 2015). Thus, the relatively narrow range and 

comparable δ34Ssulfide values for the mineralized areas (c. 0 to +8 ‰; Table 6.7) suggest 

the involvement of a compositionally and spatially consistent magmatic sulfur source, 

and that the ingress of externally derived sulfur at the different depositional sites was 

not significant. If external sulfur was important, then each area would have had to have 

contained source reservoirs with fortuitously similar isotopic compositions to yield the 

range of δ34Ssulfide values recorded by the different mineralization events. 

 

A further observation is that the mildly positive δ34Smolybdenite values from across 

the south coast region (+2.7 to +8.5 ‰, n = 48; see Table A2.7) conform with the 
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generally positive values commonly recorded by hydrothermal molybdenite regardless 

of age, geological setting and/or mineralization style (Stein & Hannah 2010). This 

‘persistent’ isotopic signature reflects fundamental physicochemical processes that 

promote molybdenite crystallisation in the magmatic-hydrothermal realm (e.g. SO2 

reduction to H2S; Stein & Hannah 2010), and/or the residual character of both Mo and 

sulfur in anatectic crustal melts. 

 

Table 6.7. δ34S compositions of sulfides associated with Middle - Late Devonian granitoids, south-

eastern Newfoundland (see Lynch et al. 2013 and full results in Table A2.7, Appendix 2). 

     
Location Host rock Sulfide setting Sulfides1 δ34Ssulfide (‰)2 

Ganderia domain 

   

Moly Brook Granitoid (BIS) 

Aplitic vein 

dykes, quartz 

veins 

mol, cp, py, gal +4.3 to +8.5; +6.8 ± 1.2 (25) 

Grey River 
Mafic to intermediate 

schist, amphibolite 
Quartz veins mol, py +7.1 to +7.7; +7.4 ± 0.4 (2) 

Granite Lake 
Granite to alkali 

feldspar granite 
Quartz veins mol, py +3.0 to +4.7; +3.8 ± 0.6 (5) 

Avalonia domain 
   

Ackley 

Granite 
Alkali feldspar granite 

Disseminated, 

quartz clots 
mol +4.5 to +7.6; +5.8 ± 1.0 (4) 

Ackley 

Granite 

Alkali feldspar granite, 

qz-topaz greisen 

Quartz veins, 

clots, greisen 

zones 

mol, py +2.9 to +6.8; +5.0 ± 1.3 (11) 

Belle Island 
Porphyritic granite 

stock, schist 
Quartz veins mol, cp +0.0 to +5.2; +2.6 ± 2.1 (5) 

Harbour 

Breton 

Granite to alkali 

feldspar granite 

Disseminated, 

quartz clots 
mol +4.9 to +6.3; +5.5 ± 0.6 (4) 

St Lawrence 
Granite to alkali 

feldspar granite 

Quartz and 

fluorite veins 
mol, sph -2.7 to +4.7; +2.5 ± 3.0 (5) 

          

1Analysed minerals: cp = chalcopyrite, gal = galena, mol = molybdenite, py = pyrite, sph = sphalerite 

2Data listed as range; average ± 1σ (number of analyses). Full data listed in Table A2.7, Appendix 2. 

 

Studies of the Ackley Granite have shown that the Mo- and Sn-mineralized 

southern margin represents the most evolved portion of the batholith and mainly formed 

due to extended magma fractionation (e.g. Whalen 1980 and Tuach et al. 1986, 1988). 

The observed overlapping δ34S values for both disseminated and hydrothermal sulfides 

from this area are consistent with minimal sulfur isotopic fractionation during residual 

magma crystallization, fluid exsolution and sulfide precipitation under relatively 

reduced redox conditions (Table 6.7; Ohmoto & Rye 1979). In this scenario, isotopic 

fractionation between the residual magma and its parental source would have also been 
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minor (i.e. Δ34S ≈ c. +1 to +2 ‰), suggesting the source magma had an overall less 

positive δ34S signature (c. +2 to +5 ‰). In turn, this signature may have been acquired 

from a source region (e.g. lower crust) that was relatively 34S-enriched (c. +1 to +4 ‰). 

Thus, a series of step-wise processes (e.g. melt extraction, fractionation, fluid 

exsolution) may account for the episodic increase in δ34S values for granite-related 

sulfides derived from weakly oxidized to reduced granitic intrusions (see below). 

 

For Moly Brook sulfides, a similar process may have yielded the observed 

positive δ34S values, assuming a magmatic-hydrothermal derivation and a relatively low 

oxidation state (e.g. ΔFMQ < +1) to give higher fH2S (i.e. SO2/H2S ≤ 1). The precursor 

felsic magma would have attained a positive δ34S signature (c. +3 to +5 ‰) following 

sustained fractional crystallization and/or degassing, which seems likely given the 

evolved composition of the leucogranite dykes at the deposit (see Chapter 7). 

Additionally, an initial 34S-enriched source area (c. + 1 to +4 ‰) would also have 

contributed to the positive S isotopic signature of the system (see below). 

 

Mineralizing fluids at Moly Brook, although saturated in magnetite (Chapter 3; 

see Fig. 3.7), were not oxidized enough to induce large negative isotopic fractionations 

such as those associated with the disproportionation of SO2 (Ohmoto & Rye 1979). A 

weakly oxidized to reduced oxidation state (giving SO2/H2S ≈ 1) is further supported by 

the apparent lack of sulfate minerals in the vein system, as previously noted. Thus, 

δ34Ssulfide values likely mimic the sulfur isotopic signatures of the parental residual 

magma (dominantly 34S-enriched signature with a relatively narrow range), with 

observed variations a function of cooling and changes to the relatively volume of total 

fluid and/or S relative to the source magma (e.g. Seal 2006). 

 

Moly Brook-Grey River δ34Ssulfide values are broadly comparable with sulfur 

isotopic signatures obtained from other known or inferred granite-related mineralization 

settings in Newfoundland, and indeed elsewhere along the composite orogen (Fig. 

6.12). For example, δ34Ssulfide values from granitoid-related Au prospects in southwest 

Newfoundland (Cape Ray fault zone) fall between c. -5 and +7 ‰, while the causative 

intrusion (Strawberry granite) yielded δ34Ssulfide values ranging from c. -1 to +6 ‰ 

(Wilton & Strong 1986). In Nova Scotia, sulfide mineralization associated with satellite 

plutons of the South Mountain Batholith (e.g. East Kemptville Sn deposit) have mainly 

yielded marginally positive δ34S values between c. +3 and +8 ‰ (Kontak 1990, Kontak 
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et al. 1999, Kontak et al. 2013). In contrast, exogranitic hydrothermal systems with 

more positive δ34Ssulfide values (> c. +9 ‰) have been interpreted as reflecting a greater 

input of sulfur derived from 34S-enriched Cambro-Ordovician metasedimentary rocks 

belonging to the Meguma Supergroup (Kontak & Kyser 2011). 

 

The variable input of sedimentary sulfur is also apparent in the sulfur isotopic 

signatures of Appalachian-cycle granitoids, which reflect the whole or partial 

assimilation of country rocks (Ishihara & Sasaki 1989). For example, δ34Srock signatures 

of granitoids from the South Mountain Batholith [SMB] in Nova Scotia range from c. 

+6 to +15 ‰ for S-type granites, and c. +5 to +12 ‰ for I-type granodiorites (Poulson 

et al. 1991). The broader range and marginally more 34S-enriched compositions of the 

former likely reflect greater assimilation of sedimentary sulfur derived from enclosing 

Meguma Supergroup metasedimentary country rocks (δ34Srock ≈ c. -9 to + 35 ‰; 

Poulson et al. 1991; Fig. 6.12). 

 

The δ34Srock signatures of granitoids in the Ganderian domain of New Brunswick 

also highlight the tendency for granitoids and derivative sulfides to acquire sulfur 

isotopic compositions that reflect the combined signatures of deep source regions and 

shallower (supracrustal) country rocks at their emplacement levels (Yang & Lentz 2010; 

see also Ishihara & Sasaki 1989). These Late Silurian I-type granitoids are associated 

with Acadian-cycle collisional magmatism and display a relatively narrow range of δ34S 

values (c. -4 to +7 ‰), which overlap the typical range for mantle-derived juvenile 

sulfur (c. -3 to +3 ‰), with a minor input of country rock sulfur (Fig. 6.12). In contrast, 

Late Devonian post-collisional granites of both I- and S-type varieties, analogous to the 

granitoid-hydrothermal systems investigated herein, display a broader range of δ34S 

values (c. -7 to + 13 ‰). These data probably reflect partial assimilation of Ordovician 

Ganderian metasedimentary sulfur and the likely modifying effects of magmatic and/or 

hydrothermal processes (e.g. degassing, fractionation, alteration; Yang & Lentz 2010; 

Fig. 6.12). 
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Figure 6.12. (Opposite page) Comparison of δ34S values for Moly Brook-Grey River with compositional 

ranges for: 

(a) Middle to Late Devonian granite-related sulfides in Newfoundland (see also Table 6.7),  

(b) sulfide mineralization associated with different deposit types in the northern Appalachians and from 

Climax-type deposits in Colorado,  

(c) Appalachian granitoid-related sulfides or granitic rocks; SMB = South Mountain Batholith,  

(d) metasedimentary sulfides occurring in several Appalachian lithotectonic domains, and  

(e) various global sulfur reservoirs relevant to this study.  

Numbers beside data ranges refer to literature sources as follows: 1 = Kontak et al. (1990), 2 = Kontak 

& Kyser (2011), 3 = Kontak (1990, 1993), 4 = Kontak et al. (1999), 5 = Kontak et al. (2013), 6 = Wilton 

& Strong (1986), 7 = Evans & Wilton (2000), 8 = Shelton & Rye (1982), 9 = Stein & Hannah (1985), 10 

= Yang & Lentz (2010), 11 = Poulson et al. (1991), 12 = Lode et al. (2017) – deposit distal values, 13 = 

Sangster (1990), 14 = Canfield et al. (2007), 15 = Wu et al. (2010) – based on sulfide-sulfate 

fractionation value of c. 30 ‰, 16 = Kampschulte & Strauss (2004), 17 = Wilson et al. (1996), 18 = 

Hammerli et al. (2017). δ34S range for mantle-derived rocks (grey column) is from Ohmoto (1986). 

 

The moderately positive δ34Ssulfide values from Moly Brook and the other study 

areas (c. 0 to +8 ‰; Table 6.7) contrast quite markedly with the moderate to strongly 

negative (32S-depleted) sulfur isotopic signatures of Ganderian Cambrian and 

Ordovician supracrustal rocks and related sulfides in both Newfoundland and New 

Brunswick (e.g. Lode et al. 2017, Yang & Lentz 2010; Fig. 6.12). Likewise, based on an 

average Δ34S value of -30 ‰ for Palaeozoic sulfate-sulfide fractionation (Wu et al. 

2010), sedimentary pyrite derived from Late Silurian seawater (c. +26 to +30 ‰) also 

likely had broadly negative δ34S values (Fig. 6.12). While some negative δ34Srock values 

for post-collisional granites in New Brunswick suggest remobilization and assimilation 

of isotopically negative sedimentary sulfur locally occurred (Yang & Lentz 2010), the 

generally positive δ34S values for the Newfoundland systems suggest assimilation of 

34S-depleted sedimentary sulfur was relatively minimal. A contribution from Late 

Devonian seawater sulfur, or derivate sulfides, is also considered unlikely given the 

continental orogenic setting of the Newfoundland magmatic systems. 

 

Given the link between Late Devonian granitoid-related sulfide mineralization 

and a phase of regional post-collisional magmatism (van Staal et al. 2009), deeper 

crustal source regions with mildly positive δ34S signatures likely contributed to the S 

isotopic signatures of these magmatic-hydrothermal systems. For example, S isotopic 

studies of lower crustal (granulitic) rocks generally show mildly positive δ34S values 

due to the presence of 34S-enriched minerals (e.g. sulfate, scapolite; see Hammerli et al. 

2017, and references therein).  Likewise, subduction-related metasomatism of the upper 

plate mantle wedge and lower crust tends to yield positive δ34S signatures due to the 

preferential transfer of 34S (relative to 32S) by sulfate-rich fluids derived from the 

downgoing slab and associated sedimentary cover (Richards 2015). This latter process 
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may have caused the metasomatism and 34S-enrichment of Ganderian SCLM during the 

Late Silurian subduction event that preceded the Acadian Orogeny in Newfoundland 

(i.e. Acadian Seaway subduction; see van Staal & Barr 2012). This subduction event 

would have ‘primed’ Ganderian SCLM and possibly overlying lower crust, producing a 

deep source reservoir with mildly positive δ34S signature. Remobilization of this 34S-

enriched sulfur by later Acadian and Neoacadian magmatism would have generated a 

lithospheric column with a predominantly positive S isotopic signature that is ultimately 

reflected in the δ34Ssulfide values recorded at Moly Brook. 

 

6.5.6 Sulfur ‘source-to-sink’ fractionation pathways and evolution 

Figure 6.13 presents a schematic temporal summary of potential tectonothermal 

mechanisms and isotopic fractionation pathways (numbered arrows 1 to 7) that, 

cumulatively, may account for the δ34S signatures observed in the Moly Brook-Grey 

River sulfides. This proposed model assumes a magmatic-hydrothermal origin for the 

Moly Brook deposit and incorporates interpretative aspects discussed in Chapter 7, 

based on leucogranite geochemical and Sm-Nd isotopic results. A brief description of 

each stage now follows: 

 

(1) Prior to the Acadian Orogeny (c. 430 – 422 Ma), northwest-directed 

subduction of the Acadian Seaway beneath upper plate Laurentia (Ganderia) 

was ongoing (e.g. van Staal et al. 2014). De-volatilization of the downgoing 

slab ± associated sediments would have transferred volatile-rich fluids to the 

base of the upper plate resulting in metasomatism of the SCLM (e.g. Richards 

2015). In terms of S isotopes, metasomatic fluids were likely 34S-enriched (i.e. 

higher f[SO4]
2- and/or fSO2), and thus a net positive shift in δ34S signatures 

would have occurred (Δ34S ≈ c. +2 to + 3 ‰). A further consequence of SCLM 

metasomatism would have been an increase in the oxidation state of the source 

region (i.e. SO2/H2S ≈ 1; see Richards 2015). 
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Figure 6.13. Proposed sulfur isotope fractionation pathways and source controls for Moly Brook-Grey 

River sulfides (assuming a magmatic-hydrothermal origin). Following initial melt generation (no. 2), two 

alternative fractionation pathways are presented reflecting a more oxidized (blue arrows) or intermediate 

to reduced (green arrows) system. See main text for discussion. The Δ34S values are estimated isotopic 

fractionation values during magma, fluid and H2S evolution. FC = fractional crystallisation, SA = 

selective assimilation, ΔFMQ = log unit difference relative to the fayalite-magnetite-quartz reaction 

buffer. 

 

(2) Following the Acadian Orogeny (c. 395 Ma), partial melting of the SCLM and 

lower crust (in response to Neoacadian-cycle tectonism ± slab break-off) 

produced a major episode of intermediate to felsic magmatism in 

Newfoundland (e.g. van Staal et al. 2009, Hibbard & Karabinos 2013). The 

resultant partial melts would have inherited a mildly positive δ34S signature (c. 

+1 to +4 ‰) from the previously metasomatised SCLM since isotopic 

fractionation would have been negligible during anatexis (Ohmoto 1986). 

Retrogressive breakdown of sulfur-bearing minerals in the lower crust 

(promoted by orogenic rebound) may also have contributed to the positive δ34S 

signatures produced (e.g. Hammerli et al. 2017). Critically, hybrid melts would 
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have acquired a moderately reduced to weakly oxidized (intermediate) redox 

sate (i.e. SO2/H2S ≈ 1) based on the modified and possibly mixed nature of the 

magma source. 

 

(3) During ascent through the lithospheric column, volatile-rich magmas would 

have undergone fractional crystallization, resulting in a further positive shift of 

δ34S signatures via sulfide precipitation (Δ34S ≈ +1 to +2 ‰). Preferential 

degassing of H2S (relative to SO2) from relatively H2O-rich (lower viscosity) 

melts may also have occurred, increasing fSO2 (Yang 2012). Selective 

assimilation of country rock sulfur (e.g. meta-igneous rocks in the mid crust) 

and/or sulfide resorption would have offset H2S loss and maintained mildly 

positive δ34Smelt signature (Yang & Lentz 2010, Simon & Ripley 2011). 

Wholesale contamination by 32S-enriched supracrustal rocks seems unlikely, 

however, as evidenced by the restricted range of generally positive δ34S values 

related to southeast Newfoundland granitoids (Table 6.7 and Fig. 6.12; see 

below). 

 

(4) At high emplacement levels, felsic magmas with δ34S compositions of c. +3 to 

+5 ‰ would have begun to partition a metal- and volatile-rich residual fluid 

phase (e.g. Hedenquist & Lowenstern 1994). This segregation would have 

caused further S isotopic fractionation (Δ34S ≈ +1 to +2 ‰), producing a bulk 

δ34Sfluid composition of c. +4 to +7 ‰ (see Ohmoto & Rye 1979). 

Accompanying loss of H2S and early sulfide precipitation (e.g. in the case of 

the Ackley Granite) may have marginally increased the fluid oxidation state 

(i.e. higher fSO2), while exsolution of CO2, possibly accompanied by 

exsolution of 34SO2 (Richards 2015), would have counteracted any large shifts 

to higher δ34Sfluid values. 

 

(5) At this stage, fluid overpressures, volatile saturation and possibly faulting 

could have initiated fluid exsolution from a causative intrusion or stock, 

producing hydrofractures with associated veining and sulfide mineralization 

(e.g. Moly Brook). At Moly Brook, initial saturation of S2- in a near neutral, 

high temperature fluid precipitated early molybdenite ± chalcopyrite (Stage IIA 

Type 3 and 4 veins) with a narrow range of δ34Ssulfide values (c. +4 to +7 ‰). 
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Fluctuating temperature and/or fH2S during cyclical hydrofracturing likely 

account for some vein-scale S isotope variability (e.g. Fig. 6.8B). 

 

(6) Following initial Stage IIA Mo-Cu mineralization, and assuming Rayleigh-type 

open system behaviour (i.e. finite sulfur reservoir; Seal 2006), the bulk fluid 

became depleted in ƩH2S while the remaining fraction became 34S-enriched. 

Thus, molybdenite ± chalcopyrite associated with Type 5 veins (late Stage IIA) 

acquired more positive δ34S compositions (up to c. +8 to +9 ‰; Fig. 6.11A). 

By this time, SO2/H2S may have increased while the total sulfur budget would 

have decreased. 

 

(7) During subsequent Stage IIB and IIC veining, marginally higher fSO2 

promoted wallrock reduction of SO2, thus increasing the activity of 32S2-, H+ 

and [SO4]
2- (Seal 2006, Mavrogenes & Blundy 2017) and yielding marginally 

lighter δ34Ssulfide compositions (c. +6 to +7 ‰). An additional consequence was 

the pH of the residual fluid was lowered (i.e. < 7), which promoted acid 

alteration of the wallrock (e.g. greisen/phyllic alteration haloes associated with 

Type 7 veins; Fig. 6.8G; see Burnham 1979). 

 

(8 - 10) For comparative purposes, Figure 6.13 also shows an alternative sulfur isotopic 

fractionation pathway for a more oxidized magmatic-hydrothermal system, 

such as that associated with continental arcs (i.e. ΔFMQ > +1; Richards 2015). 

Magmatic differentiation of a more oxidized melt, such as those encountered in 

subduction settings, would promote sulfate precipitation or silicate sulfur 

partitioning (e.g. 34S drawdown by scapolite, apatite) producing evolved 

magmas with less positive δ34S signature (Δ34S ≈ -1 to -4 ‰; Ohmoto & Rye 

1979). Locally, this negative shift could be balanced by the assimilation of 

country rock sulfur enriched in 34S (e.g. evaporites, where developed). Late-

stage segregation of a fluid phase, possibly accompanied by H2S degassing 

from H2O-rich residual melt, would cause S isotopic fractionation (Δ34S ≈ +2 to 

+5 ‰) and increase SO2/H2S. Finally, sulfide precipitation via SO2 

disproportionation (Richards 2015) would yield δ34Ssulfide values lower than 

δ34Sfluid and δ34Smagma (i.e. Δ34S ≈ -4 to -8 ‰). 
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In part, the preceding discussion highlights fundamental differences between 

magmatic-hydrothermal systems formed in syn-subduction continental arcs and post-

subduction orogenic settings and their resultant influence on magma redox state and 

metallogeny (e.g. Yang 2012, Richards 2015). During sustained periods of subduction 

(≥ 10 Ma; Richards 2015), magmas generated in continental arcs acquire relatively high 

oxidation and sulfidation states (e.g. ΔFMQ ≥ +1  and SO2/H2S > 1, respectively) due to 

the high flux of oxidized sulfur (i.e. SO2, [SO4]
2-) from the down-going slab into the 

overriding mantle wedge. Such magmas generally suppress the activity of fH2S and 

retard the precipitation of early sulfide minerals or immiscible sulfide melts which, if 

formed, tend to strip chalcophilic elements such as Cu and Mo from magmas. Thus, 

these metals are more easily retained in oxidized felsic magmas and may subsequently 

partition into a late-stage residual magma and associated hydrothermal system, leading 

to the formation of porphyry-type Cu-Mo deposits (Richards 2015). 

 

Late Silurian subduction of the Acadian Seaway prior to the Acadian Orogeny is 

considered to have been short lived (c. 7 to 8 Ma; van Staal et al. 2014). Thus, oxidation 

of the Ganderian SCLM may not have reached a sustained level to produce arc magmas 

with relatively high oxidation states (ΔFMQ ≥ +1). In this situation, chalcophile metals 

may have been retained in the lithospheric column by early-formed residual sulfides in 

generally unproductive (non-fertile) intrusions (e.g. Coastal arc batholiths such as the 

Burgeo Intrusive Suite). Notwithstanding a lack of preservation due to erosional or 

unroofing effects, this proposal is supported by the apparent absence of porphyry-style 

Cu ± Mo deposits along the Laurentian margin as part of the Late Silurian Coastal arc-

backarc system. 

 

During the Neoacadian-cycle post-collisional stage, minor accumulations of arc 

rock derived sulfides by post-subduction magmas, such as those associated with the 

Moly Brook deposit would have caused the remobilisation sulfide-bearing lower crustal 

rocks under sulfur-undersaturated conditions, leading to the re-dissolution of sulfides 

and their metals (Mo, Cu) and the generation of post-subduction magmatic-

hydrothermal systems. 

  



Chapter 6 – Vein Mineralization: Fluid Inclusion & Sulfur Isotope Constraints 

253 
 

6.6 Comparisons with the Grey River hydrothermal system 

At the Grey River tungsten prospect (just south of Moly Brook), detailed fluid 

inclusion, oxygen isotope and Sr isotope analyses provide key constraints on the nature 

and evolution of hydrothermal fluids associated with W mineralization (e.g. Higgins 

1980a, 1980b, 1985, Higgins & Kerrich 1982, Higgins et al. 1990). Of these studies, 

fluid inclusion [FI] results reported by Higgins & Kerrich (1982) and Higgins (1985) 

facilitate comparisons with the FI results reported herein for Moly Brook, which, in 

turn, permits further assessment of the potential genetic link between both systems. 

 

Table 6.8 summarises the available physicochemical properties of both the Moly 

Brook and Grey River hydrothermal/veining stages (as identified) in terms of their CO2 

contents, minimum trapping temperatures (Th tot values), bulk salinities and PT trapping 

conditions. For comparative purposes, fluid inclusion data from Grey River Stage I 

quartz-K-feldspar-molybdenite veins and Stage II W-bearing veins are summarised. 

These data represent approximate fluid end members within the Grey River system, 

while the former stage corresponds to Moly Brook Stage IIA and its associated quartz-

molybdenite ± K-feldspar veins (see Chapter 3). 

 

In general, the fluid inclusion data from Grey River records the physicochemical 

evolution of a single-source hydrothermal fluid during progressive stages of cooling, 

veining and mineralization (Higgins 1985). Stage I (earliest) aqueous-carbonic [AC] 

fluid inclusions (Types IIA-C of Higgins 1985) have moderate Th tot values (300 - 

360°C) and low salinities (c. 5 wt % NaCl equivalent; Table 6.8). These characteristics 

are broadly similar to those exhibited by AC fluid inclusions from Stage IIA Type 4 and 

5 veins at Moly Brook, which also have moderate salinities (c. 6 – 12 wt% NaCl 

equivalent) and moderate to high Th tot values (c. 308 - 412; Tables 6.7 & 6.8). 

Likewise, the bulk composition of Stage IIA AC inclusions at Moly Brook (H2O-CO2-

NaCl-KCl fluid) is consistent with that inferred for the Stage I AC inclusions at Grey 

River (H2O-CO2-NaCl fluid), while the estimated CO2 content of both these early-stage 

fluids are broadly comparable (c. 3 – 33 mol. % and 20 – 40 mol. %, respectively; Table 

6.8). 

 

Trapping pressure and temperature estimates for the Stage I AC fluid at Grey 

River are 1.2 to 1.4 kbars and c. 450 - 500°C, respectively. Higher estimated trapping 

pressures for the Stage IIA AC fluid at Moly Brook (c. 1.8 to 2.2 kbars) may reflect 
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inherent fluid compositional and/or density differences, and derivation of these 

pressures using marginally higher trapping temperature constraints (i.e. 465 to 540°C; 

Fig. 6.10). Application of the same trapping temperature range to an isochore 

determined for the Stage I AC fluid at Grey River (see figure 1 in Higgins & Kerrich 

1982) yields trapping pressures of between c. 1.3 and 1.7 kbars, which are still lower 

than that determined for the Moly Brook fluid. Thus, physicochemical fluctuations 

associated with hydrofracturing and/or variable rupturing mechanisms (e.g. fault-

induced unloading at Grey River) may account for the observed pressure differences. 

 

Table 6.8. Comparison of hydrothermal fluid characteristics for the Moly Brook and Grey River systems 

 

Stage Fluid system 
CO2 

(mol. %) 

Th total 

(°C) 

Salinity 

(wt % NaCl eq) 

Trapping 

temperature 
(°C) 

Trapping 

pressure  
(kbar) 

Moly Brook deposit (this study) 

E
a

rly
 

Stage IIA  
(Mo-Cu-related) 

H2O-CO2-

NaCl-KCl 
3 - 33 242 - 412 5.0 - 11.6 340 - 530 1.8 - 2.2 

 
Stage IIB  
(Cu ± Mo-related) 

H2O-NaCl-

KCl-CO2 ± 

CH4 
0 - 34 235 - 462 4.8 - 11.0 n.d. n.d. 

 
Stage IIC  
(Pb ± Au-related) 

Not reported n.d. n.d. n.d. c. 400°C n.d. 

L
a

te
 

Stage III  
(carbonate) 

H2O-NaCl ± 

KCl 
n.d. 125 - 331 0.2 - 4.5 n.d. n.d. 

Grey River prospect, data based on Higgins & Kerrich (1982) and Higgins (1985): 

E
a

rly
 

Stage I  
(Mo-related) 

H2O-CO2-

NaCl 
20 - 40 300 - 360 c. 5.0 450 - 510 1.2 - 1.4 

 

Stage II  

(W-related) 
H2O-NaCl < 1 240 - 310 2 - 5 270 - 330 0.4 - 1.0 

 
Stage III  
(Pb ± Au-related) 

Not reported n.d. n.d. n.d. n.d. n.d. 

L
a

te
 

Stage IV  
(carbonate) 

Not reported n.d. n.d. n.d. n.d. n.d. 

                   
 Data ranges based on 1-standard deviation ranges shown in Table 6.7 

Moly Brook trapping temperatures and pressures based on preliminary modelling of AC fluid component (Stage IIA) and sulfur 

isotope thermometry (Stage IIC). Grey River Th and salinity values based on primary and pseudosecondary fluid inclusion data.  
n.d. = not determined 

 

Overall, the physicochemical characteristics of early-stage fluids associated with 

Mo mineralization at both Moly Brook and Grey River are comparable and reflect the 

activity of a moderate salinity, aqueous-carbonic fluid under broadly similar PT 

conditions. The fluid inclusion constraints, combined with the petrographic similarities 

between Stage I quartz-K-feldspar-molybdenite veins at Grey River and Stage IIA 
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quartz-molybdenite ± sulfide veins at Moly Brook (see Chapter 3) and other 

corresponding factors (e.g. structural style), suggests that both vein types are the 

products of the same hydrothermal fluid, which was responsible for abundant Mo 

mineralization across the study area.  

 

Although a definitive time-progressive assessment of the Moly Brook fluid 

regime is complicated by the overlapping nature of the Stage II veins and cyclical 

patterns of fluid flow (e.g. Chapter 3 & Section 6.5.1), the physicochemical evolution of 

the Stage IIA fluid during subsequent veining events (i.e. Stage IIB Cu ± Mo 

mineralization) broadly mimics that observed for the Grey River regime during the 

transition from Stage I (Mo) to Stage II (W) veining. Specifically, AC and dominantly 

aqueous fluid inclusions within Stage IIB veins (Types 6 and 7), mainly associated with 

variable phyllic- or greisen-style alteration, record progressive cooling of the 

hydrothermal system, with an attendant loss of CO2 and decrease in bulk salinities 

(Table 6.8, Section 6.5.1). This broad evolutionary trend reflects the various 

physicochemical changes that affected a homogenous supercritical fluid experiencing 

volatile phase immiscibility and cooling during cycles of hydrofracturing and veining 

(e.g. Fig. 6.9). At Grey River, a similar scenario is evidenced by CO2-depleted, low 

salinity (< 5 wt % NaCl equivalent) aqueous fluid inclusions hosted by Stage II veins 

associated with W mineralization and phyllic-greisen alteration (Table 6.8; Higgins 

1985). Thus, the broad similarities observed between the later-stage fluids strongly 

support the idea that they represent spatially separate components of a larger, mainly 

single-source fluid regime responsible for veining and mineralization. 
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6.7 Summary 

Based on the fluid inclusion and sulfur isotope results presented in this chapter, 

the following summary points can be made: 

 

(1) Mo-rich Stage IIA veins at Moly Brook (Types 3 - 5) contain a primary 

assemblage of carbonic, aqueous–carbonic and aqueous fluid inclusions. Mo-

poor Stage IIB veins (Types 6 and 7) contain both aqueous-carbonic and 

aqueous types, with the latter being more common. Inferred primary aqueous-

carbonic and aqueous inclusions may contain trapped solid phases (e.g. 

chalcopyrite, nahcolite, rare molybdenite), reflecting their paragenetic setting 

and the overall compositional character of the fluid (approximated by the H2O-

CO2-NaCl-KCl system). 

 

(2) Fluid inclusion microthermometry results (Table 6.4) indicate Stage IIA 

inclusions had moderate salinities (c. 5 – 12 wt% NaCl equivalent) and 

predominantly record a non-diluting cooling trend over c. 250 - 500°C (Fig. 

6.9). Stage IIB fluid inclusions record a similar evolution, although salinities 

were more variable due to immiscibility effects and an overall CO2 depletion 

trend. Preliminary isochore modelling of Stage IIA intermediate density AC 

inclusions suggest initial trapping pressures of c. 1.8 to 2.2 kbars (Fig. 6.10), 

corresponding to formation in a relatively deep crustal setting (c. 7 to 8 km 

lithostatic equivalent). 

 

(3) Overall, the petrographic and compositional character of Moly Brook fluid 

inclusions indicate involvement of a single, CO2-enriched supercritical fluid (of 

probable magmatic derivation), which experienced immiscibility, volatile 

phase separation, cooling and CO2 depletion during progressive phases of 

veining and mineralization. Similarities between Moly Brook and Grey River 

fluid inclusion types and fluid physicochemical trends further support the idea 

that both systems form part of a single, broader hydrothermal regime (Table 

6.8). 

 

(4) Stable sulfur isotope analysis indicates a relatively uniform, isotopically 

positive (34S-enriched) supply of sulfur contributed to the deposit formation, 
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with minor isotopic variability reflecting compositional changes (e.g. sulfur 

budget depletion, redox state) during fluid evolution (e.g. Figs. 6.8 & 6.11). 

 

(5) Based on all of the available petrological and timing considerations, and 

supporting regional sulfur isotope constraints (Table 6.7), Moly Brook sulfur 

isotope signatures are consistent with a magmatic sulfur source (e.g. granitic 

intrusion). The 34S-enriched values support the idea of a volatile-enriched 

(metasomatised) magmatic source region, possibly caused by earlier Acadian-

related subduction and/or orogenic processes. Subsequent anatexis and related 

melts would have remobilised sulfur and likely other volatiles (e.g. CO2, F, P), 

providing a mechanism for the transfer of precursor sulfur from its source 

region (sulfide in the lower to middle continental crust ± SCLM) to upper 

crustal levels, making it readily available for subsequent mineralization. 

 

(6) The physicochemical character of the mineralizing fluid(s) at Moly Brook is 

broadly comparable with the fluid regime responsible for W ± Mo 

mineralization at Grey River (Table 6.8). Specifically, precursor fluids in both 

systems were primarily aqueous-carbonic in composition and underwent 

progressive CO2 loss during successive veining cycles/stages. Fluid inclusion 

microthermometry indicates overlapping Th tot and salinity values for both 

systems (c. 240 – 400ºC and c. 3 – 12 wt % NaCl equiv., respectively), and 

similar evolutionary paths (e.g. initial H2O-CO2 unmixing, rapid cooling, weak 

fluid dilution). In contrast, fluid trapping pressures associated with early-stage 

Mo mineralization differ for both systems (c. 1.8 – 2.2 kbars for Stage IIA 

quartz-molybdenite veins at Moly Brook, c. 1.2 – 1.4 kbars for Stage I quartz-

molybdenite veins at Grey River). This variation may reflect localized fluid 

pressure fluctuations during initial hydrofracturing and/or rheological contrasts 

between the different wall rocks hosting both systems. In this regard, the 

preferential occurrence of W mineralization at Grey River suggests wall rock 

compositional variation and fluid-rock interactions may also have played a key 

role in controlling system metallogeny/zoning, as opposed to major differences 

in the chemistry of the mineralizing fluids (see Section 8.3, Chapter 8). 
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Chapter 7 

GRANITIC ROCKS: LINKING EVOLVED MAGMATISM & MO-CU-(W) 

MINERALIZATION 
  

7.1 Introduction 

A suite of relatively undeformed granitic rocks occurs in the Moly Brook-Grey 

River area and a genetic link with tungsten mineralization has long been proposed (e.g. 

Bahyrycz 1956, Gray 1958, Higgins 1980a). Typically, they occur as relatively narrow 

(< 0.5 m) dykes or veins that transect penetrative structures and the majority of the other 

rock units and thus represent one of the youngest units in the study area (e.g. 

Blackwood 1985, Higgins 1985, Dickson et al. 1996). The granitic dykes mainly trend 

c. north-south, are sub-vertical, and generally mimic the orientations of the Moly Brook 

and Grey River vein systems. Locally, east-west oriented dykes, particularly in the Grey 

River Enclave [GRE], also occur and likely exploit the pre-existing structural grain (e.g. 

Figs. 3.1 & 3.2). 

 

At Moly Brook, several drill holes have intersected granitic dykes crosscutting the 

host granitoid (Visage 2009), and field and mineralogical evidence suggests they are 

coeval with Stage IIA Mo-Cu mineralization. U-Pb SIMS zircon dating of one of these 

bodies yielded a weighted mean age of 378 ± 4 Ma (Kerr & McNicoll 2012). This date 

overlaps with the c. 382 to 380 Ma Re-Os molybdenite ages reported in this thesis (see 

also Lynch et al. 2011a, 2012), greisen alteration ages at the Grey River tungsten 

prospect (c. 386 to 370 Ma; Higgins et al. 1990), and also the age of the nearby François 

Granite (c. 378 Ma; Kerr et al. 1993b). Although these dates suggest contemporaniety 

between felsic magmatism and hydrothermal Mo, Cu and W mineralization, 

unequivocally establishing a genetic link between these processes requires additional 

corroborative geological and geochemical evidence (e.g. Higgins 1985 and Lynch et al. 

2011b, 2011c). 

 

This chapter thus presents new petrological, lithogeochemical and Sm-Nd isotopic 

data for several Late Devonian granitic rocks in the study area to gain insights into their 

character and petrogenesis, and ascertain potential genetic links between felsic 

magmatism and Mo-Cu-(W) mineralization. 

 



Chapter 7 – Granitic Rocks: Linking Evolved Magmatism & Mo-Cu-(W) Mineralization 

260 
 

7.2 Sampling and methodologies 

7.2.1 Sampling 

In total, 11 granite samples were collected and analysed (Table 7.1). Five of the 

samples are microgranite dykes from Moly Brook that crosscut Burgeo Intrusive Suite 

[BIS] wall rocks. Three outcrop samples were collected from a granitic stock at Grey 

River Point (Fig. 3.1). Finally, three samples represent weakly foliated granitic wall 

rocks at the Moly Brook deposit (BIS granite lithofacies, see Section 3.3). 

 

Table 7.1. Summary of granite samples from the Moly Brook-Grey River area. For drill core samples the 

last 5 digits is the sample depth in metres along the drill hole. Drill hole collar and outcrop coordinates 

are listed in Table A1.1 in Appendix 1 

Sample Location Sample type Rock type Alteration Correlative unit 

Late Devonian (c. 378 Ma), 

massive 

    

MB14-8-399.85 

M
o

l
y

 
B

r
o

o
k

 

D
ri

ll
 c

o
re

 (
d
y

k
e 

in
te

rs
ec

te
d

) 

Biotite 

microgranite 

 Potassic-ferroan, 

moderate pervasive 
Leucogranite suite at 

Grey River tungsten 

prospect  

(Higgins 1985) 

MB14-10-379.25 

MB18-1-497.50 
Alkali feldspar 

microgranite 

MB20-4-427.70 
Microgranite 

(quartz-phyric) 

Sericite, moderate 

pervasive; calcite 

veinlets 

MB20-8-469.05 Alkali feldspar 

microgranite 

Potassic-ferroan, 

moderate pervasive; 

calcite veinlets 

GRP08-1 

G
r

e
y

 
R

i
v

e
r

 

P
o

i
n

t
 

O
u

tc
ro

p
 

(s
to

ck
) 

Alkali feldspar 

granite 

Sericite, clay 

weathering 
Devonian biotite 

granite  

(Dickson et al. 1996) 

GRP08-2 

GRD08-3 
Outcrop 

(dyke) 

Potassic-ferroan, 

moderate pervasive; 

epidote veinlets 

Early Devonian (c. 412 Ma), 

foliated  

   
MB31-7B-181.86 

M
o

l
y

 
B

r
o

o
k

 

D
ri

ll
 c

o
re

 (
au

to
li

th
, 

cl
o

t 
o

r 
d
y

k
e)

 

Burgeo Intrusive 

Suite granite 

Potassic-ferroan, 

quartz-sulfide veins 

BIS microgranite 

(Dickson et al. 1996) 

MB31-13-481.14 
Sericite, pervasive; 

biotite ± amphibole 

veinlets MB31-14-481.34 
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7.2.2 Petrography 

Initial petrographic characterisation of drill core and hand samples was 

conducted using a Nikon SMZ 1-B binocular microscope. Subsequently, transmitted 

and reflected light microscopy on standard thin sections was conducted using a Nikon 

Eclipse E200 and an Olympus BX41 petrographic microscope, respectively. Additional 

mineral identification by Raman spectroscopy was conducted on thin and thick sections 

using a Horiba LabRam HR system (Hope et al. 2001). Reported mineral modal 

proportions are based on visual estimations from hand samples and thin sections using 

standard graphical charts (e.g. Terry & Chilingar 1955, Reid 1985) and some thin 

section point counting. 

 

7.2.3 Lithogeochemistry 

Lithogeochemical analysis of drill core and outcrop samples was determined at 

OMAC Laboratories Ltd (ALS Group), Loughrea, Ireland. Silicate digestion techniques 

and spectroscopic analysis for major and trace element concentrations followed 

established analytical methods (e.g. Totland et al. 1992, Walsh 1997). For major and 

trace element analyses, crushed and powdered sample splits weighing c. 0.20 g were 

fused with a lithium metaborate flux and subsequently dissolved in a dilute HNO3-HCl 

solution prior to spectroscopic analysis. For the determination of Mo and Cu 

concentrations, separate powder splits of c. 0.25 g were brought to solution using a 

multi-acid digestion technique prior to analysis. 

 

Major element concentrations (wt %) were measured by solution inductively 

coupled plasma-atomic emission spectroscopy [ICP-AES] using a PerkinElmer Optima 

3000 DV instrument. The concentrations of 29 trace elements (µg.g-1) were measured 

by solution inductively coupled plasma-mass spectrometry [ICP-MS] using a Thermo 

Electron X-Series quadrupole instrument. In addition, the concentration of Cu and Mo 

(µg.g-1) were measured by flame atomic absorption spectrophotometry [FAAS] using a 

Varian SpectrAA 55B instrument. Finally, fluorine concentrations (µg.g-1) were 

determined by an ion selective electrode method (e.g. Potts 1987). Total volatile 

concentrations (wt %) were monitored via the loss-on-ignition method by combusting c. 

1 g sample splits at c. 1000ºC for approximately 1 hour (e.g. Lechler & Desilets 1987). 

Analytical uncertainties associated with the lithogeochemical analysis are reported in 

Appendix 3. 
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7.2.4 Sm-Nd isotopic analysis 

Whole-rock Sm-Nd isotopic analysis was conducted at the Department of Earth 

Sciences, Memorial University, St. John’s, Newfoundland. The concentrations of Sm 

and Nd, and Sm-Nd isotopic ratios were determined by isotope dilution-thermal 

ionization mass spectrometry [ID-TIMS] using a Finnigan MAT 262V mass 

spectrometer. The ID-TIMS analytical procedure followed that summarised in the 

appendix of Fisher et al. (2011). Instrumental mass fractionation of Sm and Nd isotopes 

during mass scans was corrected using a deduced Rayleigh fractionation law that was 

normalised using the abundance ratios 146Nd/144Nd = 0.72190 and 147Sm/152Sm = 

0.56081 (O’Nions et al. 1977). The measured isotopic ratios were also adjusted to the 

JNdi-1 neodymium isotope standard using 143Nd/144Nd = 0.512115±7 (Tanaka et al. 

2000). 

 

Standard epsilon (ε) notation is used to report the variation in Nd isotope values 

relative to the chondrite uniform reservoir [CHUR] reference model at the time of 

sample formation (see DePaolo & Wasserburg 1976). The εNd parameter incorporates 

the present-day isotopic properties of CHUR where 143Nd/144Nd = 0.512638 and 

147Sm/144Nd = 0.1967, with normalization to 146Nd/144Nd = 0.72190 (O’Nions et al. 

1977, Jacobson & Wasserburg 1980). Analytical uncertainty associated with initial εNd 

values is estimated to be ± 0.5 ɛ-units (2σ-level; see Appendix 3). Single-step depleted 

mantle model ages (TDM) were calculated using the model curve of DePaolo (1981) and 

the 147Sm decay constant = 6.54 x 10-12.yr-1 (Steiger & Jäger 1977). 

 

7.3 Field relations and petrology 

Two petrologically similar but spatially separated granitic units have been 

investigated: (1) microgranite dykes intruding deformed and altered BIS granitoid at the 

Moly Brook deposit, and (2) a granitic stock (named the Grey River Point Granite) 

located c. 2 km southwest of Grey River village which intrudes amphibolitic schist of 

the GRE (see Fig. 3.1, Chapter 3; Dickson et al. 1996). Table 7.2 presents a summary of 

the main petrographic and mineralogical characteristics of these units in terms of 

primary and secondary minerals. 
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Table 7.2. Summary mineralogy of Moly Brook-Grey River leucogranites. Graphical 

charts (Terry & Chilingar 1955; Reid 1985) used to visually estimate modal abundances in 

hand samples and drill core, with some thin section point counting 

    
Unit Moly Brook microgranite 

 
Grey River Point granite 

Setting Dykes, veins 
 

Stock, dykes 

Lithology Alkali feldspar granite to granite 
 

Alkali feldspar granite 

Texture Equigranular, porphyritic 
 

Equigranular, seriate; locally 

miarolitic, pegmatitic 

    

 

Modal %; size range (mm) 

Major minerals 

   
Quartz 25 - 35%; 0.1 - 1.8 mm 

 

30 - 35%; 0.3 - 6 mm 

K-feldspar1 45 - 55%; 0.2 - 3 mm 

 

50 - 55 %; 0.2 - 30 mm 

Albite2 2 - 3%;0.2 - 4 mm 

 

1 - 3%;0.5 - 7 mm 

Plagioclase3 8 - 10%; 0.2 - 3 mm 

 

5 - 8%; 1 - 7 mm 

Biotite 3 - 5%; 0.3 - 1.5 mm 

 

1 - 2%; 0.3 - 3 mm 

Muscovite 0.5 - 1%; 0.2 - 1.2 mm 

 

< 0.5%; 1 - 3 mm 

    
Accessory minerals 

   
Chalcopyrite trace; < 1 mm 

 

not seen 

Pyrite trace; < 1 mm 

 

trace; < 1 mm 

Molybdenite trace; < 1 mm 

 

trace; < 1 mm 

Almandine garnet not seen 

 

0.3 - 0.5%; 0.2 - 1 mm 

Apatite trace; < 0.5 mm 

 

not seen 

Fluorite trace; < 0.5 mm 

 

trace; < 0.5 mm 

Zircon trace; < 0.1 mm 

 

not seen 

Magnetite 0.5 - 1 %; < 0.5 mm 

 

trace; < 0.1 mm 

Amphibole not seen 

 

trace; < 1 mm 

Monazite tr; < 0.1 mm 

 

not seen 

    
Secondary minerals 

   
Chlorite 2 - 3 %; < 1 mm 

 

2 - 3 %; < 1 mm 

Sericite not determined; < 0.5 mm 

 

not determined; < 0.1 mm 

Rutile not determined; < 0.5 mm 

 

not seen 

Hematite not determined; < 0.5 mm 

 

not determined; < 0.5 mm 

Epidote not determined; < 0.5 mm 

 

not determined; < 0.5 mm 

Brookite not determined; < 0.1 mm 

 

not seen 

Anatase not determined; < 0.1 mm 

 

not seen 

Calcite (veinlets) not determined; < 0.5 mm 

 

not seen 

        

1Othoclase, rarely microcline  

2Low albite (An0-5) 

3Albite (An5-10) , rarely oligoclase 

  
trace implies (< 0.5%) 
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 7.3.1 Microgranite dykes at the Moly Brook deposit 

Microgranite dykes are a minor component of the Moly Brook deposit and their 

petrological character contrasts markedly with the deformed and altered nature of the 

BIS wall rocks (Fig. 7.1). While their overall spatial distribution and abundance is not 

known, they have commonly been encountered in the deeper sections of drill holes (> 

350 m). Granitic dykes up to c. 150 m in length have, however, also been mapped from 

surface exposures in the broader Grey River area (Higgins 1980a, Blackwood 1985). 

These examples suggest an unlikely correlation between increasing depth and dyke 

frequency (see Fig. 3.2). 

 

From a broader perspective, similar granitic dykes are also found c. 5 - 10 km east 

of Grey River village adjacent to the Late Devonian François Granite (unit DFd and 

related subunits of Dickson et al. 1996). These include a c. 6 km-long aplitic dyke 

swarm intruding the eastern margin of the BIS and isolated porphyritic dykes that 

extend up to 7 km from the northern and western margins of the intrusion. Biotite-

bearing felsic dykes which form part of the Ramea Islands Complex some 10 km 

southwest of Grey River (unit SRf of Dickson et al. 1996) may also have an affinity with 

the microgranite dykes at Moly Brook-Grey River. 

 

At Moly Brook, the microgranite dykes are typically c. 2 to 50 cm thick and 

intrude at moderate to high angles (c. 25 to 70°) with respect to drill core axes (Fig. 

7.1A & C). Contacts with the host granitoid and earlier formed quartz veins are planar 

to curved or irregular, parallel or non-parallel, and are consistently sharp/intrusive (e.g. 

Fig. 7.1A-C). Thinner (< 2 cm), vein-like examples are more typically irregular and 

locally form internal, K-feldspar-rich zones within thicker quartz veins (Fig. 7.1A). 

Locally, equigranular dyke contact zones grade into slightly coarser, more pegmatitic 

margins (Fig. 7.1D). Rarely, one or both of the intrusive contacts are faulted or sheared, 

while some porphyritic examples display possible chilled margins, as inferred from the 

lower abundance of phenocrysts and decreasing grain size closer to the contacts (Fig. 

7.1C-D). Overall, the general character and form of the dykes suggest emplacement via 

fracture exploitation under dominantly extensional conditions. This is supported by a 

lack of xenoliths (potentially representing stoped fragments), deformation fabrics 

parallel to contacts, and widespread textural evidence for open space filling (e.g. sharp 

contacts and pegmatitic zones; see Castro 1987). 
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In general, the microgranite dykes are leucocratic (colour index c. 2 – 12), reddish 

pink to brick red, fine- to medium-grained (c. 0.1 - 4 mm) and equigranular to 

porphyritic (Table 7.2; Fig. 7.1). Based on their modal abundances, the dykes mainly 

fall within the alkali feldspar granite field of the IUGS classification diagram (see Fig. 

7.6 in Section 7.4). Typically, the dykes are massive without a penetrative deformation 

fabric (Fig. 7.1A & C). Locally, however, a weak foliation occurs that may represent a 

remnant emplacement fabric or the effects of syn- or post-emplacement faulting, 

shearing and/or veining (Fig. 7.1B). 

 

Commonly, the dykes are cut by quartz-molybdenite ± pyrite ± chalcopyrite veins 

of varying width (e.g. Figs. 7.1A & C), which may display sericite ± quartz alteration 

haloes that overprint the microgranite causing a general bleaching of the reddish pink 

wall rock (Fig. 7.1H). Rarely, quartz-molybdenite veins develop discontinuous K-

feldspar ± biotite alteration haloes in the microgranite (Fig. 7.1F). Several dykes 

transect earlier formed quartz-molybdenite ± sulfide veinlets that crosscut the wall rock 

(Fig. 7.1B & C). Furthermore, stringer zones of disseminated molybdenite locally occur 

along dyke margins (Fig. 7.1C), while fine-grained disseminated molybdenite is a rare 

accessory mineral in the microgranite. Quartz-rich clots within dykes and narrow 

marginal zones along their contacts also occur, suggesting local magmatic-hydrothermal 

transition zones (Fig. 7.1B & I). 

 

Rarely, the microgranite dykes are cut by Stage III calcite veinlets, or contain 

irregular fractures consisting of fine-grained, dark chlorite ± epidote (Fig. 7.1C). The 

relatively intense Stage I amphibole-biotite veinlets associated with early metasomatic 

wall rock alteration (see Section 3.4) are generally absent and help distinguish the 

microgranite dykes from older granitic zones and clots that form part of the Burgeo 

Intrusive Suite (i.e. BIS granitic lithofacies; see Section 3.3 in Chapter 3). 
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Figure 7.1. (Previous page) Drill core views showing microgranite dykes at the Moly Brook deposit. A. 

Feldspar-porphyritic microgranite dyke crosscutting Burgeo Intrusive Suite [BIS] granitoid. A quartz 

vein cuts the dyke. Relatively thick quartz vein in the second rung contains irregular feldspar-rich 

(granitic) channels and a wall rock fragment. B. Granite dyke crosscutting amphibole + biotite + 

chlorite-altered (mafic facies) BIS granitoid and a quartz-molybdenite vein (at top). A weak foliation (S1) 

occurs towards the top of the dyke. Small disseminated molybdenite in fracture may be remobilised from 

a quartz vein. Note quartz-rich clot (arrow). C. Feldspar- and quartz-phyric granite dyke crosscutting 

altered BIS granitoid. The dyke crosscuts a quartz-molybdenite vein (bottom) and is cut by a quartz 

veinlet (top) indicating syn-mineralization emplacement. Note post-mineralization (Stage III) calcite 

fractures and veinlets cut the dyke and wall rock. D. Weakly porphyritic microgranite dyke crosscutting 

earlier formed quartz-molybdenite vein and cut by thin quartz ± muscovite (Type 7?) veinlets. Note small 

pegmatitic margin of the dyke extending into the earlier quartz-molybdenite vein (arrow). E. Feldspar- 

and quartz-porphyritic microgranite dyke associated with potassic-ferroan alteration of BIS wall rock. F. 

Microgranite dyke crosscutting earlier formed quartz-molybdenite vein and cut by irregular quartz-

molybdenite veinlets associated with K-feldspar + biotite alteration. G. Equigranular, biotite-bearing 

microgranite dyke. H. Weakly feldspar-porphyritic microgranite dyke cut by thin quartz ± sulfide ± 

sericite veinlets. Note earlier formed quartz-molybdenite veinlet is cut by the dyke. I. Equigranular to 

weakly porphyritic microgranite dyke cut by a network of quartz-pyrite ± sericite veinlets. Note the 

narrow quartz-rich margin along the dyke contact (arrow) that follows the trend of the contact suggesting 

possible magmatic to hydrothermal transition zone. Mineral abbreviations: brk = brookite, chl = 

chlorite, cp = chalcopyrite, ep = epidote, hem = hematite, Kfs = K-feldspar, mag = magnetite, mol = 

molybdenite, mon = monazite, mus = muscovite, py = pyrite, qz = quartz, rt = rutile, ser = sericite, zr = 

zircon. 

 

Overall, the field evidence indicates microgranite dykes at Moly Brook were 

emplaced during the main Stage II veining event (i.e. syn-mineralization). This 

association is also supported by the overlapping U-Pb zircon and Re-Os molybdenite 

geochronology results for the microgranite and vein system, respectively (see Chapter 

5). Although a spatial or crosscutting relationship between the granitic dykes and Stage 

IIC quartz-pyrite-galena veins has not been observed, the inferred late paragenesis of 

this vein type with respect to Mo- and Cu-bearing veins suggests no direct connection 

between the granitic dykes and minor Pb ± Au mineralization in the Moly Brook-Grey 

River area (although such veins can represent the distal expression of intrusion-centered 

hydrothermal systems; see Seedorf et al. 2005). 

 

At the base of drill hole MB08-18 (from 435.06 m; see drill hole collar in Fig. 3.2, 

Chapter 3), a c. 63.4 m-thick section of microgranite was intersected (Fig. 7.2; see Kerr 

et al. 2009, Kerr & McNicoll 2012). The rock contains rare disseminated molybdenite 

and several quartz-molybdenite ± pyrite ± fluorite veins. This intersection represents the 

thickest microgranite unit encountered at the deposit to date. Since the drill hole was 

terminated within the microgranite, the total thickness and form (i.e. dyke versus 

apophasis versus stock) of this specific intrusion remains unknown. Other examples of 
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thicker microgranite dykes intervals (c. 6 – 27 m thick) occur in drill holes MB08-15, 

MB08-20, MB08-21 and MB08-24. 

 

In terms of mineralogy, the microgranite dykes are dominated by intergranular, 

subhedral to anhedral alkali feldspar and quartz (Fig. 7.2A-D). These textures are 

consistent with relatively rapid crystallization and quenching (e.g. Flood & Vernon 

1988). Orthoclase is the dominant feldspar, with lesser albite and plagioclase (Table 

7.2). All of the feldspars display a moderate to intense degree of subsolidus 

modification (e.g. sericitization; see Higgins 1980a). 

 

 

Figure 7.2. An approximately 18 m section of brick red, alkali feldspar microgranite near the bottom of 

drill hole MB08-18 (see Fig. 3.2 for drill hole collar location). The microgranite is cut by several quartz 

± sulfide veins partly associated with sericite ± quartz ± fluorite alteration haloes. 
 

Quartz is generally fine-grained (< 1 mm), anhedral and granular with irregular or 

embayed grain boundaries (Fig. 7.3A-D). Locally, it forms coarser (c. 1 – 2 mm), 

subhedral ‘quartz eyes’ in some porphyritic dykes (Fig. 7.1A & E). In thin section 

quartz contains rare opaque mineral inclusions (possibly sulphide or magnetite), 

abundant fluid inclusion trails, and displays weak to moderate undulose extinction (Fig. 

7.3C-D). K-feldspar (orthoclase) is reddish pink in hand specimen, is fine- to medium-

grained (c. 0.5 – 2 mm), anhedral to subhedral, tabular or lath-like, and locally displays 

simple twinning (Fig. 7.3C). Locally orthoclase displays inversion to microcline 

(Higgins 1985). In thin section it is typically overprinted by fine-grained sericite giving 

an overall dusty, weathered appearance in transmitted light (Fig. 7.3A-B). 

 

Plagioclase feldspar (albite) is buff to pale pink in hand specimen, is fine-grained 

(c. 0.3 – 1 mm), generally anhedral prismatic and locally displays lamellar twinning 
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(Fig. 7.3C-D). Coarser (up to 4 mm) plagioclase phenocrysts with K-feldspar rims occur 

in some porphyritic dykes (Fig. 7.1A & C). Biotite is fine- to medium-grained (c. 0.5 – 

1.5 mm), anhedral irregular to somewhat elongate (flake-like) and is typically replaced 

by chlorite (Fig. 7.3B & F). Rare inclusions of pyrite, zircon and secondary hematite, 

rutile and anatase also occur in biotite (Fig. 7.3F). Muscovite is a minor phase in the 

rock (c. 1 – 2 vol. %) and occurs as either fine-grained (< 1mm), flake-like or radiating 

(secondary?) grains, or as anhedral tabular grains interstitial with quartz and feldspar 

(Fig. 7.3C & E, respectively). The majority of muscovite appears to have formed during 

secondary alteration. 

 

Accessory minerals include magnetite, zircon, monazite and apatite (Fig. 7.3G-J). 

The presence of accessory monazite and apatite suggest a melt saturated in phosphorous 

and other volatiles (e.g. Watson & Capobianco 1981). Rarely, fine-grained (< 1 mm), 

anhedral to subhedral pyrite and chalcopyrite are disseminated and intergrown in the 

microgranite (Fig. 7.2K-L). The same is true for flake-like to tabular disseminated 

molybdenite (Fig. 7.1C). 

 

In general, the microgranite dykes are affected by moderate to intense and 

generally pervasive K-feldspar + hematite + sericite alteration (potassic-ferroan 

assemblage) which imparts a distinctive brick-red appearance to the rock (Figs. 7.1 & 

7.2). In thin sections, potassic alteration is evident as a fine-grained, dusty brown 

staining and discoloration of alkali feldspars due to abundant ultra-fine K-feldspar, 

hematite and sericite (e.g. Fig. 7.3A-B). Additionally, primary biotite is typically 

chloritized (Fig. 7.3B). Locally, plagioclase phenocrysts also display reddened rims that 

grade to creamy white cores, suggesting preferential replacement of their outer margins 

(Fig. 7.1C). Dyke-related potassic alteration is similar to that associated with Stage IIA 

Type 3 aplitic veins and ‘vein dykes’, and potassic haloes rimming Type 4 quartz-

molybdenite ± K-feldspar veins (Chapter 3). This overlap reaffirms continuity between 

the leucogranite dykes and the higher temperature component of the hydrothermal 

system (i.e. Stage IIA veining). 

 

 



Chapter 7 – Granitic Rocks: Linking Evolved Magmatism & Mo-Cu-(W) Mineralization 

270 
 

 



Chapter 7 – Granitic Rocks: Linking Evolved Magmatism & Mo-Cu-(W) Mineralization 

271 
 

Figure 7.3. (Previous page) Thin section photomicrographs of microgranite dykes from Moly Brook. A - 

B. Plane polarised light [PPL] views of intergranular alkali feldspar and quartz with minor biotite and 

muscovite. Chlorite is seen replacing biotite. Feldspars display pervasive sericite + hematite alteration. 

C - D. Cross polarised light [XPL] views of intergranular alkali feldspar and quartz. Note radiating, 

coarser secondary muscovite in C. E. XPL view of muscovite in K-feldspar and quartz matrix. F. PPL 

view of chloritized biotite with secondary anatase (replacing rutile?) and hematite. G. Reflected light 

[RL] view of monazite and zircon intergrown with quartz. H. RL view of subhedral, tabular magnetite 

with secondary hematite. I. PPL view of prismatic apatite inclusion in quartz. J. RL view of zircon 

inclusion in biotite. Rutile is replacing biotite. K. RL view of chalcopyrite and pyrite in quartz-K-feldspar 

matrix. L. RL view of intergrown pyrite and chalcopyrite adjacent to prismatic anatase likely replacing 

rutile. Mineral abbreviations: alb = albite, an = anatase, chl = chlorite, cp = chalcopyrite, hem = 

hematite, Kfs = K-feldspar, mag = magnetite, mon = monazite, mus = muscovite, py = pyrite, qz = 

quartz, rt = rutile, ser = sericite, zr = zircon. 
 

Overall, the potassic alteration is broadly similar to that associated with 

porphyritic intrusions forming stockwork Mo ± W deposits (e.g. Carten et al. 1988). 

Classic interpretation of potassic alteration in magmatic-hydrothermal systems typically 

indicates high temperature formation during the early evolution of the system and 

proximal to causative stocks (e.g. Seedorf et al. 2005, Cooke et al. 2014). Higgins 

(1985) suggested that alteration of leucogranite dykes in the Grey River area was a 

result of sub-solidus autometasomatism by alkali-rich fluids following their 

emplacement. 

 

7.3.2 Grey River Point Granite 

Approximately 2 km southwest of Grey River village (c. 5 km south-southwest of 

the Moly Brook deposit), an oval-shaped granite intrusion crops out over c. 450 x 200 m 

at an elevation of c. 100 to 170 m (Figs. 3.1 & 7.4A). This granitic plug or stock was 

named the Grey River Point Granite [GRPG] by Dickson et al. (1996) after the western 

headland at the entrance to Grey River fjord. The stock and adjacent dykes represent the 

most extensive exposure of Late Devonian leucogranite in the general Moly Brook-

Grey River area. 

 

The GRPG intrudes amphibolitic schist of the Grey River Enclave [GRE] and 

displays generally sharp, intrusive contacts. Below the main exposure (Fig. 7.4A), on 

the southern flanks of Grey River Point, a bifurcating network of irregular granitic 

dykes are exposed that extend northward (up-slope) and connect to the main stock (Fig. 

7.4B). In general, the stock and dykes consist of leucocratic (colour index c. 2 - 5), buff 

to pale pink, fine- to coarse-grained (0.5 – 30 mm), equigranular to locally pegmatitic 

and vuggy granite (Fig. 7.4C-E). Based on mineral modal abundances the granite falls 

exclusively within the alkali feldspar granite field using the IUGS classification system 

for felsic plutonic rocks (Section 7.4). 
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Overall, the granite is undeformed (massive), although a prominent set of sub-

horizontal joints is developed throughout, imparting a somewhat layered appearance to 

the rock (Fig. 7.4C-D). Such jointing may mimic primary rheological or segregation 

layering known to develop in some shallowly intruded granitic stocks driven by 

undercooling (Barbey 2009). Typically, GRPG exposures display the effects of 

secondary alteration and weathering. The main alteration assemblage consists of late-

stage (hydrothermal) albite ± silica, with retrogressive sericitization (replacing 

feldspar). Supergene clay weathering (kaolinite-illite?) is also typically developed (Fig. 

7.4A-B). 

 

Mineralogically, the GRPG is dominated by intergranular quartz and alkali 

feldspar (Fig. 7.5A-B). Quartz is generally grey to milky-white in hand specimen, is 

medium-grained (c. 1 – 4 mm) and occurs as anhedral, tabular to elongate grains 

intergrown with feldspar. Intergrowth textures include aplitic to pegmatitic granular, 

miarolitic and micrographic varieties (Fig. 7.5D). K-feldspar (orthoclase) is fine- to 

coarse-grained (c. 1.5 – 15 mm) and forms anhedral tabular to rare subhedral prismatic 

grains. Typically it is replaced by sericite ± hematite (Fig. 7.5B). Plagioclase (mainly 

albite, rare oligoclase) is medium-grained (c. 1 – 5 mm), pale pink to white in hand 

specimen and forms anhedral tabular to locally subhedral prismatic grains with lamellar 

twinning (Figs. 7.4E & 7.5A). Biotite is a relatively minor constituent (Fig. 7.4E) and is 

generally less abundant compared to the microgranite dykes at Moly Brook. In general, 

it is fine- to medium-grained (c. 0.8 – 3 mm) and anhedral, forms irregular tabular to 

elongate flakes and is commonly altered to chlorite. Muscovite is colourless to pale 

green in hand specimen, medium-grained (c. 1 – 3 mm), generally anhedral tabular and 

intergrown with feldspar and quartz (Fig. 7.5A). Locally it occurs as a late vug-filling 

phase or replaces feldspar (Figs. 7.4E). 

 

 

 

 

Figure 7.4. (Opposite page) The Grey River Point Granite [GRPG] near Grey River village. A. View 

looking east from Grey River Point. GRPG in the foreground, rocks belonging to the Grey River Enclave 

[GRE] in the background. B. Vertical surface view (to the north-northwest) of granitic dykes intruding 

amphibolitic schist of the GRE, close to Grey River Point. GPS (circled) for scale. C. Vertical surface 

view (to the north) of the GRPG stock with sub-horizontal jointing. Hammer is c. 30 cm long. D. View to 

the southwest of GRPG stock displaying concave-up, sub-horizontal jointing. Width of foreground is c. 3 

m. E. Cut and polished hand sample views of different textures in the GRPG. The degree of albitization, 

sericitization and weathering increases from left to right. Mineral abbreviations: afsp = alkali feldspar, 

bt = biotite, ep = epidote, fsp = feldspar, mus = muscovite, qz = quartz. 
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Almandine is a conspicuous accessory mineral in the GRPG (Fig. 7.5C-D; garnet 

designation based on Raman spectroscopy). In general, it is fine-grained (< 1 mm), has 

a high relief in thin section and forms isolated subhedral to euhedral grains intergrown 

with feldspar and quartz, or aggregated interstitial clusters. The garnets are typically 

fractured, contain inclusions of quartz and sericite and display a rusty-red staining and 

discoloration in thin sections (Fig. 7.5C). Dickson et al. (1996) reported that almandine-

spessartine garnets occur in aplitic dykes adjacent to the François Granite and as an 

accessory mineral in a fine- to medium-grained biotite granite phase of the intrusion 

(their DFf unit). In general, an accessory biotite-muscovite-garnet assemblage (with 

associated magnetite) is more typically diagnostic of fractionated I-type granites and 

less common in S-type varieties (e.g. White et al. 1986, Pollard et al. 1995). Additional 

accessory minerals in the GRPG include fine-grained (< 1 mm), subhedral 

disseminations of magnetite, pyrite and rare molybdenite (Fig. 7.5E-H). 

 

The GRPG displays moderate to intense, pervasive K-feldspar ± hematite, albite 

and epidote ± carbonate alteration, while exposed outcrops are generally clay 

(kaolinite?) weathered (e.g. Fig. 7.4B). Retrogressive sericite pervasively overprints 

alkali feldspar, while epidote occurs locally in microfractures and as patches replacing 

feldspar and adjacent to magnetite (Fig. 7.5E-F). Secondary haematite occurs in 

fractures and veinlets and replaces biotite, magnetite and pyrite. 

 

Overall, the GRPG is petrologically similar to the microgranite dykes at Moly 

Brook, although some local mineralogical and textural variation exists between both 

units (e.g. modal garnet in the GRPG, porphyritic texture in Moly Brook dykes). 

Additionally, the general character of the GRPG is similar to several evolved subunits 

of the François Granite located c. 15 km to the east (e.g. units DFq and DFf of Dickson 

et al. 1996; see Chapter 2). 
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Figure 7.5. Thin section images of the Grey River Point granite [GRPG]. A. Plane polarised light [PPL] 

(left side) and cross polarised light [XPL] (right side) views of the GRPG. Rock is dominated by 

intergranular alkali feldspar and quartz with minor muscovite. Feldspars are typically sericite + hematite 

altered. B. XPL view of intergranular quartz and alkali feldspar. C. PPL view of almandine garnet in 

granular K-feldspar and quartz matrix. D. Reflected light [RL] view of almandine crystal in quartz. E. RL 

view of magnetite with secondary epidote in quartz. F. RL view of magnetite associated with epidote in K-

feldspar. G. RL view of subhedral pyrite in K-feldspar. H. PPL view of tabular hexagonal molybdenite 

crystal in K-feldspar. Mineral abbreviations: alm = almandine garnet, ep = epidote, hem = hematite, Kfs 

= K-feldspar, mag = magnetite, mol = molybdenite, mus = muscovite, py = pyrite, qz = quartz, ser = 

sericite. 
 

7.3.3 Granitic rocks belonging to the Burgeo Intrusive Suite 

Irregular horizons and clots of pale pink, weakly to moderately foliated medium-

grained granite form part of the wall rocks at Moly Brook. This unit represents an 

evolved component of the composite, c. 412 Ma Burgeo Intrusive Suite and corresponds 
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to the ‘granitic subunit’ previously described in Chapter 3 (see Table 3.2 and Fig. 3.6 

for petrological summary). 

 

7.4 Lithogeochemistry 

Average lithogeochemistry results for 13 Moly Brook-Grey River leucogranite 

samples are presented in Table 7.3 (see also Appendix 2). These data represent six 

analyses of undeformed microgranite dykes (including one repeat analysis), three 

analyses of the Grey River Point granite, and four analyses of older BIS granitic wall 

rock samples at Moly Brook (including one repeat analysis). Samples from the Moly 

Brook area are pervasively affected by moderate to intense potassic-ferroan and calcic ± 

silica alteration and contain minor disseminated and fracture-related ore minerals (c. 1 – 

2 vol. %). The GRPG samples are moderate to intensely sericite ± albite altered and 

display secondary epidote and clay weathering effects. 

 

Table 7.3 also lists average concentrations for granitic rocks at the Granite Lake 

Mo-W-Cu prospect in south-central Newfoundland (see Chapter 2; Tuach 1996). These 

data are based on 10 analyses (including two replicates) for the host granite termed the 

Wolf Mountain Granite (Dickson et al. 1988), and three analyses (includes one repeat) 

of aplitic dykes spatially associated with quartz-molybdenite ± pyrite ± chalcopyrite and 

quartz-wolframite ± pyrite veins that crosscut the host granite. Inclusion of the Granite 

Lake data facilitates a comparison between the geochemistry of granites adjacent to 

mineralization such as at Moly Brook-Grey River (i.e. exocontact-style) with granitic 

rocks that host mineralization such as at the Granite Lake prospect (i.e. endocontact-

style). Finally, Table 7.3 also lists average geochemical values for three evolved sub-

units of the François Granite (DFq, DFf and DFd) that have similar petrological 

characteristics to the leucogranites in the Moly Brook-Grey River area (Dickson et al. 

1996). 

 

Full geochemical results for individual samples are presented in Table A2.2 in 

Appendix 2, while all subsequent geochemical plots contain data points based on the 

individual analyses.  
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Table 7.3. Average major and trace element contents of granitic rocks 

Unit name 
Moly Brook 

microgranite 

Grey River 

Point 

Granite 

BIS granite 

(Moly Brook) 

Granite Lake 

host (WMG) 

Granite 

Lake aplite 

(WMG) 

François 

Granite    

(part of)1 

Setting Dyke Stock Autolith, clot Pluton Dyke Pluton, dyke 

Rock type AF granite AF granite Granite Bt-ms granite Aplite AF granite 

Mineralization Mo-Cu-(W) None Mo-Cu-(W) Mo-W±Cu Mo-W±Cu None 

Alteration Potassic Sericite, clay Sodic, potassic Potassic, greisen Potassic Fresh 

No. of analyses 6 3 4 10 3 19 

SiO2 (wt %) 75.76 75.46 74.95 73.39 74.52 75.73 

Al2O3 12.19 13.66 13.56 13.60 13.75 13.24 

Fe2O3T 0.77 0.51 0.93 0.88 0.49 0.78 

MnO 0.04 0.03 0.03 0.06 0.09 0.04 

MgO 0.16 0.05 0.36 0.21 0.08 0.06 

CaO 1.45 0.77 1.32 0.83 0.39 0.42 

Cr2O3 0.001 0.001 0.001 0.001 <0.001 0.001 

Na2O 3.13 4.20 4.93 3.70 3.29 4.28 

K2O 4.91 4.39 2.22 4.39 5.38 4.58 

TiO2 0.08 0.02 0.08 0.12 0.04 0.08 

P2O5 0.03 0.01 0.07 0.08 0.18 0.02 

L.O.I. 1.40 0.50 1.11 1.03 0.77 0.57 

Total 99.92 99.56 99.56 98.44 99.01 99.80 

Ba (ppm) 207.3 86.3 291.8 175.3 41.4 30 

Ga 16.1 16.0 13.5 24.3 25.8 26 

Hf 4 3 2 2 2 n.d. 

Nb 26.7 17.9 7.1 19.8 22.6 51 

Rb 370.9 165.9 204.6 406.9 588.8 624 

Sc 4 4 4 4 3 n.d. 

Sn 6 4 15 5 5 3 

Sr 61.2 76.4 159.6 59.9 27.6 18 

Ta 6.1 2.6 0.5 6.4 14 n.d. 

Th 25.7 15.8 2.8 11.6 4.5 41 

U 17.5 7.1 0.7 21.7 20.4 18 

V 10 <5 9 8 <5 1 

W 30.4 1.3 19.9 398.1 19.7 3 

Y 37.6 36.5 11.7 13.7 8.4 90 

Zr 65.5 36.5 54.3 55.7 30.6 63 

Cu 58 4 28 32 33 3 

Mo 41 <1 30 25 22 2 

F 717 133 673 2100 900 795 

La 11.7 2.8 12.7 13.3 2.4 7 

Ce 26.9 5.0 25.5 27.5 5.1 34 

Pr 3.3 0.6 3.0 3.0 0.6 n.d. 

Nd 11.7 2.5 9.7 10.9 1.9 n.d. 

Sm 3.2 1.5 2.1 2.0 0.6 n.d. 

Eu 0.4 0.2 0.5 0.3 <0.1 n.d. 

Gd 3.3 3.1 1.8 2.2 0.7 n.d. 

Tb 0.7 0.8 0.3 0.4 0.2 n.d. 

Dy 4.8 5.5 2.0 2.1 1.3 n.d. 

Ho 1.1 1.2 0.4 0.5 0.2 n.d. 

Er 3.9 3.6 1.2 1.3 0.8 n.d. 

Tm 0.7 0.5 0.2 0.3 0.1 n.d. 

Yb 6.1 3.6 1.3 1.6 1.4 n.d. 

Lu 1.0 0.6 0.2 0.3 0.2 n.d. 

∑REE 78.8 31.6 61.0 65.7 15.5 n.d. 

(La/Yb)CN 1.68 0.57 6.36 5.60 1.15 n.d. 

Eu/Eu* 0.34 0.33 0.83 0.55 0.24 n.d. 

A/CNK 0.93 1.05 1.05 1.10 1.15 1.04 

              

1 = samples from François Granite subunits DFq, DFf & DFd (biotite AF granite) listed in Dickson et al. (1996) 

WMG = Wolf Mt granite, CN = chondrite normalized (using values of Boynton 1984), n.d. = not determined 
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7.4.1 Major element geochemistry 

Geochemically, Moly Brook microgranite dykes and the adjacent Grey River 

Point granite [GRPG] are high-silica, alkali-rich, peraluminous intrusions with 

relatively low CaO, MgO and Fe2O3t concentrations (Fig. 7.6; see Higgins 1980a). This 

signature is consistent with their petrographic character, major mineral abundances and 

modal classification as alkali feldspar granite to syenogranite (Fig. 7.6A; Table 7.1). 

 

Taking both leucogranite units together, SiO2 values range from 72.33 to 78.38 wt 

% (mean of 75.66 wt %), while Na2O and K2O range from 2.55 to 4.58 wt % (mean of 

3.49 wt %) and 3.09 to 5.58 wt % (mean of 4.74 wt %), respectively. Alkali abundance 

variability, however, likely reflects degrees of relative enrichment (K2O) or depletion 

(Na2O) caused by subsolidus alteration and weathering. CaO concentrations range from 

0.61 to 3.87 wt % (mean of 1.22 wt %), with elevated values recorded by two samples 

affected by carbonate ± epidote alteration (see Table A2.2, Appendix 2). MgO and 

Fe2O3t abundances range from < 0.01 to 0.28 wt % (mean of 0.12 wt %) and 0.38 to 

0.84 wt % (mean of 0.69 wt %), respectively. Overall, these data reflect the low 

abundances of calcic and ferromagnesian minerals in the leucogranites (Table 7.1). 

 

Granitic wall rocks at Moly Brook (BIS granite, Table 7.3) have SiO2 values 

ranging from 72.77 wt % to 76.33 wt % (mean of 74.95 wt %) and are thus similarly as 

silica-enriched like the younger leucogranites. Na2O and K2O range from 4.11 to 5.26 

wt % (mean of 4.93 wt %) and 1.57 to 3.59 wt % (mean of 2.23 wt %), respectively. 

These data highlight a preferential enrichment of Na2O relative to K2O (K2O/Na2O < 

0.9) in contrast to the younger leucogranites (K2O/Na2O of 0.7 to 2.0). Likewise, 

average CaO, MgO and Fe2O3t concentrations of 1.32, 0.36 and 0.93 wt %, 

respectively, suggest the older BIS granite is marginally less evolved compared to the 

crosscutting leucogranites. 

 



Chapter 7 – Granitic Rocks: Linking Evolved Magmatism & Mo-Cu-(W) Mineralization 

279 
 

 

Figure 7.6. Classification plots for granitic rocks in the Moly Brook-Grey River area. Comparative data 

points from the Granite Lake Mo-W-Cu prospect are also plotted. Symbols in A are used in the other 

plots. A. IUGS modal classification plot for plutonic rocks (Le Bas & Streckeisen 1991). Moly Brook and 

Grey River Point Granite [GRPG] data points are based on modal percent estimates using graphical 

charts and point counting. Other data points are based on calculated granite mesonorm values (Mielke & 

Winkler 1979). Q = quartz, A = alkali feldspar (orthoclase + albite), P = plagioclase feldspar, BIS = 

Burgeo Intrusive Suite. B. Total alkali-silica plot (Middlemost 1994). Grey field represents the Late 

Devonian François Granite using geochemical data listed in Dickson & Kerr (2007). Dashed red field 

representing leucogranite dykes at the Grey River tungsten prospect is based on data from Higgins 

(1980a). C. Molar A/NK versus A/NCK plot (Shand 1949). Granite I- and S-type division line is from 

Chappel & White (2001). Short arrows represent mineral fractionation vectors after Abdel-Rahman 

(2001). Comparative fields for the François Granite and leucogranite dykes from the Grey River tungsten 

prospect are also shown. A/CNK = molar Al2O3/CaO+Na2O+K2O, A/NK = molar Al2O3/ Na2O+K2O. D. 

Ferroan-magnesian (Fe-number) classification plot of Frost et al. (2001). See main text for discussion. 

Comparative fields for the François Granite and leucogranite dykes at the Grey River tungsten prospect 

are also shown. 

 

On a TAS plot (Middlemost 1994), Moly Brook-Grey River leucogranites fall 

within the granite to alkali feldspar granite fields and geochemically overlap with 

granitic rocks from (1) the Granite Lake Mo-W-Cu prospect, (2) the Grey River 

tungsten prospect and (3) the François Granite (Fig. 7.6B). In contrast, BIS granitic wall 
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rocks at Moly Brook, while similarly evolved, have somewhat lower total alkali 

concentrations (Fig. 7.6B), although the alkali content of both granitic units may reflect 

K and Na mobility during hydrothermal alteration. Based on alumina saturation values 

[ASI; Shand 1949], the microgranite dykes and GRPG are weakly peraluminous (ASI = 

1.01 to 1.07; n = 7; see Černý et al. 2005). Two microgranite samples containing calcite 

± epidote veinlets and yielding relatively high loss-on-ignition values have, however, 

ASI values < 1.0 (Fig. 7.6C). In general, Moly Brook-Grey River leucogranites have ‘I-

type’ signatures using the ASI = 1.1 division line of Chappel & White (2001). This 

source designation is similar to that of the François Granite, Grey River prospect 

leucogranites and BIS granitic wall rocks (Fig. 7.6C). 

 

In general, granitic rocks from the Granite Lake Mo-W-Cu prospect are more 

peraluminous compared to Moly Brook-Grey River leucogranites (ASI = 1.04 to 1.28; n 

= 13) and display mixed I- and S-type source signatures (Fig. 7.6C). The higher ASI 

values (particularly for late-stage aplite dykes) likely reflect the greater abundance of 

primary muscovite and lower amounts of plagioclase and biotite compared to Moly 

Brook-Grey River leucogranites (see Chapter 2). Ultimately, these signatures may 

possibly reflect a more reduced (metasedimentary) source region, greater assimilation of 

metasedimentary material by the parental magma, and/or more extended magmatic 

differentiation (e.g. White et al. 1986). 

 

Based on the classification plots of Frost et al. (2001), Moly Brook-Grey River 

leucogranites straddle the ‘Fe-number’ (Fe*) division line between ferroan and 

magnesian granite types, with the bulk of the data plotting in the ferroan field (Fig. 

7.6D). Additionally, they mainly display calc-alkalic to alkali-calcic characteristics (not 

shown) and partly overlap with the signatures for both the François Granite and granitic 

rocks at the Granite Lake Mo-W-Cu prospect. In contrast, BIS granitic wall rocks at 

Moly Brook are exclusively magnesian with calcic to calc-alkalic signatures. 

Leucogranites associated with the Grey River tungsten prospect, although mainly alkali-

calcic, also straddle the ferroan-magnesian division and partly overlap with the Moly 

Brook and Granite Lake samples (Fig. 7.6D). 

 

Frost et al. (2001) associated magnesian, calcic to calc-alkalic granitoids with 

geochemically oxidized, continental arc-type settings and ferroan, alkali-calcic to alkali 

granitoids with more geochemically reduced, intracontinental (post-subduction) 
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environments. However, overlap in terms of magnesian versus ferroan signatures and 

inferred tectonic and/or source environments typically exists for peraluminous 

leucogranites with elevated silica concentrations (> c. 71 wt %). This reflects the 

somewhat ‘blurred’ geochemical signature retained by late- to post-collisional granites 

(and some anorogenic granites; see Barbarin 1999). Such intrusions tend to inherit an 

indistinct, mixed signature from continental source material, which has typically 

undergone one or more cycles of subduction and/or collision (e.g. Pearce et al. 1984, 

Eby 1992, Pearce 1996). These traits are consistent with the somewhat mixed ferroan-

magnesian signature for the Moly Brook-Grey River leucogranites, although secondary 

alteration or veining likely accounts for some of the variability seen in Fig. 7.6D. 

 

7.4.2 Trace element geochemistry 

Traditional Harker diagrams provide little petrogenetic insight on the Moly 

Brook-Grey River leucogranites due to their petrological uniformity (i.e. restricted SiO2 

range) and spatial association with mineralized quartz veins (i.e. higher potential for 

silica contamination; see also Higgins 1980a). Likewise, the restricted compositional 

range does not facilitate an assessment of earlier formational processes or geochemical 

pathways leading to evolved granite formation (Carten et al. 1993, Keith et al. 1993). 

 

Alternatively, the Rb/Sr index provides a means to assess the geochemical 

character and compositional variability of the leucogranites and is applicable to 

relatively narrow geochemical ‘windows’ offered by late-stage highly fractionated 

intrusions (e.g. Blevin & Chappell 1992, 1995, Pollard et al 1995; see also use of K/Rb 

in Blevin 2004 and Cs in Lerchbaumer & Audétat 2013). Furthermore, Rb/Sr variability 

caused by alkali metasomatism may also be assessed by any adverse scatter relative to 

inferred fractionation trends (Černý et al. 2005). 

 

Figure 7.7 shows bivariate plots for several elements or elemental ratios relative 

to the Rb/Sr index for the combined Moly Brook-Grey River and Granite Lake datasets 

(facilitating comparison of a wider range of compositions). In general, decreasing 

abundances of MgO, CaO, Ba and Eu with increasing Rb/Sr (1.1 to 34.7) are consistent 

with the evolved nature of the leucogranites and suggest bulk compositional control via 

plagioclase and/or K-feldspar fractionation. This fractionation effect is supported by the 

increase in K2O/Na2O with increasing Rb/Sr, reflecting leucogranite enrichment in K-

feldspar and the presence of biotite. Secondary K-feldspar and albite associated with 
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alkali metasomatism, however, may also contribute to the spread in K2O/Na2O values, 

in particular for the alkali-altered Moly Brook-Grey River leucogranites. 

 

 

Figure 7.7. Bivariate plots for selected major and trace elements relative to Rb/Sr for granitic rocks from 

the Moly Brook-Grey River (red symbols) and Granite Lake areas (grey symbols). GRPG = Grey River 

Point granite, WMG = Wolf Mt granite. Dashed compositional and process trend lines were visually 

estimated. 

 

High field strength element [HFSE] ratios Nb/Zr, Nb/Y and Ta/Zr generally 

increase with increasing Rb/Sr, reflecting the incompatible and somewhat coupled 

behaviour of Nb and Ta, and the decrease of Zr and Y concentrations in felsic residual 
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melts (Fig. 7.7; Bailey 1991, Dostal & Chatterjee 1995). For two GRPG and one Moly 

Brook leucogranite samples (Fig. 7.7), lower Nb/Y values probably reflect Y (± Sr) 

remobilisation during hydrothermal alteration (van Dongen et al. 2010). Similarly to the 

HFSE ratios, Ga is overall positively correlated with increasing Rb/Sr, whereas Zr 

concentrations display a weak negative correlation (not shown in Fig. 7.7). Increasing 

Ga contents with progressive fractionation typically occurs in Al-rich melts due to its 

large ionic radius and affinity for incompatible halogens (e.g. GaF3-; see Collins et al. 

1982), while the early crystallisation (low solubility) of Zr is typical for low to 

intermediate temperature peraluminous melts (Sawka et al. 1990). In general, although 

source rocks fundamentally contributed to the compositional character of the 

leucogranites at both Moly Brook-Grey River and Granite Lake (e.g. Clemens et al. 

2009) the trends illustrated in Fig. 7.7 suggest extended magma ± fluid fractionation 

also played a key role in their genesis. 

 

In the various plots shown in Fig. 7.7, late-stage aplitic dykes at the Granite Lake 

Mo-W-Cu prospect represent the most evolved unit with elevated Rb/Sr values (c. 18.6 

– 34.7) and low MgO, CaO, Ba and Eu contents, and thus occupy an end member 

position on the composite geochemical trends. This signature likely reflects a 

combination of fractionation and secondary alteration effects and the presence of biotite 

and muscovite in the aplite dykes (see Chapter 2). Conversely, altered BIS granitic wall 

rocks at Moly Brook display the least evolved signatures (Rb/Sr c. 0.8 – 2.1, higher 

MgO, CaO, Ba contents), consistent with their association with an older, calc-alkaline, 

meta- to peraluminous batholith (Dickson et al. 1996). Excluding two samples affected 

by calcite veining (e.g. higher CaO, Ba, LOI values), Moly Brook microgranite dykes 

compositionally overlap with the signature of the Granite Lake host granite (Rb/Sr c. 

3.7 – 10.5 and c. 3.2 – 13.5, respectively), although they display higher degrees of 

K2O/Na2O and MgO variability relative to Rb/Sr (see Fig. 7.8).  

 

A weak increase in Sn abundances relative to increasing Rb/Sr (excluding altered 

sample MB31-7-181.86) shown in Figure 7.8 is consistent with the generally weak 

enrichment of cassiterite and other Sn-bearing minerals in residual felsic magmas and 

the preferential partitioning of Sn by Cl-rich hydrothermal solutions associated with 

greisen alteration (Eadington 1988, Wilson & Eugster 1990). Additionally, Sn 

concentrations in the leucogranites at Moly Brook and Granite Lake (mean of 5 ppm for 

both areas; see Table A2.2, Appendix 2) are lower than that found in typically reduced 
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S-type or ‘specialized’ granites associated with Sn ± W ± F mineralization (e.g. around 

30 ppm Sn; Tischendorf 1977; see Dostal & Chatterjee 1995). 

 

These lower Sn concentrations may reflect a more intermediate redox state (i.e. 

relatively oxidised) for the leucogranites, as evidenced by the presence of granite- and 

vein-hosted magnetite in the Moly Brook-Grey River system. Because Sn behaves 

compatibly in relatively oxidised magmas (Linnen & Cuney 2005), bulk depletions in 

residual melts may be expected if compared to the higher Sn contents of reduced 

magmas (see Eadington 1988, Heinrich 1995). This concept is further supported by the 

general Mo-Cu-W metal association in the Moly Brook-Grey River and Granite Lake 

areas, which is more typical for granites with oxidised to intermediate redox states 

(magnetite series), whereas relatively reduced granites (ilmenite series) favour Sn ± W 

± rare metal mineralization (Blevin & Chappell 1995, Blevin 2004, Baker et al. 2005). 

Additionally, the lack of magmatic cassiterite in Moly Brook-Grey River leucogranite 

suggests an overall lower abundance of Sn. 

 

Figure 7.8 shows bulk continental crust-normalized extended trace element plots 

for both the Moly Brook-Grey River and Granite Lake leucogranites, which provide 

additional insights into the geochemical nature of these two units. Several additional 

patterns are also illustrated for comparison: (1) BIS granitic wall rocks at the Moly 

Brook deposit, (2) an average trend for Grey River leucogranite dykes (n = 21, n = 1 for 

REE) adjacent to the Grey River tungsten prospect (note incomplete element suite; see 

Higgins 1980a, 1985), and (3) an average pattern for the Rencontre unit of the Ackley 

Granite (n = 7), southeast Newfoundland, containing disseminated Mo ± W 

mineralization (see Table A2.3, Appendix 2). 

 

Relative to the bulk continental crust [BCC - a potential source proxy], Moly 

Brook microgranite dykes show enrichment in large ion lithophile elements [LILE] Rb, 

K, Th and U (c. 3 – 25 times), and depletions in Ba and Sr which are considered 

compatible in felsic melt-crystal systems (Fig. 7.8A). The mild enrichment of Ba in two 

samples and the range of Sr values suggest element mobility in a residual fluid or the 

effects of metasomatic overprinting (i.e. alteration, veining). Relatively strong 

enrichments in high field strength elements [HFSE] Nb, Ta, Hf and Y (considered 

incompatible; see Rollinson 1993) also occur. In the case of U and Ta, enrichment may 

have been enhanced by fluid fractionation (e.g. Dostal & Chatterjee 1995). More 



Chapter 7 – Granitic Rocks: Linking Evolved Magmatism & Mo-Cu-(W) Mineralization 

285 
 

compatible Zr and Ti are depleted, particularly the latter by as much as 45 times below 

BCC abundance (Fig. 7.8A). The LREE (La, Ce, Nd, Sm) and heavy rare earth elements 

(HREE; Tb, Tm, Yb) show relative depletions and enrichments, respectively. The 

general spread in both LREE and HREE values suggests element mobility due to alkali-

rich metasomatic fluids and, in the case of the HREE, either fractionation of monazite or 

the retention of zircon or some other HREE-rich phases during late-stage magmatic 

process (e.g. fluorite, garnet; see below, and also Webb et al. 1985, Öhlander et al. 

1989). 

 

Figure 7.8. Bulk continental crust normalized (Taylor & McLennan 1995) trace element plots for granitic 

rocks at Moly Brook-Grey River and Granite Lake areas. For comparison, plots also show the pattern for 

average Mo-mineralized Ackley Granite (Rencontre unit) in southeast Newfoundland (n = 7). A. 

Microgranite dykes and BIS granitic wall rocks at the Moly Brook Mo-Cu deposit. Shaded zones 

highlight large ion lithophile elements. B. Grey River Point Granite (this study) and average leucogranite 

dykes from the Grey River W prospect (data from Higgins 1980a, 1985). Vertical bar shows range of Sr 

values (n = 21) for the leucogranite dykes. See main text for discussion. C. Host granite at the Granite 

Lake Mo-W-Cu prospect. D. Altered aplitic dykes at the Granite Lake prospect. Note strong relative 

depletion from La to Nd. 
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In general, the normalized patterns for Moly Brook microgranite dykes are similar 

to values for average Mo-mineralized Ackley Granite (alkali feldspar granite or 

alaskite), although the latter shows more enrichment in La and Ce (Fig. 7.8A; see 

Whalen 1983). In contrast, BIS granitic wall rocks display markedly different patterns 

with less pronounced enrichments of Rb and K, and lower depletions in Ba and Sr. 

Likewise, both Th and U in the wall rock are weakly depleted with respect to the BCC 

compared to their strong enrichments in the microgranite dykes. Several HFSE (Nb, Ta, 

Hf and Y) along with the HREE (Tb, Tm and Yb) are also depleted in contrast to their 

relative enrichments in the microgranite dykes. This clear trace element distinction 

between the younger leucogranite dykes and the older granitic wall rock reflects 

fundamental differences in their mineralogy, geochemistry, mode of formation and 

tectonic setting (e.g. collisional vs post-collisional environment in the latter case). 

 

The normalized patterns for the Grey River Point Granite [GRPG] are broadly 

similar to Moly Brook microgranite dykes and the Mo-mineralized Rencontre unit of 

the southern Ackley Granite (Fig. 7.9B). They display strong enrichments in Rb, Th, U, 

K, weak to moderate enrichments in HREEs (Tb, Tm, Yb), and depletions in Ba, Zr and 

Ti. Deviations from the Moly Brook microgranite and Ackley Granite patterns occur for 

Nb, Ta and the LREE, while the overall abundances are marginally lower (see Table 

7.3). The relatively strong depletion of LREE (La, Ce and Nd) likely reflects subsolidus 

remobilization by hydrothermal fluids (see Fig. 7.10). 

 

Figure 7.8B also shows selected average normalized trace element values (i.e. 

incomplete pattern) for leucogranite dykes at the Grey River tungsten prospect (data 

from Higgins 1980a, 1985). While a full comparison with the other lithological units is 

not possible due to the partial nature of the dataset, several segments show both similar 

and dissimilar patterns to the Moly Brook microgranite, GRPG and average Ackley 

Granite signatures. For example, the Zr, Sm and Ti segment displays a similarly 

depleted trend, and the inferred pattern from Y to Yb mimics that seen in other granitic 

units, although these elements are less enriched compared to the Moly Brook dyke and 

GRPG patterns (see Fig. 7.8A). In contrast, the segment La to Nd is relatively flat and 

without a strong depletion of Sr compared to the Moly Brook dykes and Mo-

mineralized Ackley Granite (i.e. Sr values c. 4.5 and 11 times below BCC, 

respectively). Likewise, Ba is weakly enriched compared to its moderate to strong 

depletions in the Moly Brook and Ackley Granite samples (c. 2 – 8 times below BCC), 
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while Nb lies close to the BCC reference, whereas it is moderately enriched (c. 2 – 4 

times BCC) in the other granitic units. 

 

While the lower range of Sr values for the Grey River leucogranite dykes overlap 

with the relatively strong Sr depletions seen in the Moly Brook leucogranites (vertical 

range for Sr in Fig. 7.8B; Higgins 1985), overall the flat average pattern for the La to 

Nd segment more closely resembles the signature of the BIS granite wall rocks at Moly 

Brook (Fig. 7.8A). Likewise, the Rb-Ba and K-Nb trends and their weaker relative 

enrichments are similar to the BIS granitic unit. Higgins (1980a) reported the 

occurrence of equigranular, medium-grained granitic zones within the BIS unit at Grey 

River, while Dickson et al. (1996) suggested that more evolved parts of the BIS 

correspond to minor biotite-muscovite granite zones (unit SBm). Whether or not the 

geochemical signature of older, BIS-related granite occurring close to the Grey River 

tungsten prospect is reflected in the average pattern for Grey River leucogranite dykes 

as shown in Fig. 7.8B is not known. Alternatively, the variable patterns for the Grey 

River prospect dykes (particularly for relatively mobile Sr) might reflect overprinting 

alkali metasomatic effects. 

 

Figures 7.8C and 7.8D show normalized patterns for granitic units at the Granite 

Lake Mo-W-Cu prospect. In general, the patterns for the host granite and aplite dykes 

(both part of the Wolf Mountain Granite; see Tuach 1996) are broadly similar to the 

Moly Brook leucogranite, GRPG and average Mo-mineralized Ackley Granite patterns. 

Strong enrichments in Rb, U, Ta and strong depletions in Ba, Sr and Ti relative to the 

BCC confirm the evolved nature of these particular rocks (Figs. 7.6 & 7.8). Similarly to 

the GRPG patterns, LREE and several HFSE (e.g. Hf, Zr) show a degree of 

compositional variability for both the host granite and aplite, consistent with the effects 

of subsolidus alkali metasomatism. In particular, a marked depletion of the LREE in the 

aplite dykes is present (Fig. 7.8D; discussed further below). Additionally, a muscovite-

bearing pegmatitic sample from the host granite at Granite Lake (GL44-13-94.13, Fig. 

7.8C) shows a more variable and scattered pattern compared to the other analyses. This 

‘outlier’ pattern may reflect extreme element mobility within the residual, volatile-rich 

melt (e.g. the LREE, Th and Nd), metasomatic alteration effects, or an analytical 

artefact (Table A2.2, Appendix 2). 
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7.4.3 Rare earth elements  

Average total rare earth element contents [ƩREE] for Moly Brook microgranite 

dykes and the Grey River Point Granite are 78.8 and 31.6 ppm, respectively (Table 7.3), 

and are consistent with typical values for monazite-bearing peraluminous granites 

derived from H2O-saturated melts (i.e. < 100 ppm; see Linnen & Cuney 2005). Granitic 

wall rocks at Moly Brook (BIS granitic facies) have an average ƩREE value of 61.0 

ppm (Table 7.3). In comparison, Higgins (1985) reported ƩREE values of 310 and 548 

ppm for the deformed megacrystic granitoid at Grey River (i.e. the main BIS unit; see 

Fig. 3.1). Although these averaged totals excluded non-analysed Tb, Ho, Tm and Lu, 

they are likely more representative of the bulk rare earth element [REE] concentration 

of the host granitoid and appear consistent with those found in continental arc-related 

intermediate to felsic magmas. 

 

Figure 7.9. Primitive mantle-normalized (McDonough & Sun 1995) rare earth element plots for Moly 

Brook-Grey River leucogranites. A. Altered granite unit (this study) and fresh megacrystic granite 

(Higgins 1985) of the Burgeo Intrusive Suite. Both units represent the host rocks to the Moly Book 

deposit. B. Altered Moly Brook microgranite dykes (this study) and one analysis for a leucogranite dyke 

from the Grey River tungsten prospect (Higgins 1985). C. Moly Brook microgranite (grey shaded field) 

compared to average Mo-mineralized Ackley granite (this study; n = 7), average Granite Lake aplite 

dyke (this study; n = 3), average granite from the Clayton Hill Mo prospect, Nova Scotia (Kontak et al. 

2013), average granite from the Climax Mo deposit, Colorado (Stein & Crock 1990), and average granite 

from the Endako Mo deposit, British Columbia (Whalen et al. 2001). D. Altered and weathered Grey 

River Point Granite compared to Grey River leucogranite dyke pattern shown in B and the shaded field 

for Moly Brook microgranite. Note extreme light rare earth element [LREE] mobility. 
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Primitive mantle-normalized rare earth element [REEN] patterns for Moly Brook-

Grey River leucogranite and BIS granitic wall rocks are shown in Figure 7.9. For the 

latter geological unit (Fig. 7.9A), the patterns display a listric concave up shape, 

moderate enrichment of LREE relative to HREE (LaN/LuN = 6.0 to 7.6, mean of 6.6) 

and weak negative Eu anomalies ((Eu/Eu*)N = 0.76 to 0.94, mean of 0.82). These 

patterns are broadly similar to those for the main phase of the BIS (megacrystic 

granitoid; see Higgins 1985), although total REEN abundances, in particular for the 

HREE, are lower for the granitic samples. This compositional variation probably 

reflects the lower solubility of certain REE-bearing minerals (e.g. feldspar, monazite 

and titanite) with increasing fractionation (e.g. Linnen & Cuney 2005) and the more 

evolved character of minor BIS granitic rocks compared to the batholith as a whole 

(Dickson et al. 1996). 

 

The REEN patterns for the BIS in Figure 7.9A are typical for calc-alkaline 

granitoids (and their volcanic equivalents) formed in continental arc- to collisional-type 

settings (e.g. Whalen et al. 2001, Barr et al. 2002, Murphy 2007) and are consistent with 

the inferred petrogenetic setting of the Burgeo batholith (i.e. arc-related, syn-collisional; 

see Dickson et al. 1996). Similar chondrite-normalized REE patterns are reported for 

comparable Late Silurian-Early Devonian (Acadian-related) granitoids of the Costal Arc 

(or Kingston) terrane in Nova Scotia and New Brunswick, which partly delineates the 

Ganderia-Avalonia suture zone (Barr et al. 2002, White et al. 2006; see also van Staal et 

al. 2009). 

 

For Moly Brook microgranite dykes (Fig. 7.9B), the REEN patterns display weak 

to moderate LREE and HREE enrichments (LaN/LuN = 0.30 to 2.4, mean of 1.6), 

producing somewhat flatter ‘U’ to ‘W’-shaped trends, with pronounced negative Eu 

anomalies ((Eu/Eu*)N = 0.19 to 0.50, mean of 0.34). The latter feature is consistent with 

Eu2+ retention by plagioclase in the source region or via extended crystal fractionation 

(e.g. Gill 2010, p. 287). Overall, these observed patterns mimic the REE ‘tetrad effect’ 

often associated with highly evolved granites and attributable to late-stage REE 

fractionation between residual magmas and F- and Cl-rich fluids (e.g. Jahn et al. 2001). 

The Moly Brook microgranite dyke REE patterns also overlap with a single, incomplete 

REEN pattern reported by Higgins (1985) for a leucogranite dyke at the Grey River 

tungsten prospect. 

 



Chapter 7 – Granitic Rocks: Linking Evolved Magmatism & Mo-Cu-(W) Mineralization 

290 
 

In general, the microgranite REEN patterns are similar to those reported for other 

Late Devonian granites in Newfoundland, in particular varieties exhibiting evolved 

peraluminous compositions (e.g. Kerr et al. 1993a). Likewise, compositionally 

comparable, coeval granites in Nova Scotia and New Brunswick have broadly similar 

REE systematics, albeit with plutonic specific variations typically in terms of LaN/LuN 

and Eu/Eu* values (see Barr & McDonald 1992, Whalen et al. 1994). Moreover, the 

REEN patterns are consistent with those expected for shallow-level, evolved granites 

associated with Mo-W-Sn mineralization (e.g. Strong & Chatterjee 1985, Öhlander et 

al. 1989, Sawka et al. 1990, Nie 1994, Haapala 1997, Linnen & Cuney 2005; see Fig. 

7.9C). 

 

One altered granite sample (MB20-8-469.05), however, exhibits a higher degree 

of LREE depletion (particularly La and Ce), is more enriched in HREE, and displays a 

weaker negative Eu anomaly ((Eu/Eu*)N = 0.50; Fig. 7.9B). Since this sample is 

affected by alkali metasomatism and is cut by Stage III calcite ± fluorite veinlets, the 

modified REEN distribution suggests that coupled LREE leaching (e.g. of monazite) and 

HREE enrichment by Stage II to Stage III fluids locally occurred. Similar HREE-

enrichment of alkali-silica altered granitic rocks associated with wolframite ± sulfide 

mineralization is reported from the eastern South Mountain Batholith, Nova Scotia 

(Corey & Chatterjee 1990). Addition of Eu was likely controlled by secondary feldspar 

and/or sericite precipitation (Bea 1996), or the leaching of Eu from more plagioclase- 

and amphibole-rich wall rocks (Samson & Wood 2005). 

 

Figure 7.9C compares the REEN patterns for the Moly Brook microgranites 

(excluding altered sample MB20-8-469.05) with the REEN signatures from other 

mineralized granite systems in the Canadian Appalachians and elsewhere. In general, 

the Moly Brook patterns overlap with those for the Mo-mineralized Ackley granite (SE 

Newfoundland; see Whalen 1983, Kerr et al. 1993a), aplitic dykes from the Granite 

Lake Mo-W-Cu prospect (south-central Newfoundland; see Tuach 1996) and granite 

hosting the Clayton Hill Mo prospect (southwest Nova Scotia; see Kontak et al. 2013). 

Similar REEN patterns are also reported for granites associated with the East Kemptville 

Sn deposit in Nova Scotia (see Dostal & Chatterjee 1995, Halter et al. 1998). 

 

Minor variations in the precise details of these patterns, particularly for the LREE, 

reflect differences in the abundance of REE-rich minerals (e.g. monazite, xenotime, 
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feldspar) and are principally controlled by: (1) source rock composition and degree of 

anatexis, thus determining primary magma composition (e.g. London 2005), (2) the 

amount of melt-stage contamination and/or the degree of parental magma fractionation, 

with increasing differentiation corresponding to lower LREE abundances (e.g. Miller & 

Mittlefehldt 1982), and (3) the effects of subsolidus alteration causing LREE ± HREE 

mobility due to higher REE fluid-mineral distribution coefficients under metasomatic 

conditions (e.g. Corey & Chatterjee 1990; Samson & Wood 2005). 

 

Figure 7.9C also shows average REEN patterns for granites associated with the 

two main types of porphyry Mo deposits (i.e. Climax- and Endako-type; see Ludington 

& Plumlee 2009). Based on this subdivision, the Moly Brook microgranite patterns 

most closely resemble those for granites linked to Climax-type Mo deposits (i.e. rift-

related or intracontinental Mo mineralization). This correspondence is consistent with 

the inferred tectonic setting of the Moly Brook deposit in the Late Devonian. In 

contrast, granites associated with Endako-type Mo deposits (i.e. continental arc-related) 

typically display REEN patterns with steeper negative slopes (i.e. higher LaN/LuN 

values), lower bulk HREE contents and weaker negative Eu anomalies (see Whalen et 

al. 2001, Lawley et al. 2010). 

 

The effect of subsolidus fluid-rock interaction on leucogranite REEN signatures is 

most pronounced for the alkali-silica altered Grey River Point Granite [GRPG] (Fig. 

7.9D). These REEN patterns display strong LREE depletion relative to HREE (LaN/LuN 

= 0.33 to 0.82, mean of 0.56) and a marked drop in bulk LREE abundances (particularly 

La to Nd) compared to the Moly Brook microgranites (c. 1.5 to 6 versus 8 to 20 times, 

respectively). Likewise, the plotted trends from LaN to SmN fall well below those 

recorded by evolved aplite dykes at the Granite Lake Mo-W-Cu prospect (see Fig. 

7.9C). 

 

While some degree of LREE depletion may be expected for an evolved granitic 

stock such as the GRPG (see Miller & Mittlefehldt 1982), the extreme LREE depletion 

indicated in Fig. 7.9D suggests LREE leaching by chloride- and/or sulphate-bearing 

hydrothermal fluids, possibly causing preferential monazite ± apatite dissolution (see 

Samson & Wood 2005, Migdisov et al. 2016). Alternatively, excess quartz and/or 

accessory garnet in the GRPG samples might have strongly influenced the LREE-HREE 

fractionation pattern (e.g. Fig. 7.5). 
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In contrast to the LREE, the GRPG patterns maintain relatively strong negative 

Eu anomalies ((Eu/Eu*)N = 0.28 to 0.41, mean of 0.33) and flat to weakly enriched 

HREE trends consistent with the other Moly Brook-Grey River leucogranite patterns 

(Fig. 7.9B-C). The weak enrichment of HREE (e.g. Tb to Er; Fig. 7.9D) may reflect the 

presence of accessory garnet in the stock, the generally compatible nature of HREE with 

increasing fractionation (Miller & Mitlefehldt 1982), or residual alkali-silica alteration 

associated with Cl-, F- or CO2-bearing mesothermal brines (Corey & Chatterjee 1990; 

Samson & Wood 2005, Migdisov et al. 2016). 

 

 

Figure 7.10. Normalized REE ratio bivariate plots for Moly Brook host rock (Burgeo Intrusive Suite 

[BIS] units), Moly Brook microgranite (deposit proximal) and Grey River Point Granite (deposit distal) 

samples. Data points for a Grey River leucogranite dyke (W mineralization-proximal) and the BIS 

megacrystic granitoid are from Higgins (1985). A. Plot of LaN/YbN versus (Eu/Eu*)N illustrating the sign 

and magnitude of the Eu anomaly relative to LREE/HREE fractionation trend. LaN/YbN is presented since 

Lu was not analysed by Higgins (1985). B. Plot of LaN/YbN versus GdN/YbN illustrating bulk HREE 

enrichment (using GdN/YbN; cf. Hollings & Wyman 2005) relative to LREE/HREE fractionation trend. 

Granitoid fractionation and alteration trends are inferred. 
 

Figure 7.10A-B further illustrates this distinction between the REE characteristics 

of Moly Brook-Grey River leucogranites and the (older) granitoid wall rocks at the 

Moly Brook deposit. Using LaN/YbN and (Eu/Eu*)N as proxies for melt fractionation (or 

degree of partial melting), the leucogranites cluster close to LaN/YbN = 1 and display 

strong negative Eu anomalies ((Eu/Eu*)N < c. 0.5) consistent with their evolved 

character (see Kerr et al. 1993a). In contrast, BIS units display a wider range of 

LaN/YbN values (c. 4 - 13) and have weaker negative Eu anomalies (c. 0.6 – 0.9; see 

Higgins 1985). Additionally, lower LaN/YbN and GdN/YbN values for the leucogranites 
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place them at the end of an inferred fractionation trend defined by the BIS units (Fig. 

7.10B). Thus, although a genetic connection between the leucogranite bodies and BIS 

granitic rocks is not recognised (e.g. Higgins et al. 1990), primary petrological factors 

can account for the observed REE variations between these units, while the effects of 

modifying aqueous brines on the REE systematics may have played a minor modifying 

role, particularly for the leucogranites. 

 

Taken together, abundant K-feldspar and lesser plagioclase dominate the 

mineralogy of the Moly Brook-Grey River leucogranites (c. 55 to 68 modal %; Table 

7.2). Their bulk REEN patterns, however, do not fully conform to typical trends for K-

feldspar and plagioclase occurring in peraluminous granites (i.e. displaying relatively 

strong LREE-enrichment, moderate negative Eu anomalies; Fig. 7.9A-D; see Bea 

1996). This deviation suggests that REE-rich accessory minerals such as monazite, 

apatite, zircon, fluorite and possibly xenotime likely control the observed distribution 

patterns, particularly regarding LREE and HREE abundances (Fig. 7.10A-B). Variable 

apatite, monazite and possibly also feldspar abundances may also account for the 

observed Eu distributions. In contrast, minor biotite variation (c. 1 – 5 modal %) is not 

considered to have played a major role in the REE distributions, given the relatively low 

REE content of granite-hosted micas (Bea 1996; cf. Dostal & Chatterjee 1995). 

 

The effects of REE remobilisation are most apparent for the GRPG and suggest 

sub-solidus, alkali-silica metasomatism played a role in the observed REE distributions 

(Figs. 7.9 & 7.10). Numerous REE deposit and experimental investigations suggest Cl- 

and S-bearing aqueous brines are particularly efficient at transporting LREE during 

alkali and greisen alteration, especially when the residual (metasomatic) fluids have 

elevated temperatures (> c. 200° C; see for example Samson & Wood 2005, Migdisov 

et al. 2016). In contrast, HREE (and Y) are considered more stable compared to LREE, 

due to their lower fluid-mineral partition coefficients under magmatic-hydrothermal 

conditions (e.g. Lottermoser 1992, Reed et al. 2000), although increased F, P and CO2 

activity under oxidised conditions may increase the mobility of HREE (Samson & 

Wood 2005). 

 

For the GRPG (and some microgranite bodies at Moly Brook), LREE leaching by 

F-, Cl- and CO2-rich aqueous brines may account for the relatively low LaN/YbN values, 

while almandine-spessartine in the GRPG (a possible metasomatic by-product; see 
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Corey & Chatterjee 1990) also likely contributed to the observed LREE depletion and 

HREE enrichment (Fig. 7.10A-B). Given that the HREE and Eu systematics of the 

GRPG are similar to the ‘least disturbed’ microgranite REE values at Moly Brook (Figs. 

7.9B & 7.10B), these metals were evidently less remobilised by alkali ± silica 

metasomatism and suggest the REE systematics of the dykes are representative of their 

parental granitic magma (Fig. 7.9B-C). 

 

Higgins (1985) suggested residual fluorine- and carbonate-rich aqueous fluids 

were responsible for the HREE-rich signature of greisen-altered rocks occurring 

adjacent to wolframite-bearing quartz veins at the Grey River prospect. Likewise, a 

genetic link between spatially related leucogranite bodies and the W mineralized veins 

was proposed based on the HREE-enriched nature of the leucogranite and the altered 

wall rocks (Higgins 1980a, 1985). 

 

7.4.4 Metallogenic considerations 

From a metallogenic perspective, both the Moly Brook-Grey River and Granite 

Lake leucogranites have normative quartz, albite and orthoclase abundances consistent 

with high-silica alkali granites associated with Mo systems (Fig. 7.11A; see Mutschler 

et al. 1981). On the same Q-Ab-Or plot (Fig. 7.11A), their compositions mainly cluster 

between the 0.5kb/770° and 3kb/670° cotectic minima for water-saturated haplogranite 

melts (Tuttle & Bowen 1958), indicating a minimum range of pressure-temperature 

[PT] conditions based on equilibrium, closed-system crystallization (see Dickson et al. 

1996, p. 121). These PT constraints, although not directly applicable to halogen-bearing 

natural granitic melts (see Clarke 1992, p. 133) place their intrusion at a relatively 

shallow crustal level (c. 2 to 10 km lithostatic equivalent) consistent with emplacement 

depths associated with metalliferous granitic intrusions (Baker 2002, Seedorf et al. 

2005). 

 

Moly Brook microgranite dykes and the GRPG have Mo*10/Cu values that are 

one to two orders of magnitude higher than the estimated range for the continental crust 

(c. 0.2 to 0.4 for the lower to upper portions, respectively; Fig. 7.11B; Rudnick & Gao 

2014). Such ratios may be explained by the evolved nature of the leucogranites (Blevin 

& Chappell 1995) and/or their proximity to hydrothermal Mo-Cu-(W) mineralization 

and associated alteration (Keith et al. 1993). Regarding the latter point, the higher 

Mo/Cu ratios for the deposit-proximal dykes (mean of 21.0, n = 6) compared to the 
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somewhat distal GRPG (mean of 1.5, n = 2) suggests hydrothermal overprinting 

contributed to the Mo/Cu enrichment. Thus, the granite Mo/Cu values partly reflect 

hydrothermal contamination (e.g. overprinting sulfides, micro-veining) and/or late-stage 

fluid-melt partitioning (e.g. Seo et al. 2012, Lerchbaumer & Audétat 2013), and thus do 

not necessarily or accurately reflect the true Mo/Cu signature of the parental felsic 

magma (see Keith et al. 1993). 

 

An overprinting enrichment effect is also supported by Mo/Cu values for BIS wall 

rock granite at Moly Brook (mean of 8.2, n = 4), which broadly overlap with those for 

the younger leucogranites (Fig. 7.11B). In comparison, two BIS granitoid units adjacent 

to the Moly Brook deposit (units SBk and SBp of Dickson et al. 1996, respectively) have 

much lower average Mo/Cu values of 0.3 and 0.5, which are more comparable with the 

average upper continental crust ratio (0.4; Rudnick & Gao 2014). The mean Mo content 

of the BIS (3 ± 2 ppm; Dickson et al. 1996) is also lower than that typically found in 

within-plate granitoids associated with Mo mineralization (c. 7 – 16 ppm; Lerchbaumer 

& Audétat 2013). Thus, the host batholith was not particularly enriched in Mo, 

suggesting this metal and possibly other elements in the system were derived from a 

more fertile and possibly deeper source, or were concentrated by late-stage 

hydrothermal processes (see below, and also Keith et al. 1998a, Lerchbaumer & 

Audétat 2013). 

 

Notwithstanding potential local hydrothermal enrichment effects, Mo/Cu ratios 

for the Moly Brook-Grey River leucogranites are broadly comparable with those for the 

most evolved parts of the barren François Granite (mean of 14.6, n = 19; see Dickson et 

al. 1996) and other non-mineralized Middle to Late Devonian granitoids [MLDGs] in 

southern Newfoundland (mean of 9.7, n = 212; ratio derived from Dickson & Kerr 

2007; Fig. 7.11B). This compositional overlap indicates both metalliferous and barren 

MLDGs have broadly comparable Mo/Cu ratios in Newfoundland. Thus, melt-forming 

conditions (e.g. nature of the source, mode of magma generation) and/or magmatic 

evolutionary processes (e.g. fractionation ± assimilation) provided the optimum 

mechanisms to yield residual felsic magmas enriched in Mo and other incompatible 

elements (e.g. Rb, Th, U, Ta, W; see Fig. 7.8A-B). Such ‘Mo-specialized’ magmas 

would have been predisposed to Mo-W-Cu mineralization provided other geological 

factors locally combined to facilitate its development (Richards 2013). Blevin & 

Chapell (1995) have highlighted the geochemical overlap between barren and W-Sn ± 
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Mo mineralized granitoids in the Lachlan Fold Belt (southeast Australia), but stressed 

local factors, in addition to magma compositions, are key to producing granite-related 

mineral deposits (e.g. fluid-melt and fluid-mineral partitioning, bulk fluid composition, 

structural controls). 

 

Figure 7.11. Metallogeny-related plots for Moly Brook-Grey River and Granite Lake leucogranites. A. 

Normative quartz-albite-orthoclase plot for granite-molybdenum systems (after Mutschler et al. 1981). 

Moly Brook and Grey River Point granite data points are based on modal % estimates using graphical 

charts and point counting. Other data points are based on norm values (Mielke & Winkler 1979). 

Cotectic minima lines for different H2O vapour pressures (in kilobars), eutectic points and temperatures 

are from Tuttle & Bowen (1958). Plotted symbols are used in the other plots. Q = quartz, Ab = albite, Or 

= orthoclase, WMG = Wolf Mt granite. B. (Mo*10)/Cu versus SiO2 plot (after Blevin & Chappell 1995). 

Comparative (Mo*10)/Cu data ranges also shown are; non-mineralized Middle to Late Devonian 

granitoids [MLDGs] in Newfoundland (data from Dickson & Kerr 2007), the barren François Granite, 

Newfoundland (Dickson et al. 1996), Devonian granites associated with the Mt Pleasant and East 

Kemptville deposits, eastern Canada (Kooiman et al. 1986, Richardson et al. 1990), the mineralized 

Boggy Plain Supersuite, Lachlan Fold Belt, Australia (Blevin & Chappell 1995), and the lower to upper 

continental crust (Rudnick & Gao 2014). C. P2O5 versus SiO2 plot (after Černý et al. 2005). Dashed lines 

are approximate subdivisions. Comparative field for leucogranite dykes at the Grey River prospect 

(Higgins 1980a) and the barren François Granite (Dickson et al. 1996) also shown. D. Nb/Ta versus 

Zr/Hf discrimination plot (after Ballouard et al. 2016) for barren and different types of mineralized 

peraluminous granites. 
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Positive correlations between increasing Mo/Cu and SiO2 values broadly reflect 

the incompatible behaviour of Mo and other trace elements during magma 

differentiation (e.g. Keppler & Wyllie 1991). This incompatability is illustrated in Fig. 

7.11B by the range of Mo/Cu and SiO2 values for the Boggy Plain Supersuite [BPS], a 

composite mafic to felsic I-type batholith in the central Lachlan Fold Belt (Wyborn et 

al. 1987; see also Blevin & Chappell 1995). In this suite, intermediate dioritic intrusions 

associated with Cu mineralization have relatively low Mo/Cu values, whereas high-

silica granites associated with W-Mo mineralization have the highest ratios. Overlap 

between Moly Brook-Grey River leucogranite Mo/Cu values and those for the evolved 

BPS phases suggests the former intrusions could represent fractionated end-members of 

a magmatic differentiation process more associated with larger, composite intrusive 

suites. 

 

Although the volumetrically minor leucogranites at Moly Brook-Grey River lack 

significant compositional variability (Figs. 7.6 & 7.8), their derivation as part of an 

inferred comagmatic suite is partly supported by the petrologically varied and 

compositionally zoned character of other MLDG plutons in Newfoundland (e.g. the 

granodioritic to alkali granite phases within the Ackley and François granites; Dickson 

1983, Dickson et al. 1996). Likewise, geochemical trends for individual MLDGs (e.g. 

Tuach et al. 1986, Dickson et al. 1996) and regional compositional variation patterns for 

the suite as a whole (Kerr et al. 1993a, Kerr 1997) suggest that progressive magmatic 

differentiation, from intermediate (metaluminous) to residual felsic (peraluminous) 

compositions, was a key factor in producing evolved stocks, cupola zones and dyke 

systems. 

 

Mo/Cu values for the Moly Brook-Grey River leucogranites overlap with those 

for granitic rocks at the Granite Lake Mo-W-Cu prospect, although late-stage aplitic 

dykes at Granite Lake have lower Mo/Cu ratios (Fig. 7.11B). This general overlap, 

however, reflects the petrological and geochemical similarity of the granitic rocks in 

both areas (i.e. peraluminous alkali feldspar granites) and their spatial association with 

Mo-Cu ± W mineralization (Figs. 7.6 & 7.7). Although both systems likely represent 

temporally distinct mineralization events, their formation as part of a broader granitoid 

belt suggests crustal-scale tectonothermal processes were important in governing their 

petrological, geochemical and metallogenic character. 
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This notion of a regional ‘specialized’ granitoid suite is further emphasised by the 

overlap between Newfoundland leucogranite Mo/Cu values and those for Late 

Devonian granites at the Mt Pleasant W-Mo-Bi (New Brunswick) and East Kemptville 

Sn (Nova Scotia) deposits (Fig. 7.11B). This feature and other petrological and 

geochemical similarities (Fig. 7.8C and Table 3.5) reflect widespread emplacement of 

MLDGs and metallogenesis in the northern Appalachians, concomitant with Meguma-

Laurentia accretion (see Hibbard & Karabinos 2013). The somewhat lower Mo/Cu 

values for the East Kemptville leucogranites probably reflect their more reduced, S-type 

character, which tends to promote early magmatic sulfide saturation (Simon et al. 2008, 

Audétat et al. 2011), and/or intense greisen-type alteration and fluid-mineral partitioning 

(Halter et al. 1998). Thus, localised magmatic-hydrothermal variability due to inherent 

source rock differences (sedimentary versus igneous), degree of fractionation and/or 

fluid evolution (e.g. redox state, pH, S activity) produced deposit-scale differences in 

terms of granite composition (e.g. reduced versus oxidized), mineralization-alteration 

styles and metal endowment. 

 

First order, lithospheric-scale controls on Mo-W-Sn-bearing granitoids have been 

noted for other metallogenic provinces including the Colorado mineral belt and the 

Tasman fold belt (e.g. Sawka et al. 1990, Carten et al. 1993). Regarding the former, 

Pettke et al. (2010) proposed that subduction-related metasomatism during the 

Palaeoproterozoic produced a fertile, volatile-rich lithospheric mantle beneath Colorado. 

Subsequent Eocene-Oligocene rifting and concomitant asthenospheric upwelling 

induced small-degree partial melting of this enriched lithospheric mantle, yielding felsic 

magmas and other remobilised ore-forming components (e.g. Mo). Favourable 

structures (reactivated suture zones) then channelled the ore-forming magmatic and 

volatile components into the upper crust. Likewise, Wallace (1995) highlighted the 

spatial overlap between zones of anomalous fluorine in the North American crust and 

Climax-style Mo ± W mineralization, and proposed a mantle control for this 

enrichment. 

 

Based on the classification scheme of Černý et al. (2005), the Moly Brook 

microgranite dykes and Grey River Point granite have compositions indicative of low 

phosphorous (< 0.1 wt %) peraluminous granitoids associated with disseminated, rare 

metal mineralization and related greisenization (e.g. Nb, Ta, Sn ± W deposits; Fig. 

7.11C). Such intrusions are considered to be derived from highly fractionated, volatile-
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rich melts emplaced at shallow crustal levels, typically in the interior of continental 

collisional orogens (i.e. post-collisional, intracontinental melts; see Sato 2012). 

Similarly, granitic rocks from the Granite Lake Mo-W-Cu prospect have mainly low 

phosphorous peraluminous characteristics, although aplitic dykes have a more 

intermediate character consistent with their higher average P2O5 concentrations (Fig. 

7.11C; Table 7.3). Leucogranite dykes associated with the Grey River tungsten prospect 

(Higgins 1980a) and the most evolved components of the François Granite also fall 

within the low phosphorous field and thus overlap with the Moly Brook and Granite 

Lake granites (Fig. 7.11C). Taylor (1992) suggested low-P topaz-bearing granites in 

New Brunswick were derived from a dominantly meta-igneous source, whereas granites 

with higher P contents (> 0.4 wt %) are more indicative of a metasedimentary source. 

 

On a Nb/Ta versus Zr/Hf plot (Ballouard et al. 2016; Fig. 7.11D), Moly Brook 

microgranite dykes have HFSE ratios that partly overlap those indicative of rare metal-

bearing peraluminous granites (i.e. Nb/Ta < 5 and Zr/Hf < 25). Along with the GRPG 

and BIS samples, they form a decreasing geochemical trend that reflects the combined 

effects of magmatic differentiation, late-stage fluid exsolution and alteration. The host 

granite and aplite dyke samples from the Granite Lake Mo-W-Cu prospect also display 

broadly similar geochemical characteristics, although several samples plot within the 

field representing peraluminous (S-type?) granites associated with Sn-W-U 

mineralization (i.e. Nb/Ta < 5 and Zr/Hf > 25; Fig. 7.11D). Overall, these signatures 

indicate progressive Nb and Zr depletion in the evolved parental magmas, possible 

HFSE mobilization by F- ± Cl-rich fluids, and local increases in secondary muscovite 

abundances (i.e. phyllic or greisen-style alteration; see Dostal & Chatterjee 2000, 

Ballouard et al. 2016). 

 

Although the peraluminous ‘low phosphorous’ designation (Černý et al. 2005) 

suggests Moly Brook-Grey River leucogranites are relatively depleted in volatile 

elements compared to granites associated with other mineralizing systems (e.g. Sn ± Li 

± U ± REE mineralization associated with S-type granites), the presence of apatite and 

monazite in Moly Brook microgranite dykes, and fluorite in aplite ± sulfide and fluorite-

muscovite (greisen) veins suggests a melt-fluid system saturated in P, F and possibly 

other volatile species (Figs. 3.10 & 7.3). These fluxing components (along with Cl, B ± 

Li) lower the solidus of silicic melts, increase H2O and CO2 solubility, lower the melt 

viscosity (via depolymerisation; Pirajno 2009, p. 86), increase fluid-melt and vapour-
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melt partitioning for certain elements (e.g. Cu, Mo, U; see Candela & Piccoli 1995) and 

facilitate sustained magma fractionation (e.g. London 1995, Webster 1997, Bartels et al. 

2011). Combined, these processes can result in the enrichment of incompatible metallic 

and volatile elements in a residual magma and lead to the formation of a late-stage 

supercritical fluid that may exsolve to produce a mineralizing magmatic-hydrothermal 

system (e.g. Burnham & Ohmoto 1980, Hedenquist & Lowenstern 1994, Candela & 

Piccoli 2005). Regarding Mo and W solubility in granitic magmas, the former is not 

affected by elevated F contents (Tingle & Fenn 1984), whereas the latter correlates 

positively with increasing P abundance (Manning & Henderson 1984; see also London 

2005). 

 

For Moly Brook microgranite dykes, F and P2O5 concentrations range from 0.06 

to 0.08 wt % (mean of 0.07 wt %) and 0.02 to 0.05 wt % (mean of 0.03 wt %), 

respectively. Concentrations in the Grey River Point granite (distal to the Mo-Cu 

deposit) are somewhat lower ranging from 0.01 to 0.02 wt % for F (mean of 0.01 wt %) 

and 0.005 to 0.01 wt % for P2O5 (mean of 0.007 wt %; see Table A2.2). These data are 

broadly consistent with F and P2O5 abundances of 0.002 to 0.016 wt % (mean of 0.005 

wt %) and 0.01 to 0.22 wt % (mean of 0.04 wt %), respectively, reported for 

leucogranite dykes from the Grey River tungsten prospect (Higgins 1980a). 

 

Granitic wall rocks at Moly Brook (i.e. Burgeo Intrusive Suite [BIS] granite 

lithofacies) contain F and P2O5 concentrations ranging from 0.06 to 0.08 wt % (mean of 

0.07 wt %) and 0.05 to 0.07 wt % (mean of 0.06 wt %), respectively, similar to the 

abundances recorded in microgranite dykes (Fig. 7.11A). Dickson et al. (1996) reported 

average F and P2O5 values of 0.03 wt % and 0.09 wt %, respectively, for BIS subunit 

SBm (equigranular biotite-muscovite granite) which is petrologically similar to the 

granite wall rock zones at Moly Brook (see Section 3.3). The marginally higher F 

content of the granite at Moly Brook (compared to subunit SBm) likely reflects 

overprinting alteration effects, and also the presence of fluorite-bearing microfractures 

or veinlets. 

 

Compared to the Moly Brook-Grey River leucogranites, the F and P2O5 contents 

of granitic rocks at the Granite Lake Mo-W-Cu prospect are marginally higher (Table 

7.3). In the host intrusion (Wolf Mt Granite) F and P2O5 values range from 0.12 to 0.34 

wt % (mean of 0.21 wt %) and 0.05 to 0.09 wt. % (mean of 0.08 wt %), respectively. 
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Minor aplitic dykes associated with quartz-molybdenite veins and greisen alteration 

contain c. 0.09 wt % F (based on a single analysis) and P2O5 contents from 0.12 to 0.22 

wt % (mean of 0.18 wt %; see Tuach 1996). These data are consistent with the 

somewhat more evolved, peraluminous nature of these rocks and their relative 

enrichment in other incompatible elements (e.g. Rb, Ta, Sn; see Figs. 7.7 & 7.8). 

 

Considering the Moly Brook-Grey River and Granite Lake leucogranites together 

(to facilitate broader compositional trends), F and P concentrations are positively 

correlated (Fig. 7.12A), suggesting coupled behaviour and enrichment of these 

particular elements in their respective parental magmas (Richardson et al. 1990). Using 

P2O5 as a proxy for volatile enrichment in the granitic melts (see Watson & Capobianco 

1981, London 1992), scattered positive correlations with Rb and Ta (Fig. 7.12B & E) 

and negative correlations with Ba, Sr and Eu (Fig. 7.12B-F) indicate P abundances 

(along with F, K and Na) increased as a result of extended magma differentiation (e.g. 

plagioclase ± K-feldspar fractionation; see Blevin & Chappell 1995). Enrichment of P 

may have been enhanced by low Ca availability (due to a predominently evolved/felsic 

composition), thus suppressing apatite crystallisation (Sawka et al. 1990). 

Consequently, apatite and Al solubility in the residual melts likely increased, promoting 

an overall trend toward more peraluminous, ‘S-type’ rock compositions (e.g. London 

1995), as exemplified by the aplite dykes at Granite Lake (Fig. 7.6C).  For the Grey 

River Point granite, the lower P2O5 contents and partly ‘off-trend’ scatter likely reflects 

the distal nature of this stock relative to both mineralized vein systems (Fig. 3.1), the 

higher abundance of secondary albite (giving lower Rb values, Fig. 7.12B), and/or P 

mobility during subsolidus alkali metasomatism (sericitization) and weathering (e.g. 

London 1992). 
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Figure 7.12. Bivariate plots of P versus other selected elements for leucogranites in the Moly Brook-Grey 

River and Granite Lake areas. A. P versus F. B. Rb versus P2O5. C. Ba versus P2O5. D. Sr versus P2O5. 

E. Ta versus P2O5. F. Eu versus P2O5. 
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Compositional correlations between F and other selected elements (e.g. Rb, Ba, 

Ta and Eu) do not display meaningful geochemical trends for the Moly Brook 

microgranite and Grey River Point granite samples (plots not shown). These non-

correlations may reflect the typically mobile nature of large ion lithophile elements (e.g. 

K, Na, Ba, Sr and Rb) during hydrothermal alteration (e.g. Hollings & Wyman 2005, 

Davies & Whitehead 2010), the relative abundance and types of F-bearing minerals in 

the granites (i.e. fluorite versus topaz; see London 1995), and/or sample contamination 

by alteration or veining. Furthermore, the relatively low concentrations of F in the 

granitic rocks at Moly Brook-Grey River (compared to other mineralized granite 

systems - see below) and the prevalence of fluorite in hydrothermal aplite-pegmatite and 

greisen veins indicate that preferential partitioning and removal of F (relative to P) by 

an exsolving supercritical fluid may have occurred during granite emplacement (cf. 

Manning & Pichavant 1988). 

 

In general, the F and P2O5 contents of the Moly Brook-Grey River and Granite 

Lake leucogranites are lower than that typically found in ‘specialized’ granites 

associated with Sn ± W ± rare metal mineralization in the Canadian Appalachians and 

elsewhere. For example, the c. 366 Ma Davis Lake Pluton in Nova Scotia (part of the 

South Mountain Batholith) hosts the East Kemptville Sn-(Zn-Cu-Ag) deposit (e.g. 

Halter et al 1998). A marginal topaz- and muscovite-bearing, peraluminous leucogranite 

therein contains average F and P2O5 concentrations of 1.09 and 0.29 wt %, respectively, 

and displays geological and geochemical features consistent with extended magma and 

late-stage fluid fractionation (Dostal & Chatterjee 1995). At the Mt Pleasant deposits in 

New Brunswick, a suite of c. 370 Ma high-silica, peraluminous granites are associated 

with early porphyry-style W-Mo-Bi and late-stage vein- and greisen-related Sn-rare 

metal mineralization (Kooiman et al. 1986, Samson 1990). Both fluorite and topaz form 

part of the mineralization and alteration assemblages. Although the P2O5 contents of the 

Mt Pleasant granites are similar to Moly Brook-Grey River leucogranite (mean of 0.02 

wt %; Kooiman et al. 1986), F abundances are conspicuously higher, ranging from c. 

0.36 to 1.20 wt % and illustrate their halogen-rich nature. Finally, evolved subunits of 

the c. 276 Ma Land’s End Pluton in the classic Saint Just tin mining district (Cornwall) 

also contain elevated F and P2O5 abundances (mean of 0.22 and 0.27 wt %, 

respectively; Müller et al. 2006) and also highlight the genetic link between evolved, 

volatile-rich S-type granites and hydrothermal Sn ± W ± rare metal mineralization (see 

Černý et al. 2005). 
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In contrast to the above examples, the F and P2O5 concentrations of Moly Brook-

Grey River leucogranites (0.01 to 0.08 and 0.01 to 0.05 wt %, respectively; Table 7.3) 

are more similar with those in the evolved southwest margin of the c. 378 Ma Ackley 

Granite, southeast Newfoundland (0.04 to 0.20 and 0.01 to 0.03 wt %, respectively; 

Tuach et al. 1986). This spatially restricted zone is associated with sub-economic Mo ± 

W and greisen-related Sn mineralization (e.g. Whalen 1983, Tuach et al. 1986). In New 

Brunswick, several Late Devonian evolved I-type granites are associated with minor W-

Mo ± Au mineralization and have comparable F and P2O5 contents to the Moly Brook-

Grey River leucogranites (0.08 to 0.20 and 0.01 to 0.07 wt %, respectively; Yang et al. 

2008). Finally, leucogranite P2O5 abundances at Moly Brook-Grey River overlap with 

those for classic southeast Australian I-type granites associated with Mo-W ± Cu ± Sn 

mineralization (c. 0.02 - 0.21 wt. %; Blevin & Chappell 1995), while the higher F 

contents recorded at the Granite Lake prospect (up to 0.34 wt %) overlap with the 

minimum value of 0.1 wt % F assigned to ‘fluorine-rich’ granites and rhyolites 

associated with Climax-type Mo deposits (see Keith et al. 1993). 
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7.5 Whole-rock Sm-Nd isotope results 

7.5.1 Initial ɛNd and Nd-TDM results 

Table 7.4 lists the results of whole-rock Sm-Nd analysis for five microgranite 

dykes at the Moly Brook deposit and three samples recovered from the Grey River 

Point granite [GRPG] (deposit distal). In addition, results for three samples from the 

Wolf Mountain Granite hosting the Granite Lake Mo-W-Cu prospect are also provided. 

 

Table 7.4.Whole rock Sm-Nd isotopic results           

Sample & unit 
Age 
(Ma) 

Sm 
(ppm) 

Nd 
(ppm) Sm/Nd 147Sm/144Nd 143Nd/144Nd ɛNd (i) 

TDM  
(Ga) 

         Moly Brook 

        microgranite 

        MB14-8-399.85 

380 

2.872 11.086 0.26 0.1566 (2) 0.512475 (6) -1.2 1.49 

MB14-10-379.25 2.240 8.959 0.25 0.1512 (2) 0.512440 (5) -1.7 1.45 

MB18-1-497.50 2.894 13.030 0.22 0.1343 (2) 0.512442 (7) -0.7 1.15 

MB20-4-427.70 2.400 11.156 0.22 0.1301 (2) 0.512382 (5) -1.8 1.19 

MB20-8-469.05 4.357 10.702 0.41 0.2461 (2) 0.512670 (7) -1.7 n.d. 

         GRPG 

        GRD08-3 

380 

1.299 1.788 0.73 0.4390 (2) 0.513230 (7) -0.6 n.d. 

GRP08-1 1.433 2.751 0.52 0.3149 (2) 0.512838 (7) -1.8 n.d. 

GRP08-2 1.595 2.535 0.63 0.3805 (2) 0.513070 (7) -0.9 n.d. 

         Granite Lake 

        leucogranite 

        GL23-7-185.48 

387 

1.760 7.848 0.22 0.1356 (2) 0.512382 (5) -2.0 1.29 

GL53-12-84.05 1.647 6.819 0.24 0.1460 (2) 0.512368 (5) -2.6 1.50 

GL53-13-182.28 2.135 9.579 0.22 0.1348 (2) 0.512389 (5) -1.7 1.25 

  

 

              

Notes: Last 4 or 5 digits for Moly Brook and Granite Lake samples is sample depth (in metres) down drill hole 

Numbers in parentheses in 147Sm/144Nd and 143Nd/144Nd columns are 2σ uncertainty of the last digit 

n.d. = not determined due to elevated 147Sm/144Nd values (> 0.19 threshold), ɛNd (i) = initial ɛNd value at formation 

age, TDM = depleted mantle model age 

 

For the Moly Brook dykes, ɛNd(380 Ma) values range from -0.7 to -1.8 (n = 5), 

with four samples falling within a relatively narrow range of -1.2 to -1.8. Corresponding 

depleted mantle model ages (TDM), based on a single-stage evolution path (DePaolo et 

al. 1991), range from 1.15 to 1.49 Ga (mean of 1.32 Ga; n = 4). For the GRPG samples, 

ɛNd(380 Ma) values range from -0.6 to -1.8 (n = 3). These data are marginally less 

negative than the microgranites, although both units overlap at the lower range (-0.9 and 

-1.8) and are thus broadly comparable. Model ages for the GRPG samples were not 

determined due to their high Sm/Nd (> 0.26) and 147Sm/144Nd ratios (Table 7.4; see 

below). Finally, three samples from the Granite Lake prospect (Wolf Mountain granite) 
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have ɛNd(387 Ma) values ranging from -1.7 to -2.6. These data are marginally more 

negative than the Moly Brook-Grey River leucogranites, although they overlap with the 

least negative Granite Lake value (-1.7). Corresponding TDM ages fall between 1.25 and 

1.50 Ga (mean of 1.35 Ga; n = 3) and partly overlap with the TDM ages for the Moly 

Brook microgranite samples. 

 

In general, the Sm-Nd isotopic results are consistent with parental magmas 

derived from protoliths with relatively long crustal residence times (as typified by older 

continental crust; e.g. Murphy & Nance 2002). However, their somewhat weakly 

negative initial ɛNd range (-0.6 to -2.6) suggests that isotopically juvenile (immature) 

source components may also have been involved in magma formation. Potential 

juvenile sources include Neoproterozoic to Ordovician amphibolitic rocks in the lower 

to upper crust, or Devonian mafic magmas derived from the sub-continental lithospheric 

mantle. 

 

7.5.2 Sm-Nd systematics and subsolidus modifications 

A closer assessment of the Sm-Nd results indicates that several samples were 

affected by open system disturbance of the isotopic systematics, consistent with their 

rare earth element distribution patterns (Fig. 7.13; see also Figs. 7.10 & 7.11). 

Specifically, the albite ± silica-altered GRPG samples and one alkali + carbonate-altered 

Moly Brook dyke (sample MB20-8-469.05) have elevated 147Sm/144Nd ratios relative to 

the other leucogranites (Fig. 7.13A-B). These higher 147Sm/144Nd values are consistent 

with their high Sm/Nd ratios (0.41 to 0.73; Table 7.4) which has resulted in a ‘false 

enrichment’ of the parent 147Sm isotope, thus yielding high 143Nd/144Nd values also 

(Table 7.4). In contrast, less disturbed (altered) leucogranites at Moly Brook and 

Granite Lake have Sm/Nd values ranging from 0.22 to 0.26 (Table 7.4) which overlap 

with the Sm/Nd range for other Late Devonian granites in eastern Newfoundland 

(typically c. 0.17 to 0.25; see Kerr et al. 1995, D’Lemos & Holdsworth 1995). 

 

The lower (Rb+Ta)/Sr and LaN/SmN values for the disturbed samples (with 

equivalent higher 147Sm/144Nd ratios) likely reflects the activity of metasomatic fluids 

associated with albitization and K-feldspar destruction (Fig. 7.13A-B; see also Figs. 

7.10 & 7.11). Additionally, the positive correlation between increasing 147Sm/144Nd and 

Sr/P suggests accessory mineral dissolution (i.e. loss of phosphate) accompanied 

albitization, leading to the preferential leaching of Nd relative to Sm to produce the high 
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Sm/Nd values (Fig. 7.13C). Furthermore, the presence of metasomatic garnet in the 

GRPG samples may partly account for the increased Sm/Nd and 147Sm/144Nd values 

(see Fig. 7.5C-D). 

 

 

Figure 7.13. Plots showing Sm-Nd isotopic systematics for Moly Brook-Grey River and Granite Lake 

leucogranites. Symbols in A are used in the other plots. A.147Sm/144Nd versus (Rb+Ta)/Sr. GRPG = Grey 

River Point granite, WMG = Wolf Mountain granite. B. 147Sm/144Nd versus LaN/SmN. C. 147Sm/144Nd 

versus Sr/P. D. Initial ɛNd(380Ma) versus measured 143Nd/144Nd (i.e., present day ratio). For means of 

comparison, ɛNd for all rocks are shown at t = 380 Ma. Shaded range for south coast Newfoundland, 

Middle to Late Devonian granitoids [MLDGs] is based data in Kerr et al. (1995), with ɛNd recalculated 

to t = 380 Ma. 
 

The more altered leucogranites also yield high 143Nd/144Nd values (consistent with 

high 147Sm/144Nd) that clearly reflect post-crystallisation changes in Sm and Nd 

abundances, and disturbance of the isotopic systematics (Fig. 7.13D). However, the 
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projected ɛNd(380 Ma) values for these samples overlap with those of the less altered 

leucogranites (-0.7 to -2.8) as well as other MLDGs occurring in the Ganderian domain 

of southern Newfoundland (c. +0.1 to -3.0; Fig. 7.13D). Thus, although metasomatism 

modified the REE and isotopic systematics producing a wide range of 143Nd/144Nd 

ratios, the weakly negative initial ɛNd values can be considered realistically 

representative when projected back to a Late Devonian formational age. 

 

7.5.3 Comparisons with other Late Devonian granitoid signatures 

Overall, the initial ɛNd values for the Moly Brook-Grey River and Granite Lake 

leucogranites are similar to initial ɛNd values determined for other Middle to Late 

Devonian granitoids [MLDGs] in eastern Newfoundland, particularly those intruding 

the Ganderian lithotectonic domain. For example, both Kerr et al. (1995) and D’Lemos 

& Holdsworth (1995) reported initial ɛNd values of between c. -0.2 and -4.3 for several 

Ganderian-hosted MLDGs, including the Deadman’s Bay, Middle Brook and François 

granites. Of this suite, granites in the northeast intruding Cambro-Ordovician 

metasedimentary successions (e.g. Gander Group) tend to be more isotopically negative 

(e.g. c. 390 Ma Deadman’s Bay granite), whereas the south coast granites intruding arc-

related meta-igneous rocks (and lacking extensive metasedimentary cover sequences) 

are generally less negative (e.g. c. 378 Ma François Granite). This similarity suggests 

melt contamination by metasupracrustal rocks was spatially restricted and that such 

rocks were not a major source of the felsic magmas. 

 

In contrast to the Ganderian-hosted granites, MLDGs intruding the Avalonian 

domain in easternmost Newfoundland typically exhibit positive initial ɛNd values 

ranging from c. +1.0 to +3.8 (Fryer et al. 1992, Kerr et al. 1995). Examples include the 

eastern part of the Ackley batholith (Tolt and Hungry Grove phases) and also the 

Belleoram and St Lawrence granites. These signatures likely reflect parental magmas 

derived from, or that interacted with, more juvenile (light rare earth element-depleted) 

source material (see Murphy et al. 2008). 

 

Exceptions to this Nd isotopic dichotomy are known however, and include the 

Avalonian-hosted Terra Nova granite (ɛNd(384 Ma) = -4.6) and part of the Ganderian-

hosted Newport granite (ɛNd(385 Ma) = +0.8; see Kerr et al. 1995). Both of these 

intrusions are located immediately adjacent the Dover-Hermitage Bay fault [DHBF] 

zone which suggests this terrane boundary is more diffuse or ‘intermingled’ at depth, or 
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has a listric form (see Whalen et al. 1996a). Thus, isotopically ‘exotic’ source blocks 

may have been structurally transposed along the DHBF zone and into opposing crustal 

domains during Devonian wrench-style deformation (Samson et al. 2000, Hibbard & 

Waldron 2009, Kellett et al. 2016). Alternatively, granitic melts with Nd isotopic 

characteristics from one domain may have locally migrated away from their source and 

been emplaced into the adjacent domain via the reactivated and anastomising DHBF 

zone (D’Lemos et al. 1997). A third possibility is that mutual contamination of 

Avalonian and Ganderian melt batches (from interleaved source rocks) produced the 

observed anomalous ɛNd signatures, although this seems less likely for the isotopically 

mature Terra Nova granite (cf. Whalen et al. 1996a). 

 

Despite these outlier granites, the relatively distinct Nd isotopic contrast between 

Ganderian and Avalonian MLDGs (with negative and positive initial ɛNd values, 

respectively) clearly reflects fundamental differences between their source rocks in 

terms of tectonic setting, age, rock type, geochemistry, and the number of potential 

contributing components to their parental magmas (e.g. Kerr et al. 1995, D’Lemos & 

Holdworth 1995; see also Whalen et al. 1996a). In this context, a first-order assessment 

of the mildly negative initial ɛNd signatures for the investigated leucogranites (c. -0.6 to 

-2.6; Table 7.5) suggests precursor melts mainly formed from and within Ganderian 

source rocks. 

 

Overall, the leucogranite initial ɛNd values and corresponding TDM-Nd model ages 

correspond very closely with the Nd isotopic signatures, distribution patterns and crustal 

residence ages recorded by analogous MLDGs in the Ganderian and Avalonian domains 

of Nova Scotia (Clarke et al. 1988, Barr & Hegner 1992, Moran et al. 2007) and New 

Brunswick (Whalen et al. 1994, Whalen et al. 1996a, 1996b, Samson et al. 2000). The 

orogen-parallel consistency of these signatures suggests fundamental regional-scale 

tectonothermal and lithospheric architectural controls on Devonian granite petrogenesis 

in terms of magma composition, intrusion volume and emplacement locations. The new 

Sm-Nd isotopic data presented herein also reaffirm lithotectonic correlations between 

the Grey River-Hermitage Flexure area and Ganderian terranes in Nova Scotia and New 

Brunswick (Bras d’Or and Brookville, respectively), as identified using geological, 

geochemical and geophysical criteria (e.g. van Staal et al. 1996, Barr et al. 1998, Rogers 

et al. 2006, Barr et al. 2014b).  
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7.6 A petrogenetic model for Moly Brook-Grey River leucogranites 

Current tectonic reconstructions of the Newfoundland Appalachians for the 

Eifelian to the beginning of the Famennian (c. 393 – 372 Ma) emphasise a transition 

from late-stage Avalonian-Laurentian collision (terminal Acadian orogeny) to 

transcurrent, realignment-style tectonics associated with far-field Meguma-Laurentia 

accretion (Neoacadian orogeny; e.g. Hibbard & Waldron 2009, van Staal et al. 2009, 

van Staal & Barr 2012, Hibbard & Karabinos 2013). During this period, a major 

magmatic ‘flare-up’ also occurred, producing a broad, curvilinear granitoid belt 

preferentially exposed along the Ganderian-Avalonian suture in Newfoundland (e.g. 

Kerr 1997, van Staal et al. 2009, Kellett et al. 2014; see also Hibbard & Karabinos 

2013). It is within this late- to post-collisional context (with respect to the Acadian 

orogeny in Newfoundland – oblique collision was ongoing in Nova Scotia-New 

Brunswick) that granitic plutons in the south coast-Hermitage Flexure area were 

emplaced, including the leucogranites at Moly Brook-Grey River. 

 

7.6.1 Geochemical signatures and tectonic environment 

Bivariate-type tectonic discrimination diagrams applicable to granitoids (e.g. 

Pearce et al. 1984, Whalen et al. 1987, Sylvester 1989) are routinely used to test 

petrogenetic hypotheses, summarise major and trace element systematics, and support 

other geological, geochemical and geochronological information for a given pluton or 

intrusive suite (e.g. Whalen et al. 2006, Moran et al. 2007, van Staal et al. 2009). Many 

workers have noted, however, the limitations of these plots when applied to high-silica 

granites formed in late- and post-collisional settings (e.g. Sylvester 1989, Currie 1995, 

Pearce 1996, Whalen et al. 1996a, 1996b). In such cases, granite data points tend to 

ambiguously cluster between several tectonic fields. Likewise, data distribution may 

indirectly discriminate the nature and setting of granite source rocks, as opposed to the 

intrusions themselves (see Roberts & Clemens 1993). Notwithstanding these 

reservations (see Verma et al. 2012), discrimination diagrams can provide a useful 

analytical framework for the characterisation and discussion of the petrogenetic traits of 

granites formed in late- to post-collisional settings (e.g. Barr & McDonald 1992, Kerr et 

al. 1993a, Moran et al. 2007, Yang et al. 2008, van Staal et al. 2009). 
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Figure 7.14. Tectonic discrimination diagrams for Moly Brook-Grey River and Granite Lake 

leucogranites. A. Discrimination plot of Sylvester (1989) for collisional granites. B & C. Granite 

discrimination plots of Pearce et al. (1984) and Pearce (1996), respectively. WPG = within plate granite, 

VAG = volcanic arc granite, syn-COLG = syn-collisional granite, post-COLG = post-collisional granite, 

ORG = ocean ridge granite. Dashed line in WPG field in B subdivides A-type granites into those with 

remnant plume (enriched mantle) and remnant arc (depleted mantle) signatures (after Eby 1992). Dashed 

red field for altered leucogranite dykes proximal to the Grey River tungsten prospect is based on data (n 

= 21) from Higgins (1980a). Grey field represents evolved units (DFg, DF and Dff) of the François 

Granite and is based on data (n = 19) listed in Dickson et al. (1996). 

 

Figure 7.14 shows three commonly used tectonic discrimination diagrams for 

granitic rocks with plotted data points for; (1) Moly Brook-Grey River leucogranites 

(microgranite dykes and the GRPG), (2) granitic wall rocks at Moly Brook (BIS granite 

unit), and (3) granitic rocks at the Granite Lake Mo-W-Cu prospect (host granite and 

aplitic dykes). Compositional fields for the evolved portions of the François Granite 
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(Table 7.3) and altered leucogranite dykes close to the Grey River tungsten prospect 

(Higgins 1980a) are also shown for comparison. 

 

On the Sylvester (1989) diagram, Moly Brook microgranite and GRPG samples 

mainly plot in the ‘highly fractionated’ field, reflecting high silica and low CaO 

abundances (Fig. 7.14A). Their subsolvus character (i.e. two feldspar-type mineralogy; 

Table 7.2), and other mineralogical and geochemical traits also indicate a ‘calc-alkaline, 

I-type’ affinity (Fig. 7.6). The vertical spread of these data in Fig. 7.13A is attributable 

to alteration and LILE mobility (Fig. 7.8). Granitic rocks from the Granite Lake 

prospect have similarly evolved ‘I-type’ signatures. Both the Moly Brook and Granite 

Lake leucogranites overlap with the fields for contemporaneous François Granite and 

Grey River leucogranite dykes (W mineralization proximal). The somewhat elongate 

spread of the latter field is also attributed to alkali metasomatism (see Higgins 1985). In 

contrast to the leucogranites, BIS wall rocks at Moly Brook clearly fall within the ‘calc-

alkaline granitoid’ field, reflecting an earlier (Early Devonian) and distinct geological 

history influenced by arc-related magmatism (e.g. Dickson et al. 1996). 

 

On the Nb versus Y diagram proposed by Pearce et al. (1984), Moly Brook 

microgranite and GRPG samples mainly plot in the ‘within-plate granite’ (WPG) field 

and straddle the boundary introduced by Eby (1992) for plume- and arc-modified 

within-plate environments (Fig. 7.14B). Both units overlap with the compositional 

fields for the François Granite and Grey River dykes. These patterns mimic the 

dominant WPG signatures of molybdenite-saturated granitic systems as evidenced by 

melt inclusion compositions (Audétat et al. 2011). Granite Lake samples mainly fall 

within the ‘volcanic arc + syn-collisional’ field close to the WPG boundary. BIS 

granitic rocks cluster within the same field but further from the WPG boundary due to 

lower concentrations of both Nb and Y (see Fig.7.9A). 

 

On the modified diagram of Pearce (1996), the Moly Brook samples plot between 

the ‘syn-collisional’ and ‘within-plate’ fields, and within the broad zone typical for 

‘post-collisional’ (PC) granites (Fig. 7.14C). GRPG samples straddle the VAG-WPG 

boundary, although they fall below the microgranites due to alteration effects (i.e. Rb 

mobility). Leucogranites from the Granite Lake prospect lie adjacent to the Moly Brook 

microgranites, but wholly within the syn-collisional field due to marginally higher Rb 

and lower Y abundances (Fig. 7.9C-D). Overall, the leucogranites more closely overlap 
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with the François Granite compositional field. Finally, BIS granitic rocks plot within the 

‘volcanic arc’ and ‘syn-collisional’ fields, similar to Fig. 7.14B. 

 

Overall, the discrimination plots emphasise the evolved geochemistry of the 

leucogranites, reflecting low abundances of ferromagnesian minerals (< 5 vol. %) and 

their general ‘minimum melt’ haplogranite character. These general features are typical 

for granites formed by crustal anatexis in late- to post-collisional orogenic settings (e.g. 

Pitcher 1993, Barbarin 1999, Bonin 2004). Moreover, the dominant collisional to 

intraplate signatures (Fig. 7.14B-C) correlate with the postulated regional tectonic 

regime for Newfoundland in the Late Devonian, when abundant silicic magmas were 

emplaced within a thickened orogen during a phase of translational deformation (e.g. 

van Staal et al. 2009, Kellett et al. 2016). The WPG character of some Moly Brook-

Grey River samples contrasts with the lack of such a signature for Neoacadian-related 

‘S-type’ granites within the Meguma terrane (Nova Scotia) indicating regional 

variations in terms of source areas and melt forming mechanisms. 

 

A fractionated I-type designation for the Moly Brook-Grey River leucogranites, as 

inferred from Figure 7.14A, is consistent with their subsolvus mineralogy, and biotite 

and magnetite forming the main hypogene mica and iron oxide phases, respectively 

(Blevin & Chappell 1995; Table 7.2). Likewise, their alumina saturation values (ASI = 

1.0 - 1.1; Fig. 7.6C), low P2O5 contents and other geochemical traits (e.g. relatively high 

Rb, Th, U, Y and HREE concentrations; Table 7.3) attest to their strongly evolved 

character and infracrustal origin. Low CaO/Na2O ratios (c. < 0.3) also suggest 

derivation within a relatively mature (less-juvenile) and/or more deeply-eroded crustal 

block (Sylvester 1998). The absence of primary aluminous phases such as muscovite, 

cordierite and tourmaline, combined with the geochemical features listed above, suggest 

less affinity with S-type or strongly peraluminous granites derived from 

metasedimentary protoliths (e.g. Sylvester 1998, Chappell 1999). 

 

In general, the leucogranite signatures mimic the most common source-related 

genetic type for MLDGs in Newfoundland (i.e. metaluminous to weakly peraluminous 

I-type), particularly for plutons in the south coast-Hermitage Flexure region (see Kerr et 

al. 1993a). Geographically localised S- and A-type varieties do occur however (e.g. 

Gander Lake and St Lawrence granites, respectively), while large intrusions tend to be 

compositionally zoned or heterogeneous (e.g. Ackley granite; Tuach et al. 1986). From 
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a regional perspective, this suggests parental felsic melts, while initiated as part of a 

common tectonothermal framework, were compositionally modified or ‘hybridized’ by 

local factors (e.g. interlayered source rocks, assimilation of metasupracrustal rocks, 

degree of fractionation) to produce a petrologically and compositionally varied granitoid 

suite. Development of a broadly west-to-east migratory magmatic front between c. 393 

and 372 Ma may also have enhanced Newfoundland MLDG diversification (see Section 

7.6.4 below). 

 

7.6.2 Source components 

Potential source rocks for the Moly Brook-Grey River leucogranites include: 

(1) Ganderian lower to middle continental crust (e.g. Grey River gneiss) 

(2) Ganderian upper continental crust (e.g. Gander Group metasiliciclastic 

rocks, northeast Newfoundland) 

(3) Avalonian lower to middle continental crust (e.g. Holyrood granitoid, east 

Newfoundland), 

(4) a light rare earth element [LREE]-enriched (plume- or delamination-related) 

asthenospheric mantle, 

(5) a LREE-enriched (subduction metasomatized) sub-continental lithospheric 

mantle or 

(6) some combination of (1) to (5) above. A direct contribution from LREE-

depleted oceanic crust or mantle more typical of mid-ocean ridge-type 

settings seems unlikely given the collided orogenic setting. 

 

The presently exposed pre-Eifelian (> c. 393 Ma) bedrock of the Ganderian and 

Avalonian domains have a broad range of initial ɛNd values reflecting differences in 

rock type, age and petrogenetic setting (Fig. 7.15). In the Ganderian domain for 

example, Cambrian Gander Group metasedimentary rocks and related paragneisses have 

strongly negative initial ɛNd values (c. -7 to -9) reflecting isotopically mature sediments 

mainly derived from Proterozoic peri-Gondwanan continental sources (Colman-Sadd et 

al. 1992; see also Barr et al. 2014a). In contrast, c. 511 Ma mafic metavolcanic rocks of 

the Tally Pond Group (central Newfoundland) and c. 480 Ma Hare Bay amphibolites 

(northeast Newfoundland) have positive initial ɛNd values (c. 0 to +3), consistent with 

arc-related juvenile magmatism (D’Lemos & Holdsworth 1995, Rogers et al. 2006). 

Older Cryogenian to Ediacaran ‘basement’ units on the south coast (e.g. Grey River and 

Cinq-Cerf gneisses) display moderately negative to positive ɛNd values (c. -1 to +2; 
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Kerr et al. 1995), while c. 563 Ma intermediate to felsic rocks in central Newfoundland 

(part of the Victoria Lake Supergroup) have distinctly negative initial ɛNd values (c. -1 

to -5; Rogers et al. 2006). These signatures reflect Neoproterozoic arc-type magmatism 

(i.e. mixed crust-mantle sources) that developed upon a Palaeo- to Mesoproterozoic 

continental substrate when Ganderia resided in the peri-Gondwanan realm (Pollock et 

al. 2012, Barr et al. 2014a). 

 

 

Figure 7.15. Initial ɛNd versus time plot for leucogranites at Moly Brook-Grey River (MB-GR) and 

Granite Lake (GL). For comparison, initial ɛNd values (some recalculated) and evolution fields for 

Ganderian and Avalonian rocks in Newfoundland are also shown (data from Kerr et al. 1995, D’Lemos 

& Holdsworth 1995, Rogers et al. 2006, and Murphy et al. 2008). Specific units discussed in the main text 

are labelled. Red vertical dashed lines represent the initiation of major orogenic events involving peri-

Gondwanan microcontinents (van Staal & Barr 2012). Depleted mantle (DM) evolution field is based on 

DePaolo (1981). Abbreviations: BIS = Burgeo Intrusive Suite, CHUR = chondrite uniform reservoir, 

MRG = Middle Ridge granite, NBGS = North Bay Granite Suite, NFL = Newfoundland, PC = post-

collisional, RIS = Roti Intrusive Suite, SC = syn-collisional. 
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During the Cryogenian to Devonian, the Nd isotopic evolution of Ganderia 

produced a heterogeneous isotopic reservoir with the potential to impart a broad range 

of ɛNd values if reworked by progressively younger crust-forming events (see Nd 

evolutionary ‘envelope’ in Fig. 7.15). By c. 395 Ma, at the initiation of abundant post-

Acadian (Neoacadian) intermediate to felsic magmatism in Newfoundland, Ganderian 

domain ɛNd values encompassed a broad range from c. -9.3 to +1.7 (Fig. 7.15). In 

contrast, the Nd isotopic evolution of the Avalonian domain formed a more isotopically 

conservative and distinctly juvenile block, which by c. 395 Ma had ɛNd values ranging 

from c. -1.6 to +5.5 (Fig. 7.15; see also Hibbard et al. 2007). Thus, Devonian re-melting 

of these continental domains (with or without mantle melt input) had the potential to 

yield granitoids with markedly contrasting inherited Nd isotopic compositions. 

 

For the Moly Brook-Grey River leucogranites, their age and initial ɛNd values 

place them within the Nd evolutionary envelope of the Ganderian domain, closer to its 

more isotopically juvenile (less negative to positive) constituents (Fig. 7.15). 

Specifically, they fall between the evolutionary trends for Neoproterozoic intermediate 

meta-igneous rocks (e.g. Grey River orthogneiss and Roti Intrusive Suite) and pre-480 

Ma mafic metavolcanic rocks (e.g. Tally Pond Group). Additionally, their signatures 

partly overlap with the Nd evolutionary trends of c. 429 to 410 Ma (Acadian-cycle) arc 

and syn-collisional granitoids, several of which occur in the Moly Brook-Grey River 

area (e.g. the Burgeo and Ramea intrusive suites; Fig. 7.15). This phase of magmatism 

increased the volume of calc-alkaline, mafic to intermediate composite intrusions in the 

middle to upper crust (van Staal et al. 2009) and thus provided an additional reservoir of 

mixed-source (mantle and crust) rocks with the potential to be recycled by younger 

(Neoacadian) tectonothermal events. 

 

The leucogranite initial ɛNd values also, however, overlap with the Nd 

evolutionary trends for certain components of the Avalonian domain (Fig. 7.15). In 

particular, they intersect the Nd evolutionary trends for several Ediacaran arc-related 

plutons including the Holyrood and Swiftcurrent granitoids (see Barr & Kerr 1997). 

This suggests that recycled Neoproterozoic intrusions in the Avalonian domain may 

have contributed to the source of the leucogranitic parental magmas. In this regard, 

Acadian-cycle underthrusting of Avalonia (A-type subduction), as proposed by van 

Staal & Barr (2012), followed by Neoacadian/Famennian translational deformation 

(Hibbard & Waldron 2009), could have imbricated Ganderian and Avalonian crustal 
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rocks at depth, thus providing a mechanism for the mutual contamination of their 

respective anatectic melts, or the tectonic isolation of Avalonian source rocks beneath a 

Ganderian cover sequence. 

 

Moly Brook-Grey River leucogranite ɛNd values, however, are more negative (c. 

1.2 to 3.0 ɛ-units) than those typical for Avalonian-hosted MLDGs (excluding the Terra 

Nova granite), which probably inherited the bulk of their Nd isotopic character from 

Neoproterozoic juvenile rocks (i.e. similar source as c. 760 Ma Burin Group mafic 

rocks, Fig. 7.15; see below, and Murphy et al. 2008). Likewise, the initial ɛNd 

composition of the Newport granite (-0.9 to +0.9), a Ganderian-hosted pluton inferred 

as partly derived from a mixed Avalonian-Ganderian crustal source (Kerr et al. 1995), is 

marginally more positive compared to the leucogranite signatures. These isotopic 

divergences, combined with the distal setting of Moly Brook-Grey River from the 

Ganderian-Avalonian suture (i.e. the DHBF zone), suggests Avalonian infracrustal 

rocks were not an important source component for the leucogranites. They also indicate 

that west-directed ‘underplating’ of Avalonia beneath Ganderia at c. 420 Ma provided 

little if any source material for Late Devonian granites in the broader Grey River-

Hermitage Flexure area. If valid, this places a spatial and/or temporal limit on A-style 

subduction processes during the Acadian orogeny. 

 

Overall, Ganderian domain infracrustal rocks (i.e., mafic lower to middle crust) 

likely represent the main source component for the leucogranite parental magmas at 

Moly Brook-Grey River. Conversely, Ganderian metasupracrustal rocks, such as the 

isotopically mature siliciclastic rocks of the Gander Group (central to northeast 

Newfoundland), did not play a significant role in terms of providing an anatectic source 

(yielding ‘S-type’ melts) and/or magma contaminant (i.e. country rock assimilation). 

While this inference may reflect the general lack of isotopically mature supracrustal 

rocks in the Hermitage Flexure region (e.g. O’Brien et al. 1991), it is broadly consistent 

with the weakly peraluminous, I-type character of the leucogranites (see Kerr et al. 

1993a, Kerr et al. 1995). In contrast, the initial ɛNd values for the host granite at the 

Granite Lake Mo-W-Cu prospect are marginally more negative than the Moly Brook-

Grey River leucogranites, indicating a possible greater contribution from recycled 

Ganderian metasedimentary rocks (Fig. 7.15). 
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The ɛNd values and regional evolutionary trends illustrated in Figure 7.15 

underscore the strong spatial and lithotectonic control on the Sm-Nd systematics of 

Newfoundland MLDGs. Considering the Avalonian- and Ganderian-hosted granites as 

two distinct suites, their range of initial ɛNd values somewhat mimic the bulk Nd 

isotopic character of their respective host domains at the time of their intrusion. Thus, 

fractional melting of juvenile Avalonian crust in the east (ɛNd(380 Ma) = c. -2.2 to +5.5) 

yielded granites with mainly juvenile initial ɛNd signatures (mean ɛNd(380 Ma) = +1.7; n 

= 18), whereas synchronous anatexis of Ganderian crust in the west (ɛNd(380 Ma) = c. -9.4 

to +1.6) produced granites with more mature Nd isotopic signatures (mean ɛNd(380 Ma) = 

-2.0; n = 31). Although this first-order assessment highlights the ‘crustal’ provenance of 

the granites, the weakly negative signatures for some Ganderian-hosted examples 

(initial ɛNd < -2.0) and the clustering of both groups close to the CHUR reference 

suggests LREE-enriched mantle melts may also have played a role in their petrogenesis. 

 

7.6.3 Provenance of crustal source rocks: Nd-TDM evidence 

Figure 7.16 provides additional constraints on the source of the leucogranite 

parental magmas and offers some insights into source rock provenance. The plot utilises 

single-stage Nd depleted mantle model ages (Nd-TDM) which assume no Sm/Nd 

fractionation occurred in the sample following an initial mantle extraction or source 

mixing event (see Liew & Hofmann 1988, DePaolo et al. 1991). Importantly, most Nd-

TDM values used in Figure 7.16 are interpreted not as direct ‘mantle extraction dates’ or 

‘crustal residence time’ but rather as mixed or average ‘age’ signatures produced by the 

reworking of old (Proterozoic) continental crust by younger (Lower Paleozoic) 

magmatic events (e.g. Arndt & Goldstein 1987, Harris 1996). 

 

Both the leucogranites at Moly Brook-Grey River and Granite Lake have Nd-TDM 

ranges (c. 1.15 – 1.49 Ga and 1.25 – 1.50 Ga, respectively) that fall within the range of 

values for other Ganderian rocks (mainly c. 0.9 to 1.8 Ga). They also cluster close to a 

median Nd-TDM age of 1.20 Ga (n = 27) for the Ganderian ‘post-collisional’ granitoids. 

In contrast, correlative Avalonian granitoids have a younger median Nd-TDM age (0.82 

Ga; n = 18), while the majority of other Avalonian rocks have Nd-TDM values between 

0.6 and 1.0 Ga (Fig. 7.16). Overall, these signatures reaffirm the likely source affinity 

between the leucogranites and the Ganderian domain. Additionally, the broad Nd-TDM 

distinctions between both domains are consistent with variations in the initial ɛNd 

values for Ganderian- and Avalonian-hosted MLDGs and their host rocks (i.e. mainly 
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negative and positive values, respectively) which reflect fundamental inherent 

differences between both terranes in terms of their geology and tectonothermal history 

(e.g. D’Lemos & Holdsworth 1995, Kerr et al. 1995, Whalen et al. 1996a). 

 

 

Figure 7.16. Initial ɛNd values versus depleted mantle model ages (Nd-TDM) for the Moly Brook-Grey 

River and Granite Lake leucogranites (red symbols). Data points for other Ganderian (filled circle) and 

Avalonian domain rocks (open circle) are from the same sources listed in Figure 7.15. Dashed vertical 

lines are median Nd-TDM ‘ages’ for Middle to Late Devonian, ‘post-collisional’ [PC] granitoids intruding 

the Avalonian (0.82 Ga; n = 18) and Ganderian (1.20 Ga; n = 27) domains. Grey vertical bars represent 

major Phanerozoic and Proterozoic crust forming events, respectively. Ganderian detrital zircon age 

probability curve is from Barr et al. (2014a) and is based on c. 650 Ma metasedimentary rocks in the 

Brookville terrane (New Brunswick). Thick arrow shows inferred evolutionary trend toward 

Palaeoproterozoic and Archean continental crust (e.g. Amazonia craton) recycled during subsequent 

crust forming events. DM = depleted mantle (DePaolo 1981), CHUR = chondritic reservoir. 
 

The leucogranite Nd-TDM values also fall between the approximate time spans for 

several major crust forming events that affected Ganderia prior to the Late Devonian, 

including episodic peri-Gondwanan orogenesis from c. 2.0 to 1.5 Ga (Barr et al. 2014a) 

and intermittent arc magmatism and Appalachian-related orogenesis between c. 0.7 to 
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0.4 Ga (Fig. 7.16). Additionally, the leucogranite Nd-TDM values fall between the TDM 

values for the most isotopically juvenile and mature Ganderian rocks (c. 1.1 and 1.6 Ga, 

respectively), with four samples clustering closer to the former. Assuming the 

leucogranite Nd-TDM values represent an ‘average’ or ‘mixed’ age signal acquired from 

several source components, the model ages indicate that parental magmas were derived 

from a reworked mixture of old juvenile and even older mature continental crust, with 

possibly a more significant contribution from a light rare earth element-enriched, 

isotopically juvenile component yielding TDM values close to 1.1 Ga. 

 

Recent studies have proposed that prior to its involvement in Appalachian-related 

orogenesis, Ganderia evolved as a continental arc-ribbon terrane along the proto-

Caribbean-Andean margin of the Amazonian craton (van Staal et al. 2012, Barr et al. 

2014a). In this setting, episodic Palaeoproterozoic to Mesoproterozoic arc magmatism 

and orogenesis produced basement rocks that were subsequently reworked by younger 

crust forming and erosional events. Additionally, detrital zircon age patterns from 

Ganderian metasedimentary rocks indicate a minor Archean component in the 

Ganderian basement (Barr et al. 2014a; Fig. 7.16). Overall, these suggestions support 

earlier inferences from Nd-depleted mantle model ages which indicate Ganderia was 

underlain by an isotopically mature, mainly Proterozoic basement (e.g. Kerr et al. 1995, 

Rogers et al. 2006, Hibbard et al. 2010). 

 

In this context, the leucogranite Nd-TDM values reflect mixtures of deeply seated 

source rocks, most probably formed during Precambrian crust forming episodes. Likely 

candidate events include Neoproterozoic arc magmatism associated with southward-

directed subduction of Iapetus beneath a pre-rift Ganderia, and older Meso- to 

Palaeoproterozoic, peri-Amazonian orogenesis which may have formed the bulk of the 

underlying basement (Barr et al. 2014a; Fig. 7.16). In this regard, isolated Cryogenian 

‘basement rocks’ on the south coast of Newfoundland (e.g. c. 689 Ma Grey River 

orthogneiss) probably formed upon a much older substrate. Likewise, the broad linear 

data array shown in Figure 7.16, indicative of continental crust reworked by episodic 

arc-type magmatism (Jahn et al. 2000), highlights a Ganderian crustal growth trend 

possibly beginning from an Archean precursor and supports the concept that the source 

rocks for the leucogranites are themselves the reworked products of older crust. 
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7.6.4 A mantle role? 

Several workers have discussed the role mantle melts potentially played in 

generating the post-395 Ma granitoids in Newfoundland (e.g. Kerr et al. 1993a, 1995, 

D’Lemos & Holdsworth 1995, Kerr 1997, Schofield & D’Lemos 2000, van Staal et al. 

2009). These discussions have focused on: 

 the source of the melts (sub-continental lithospheric versus asthenospheric 

mantle) 

 whether the mantle had a direct or indirect role (e.g. primitive ± hybrid mafic 

parental magmas versus high-temperature heat source) and  

 the mechanisms responsible for mantle upwelling (e.g. root detachment versus 

subducted slab break-off).  

Regardless of detail, most models envisage some interaction between mantle-

derived mafic melts and various crustal rocks to partly explain the petrogenesis of these 

granitoids in Newfoundland and elsewhere along the orogen (e.g. Kerr et al. 1993a, 

Whalen et al. 1994, Dostal & Chatterjee 1995, Tate & Clarke 1997, Moran et al. 2007; 

see also Whalen et al. 1996b). 

 

Based on tectonothermal processes described by Richards (2009, 2011), and 

considering pertinent experimental evidence (e.g. Sisson et al. 2005), a potential 

mechanism for the generation of Newfoundland Middle to Late Devonian granite 

[MLDG] parental magmas can be summarised as follows: 

i.  Ingress of high-temperature, low viscosity asthenospheric melts (lherzolite) 

into a previously metasomatized (post-subduction), sub-continental lithospheric 

mantle [SCLM] initiated small volume anatexis, producing volatile-rich and 

alkalic mafic magmas. 

ii. Density-driven upward migration of these melts initiated anatexis of Ganderian-

Avalonian lower crustal rocks (i.e. hypothetical ‘MASH zone’ source; Hildreth 

& Moorbath 1988; see also Clemens & Stevens 2016) to produce ‘mixed-

origin’ or ‘hybrid’ intermediate, calc-alkaline to alkali-calcic, parental magmas 

(see Tate & Clarke 1997, Currie et al. 1998, Barbarin 1999).  

iii. Continued episodic asthenospheric upwelling, SCLM anatexis and coeval 

decompression and/or shearing-related re-melting of a metasomatized lower to 

middle crust along translithospheric deformation zones (e.g. Brown & Solar 

1998, Nabelek et al. 2001, Richards 2003) would generate sequential batches of 
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volatile-rich, intermediate to felsic magmas in the lower to middle crust (> c. 15 

km). 

iv. The step-wise segregation and upward migration of these batches to the upper 

crust (with minimum stagnation en route) would lead to the sequential 

emplacement of compositionally variable, but dominantly felsic, I- and/or S-

type granitoids (e.g. Huppert & Sparks 1988). The nested character and 

compositional variability of some Late Devonian plutons (e.g. François Granite; 

Dickson et al. 1996) supports this latter suggestion. 

 

In general, fertile asthenospheric and metasomatized sub-continental lithospheric 

mantle magmas are light rare earth element-enriched compared to depleted mantle melts 

(Gill 2010, Richards 2011). Thus, these melts tend to have lower Sm/Nd values and 

may preferentially crystallise mafic to felsic rocks (e.g. calc-alkalic to alkalic series 

suites – depending on the degree of anataxis and/or differentiation) with mildly positive 

initial ɛNd values (c. +2 to +4; e.g. Pearce et al. 1999, Faure 2001). Mixing or 

interaction of these hybrid magmas with more isotopically mature Ganderian crust at c. 

390 Ma could have produced mixed-source granitoids with weakly negative initial ɛNd 

values, as exhibited by Moly Brook-Grey River leucogranites (ɛNd(380 Ma) = -0.7 to -1.8; 

Table 7.4) and other intrusions (e.g. François Granite; ɛNd(378 Ma) = 0.0 to – 2.4; Kerr et 

al. 1995). Additional permissive evidence that may corroborate a lithospheric (± 

asthenospheric) mantle role in generating the leucogranite parental magmas include: 

 

(1) Minor mafic alkaline dykes with ‘within plate’ geochemical characteristics 

occur in the Grey River area (units DDp and Dd of Dickson et al. 1996). Locally, they 

crosscut the Late Devonian leucogranites, indicating late-stage (post-380 Ma) 

emplacement. In northeast Newfoundland (Ganderian domain), similar mafic dykes 

crosscut the c. 385 Ma Newport granite (Jayasinghe 1978). Likewise, a set of mafic 

alkaline dykes in north-central Newfoundland (Ganderia) have yielded Ar-Ar mica ages 

of c. 375 Ma (Reynolds & Murthy 1983). Mafic enclaves in the Late Devonian 

Deadman’s Bay granite in northeast Newfoundland are also symptomatic of bimodal 

magmatism and local comingling (D’Lemos et al. 1995). Overall, mafic alkaline 

magmatism appears to have been locally coincident with the emplacement of Late 

Devonian granitic intrusions in Newfoundland. Coincidently, this type of bimodal-felsic 

magmatic association resembles that commonly linked to continental rift-related Mo 

mineralization (e.g. Keith et al. 1998a). 
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 (2) Initial 87Sr/86Sr values ranging from 0.7031 to 0.7080 reported for several 

Newfoundland MLDGs (Bell et al. 1977, Peckham 1992, Schofield & D’Lemos 2000) 

overlap typical initial Sr isotopic data reported for mantle-derived rocks (Faure 2001), 

although primitive lower crustal rocks formed by earlier crust-mantle interactions could 

yield a similar range (see Dickson et al. 1988). The initial 87Sr/86Sr values of three 

leucogranite samples from the Grey River prospect range from 0.7056 to 0.7065, if 

recalculated to 430 Ma (original 87Sr/86Sr(412 Ma) values are reported by Higgins et al. 

1990). Notwithstanding some degree of isotopic disturbance during subsolidus 

alteration (Higgins 1985), the recalculated ratios allow comparisons with the 

87Sr/86Sr(430 Ma) values reported for pre-Silurian amphibolites (0.7045 – 0.7057) and 

Gander Group metasedimentary rocks (c. 0.7145 – 0.7243) in the northeast Ganderian 

domain, and suggest a mixed source (crust-mantle) derivation for the leucogranite 

parental magmas. 

 

(3) Vein-hosted sulfides at Moly Brook have δ34S values (c. +4 to +8 ‰) that 

overlap those for Late Devonian granite-hosted sulfides elsewhere in Newfoundland (c. 

+3 to +8; see Chapter 6). Although these data represent geographically separate 

magmatic-hydrothermal systems, the narrow range and consistency of the δ34Ssulfide 

values, combined with other geological similarities (e.g. timing), suggests a similar 

magmatic sulfur source for the different settings and minimum contamination by 

external sulfur (Lynch et al. 2013). Although the granite-related δ34Ssulfide values are 

more 34S-enriched than those expected for mafic rocks derived from asthenospheric 

mantle melts (δ34S = 0 ± 3 ‰; Ohmoto 1986), they are consistent with the generally 

positive values (c. +1 to +9 ‰) associated with suprasubduction, I-type granitoids with 

a mixed crust-mantle wedge provenance (Sasaki & Ishihara 1979). Likewise, they 

overlap values for sulfides in rift-related porphyry Mo deposits (c. +1 to +6 ‰; Stein & 

Hannah 1985) where productive magmas and ore components are inferred to derive 

from a mixed crust-SCLM reservoir (Pettke et al. 2010). 

 

Alternative petrogenetic models that do not invoke a direct mantle role have, 

however, also been considered. Recently, Shellnut & Dostal (2015) proposed Late 

Devonian granitoids in the northern Appalachians are mainly derived from granulitic 

lower crustal rocks and that anatexis initiated when the composite orogen tracked across 

an upwelling asthenospheric mantle hot spot. Although the role of a metasomatized sub-

continental lithospheric mantle was not specified, this model implies juvenile mantle 
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melts primarily transferred heat to the base of the crust without mass exchange. An 

indirect mantle role was also favoured by Whalen et al. (1996b), who suggested a 

hybrid Ganderian lower to middle crust, previously modified by mantle inputs during 

the Acadian orogeny, could be the main source of MLDG parental magmas in New 

Brunswick. In contrast, Yang et al. (2008) favoured little or no mantle input (either 

directly or indirectly) for New Brunswick MLDGs associated with Au mineralization 

and suggested (on balance) that their parental magmas derived from a non-granulitic 

infracrustal source (i.e. non-residual meta-igneous rocks). 

 

7.6.5 Melting mechanisms 

Several tectonic mechanisms have been proposed to explain post-395 Ma crustal ± 

mantle anatexis and related plutonism in the northern Appalachians. These include:  

(1) lithospheric delamination (Nelson 1992, Kerr 1997) 

(2) subducted slab break-off (Moran et al. 2007, van Staal et al. 2009) 

(3) interaction with a mantle plume (Murphy et al. 1999, Keppie & Krogh 1999, 

Shellnut & Dostall 2015) 

(4) orogenic thickening and collapse (Keppie & Dallmeyer 1995, Clarke et al. 

1997) 

(5) infracrustal radioactive decay (Chamberlain & Sonder 1990) 

(6) decompression melting along major shear zones during post-compressive, 

transcurrent deformation (D’Lemos et al. 1995, Schofiled & D’Lemos 2000) 

and  

(7) ‘normal’ syn-subduction asthenospheric upwelling in the case of some 

Meguma-hosted intrusions (van Staal & Barr 2012) 

Whether one or several of these mechanisms was required to produce the 

Neoacadian/Famennian magmatism remains speculative and may be dependent on its 

timing and/or location within the orogen. 

 

In Newfoundland, tectonic reconstructions preceding c. 395 Ma emphasise 

northward subduction of the Acadian Seaway beneath Ganderia (commencing at c. 430 

Ma), followed by Avalonia-to-Ganderia accretion-collision (c. 423 - 405 Ma; e.g. van 

Staal & Barr 2012). Both orogenic stages would have increased the amount of 

asthenospheric material and volatiles reaching the Ganderian sub-continental 

lithospheric mantle [SCLM], promoting anatexis of the SCLM and lower crust, and the 

generation of abundant syn-collisional (Acadian) magmatism. Additionally, an earlier 
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(Salinic-related) subduction, collision and slab break-off cycle (Whalen et al. 2006) may 

have contributed to the ‘priming’ or ‘hybridization’ of Ganderian SCLM and lower 

crust, producing a relatively fertile (or less refractory) lithospheric base, which would 

have been more susceptible to re-melting during subsequent tectonic events (Whalen et 

al. 1996b, Richards 2009). 

 

By c. 395 Ma, oblique convergence, possibly accommodated by flat-slab 

subduction (van Staal & Barr 2012), had caused Meguma to dock with the Laurentian 

margin (Avalonia) to the south of Newfoundland (Pollock et al. 2012). At the same 

time, the relict Acadian Seaway slab, having previously subducted and now stalled 

beneath a thick Ganderian-Avalonian collisional zone (Acadian highlands), may have 

begun to steepen, weaken and rupture. These latter events, which would induced 

isostatic rebound during slab foundering (Davies & van Blanckenbourg 1995), would 

have promoted asthenospheric upwelling and decompression melting, thus causing 

SCLM and lower crust anatexis, and the production of hybrid (mixed-source) magmas 

within the basal part of the collision zone. Melting would have formed a lower 

lithospheric weak zone (Rosenberg & Handy 2005), promoting further crustal instability 

and deformation. At this stage, the locus of magmatism appears to have been to the west 

of the Ganderian-Avalonian suture (e.g. the c. 390 Ma Chetwynd Granite; see Fig. 2.4 

and Table 2.2), although broadly coeval magmatism in the east (e.g. c. 394 Ma Grand 

Beach porphyry) suggests a more diffuse magmatic zone. 

 

Concomitant with Meguma-Avalonian accretion to the south, deformation in 

Newfoundland became dominantly transcurrent (far-field nudging?), which formed 

local transtensional-transpressive sites (Holdsworth 1994) and provided further impetus 

for magma generation and plutonism between c. 390 and 370 Ma (Schofield & 

D’Lemos 2000). This phase of realignment-style tectonics (e.g. Hibbard & Waldron 

2009) formed major sub-vertical, orogen-parallel shear zones and fault splays that may 

have transected the full lithospheric column (e.g. D’Lemos et al. 1992, Richards 2009). 

These structures provided a mechanism for continued partial melting (via frictional 

shearing and/or decompression; e.g. Brown & Solar 1998, Nabelek et al. 2001) and 

formed narrow feeder conduits for magma ascent to the upper crust (e.g. D’Lemos et al. 

1995, Brown & Solar 1999, Weinberg et al. 2004). Granitoid parental magmas sourced 

from a metasomatized SCLM-lower crust region would thus have contained sufficient 

fluxing components (e.g. H2O, CO2 and F) to lower melt viscosities (Baker & 
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Vaillancourt 1995) and inhibit early fractional crystallisation, thus enhancing physical 

and rheological contrasts between the magma and the wall rock column, and promoting 

its upward ascent (e.g. Scaillet et al. 1997; see below). Additionally, some degree of 

fluid-absent, high temperature dehydration melting (muscovite, biotite ± amphibole 

decomposition) in the middle crust would have increased overall magma volumes (e.g. 

Searle et al. 2010). 

 

Between c. 390 and 372 Ma, the locus of magmatism appears to have tracked 

eastward in Newfoundland during episodic pluton assembly (cf. Moran et al. 2007). 

Following intermittent plutonism between c. 390 and 384 Ma, mainly located in the 

central and eastern Ganderian domain, a major c. 382 to 377 Ma pulse intruded within 

or close to the Ganderian-Avalonian suture (the Dover-Hermitage Bay fault [DHBF]) 

and correlative structures along the south coast region. A terminal magmatic pulse 

subsequently developed in western Avalonia between c. 374 and 372 Ma (e.g. St 

Lawrence and Tolt granites; Kerr et al. 1993b, Kellett et al. 2014), while residual fluid 

flow and brittle deformation episodically occurred between c. 370 and 351 Ma 

(Dallmeyer et al. 1981, Lynch et al. 2012, Kellett et al. 2016). 

 

This progression suggests lithospheric delamination and melting may have 

evolved and progressed diachronously in response to time transgressive deformation 

across the orogen. Alternatively, separate melt forming mechanisms were active at 

different stages and in different locations during this post-collisional phase (e.g. earlier 

asthenospheric upwelling due to slab break-off, followed by later transcurrent ± 

extension-related decompression melting). Additional factors such as the variable 

crustal thickness of different orogenic components (i.e. collision zone versus trailing 

Avalonia; van Staal & Barr 2012) may also have influenced the differential response of 

the lithosphere to the various melt forming events. 

 

7.6.6 Magma ascent and emplacement 

Major factors controlling the segregation, ascent and emplacement of intermediate 

to felsic magmas include: 

(1)  the degree and rate of partial melting in the source 

(2) deformation of the source (e.g. dilatant shear failure promoting porous 

flow, melt diffusion and segregation) 
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(3) the physicochemical character of the melt (e.g. temperature, H2O 

content, viscosity) 

(4) the permeability and/or anisotropy of the ascent column (encouraging 

growth of an interconnected fracture network, possibly aided by shear 

zone conduits) 

(5) the ‘in-transit’ buoyancy of the magma (driving fracture self-

propagation) and its response to applied stress gradients 

(6) favourable ascent column (ambient) PT conditions (to sustain adiabatic 

magma migration), and 

(7) the style and rate of deformation at the emplacement level creating 

suitable dilatant sites for final pluton growth (e.g. Hutton 1988, 

Clemens et al. 1997, Brown 2007, 2013, Clemens & Stevens 2016). 

 

From a regional perspective, the spatial and temporal distribution of 

Newfoundland MLDGs indicates post-Acadian felsic magmatism was emplaced semi-

continuously between c. 397 and 372 Ma and preferentially focused within composite 

Ganderia-Avalonia (Fig. 7.17). While geochronology suggests a partly skewed, normal 

distribution around a Givetian-Frasnian magmatic peak (c. 385 to 375 Ma), the 

combined space-time distribution indicates plutonism evolved episodically (step-wise) 

during three, spatially distinct (although locally overlapping) magmatic pulses [MP], 

herein named MP1, MP2 and MP3 (Fig. 7.17). This assessment challenges the view of 

Newfoundland MLDGs as a single, compositionally coherent, homogenous plutonic 

suite (e.g. Kerr 1997) and may reflect underlying variability in terms of their source 

rocks, melting mechanisms and the efficiency of deformation-enhanced magma ascent 

and emplacement. 

 

The earliest and volumetrically intermediate MP1 (c. 396 – 385 Ma) produced 

somewhat isolated intrusions mainly in the Ganderian domain, with some subordinate 

magmatism in western Avalonia (e.g. c. 390 Ma Red Island granite). Their distribution, 

ages and emplacement duration (c. 11 Ma) suggests they were emplaced during 

incipient transcurrent deformation in response to Meguma-Laurentia accretion. Melting 

may have initiated through a combination of crust-SCLM depression and isothermal 

rebound (following collisional thickening) and rift-style decompression melting (e.g. 

Richards 2009). D’Lemos et al. (1995) proposed that regional, dextral transcurrent 

deformation along the Dover-Herimtage Bay fault [DHBF] zone and correlative 
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structures controlled the siting of several MLDGs that are herein assigned to the MP1 

event (e.g. the c. 390 Ma Deadman’s Bay granite) and suggested the sigmoidal character 

of the suture would have created dilational sites (e.g. jogs) to promote magma 

emplacement in the upper crust. In the deeper crust, nascent ductile deformation 

(dilational shearing) would have encouraged step-wise (episodic) melt batch segregation 

at isolated sites and magma ascent via a network of poorly connected fracture conduits 

(D’Lemos et al. 1995; cf. Brown 2013, Clemens & Stevens 2016). 

 

Subsequent MP2 (c. 384 – 377 Ma) generated the most intrusions (numerically 

and volumetrically) and represents a major ‘flare-up’ of felsic magmatism in the Late 

Devonian. MP2 granitoids (including Moly Brook-Grey River leucogranites) are 

preferentially sited within or adjacent to the DHBF zone and correlative structures along 

the south coast (Hermitage Flexure area) and form a curvilinear belt of scattered 

intrusions. Their focused distribution, relatively short emplacement interval (c. 8 Ma) 

and emplacement patterns (e.g. northeast-oriented oblate bodies) suggest strong 

coupling between magmatism and reactivated Acadian structures during Late Devonian 

transcurrent deformation. Likewise, their greater volume indicates a more intense phase 

of magmatism concomitant with ongoing transcurrent-transtensional deformation. 

 

The siting of MP2 granitoids along the DHBF zone, the Hermitage Flexure region 

and southeast Iapetus suture (Cape Ray fault zone; e.g. Dubé et al. 1996) indicates a 

strong connection between magma ascent, emplacement and deformation (D’Lemos et 

al. 1995; cf. Hutton 1988). Melting would have proceeded in a similar manner as MP1, 

although with a greater emphasis on decompression-triggered anatexis. Additional heat 

and/or volatiles from upwelling mantle melts via SCLM delamination and/or delayed 

slab break-off may also have occurred. Dilatant shearing in the deep crust along major 

transcrustal fault zones would have increased permeability through the lithospheric 

column (Brown 2013, Clemens & Stevens 2016). Semi-continuous, sequential batches 

of relatively buoyant intermediate to felsic magma would have ascended through these 

zones and produced a self-propagating dyke/fracture network to channel magma to 

upper crustal emplacement levels (e.g. Petford et al. 1993). The lack of extensive Late 

Devonian migmatite terranes in Newfoundland (considered a restite proxy) suggests 

magma ascent paths were vertically attenuated through the crustal column (e.g. Searle et 

al. 2010). This factor and the present exposure level possibly mask the structural, spatial 

and compositional variability of MP2 granitoids from the middle to upper crust. 
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Figure 7.17. Space-time distribution of Neoacadian (c. 397 to 372 Ma) granitoids in Newfoundland. Age 

histograms are based on published U-Pb zircon, U-Pb monazite, K-Ar mica and Ar-Ar mica dates 

(references listed in Table 2.2), and Re-Os molybdenite ages from this study. The granitoids formed 

during three magmatic pulses (MP): MP1 = Ganderian domain pulse (c. 397 – 385 Ma), MP2 = DHBF 

zone ‘flare-up’ (c. 384 – 377 Ma), MP3 = Avalonian domain pulse (c. 376 – 372 Ma). Abbreviations: LL-

AF = Logan’s Line-Appalachian front, BVBL = Baie Verte-Bromton Line, RIL = Red Indian Line (= 

Iapetus suture), DHBF = Dover-Hermitage Bay fault zone, LM = Laurentian margin, GRUBL = Gander 

River ultramafic belt line, HF = Hermitage Flexure. 
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Final emplacement level deformation mechanisms controlling the nature of the 

intrusions were likely governed by local structural conditions, particularly where strain 

partitioning occurred within dilational sites (e.g. releasing bends). Such zones of 

extension would have promoted shear-zone parallel and orthogonal zones of normal 

faulting and brittle deformation, and provided additional pathways for the intrusion of 

late-stage residual magmas and fluids to form sub-vertical cupolas and dyke zones 

during tensional brittle failure. For example, the concentrically zoned François Granite 

(Dickson et al. 1996) bears some hallmarks of a ring-complex which developed a 

circular zone of deformation (e.g. a ring fault; Stevenson et al. 2008). This scenario 

quite likely controlled the emplacement of Moly brook-Grey River leucogranites. Late-

stage magma fractionation and local comingling may have been confined to this upper 

emplacement level also (Clemens & Stevens 2016).  

 

The latest pulse, MP3 (c. 374 – 372 Ma), corresponds to volumetrically minor and 

transitory magmatism confined to the western Avalonian domain (e.g. c. 374 Ma St 

Lawrence granite) and represents a relatively short-lived (c. 4 Ma), terminal plutonic 

event (Fig. 7.17). Their preferential eastern location probably reflects migration of the 

locus of magmatism outboard of Newfoundland, as opposed to a rapid magmatic 

shutdown further west. Similar to the earlier pulses, MP3 melts exploited sub-vertical, 

orogen-parallel deformation zones and brittle structures during continued, although 

possibly waning, transcurrent deformation (cf. Kellett et al. 2016). However, the partial 

peralkaline ‘A-type’ character of the St Lawrence granite (Kerr et al. 1993a) suggests a 

difference in the source region, melting mechanism and/or heat input (i.e. higher 

temperature) for MP3 granitoids compared to the earlier magmatism. 

 

The tripartite magmatic pulse emplacement model discussed above, although 

limited by few radiometric dates and their subjective groupings, reaffirms the ocean-

ward migratory trend of the Neoacadian magmatic front in Newfoundland (e.g. Kellett 

et al. 2014). This assessment broadly mimics the space-time evolutionary trends for 

Neoacadian plutonism further to the south in the Meguma terrane (e.g. Moran et al. 

2007, Kontak et al. 2013). Additionally, the model attempts to reconcile geological and 

compositional differences between Newfoundland MLDGs that probably reflect 

fundamental variability in terms of their melting mechanisms, melting intensity, source 

rock heterogeneities, and the efficiency of deformation to control magma ascent and 

emplacement styles. 
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Inadvertently, the magmatic pulse model (Fig. 7.17) also highlights the somewhat 

problematic effect of naming post-Acadian-cycle deformation and magmatism in the 

northern Appalachians as the ‘Famennian orogeny’ (e.g. Pollock et al. 2012) – which 

presumably refers to the Late Devonian chronostratigraphic stage (Hibbard et al. 2010). 

Specifically, it highlights a mismatch between the implied time frame for orogenesis (c. 

372 – 359 Ma; i.e. the Famennian stage) and the observed timing of the various 

deformation-magmatic processes such as the initiation of the Late Emsian accretionary 

event (c. 397 Ma Meguma-Laurentia docking) and related subsequent plutonism which 

peaked in Newfoundland in the Frasnian (c. 383 – 372 Ma). Thus, given these temporal 

discrepancies and the clear linkage between reactivated Acadian structures and Late 

Devonian plutonism in Newfoundland (Holdsworth 1994, D’Lemos et al. 1995), the use 

of the term ‘Neoacadian orogeny’ to refer to this phase of deformation-magmatism 

remains justified (see also van Staal & Barr 2012, Hibbard & Karabinos 2013). 

 

7.7 Links to hydrothermal Mo-Cu and W mineralization 

7.7.1 Geological, mineralogical and geochemical evidence 

Several independent lines of evidence suggest that the leucogranites in the Moly 

Brook-Grey River area have a genetic association with vein-hosted Mo-Cu and W 

mineralization. These include: 

 

(1) Crosscutting relationships at the Moly Brook deposit provide unequivocal 

field evidence that microgranite dykes formed at approximately the same time as the 

Stage II veins. For example, several dykes are cut by Stage IIB quartz-sulfide veins, or 

are crosscut earlier Stage IIA quartz-molybdenite veins (Fig. 7.1). 

 

(2) Where observed, dyke attitudes broadly mimic the sub-vertical, dominant c. 

north-south and subordinate c. east-west orientations of the vein systems at both Moly 

Brook and Grey River (Chapter 4). This similarity suggests the dykes were emplaced 

under the same stress regime as the veins. Moreover, their undeformed character, sharp 

contacts and emplacement style (e.g. dyke fracture networks, discordant Grey River 

Point granite stock) suggest emplacement was controlled by tensional deformation 

associated with brittle failure and relatively high hydrostatic pressure. 

 

 (3) Aplite-pegmatite vein dykes at Moly Brook form part of the Stage IIA vein 

assemblage (Type 3 veins) and locally show magmatic-to-hydrothermal-style 
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transitional textures (Chapter 3). White et al. (1981) suggest vein dykes in Mo-

mineralized systems represent a continuum between magmatic and hydrothermal 

conditions and provide good field evidence for mineralization at or near magmatic 

temperatures (see Carten et al. 1988, Lerchbaumer & Audétat 2013). Additionally, the 

porphyritic texture of some dykes (e.g. Fig. 7.1A) is consistent with the suppression of 

feldspar nucleation in a volatile-saturated magma (e.g. H2O, S, F) experiencing local 

undercooling (e.g. Candela 1997, Cloos 2002). 

 

(4) Moly Brook microgranite dykes and the Grey River Point granite contain rare 

disseminated molybdenite, magnetite, pyrite and chalcopyrite (Figs. 7.3 & 7.5), 

although some dyke-hosted molybdenite shows evidence of precipitation in 

microfractures (e.g. Fig. 7.1B). These minerals also form part of several Stage IIA-B 

vein assemblages and indicate a compositional link between the residual, dyke-bearing 

magma and an exsolved aqueous fluid phase. Additionally, magnetite-bearing granites 

generally indicate a moderate to high oxygen fugacity for the parental magma (e.g. 

between the quartz-fayalite-magnetite and pyrite-magnetite-pyrrhotite redox buffers). 

For granites located in collisional-type settings, this redox state is typically associated 

with Mo, Mo-Cu and Mo-W mineralization (e.g. Blevin & Chappell 1992, Černý et al. 

2005). 

 

(5) At the Moly Brook deposit, microgranite dykes display moderate to intense 

and generally pervasive potassic-ferroan and minor phyllic-type alteration (K-feldspar-

biotite-hematite ± pyrite and muscovite-sericite ± fluorite assemblages, respectively; 

Fig. 7.1). The former assemblage is similar to potassic alteration envelopes rimming 

some Stage IIA quartz-molybdenite and aplite-sulfide veins, while the latter assemblage 

mimics greisen-style alteration associated with some Stage IIB quartz-fluorite-sulfide 

veins. Overall, the alteration features reflect subsolidus interaction with a mobile 

aqueous fluid and suggest a link between a K-rich magma and vein-related potassic 

alteration that is indicative of high temperature mineralization. 

 

(6) The geochemistry of the Moly Brook dykes is consistent with that of evolved, 

residual magmas which may become saturated in volatile elements and exsolve a metal-

bearing aqueous phase (Černý et al. 2005, Pirajano 2009). Moreover, they exhibit 

specific geochemical signatures (e.g. high SiO2, K2O/Na2O, Rb/Sr, Mo/Cu, Th, 

EuN/EuN*; low Ba, Ti, Zr/Ta, Zr/Hf, LaN/LuN) similar to those for granitic rocks 
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associated with lithophile element mineralization, in particular as rift- or collision-

related Mo deposits (e.g. Stein 1988, Blevin & Chappell 1995, Ballouard et al. 2016). 

 

Taken together, these six points suggest consanguinity between the leucogranite 

dykes at Moly Brook and the vein-hosted Mo-Cu mineralization. Furthermore, when 

combined with geochronological evidence that suggests broad contemporaniety between 

mineralization and felsic magmatism (Chapters 4 & 5), these observations provide 

strong evidence that Moly Brook represents a granite-related magmatic-hydrothermal 

system. Additionally, the petrological and geochemical similarity between the Moly 

Brook dykes, the Grey River Point granite and other leucogranite dykes close to the 

Grey River tungsten prospect (e.g. Higgins 1985) reiterate a genetic link between the 

Grey River and Moly Brook mineralization and indicate both systems form part of a 

broader magmatic-hydrothermal deposit. 

 

Since the microgranite dykes represent a volumetrically minor component of the 

deposit geology, the question of the existence of a progenitor intrusion located 

somewhere close to the vein system remains pertinent (e.g. Kerr et al. 2009). However, 

given the spatial and genetic association between the mineralized quartz veins 

(hydrothermal component), the granitic dykes (magmatic component) and the inferred 

high temperature aplite-pegmatite vein dykes (transitional component), the deposit 

likely formed relatively proximal to any parental intrusion. Thus, any interpretation of 

the system as the distal expression of hydrothermal activity directly related to the 

emplacement of the François Granite (c. 20 km further east) is likely to be unrealistic. 

Nonetheless, a granitic stock or plug with emplacement, petrologic and geochemical 

characteristics similar to the nearby pluton seems feasible (see below). 

 

Taking documented granitoid-related Mo deposits as a guide to the potential 

system architecture, productive stocks or plugs typically have horizontal dimensions of 

c. 0.5 to 1 km, and vertical extents of c. 2 km (Mutschler et al. 1981), although some 

vertically attenuated examples (pipes or diatremes) may be as narrow as c. 150 to 300 m 

(e.g. White et al. 1981). In general, intrusions are emplaced at relatively shallow 

structural levels (c. 1 to 9 km; Seedorf et al. 2005) while isotopic and fluid inclusion 

evidence indicate fluid expulsion at depths ranging from c. 0.6 to 3 km below the 

palaeosurface (White et al. 1981; see Chapter 6). Ore shells or mineralization zones are 

typically c. 130 to 330 m thick and 330 to 660 m in height (Mutschler et al. 1981), 
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although some narrow sheeted to stockwork vein W - Sn ± Mo zones can extend 

vertically beyond granite contacts for some 0.5 to 1.1 km (Sinclair 1996). Finally, some 

systems comprise multiple stock or cupolas emplaced episodically within the same area 

and over time spans that both pre-date and post-date the main mineralization phase (cf. 

Seedorf et al. 2005). 

 

Overall, these general spatial characteristics help to envisage a hypothetical 

deposit formation model involving a relatively narrow and possibly elongate granitic 

stock or pipe that intruded along a feeder structure (e.g. pre-existing shear zone or fault) 

at about the same time as the neighbouring François Granite (c. 380 Ma, Frasnian) 

during local extensional deformation. Post-mineralization tilting or rotation of the 

system seems unlikely given its association with localized extensional fracturing and 

normal faulting and also the fact that it formed relatively late in the tectonic history of 

the area. 

  

7.7.2 Compositional gains-losses for the leucogranite dykes 

Similar to the leucogranites at the Grey River prospect, microgranite dykes at 

Moly Brook are affected by subsolidus alkali metasomatism (see Higgins 1985). In 

general, they display moderate to intense, pervasively developed potassic-ferroan 

alteration that consists of a fine-grained (< 1 mm) hydrothermal K-feldspar-hematite-

biotite - sericite ± quartz assemblage that imparts a characteristic brick red appearance 

to the intrusions (Fig. 7.1). Locally, selectively pervasive phyllic (greisen-like) 

alteration also occurs (muscovite-quartz-fluorite ± pyrite assemblage), in particular 

adjacent to some crosscutting quartz veins. In general, these two alteration assemblages 

mimic those related to Stage IIA-B veins (Chapter 3). Potassic alteration is the more 

dominant and likely developed during dyke autometasomatism. 

 

Higgins (1985) modelled bulk compositional and volume changes affecting 

altered Grey River Enclave amphibolite and Burgeo Intrusive Suite [BIS] granitoid 

rocks at the Grey River tungsten prospect. In general, vein-related (syn-mineralization) 

phyllic ± silica alteration (sericite + quartz + pyrite ± fluorite ± scheelite assemblage) 

produced compositional depletions in Fe, Ca, Mg, Na, Si and light rare earth elements, 

and corresponding enrichments in K, Al, F and heavy rare earth elements. Additionally, 

Higgins et al. (1990) assessed shear zone-related metasomatism of the southern BIS 

granitoid (adjacent to Moly Brook) and noted compositional gains in Fe, Mg and Ca, 
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and losses in Si and K. Likewise, the systematic decrease in initial 87Sr/86Sr values 

moving from the undeformed to deformed parts of the BIS (i.e. from north to south) 

were attributed to mobilisation of Rb and Sr by metasomatic fluids within the southern 

shear zone. 

 

In contrast to the wall rocks at Grey River, the pervasive nature of the alkali 

metasomatism affecting leucogranites in the area has precluded an assessment in terms 

of bulk geochemical changes (see Higgins 1985). Specifically, the lack of ‘least altered’ 

equivalents and identified immobile elements has made assessing bulk changes to the 

leucogranites problematic. To overcome this challenge, comparison between the altered 

Moly Brook microgranite dykes and evolved granitic units from the François Granite 

was undertaken (Figs. 7.18 & 7.19). Given the petrologic, geochemical and age 

similarities between these particular granites, the François Granite units are considered 

to represent a proxy for a ‘least altered’ and barren granitic intrusion that was not 

affected by alkali autometasomatism. 
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Figure 7.18. A. Hughes (1973) diagram showing data points for least altered granite samples from the 

François Granite (data from Dickson et al. 1996) and moderate to intensely altered microgranite dykes at 

Moly Brook (data recalculated to volatile free). B – D. Trace element bivariate plots showing weak 

correlations between Zr and TiO2, Th and Al2O3 (correlation coefficients (r) = 0.53, 0.44 and 0.38, 

respectively). 
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Table 7.5. Median concentrations for 'least altered' granitic samples from the François Granite and 

moderate to intensely altered microgranite dykes from the Moly Brook deposit1 

        Intrusion 

 

François Granite2 Moly Brook 
    Rock type 

 

Granite - AF granite Granite - AF granite 

 

Reconstituted Absolute   Relative   

Alteration 

 

Weak sericitization Potassic ± phyllic 

 

composition3 grain/loss4 gain/loss (%)4 

No. of samples 

 

n = 19 n = 6         

Major elements (wt %) 
     

SiO2 
 

76.13 77.06 
 

87.84 11.72 15 

Al2O3 
 

13.33 12.48 
 

14.23 0.90 7 

Fe2O3T 
 

0.79 0.78 
 

0.89 0.10 13 

MnO 
 

0.04 0.03 
 

0.03 -0.01 -13 

MgO 
 

0.05 0.17 
 

0.19 0.14 278 

CaO 
 

0.41 0.90 
 

1.02 0.61 147 

Cr2O3 
 

0.002 0.001 
 

0.00 0.00 -71 

Na2O 
 

4.31 3.13 
 

3.57 -0.74 -17 

K2O 
 

4.50 4.90 
 

5.58 1.08 24 

TiO2 
 

0.08 0.09 
 

0.11 0.03 33 

P2O5 
 

0.02 0.03 
 

0.03 0.01 46 

Trace elements (ppm) 
     

Ba 
 

30 92.1 
 

105.0 75.0 250 

Ce 
 

34 29.3 
 

33.4 -0.6 -2 

Cu 
 

3 62.3 
 

71.0 68.0 2267 

F 
 

795 700 
 

798.0 3.0 0 

Ga 
 

26 18.0 
 

20.5 -5.5 -21 

La 
 

7 13.1 
 

14.9 7.9 113 

Mo 
 

2 26 
 

29.6 27.6 1382 

Nb 
 

51 29.2 
 

33.3 -17.7 -35 

Rb 
 

624 383.4 
 

437.1 -186.9 -30 

Sn 
 

3 6.3 
 

7.2 4.2 139 

Sr 
 

18 53.0 
 

60.4 42.4 236 

Th 
 

41 27.6 
 

31.5 -9.5 -23 

U 
 

18 16.9 
 

19.3 1.3 7 

V 
 

1 5.9 
 

6.7 5.7 573 

W 
 

3 40.5 
 

46.2 43.2 1439 

Y 
 

90 32.2 
 

36.7 -53.3 -59 

Zr 
 

63 66.5 
 

75.8 12.8 20 

                

1Elements listed are those common between this study and dataset of Dickson et al. (1996). Data recalculated to a volatile free basis 

2François Granite (FG) data from Dickson et al. (1996) 

    
3Enrichment factor (EF) x altered Moly Brook unit. EF = median FG unit/Moly Brook samples for Zr and TiO2 (1.046; n = 12) 

4Altered unit relative to least altered unit. Minus sign (-) = elemental loss 

    
*Recalculated using Fe2O3T = (1.11 x FeO) + Fe2O3 
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Figure 7.19. Relative gains and losses for Moly Brook microgranite dykes (median composition; n = 6) 

versus weakly altered evolved François Granite (median composition; n = 19; Table 7.5). A. Isocon plot 

(Grant 2005) showing gains and losses for 29 elements/oxides using Zr and TiO2 as inferred immobile 

elements. Scaling normalises order-of-magnitude differences between ppm and wt. % compositional 

values. B. Relative gains or losses (in %) based on median data in Table 7.5 using method of McLennan 

(1990). 
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Assessment of the relative compositional gains and losses for Moly Brook 

microgranite dykes is based on isocon method outlined by Grant (1986, 2005) and the 

single precursor method of MacLean (1990). Table 7.5 lists the median concentration 

for 28 elements or oxides for Moly Brook microgranite dykes (n = 6) and ‘least altered’ 

evolved granitic units from the François Granite (n = 19; data from Dickson et al. 1996). 

In general, the François Granite samples are considered to represent a ‘least altered’ 

dataset, although weak sericitic alteration does affect these units (Dickson et al. 1996). 

On the alteration screening plot of Hughes (1973), François Granite samples generally 

plot within the igneous spectrum, whereas the Moly Brook leucogranite samples form a 

trend line toward the K-metasomatism field that is consistent with their dominant 

potassic alteration (Fig. 7.18A). Assessment of immobile elements (Fig. 7.18B-D) 

shows weak correlations between Zr and TiO2, Th and Al2O3. Of this group, Zr and 

TiO2 are considered to have remained the most immobile during alteration (and thus 

used to define an isocon; see below), although the low correlation coefficient (r = 0.53) 

suggests a moderate degree of mobility for these elements. 

 

Figure 7.19 provides a graphical assessment and summary of the compositional 

gains and losses associated with potassic metasomatism of the leucogranite dykes 

relative to the ‘least altered’ François Granite evolved granite units (a proxy for the 

microgranite dykes at Moly Brook)  and is based on the median compositions listed in 

Table 7.5. Overall, the dykes display relative enrichments in several ore-related 

elements, including Cu, Mo, W, Sn and P, with additional moderate enrichments in La, 

V, Mg, Ba, Sr and Ca, and weak enrichments in K, Ti and Si. Elements showing relative 

depletions include Rb, Na, Cr, Fe, Th, Al and F. Additionally, the regressed isocon (Fig. 

7.19A), which corresponds to a value of 1.087, suggests a modest net mass gain for the 

altered dykes compared to the fresh granite. 

 

In general, the enrichments and depletions shown in Figure 7.19 are consistent 

with the mineralogical character of the alteration and the genetic association between 

the granitic dykes and Mo-Cu mineralization. Likewise, the gain in W provides 

additional evidence for a genetic link between the Moly Brook and the Grey River 

systems. Assuming both reference units are geologically equivalent, potassic alteration 

and hydrothermal mineralization resulted in relative enrichments in ore elements and 

correspond to the destruction of primary albite (loss of Na). Relative enrichments in Ca, 

Mg, Ba and Sr are attributed to wall rock leaching of these elements by hydrothermal 
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fluids or the presence of minor calcite and epidote veinlets in several of the leucogranite 

dyke samples. In this regard, bulk enrichment-depletion patterns for altered BIS wall 

rocks at Moly Brook show relative depletions in Ba and Sr that probably reflect 

remobilization of these elements during syn-mineralization alteration and veining (Fig. 

3.19). 

 

7.8 Summary 

Based on the new petrological, lithogeochemical and Sm-Nd isotopic analyses 

previously described, the following key conclusions are proposed concerning the 

linkage between felsic magmatism and hydrothermal mineralization: 

 

(1) Volumetrically minor microgranite dykes at the Moly Brook deposit exhibit 

petrological and geochemical characteristics consistent with evolved granitic rocks 

commonly associated with Mo ± Cu ± W mineralization. Specifically, their haplogranite 

composition, accessory mineral assemblage (e.g. magnetite, apatite, monazite, 

chalcopyrite and molybdenite), textural character (e.g. porphyritic to equigranular) and 

spatial overlap with aplitic ‘vein dykes’ and quartz veins indicate derivation from a 

volatile-enriched and undercooled residual magma with a moderate oxygen fugacity 

(i.e. slightly below the FMQ reaction buffer). Dyke geometries and crosscutting 

relationships suggest emplacement was synchronous with the formation of the 

mineralized vein system and occurred under mainly extensional conditions within the 

upper continental crust. 

 

(2) Geochemically, the dykes have high-silica, weakly peraluminous signatures with 

enrichments in K2O/Na2O, Rb/Sr, Mo/Cu, Th, U and Nb/Zr, and depletions in CaO, 

MgO, Nb/Ta, Zr/Hf, Ba, Sr, TiO2 and LaN/LuN. Mantle-normalized rare earth element 

[REE] patterns display enrichments in both light REE and heavy REE, weakly 

developed W-type tetrad patterns and moderate to large negative Eu anomalies. Overall, 

the major and trace element geochemistry is consistent with highly fractionated, calc-

alkaline ‘I-type’ granites, while tectonic discrimination diagrams reaffirm their within-

plate collisional character.  

 

(3) On balance, combined whole-rock Sm-Nd isotopic and geochemical analyses 

indicate leucogranite parental magmas formed mainly by anatexis of Ganderian lower 
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crustal rocks. An additional minor contribution (in terms of heat and/or melt) from the 

sub-continental lithospheric mantle, metasomatized by earlier subduction events, is also 

possible. The initial melting mechanism remains speculative, but may have been 

facilitated by deformation-related decompression melting in the source region. Felsic 

magmas underwent buoyancy-driven ascent through the crust during a phase of 

localised transcurrent deformation in Late Devonian times. Upon reaching their 

emplacement level (neutral buoyancy), they experienced extended fractionation, before 

final emplacement at relatively shallow crustal levels (< 10 km). 

 

(4) Overall, the petrological, geochemical and alteration characteristics of the dykes 

provide corroborative evidence for a genetic link between felsic magmatism and 

hydrothermal mineralization at Moly Brook. These results affirm previous studies 

linking Late Devonian leucogranites with tungsten mineralization at Grey River and 

suggests that both mineralized systems formed during a phase of Late Devonian 

(Frasnian) felsic magmatism. 
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Chapter 8 

SYNTHESIS, CONCLUSIONS & IMPLICATIONS 

8.1 Introduction 

Previous chapters of this thesis have presented new geological, structural, 

geochronological and geochemical data for the Moly Brook Mo-Cu deposit. These data 

serve to constrain the main characteristics of the deposit and identify critical factors 

controlling the mineralization. This chapter offers a synthesis of these findings and 

reviews the geological evidence linking the Moly Brook Mo-Cu and Grey River W 

systems. Implications of this study in terms of local and regional metallogeny, and 

mineral exploration in the Newfoundland Appalachians are also given. 

 

8.2 Summary of the key features of the Moly Brook Mo-Cu deposit 

The following points [(1) – (6)] summarise the main features of the Moly Brook 

Mo-Cu deposit. 

 

(1) The Moly Brook deposit comprises a c. 0.8 x 1 km, approximately north-south-

trending vein network hosting variably developed Mo-Cu mineralization (Figs. 

3.1 & 3.2). The veins mainly strike c. north-northwest to north-northeast, are 

steeply c. west- and east-dipping, and display sheeted conjugate to local 

stockwork patterns (Figs. 4.7 & 4.8). Based on vein geometries (sub-vertical, 

conjugate), observed mineral assemblages (mainly quartz ± K-feldspar), internal 

textures (e.g. crustiform banding) and broader tectonothermal constraints, the 

network evidently formed under dominantly extensional conditions during a 

single phase of multi-step (cyclical) hydrofracturing (e.g. Figs. 3.16 & 3.17). Wall 

rock rupture was accommodated by oblique extension to pure extension, with the 

principal effective stress (σ’1) having a vertical orientation (Figs. 4.11 & 4.12). 

Variable effective differential stress (σ’3 ≥ σ’2) caused by fluctuating fluid 

pressures (see below) produced mainly c. north-south- and subordinate c. east-

west-aligned veins, with the latter exploiting pre-existing structural fabrics. From 

a regional perspective, Moly Brook veining represents a relatively late 

deformation event (D5) and records a transitional phase of ductile-brittle strain 

associated with regional tectonothermal events (Fig. 4.13 & Table 4.4). 
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(2) Nine vein types are recognised at Moly Brook, which formed during three 

successive stages (I to III; Fig. 3.7). Stage I comprises irregular amphibole-

chlorite ± biotite and rare, wavy quartz-K-feldspar veinlets (represented by vein 

Types 1 & 2, respectively; Figs. 3.8 & 3.9). The former developed in response to 

an early phase of deformation-metasomatism prior to the main mineralization 

event (see below). Stage II vein is further subdivided into three sub-stages and 

represents the main sulfide event. Stage IIA (Mo-rich) comprises aplite-sulfide-

molybdenite (Type 3), quartz-molybdenite (Type 4) and quartz-molybdenite ± 

chalcopyrite veins (Type 5), commonly associated with variable K-feldspar + 

hematite ± magnetite alteration (potassic-ferroan assemblage; Figs. 3.9 & 3.10). 

Stage IIB (Mo-poor, Cu-rich) comprises quartz-pyrite-chalcopyrite (Type 6) and 

quartz-muscovite-fluorite ± pyrite ± chalcopyrite veins (Type 7), typically 

associated with sericite + pyrite ± fluorite ± quartz haloes (phyllic- or greisen-type 

assemblage; Fig. 3.11). Quartz-pyrite-galena veins (Type 8) formed during Stage 

IIC veining (Pb ± Au association) and display less intense phyllic-type alteration 

(e.g. Fig. 3.11G). Finally, barren Stage III calcite ± fluorite veinlets (Type 9) and 

breccia zones crosscut all other vein types and represent a retrograde 

hydrothermal event associated with late stage (D6) fracturing and faulting (Fig. 

3.12). 

 

(3) The Moly Brook deposit is hosted by a deformed and metasomatised granitoid 

belonging to the c. 428 – 411 Ma Burgeo Intrusive Suite [BIS] (see Chapter 3). At 

the deposit, granitoid petrological characteristics vary due to their inherent 

primary lithological heterogeneities (mafic to felsic subunits) and also the effects 

of overprinting deformation, metasomatism and alteration (e.g. Table 3.2). 

Compared to distal (less altered) equivalents, BIS wall rocks are weakly depleted 

in K, Na, Ba, Al and Sr, weakly enriched in Ca, Mg, Pb, Cr and Co, and strongly 

enriched in Mo, W, Sn, and Cu (Figs. 3.21 & 3.22). These compositional 

variations reflect episodic modification by early pervasive calcic ± sodic 

metasomatism, and subsequent veining, mineralization and alteration (potassic- 

and phyllic/greisen-type). 

 

(4) Re-Os molybdenite dating at Moly Brook constrains the timing of Mo-Cu 

mineralization between c. 382 and 380 Ma (weighted mean age of 380.9 ± 0.8 

Ma, n = 4; Fig. 5.1). Two molybdenite-bearing quartz veins hosted by Grey River 
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Enclave rocks, located further south, yielded comparable model ages (Table 5.3), 

giving a total weighted mean age of 381.0 ± 0.7 Ma (n = 6) for the Mo-

mineralizing event (Figs. 5.1 & 5.2). Re contents in molybdenite (c. 10 – 65 ppm) 

suggest this metal (and by inference, Mo) mainly originated from a predominantly 

crustal source (i.e. remobilised meta-igneous source; Fig. 5.3). 

 

(5) Fluid inclusions in Stage IIA-B quartz veins comprise carbonic, aqueous-carbonic 

and aqueous types that record the progressive evolution of the hydrothermal 

system (Chapter 6; Fig. 6.1 & Table 6.4). An initial high temperature (> 500°C), 

moderate salinity (c. 5 – 12 wt% NaCl eq.), supercritical fluid (approximate H2O-

CO2-NaCl-KCl system; Fig. 6.6) underwent volatile phase immiscibility and 

cooling from c. 520 to 320°C, concomitant with rapid extensional dilation, 

depressurization and fluid advection (Table 6.7 & Fig. 6.7). Stage IIB fluids 

reflect evolution and cooling of the hydrothermal system over time, with CO2 

becoming depleted and bulk salinities fluctuating towards marginally lower values 

(Figs. 6.7 & 6.9). Late fluid infiltration, possibly related to Stage III carbonate 

veining, is recorded by low salinity aqueous inclusions with low to moderate 

homogenisation temperatures (Tables 6.4 & 6.7). Preliminary modelling of 

aqueous-carbonic fluids associated with a Type 4 quartz-molybdenite vein 

indicates initial Mo mineralization formed at relatively high fluid pressures, 

consistent with a relatively deep crustal setting (c. 7 – 8 km lithostatic equivalent; 

Fig. 6.10). Sulfur isotope compositions of vein sulfides (c. +4 to +9 ‰; Table 6.5) 

suggest that a relatively consistent supply of 34S-enriched sulfur was available 

during mineralization and suggest sulfur predominantly originated from a 

magmatic (remobilised meta-igneous) source (Figs. 6.12 & 6.13). Earlier formed 

sulfide ± sulphate minerals, precipitated during Acadian-cycle subduction- and/or 

collision-related magmatism, likely represents the ultimate source of Moly Brook 

sulfur. 

 

(6) Subordinate leucogranite bodies (dykes, vein dykes) at Moly Brook display field 

and petrological features that indicate synchronous emplacement with veining and 

Mo-Cu mineralization (Fig. 7.1). In general, they are medium-grained, 

equigranular to porphyritic, and contain accessory magnetite, apatite, monazite, 

zircon, fluorite, chalcopyrite and rare molybdenite (Figs. 7.1 & 7.3). 

Geochemically they are peraluminous, high-silica ferroan-type granitoids enriched 
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in K, Rb, U and Th, with elevated K/Na, Rb/Sr, Ta/Zr and Mo/Cu ratios. 

Conversely, they are depleted in Fe, Ca, Mg, Ba, Sr and Ti, and display low 

Nb/Ta, Zr/Hf, LaN/YbN and (Eu/Eu*)N ratios (Figs. 7.8, 7.10 & 7.11). From a 

petrogenetic perspective, these leucogranites mainly conform to the ‘fractionated 

I-type’ and ‘within-plate’ (non-arc) source signatures (Fig. 7.14). Additionally, 

whole-rock initial ɛNd values (Table 7.4) suggest the source magmas formed 

mainly within the Ganderian continental crust, with a possible contribution from 

more juvenile material (i.e. lithospheric mantle or previously metasomatised 

lower crust; Figs. 7.15 & 7.16). The Moly Brook leucogranites display pervasive, 

moderate to intense ‘red rock’-style potassic-ferroan alteration that mimics the 

alteration envelopes of early Stage IIA quartz-molybdenite ± chalcopyrite veins 

(e.g. Figs. 3.9, 3.10 & 7.1). This observed feature, combined with field, 

mineralogical, geochemical and geochronological evidence, supports a likely 

causative link between felsic magmatism and Mo-Cu mineralization (see Section 

8.3 below). 

 

8.3 Summary of evidence linking Mo-Cu and W mineralization 

Several lines of evidence support the hypothesis that the Moly Brook and Grey 

River vein networks are genetically related and represent separate parts of the same 

(larger) hydrothermal system. These are summarised in Table 8.1, and include: 

 

(1) The general similarities observed between the different vein types determined 

from both areas, particularly in terms of their paragenesis, mineralogy and 

alteration styles (e.g. Fig. 3.18). Notwithstanding differences in stage/vein 

nomenclature used in this study and that developed for the Grey River prospect 

(e.g. Higgins 1985), and also the apparent low abundance of quartz-wolframite ± 

scheelite veins at Moly Brook (see below), the correspondence between the 

different veins, combined with their spatial proximity, suggests likely common 

formational modes and controls. 

  



Chapter 8 – Synthesis, Conclusions & Implications 

347 
 

Table 8.1. Comparison of diagnostic features for the Moly Brook and Grey River hydrothermal systems. 

Grey River summary based on Higgins & Kerrich (1982), Higgins (1985) & Higgins et al. (1990). 

Feature Moly Brook (Mo-Cu) Grey River (W ± Mo) 

   
Vein system review 

  

Veining stages Three (I, IIA-C, III) Four (I, IIa-e, III, IV) 

No. of vein types Nine (see Fig. 3.7) Eight (see table 2 in Higgins 1985) 

Key vein types Quartz-molybdenite ± K-feldspar Quartz-K-feldspar-molybdenite 

 
Quartz-molybdenite-chalcopyrite Quartz-wolframite ± scheelite 

 
Quartz-pyrite-chalcopyrite Quartz-pyrite ± chalcopyrite ± bornite 

Vein geometries c. N-S, steeply dipping; local E-W veins Ditto 

Vein microstructures Crustiform banding, composite veins Composite (crustiform) lodes 

Fluid components 
  

Parental fluid Miscible H2O-CO2-NaCl-KCl ± [CO3]2- Miscible H2O-CO2-NaCl ± [CO3]2- ± Mg 

Temperature range1 c. 250 to 530°C c. 250 to 490°C 

Trapping pressure Stage IIA (Mo) = c. 1.8 to 2.2 kbars 
Stage I (Mo) = c. 1.2 to 1.4 kbars 

Stage II (W) = c. 0.5 to 1.1 kbars  

Bulk salinity c. 3 to 12 wt% NaCl equivalent c. 3 to 5 wt. % NaCl equivalent 

δ34Ssulfide +4.3 to +8.5 ‰ +7.1 and +7.7 (this study; Table 6.5) 

δ18Ofluid Not determined +1.6 to +7.3 ‰ (Stage I (Mo) = +7.3) 

Fluid source Magmatic (late meteoric infiltration) Ditto 

Metal source Crustal (remobilised meta-igneous) Not inferred 

Sulfur source 

Crustal (remobilised meta-igneous) ± 

recycled marine sulfate from earlier 

subduction-related enrichment 

Not inferred 

Granite link 
  

Rock type Granite, alkali feldspar granite, aplite Ditto 

Intrusions  Dykes, ‘vein dykes’ (proximal) Dykes (proximal), plug/stock (distal) 

Geochemistry 

Peraluminous. High SiO2, K, Rb, K/Na 

Low Fe, Ca, Ba, Sr, Nb/Ta, (Eu/Eu*)N 

Weakly negative initial ɛNd values 

Peraluminous. High SiO2, K, Rb, K/Na 

Low Fe, Ca, Mg, Ba, Sr, Rb/Sr 

Petrogenetic signature 
Fractionated I-type, within-plate 

Remobilised Ganderian ± juvenile source 
Fractionated I-type, within-plate 

Veining mechanisms2 
 

Initiation event Dyke intrusion, fluid overpressure Ditto, additionally faulting 

 

Driver 

Fluid exsolution/flow, hydrofracturing 

(with repeat cycles) 
Ditto, additionally faulting 

Deposition controls Immiscibility, cooling, pH & redox change 
Immiscibility, cooling, retrograde ‘boiling’, 

pH change 

Geochronology 
  

Age of mineralization c. 380 – 382 Ma (Re-Os molybdenite) c. 378 – 386 Ma (K-Ar muscovite) 

     

1Temperature range based on S- and O-isotope thermometry and fluid inclusion microthermometry results 
2 Refers to main stage veining events (IIA-B at Moly Brook; I and IIa-e at Grey River) 
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(2) Both systems demonstrate comparable structural styles (i.e. extensional veins and 

fractures), while their respective veins display similar geometries (mainly c. 

north-south-striking and steeply dipping). Likewise, the composite nature of the 

main W-bearing lodes at Grey River is partly mimicked by crustiform banding 

and composite vein types at Moly Brook (e.g. Figs. 3.16 & 3.17). Considered 

together, these features indicate that both networks formed under similar (large-

scale) stress regimes, while their structural continuity suggests a uniform phase of 

extensional deformation affected both areas. This is supported by the consistency 

of syn- to post-mineralization structural fabrics observed across the broader study 

area (e.g. the c. north-south trend of Set 2 structural lineaments; Table 4.2 & Fig. 

4.5). 

 

(3) Primary aqueous-carbonic and aqueous fluid inclusions in Moly Brook Stage IIA-

B veins (Mo-Cu association) are similar to those occurring in Stage I (Mo) and 

Stage II (W) veins at Grey River (Section 6.6). Likewise, microthermometric 

results from both systems are broadly comparable and indicate similar 

hydrothermal evolutionary paths (i.e. initial H2O-CO2 unmixing, cooling, bulk 

CO2 ± [CO3]
2- depletion, fluctuating salinities with an overall weak dilution 

trend). While trapping pressures for early Mo-bearing veins at Moly Brook and 

Grey River differ and are distinct in terms of their range (c. 1.8 to 2.2 kbars and 

1.2 to 1.4 kbars, respectively), the observed ranges likely reflect fluctuating fluid 

pressures within a relatively deep-seated formational setting in the crust (c. 4.5 – 

8.7 km lithostatic equivalent). Likewise, rheological contrasts and strain 

partitioning effects between compositionally contrasting host rocks (i.e. granitoid 

versus supracrustal package) may partly account for differences in trapping 

pressure estimates. Nevertheless, an overall deeper setting for both systems is 

supported by their mainly sheeted nature and the aqueous-carbonic character of 

their early mineralizing fluids (e.g. Baker 2002). The deeper setting may alo have 

consequences for the overall metalliferous character and productivity of the 

system (see below). 

 

(4) Although comparable stable sulfur and oxygen isotope datasets for both study 

areas are presently not available, δ34Ssulfide values from Moly Brook (c. +4.3 to 

+8.5 ‰) are consistent with a magmatic sulfur source (Fig. 6.11), while calculated 

δ18Ofluid values for early quartz-K-feldspar-molybdenite and quartz-bismuthinite 



Chapter 8 – Synthesis, Conclusions & Implications 

349 
 

veins at Grey River (c. +5.6 to +7.3 ‰; reported by Higgins & Kerrich 1982) 

support a precursor magmatic fluid for that system also These independent 

isotopic constraints partly corroborate a single, magmatic-hydrothermal fluid 

source. 

 

(5) Leucogranite dykes at Moly Brook provide field, petrological and geochemical 

evidence indicating a causative role during Mo-Cu mineralization (Chapter 7). 

Similar leucogranite bodies in the Grey River area have also been linked with vein 

W mineralization, based on petrological, geochemical and geochronological 

criteria (Higgins 1985, Higgins et al. 1990). These particular intrusions form part 

of a larger Late Devonian granitoid suite occurring across the south coast region, 

comprising porphyritic dykes, minor stocks and plugs, high-level upper crustal 

plutons (e.g. the François Granite) and larger, composite intrusions (e.g. Ackley 

Granite; see Dickson 1984, Blackwood 1985, Dickson et al. 1996). From a 

regional perspective, Late Devonian granitoids in Newfoundland are locally 

associated with variable Mo, W, Cu and Sn mineralization (e.g. Granite Lake 

prospect and southern margin of the Ackley Granite; Table 2.3, Fig. 2.4 & 

Chapter 7). 

 

(6) (6) The timing of Mo-Cu mineralization at Moly Brook (c. 380 to 382 Ma; see 

Chapter 5) overlaps with previously reported K-Ar muscovite ages determined for 

greisen alteration at the Grey River tungsten prospect (c. 378 – 386 Ma; Higgins 

et al. 1990). Although the latter age estimate displays a wide range and is 

generally imprecise (± c. 12 to 16 Ma at the 2σ-level), the geochronology results 

are consistent with synchronous formation of both systems at c. 381 Ma (Fig. 5.2). 

Both of these calculated mineralization and alteration ages also overlap with a 

reported crystallisation age of 378 ± 4 Ma determined for a leucogranite body at 

Moly Brook (Lynch et al. 2011a, Kerr & McNicoll 2012). Given the supporting 

evidence linking leucogranite emplacement and Mo-Cu mineralization (presented 

herein), and analogous leucogranite-hydrothermal connections reported at Grey 

River (Higgins 1985), these temporal consistencies reaffirm a probable connection 

between the Moly Brook and Grey River systems. 

 

(7) In general, Mo and W occur as associated commodities in granite-related 

hydrothermal deposits (e.g. Černý et al. 2005, Sinclair 2007). Both metals tend to 
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behave incompatibly in felsic magmas (Candela 1992) and preferentially partition 

into volatile-rich residual phases and exsolving hydrothermal fluids (e.g. Henrich 

& Candela 2014). The occurrence of Mo-Cu and W mineralization within 

adjoining hydrothermal systems that delineate a c. 1.5 x 3 km structural trend and 

share multiple commonalties (Table 8.1, and discussed in (1) – (6) in this section, 

above) strongly supports the idea of a single, magmatic-hydrothermal system at 

Moly Brook-Grey River, with a zoned pattern of metal distribution. 

 

Although minor wolframite has been noted within some quartz veins at 

Moly Brook (Visagie 2009) and the deposit footprint corresponds with elevated 

W concentrations in the glacial overburden (Fig. 3.2), the preferential occurrence 

of wolframite ± scheelite mineralization further south within the Grey River 

Enclave [GRE] suggests possible host rock control on the siting of tungsten 

mineralization and metal zonation (e.g. Fig. 2.6).  

 

Lecumberri-Sanchez et al. (2017) have recently proposed an elegant model 

for the formation of vein tungsten deposits (based on a study of the Panasqueira 

W deposit, Portugal) that may help to explain the distribution of W at Moly 

Brook-Grey River. In their model, magmatic W from reduced granitic intrusions 

is exsolved and transported by Fe-deficient hydrothermal fluids (as [WO4]
2-) into 

adjacent country rocks, promoting fluid-rock interactions. Provided the country 

rocks are sufficiently mafic (e.g. amphibolite, mafic schist), the W-bearing fluids 

will preferentially leach Fe ± Mn ± Ca from the rock, facilitating hydrothermal 

wolframite ± scheelite precipitation and deposition. 

 

At Grey River, compositionally mafic amphibolite and schist belonging to 

the GRE may thus have provided the necessary Fe ± Mn to form wolframite, the 

main tungstate mineral recorded at the Grey River prospect. Thus, exsolved 

magmatic-hydrothermal fluids that transgressed the southern GRE (Fig. 3.1) may 

have attained the requisite components for tungstate precipitation, resulting in the 

preferential formation of quartz-wolframite ± scheelite veins within that package. 

Such a process may account for overall zoned character of the Moly Brook-Grey 

River system(s) (e.g. Fig. 2.6). 
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8.4 A unified genetic model for Moly Brook-Grey River mineralization 

Based on the preceding information in Sections 8.1-8.2, and details presented in 

the previous chapters, a unified genetic model for the Moly Brook Mo-Cu and Grey 

River W hydrothermal systems is proposed. The following points [(i) – (viii)] 

summarise this new model and the key tectonothermal events and geological controls 

that cumulatively contributed to deposit formation. 

 

(i) During the Late Silurian (c. 429 to 422 Ma; Wenlock to Pridoli), convergence of 

Avalonia and Laurentia was accommodated by northward subduction of the 

Acadian Seaway (Pollock et al. 2012). Subduction produced abundant calc-

alkaline magmatism within upper plate Ganderia, creating the Coastal arc-backarc 

belt and its constituent batholiths (e.g. Burgeo Intrusive Suite; van Staal et al. 

2009). Slab devolatilisation would have induced metasomatism and volatile phase 

enrichment of the sub-continental lithospheric mantle [SCLM], producing a 

relatively fertile and oxidized source region beneath Ganderia (e.g. Richards 2003, 

2015). Subsequent accretionary-collisional events during the Acadian orogeny (c. 

422 – 400 Ma; Early Devonian) would have further contributed to the ‘pre-

enrichment’ of the lithospheric column, providing a suitable compositional and 

tectonic framework for subsequent (post-collision) intrusion-related ore formation 

(cf. Richards 2009, 2011). 

 

(ii) By c. 395 Ma (Emsian), Acadian orogenesis in Newfoundland had terminated 

(van Staal et al. 2014), while further south, Meguma was accreting to the 

Laurentian margin (i.e. earlier accreted Avalonia) via oblique convergence along 

transform fault systems, initiating the Neoacadian orogeny (e.g. Murphy & 

Keppie 1998). While compressive-style deformation is not recorded in 

Newfoundland (van Staal et al. 2009), a phase of oblique, realignment-style 

tectonics had begun, which reactivated earlier formed structures (e.g. Hibbard & 

Waldron 2009, Kellett et al. 2016). 

 

(iii) Concomitant with transcurrent deformation, lower crust ± SCLM anatexis was 

initiated by a combination of lithospheric thickening (crust depression and 

isothermal rebound) and dilatant shearing (i.e. decompression melting; e.g. 

Schofiled & D’Lemos 2000, van Staal et al. 2009). Ingress of asthenospheric 

material into the earlier metasomatised lithospheric base by Acadian slab break-
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off and/or orogenic rebound effects may also have contributed to lower crust ± 

SCLM anatexis. Partial melting generated pulsed batches of intermediate to felsic 

magma in the lower to middle crust, which episodically ascended in a semi-

continuous manner to upper crustal emplacement levels between c. 395 - 372 Ma 

(Eifelian to latest Frasnian). The rate and intensity (volume) of magmatism was 

mainly controlled by the efficiency of oblique deformation in the source region 

and extensional deformation (space creation) in the upper crust. 

 

(iv) In southern and eastern Newfoundland between c. 387 – 372 Ma, transcurrent 

fault reactivation and local extensional deformation was focused along the 

Ganderian-Avalonian suture and correlative splays (D’Lemos et al. 1995, Kellett 

et al. 2016). The resultant deformation generated structural pathways (fracture 

networks), allowing volatile-rich felsic magma to buoyantly ascend through the 

lithospheric column to higher crustal levels (e.g. Clemens & Stevens 2016). At 

emplacement (neutral buoyancy) levels, extensional deformation produced 

discrete local dilatant sites and structures (normal faults, dykes, possible ring 

faults), facilitating the inflow and emplacement of magma batches, which formed 

granitic plutons, stocks and dykes, and subordinate mafic bodies (e.g. D’Lemos et 

al. 1995). The lack of co-magmatic rhyolite in the broader region also suggests 

this phase of Late Devonian, mainly felsic magmatism was predominantly non-

eruptive and preferentially formed intrusive bodies at variable upper crustal 

emplacement depths. 

 

(v) In the general Moly Brook-Grey River area, felsic magmatism occurring between 

c. 383 and 378 Ma coincided with the emplacement of the François Granite 

complex to the east (Dickson et al. 1996). By then, the area was undergoing 

dominantly extensional deformation and the regional stress regime facilitated 

step-wise, episodic magma ascent along steep extensional structures (normal 

faults, fractures), forming François-like satellite intrusions, such as the Grey River 

Point granite and Moly Brook leucogranite dykes (see Chapters 4 & 7). Granite 

emplacement and dyke formation locally coincided with the exsolution of 

volatile- and metal-bearing fluids that were initially channelled or focused by 

earlier formed first- or second-order structures (e.g. Granite Cliff shear zone; Fig. 

8.1, see also Figs. 4.1, 4.3 & 4.5). 
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(vi) At the Moly Brook deposit, a sheeted to stockwork vein network formed 

spontaneously and episodically during granite dyke emplacement and fluid-driven 

extensional wall rock dilation (i.e. hydrofracturing caused by fluid overpressures). 

Vein attitudes, geometries and textures are all consistent with a local differential 

normal stress regime having σ´1 and σ´3 in vertical and horizontal orientations, 

respectively (see Chapter 4; Fig. 8.1). Fluctuating fluid pressures during system 

evolution can account for the variations observed in vein geometries, fracturing 

styles and internal textures. Likewise, fluid compositional variation during these 

cyclical flow events accounts for the formation of early Mo-rich and later Cu-rich 

veins, while inferred late-stage base metal ± Au veins preferentially formed distal 

to the main Mo-Cu mineralization zone. 

 

(vii) Initial hydrofracturing at Moly Brook induced H2O-CO2 immiscibility of a 

precursor high temperature (> 500°C), moderate salinity, supercritical magmatic-

hydrothermal fluid of predominantly aqueous-carbonic character. Volatile phase 

separation (and likely depressurization) promoted cooling, molybdenite 

saturation, mineral precipitation and veining in a relatively deep crustal setting (c. 

7 – 8 km lithostatic equivalent). Over the lifetime of the hydrothermal system 

(comprising several fluid flow events), the fluid evolved to lower temperatures 

and marginally lower salinities, and experienced a corresponding loss of CO2 and 

other volatiles (see Chapter 6). 

 

(viii) Further south from Moly Brook in the Grey River Enclave [GRE] (Fig. 8.1), early 

mineralizing fluids formed quartz-molybdenite ± K-feldspar veins similar to those 

at Moly Brook. Later fluids, while CO2- and Mo-depleted, transported W ± Cu 

within the GRE via extensional fractures and normal faults (e.g. Higgins 1985). 

These fluids may have leached Fe ± Mn from amphibolite and mafic schist units 

within the GRE, promoting wolframite ± scheelite precipitation and the 

preferential formation of W-bearing veins in the area (Fig. 8.1). Additionally, 

rheological contrasts between Moly Brook and Grey River host rocks (i.e. BIS 

and GRE, respectively), and/or their differential responses to extensional 

deformation, may have promoted normal fault reactivation, fault-valve fluid 

cycling and thicker lode formation within the southern GRE. 
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Figure 8.1. Proposed conceptual model illustrating the setting and genesis of the Moly Brook-Grey River hydrothermal system (see main text for detailed discussion). The three panels on the top left are plan view maps of the study area and they sequentially  

illustrate the terrain, major structural lineaments and bedrock geology (from left to right). The locations of the two cross-section profiles (X-X’ [east to west] and Y-Y’ [north to south]) are shown on the geological map compilation. Abbreviations: DCBF = 

Dog Cove Brook fault, GCF = Granite Cliff fault, GCSZ = Granite Cliff shear zone, GRBF = Grey River Brook fault, LPTF1 & 2 = Long Pond transform fault 1 & 2, MBF = Moly Brook fault, mol = molybdenite, qz = quartz, ser = sericite. ? = uncertainty 

or speculation at depth. 
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8.4.1 System position on the ‘porphyry Mo deposit’ spectrum 

In general, the magmatic-hydrothermal character of the Moly Brook-Grey River 

system and its hypogene metal tenor suggest an affinity with porphyry Mo deposits 

(sensu lato), while the inferred deeper (plutonic) setting is also consistent with 

mineralized granite-hydrothermal systems (e.g. Baker 2002, Černý et al. 2005, Seedorf 

et al. 2005). While a clear overlap between these broad deposit types is generally 

recognised, first-order distinctions are commonly made based on resource 

considerations (e.g. size, grade) and the tenor and diversity of their contained 

commodities. 

 

From a resource perspective, the combined indicated and inferred grade of 

0.062% Mo for the Moly Brook system (using a 0.04% Mo cut-off, see Section 2.5.4) is 

lower than that commonly associated with Climax- or rift-type Mo deposits (average of 

0.14% Mo; Fig. 8.2A; Carten et al. 1993). However, this grade overlaps with those 

associated with arc-type Mo deposits (e.g. Endako) and granite-hydrothermal systems 

within collisional orogens, although the latter deposits have highly variable Mo contents 

(Fig. 8.2A). A combined tonnage estimate of c. 118.1 Mt for Moly Brook falls close to 

the average size of Climax-type (sensu lato) systems (c. 140 Mt), although a contained 

metal estimate of 0.07 Mt Mo is marginally lower than the 0.1 Mt lower limit for 

‘medium-sized’ Mo deposits, as defined by Lerchbaumer & Audétat (2013). 

Additionally, an estimated Mo/Cu ratio of 1.9 for Moly Brook compares favourably 

with the ratio (1.0) proposed by Carten et al. (1993) to distinguish porphyry Mo ± Cu 

deposits from Cu-rich variants, while it also overlaps with Mo/Cu ratios for alkalic- and 

transitional-type Mo deposits (Fig. 8.2B). 

 

The formation of the Moly Brook-Grey River system within a collided orogen 

(post-collisional) setting is fundamentally distinct from the geological settings 

‘traditionally’ proposed for other porphyry Mo deposits (i.e. continental arc and 

backarc/rift locations). Recently, Chen et al. (2017a) suggested a ‘collision-type’ 

category for Mo deposits occurring in continental collisional orogens and presented 

diagnostic criteria in terms of their tectonic, magmatic and hydrothermal characteristics. 

In general, the features of the Moly Brook-Grey River system most closely conform to 

those criteria (summarised in Fig. 8.3), which help to distinguish the deposit from 

comparable Mo-rich and Mo-poor ‘porphyry’ systems. Thus, while the Moly Brook-

Grey River system displays features that overlap with those for the broader porphyry 
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Mo deposit family, a more specific designation as a ‘collided orogen-type’ granite-

hydrothermal system is deemed more appropriate (Fig. 8.3). 

 

Figure 8.2. Grade and resource comparisons between the Moly Brook deposit (red circled) and other 

granitoid Mo systems (data compiled from Carten et al. 1993, Sinclair 2007 and Chen et al. 2017a). A. 

Mo grade versus reported resource and corresponding contained metal (NB: grade and tonnage values 

are influenced by differences in reported resource levels and cut-off grades). Dashed black lines 

represent the mean Mo grade and tonnage of rift-type Mo deposits (Carten et al. 1993). Dashed orange 

lines are the mean Mo grade and tonnage of porphyry Cu-Mo deposits (Singer et al. 2008). Deposits 

labelled with red text are Canadian examples. FTZ = Fire Tower Zone, NZ = North Zone at Mt Pleasant.  

B. Mo versus Cu grades for the same deposits shown in A. Diagnostic Mo/Cu ratios for porphyry Cu ± 

Mo (< 0.1) and Mo ± Cu (> 1.0) deposits are from Carten et al. (1993). Moly Brook Mo/Cu ratio (1.9) 

also plotted. Dashed orange lines are mean Mo and Cu grades for porphyry Cu-Mo deposits (Singer et 

al. 2008). Legend in B also applies to A. 

.
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Figure 8.3. Tripartite classification for porphyry Mo deposits (sensu lato). Classification system, deposits types, subtypes and synonyms modified from Sillitoe (1980), White et al. 

(1981), Westra & Keith (1981), Carten et al. (1993), Černý et al. (2005), Seedorf et al. (2005), Ludington & Plumlee (2009) and Chen et al. (2017a). RIRG = reduced intrusion-

related gold, cas = cassiterite, cp = chalcopyrite, fluor = fluorite, mol = molybdenite, py = pyrite, qz = quartz, sch = scheelite, tpz = topaz, wolf = wolframite.  
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8.5 Metallogenic implications 

The broader implications of the findings of this study in terms of local and 

regional metallogeny are: 

 

(1) The geological, structural and geochemical characteristics of the Moly Brook Mo-

Cu deposit are consistent with a magmatic-hydrothermal genetic model. Middle 

Devonian felsic magmatism at c. 381 Ma provided the major mineralizing 

components (fluids, metal, sulfur), coincident with granitic dyke emplacement. 

Although direct evidence for a progenitor intrusion (stock, pluton) is presently 

lacking, leucogranite dykes and vein dykes may represent the superjacent 

manifestation of such a body. 

 

(2) A combination of fluid overpressure, extensional deformation (rock 

rupture/dilation) and cyclical advection promoted hydrofracturing at Moly Brook. 

This caused volatile phase immiscibility, cooling, depressurisation, and resulted in 

sulfide saturation/precipitation and vein formation. Overall, these features reflect 

the fundamentally important role tectonic deformation and geological structures 

played in controlling magma emplacement, fluid flow and subsequent 

mineralization. 

 

(3) Coupled H2O-CO2 immiscibility and cooling provided efficient mechanisms for 

the precipitation of molybdenite ± chalcopyrite from initial high temperature, low 

to moderate salinity aqueous-carbonic fluids, while the supply/availability of Mo, 

Cu, S and fluid appear to have controlled overall system productivity. The latter 

point may ultimately be a reflection of the size, shape, depth and/or fertility of the 

causative intrusion (cf. Lerchbaumer & Audétat 2013). 

 

(4) A relationship between high vein frequency and elevated Mo and Cu 

concentrations is not apparent at Moly Brook (Figs. 4.9 & 4.10). Likewise, a 

positive correlation between Mo and Cu grades is also not evident (Fig. 4.10). 

More commonly, higher Mo grades occur in areas with lower Cu grades (and vice 

versa) suggesting factors other than vein frequency control grade distribution. 

These observations reaffirm the concept of a decoupling of Mo and Cu 

mineralization and suggest that, while spatially juxtaposed, the mineralization 

represents specific events within the evolving fluid system. This is consistent with 
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the paragenetic sequence established for the deposit and fluid inclusion evidence 

(Chapters 3 & 6) and suggests distinct Mo- and Cu-enriched intervals are likely 

controlled by specific mineralogical, fluid compositional and possibly structural 

factors. 

 

(5) Multiple lines of evidence support the idea that the Moly Brook Mo-Cu deposit 

and Grey River W prospect represent adjacent parts of a single magmatic-

hydrothermal system. Metal zoning across the area may have been controlled by 

lithological (compositional) contrasts between the Burgeo Intrusive Suite in the 

north (hosting Moly Brook mineralization) and the Grey River Enclave [GRE] in 

the south (hosting Grey River mineralization). Likewise, rheological contrasts 

between these two units may have facilitated strain partitioning and a differential 

response to extensional deformation, further promoting metallogenic variation 

(e.g. sustained, reactive normal faulting in the GRE producing thicker, W-bearing 

lodes at Grey River). 

 

(6) Considering its magmatic-hydrothermal characteristics, and combined metal tenor 

and size (> 100 Mt based on separate regulatory-compliant indicated and inferred 

resource estimates; see Chapter 2), the Moly Brook-Grey River system(s) 

represents the premier example of a granite-related hydrothermal Mo-Cu-W 

deposit in the Newfoundland Appalachians. 

 

(7) Re-Os geochronology results from Moly Brook-Grey River (this study) and other 

Mo-mineralized granite systems in southern Newfoundland (e.g. Lynch et al. 

2009, 2012) clearly identify a temporally and spatially focused granitoid-

metallogenic epoch in southeast Newfoundland between c. 387 and 377 Ma (see 

also Table A2.1 in Appendix 2). This epoch developed during a phase of bimodal 

felsic magmatism that formed in response to far-field Neoacadian orogenesis in 

the Middle to Late Devonian. Granite-related Mo ± W ± Cu mineralization in 

Newfoundland represents the culmination of a series of tectonothermal processes 

(commencing with subduction in Late Silurian times) that, cumulatively, provided 

the necessary components (e.g. source area fertility, structural framework) to 

ultimately produce magmatic-hydrothermal mineralization. This highlights the 

need for several geological processes, operating at different stages and scales, to 

produce mineralization in collided orogen settings (e.g. Richards 2011, 2013). 
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(8) Based on regional commodity distributions (Fig. 2.1; Strong & Chatterjee 1985), 

the Ganderian terrane preferentially hosts Mo- and/or W-rich systems (e.g. Moly 

Brook-Grey River, Sisson), whereas the Meguma and Avalonian terranes are 

more associated with Sn-rich systems (e.g. East Kemptville) and other lithophile 

elements (e.g. F at St Lawrence). This may reflect the lithological and 

compositional differences between the respective source regions, which, in turn, 

influence parental magma compositions and mineralizing potential (e.g. redox 

state, volatile content). However, overlap in terms of metal association and 

enrichment occurs within the Ganderian terrane (e.g. Mt Pleasant W-Mo and Sn 

deposits), suggesting local factors play a key role in determining hypogene metal 

tenor (e.g. degree of magma fractionation, fluid characteristics). 

 

8.6 Exploration implications 

Implications of the findings of this study in terms of mineral exploration are: 

 

(1) The proposed unified model for the Moly Brook-Grey River system highlights an 

increased potential for large tonnage (> c. 100 Mt) intrusion-related Mo-Cu-W ± 

Bi ± Pb ± Au mineralization in southern and central Newfoundland. Exploration 

efforts should now focus on Middle to Late Devonian granitoids and adjacent 

areas (e.g. within a c. 20 km radius) where the country rocks are predominantly 

meta-igneous in character and transected by earlier formed deformation zones. 

Mafic ± calcareous country rocks may preferentially host W mineralization. 

Exploration strategies and target generation should utilise structural and alteration 

mapping, geochemical sampling (till, stream sediment), ground-based geophysical 

surveys (e.g. gravity and induced polarisation methods), and also granite 

lithogeochemistry (including Fe2O3/FeO as a redox proxy; see point (3) below). 

 

(2) Preliminary geochemical assessments of compositional changes affecting Moly 

Brook wall rocks and leucogranite dykes indicate that alteration and 

mineralization produced anomalous concentrations of Mo, W, Sn, Cu, Pb, Zn, V, 

Co, La, P and K (Chapters 3 & 7 herein). These elements constitute a potential 

‘pathfinder’ suite that may be applicable to locating ‘blind’ or hidden deposits of 

similar character in the region. Likewise, mildly positive δ34S values (c. +1 to +8 
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‰) for vein or granite sulfides may be indicative of favourable fluid and/or melt 

compositions. 

 

(3) The petrological and geochemical character of Moly Brook-Grey River 

leucogranites and granitic rocks associated with the Granite Lake Mo-W-Cu 

prospect (Fig. 2.2) indicate that Late Devonian metalliferous granitoids in 

Newfoundland have a relatively restricted compositional signature (e.g. sub-

alkaline peraluminous, Nb/Ta < 7, Rb/Sr ≈ 1 – 50, P2O5 < 0.1 wt%; see Chapter 

7). Recognition of these signatures via lithogeochemical sampling may help 

identify prospective intrusions and improve target generation. Such 

lithogeochemical ‘screening’ would further gauge the potential of target intrusion 

for Au ± Bi mineralization (e.g. Fe2O3/FeO < 0.6; e.g. Baker et al. 2005). 

 

(4) Taken together, the Moly Brook-Grey River and Granite Lake systems in 

Newfoundland, along with analogous geological systems in Nova Scotia and New 

Brunswick (e.g. Sisson), reaffirm the Palaeozoic Canadian Appalachians as a 

highly prospective terrain for granitoid-related Mo-W-Cu deposits with a potential 

to host economically significant mineralization (e.g. Strong & Chatterjee 1985, 

Sinclair 2007, van Staal 2007). 

 

8.7 Future work 

Based on the findings presented in this thesis, the following recommendations for 

future work to enhance understanding of the mineralized system at Moly Brook-Grey 

River, and develop its resource potential are offered: 

 

(i) Geological mapping with a thematic focus should be conducted across the study 

area to better delineate and constrain the structural and hydrothermal evolution of 

the system. In particular, integrated mapping of vein geometries, vein widths, 

kinematic indicators (e.g. dilation fabrics), and vein and alteration assemblages, 

would better constrain the distribution of the sulfide-bearing veins (at larger 

scales; e.g. 1:5000) and provide a basis for further modelling of the system (see 

next point). Focused mapping around the Moly Brook and Dog Cove Brook faults 

(Figs. 2.5 & 2.6) should ascertain the kinematics of these structures and facilitate 

testing of whether syn- or post-mineralization displacements have offset/truncated 

the c. north-south vein network. 



Chapter 8 – Synthesis, Conclusions & Implications 

362 
 

 

(ii) A 3D model of the deposit incorporating all existing and new geological, 

structural, alteration, geochemical (assay) and geophysical data should be 

constructed. Acquisition and modelling of ground-based gravity and total 

magnetic field data would serve to further delineate the 3D outline of the system 

and test the ‘hidden granite’ hypothesis. 

 

(iii) A focused structural, mineralogical and geochemical study of Type 8 quartz-

pyrite-galena veins in the Moly Brook-Grey River area should be conducted to 

better constrain links between Mo-Cu-W ± Bi and Pb ± Au ± Zn mineralization. 

Determining the factors controlling the nature and distribution of Au 

mineralization should be prioritised (e.g. mineralogical setting), while specific 

drill core intervals should be re-assayed for Au and associated pathfinder metals 

(e.g. Te, Bi; see Baker et al. 2005). Such information would help to assess 

correlation with other reduced intrusion-related gold deposits (e.g. Goldfarb et al. 

2005) and may enhance the economic feasibility of the system. 

 

(iv) The fluid inclusion results presented herein provide a basis for additional fluid-

focused investigations which could further constrain magmatic-hydrothermal 

controls on the mineralization and asses bulk system productivity. For example, 

combined SEM-cathodoluminescence imaging and fluid inclusion LA-ICP-MS 

analysis would quantify the composition of the mineralizing fluids at different 

depositional stages, while crush-leach or noble gas analysis would provide further 

constraints on the likely fluid source (e.g. He in sulfide- or wolframite-hosted 

inclusion fluids). Grain-scale (in situ) trace element and/or tracer isotope studies 

(e.g. O, S, Pb, Hf) focusing on links between fluids, minerals and the leucogranite 

bodies would also provide key insights into the deposit genesis. 
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(v) Establishing what role (if any) mafic magmatism played in the formation of the 

Moly Brook-Grey River system presents an additional interesting research 

avenue. Geological, geochemical and isotopic characterisation of Late Devonian 

doleritic intrusions at Moly Brook-Grey River and across the south coast region 

would ascertain whether such magmatism contributed to the mineralization. 

Alkaline mafic magmatism derived from the upper mantle is considered to 

contribute to the generation of some granitoid-related mineral deposits (e.g. 

magma chamber recharge/reactivation, source of metals and/or sulfur; Wallace 

1995, Keith et al. 1998a & 1998b, Walshe et al. 2011). 
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Appendix 1 

SAMPLES 

 

This appendix contains five tables (A1.1 to A1.5) that list the samples collected and analysed from the 

Moly Brook-Grey River site and the other study areas. Listed information in each table includes the sample 

number, geographical location, sample type, UTM coordinates and hypogene mineral and alteration 

assemblages. The samples have been grouped by geographical location corresponding to the boxed areas 

shown in Figure A1.1 and by associated granite. 

 

 

Figure A1.1. Palaeozoic granitoid geology of Newfoundland (after Colman-Sadd et al. 1990) showing boxed study 

areas that correspond to the sample suites listed in Tables A1.1 to A1.5. The approximate sample locations within each 

of the areas are also highlighted (yellow circles). Table A1.1 = Moly Brook-Grey River area, Table A1.1 = southern 

Ackley and Tolt granites, Table A1.3 = Granite Lake prospect, Table A1.4 = South Coast area, Table A1.5 = Western 

samples. 
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Table A1.1. Samples from the Moly Brook Mo-Cu deposit and general Grey River area (n = 56)       

        
Sample no.1 Type Location Sample type Easting2 Northing2 Mineral assemblage3 Alteration assemblage 

        
GR3 Outcrop Grey River Quartz-molybdenite-sulphide vein 0492225m 5270900m Qz-Mol-Py-Ccp-ms Ser-Bt-Chl (weak selective) 

GR6A Outcrop Grey River Quartz-molybdenite-sulphide vein 0492492m 5270688m Qz-Mol-Py-Ccp-ms Kfs-Ser (weak selective) 

GR1007B Outcrop Grey River Quartz-molybdenite-sulphide vein 0492492m 5270688m Qz-Py-Wlf-Ccp not seen; Hem (supergene) 

GRD08-3 Outcrop Grey River Point Alkali feldspar granite 0491122m 5268685m Kfs-Qz-Pl-Bt-Mag Ser-Ms-Kfs-Hem (moderate pervasive) 

GRP08-1 Outcrop Grey River Point Alkali feldspar granite 0491014m 5268882m Kfs-Qz-Pl-Bt-Ms-Grt-Py Ser-Ms-Ep-Hem (intense pervasive) 

GRP08-2 Outcrop Grey River Point Alkali feldspar granite 0490986m 5268848m Kfs-Qz-Pl-Bt-Ms-Grt-Mag Ser-Ms-Hem-Ep (intense pervasive) 

MB-G1-1 Outcrop Moly Brook Quartz-sulphide vein 0492340m 5274075m Qz-Gal-Py-Ccp-Bis Hem (moderate selective) 

MB-G1-2 Outcrop Moly Brook Quartz-sulphide vein 0492338m 5274077m Qz-Py-Ccp-Gal-Bis-Mol Chl-Ser-Hem (moderate selective) 

MB-T106-1 Outcrop Moly Brook Quartz-molybdenite-sulphide vein 0492142m 5272958m Qz-Mol-Py-Ccp-Kfs Qz-Ser (weak selective) 

MB-T108-18 Outcrop Moly Brook Quartz-molybdenite-sulphide vein 0492242m 5273188m Qz-Mol-Py-Ccp-Kfs Qz-Ser (weak selective) 

MB1107B Outcrop Moly Brook Quartz-molybdenite-sulphide vein 0492180m 5273680m Qz-Kfs-Mol-Py-Ccp-Fl Qz-Ser (weak selective) 

MB1107E Outcrop Moly Brook Quartz-sulphide vein 0492036m 5273509m Qz-Ccp-Py-Ms Ser-Ms-Qz (weak selective) 

MB09-3-90.00 Drill core Moly Brook Quartz-molybdenite vein 0492201m 5273488m Qz-Mol Kfs-Bt-Act (moderate selective) 

MB09-7-160.00 Drill core Moly Brook Quartz-molybdenite-sulphide vein 0492201m 5273488m Qz-Kfs-Mol-Py-Ccp Kfs-Qz-Act-Py (moderate selective) 

MB09-8a-163.55 Drill core Moly Brook Quartz-molybdenite-sulphide vein 0492201m 5273488m Qz-Kfs-Mol-Fl-Py-Act Kfs-Bt-Act-Py (weak selective) 

MB09-11A-309.10 Drill core Moly Brook Quartz-molybdenite ± sulphide veinlet 0492201m 5273488m Qz-Mol-Bt-Py Qz-Ser ± Py (weak selective) 

MB09-11D-309.10 Drill core Moly Brook Quartz veinlet (barren) 0492201m 5273488m Qz-Kfs-Bt Qz-Ser ± Py (weak to mod selective) 

MB09-12A-304.10 Drill core Moly Brook Quartz-molybdenite vein 0492201m 5273488m Qz-Kfs-Mol-Ms-Fl-Ccp-Ilm Kfs-Act-Rt (moderate selective) 

MB13-2-53.83 Drill core Moly Brook Muscovite-fluorite-quartz vein 0492200m 5273082m Qz-Ms-Fl-Kfs Ser-Ms-Qz ± Py (weak selective) 

MB13-6A-145.63 Drill core Moly Brook Quartz-molybdenite-sulphide vein 0492200m 5273082m Qz-Py-Kfs-Mol-Ccp-Fl-Act Kfs-Ser-Qz (weak selective) 

MB13-8A-158.20 Drill core Moly Brook Quartz-molybdenite-sulphide veinlet 0492200m 5273082m Qz-Mol-Kfs-Act-Py-Ccp Kfs-Py-Bt (intense selective) 

MB13-9B-179.34 Drill core Moly Brook Quartz-sulphide veinlet 0492200m 5273082m Qz-Act-Py-Mag-Ccp Act-Mag-Py (weak selective) 

MB13-10A-193.00 Drill core Moly Brook Quartz-molybdenite-sulphide vein 0492200m 5273082m Qz-Mol-Kfs-Ccp-Py-Mag Act-Bt-Kfs-Mag (moderate selective) 

MB13-14B-242.93 Drill core Moly Brook Quartz-molybdenite-sulphide vein 0492200m 5273082m Qz-Mol-Kfs-Ccp-Py-Act Kfs-Ser-Act-Mag (weak selective) 

MB13-19-147.55 Drill core Moly Brook Quartz-molybdenite-sulphide vein 0492200m 5273082m Qz-Mol-Py-Ccp-Ms Kfs-Ser-Qz-Py (weak selective) 

MB14-1-248.25 Drill core Moly Brook Quartz-molybdenite vein 0492370m 5273087m Qz-Kfs-Mol Kfs-Act (intense selective) 

MB14-2A-237.45 Drill core Moly Brook Quartz-molybdenite-sulphide veinlet 0492370m 5273087m Qz-Ms-Fl-Mol-Py-Ccp Ser-Qz-Py (moderate selective) 

MB14-3A-265.10 Drill core Moly Brook Aplite-sulphide vein 0492370m 5273087m Kfs-Qz-Ms-Mol-Py-Fl-Act-Bt Kfs (weak to moderate selective) 

MB14-3B-265.14 Drill core Moly Brook Quartz-molybdenite vein 0492370m 5273087m Qz-Mol-Kfs Kfs-Ilm-Act (moderate selective) 

MB14-4A-297.10 Drill core Moly Brook Muscovite-fluorite-quartz vein 0492370m 5273087m Ms-Qz-Py-Fl Ser-Ms-Qz-Ilm-Py (moderate selective) 
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MB14-8-399.85 Drill core Moly Brook Alkali feldspar granite 0492370m 5273087m Kfs-Qz-Pl-Bt-Ms-Py-Ccp Kfs-Ser (weak to moderate pervasive) 

MB14-10-379.25 Drill core Moly Brook Alkali feldspar granite 0492370m 5273087m Kfs-Qz-Pl-Bt-Py-Ccp Kfs-Ser-Hem (moderate pervasive) 

MB14-11-250.10 Drill core Moly Brook Quartz-molybdenite vein 0492370m 5273087m Qz-Mol-Ms Kfs-Bt-Act (moderate selective) 

MB16-3A-54.48 Drill core Moly Brook Muscovite-fluorite-quartz veinlet 0492523m 5273191m Ms-Fl-Qz-Py-Ccp Ser-Ms-Qz-Py (intense selective) 

MB16-3B-54.40 Drill core Moly Brook Quartz-sulphide veinlet 0492523m 5273191m Qz-Py-Ccp  Qz-Ser-Rt ± Ti (moderate selective) 

MB16-4A-420.50 Drill core Moly Brook Quartz-molybdenite vein 0492523m 5273191m Qz-Mol-Kfs-Mag-Ilm-Act Kfs-Mag-Act (moderate selective) 

MB18-1-497.50 Drill core Moly Brook Alkali feldspar granite 0492420m 5273282m 
Kfs-Qz-Pl-Bt-Ms-Ccp-Py-Ap-Mnz-

Mag-Zrn-Brk 
Kfs-Ser-Hem-Rt (moderate pervasive) 

MB20-2A-23.76 Drill core Moly Brook Aplite-sulphide vein 0492395m 5272995m Kfs-Qz-Act-Fl-Ccp-Py-Sp-Bi-Mol Bt-Ser-Act-Kfs-Hem (weak selective) 

MB20-4-427.70 Drill core Moly Brook Alkali feldspar granite 0492395m 5272995m Kfs-Qz-Pl-Bt-Py-Ccp Kfs-Ser-Hem-Rt (moderate pervasive) 

MB20-5B-433.25 Drill core Moly Brook Quartz-molybdenite vein 0492395m 5272995m Qz-Mol-Kfs-Act Act-Bt (weak selective) 

MB20-8-469.05 Drill core Moly Brook Alkali feldspar granite (porphyry) 0492395m 5272995m Kfs-Qz-Pl-Bt-Ms-Py-Zrn Kfs-Ser-Hem-Rt (moderate pervasive) 

MB25-1A-49.87 Drill core Moly Brook Aplite-sulphide vein 0492109m 5273095m Kfs-Qz-Py-Act-Ilm-Fl-Ccp Bt-Act-Mag-Kfs (moderate selective) 

MB25-2A-64.53 Drill core Moly Brook Quartz-sulphide veinlet 0492109m 5273095m Qz-Kfs-Act-Py-Mag-Ccp Kfs (moderate selective) 

MB25-5A-100.10 Drill core Moly Brook Quartz-molybdenite-sulphide vein 0492109m 5273095m Qz-Kfs-Mol-Py-Ccp-Fl Kfs-Act-Mag (moderate selective) 

MB31-7A-181.86 Drill core Moly Brook Quartz-molybdenite veinlet 0492290m 5272752m Qz-Mol-Kfs Kfs-Ser (weak to moderate selective) 

MB31-7B-181.86 Drill core Moly Brook Granite (weakly deformed) 0492290m 5272752m 
Kfs-Qz-Pl-Bt-Ms-Py-Ap-Mag-Ilm-

Zrn-Fl 
Kfs-Ser (weak to moderate pervasive) 

MB31-8B-183.75 Drill core Moly Brook Quartz veinlet (barren) 0492290m 5272752m Qz None seen 

MB31-9A-186.32 Drill core Moly Brook Quartz ± sulphide vein (milky white) 0492290m 5272752m Qz-Ms-Kfs-Fl-Act-Py Ser-Qz (weak to moderate selective) 

MB31-9B-179.34 Drill core Moly Brook Quartz ± sulphide vein (milky white) 0492290m 5272752m Qz-Ms-Kfs-Fl-Act-Py Ser-Qz (weak to moderate selective) 

MB31-12A-297.33 Drill core Moly Brook Quartz-molybdenite-sulphide veinlet 0492290m 5272752m Qz-Pl-Mol-Ccp-Py-Act-Fl Kfs-Mag-Prh (weak selective) 

MB31-13-481.34 Drill core Moly Brook Granite (weakly deformed) 0492290m 5272752m Kfs-Qz-Pl-Bt-Py-Ms  Kfs-Ser (weak to moderate pervasive) 

MB31-14-481.10 Drill core Moly Brook Granite (weakly deformed) 0492290m 5272752m Kfs-Qz-Pl-Bt-Py-Ms-Ccp-Zrn Kfs-Ser (weak to moderate pervasive) 

MB35-2-41.30 Drill core Moly Brook Aplite-sulphide vein 0492008m 5273079m Kfs-Qz-Py-Ccp-Ms-Mol-Fl-Bt-Act Kfs-Ser (weak to moderate selective) 

MB35-7A-135.30 Drill core Moly Brook Quartz-molybdenite-sulphide vein 0492008m 5273079m Qz-Kfs-Py-Ccp-Mol-Act-Mag-Ms Kfs-Bt-Mag-Py (intense selective) 

MB36-1-173.00 Drill core Moly Brook Quartz-molybdenite-sulphide vein 0492098m 5272912m Qz-Mol-Py-Ms-Kfs Kfs-Hem-Py (moderate selective) 

MBR07-2 Outcrop Moly Brook Quartz-molybdenite-sulphide vein 0492492m 5268685m Qz-Mol-Py-Ccp-Mag Qz-Py ± Rt (moderate selective) 

                

1 = Moly Brook drill core sample format: MB09-11A-309.10 = sample 11A at 309.10 m depth in drill hole no. 09 
2 = UTM coordinates for Zone 21/T. Drill hole collar locations used where applicable.    3 = Mineralogy listed in inferred decreasing modal abundance. 

Abbreviations: Ap = apatite, Bis = bismuthinite; Brk = brookite, Bt = biotite, Cal = calcite, Ccp = chalcopyrite, Chl = chlorite, Ep = epidote, Fl = Fluorite, Gal = galena, Grt = garnet, Hem = hematite, Ilm = ilmenite, Kfs = K-feldspar, Mag = 

magnetite, Mol = molybdenite, Ms = muscovite, Pl = plagioclase feldspar, Prh = prehnite, Py = pyrite, Qz = quartz, Rt = rutile, Ser = sericite, Sp = sphalerite, Wlf = wolframite, Zrn = zircon 
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Table A1.2. Samples from the Granite Lake Mo-W-Cu prospect (n = 18)         

        
Sample no. Type Location Sample type Easting

1
 Northing

1
 Mineral assemblage

2
 Alteration assemblage 

        Wolf Moluntain Granite 

      GL1207B Outcrop Granite Lake Quartz-molybdenite-sulphide vein 0511649m 5339386m Qz-Mol-Py-Ms Ser-Ms-Qz (weak selective) 

GL1207C Outcrop Granite Lake Alkali feldspar granite 0511901m 5339431m 

Kfs-Qz-Pl-Bt-Ms-Py-Ap-Zrn-Ccp-Fl-Mag-

Sp Kfs-Ser (weak selective) 

GL1307A Outcrop Granite Lake Alkali feldspar granite 0509706m 5342641m Kfs-Qz-Pl-Ms-Bt-Mol-Zrn-Xtm-Mag-Ap Kfs-Ser-Hem-Act (weak to moderate pervasive) 

GL23-1-42.45 Drill core Granite Lake Alkali feldspar granite 0510447m 5342594m Kfs-Qz-Pl-Ms-Bt-Py-Ccp-Mol-Mag-Zrn Kfs-Ser-Hem (weak to moderate pervasive) 

GL23-5-169.42 Drill core Granite Lake Aplite granite dyke 0510447m 5342594m Kfs-Qz-Ms-Pl-Py-Grt-Bt-Ccp-Fl Kfs-Ser (weak to moderate pervasive)  

GL23-7-185.48 Drill core Granite Lake Alkali feldspar granite 0510447m 5342594m Kfs-Qz-Pl-Ms-Bt-Py-Ccp-Mol-Mag-Zrn Kfs-Ser-Rt (weak to moderate pervasive) 

GL23-8-63.09 Drill core Granite Lake Quartz-molybdenite-sulphide vein 0510447m 5342594m Qz-Ms-Chl-Py-Mol Ser-Ms-Qz-Py (moderate selective)  

GL43-2-101.00 Drill core Granite Lake Aplite granite dyke 0510703m 5342699m Kfs-Qz-Ms-Pl-Grt-Mag-Bt-Py-Ccp-Rt Kfs-Hem-Ser (weak to moderate pervasive)  

GL44-5-48.39 Drill core Granite Lake Granodiorite 0510702m 5342899m Pl-Qz-Bt-Kfs-Mag-Py-Zrn-Mnz Kfs-Ser-Hem-Chl (fresh to weak selective)  

GL44-13-94.17 Drill core Granite Lake Pegmatitic dyke 0510702m 5342899m Kfs-Qz-Ms-Pl-Bt-Py-Mol Kfs-Ser-Hem (moderate pervasive)  

GL44-17-178.57 Drill core Granite Lake Granodiorite 0510702m 5342899m Pl-Qz-Bt-Kfs-Mag-Py-Ms-Zrn-Mnz Kfs-Ser-Hem (fresh to weak selective)  

GL44-20-218.90 Drill core Granite Lake Granodiorite 0510702m 5342899m Pl-Qz-Bt-Kfs-Mag-Ap-Py-Zrn-Mnz-Ccp-Rt Kfs-Ser-Hem (fresh to weak selective)  

GL44-36-48.00 Drill core Granite Lake Quartz-molybdenite-sulphide vein 0510702m 5342899m Qz-Mol-Ccp-Py-Ms Ser-Qz-Chl-Py (moderate selective) 

GL53-10-210.71 Drill core Granite Lake Alkali feldspar granite 0510503m 5341699m Kfs-Qz-Pl-Ms-Bt-Mag-Mol-Py-Ccp-Fl-Zrn Kfs-Hem-Ser-Chl-Act-Qz (weak pervasive)  

GL53-12-84.05 Drill core Granite Lake Alkali feldspar granite 0510503m 5341699m Kfs-Qz-Pl-Ms-Bt-Py-Mol-Zrn Kfs-Ser-Act-Brk (weak to moderate pervasive) 

GL53-13-182.28 Drill core Granite Lake Alkali feldspar granite 0510503m 5341699m 

Kfs-Qz-Pl-Ms-Bt-Py-Mag-Fl-Ccp-Mol-Zrn-

Mnz Py-Act-Chl-Rt-Brk (weak pervasive) 

GL53-14-124.85 Drill core Granite Lake Quartz-molybdenite-sulphide vein 0510503m 5341699m Qz-Ms-Mol-Py-Mag-Kfs-Fl Ser-Ms-Qz-Py (moderate selective)  

GL53-33-213.40 Drill core Granite Lake Quartz-molybdenite-sulphide vein 0510503m 5341699m Qz-Mol-Py-Mag-Kfs Ser-Ms-Qz (weak selective) 
                

1 = UTM coordinates for Zone 21/U. Drill hole collar location where applicable. 

2 = Minerals listed in inferred decreasing modal abundance.  
Abbreviations: Act = actinolite, Ap = apatite, Brk = brookite, Bt = biotite, Chl = chlorite, Ccp = chalcopyrite, Fl = Fluorite, Grt = Garnet, Hem = hematite, Kfs = K-feldspar, Mag = magnetite, Mol = molybdenite, Mnz = rmonazite, Ms = 

muscovite, Pl = plagioclase feldspar, Py = pyrite, Qz = quartz, Rt = rutile, Ser = sericite, Sp = sphalerite, Xtm = xenotime, Zrn = zircon 
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Table A1.3. Samples from the southern Ackley Granite (Rencontre Lake and Sage Pond subunits) and Tolt granite (n = 22) 

        
Sample no. Type Location Sample type Easting1 Northing1 Mineral assemblage2 Alteration assemblage 

        
Rencontre Lake unit 

      
AG3B Outcrop Ackley City Alkali feldspar granite 0634589m 5283576m Kfs-Qz-Pl-Bt-Mol-Fl-Ms-Ccp-Ttn-Zrn-Mzn Kfs-Hem-Ser-Qz-Py-Chl-Brk (moderate pervasive)  

AG3C Outcrop Ackley City Alkali feldspar granite 0634590m 5283576m Kfs-Qz-Pl-Bt-Fl-Mol-Zrn-Mag Kfs-Ser-Hem (weak to moderate pervasive) 

AG3D Outcrop Ackley City Greisenized granite 0634569m 5283576m Kfs-Qz-Pl-Bt-Fl-Py-Mol-Mag-Zrn Ser-Ms-Qz-Mag-Cal (intense pervasive) 

AG3E Outcrop Ackley City Aplite vein 0634590m 5283576m Kfs-Qz-Mol-Bt-Ms-Py Ser-Ms-Kfs (fresh) 

AG3F Outcrop Ackley City Aplitic biotite granite 0634589m 5283576m Kfs-Qz-Pl-Bt-Mol-Zrn Kfs-Ser-Hem (weak pervasive) 

DS13-07 Outcrop Ackley City Alkali feldspar granite 0634589m 5283576m Kfs-Qz-Pl-Bt-Mol-Fl-Ccp-Ttn-Zrn Kfs-Hem-Ser (moderate pervasive)  

DS14-07 Outcrop Ackley City Quartz-molybdenite vein 0634590m 5283576m Qz-Mol-Kfs-Ms-Fl Ser-Ms-Fl (weak selective) 

DS14-07G Outcrop Ackley City Alkali feldspar granite 0634590m 5283576m Kfs-Qz-Pl-Bt-Mol-Ms-Fl-Ccp-Crn-Ttn-Zrn Ser-Ms-Chl-Qz-Fl-Hem-Brk (moderate selective) 

DS15-07 Outcrop Ackley City Greisenized granite 0634579m 5283576m Kfs-Qz-Pl-Bt-Mol-Fl-Py-Mag-Zrn Ser-Ms-Qz-Mag-Cal (intense pervasive) 

DS16-07 Outcrop Ackley City Pegmatitic granite 0634590m 5283576m Kfs-Qz-Bt-Fl-Mol-Ms-Py-Cal  Ser-Ms-Qz-Hem (weak to moderate selective) 

AG4A Outcrop Motu Alkali feldspar granite 0632646m 5283206m Kfs-Qz-Pl-Mol-Bt-Py-Rt Ser-Ms-Qz-Hem (moderate pervasive) 

AG4B Outcrop Motu Alkali feldspar granite 0632646m 5283206m Kfs-Qz-Pl-Bt-Mol-Py-Ms-Rt Ser-Ms-Qz-Hem (moderate pervasive) 

AG807 Outcrop Motu Alkali feldspar granite 0632646m 5283206m Kfs-Qz-Pl-Bt-Mol-Py-Ms-Rt Qz-Ms-Ser (moderate to intense pervasive) 

DS17-07 Outcrop Motu Alkali feldspar granite 0632646m 5283206m Kfs-Qz-Pl-Mol-Bt-Py-Ms Ser-Ms-Qz (moderate pervasive) 

AG5A Outcrop Wylie Hill Alkali feldspar granite 0638177m 5286362m Kfs-Qz-Mol-Pl-Ms-Bt-Py Ser-Chl-Qz-Kfs (moderate pervasive) 

AG5B1 Outcrop Wylie Hill Alkali feldspar granite 0638177m 5286362m Kfs-Qz-Pl-Mol-Ms-Py Ser-Ms-Qz (moderate pervasive) 

AG5C Outcrop Wylie Hill Quartz-molybdenite vein 0638177m 5286362m Qz-Mol-Py-Ser Ser-Qz (weak selective) 

AG5D Outcrop Wylie Hill Alkali feldspar granite 0638177m 5286362m Kfs-Qz-Pl-Mol-Ms-Bt-Py Ser-Ms-Qz (intense pervasive) 

DS19-07 Outcrop Wylie Hill Alkali feldspar granite 0638177m 5286362m Kfs-Qz-Pl-Mol-Bt-Ms-Py-Ccp Ser-Ms-Chl-Qz-Kfs (moderate pervasive) 

        
Sage Pond unit 

      
AG3A Outcrop Anesty Hill Sth Greisen vein 0659298m 5286612m Qz-Kfs-Ms-Py-Mol Qz-Tpz-Ser-Rt-Kln (intense pervasive) 

DS10-07 Outcrop Deer Pond Greisenized granite 0660052m 5285490m Qz-Tpz-Py-Ms-Kfs-Mol-Ttn-Mag-Fl Qz-Tpz-Ser-Rt-Kln (intense pervasive) 

        Tolt granite 

       
AGT09-1 Outcrop Tolt Quarry Biotite granite 0685463m 5294310m Kfs-Pl-Qz-Bt-Amp-Ap-Ilm-Ttn-Zrn-Mag-Rt Hem-Chl-Ser (fresh to weak selective)  

                

1 = UTM coordinates for Zone 21/T.   2 = Minerals listed in inferred decreasing modal abundance. 

Abbreviations: Amp = amphibole, Ap = apatite, Brk = brookite, Bt = biotite, Cal = calcite; Chl = chlorite, Ccp = chalcopyrite, Fl = fluorite, Hem = hematite, Ilm = ilmenite, Kln = kaolinite, Kfs = K-feldspar, Mag = magnetite 

Mol = molybdenite, Mnz = monazite, Ms = muscovite, Pl = plagioclase feldspar, Py = pyrite, Qz = quartz, Rt = rutile, Ser = sericite, Ttn = titanite, Tpz = topaz, Zrn = zircon 
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Table A1.5. Samples from several Mo-mineralized localities in western Newfoundland (n = 5)       

        
Sample no. Type Location Sample type Easting1 Northing1 Mineral assemblage2 Alteration assemblage 

        Coney Head Complex 

       CH10-1 Outcrop Birchy Cove North Quartz-molybdenite-sulphide vein 0518870m 5530080m Qz-Py-Mol-Ccp not seen; Mal-Hem (supergene) 

        Moly Peak prospect 

       MP09-1a Outcrop Lloyd's Lake (NE) Quartz-molybdenite-sulphide vein 0466680m 5362267m Qz-Mol-Py-Mag not seen; Hem (supergene) 

MP09-2 Outcrop Lloyd's Lake (NE) Quartz-molybdenite-sulphide vein 0466680m 5362267m Qz-Mol-Py-Mag-Bt not seen; Hem (supergene) 

        Parrell prospect 

       PP08-1 Outcrop Fleur de Lys Fault zone gouge/greisen 0562350m 5552190m Chl-Mol-Act-Ser Ser-Hem-Cal (intense pervasive) 

        Topsails Intrusive Suite 

      
TS10-1 Outcrop Sheffield Lake Quartz-molybdenite-sulphide vein 0532066m 5451470m Qz-Mol-Py-Ccp-Kfs Qz-Ser (weak selective) 

        1 = UTM coordinates from Zone 21/U. 

2 = Mineralogy listed in inferred decreasing modal abundance. 

Abbreviations: Act = actinolite, Bt = biotite, Cal = calcite, Chl = chlorite, Ccp = chalcopyrite, Hem = hematite, Kfs = K-feldspar, Mag = magnetite, Mol = molybdenite, Ms = muscovite, Py = pyrite 
Qz = quartz, Ser = sericite 

 



A7 
 

Appendix 2 

RESULTS TABLES 

This appendix contains 17 data tables listing the full results of the various geochemical 

analyses.  In total, 868 analyses were performed including 18 duplicate measurements. Analysis of 

standard reference materials was also performed and is presented and discussed in Appendix 3. A 

summary of the different data tables in this appendix is given below. 

 

        

Table no.   Results dataset No. of analyses
1
 

    
A2.1 

 

Rhenium-osmium (Re-Os) molybdenite geochronology 26 

A2.2 

 

Granitoid lithogeochemistry: Moly Brook-Grey River area 13 

A2.3 

 

Granitoid lithogeochemistry: Ackley Granite area 9 

A2.4 

 

Granitoid lithogeochemistry: Granite Lake prospect 16 

A2.5 

 

Granitoid lithogeochemistry: Various south coast locations 6 

A2.6 

 

Whole-rock samarium-neodymium (Sm-Nd) isotope analysis 11 

A2.7 

 

Stable sulfur isotope analysis (δ34Ssulfide values)  70 

A2.8 

 

Microthermometry: MB09-7-160.00, qz-mol-sulfide vein (potassic halo) 73 

A2.9 

 

Microthermometry: MB09-11A-309.10, qz-mol vein 15 

A2.10 

 

Microthermometry: MB09-12-304.10, qz-mol vein (potassic halo) 115 

A2.11 

 

Microthermometry: MB14-3B-265.14, qz-mol vein (potassic halo) 107 

A2.12 

 

Microthermometry: MB13-8A-158.20, qz-mol-sulfide vein (potassic halo) 18 

A2.13 

 

Microthermometry: MB13-2-53.83, fl-ms-qz vein (sericite, phyllic halo) 80 

A2.14 

 

Microthermometry: MB16-3A-54.48, fl-ms-qz vein (sericite, phyllic halo) 26 

A2.15 

 

Microthermometry: MB25-2A-64.53, qz-sulfide vein (potassic halo) 75 

A2.16 

 

Raman gas analysis, 1° aqueous-carbonic FIs (from various vein types) 208 

A2.17 

 

Raman gas analysis, 1° aqueous-carbonic FIs (summary by vein type) 

         

1Includes 18 duplicate measurements 

  
Total = 868 
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Table A2.1: Results of Re-Os molybdenite geochronology, Newfoundland (all uncertainties are 95% or 2σ level)               

              
Location Sample no. Lab ID   Description Weight (g) Re (µg/g) ± 187Re (µg/g) ± 187Os (µg/g) ± Age (Ma) ± 

              Southern Ackley Granite 

            Ackley City DS13-07 RO124-1 
 

Disseminated mol in bt-granite  0.10043 6.78 0.02 4.26 0.01 27.06 0.07 380.05 1.58 

Ackley City DS14-07 RO124-2 

 

Qz-mol vein cutting bt-granite 0.10033 3.02 0.01 1.90 0.01 12.02 0.03 379.55 1.65 

Ackley City DS15-07 RO105-5 

 

Disseminated mol in altered bt-granite 0.10286 3.19 0.01 2.00 0.01 12.67 0.04 378.15 1.68 

Ackley City DS15-07** RO124-3 

 

Disseminated mol in altered bt-granite 0.10055 3.18 0.01 2.00 0.01 12.63 0.03 377.49 1.63 

Ackley City DS16-07 RO124-4 

 

Disseminated mol in pegmatitic granite 0.10005 2.64 0.01 1.66 0.01 10.60 0.03 381.84 1.78 

Anesty Hill DS10-07 RO241-3 
 

Disseminated mol in qz-tpz-altered granite 0.10292 0.40 0.004 0.25 0.002 1.59 0.01 379.22 4.60 

Motu DS17-07 RO124-5 

 

Disseminated mol in bt-granite  0.10037 5.53 0.02 3.48 0.01 21.98 0.06 378.11 1.65 

Wylie Hill DS19-07 RO105-7 
 

Disseminated mol in bt-granite  0.10201 26.65 0.09 16.75 0.06 106.40 0.27 380.07 1.56 

Wylie Hill DS19-07** RO130-2  

 

Disseminated mol in bt-granite  0.02056 28.25 0.11 17.75 0.07 112.82 0.36 380.23 1.60 

              Moly Brook Deposit 
             Moly Brook MB14-11-250.10 RO130-1  

 

Qz-mol vein 0.02066 12.29 0.05 7.72 0.03 49.02 0.17 379.87 1.69 

Moly Brook MB-T106-01 RO130-3 
 

Qz-mol-py-cp vein 0.01986 65.20 0.25 40.98 0.15 260.90 0.84 380.96 1.54 

Moly Brook MB13-10-147.55 RO166-4 

 

Qz-mol-py-cp vein 0.04132 24.66 0.08 15.50 0.05 98.78 0.27 381.37 1.59 

Moly Brook MB36-1-173.00 RO166-5 

 

Qz-mol-py vein 0.04000 9.76 0.03 6.13 0.02 39.06 0.11 381.09 1.63 

Grey River GR3 RO173-2 

 

Qz-mol-py-cp vein 0.04384 14.46 0.05 9.09 0.03 57.81 0.23 380.56 1.96 

Grey River NLD06A RO173-1 

 

Qz-mol-py-cp vein 0.03841 34.81 0.12 21.88 0.07 139.65 0.38 381.94 1.57 

              Wolf Mountain Granite 

            Granite Lake GL44-36-48.00 RO241-3 
 

Qz-mol-py vein in mus-bt-granite 0.10776 5.29 0.02 3.33 0.01 21.41 0.06 385.03 1.63 

Granite Lake GL44-36-48.00** RO253-14 Qz-mol-py vein in mus-bt-granite 0.04227 7.43 0.03 4.67 0.02 30.27 0.09 387.92 1.66 

Granite Lake GL53-33-213.40 RO241-3 

 

Qz-mol-py vein in mus-bt-granite 0.10350 6.61 0.02 4.16 0.01 26.91 0.07 387.39 1.59 

              South Coast area 

             Harbour Breton Granite LF09-1 RO241-4 
 

Qz-mol vein cutting bt granite 0.04038 6.51 0.02 4.09 0.01 26.16 0.08 382.47 1.70 

Harbour Breton Granite OWS09-2 RO377-14 Disseminated mol in bt-granite 0.02305 11.04 0.04 6.94 0.03 44.20 0.17 381.18 1.88 

Belle Island BI09-1 RO241-5 

 

Qz-mol-cp-py vein 0.02452 1372.66 4.89 862.74 3.07 5512.38 16.45 382.30 1.54 

              St Lawrence Granite 

             Lawn DS7-07 RO105-1 
 

Qz-mol vein cutting Kfs-granite 0.05012 0.31 0.002 0.19 0.00 1.18 0.01 365.78 2.75 

              Western areas 
             Parrell Prospect PP08-1 RO349-2 

 

Disseminated mol in fault gouge/greisen 0.02089 42.43 0.16 26.67 0.10 203.47 0.64 456.26 1.86 

Topsails TS10-1 RO349-3 

 

Qz-mol-py-cp vein 0.05192 1.16 0.01 0.73 0.003 5.46 0.02 448.57 2.36 

Moly Peak MP-09-1 RO349-6 
 

Qz-mol vein 0.00588 9.08 0.10 5.70 0.06 41.23 0.45 432.31 5.19 

Coney Head Complex CH10-1 RO389-9 

 

Qz-py-mol-cp vein 0.00781 2396.93 14.42 1506.52 9.06 11969.34 68.07 475.01 1.90 

                            

** = repeat analysis.  Mineral abbreviations: bt = biotite, cp = chalcopyrite, Kfs = K-feldspar, mol = molybdenite, mus = muscovite, py = pyrite, qz = quartz, tpz = topaz 
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Table A2.2: Lithogeochemistry data for granitoid samples from the Moly Brook-Grey River area 

                    

 

Grey River Point 

granite   

 

Moly Brook deposit: microgranite dykes       

 

Moly Brook deposit: BIS granitic 

subunit   

 

Averages     

Sample no. GRD08-3 GRP08-1 GRP08-2 
 

MB14-8-

399.85 

MB14-10-

379.25 

MB18-1-

497.50 

MB18-1-

497.50 (r) 

MB20-4-

427.70 

MB20-8-

469.05 
 

MB31-7B-

181.86 

MB31-13-

481.14 

MB31-14-

481.34 

MB31-14-

481.34 (r) 
 

Moly 

Brook Grey River François  

Lithology AF granite AF granite AF granite 

 

AF granite AF granite AF granite AF granite AF granite AF granite 

 

AF granite Granite AF granite AF granite 

 

granitic 

dykes leucogranites Granite 

Setting dyke stock stock   dyke dyke dyke dyke dyke dyke 

 

autolith or 
dyke 

autolith or 
dyke 

autolith or 
dyke 

autolith or 
dyke 

 

(n = 6) (n = 21) (n = 128) 

                    Major elements (wt %) 

                  
SiO2 75.95 74.20 76.24 

 

76.47 72.33 78.38 78.02 76.50 72.84 

 

72.77 75.18 75.52 76.33 

 

75.76 74.66 74.93 

Al2O3 13.00 13.92 14.04 

 

12.89 13.36 12.68 12.51 11.05 10.62 

 

13.88 13.83 13.32 13.22 

 

12.19 14.13 13.36 

Fe2O3T 0.63 0.38 0.51 

 

0.71 0.84 0.84 0.75 0.80 0.71 

 

1.07 0.90 0.88 0.86 

 

0.77 0.79 1.12 

MnO 0.01 0.03 0.04 

 

0.03 0.03 0.01 0.01 0.04 0.09 

 

0.03 0.02 0.028 0.028 

 

0.04 0.03 0.04 

MgO 0.04 <0.01 0.06 

 

0.21 0.15 0.08 0.06 0.28 0.17 

 

0.37 0.34 0.36 0.36 

 

0.16 0.19 0.15 

CaO 0.75 0.82 0.74 

 

0.79 0.96 0.67 0.61 1.79 3.87 

 

1.75 1.15 1.21 1.16 

 

1.45 1.03 0.47 

Cr2O3 <0.001 <0.001 0.001 

 

0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 

0.002 0.001 <0.001 <0.001 

 

0.001 0.001 0.001 

Na2O 4.58 3.81 4.20 

 

2.77 3.72 3.53 3.43 2.80 2.55 

 

4.11 5.26 5.16 5.20 

 

3.13 3.77 3.65 

K2O 3.09 5.43 4.65 

 

5.56 4.66 5.07 4.97 4.71 4.50 

 

3.59 2.15 1.57 1.59 

 

4.91 4.91 5.43 

TiO2 0.02 0.02 0.03 

 

0.10 0.08 0.10 0.09 0.10 0.02 

 

0.10 0.08 0.07 0.08 

 

0.08 0.06 0.14 

P2O5 <0.01 0.01 <0.01 

 

0.04 0.05 0.02 0.02 0.03 0.02 

 

0.05 0.07 0.07 0.07 

 

0.03 0.04 0.03 

LOI 0.65 0.50 0.34 

 

0.74 0.67 0.82 0.83 1.74 3.61 

 

1.42 1.18 0.95 0.88 

 

1.40 0.29 0.58 

Total 98.71 99.12 100.85 

 

100.31 96.85 102.20 101.30 99.84 99.00 

 

99.16 100.16 99.14 99.78 

 

99.92 99.84 99.90 

Trace elements (ppm) 

                  
Ba 170.2 45.9 42.8 

 

125.0 116.9 63.7 62.7 490.8 384.9 

 

466.2 257.4 220.9 222.9 

 

207.3 301 151 

Ga 13.4 15.8 18.9 

 

18.6 20.1 17.0 16.4 10.3 14.5 

 

15.7 13.2 12.7 12.4 

 

16.1 16 21 

Hf 3 3 2 

 

5 4 2 3 5 6 

 

2 2 2 2 

 

4 n.d. n.d. 

Nb 8.2 5.8 39.8 

 

37.4 24.1 28.9 26.6 23.1 20.0 

 

5.7 7.5 7.3 8.0 

 

26.7 12 30 

Rb 103.6 192.3 201.7 

 

328.1 387.5 408.0 410.0 337.8 354.0 

 

398.8 172.2 123.6 123.6 

 

370.9 170 412 

Sc 2 1 9 

 

6 4 4 3 4 4 

 

3 4 4 4 

 

4 n.d. n.d. 

Sn 2 3 6 

 

4 5 8 8 6 6 

 

49 2 4 4 

 

6 9 2 

Sr 96.5 83.4 49.2 

 

72.4 58.7 41.8 38.9 58.3 96.8 

 

193.1 140.8 151.4 153.3 

 

61.2 161 51 

Ta 1.5 0.9 5.4 

 

6.2 3.8 3.9 3.9 5.0 13.9 

 

0.5 0.6 0.6 0.5 

 

6.1 n.d. n.d. 

Th 12.3 26.1 9.0 

 

32.5 37.8 18.4 21.9 32.9 10.6 

 

2.8 3.1 3 3 

 

26 n.d. 43 

U 6.0 7.7 7.5 

 

18.5 16.2 16.4 16.6 14.6 23.0 

 

0.5 0.8 0.7 0.6 

 

17.5 n.d. 10.5 

V <5 <5 <5 

 

5 7 6 <5 12 18 

 

19 6 7 5 

 

10 5 2 

W <0.5 <0.5 1.3 

 

21.8 17.3 56.3 66.8 16.7 3.9 

 

29.0 8.6 21.0 21.1 

 

30.4 < 4 1 

Y 47.7 29.8 32.1 

 

40.4 24.9 31.5 32.1 19.7 77.2 

 

11.5 13.4 11.0 11.0 

 

37.6 18 53 

Zr 46.0 45.4 18.1 

 

91.6 75.8 43.7 54.8 83.5 43.7 

 

53.9 50.0 51.2 62.0 

 

65.5 69 97 
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Cu 3 4 n.d. 
 

57 8 122 n.d. 88 14 
 

66 15 16 14 
 

58 9 3 

Mo <1 <1 n.d. 
 

<1 24 28 n.d. 8 102 
 

93 4 12 12 
 

41 n.d. 2 

F 200 100 100 

 

800 600 700 700 800 700 

 

690 800 600 600 

 

717 45 440 

REE (ppm) 

                   
La 2.2 3.9 2.5 

 

11.9 10.7 15.1 14.8 11.4 6.5 

 

14.5 11.4 12.3 12.4 

 

11.7 9.9 33 

Ce 3.5 6.6 5.0 

 

26.7 23.1 34.1 33.5 25.9 18.1 

 

29.7 23.0 24.5 25.0 

 

26.9 20.5 83 

Pr 0.4 0.9 0.6 

 

3.5 2.9 3.8 3.8 3.3 2.7 

 

3.3 2.8 2.9 2.9 

 

3.3 2.3 n.d. 

Nd 1.9 3.1 2.3 

 

11.5 9.6 13.3 13.3 11.0 11.4 

 

11.0 8.8 9.4 9.5 

 

11.7 9.1 n.d. 

Sm 1.4 1.7 1.5 

 

3.4 2.6 3.0 3.3 2.5 4.5 

 

2.1 2.0 2.1 2.1 

 

3.2 3.0 n.d. 

Eu 0.2 0.3 0.2 

 

0.3 0.3 0.2 0.2 0.4 0.8 

 

0.6 0.5 0.5 0.5 

 

0.4 0.5 n.d. 

Gd 3.4 3.0 2.9 

 

3.3 2.4 3.1 3.0 2.4 5.3 

 

1.8 1.9 1.7 1.9 

 

3.3 3.1 n.d. 

Tb 0.9 0.6 0.7 

 

0.7 0.5 0.6 0.6 0.5 1.2 

 

0.3 0.4 0.3 0.3 

 

0.7 n.d. n.d. 

Dy 6.8 4.9 4.8 

 

5.3 3.6 3.9 3.8 3.2 9.0 

 

1.9 2.3 2.0 1.8 

 

4.8 3.4 n.d. 

Ho 1.5 1.0 1.0 

 

1.3 0.9 0.9 0.9 0.7 2.0 

 

0.4 0.5 0.4 0.4 

 

1.1 n.d. n.d. 

Er 5.0 2.9 3.0 

 

4.3 2.9 3.1 3.1 2.5 7.3 

 

1.1 1.3 1.2 1.2 

 

3.9 2.0 n.d. 

Tm 0.7 0.4 0.5 

 

0.8 0.5 0.6 0.6 0.4 1.5 

 

0.2 0.2 0.2 0.2 

 

0.7 n.d. n.d. 

Yb 4.7 3.1 3.2 

 

6.2 4.0 4.7 4.9 3.1 13.5 

 

1.4 1.5 1.2 1.3 

 

6.1 2.9 n.d. 

Lu 0.7 0.5 0.5 

 

1.1 0.7 0.8 0.8 0.5 2.3 

 

0.2 0.2 0.2 0.2 

 

1.0 n.d. n.d. 

                                        

(r) = repeat analysis 

Average leucogranite from Grey River area is from Higgins (1980). REE data from one analysis is from Higgins (1985). 
Average François Granite composition from Dickson and Kerr (2007). Based on fresh granite and aplite samples with an alkali feldspar granite mesonorm composition. 

Abbreviations: AF = alkali feldspar, LOI = loss on ignition, N.d. = not determined 
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Table A2.3: Lithogeochemistry data for granite samples from the southern Ackley Granite (Rencontre Lake unit) and Tolt granite 

                   
Unit 

 

Tolt Unit / granite (barren) 

  

Average   

 

Rencontre Lake Unit (mineralised)         

 

Averages   

Location 

 

  Tolt quarry   

 

Tolt granite Tolt granite 

 

Ackley City Ackley City Ackley City Ackley City Motu Wyllie Hill Wyllie Hill 

 

Rencontre Lake area Rencontre Lake area 

Rock type1 

 

Bt-Amp 

 

Bt-Amp 

 

Bt-Amp Bt-Amp 

 

Kfs-Bt-Mol Kfs-Bt-Mol Kfs-Bt-Mol Kfs-Bt-Mol Kfs-Bt-Mol Kfs-Mol-Ms Kfs-Mol-Bt 

 

Mineralised units Kfs-Bt granite 

  

granite 

 

granite 

 

granite granite 

 

microgranite microgranite microgranite aplite granite Qtz porphyry microgranite microgranite 

 

this study Dickson & Kerr 2007 

Sample no.2   AGT09-1   AGT09-1*   (n = 2) (n = 5)1   DS14-7G AG3B AG3C AG3F AG4A AG5B1 AG5D 

 

(n = 7) (n = 38)4 

Major elements (wt %) 

                
SiO2 

 

70.59 

 

70.10 

 

70.34 70.54 

 

77.94 77.41 80.60 77.33 82.03 80.08 80.53 

 

79.42 75.95 

Al2O3 

 

14.62 

 

14.09 

 

14.36 14.11 

 

10.24 10.56 7.77 11.30 9.07 9.26 8.21 

 

9.49 12.46 

CaO 

 

1.81 

 

1.83 

 

1.82 1.52 

 

0.46 0.49 0.46 0.36 0.14 0.25 0.23 

 

0.34 0.46 

Cr2O3 

 

0.061 

 

0.060 

 

0.06 0.001 

 

0.082 0.071 0.085 0.068 0.084 0.068 0.094 

 

0.079 0.001 

Fe2O3T 

 

3.22 

 

3.28 

 

3.25 2.31 

 

1.01 1.00 2.12 1.64 0.89 0.75 1.03 

 

1.20 1.24 

K2O 

 

4.51 

 

5.03 

 

4.77 5.09 

 

5.80 5.71 3.22 4.12 3.42 3.54 3.57 

 

4.20 4.87 

MgO 

 

0.61 

 

0.63 

 

0.62 0.54 

 

0.05 0.07 0.27 0.09 0.03 0.05 0.05 

 

0.09 0.16 

MnO 

 

0.06 

 

0.06 

 

0.06 0.05 

 

0.023 0.027 0.084 0.045 0.009 0.006 0.016 

 

0.03 0.04 

Na2O 

 

3.43 

 

3.33 

 

3.38 3.61 

 

1.18 1.45 1.89 3.03 2.32 2.33 2.09 

 

2.04 3.69 

P2O5 

 

0.15 

 

0.13 

 

0.14 0.08 

 

0.02 0.02 0.02 <0.01 <0.01 <0.01 0.01 

 

0.02 0.03 

TiO2 

 

0.52 

 

0.52 

 

0.52 0.43 

 

0.06 0.09 0.30 0.10 0.08 0.08 0.09 

 

0.12 0.17 

F 

 

0.06 

 

0.06 

 

0.06 0.08 

 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

 

n.d. 0.07 

LOI 

 

-0.14 

 

-0.06 

 

-0.10 0.60 

 

1.34 1.14 0.70 0.64 0.56 0.62 0.18 

 

0.74 0.72 

Total 

 

99.51 

 

99.07 

 

99.29 98.94 

 

98.20 98.03 97.52 98.72 98.64 97.03 96.10 

 

97.75 99.86 

Trace elements (ppm) 

                
Ba 

 

713.2 

 

712.6 

 

712.9 647 

 

44.7 44.6 39.1 27.1 17.8 31.1 14.9 

 

31.3 142 

Ga 

 

18.9 

 

19.9 

 

19.4 14 

 

14.9 16.4 13.3 19.7 14.4 15.3 14.2 

 

15.4 18 

Hf 

 

9 

 

8 

 

9 n.d. 

 

3 4 5 1 3 4 3 

 

3 n.d. 

Nb 

 

19.5 

 

17.2 

 

18.3 22 

 

24.1 30.6 37.1 20.8 25.6 18.5 23.2 

 

25.7 52 

Rb 

 

156.5 

 

160.4 

 

158.5 157 

 

464.3 455.8 220.1 340.6 251.2 223.9 252.8 

 

315.5 301 

Sc 

 

8 

 

9 

 

8 n.d. 

 

<1 1 9 4 3 2 3 

 

4 n.d. 

Sn 

 

2 

 

2 

 

2 1 

 

20 7 10 17 4 6 6 

 

10 2 

Sr 

 

146.0 

 

150.0 

 

148.0 143 

 

10.3 10.4 12.4 52.9 9.7 8.6 5.1 

 

15.6 37 

Ta 

 

2.0 

 

1.9 

 

2.0 n.d. 

 

2.7 3.8 4.4 3.4 4.4 2.7 3.9 

 

3.6 n.d. 

Th 

 

12.4 

 

13.2 

 

12.8 11 

 

40.6 43.2 48.4 23.3 39.3 38.9 38.0 

 

38.8 37 

U 

 

2.0 

 

2.3 

 

2.2 2 

 

12.0 13.3 14.2 14.2 7.0 7.3 9.1 

 

11.0 8 

V 

 

21 

 

23 

 

22 25 

 

<5 <5 <5 <5 <5 <5 <5 

 

<5 7 

W 

 

<0.5 

 

1.6 

 

1.6 n.d. 

 

3.8 3.5 1.9 8.4 1.1 10.4 1.3 

 

4.3 5 
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Y 

 

41.3 

 

41.3 

 

41.3 50 

 

32.3 37.0 63.5 41.0 16.7 13.5 16.0 

 

31.4 70 

Zr 

 

293 

 

326 

 

310 208 

 

64.8 83.4 149.3 33.8 62.4 86.7 63.1 

 

77.6 160 

Cu 

 

n.d. 

 

n.d. 

 

n.d. 8 

 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

 

n.d. 3 

Mo 

 

n.d. 

 

n.d. 

 

n.d. 4 

 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

 

n.d. 8 

REE (ppm) 

                  
La (µg.g-1) 

 

41.9 

 

45.5 

 

43.7 55 

 

13.8 23.9 67.2 28.7 15.3 16.6 21.3 

 

26.7 36 

Ce 

 

90.2 

 

98.4 

 

94.3 94 

 

25.5 40.9 120.7 49.9 38.6 24.5 44.3 

 

49.2 130 

Pr 

 

10.5 

 

11.9 

 

11.2 n.d. 

 

2.4 4.3 11.9 4.7 3.1 2.1 4.1 

 

4.7 n.d. 

Nd 

 

42.8 

 

44.3 

 

43.6 n.d. 

 

6.6 12.4 37.5 15.1 8.8 6.9 11.9 

 

14.2 n.d. 

Sm 

 

8.1 

 

8.7 

 

8.4 n.d. 

 

1.9 2.4 6.7 3.1 1.1 0.7 1.5 

 

2.5 n.d. 

Eu 

 

1.8 

 

2.3 

 

2.0 n.d. 

 

0.3 0.1 0.3 0.4 <0.1 <0.1 <0.1 

 

0.3 n.d. 

Gd 

 

7.9 

 

8.6 

 

8.2 n.d. 

 

1.6 3.1 5.9 3.2 1.3 0.9 1.6 

 

2.5 n.d. 

Tb 

 

1.3 

 

1.4 

 

1.4 n.d. 

 

0.3 0.4 1.0 0.9 0.3 0.2 0.3 

 

0.5 n.d. 

Dy 

 

5.1 

 

8.1 

 

6.6 n.d. 

 

2.9 2.7 5.9 3.9 2.3 1.7 2.2 

 

3.1 n.d. 

Ho 

 

1.5 

 

1.5 

 

1.5 n.d. 

 

0.6 0.9 1.2 1.2 0.4 0.5 0.5 

 

0.8 n.d. 

Er 

 

4.4 

 

4.6 

 

4.5 n.d. 

 

2.8 2.7 5.1 4.7 1.6 1.1 1.6 

 

2.8 n.d. 

Tm 

 

0.9 

 

0.7 

 

0.8 n.d. 

 

0.7 0.6 1.0 1.0 0.5 0.3 0.2 

 

0.6 n.d. 

Yb 

 

4.2 

 

4.8 

 

4.5 n.d. 

 

4.3 4.6 9.3 6.4 4.3 2.1 2.7 

 

4.8 n.d. 

Lu 

 

0.8 

 

0.9 

 

0.9 n.d. 

 

0.6 1.0 1.6 1.0 0.4 0.4 0.4 

 

0.8 n.d. 

                                      

* = repeat analysis 

                n.d. = not determined 

                1 = Data from Dickson and Kerr (2007). Average fresh amphibole-bearing granite & alkali feldspar granite in Tolt Unit 

        2 = Data from Dickson and Kerr (2007). Average fresh granite & alkali feldspar granite in the Rencontre Lake Unit 

         Mineral abbreviations: Amp = amphibole, Bt = biotite, Mag = magnetite, Mol = molybdenite, Ms = muscovite, Qz = quartz 
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Table A2.4: Lithogeochemistry data for granite samples from the Granite Lake prospect (part of Wolf Mountain Granite) 

                  

Averages       

Rock type Kfs-Bt-Ms Kfs-Bt-Ms Kfs-Ms-Bt Kfs-Ms-Bt Kfs-Ms-Bt Kfs-Ms-Bt Kfs-Ms-Bt Kfs-Ms-Bt Kfs-Ms-Bt Kfs-Ms-Grt Kfs-Ms-Grt Kfs-Ms-Grt Kfs-Ms-Mol Pl-Bt-Mag Pl-Bt-Mag Pl-Bt-Mag 

 

this study   Tuach (1996)   

 

granite granite granite granite granite granite granite granite granite aplitic granite aplitic granite aplitic granite pegmatitic granite granodiorite granodiorite granodiorite 

 

Bt-ms granite Aplite Bt-Ms granite1 Aplite2 

Sample no. GL1207C GL1207C* GL1307A GL23-1-42.45 GL23-7-185.48 GL53-10-210.71 GL53-12-84.05 GL53-12-84.05* GL53-13-182.28 GL23-5-169.42 GL43-2-101.00 GL43-2-101.00* GL44-13-94.17 GL44-5-48.39 GL44-20-218.90 GL44-17-178.57 

 

(n = 9) (n = 3) (n = 12 or 7) (n = 4 or 3) 

                      Major elements (wt %) 

                    SiO2 71.83 73.84 71.18 75.61 73.56 74.16 73.76 74.21 72.90 75.36 73.58 74.61 72.86 67.50 69.25 71.34 
 

73.45 74.52 73.62 72.84 

Al2O3 13.55 13.80 13.64 13.82 13.82 13.70 13.61 13.70 13.78 14.67 13.24 13.35 12.60 15.52 15.11 14.53 
 

13.71 13.75 13.99 14.63 

CaO 1.10 1.09 0.46 0.64 0.72 0.69 0.74 0.71 0.67 0.33 0.37 0.46 1.45 3.10 3.15 2.96 
 

0.76 0.39 0.71 0.59 

Cr2O3 <0.001 <0.001 0.002 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 0.002 <0.001 0.002 0.002 0.002 
 

0.001 <0.001 0.001 <0.001 

Fe2O3T 1.38 1.38 0.73 0.87 0.72 0.87 0.67 0.67 0.69 0.61 0.41 0.46 0.78 4.21 2.75 2.60 

 

0.89 0.49 1.16 1.4 

K2O 4.54 4.75 4.53 4.35 4.13 4.67 4.02 4.08 4.15 4.27 5.89 5.97 4.67 2.04 2.24 2.51 

 

4.36 5.38 4.86 4.99 

MgO 0.40 0.42 0.17 0.16 0.15 0.16 0.17 0.15 0.16 0.09 0.07 0.09 0.17 1.29 0.97 0.80 

 

0.22 0.08 0.29 0.31 

MnO 0.06 0.06 0.03 0.04 0.07 0.05 0.06 0.07 0.07 0.04 0.12 0.12 0.04 0.11 0.09 0.08 

 

0.06 0.09 0.05 0.04 

Na2O 3.75 3.73 3.86 3.68 4.02 3.59 3.96 3.93 3.97 3.81 3.02 3.03 2.51 3.99 3.89 3.80 

 

3.83 3.29 3.84 3.70 

P2O5 0.07 0.08 0.08 0.07 0.08 0.08 0.09 0.09 0.06 0.12 0.21 0.22 0.05 0.27 0.11 0.09 

 

0.08 0.18 0.10 0.09 

TiO2 0.21 0.22 0.10 0.10 0.09 0.10 0.08 0.09 0.09 0.05 0.04 0.04 0.08 0.63 0.37 0.33 

 

0.12 0.04 0.16 0.21 

F 0.34 0.33 n.d. 0.22 0.15 0.28 0.12 0.12 0.12 0.09 n.d. n.d. n.d. n.d. n.d. n.d. 

 

0.21 0.09 0.13 0.09 

LOI 1.10 1.08 0.66 0.96 1.08 0.78 0.82 1.00 0.94 0.64 0.90 0.76 1.84 2.10 0.96 0.80 
 

0.94 0.77 1.07 1.22 

Total 98.34 100.77 95.45 100.53 98.59 99.13 98.12 98.80 97.61 100.09 97.85 99.11 97.04 100.76 98.89 99.85 
 

98.59 99.01 99.98 100.11 

Trace elements (ppm) 

                    Ba 348.2 381.4 114.7 105.0 142.1 168.5 76.9 76.9 138.0 37.3 43.1 43.9 200.8 689.4 196.7 348.1 
 

172.4 41.4 320 71 

Ga 23.4 19.6 23.8 27.6 26.4 29.5 26.0 24.4 26.4 27.5 24.9 25.0 16.0 24.3 19.5 18.9 

 

25.2 25.8 9* 9* 

Hf 3 4 3 2 2 1 2 3 <1 1 3 3 2 7 5 4 

 

2 2 3.2 2.7 

Nb 16.8 16.9 13.7 33.5 20.0 21.4 23.7 25.6 20.4 27.1 21.3 19.4 6.0 18.7 7.5 9.0 

 

21.4 22.6 13 17 

Rb 355.9 370.6 437.6 455.3 420.8 430.5 423.4 429.1 376.7 475.2 645.0 646.2 368.5 177.9 154.4 157.5 

 

411.1 588.8 437 445 

Sc 4 4 2 4 4 4 4 4 4 3 <1 <1 3 9 5 4 

 

4 3 3 3.8 

Sn 4 4 4 5 4 8 4 6 6 5 5 5 6 5 3 3 

 

5 5 5* 4* 

Sr 110.3 113.4 37.5 36.1 46.6 55.3 31.4 35.3 48.8 13.7 34.4 34.8 84.4 210.1 205.4 189.3 

 

57.2 27.6 96 34 

Ta 4.1 3.6 5.6 9.1 8.3 4.7 8.9 10.7 7.6 12.6 13.8 15.6 1.0 4.3 2.3 2.2 

 

7.0 14.0 1.4 1.2 

Th 26.6 27.4 8.8 8.8 8.4 11.0 7.8 7.0 9.8 5.5 3.4 4.7 0.6 11.8 8.4 5.7 
 

12.9 4.5 19 8 

U 13.8 21.3 8.0 19.7 29.6 42.2 24.0 24.6 28.3 22.7 15.3 23.3 5.5 3.9 3.6 2.9 
 

23.5 20.4 16.2 7.7 

V 14 14 6 6 5 8 <5 <5 6 <5 <5 <5 9 52 34 33 

 

8 <5 22* 27* 

W 36.5 27.1 16.9 24.2 741.0 43.0 1045.1 850.3 984.5 27.0 15.6 16.4 212.3 15.5 17.4 15.4 
 

418.7 19.7 8 6 

Y 22.0 23.4 13.1 12.2 12.1 13.7 11.3 12.0 14.0 9.8 7.8 7.7 3.4 26.1 8.8 10.5 

 

14.9 8.4 9 6 

Zr 101.3 105.8 72.4 39.7 45.6 44.9 32.0 30.1 43.1 23.1 27.5 41.2 42.2 278.4 157.9 130.2 

 

57.2 30.6 89 28 

Cu 9 9 13 67 68 66 3 4 6 31 36 33 78 18 7 28 

 

27 33 31* 5* 

Mo 1 1 <2 7 4 192 3 3 2 22 <2 <2 13 <2 <2 <2 

 

27 22 1 4* 

REE (ppm) 

                     La 30.7 32.8 9.2 7.7 10.8 12.6 8.6 7.8 10.6 2.9 2.1 2.0 1.8 28.4 30.9 17.5 

 

14.5 2.4 24 5 

Ce 61.0 72.9 18.7 17.6 21.8 26.1 16.9 16.1 20.9 6.2 4.8 4.3 3.2 55.0 2.3 33.8 

 

30.2 5.1 60 12 

Pr 6.9 7.3 2.1 2.1 2.4 2.4 2.0 2.2 2.2 0.6 0.6 0.5 0.4 6.3 6.8 3.7 

 

3.3 0.6 5.4 1.3 

Nd 27.2 26.7 6.9 8.4 7.3 9.8 6.7 6.4 8.1 2.3 1.7 1.6 1.2 21.1 22.4 12.2 
 

12.0 1.9 17 4 

Sm 4.0 4.7 1.6 1.5 1.6 2.3 1.0 1.0 1.8 0.6 0.6 0.6 0.4 4.5 4.1 2.4 
 

2.2 0.6 3.3 1.2 

Eu 0.7 0.5 0.2 0.2 0.1 0.3 0.1 <0.1 0.2 <0.1 <0.1 <0.1 0.3 1.0 0.8 0.8 
 

0.3 <0.1 0.31 0.10 

Gd 4.5 4.6 1.7 1.4 1.5 2.2 2.0 1.8 2.3 0.7 0.7 0.6 0.3 4.8 3.4 2.2 
 

2.4 0.7 2.5 0.8 

Tb 0.8 0.7 0.3 0.3 0.4 0.4 0.4 0.4 0.3 0.3 0.2 0.2 <0.1 0.8 0.4 0.3 

 

0.4 0.2 0.34 0.2 

Dy 3.7 4.2 2.2 1.6 2.0 2.1 1.6 1.5 2.0 1.5 1.2 1.1 0.5 4.7 2.2 1.8 

 

2.3 1.3 2.0 1.2 

Ho 0.9 0.8 0.4 0.4 0.5 0.3 0.4 0.4 0.4 0.2 0.2 0.2 0.1 0.9 0.3 0.4 

 

0.5 0.2 0.35 0.6 

Er 2.3 2.8 1.3 1.0 1.0 1.3 1.0 1.0 1.1 1.0 0.7 0.7 0.3 2.4 0.9 1.2 

 

1.4 0.8 1.0 0.7 

Tm 0.3 0.4 0.2 <0.1 0.2 0.3 0.3 0.2 0.2 0.2 0.1 0.1 <0.1 0.4 0.1 0.2 

 

0.3 0.1 0.17 0.1 

Yb 2.2 1.6 1.7 2.2 1.6 1.2 2.0 1.6 1.1 1.9 1.2 1.1 0.5 2.0 1.3 1.4 

 

1.7 1.4 1.4 1 

Lu 0.3 0.4 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.2 <0.1 0.3 0.2 0.2 

 

0.3 0.2 0.18 0.14 

                                            

* = repeat analysis     n.d. = not determined 

Mineral abbreviations: Bt = biotite, Grt = garnet, Kfs = K-feldspar, Mag = magnetite, Mol = molybdenite, Ms = muscovite, Pl = plagioclase. 

1 = Trace element and REE analysis is median of 7 granite samples by ICP-MS listed in Appendix 2-4 from Tuach (1996). Trace elements marked * are average of 12 samples by either AAS, XRF or ICP 
2 = Trace element and REE analysis is median of 3 aplite samples by ICP-MS listed in Appendix 2-4 from Tuach (1996). Trace elements marked * are average of 4 samples by either AAS, XRF or ICP 
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Table A2.5: Lithogeochemistry data for granite samples from south coast area, Newfoundland             

              Unit Belle Isl stock   

 

Averages   

 

Harbour Breton Granite Harbour Breton Granite (HBG) 

 

Averages   

Rock type Alt. porphyritic Alt. porphyritic 

 

Belle Is porphyry Belle Is porphyry 

 

Kfs-Bt-Mol Kfs-Bt-Mag-Mol Porphyritic Porphyritic 

 

HBG units Harb. Breton Granite 

 

Bt granite Bt-Mol microgranite 

 

this study Whalen (1976)1 

 

granite granite Kfs-Bt granite Kfs-Bt granite 

 

of this study Dickson & Kerr (2007) 

Sample no. BI09-4-1 BI09-4-2 
 

(n = 2) (n = 3) 
 

OWS09-1 OWS09-3 LF09-5 LF09-5* 
 (n = 4) (n = 28) 

Major elements (wt %) 

            
SiO2 73.95 72.34 

 

73.14 72.77 

 

78.96 71.89 77.42 76.68 

 

76.24 74.94 

Al2O3 12.77 12.68 

 

12.73 13.11 

 

11.60 12.80 12.01 11.84 

 

12.06 12.53 

CaO 0.05 0.16 

 

0.11 0.92 

 

0.15 0.12 0.22 0.21 

 

0.18 0.50 

Cr2O3 0.002 0.002 

 

0.002 0.002 

 

<0.001 <0.001 <0.001 <0.001 

 

<0.001 0.001 

Fe2O3T 0.88 0.84 

 

0.86 1.11 

 

0.72 0.98 0.47 0.46 

 

0.66 1.45 

K2O 4.42 5.17 

 

4.80 4.87 

 

5.27 4.81 5.17 5.14 

 

5.10 4.66 

MgO 0.27 0.23 

 

0.25 0.30 

 

0.12 0.08 0.05 0.05 

 

0.07 0.29 

MnO 0.003 0.008 

 

0.01 0.03 

 

0.008 0.005 0.009 0.009 

 

0.01 0.04 

Na2O 2.61 2.61 

 

2.61 2.98 

 

2.62 3.51 2.99 2.98 

 

3.03 3.64 

P2O5 0.05 0.04 

 

0.05 n.d. 

 

0.04 0.04 <0.01 0.02 

 

0.03 0.04 

TiO2 0.24 0.24 

 

0.24 0.16 

 

0.22 0.25 0.14 0.15 

 

0.19 0.22 

F n.d. n.d. 

 

n.d. n.d. 

 

n.d. n.d. n.d. n.d. 

 

n.d. 0.02 

LOI 1.46 1.18 

 

1.32 1.74 

 

1.24 1.26 0.98 0.90 

 

1.10 1.10 

Total 96.70 95.50 

 

96.10 97.99 

 

100.94 95.76 99.45 98.44 

 

98.65 99.42 

Trace elements (ppm) 

            
Ba 499.7 549.9 

 

524.8 543.0 

 

309.1 365.5 138.1 134.6 

 

236.8 362 

Ga 16.0 15.2 

 

15.6 n.d. 

 

15.3 15.8 15.9 16.0 

 

15.7 17 

Hf 6 6 

 

6 n.d. 

 

6 6 6 5 

 

6 n.d. 

Nb 11.8 12.0 

 

11.9 26 

 

13.8 12.4 19.6 20.4 

 

16.5 21 

Rb 207.7 208.1 

 

207.9 249 

 

255.5 219.7 276.8 275.5 

 

256.9 204 

Sc 3 3 

 

3 n.d. 

 

4 4 4 4 

 

4 n.d. 

Sn 3 2 

 

2 n.d. 

 

1 3 2 2 

 

2 n.d. 

Sr 77.4 86.0 

 

81.7 207 

 

40.8 52.8 24.6 24.8 

 

35.7 75 

Ta 1.7 1.9 

 

1.8 n.d. 

 

2.6 2.5 3.6 3.9 

 

3.1 n.d. 

Th 22.9 24.5 

 

23.7 n.d. 

 

29.9 28.4 33.2 31.2 

 

30.7 21 

U 3.4 4.1 

 

3.7 5 

 

7.8 6.0 6.5 6.5 

 

6.7 5 

V 12 11 

 

11 n.d. 

 

5 6 <5 <5 

 

5 11 

W 15.8 38.2 

 

27.0 n.d. 

 

18.4 14.5 15.9 16.6 

 

16.3 n.d. 

Y 27.0 28.4 

 

27.7 48 

 

32.0 21.7 29.5 46.4 

 

32.4 31 

Zr 188.4 187.3 

 

187.8 224 

 

151.4 164.4 148.8 126.7 

 

147.8 182 



A15 
 

Cu 155 39 
 

97 42 
 

4 7 4 4 
 

5 10 

Mo 4 16 
 

10 65 
 

18 135 15 13 
 

45 4 

REE (ppm) 

             
La 34.3 41.6 

 
38.0 n.d. 

 
42.8 17.0 15.2 15.4 

 
22.6 34 

Ce 66.1 80.9 
 

73.5 n.d. 
 

82.8 29.0 44.7 45.9 
 

50.6 75 

Pr 7.3 9.0 
 

8.1 n.d. 
 

9.4 3.4 3.5 3.6 
 

5.0 n.d. 

Nd 23.7 29.2 
 

26.4 n.d. 
 

30.4 10.7 11.7 11.4 
 

16.0 n.d. 

Sm 4.6 5.6 
 

5.1 n.d. 
 

5.9 2.2 2.5 2.8 
 

3.4 n.d. 

Eu 0.6 0.7 
 

0.6 n.d. 
 

0.6 0.4 0.2 0.2 
 

0.3 n.d. 

Gd 4.1 5.0 
 

4.6 n.d. 
 

5.8 2.5 2.6 3.5 
 

3.6 n.d. 

Tb 0.7 0.8 
 

0.7 n.d. 
 

0.8 0.5 0.5 0.8 
 

0.7 n.d. 

Dy 4.2 5.0 
 

4.6 n.d. 
 

5.5 3.5 4.5 6.7 
 

5.0 n.d. 

Ho 0.9 1.0 

 

0.9 n.d. 

 

1.1 0.7 1.1 1.5 

 

1.1 n.d. 

Er 2.8 3.1 
 

2.9 n.d. 
 

3.5 2.6 3.4 5.1 
 

3.6 n.d. 

Tm 0.4 0.5 
 

0.4 n.d. 
 

0.5 0.4 0.6 0.9 
 

0.6 n.d. 

Yb 3.0 3.3 
 

3.2 n.d. 
 

3.4 3.0 4.3 6.1 
 

4.2 n.d. 

Lu 0.4 0.5 
 

0.4 n.d. 
 

0.5 0.4 0.6 0.8 
 

0.6 n.d. 
                            

* = repeat analysis 
            n.d. = not determined 

            1 = average of porphyritic granitic units listed in Table 10 of Whalen (1976) 

         Mineral abbreviations: Bt = biotite, Kfs = K-feldspar, Mol = molybdenite; Alt. = Kfs-Ser altered 
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Table A2.6: Results of whole-rock Sm-Nd isotopic analysis, Newfoundland granites         

Sample & unit Rock type Age (Ma) Sm (ppm) Nd (ppm) Sm/Nd 147Sm/144Nd 143Nd/144Nd ɛNd (i) TDM (Ga) 

Moly Brook 

         
MB14-8-399.85 Leucogranite dyke 380 2.872 11.086 0.26 0.1566 (2) 0.512475 (6) -1.2 1.49 

MB14-10-379.25 Leucogranite dyke 380 2.240 8.959 0.25 0.1512 (2) 0.512440 (5) -1.7 1.45 

MB18-1-497.50 Leucogranite dyke 380 2.894 13.030 0.22 0.1343 (2) 0.512442 (7) -0.7 1.15 

MB20-4-427.70 Leucogranite dyke 380 2.400 11.156 0.22 0.1301 (2) 0.512382 (5) -1.8 1.19 

MB20-8-469.05 Leucogranite dyke 380 4.357 10.702 0.41 0.2461 (2) 0.512670 (7) -1.7 n.d. 

GRPG 

         
GRD08-1 Leucogranite (gnt-bearing) 380 1.299 1.788 0.73 0.4390 (2) 0.513230 (7) -0.6 n.d. 

GRP08-1 Leucogranite (gnt-bearing) 380 1.433 2.751 0.52 0.3149 (2) 0.512838 (7) -1.8 n.d. 

GRP08-2 Leucogranite (gnt-bearing) 380 1.595 2.535 0.63 0.3805 (2) 0.513070 (7) -0.9 n.d. 

Granite Lake prospect 

        
GL23-7-185.48 Bt-ms granite 387 1.760 7.848 0.22 0.1356 (2) 0.512382 (5) -2.0 1.29 

GL53-12-84.05 Bt-ms granite 387 1.647 6.819 0.24 0.1460 (2) 0.512368 (5) -2.6 1.50 

GL53-13-182.28 Bt-ms granite 387 2.135 9.579 0.22 0.1348 (2) 0.512389 (5) -1.7 1.25 

                    

Notes: Last 4 or 5 digits for Moly Brook and Granite Lake samples is sample depth (in metres) down drill hole 
     

Ages based on Re-Os molybdenite dating (this study) 
        

Numbers in parentheses in 147Sm/144Nd and 143Nd/144Nd columns are 2σ uncertainty of the last digit 

     
n.d. = not determined, ɛNd (i) = initial Nd value at formation age (± 0.5 ɛ units), TDM = depleted mantle model age (single-step) based on DePaolo (1981) 

  
Bt = biotite, gnt = garnet, ms = muscovite 
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Table A2.7: Results of stable sulfur isotope analysis for granite-related sulfides, Newfoundland         

Sample Lab ID Location Sulfide Weight (mg) Oxidant (mg)1 Baratron (bar) SO2 yield2 δ66S (‰) δ34S (‰) ± (‰)3 

Ackley Granite Suite 

          DS10-07m SA14228 Anesty Hill Sth Mol 10.40 203.0 92.2 112 -3.5 5.5 0.4 

DS10-07m* (r) S-617 Anesty Hill Sth Mol 0.22 0.2 - - - 6.8 0.3 

DS10-07p SA14229 Anesty Hill Sth Py 10.10 205.0 102.0 95 -5.3 3.5 0.4 

DS10-07p (r) SA14557 Anesty Hill Sth Py 8.80 215.0 71.8 77 -6.3 3.2 0.4 

DS13-07* S-610 Ackley City Mol 0.17 0.2 - - - 7.6 0.3 

DS14-07-1 SA14494 Ackley City Mol 5.60 203.0 20.9 47 -4.4 5.3 0.4 

DS14-07-2 SA14495 Ackley City Mol 5.70 202.0 13.2 29 -4.4 5.3 0.4 

DS15-07 SA14231 Ackley City Mol 11.50 200.0 32.3 35 -4.1 4.8 0.4 

AG3B SA14562 Ackley City Mol 8.00 223.0 55.5 87 -3.0 6.9 0.4 

AG3D-1 SA14606 Ackley City Mol 10.00 204.0 38.4 48 -3.9 5.5 0.4 

AG3D SA14232 Ackley City Mol 9.50 202.0 16.3 22 -4.4 4.5 0.4 

AG3D-2* S-611 Ackley City Mol 0.15 0.2 - - - 7.2 0.3 

AG3E SA14605 Ackley City Mol 12.20 204.0 87.7 91 -3.3 6.2 0.4 

AG5A* S-613 Wyllie Hill Mol 0.14 0.2 - - - 7.0 0.3 

AG5B1 SA14560 Wyllie Hill Mol 7.90 208.0 42.8 68 -3.9 6.0 0.4 

AG5Cm SA14233 Wyllie Hill Mol 7.10 207.0 11.3 20 -5.9 2.9 0.4 

AG5Cp SA14491 Wyllie Hill Py 5.70 201.0 48.9 81 -4.2 5.6 0.4 

DS19-07 SA14325 Wyllie Hill Mol 6.10 206.0 47.1 97 -3.5 5.5 0.4 

AG5Ap SA14603 Wyllie Hill Py 5.50 219.0 53.1 91 -4.1 5.2 0.4 

AG4A SA14234 Motu Mol 10.20 205.0 26.7 33 -4.4 4.5 0.4 

AG4A (r) SA14556 Motu Mol 8.90 222.0 17.9 25 -4.7 5.0 0.4 

AG4A (r)** LS8 Motu Mol - - - - - 4.8 0.4 

AG4B SA14563 Motu Mol 7.50 211.0 19.5 33 -4.2 5.6 0.4 

AG807* S-612 Motu Mol 0.22 0.2 - - - 6.6 0.3 

DS17-07 SA14235 Motu Mol 13.00 202.0 46.4 45 -3.8 5.2 0.4 

Moly Brook Deposit 

          MBG1-1g SA14226 Moly Brook Gal 17.7 203.0 51.0 109 -3.7 5.3 0.4 

MBG1-1g (r)  SA14328 Moly Brook Gal 12.20 201.0 32.2 99 -3.7 5.2 0.4 

MBG1-1p SA14227 Moly Brook Py 10.1 204.0 64.1 60 -1.7 7.5 0.4 

MBG1-2g SA14324 Moly Brook Gal 10.60 200.0 27.5 98 -3.6 5.4 0.4 

MBG1-2p SA14323 Moly Brook Py 6.00 203.0 58.8 93 -1.9 7.3 0.4 

GR6A SA14237 Grey River Mol 9.3 201.0 37.9 80 -2.0 7.1 0.4 

GR1007B SA14326 Grey River Py 5.40 200.0 54.2 95 -1.5 7.7 0.4 

MB1107E SA14327 Moly Brook Ccp 7.90 218.0 52.3 96 -2.8 6.2 0.4 

MB1107E* (r) S-615 Moly Brook Ccp 0.15 0.2 - - - 6.9 0.3 

MB20-2A-23.76c** LS8032 Moly Brook Ccp - - - 6.4 -3.3 6.4 0.4 
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MB20-2A-23.76p** LS8033 Moly Brook Py - - - 5.4 -4.0 5.7 0.4 

MB20-5B-433.25** LS8034 Moly Brook Mol - - - 0.4 -2.5 5.6 0.4 

MB13-14B-243** LS8035 Moly Brook Mol - - - 0.4 -1.9 6.3 0.4 

MB13-10A-193.00-1** LS8036 Moly Brook Mol - - - 0.3 -2.1 6.1 0.4 

MB13-10A-193.00-2** LS8038 Moly Brook Mol - - - 0.3 -3.7 4.3 0.4 

MB13-10A-193.00-3** LS8039 Moly Brook Ccp - - - 1.0 -2.6 7.2 0.4 

MB31-12A-297.33p** LS8040 Moly Brook Py - - - 0.4 -1.6 8.4 0.4 

MB31-12A-297.33m** LS8041 Moly Brook Mol - - - 1.0 -1.8 6.4 0.4 

MB31-12A-297.33c** LS8042 Moly Brook Ccp - - - 0.7 -2.8 7.0 0.4 

MB25-5A-100.10p** LS8043 Moly Brook Py - - - 2.3 -2.0 8.0 0.4 

MB25-5A-100.10m** LS8044 Moly Brook Mol - - - 0.3 -1.7 6.5 0.4 

MB14-4A-297.10** LS8045 Moly Brook Py - - - 0.9 -1.7 8.3 0.4 

MB25-1A-49.87** LS8046 Moly Brook Py - - - 5.3 -2.1 7.9 0.4 

MB36-1-173.00* S-677 Moly Brook Mol 0.14 0.2 - - - 6.5 0.3 

MB1107B* S-614 Moly Brook Mol 0.20 0.2 - - - 8.4 0.3 

MB-T108-18* S-678 Moly Brook Mol 0.15 0.2 - - - 8.5 0.3 

Granite Lake prospect 

          GL44-36-48.00 SA14210 Granite Lake Hill Mol 10.7 200.0 80.5 95 -4.2 4.7 0.4 

GL53-33-213.40 SA14211 Granite Lake Hill Mol 6.2 200.0 22.1 45 -5.7 3.0 0.4 

GL23-8-63.09 SA14224 Granite Lake Hill Mol 8.1 202.0 25.2 39.0 -5.0 3.8 0.4 

GL53-14-124.85 SA14225 Granite Lake Hill Py 18.0 207.0 103.0 54.0 -5.1 3.7 0.4 

GL1207B* S-619 Granite Lake Hill Mol 0.08 0.2 - - - 3.8 0.3 

South Coast granites 

          LF09-1 SA14207 Harbor Breton Mol 7.8 208 17.5 28 -5.1 3.7 0.4 

LF09-1B SA14502 Harbor Breton Mol 6.8 201 9.36 17 -3.5 6.4 0.4 

LF09-2 SA14602 Harbor Breton Mol 6.4 210 13.5 27 -3.70 5.7 0.4 

LF09-2B SA14504 Harbor Breton Mol 7.3 201 16.1 28 -4.80 4.9 0.4 

LF09-3 SA14501 Harbor Breton Mol 6.7 209 13.5 25 -4.60 5.1 0.4 

OWS09-1** LS8031 Harbor Breton Mol - - - 1.2 -2.4 5.8 0.4 

OWS09-3 SA14564 Harbor Breton Mol 8.1 203 55.3 86 -3.60 6.3 0.4 

BI09-1m SA14208 Belle Isl Stock Mol 11.6 212 60.5 66 -4.7 4.1 0.4 

BI09-1c SA14321 Belle Isl Stock Ccp 4.6 202 27.2 85 -6.9 1.8 0.4 

BI09-1c (r) SA14209 Belle Isl Stock Ccp 5.0 211 20.3 59 -8.5 0.0 0.4 

BI09-1c (r) SA14209 Belle Isl Stock Ccp 7.4 203 46.9 92 -7.00 2.0 0.4 

BI09-2 SA14322 Belle Isl Stock Mol 5.6 200 41.1 93 -3.8 5.2 0.4 

SL07-1 SA14218 St Lawrence Sph 11.8 208 75.1 98 -11.0 -2.7 0.4 

DS8-07 SA14219 St Lawrence Mol 4.8 208 20.0 52 -4.6 4.3 0.4 

DS9-07 SA14236 St Lawrence Mol 8.7 205 - 92 -5.2 3.6 0.4 

SL207A S-616* St Lawrence Mol 0.15 - - - - 4.7 0.3 
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SL207C SA14220 St Lawrence Mol 4.8 203 19.2 50 -6.1 2.7 0.4 

Western samples 

          CH10-1p SA14212 Coney Head Py 6.2 202 64.7 99 -3.4 5.6 0.4 

CH10-1m SA14213 Coney Head Mol 6.3 212 19.1 38 -4.3 4.6 0.4 

MP09-1 SA14222 Moly Peak Mol 3.4 204 3.06 11 -4.1 4.8 0.4 

MP09-2p SA14221 Moly Peak Py 5.0 205 37.8 71 -4.6 4.3 0.4 

MP09-2m SA14223 Moly Peak Mol 4.8 201 9.6 25 -4.0 4.9 0.4 

PP08-1 SA14214 Parrell Prospect Mol 7.1 209 29.3 52 -7.6 1.0 0.4 

PP08-1 (r) SA14230 Parrell Prospect Mol 10.3 203 71.8 88 -8.1 0.4 0.4 

TS10-1 SA14215 Topsails Mol 7.0 201 25.6 46 -5.4 3.4 0.4 

TS10-1 (r) SA14216 Topsails Mol 6.4 200 34.0 67 -5.1 3.7 0.4 
                      

(r) = repeat analysis; * = analysis by 'on-line' continuous flow mass spectrometry at MUN, ** = in situ laser analysis at SUERC. Other analyses by conventional methods at SUERC 

1 = Cu2O for SUERC analyses; V2O5 for MUN analyses 

        2 = Units are % for 'off-line' conventional analysis; µmol for laser analysis. 

       3 = Uncertainty at ± 2σ-level 

          Mineral abbreviations: Ccp = chalcopyrite, Gal = galena, Mol = molybdenite, Py = pyrite, Sph = sphalerite. 
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Table A2.8: Microthermometry results, MB09-7-160.00 (qz-mol-sulfide-ksp vein with potassic alteration halo)  

FI no. FIA FI type, phases Setting Para. Shape 
Size (µm) 

V/L CO2/aq Tnice TnCO2 TmCO2 Tfmice Tlmice Tmclath wt% NaCl ThCO2 to Th sol Thtot to X H2O X CO2 X salts Bulk D Notes 

         

  

           

  

   

  

097-14 1.2.1 AC, L-Lc-Vc isolated P irregular 20.0 0.20 0.45 -47 -95 -56.6     6.1 9.54 30.0 C   355 L 0.82 0.13 0.05 0.69 Th = Td 

097-30 1.2.2 AC, L-Lc-Vc cluster P tapered 6.6 0.30 0.45 -35 -95 -56.7     6.3 9.20 30.2 C   311 L 0.82 0.13 0.05 0.70   

097-78 1.2.3 AC, L-Vc cluster P rectang. 8.0 0.40 0.40                     380 L           

                                                    

097-1 1.3.1 A1, L-V isolated P rectang. 6.0 0.25           -6.2   9.47       305 L 0.94 0.00 0.06 0.82   

097-6 1.3.2 A1, L-V cluster P? oblate 4.0 0.15 

 

  

   

-4.4 

 

7.02 

   

266 L 0.96 0.00 0.04 0.84   

097-7 1.3.2 A1, L-V cluster P? oblate 4.0 0.15           -7.1   10.61       255 L 0.93 0.00 0.07 0.89   

097-8 1.3.3 A1, L-V cluster P oblate 6.0 0.15 

 

  

   

-6.7 

 

10.11 

   

238 L 0.94 0.00 0.06 0.91   

097-9 1.3.3 A1, L-V cluster P rectang. 7.0 0.20   -53       -8.8   12.62       283 L 0.92 0.00 0.08 0.88 metastable 

097-16 1.3.4 A1, L-V cluster P rectang. 3.0 0.20 

 

  

         

285 L   

   

  

097-17 1.3.4 A1, L-V cluster P rectang. 4.0 0.20 

 

  

         

285 L   

   

  

097-18 1.3.4 A1, L-V cluster P rectang. 3.0 0.20 

 

  

         

265 L   

   

  

097-19 1.3.4 A1, L-V cluster P negative 5.6 0.19                       247 L           

097-20 1.3.5 A1, L-V-S cluster P? oblate 10.0 0.20 

 

-40 

  

-45.0 -4.5 

 

7.17 

   

260 L 0.95 0.00 0.05 0.85 S = qz? 

097-21 1.3.5 A1, L-V cluster P? tapered 3.3 0.25   -40       -2.0   3.39       296 L 0.98 0.00 0.02 0.75 trail? 

097-23 1.3.6 A1, L-V isolated P rectang. 7.0 0.15   -52                   236 L           

097-36 1.3.7 A1, L-V cluster P rectang. 4.5 0.20 

 

-48 

   

-5.1 

 

8.00 

   

321 L 0.95 0.00 0.05 0.77   

097-37 1.3.7 A1, L-V cluster P rectang. 8.0 0.25   -40     -10.0 -4.8   7.59       306 L 0.95 0.00 0.05 0.79   

097-38 1.3.8 A1, L-V isolated P oblate 9.6 0.30           -1.1   1.91       325 L 0.99 0.00 0.01 0.66 leaked? 

097-44 1.3.9 A1, L-V cluster P rectang. 9.8 0.30 

 

  

   

-3.7 

 

6.01 

   

282 L 0.96 0.00 0.04 0.81 leaked? 

097-79 1.3.9 A1, L-V cluster P rectang. 6.7 0.35   -43       -3.1   5.11       260 L 0.97 0.00 0.03 0.83   

097-45 1.3.10 A1, L-V isolated P rectang. 7.6 0.30           -4.0   6.45       282 L 0.96 0.00 0.04 0.81   

097-51 1.3.13 A1, L-V cluster P rectang. 8.4 0.25 

 

  

  

-10.0 -5.2 

 

8.14 

   

356 L 0.95 0.00 0.05 0.70   

097-52 1.3.13 A1, L-V cluster P negative 4.3 0.25 

 

  

   

-5.7 

 

8.81 

   

344 L 0.94 0.00 0.06 0.74   

097-53 1.3.13 A1, L-V cluster P negative 10 0.25         -10.0 -3.2   5.26       357 L 0.97 0.00 0.03 0.65   

097-57 1.3.14 A1, L-V isolated P oblate 7.8 0.45           -2.9   4.80       330 L 0.97 0.00 0.03 0.70   

097-62 1.3.15 A1, L-V isolated P rectang. 6.5 0.30   -36       -3.0   4.96       325 L 0.97 0.00 0.03 0.71   

097-68 1.3.16 A1, L-V trail P? isolated 5.0 0.30           -8.0   11.70       272 L 0.92 0.00 0.08 0.88   

097-70 1.3.17 A1, L-V isolated P oblate 8.1 0.40           -3.5   5.71       301 L 0.96 0.00 0.04 0.77   

097-71 1.3.18 A1, L-V isolated P rectang. 7.6 0.20           -3.8   6.16       271 L 0.96 0.00 0.04 0.83   

097-74 1.3.19 A1, L-V cluster P negative 4.3 0.30 

 

  

   

-2.5 

 

4.18 

   

303 L 0.97 0.00 0.03 0.75   

097-75 1.3.19 A1, L-V cluster P irregular 7.0 0.35   -34     -10.6 -2.2   3.71       359 L 0.98 0.00 0.02 0.61   

097-76 1.3.20 A1, L-V isolated P negative 10.3 0.35 

 

  

  

-12.4 -6.4 

 

9.73 

   

342 L 0.94 0.00 0.06 0.76   

097-77 1.3.20 A1, L-V isolated P negative 5.1 0.25         -11.1 -5.1   10.15       246 L 0.95 0.00 0.05 0.88   

097-15 1.3.22 A1, L-V-S cluster P irregular 7.5 0.25   -44       -4.0   27.75     104 316 L 0.81 0.00 0.19 0.88 S = halite 

097-82 1.3.23 A1, L-V cluster P negative 4.0 0.21 

 

  

         

288 L   
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097-83 1.3.23 A1, L-V cluster P oblate 5.2 0.23 

 

-42 

         

257 L   

   

  

097-84 1.3.23 A1, L-V cluster P negative 3.8 0.18   -60                   240 L           

097-46 1.3.11 A1, V-L cluster P? elongate 7.2 0.80 

 

-37 

   

-1.1 

 

1.91 

   

373 V 0.99 0.00 0.01 0.53 V-rich 

097-47 1.3.11 A1, V-L cluster P? rectang. 8.4 0.65   -41       -1.0   1.74       373 V 0.99 0.00 0.01 0.53 V-rich 

097-49 1.3.12 A1, V-L cluster P? tapered 5.3 0.90 

 

  

         

364 V   

   

V-rich 

097-50 1.3.12 A1, V-L cluster P? rectang. 3.7 0.80           -3.1   5.11       389 V 0.97 0.00 0.03 0.56 V-rich 

097-69 1.3.21 A1, V-L isolated P? irregular 11.2 0.50   -47     -8.5 -2.5   4.18       334 V 0.97 0.00 0.03 0.68 V-rich 

097-80 1.3.22 A1, V-L isolated P? oblate 6.7 0.55   -34       -1.0   1.74           0.99 0.00 0.01 0.45 V-rich 

097-81 1.3.23 A1, V-L isolated P? rectang. 7.8 0.50           -2.8   4.65       380 V 0.97 0.00 0.03 0.58 V-rich 

                                                    

097-11 2.1.1 A3, L-V trail S irregular 12.0 0.35 

 

  

         

260 L   

   

  

097-12 2.1.1 A3, L-V trail S diamond 7.0 0.20 

 

  

         

250 L   

   

  

097-13 2.1.1 A3, L-V trail S elongate 6.0 0.10                       190 L           

097-24 2.1.2 A3, L-V trail S irregular 2.9 0.15 

 

  

         

287 L   

   

  

097-25 2.1.2 A3, L-V trail S irregular 3.8 0.15 

 

  

         

287 L   

   

  

097-26 2.1.2 A3, L-V trail S oblate 2.0 0.15                       232 L           

097-31 2.1.3 A3, L-V trail S irregular 4.0 0.20 

 

  

         

288 L   

   

  

097-32 2.1.3 A3, L-V trail S rectang. 3.2 0.15 

 

  

         

222 L   

   

  

097-33 2.1.3 A3, L-V trail S tapered 5.2 0.15 

 

-42 

         

240 L   

   

  

097-34 2.1.3 A3, L-V trail S tapered 5.6 0.10 

 

  

         

229 L   

   

  

097-35 2.1.3 A3, L-V trail S diamond 3.9 0.15                       257 L           

097-39 2.1.4 A3, L-V cluster? S diamond 3.6 0.15 

 

  

   

-0.8 

 

1.40 

   

281 L 0.99 0.00 0.01 0.75   

097-40 2.1.4 A3, L-V cluster? S negative 3.0 0.15 

 

  

   

-0.8 

 

1.40 

   

313 L 0.99 0.00 0.01 0.68   

097-41 2.1.4 A3, L-V cluster? S rectang. 5.5 0.15           -0.8   1.40       263 L 0.99 0.00 0.01 0.78   

097-63 2.1.5 A3, L-V trail S oblate 5.2 0.30 

 

-49 

  

-9.0 -1.5 

 

2.57 

   

234 L 0.98 0.00 0.02 0.84 leaked? 

097-64 2.1.5 A3, L-V trail S oblate 3.6 0.35 

 

-49 

   

-1.0 

 

1.74 

   

230 L 0.99 0.00 0.01 0.84 leaked? 

097-65 2.1.5 A3, L-V trail S irregular 6.1 0.35           -1.8   3.06       227 L 0.98 0.00 0.02 0.86 leaked? 

097-83 2.1.7 A3, L-V trail S irregular 16.2 0.31         -11.5 -0.2           331 L 1.00 0.00 0.00 0.62 leaked? 

097-84 2.1.8 A3, L-V trail S rectang. 9.1 0.24         -34.0 -1.2           264 L 0.99 0.00 0.01 0.79   

097-4 2.1.9 A3, L-V trail S elongate 10.0 0.20 

 

-41 

  

-34.0 -1.2 

 

2.07 

     

0.99 0.00 0.01 0.81   

097-5 2.1.9 A3, L-V trail S oblate 4.0 0.20   -41       -0.4   0.70           1.00 0.00 0.00 0.80   

097-22 2.1.10 A3, L-V trail S rectang. 5.0 0.15   -41       -1.0   1.74       167 L 0.99 0.00 0.01 0.92   

097-27 2.1.11 A3, L-V cluster? S irregular 7.0 0.20 

 

  

   

-0.1 

 

0.18 

   

277 L 1.00 0.00 0.00 0.74   

097-28 2.1.11 A3, L-V cluster? S rectang. 4.1 0.10 

 

  

   

-0.5 

 

0.88 

   

173 L 0.99 0.00 0.01 0.90   

097-29 2.1.11 A3, L-V cluster? S oblate 4.1 0.20           -0.5   0.88       289 L 0.99 0.00 0.01 0.73   

097-54 2.1.12 A3, L-V trail S tapered 2.9 0.15 

 

-37 

   

-0.6 

 

1.05 

   

263 L 0.99 0.00 0.01 0.78   

097-55 2.1.12 A3, L-V trail S oblate 4.4 0.15 

 

-37 

   

-0.7 

 

1.22 

   

210 L 0.99 0.00 0.01 0.86   

097-56 2.1.12 A3, L-V trail S oblate 3.2 0.10   -37       -0.5   0.88       197 L 0.99 0.00 0.01 0.88   

097-58 2.1.13 A3, L-V trail S rectang. 2.3 0.10 

 

-40 

   

-0.1 

 

0.18 

   

188 L 1.00 0.00 0.00 0.88   
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097-59 2.1.13 A3, L-V trail S rectang. 2.2 0.10 

 

-40 

   

-0.1 

 

0.18 

   

239 L 1.00 0.00 0.00 0.81   

097-60 2.1.13 A3, L-V trail S rectang. 3.3 0.10 

 

-40 

   

-0.1 

 

0.18 

   

209 L 1.00 0.00 0.00 0.85   

097-61 2.1.13 A3, L-V trail S rectang. 3.0 0.10   -40       -0.1   0.18       188 L 1.00 0.00 0.00 0.88   

097-66 2.1.14 A3, L-V trail S oblate 3.0 0.10 

 

-40 

   

-1.8 

 

3.06 

   

175 L 0.98 0.00 0.02 0.92   

097-67 2.1.14 A3, L-V trail S oblate 3.9 0.10   -40       -1.8   3.06       214 L 0.98 0.00 0.02 0.87   

097-72 2.1.15 A3, L-V trail S tapered 4.5 0.10 

 

  

   

-0.2 

 

0.35 

   

200 L 1.00 0.00 0.00 0.87   

097-73 2.1.15 A3, L-V trail S irregular 7.2 0.10 

 

  

   

-0.6 

 

1.05 

   

223 L 0.99 0.00 0.01 0.84   
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Table A2.9: Microthermometry results, MB09-11A-309.10 (qz-mol±py vein with weak qz-ser alteration halo)                 

                   
FI no. FIA FI type, phases Setting Para. Shape Size (µm) V/L Tnice Tfmice Tlmice wt% NaCl Thtot to X H2O X CO2 X salts Bulk D Notes 

        
  

     
  

   
  

0911-1 1.3.1 A1, L-V isolated P oblate 9.0 0.21 -42 -33.0 -3.5 5.71 261 L 0.96 0.00 0.04 0.84   

0911-2 1.3.2 A1, L-V cluster P elongate 10.5 0.21 -41 -30.8 -6.0 9.21 249 L 0.94 0.00 0.06 0.89   

0911-3 1.3.2 A1, L-V cluster P rhombic 6.1 0.33 -33   -6.5 9.86 286 L 0.94 0.00 0.06 0.85   

0911-4 1.3.3 A1, L-V cluster P negative 8.4 0.28 -38   -5.4 8.41 265 L 0.95 0.00 0.05 0.86   

0911-5 1.3.4 A1, L-V isolated P rectang. 7.4 0.21 -39 -24.4 -5.1 8.00 270 L 0.95 0.00 0.05 0.85   

0911-6 1.3.5 A1, L-V cluster P irreg 8.9 0.327   -20.0 -6.5 9.86 285 L 0.94 0.00 0.06 0.85   

0911-7 1.3.6 A1, L-V cluster P rectang. 5.3 0.29 -37 -25.0 -5.9 9.08 253 L 0.94 0.00 0.06 0.88   

0911-8 1.3.7 A1, L-V cluster P tapered 10.9 0.224 -37 -30.0 -5.7 8.81 256 L 0.94 0.00 0.06 0.88   

0911-9 1.3.7 A1, L-V cluster P rectang. 5 0.20 -39 
 

-5.7 8.81 246 L 0.94 0.00 0.06 0.89   

0911-10 1.3.7 A1, L-V cluster P oblate 3.4 0.246 -39 

 

-5.4 8.41 239 L 0.95 0.00 0.05 0.89   

0911-11 1.3.7 A1, L-V cluster P negative 6.4 0.275 -37 

 

-5.8 8.95 239 L 0.94 0.00 0.06 0.90   

0911-12 1.3.7 A1, L-V cluster P rectang. 4.9 0.22 -40 
 

-5.5 8.55 217 L 0.95 0.00 0.05 0.92   

0911-13 1.3.7 A1, L-V cluster P rectang. 3.8 0.229 -40 

 

-5.5 8.55 246 L 0.95 0.00 0.05 0.89   

0911-14 1.3.7 A1, L-V cluster P oblate 4.6 0.252 -40 

 

-5.4 8.41 241 L 0.95 0.00 0.05 0.89   

0911-15 1.3.7 A1, L-V cluster P rectang. 7.6 0.231 -46 -32.0 -6.1 9.34 288 L 0.94 0.00 0.06 0.84   
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Table A2.10: Microthermometry results, MB09-12-304.10 (qz-mol vein with potassic alteration halo) 

                         
FI no. FIA FI type, phases Setting Para. Shape Size (µm) V/L CO2/aq Tnice TnCO2 TmCO2 Tfmice Tlmice Tmclath wt% NaCl ThCO2 to Thtot to X H2O X CO2 X salts Bulk D Notes 

         

  

          

  

   

  

0912-88 1.1.1 C, Lc-Vc isolated P rectang. 4.6 0.21 1.00   -90 -57.0         29.1 L     0.0 1.0 0.0 0.63 pure CO2 

0912-97 1.1.2 C, Lc-Vc isolated P rectang. 7.1 0.10 1.00   -95 -56.6         21.2 L     0.0 1.0 0.0 0.76 pure CO2 

                                                  

0912-1 1.2.1 AC, L-Lc-Vc isolated P negative 10.2 0.32 0.44 -33 -96 -56.8     6.5 8.86 30.3 C 367 V 0.82 0.13 0.05 0.71 Vc-rich 

0912-2 1.2.2 AC, L-Lc-Vc cluster P negative 12.0 0.29 0.50 -43 -97 -56.7   -10.7 6.5 8.86 30.8 C 379 V 0.80 0.17 0.03 0.69   

0912-3 1.2.3 AC, L-Lc-Vc cluster P negative 11.2 0.26 0.56 -45 -96 -56.8 

 

-5.3 6.8 8.34 30.8 C 362 L 0.76 0.20 0.04 0.65 CO2-rich 

0912-4 1.2.3 AC, L-Lc-Vc cluster P elongate 13.2 0.48 0.61 -46 -96 -56.8 

  

6.6 8.69 30.0 V 325 L 0.75 0.21 0.04 0.59 CO2-rich 

0912-20 1.2.3 AC, L-Lc-Vc cluster P elongate 13.4 0.31 0.51 -38 -95 -56.8 -23.1 -2.4 4.2 12.69 27.8 V     0.79 0.14 0.07 0.61   

0912-5 1.2.4 AC, L-Lc-Vc cluster P negative 16.5 0.21 0.40 -31 -95 -57.3   -1.5 6.0 9.71 30.3 C 375 L 0.83 0.12 0.05 0.73   

0912-6 1.2.5 AC, L-Lc-Vc cluster P irregular 20.1 0.24 0.40   -95 -57.2   -2.0 6.9 8.17 30.5 C 380 L 0.84 0.12 0.04 0.74 Th = Td 

0912-7 1.2.6 AC, L-Lc-Vc cluster P negative 11.2 0.26 0.74 -33 -94 -57.1   -1.9 5.0 11.38 28.8 L     0.51 0.45 0.04 0.72 CO2-rich 

0912-8 1.2.7 AC, L-Lc-Vc cluster P irregular 16.5 0.26 0.53 -34 -94 -56.9 

 

-4.2 4.3 12.53 29.7 C 

  

0.77 0.16 0.07 0.63   

0912-9 1.2.7 AC, L-Lc-Vc cluster P negative 6.1 0.18 0.67   -95 -56.9 

 

-6.5 3.9 13.17 29.0 L 

  

0.58 0.37 0.05 0.74 CO2-rich 

0912-11 1.2.8 AC, L-Lc-Vc isolated P negative 11.5 0.25 0.62 -31 -95 -57.0   -4.2 6.2 9.37 29.7 C     0.74 0.21 0.05 0.58 CO2-rich 

0912-12 1.2.9 AC, L-Lc-Vc isolated P negative 11.1 0.33 0.53 -30 -93 -56.9 

 

-6 6.9 8.17 26.9 V 

  

0.82 0.14 0.04 0.60 Vc-rich 

0912-13 1.2.9 AC, L-Lc-Vc isolated P negative 15.2 0.18 0.36 -48 -96 -56.7 -23.1 -10.5 5.1 11.21 30.1 L     0.79 0.15 0.06 0.83   

0912-16 1.2.10 AC, L-Lc-Vc isolated P oblate 10.6 0.17 0.76 -38 -95 -56.6   -10.7 6.3 9.20 28.8 L     0.49 0.48 0.03 0.72 CO2-rich 

0912-18 1.2.11 AC, L-Lc-Vc cluster P rectang. 11.0 0.25 0.44 -38 -94 -56.7 

 

-9.9 6.7 8.51 30.9 V 

  

0.81 0.14 0.05 0.73   

0912-19 1.2.11 AC, L-Lc-Vc cluster P oblate 9.4 0.23 0.40 -38 -96 -56.7   -9.2 6.4 9.03 30.8 V     0.82 0.12 0.06 0.75   

0912-21 1.2.12 AC, L-Lc-Vc isolated P irregular 9.6 0.28 0.53 -31 -96 -56.6 -24.0 -9.7 7.1 7.82 30.4 C 355 V 0.79 0.17 0.04 0.66   

0912-22 1.2.13 AC, L-Lc-Vc cluster P negative 8.5 0.19 0.47   -95 -57.2 

  

6.8 8.34 29.5 C 346 L 0.82 0.13 0.05 0.67   

0912-57 1.2.13 AC, L-Lc-Vc isolated P negative 11 0.33 0.57 -28 -94 -56.6 -21.1 -2.0 6.3 9.20 29.6 V 425 V 0.77 0.18 0.05 0.61 Vc-rich 

0912-58 1.2.14 AC, L-Lc-Vc isolated P negative 7.7 0.55 0.59   -95 -56.6             391 V         CO2-rich 

0912-62 1.2.15 AC, L-Lc-Vc isolated P irregular 9.6 0.50 0.56   -97 -56.7     5.2 11.05     430 L 0.76 0.18 0.06 0.62 Th = Td 

0912-67 1.2.16 AC, L-Lc-Vc cluster P negative 9.3 0.18 0.43   -94 -57.2     7.0 8.00 30.4 V 366 C 0.83 0.13 0.04 0.72   

0912-70 1.2.17 AC, L-Lc-Vc cluster P oblate 9.0 0.30 0.51 -43 -95 -57.4 -23.3 -6.0 4.9 11.55 30.1 C 430 V 0.78 0.16 0.06 0.65 Th = Td 

0912-71 1.2.17 AC, L-Lc-Vc cluster P negative 8.1 0.70 0.72   -96 -56.6     6.2 9.37 16.0 V 287 V 0.77 0.18 0.04 0.39 Vc-rich 

0912-87 1.2.18 AC, L-Lc-Vc isolated P negative 9.2 0.31 0.55 -38 -96 -56.6 -19.0 -8.4 5.7 10.21 30.0 C     0.77 0.17 0.06 0.63   

0912-89 1.2.19 AC, L-Lc-Vc isolated P irregular 11.0 0.18 0.52   -94 -56.9 -23.3 -8.6 4.0 13.01 28.4 L     0.69 0.25 0.06 0.80   

0912-90 1.2.20 AC, L-Lc-Vc isolated P irregular 9.2 0.10 0.25   -97 -56.9 -21.1 -5.9 4.8 11.71 30.7 V     0.85 0.08 0.07 0.83 Aq-rich 

0912-91 1.2.21 AC, L-Lc-Vc cluster P oblate 8.8 0.13 0.57 -57 -97 

 

-24.9 -8.6 

 

12.59 28.6 L 

  

0.68 0.26 0.06 0.85 CO2-rich 

0912-92 1.2.21 AC, L-Lc-Vc cluster P oblate 9.7 0.12 0.48 -57 -97   -29.3 -9.8   13.94 29.3 L     0.73 0.20 0.07 0.88   

0912-94 1.2.22 AC, L-Lc-Vc isolated P negative 10.4 0.20 0.45 -34 -95 -57.0 -30.2 -2.6 5.6 10.38 30.9 V     0.79 0.15 0.06 0.72   

0912-96 1.2.23 AC, L-Lc-Vc isolated P negative 8.0 0.16 0.33   -96 -56.6     6.1 9.54 30.9 V     0.84 0.10 0.06 0.79   

0912-98 1.2.24 C, Lc-Vc cluster P oblate 4.9 0.36 1.00   

 

-56.6 

    

28.4 L 

  

0.00 1.00 0.00 0.65   
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0912-99 1.2.24 AC, L-Lc-Vc cluster P negative 7.0 0.32 0.56     -56.6 -21.0   5.2 11.05 30.4 C 311 V 0.76 0.19 0.05 0.63   

0912-100 1.2.25 AC, L-Lc-Vc isolated P negative 5.4 0.24 0.49     -56.6 -22.1 -5.2 5.7 10.21 30.7 C 437 V 0.79 0.16 0.05 0.69   

0912-101 1.4.28 AC, L-Lc-Vc cluster P negative 7.9 0.31 0.71   -95 -56.6 -22.0   4.7 11.87 30.6 C     0.65 0.30 0.05 0.55 CO2-rich 

0912-103 1.4.29 AC, L-Lc-Vc cluster P oblate 6.0 0.24 0.45   -96 -56.6 -20.0 -7.0 6.9 8.17 30.3 C 

  

0.82 0.13 0.05 0.70   

0912-104 1.4.29 AC, L-Lc-Vc cluster P oblate 6.4 0.21 0.38   

 

-56.6 -22.6 

 

6.1 9.54 30.7 V 337 L 0.83 0.12 0.05 0.75   

0912-105 1.4.29 AC, L-Lc-Vc cluster P oblate 4.7 0.17 0.39   -97 -56.6 -20.8 -8.0 6.9 8.17 30.6 C 340 L 0.84 0.12 0.04 0.75   

0912-106 1.4.29 AC, L-Lc-Vc cluster P oblate 6.3 0.29 0.53   -96 -56.6 -22.5 -3.0 6.6 8.69 30.7 V 340 C 0.78 0.18 0.04 0.67   

0912-107 1.4.29 AC, L-Lc-Vc cluster P oblate 4.0 0.25 0.54   

 

-56.6 -19.5 

 

5.9 9.88 29.3 V 320 L 0.79 0.16 0.05 0.62   

0912-108 1.4.29 AC, L-Lc-Vc cluster P elongate 6.8 0.30 0.54   -96 -56.6     7.0 8.00 28.5 V 350 V 0.80 0.15 0.05 0.61   

0912-109 1.4.30 AC, L-Lc-Vc cluster P rectang. 6.7 0.15 0.66   -95 -56.6 -17.9 -11.0 7.0 8.00 28.3 L 323 V 0.60 0.37 0.03 0.76 CO2-rich 

0912-110 1.4.30 AC, L-Lc-Vc cluster P irregular 9.0 0.13 0.49     -56.6 -20.4 -8.1 6.3 9.20 28.8 L 390 V 0.73 0.23 0.04 0.81 Th = Td 

0912-112 1.4.31 AC, L-Lc-Vc isolated P rectang. 4.5 0.15 0.50     -56.7     5.5 10.55 30.2 L 340 V 0.79 0.15 0.06 0.78   

0912-113 1.4.32 AC, L-Lc-Vc cluster P rectang. 6.9 0.24 0.54     -56.6     6.0 9.71 30.3 V 328 C 0.73 0.22 0.05 0.64   

0912-114 1.4.32 AC, L-Lc-Vc cluster P negative 8.5 0.22 0.41   

 

-56.7 -22.0 -10.3 6.6 8.69 29.1 V 453 V 0.84 0.11 0.05 0.71 Th = Td 

0912-116 1.4.32 AC, L-Lc-Vc cluster P rectang. 6.9 0.17 0.39   

 

-56.6 -20.4 

 

6.6 8.69 29.0 V 318 L 0.85 0.10 0.05 0.72   

0912-120 1.4.32 AC, L-Lc-Vc cluster P negative 7.8 0.33 0.50   -96 -56.9     6.6 8.69 29.7 V 385 V 0.81 0.15 0.04 0.66   

0912-121 1.4.33 AC, L-Lc-Vc cluster P negative 10.0 0.29 0.57   

 

-57.6 

 

-5.0 7.0 8.00 30.9 C 345 V 0.75 0.21 0.04 0.66 CO2-rich 

0912-122 1.4.33 AC, L-Lc-Vc cluster P rectang. 7.2 0.25 0.54   

 

-57.3 -21 

 

6.3 9.20 30.7 C 350 V 0.77 0.18 0.05 0.66   

0912-123 1.4.33 AC, L-Lc-Vc cluster P irregular 11.3 0.18 0.50   

 

-57.1 -23 -5.9 6.1 9.54 29.8 L 410 V 0.73 0.22 0.05 0.79   

0912-124 1.4.33 AC, L-Lc-Vc cluster P elongate 6.6 0.23 0.61     -56.7 -19   6.0 9.71 30.6 L 414 V 0.67 0.29 0.04 0.72 CO2-rich 

                                                  

0912-66 1.2.16 AC, L-Vc cluster P negative 7.7 0.60 0.62 -31 -95 -56.5 -18.0   7.4       326 V         CO2-rich 

0912-72 1.2.17 AC, L-Vc cluster P negative 7.2 0.47 0.47   

  

-23.6 -6.0 5.4 4.35 

  

302 L 0.93 0.04 0.03 0.57 V-rich 

0912-73 1.2.17 AC, L-Vc cluster P elongate 11 0.44 0.44         -8.0 6.5 4.14     317 L 0.93 0.05 0.02 0.62   

0912-26 1.2.14 AC, L-Vc isolated P negative 7.6 0.28 0.28       -23.2 -10.4 6.2 4.07     286 L 0.93 0.05 0.02 0.61 Vc-rich 

0912-64 1.4.17 AC, L-Vc isolated P negative 10 0.69 0.69 -31 -94 -56.6   -6.5 6.9 2.91     319 V 0.90 0.08 0.02 0.37 CO2-rich 

0912-65 1.4.18 AC, L-Vc isolated P negative 10 0.51 0.51 -30 -95 -56.6   -3.5 7.0 4.01     417 V 0.92 0.06 0.02 0.56 Th = Td 

0912-125 1.4.34 AC, L-Vc isolated p rectang. 8.5 0.27 0.27 -40       -6.2 7.6 4.45     290 L 0.93 0.04 0.03 0.77   

                                                  

0912-17 1.3.1 A1, L-V cluster P? irregular 10.1 0.18   -37     -23.5 -6.1   9.34     216 L 0.94 0.00 0.06 0.92 necked? 

0912-20 1.3.2 A1, L-V-S isolated P irregular 10.0 0.20   -43     -21.7 -6.0   9.21     291 L 0.94 0.00 0.06 0.83 sol = qz 

0912-23 1.3.3 A1, L-V isolated P negative 12.6 0.36   -58     -18.0 -7.1   10.61     323 L 0.93 0.00 0.07 0.80   

0912-24 1.3.4 A1, L-V isolated P irregular 11.7 0.16 

 

-53 

  

-23.2 -10.2 

 

14.15 

  

308 L 0.91 0.00 0.09 0.87   

0912-25 1.3.4 A1, L-V isolated P negative 8.1 0.19   -60     -23.4 -9.8   13.72     271 L 0.91 0.00 0.09 0.90   

0912-30 1.3.5 A1, L-V cluster P negative 8.4 0.20 

 

-39 

  

-21.2 -6.5 

 

9.90 

  

245 L 0.94 0.00 0.06 0.90   

0912-31 1.3.5 A1, L-V cluster P negative 9.1 0.17         -20.0 -9.7   13.62     286 L 0.91 0.00 0.09 0.89   

0912-41 1.3.6 A1, L-V isolated P irregular 14.3 0.20   -39     -18.8 -10.0   13.94     321 L 0.91 0.00 0.09 0.85   

0912-43 1.3.7 A1, L-V cluster P oblate 7.4 0.22           -7.3   10.86     268 L 0.93 0.00 0.07 0.88   
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0912-44 1.3.8 A1, L-V cluster P irregular 15.2 0.27   -40     -20.3 -1.2   2.07     308 L 0.99 0.00 0.01 0.70 necked? 

0912-59 1.3.9 A1, L-V cluster P negative 7.7 0.30         -20.3 -6.2   9.47     271 L 0.94 0.00 0.06 0.86   

0912-60 1.3.9 A1, L-V cluster P rectang. 10.9 0.35 

 

-48 

  

-22.0 -6.2 

 

9.47 

  

326 L 0.94 0.00 0.06 0.78   

0912-61 1.3.9 A1, L-V cluster P tapered 10.8 0.27   -48     -27.4 -4.8   7.59     310 L 0.95 0.00 0.05 0.78   

0912-63 1.3.10 A1, L-V isolated P negative 7.3 0.25   -51     -19.5 -5.4   8.41     232 L 0.95 0.00 0.05 0.90   

0912-68 1.3.11 A1, L-V cluster P elongate 12.4 0.29 

 

-53 

  

-33.5 -7.9 

 

11.58 

  

322 L 0.93 0.00 0.07 0.82   

0912-69 1.3.11 A1, L-V cluster P elongate 14.8 0.35   -53     -33.5 -7.9   11.58     356 L 0.93 0.00 0.07 0.76   

0912-86 1.3.12 A1, L-V isolated P negative 9.8 0.15   -38     -20.9 -6.0   9.21     228 L 0.94 0.00 0.06 0.91 necked? 

0912-102 1.3.13 A1, L-V cluster P negative 6.6 0.16   -40     -18.8 -7.7   11.34         0.93 0.00 0.07 0.91   

0912-117 1.3.14 A1, L-V isolated P negative 8.8 0.25   -52       -4.8   7.59     328 L 0.95 0.00 0.05 0.75   

0912-119 1.3.15 A1, L-V isolated P irregular 11.7 0.25         -21.5 -6.6   9.98     294 L 0.94 0.00 0.06 0.84   

0912-126 1.3.16 A1, L-V isolated P negative 8.0 0.30 

 

  

  

-22.6 -5.6 

 

8.68 

  

272 L 0.94 0.00 0.06 0.85   

0912-127 1.3.17 A1, L-V isolated P elongate 13.6 0.23         -21.3 -6.6   9.98     290 L 0.94 0.00 0.06 0.84   

0912-128 1.3.18 A1, L-V cluster P rectang. 7.9 0.25 

 

  

  

-18.6 -5.8 

 

8.95 

  

259 L 0.94 0.00 0.06 0.87   

0912-134 1.3.18 A1, L-V cluster P elongate 8.0 0.20 

 

  

        

260 L   

   

  

0912-135 1.3.18 A1, L-V cluster P rectang. 6.0 0.65                     275 V           

0912-129 1.3.19 A1, L-V isolated P rectang. 9.4 0.37 

 

  

   

-4.6 

 

7.31 

  

344 L 0.95 0.00 0.05 0.71   

                                                  

0912-27 2.1.1 A3, L-V trail S oblate 6.4 0.14 

 

-41 

  

-9.6 -0.2 

 

0.35 

  

134 L 1.00 0.00 0.00 0.94   

0912-28 2.1.1 A3, L-V trail S negative 8.4 0.11 

 

-41 

  

-9.8 -1.5 

 

2.57 

  

156 L 0.98 0.00 0.02 0.93   

0912-29 2.1.1 A3, L-V trail S tapered 3.9 0.21 

 

-41 

   

-1.5 

 

2.57 

  

150 L 0.98 0.00 0.02 0.94 metastable 

0912-45 2.1.1 A3, L-V trail S rectang. 4.3 0.17           -0.9   1.57     146 L 0.99 0.00 0.01 0.94   

0912-34 2.1.3 A3, L-V trail S negative 3.9 0.13 

 

  

  

-10.9 -1.4 

 

2.41 

  

153 L 0.99 0.00 0.01 0.93   

0912-36 2.1.3 A3, L-V trail S oblate 4.1 0.16 

 

  

  

-15.0 -1.1 

 

1.91 

  

165 L 0.99 0.00 0.01 0.92   

0912-37 2.1.3 A3, L-V trail S tapered 6.4 0.10         -12.5 -1.1   1.91     165 L 0.99 0.00 0.01 0.92   

0912-40 2.1.4 A3, L-V trail S irregular 17.8 0.16   -40     -10.2 -0.7   1.22     182 L 0.99 0.00 0.01 0.90   

0912-47 2.1.5 A3, L-V trail S negative 10.6 0.16   -42       -1.5   2.57     193 L 0.98 0.00 0.02 0.90   

0912-48 2.1.6 A3, L-V trail S negative 13.6 0.19 

 

-42 

   

-1.3 

 

2.24 

  

222 L 0.99 0.00 0.01 0.86   

0912-49 2.1.6 A3, L-V trail S rectang. 5.5 0.14 

 

-42 

   

-1.6 

 

2.74 

  

171 L 0.98 0.00 0.02 0.92   

0912-50 2.1.6 A3, L-V trail S rectang. 7.9 0.13 

 

-42 

  

-16.3 -1.0 

 

1.74 

  

125 L 0.99 0.00 0.01 0.95   

0912-52 2.1.6 A3, L-V trail S rectang. 5.8 0.10   -42     -11.0 -1.5   2.57     190 L 0.98 0.00 0.02 0.90   

0912-78 2.1.7 A3, L-V trail S oblate 5.7 0.28 

 

  

        

247 L   

   

  

0912-79 2.1.7 A3, L-V trail S irregular 13.8 0.27 

 

  

        

262 L   

   

  

0912-80 2.1.7 A3, L-V trail S rectang. 6.0 0.33 

 

  

        

256 L   

   

V-rich 

0912-81 2.1.7 A3, L-V trail S elongate 7.6 0.47 

 

  

        

300 L   

   

V-rich 

0912-82 2.1.7 A3, L-V trail S rectang. 5.4 0.23 

 

  

        

236 L   

   

  

0912-83 2.1.7 A3, L-V trail S oblate 5.1 0.27 

 

  

        

255 L   

   

  

0912-84 2.1.7 A3, L-V trail S oblate 4.9 0.34                     205 L           

0912-74 2.1.8 A3, V-L trail S rectang. 7.3 0.64                     275 V         V-rich 
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0912-75 2.1.9 A3, V-L trail S irregular 5.6 0.74                     280 V         V-rich 

0912-76 2.1.10 A3, V-L trail S rectang. 7 0.66                     300 V         V-rich 

                                                  

0912-32 2.2.1 A3, L-V trail S rectang. 7.7 0.16 

 

-39 

  

-8.9 -0.3 

 

0.53 

  

182 L 1.00 0.00 0.00 0.89   

0912-33 2.2.1 A3, L-V trail S rectang. 4.6 0.14   -35     -10.3 -0.5   0.88         0.99 0.00 0.01 0.86   

0912-38 2.2.2 A3, L-V trail S negative 14.9 0.17   -40     -10.0 -1.5   2.57         0.98 0.00 0.02 0.84 leaked? 

0912-39 2.2.3 A3, L-V trail S irregular 14.1 0.19   -39     -10.5 -0.2   0.35     191 L 1.00 0.00 0.00 0.88 necked? 

0912-55 2.2.4 A3, L-V trail S irregular 15.8 0.18 

 

-39 

  

-14.9 -0.6 

 

1.05 

  

180 L 0.99 0.00 0.01 0.90   
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Table A2.11: Microthermometry results, MB14-3b-265.14 (qz-mol vein with potassic alteration halo) 

                         
FI no. FIA FI type, phases Setting Para. Shape Size (µm) V/L CO2/aq Tnice TnCO2 TmCO2 Tfmice Tlmice Tmclath wt% NaCl ThCO2 to Thtot to X H2O X CO2 X salts Bulk D Notes 

143b-13 1.1.1 C, Lc-Vc cluster P negative 9.5 0.02 1.00   -95 -56.6 

    

20.3 L 

  

0.00 1.00 0.00 0.77 pure CO2 

133b-14 1.1.1 C, Lc-Vc cluster P negative 4.0 0.05 1.00   -95 -56.6 

    

24.0 L 

  

0.00 1.00 0.00 0.73 pure CO2 

143b-15 1.1.1 C, Lc-Vc cluster P negative 6.2 0.06 1.00   -95 -56.6         22.2 L     0.00 1.00 0.00 0.75 pure CO2 

143b-32 1.1.2 C, SCc cluster P oblate 3.8 0.00 1.00   -96 -56.6 

    

17.8 L 

  

0.00 1.00 0.00 0.80 pure CO2 

143b-33 1.1.2 C, Lc-Vc cluster P elongate 11.4 0.19 1.00   -96 -56.4 

    

28.1 L 

  

0.00 1.00 0.00 0.65 pure CO2 

143b-34 1.1.2 C, SCc cluster P elongate 5.9 0.00 1.00   -96 -56.6 

    

14.6 L 

  

0.00 1.00 0.00 0.82 pure CO2 

143b-35 1.1.2 C, Lc-Vc cluster P negative 6.4 0.09 1.00   -96 -56.4 

    

22.1 L 

  

0.00 1.00 0.00 0.75 pure CO2 

143b-36 1.1.2 C, SCc cluster P negative 6.4 0.00 1.00   -96 -56.6 

    

12.2 L 

  

0.00 1.00 0.00 0.84 pure CO2 

143b-37 1.1.2 C, SCc cluster P oblate 5.8 0.00 1.00   -96 -56.6         17.8 L     0.00 1.00 0.00 0.80 pure CO2 

143b-46 1.1.3 C, SCc cluster P negative 6.4 0.00 1.00   -93 -56.6 

    

5.9 L 

  

0.00 1.00 0.00 0.89 pure CO2 

143b-47 1.1.3 C, SCc cluster P negative 7.8 0.00 1.00   -94 -56.6         1.9 L     0.00 1.00 0.00 0.92 pure CO2 

143b-63 1.1.4 C, SCc cluster P rectang.  3.9 0.00 1.00   -76 -56.6 

    

9.1 L 

  

0.00 1.00 0.00 0.87 pure CO2 

143b-64 1.1.4 C, SCc cluster P rectang.  3.7 0.00 1.00   -95 -56.6 

    

13.3 L 

  

0.00 1.00 0.00 0.84 pure CO2 

143b-65 1.1.4 C, SCc cluster P rectang.  3.8 0.00 1.00   

 

-56.6 

    

10.7 L 

  

0.00 1.00 0.00 0.86 pure CO2 

143b-66 1.1.4 C, SCc cluster P rectang.  3.9 0.00 1.00   

 

-56.6 

    

15.8 L 

  

0.00 1.00 0.00 0.81 pure CO2 

143b-67 1.1.4 C, SCc cluster P rectang.  4.1 0.00 1.00   

 

-56.5 

    

5.6 L 

  

0.00 1.00 0.00 0.89 pure CO2 

143b-68 1.1.4 C, SCc cluster P oblate 5.1 0.00 1.00     -56.5         20.0 L     0.00 1.00 0.00 0.77 pure CO2 

         

  

          

  

   

  

143b-9 1.2.1 AC, L-Lc-Vc isolated P negative 12.2 0.23 0.41 -35 -96 -56.6 -22.5   4.5 12.20 27.2 V     0.83 0.10 0.07 0.69   

143b-16 1.2.2 AC, L-Lc-Vc cluster P oblate 7.3 0.29 0.54   -78 -56.7 -22.0 

 

6.0 9.71 30.1 C 425 V 0.78 0.17 0.05 0.64   

143b-17 1.2.2 AC, L-Lc-Vc cluster P oblate 8.9 0.23 0.72   -77 -56.5     6.5 8.86 27.6 L     0.53 0.44 0.03 0.75 CO2-rich 

143b-18 1.2.3 AC, L-Lc-Vc isolated P elongate 11.2 0.17 0.69     -56.7         26.6 L     0.57 0.39 0.04 0.78 CO2-rich 

143b-19 1.2.4 AC, L-Lc-Vc cluster P negative 12.6 0.17 0.83   -94 -56.4 

    

26.4 L 

  

0.37 0.62 0.01 0.74 CO2-rich 

143b-20 1.2.4 AC, L-Lc-Vc cluster P negative 7.8 0.27 0.51   

 

-56.6 

  

6.9 8.17 29.6 C 340 L 0.81 0.15 0.04 0.65   

143b-21 1.2.4 AC, L-Lc-Vc cluster P negative 11.5 0.27 0.27   -95 -56.6     7.2 7.65 30.0 C 321 L 0.88 0.08 0.04 0.81   

143b-23 1.2.5 AC, L-Lc-Vc cluster P negative 12.2 0.22 0.44 -40.8 -88 -56.3 -22.0 -4.1 8.7 4.99 30.2 C 454 L 0.84 0.13 0.03 0.71   

143b-28 1.2.6 AC, L-Lc-Vc isolated P negative 6.9 0.15 0.74   -96 -56.4   -0.6 5.0 11.38 28.2 L 398 V 0.51 0.45 0.04 0.73 CO2-rich 

143b-29 1.2.7 AC, L-Lc-Vc isolated P negative 9.5 0.22 0.37     -56.6 -22.9   6.8 8.34 29.0 C 383 L 0.86 0.10 0.04 0.73   

143b-30 1.2.8 AC, L-Lc-Vc cluster P negative 5.7 0.15 0.73   -82 -56.6 

  

6.0 9.71 23.3 L 425 V 0.50 0.47 0.03 0.80 CO2-rich 

143b-31 1.2.8 AC, L-Lc-Vc cluster P negative 7.0 0.23 0.85   -94 -56.4     6.0 9.71 29.0 L     0.36 0.61 0.03 0.68 CO2-rich 

143b-38 1.2.9 AC, L-Lc-Vc cluster P negative 7.4 0.14 0.51   

 

-56.6 -23.0 -11.0 10.0 2.60 29.8 C 424 V 0.75 0.23 0.02 0.80 Th = Td 

143b-39 1.2.9 AC, L-Lc-Vc cluster P negative 5.2 0.25 0.40   

 

-56.6 

 

-6.0 1.7 16.17 29.9 V 467 V 0.80 0.11 0.09 0.71 Th = Td 

143b-40 1.2.9 C, SCc cluster P negative 4.4 0.00 1.00   

 

-56.6 

    

17.7 L 

  

0.00 1.00 0.00 0.80 pure CO2 

143b-41 1.2.9 C, SCc cluster P negative 4.4 0.00 1.00   

 

-56.6 

    

20.0 L 

  

0.00 1.00 0.00 0.77 pure CO2 

143b-42 1.2.9 C, Lc-Vc cluster P oblate 10.3 0.04 1.00   

 

-56.3 

    

20.8 L 

  

0.00 1.00 0.00 0.76 pure CO2 

143b-43 1.2.9 C, Lc-Vc cluster P oblate 9.7 0.03 1.00   

 

-56.4 

    

20.1 L 

  

0.00 1.00 0.00 0.77 pure CO2 
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143b-45 1.2.10 AC, L-Lc-Vc isolated P oblate 6.1 0.38 0.86   -94 -56.0     8.0 6.24 29.4 L     0.36 0.63 0.01 0.67 CO2-rich 

143b-48 1.2.11 C, Lc-Vc cluster P negative 4.9 0.05 1.00   

 

-56.6 

    

22.5 L 

  

0.00 1.00 0.00 0.74 pure CO2 

143b-49 1.2.11 C, Lc-Vc cluster P rectang. 3.4 0.05 1.00   

 

-56.6 

    

25.6 L 

  

0.00 1.00 0.00 0.70 pure CO2 

143b-50 1.2.11 C, Lc-Vc cluster P rectang. 4.7 0.08 1.00   -95 -56.6 

    

26.6 L 

  

0.00 1.00 0.00 0.68 pure CO2 

143b-51 1.2.11 AC, L-Lc-Vc cluster P negative 6.2 0.15 0.39   

 

-56.6 

  

5.1 11.21 30.5 C 

  

0.82 0.11 0.07 0.74   

143b-52 1.2.11 AC, L-Lc-Vc cluster P negative 6.2 0.49 0.88     -56.6     8.0 6.24 29.5 C 420 V 0.32 0.67 0.01 0.66 CO2-rich 

143b-53 1.2.12 AC, L-Vc-Lc cluster P negative 6.5 0.40 0.45 -48.1 -96 -56.6 

  

6.4 9.03 

  

517 V 0.86 0.09 0.05 0.68   

143b-72 1.2.12 AC, L-Vc-Lc cluster P rectang. 3.6 0.45 0.50   -97 -56.6     3.6 13.66     386 L 0.83 0.09 0.08 0.66   

143b-54 1.2.13 AC, L-Lc-Vc cluster P negative 4.6 0.41 0.55 -41 -95 -56.6 

    

30.8 C 

  

  

   

CO2-rich 

143b-55 1.2.13 AC, L-Lc-Vc cluster P negative 5.7 0.23 0.42   -95 -56.6     8.0 6.24 30.9 C     0.83 0.14 0.03 0.75   

143b-61 1.2.14 AC, L-Lc-Vc cluster P negative 8.2 0.21 0.46   -94 -56.6 -18.0 

 

7.8 6.60 30.2 C 

  

0.83 0.14 0.03 0.70   

143b-62 1.2.14 AC, L-Lc-Vc cluster P elongate 7.9 0.25 0.51   -94 -56.5     7.0 8.00 30.5 C 465 V 0.79 0.16 0.05 0.67   

143b-69 1.2.15 AC, L-Lc-Vc isolated P negative 10.5 0.18 0.86     -56.6     8.0 6.24 26.6 L     0.34 0.65 0.01 0.73 CO2-rich 

143b-100 1.2.16 AC, L-Lc-Vc isolated P irregular 8.0 0.16 0.28 -43 -91 -56.6 -22.9 -1.8 6.0 9.71 27.0 V 371 L 0.87 0.07 0.06 0.78   

143b-105 1.2.17 AC, L-Lc-Vc isolated P negative 9.2 0.07 0.80     -56.6         26.1 L     0.44 0.54 0.02 0.76 CO2-rich 

143b-107 1.2.18 AC, L-Lc-Vc cluster P irregular 8.6 0.20 0.33   

 

-56.7 -22.0 

 

4.2 12.69 29.5 V 358 L 0.84 0.09 0.07 0.76   

143b-108 1.2.18 AC, L-Lc-Vc cluster P negative 5.1 0.18 0.36     -56.7     4.0 13.01 27.0 C 365 L 0.84 0.08 0.08 0.72   

143b-110 1.2.19 AC, L-Lc-Vc cluster P oblate 6.1 0.31 0.77     -56.8     6.0 9.71 28.6 C     0.64 0.32 0.04 0.46 CO2-rich 

143b-8 1.3.1 AC, L-Vc cluster P rectang. 5.5 0.34 0.34       -23.1 -6.0 4.3 4.92     327 L 0.94 0.03 0.03 0.81   

143b-11 1.2.20 AC, L-Vc cluster P? rectang. 9.9 0.29 0.29 -34.5 

    

3.7 

   

326 L   

   

  

143b-12 1.2.20 AC, L-Vc cluster P? rectang. 6.9 0.24 0.24 -34.5     -22.0   4.0       343 L           

143b-22 1.2.4 AC, L-Vc cluster P negative 8.7 0.26 0.26 -42 -95   -20.0 -7.8 7.9 4.37     261 L 0.93 0.04 0.03 0.78   

143b-24 1.2.5 AC, L-Vc cluster P rectang. 8.4 0.21 0.21       -20.0 -5.0 5.0 4.90     289 L 0.94 0.03 0.03 0.84   

143b-25 1.2.21 AC, L-Vc isolated P negative 9.1 0.26 0.26         -4.7 6.8 4.64     270 L 0.94 0.04 0.02 0.80   

143b-26 1.2.22 AC, L-Vc cluster P negative 7.5 0.36 0.36   -95 

       

375 L   

   

Th = Td 

143b-27 1.2.22 AC, L-Vc cluster P negative 6.6 0.39 0.39   -95               417 C           

143b-44 1.2.9 AC, L-Vc isolated P negative 7.6 0.47 0.47   -95 -56.5   -4.3 6.9 4.17         0.92 0.05 0.03 0.59   

143b-56 1.2.23 AC, L-Vc cluster P negative 7.4 0.22 0.22         -5.3 6.5 4.72     282 L 0.94 0.03 0.03 0.84   

143b-74 1.2.24 AC, L-Vc cluster P? irregular 7.3 0.37 0.37 -45.2     -22.0 -7.2 7.0 4.28     297 L 0.93 0.04 0.03 0.69   

143b-77 1.2.25 AC, L-Vc cluster P rectang. 8.5 0.30 0.30         -1.5 2.2 5.28     304 L 0.94 0.03 0.03 0.72   

143b-98 1.2.26 AC, L-Vc cluster P negative 10.4 0.38 0.38 -43 -96 -56.6 -20.0 -7.0 7.1 4.24 

  

324 L 0.93 0.04 0.03 0.68   

143b-99 1.2.26 AC, L-Vc cluster P negative 10.4 0.29 0.29 -39.8 

   

-1.8 4.9 4.99 

  

300 L 0.94 0.03 0.03 0.76   

143b-104 1.2.26 AC, L-Vc cluster P negative 5.5 0.44 0.44   -95 -56.6   -5.0 4.0 4.70     363 L 0.93 0.04 0..03 0.59   

143b-102 1.2.27 AC, L-Vc cluster P negative 6.3 0.30 0.30   -94   -21.3 -1.9 5.4 4.92     385 L 0.94 0.03 0.03 0.73   

143b-103 1.2.28 AC, L-Vc cluster P rectang. 9.3 0.32 0.32   

   

-5.7 1.5 5.08 

    

0.94 0.03 0.03 0.70   

                                                  

143b-6 1.3.1 A1, L-V cluster P elongate 10.8 0.24 

 

-39 

  

-22.0 -7.2 

 

10.73 

  

221 L 0.93 0.00 0.07 0.82   

143b-7 1.3.1 A1, L-V cluster P irregular 6.7 0.20 

 

  

   

-4.9 

 

7.73 

  

265 L 0.95 0.00 0.05 0.84   

143b-10 1.3.2 A1, L-V isolated P rectang. 7.1 0.21         -17.7 -5.3   8.28     255 L 0.95 0.00 0.05 0.81   
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143b-73 1.3.3 A1, L-V isolated P negative 4.3 0.40           -4.5   7.17     368 L 0.95 0.00 0.05 0.66   

143b-70 1.3.4 A1, L-V cluster P rectang. 4.5 0.31 

 

  

        

294 L   

   

  

143b-71 1.3.4 A1, L-V cluster P negative 5.6 0.29           -5.7   8.81     279 L 0.94 0.00 0.06 0.75   

143b-57 1.3.5 A1, L-V-Sol cluster P oblate 9.4 0.20 

 

  

  

-22.0 -1.4 

 

2.41 

  

259 L 0.99 0.00 0.01 0.76 Sol = cp 

143b-58 1.3.5 A1, L-V-Sol cluster P negative 8.9 0.23   -29.5       -3.4   5.56     264 L 0.96 0.00 0.03 0.83 Sol = cp 

143b-59 1.3.6 A1, L-V cluster P rectang. 6.1 0.47 

 

  

        

262 L   

   

  

143b-60 1.3.6 A1, L-V cluster P elongate 10.9 0.25 

 

  

   

-4.5 

 

7.17 

  

262 L 0.95 0.00 0.05 0.79   

143b-111 1.3.6 A1, L-V cluster P irregular 6.0 0.25                     259 L           

143b-75 1.3.7 A1, L-V cluster P? negative 9.8 0.25 

 

  

  

-20.0 

     

285 L   

   

  

143b-76 1.3.7 A1, L-V cluster P? negative 6.6 0.26         -20.0 -7.3   10.86     284 L 0.93 0.00 0.07 0.86   

143b-78 1.3.8 A1, L-V cluster P elongate 10.7 0.26 

 

  

  

-22.7 -3.9 

 

6.30 

  

327 L 0.96 0.00 0.04 0.73   

143b-79 1.3.8 A1, L-V cluster P elongate 12.4 0.30 

 

  

  

-19.7 -5.9 

 

9.08 

  

311 L 0.94 0.00 0.06 0.80   

143b-80 1.3.8 A1, L-V cluster P negative  6.8 0.19         -21.9 -5.7   8.81     294 L 0.94 0.00 0.06 0.82   

143b-82 1.3.9 A1, L-V cluster P oblate 8.4 0.21 

 

  

  

-22.3 -4.9 

 

7.73 

    

0.95 0.00 0.05 0.83   

143b-83 1.3.9 A1, L-V cluster P negative 11.2 0.20         -22.0 -4.1   6.59     251 L 0.96 0.00 0.04 0.86   

143b-84 1.3.10 A1, L-V cluster P irregular 7.8 0.25 

 

  

  

-23.5 -5.6 

 

8.68 

  

271 L 0.94 0.00 0.06 0.86   

143b-85 1.3.10 A1, L-V cluster P irregular 11.3 0.29 

 

  

  

-22.5 -6.0 

 

9.21 

  

288 L 0.94 0.00 0.06 0.84   

143b-86 1.3.10 A1, L-V cluster P negative 7.4 0.39           -5.6   8.68     295 L 0.94 0.00 0.06 0.82   

143b-87 1.3.11 A1, L-V cluster P irregular 7.3 0.25 

 

  

   

-5.1 

 

8.00 

  

233 L 0.95 0.00 0.05 0.79   

143b-88 1.3.11 A1, L-V cluster P rectang. 3.7 0.28 

 

  

   

-5.3 

 

8.28 

  

195 L 0.95 0.00 0.05 0.94 necked? 

143b-89 1.3.11 A1, L-V cluster P rectang. 4.9 0.42           -6.2   9.47     249 L 0.94 0.00 0.06 0.89   

143b-90 1.3.12 A1, L-V isolated P rectang. 8.4 0.29         -21.0 -8.0   11.70     294 L 0.92 0.00 0.08 0.86   

143b-97 1.3.13 A1, L-V isolated P oblate 6.7 0.22         -22.3 -4.7   7.45     293 L 0.95 0.00 0.05 0.81   

143b-101 1.3.14 A1, L-V-Sol cluster P rectang. 6.4 0.40           -1.2   2.07     372 L 0.99 0.00 0.01 0.54 Sol = opq 

         

  

          

  

   

  

143b-2 2.1.1 A3, L-V trail S rectang. 6.6 0.33           -2.0   3.39     258 L 0.98 0.00 0.02 0.81   

                                                  

143b-1 2.2.1 A3, L-V trail S rectang. 11.3 0.26           -0.3   0.53     178 L 1.00 0.00 0.00 0.74   

143b-4 2.2.2 A3, L-V trail S rectang. 10.1 0.20         -18 -0.2   0.35     173 L 1.00 0.00 0.00 0.80   

143b-5 2.2.3 A3, L-V trail S elongate 19 0.22         -21 -0.4   0.70     257 L 1.00 0.00 0.00 0.78   

143b-91 2.2.4 A3, L-V trail S oblate 3.7 0.23 

 

  

   

-0.2 

 

0.35 

  

261 L 1.00 0.00 0.00 0.77   

143b-92 2.2.4 A3, L-V trail S oblate 3.6 0.18 

 

  

   

-0.2 

 

0.35 

  

248 L 1.00 0.00 0.00 0.80   

143b-93 2.2.4 A3, L-V trail S oblate 4.0 0.19 

 

  

        

265 L   

   

  

143b-94 2.2.4 A3, L-V trail S oblate 4.0 0.25 

 

  

        

293 L   

   

  

143b-95 2.2.4 A3, L-V trail S oblate 4.0 0.28 

 

  

        

194 L   

   

  

143b-96 2.2.4 A3, L-V trail S oblate 3.9 0.24 

 

  

        

193 L   
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Table A2.12: Microthermometry results, MB13-8a-158.20 (qz-mol-sulfide vein with potassic halo)  

                         
FI no. FIA FI type, phases Setting Para. Shape 

Size (µm) 
V/L CO2/aq Tnice TnCO2 TmCO2 Tfmice Tlmice Tmclath wt% NaCl ThCO2 to Thtot to X H2O X CO2 X salts Bulk D Notes 

         

  

          

  

   

  

138a-1 1.2.1 AC, L-Lc-Vc isolated P negative 7.0 0.28 0.51   -95 -56.5     6.8 8.34 30.7 C 396 L 0.79 0.169 0.04 0.68 Th = Td 

138a-2 1.2.2 AC, L-Lc-Vc cluster P rectang. 9.4 0.29 0.55   -95 -56.0 

  

6.6 8.69 31.0 C 448 V 0.76 0.20 0.04 0.67 CO2-rich 

138a-3 1.2.2 AC, L-Lc-Vc cluster P oblate 4.9 0.35 0.52   -96 -56.6 

  

6.4 9.03 31.1 C 350 V 0.77 0.182 0.05 0.69   

138a-4 1.2.2 AC, L-Lc-Vc cluster P rectang. 5.7 0.22 0.51   -94 -56.6     6.0 9.71 30.4 C 404 V 0.79 0.161 0.05 0.66   

138a-5 1.2.3 AC, L-Lc-Vc cluster P rectang. 7.9 0.27 0.53 -45 -96 

   

6.2 9.37 30.0 C 331 L 0.79 0.164 0.05 0.64   

138a-6 1.2.3 AC, L-Lc-Vc cluster P oblate 6.8 0.15 0.53   -93 

   

6.0 9.71 30.0 C 417 V 0.78 0.164 0.06 0.64   

138a-7 1.2.3 AC, L-Lc-Vc cluster P irregular 8.7 0.24 0.62   -96 

   

5.3 10.88 29.2 V 404 V 0.74 0.20 0.06 0.57 CO2-rich 

138a-8 1.2.3 AC, L-Lc-Vc cluster P negative 8.8 0.22 0.48 -47 -93       5.9 9.88 31.0 C 330 L 0.79 0.162 0.05 0.71 Th = Td 

138a-9 1.2.4 AC, L-Lc-Vc isolated P rectang. 7.4 0.24 0.48   -95       6.3 9.20 29.0 V 360 L 0.82 0.132 0.05 0.66 Th = Td 

138a-10 1.2.5 AC, L-Lc-Vc isolated P negative 8.0 0.40 0.40 -34 -95 -56.6                           

138a-11 1.2.6 AC, L-Vc cluster P rectang. 8.3 0.31 0.31         -1.2 6.5 4.80     417 L 0.93 0.038 0.03 0.75   

138a-12 1.2.7 AC, L-Vc cluster P rectang. 8.9 0.31 0.31 -43     -38 -9.3 5.4 4.54     380 L 0.94 0.034 0.03 0.72   

                                                  

138a-13 1.3.1 A1, L- V isolated P negative 6.8 0.33         -35 -8.0   11.70     250 L 0.92 0.00 0.08 0.73   

138a-14 1.3.2 A1, L-V cluster P oblate 6.8 0.25 

 

  

  

-40 -7.3 

 

10.86 

  

290 L 0.93 0.00 0.07 0.81   

138a-15 1.3.2 A1, L-V cluster P negative 8.0 0.26         -44 -7.4   10.98     342 L 0.93 0.00 0.07 0.80   

138a-16 1.3.3 A1, L-V cluster P negative 10.4 0.35 

 

  

  

-35 -7.4 

 

10.98 

  

360 L 0.93 0.00 0.07 0.70   

138a-17 1.3.3 A1, L-V cluster P irregular 13.3 0.25   -45       -10.2   14.15         0.91 0.00 0.09 0.83 decrep 

138a-18 1.3.4 A1, L-V isolated P negative 10.6 0.35   -39     -46 -6.5   9.86         0.94 0.00 0.06 0.70 decrep 
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Table A2.13: Microthermometry results, MB13-2-53.83 (fl-ms-qz vein with ms-ser alteration halo) 

                          
FI no. FIA FI type, phases Setting Para. Shape 

Size (µm) 
V/L CO2/aq Tnice TnCO2 TmCO2 Tfmice Tlmice Tmclath wt% NaCl ThCO2 to Th sol Thtot to X H2O X CO2 X salts Bulk D Notes 

132-7 1.2.1 AC, L-Lc-Vc isolated P oblate 11.0 0.28 0.63   -96 -56.9 -23.0   7.3 7.47 30.8 C   317 V 0.72 0.244 0.04 0.61 qz host 

                                                    

132-1 1.3.1 A2, L-V-Sol cluster P negative 19.7 0.14 

 

-46 

  

-23.0 -2.5 

 

4.18 

  

ns 245 L 0.97 0.00 0.03 0.84 Sol = cal; Td = c. 300° 

132-2 1.3.1 A2, L-V-Sol cluster P negative 18.3 0.16 

 

-46 

   

-4.6 

 

7.31 

  

ns 252 L 0.95 0.00 0.05 0.87 Sol = cal; Td = c. 300° 

132-3 1.3.1 A2, L-V-Sol cluster P negative 15 0.18 

 

-46 

  

-21.0 -2.6 

 

4.34 

  

ns 263 L 0.97 0.00 0.03 0.91 Sol = cal; Td = c. 300° 

132-4 1.3.1 A2, L-V-Sol cluster P negative 7.9 0.21 

 

  

   

-2.6 

 

4.34 

  

ns 238 L 0.97 0.00 0.03 0.81 Sol = cal; Td = c. 300° 

132-5 1.3.1 A2, L-V-Sol cluster P oblate 6.7 0.17 

 

  

   

-2.6 

 

4.34 

  

ns 234 L 0.97 0.00 0.03 0.85 Sol = cal; Td = c. 300° 

132-6 1.3.1 A2, L-V-Sol cluster P oblate 4.9 0.32           -3.0   4.96     ns 257 L 0.97 0.00 0.03 0.83 Sol = cal; Td = c. 300° 

                                                    

132-8 2.1.1 A2, L-V-Sol trail S oblate 12.0 0.23 

 

-46 

  

-35 -4.1 

 

6.59 

  

ns 211 L 0.96 0.00 0.04 0.81 Sol = cal; Td = c. 300° 

132-9 2.1.1 A2, L-V-Sol trail S rectang. 15.4 0.16 

 

-46 

  

-35 -3.9 

 

6.30 

  

ns 197 L 0.96 0.00 0.04 0.88 Sol = cal; Td = c. 300° 

132-10 2.1.1 A2, L-V-Sol trail S rectang. 8.2 0.28 

 

-46 

   

-4.2 

 

6.74 

  

ns 222 L 0.96 0.00 0.04 0.75 Sol = cal; Td = c. 300° 

132-11 2.1.1 A2, L-V-Sol trail S rectang. 8.3 0.36 

 

-46 

   

-4.2 

 

6.74 

  

ns 197 L 0.96 0.00 0.04 0.68 Sol = cal; Td = c. 300° 

132-12 2.1.1 A2, L-V-Sol trail S rectang. 8.5 0.35 

 

-47 

   

-4.1 

 

6.59 

  

ns 215 L 0.96 0.00 0.04 0.68 Sol = cal; Td = c. 300° 

132-13 2.1.1 A2, L-V-Sol trail S elongate 8.2 0.37 

 

-46 

   

-4.2 

 

6.74 

  

ns 213 L 0.96 0.00 0.04 0.68 Sol = cal; Td = c. 300° 

132-14 2.1.1 A2, L-V-Sol trail S square 7.0 0.26 

 

-47 

   

-4.2 

 

6.74 

  

ns 209 L 0.96 0.00 0.04 0.77 Sol = cal; Td = c. 300° 

132-15 2.1.1 A2, L-V-Sol trail S oblate 9.4 0.26 

 

-46 

   

-4.1 

 

6.59 

  

ns 213 L 0.96 0.00 0.04 0.78 Sol = cal; Td = c. 300° 

132-16 2.1.1 A2, L-V-Sol trail S negative 10.0 0.26   -46       -4.1   6.59     ns 237 L 0.96 0.00 0.04 0.78 Sol = cal; Td = c. 300° 

132-17 2.1.2 A2, L-V-Sol trail S negative 10.0 0.11 

 

-41 

  

-20 -1.3 

 

2.24 

  

ns 173 L 0.99 0.00 0.01 0.90 Sol = cal; Td = c. 300° 

132-18 2.1.2 A2, L-V-Sol trail S square 5.3 0.22 

 

-41 

   

-1.3 

 

2.24 

  

ns 181 L 0.99 0.00 0.01 0.79 Sol = cal; Td = c. 300° 

132-19 2.1.2 A2, L-V-Sol trail S rectang. 10.2 0.15 

 

-41 

   

-1.3 

 

2.24 

  

ns 167 L 0.99 0.00 0.01 0.81 Sol = cal; Td = c. 300° 

132-20 2.1.2 A2, L-V-Sol trail S negative 12.0 0.23 

 

-41 

   

-1.3 

 

2.24 

  

ns 219 L 0.99 0.00 0.01 0.79 Sol = cal; Td = c. 300° 

132-21 2.1.2 A2, L-V-Sol trail S square 6.2 0.23   -42       -2.0   3.39     ns 175 L 0.98 0.00 0.02 0.79 Sol = cal; Td = c. 300° 

132-22 2.1.3 A2, L-V-Sol trail S rectang. 18.3 0.16 

 

-47 

  

-31 -4.6 

 

7.31 

  

ns 167 L 0.95 0.00 0.05 0.88 Sol = cal; Td = c. 300° 

132-23 2.1.3 A2, L-V-Sol trail S rectang. 9.2 0.40 

 

-41 

  

-24 -4.0 

 

6.45 

  

ns 218 L 0.96 0.00 0.04 0.73 Sol = cal; Td = c. 300° 

132-25 2.1.3 A2, L-V-Sol trail S negative 14.8 0.20 

 

-40 

   

-4.4 

 

7.02 

  

ns 205 L 0.95 0.00 0.05 0.84 Sol = cal; Td = c. 300° 

132-26 2.1.3 A2, L-V-Sol trail S negative 12.0 0.16 

 

-41 

   

-4.5 

 

7.17 

  

ns 211 L 0.95 0.00 0.05 0.88 Sol = cal; Td = c. 300° 

132-27 2.1.3 A2, L-V-Sol trail S rectang. 14.5 0.17 

 

-41 

   

-4.7 

 

7.45 

  

ns 190 L 0.95 0.00 0.05 0.87 Sol = cal; Td = c. 300° 

132-28 2.1.3 A2, L-V-Sol trail S rectang. 13.1 0.15 

 

-43 

  

-34 -5.0 

 

7.86 

  

ns 194 L 0.95 0.00 0.05 0.90 Sol = cal; Td = c. 300° 

132-29 2.1.3 A2, L-V-Sol trail S rectang. 12.5 0.18 

 

-43 

  

-37 -4.9 

 

7.73 

  

ns 192 L 0.95 0.00 0.05 0.86 Sol = cal; Td = c. 300° 

132-30 2.1.3 A2, L-V-Sol trail S rectang. 8.7 0.15 

 

-43 

  

-28 -4.7 

 

7.45 

  

ns 224 L 0.95 0.00 0.05 0.90 Sol = cal; Td = c. 300° 

132-31 2.1.3 A2, L-V-Sol trail S rectang. 8.7 0.16 

 

-43 

  

-25 -4.9 

 

7.73 

  

ns 175 L 0.95 0.00 0.05 0.88 Sol = cal; Td = c. 300° 

132-32 2.1.3 A2, L-V-Sol trail S rectang. 4.7 0.22 

 

-42 

  

-26 -4.3 

 

6.88 

  

ns 225 L 0.96 0.00 0.04 0.84 Sol = cal; Td = c. 300° 

132-33 2.1.3 A2, L-V-Sol trail S rectang. 12.0 0.34   -42     -28 -4.1   6.59     ns 198 L 0.96 0.00 0.04 0.73 Sol = cal; Td = c. 300° 

132-34 2.1.4 A2, L-V-Sol trail S oblate 10.8 0.25 

 

-43 

   

-3.9 

 

6.30 

  

ns 179 L 0.96 0.00 0.04 0.78 Sol = cal; Td = c. 300° 

132-35 2.1.4 A2, L-V-Sol trail S oblate 7.5 0.18 

 

-45 

   

-4.0 

 

6.45 

  

ns 202 L 0.96 0.00 0.04 0.84 Sol = cal; Td = c. 300° 

132-36 2.1.4 A2, L-V-Sol trail S rectang. 16.9 0.19 

 

-45 

  

-20 -4.0 

 

6.45 

  

ns 179 L 0.96 0.00 0.04 0.84 Sol = cal; Td = c. 300° 
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132-37 2.1.4 A2, L-V-Sol trail S oblate 11.8 0.30 

 

-43 

  

-18 -3.9 

 

6.30 

  

ns 182 L 0.96 0.00 0.04 0.73 Sol = cal; Td = c. 300° 

132-38 2.1.4 A2, L-V-Sol trail S negative 9.2 0.17 

 

-45 

  

-25 -3.8 

 

6.16 

  

ns 194 L 0.96 0.00 0.04 0.87 Sol = cal; Td = c. 300° 

132-39 2.1.4 A2, L-V-Sol trail S rectang. 17.4 0.14 

 

-43 

   

-3.6 

 

5.86 

  

ns 162 L 0.96 0.00 0.04 0.88 Sol = cal; Td = c. 300° 

132-40 2.1.4 A2, L-V-Sol trail S rectang. 11.0 0.20 

 

-46 

   

-3.6 

 

5.86 

  

ns 189 L 0.96 0.00 0.04 0.83 Sol = cal; Td = c. 300° 

132-41 2.1.4 A2, L-V-Sol trail S rectang. 15.7 0.13   -44       -2.5   4.18     ns 155 L 0.97 0.00 0.03 0.87 Sol = cal; Td = c. 300° 

                                                    

132-42 2.2.1 A3, L-V trail S rectang. 7.5 0.28 

 

-45 

  

-20.7 -0.9 

 

1.57 

   

146 L 0.99 0.00 0.01 0.76   

132-43 2.2.1 A3, L-V trail S rectang. 6.7 0.36 

 

-45 

  

21.0 

        

  

   

  

132-44 2.2.1 A3, L-V trail S rectang. 4.4 0.26 

 

-45 

  

21.0 -0.9 

 

1.57 

   

172 L 0.99 0.00 0.01 0.76   

132-45 2.2.1 A3, L-V trail S rectang. 5.1 0.23 

 

-45 

  

21.0 -1.0 

 

1.74 

   

146 L 0.99 0.00 0.01 0.78   

132-46 2.2.1 A3, L-V trail S rectang. 11.2 0.23   -31     -25.0 -0.4   0.70       167 L 1.00 0.00 0.00 0.73   

132-47 2.2.2 A3, L-V trail S square 5.8 0.20 

 

-40 

   

-1.0 

 

1.74 

   

149 L 0.99 0.00 0.01 0.81   

132-48 2.2.2 A3, L-V trail S rectang. 3.5 0.36 

 

-41 

   

-1.4 

 

2.41 

   

217 L 0.99 0.00 0.01 0.66   

132-49 2.2.2 A3, L-V trail S rectang. 7.4 0.27 

 

-41 

   

-1.4 

 

2.41 

   

215 L 0.99 0.00 0.01 0.76   

132-50 2.2.2 A3, L-V trail S square 5.7 0.21 

 

-41 

  

-23.0 -1.4 

 

2.41 

   

209 L 0.99 0.00 0.01 0.80   

132-51 2.2.2 A3, L-V trail S oblate 9.2 0.24 

 

-42 

  

-18.0 -1.4 

 

2.41 

   

197 L 0.99 0.00 0.01 0.77   

132-52 2.2.2 A3, L-V trail S rectang. 10.3 0.23 

 

-42 

  

-15.0 -1.4 

 

2.41 

   

183 L 0.99 0.00 0.01 0.78   

132-53 2.2.2 A3, L-V trail S square 4.5 0.25   -41     -23.0 -1.4   2.41       209 L 0.99 0.00 0.01 0.76   

132-55 2.2.3 A3, L-V trail S rectang. 5.3 0.32 

 

-39 

   

-0.3 

 

0.53 

   

186 L 1.00 0.00 0.00 0.70   

132-56 2.2.3 A3, L-V trail S rectang. 6.5 0.34 

 

-44 

   

-2.4 

 

4.03 

   

168 L 0.97 0.00 0.03 0.68   

132-57 2.2.3 A3, L-V trail S rectang. 6.0 0.29   -44       -2.0   3.39       145 L 0.98 0.00 0.02 0.73   

132-58 2.2.4 A3, L-V trail S irregular 9.8 0.25 

 

-45 

   

-1.3 

 

2.24 

   

264 L 0.99 0.00 0.01 0.76   

132-59 2.2.4 A3, L-V trail S triangular 6.5 0.26 

 

  

   

-1.5 

 

2.57 

   

216 L 0.98 0.00 0.02 0.75   

132-60 2.2.4 A3, L-V trail S oblate 6.0 0.33 

 

  

   

-1.0 

 

1.74 

   

240 L 0.99 0.00 0.01 0.71   

132-61 2.2.4 A3, L-V trail S rectang. 7.6 0.37           -2.5   4.18       289 L 0.97 0.00 0.03 0.67   

132-62 2.2.5 A3, L-V trail S negative 8.4 0.19 

 

-39 

  

-19.0 -0.4 

 

0.70 

   

156 L 1.00 0.00 0.00 0.80   

132-63 2.2.5 A3, L-V trail S negative 7.1 0.25 

 

-39 

  

-19.0 

      

152 L   

   

  

132-64 2.2.5 A3, L-V trail S negative 7.1 0.19 

 

-39 

  

-19.0 -0.4 

 

0.70 

   

140 L 1.00 0.00 0.00 0.80   

132-65 2.2.5 A3, L-V trail S 

elongate 

negative 12.0 0.17 

 

-39 

  

-17.0 

        

  

   

  

132-66 2.2.5 A3, L-V trail S negative 8.5 0.27   -39       -0.1   0.18       163 L 1.00 0.00 0.00 0.75   

132-67 2.2.6 A3, L-V trail S negative 10.2 0.20 

 

-39 

  

-20.0 -1.0 

 

1.74 

   

152 L 0.99 0.00 0.01 0.81   

132-68 2.2.6 A3, L-V trail S negative 11.8 0.22 

 

-39 

  

-20.0 -1.0 

 

1.74 

   

161 L 0.99 0.00 0.01 0.79   

132-69 2.2.6 A3, L-V trail S 

elongate 

irregular 12.3 0.14 

 

-39 

  

-20.0 -1.1 

 

1.91 

   

152 L 0.99 0.00 0.01 0.87   

132-70 2.2.6 A3, L-V trail S rectang. 8.1 0.26 

 

-39 

  

-20.0 -1.2 

 

2.07 

   

161 L 0.99 0.00 0.01 0.75   

132-71 2.2.6 A3, L-V trail S rectang. 7.7 0.17 

 

-39 

  

-20.0 -1.2 

 

2.07 

   

137 L 0.99 0.00 0.01 0.83   

132-72 2.2.6 A3, L-V trail S rectang. 6.3 0.23 

 

-39 

  

-20.0 -1.2 

 

2.07 

   

160 L 0.99 0.00 0.01 0.78   

132-73 2.2.6 A3, L-V trail S 

elongate 

rectangular 13.1 0.16   -39     -20.0 -1.2   2.07       158 L 0.99 0.00 0.01 0.85   

132-74 2.2.7 A3, L-V trail S rectang. 5.6 0.22 

 

-36 

  

-17.0 -0.3 

 

0.53 

   

171 L 1.00 0.00 0.00 0.78   

132-75 2.2.7 A3, L-V trail S oblate 4.4 0.13 

 

-36 

  

-17.0 -0.4 

 

0.70 

   

204 L 1.00 0.00 0.00 0.87   
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132-76 2.2.7 A3, L-V trail S rectang. 5.4 0.21 

 

-38 

  

-20.0 -0.5 

 

0.88 

   

202 L 0.99 0.00 0.01 0.79   

132-77 2.2.7 A3, L-V trail S negative 4.9 0.25 

 

-38 

   

-0.3 

 

0.53 

   

191 L 1.00 0.00 0.00 0.75   

132-78 2.2.7 A3, L-V trail S oblate 3.6 0.18 

 

-38 

   

-0.3 

 

0.53 

   

207 L 1.00 0.00 0.00 0.82   

132-79 2.2.7 A3, L-V trail S rectang. 4.8 0.23   -36       -0.4   0.70       200 L 1.00 0.00 0.00 0.77   

132-80 2.2.8 A3, L-V trail S negative 7.4 0.33 

 

-35 

  

-20.7 -2.7 

 

4.49 

   

234 L 0.97 0.00 0.03 0.72   
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Table A2.14: Microthermometry results, MB16-3a-54.48 (fl-ms-qz vein with sericite alteration halo)                     

                     
FI no. FIA FI type, phases Setting Para. Shape 

Size (µm) 
V/L Tnice Tfmice Tlmice wt% NaCl to Thsol Thtot to X H2O X CO2 X salts Bulk D Notes 

        

  

       

  

   

  

163a-1 1.3.1 A1, L-V cluster P rectang. 7.1 0.44 -43 

 

-4.0 6.45 

  

290 L 0.96 0.00 0.04 0.58   

163a-2 1.3.1 A1, L-V cluster P negative 5.7 0.33 -38 

 

-4.0 6.45 

  

335 L 0.96 0.00 0.04 0.70   

163a-3 1.3.1 A1, L-V cluster P rectang. 4.1 0.34 -40 

 

-1.5 2.57 

  

351 L 0.98 0.00 0.02 0.67   

163a-4 1.3.1 A1, L-V cluster P rectang. 4.1 0.34 -40 

 

-1.7 2.90 

  

293 L 0.98 0.00 0.02 0.67   

163a-5 1.3.1 A1, L-V cluster P rectang. 7.4 0.43 -49 

 

-3.0 4.96 

  

302 L 0.97 0.00 0.03 0.59   

163a-6 1.3.1 A1, L-V cluster P negative 4.5 0.38   

     

320 L   

   

  

163a-7 1.3.1 A1, L-V cluster P oblate 3.8 0.33 -42 

     

338 L   

   

  

163a-8 1.3.1 A1, L-V cluster P rectang. 4.6 0.35   

 

-3.5 5.71 

  

364 L 0.96 0.00 0.04 0.68   

163a-9 1.3.1 A1, L-V cluster P rectang. 4.9 0.38 -38           349 L           

163a-10 1.3.2 A1, L-V cluster P oblate 7.5 0.30   

 

-5.1 8.00 

  

364 L 0.95 0.00 0.05 0.69   

163a-11 1.3.2 A1, L-V cluster P rectang. 4.3 0.34     -2.5 4.18     320 L 0.97 0.00 0.03 0.68   

163a-12 1.3.3 A1, L-V cluster P oblate 10.7 0.26 -44 -27 -4.8 7.59 

  

319 L 0.95 0.00 0.05 0.78   

163a-13 1.3.3 A1, L-V cluster P rectang. 4.0 0.30   

 

-4.3 6.88 

  

333 L 0.96 0.00 0.04 0.73   

163a-14 1.3.3 A1, L-V isolated P rectang. 7.1 0.29   -20 -4.4 7.02     310 L 0.96 0.00 0.04 0.74   

163a-15 1.3.4 A1, L-V cluster P rectang. 6.6 0.38 -45 -30 -4.7 7.45 

  

235 L 0.95 0.00 0.05 0.65   

163a-16 1.3.4 A1, L-V cluster P negative 5.4 0.28 -41 -19 -1.7 2.90     292 L 0.98 0.00 0.02 0.73   

                                          

163a-17 2.1.1 A2, L-V-Sol trail S negative 4.7 0.14 -40 

 

-2.4 4.03 

  

162 L 0.97 0.00 0.03 0.87 Sol = fl 

163a-18 2.1.1 A2, L-V-Sol trail S negative 5.5 0.19 -40 -23 -2.4 4.03 

  

174 L 0.97 0.00 0.03 0.82 Sol = fl 

163a-19 2.1.1 A2, L-V-Sol trail S oblate 4.5 0.24 -40 

 

-2.5 4.18 

  

187 L 0.97 0.00 0.03 0.77 Sol = fl 

163a-20 2.1.1 A2, L-V-Sol trail S retang. 4.9 0.20 -44 -22 -2.4 4.03 

  

176 L 0.97 0.00 0.03 0.82 Sol = fl 

163a-21 2.1.1 A2, L-V-Sol trail S oblate 4.9 0.20   -23 -2.3 3.87 

  

209 L 0.98 0.00 0.02 0.82 Sol = fl 

163a-22 2.1.1 A2, L-V-Sol trail S retang. 4.9 0.15 -39 

 

-2.0 3.39 

  

140 L 0.98 0.00 0.02 0.87 Sol = fl 

163a-23 2.1.1 A2, L-V-Sol trail S retang. 4.2 0.15 -39 

 

-2.5 4.18 

  

153 L 0.97 0.00 0.03 0.87 Sol = fl 

163a-24 2.1.1 A2, L-V-Sol trail S retang. 3.7 0.21 -45 

 

-2.5 4.18 

  

169 L 0.97 0.00 0.03 0.82 Sol = fl 

163a-25 2.1.1 A2, L-V-Sol trail S retang. 7.3 0.14 -43 -22 -2.3 3.87 

  

186 L 0.98 0.00 0.02 0.87 Sol = fl 

163a-26 2.1.1 A2, L-V-Sol trail S oblate 7.0 0.21 -42 

 

-2.3 3.87 

  

174 L 0.98 0.00 0.02 0.82 Sol = fl 
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Table A2.15: Microthermometry results for sample MB25-2a-64.63 (qz-sulfide vein with potassic alteration halo)  

                          
FI no. FIA FI type, phases Setting Para. Shape 

Size (µm) 
V/L CO2/aq Tnice TnCO2 TmCO2 Tfmice Tlmice Tmclath wt% NaCl ThCO2 to Th sol Thtot to X H2O X CO2 X salts Bulk D Notes 

         

  

           

  

   

  

252a-1 1.2.1 AC, L-Lc-Vc isolated P oblate 7.4 0.32 0.62 -35 -98.5 -58.0 -30.0   9.2 4.08 29.9 V   423 V 0.82 0.16 0.02 0.65 CO2-rich 

252a-2 1.2.2 AC, L-Lc-Vc isolated P rectang. 11.9 0.20 0.40 -31.3 -95.9 -56.8 -20.0 -3.2 7.3 7.47 28.0 V   435 L 0.86 0.10 0.04 0.71   

252a-3 1.2.3 AC, L-Lc-Vc cluster P oblate 6.2 0.41 0.86 -33 -96.8 -57.0 

  

7.3 7.47 28.3 V 

 

395 L 0.52 0.45 0.03 0.39 CO2-rich 

252a-4 1.2.3 AC, L-Lc-Vc cluster P oblate 3.6 0.55 0.82 -33 -96.8 -57.0 

  

7.5 7.12 28.3 V 

 

400 L 0.59 0.381 0.03 0.42 CO2-rich 

252a-5 1.2.3 AC, L-Lc-Vc cluster P oblate 3.6 0.59 0.86 -33 -96.8 -57.0 

  

7.4 7.30 28.3 V 

 

415 L 0.52 0.45 0.03 0.39 CO2-rich 

252a-6 1.2.3 AC, L-Lc-Vc cluster P oblate 5.6 0.34 0.67   -96.5 -56.8 

  

8.0 6.24 28.8 V 

 

421 L 0.74 0.231 0.03 0.53 CO2-rich 

252a-7 1.2.3 AC, L-Lc-Vc cluster P oblate 8.4 0.29 0.60   -97.5 -56.8     8.5 5.35 29.3 C   427 L 0.78 0.192 0.03 0.59 CO2-rich 

252a-8 1.2.4 AC, L-Lc-Vc cluster P irregular 17.5 0.27 0.54 -29.5 -95.1 -56.7 -28.9 -0.5 8.1 6.06 28.5 L 

 

430 L 0.71 0.264 0.03 0.80   

252a-9 1.2.4 AC, L-Lc-Vc cluster P oblate 7.7 0.40 0.53 -30.8 -95.1 -56.6 

  

7.7 6.77 29.0 V 

 

503 L 0.81 0.154 0.04 0.63   

252a-10 1.2.4 AC, L-Lc-Vc cluster P oblate 6 0.37 0.65 -30.8 -95.1 -56.6     7.7 6.77 29.7 V   488 L 0.74 0.23 0.03 0.56 CO2-rich 

252a-11 1.2.5 AC, L-Lc-Vc cluster P irregular 14 0.32 0.55 -30 -95.1 -56.2 -49.0   8.7 4.99 29.4 V   392 V 0.81 0.167 0.02 0.62   

252a-12 1.2.6 AC, L-Lc-Vc cluster P oblate 7 0.40 0.69 -31 -95.5 -56.5 -24.5 -3.7 7.4 7.30 28.8 V   497 V 0.72 0.246 0.03 0.52 CO2-rich 

                                                    

252a-13 1.3.1 A1, L-V isolated P oblate 9.1 0.30   -32     -19.0 -6.1   9.34       367 L 0.94 0.00 0.06 0.75   

252a-14 1.3.2 A1, L-V cluster P irregular 6.8 0.29 

 

-38 

  

-37.7 -3.1 

 

5.11 

   

335 L 0.97 0.00 0.03 0.73   

252a-15 1.3.2 A1, L-V cluster P rectang. 5.0 0.28 

 

-38 

  

-22.0 -3.0 

 

4.96 

   

318 L 0.97 0.00 0.03 0.74   

252a-16 1.3.2 A1, L-V cluster P irregular 6.0 0.24 

 

-39 

  

-26.2 -6.0 9.4 

    

322 L   

   

  

252a-17 1.3.2 A1, L-V cluster P rectang. 6.1 0.35 

 

-39 

   

-5.9 

 

9.08 

   

292 L 0.94 0.00 0.06 0.69   

252a-18 1.3.2 A1, L-V cluster P irregular 4.9 0.25   -39       -7.1   10.61       379 L 0.93 0.00 0.07 0.81   

252a-19 1.3.3 A1, L-V cluster P rectang. 7.5 0.30 

 

  

  

-31.6 -6.0 

 

9.21 

   

387 L 0.94 0.00 0.06 0.75   

252a-20 1.3.3 A1, L-V cluster P oblate 7.7 0.30 

 

  

  

-27.0 -5.7 

 

8.81 

   

326 L 0.94 0.00 0.06 0.74   

252a-21 1.3.3 A1, L-V cluster P rectang. 8.0 0.30 

 

  

  

-29.6 -6.2 

 

9.47 

   

339 L 0.94 0.00 0.06 0.75   

252a-22 1.3.3 A1, L-V cluster P irregular 9.0 0.30 

 

-42 

  

-35.5 -5.6 1.5 

    

341 L   

   

  

252a-23 1.3.3 A1, L-V cluster P negaive 8.0 0.30   -42     -30.0 -5.6   8.68       342 L 0.94 0.00 0.06 0.74   

252a-24 1.3.4 A1, L-V cluster P rectang. 10.1 0.25 

 

-43 

  

-23.2 -7.3 

 

10.86 

   

307 L 0.93 0.00 0.07 0.81   

252a-25 1.3.4 A1, L-V cluster P negaive 6.0 0.29   -42       -6.3   9.60       342 L 0.94 0.00 0.06 0.76   

252a-26 1.3.5 A1, L-V cluster P rectang. 9.3 0.28 

 

-31 

  

-40.0 -5.6 

 

8.68 

   

308 L   0.00 

  

  

252a-27 1.3.5 A1, L-V cluster P 

negative 

elongate 5.8 0.27           -6.0   9.21       357 L 0.94 0.00 0.06 0.78   

252a-28 1.3.6 A1, L-V cluster P rectang. 9.6 0.33 

 

-39 

  

-41.3 -6.1 

 

9.34 

   

294 L 0.94 0.00 0.06 0.71   

252a-29 1.3.6 A1, L-V cluster P oblate 5.9 0.29 

 

-39 

   

-5.5 

 

8.55 

   

280 L 0.95 0.00 0.05 0.75   

252a-30 1.3.6 A1, L-V cluster P 

negative 

elongate 5.3 0.26 

 

-39 

   

-5.8 

 

8.95 

   

284 L 0.94 0.00 0.06 0.79   

252a-31 1.3.6 A1, L-V cluster P oblate 4.6 0.28   -39       -3.0   4.96       337 L 0.97 0.00 0.03 0.74   

252a-32 1.3.7 A1, L-V cluster P negative 7.6 0.30 

 

-40 

  

-39.0 -5.4 

 

8.41 

   

311 L 0.95 0.00 0.05 0.74   

252a-33 1.3.7 A1, L-V cluster P negative 10.2 0.28 

 

-40 

   

-5.9 

 

9.08 

   

294 L 0.94 0.00 0.06 0.77   

252a-34 1.3.7 A1, L-V cluster P negative 8.3 0.37 

 

-40 

   

-7.0 

 

10.49 

   

294 L 0.93 0.00 0.07 0.68   
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252a-35 1.3.7 A1, L-V cluster P negative 9.8 0.25   -40     -36.0 -6.4   9.73       304 L 0.94 0.00 0.06 0.80   

252a-36 1.3.8 A1, L-V cluster P rectang 6.9 0.29 

 

-35 

  

-37.6 -6.5 

 

9.86 

   

358 L 0.94 0.00 0.06 0.76   

252a-37 1.3.8 A1, L-V cluster P rectang 4.3 0.33 

 

-35 

   

-7.0 

 

10.49 

   

334 L 0.93 0.00 0.07 0.72   

252a-38 1.3.8 A1, L-V cluster P rectang 6.7 0.37 

 

-35 

  

-38.3 -7.1 

 

10.61 

   

324 L 0.93 0.00 0.07 0.68   

252a-39 1.3.8 A1, L-V cluster P rectang. 3.9 0.28 

 

-35 

   

-6.1 

 

9.34 

   

330 L 0.94 0.00 0.06 0.77   

252a-40 1.3.8 A1, L-V cluster P negative 5.3 0.31 

 

-35 

  

-39.1 -6.8 

 

10.24 

   

342 L 0.93 0.00 0.07 0.74   

252a-41 1.3.8 A1, L-V cluster P negative 5.9 0.35   -35       -7.2   10.73       329 L 0.93 0.00 0.07 0.70   

252a-42 1.3.9 A1, L-V cluster P rectang. 13.5 0.31 

 

  

   

-6.4 

 

9.73 

    

L 0.94 0.00 0.06 0.74   

252a-43 1.3.9 A1, L-V cluster P rectang. 7.4 0.29           -6.4   9.73         L 0.94 0.00 0.06 0.74   

252a-44 1.3.10 A1, L-V cluster P rectang. 9.3 0.30 

 

-32 

  

-27.0 -6.4 7.1 9.73 

    

L 0.94 0.00 0.06 0.74   

252a-45 1.3.10 A1, L-V cluster P irregular 10.5 0.26 

 

-32 

  

-27.0 

 

6.0 

     

L   

   

  

252a-46 1.3.10 A1, L-V cluster P rectang. 8.8 0.22   -32         6.0           L           

                                                    

252a-47 1.3.11 A1, L-V cluster P rectang. 9.4 0.22 

 

-27.8 

  

-21.6 -5.0 

 

7.86 

   

284 L 0.95 0.00 0.05 0.83   

252a-48 1.3.11 A1, L-V isolated P negative 13.0 0.21 

 

-58.6 

  

-35.2 -11.2 

     

312 L 0.90 0.00 0.10 0.87   

252a-49 1.3.11 A1, L-V cluster P rectang. 7.2 0.26 

 

-38.3 

  

-21.6 -6.4 

   

94.0 

 

335 L   

   

  

252a-50 1.3.11 A1, L-V cluster P oblate 5.4 0.35 

 

  

  

-21.6 -5.8 

     

315 L 0.94 0.00 0.06 0.79   

252a-51 1.3.11 A1, L-V cluster P rectang. 7.3 0.33   -38.3       -5.5       70.0   290 L           

                                                    

252a-52 2.1.1 A1, L-V trail S oblate 5.8 0.23 

 

-41 

  

-20.0 -5.0 

 

7.86 

   

302 L 0.95 0.00 0.05 0.80   

252a-53 2.1.2 A1, L-V trail S rectang. 5.2 0.31 

 

-41 

   

-4.0 

 

6.45 

   

330 L 0.96 0.00 0.04 0.73   

252a-54 2.1.3 A1, L-V trail S negative 4.8 0.29 

 

-41 

  

-23.5 -5.9 

 

9.08 

   

292 L 0.94 0.00 0.06 0.83   

252a-55 2.1.4 A1, L-V trail S rectang. 6.5 0.25 

 

  

  

-22.0 -5.7 

 

8.81 

   

327 L 0.94 0.00 0.06 0.80   

252a-56 2.1.5 A1, L-V trail S oblate 6.0 0.22 

 

  

  

-23.2 -5.0 

 

7.86 

   

280 L 0.95 0.00 0.05 0.83   

252a-57 2.1.6 A1, L-V trail S irregular 7.4 0.29   -41     -20.7 -5.9   9.08       285 L 0.94 0.00 0.06 0.841   

252a-58 2.2.1 A1, L-V trail S oblate 7.5 0.25 

 

-39.6 

  

-21.0 -8.3 

 

12.05 

   

268 L 0.92 0.00 0.08 0.89   

252a-59 2.2.2 A1, L-V trail S oblate 5.2 0.22 

 

-39.6 

   

-6.2 

 

9.47 

   

272 L 0.94 0.00 0.06 0.86   

252a-60 2.2.3 A1, L-V trail S oblate 6.3 0.27 

 

-32 

   

-7.7 

 

11.34 

   

301 L 0.93 0.00 0.07 0.84   

252a-61 2.2.4 A1, L-V trail S oblate 5.5 0.21 

 

-32 

   

-7.0 

 

10.49 

   

253 L 0.93 0.00 0.07 0.90   

252a-62 2.2.5 A1, L-V trail S oblate 4.2 0.20 

 

-32 

         

293 L   

   

  

252a-63 2.2.6 A1, L-V trail S oblate 6.0 0.20   -44.5     -24.5 -6.2   9.47       250 L 0.94 0.00 0.06 0.89   

252a-64 2.3.1 A1, L-V trail S rectang. 6.9 0.12 

 

-35 

  

-24.0 -9.5 

 

13.40 

   

215 L 0.91 0.00 0.09 0.95   

252a-65 2.3.2 A1, L-V trail S negative 4.6 0.18 

 

-35 

   

-8.5 

 

12.28 

   

210 L 0.92 0.00 0.08 0.95   

252a-66 2.3.3 A1, L-V trail S oblate 3.6 0.19 

 

-35 

   

-9.0 

 

12.85 

   

215 L 0.92 0.00 0.08 0.95   

252a-67 2.3.4 A1, L-V trail S oblate 4.6 0.16 

 

-35 

  

-31.0 -8.7 

 

12.51 

   

216 L 0.92 0.00 0.08 0.95   

252a-68 2.3.5 A1, L-V trail S rectang. 5.3 0.19 

 

-35 

  

-33.9 -8.6 

 

12.39 

   

222 L 0.92 0.00 0.08 0.94   

252a-69 2.3.6 A1, L-V trail S oblate 6.1 0.13   -35       -7.8   11.46       230 L 0.93 0.00 0.07 0.93   

252a-70 2.4.1 A1, L-V trail S oblate 7.0 0.13 

 

  

  

-22.5 -7.4 

 

10.98 

   

228 L 0.93 0.00 0.07 0.93   

252a-71 2.4.2 A1, L-V trail S oblate 5.7 0.13 

 

  

  

-24.1 -5.6 

 

8.68 

   

231 L 0.94 0.00 0.06 0.90   

252a-72 2.4.3 A1, L-V trail S oblate 6.4 0.12 

 

  

  

-16.6 -5.0 

 

7.86 

   

231 L 0.95 0.00 0.05 0.90   
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252a-73 2.4.4 A1, L-V trail S rectang. 4.1 0.14 

 

  

   

-5.6 

 

8.68 

   

232 L 0.94 0.00 0.06 0.90   

252a-74 2.4.5 A1, L-V trail S rectang. 8.2 0.21 

 

  

   

-8.9 

 

12.73 

   

248 L 0.92 0.00 0.08 0.92   

252a-75 2.4.6 A1, L-V trail S rectang. 8.0 0.17 

 

  

  

-24.0 -8.5 

 

12.28 

   

252 L 0.92 0.00 0.08 0.91   
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Table A2.16: Raman analysis of primary carbonic & aqueous-carbonic FI gas phases for Moly Brook veins 

   

Gas mole fractions in carbonic vapour phase (20°C) 

Sample FI type FI no. X CO2 X CH4 X H2S X H2 

Qz-mol-sulfide vein 
      

MB13-8A-158.20 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-8A-158.20 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB13-8A-158.20 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-8A-158.20 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB13-8A-158.20 L-Lc-Vc 3 1.00 0.00 0.00 0.00 

MB13-8A-158.20 L-Lc-Vc 1 0.99 0.00 0.01 0.00 

MB13-8A-158.20 L-Lc-Vc 2 0.99 0.00 0.01 0.00 

MB13-8A-158.20 L-Lc-Vc 3 1.00 0.00 0.00 0.00 

MB13-8A-158.20 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-8A-158.20 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB13-8A-158.20 L-Lc-Vc 3 0.99 0.00 0.01 0.00 

MB13-8A-158.20 L-Lc-Vc 4 1.00 0.00 0.00 0.00 

MB13-8A-158.20 L-Lc-Vc 1 0.98 0.00 0.01 0.01 

MB13-8A-158.20 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-8A-158.20 L-Lc-Vc 2 0.94 0.00 0.00 0.06 

  

Median = 1.00 0.00 0.00 0.00 

Qz-mol-sulfide vein 

      
MB14-2A-237.45 L-Lc-Vc 1 0.99 0.01 0.00 0.00 

MB14-2A-237.45 L-Lc-Vc 1 0.98 0.02 0.00 0.00 

MB14-2A-237.45 L-Vc 2 0.96 0.04 0.01 0.00 

MB14-2A-237.45 L-Lc-Vc 3 0.86 0.15 0.00 0.00 

  

Median = 0.97 0.03 0.00 0.00 

Qz-sulfide vein 
      

MB25-2A-64.53 L-Lc-Vc 1 0.95 0.03 0.02 0.00 

MB25-2A-64.53 L-Lc-Vc 1 0.95 0.03 0.02 0.00 

MB25-2A-64.53 L-Lc-Vc 1 0.95 0.04 0.01 0.00 

MB25-2A-64.53 L-Lc-Vc 2 0.85 0.15 0.00 0.00 

MB25-2A-64.53 L-Lc-Vc 4 0.96 0.04 0.00 0.00 

MB25-2A-64.53 L-Lc-Vc 5 0.96 0.03 0.01 0.00 

MB25-2A-64.53 L-Lc-Vc 1 0.97 0.02 0.01 0.00 

MB25-2A-64.53 L-Lc-Vc 2 0.95 0.04 0.01 0.00 

MB25-2A-64.53 L-Lc-Vc 3 0.96 0.04 0.00 0.00 

MB25-2A-64.53 L-Lc-Vc 4 0.97 0.02 0.01 0.00 

MB25-2A-64.53 L-Lc-Vc 1 0.95 0.02 0.03 0.00 

MB25-2A-64.53 L-Lc-Vc 1 0.98 0.01 0.01 0.00 

MB25-2A-64.53 L-Lc-Vc 2 0.99 0.01 0.00 0.00 

MB25-2A-64.53 L-Lc-Vc 3 0.98 0.02 0.01 0.00 

MB25-2A-64.53 L-Lc-Vc 3 0.98 0.02 0.01 0.00 

MB25-2A-64.53 L-Lc-Vc 1 0.94 0.04 0.02 0.00 

  

Median = 0.96 0.03 0.01 0.00 

       
Qz-mol vein 

      
MB09-3-90.00 L-Lc-Vc 1 0.87 0.13 0.00 0.00 

MB09-3-90.00 L-Lc-Vc 2 0.95 0.05 0.00 0.00 

MB09-3-90.00 L-Lc-Vc 1 0.84 0.16 0.00 0.00 

MB09-3-90.00 L-Vc 2 0.95 0.05 0.00 0.00 

MB09-3-90.00 L-Lc-Vc 1 0.98 0.02 0.00 0.00 

MB09-3-90.00 L-Lc-Vc 1 0.95 0.06 0.00 0.00 

MB09-3-90.00 L-Lc-Vc 1 0.90 0.10 0.00 0.00 

MB09-3-90.00 L-Lc-Vc 1 0.95 0.05 0.00 0.00 

MB09-3-90.00 L-Lc-Vc 1 0.97 0.03 0.00 0.00 
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MB09-3-90.00 L-Lc-Vc 2 0.98 0.02 0.00 0.00 

MB09-3-90.00 L-Vc 1 0.98 0.02 0.00 0.00 

MB09-3-90.00 L-Lc-Vc 2 0.98 0.02 0.00 0.00 

  

Median = 0.95 0.05 0.00 0.00 

Qz-mol-sulfide vein 

      
MB09-7-160.00 L-Vc 1 0.99 0.01 0.00 0.00 

MB09-7-160.00 L-Vc 2 0.99 0.01 0.00 0.00 

MB09-7-160.00 L-Vc 1 1.00 0.00 0.00 0.00 

MB09-7-160.00 L-Vc 1 0.95 0.05 0.00 0.00 

MB09-7-160.00 L-Vc 2 0.98 0.02 0.00 0.00 

MB09-7-160.00 L-Vc 1 0.98 0.01 0.01 0.00 

MB09-7-160.00 L-Lc-Vc 1 0.98 0.02 0.00 0.00 

MB09-7-160.00 L-Lc-Vc 1 0.98 0.02 0.00 0.00 

MB09-7-160.00 L-Lc-Vc 1 0.93 0.07 0.00 0.00 

MB09-7-160.00 L-Lc-Vc 2 0.95 0.05 0.00 0.00 

  

Median = 0.98 0.02 0.00 0.00 

Qz-mol vein 

      
MB09-11A-309.10 L-Vc 1 0.98 0.02 0.00 0.00 

MB09-11A-309.10 L-Vc 2 0.99 0.01 0.00 0.00 

MB09-11A-309.10 L-Vc 3 1.00 0.00 0.00 0.00 

MB09-11A-309.10 L-Lc-Vc 1 0.98 0.02 0.00 0.00 

MB09-11A-309.10 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

  

Median = 0.99 0.01 0.00 0.00 

Qz-mol vein 

      
MB09-12A-304.10 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB09-12A-304.10 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB09-12A-304.10 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB09-12A-304.10 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB09-12A-304.10 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB09-12A-304.10 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB09-12A-304.10 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

  

Median = 1.00 0.00 0.00 0.00 

Ms-fl-qz vein 
      

MB13-2-53.83 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-2-53.83 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

  
Median = 1.00 0.00 0.00 0.00 

Qz-mol-sulfide vein 
      

MB13-6A-145.63 L-Lc-Vc 1 0.99 0.00 0.00 0.01 

MB13-6A-145.63 L-Lc-Vc 1 0.96 0.04 0.00 0.00 

MB13-6A-145.63 L-Vc 1 1.00 0.00 0.00 0.00 

MB13-6A-145.63 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB13-6A-145.63 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-6A-145.63 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-6A-145.63 L-Lc-Vc 2 0.99 0.00 0.01 0.00 

MB13-6A-145.63 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-6A-145.63 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-6A-145.63 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB13-6A-145.63 L-Lc-Vc 3 1.00 0.00 0.00 0.00 

MB13-6A-145.63 L-Vc 1 1.00 0.00 0.00 0.00 

MB13-6A-145.63 L-Lc-Vc 1 0.99 0.01 0.00 0.00 

MB13-6A-145.63 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB13-6A-145.63 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-6A-145.63 L-Vc 1 1.00 0.00 0.00 0.00 

  

Median = 1.00 0.00 0.00 0.00 

Qz-sulfide vein 

      
MB13-9B-179.34 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-9B-179.34 L-Lc-Vc 1 0.98 0.00 0.02 0.00 
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MB13-9B-179.34 L-Lc-Vc 1 0.98 0.00 0.02 0.00 

MB13-9B-179.34 L-Lc-Vc 2 0.98 0.00 0.02 0.00 

MB13-9B-179.34 L-Lc-Vc 3 1.00 0.00 0.00 0.00 

MB13-9B-179.34 L-Lc-Vc 1 0.97 0.00 0.03 0.00 

MB13-9B-179.34 L-Lc-Vc 2 0.97 0.00 0.03 0.00 

MB13-9B-179.34 L-Lc-Vc 3 0.97 0.00 0.03 0.00 

MB13-9B-179.34 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB13-9B-179.34 L-Lc-Vc 1 0.98 0.02 0.00 0.00 

MB13-9B-179.34 L-Vc 2 1.00 0.00 0.00 0.00 

MB13-9B-179.34 L-Lc-Vc 3 1.00 0.00 0.00 0.00 

MB13-9B-179.34 L-Lc-Vc 1 0.84 0.09 0.00 0.07 

  

Mean = 0.97 0.01 0.01 0.01 

Qz-mol vein 

      
MB14-1-248.25 L-Vc 1 1.00 0.00 0.00 0.00 

MB14-1-248.25 Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-1-248.25 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-1-248.25 L-Vc 1 1.00 0.00 0.00 0.00 

MB14-1-248.25 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-1-248.25 Lc-Vc 2 1.00 0.00 0.00 0.00 

MB14-1-248.25 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-1-248.25 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB14-1-248.25 L-Vc 1 1.00 0.00 0.00 0.00 

MB14-1-248.25 L-Vc 2 1.00 0.00 0.00 0.00 

  

Mean = 1.00 0.00 0.00 0.00 

Aplite-sulfide vein 

      
MB14-3A-265.10 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3A-265.10 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3A-265.10 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3A-265.10 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3A-265.10 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB14-3A-265.10 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

  

Mean = 1.00 0.00 0.00 0.00 

Qz-mol vein 

      
MB14-3B-265.14 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 3 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Vc 1 1.00 0.00 0.00 0.00 

MB14-3B-265.14 Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Vc 1 1.00 0.00 0.00 0.00 

MB14-3B-265.14 Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB14-3B-265.14 Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Vc 1 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 3 1.00 0.00 0.00 0.00 

MB14-3B-265.14 L-Lc-Vc 1 0.99 0.01 0.00 0.00 

  
Median = 1.00 0.00 0.00 0.00 

Ms-fl-qz vein 
      

MB16-3A-54.48 L-Vc 1 0.99 0.01 0.00 0.00 

MB16-3A-54.48 L-Lc-Vc 1 0.95 0.05 0.00 0.00 

MB16-3A-54.48 L-Lc-Vc 1 0.94 0.06 0.00 0.00 



A42 
 

MB16-3A-54.48 L-Vc 1 0.98 0.02 0.00 0.00 

  

Median = 0.96 0.04 0.00 0.00 

Aplite-sulfide vein 

      
MB20-2A-23.76 L-Lc-Vc 1 0.99 0.00 0.00 0.01 

MB20-2A-23.76 L-Lc-Vc 1 0.98 0.01 0.00 0.01 

MB20-2A-23.76 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB20-2A-23.76 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB20-2A-23.76 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

  

Median = 1.00 0.00 0.00 0.00 

Qz-mol vein 

      
MB20-5B-433.25 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB20-5B-433.25 L-Lc-Vc 1 0.98 0.01 0.01 0.00 

  

Median = 0.99 0.01 0.01 0.00 

Qz-mol vein 

      
MB31-7A-181.86 L-Vc 1 0.99 0.00 0.00 0.01 

MB31-7A-181.86 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Vc 2 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Vc 2 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-7A-181.86 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

  
Median = 1.00 0.00 0.00 0.00 

Qz vein 
      

MB31-8B-183.75 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-8B-183.75 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-8B-183.75 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

  
Median = 1.00 0.00 0.00 0.00 

Qz vein (milky) 
      

MB31-9A-186.32 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-9A-186.32 L-Lc-Vc 2 1.00 0.00 0.00 0.00 

MB31-9A-186.32 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB31-9A-186.32 L-Vc 1 1.00 0.00 0.00 0.00 

MB31-9A-186.32 L-Vc 2 0.97 0.01 0.00 0.02 

  

Median = 1.00 0.00 0.00 0.00 

Aplite-sulfide vein 

      
MB35-2-41.30 L-Lc-Vc 1 0.95 0.05 0.00 0.00 

MB35-2-41.30 L-Lc-Vc 1 0.98 0.02 0.00 0.00 

MB35-2-41.30 L-Lc-Vc 1 0.98 0.02 0.00 0.00 

MB35-2-41.30 L-Lc-Vc 1 0.98 0.02 0.00 0.00 

MB35-2-41.30 L-Lc-Vc 1 0.99 0.01 0.00 0.00 

MB35-2-41.30 L-Lc-Vc 1 0.99 0.01 0.00 0.00 

MB35-2-41.30 L-Lc-Vc 1 0.95 0.05 0.00 0.00 

MB35-2-41.30 L-Lc-Vc 2 0.95 0.05 0.00 0.00 
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Mean = 0.97 0.03 0.00 0.00 

Qz-mol-sulfide vein 

      
MB35-7A-135.30 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

MB35-7A-135.30 L-Lc-Vc 1 1.00 0.00 0.00 0.00 

  

Mean = 1.00 0.00 0.00 0.00 

Qz-mol-sulfide vein 

      
MBR07-2 L-Lc-Vc 1 0.99 0.01 0.00 0.00 

MBR07-2 L-Lc-Vc 1 0.98 0.02 0.00 0.00 

  

Median = 0.99 0.02 0.00 0.00 
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Table A2.17: Summary of Raman gas analysis of primary carbonic & aqueous-carbonic FIs by vein type 

 

Average mole fractions in carbonic vapour phase (20°C) 

Vein type No. X CO2 X CH4 X H2S X H2 

Stage IIA 

     T3: Aplite-sulfide veins 19 0.99 0.01 0.00 0.00 

T4: Qz-molybdenite veins 74 0.99 0.01 0.00 0.00 

T5: Qz-molybdenite-sulfide veins 47 0.99 0.01 0.00 0.00 

Stage IIB 

     T6: Qz-sulfide veins 29 0.97 0.02 0.01 0.00 

T7: Ms-fl-qz veins 6 0.98 0.02 0.00 0.00 

Stage IIC ? 

     T8: Milky quartz-musc veins 8 1.00 0.00 0.00 0.00 
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Appendix 3 
ANALYTICAL QA/QC 
 

This appendix provides an assessment of analytical quality assurance [QA] and quality 

control [QC] for the various analytical techniques. Specifically, it reports estimates for the precision 

and accuracy of the different analytical techniques based on the replicate measurement of field 

samples and reference materials with known values. 

 

A3.1 Lithogeochemistry 
 

The replicate measurement of sample pulps and the analysis of standard reference materials 

[SRM] with known elemental concentrations were used to assess the precision and accuracy of the 

lithogeochemical analyses and identify potential sources of random and systematic errors within the 

data (e.g. Rollinson 1993, Jenner 1996). In addition, procedural blanks were analysed within each 

sample batch to monitor reagent purity and identify sources of lab contamination (e.g. insufficient 

cleaning, transcription errors, memory effects, etc.). Finally, the sum of the major element oxide 

determinations combined with loss-on-ignition results were used to gauge the general reliability of 

each analysis within the context of the overall repeatability and accuracy of the data (Rollinson 

1993). 

 

Seven samples were analysed in duplicate, corresponding to a repeat analysis rate of about 

one in five samples, or 19% of the total. Duplicates were randomly selected and were included as 

anonymous or ‘blind’ samples within each sample batch (Long 1998). At least one SRM analysis 

was undertaken as part of each batch run, with two batches containing two SRM determinations 

(batch numbers 11L203 and LR12085). One reagent blank was also included per sample batch, 

giving a total of five blank analyses. Thus, 19 quality control (QA/QC) measurements were 

performed during the lithogeochemical analysis of granite samples. In addition, 14 QA/QC 

measurements were performed during the analyses for Cu, Mo and F concentrations. Therefore, the 

overall frequency, or insertion rate, for control samples was 33% (i.e. 1 in 3 for either a duplicate, 

SRM or blank control sample). This rate is consistent with, although slightly greater than, accepted 

practices for geochemical analyses in the mining and exploration sector (i.e. 10 – 20 %; Sketchley 

1998, Méndez 2011). 

 

The lower limits of detection or lower reporting limits [LRL] for whole-rock analyte 

concentrations measured as part of this study are presented in Table A3.1. The LRL parameter 

represents the lowest measureable analyte concentration that can be resolved above background 

(blank) levels (Jenner 1996, Potts 1987). Correspondingly, analysis of any procedural (reagent) 

blanks should present values below the LRL. 

 

Lower limits of detection vary depending on the analyte being measured and the analytical 

technique. For this study, certified LRL values for multi-element analysis varied over four orders of 

magnitude (i.e. 0.1 µg.g
-1

 to 100 µg.g
-1

; Table A3.1), with the lowermost detection limits provided 

by ICP-MS analysis. For the major element oxide concentrations (elemental abundances greater 

than 1000 µg.g
-1

; Jenner 1996) the LRL ranged from 10 µg.g
-1

 (Cr2O3 and MnO) to 100 µg.g
-1

. For 

the trace elements (abundances below 1000 µg.g
-1 

and excluding the REE), the LRL ranged from 
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0.1 µg.g
-1

 (Ta, Th, U) to 5 µg.g
-1

 (V). Finally, the LRL for the REE were generally 0.1 µg.g
-1

, with 

three REE having LRL values of 0.5 µg.g
-1

 (La, Ce and Nd). Elemental concentrations below their 

respective LRL values have been given the symbol ‘<’ beside their corresponding LRL in the 

lithogeochemical data tables that follow below. 

 

Table A3.1: Element detection ranges for lithogeochemical analyses at OMAC Lab
1
 

         
Majors LRL2 URL3 Traces LRL URL REEs LRL URL 

         
SiO2 (wt %) 0.01 100 Ba (µg.g-1) 0.5 1E+05 La (µg.g-1) 0.5 10000 

Al2O3 0.01 100 Cu4 2 20000 Ce 0.5 10000 

CaO 0.01 100 Ga 0.5 10000 Pr 0.1 2000 

Cr2O3 0.001 100 Hf 1 200 Nd 0.5 2000 

Fe2O3 0.01 100 Mo4 3 500 Sm 0.1 2000 

K2O 0.01 100 Nb 0.5 10000 Eu 0.1 2000 

MgO 0.01 100 Rb 0.5 1E+05 Gd 0.1 2000 

MnO 0.001 100 Sc 1 10000 Tb 0.1 2000 

Na2O 0.01 100 Sn 1 10000 Dy 0.1 2000 

P2O5 0.01 100 Sr 0.5 1E+05 Ho 0.1 2000 

TiO2 0.01 100 Ta 0.1 10000 Er 0.1 2000 

F5 0.005 10 Th 0.1 10000 Tm 0.1 2000 

LOI 0.01 100 U 0.1 10000 Yb 0.1 2000 

   

V 5 10000 Lu 0.1 2000 

   

W 0.5 10000 

   

   

Y 0.5 10000 

   

   

Zr 0.5 1E+05 

                     

1Certified values from Irish National Accreditation Board Report 173T (2011). Analyses by ICP-AES/MS. 

 2Lower reporting (detection) limit. 

      3Upper reporting limit. 

       4Analysis by atomic absorbtion spectroscopy 

     5Analysis by ion selective electrode method 

      

 

An assessment of the within-batch precision (i.e. relative error or analytical repeatability; 

Stanley & Lawie 2007; Mendez 2011) of the lithogeochemical analyses is presented in Tables A3.2 

to A3.4, and illustrated in Figure A3.1. These data are based on the duplicate analysis of seven 

sample pulps for their full suite of elemental concentrations and assess the ability to obtain the same 

result from repeat analyses made under similar analytical conditions (e.g. Gill 1997). The tables are 

grouped by broad elemental classification (i.e. major elements, trace elements and the REE) and 

they list the combined results of ICP-AES/MS, AFFS and ISE paired analyses. 

 

Listed below each paired analysis are several statistical parameters that quantify, in both 

absolute and relative terms, the precision of the lithogeochemical results. These include the 

arithmetic mean and sample standard deviation (at the 95% confidence level, in wt %), along with 

the Coefficient of Variation ([CV], in %; Thompson & Walsh 1989; Abzalov 2008) and Relative 

Standard Deviation parameters ([RSD], in %; Jenner, 1996). The latter two statistics represent a 

historical measure of the precision of multivariate assay data using single duplicate analyses 

(Stanley & Lawie 2007b, and reference therein). Finally, at the bottom of the data tables, an overall 
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measure of the relative precision for each element is provided and is based on the calculated 

average %RSD (at 2s level) values using two or more duplicate pairs. 

 

The within-batch precision of the major element oxides (including F and LOI estimates) is 

generally better than 10%, with average values ranging from 1.9% (SiO2, most precise) to 12.9% 

(LOI, least precise). Elements with higher abundances generally have the highest level of analytical 

precision (c. 2 – 7 %; Table A3.2). Likewise, elements with lower concentrations are less precise 

(e.g. MnO, MgO and P2O5). The relative precision of the trace elements (excluding the REE) are 

generally poorer, with average values ranging from 2.7% (Rb, most precise) to 28.2% (Mo, least 

precise) and the precision estimates appear proportional to elemental concentration in the matrix 

material (e.g. W, U; Table A3.3). For the REE, the average within-batch precision ranged from 

4.6% (Nd, most precise) to 24.2% (Er, least precise). Again, REE concentrations having lower 

analytical precision occur in relatively low abundances that are close to the analytical lower 

detection limits (e.g. Eu, Gd, Lu; Table A3.4). 
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Table A3.2: Duplicate analyses of major element oxides by ICP-AES (wt %)             

               
Sample1   SiO2 Al2O3 CaO Cr2O3 Fe2O3 K2O MgO MnO Na2O P2O5 TiO2 

F2 LOI3 

               
AGT091 (1) 

 

70.59 14.62 1.81 0.061 3.22 4.51 0.61 0.064 3.43 0.15 0.52 n.a. 0.14 

AGT091 (2) 

 

70.10 14.09 1.83 0.060 3.28 5.03 0.63 0.065 3.33 0.13 0.52 n.a. 0.06 

Mean 

 

70.34 14.36 1.82 0.061 3.25 4.77 0.62 0.064 3.38 0.14 0.52 n.d. 0.10 

±2s4 

 

0.70 0.75 0.02 0.001 0.09 0.74 0.02 0.001 0.14 0.02 0.00 n.d. 0.11 

CV (%)5 

 

0.5 2.6 0.5 1.11 1.4 7.8 1.7 1.0 2.1 6.07 0.3 n.d. 56.6 

RSD (%)6 

 

1.0 5.2 1.1 2.2 2.8 15.5 3.3 2.0 4.2 12.1 0.7 n.d. 113.1 

               
GL1207C (1) 

 

71.83 13.55 1.10 <0.001 1.38 4.54 0.40 0.056 3.75 0.07 0.21 0.34 1.10 

GL1207C (2) 

 

73.84 13.80 1.09 <0.001 1.38 4.75 0.42 0.060 3.73 0.08 0.22 0.33 1.08 

Mean 

 

72.84 13.68 1.09 n.d. 1.38 4.65 0.41 0.058 3.74 0.08 0.21 0.34 0.34 

±2s 

 

2.84 0.36 0.01 n.d. 0.01 0.29 0.03 0.005 0.04 0.01 0.01 0.01 0.01 

CV (%) 

 

1.9 1.3 0.6 n.d. 0.2 3.1 3.4 4.6 0.5 4.1 1.6 2.1 1.2 

RSD (%) 

 

3.9 2.6 1.1 n.d. 0.5 6.2 6.7 9.1 1.0 8.2 3.1 4.2 2.5 

               GL43-2-101 (1) 

 

74.61 13.35 0.46 0.002 0.46 5.97 0.09 0.124 3.03 0.22 0.04 n.a. 0.76 

GL43-2-101 (2) 

 

73.58 13.24 0.37 <0.001 0.41 5.89 0.07 0.122 3.02 0.21 0.04 n.a. 0.90 

Mean 

 

74.09 13.30 0.42 0.002 0.43 5.93 0.08 0.123 3.03 0.21 0.04 n.d. 0.83 

±2s 

 

1.46 0.15 0.12 n.d. 0.08 0.12 0.03 0.003 0.01 0.01 0.003 n.d. 0.20 

CV (%) 

 

1.0 0.6 14.8 n.d. 9.1 1.0 17.6 1.4 0.1 2.5 3.3 n.d. 11.9 

RSD (%) 

 

2.0 1.1 29.5 n.d. 18.2 1.9 35.1 2.8 0.3 4.9 6.5 n.d. 23.8 

               
GL53-12-84 (1) 

 

73.76 13.61 0.74 0.001 0.67 4.02 0.17 0.065 3.96 0.09 0.08 0.12 0.82 

GL53-12-84 (2) 

 

74.21 13.70 0.71 <0.001 0.67 4.08 0.15 0.065 3.93 0.09 0.09 0.12 1.00 

Mean 

 

73.98 13.65 0.73 0.001 0.67 4.05 0.16 0.065 3.95 0.09 0.08 0.12 0.91 

±2s 

 

0.62 0.13 0.04 n.d. 0.005 0.08 0.03 0.001 0.05 0.01 0.01 n.d. 0.25 

CV (%) 

 

0.4 0.5 3.0 n.d. 0.4 1.0 8.8 0.5 0.7 5.8 5.1 n.d. 13.9 

RSD (%) 

 

0.8 0.9 6.0 n.d. 0.7 1.9 17.7 1.1 1.3 11.7 10.3 n.d. 27.8 

               LF09-5 (1) 

 

77.42 12.01 0.22 <0.001 0.47 5.17 0.05 0.009 2.99 <0.01 0.14 n.a. 0.98 

LF09-5 (2) 

 

76.68 11.84 0.21 <0.001 0.46 5.14 0.05 0.009 2.98 0.02 0.15 n.a. 0.90 

Mean 

 

77.05 11.93 0.21 n.d. 0.46 5.15 0.05 0.009 2.99 0.02 0.14 n.d. 0.94 

±2s 

 

1.04 0.23 0.01 n.d. 0.01 0.04 0.002 0.000 0.02 n.d. 0.02 n.d. 0.11 

CV (%) 

 

0.7 1.0 2.9 n.d. 1.2 0.3 2.6 0.2 0.3 n.d. 5.4 n.d. 6.1 

RSD (%) 

 

1.4 1.9 5.9 n.d. 2.4 0.7 5.1 0.5 0.5 n.d. 10.8 n.d. 12.1 

               
MB31-14-481 (1) 

 

75.52 13.32 1.21 <0.001 0.88 1.57 0.36 0.028 5.16 0.07 0.07 0.06 0.95 

MB31-14-481 (2) 

 

76.33 13.22 1.16 <0.001 0.86 1.59 0.36 0.028 5.20 0.07 0.08 0.06 0.88 

Mean 

 

75.93 13.27 1.19 n.d. 0.87 1.58 0.36 0.028 5.18 0.07 0.08 0.06 0.91 

±2σ 

 

1.14 0.15 0.08 n.d. 0.02 0.03 0.001 0.000 0.06 0.002 0.004 n.d. 0.10 

CV (%) 

 

0.8 0.6 3.2 n.d. 1.3 1.1 0.1 0.2 0.6 1.3 2.5 n.d. 5.3 

RSD (%) 

 

1.5 1.1 6.4 n.d. 2.6 2.1 0.2 0.4 1.1 2.7 5.0 n.d. 10.7 

               
MB18-1-497 (1) 

 

78.38 12.68 0.67 <0.001 0.84 5.07 0.08 0.013 3.53 0.02 0.10 0.07 0.82 

MB18-1-497 (2) 

 

78.02 12.51 0.61 <0.001 0.75 4.97 0.06 0.011 3.43 0.02 0.09 n.a. 0.83 

Mean 

 

78.20 12.59 0.64 n.d. 0.80 5.02 0.07 0.012 3.48 0.02 0.10 n.d. 0.83 

±2s 

 

0.52 0.24 0.08 n.d. 0.13 0.15 0.03 0.002 0.14 0.003 0.01 n.d. 0.01 

CV (%) 

 

0.3 0.9 6.2 n.d. 8.0 1.5 20.5 9.9 2.0 6.1 4.3 n.d. 0.9 

RSD (%) 

 

0.7 1.9 12.5 n.d. 16.0 3.0 40.9 19.8 4.1 12.1 8.6 n.d. 1.7 

               
Mean RSD (%)7   1.9 2.5 6.7 2.2 6.8 2.9 8.9 8.4 2.4 9.4 7.3 4.2 12.9 

                              
1Repeat sample number indicates duplicate run 1 and 2. 2Fluorine determined by ion selective electrode methods. 

   3LOI = Loss on ignition by gravimetry. 4Twice the sample standard deviation (95% confidence level). 

    5Coefficient of variation (relative error ±1σ level) of duplicate pair. 6Relative standard deviation (±2σ level) of duplicate pair. 

  7Overall avg. relative precision per element, using %RSD for n duplicate pairs (n varies; Stanley & Lawie, 2007). 

   n.a. = not analysed. n.d. = not determined. < = below limit of detection. 
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Table A3.3: Duplicate analyses of trace elements by ICP-MS (µg.g
-1

) 

                  Sample1 Ba Cu Ga Hf Mo Nb Rb Sc Sn Sr Ta Th U V W Y Zr 

                  AGT09-1 (1) 713.2 n.a. 18.9 9 n.a. 19.5 156.5 8 2 146.0 2.0 12.4 2.0 21 0.2 41.3 292.8 

AGT09-1 (2) 712.6 n.a. 19.9 8 n.a. 17.2 160.4 9 2 150.0 1.9 13.2 2.3 23 1.6 41.3 326.4 

Mean 712.9 n.d. 19.4 9 n.d. 18.3 158.5 8 2 148.0 2.0 12.8 2.2 22 0.9 41.3 309.6 

±2s2 0.8 n.d. 1.4 2 n.d. 3.2 5.5 1 n.d. 5.6 0.1 1.2 0.4 2 1.9 0.03 47.5 

CV (%)3 0.1 n.d. 3.7 9 n.d. 8.7 1.7 7 n.d. 1.9 2.4 4.5 9.6 5 109.5 0.04 7.7 

RSD (%)4 0.1 n.d. 7.4 18 n.d. 17.4 3.5 14 n.d. 3.8 4.9 9.0 19.3 10 218.9 0.1 15.3 

                  GL1207C (1) 348.2 9 23.4 3 1 16.8 355.9 4 4 110.3 4.1 26.6 13.8 14 36.5 22.0 101 

GL1207C (2) 381.4 9 19.6 4 1 16.9 370.6 4 4 113.4 3.6 27.4 21.3 14 27.1 23.4 106 

Mean 364.8 9 21.5 4 1 16.9 363.3 4 4 111.9 3.8 27.0 17.6 14 31.8 22.7 103.5 

±2s 47.0 0.2 5.3 1 0.5 0.2 20.8 0.1 0.4 4.4 0.7 1.2 10.6 0.2 13.2 2.0 6.4 

CV (%) 6.4 1 12.3 7 19 0.5 2.9 1 5 2.0 9.5 2.2 30.3 1 20.8 4.3 3.1 

RSD (%) 12.9 3 24.6 15 39 0.9 5.7 2 10 3.9 19.0 4.4 60.6 2 41.6 8.6 6.2 

                  GL43-2-101 (1) 43.9 36 25.0 3 <2 19.4 646.2 <1 5 34.8 15.6 4.7 23.3 <5 16.4 7.7 41.2 

GL43-2-101 (2) 43.1 33 24.9 3 <2 21.3 645.0 <1 5 34.4 13.8 3.4 15.3 <5 15.6 7.8 27.5 

Mean 43.5 35 24.9 3 n.d. 20.4 645.6 n.d. 5 34.6 14.7 4.0 19.3 n.d. 16.0 7.8 34.4 

±2s 1.1 4 0.1 0.4 n.d. 2.7 1.6 n.d. 0.1 0.5 2.5 1.8 11.3 n.d. 1.3 0.2 19.4 

CV (%) 1.3 6 0.1 8 n.d. 6.7 0.1 n.d. 1 0.7 8.4 22.7 29.2 n.d. 3.9 1.3 28.2 

RSD (%) 2.5 12 0.2 16 n.d. 13.5 0.3 n.d. 2 1.5 16.8 45.3 58.5 n.d. 7.8 2.5 56.4 

                  GL53-12-84 (1) 76.9 3 26.0 2 3 23.7 423.4 4 4 31.4 8.9 7.8 24.0 <5 1045.1 11.3 32.0 

GL53-12-84 (2) 76.9 4 24.4 3 3 25.6 429.1 4 6 35.3 10.7 7.0 24.6 <5 850.3 12.0 30.1 

Mean 76.9 4 25.2 2 3 24.7 426.2 4 5 33.3 9.8 7.4 24.3 n.d. 947.7 11.7 31.1 

±2s 0.03 1 2.3 1 n.d. 2.6 8.1 0.3 3 5.5 2.5 1.1 1.0 n.d. 275.5 1.0 2.8 

CV (%) 0.02 20 4.5 28 n.d. 5.3 0.9 3 28 8.3 12.8 7.5 2.0 n.d. 14.5 4.2 4.4 

RSD (%) 0.04 40 9.1 56 n.d. 10.6 1.9 6 56 16.5 25.6 15.0 4.0 n.d. 29.1 8.4 8.9 

                  LF09-5 (1) 138.1 4 15.9 6 15 19.6 276.8 4 2 24.6 3.6 33.2 6.5 <5 15.9 29.5 149 

LF09-5 (2) 134.6 3 16.0 5 16 20.4 275.5 4 2 24.8 3.9 31.2 6.5 <5 16.6 46.4 126.7 

Mean 136.3 4 15.9 6 16 20.0 276.1 4 2 24.7 3.7 32.2 6.5 n.d. 16.3 37.9 137.8 

±2s 5.0 1 0.0 1 1 1.2 1.9 0.1 1 0.3 0.5 2.7 0.1 n.d. 1.0 23.9 31.4 

CV (%) 1.8 20 0.1 10 5 3.1 0.3 2 15 0.6 6.0 4.3 0.6 n.d. 3.1 31.4 11.4 

RSD (%) 3.7 40 0.3 20 9 6.2 0.7 4 29 1.1 12.0 8.5 1.2 n.d. 6.3 62.9 22.8 

                  MB31-14-481 (1) 220.9 16 12.7 2 12 7.3 123.6 4 4 151.4 0.6 2.6 0.7 7 21.0 11.0 51.2 

MB31-14-481 (2) 222.9 14 12.4 2 12 8.0 123.6 4 4 153.3 0.5 2.6 0.6 5 21.1 11.0 62.0 

Mean 221.9 15 12.5 2 12 7.7 123.6 4 4 152.3 0.6 2.6 0.7 6 21.0 11.0 56.6 

±2s 2.9 3 0.4 1 n.d. 1.0 0.1 0.1 0.1 2.7 0.03 0.1 0.1 2 0.2 0.1 15.3 

CV (%) 0.6 9 1.6 19 n.d. 6.8 0.03 1 2 0.9 2.9 2.2 8.8 16 0.6 0.2 13.5 

RSD (%) 1.3 19 3.2 37 n.d. 13.7 0.1 1 4 1.8 5.9 4.4 17.7 32 1.1 0.5 27.1 

                  MB18-1-497 (1) 63.7 122 17.0 2 28 28.9 408.0 4 8 41.8 3.9 18.4 16.4 6 56.3 31.5 43.7 

MB18-1-497 (2) 62.7 n.a. 16.4 3 n.a. 26.6 410.0 3 8 38.9 3.9 21.9 16.6 <5 66.8 32.1 54.8 

Mean 63.2 n.d. 16.7 3 n.d. 27.8 409.0 4 8 40.4 3.9 20.1 16.5 n.d. 61.5 31.8 49.3 

±2s 1.4 n.d. 1.0 1 n.d. 3.2 2.8 1 0.4 4.1 0.03 5.0 0.2 n.d. 14.8 0.8 15.7 

CV (%) 1.1 n.d. 2.9 16 n.d. 5.7 0.3 15 3 5.1 0.4 12.4 0.5 n.d. 12.0 1.3 16.0 

RSD (%) 2.2 n.d. 5.8 31 n.d. 11.5 0.7 29 5 10.1 0.9 24.8 1.0 n.d. 24.0 2.7 31.9 

                  
Mean RSD (%)5 5.3 23.2 10.6 24.3 28.2 11.7 2.7 13.5 12.9 7.7 14.6 21.0 26.2 19.2 23.3 24.2 20.9 

                                    

Notes: 1Repeat sample number indicates duplicate run 1 and 2. 2Twice the sample standard deviation (95% confidence level). 
3Coefficient of variation (relative error ±1s) for duplicate pair. 4Relative sample standard deviation (±2s) for duplicate pair. 

     5Overall avg. relative precision per element, using %RSD for n duplicate pairs (n varies; Stanley and Lawie, 2007).  

      n.a. = not analysed. n.d. = not determined. < = below the detection limit. 
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Table A3.4: Duplicate analyses of REEs by ICP-MS (µg.g-1)                 

               
Sample1 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

               
AGT09-1 (1) 41.9 90.2 10.5 42.8 8.1 1.8 7.9 1.3 5.1 1.5 4.4 0.9 4.2 0.8 

AGT09-1 (2) 45.5 98.4 11.9 44.3 8.7 2.3 8.6 1.4 8.1 1.5 4.6 0.7 4.8 0.9 

Mean 43.7 94.3 11.2 43.6 8.4 2.0 8.2 1.4 6.6 1.5 4.5 0.8 4.5 0.9 

±2s2 5.1 11.7 1.9 2.1 0.8 0.8 1.1 0.05 4.2 0.04 0.3 0.1 0.9 0.04 

CV (%)3 5.8 6.2 8.4 2.5 5.0 18.6 6.4 1.7 32.0 1.4 3.9 9.3 10.2 2.5 

RSD (%)4 11.6 12.4 16.7 4.9 10.0 37.2 12.8 3.3 64.0 2.8 7.7 18.6 20.4 5.0 

               
GL1207C (1) 30.7 61.0 6.9 27.2 4.0 0.7 4.5 0.8 3.7 0.9 2.3 0.3 2.2 0.3 

GL1207C (2) 32.8 72.9 7.3 26.7 4.7 0.5 4.6 0.7 4.2 0.8 2.8 0.4 1.6 0.4 

Mean 31.8 67.0 7.1 27.0 4.4 0.6 4.5 0.7 4.0 0.9 2.5 0.3 1.9 0.4 

±2s 2.9 16.9 0.6 0.6 1.0 0.2 0.2 0.05 0.8 0.1 0.7 0.1 0.9 0.2 

CV (%) 4.5 12.6 4.4 1.2 11.6 14.7 2.2 3.3 10.3 6.4 14.2 12.6 24.3 19.9 

RSD (%) 9.1 25.2 8.9 2.4 23.1 29.5 4.3 6.7 20.6 12.9 28.3 25.3 48.5 39.8 

               GL43-2-101 (1) 2.0 4.3 0.5 1.6 0.6 <0.1 0.6 0.2 1.1 0.2 0.7 0.1 1.1 0.2 

GL43-2-101 (2) 2.1 4.8 0.6 1.7 0.6 <0.1 0.7 0.2 1.2 0.2 0.7 0.1 1.2 0.2 

Mean 2.1 4.5 0.6 1.7 0.6 n.d. 0.6 0.2 1.1 0.2 0.7 0.1 1.1 0.2 

±2σ 0.2 0.7 0.02 0.1 0.02 n.d. 0.1 0.01 0.1 0.03 0.1 0.02 0.1 0.02 

CV (%) 4.1 7.7 1.5 4.2 1.5 n.d. 8.8 2.6 4.9 7.2 4.0 6.0 4.2 6.7 

RSD (%) 8.3 15.5 2.9 8.5 3.1 n.d. 17.7 5.2 9.8 14.3 8.0 12.1 8.5 13.5 

               
GL53-12-84 (1) 8.6 16.9 2.0 6.7 1.0 0.1 2.0 0.4 1.6 0.4 1.0 0.3 2.0 0.2 

GL53-12-84 (2) 7.8 16.1 2.2 6.4 1.0 <0.1 1.8 0.4 1.5 0.4 1.0 0.2 1.6 0.2 

Mean 8.2 16.5 2.1 6.6 1.0 0.1 1.9 0.4 1.5 0.4 1.0 0.2 1.8 0.2 

±2s 1.1 1.1 0.2 0.4 0.03 n.d. 0.2 0.04 0.2 0.03 0.03 0.2 0.6 0.04 

CV (%) 6.6 3.5 5.7 2.9 1.4 n.d. 5.0 4.8 5.7 4.6 1.3 48.3 15.8 8.4 

RSD (%) 13.3 6.9 11.3 5.7 2.7 n.d. 10.1 9.6 11.5 9.1 2.5 96.6 31.6 16.7 

               LF09-5 (1) 15.2 44.7 3.5 11.7 2.5 0.2 2.6 0.5 4.5 1.1 3.4 0.6 4.3 0.6 

LF09-5 (2) 15.4 45.9 3.6 11.4 2.8 0.2 3.5 0.8 6.7 1.5 5.1 0.9 6.1 0.8 

Mean 15.3 45.3 3.6 11.5 2.7 0.2 3.1 0.7 5.6 1.3 4.3 0.7 5.2 0.7 

±2s 0.3 1.6 0.1 0.4 0.5 0.02 1.4 0.4 3.0 0.7 2.4 0.4 2.7 0.3 

CV (%) 1.0 1.8 1.9 1.6 9.9 6.1 22.5 30.2 26.7 25.5 28.1 24.7 25.5 18.8 

RSD (%) 2.0 3.6 3.9 3.1 19.9 12.2 45.1 60.4 53.4 51.0 56.3 49.5 51.0 37.7 

               
MB31-14-481 (1) 12.3 24.5 2.9 9.4 2.1 0.5 1.7 0.3 2.0 0.4 1.2 0.2 1.2 0.2 

MB31-14-481 (2) 12.4 25.0 2.9 9.5 2.1 0.5 1.9 0.3 1.8 0.4 1.2 0.2 1.3 0.2 

Mean 12.4 24.7 2.9 9.4 2.1 0.5 1.8 0.3 1.9 0.4 1.2 0.2 1.2 0.2 

±2s 0.2 0.7 0.01 0.1 0.01 0.01 0.2 0.03 0.2 n.d. 0.01 n.d. 0.1 0.01 

CV (%) 0.8 1.5 0.2 0.6 0.3 1.4 6.3 4.2 6.0 n.d. 0.6 n.d. 2.6 3.0 

RSD (%) 1.5 3.0 0.5 1.2 0.7 2.7 12.6 8.3 12.0 n.d. 1.1 n.d. 5.1 6.0 

               
MB18-1-497 (1) 15.1 34.1 3.8 13.3 3.0 0.2 3.1 0.6 3.9 0.9 3.1 0.6 4.7 0.8 

MB18-1-497 (2) 14.8 33.5 3.8 13.3 3.3 0.2 3.0 0.6 3.8 0.9 3.1 0.6 4.9 0.8 

Mean 14.9 33.8 3.8 13.3 3.1 0.2 3.1 0.6 3.9 0.9 3.1 0.6 4.8 0.8 

±2s 0.3 1.0 0.05 0.04 0.4 0.04 0.1 n.d. 0.1 0.01 0.04 0.01 0.2 0.01 

CV (%) 1.0 1.4 0.6 0.2 7.0 11.2 0.9 n.d. 1.6 0.8 0.7 1.2 1.8 0.9 

RSD (%) 2.1 2.9 1.2 0.3 14.0 22.3 1.9 n.d. 3.3 1.6 1.4 2.3 3.6 1.7 

               
Mean RSD (%)5 8.2 12.6 8.6 4.6 13.3 24.1 20.0 7.0 12.7 9.6 24.2 16.9 17.5 22.5 

                              
1Repeat sample number indicates analytical run 1 and 2. 2Two times the sample standard deviation (95% conf. level). 

  3Coefficient of variation (relative error ±1s) of duplicate pair. 4Relative standard deviation of duplicate pair (±2s). 

   5Overall avg. relative precision per element, using %RSD for n duplicate pairs (n varies; Stanley and Lawie 2007).  

   n.a. = not analysed. n.d. = not determined. < = below the detection limit. 
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A summary of the average relative precisions calculated for each of the analysed elements is shown in 

Figure A3.1. An overall average precision estimate for these elements, when grouped into three broad elemental 

classes, is also presented and corresponds to ± 6%, ± 17% and ± 14.4% for the major, trace and REE, 

respectively (%RD at 2-sigma confidence level). Approximately half of the elemental concentrations (47%) 

have relative precision better than ±10%. 

 

 

Figure A3.1: Intra-batch precision (% RSD) for major, trace and rare earth element concentrations determined by ICP-AES, 

ICP-MS, FAAS or ISE methods. Dashed lines represent calculated mean relative precisions (%RSD at 2σ level) for the three 

broad elemental groups. The elemental order shown on the x-axis corresponds to the order listed in Tables A3.2, A3.3 and 

A3.4. Major element oxides only labelled by cationic component for clarity. 

 

An assessment of the inter-batch (between-sample) precision for each element was also carried out, based 

on several replicate analyses of standard reference materials [SRM] inserted into each sample batch (Tables 

A3.5, A3.6 and A3.7). Inter-batch relative precisions [%RSD] reflect the quality of the analytical process 

performed under similar conditions, but at different times, and reflect the long term stability of the analytical 

procedure performed on several independent sample batches over time (Abzalov 2008). Comparison of the 

inter- and intra-batch precision estimates can highlight any variation in analytical repeatability between single 

session analyses versus multiple analytical sessions performed at different times. 

 

In general, the estimated inter-batch precision values are similar to the intra-batch precisions. For 

example, the average relative precision of the major element oxides (Table A3.5) range from 2.9% (SiO2) to 

14.6% (P2O5), which compares favourably to the intra-batch precision estimates listed in Table A3.2. Likewise, 

average inter-batch precisions for the REE (Table A3.7) range from 4.8% (Er) to 26.9% (Eu), which 

corresponds to a similar range of intra-batch precisions shown in Table A3.4. For the trace elements (excluding 

REE), there is a somewhat poorer correlation, with average inter-batch precisions generally lower than the 

values obtained for equivalent within-batch precisions (Table A3.6). For example, three trace elements (Ta, U, 

V) have average inter-batch relative precisions greater than 40% (Table A3.6), while their equivalent intra-

batch repeatability estimates were below 30% (Table A3.3) indicating some variation in analytical repeatability 

over time. 
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Table A3.5: Inter-batch replicate analyses of SRM major element oxides by ICP-AES (wt %) 

              SRM1 SiO2 Al2O3 CaO Cr2O3 Fe2O3 K2O MgO MnO Na2O P2O5 TiO2 F LOI 

              
SY-4 (1) 49.99 20.55 8.00 <0.001 6.19 1.67 0.54 0.108 6.86 0.12 0.29 n.a. 4.52 

SY-4 (2) 50.32 21.32 8.18 0.001 6.35 1.64 0.55 0.111 7.17 0.13 0.30 n.a. 4.49 

Mean 50.15 20.93 8.09 n.d. 6.27 1.65 0.54 0.11 7.01 0.13 0.29 n.d. 4.50 

±2s2 0.47 1.09 0.25 n.d. 0.22 0.04 0.02 0.00 0.44 0.02 0.01 n.d. 0.05 

CV (%)3 0.5 2.6 1.6 n.d. 1.8 1.2 1.7 1.8 3.1 7.8 1.5 n.d. 0.5 

RSD (%)4 0.9 5.2 3.1 n.d. 3.5 2.3 3.4 3.6 6.2 15.5 3.0 n.d. 1.0 

              
SY-4 (3) 50.52 20.84 7.73 0.002 6.19 1.67 0.49 0.106 7.13 0.14 0.28 n.a. 4.60 

SY-4 (4) 51.95 20.50 8.10 0.002 6.12 1.72 0.51 0.099 7.07 0.12 0.31 n.a. 4.56 

Mean 51.23 20.67 7.92 0.00 6.16 1.70 0.50 0.10 7.10 0.13 0.30 n.d. 4.58 

±2s 2.03 0.48 0.52 0.00 0.09 0.07 0.03 0.01 0.10 0.02 0.05 n.d. 0.06 

CV (%) 2.0 1.2 3.3 4.8 0.7 2.2 3.0 4.6 0.7 8.1 8.0 n.d. 0.6 

RSD (%) 4.0 2.3 6.5 9.7 1.4 4.3 6.0 9.3 1.4 16.1 16.0 n.d. 1.3 

              
NCS ZC73007 (1) 61.83 17.63 0.40 0.009 5.37 2.43 0.84 0.057 0.27 0.20 0.96 n.a. n.a. 

NCS ZC73007 (2) 63.20 17.17 0.38 0.009 5.23 2.49 0.77 0.049 0.29 0.21 1.00 n.a. n.a. 

Mean 62.51 17.40 0.39 0.009 5.30 2.46 0.80 0.053 0.28 0.21 0.98 n.d. n.d. 

±2s 1.93 0.65 0.04 0.000 0.20 0.09 0.10 0.010 0.02 0.02 0.05 n.d. n.d. 

CV (%) 1.5 1.9 4.6 2.4 1.8 1.9 6.1 9.5 3.5 5.9 2.8 n.d. n.d. 

RSD (%) 3.1 3.7 9.2 4.8 3.7 3.8 12.1 18.9 6.9 11.7 5.5 n.d. n.d. 

              
NCSDC 14023 (1) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 44.12 n.a. 

NCSDC 14023 (2) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 44.49 n.a. 

Mean n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 44.31 n.d. 

±2s n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.52 n.d. 

CV (%) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.6 n.d. 

RSD (%) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.2 n.d. 

              
Mean RSD (%)5 2.9 3.9 6.8 7.6 3.1 3.6 8.1 12.3 5.4 14.6 9.9 1.2 1.1 

                            

Notes: 1Repeat sample number indicates inter-batch replicate run. 

        2Twice the sample standard deviation (95% confidence level). 

        3Coefficient of variation (relative error ±1s level) of duplicate pair. 4Relative standard deviation (±2s level) of duplicate pair.  
  5Overall avg. relative precision using %RSD for n duplicate pairs (n varies; Stanley and Lawie, 2007). 

    n.a. = not analysed. n.d. = not determined. < = below limit of detection. 
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Table A3.6: Inter-batch replicate analyses of SRM trace elements by ICP-AES/MS (µg.g
-1

) 

                  SRM1 Ba Cu Ga Hf Mo Nb Rb Sc Sn Sr Ta Th U V W Y Zr 

                  
SY-4 (1) 341 n.a. 34 9.0 n.a. 13 53 <1 6.8 1175 1.1 1.5 1.1 8 <0.5 111 501 

SY-4 (2) 349 n.a. 39 11.1 n.a. 13 53 <1 6.4 1229 1.0 1.6 1.1 11 1.5 118 501 

Mean 345 n.d. 37 10.1 n.d. 13 53 n.d. 6.6 1202 1.1 1.6 1.1 9 n.d. 114 501 

±2s2 12 n.d. 8 2.9 n.d. 1 1 n.d. 0.6 76 0.1 0.1 0.0 4 n.d. 10 1 

CV (%)3 1.8 n.d. 10.4 14.6 n.d. 2.7 0.5 n.d. 4.6 3.2 6.8 3.6 0.6 20.2 n.d. 4.3 0.1 

RSD (%)4 3.6 n.d. 20.8 29.2 n.d. 5.5 1.1 n.d. 9.2 6.3 13.6 7.2 1.3 40.5 n.d. 8.6 0.1 

                  
SY-4 (3) 345 n.a. 35 10.4 n.a. 12 54 <1 9.3 1196 0.9 1.2 0.7 10 <0.5 121 522 

SY-4 (4) 350 n.a. 35 12.1 n.a. 14 53 <1 7.9 1159 1.5 1.4 1.3 8 0.7 117 594 

Mean 347 n.d. 35 11.2 n.d. 13 53 n.d. 9 1178 1.2 1.3 1.0 9 n.d. 119 558 

±2s 8 n.d. 1 2.5 n.d. 3 0 n.d. 2 53 0.9 0.2 0.9 3 n.d. 5 101 

CV (%) 1.1 n.d. 1.6 11.0 n.d. 10.2 0.4 n.d. 11.0 2.2 39.7 9.2 

42.

2 19.9 n.d. 2.1 9.1 

RSD (%) 2.2 n.d. 3.2 21.9 n.d. 20.5 0.9 n.d. 21.9 4.5 79.4 18.4 
84.
5 39.7 n.d. 4.2 18.2 

                  NCS ZC73007 

(1) 390 n.a. 24 7.9 n.a. 21 168 22.3 <1 67 2.8 30.3 6.0 9 

38.51

9 4 <1 

NCS ZC73007 
(2) 389 n.a. 24 7.5 n.a. 20 166 13.7 12.8 71 2.9 31.3 6.5 93 6.8 39 261 

Mean 390 n.d. 24 7.7 n.d. 20 167 18.0 n.d. 69 2.9 31 6.2 51 22.7 21 n.d. 

±2s 1 n.d. 1 0.6 n.d. 2 2 12.1 n.d. 5 0.1 1.3 0.6 120 44.9 50 n.d. 

CV (%) 0.1 n.d. 1.2 2.6 n.d. 3.4 0.5 23.8 n.d. 2.7 1.7 1.5 3.6 83.1 70.0 82.9 n.d. 

RSD (%) 0.2 n.d. 3.4 7.3 n.d. 9.6 1.4 67.2 n.d. 7.5 4.9 4.4 

10.

3 235 198.1 234.5 n.d. 

                  
ICP-4 (1) n.a. 1921 n.a. n.a. 82 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

ICP-4 (2) n.a. 1913 n.a. n.a. 84 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

Mean n.d. 1917 n.d. n.d. 83 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

±2s n.d. 11 n.d. n.d. 3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

CV (%) n.d. 0.2 n.d. n.d. 1.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

RSD (%) n.d. 0.6 n.d. n.d. 3.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

                  

Mean RSD (%)5 2.4 n.d. 12.3 21.5 n.d. 13.4 1.2 n.d. 16.8 6.2 46.6 11.7 
49.
1 40.1 n.d. 6.7 12.9 

                                    

1Repeat sample number indicates inter-batch replicate runs. 
           2Twice the sample standard deviation (95% confidence level). 
           3Coefficient of variation (relative error ±1s level) of duplicate pair. 4Relative standard deviation (±2s level) of duplicate pair.  

    5Overall avg. relative precision using %RSD for n duplicate pairs (n varies; Stanley and Lawie, 2007). 
      

n.a. = not analysed. n.d. = not determined. < = below limit of detection. 
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Table A3.7: Inter-batch replicate analyses of SRM REEs by ICP-MS (µg.g-1)             

               SRM1 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

               
SY-4 (1) 59 120 15 57.3 12 2 13 2.5 17.3 4 14.8 2.3 13.9 2 

SY-4 (2) 59 123 15 59.5 12 2 15 2.9 17.9 5 14.3 2.2 15.3 2 

Mean 59 122 15 58.4 12 2 14 2.7 17.6 4 14.5 2.3 14.6 2 

±2s2 0.4 4 0.3 3.1 1 0.4 3.1 0.5 0.8 0.7 0.7 0.1 2.0 0.03 

CV (%)3 0.3 1.8 0.9 2.7 5.0 12.5 10.9 10.0 2.2 8.8 2.3 1.5 6.9 0.7 

RSD (%)4 0.6 3.5 1.8 5.4 9.9 25.1 21.8 20.0 4.4 17.6 4.5 3.0 13.8 1.4 

               
SY-4 (3) 59 125 15 56.6 13 2 14 2.6 18.2 4 14.4 2.3 15.0 2 

SY-4 (4) 60 127 16 59.4 13 2 15 2.7 19.5 4 14.6 2.4 15.1 2 

Mean 59 126 16 58.0 13 2 14 2.6 18.9 4 14.5 2.4 15.1 2 

±2s 2.3 3.5 1.7 4.0 0.7 0.2 1.6 0.1 1.8 0.2 0.4 0.1 0.2 0.03 

CV (%) 1.9 1.4 5.5 3.5 2.8 6.1 5.4 1.6 4.7 2.2 1.3 2.9 0.6 0.6 

RSD (%) 3.9 2.8 11.1 7.0 5.6 12.2 10.8 3.3 9.4 4.4 2.5 5.8 1.1 1.2 

               
NCS ZC73007 (1) 57 126 15 50.2 11 1 8 1.1 7.0 1 3.6 0.5 266.9 1 

NCS ZC73007 (2) 65 134 15 52.9 10 2 9 1.3 7.1 1 3.8 0.6 3.7 0.5 

Mean 61 130 15 51.6 10 2 8 1.2 7.0 1 3.7 0.5 135.3 1 

±2s 11 11 1 3.8 1 1 0.3 0.2 0.2 0.1 0.2 0.1 372.2 0.0 

CV (%) 6.3 2.9 1.9 2.6 2.4 13.2 1.3 4.8 1.1 4.1 2.3 4.4 97.2 3.0 

RSD (%) 17.8 8.2 5.3 7.3 6.7 37.4 3.6 13.6 3.1 11.6 6.5 12.6 275.0 8.5 

               
Mean RSD (%)5 10.5 5.4 7.2 6.6 7.6 26.9 14.2 14.1 6.3 12.4 4.8 8.2 9.8 5.0 

                              

1Repeat sample number indicates inter-batch replicate runs. 

        2Twice the sample standard deviation (95% confidence level). 

         3Coefficient of variation (relative error ±1s level) of duplicate pair. 4Relative standard deviation (±2s level) of duplicate pair.  

  5Overall avg. relative precision using %RSD for n duplicate pairs (n varies; Stanley and Lawie, 2007). 

    
n.a. = not analysed. n.d. = not determined. < = below limit of detection. 
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Figure A3.2 illustrates the results of both inter- and intra-batch average relative precision values [%RSD] 

for the major, trace and rare earth elements, and provides a basis for comparing both estimates of data 

precision. The spread in the data points about the 1:1 control line (perfect correlation between both average 

precision estimates) indicates a level of variability in the precision when comparing single batch analyses (from 

a single lab session) with multiple batch analyses carried out over time. However, both assessments indicate 

that the majority of the relative precision values are better than ±20% and show that an equivalency in data 

quality can be expected for lithogeochemical analyses performed on single and/or multiple sample batches. 

 

 

Figure A3.2: Variation in average intra-batch and inter-batch relative precision estimates (% RSD) for major, 

minor and REE lithogeochemistry analyses. Some elements are not plotted where average RSD values were not 

calculated due to only single analytical determinations. Diagonal control line represents 1:1 relationship. 

 

Analytical accuracy was assessed using standard reference materials [SRM]. SRM provide a priori 

known elemental concentrations that can be quantified and compared during routine analysis to assess the 

closeness of measured SRM concentrations to their established values (i.e. closeness to a true value; Taylor, 

1993; Mendez, 2011). At least one SRM was analysed per sample batch, with two batches containing two SRM 

determinations (Table A3.8). The SRM used in this study were: TILL-4 (glacial till; Lynch 1996), SY-4 (diorite 

gneiss; Bowman 1995), NCS ZC73007 (soil standard), NCS DC14023 (fluorspar standard) and HV-2 (sulphide 

ore; CCRMP, 2010). 

 

To calculate the analytical accuracy of analyte abundance determinations the relative difference 

parameter was used ([RD], in %). This parameter quantifies the relative difference between a measured SRM 

analyte concentration and the established SRM analyte concentration (e.g. Hayes 1994). Figure A3.3 illustrates 

the results of analytical accuracy determinations for three lithogeochemical SRM using median %RD values 

calculated from the results listed in Table A3.8 and grouped by broad elemental type. 

 

The median relative accuracy for the major element oxide concentrations in each SRM varied from ± 

0.7% (SY-4) to ± 2.7% (NCS ZC73007) with the relative accuracy of individual major elements ranging from -
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0.2% (SiO2, most accurate) to 49.3% (Cr2O3, least accurate). Lower levels of accuracy (i.e. %RD values greater 

than 10%) generally occurred for those elements present at lower concentrations (e.g. P2O5, Cr2O3, MnO; Table 

A3.8). For the trace elements (excluding the REE), the median relative accuracy for each SRM ranged from 

±2.1% (SY-4) to ±5.7% (NCS ZC73007). The relative accuracy of individual trace element measurements 

varied from -0.2% (Ba and Nb, most accurate) to 92% (V, least accurate; Table A3.8). For the REE, the 

calculated median relative accuracy for each SRM ranged from ±1.3% (SY-4) to 6.0% (TILL-4) and the 

relative accuracy of individual REE varied from -0.05% (Er; most accurate) to 21% (Eu, least accurate; Table 

A3.8). Once more, relatively poor accuracy estimates correlate with trace elements with low concentrations in 

the SRM and/or abundances close to the analytical lower detection limit (e.g. U in SY-4; Table A3.8). 
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Table A3.8: Geochemical analyses of certified reference materials [CRM] by sample batch with estimates of relative accuracy [%RD]  

                      
CRM TILL-4 (glacial till, Canada) 

 

SY-4 (diorite gneiss, Canada)             

 

NCS ZC73007 (soil, China)   

                      
Analysis Certified 

 
Batch 

  
Certified 

 
Batch 

 
Batch 

 
Batch 

 
Batch 

  
Certified1 Batch 

 
Batch 

 

 

value ±2σ 09B005 RD (%)2 

 

value ±2σ 11L042 RD (%) 11L203 RD (%) 10060077 RD (%) LR12085 RD (%) 

 

value 11L203 RD (%) LR12085 RD (%) 

                      
SiO2 (wt %) 65.0 0.8 65.4 -0.7 

 
49.90 0.10 49.99 -0.2 50.32 -0.84 50.52 -1.2 51.95 -4.1 

 
63.80 61.83 3.1 63.20 0.9 

Al2O3 14.4 0.4 14.3 0.4 
 

20.69 0.08 20.55 0.7 21.32 -3.03 20.84 -0.7 20.50 0.9 
 

17.85 17.63 1.2 17.17 3.8 

CaO 1.25 0.1 1.30 -4.1 
 

8.05 0.04 8.00 0.6 8.18 -1.60 7.73 3.9 8.10 -0.6 
 

0.40 0.40 -0.5 0.38 5.9 

Cr2O3 0.008 0.003 0.009 -8.4 
 

0.002 n.r. <0.001 n.d. 0.001 49.28 0.002 17.1 0.002 22.6 
 

0.010 0.009 3.0 0.009 6.3 

Fe2O3 5.67 0.42 5.68 -0.2 

 

6.21 0.03 6.19 0.3 6.35 -2.21 6.19 0.4 6.12 1.4 

 

5.44 5.37 1.2 5.23 3.8 

K2O 3.25 0.24 3.15 3.1 
 

1.66 0.02 1.67 -0.4 1.64 1.21 1.67 -0.7 1.72 -3.8 
 

2.50 2.43 3.0 2.49 0.3 

MgO 1.26 0.08 1.31 -3.6 
 

0.54 0.01 0.54 0.7 0.55 -1.72 0.49 9.9 0.51 6.0 
 

0.84 0.84 0.3 0.77 8.5 

MnO 0.06 0.00 0.06 1.8 
 

0.108 0.001 0.108 -0.1 0.111 -2.60 0.106 1.9 0.099 8.1 
 

0.057 0.057 0.7 0.049 13.1 

Na2O 2.46 0.22 2.51 -1.9 
 

7.10 0.05 6.86 3.4 7.17 -0.93 7.13 -0.5 7.07 0.5 
 

0.33 0.27 17.3 0.29 13.2 

P2O5 0.20 0.02 0.24 -22.5 
 

0.131 0.004 0.119 9.1 0.133 -1.46 0.136 -4.2 0.122 7.1 
 

0.22 0.20 11.2 0.21 3.5 

TiO2 0.81 0.06 0.81 -0.4 
 

0.287 0.003 0.289 -0.8 0.295 -2.95 0.280 2.5 0.314 -9.2 
 

0.96 0.96 0.6 1.00 -3.4 

LOI 5.7 0.4 n.a. n.d. 
 

4.56 0.07 4.52 0.9 4.49 1.60 4.60 -0.9 4.56 0.0 
 

n.r. n.a. n.d. n.a. n.d. 

                      
Ba (ppm) 395 74 396 -0.2 

 

340 5 341 -0.2 349 -3 345 -1 350 -3 

 

411 390 5 389 5 

Ga n.r. n.r. 18.2 n.d. 

 

35 1 34 3 39 -12 35 1 35 -1 

 

25.1 24.4 3 23.8 5.2 

Hf 10 2 12 -18 

 

10.6 0.4 9.0 14.9 11.1 -4.7 10.4 2.2 12.1 -14.3 

 

8.2 8 4 7 8.8 

Nb 15 4 15 -3 

 

13 1 13 4 13 -0.2 12 5 14 -10 

 

26 21 19 20 24 

Rb 161 30 163 -1 

 

55 2 53 4 53 3 54 3 53 3 

 

173 168 3 166 4 

Sc 10 2 13 -25 

 

1.1 0.1 <1 n.d. <1 n.d. <1 n.d. <1 n.d. 

 

14 22 -59 14 2 

Sn n.r. n.r. 15 n.d. 

 

7.1 0.6 6.8 4.5 6.4 10.5 9.3 -30.6 7.9 -11.8 

 

12 <1 n.d. 13 -3 

Sr 109 22 111 -2 

 

1191 12 1175 1 1229 -3 1196 -0.5 1159 3 

 

68 67 1 71 -4 

Ta 1.6 0.4 1.8 -9.9 

 

0.9 0.1 1.1 -25.7 1.0 -14.1 0.9 5.2 1.5 -68.7 

 

2.8 2.8 -1 2.9 -4.5 

Th 17.4 2.8 17.7 -1.4 

 

1.4 0.2 1.5 -8.4 1.6 -14.1 1.2 11.2 1.4 -1.2 

 

28.2 30.3 -8 31.3 -10.9 

U 5.0 1.0 5.1 -2.4 

 

0.8 0.1 1.1 -39.8 1.1 -41.0 0.7 10.6 1.3 -65.5 

 

5.9 6.0 -2 6.5 -9.5 

V 67 14 62 7 

 

8 2 8 1 11 -32 10 -25 8 6 

 

105 9 92 93 11 

W 204 48 201 1 

 

0.2 - 15 n.r. <0.5 n.d. 1.5 n.d. <0.5 n.d. 0.7 n.d. 

 

5.8 38.5 n.d. 6.8 -17.1 

Y 33 6 32 3 

 

119 2 111 7 118 1 121 -1 117 2 

 

38 4 90 39 -2 

Zr 385 68 393 -2 

 

517 16 501 3 501 3 522 -1 594 -15 

 

275 <1 n.d. 261 5 

                      
La (ppm) 41 8 42 -3 

 
58 1 59 -2 59 -2 59 -1 60 -4 

 
67 57 15 65 3 

Ce 78 14 81 -4 
 

122 2 120 2 123 -1 125 -2 127 -4 
 

133 126 5 134 -0.4 
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Pr n.r. n.r. 9.7 n.d. 

 

15.0 0.3 14.8 1.1 14.7 2.3 15.0 -0.3 16.3 -8.5 

 

14.6 14.7 -1 15.3 -4.8 

Nd 30 2 32 -6 

 

57 1 57 -1 60 -4 57 1 59 -4 

 

57 50 12 53 7 

Sm 6.1 0.8 7.2 -17.5 

 

12.7 0.4 12.5 1.6 11.6 8.3 12.8 -0.4 13.3 -4.5 

 

10.4 10.6 -2 10.1 2.5 

Eu <1 0 1.3 n.d. 

 

2.00 0.04 1.63 18.7 1.94 2.9 1.93 3.6 2.10 -5.2 

 

1.7 1.3 21 1.7 -3.4 

Gd n.r. n.r. 6.1 n.d. 

 

14.0 0.5 13.2 5.9 15.4 -9.9 13.8 1.7 14.9 -6.2 

 

8.5 8.4 2 8.6 -0.9 

Tb 1.1 0.4 1.0 9.2 

 

2.6 0.1 2.5 2.4 2.9 -12.5 2.6 0.4 2.7 -1.9 

 

1.3 1.1 12 1.3 3.1 

Dy n.r. n.r. 6.2 n.d. 

 

18.2 0.6 17.3 4.9 17.9 1.9 18.2 -0.2 19.5 -7.1 

 

7.4 7.0 6 7.1 3.9 

Ho n.r. n.r. 1.3 n.d. 

 

4.3 0.1 4.0 7.6 4.5 -4.7 4.2 1.3 4.4 -1.8 

 

1.4 1.2 13 1.3 6.1 

Er 3.2 0.2 3.6 -14.0 

 

14.2 0.5 14.8 -3.9 14.3 -0.6 14.4 -1.3 14.6 -3.1 

 

3.8 3.6 4 3.8 -0.05 

Tm n.r. n.r. 0.5 n.d. 

 

2.3 0.1 2.3 0.5 2.2 2.6 2.3 -0.3 2.4 -4.6 

 

0.6 0.5 10 0.6 1.8 

Yb 3.4 1.0 3.3 2.1 

 

14.8 0.4 13.9 6.2 15.3 -3.4 15.0 -1.4 15.1 -2.2 

 

3.8 266.9 n.d. 3.7 1.6 

Lu 0.5 0.4 0.5 -6.2 

 

2.1 0.1 2.1 0.6 2.1 1.6 2.1 -0.7 2.1 0.2 

 

0.6 0.5 10 0.5 15.6 

                                            

1No uncertainty reported.  

                    
n.a. = not analysed 

                    
n.r. = not reported 

                    
n.d. = not determined. < = below limit of detection 
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Figure A3.3. Median accuracy estimates (% relative difference) of major, trace and REE 

concentration determinations, based on one or more ICP-AES/MS analyses of SRM. Dashed 

horizontal lines represent the calculated median relative differences (%) between accepted 

SRM values and the analysis results for the three broad geochemical elemental classes. 
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Figure A3.4 provides an overall summary of the quality of the lithogeochemistry data, based on the 

calculated average values from replicate and SRM analyses described previously. The plot shows the 

elements arranged from left to right in decreasing data quality (i.e. decreasing average relative precision 

and accuracy). Using the qualitative terminology of Jenner et al. (1990), some 45% of elemental 

concentrations are precise (7 – 10%), with 25% of the analyses having precisions characterised as good (3 

– 7%) to excellent (0 – 3%). In terms of data accuracy, 89% of elemental concentrations are accurate (7 – 

10%), with the vast majority of the analyses (~ 80%) having good (3 – 7%) to excellent (0 – 3%) 

accuracy. 

 

For the major element oxides, the majority of analyses (by ICP-AES, excluding F and LOI values) 

have good to excellent levels of precision and accuracy (1 – 7%). This quality range is consistent with 

expected values for routine ICP-AES work (i.e. 2 – 6% RSD; Potts 1987; Walsh 1997) The quality of 

trace element and REE determinations (by ICP-MS, excluding Cu and Mo) is generally lower, with the 

majority having average relative precisions grater than 10%. However, the average relative accuracy of 

both trace and REE determinations is better than 10%. The perceived drop in precision may be a function 

of lower elemental abundances closer to the analytical detection limits, and/or the incomplete digestion of 

trace elements (e.g. Hf, Zr, U, Nb, Tm, Yb, W) that typically reside in magmatic accessory minerals 

(Walsh 1997). 

 

 

Figure A3.4. Summary plot of lithogeochemistry precision and accuracy. Elements ranked from most precise/accurate 

(left side) to least precise/accurate (right side). Major element oxides labelled as elements for clarity. Qualitative terms 

and ranges taken from Jenner et al. 1990. %RSD = relative standard deviation (±2σ level). %RD = relative difference. 
 

Taken as a whole, the lithogeochemistry results are more accurate than precise in this study. 

However, when grouping the data by elemental class, the major element oxide results can be considered 

to be both precise and accurate (Fig. A3.4). Thus, the more abundant elements have similar levels of 

relative accuracy and precision, which is preferable when considering lithogeochemical data quality (e.g. 

Thompson & Walsh 1989). 
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It is generally accepted that the relative precision (and accuracy) of lithogeochemical data becomes 

lower as the concentration of the analyte approaches lower detection limits (e.g. Long 1998). Likewise, 

lower precision and accuracy of trace and REE are likely the result of incomplete dissolution of refractory 

accessory minerals (e.g. zircon, xenotime and monazite) during sample preparation (Walsh 1997). 

Therefore, the observed range in analytical quality shown in Figure A3.4 is consistent with the application 

of a bulk digestion technique for complex multi-element analyses where concentrations can range over 

six orders of magnitude (Jarvis & Jarvis 1992). 

 

The general reliability of the lithogeochemistry can be further assessed using the sums of the major 

element oxide determinations (i.e. ‘Totals’, in wt %). Major element oxide totals range from 95.45% to 

101.75% in this study, with an average total of 98.95% (see Appendix 2). 29 analyses (~ 78% of total) fall 

outside the narrow percentage range of 99.5% – 100.5% advocated by some workers to indicate reliable 

analyses of silicate rocks using plasma spectroscopy (e.g. Rollinson 1993, Gill 1997). However, given 

that the relative precision for the analysed totals is estimated to be ± 2.3% (using the average relative 

precisions of individual major element oxides, weighted by their average concentration from 37 analyses; 

Table A3.2), we can expect a more realistic range of 97.7% to 102.3% for the major element oxide sums 

(Fig. A3.5). This percentage range incorporates the average analytical precision associated with each 

elemental analysis and compares favourably with the range for major element oxide sums expected 

during routine lithogeochemical analyses by ICP-AES (cf. Thompson & Walsh 1989). 

 

Of the 37 analysed samples, 28 (~ 76%) have totals falling between 97.7% and 102.3% (Fig. A3.5). 

Nine samples have sums that fall outside this analytical range, with outlier totals all below 97.7%. These 

‘low total’ samples may reflect the effects of hydrothermal alteration and/or supergene weathering of the 

sample material. Figure A3.5A illustrates the relationship between major element oxide totals and their 

corresponding loss on ignition [LOI] values. No clear correlation exists between these two parameters, 

with low total samples having both low to moderate LOI values (~ 0.2 – 1.8 wt %). This suggests that the 

loss of volatile sample constituents cannot fully account for the lower totals seen in these samples. 

 

Figure A3.5B shows the relationship between the ‘low totals’ samples and their corresponding K2O 

concentrations, with an apparent inverse correlation between these two parameters. Thus, using K2O as a 

proxy for low temperature clay alteration of primary mineralogy (e.g. illite, kaolinite after orthoclase) the 

low major element oxide totals associated with some samples may be explained by some degree of 

secondary clay alteration of the sample material. 
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Figure A3.5: An assessment of the overall reliability of lithogeochemistry analyses using the 

sums of major element oxide concentrations. (A) Major element oxide totals versus loss on 

ignition values. (B) Major element oxide totals versus K2O values.  
 

Procedural blanks were also analysed as part of the QA/QC process with one blank inserted per 

sample batch (Table A3.9). Blanks were used to monitor possible contamination sources including 

reagent impurities and sample vessel cleanliness, and to mitigate potential airborne contamination in the 

lab (Thompson & Walsh 1989). During five independent sample batch runs, 12 elements had 

concentration levels above the expected lower detection limits in 17 instances (i.e. above background 

levels). For example, Al2O3 concentrations were determined to be above background levels in four out of 

the five blanks (Table A3.9). For those elements with detected concentrations in the blanks, the measured 

values ranged from 0.1 to 0.6 concentration units (wt % or µg.g
-1

) above the expected lower reporting 

limits. Thus, 23% of the analysed elements displayed low to insignificant levels of analyte contamination, 

with no practical consequences for the quality of the lithogeochemical results or their interpretation. 

Possible sources of this low level contamination include: (1) memory effects along the sample path from 

multiple sample batch analyses performed at a commercial assay lab and (2) elevated analyte 

concentrations within reagent solutions. 
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Table A3.9: Inter-batch procedural blank analyses     

      

 

Batch no.         

Element 09B005 11L042 11L203 10060077 LR12085427 

      SiO2 (wt %) <0.01 <0.01 <0.01 <0.01 <0.01 

Al2O3 <0.01 0.02 0.02 0.02 0.02 

CaO <0.01 <0.01 <0.01 0.02 <0.01 

Cr2O3 <0.001 <0.001 <0.001 <0.001 <0.001 

Fe2O3 <0.01 0.01 <0.01 <0.01 <0.01 

K2O <0.01 <0.01 <0.01 <0.01 <0.01 

MgO <0.01 <0.01 <0.01 <0.01 <0.01 

MnO <0.001 <0.001 <0.001 <0.001 <0.001 

Na2O <0.01 <0.01 <0.01 <0.01 <0.01 

P2O5 <0.01 <0.01 <0.01 <0.01 <0.01 

TiO2 <0.01 <0.01 <0.01 <0.01 <0.01 

F n.a. n.a. <0.01 n.a. n.a. 

LOI 100.00 n.a. n.a. n.a. n.a. 

      Ba (µg.g-1) <0.5 <0.5 <0.5 0.8 <0.5 

Ce <0.5 <0.5 <0.5 <0.5 <0.5 

Cu n.a. n.a. <2 n.a. n.a. 

Dy <0.1 <0.1 <0.1 <0.1 <0.1 

Er <0.1 <0.1 <0.1 <0.1 <0.1 

Eu <0.1 <0.1 <0.1 <0.1 <0.1 

Ga <0.5 <0.5 1.0 <0.5 <0.5 

Gd <0.1 <0.1 0.2 <0.1 <0.1 

Hf <1 <1 <1 <1 1.4 

Ho <0.1 <0.1 <0.1 <0.1 <0.1 

La <0.5 <0.5 <0.5 <0.5 <0.5 

Lu <0.1 <0.1 <0.1 <0.1 <0.1 

Mo n.a. n.a. <1 n.a. n.a. 

Nb <0.5 <0.5 <0.5 <0.5 <0.5 

Nd <0.5 <0.5 <0.5 <0.5 <0.5 

Pr <0.1 <0.1 <0.1 <0.1 <0.1 

Rb <0.5 <0.5 <0.5 <0.5 <0.5 

Sc <1 <1 <1 <1 <1 

Sm <0.1 <0.1 <0.1 <0.1 <0.1 

Sn <1 <1 <1 <1 <1 

Sr 0.6 <0.5 <0.5 0.5 <0.5 

Ta <0.1 0.3 0.3 <0.1 <0.1 

Tb <0.1 <0.1 <0.1 <0.1 <0.1 

Th <1 <0.1 0.2 <0.1 <0.1 

Tm <0.1 <0.1 <0.1 <0.1 <0.1 

U <0.1 <0.1 0.2 <0.1 <0.1 

V <5 <5 <5 <5 <5 

W <0.5 <0.5 <0.5 <0.5 0.7 

Y <0.5 <0.5 <0.5 <0.5 <0.5 

Yb <0.1 <0.1 <0.1 <0.1 <0.1 

Zr <1 <1 <1 <1 <1 

            

Notes: n.a. = not analysed. < = below the detection limit 

  Grey shade = detected 

concentration 
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A3.2 Whole-rock Sm-Nd analysis 
 

The quality of the Sm-Nd analysis was monitored using: (1) within-run counting statistics to 

measure internal standard errors, (2) analysis of total procedural blanks to monitor laboratory 

contamination and (3) the measurement of reference standards to calculate external precisions and overall 

uncertainty in initial εNd values. Further appraisal of the analytical method was possible by independent 

means. For example, the efficiency of the mixed-acid digestion method was assessed by comparing the 

Sm and Nd concentrations obtained by ID-TIMS with the concentrations measured by ICP-MS after 

alkali fusion digestion. The concentrations obtained from both analytical methods are listed in Table 

A3.10.  

 

Table A3.10. Sm and Nd concentrations by ICP-MS and ID-TIMS     

          

 

             ICP-MS (μg/g)     

 

              ID-TIMS (μg/g)     

Sample Sm ± Nd ±   Sm ± Nd ± 

          Moly Brook 

         MB14-8-399.85 3.4 0.4 11.5 0.5 

 

2.8724 0.0002 11.0855 0.0020 

MB14-10-379.25 2.6 0.3 9.6 0.4 

 

2.2403 0.0002 8.9585 0.0010 

MB18-1-497.50 3.1 0.4 13.3 0.6 

 

2.8936 0.0002 13.0298 0.0011 

MB20-4-427.70 2.5 0.3 11.0 0.5 

 

2.4002 0.0002 11.1561 0.0010 

MB20-8-469.05 4.5 0.6 11.4 0.5 

 

4.3566 0.0002 10.7022 0.0007 

          Grey River 

         GRD8-3 1.4 0.2 1.9 0.1 

 

1.2985 0.0002 1.7882 0.0020 

GRP8-1 1.7 0.2 3.1 0.1 

 

1.4326 0.0002 2.7506 0.0004 

GRP8-2 1.5 0.2 2.3 0.1 

 

1.5952 0.0002 2.5348 0.0004 

          Granite Lake 

         GL23-7-185.48 1.6 0.2 7.3 0.3 

 

1.7602 0.0002 7.8478 0.0006 

GL53-12-84.05 1.0 0.1 6.6 0.3 

 

1.6473 0.0002 6.8187 0.0004 

GL53-13-182.28 1.8 0.2 8.1 0.4 

 

2.1354 0.0002 9.5786 0.0005 

                    

          All uncertainties reported at the 2σ level in μg/g 

       

 

Figure A3.6 illustrates this relationship and shows a strong correlation between both datasets with a 

corresponding R-squared value of 0.9849 (by least-squares linear regression). This coefficient indicates 

that the natural variation in the whole-rock sample concentrations as measured by ICP-MS is replicated in 

the ID-TIMS results and that the measured variance is generally not influenced by any associated 

analytical uncertainty. Thus, for each whole-rock sample, the mixed-acid digestion preparatory method, 

coupled with ID-TIMS, generates results that are consistent with data obtained by routine alkali fusion-

ICP-MS analysis. However, several of the plotted points in Figure A3.7 do not intersect the best-fit 

regression model for the independently measured elemental abundances (e.g. GL53-13-182, GL23-7-185, 

labelled). This deviation may reflect an underestimate in Nd abundance as measured by ICP-MS due to 

incomplete dissolution of refractory accessory minerals during alkaline fusion digestion (Walsh et al. 

1997), and/or, some heterogeneity in the analysed powder splits (cf. Steinhoefel et al. 2008). Thus, the 

measured difference between both datasets (~ 0.1% per absolute concentration) likely reflects the lower 

analytical uncertainty associated in the ICP-MS analysis (Table A3.10). 
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Figure A3.6: Plot comparing Sm (open circles) and Nd (open squares) concentrations measured by 

ICP-MS (alkali fusion digestion) and ID-TIMS (HF-HNO3-HCl digestion). Analytical precision bars 

at 2σ level. Error bars not shown when smaller than data points at the plot scale. 

 

Uncertainties associated with mass spectrometry were checked using within-run counting statistics 

for each block of isotope ratio measurements and were quantified using an absolute standard error 

parameter at the 2-sigma level (2SE or 2s/√n; e.g. Thirlwall 1997; McKillup & Dyar 2010). The average 

internal precision of Sm isotope ratio measurements (
149

Sm/
152

Sm; 
154

Sm/
152

Sm) was typically ±40 (2SE; 

x10
-6

; ±0.004% relative error) which equates to an uncertainty of ±0.0002 μg/g for the measured Sm 

concentrations (Table A3.10). At this precision level, the uncertainty associated with 
147

Sm/
144

Nd ratios 

are estimated to be better than ±0.0002 (2SE; ±0.2% relative error). For Nd, the average internal precision 

of the measured isotope ratios 
150

Nd/
144

Nd, 
145

Nd/
144

Nd and 
143

Nd/
144

Nd was ±10, ±4 and ±6, respectively 

(2SE; x10
-6

; ±0.001% – 0.003% relative error). This equates to an absolute uncertainty of between 

±0.0004 and ±0.0020 μg/g for measured Nd concentrations and an internal precision estimate better than 

±0.000008 for 
143

Nd/
144

Nd (2SE; ±0.001%; Table A3.11). Total procedural blanks at Memorial 

University are continuously monitored and blank levels are typically less than 100 picograms for both Sm 

and Nd and are thus considered negligible to the overall results. 

 

The reference standard JNdi-1 was used to assess the accuracy of the Sm-Nd analysis and estimate 

overall uncertainties associated with the data. The JNdi-1 neodymium standard (Tanaka et al., 2000) was 

used to estimate external or ‘between-run’ precision and the overall uncertainty of εNd(0), εNd(T), TDM and 

TCR values. Replicate measurements of 
143

Nd/
144

Nd in the standard during the study period gave a mean 

value of 0.512144±44 (2σ; 0.009%; n = 37) using static mode and 0.512095±26 (2σ; 0.005%; n = 17) 

using dynamic mode measurement (Fig. A2.2). Although both replicate datasets incorporate several 

outlier values the resultant averages overlap the established JNdi-1 value at the 2σ level, as well as with 

each other. The average ratio values were used to adjust measured 
143

Nd/
144

Nd ratios relative to the 

accepted ratio of the JNdi-1 standard (0.512115±7; Tanaka et al., 2000). The larger deviation observed for 

the static mode measurements when compared to dynamic mode analyses reflects the lower precision 
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expected for between-run analysis using static mode multi-collector mass spectrometry (Dickin 2005). 

However, this uncertainty level equates to a relative precision of about ±0.009% for Nd isotope ratios, 

which is consistent with the long-term reproducibility of static mode analysis and historical Nd isotope 

ratios obtained using single-collector mass spectrometry methods (cf. Thirlwall 1997). 

 

 

Figure A3.7: Replicate analysis of the Nd standard JNdi-1 during the course of data acquisition. Analyses using 

static mode = filled circles with internal precisions (n = 37). Analyses using dynamic mode = open circles with 

internal precisions (n = 17). Calculated mean values for 
143

Nd/
144

Nd are shown with associated external 

uncertainty (±2σ level). 

 

Sample duplicates were not analysed as part of this study. However, based on the replicate 

measurement of the JNdi-1 standard, the overall uncertainty associated with the determination of εNd(0) 

and εNd(T) values is estimated to be ±0.8 epsilon units for static mode measurements and ±0.5 units for 

samples analysed using dynamic mode (±2σ level). These precisions incorporate uncertainties in sample 

weighing, spike calibration, sample and spike equilibration and the mass spectrometry of Sm and Nd 

isotope ratios, and broadly correspond with the precision reported for other whole-rock εNd values 

measured at Memorial University (e.g. Murphy et al. 2008). 

 

A consequence of the uncertainty associated with εNd(0) and εNd(T) values is the resultant effect on 

the precision of extrapolated depleted mantle model ages. This effect is illustrated in Figure A3.8 which 

shows that uncertainties of ±0.8 epsilon units for εNd values results in equivalent TDM uncertainties of 

about ±100 Ma when using the mantle Nd evolution curve of DePaolo (1981). Likewise, a similar 

uncertainty is expected for extrapolated TCR ages (using the Goldstein et al. (1984) model). Both these 

models assume a non-mixed, linear Nd evolution path from a depleted mantle reservoir (cf. Arndt & 

Goldstein 1987). 
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Figure A3.8. Analytical uncertainty associated with εNd(0) and εNd(T) values using static mode 

measurement and its effect on the precision of TDM model ages (assuming a single-source Nd evolution 

path for sample MB14-8-400). The variation in εNd(T) values due to sample age uncertainty (0.01Ga 

shown) is considered insignificant when compared to the overall analytical precision of Sm-Nd data. 

 

Since εNd(T) values are partly based upon an estimate of the age of a sample, any uncertainty 

associated with the sample age may influence the precision of calculated εNd(T) values. Based on the 

results of this study, hypothetical age uncertainties of ±10 Ma equate to εNd(T) uncertainties of 

approximately 0.06 epsilon units (±2σ level). This point is also illustrated in Figure A3.8 which shows 

that a sample dated at 0.38Ga, if age-adjusted by 0.01Ga, produces εNd(T) values that can be considered 

identical within the context of the overall precision of the analytical technique (i.e. ± 0.8 epsilon units). 

Likewise, given that the ages of the granite samples are constrained to better than ± 2Ma (2σ), the sample 

age uncertainties are not considered to have a significant influence on calculated εNd values as well as 

depleted mantle model ages. 
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A3.3 Sulfur isotope analysis 
 

Replicate analyses of field samples and certified reference materials with known δ
34

S compositions 

were used to assess analytical precision and accuracy. For conventional SO2 analysis at SUERC, field 

duplicate measurements indicate the average uncertainty (analytical repeatability) for δ
34

S measurement 

is ± 0.4‰ (2σ level; n = 6). This uncertainty represents a mean relative standard deviation of ~ 8% (Table 

A3.11 and Figure A3.9). Replicate analysis of an inter-laboratory standard at SUERC (CP-1, CuFeS2, 

δ
34

S = -4.60‰) showed the mean absolute difference between the measured and accepted δ
34

S 

composition of the standard was ± 0.2‰ (2σ level; n = 4, Table A3.12), representing a relative difference 

of ~ 3%. These data are consistent with the long-term, time-integrated estimate of the analytical precision 

and accuracy for conventional stable sulfur isotope analysis at SUERC (A. Fallick, pers. comm., 2012). 

 

Table A3.11: Results of duplicate analysis of δ
34

S by conventional SO2 extraction line-IRMS at SUERC 

                

Sample no. Sulphide Run a: δ34Sa (‰) Run b: δ34Sb (‰) δ34Savg (‰) ± 2σ (‰) Δa-b (‰)1 RPD (%)2 

        BI09-1 molybdenite 2.0 1.8 1.9 0.3 0.2 11 

TS10-1 molybdenite 3.4 3.7 3.6 0.4 0.3 8 

MP09-1 molybdenite 4.8 4.9 4.9 0.1 0.1 2 

PP08-1 molybdenite 1.0 0.4 0.7 0.8 0.6 86 

DS10-07 pyrite 3.5 3.2 3.4 0.4 0.3 9 

AG4A molybdenite 5.0 4.5 4.8 0.7 0.5 11 

AG4A molybdenite 5.0 5.4 5.2 0.6 0.4 8 

DS9-07 molybdenite 4.7 3.6 4.2 1.6 1.1 27 

        

    

Mean (n = 8) 0.6 0.4 20 

    

Median (n = 8) 0.5 0.4 10 

    
Mean3 (n = 6) 0.4 0.3 8 

                

1Run a - run b 

       2Relative percent difference using mean = 100 x (a-b)/[(a+b)/2] 

    3Excludes outliers 
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Figure A3.9: Analytical replicate scatter plot showing ± 10% analytical precision (dashed lines) 

relative to a 1:1 control line (perfect analytical repeatability, solid line). Six analyses (75%) cluster 

along the 1:1 control line and fall within the 10% precision buffer. Two analyses (25%) fall outside 

the control lines for the set level of precision. Data points correspond to duplicate analyses of δ
34

S 

for the samples listed in Table A3.11.Error bars not plotted in log10 space. 

 

For δ
34

S analysis by EA-CF-IRMS at MUN, Table A3.12 lists the results of replicate analyses 

performed using three internationally certified standard reference materials (IAEA-S-1, Ag2S, δ
34

S = -

0.30‰, Ding et al. 2001; IAEA-S-2, Ag2S, δ
34

S = +22.62‰, Mann et al. 2009; IAEA-S-3, Ag2S, δ
34

S = -

32.49‰, Mann et al. 2009). The mean uncertainty (analytical repeatability) associated with the EA-CF-

IRMS technique was estimated to be ± 0.3‰ (2σ level). In addition, the mean absolute difference 

between the measured and accepted δ
34

S values of the standard reference materials was ± 0.1‰ (2σ, 

Table A3.12). These data indicate that stable sulfur isotope analysis by EA-CF-IRMS is somewhat more 

precise than the conventional off-line technique, although both methods provide broadly similar levels of 

accuracy. This assessment is in agreement with the results of other comparative studies (e.g. Grassineau 

2006). 
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Table A3.12: Replicate analyses of the δ
34

S composition of standard reference materials 

      

 

SUERC analyses 

 

  Memorial University analyses   

      Run no. CP-1 = -4.60‰ 

 

IAEA-S-3 = -32.49‰ IAEA-S-2 = +22.62‰ IAEA-S-1 = -0.30‰ 

      1 -4.70 

 

-32.53 22.55 0.05 

2 -4.50 

 

-32.61 22.84 0.07 

3 -4.85 

 

-32.51 22.49 0.23 

4 -4.90 

 

-32.42 22.74 -0.12 

5 - 

 

-32.57 22.67 -0.23 

6 - 

 

-32.70 22.78 -0.14 

7 - 

 

-32.59 22.71 - 

8 - 

 

-32.44 22.59 - 

      Mean -4.74 

 

-32.55 22.67 -0.02 

± 2σ (‰) 0.36 

 

0.18 0.24 0.34 

2σ SE (‰)1 0.18 

 

0.06 0.08 0.14 

RSD (%)2 7.8 

 

0.6 1.1 - 

RPD (%)3 3.3 

 

0.2 0.2 - 

            

1Standard error at 2σ level 

    2Relative standard deviation at 2σ 

level 
    3Relative percent difference using calculated mean 

   

Replicate analyses of δ
34

S measurements using the in situ laser microprobe technique were not 

performed as part of this study. However, analytical uncertainties for δ
34

S determinations on typical laser 

samples (~ 0.1 – 1 μmol of SO2) is estimated to be ± 0.4‰ (2σ, ~ 10% RSD) and is thus comparable to 

conventional bulk measurements (A. Fallick, pers. comm., 2012). The tabulated results of conventional 

(off-line and on-line methods) and laser microprobe stable sulfur isotope analyses are presented in 

Appendix 2 (Table A2.7). 
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A3.4 Fluid inclusion microthermometry and Raman analysis 
 

Calibration of the microthermometric stage was routinely performed using synthetic fluid inclusion 

standards (pure H2O-CO2 and pure H2O) obtained from Bubbles Inc., Blacksburg, Virginia and the 

Department of Applied Geosciences and Geophysics, Montanuniversität, Leoben. Calibration involved 

the repeat measurement of melting (TmCO2, TmH2O) and total homogenisation (ThH2O) temperatures in 

order to establish an empirical correction factor for the platinum resistance thermometer (Pt100) in the 

THMSG 600 stage over a finite temperature range (~ 480°C). This correction factor equates to a three-

point calibration curve constructed through replicate temperature analyses using a first degree polynomial 

regression (Fig. A3.10). It allows the observed thermometric properties of the resistor (i.e. measured 

variables) to be quantified and adjusted to match the expected theoretical values for phase transitions in 

the pure substance fluid inclusion standards (i.e. controlled variables). 

 

Figure A3.10A shows the calibration curve of replicate FI phase transition temperatures using the 

aqueous-carbonic (Tm CO2) and aqueous (Tm H2O; Th H2O) fluid inclusion standards. An ideal cure for 

the expected phase transition temperatures is also shown (solid line). The calibration curve (dashed) 

deviates from the ideal curve at temperatures above and below 0.0°C (i.e. -56.6°C and 374.0°C), with the 

amount of drift greatest in the higher temperature range (~ 200°C – 400°C). Figure A3.10B displays the 

mean temperature deviation of the fluid phase transitions for the FI standards measured using the 

THMSG 600. The average (±2σ) temperature differentials (∆T) are: -1.0 ± 0.6°C for Tm CO2; -0.2 ± 

0.3°C for Tm H2O and +7.9 ± 5.0°C for Th H2O. These data represent a mean drift of ~ 1.8% at Tm CO2 

and ~ 2.1% at Th H2O for the heating-freezing stage. Analytical precision based on the replicate analysis 

of the FI standards is estimated to be: ± 0.2°C at -56.6°C (2σ; Tm CO2); ± 0.1°C at 0.0°C and 9.9°C (2σ; 

Tm H2O and Tm clathrate, respectively) and  ± 2°C at 374.0°C (2σ; Thtot H2O). 
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Figure A3.10: (A) Calibration curve for the Linkam THMSG 600 at NUI Galway based on the replicate analyses 

of TmCO2, TmH2O and ThH2O values for fluid inclusion standards. (B) Mean temperature differential (∆T) between 

the measured and theoretical temperatures of TmCO2, TmH2O and ThH2O using the THMSG 600 stage. 

Uncertainties in ∆T are shown at the 2σ level. 

 

Figure A3.11 show the results of the instrument calibration procedure. These data indicate that the 

calibrated peak positions for c-Si (first order, one-phonon, Si-Si vibration mode at ~ 520 cm
-1

) are 

coincident with the expected value for the standard reference material and consistently overlap within 

uncertainty. The calculated mean calibration value is 520.3
 
± 1.0 cm

-1
 for c-Si (n = 105). This represents a 

mean relative standard deviation of 0.2% (2σ) and a mean relative percent difference of 0.1% and 

indicates an excellent level of analytical precision and accuracy. Figure A3.11 also provides an 

assessment of the long-term consistency in the generation of Raman spectra during the research period 

and indicates an acceptable level of instrument stability and performance for the LabRam HR. 
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Figure A3.11. Calibration data for the LabRam instrument at NUIG using crystalline silicon (c-Si) as a standard reference 

material. Uncertainty associated with the individual calibration runs (error bars) is based on the calculated standard 

deviation at the 2σ level (± 1.0 cm
-1

). The calculated mean calibration value is 520.3 cm
-1

 (solid horizontal line). 
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A3.5 Re-Os molybdenite geochronology 
 

Analytical uncertainty associated with Re-Os molybdenite geochronology is propagated throughout 

the analytical procedure and incorporates individual uncertainties relating to sample and spike masses, 

spike calibration, Re and Os concentrations in low-level blanks, Re and Os mass spectrometer 

measurements and the reproducibility of Re and Os isotope values within in-house and international 

standards. At Durham, analytical blanks are routinely monitored during Re-Os analysis for background 

levels of Re and, in particular, background concentrations of initial or common osmium. Blank 

monitoring incorporates routine ‘total procedural blanks’ used during the Re and Os separation and mass 

spectrometry stages, as well as filament ‘loading blanks’ used during the mass spectrometry stage only. 

Total procedural blanks during the course of this study were 2 ± 0.5 pg for Re and 1 ± 0.2 pg for Os, 

while replicate measurement of the 
187

Os/
188

Os ratio was 0.30 ± 0.02 (n = 9). 

  

An assessment of the precision (or repeatability) of the Re-Os molybdenite dating is possible using 

the results of replicate age determinations (runs a and b representing two aliquots of the same mineral 

separate) for three molybdenite samples (Table A3.13 and Fig. A3.12). In general, these data indicate an 

excellent level of reproducibility for the model age determinations. Samples DS15-07 and DS19-07 

provided near identical replicate ages (Δtab = 0.66 Ma and 0.16 Ma, respectively) that closely overlap 

within analytical uncertainty (Fig. A2.2.1). Sample GL44-36-48 provided replicate ages with a broader 

spread (Δtab = 2.89 Ma) indicating a somewhat lower level of precision, however, both calculated ages 

still overlap within their respective model age uncertainties. Overall, the replicate Re-Os ages correspond 

to a mean relative percent difference (Δtab/tavg) of 0.32%, which is in agreement with the individual model 

age uncertainties (RSD, Table A3.13) and typical Re-Os precision levels of ca. 2 Ma reported by previous 

studies that include errors associated with the decay constant. 

 

Table A3.13. Results of Re-Os molybdenite geochronology of field duplicate samples
1
 

           
Sample no.2 Weight (g) Re (ppm) ± (ppm) 187Re (ppm) ± (ppm) 187Os(ppb) ± (ppb) Age (Ma) ± (Ma) RSD (%)3 

           
DS15-07a 0.10286 3.19 0.01 2.00 0.01 12.67 0.04 378.15 1.68 0.44 

DS15-07b 0.10055 3.18 0.01 2.00 0.01 12.63 0.03 377.49 1.63 0.43 

           
DS19-07a 0.10201 26.65 0.09 16.75 0.06 106.40 0.27 380.07 1.56 0.41 

DS19-07b 0.02056 28.25 0.11 17.75 0.07 112.82 0.36 380.23 1.60 0.42 

           
GL44-36-48a 0.10776 5.29 0.02 3.33 0.01 21.41 0.06 385.03 1.63 0.42 

GL44-36-48b 0.04227 7.43 0.03 4.67 0.02 30.27 0.09 387.92 1.66 0.43 
                      

1All uncertainties shown at the 2σ level.   

        2a and b denotes replicate analysis.  

        3Relative standard deviation at 2σ level 

         

The accuracy of Re-Os molybdenite dating was assessed by the replicate measurement of the H2A 

molybdenite standard, providing a mechanism to monitor both in-house and inter-laboratory data quality 

and reproducibility. The H2A reference material (RM 8599) is an ultra-fine molybdenite powder 

collected from the Henderson porphyry Mo deposit, Colorado, with a NIST-certified mean age of 27.656 

± 0.079 Ma (0.29% 2σ, n = 48, Markey et al. 2007). 
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Figure A3.12. Duplicate Re-Os ages of three molybdenite-bearing samples (DS15-07, DS19-07 and GL44-36-48). (A) The 

measured ages for sample runs a and b overlap within analytical uncertainty (± 2σ). Sample GL44-36-48 is the least precise 

although the replicate ages still overlap within analytical uncertainty. (B) Corresponding mean relative precision between 

duplicate runs is estimated to be 0.32%. Diagonal solid line represents 1:1 correlation between analytical run a and b. 

Diagonal dashed lines represents a relative uncertainty of ± 0.5% (ca. ± 2Ma). 

 

The results of 12 Re-Os ages for the H2A standard determined during the course of this study are 

presented in Table A3.14 and shown in Figure A3.13. These data indicate that both precise and accurate 

ages were determined for the H2A molybdenite. Eight measured ages overlap with the certified age of the 

standard (incorporating the H2A age and 2σ uncertainty), while 11 ages overlap when including their 

respective 2σ uncertainties (Fig. A2.2.2). One measured age (RO195-2) did not overlap with the certified 

age of the H2A standard; however, a replicate measurement within the same batch (RO195-1) was in 

good agreement with the standard’s age. Based on the replicate H2A analyses, a calculated median age of 

27.677 ± 0.113 Ma (0.41% 2σ) was determined, representing a relative difference of 0.08% from the 

certified H2A age. The determined level of analytical accuracy is similar to the accuracy levels achieved 

for H2A replicate analysis reported by other studies conducted at Durham (e.g. Conliffe et al. 2010, 

Porter & Selby 2010, Lawley & Selby 2012). 
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Table A3.14. Results of Re-Os geochronology of H2A molybdenite reference material
1
 

             
Run no. Durham ID Weight (g) Re (ppm) ± (ppm) 187Re (ppm) ± (ppm) 187Os (ppb) ± (ppb) Age (Ma) ± (Ma) ∆t (Ma)2 RPD (%)3 

             
1 RO54-1 0.09665 11.189 0.036 7.032 0.023 3.233 0.008 27.587 0.112 0.069 0.25 

2 RO54-2 0.10136 11.174 0.036 7.023 0.023 3.242 0.008 27.702 0.113 0.046 0.17 

3 RO100-2 0.10495 10.940 0.035 6.876 0.022 3.168 0.008 27.652 0.112 0.004 0.01 

4 RO124-7 0.10050 11.102 0.036 6.978 0.022 3.198 0.008 27.500 0.112 0.156 0.56 

5 RO147-1 0.10094 11.078 0.037 6.962 0.023 3.202 0.008 27.599 0.115 0.057 0.21 

6 RO148-1 0.10157 11.036 0.036 6.936 0.023 3.206 0.008 27.737 0.114 0.081 0.29 

7 RO166-1 0.10296 11.107 0.036 6.981 0.022 3.226 0.008 27.730 0.113 0.074 0.27 

8 RO195-1 0.10090 10.862 0.035 6.827 0.022 3.138 0.008 27.590 0.113 0.066 0.24 

9 RO195-2 0.10104 10.906 0.035 6.855 0.022 3.224 0.008 28.220 0.116 0.564 2.04 

10 RO230-3 0.10017 11.115 0.036 6.986 0.022 3.202 0.008 27.505 0.112 0.151 0.55 

11 RO280-9 0.10342 11.048 0.035 6.944 0.022 3.209 0.008 27.735 0.112 0.079 0.29 

12 RO300-11 0.10379 10.874 0.035 6.835 0.022 3.168 0.008 27.819 0.113 0.163 0.59 

  

Mean (n = 12) 11.036 0.036 6.936 0.022 3.201 0.008 27.698 0.113 0.126 0.46 

  

Median (n = 12)4 11.063 0.036 6.953 0.022 3.204 0.008 27.677 0.113 0.077 0.28 

         

RSD (%)5 0.41 

  

         

RPD (%)6 0.08 

                            
1NIST certified molybdenite standard. Accepted age = 27.656 ± 0.079 Ma (Markey et al. 2007). All uncertainties shown at the 2σ level.   
2Modulus difference of measured - accepted age for H2A molybdenite 
3Relative percent differeance based on measured H2A age and accepted H2A age 
4Calculated median values with reduced importance of outlier RO195-2 (Fig. A2.1) 
5Relative standard deviation based on median measured H2A age and standard deviation at 2σ level 
6Relative percent differeance based on median measured H2A age and accepted H2A age 

 

 

Figure A3.13. Replicate Re-Os ages (± 2σ) determined for the H2A molybdenite standard during 

the study period. The thick blue line and shaded rectangle represent the established age and 2σ 

range for the H2A standard (27.656 ± 0.079 Ma; Markey et al. 2007). The thinner solid and 

dashed black lines represent the median age and 2σ range determined during this study (27.677 

± 0.113 Ma). Outlier age RO195-2 labelled. 
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Appendix 4 

CONFERENCE ABSTRACTS &OTHER PUBLICATIONS 

 

Preliminary results from this study have been presented at several conferences and in two 

articles published by the Geological Survey of New Foundland. A full list of abstracts is shown 

below while reprints of Lynch et al. (2009a, 2012 & 2013) are also included. 

 

Government publications 
 

Lynch EP, Selby D, Feely M, Wilton DHC (2009a). New constraints on the timing of 

molybdenite mineralization in the Devonian Ackley Granite Suite, southeastern 

Newfoundland: Preliminary Re-Os geochronology results. In Pereira CPG, Walsh DG (eds), 

Current Research, Geological Survey of Newfoundland & Labrador, Report 09-01, 225 – 

234. 

 

Kerr A, van Nostrand T, Dickson L, Lynch EP (2009). Molybdenum and tungsten in 

Newfoundland: A geological overview and a summary of recent exploration developments. 

In Pereira CPG, Walsh DG (eds), Current Research, Geological Survey of Newfoundland & 

Labrador, Report 09-01, 43 – 80. 

 

Conference presentations 
 

Lynch EP, Feely M, Selby D, Wilton DHC, Fallick AE (2013). Sulfur isotope composition of 

granite-molybdenum systems formed within a collided orogen setting: Insights from the 

Newfoundland Appalachians, Canada. 12
th
 Biennial SGA meeting, Uppsala, Sweden. 

Program and extended abstracts. 

 

Lynch EP, Selby D, Feely M, Wilton DHC (2012). The timing and duration of granite-related 

magmatic-hydrothermal events in southeastern Newfoundland: Results of Re-Os 

molybdenite geochronology. GAC-MAC 2012, St. John’s, Canada. Program and abstracts. 

 

Lynch EP, Feely M, Selby D, Wilton DHC (2011). Granite metallogeny in southern 

Newfoundland: Geochemical and geochronological characteristics of a regionally focused 

Upper Devonian magmatic-hydrothermal event. North Atlantic Petroleum Systems 

Assessment Conference 2011, St. John’s, Newfoundland, Canada. Program and abstracts. 

 

Lynch EP, Feely M, Selby D, Wilton DHC (2011). Granite-related Mo-Cu mineralisation at 

Moly Brook, southern Newfoundland: Mineralogical, lithogeochemical and Sm-Nd isotopic 

constraints on the nature of the causative magmatism. 54
th
 Irish Geological Research 

Meeting, Galway. Program and abstracts. 

 

Lynch EP, Feely M, Selby D, Wilton DHC (2011). Geological, mineralogical and fluid 

inclusion studies of vein-hosted Mo-Cu mineralization at Moly Brook, southern 

Newfoundland. GAC-MAC 2011, Ottawa, Canada. Program and abstracts. 

 

Lynch EP, Selby D, McNicoll V, Feely M, Wilton DHC, Kerr A (2011). Geochronology of the 

Moly Brook Mo-Cu deposit, southern Newfoundland: implications for local and regional 

granite-related metallogeny. Atlantic Geoscience Society Colloquium 2011, New Brunswick, 

Canada. Program and abstracts. 

 

Lynch EP, Feely M, Selby D, Wilton DHC (2010). Greisen stew: salts, vapours, volatiles and 

brines from a mineralized granite roof zone, southern Newfoundland. NUI Galway Science 

Research Day, Galway, Ireland. Program and abstracts. 
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Lynch EP, Feely M (2009). New insights into Neoacadian granite magmatism and associated 

Mo-Cu-W mineralization in Newfoundland: An integrated geochemical, geochronological 

and fluid inclusion study. IRCSET Research Symposium 2009, Dublin, Ireland. Program and 

abstracts. 

 

Kerr A, van Nostrand T, Dickson L, Lynch EP (2009). Molybdenum and tungsten 

mineralization associated with late-stage magmatism in the Appalachian Orogen of 

Newfoundland: An overview and a summary of recent developments. 24
th
 Biennial Meeting 

of the International Association of Applied Geochemistry, New Brunswick, Canada. 

Program and extended abstracts. 

 

Lynch EP, Feely M, Selby
 
D, Wilton DHC (2009b). Structural controls on porphyry-type Mo-

Cu mineralization at Moly Brook, southern Newfoundland. 52
nd

 Irish Geological Research 

Meeting, Trinity College, Dublin, Ireland. Program and abstracts. 

 

Conliffe J, Feely M, Wilton, DHC, Lynch EP, Selby D (2009). Sulphur isotope analysis of 

molybdenite in the Appalachian-Caledonian Orogen. Geological Society of America, North-

Eastern Section Meeting, Portland, MA, USA. Program and abstracts. 

 

Lynch EP, Feely M, Selby D, Wilton DHC, Kerr A (2009c). Vein-hosted Mo-Cu 

mineralization at Moly Brook, Newfoundland: Preliminary investigations of a Paleozoic 

porphyry system in the Canadian Appalachians. Mineral Deposits Studies Group, Winter 

Meeting, Cornwall, UK. Program and abstracts. 

 

Lynch EP, Feely M, Selby D, Conliffe J, Wilton DHC (2009d). Granite-related magmatism and 

metallogenesis: Transatlantic correlations along the Appalachian-Caledonian Orogen. 

Geological Society of America, North-Eastern Section Meeting, Portland, MA, USA. 

Program and abstracts. 

 

Kerr A, van Nostrand T, Dickson L, Lynch EP (2009). Molybdenum and tungsten deposits in 

southern Newfoundland: Granophile mineralization linked to Neoacadian magmatism. 

Geological Society of America, North-Eastern Section Meeting, Portland, MA, USA. 

Program and abstracts. 



Current Research (2009) Newfoundland and Labrador Department of Natural Resources
Geological Survey, Report 09-1, pages 225-234

NEW CONSTRAINTS ON THE TIMING OF MOLYBDENITE
MINERALIZATION IN THE DEVONIAN ACKLEY GRANITE SUITE,

SOUTHEASTERN NEWFOUNDLAND: PRELIMINARY
RESULTS OF Re–Os GEOCHRONOLOGY

E.P. Lynch, D. Selby1, M. Feely and D.H.C. Wilton2

Department of Earth and Ocean Sciences, National University of Ireland, Galway, Ireland
1Department of Earth Sciences, Durham University, Science Labs, Durham DH1 3LE, UK

2Department of Earth Sciences, Memorial University, St. John's, NL, A1B 3X5 Canada

ABSTRACT

New Re–Os molybdenite ages are presented from three prospects (Motu, Ackley City and Wylie Hill) located along the
southern margin of the Ackley Granite Suite, southeastern Newfoundland. These dates provide new constraints on the timing
of high-level granite emplacement and contemporaneous granophile mineralization, and also provide a comparison with pre-
vious estimates for the age of the granite and associated mineral deposition. The ages indicate a single episode of spatially
related, late-stage, syngenetic mineralization at Motu (378.1 ± 1.7 Ma, n = 1), Ackley City (379.7 ± 1.7 Ma, n = 5) and Wylie
Hill (380.2 ± 1.6 Ma, n = 2). The results suggest that all three prospects formed synchronously at 379.6 ± 1.7 Ma (weighted
average, n = 8). The Re–Os dates are similar to, but slightly older than previous Ar–Ar magmatic and hydrothermal mica
(biotite/muscovite) ages. The preliminary Re–Os dates yield a precise timing for roof-zone crystallization and syngenetic min-
eral deposition in the Ackley Granite suite and also support temporal correlation of the Ackley Granite with other Late Devon-
ian (Frasnian) granitoid plutons such as the Francois and St. Lawrence granites. The presented Re–Os molybdenite
geochronology has great potential in constraining the precise timing of late magmatism and associated mineralization in New-
foundland, and facilitating correlations with analogous regions in Europe and North America.

INTRODUCTION

Silurian and Devonian granitoid rocks are areally exten-
sive within the Central Mobile Belt of the Appalachian Oro-
gen in Newfoundland and its adjacent margins. Several of
these bodies contain late-stage magmatic–hydrothermal gra-
nophile mineralization, resulting in the variable concentra-
tion of lithophile metals such as Mo, W, Sn and F. With the
exception of vein-hosted fluorspar deposits of the St.
Lawrence Granite, granite-hosted mineralization across
Newfoundland is typically sporadic in distribution and sub-
economic. However, recent exploration results indicate that
some areas may include bulk-tonnage or vein-style deposits
of potential economic significance (see Kerr et al., this vol-
ume). The timing of such mineralization is of interest in the
context of regional relationships and mineral exploration.
This article describes the preliminary results of Re–Os
molybdenite geochronology in the Ackley Granite, south-
eastern Newfoundland. It represents the first part of a wider
Re–Os isotope investigation into the timing of Paleozoic
granitoid magmatism and mineralization in Newfoundland.

Rhenium–osmium (Re–Os) molybdenite geochronolo-
gy has developed over the last 45 years from an experimen-
tal method for absolute-age determinations (Hirt et al.,
1963) into a credible, robust, radiometric-dating technique
(e.g., Stein et al., 1998; Selby and Creaser, 2001a; Mao et
al., 2008). Molybdenite is commonly enriched in Re (at the
ppm level), but contains essentially no common Os; thus,
ages can be obtained from single samples. New sample
preparation techniques and analytical methods allow for
precise age determinations (Stein et al., 2001, 2003; Selby
and Creaser, 2004). The latter has permitted the application
of Re–Os molybdenite geochronology to be used widely to
date individual mineral deposits, constrain the timing and
length of overlapping mineralizing events, and help unravel
complex tectonic/geological problems (e.g., Stein et al.,
1997; Selby and Creaser 2001b; Bingen et al., 2006).

Preliminary Re–Os molybdenite dates are presented
that provide the first absolute ages for sulphide mineraliza-
tion within the Ackley Granite. The data indicate that late-
stage granite emplacement and mineralization were coeval.
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The new Re–Os dates demonstrate the potential of the
method to greatly improve constraints on the timing of late-
stage plutonism in the Newfoundland Appalachians.

GEOLOGICAL SETTING AND 
MINERALIZATION

The Ackley Granite is a large (~2500 km2), composite,
batholith in southeastern Newfoundland (Figure 1) and rep-
resents one of the best examples of the late-stage, postoro-
genic Paleozoic granites on the Island. Consequently, the
batholith is one of the most studied in terms of its geology
(Dickson, 1983; Whalen, 1983; O'Brien et al., 1984), geo-

chemistry (Tuach et al., 1986, 1988; Tuach, 1987), metal-
logeny (Whalen, 1976, 1980) and geochronology (Bell et
al., 1977; Dallmeyer et al., 1983; Kontak et al., 1988).

The batholith straddles a major terrane boundary
between the Avalon Zone, to the east, and the Gander Zone,
part of the Central Mobile Belt, in the west. This boundary,
termed the Dover–Hermitage Bay Fault, represents one of
the fundamental structural lineaments in the Appalachi-
an–Caledonian Orogen. The granite is considered to repre-
sent a classic 'stitching' pluton, having intruded two
tectonostratigraphic zones following their juxtaposition
(Williams, 1979). The granite is subdivided into a number of
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Figure 1. Subdivisions of the Ackley Granite, showing previous and new geochronological data and the locations of the Motu,
Ackley City and Wyllie Hill prospects. Modified after Colman-Sadd et al. (1990).
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discrete lithological units or facies, based on their ages,
petrology and geochemistry, but the boundaries between
these are commonly gradational or unexposed. Initially,
Dickson (1983) proposed nine numbered lithological units
(including three subunits) for the pluton. This classification
was subsequently modified by later workers to 10 numbered

units (e.g., Tuach et al., 1986) and eventually to seven
named units (Tuach and Kontak, 1986; Tuach, 1987). Some
areas originally included within the Ackley Granite are now
excluded based on geochronological evidence that shows
them to be some 20 Ma older. The current extent of the plu-
ton is shown in Figure 1.
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Table 1. Description of previous age determinations for the Ackley Granite

Geochrono- Mineral Phase
Reference meter (M/H)a Age (Ma ± 2F) MSWD Ackley Granite Faciesb

O'Brien 1998 U-Pb Zircon (M) 377 ± 3c Hungry Grove

Kontak et al. 1988 Ar-Ar Biotite (M) 366.9 ± 3.9 Kepenkeck
Ar-Ar Muscovite (M) 378.4 ± 4.8 Kepenkeck
Ar-Ar Biotite (M) 367.7 ± 4.3 Hungry Grove
Ar-Ar Biotite (M) 367.3 ± 4.2 Hungry Grove
Ar-Ar Biotite (M) 368.8 ± 9.6 Rencontre Lake
Ar-Ar Muscovite (H) 373.5 ± 4.0 Rencontre Lake
Ar-Ar Biotite (M) 372.3 ± 4.8 Rencontre Lake
Ar-Ar Hornblende (M) 374.8 ± 3.8 Rencontre Lake
Ar-Ar Biotite (M) 368.4 ± 4.2 Sage Pond
Ar-Ar Muscovite (H) 371.3 ± 4.5 Sage Pond
Ar-Ar Muscovite (H) 371.4 ± 5.4 Sage Pond
K-Ar Biotite (M) 352.0 ± 5.0 Tolt

Tuach 1987 Rb-Sr Whole rock 353 ± 9 2.4 10 sample locations: Kepenkeck = 2,
Mt Sylvester = 2, Meta = 1, Hungry
Grove = 2, Rencontre Lake = 2,
Tolt = 1

Dallmeyer et al. 1983 Ar-Ar Biotite (M) 357 ± 10 Tolt
Ar-Ar Biotite (M) 352 ± 10 Tolt
Ar-Ar Hornblende (M) 355 ± 10 Tolt

Whalen 1980 K-Ar Muscovite (H) 338 ± 7 Rencontre Lake

Bell et al. 1977 Rb-Sr Whole rock 354 ± 8d 1.9 Six sample locations: Kepenkeck = 
1, Hungry Grove = 2, Meta = 2,
Tolt = 1

Bell & Blenkinsop Rb-Sr Whole rock 345 ± 10e 1.8 Four sample locations: no details 
1975 reported

Leech et al. 1963 K-Ar Biotite (M) 399 ± 32d Tolt

Lowden 1961 K-Ar Biotite (M) 374 ± 30d Mount Sylvester

aM = magmatic phase, H = hydrothermal phase
bAges determined for the adjacent Koskaecodde and Mollyguajeck plutons not considered here
cNo sample or analytical details reported
dRecalculated using 87Rb decay constant = 1.42 x 10-11 yr-1 (Steiger and Jager 1977) from original ages
eOriginally reported age using 87Rb decay constant = 1.47 x 10-11yr-1
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The batholith is divided into two broad lithological
groups. The dominant rock type north and west of the
Dover–Hermitage Bay Fault is a medium- to coarse-grained,
K-feldspar-porphyritic, biotite granite containing rare mus-
covite (Kepenkeck and Mount Sylvester units) that has
intruded the Cambro-Ordovician metasedimentary rocks of
the Gander Zone (see Valverde-V Aquerod et al., 2005). To
the south and east of the fault, the main rock types can be
summarized as a medium- to coarse-grained, equigranular to
K-feldspar-porphyritic, biotite granite (Meta, Tolt, Hungry
Grove, Sage Pond and Rencontre Lake units) containing
localized areas of aplitic and pegmatitic phases (e.g., Ren-
contre Lake unit). These rocks intrude late Precambrian vol-
canic and sedimentary rocks, as well as late Precambrian
rocks of the Cross Hills Plutonic Suite. Along the southern
contact, the batholith is predominantly in contact with rhyo-
lites of the late Precambrian Belle Bay Formation, with
grain size in the granite generally decreasing toward the
contact. Geochemically, the batholith shows systematic spa-
tial variations in both major- and trace-element distributions
(Whalen, 1983; Tuach et al., 1986, 1988). These elemental
distributions show that magmatic fractionation increases
toward the granite's mineralized southeast and southwest

contacts. This Mo and Sn–W mineralized area is thought to
represent a highly evolved, shallow, roof-zone where
volatile enrichment, transportation and deposition, driven by
convective magmatic processes, produced mineralization
and variable alteration from a residual melt (Whalen, 1980,
1983; Tuach et al., 1986).

Disseminated molybdenite mineralization occurs at
three main locations at, or near, the southern contact of the
Ackley Granite, which are known as Ackley City, Wyllie
Hill and Motu (Figure 1). The mineralization at these three
sites is broadly similar, although Wyllie Hill differs from the
other prospects in having a greater concentration of other
sulphide minerals, notably pyrite and chalcopyrite. The min-
eralization is described in detail by White (1940) and
Whalen (1980), and is reviewed and illustrated by Kerr et al.
(this volume).

PREVIOUS GEOCHRONOLOGICAL
STUDIES

Several previous geochronological studies, employing a
variety of radiometric techniques, have been carried out on
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the Ackley Granite (Table 1, Figures 1 and 2). The earliest
ages showed considerable variation and large uncertainties.
For example, recalculated K–Ar data for magmatic biotite
provided ages of 374 ± 30 Ma (Lowden, 1961) and 399 ± 32
Ma (Leech et al., 1963) for geographically opposing ends of
the pluton (Kepenkeck and Tolt facies, respectively). The
interpretation of these ages proposed that granite emplace-
ment was a protracted, polyphase magmatic event. More
consistent Rb–Sr whole-rock isochron ages of 345 ± 10 Ma
(Bell and Blenkinsop, 1975) and 345 ± 5 Ma (Bell et al.,
1977) were subsequently obtained for the emplacement of
the entire batholith. Recalculation of these ages, using a
revised 87Rb decay constant, suggested an emplacement age
of ca. 355 Ma (± 5 Ma in Tuach (1987), ± 10 Ma in Kontak
et al., (1988)). An additional Rb–Sr study reported a 10-
point isochron age of 353 ± 9 Ma, which is consistent with
the previous Rb–Sr data (Tuach, 1987).

The results of more recent geochronology have indicat-
ed that the timing of Ackley Granite emplacement and asso-
ciated mineralization predominantly occurred during Upper
Devonian times. Kontak et al. (1988) comprehensively
dated the granite using the Ar–Ar and K–Ar chronometers.
This study found that the main phase of plutonism occurred
between 378 and 367 Ma (± 6 Ma) suggesting an episodic
emplacement of six intrusive units along an approximately
north-south lineament. Hydrothermal muscovite Ar–Ar
plateau ages from the mineralized Rencontre Lake and Sage
Pond areas indicated granophile mineralization occurred
between ca. 374 and 371 Ma (± 5 Ma), coincident with the
main phase of plutonism. These ages contrast with a much
younger estimate of 338 ± 7 Ma, based on K–Ar data from
muscovite in associated greisens (Whalen, 1980). Further-
more, the hydrothermal muscovite Ar–Ar dates are older
than the calculated ages of magmatic minerals for the same
parts of the pluton, although the dates are in agreement
when considering the upper and lower uncertainties. A sin-
gle K–Ar biotite age of 352 ± 5 Ma was determined from the
southeastern Tolt facies (Kontak et al., op. cit.). This date is
concordant with previously calculated Ar–Ar biotite and
hornblende data by Dallmeyer et al. (1983), indicating
emplacement of the Tolt facies occurred at ca. 355 ± 10 Ma
(Figure 1). Thus, the combined Ar–Ar and K–Ar ages appar-
ently identify a secondary younger magmatic event that
resulted in the intrusion of the granite's southeastern lobe,
and suggest Ackley-related plutonism may have continued
into the Lower Carboniferous.

A single U–Pb zircon age determination of 377 ± 3 Ma
tentatively appeared on a medium-scale (1:100 000) geolog-
ical map of the Connaigre Peninsula, incorporating the
southwestern portion of the Ackley Granite (O'Brien, 1998).
The sample location, believed to be at the northern end of
Long Harbour, falls within the Hungry Grove unit of the
granite. This age provides an additional constraint on the

timing of Ackley Granite crystallization; however, no details
about the sample or the analytical methods used have been
published to date.

Re–Os GEOCHRONOLOGY

SAMPLING AND ANALYTICAL PROCEDURES

Mineralized host-rock and vein material were collected
during reconnaissance field sampling in the fall of 2007.
Sampling was restricted to Mo-bearing prospects in the
Rencontre Lake and Sage Pond units along the southern
margin of the Ackley Granite (Figure 1). Here, we describe
initial work carried out on samples obtained from three
localities visited in the Rencontre Lake unit only; Motu,
Ackley City and Wylie Hill (Table 2).

Six molybdenite separates were obtained using a com-
bination of rock crushing (shatter-box with porcelain disk
mill), magnetic separation (Frantz Isodynamic separator),
heavy liquid separation (LST) and water floatation (MilliQ).
A uniform grain size of between 74 μm and 210 μm was
achieved by mesh sieving during the separation process.
Molybdenite was separated from variably altered to fresh
granitic whole rock from all three localities (Motu, Ackley
City and Wylie Hill) and quartz ± muscovite veins at one
locality (Ackley City). The Carius tube method was used for
the dissolution of Mo and equilibration of sample and trac-
er Re and Os (e.g., Creaser et al., 1993; Shirey and Walker,
1995). The weight of each molybdenite sample used during
the analysis was approximately 100 mg (Table 3). Sample
molybdenite was dissolved and equilibrated with a known
amount of 185Re and isotopically normal Os in inverse aqua-
regia (2:1, 16 N HNO3:12 N HCl, 3 ml) at 240°C for a 24-
hour period. Solvent extraction and microdistillation was
used to isolate Os, while anion exchange chromatography
was used to isolate Re (cf. Selby and Creaser, 2001a).

The concentrations of 187Re and 187Os were determined
at the Northern Centre for Isotopic and Elemental Tracing
facility, Durham University, using isotope dilution–thermal
ionization mass spectrometry (ID-TIMS). Isolated and puri-
fied Re and Os solutions were loaded onto Ni and Pt fila-
ments, respectively, for analysis by a Thermo Finnigan TRI-
TON mass-spectrometer using Faraday collectors. Rhenium
and osmium concentrations and Re–Os ages are calculated
using uncertainties in Re and Os mass-spectrometer meas-
urements, spike and standard Re and Os isotopic composi-
tions, calibration uncertainties of 185Re and 187Os and weigh-
ing uncertainties. Ages are calculated using the decay con-
stant 187Re = 1.666 x 10-11 yr-1 of Smoliar et al. (1996). An
international laboratory reference material (NIST certified,
RM Henderson (H2A), Markey et al., 2007, Table 3) of
ultra-fine molybdenite powder from the Henderson Mine,
Colorado, USA, was analyzed to maintain quality standards
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and assess inter-laboratory reproducibility. For this control a
Re–Os age of 27.50 ± 0.11 Ma (n = 1, 2F, 0.4%) was deter-
mined (Table 3). This date is slightly younger (0.6%) than
the control samples certified model age of 27.656 ± 0.022
Ma (n = 20).

RESULTS

Rhenium and osmium ages were determined for dis-
seminated molybdenite at the Motu (DS17-07), Ackley City
(DS13-07, DS15-07, DS16-07) and Wylie Hill (DS19-07)
showings and vein-hosted molybdenite from Ackley City
(DS14-07; Table 3). Samples DS15-07 from Ackley City
and DS19-07 from Wylie Hill were analyzed in duplicate
(Table 3). The results of Re–Os geochronology for a total of
six samples are presented in Table 3. The Re and 187Os abun-

dances range from 2.64 to 28.25 ppm, and 10.60 to 112.82
ppb, respectively. The calculated ages range from 377.5 ±
1.6 Ma to 381.8 ± 1.8 Ma. At the Motu showing, a single
Re–Os age indicates that molybdenite formed at 378.1 ± 1.7
Ma (2F, 0.4%). Two Re–Os molybdenite ages from the
Wylie Hill prospect signify mineralization occurred earlier
at 380.2 ± 1.6 Ma (n = 2, 2F, 0.4%). Four Re–Os ages from
the Ackley City prospect, centrally positioned between
Motu and Wylie Hill, indicate disseminated mineralization
occurred at 381.8 ± 1.8 Ma, 380.1 ± 1.6 Ma, 379.6 ± 1.7 Ma
(2F, 0.4%) and 377.9 ± 1.7 Ma (n = 2, 2F, 0.4%; Table 3).
In addition, molybdenite associated with quartz veins, knots
and pods formed at 379.6 ± 1.7 Ma (2F, 0.4%). All of the
Re–Os molybdenite dates in the Ackley Granite overlap
within uncertainty.
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Table 2. Location and geological description of samples selected for Re–Os geochronology

Ackley Granite
Sample no. Eastinga Northinga Facies Description Essential Mineralogyb

Motu Showing
DS17-07 632644 5283208 Rencontre Lake Molybdenite occurs as disseminated Ksp-Qtz-Pl-Bt-Mo-

1 - 15mm anhedral to subhedral,- Hem±Ms
miarole filling knots and rosettes in
pink, quartz-phyric, aplitic K-feldspar
granite

Ackley City Prospect
DS13-07 634569 5283576 Rencontre Lake Molybdenite occurs as disseminated Ksp-Qtz-Pl-Bt-Mo-

2 - 20 mm anhedral grains and Ms±F±Cp
subhedral rosettes in pinkish red
K-feldspar granite

DS14-07 634569 5283576 Rencontre Lake Molybdenite occurs as stringer Ksp-Qtz-Pl-Bt-Mo-
anhedral flakes in quartz veins with Ms
associated greisen in pinkish red
K-feldspar granite

DS15-07 634569 5283576 Rencontre Lake Molybdenite occurs as anhedral flakes Ksp-Qtz-Pl-Bt-Mo-
with associated greisen in a pinkish Ms
red K-feldspar granite

DS16-07 634569 5283576 Rencontre Lake Molybdenite occurs as fine grained Ksp-Qtz-Pl-Bt-Mo
anhedral disseminations along fracture
surfaces in pinkish red pegmatitic
K-feldspar granite

Wyley Hill Prospect
DS19-07 638176 5286364 Rencontre Lake Molybdenite occurs as 1 - 4 mm Ksp-Qtz-Pl-Bt-Py-

anhedral disseminations associated Mo-Lim±Cp
with circular pyrite-limonite staining
in pale pink, aplitic K-feldspar granite

a UTM NAD27 Zone 21T/U Cartesian coordinate
b Qtz: quartz, Pl: plagioclase, Ksp: K-feldspar, Bt: biotite, Ms: muscovite, Py: pyrite, Cp: chalcopyrite, Mo: molybdenite, F:
fluorite, Hem: hematite, Lim: limonite
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DISCUSSION AND CONCLUSIONS

The Re–Os results, taking into account the reported
uncertainties of the determined ages, indicate that the three
molybdenite prospects in the southwestern Ackley Granite
formed penecontemporaneously at ca. 380 Ma. The
hydrothermal muscovite ages obtained from the Rencontre
Lake area (Kontak et al., 1988; Table 1) are younger than the
Re–Os dates, and only broadly overlap within uncertainty.
The Ar–Ar and Re–Os dates are in better agreement when
the Ar–Ar dates are corrected by 0.65% (a correction need-
ed to align U–Pb and Ar–Ar ages; Kuiper et al., 2008).
However, the Ar–Ar ages remain slightly younger than the
Re–Os ages (Figures 1 and 2). This likely reflects the lower
closure temperature (~ 350°C) of the Ar–Ar system in
micas, compared to that of Re–Os molybdenite systematics
(Selby and Creaser, 2001a). Given that molybdenite miner-
alization in the Ackley Granite is considered to be syn-
genetic in origin (e.g., Whalen, 1980; Kerr et al., this vol-
ume), the Re–Os ages provide the best estimate of the crys-
tallization age of the pluton (cf. Selby et al., 2007). The new
Re–Os dates indicate a Late Devonian (Frasnian) age for
granite crystallization and coeval sulphide mineralization.
This estimate is consistent with emplacement ages obtained
for other Late Devonian granites in Newfoundland using
U–Pb ID–TIMS methods; for example, the Francois Granite
(378 ± 2 Ma) and the St. Lawrence Granite (374 ± 2 Ma;
Kerr et al., 1993). The Re–Os molybdenite ages also com-

pare favourably with the only U–Pb zircon age reported for
the Ackley Granite (377 ± 3 Ma; O'Brien, 1998). Given that
the Ackley Granite is considered to be composite in nature,
the ages do not necessarily indicate that all its constituent
units were emplaced at the same time (Figure 1). Future
results from other molybdenite-bearing localities in the Sage
Pond area will be of interest in this context. The precise and
very consistent information obtained from these initial
results suggests that the Re–Os method has excellent prom-
ise for constraining the timing of late magmatism and asso-
ciated mineralization in Newfoundland, and linking such
events to those recognized elsewhere in the Appalachian–
Caledonian Orogen (e.g., Feely et al., 2007).

These results are part of a broader regional study that
aims to gain a better understanding into the nature and tim-
ing of granophile mineralization in Newfoundland. Grani-
toid-related, porphyry-type copper and molybdenite
deposits have long been recognized from several localities
along eastern Canada's Appalachian corridor (Hollister et
al., 1974), but these are not as well understood as the
younger deposits in the Cordillera. Application of a suite of
geochemical tools (geochronology, fluid inclusions, stable
isotopes) should lead to a better understanding of this type
of mineralization occurring within an older and more deeply
eroded mountain belt. Future research will also facilitate
correlations between Ireland, Britain and Newfoundland in
terms of granite emplacement and associated mineralization.
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Table 3. Re–Os isotope data for molybdenite from mineralization in the SW sector of the Ackley Granite

Sample no. Sample weight (g) Total Re (ppm) 187Re(ppm) 187Os(ppb) Re-Os age (Ma)

Motu Showing
DS17-07 0.100 5.53 ± 0.02 3.48 ± 0.01 21.98 ± 0.06 378.1 ± 1.7

Ackley City Prospect
DS13-07 0.100 6.78 ± 0.02 4.26 ± 0.01 27.06 ± 0.07 380.1 ± 1.6
DS14-07 0.100 3.02 ± 0.01 1.90 ± 0.01 12.02 ± 0.03 379.6 ± 1.7
DS15-07 0.103 3.19 ± 0.01 2.00 ± 0.01 12.67 ± 0.04 378.2 ± 1.7
DS15-07a 0.101 3.18 ± 0.01 2.00 ± 0.01 12.63 ± 0.03 377.5 ± 1.6
DS16-07 0.100 2.64 ± 0.01 1.66 ± 0.01 10.60 ± 0.03 381.8 ± 1.8

Wyley Hill Prospect
DS19-07 0.102 26.65 ± 0.09 16.75 ± 0.06 106.40 ± 0.27 380.1 ± 1.6
DS19-07a 0.020 28.25 ± 0.11 17.75 ± 0.07 112.82 ± 0.36 380.2 ± 1.6

Reference Material
H2Ab 0.101 11.10 ± 0.04 6.98 ± 0.02 3.20 ± 0.01 27.50 ± 0.11

Notes: All uncertainties are at the 2F level; age calculated using the decay constant 8187Re = 1.666 x 10-11 yr-1 (Smoliar et al.,
1996)
aDuplicate sample
bHenderson molybdenite reference material (Markey et al. 2007)
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less common and less intense, and all units, except for Unit (d), are non-

marine. Field evidence suggests that unconformities occur above units (a) 

and (b). Following deposition of each unit, sediment was lithified, locally 

structurally deformed and eroded. In addition, a major change in climate, 

specifically from dry to wet, is indicated across the top of Unit (b). The 

contact between units (c) and (d) is also a sharp, locally erosional 

discontinuity marked by a change from mainly terrestrial to fully marine 

conditions. Below the contact, poorly-sorted to boulder conglomerate, 

overlain by a silcrete horizon, indicates a period of uplift, rapid erosion 

and deposition followed by non-depositon and paleosol development. This 

was followed by marine inundation, Unit (d), which then grades 

conformably upward into carbonate rocks of the overlying Beekmantown 

Group. 

In summary, the Potsdam Group in the western St. Lawrence 

Lowlands records a long history of mostly continental clastic deposition 

interrupted by periods of tectonic uplift and erosion, with transgression 

near its top. Tectonism along the western basin margin was the dominant 

factor that controlled accommodation, erosion, and sedimentation, and 

ultimately distribution of stratal units throughout the area. 

  

THE TIMING AND DURATION OF GRANITE-RELATED 

MAGMATIC-HYDROTHERMAL EVENTS IN SOUTHEASTERN 

NEWFOUNDLAND: RESULTS OF Re-Os MOLYBDENITE 

GEOCHRONOLOGY 

Lynch, E.P., Earth and Ocean Sciences, School of Natural Sciences, 

NUI Galway, Ireland, e.lynch9@nuigalway.ie, Selby, D., 

Department of Earth Sciences, Durham University, Durham, DH1 

3LE, UK, and Wilton, D.H.C., Department of Earth Sciences, 

Memorial University, St. John’s, NL A1B 3X5 

The geology of southeastern Newfoundland includes an arcuate belt of 

late-orogenic leucogranites associated with variable intrusion- and vein-

hosted mineralization (e.g. Mo, Cu, W, Sn, F). Granite magmatism and 

related hydrothermal activity developed during the latter stages of the 

Acadian Orogeny and was spatially focused along the Gander-Avalon 

suture zone. We present the results of Re-Os molybdenite geochronology 

from mineralized localities in southeastern Newfoundland that constrains 

the timing and duration of this regional-scale, magmatic-hydrothermal 

event. 

From east to west the results are: (1) At Granite Lake in south-central 

Newfoundland (Gander Zone), quartz vein-hosted Mo-Cu-W 

mineralization in the Wolf Mountain Granite has a mean age of 386.8 ± 

1.6 Ma (n = 3). This date is inferred to constrain the age of the granite 

which also hosts disseminated molybdenite. (2) On the south coast, 

molybdenite from the Moly Brook Mo-Cu deposit and adjacent Grey River 

W deposit define mean ages of 380.8 ± 1.6 Ma (n = 4) and 381.3 ± 1.8 Ma 

(n = 2), respectively. Here, mineralization is spatially associated with 

minor granite intrusions. (3) Further east (Avalon Zone), disseminated and 

vein-hosted molybdenite in the Harbour Breton Granite is dated at 381.2 ± 

1.9 Ma and 382.5 ± 1.7 Ma, respectively. These model ages are identical 

within uncertainty and constrain the age of the pluton and mineralization. 

(4) In the southern Ackley Granite, disseminated molybdenite from four 

localities has the following ages: Ackley City, 379.4 ± 1.7 Ma (n = 5); 

Motu, 378.1 ± 1.7 Ma (n = 1); Wylie Hill, 380.2 ± 1.6 Ma (n = 2); Anesty 

Hill South, 379.2 ± 4.6 Ma (n = 1). (5) At Belle Island, located between 

the Harbour Breton and Ackley granites, vein-hosted molybdenite 

associated with a granite stock is dated at 382.3 ± 1.5 Ma. (6) On the Burin 

Peninsula, molybdenite from a quartz-fluorite veinlet within the St 

Lawrence Granite yielded a model age of 365.8 ± 2.8 Ma. This date is 

younger than the accepted age of the granite (374 ± 2 Ma) and likely 

reflects prolonged hydrothermal activity during granite cooling and/or 

unroofing. 

These data indicate that a spatially focused episode of granophile 

mineralization evolved in this region between ~ 387 – 366 Ma, with a 

principal magmatic-hydrothermal event occurring at ca. 380 Ma. The Re-

Os ages correlate late-orogenic granite magmatism across the Gander-

Avalon zones and establish a geochronological framework for granophile 

mineralization in this sector of the Newfoundland Appalachians. 

  

THE KAMISTIATUSSET (KAMI) IRON DEPOSIT, WABUSH, 

LABRADOR – A DEPOSIT ON THE EDGE 

Lyons, E., P.Geo, edlyons@telus.net, Alderon Iron Ore Corp., PO 

Box 8520, Victoria, BC V8W 3S1 

The Kamistiatusset (“Kami”) iron oxide deposits lie on the southeastern 

flank of the metamorphosed Labrador Trough iron formation and 

associated stratigraphy between Wabush, Labrador and Fermont, Quebec. 

The Rose and the Mills Lake deposits have an indicated resource of 490 

million tonnes at 30.0% iron with an additional inferred resource of 598 

million tonnes at 30.3% iron. Between 2008 and 2012, 226 drillholes 

totalling 68,130 m have been drilled to delineate the deposits. The project 

is operated by Alderon Iron Ore Corp. of Montreal, QC. 

The Kami deposits are atypical of the past and currently producing 

iron mines in the Labrador-Quebec metataconite belt in that the iron oxides 

are 65% magnetite: 35% hematite. These will be the first high-magnetite 

iron oxide deposits brought into production in the region. Each deposit 

formed in separate iron formation basins, juxtaposed together by two main 

phases of deformation and thrust faults; each has distinctive 

characteristics. The Rose deposit was deposited on the margins of the 

informally named Wabush Basin while the Mills Lake deposit may be 

related to more distal parts of the Mont-Wright basin. 

The deposits show the cumulative effects of geological events from 

Paleoproterozoic deposition through the Grenville orogeny and later 

deformations culminating in deep weathering attributed to the Cretaceous 

weathering. Certain structural features are poorly documented in the 

literature yet significantly impact the deposit geometry. The prevalence of 

deep weathering in the district also has received little regional study. The 

economic impacts of each of these elements will be discussed. 

Geometallurgical methods were used from initial stages of 

exploration to help guide metallurgy and future mining development. 

These include tracking trace element and mineralogical deportment 

spatially throughout the deposits in fine detail in order to assess the 

relationship between observed stratigraphy and potential economic 

consequences. These studies assist in the rapid understanding of deposit 

details that reduces economic risk in fast-paced development projects. The 

complex magnetite-hematite deposits respond well to integrated 

approaches that assess the mineralogical and structural components. 

  

GEOCHEMISTRY AND REFINED CORRELATIONS OF 

EDIACARAN STRATA IN NORTHWESTERN CANADA: 

IMPLICATIONS FOR THE AGE OF EDIACARAN FAUNA AND 

THEIR RELATIONSHIP TO THE PUTATIVE SECOND RISE OF 

OXYGEN 

Macdonald, F.A., fmacdon@fas.harvard.edu, Strauss, J.V., Sperling, 

E., Johnston, D.T., Harvard University, Cambridge, MA 02138 USA, 

Halverson, G.P., McGill University, Montreal, QC H3A 2T5, and 

Narbonne, G., Queen's University, Kingston, ON K7L 3N6 

Ediacaran strata are present in the Ogilvie, Wernecke, and Mackenzie 

Mountains of NW Canada. These successions contain Ediacaran fauna, 

abundant trace fossils, large carbon isotope anomalies, and significant 

shifts in Fe speciation data that have been previously attributed to a rise in 

oxygen coincident with the first appearance of Ediacara fauna. Here we 

report new geological mapping, stratigraphic sections, detrital zircon 

geochronology, Fe speciation, trace element, and Ccarb, Corg and S isotope 

data from Ediacaran exposures across northwestern Canada. These data 

demonstrate that the Ediacaran fauna from the relatively distal Sekwi 

Brook sections occur above an unconformity and are not correlative with 

the Sheepbed Formation at more proximal sections near Shale Lake. The 

Ediacara-bearing unit at Sekwi Brook that has previously been correlated 

with the Sheepbed Formation due to its stratigraphic position beneath the 

Gametrail and Blueflower Formations; however, the fossiliferous strata are 

not associated with the Hayhook cap carbonate, are bound by a basal 

unconformity recorded by a significant incised channel that contains 

abundant resedimented carbonate, ooid, and coarse quartz grains, all of 

which are absent in the Sheepbed Formation near Shale Lake and 

elsewhere in NW Canada. The lower Ediacaran bearing unit at Sekwi 

Brook is also isotopically distinct from both the Sheepbed Formation and  

 

 



12th Biennial SGA Meeting
12–15 AUGUST 2013, UPPSALA, SWEDEN

Mineral deposit research  
for a high-tech world

Proceedings
VOLUME 3



1291Hydrothermal ore-forming processes

5Geological Survey of Sweden (SGU), Villavägen 18, 75128 Uppsala, Sweden 
 
Abstract. The 

34
SV-CDT compositions of sulfides from 

several Paleozoic granite-molybdenum systems in the 
Newfoundland Appalachians were determined. The 
majority of sulfides have a narrow range from 

approximately 4 to 8 . Paragenetic main-stage sulfides 

are more 
34

S-enriched compared to late-stage 
mineralization. The 

34
S values indicate a single 

(magmatic) supply of sulfur during magmatic-
hydrothermal mineralization. The primary sulfur source is 
inferred to be a lower to mid-crustal reservoir. Granitoid 
melts sequestered this sulfur, which was later transferred 
to the upper crust via late-orogenic transtenstional faults. 
The addition of 

34
S-enriched sedimentary sulfur may also 

have played a role. 
 
Keywords. Sulfur isotopes, granite, molybdenum, 
Newfoundland, Appalachians 
 

1 Introduction 
 

Much of the world’s metal is sourced from mineral 

deposits containing sulfide ore. The availability of sulfur 

species in mineralizing systems to complex metals 

therefore plays a fundamental role in the formation of 

sulfide deposits. An essential task in the study of sulfide-

bearing deposits is to constrain the geological conditions 

controlling the source, supply and/or activity of sulfur 

during mineralization. Sulfur isotopes can retain a 

geochemical signature of depositional conditions during 

sulfide precipitation. Thus, sulfur isotope analysis can 

potentially constrain the history of sulfur within a 

mineralizing system, provide evidence of the sulfur 

reservoir(s) that may have been tapped, and offer 

insights into the broader physicochemical conditions that 

exist within a mineralizing magmatic-hydrothermal 

system (e.g., Ohmoto and Goldhaber 1997). 

This study presents the results of a stable sulfur 

isotope investigation of granite-related molybdenum 

mineralization in the Paleozoic Newfoundland 

Appalachians (eastern Canada). The mineralization is 

generally associated with a suite of evolved, Late 

Devonian leucogranites that formed within a thickened, 

collided orogen setting, and includes various 

depositional styles such as magmatic disseminations, 

porphyry-type stockwork and greisen. The results shed 

some light on the source, availability and behaviour of 

sulfur in mineralizing magmatic-hydrothermal systems 

that develop during the concluding stages of a 

protracted, regional-scale, orogenic event. 

2 Granitoid Geology and Mineralization 
 
2.1 Geological setting 
 

In the Newfoundland Appalachians, Early Paleozoic 

volcanosedimentary units and related structures record 

the sequential collision and accretion of oceanic and 

Gondwanan crustal components to the Laurentian craton 

during subduction of the Iapetus Ocean (e.g., Van Staal 

et al. 1998). Continued convergence into the Devonian 

produced voluminous, syn-collisional, granitoid 

magmatism within the core of the orogen known as the 

Central Mobile Belt (CMB, Fig. 1). 

 

 
 
Figure 1. Paleozoic granitoid geology of Newfoundland. 

Study localities 1 – 8 are listed in Table 1. Abbreviations: AZ = 

Avalon Zone, BSZ = Burgeo Subzone, BVBL = Baie Verte-

Brompton Line, CMB = Central Mobile Belt, DHBF = Dover-

Hermitage Bay Fault, DZ = Dunnage Zone, GZ = Gander 

Zone, HF = Hermitage Flexure, SJ = St John’s. Based on 

Coleman-Sadd et al. (1990) and Williams et al. (1988). 
 

Granitoid plutons of the CMB encompass a 

broad range of mineralogical and geochemical types 

reflecting variable source regions, tectonic 

environments, emplacement mechanisms and magmatic 

Sulfur isotope composition of granite-molybdenum systems 
formed within a collided orogen setting: insights from the 
Newfoundland Appalachians, Canada
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processes (e.g., Elias and Strong 1982; Kerr 1997). A 

first-order, regional-scale assessment of Newfoundland 

Paleozoic granitoids indicates that the plutons (broadly) 

young and evolve from northwest to southeast reflecting 

the tectonic and crustal evolution of the orogen with time 

(Fig. 1; cf. Strong and Dickson 1978; Williams et al. 

1989). The culmination of this trend was the 

emplacement of a suite of evolved leucogranites in the 

Late Devonian that are associated with variable 

granophile mineralization (e.g., Strong 1980; Chatterjee 

and Strong 1982). 

 
2.2 Late Devonian granites and mineralization 
 

Late Devonian granites in Newfoundland (~ 385 – 374 

Ma) form a relatively narrow, arcuate zone along the 

eastern and southern margins of the CMB (Fig. 1). In the 

east, the granites intrude along the Dover-Hermitage Bay 

Fault (DHBF, Fig. 1) separating the Gander and Avalon 

tectonostratigraphic zones (GZ and AZ, Fig. 1). In the 

south coast region (south of the Hermitage Flexure (HF), 

Fig. 1), evolved granites also occur within, and adjacent 

to, the wedge-shaped Burgeo Subzone (BSZ), which 

some workers regard as a lateral equivalent of the AZ 

(e.g., Dunning and O’Brien 1989). This regional 

emplacement pattern reflects transtensional movements 

along brittle-ductile shear zones in the upper crust which 

allowed passive magmatism to intrude steeply dipping 

fault conduits (D’Lemos et al. 1995). In mineralized 

areas, exposed plutons are interpreted to represent 

relatively shallow, structurally high, apical zones (e.g., 

Whalen 1980). 

Petrologically, the suite consists of megacrystic 

and equigranular to locally porphyritic varieties of 

biotite granite and alkali feldspar granite (s.s.). 

Geochemical analyses indicate high-silica, alkali-rich, 

peraluminous to locally peralkaline compositions, 

enriched in large-ion lithophile and other incompatible 

elements. Granophile mineralization predominantly 

consists of hypogene intrusion- and vein-hosted 

molybdenum systems (i.e., Mo ± Cu, W; Table 1). The 

mineralization occurs as variable intragranitic 

disseminations and segregations related to late-stage 

magmatism (e.g., Ackley Granite, Harbour Breton), or as 

sulfide-bearing quartz veins related to magmatic-

hydrothermal processes (e.g., Moly Brook). In the latter 

case, the stockwork may be detached from its causative 

magmatism (e.g., Moly Brook), or developed within a 

cogenetic pluton (e.g., at Granite Lake). Locally, 

metasomatic greisen and late-stage veins host minor Sn, 

W, Mo, Cu and Pb mineralization (Ackley, St Lawrence, 

Moly Brook). Fluorite also accompanies the 

mineralization. These general characteristics suggest a 

metallogenic affinity with intraplate, rift-related 

porphyry Mo systems (cf. Carten et al. 1993). Re-Os age 

constraints indicate granophile mineralization occurred 

as a temporally focused episode at ca. 380 Ma in 

southeastern Newfoundland (Lynch et al. 2012). 

Table 1 lists the investigated areas and 

summarises the mineralization styles associated with the 

Late Devonian granites (no. 4 - 8) and older plutons 

located within the CMB (no. 1 – 3). 

 

 
 
Table 1. Summary of Paleozoic granite-related Mo 

mineralization in Newfoundland. Locations are listed (8 – 1) 

approximately youngest to oldest, and from east to west. 
 

3 Sulfur Isotopes 
 

Sixty seven samples (molybdenite, 

chalcopyrite, pyrite and galena), collected from eight 

mineralized areas, were analysed for their stable sulfur 

isotope compositions. 58 samples from five areas 

represent granophile mineralization linked to the evolved 

leucogranites previously described (i.e., Ackley Granite, 

Harbour Breton Granite, Belle Island, St Lawrence 

Granite and Moly Brook; locations 4 – 8, Fig. 1). A 

comparative set of 9 samples from three localities within 

the CMB represent earlier Late Ordovician to Mid-

Devonian mineralization associated with syn-collisional 

granitoid magmatism (i.e., Granite Lake, Moly Peak and 

Topsails; locations 1 – 3, Fig. 1). Sulfur isotope 

compositions 
34

S) were determined at the Scottish 

Universities Environmental Research Centre (SUERC) 

and Memorial University using SO2 extraction and in 

situ laser methods. Analytical precision is estimated to 

be ± 0.4‰ 

the V-CDT reference composition (0‰). 

The sulfur isotope results are summarised as 

histograms in Figure 2. The data are grouped by area 

(Group 1 to 4) and individual analyses are classified into 

three broad mineralization styles (disseminated, early 

veins/segregations and late veins/greisen) reflecting a 

general paragenetic evolution. Results from the Ackley 

Granite (Group 1) and Moly Brook (Group 3) have been 

retained as separate datasets. This facilitates a 

comparison between hypogene disseminated 

mineralization within the Ackley Granite and the vein 

mineralization at Moly Brook that is inferred to have a 

genetic link to Ackley-type granitic magmatism (see 

Kerr et al. 2009). For the purpose of data presentation 

and discussion, the results from the Harbour Breton, 
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Belle Isl. and St Lawrence areas (within the AZ) have 

been grouped (Group 2). Likewise, the results from 

Granite Lake, Moly Peak and Topsails (within the CMB) 

are also grouped (Group 4). 

 

 
 
Figure 2. Sulf 34S) of granophile 

sulfides. Molybdenite was analysed except where labelled with 

cp (chalcopyrite), g (galena) or p (pyrite). Figure includes nine 

repeat analyses. Homogenous mantle sulfur range from 

Ohmoto (1986). 
 

From east to west the results are as follows: In 

the Ackley Granite (Group 1), sulfide mineralization has 
34

S value of 5.4 ± 2.4‰ (n = 25). 

Disseminated molybdenite has a relatively restricted 

range from 4.5 to 7.6‰. Vein and quartz-segregation 

molybdenite also falls within this range (4.8 to 6.6‰). 

Sulfides associated with quartz-topaz greisen and Sn 

mineralization have a wider range from 3.2 to 6.8‰. On 

the south coast (Group 2), sulfides have an average value 

of 4.4 ± 2.8‰ (n = 16). Disseminated and quartz-vein 

molybdenite values range from 3.7 to 6.7‰. Late-stage 

sulfide veins are isotopically lighter and range from 1.8 

to 4.7‰. At Moly Brook (Group 3), vein-hosted sulfide 

mineralization has an average value of 6.8 ± 2.3‰ (n = 

25) defining a relatively narrow range. Main-stage 

quartz-molybdenite-sulfide veins range from 4.5 to 8.5‰ 
and are relatively isotopically heavy. Late-stage galena 

and pyrite range from 5.2 to 7.5‰. The samples from the 

CMB (Group 4) have an average value of 4.0 ± 1.3‰ (n 

= 10). Molybdenite in quartz-sulfide veins falls within a 

restricted range from 3.0 to 4.9‰. 

 

4 Discussion and Conclusions 
 

The 
34

S compositions display relatively narrow, 

overlapping ranges when viewed by the grouped datasets 

(Fig. 2). This indicates that for each group, a relatively 

consistent supply of 
34

S-enriched sulfur was available 

during mineralization. This picture is comparable with 

the 
34

S compositions of granite-related sulfides from 

elsewhere in the Canadian Appalachians (e.g., Kontak 

1990). 
34

S compositions of granophile sulfides 

within the Avalon Zone (Groups 1 and 2) are similar to 

the values from the Moly Brook Mo-Cu deposit (Group 

3) located in the Burgeo Subzone. This suggests similar 

causative processes and underlying geological controls 

for these mineralized areas, consistent with field and 

geochronological constraints. The 
34

S compositions of 

main-stage sulfides within the CMB (Group 4) overlap 

the values of other areas; however, they are marginally 

less 
34

S-enriched. 

Deviations in 
34

S values from the restricted 

ranges appear to have been influenced by local 

paragenetic change and mineralization style, rather than 

an additional sulfur source (e.g., wallrock-leached 

sulfur). For example, in Group 1 (Ackley Granite), main-

stage sulfides (intragranitic disseminations and quartz-

segregations) are 
34

S-enriched and fall within a restricted 

range from ~ 4 to 8‰. However, late-stage greisen and 

vein sulfides are more 
34

S-depleted and are somewhat 

more variable. A similar variation is visible for the 

Group 2 sulfides (Fig. 2). These isotopic fluctuations are 

likely due to changes in the physicochemical properties 

(i.e., T, pH, ƒO2  

mineralization progressed (Ohmoto 1986). 

 

 
 
Figure 3. Sulfur isotope values of coexisting sulfide pairs. 

Thick line (slope = 1) indicates perfect equilibrium between 

pairs with dashed lines equal to the maximum analytical 

uncertainty. Disequilibrium of ±1 per mil units also shown. 
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 Variations in hydrothermal properties during 

mineral deposition can manifest itself as isotopic 

disequilibrium between coexisting sulfide pairs, as 

shown in Figure 3. In this study, isotopic equilibrium has 

been broadly maintained between sulfide pairs involved 

in early, main-stage mineralization, with an average 

isotopic fractionation ( AB) of ±1.2‰. In contrast, 

sulfide pairs from late-stage veins and greisen display a 

greater degree of isotopic disequilibrium AB = ±2.4‰). 

This indicates a relatively stable magmatic-hydrothermal 

system prevailed during main-stage mineralization, 

while factors such as the availability of sulfur and/or 

changes in depositional redox state influenced the more 

variable 
34

S compositions of late-stage sulfides. 

T
34

S signature of Paleozoic granophile 

sulfides from Newfoundland is compatible with lower to 

mid-crustal sulfur that was sequestered by granitoid 

melts during orogenesis and transferred to upper crustal 

levels along shear zone fault systems (e.g., Sasaki and 

Ishihara 1979). Continued magma fractionation toward 

evolved granitic compositions provided a mechanism for 

progressive isotopic enrichment of the magmatic sulfur 

(cf. Poulsen et al. 1991). However, isotope studies of 

Ediacaran and Cambrian sedimentary sulfide from the 

Avalon platform suggest an upper crustal reservoir of 
34

S-enriched sulfur potentially existed by the Devonian 

(e.g., Strauss et al. 1992, Canfield et al. 2007). Thus, the 

magmatic assimilation of sedimentary sulfur may also 

have played a role in the development of these 
34

S-

enriched granite-molybdenum systems. 
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