
1 

 

Characterization, classification, and mechanisms for mineralization of critical  

metal-bearing occurrences in southwestern Meguma Terrane, Canadian Appalachians 

By 

Naomi Welt 

 

A Thesis Submitted to Saint Maryôs University, Halifax, Nova Scotia in Partial Fulfillment of the 

Requirements for the Degree of Master of Science in Applied Science 

 

April  2022, Halifax, Nova Scotia 

© Naomi Welt, 2022 

 

Approved:   Dr. Erin Adlakha 

Supervisor 

Department of Geology 

Saint Maryôs University 

 

Approved:   Dr. Jacob Hanley 

Supervisory Committee 

Department of Geology 

Saint Maryôs University 

 

Approved:   Dr. Geoff Baldwin 

Supervisory Committee 

Department of Natural Resources and Renewables, 

Government of Nova Scotia 

 

Approved:   Dr. Danielle Tokarz 

Supervisory Committee 

Department of Chemistry 

Saint Maryôs University 

 

Approved:   Dr. Mathias Burisch 

External Supervisor 

Institut für Mineralogie 

Technische Universität Bergakademie Freiberg 

 

 

          Date: April  11, 2022 

  



2 

 

Characterization, classification, and mechanisms for mineralization of critical  

metal-bearing occurrences in southwestern Meguma Terrane, Canadian Appalachians 

 

by Naomi Welt 

 

Abstract 

 

Multiple polymetallic vein-type occurrences with a suspected but unconfirmed genetic relationship 

and polymetallic critical metal-bearing assemblages occur in the Meguma Terrane metasediments in 

southwestern Nova Scotia. A multi-analytical approach integrating results from detailed petrography, 

scanning electron microscopy (SEM), Re-Os geochronology of arsenopyrite, U-Pb geochronology of 

apatite, Al -in-chlorite thermometry via electron probe micro-analyzer (EPMA), in-situ secondary ion mass 

spectrometry (SIMS) of sulfur isotopes in sulfides, and fluid inclusion systematics has allowed for the 

characterization and interpretation of mineralization at the Lansdowne (Sb-Pb-Zn-Co-Ag) and Cape St. 

Maryôs (Sb-Pb-As-Co-Ni-Bi-Au-REE) occurrences, and comparisons with the Nictaux Falls Dam 

occurrence (Co-Ni-As-Bi-Au). These results suggest a complex multi-stage mineralizing history for both 

occurrences due to reactivation of Neoacadian structures. Critical metal mineralization of the Lansdowne 

occurrence represents a newly classified occurrence type in Nova Scotia related to extensional tectonics 

from the breakup of Pangea in the Late-Triassic.  
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Chapter 1: Introduction  

1.1 Structure of thesis 

This thesis is a ñthesis by manuscriptò and consists of five chapters, two of which are stand alone 

manuscripts aimed to be submitted to peer-reviewed scientific journals. Chapter 1 outlines the thesis, 

provides background on previous work and motivations for the project, and introduces the objectives of the 

thesis.  

Chapter 2 presents results of petrographic observations, geochronology, mineral chemistry, and fluid 

inclusion systematics of the critical metal bearing polymetallic vein-type Lansdowne occurrence, with the 

aim of interpreting paragenesis, timing for mineralizing stages, fluid and sulfur sources, and mechanisms 

for mineralization. Chapter 2 is for submission to the Journal of Economic Geology. I conducted field work, 

petrography, data collection (including using electron probe micro-analyzer and scanning electron 

microscope), data compilation and interpretation, production of tables/figures, calculation of fluid inclusion 

isochores, and writing of the manuscript. Fluid inclusion analyses of mineralized samples from Lansdowne 

(including sample petrography, Raman spectra analyses, microthermometry experiments, and decrepitate 

mound analyses) were conducted by honours student Joshua Jackman. Robert Creaser collected Re-Os data 

for geochronological interpretation. Mostafa Fayek and Ryan Sharpe collected in-situ S-isotope data by 

secondary ion mass spectrometry (SIMS). All co-authors provided edits and commented on interpretations 

of data and the written manuscript. 

Chapter 3 covers the mineralogy and mineral chemistry of the Cape St. Maryôs occurrences and their 

geologic context, in order to determine processes for mineralization of important critical metals. Chapter 3 

is for submission to the Society of Atlantic Geologyôs special publication ñDevelopments in mineral 

resources research in the northern Appalachiansò under the guidelines of the Journal of Atlantic 

Geoscience. I conducted field work, sample collection, petrography, data collection by scanning electron 

microscope, data interpretation, production of tables and figures, and writing of the manuscript. Mostafa 
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Fayek and Ryan Sharpe collected in-situ S-isotope data of sulfides by SIMS. Co-authors provided 

comments for the manuscript.  

 Chapter 4 introduces new data for the Nictaux Falls Dam occurrence, and compares the genetic 

relationship between the Lansdowne, Cape St. Maryôs, and Nictaux Falls Dam occurrences. Chapter 5 

summarizes the key conclusions from each chapter and provides suggestions for future work to continue 

investigating these unique critical metal sources in Nova Scotia. 

1.2 Previous work  

This project came about from the discovery of multiple polymetallic (Sb-Pb-As-Zn-Co-Ni-Bi-Ag-

Au-REE) quartz ± carbonate vein hosted occurrences in the southwestern Meguma Terrane of Nova Scotia 

by George OôReilly, a geologist with the NSDNR (Nova Scotia Department of Natural Resources, now 

Nova Scotia Department of Natural Resources and Renewables) in the 1980s and 1990s. OôReilly (1995) 

describes a possible genetic relationship between these occurrences as they share mineralogical 

characteristics and a spatial relationship to the metasedimentary and metavolcanic rocks of the Rockville 

Notch Group (White Rock, Kentville, and New Canaan Formations), which only outcrops in a few regions 

in the northwestern Meguma Terrane west of the South Mountain Batholith (Figure 1-1). All of these 

occurrences are also related spatially to mafic intrusions/sills. These occurrences include the Nictaux Falls 

Dam occurrence (NFDO; Co-Ni-As-Bi-Au), the Lansdowne Prospect (or Lansdowne occurrence; Sb-Pb-

Zn-Ag-Au), and the Cape St. Maryôs occurrences (Sb-Pb-Ni-Co-Ag-Au; Figure 1-1). OôReilly (1995) 

suggests that these occurrences have characteristics reminiscent of ñfive-element depositsò, which are 

primarily defined by their metallogeny (Ni-Co-As-Bi-Ag; Kissin, 1992) as the models for their formation 

are largely debated (Kissin, 1992; Markl et al., 2016; Burisch et al., 2017; Burke, 2018). Five-element 

deposits are often spatially associated with mafic intrusive bodies and are distributed worldwide (see 

summary in Kissin, 1992). They have historically been an important source of Co, Ni, and Ag, and the 



14 

 

discovery of this deposit type in Nova Scotia would be an important addition to the mineral resource profile 

of the province.  

The Nictaux Falls Dam occurrence (NFDO) was considered to share the most similarities with five-

element style deposits, considering mineralogy and host rocks (OôReilly, 1995). McNeil (2019) indicates 

that mineralization at the NFDO could be a variant of five-element vein mineralization in Nova Scotia; 

however, several critical defining characteristics of five-element deposits are missing at the NFDO such as 

a lack of native Ag or Bi, di- and tri- arsenide complexes, changes in metal zonation, differences in 

paragenesis, and lack of skeletal or dendritic textures. Since five-element deposits form at generally shallow 

paleo-depths (<1.5 km; Markl et al., 2016), Kennedy (2019) suggests that the NFDO may be an expression 

of a five-element occurrence type at much higher depths of emplacement (4 ï 11 km), based on fluid 

inclusion systematics.  

Although the Cape St. Maryôs and Lansdowne occurrences were thought to be related to the NFDO, 

the metal assemblages hosted in these occurrences do not possess sufficient overlap to classify them as five-

element deposits. I hypothesize that they are likely an example of a different polymetallic vein deposit type 

or may represent as yet unclassified expressions of vein-hosted critical metal mineralization.  
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Figure 1-1 - Map by O'Reilly (1995) outlining locations and metal assemblages of the Nictaux Falls Dam 

occurrence, Lansdowne Prospect, and Cape St. Mary's occurrence after their initial discovery. Meguma 

Group is now called Meguma Supergroup (which includes the Halifax and Goldenville Groups). The White 

Rock, Kentville, and New Canaan Formations form the Rockville Notch Group. On this map, Triassic rocks 

represent the Fundy Group.  

1.3 Objectives of thesis 

The primary objectives of this thesis are to describe the mineralogy, textures, paragenesis, mineral 

chemistry, and bulk rock chemistry of the Lansdowne and Cape St. Maryôs occurrences. These results are 

applied to determine paragenesis and timing of critical metal mineralization and potential sources of fluids, 

metals, and sulfur. The broader objective is to classify these occurrences within the framework of existing 

deposits in the Meguma Terrane and at a global scale by finding proxies for mineralization in other deposits 

worldwide. This project will also compare the combined results from the Lansdowne and Cape St. Maryôs 

occurrences with previously collected and new results from the NFDO to evaluate a genetic relationship 
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between the three study areas and identify vectors for continued exploration of critical metal mineralization 

in Nova Scotia.  
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Abstract 

The Lansdowne occurrence is a poorly understood and little-known polymetallic (As-Sb-Zn-Pb-Fe-

Cu-Co-Au-Ag) vein-hosted occurrence in southwestern Nova Scotia, selected to further understand critical 

metal endowment of the Meguma Terrane, the farthest outboard terrane of the Canadian Appalachians. 

Detailed petrography along with Re-Os geochronology of arsenopyrite identified two distinct periods of 

mineralization: i) an early stage (~365 Ma) of massive arsenopyrite mineralization associated with the 

Devonian Neoacadian orogen and assembly of Pangea, and ii) a late stage (~214 Ma) of critical metal 

sulfide mineralization (e.g., sphalerite, pyrrhotite, arsenopyrite, chalcopyrite, jamesonite, boulangerite, 

galena, pyrite) associated with Late-Triassic rifting during the opening of the Bay of Fundy and Atlantic 

Ocean. Assays of samples hosting critical metals indicate >10 wt.% As, ~2 wt.% Sb, ~2 wt.% Zn, ~0.6 

wt.% Pb. Results from Al-in-chlorite thermometry indicate formation of Fe-Zn-Cu minerals of the late stage 

at ~360 °C. Quartz and carbonate hosted fluid inclusions indicate mingling of a variably high salinity brine 

(NaClequiv = ~6 ï 27 wt.%) and methane for Sb-Pb mineralizing fluid, with temperature and pressure 

constraints from fluid inclusion isochores indicate low temperature-low pressure conditions at ~165 ęC and 

~15 bar. Sulfur isotopes indicate that the Devonian stage of arsenopyrite mineralization (ŭ34S = ~15.3ă) 

was partially dissolved under oxidized conditions and provided sulfur to form the late stage sulfides (ŭ34S 

mailto:naomi.welt@smu.ca
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= ~24.0ă). Comparison of whole rock geochemistry between altered and least altered host rocks [altered 

mafic sills (437 ± 6.3 Ma from U-Pb in apatite geochronology), metamudstone of the Bear River Formation 

(Ordovician)], indicate that critical metals (Zn, Pb, Co, Cu, and Fe) were likely leached from country rock. 

The critical mineral stage of the Lansdowne occurrence is the first polymetallic vein-type deposit in Nova 

Scotia whose formation is linked to the Late-Triassic rifting from the breakup of Pangea, and exhibits 

overlapping characteristics with epithermal Sb-Au polymetallic deposits of the European Variscan Belt.  

2.1 Introduction  

ñCritical metalsò (e.g., Sb, Co, Ni, REE, etc.) are high priority for mineral exploration due to their 

demand and role in the transition to greener infrastructure (Natural Resources Canada, 2020). In the 

Meguma Terrane of southwestern Nova Scotia, the farthest outboard terrane of the Canadian Appalachians, 

multiple polymetallic vein occurrences endowed in Sb ± Au, as well as significant amounts of As, Co, Ni, 

Pb, Zn, Cu. Ag, and REE exist hosted in Meguma Terrane metasediments. Gold mineralization in the 

Meguma Terrane is not unusual; however, so called ñtraditional Meguma Auò deposits, which form 

throughout the eastern Meguma Terrane and are an important mineral resource for Nova Scotia, rarely form 

with other sulfides, especially those of complex metal endowment (Sangster and Smith, 2007). Although 

generally unrecognized in Nova Scotia, polymetallic Sb-Au deposits are widespread globally [e.g., the 

Cerro de Pasco deposit, Peru (Rottier et al., 2016), the Laqiong Sb-Au deposit in Tibet (Cao et al., 2019), 

and the Allchar deposit in Macedonia (Palinkaġ et al., 2019)], and include abundant deposits in the European 

Variscan Belt (e.g., Munoz et al., 1992; Marignac and Cuney, 1999; Wagner and Cook, 2000; Seifert and 

Sandmann, 2006; Pochon et al., 2016; Krolop et al., 2019). Variscan Sb-Au deposits are related to late-

Variscan extensional tectonic processes and form in shallow epithermal conditions (see summary in Wagner 

and Cook, 2000). Polymetallic Sb-Au mineralization in Nova Scotia has yet to be recognized as a 

mineralization type.  
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For this study, a multi-analytical approach has been applied to characterize the Lansdowne occurrence; 

a polymetallic vein occurrence from the Digby area of southwestern Nova Scotia which hosts abundant Sb, 

Pb, As and Zn and minor Co, Ag, and Au (Figure 2-1A). Mineralized quartz-carbonate veins are hosted in 

mafic sills of unknown age that intrude Ordovician metasedimentary rocks of the Halifax group. These sills 

are proximal to the Devonian Ellison Lake Pluton of the South Mountain Batholith, and south of the Triassic 

sedimentary and volcanic rocks of the Fundy rift basin (Figure 2-B). Proposed mechanisms for 

mineralization by OôReilly (1978, 1995) include a primitive, deep crustal source for metals, with mafic 

intrusives as a possible source of heat and/or a conduit for mineralizing fluids. No previous detailed study 

has been conducted to understand the processes which formed these mineralized veins and to determine if 

tectonic activity in the region may have triggered mineralization. The Lansdowne occurrence, along with 

mineralization at Cape St Maryôs (Sb-As-Co-Ni-Ag-Au-Bi-REE) to the southwest, and the Nictaux Falls 

prospect (As-Co-Ni-Au) to the northeast (Figure 2-A), represent critical metal-rich polymetallic 

mineralization in southwestern Nova Scotia and support further exploration for this mineralization style in 

this region. This study is the first to characterize the Lansdowne occurrence in an attempt to evaluate the 

economic potential of these deposits. 

This paper presents the results of i) petrography and mineral chemistry, ii) U-Pb geochronology of 

apatite in mafic rocks and Re-Os geochronology of arsenopyrite, iii) Al-in-chlorite thermometry, iv) fluid 

inclusion analyses, including: petrography, micro-Raman spectroscopy, microthermometry, and 

decrepitated mound analyses, v) sulfur isotope analyses of sulfides, and vi) whole rock geochemistry of the 

host rocks of the Lansdowne occurrence. These results are used to interpret i) field relationships, 

mineralization styles, and occurrence characteristics such as mineralogy, mineral paragenesis and ore 

distribution, ii) timing and regional context of mineralization, iii) conditions of formation (including 

pressure, temperature, and fluid chemistry), iv) possible fluid and metal sources, v) classification of this 

occurrence at a global scale (i.e., Variscan epithermal Sb-Au, Meguma Au, or other), and vi) exploration 
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criteria for similar deposits in Nova Scotia. This study is the first to examine this occurrence and its place 

in the mineral resource economy and geological history of Nova Scotia.  
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2.2 Background 

 

Figure 2-1 - A) Simplified geological map of the Meguma Terrane, with a box outlining the location of the 

Lansdowne study area, shown in B). Modified from White and Barr (2012). B) Local geology of the 

Lansdowne area. Inset map shows location and details of sampled drill core. Inset and regional map 

modified from MacIsaac et al. (2017). The locations of mafic sills are from White and Barr (2004). 
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 Geology of the Meguma Terrane 

The Meguma and Avalon terranes of mainland Nova Scotia accreted during the latter stages of the 

assembly of the mid-Paleozoic Appalachian orogen, when the paleo-continents Laurentia (modern North 

America) and Gondwana (modern Africa and South America) collided to form the supercontinent Pangea 

(Figure 2-A). The Appalachian orogen extends for more than 3000 km along the eastern margin of North 

America and is considered contemporaneous with the Caledonide and Variscan orogens of western Europe 

(Murphy and Keppie, 2005; Martínez Catalán et al., 2009). Prior to the final assembly of Pangea, closure 

of the Rheic and Iapetus Oceans resulted in i) the collision of Avalon into eastern Laurentia, followed by 

ii) the collision of the Meguma Terrane onto the Avalon Terrane during the mid- to late Devonian Acadian 

Orogeny, (Williams et al., 1999; Murphy and Keppie, 2005; Shellnutt et al., 2019a). The Meguma and 

Avalon terranes are separated by the east-west trending Cobequid-Chedabucto fault zone (Figure 2-A), the 

suture zone where the Meguma Terrane was dextrally accreted against the Avalon Terrane (Murphy et al., 

2011) which swings into a southeasterly dipping normal fault in the Bay of Fundy (Keppie and Dallmeyer, 

1987; Wade et al., 1996).  

The Lansdowne occurrence is hosted in the metasedimentary rocks of the Meguma Supergroup along 

the northwestern margin of the Meguma Terrane (Figure 2-A). Metasedimentary rocks of the Meguma 

Supergroup compose the majority of Meguma Terrane basement rocks and were deposited in a major rift 

setting along the Gondwanan margin (White, 2010). The Meguma Supergroup consists of thick (up to 11 

km; White and Barr, 2010) sequences of interbedded metaturbidites and metasandstones locally 

interlayered with metasiltstones and black slate of the Cambrian Goldenville Group, and the overlying 

metasiltstone and metamudstone units of the late Cambrian to middle Ordovician Halifax Group (Raeside 

and Hill, 1988; White, 2010; White and Barr, 2012). The Silurian Rockville Notch Group unconformably 

overlies the Meguma Supergroup rocks and consists of slate and quartzite, deposited in a shallow 

continental shelf setting, along with contemporaneous bimodal metarhyolite and metabasalt (White and 

Barr, 2017). The Rockville Notch Group has limited surface extent in the Meguma Terrane, occurring only 
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in the northwest where it is intruded by early Cambrian to early Devonian mafic sills (Figure 2-1; White et 

al., 2003; White and Barr, 2004). These mafic sills formed coevally with deposition of the Meguma 

Supergroup and the basal unit of the Rockville Notch Group (White Rock Formation; White and Barr, 

2004).  

The early to middle Devonian Neoacadian Orogeny (ca. 405-365 Ma; Benn et al., 1999; White and 

Barr, 2012) deformed and variably metamorphosed the Meguma Supergroup, Rockville Notch Group, and 

mafic sills to sub-greenschist to amphibolite facies. Deformation of the Meguma Supergroup and Rockville 

Notch Group sediments resulted in NE-SW to N-S trending folds with axial planar cleavage (Horne and 

Culshaw, 2001). As a result of Acadian deformation, the Meguma Supergroup is cross-cut by the NW-SE 

striking Chebogue Point Shear Zone (CPSZ), which is interpreted to strike the length of the Meguma 

Terrane, but is crosscut by the South Mountain batholith (Figure 2-A; White and Barr, 2012). The South 

Mountain batholith and related granitoids were emplaced in the Meguma Terrane at 6 ï 10 km depth 

(Campbell and Raeside, 1999) during the waning stages of the Neoacadian orogeny, between 380 and 370 

Ma (Keppie et al., 1993; Kontak and Reynolds, 1994; Reynolds et al., 2004). The granitoid rocks crosscut 

Neoacadian deformation and faulting (Horne and Culshaw, 2001). The emplacement of these rocks 

occurred over a period of less than 10 Ma (Benn et al., 1999; Reynolds et al., 2004) and is contemporaneous 

with widespread lode and disseminated Au mineralization in Goldenville Group metasediments (Kontak et 

al., 1990a; Kontak et al., 1990b). Clasts of Meguma rocks in the Devonian Horton Group, basal unit of the 

Maritimes Basin, suggest rapid uplift after the emplacement of the South Mountain batholith (Murphy and 

Keppie, 2005) 

The sedimentary rocks of Maritimes Basin exposed in central Nova Scotia (Figure 2-A) are part of 

a complex package of marine and subaerial sedimentary rocks up to 12 km thick, which were deposited 

during the final stages of assembly of the supercontinent Pangea over a period of about 120 million years 

(Gibling et al., 2019). The basin was deposited between the landmasses of Laurentia and Gondwana at an 

equatorial latitude (Gibling et al., 2019). The Maritimes Basin comprises evaporitic, carbonate, and 
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siliciclastic rocks, deposited in both marine and fluvio-lacustrine environments (Thomas Martel and 

Gibling, 1996; Keppie, 2000). In Nova Scotia, the basal units of the Maritimes Basin include the fluvial-

lacustrine siliciclastic sedimentary rocks of the Horton Group and evaporitic and shallow marine 

sedimentary rocks of the Windsor Group (see summary in Keppie, 2000). The Horton Group 

unconformably overlies Meguma Supergroup metasediments (Thomas Martel and Gibling, 1996). 

Maritimes Basin rocks are associated with MVT deposits, such as the Gays River carbonate-hosted lead-

zinc deposit in Nova Scotia (Akande and Zentilli, 1984). The CPSZ and other similar shear zones along the 

southwestern Meguma Terrane are suggested to have been re-activated by basin tectonics during the 

Carboniferous (Culshaw and Reynolds, 1997; Culshaw and Dickson, 2015; Waldron et al., 2015). 

By the early Mesozoic, the compressional forces from the closing of the Iapetus and Rheic oceans 

were replaced by extensional forces that resulted in the breakup of Pangea and the opening of the Atlantic 

Ocean. These extensional forces caused the opening of the Fundy Rift Basin and a number of other generally 

northeast trending rift basins along the coast of eastern North  

America (Kontak, 2008). The Fundy Rift Basin is the largest of this series of failed rift basins, forming the 

Bay of Fundy between Nova Scotia and New Brunswick, where the Cobequid-Chedabucto fault zone strikes 

southeast as a normal fault (Figure 2-A). Four formations comprise the Middle Jurassic to Lower Triassic 

Fundy Group in and around the Annapolis Valley of Nova Scotia: The Wolfville Formation, the Blomidon 

Formation, the North Mountain Basalt (202 ± 1 Ma; Hodych and Dunning, 1992), and the Scots Bay 

Formation (Wade et al., 1996; Kontak, 2001). The sedimentary sequences of the Fundy Group 

unconformably overlie the Maritimes Basin and the Meguma Terrane, and represent the initial phase of 

continental rift sedimentation, subsequent deep lacustrine strata from syn-rift sedimentation, and minor 

terrestrial facies (Wade et al., 1996).  
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 Lansdowne 

The Lansdowne study area is located in Digby County, southwestern Nova Scotia. The local 

geology at the Lansdowne property consists of laminated metamudstone of the Bear River Formation 

(Halifax Group) and multiple unnamed carbonate and chlorite altered mafic sills, proximal to the Ellison 

Lake Pluton, a small granitic intrusion of the South Mountain batholith (Figure 2-B). The orientation and 

abundance of altered mafic sills at the Lansdowne property suggest they are part of a series of mafic sills 

which are syn-depositional to the Meguma Supergroup and Rockville Notch Group sediments, as 

established by White and Barr (2003, 2004).  

Exploration projects conducted by junior exploration companies in the 1950s and the Nova Scotia 

government geological survey established the Lansdowne occurrence as a potential prospect for antimony, 

lead, zinc, arsenic, cobalt, and gold (Conwest Exploration, 1951; OôReilly, 1995). In 1992, a small diamond 

drill program conducted by the Nova Scotia government intersected multiple quartz-calcite veins hosting 

sulfide and sulfosalt mineralization (OôReilly, 1992). Drill holes LAN92-2 and LAN92-4 (Figure 2-B inset) 

intersected small cm-scale, highly altered mineralized zones within intervals of altered mafic sill, containing 

quartz-calcite veins hosting considerable jamesonite, arsenopyrite, sphalerite and pyrrhotite. Assays of 

mineralized samples from drill core indicated elevated Pb (2 ï 10 wt.%), Sb (1 ï 4 wt.%), Zn (1 ï 2 wt.%), 

Co (up to 640 ppm), and Au (up to 821 ppb; OôReilly, 1995). Little subsequent work occurred at the 

Lansdowne prospect until 2016, when a magnetometer survey was carried out. This work established the 

presence of two large northwest-trending structural features of which one is thought to crosscut the 

occurrence (MacIsaac et al., 2017). These structural features offset the magnetic anomalies produced by 

mafic sills in the region (MacIsaac et al., 2017). 



26 

 

2.3  Methodology 

 Field work and petrography 

Representative mineralized veins of the Lansdowne occurrence, and barren samples of the Bear River 

Formation, altered mafic sills, and quartz-carbonate veins, were collected from available drill core from 

Nova Scotia government archives at the Stellarton core library. Thin section petrography allowed for 

characterization of primary and secondary mineralogy and textures, identification of mineral paragenesis, 

and selection of targets for micro-analytical work. Samples were examined with a TESCAN MIRA 3 LMU 

Variable Pressure Schottky LEO1450VP field emission scanning electron microscope (SEM) at Saint 

Maryôs University, Halifax, Nova Scotia, equipped with a/an: i) electron dispersive spectroscope (EDS) for 

semi-quantitative compositional analysis and mineral identification, ii) back-scattered electron (BSE) 

detector for textural imaging, and iii) cold cathodoluminescence (CL) camera to discriminate zoning and 

dissolution fractures in quartz and carbonate.  

 Geochronology 

Uranium and lead concentrations in apatite were measured from two samples of altered mafic sills 

(LAN4-3 and LAN4-2) from Lansdowne for U-Pb dating by laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) at the University of New Brunswickôs laser ablation facility. Target grains were 

mapped in thin sections using micro-X-ray fluorescence (XRF). Analyses were performed on a 193 nm 

excimer laser attached to an Agilent 7700x single quad ICP-MS, following the method of McGregor et al. 

(2018). Every 15 analyses of unknowns were bracketed by analyses of a primary external standard 

(Madagascar apatite; Thomson et al., 2012), NIST610 glass standard, and a secondary external standard 

(Phalaborwa apatite; McGregor et al., 2018).  Each apatite grain was analyzed once with a 45 µm beam. 

Ratios of 238U/206Pb and 207Pb/206Pb (Ñ 2ů) were plotted, unanchored, on Tera-Wasserburg diagrams to 

determine intercept ages using the online program IsoplotR (Vermeesch, 2018). The Phalaborwa standard 

gave a lower intercept age of 2068 ± 15 Ma (n = 10; MSWD = 1.6). This age is within range of the 

Phalaborwa apatite age determined by McGregor et al. (2018; 2048 ± 16 Ma), as well as ion-microprobe 
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ages of zircon (2050 ± 13 Ma) and baddeleyite (2060 ± 2 Ma) from the same area and confirm the accuracy 

of measurements obtained for unknowns of this study.  

Two rock samples were submitted for Re-Os isotopic analysis and age dating. Initially, these separates 

were tested for Re content by isotope dilution and negative thermal ionization mass spectrometry (NTIMS) 

methods to verify existing Re abundance results, with two samples (LAN2-3 and 7157) yielding ppb level 

Re abundances suitable for Re-Os dating. Sample LAN2-3 is a representative sample of massive 

arsenopyrite hosted in calcite and quartz. Sample 7157 is a representative sample of euhedral arsenopyrite 

and jamesonite hosted in quartz.  

A full Re-Os analysis of each sample was undertaken using a small amount of sample, to establish the 

nature of the Os present, and determine which spike is best suited for each sample. Aliquots of each mineral 

separate are weighed and transferring to a thick-walled, borosilicate glass Carius tube, with a conventional 

mixed 185Re + 190Os spike such that the amount of common 188Os, and radiogenic 187Os can be determined. 

Spiked samples are dissolved at 220 ęC for 48 hours, followed by chemical separation and purification of 

Os and Re using procedures described by Shirey and Walker (1995), Cohen and Waters  (1996), and Birck 

et al. (1997), as described in detail by Morelli et al. (2005) and Hnatyshin et al. (2020). These trial analyses 

showed that sample 7157 contained > 99.9% radiogenic 187Os, and < 0.1% common Os. As such, Re-Os 

ages are best determined using a mixed double-Os spike containing 185Re + 188Os + 190Os, which allows for 

accurate mass bias corrections for Os that is purely radiogenic 187Os (described in Markey et al., 2007). 

Sample LAN2-3 contained > 1% common Os and was analyzed with the conventional mixed 185Re + 190Os 

spike. Mass spectrometry details are presented by Hnatyshin et al. (2020). Total procedural blanks were 

measured to be less than 1 picogram Re and 0.2 picogram Os (< 0.01 picograms 187Os). The decay constant 

used for 187Re is that of Smoliar et al. (1996) of ɚ = 1.666e-11.a-1, a value which is cross-calibrated to the U-

Pb system (238U and 235U) to better than ~ ± 0.3% (Selby et al., 2007). The Reference Material 8599 

Henderson molybdenite (Markey et al., 2007) is routinely analyzed, and during the past 6 years returned an 
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average Re-Os date of 27.78 ± 0.07 Ma (n = 32), indistinguishable from the reference age value of 27.66 ± 

0.1 Ma (Wise and Watters, 2011). 

 Chlorite thermometry 

Major and minor elements of chlorite, in mineralized and unmineralized veins, were collected to 

identify the chlorite mineral species and calculate temperatures of formation by electron probe 

microanalyzer (EPMA). Chlorite is a common mineral indicative of low-temperature hydrothermal or 

metamorphic environments. The wide range of compositions and the non-stoichiometric behaviour of 

chlorite enables this mineral to be an effective geothermometer (de Caritat et al., 1993). Using an empirical 

calibration of tetrahedral (AlIV) aluminium in the crystal structure of chlorite, the temperature at which the 

chlorite crystallized can be determined (de Caritat et al., 1993). Many geothermometers for chlorite exist 

applicable to certain conditions of chlorite formation, such as a chlorite which forms with a low (< 0.6) 

Fe/(Fe + Mg) ratio (Jowett, 1991), or when chlorite forms in Al-saturated environments (Kranidiotis and 

MacLean, 1987). For this project, the empirical equation developed by Cathelineau (1988), which relates T 

(°C) and AlIV composition, is used to calculate the temperature of chlorite formation since the value of Al IV 

in chlorite appears to be independent of rock lithology and can be applied as a general thermometer in 

diagenetic, hydrothermal, and metamorphic settings: 

T = -61.92 + 321.98 (AlIV) 

Analyses were performed with a JEOL JXA8230 5-WDS EPMA at the University of Toronto using 

carbon-coated polished thin sections. Measurements were taken with a 10 µm beam, beam current of 10 

nA, and accelerating voltage of 15 kV. The major oxides measured, along with their respective 

quantification reference material in brackets include SiO2 (chlorite from Smith, 1969), TiO2 (TiO2), Al2O3 

(chlorite from Smith, 1969), Cr2O3 (Cr2O3), NiO (pentlandite), FeO (hematite), MnO (bustamite), MgO 

(chlorite from Smith, 1969), CaO (bustamite), Na2O (albite glass), K2O (sanidine glass), and SrO (SrTiO3) 
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as well as anions F (MgF2) and Cl (tugtupite). The KŬ energy line was used for detection of all elements, 

except for Sr (LŬ). 

 Fluid inclusion analysis 

Fluid inclusions in quartz and carbonate were characterized from two mineralized samples at 

Lansdowne. Fluid inclusion samples were prepared as doubly polished 150 µm thick sections. Petrography 

was conducted with an optical microscope to identify fluid inclusion assemblages (FIA) and describe other 

fluid inclusion characteristics, such as phase types and ratios, as well as origin (primary and/or secondary 

trails). Laser Raman Microscopy (LRM) was used to determine the vapor phase composition of the 

inclusions and quantify their molar ratios where more than a single vapour phase was analyzed. Analyses 

used a Jobin-Yvon Horiba LabRam HR confocal Raman microscope with an 800 mm spectrograph at Saint 

Maryôs University, following the method of Kerr et al. (2018). Spectra were collected using an 

accumulation of three, 45 s acquisitions with a laser spot size of < 5 µm at 80 mV laser output at aperture 

(2 mV at 100x objective) , and a 600 grooves/mm grating (spectral resolution of approximately ± 2 cm-1).  

Chips containing target FIA from fluid inclusion sections were separated for fluid inclusion 

microthermometry experiments. Analyses were performed using a Linkham FTIR600 heating-freezing 

stage mounted on an Olympus BX51 microscope at Saint Maryôs University. Synthetic fluid inclusions of 

pure H2O (melting at 0 °C and homogenization at critical point of 374.1 °C) and pure CO2 (melting at -56.6 

°C) were used as standards for calibration of the instrument. Reproducibility of standards indicated 

uncertainties ranging from ± 2 to 3°C near the extremes of the working conditions (-190 and 560 °C) and 

± 0.1°C near 0°C. Freezing experiments were performed prior to heating experiments to minimize the risk 

of decrepitation. Salinity of the inclusions was calculated from final ice melting temperatures (TmIce; 

Bodnar 1993). Homogenization temperatures (Th) were determined from heating of inclusions until all 

phases homogenized. Isochores of aqueous dominated inclusions were determined from homogenization 

temperatures and salinity using the SoWat software package (Driesner and Heinrich, 2007). Isochores of 
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vapour dominated inclusions were calculated using the BULK and ISOC fluid inclusion software packages 

(Bakker, 2003). 

To produce decrepitate mounds, mineralized samples containing arsenopyrite and jamesonite (7157) 

and sphalerite, pyrrhotite, boulangerite, and galena (LAN4-2) were first cleaned with methanol to reduce 

contamination. The samples were then placed in the Linkham FTIR600 heating-cooling stage and heated 

to 500 °C at a rate of 40 °C/min to decrepitate the inclusions and produce salt mounds on the sample surface. 

After decrepitation, the chips were mounted on a glass slide using carbon tape and then carbon coated. The 

salt mounds were imaged and compositional analyses were collected using the SEM. The EDS was set to a 

beam voltage of 20 kV in raster mode, and a 45 s count time was allowed for each analysis. The Si and O 

values were removed from the collected data as quartz contamination. 

 Sulfur isotopes 

Sulfur isotope data were obtained for pyrite, pyrrhotite, arsenopyrite, and chalcopyrite at the 

Manitoba Isotope Research Facility (MIRF), using a CAMECA 7f secondary ion mass spectrometry 

(SIMS) instrument, following the methods of McDivitt et al. (2021). Pyrite, pyrrhotite, and chalcopyrite 

reference material from Crowe and Vaughan (1996) and arsenopyrite reference material from Hastie et al. 

(In review) were used. Spot to spot reproducibility of the reference material varied: 0.3ă for apy-1 and 

post-ore stage pyrite, 0.2ă for apy-2 and late-stage pyrite, and 0.4ă for pyrrhotite and chalcopyrite. 

Analyses were conducted with a ~2ɖA beam of Cs+ accelerated at 10.0 kV. The beam was focused to a ~15 

µm spot size using a 700 µm aperture in the primary column. A sample accelerating voltage of -8.7 kV was 

used with the secondary column set to accept -9.0 kV, the resulting 300 V offset was used to suppress 

isobaric interferences. The entrance slit was set to 225 µm with a mass resolving power of 350 to obtain 

flat-topped peaks. Ions were detected using an electron multiplier, with one second of counting on 32S and 

five seconds on 34S per cycle, a single analysis consisted of 50 cycles. Data are represented in units of per 

mil (ă) relative to Vienna Canyon Diablo troilite (VCDT). Within spot uncertainties were 0.3ă (1)̀ for 

all analyses. 
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 Whole rock geochemistry 

Whole rock geochemical data were collected from representative most and least altered host rock (Bear 

River Formation and altered mafic sills), as well as sulfide mineralization. Samples were sent to Actlabs 

Ancaster, Ontario, Canada, for preparation and analysis. All samples were crushed to a nominal 2 mm and 

mechanically split to obtain a representative sample and pulverized to 105 µm. To obtain major oxides of 

unmineralized samples, crushed samples were prepped using lithium borate fusion, and were analyzed with 

X-ray fluorescence. For minor and trace elements, unmineralized crushed samples were subject to closed 

vessel multi-acid microwave digestion and measured with ICP-MS. For mineralized samples, minor and 

trace elements were measured using peroxide total fusion for total metal recovery. Analyses were conducted 

using ICP-MS and ICP-OES. The concentrations of Au and Ag were also measured in mineralized samples 

via Au cyanide extraction and ICP-MS for Ag. 

Geochemical data were used to quantitatively determine the mass balance of metals from hydrothermal 

alteration in mafic sills and metasediments. Mass balances were calculated using the method of Gresens 

(1967), as modified by Grant (1986). Immobile elements aluminum and titanium (TiO2) were used to define 

an isocon line, by comparing the mass of the original samples against the mass of the altered samples 

(Mo/Ma). Elements that plot above the reference isocon were enriched during alteration, whereas elements 

that plot below were depleted (Grant, 1986). 

2.4 Results 

 Field observations and petrography 

The Bear River Formation laminated metamudstone country rock consists of alternating mm to cm 

wide laminations composed of very fine-grained quartz- and muscovite-rich layers. Dark green carbonate-

altered mafic sills, ranging in width from 2-3 cm up to 10 m, crosscut the metamudstone and display chilled 

margins (Figure 2-2A, C). These sills consist of primary plagioclase, augite, hornblende, and apatite, with 

abundant secondary chlorite, ilmenite, and minor pyrite and calcite. Some sills are pervasively altered by 

calcite, destroying primary igneous textures. Abundant quartz ± calcite veins (1-10 cm wide) crosscut the 



32 

 

metamudstone and the altered mafic sills. Some of these veins, observed only in the altered mafic sills, 

contain sulfide mineralization with calcite and overprint quartz (Figure 2-2A, C). 

 

Figure 2-2 - Mineralized hand samples from Lansdowne. A) Massive arsenopyrite (Apy-1) with calcite 

(Cal) crosscutting an altered mafic sill, adjacent to a barren quartz (Qtz) vein. B) Euhedral arsenopyrite 

(Apy-2) and interstitial jamesonite (Jm) crosscutting quartz. C) Quartz-calcite veins crosscutting a mafic 

sill. Mineralized veins host massive pyrrhotite (Po), sphalerite (Sp), and boulangerite (Boul)/jamesonite.   
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Figure 2-3 ï Photomicrographs and BSE images of mineralized veins at Lansdowne. A) Photomicrograph 

(RL): first-generation arsenopyrite (Apy-1) hosted in a calcite (Cal) vein. B) Photomicrograph (RL); earlier 

pyrrhotite (Po) is replaced by later sphalerite (Sp), which exhibits chalcopyrite (Cpy) disease texture. 

Pyrrhotite and chalcopyrite islands are arranged along grain boundaries and within grains of sphalerite by 

internal structures. Pyrrhotite and sphalerite are replaced and crosscut by later jamesonite (Jm). C) BSE 

image; subhedral arsenopyrite (Apy-2) is replaced by jamesonite in a quartz (Qtz) vein. Boulangerite (Boul) 

forms small veinlets cutting only across the arsenopyrite and occasionally along arsenopyrite grain 

boundaries in with jamesonite. D) BSE image; arsenopyrite (Apy-2) and acicular interstitial jamesonite 

hosted in quartz. Galena reaction rim formed between late euhedral pyrite (Py) and jamesonite. E) 

Photomicrograph (RL); sphalerite with pyrrhotite islands crosscut by later boulangerite, with galena (Gn) 

exsolution, and euhedral pyrite. Euhedral pyrite often contains inclusions of sphalerite. F) 

Photomicrography (RL); pyrrhotite replaced by jamesonite showing cusp carrie texture. Jamesonite 






























































































































































































































































