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Abstract 

 The recent emergence of Co as a critical metal used in a variety of high-technology 
industries has refocused exploration at Cobalt, Ontario. This district represents an unusual ore 
deposit-type termed the five-element (Ag-Ni-Co-As-Bi) assemblage and was important 
historically as Canada’s former premier Ag producer at over 460 Moz (1904-1989). This study 
applies a sophisticated analytical protocol consisting of whole rock analysis, petrography, and in-
situ mineral analyses (SEM-EDS, LA-ICP-MS) to a sample suite with spatial coverage across the 
district. These methods constrain geological controls on regional metal distribution, the sequence 
of alteration and mineralization, and the physiochemical evolution of the system. An updated 
genetic model for the mineralization involves the veins representing a district-scale 
homogeneous hydrothermal-metal melt system driven by contact metamorphism and partial 
melting of pre-existing sulfides in underlying Archean basement rocks. This model enhances 
understanding of deposit formation and offers refined geochemical vectors to aid ongoing 
exploration efforts. 

Keywords 

Cobalt, Five-element mineralization, Arsenides, Reduction, Metal melt, Metal zonation, Coupled 
dissolution–precipitation 
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Chapter 1  

1 Introduction 

The recent emergence of cobalt as a critical metal, due to its use in a variety of high-

technology industries, has refocused exploration on the enigmatic five-element (Ag-Ni-Co-As ± 

(Bi, U)) veins at Cobalt, Ontario. This historic mining center was Canada’s former premier Ag 

camp, with over 500 Moz (14,000 tonnes) of Ag, in addition to approximately 45 Mlbs (20,400 

tonnes) of Co, 1 Mlbs (450 tonnes) of Ni, and 5 Mlbs (2,300 tonnes) of Cu produced between 

1904 – 1989 (Sergiades, 1968). The demand for cobalt, combined with the historic significance 

of that camp, is why we chose the reexamine the region using modern modern exploration 

efforts. 

Five-element vein deposits have been described in many parts of the world. Scharrer et 

al. (2019; and references therein) present a comprehensive compilation of these deposits 

globally, including comparisons of mineralogy, fluid physiochemical conditions, and host rock 

lithologies. Some of the more well studied deposits are in Europe and include the Erzgebirge Ore 

Mountains of Germany and the Czech Republic (Müller, 1860; Hofmann, 1992; Baumann et al., 

2000), the Odenwald district of Germany (Burisch et al., 2017), and the Penninic Alps of 

Switzerland (Jaffe, 1986; Kreissl et al., 2018). Canadian examples include Cobalt (Andrews et 

al., 1986; Kerrich et al., 1986., Marshall et al., 1993; Potter and Taylor, 2010), the Thunder Bay 

area (Franklin et al., 1986), the Echo Bay-Great Bear Lake area (Robinson and Ohmoto, 1973; 

Changkakoti and Morton, 1986; Changkakoti et al., 1986), and the East Arm Basin of Great 

Slave Lake (Burke et al., 2018). 
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Five-element vein deposits refer to a metal assemblage that generally consists of Ag, Ni, 

Co, Bi, As with variable amounts of Pb, Zn, Cu, Sb, U, and Au, with no specific genetic 

implication. The metal assemblages tend to be deposit-specific with differences in tectonic 

settings, host lithology, deposit ages, and physical-chemical characteristics of the hydrothermal 

fluids (Boyle 1968; Kissin, 1992). Conventional models suggest variation of hydrothermal 

origins. However, the metal association can occur in a variety of environments, from paleo-rift 

settings (Kissin, 1992), to remobilization during metamorphism of earlier ores (Lawrence, 1968; 

Dunham et al., 1978) such as SEDEX deposits (e.g. Broken Hill, Australia; Frost et al., 2002). 

The Erzgebirge and Cornwall districts, known as magmatic-hydrothermal Sn-W systems, host 

five-element veins as a late remobilization of metals into veins cross-cutting earlier Sn and base 

metal veins (Dunham et al., 1978; Kissin, 1992). Thus, the five-element association can form by 

different processes and in different geologic environments. 

The present study focuses on the five-element vein deposits in Cobalt, which have a Ag-

Co-Ni-As-Bi assemblage. However, these deposits also contain Sb, Cu, Zn, and Pb. The 

mineralogy is complex, comprising native metals (Ag, Bi, and Ag-Sb±Hg alloys) with Ni-Co-Fe-

arsenides, sulfarsenides, and minor sulfosalts with quartz and carbonate gangue. In addition, rare 

native As, Sb, Sb-As alloys, Au, and uraninite can occur. The veins commonly form as narrow 

(cm-scale) open space-infill that pinch and swell (Andrews et al., 1986; Kissin, 1992). 

 Historically, research in the Cobalt district focused on single veins rather than examining 

their regional framework. Furthermore, previous studies (e.g., Andrews et al., 1986, and 

references therein) focused on Ag without consideration of the Co-Ni-arsenide component. 

Previous analytical research did not utilize in-situ methods, other than the electro microprobe, 

and thus meaningful trends may have been previously unidentified. This study aims to 
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understand the Cobalt district by carrying out detailed-examinations of multiple vein systems 

over a wide area to determine the distribution of Co (-Ni-Ag) assemblages regionally and the 

fluid evolution over time by using more sophisticated in-situ analytical protocol and 

methodology. The results of these detailed fluid chemical investigations will develop a more 

holistic model for controls on mineralization and possible geochemical exploration vectors. 
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Chapter 2  

A new model for an old camp: The enigmatic Ag-Co-Ni-As-Bi 

mineralization of Cobalt, Ontario 

Louise, V, Rush1*, Daniel, J, Kontak1, Ross, L, Sherlock1, Frank Santaguida2, Shawna, E, 

White1 

1Mineral Exploration Research Centre, Harquail School of Earth Sciences, Laurentian 

University 

2First Cobalt Corporation, Toronto, Ontario, Canada 

*louise.v.rush@gmail.com 

2 Abstract 

 The recent emergence of Co as a critical metal used in a variety of high-technology 

industries has focused exploration on the enigmatic five-element (Ag-Ni-Co-As-Bi) vein systems 

at Cobalt, Ontario. This district was Canada’s premier Ag producer at over 460 Moz (1904-

1989). This study applies a sophisticated analytical protocol consisting of integrated whole-rock 

assay analysis, petrography, fluid inclusion study, and in-situ mineral analyses (SEM-EDS, LA-

ICP-MS) to a sample suite with spatial coverage across the district. These methods constrain 

geological controls on regional metal distribution, the sequence of alteration and mineralization, 

and the physiochemical evolution of the system. Results indicate metal zonation in the Cobalt 

district specifically with a Ag-dominated zone with peripheral Ni and Co enrichment. 

Furthermore, there is a strong covariance among Co-Ni-As-Bi-Sb but variable Ag distribution. 

The regional metal zonation and coherency of metal ratios suggests a broad thermo-chemical 
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gradient generated by fluids and/or a host lithology control. At the micro-scale, a mineral 

paragenesis consists of early native silver, through arsenide to sulfarsenide (from Ni to Co to Fe 

solid-solution), and to later overprinting base-metal sulfides. Moreover, dendritic silver displays 

textures indicative of coexisting melt wetting surfaces. Coupled dissolution-precipitation (CDP) 

textures record replacement of the arsenides by later sulfarsenides, and there is a clear late stage 

remobilization of native metals (Ag, Bi). Therefore, the regional metal zoning and decoupling of 

Ag from Co-Ni-arsenides alternatively reflects a late-stage mobilization or influx and 

superimposition of Ag on an existing Co-Ni enrichment. Further analytical results consist of 

carbonate gangue REE contents, which suggest fluid equilibration with one or more lithologies at 

depth foreign to the Cobalt district. Detailed fluid inclusion studies confirms the numerousness 

of syn-ore L-V-H and lesser L-V type inclusions. However, V-rich inclusions are predominant 

and of H2O-CO2-CH4±N2 nature. Generation of this mixed volatile fluid strongly suggests 

variable oxidation of graphite, which is noted in Archean graphitic sedimentary rocks at Cobalt. 

These integrated results allow for an updated genetic model for the mineralization at Cobalt 

involving the veins representing a district-scale homogeneous, redox-controlled hydrothermal-

metal melt system driven by contact metamorphism and partial melting of pre-existing sulfides 

in underlying Archean basement rocks. Additionally, the superimposition of different fluids 

invoking changing chemical parameters (i.e., pH, fO2) created different evolutionary paths on a 

local scale within the vein network. This model enhances understanding of deposit formation, the 

cause of the regional metal enrichment, and offers refined geochemical vectors to aid ongoing 

exploration efforts. 



6 

 

2.1 Geological Setting 

2.1.1 Superior Province and the Abitibi subprovince 

 The Superior Province, the largest Archean craton in the world, consists of a wide range 

of rock types, which record a geologic history of rock formation, metamorphism, and 

deformation spanning 1.73 billion years (4.3 - 2.57 Ga; Percival et al., 2012. The Abitibi 

greenstone belt (ABG) makes up the eastern portion of the Wawa-Abitibi subprovince in the 

southernmost part of the Superior Province (Percival et al., 2012) and forms the basement to the 

Cobalt Embayment. Volcanic units in the Abitibi subprovince have been subdivided into 

volcanic-sedimentary assemblages that range from ~2750 to 2695 Ma (Heather, 2001; Ayer et 

al., 2002a). These volcanic assemblages are separated by laterally extensive 1 to 350 m thick 

intervals of interflow sedimentary rocks of chemical and clastic nature (Thurston et al., 2008). 

Synvolcanic and syn- to post-tectonic plutons of gabbro, diorite, tonalite, syenite, and granite 

intrude the volcanic and sedimentary assemblages (Ayer et al., 2002a; Daigneault et al., 2004). 

Sedimentary assemblages unconformably overly earlier volcanic assemblages and intrusions, the 

oldest assemblage (<2690 Ma) referred to as “Porcupine-type” (predominantly turbiditic 

greywacke; Frieman et al., 2017). These rocks were affected by large-scale folding and thrusting 

during at least one deformational event prior to 2679 Ma (Monecke et al., 2017). Younger <2672 

Ma (Davis, 2002; Ayer et al., 2004a) “Timiskaming-type” (fluvial coarse clastic; Gunning and 

Ambrose, 1939) sedimentary rocks were deposited unconformably on the older and already 

deformed rocks of the AGB in successor basin environments (Thurston and Chivers, 1990; 

Thurston et al., 2008). Subsequent crustal shortening resulted in the structural burial and 

preservation of Timiskaming assemblage in the footwall of major crustal-scale fault zones which 

extend across the AGB (Monecke et al., 2017) and these faults are well known for hosting 
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numerous orogenic gold deposits. Succeeding deformation generated isoclinal-type folding as 

part of the 2.5 Ga Kenoran (Algoman) Orogeny (e.g. Dimroth et al., 1983). 

2.1.2 Cobalt Embayment 

 The Cobalt Embayment is an extensive region (~ 30,000 km2) where younger 

Paleoproterozoic cover (i.e., the Huronian Supergroup) unconformably overlies the Archean 

basement of the southernmost Abitibi subprovince. It is bounded to the N and W by the Abitibi 

subprovince, the Grenville Orogen to the SE, and Pontiac subprovince to the NE (Andrews et al., 

1986) (Fig. 1). In this region the Archean basement including unconformably overlying 

Timiskaming sedimentary rocks at >2683.7±0.9 Ma (Ayer et al., 2006), as noted above, which 

records greenschist faces metamorphism and multiple deformation events that account for the 

map-scale NW-trending, tight to isoclinal foldsm which define the main map patterns and 

associated penetrative axial planar foliation (White, 2019). Timiskaming-age syn- to post-

tectonic syenitic and monzonitic intrusions (2685 – 2670 Ma, Ayer et al., 2002a), and younger 

post-tectonic granite (locally termed the Lorrain Granite in the Cobalt district) intrude the 

volcanic assemblage in the area. Prior to intrusion of the Nipissing gabbro, lamprophyre dikes 

(Jambor, 1971a) and N-trending Matachewan quartz-gabbroic intrusions (generally 30 m thick, 

but up to 120 m; Fahrig et al., 1964; Hester, 1967; dated ca. 2485 Ma, Fahrig and Wanless 1963), 

intrude all older units. 

 The Paleoproterozoic Huronian Supergroup, a 2.49 – 2.22 Ga succession of 

predominantly siliciclastic sedimentary rocks, unconformably overlying the Archean basement 

(Krogh et al., 1984, 1996; Andrews et al., 1986; Smith and Heaman, 1999) (Figs. 2, 3) in the 

Cobalt district. The 2.2 Ga Nipissing gabbro (Corfu and Andrews, 1986) intrudes all Archean 

rocks and younger Huronian Supergroup. The youngest intrusions in the area are the 
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Keweenawan diabase dikes (~30 m thick, Moore, 1956) related to the Keweenawan rift system 

(also referred to as the Midcontinent Rift, 1200-1100 Ma; Silver and Green, 1972). 

 Major N-NW to N-NE striking faults extending across the embayment for 100s of 

kilometers, defining multiple horst and graben structures in the region (Doughty et al., 2013). 

Local minor faults, of variable orientation, cross-cut both the older basement and younger 

sedimentary cover (Thomson, 1967). The major faults are interpreted to have formed or been 

reactivated during rifting and opening of the Huronian basin (Wilson, 1949; Sampson and 

Hriskevich, 1957; Symons, 1970; Jambor, 1971a; Card et al., 1973). Their reactivation during 

and after intrusion of the Nipissing gabbro is interpreted to result in normal displacement of 100s 

meters (Wilson, 1949; Sampson and Hriskevich, 1957; Symons, 1970; Lovell and Caine, 1970; 

Card et al., 1973). 

 Although Ag mining occurred at many locations throughout the embayment, the most 

significant production of Ag-Co-Ni came from the Cobalt district (Sergiades, 1968). These 

polymetallic vein deposits are located along or proximal to major faults that cross-cut the 

embayment and extend into the Archean basement. In the Cobalt district, the veins are hosted in 

the Nipissing gabbro, Huronian sedimentary rocks, and the Archean basement. 

2.1.3 Cobalt district and South Lorrain Township 

 The Cobalt district, located in the eastern part of the Cobalt Embayment, includes the 

town of Cobalt and Silver Centre (Figs. 1, 2). The Archean basement is exposed in small inliers 

surrounded by younger Paleoproterozoic siliciclastic rocks. The Archean stratigraphy (Fig. 3) is 

predominantly pillowed to massive basalt flows (e.g. Thurston, 2002) of tholeiitic affinity with 

lesser andesites. Intermediate- and felsic calcalkaline volcanic rocks of 2687.4 ± 1.7 Ma occur as 

massive to brecciated flows and synvolcanic sills (Hamilton, 2006; Jambor, 1971a). The 
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interflow sedimentary rocks ranging from ~ 40-200 m in thickness (Patterson, 1979) include 

chert, black shale, siltstone, sandstone, carbonaceous greywacke, reworked tuff, graphitic schists, 

and thin intervals of banded iron formation (Jambor, 1971a; Petruk, 1971a; Smyk, 1987). 

 Almost all the historic mine sites in the Cobalt district (>60), particularly those where the 

five-element veins are hosted in Archean rocks, are noted to contain local accumulations of 

sulfides in the host rocks (Patterson, 1979; Goodz et al., 1986; Smyk and Watkinson, 1990). This 

consists of pyrite and pyrrhotite with lesser sphalerite, galena, and chalcopyrite (Patterson, 1979; 

Goodz et al., 1986) within pillow basalt selvages in the Archean mafic volcanic rocks, as 

boudinaged nodules, stockwork veinlets, and as massive to semimassive, 1-3 m thick, laterally 

extensive lenses throughout the interflow sedimentary units (Fig. 4; App. A; Patterson, 1979; 

Nichols, 1988), or as disseminated sulfides in the Huronian rocks, as described below. 

 Archean aged sedimentary sucessions, which outcrop in the NE part of the study area 

(Fig. 2), include polymictic conglomerate, trough cross-bedded lithic to feldspathic arenite, and 

planer to massive wacke. These are interpreted as “Timiskiming-type” sedimentary rocks (Ayer 

et al., 2005) based on a detrital age of <2683.7±0.9 Ma (Ayer et al., 2006), in addition to their 

lithofacies reflecting deposition in a fluvial-alluvial environment. Similar strata in nearby 

locations is interpreted to rest unconformably on older volcanic units (Ayer et al., 2005), 

although the contact is nowhere observed in the Cobalt district. 

 The Archean-Proterozoic unconformity, a ~300 Ma hiatus in the rock record, is 

subhorizontal to gently dipping and late broad, open folds expose the unconformity and Archean 

strata in antiformal cores (e.g., Nipissing Hill; Thomson, 1964a; Fig. 2). In the Cobalt district, 

only the Cobalt Group of the Huronian Supergroup is exposed (Fig. 3). The lowermost interval, 

the Gowganda Formation (2288+/-87 Ma, Fairbairn et al., 1969), which is subdivided into the 
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Coleman and overlying Firstbrook members (Fig. 3). The former is up to 180 m thick and 

consists of mono- and polymict diamictite, conglomerate, sandstone, siltstone, and greywacke 

(Jambor, 1971a). Disseminated syn- and epigenetic pyrite, chalcopyrite, sphalerite, and galena 

occur in siltstone, whereas the conglomerate contains detrital sulfide clasts, attributed to erosion 

of pre-existing sulfide material in the Archean basement (Patterson, 1979; Smyk and Watkinson, 

1990). The last occurrence of dropstone defines the top of the Coleman Member after which it 

transitions into the overlying Firstbrook Member (Lindsey, 1967, 1969), 210 – 305 m thick 

sucession of finely-laminated to rippled sandstone, siltstone, and argillite (Jambor, 1971a). 

 The Lorrain Formation, locally >300 m thick, conformably overlies the Gowganda 

Formation (Fig. 3). It consists of granule-to-pebble conglomerate, arkose and quartz arenite 

(Jambor, 1971a). No known five-element veins are hosted in this unit or younger strata (Andrews 

et al., 1986). 

 In the Cobalt district, the Nipissing gabbro, having a maximum thickness of 350 m, was 

emplaced as a complex series of shallow-dipping sills possibly intruded in two pulses with a 

broad basin and dome-like geometry (Thomson, 1957a; Eakins, 1961; Lovell and Caine, 1970; 

Owsiacki, 1982). Locally it is observed to follow along faults and the Archean-Paleoproterozoic 

unconformity, but it also cross-cuts strata (Symons, 1970; Patterson, 1979; Robinson, 1984). 

2.2 Cobalt Mineralization and Five-Element Vein Genetic Models 

2.2.1 Five-element vein emplacement 

 The five-element veins of the Cobalt district are hosted by Archean and Huronian rocks 

as well as the Nipissing intrusions, however, the dominant host is the Coleman Member of the 

Gowganda Formation (Fig. 3; Bastin, 1939). The veins typically extend 300 m laterally and 100 

m vertically. They are often found: (i) proximal to major regional faults; (ii) striking subparallel 
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to the fabric in Archean rocks; (iii) proximial to the regional Archean-Paleoproterozoic 

unconformity; (iv) within 200 m of the Nipissing gabbro; (v) localized to lithological contacts; 

(vi) intersecting shallow-dipping quartz-calcite-sulfide veins and shear zones; and (vi) proximal 

to sulfide-rich, interflow sedimentary rocks of Archean age (Miller, 1913; Knight, 1924; Bastin, 

1939; Petruk, 1971a; Andrews et al., 1986; Nichols, 1988; Marshall and Watkinson, 2000). 

 The aforementioned quartz-calcite-sulfide veins are a distinct vein set distinguished by 

their subhorizonatal orientation and the absence of five-element mineralization, apart from 

intersections with the subvertical five-element veins. Their mineralogy consist of quartz, potassic 

feldspar, epidote, axinite, minor carbonate, with intervals containing massive pyrite, pyrrhotite, 

chalcopyrite, sphalerite, galena, and trace native bismuth (Petruk, 1971a; Andrews et al., 1986). 

Cross-cutting relationships indicate that these veins are coeval or slightly postdating the five-

element veins (Jambor, 1971a; Andrews et al., 1986). They occur up to 15 cm thick and are 

noted to cross-cut the Archean basement and Coleman rocks (Jambor, 1971a). Additional 

observation of sulfide-dominated veins occur (i) extending parallel to the margins of five-

element veins, sometimes offsetting or converging with them, resulting in sulfide overprint 

and/or replacement (Petruk et al., 1971d), and (ii) as subvertical extensions of five-element veins 

whereby the five-element mineralization is enriched at the tops of vein bodies, which grade to 

sulfide-dominated with greater depth into the Archean mafic volcanic rocks (Petruk, 1971a). 

2.2.2 Previous models of five-element vein formation at Cobalt 

 A number of studies propose various genetic models for five-element vein formation, 

which are consolidated and summarized in Kissin (1992), Marshall et al. (1993), and Marshall 

and Watkinson (2000): (i) a magmatic-hydrothermal model whereby the metalliferous fluid was 

sourced from the cooling Nipissing gabbro (Bastin, 1939; Sampson and Hriskevich, 1957; 
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Jambor, 1971g; Scott, 1972); (ii) a metamorphic-hydrothermal model where the Nipissing 

gabbro promoted fluid circulation with leaching of metals from Archean organic-rich black 

shales, pre-existing massive sulfide-rich beds, or mafic volcanic rocks (Boyle and Dass, 1971b; 

Goodz et al., 1986; Kerrich et al., 1986; Thorpe et al., 1986, and Smyk and Watkinson, 1990); 

(iii) a foreign fluid model whereby juvenile fluids sourced at depth at the crust-mantle boundary 

ascended via deep-rooted structures (Halls and Stumpfl, 1972); and (iv) a rifting model, which 

suggests circulation of basinal brines from the Huronian rocks was triggered by periods of 

extension and related to high-crustal heat flow (Kissin, 1988). Common to all models is the role 

of the Nipissing gabbro as a key component in ore formation due to its spatial relationship with 

the veins. However, the role of the gabbro as either a metal/fluid source, heat agent, and/or 

structural trap remains controversial (Andrews et al., 1986; Kerrich et al., 1986; Potter, 2009, 

2010). 

 Several studies address possible mechanisms for precipitation of the five-element vein 

assemblage for Cobalt and elsewhere, which include: (i) simple cooling of a Ag-saturated fluid 

(Kissin, 1992; Marshall and Watkinson, 2000); (ii) fluid mixing and related dilution of a metal-

rich saline brine with a low salinity fluid of likely meteoric origin (Marshall et al., 1993); (iii) 

boiling of Ag-saturated fluid with its unmixing into low- and high-salinity fluids (Kerrich et al., 

1986); (iv) rapid reduction of an oxidized, metal-rich solution due to mixing with a reductant in 

structural traps (Markl et al., 2016; Burisch et al., 2017); and (v) continuous reduction of 

oxidized metal-rich fluids by reaction with, and oxidation of, Fe2+-bearing minerals (e.g., 

siderite) in mafic volcanic rocks (Robinson and Ohmoto, 1973; Kreissl et al., 2018). 

Possible reductants relevant to the Cobalt district are: (i) pre-existing sulfides, such as in 

the organic, black shales containing massive sulfides (Kissin, 1992); (ii) organic carbon such as 
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graphite in sedimentary units or fault gouge (Kissin, 1992; Essarraj et al., 2005; Scharrer et al., 

2019); (iii) hydrocarbons in the sedimentary strata, which is an integral part of the model for 

European five-element veins (Markl et al., 2016; Burisch et al., 2017) and not dismissed for vein 

genesis at Cobalt (Naumov et al., 1971a; Kerrich et al., 1986; Kissin, 1992; Marshall and 

Watkinson, 2000; Potter and Taylor, 2010); or (iv) Fe-rich minerals from volcanic units of the 

Archean basement (Robinson and Ohmoto, 1973; Kreissl et al., 2018). 

2.3 Methodology 

2.3.1 Sample collection of mineralized material 

 Samples of mineralized (Co, Ni, Ag, As, Bi ±Cu, Pb, Zn) veins (n = 211) were collected 

from discard piles adjacent to 85 past-producing mine sites across the Cobalt district (Figs. 5, 

6A). These were studied and analyzed to determine regional trends in metal content of the five-

element veins. Additionally, drill holes from First Cobalt Corporation’s (First Cobalt) 2017 and 

2018 exploration programs in the South Lorrain (Keeley Frontier property) and Cobalt (Kerr 

Lake) areas (Fig. 2) that intersected five-element vein, Archean basement sulfide-rich interflow 

sedimentary rocks (Fig. 6B, C), and quartz-carbonate-base-metal sulfide veins (Fig. 6D) were 

also similarly sampled for study and analyses. 

2.3.2 Geochemistry and QA-QC of mineralized samples 

 All five-element vein samples collected (n = 211) were analyzed by four-acid digestion 

followed by inductively coupled plasma mass spectrometry, and fire assay-atomic absorption 

spectroscopy (App. B) at ALS Laboratories (Sudbury, Ontario). Industry-standard QAQC 

protocol was followed; a total of 8 blanks (one per 30 samples) and 13 certified reference 

standards (one per 30 samples for Ag, Ni, Co, As, Bi; one per 50 samples for Au, Cu, Pb, Zn), 

and 7 duplicates (one per 30 samples) were submitted (QAQC details included in App. C). In 
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total, 28 QA-QC samples were submitted as part of this study and the data is tabulated in 

Appendix D. These data were combined with a database of samples collected by First Cobalt (n 

= 828); First Cobalt samples were analyzed by AGAT Laboratories and SGS Canada Inc., all of 

which utilized industry standard QA-QC protocols. The First Cobalt data is not included in 

Appendix D, but is included in presented diagrams of results and is consistent with the data from 

this study. As many samples had high-metal values and thus were reported as overlimit values, 

more than one method was used to capture their metal values. Lastly, due to multi-element 

laboratory analytical packages, the most appropriate assay method was assessed for each sample 

and this was combined into a single database (App. D). 

2.3.3 Sample Characterization 

 A subset of samples was selected for detailed analyses including petrography, scanning 

electron microscopy-energy dispersive spectroscopy (SEM-EDS), and optical 

cathodoluminescence (CL). All work was done at the Mineral Exploration Research Centre – 

Isotope Geochemistry Laboratory (MERC-IGL), Sudbury, Ontario. Samples selected were 

representative of spatial coverage in the district with a focus on those that had multi-mineral 

aggregates and cross-cutting mineral relationships to ensure a consistent mineral paragenesis 

across the district. Polished thin sections (30 μm, n = 107) were used for mineral idenfication, 

textural studies, determination of mineral paragenesis, identify the presence of fluid inclusion 

assemblages, defining wallrock alteration, and detect possible growth zoning in minerals (Dong 

et al., 1995; Götze et al., 2001). Conventional microscopy (reflected and transmitted light) 

utililized an Olympus BX53M microscope. For mineral identification and CL analyses of vein 

quartz and carbonate, a Tescan Vega3 SEM-EDS with Tescan backscatter electron (BSE) and 

CL detector and a Bruker Quantax EDS system with a 60 mm2 detector were used. Operating 
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conditions employed were: accelerating voltage 15 kV, working distance 15 mm, and beam 

current for spot and raster analysis ~1 nA and ~5-10 nA for element maps. The CL imaging of 

quartz and carbonate used an acceleration voltage of 15 kV and beam current of ~1 nA. 

2.3.4 In-situ Laser Ablation Inductively Coupled Plasma Mass Spectrometry 

(LA ICP-MS) of vein carbonates 

 A subset of representative polished 30 μm sections (n = 8) featuring multiple generations 

of hydrothermal vein carbonate throughout the five-element vein paragenesis were selected for 

in-situ LA ICP-MS analyses at the MERC-IGL. Select major and trace elements (Ca, Fe, Mg, 

Mn, Sr, Th, U) and rare earth element (REE) analyses were done with a Photon Machine, 

Analyte G2 laser ablation and Thermo iCap-TQ ICP-MS system with a Helex II, large format, 

two-volume ablation cell (Woodhead et al., 2007; Paton et al., 2011). Operating conditions used 

were a laser wavelength of 193 nm, fluence of 4 J/cm2, repetition rate of 6 Hz, and ablation 

duration of 30 s. Ablation pit depth was ~15 μ with an ablation rate of ~0.5μm/s and spot sizes 

25 to 35 μm. Gas flow rates for He1, He2, Ar, and N2 carrier gases were set to 0.525 L/min, 0.1 

L/min, 0.65 L/min, and 0.006 L/min, respectively. All other analytical conditions, reference 

material, and data processing information are in Appendix E. Glass standards G_NIST610 and 

G_NIST612 were run every 4 samples. The percent difference between measured values and 

accepted values of each element for the standards were -19% for Mg, -11% for Mn, 103% for Fe, 

and all other elements were below 5%. Departure of the mean values for each element of the 

analyzed standards always had a percent standard deviation (% RSD) of less than 5%, except 7& 

for Mg, 16% for Mn, and 11% for Fe in the first batch of analyses, and 10% for Mg, 6% for Si, 

9% for Fe in the second batch. The data were processed offline using the protocols of Woodhead 
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et al. (2007) and Paton et al. (2011). Values of U and Th are not reported because these elements 

fell below the limit of detection. 

2.3.5 Fluid inclusion petrography and microthermometry 

 A subset of double-polished, 150 μm thic  sections (n = 0  ere prepared from 

representative vein quartz for fluid inclusion study. Petrographic study and CL imaging was used 

to identify inclusion types and constrain their timing of entrapment using the approach of fluid 

inclusion assemblages (FIA; Goldstein and Reynolds, 1994; Bodnar, 2003a). A few 

representative samples were selected for a preliminary microthermometric study carried out in 

the Fluid Inclusion Laboratory at Laurentian University, Sudbury, Ontario. Measurements were 

made usin  a in ham  00 heatin  and free in  sta e attached to an l mpus -51 

petrographic microscope; the stage was operated with a computer controller unit which regulated 

the heating and cooling rate. The stage is calibrated with synthetic fluid inclusions: triple point of 

CO2 (-5 . , the triple point of 2  (0  and the critical point of 2O (374°C). Details of the 

protocol used are given in Slater et al. (2021). 

2.4 Results 

2.4.1 General features of five-element veins and allroc s 

 The five-element veins at Cobalt occur as narrow veins (2-3 mm to 120 cm) with textures 

indicating infill of extensional fractures (Fig. 6A). The vein infill consists of comb-textured 

quartz, native metals, arsenides, sulfarsenides, accessory sulfosalts, and base-metal sulfides 

encased in pale pin  ferroan dolomite and clear to cloud  hite, fine-grained to massive calcite 

(Fig. 6A, E, F). The metal and quartz-carbonate proportions of vein segments is heterogeneous 

between samples, but are typically high-tenor. 
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 Alteration selvages a few centimeters thic  follow vein margins (Fig. 7) and they 

texturally obliterate the allroc  mineralogy and former features. Although veins are hosted in 

different lithologies, alteration is consistent with chlorite, carbonate, actinolite, albite and minor 

epidote with the addition of arsenopyrite and disseminated Ni-Co-arsenides (Fig. 7). In the 

allroc , plagioclase is albitized and pyroxene, biotite, and amphibole are chloritized. Chlorite is 

zoned with a Mg-rich core and Fe-rich rim and overall becomes more Fe-rich towards the veins. 

Calcite replaces plagioclase in mafic volcanic roc , as ell as the fine-grained matrix and rims of 

lithic clasts of sedimentar  roc s. Trace sericite and sulfides occasionally rim vein margins. 

Wallroc  clasts often incorporated into the veins are angular, of variable size, and are usually 

chloritized and carbonate altered. 

2.4.2 Composite petrography of five-element veins 

 There is a consistent development of mineral and textural stages in vein samples with the 

following paragenesis noted: (i) early vein fill of comb quartz; (ii) the five-element stage; (iii) a 

stage of coupled dissolution-precipitation (CDP) of early arsenides which has not been 

previously noted at Cobalt; (iv) a carbonate-fill stage; (v) native metals (Bi, Ag); and (vi) base-

metal sulfides. These stages are described in order below. 

The early vein fill consists of comb quartz (Fig. 8A) that is aligned perpendicular to the 

vein walls, hence it represents an extensional feature. Post-dating the quartz as vein fill is bladed 

actinolite, epidote, trace albite, and anhedral to acicular hematite encased in calcite crystals. 

Flamboyant chlorite, either as vein septa or radial reniform clusters, forms as bands or on the 

comb quartz. 

 The five-element assemblage post-dates the comb quartz and other aforementioned 

silicates and includes elongate rosette features cored by dendrites of native silver that are 
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enveloped by Ni-Co-Fe-arsenides. These features are followed by carbonate and minor silicate 

minerals (Fig. 8B). The dendritic native silver, a common feature in five-element settings, is 

attributed to disequilibria growth related to rapid precipitation (e. ., ar l et al., 01 . 

Arsenides and sulfarsenides are concentrically-zoned (e. ., i s. , , 9A), multi-mineral rims 

surrounding the native silver as circular- to oblong-shaped, mm- to cm-scale colloform-rosette 

aggregates that cluster in patches (Fig. 8C-K). The dominant Ni-Co-Fe-arsenide minerals include 

nic eline (abbreviated Nic; NiAs), rammelsbergite (Ram; NiAs2), Ni-s utterudite (Ni-s utt  

Ni,Co,Fe)As3, safflorite (Saff; CoAs2 , s utterudite ( utt  CoAs3), and loellingite (Lo; FeAs2), 

whereas sulfarsenides include gersdorffite (Ger; NiAsS), cobaltite (Cob; CoAsS), and 

arsenopyrite (Apy; FeAsS). That micro-spheres (a fe  μm  or trails of native bismuth occur 

within all Ni-Co-Fe arsenide minerals with no associated CDP textures suggests these droplets 

are primary features (Fig. 8L, M). 

 The CDP textures (e.g., Ruiz-Agudo et al., 2014, and references therein) are seen 

between concentrically-zoned arsenide phases (e.g. CDP mineral boundaries are labelled in Fig. 

9B, but this texture occurs in Fig. 9A-F) which generally progress from Ni- to Co- to Fe 

arsenides. The earlier phases are corroded and overgrown by new minerals that are characterized 

by euhedral terminations, such as they occlude in cavities, and abundant pitting; both of these 

textures are features noted where CDP occurs (Ruiz-Agudo et al., 2014). The CDP textures are 

also localized to hairline fractures where fluids were focused and dissolution occurred. 

 Similar to the arsenide aggregates, carbonate is multi-generational and displays CDP 

textures between partially replaced rhombohedral dolomite or calcite with late overprinting 

calcite (termed calcite 1 and calcite 2 in section 2.4.9; Fig. 9G).This late calcite additionally 
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infills fractures and dissolution pits of vein and allroc  material. Dolomite always precedes 

calcite if both carbonate minerals are present. 

 The late minerals include anhedral to sub-rounded, blebby, or ribbon-li e native silver 

(Fig. 6E) and bismuth ( i . , base-metal sulfides (i.e. chalcopyrite, sphalerite, galena, 

bornite, acanthite, bismuthunite; Fig. 9I, J), and rare sulfosalts. These phases infill fractures 

within jigsaw breccia-textured, and partially dissolved, arsenide aggregates and along late 

fractures in vein carbonate. This is textural evidence for the late-stage remobilization of native 

metals and overprint of sulfides. 

2.4.3 Mineral paragenesis of five-element veins 

 The above observations are used to develop the paragenetic stages, which is correlated 

with the numbering sequence belo  in brac ets corresponds to that of the schematic vein-

assemblage diagram in Figure 10. In sequential order, the paragenetic stages are as follows: 

o Barren stage (1): Euhedral comb quartz fills open space with subsequent chlorite, 

epidote, actinolite, and rare pyrite. 

o Five-element stage (2, 3): The main mineralization for native silver as dendritic crystals 

rimmed by Ni-Co-Fe-arsenides (the “arsenide window”), along with ferroan dolomite or 

calcite. Arsenides occurs as colloform and rosette aggregates and may occur with (e.g. 2) 

or without (e.g. 3) a native-metal component. There is a general elemental progression of 

Ni- to Co- to Fe-arsenide solid solution involving multiple superimposed coupled 

dissolution-precipitation replacement fronts within the arsenide aggregates. 

o Ni-Co-Fe sulfarsenide and Ag-As-Sb sulfosalt stage (4, 5): CDP replacement of the 

arsenide phases (e.g. 4) accompanied with CDP replacement of early carbonate by late 

calcite (e.g. 5). 
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o Native metal (Ag, Bi) remobilization (6): Infill of native bismuth and silver or related 

phases with varying amounts of S (i.e. bismuthinite and acanthite compositions) into 

micro-fractures and jigsaw brecciation of pre-existing vein phases; 

o Sulfide stage (7): Overprinting sulfide event (i.e., chalcopyrite, sphalerite, bornite, galena, 

and minor pyrrhotite pyrite, and cubanite) accompanied by calcite, quartz, and minor 

fluorite and barite. 

It is noted that the relative timing between remobilization of native metals (6) and sulfide 

precipitation (7) is uncertain and that these stages may overlap. 

2.4.4 Mineral chemistry of five-element vein assemblage 

 The compositions of the five-element vein assemblages are presented in Figures 11 – 13, 

with representative data in Tables 2 – 4 and additional data in Appendix F. 

 Rosette features cored by dendritic native silver and with multi-phase arsenide rims 

analysed in raster mode (Fig. 11B, C) have a consistent bul  composition of appro imatel  5 .  

wt. % (59.1 at. %) As, 17.3 wt. % (11.8 at. %) Ag, 14.8 wt. % (18.6 at. %) Co, 4.0 wt. % (5.2 at. 

%) Fe, 1.5 wt. % (0.9 at. %) Sb, 1.2 wt. % (1.5 at. %) Ni, and 1.0 wt. % (2.2 at. %) S (Fig. 11B; 

Table 2). Raster analysis of the dendritic native silver cores are consistent with an average of 

92.6 wt. % (91.0 at. %) Ag, 4.7 wt. % (4.1 at. %) Sb, and 0.5 wt. % (1.6 at. %) S (Fig. 11C; 

Table 2). These dendritic Ag-Sb cores are surrounded by annuli of small Ag-Sb inclusions of 

irregular shape having identical composition (Fig. 11D). At high magnification there are cuspate 

interfaces with dihedral crystal angles between the Ag-Sb dendrites and s utterudite (Fig. 11D). 

The outward progression of the arsenide mineral sequence gradually transitions from s utterudite 

to safflorite (Fig. 11E). Additionally, some arsenide aggregates are cored by dissolution pits 
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infilled by carbonate, which assume the same relict shape as the dendritic native silver cores seen 

in other samples (Fig. 11F). 

 Ternary plots (As-S-Ni-Co-Fe) of the arsenide and sulfarsenide minerals (Fig. 12) 

indicate that data fall between end-member arsenide and sulfarsenide minerals. Thus, the 

minerals have extensive and variable nonstoichiometric substitution among Ni-Co-Fe, as well as 

varying amounts of S incorporated. Ag (0.1 wt. % detection limit) was not detected in the 

arsenide or sulfarsenide phases. Furthermore, ternary plots (Ag-As-Sb-S) of the Ag-bearing 

minerals in Figure 13 indicate that remobilized Ag (as well as Bi) can be pure or accompanied 

with ranging proportions of sulfur. 

2.4.5 Chemistry of five-element vein samples: Regional zoning and 

implications for mineralogy 

 The analytical data for five-element vein samples were combined with that of First 

Cobalt and plotted spatially to identify potential regional trends in metal zonation. Any samples 

that were over-limit or under-limit were assigned the over-limit or under-limit detection values, 

respectfully, for plotting purposes. 

 The ranges for elements of interest are presented in Table 5 (see all data in App. D), 

which show large ranges from high values to below the detection limits for different elements. 

Percentile groups for each element (<P75, P76-90, P91-95, P96-99, and >P99) and element ratios (e.g. 

Ag/Co; <P5, P5-10, P11-50, P51-90, P91-95, >P95) weregeospatially referenced and plotted in ArcMap® 

(Fig. 14). Figure 14 shows a subset of representative element-ratio plots for the Cobalt subarea 

with Figure 14B and C showing maps of Ni/Ag and Co/Ag percentile ratio values, respectfully. 

In both cases, the distribution of percentile ratio values indicate that samples in the central 

regions of the sample clusters are Ag-dominant over Ni and Co (red symbols). Peripheral to the 
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Ag-dominant area, Ni (Fig. 14B) and Co (Fig. 14C) dominant samples are more common (blue 

symbols). Figure 14D shows a map of percentiles of Co/Ni in the same region,which suggests 

that Co-dominated samples (blue symbols) are ubiquitous, but the few Ni-dominated samples 

(red symbols) are noted to be proximal to Archean mafic volcanic inliers. These percentile 

groupings demonstrate that, in Cobalt at least, a metal zoning with a Ag-rich mineralization core 

and Ni- and Co-rich peripheral region exists. 

 Detailed assessment of metal distribution with respect to host-roc  t pes indicates no 

preferential host lithology for the high Ag and Co percentiles. owever, there is a preference for 

high Ag at localities having high vein densities, such as at err a e or obalt a e (Fig. 14A, 

B), and generally agrees with the locations of the highest yielding historical Ag-producing mines 

(Sergiades, 1968; MDI, Ontario Geologic Survey, 2019; App. G). These high-vein densities are 

often hosted in the uronian sedimentar  roc  proximal to outcropping of the Archean interflow 

sedimentar  roc s, hereb  erosion of the overl in  uronian roc s is inferred. In contrast, the 

hi hest percentiles for i are from samples hosted in the Archean mafic volcanic roc s, ith the 

smallest percentile groupings from samples hosted in the Nipissing gabbro. 

 The spatial distribution pattern of Bi most closely mimics that of Co, and Sb most closely 

mimics that of Ag (App. G). Arsenic is ubiquitous throughout the district, whereas Zn and Pb 

have similar distributions and differ from Cu. owever, the spatial distributions of these base 

metals differ greatly from that of Ag, Ni, Co, As, Bi, or Sb (App. G). 

 Further assessment of the aforementioned bul  sample assays included plotting it as 

atomic proportion in binary and ternary diagrams for various elemental combinations (Ag, Co, 

Ni, Bi, As, S, (As+S), Sb, Cu, Pb, Zn, Mo) to evaluate the dominant mineralogy present in 

samples and hence the studies areas. Grouping of minerals followed the paragenetic mineral 



23 

 

sequence previously noted: native silver to Ni-arsenides to Co-arsenides to base-metal sulfides. 

Complex sulfosalts were not included in the mineral groupings, as these phases are overall rare 

and do not dominate the veins. 

 The following summarizes the procedure followed to group the samples into major 

mineral groupings: 

1. ighly anomalous Ag-rich samples were attributed as Ag samples given it is the 

dominant element compared to the other metals in the assemblage (i.e. Co, Ni, Bi, etc.). 

2. The Ag-rich outliers were filtered out and the remaining data were plotted in the 

As:Ni:Co ternary. All samples below ~45% As were attributed to being sulfide-dominant 

as they plot outside of arsenide mineral space. 

3. For the binary Co:Ni plot, all points above the 1:1 line were categorized as Ni-dominated 

arsenide and points below the 1:1 line as Co-dominated arsenide. 

4. The Ni-dominated arsenide points were plotted in the binary Ni:As as to define “NiAs”, 

“NiAs2”, and “NiAs3”, grouped according to slopes of 1:1 – 1:1.5, 1:1.5 – 1:2.5, and 

>1:2.5, respectfully. 

5. The Co-dominated arsenide points were plotted in the binary Co:As to define “CoAs”, 

“CoAs2”, and “CoAs3”, grouped according to slopes of 1:1 – 1:1.5, 1:1.5 – 1:2.5, and 

>1:2.5, respectfully. 

6. All Ni-Co-arsenide data points were plotted in As:Ni:Co ternary space, where points with 

>90% As normalized atomic proportion were grouped as “As”. 

7. The remaining sulfide-dominated samples were grouped as “Cu-sulfide-dominated”, 

“sphalerite-dominated”, and “galena-dominated”, dependent on which of these metals 

(Cu, Zn, Pb, respectfully) was most abundant in the remaining samples. 
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8. All mineral groupings were geospatially referencd in ArcMap® overtop of geology. 

 This mineral groupings approach for Cobalt (Fig. 15; see additional figures in App. G) 

shows: (i) the Ag-dominated samples are located in poc ets in the center of the Cobalt subarea 

(Fig. 15B); (ii) the Ni-rich samples (orange and green circles in Fig. 15C) occur along the 

periphery of the Cobalt subarea; (iii) the Co-rich samples (purple and blue circles in Fig. 15D) 

are much more abundant than the Ni-rich samples; (iv) the CoAs3-dominated samples (dar  blue 

circles in Fig. 15D) occur mostly in the dashed areas, which generally correlate to Ag-dominated 

samples (Fig. 15B); and (v) the CoAs- (purple circles in Fig. 15D) and CoAs2-dominated (light 

blue circles) samples are peripheral to the CoAs3 distribution, in the same areas as the Ni-

dominated samples. Examination of the spatial distribution also shows that there is no apparent 

lithological preference or spatial trends for the distribution of monarsenides versus diarsenides 

versus trisarsenides. o ever, the o-triarsenide (s utterudite  is the most abundant mineral, 

and thus ubiquitous, whereas the CoAs (monarsenide) is rare and therefore not mineralogically 

favored. The Ni- monarsenide (nic eline  and diarsenide (rammelsber ite  are more abundant 

than the triarsenide (Ni-s utterudite . 

 These plots also show potential associations among mineral groupings and the type of 

host lithology. The main vein host environments are noted: (i) uronian and Archean mafic 

volcanic- uronian sedimentar  roc s (i.e. close to the regional unconformity); (ii) Archean 

mafic volcanic; and (iii) veins that pinch out into the Nipissing gabbro. There is an apparent 

preference of Ni-arsenide minerals to the Archean mafic volcanic basement inliers (Fig. 15C), 

whereas there is no apparent host lithology preference for native Ag (Fig. 15B) or the Co-

arsenides (Fig. 15D). Ag does occur in gabbro-hosted veins, however, Ag is more abundant in 

areas of higher vein densities, which tend to be hosted in the Archean basement or uronian 
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sedimentar  roc  (e.g. Fig. 15B, err a e, obalt a e, and NE corner of Cobalt, in the dashed 

areas). 

 Detailed evaluation of mineralized areas indicate local variations in metal distribution 

(maps in App. G). Areas scrutinized include the Kerr, Cart, Cobalt, and ross ise a es, and 

Southern Cobalt region, and the Woods and Watson veins in the Keeley Frontier property in the 

South Lorrain township (Fig. 2). The subtle variation in metals seen at one locality is not 

consistent at the local scale across other veins, thus metal distribution is locally heterogeneous. 

 The use of the ternary diagrams of elements provides the means to assess the vein assay 

data in relation to stoichiometric minerals. Results reveal that the vein assay data falls between 

mixtures of end-member arsenide minerals (Fig. 16A-F; Table 6). For example, in the As-Ni-Co 

and As+S-Ni-Co ternaries (Fig. 16B-D), vein assay data scatter between the Ni- and Co- 

arsenides with the point density indicating Co mineralogy dominates. The most abundant mineral 

is the triarsenide s utterudite ( oAs3), which is confirmed during petrographic study of the 

widely-dispersed sub-set of samples. In contrast, the monarsenide nic eline ( iAs  as the most 

common Ni-arsenide. Figure 16C and 16D (Ni-As-S and Co-As-S ternaries, respectively) show 

the Ni- and Co-arsenides contain varying amounts of non-stoichiometric substitution of S. Figure 

16F (Ag-Ni-Co ternary) demonstrates Ni- and Co-arsenide dominant samples that do not contain 

high levels of Ag. 

 Binary plots of elements (Co-Ni-As-Bi-Sb) in log-log space (Fig. 17) all show strong 

covariance. For example, in Figure 17A, a plot of As versus Ni, demonstrates that Ni-arsenide 

data points fall along the mineral trajectories, whereby coloured lines represent Ni-arsenide 

mineral trajectories. This linear trend is seen in all the binary plots in Figure 17, meaning the 

ratio between the binary relationships is consistent across the concentration ranges for the 
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samples, the latter reflecting the abundance of the vein gangue (i.e. quartz and carbonate). As 

well, the Co:Ni ratio (Fig. 17C) remains uniform, especially when considering the number of 

widely-distributed samples. In contrast, Ag shows a sporadic, or scattered, distribution versus 

Co-Ni-As-Bi (Fig. 18). Ag always occurs with Co-Ni-Bi-As-Sb, however these same elements 

are not always accompanied by Ag. Additionally, rare enrichment of  is associated with Ag-

rich samples. 

 Concentrations of Cu, Zn, and Pb do not correlate with any combination of Ag-Co-Ni-Bi-

As-Sb (Fig. 19 with additional plots in App. G). Despite the large data scatter, these base metals 

show a possible bimodal distribution when plotted against Ag, Co, Ni, Bi, As (e. . i . 1 , , 

and Sb which would suggest two styles of mineralization: the overprinting of late stage Cu-Zn-

Pb sulfide mineralization on the five-element assemblage versus base-metal sulfides in the 

allroc . Notably, there is slightly tighter clustering for Cu-Zn-Pb when plotted against each 

other (Fig. 19C, F, I), which confirms their noted close association. 

2.4.6 Cathodoluminescence imaging of vein quartz and carbonate 

 Cathodoluminescence imaging of the early stage of comb quartz reveals two types of 

quartz, as distinguished by differing luminescence intensities (Fig. 20A). The earlier quartz has a 

dull CL, but with broad bands of variable CL (i.e. a zoning), as do other similar quartz grains that 

extend further outwards from the vein margin. In contrast to this quartz, the later quartz, which 

nucleated on the former and in general displays a feathery or plumose texture, has a strong CL 

response (Fig. 20A-C). This quartz shows two patterns which are seen in quartz that is cut both 

subparallel and perpendicular to the c-axis. In each case, there is an oscillatory zoning seen as 

alternatin  dar  and li ht  quartz which outlines growth zones and this is then cut by a 

cobweb- or grid-li e pattern of variable luminescence in quartz (Fig. 20D, E; e. . us  and 
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Reed, 2002). Therefore, in addition to the euhedral zoned cores and outer plumose-textured 

quartz types, there is overprintin  of dar   region that appears to be related to micro-shearing 

features. 

 Dolomite and calcite are the main gangue phases in the five-element veins. When both 

minerals are present, dolomite always precedes calcite, indicated by CDP textures between 

partially replaced euhedral dolomite overprinted by the calcite. CL images collected on several 

samples indicate the same sequence and features, this being that the dolomite commonly has a 

euhedral rhombohedra habit, with growth zoning interpreted from CL patterns of a patchy core 

to dar  rim ( i . 20F). It is common for the dolomite to be variably replaced by later calcite, 

which in  lac s apparent onin . 

2.4.7 Chemistry of vein carbonates 

 Representative samples of vein dolomite and calcite (two generations, termed calcite 1 

and calcite 2) were analyzed for major, trace, and REE contents with sampled locations based on 

petrography and CL imaging. Representative data are presented in Tables 7 and 8 and the 

complete data are given in Appendix E. The data are summarized in Figures 21 and 22. 

 The average Ca, Mg, Fe, and Mn contents of zoned dolomite range from 16.45-28.87 wt. 

%, 8.38-12.27 wt. %, 0.40-1.40 wt. %, and 0.08-0.72 wt. %, respectively. The same values for 

calcite range from 29.30-53.88 wt. %, 0.01-0.6 wt. %, 0.06-0.63 wt. %, and 0.30-1.35 wt. %, 

respectively. As seen in the Ca-Mg-(Mn+Fe) ternaries (Fig. 21A, B), calcite has <2-3 at. % Mg 

and <5 at. % Fe+Mn, with calcite 1 more enriched in Fe+Mn. For dolomite, the plots indicate 

Ca>Mg and many samples have elevated Fe contents (ferroan dolomite). The Fe content of 

dolomite is higher and more variable than in calcite, whereas Mn content is similar. The average 

Sr values range from 23 to 71 ppm for dolomite and 52.8 to 232.4 ppm for calcite. For the 
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dolomite, no systematic chemical zoning was noted despite growth zoning seen during CL 

imaging. 

 Due to the preferential incorporation of some redox sensitive elements into carbonate 

(e.g., Fe Mn), in addition to Sr ( chi uni, 1 3  hannon, 1  au, 1 1 , Fe, Mn, and Sr are 

plotted as a function of u anomal  ( u/ u  = 0.001 -0.76 for all samples) in Figure 21C – E. 

The plots show that, in general, there is little elemental enrichment of Fe and Sr with respect to 

Eu/Eu*, but for Mn contents are higher for Eu anomaly as >0.1-0.2 in dolomite and calcite 1. 

 The chondrite normalized (CN) REE patterns for the different carbonates are summarized 

in Figure 22. In general, there is an overlap of the data in terms of the  – dolomite has 22-

26 ppm, calcite 1 0.36-2914 ppm and calcite 2 3.66-870 ppm . Comparison of the REE 

patterns for the different carbonate types indicates three repeating REE patterns as summarized 

below: 

i. A dominant pattern with subtle or no LREE enrichment relative to the  ith 

variable negative Eu anomalies in both dolomite and calcite (e.g., Fig.22A, B). These 

patterns can have a large range in CN values, but are always >10. In many cases these 

patterns give way to a flattening of LREEs as the s decrease. 

ii. A few calcites are strongly enriched in LREE over the s (Fig. 22E, F). 

iii. A pronounced REE enrichment over the LREEs and seen in both calcite types (Fig. 22 

C, D, E, J), but onl  for samples ith lo  s and at   1. 

iv. A listric-shaped pattern with relative depletion of the middle REE and a negative Eu 

anomaly (Fig. 22 F, I)  a ain this is for both dolomite and calcite havn  lo er s. 

v. A fe  samples sho  a pronounced positive o anomal , but onl  here the  value 

are <10 (Fig. 22E, F, I, J). 
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 In general, the patterns from samples which have the highest REE content appear similar, 

but the magnitude of LREE enrichment and negative Eu anomalies vary sli htl  ( u/ u  = 

0.0014-0.76). Most calcite samples show an incremental decrease in REE concentration, up to 

three or four orders of magnitude, with very little overall change in the REE profile (e.g. Fig. 

22B, , , , , ), whereas dolomite shows lesser changes in REE concentrations. As the 

REEs decrease, the  patterns remain roughly subparallel, but at lo er REE the LREE 

become depleted to  ( i . 22C, D). In contrast, a few calcite samples, both types 1 and 2, 

have lo  s ith the CN profiles <10. 

There is no systematic trend of REE enrichment or depletion from core to rim or vice 

versa for either dolomite or calcite. Additionally, a calcite generation in a particular sample can 

have more than one pattern in rare cases (Fig. 22D). 

2.4.8 Fluid inclusion studies of five-element veins from the Cobalt district 

Select five-element vein samples and base-metal rich footwall vein samples containing 

quartz and carbonate (e.g. Fig. 6D) were studied for fluid inclusions and samples were chosen 

based on where well-preserved populations (i.e. FIAs; Goldstein and Reynolds, 1994) and types 

of inclusions – primary (P), secondary (S), pseudosecondary (PS), and indeterminate (I) (see 

Bodnar, 2003a) – could be identified. The inclusins types are summarized in Table 9 and 

representative inclusions, as seen at room temperature (20-25°C), are shown in Figure 23 and 

schematically summarized in Figure 24. Six types of inclusions seen in the five-element vein 

samples, the main focus of this study, are described below. 

Type i L-V- alite (  inclusions (Fig. 23B, C) are <5 µm and regular to irregular shaped. 

They are abundant and occur as P- and I-types inundating the cores of comb quartz, but also as 

S-type cutting comb quartz. Importantly, they do not coexist with other inclusion types, such as 
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V-rich if fluid unmixing had occurred. Locally, L-  inclusions occur ith -V-  inclusions but 

are attributed to nec in  of the latter. 

Type ii L-V-Solids(  inclusions are <7 µm and of irregular shape (Fig. 23D, E), 

which may also include decrepitated inclusions. Less abundant than type i L-V-  inclusions, 

these I- and S-types also occur coring comb quartz, but are not seen as part of the type i FIA, 

althou h the  can host . Based on petrographic features (i.e. high birefringence), some solids 

are li el  mica (e.g. sericite) and are considered to be accidentally trapped grains versus daughter 

minerals. 

Type iii L-V (<20% V) inclusions are <5 µm and regular in shape (Fig. 23F, G). They 

occur as PS-type along healed fractures cutting the cores of comb quartz, but also as I-type 

towards the margins of comb quartz. 

Type iv L-V (40% V) inclusions, distinguished from type iii based on a large V %, are <7 

µm and of regular to irregular shape (Fig. 23 , ). As with type iii, they occur PS- and I-types in 

comb quartz, but also occur as P-type of <30 µm on the margins of euhdral calcite grains. In the 

latter, they are accompanied by V-type inclusions (Fig.23J, K). Rare, monophase L-type 

inclusions associated with types iii and iv are attributed to nec in . 

 Type v V-type inclusions can include both V-only and also V-rich, the latter having a thin 

rim of L (Fig. 23L-N). These inclusions are <5 µm and have regular shapes. They occur as P- 

and I-types in coring comb quartz cores and also in quartz entrained in the arsenides (Fig. 23L, 

M), S-types cutting comb quartz (Fig. 23N), and as P type of < 30 µm on the margins of euhedral 

calcite coexisting with type iv inclusions (see above). Some type v inclusions define trails of 

radial, elongate-shaped decrepitated inclusions, which resemble textures seen in epithermal-type 
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quartz generally inferred to be trapped during rapid quartz growth (e.g, Dong et al., 1995; Sander 

and lac , 1 . 

The last inclusion type, type vi, is defined based on shape rather than phases present and 

are referred to as decrepitates. These are inclusions whose shapes were substantially modified 

post entrapment (Fig. 23 O, P). Such inclusions are abundant and tend to be found on the 

margins of comb quartz grains. These inclusions are large, ranging from around 5-30 µm, with 

the majority containing mainly V, and fewer containing L and solids. 

The base-metal vein samples studied also contained the same populations of inclusions as 

noted above. The only noted difference was that for the type v inclusions more L-phase was 

present (to 20-40%). 

Microthermometric data collected to date was restricted to the base-metal veins (e.g. Fig. 

23Q-S), as the very low amount of gangue in the five-element veins compromised most of the 

samples in regards to dismounting quartz and carbonate for such studies. ence, at present onl  

data for the base-metal veins are summarized and since a more detailed study is to be followed, 

only a brief summary of data acquired is provided here. For these samples, the following is noted 

for inclusion type i, iv and v. For type i L-V-  t pe inclusions the h(  values of 1  to 0  

equate to salinities of 30.4 to 36.7 wt.% equiv. NaCl using tables in Bodnar (2003b). The low 

first melting (Tfm) or eutectic temperatures of these inclusions indicate the presence of CaCl2. 

These inclusions homogenized over a broad range from 170 to 295°C, but smaller ranges of <10-

20°C are noted for an FIA. The homogenization behavior was of three types, as follows L-V-  

 L-   , or L-   , or just to L. For type iv L-V inclusions, Tm(CO2) was -62.3 to -

. , hich indicates the presence of other dissolved ases such as 4 and/or N2. The 

Th(CO2) for the carbonic phase was to the liquid and ranged between -17.8 to +7.8°C. Using the 
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Tm(CO2) versus Th(CO2) plot of Mernagh et al. (2004) suggests up to 20-30 mol  4 mixed 

in the CO2 component of these inclusions. That Tfm for these inclusions indicate that CaCl2 is 

present in solution and that hydrohalite was the last phase to melt indicates salinities between 23 

and 26 wt. % equiv. NaCl (Roedder, 1984). Lastly, for the type v V-rich inclusions (Fig. 23Q-S), 

these showed low homogenization temperatures, always the L, from -120 to -106°C. This type of 

phase behavior suggests a mixed CO2- 4 system with >60 mol  4 and, in addition, N2 may 

also be present ( an den er hof and hi r , 001 . 

2.5 Discussion 

2.5.1 Regional metal zonation and implications 

 This study has shown that there is a metal zonation in the Cobalt district specifically with 

a Ag-dominated zone compared to a peripheral Ni and Co enrichment and, furthermore, that high 

i is spatiall  associated ith e posures of Archean mafic volcanic roc s. his metal onation 

suggests therefore a broad thermo- and/or chemical (e.g. redox) gradient generated by fluids 

and/or a host lithology control. Alternatively, the zoning might reflect a late-stage mobilization 

of Ag, as noted in many samples, and/or an influx of Ag and its superimposition on an existing 

Co-Ni enrichment. This in turn implies the localization of the late Ag was controlled by an event 

that preferentially focused it into effective traps (i.e. zones of high fracture density), rather than 

by a chemical or thermal gradient during the earlier mineralizing event. The amount of 

remobilized of Ag, however, is difficult to quantify and for this reason a broad thermo- or 

physio-chemical radient is currentl  preferred as a more li el  a cause for the metal onation.  

 The local association of high Ni in five-element veins hosted b  Archean basement roc s 

could be more apparent than real due to its low overall abundance in the five-element system. 

Additionally, the restricted amount of sampling limits statistical relevance of the Ni distribution. 
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Thus, the relative enrichment of Ni is possibly related to a significant amount of sulfide (e.g. 

pyrrhotite) locally derived from the Archean interflo  sedimentar  roc s and/or perhaps an 

initiall  hi h content in mafic volcanic roc s (i.e. ori inal enrichment in olivine). Additionally, if 

metals originate from a stratigraphically lower Archean basement reservoir, the veins could also 

be vertically zoned with Ni more concentrated proximal to the source, presumably now as 

nic eline, due to a lower relative mobility than other elements. In this context, a greater relative 

mobility of Co would account for its’ more ubiquitous distribution compared to Ni. 

 The Cobalt subarea metal distribution maps (Figs. 14, 15) reveal the most important 

feature of high-metal contents are lithological contacts between the Archean basement and 

Nipissing gabbro. In contrast, the many ilometers of contact bet een the ipissin  abbro and 

urronian sedimentar  roc s, and lesser so orrain ranite, across the area appears not e uate to 

areas of higher metal endowment. Instead, Archean basement inliers are the most relevant for 

hi h metal values and, ithin this, it is the interflo  sedimentar  roc s that are the most relevant 

in context of plausible metal source. The latter includes sulfide-rich intervals with high Ni-Co in 

addition to other Cobalt relevant elements (Ag, Bi, Sb) (unpublished data, First Cobalt Corp.). 

o ever, a further detailed stud  of this potential metal reservoir is needed to better understand 

and further e plore this or in  hypothesis. 

2.5.2 Geochemical and petrographic features of the five-element veins 

2.5.2.1 Covariation of Co-Ni-As-Bi-Sb in vein samples 

 The strong covariation of Co-Ni-As-Bi-Sb based on multi-element analysis of vein 

samples indicates these elements are coupled and, based on petrography and SEM-EDS studies, 

occur in various Ni-Co-arsenide and sulfarsenide phases, but dominated by nic eline, safflorite, 

s utterudite, ersdorffite, and cobaltite (Figs. 8, 9). As for Bi and Sb, the former occurs as 
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amoeboid-shaped micro-inclusions (few µm) in arsenide aggregates versus elemental 

substitutions in arsenides, whereas Sb occurs as: (i) Ag-Sb alloys (i.e. allargentum, dyscasite, 

stephanite  etru  et al., 1 1b ; and (ii) a substitution for As in Ni-Co-Fe-antimonides 

intergrown with arsenides ( etru , 1 1c  etru  et al., 1 1a). The coherency of metal ratios in 

various binary and ternary plots, regardless of extensive coupled dissolution-precipitation (CDP) 

processes, indicates subsequent modification of the primary mineralogy did not modify metal 

tenor or elemental ratios. Thus, the arsenide-to-sulfarsenide transition in the paragenesis reflects 

sulfur addition without apparent metal mobilization. In contrast, the noted scatter of Ag in metal 

plots (i.e. Co, Ni, As, and Bi) suggests it behaved independent of these elements, as is indicated 

by its dominance as native silver versus substitution into arsenide or sulfarsenide phases. 

Furthermore, the decoupling of Ag from Co-Ni-arsenides reflects its late remobilization and 

separation from other minerals, as supported from petrographic and SEM-EDS observation (e.g. 

Fig. 11F). 

2.5.2.2 Wallrock alteration and early vein fill by comb quartz 

 he lac  of e tensive (i.e. >cm scale) allroc  alteration with complementary high-ore 

tenor (i.e. massive arsenside-sulfarsenide vein fill) relative to other hydrothermal environments 

(e.g. porphyry vein and s arns, epithermal, orogenic gold) has long been noted for five-element 

vein settings at Cobalt and in general (e.g., Jambor, 1971d; Appleyard, 1980; Andrews et al., 

1986). The narrow, intensely developed propylitic-type alteration halos infers localized high 

fluid roc  interaction and related disequilibria with limited fluid ingress distal to the vein 

margins. This alteration is interpreted as early, pre-vein stage which was succeeded, in most but 

not all cases, b  comb uart  that effectivel  isolated the allroc  from the fluids  micro-

fra ments of altered allroc  in the veins supports this interpretation. This isolation of the 
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allroc  from the vein fluid also infers the allroc  did not serve as a si nificant geochemical 

buffer to the fluids. 

 The abrupt transition from fracture-focused fluid flux and related alteration to dilatancy 

and throu h flo  is mar ed b  formation of elongate, high-aspect comb quartz that records vein 

extension with little shear component. CL imaging of this quartz highlights a variety of zoning 

patterns that includes both broad li ht and dar  luminescence with normal (i.e. bright-to-dar  

from core-to-rim) and the reverse zoning, and also fine-scale oscillatory zoning. Such features 

are typical for hydrothermal quartz in high-crustal deposit settings (e.g. porphyry-epithermal) 

and reflect c clicit  of temperature and/or fluid chemistr . As e lac  such data (e. . i 

content), a more conclusive statement is not possible. Notably, other textures that might be 

expected in systems wherein rapid growth of quartz occurred and where silica supersaturation 

mi ht be e pected (e. . colloform, moss, i sa , and lattice  oncada et al. 01 , are lac in . 

Thus, whereas growth of comb quartz was favoured, evidently conditions did not induce silica 

saturation, such as inferred in settings where fluid unmixing occurs (Moncada et al. 2012, 2017). 

2.5.2.3 Primary textures of native silver and Co-arsenides 

 The implications of dendritic-textured native silver (Figs. 6E, F, 8B, 11A-C) for vein and 

deposit genesis has not been accounted for in previous models at Cobalt. As with others (e.g. 

etru , 1971b; Marshall, 2008), this study has also noted the native silver dendrites coring 

rosettes or cruciform features surrounded by Co (±Ni) arsenide assemblages. In addition, we also 

note the presence of native silver as angular-shaped phases in arsenides that define an annulus 

about the native silver dendrites (Fig. 11C, D). The native silver dendrites are also noted to have 

cuspate interfaces ith primar  s utterudite hich su est wetting surfaces (Fig. 11C, D), a 

feature not highlighted in earlier studies. Furthermore, the native silver is generally 
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compositionally uniform with about 4 wt. % Sb, although up to 8 wt.  of both b and  are 

reported by others (see Marshall, 2008). Additionally, we note the presence of native bismuth in 

the surround Co-arsenides, as have others (e. . etru , 1971b; Marshall, 2008). 

The formation of dendrite-textures are generally interpreted to reflect far-from-

e uilibrium conditions and are attributed to ineticall -controlled, unimpeded rapid growth, as 

seen in many controlled experimental studies of silicate systems (e.g. London, 2009; Maneta and 

a er, 01  irbescu et al. 01 . That the native silver dendrites from Cobalt form spheroidal 

and curvilinear versus planar interfaces also suggests they represent the boundary between 

former coexisting melts. Importantly, the textures persevered in the Ag-rich Cobalt ores are 

identical to those produced under controlled laboratory conditions involving the partial melting 

and subsequent solidification via quenching of sulfide mixtures (Pb-Zn-Fe-Sb-Cu-Ag-S-As; see 

Fig. 3C in Mavrogenes et al., 2013). Similar textures have been noted in many studies of natural 

settings where low melting-point chalcophile elements (LMCE) are involved in a variety of base- 

and precious-metal deposits (e. . rost et al., 00  om ins et al., 00  avro enes et al., 

2013; and references therein) and considered as a means to mobilize and upgrade a variety 

metals ( rost et al., 00  om ins and avro enes, 00  om ins et al., 00  iobanu et al., 

2006; Tooth et al., 2008; Acosta-Gongora et al., 2015; Biagioni et al., 2020). 

The composite native silver rosettes and surrounding Co-arsenide phases are considered 

to have originally been a single homogeneous melt (Ag-Co-Bi-As-Ni- b  able 2) that 

coexisted with saline aqueous fluids, now preserved as type i L-V-  inclusions, that formed the 

early silicate (i.e. comb quartz) and later massive carbonate infill and arsenide-sulfarsenide 

veins. Importantly, this model for the rosette features differ from that of earlier suggestions, in 

particular of Marshall (2008), that specifically refers to the small trails of native silver inclusions 
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that branch off from silver veins cutting the earlier assemblages and lining healed planes in 

quartz with coexisting saline fluid inclusions (L-V- . We note here in particular how the native 

silver dendrites differ from the equivalent in native gold from epithermal settings where it is in 

contact with gangue phases (e.g. Saunders and ur e, 01 ; Sanders et al., 2008). This suggests 

therefore the native silver is intimately related to the arsenides and favours a melt origin. The 

generation of this melt is later discussed and here we further explore its solidification. 

 Formation of the consistently observed sequence from rim-to-core of safflorite, 

s utterudite to native silver from an inferred sulfide melt is shown schematically in Figure 25A 

and interpreted in two ways. The melt may have unmixed upon cooling following on the 

analogue experiments of Mavrogenes et al. (2013) to generate coexisting Ag- b  and o(-Ni) 

arsenide melts. Whereas the former melt gave rise to the native silver dendrites, the latter 

crystallized to the two noted Co-arsenide phases. Alternatively, following on the model of 

om ins et al. ( 00 , the native silver ma  have been the residual product of the fractionation of 

the initial melt (i.e. formation of Co-arsenides) with related enrichment of Sb±Bi  lowering 

its point of solidification of the Ag-rich melt. Regardless of the model, the cuspate interfaces 

require the native silver to have at one time been a melt. Importantly, the common presence of 

the noted rosette textures and their uniform mineralogy and chemistry in vein material from the 

Cobalt district suggests the unmixing of an original metal melt was a district-scale phenomenon. 

 The temperature of vein formation at Cobalt has been estimated at 290-350°C based on 

fluid inclusions, however the inclusions are hosted in phases that post-date the rosette features 

(Marshall et al., 1993) and is thus ta en as a minimum temperature for their formation. The 

effect of LMCE is to substantially lower the temperature at which sulfide and arsenide melts 

form and by inference also for the residual melts that are suggested to have become enriched in 
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Bi-Sb-  ( om ins et al., 00  ooth et al., 00 , 011 . Althou h the same melt compositions 

discussed here have not been quantitatively modelled in the latter studies (i.e. Co-Ni-As), we do 

note that for the Ag-Sb-  s stem coe istin  ith a ueous salts, the eutectic temperature is 

around 350  ( avro enes and odnar, 1  es and avro enes, 005 , for the Ag-Bi 

system, the eutectic is  ( ansen and Ander o, 1 5 , and for A -Sb mixtures the eutectic 

can be as low as about 500°C (see summary in Marshall, 2008). Thus, while it remains to be 

full  e plored, e su est that enrichment of the ori inal bul  metal assemblage of Co-Ni-As-

Ag-Bi-Sb enabled it to exist as a melt, the evolution of which generated the native silver 

dendrites. 

2.5.3 Oxidation controls on the five-element vein paragenesis 

 The paragenesis of the native silver-arsenide-sulfarsenide assemblages is considered to 

reflect the chemical evolution of the system from an initial Co-Ni-arsenide stage with subsequent 

superimposed Co-Ni-sulfarsenides related to fluid-mediated coupled dissolution-precipitation 

(CDP) processes, and then later base-metal sulfides. The role of replacement textures has not 

previously been recognized at Cobalt, but are documented for other five-element settings (e.g. 

Fanlo et al., 2004; Kiefer et al., 2017; Kreissl et al., 2018). The elements in five-element veins 

are redox-sensitive; thus, when reduced the native metals and arsenide phases are more stable 

compared to their respective oxidized aqueous species. Also relevant is the variable relative 

oxidation states of the five elements in the assemblages, in particular Ni versus Co and As versus 

S. The following discussion is based on reference to the earlier schematic paragenesis in Figure 

10 and a more detailed one in Figure 25 that shows representative paragenetic mineral 

progressions with CDP mineral fronts and associated elemental valence states (Ni, Co, Fe, As, 

and S). 
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The presence of nic eline as the first arsenide phase (Fig. 25B) was li el  favoured due 

to the reduced nature of the ore system that stabilized As2-, which then coupled with Ni2+ to 

generate this early phase. he lac  of a stable Co-arsenide phase precluded early Co 

mineralization even though the Cobalt district is much enriched in Co over Ni, as the vein 

samples in Figures 8 and 9 show, as well as the literature (e. . etru , 1971b). o ever, 

subsequent formation of safflorite and Ni-s utterudite with rammelsbergite reflects oxidation of 

As (from As2- to As1-) and formation of diarsenide phases, whereas the appearance of 

s utterudite mar s the stabilit  of o3+ and formation of triarsenides (e.g. Fig. 25B, C). The 

formation of the Ni-diarsenides may also have included part Ni released from the earlier 

nic eline as it locall  sho s replacement te tures as it is over ro n b  the latter phases (Fig. 

25B). Thus, the paragenesis can simply be related to the progressive oxidation of the system in 

terms of both the metals and arsenic species. Furthermore, formation of the rosette features noted 

above and and related fractionation of the Co-Ni-Ag-Bi-Sb-As melt is also tied to this process. 

The formation of sulfarsenides represents two significant changes in the nature of the 

mineralization at Cobalt. Firstly, these phases formed via CDP processes rather than the infilling 

of e istin  dilatanc  in the vein net or , thus earlier phases ere first dissolved. econdarily, 

this assemblage mar s the introduction of reduced sulfur as 1-, thus a complementary increase 

and decrease in the activities of these phases. The latter favoured selective formation of cobaltite 

and gersdorffite where earlier Co- and Ni-diarsenides were present (e.g. along arsenide mineral 

boundaries or fractures in Figs. 10, 25). The chemistry for the sulfarsenides is seen to be a 

complete continuum of gersdorffite to cobaltite (Fig. 12) due to the incorporation of elements 

from the dissolved pre-existing Ni-Co-arsenides. As these reactions involve sulfidation, there 
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was also the net loss of As, the latter of which resulted in formation of late-stage arsenopyrite 

(Fig. 25B, C). 

The general succession of Ni- to Co- to Fe-arsenides to sulfarsenides to sulfides noted 

above is interpreted to reflect a process whereby initial metals and anion production was in a 

continually reducing system with coupled oxidation of a carbon source which is seen as later 

infill of carbonate in the five-element systems ( ar l et al., 01  charrer et al., 2019). The 

aforementioned model was presented by Scharrer et al. (2019) to account for the precipitation 

sequence of minerals seen in five-element deposits, both based on their studies focused on 

European deposits, but also elsewhere. They concluded that primarily evolving fluid fO2, but also 

p  and -T conditions, determine the fluid reaction pathway into respective arsenide mineral 

stability fields and the consequent Ni- to Co- to Fe-bearing mineral sequence. The fO2-p  

conditions change throughout the paragenesis due to: (i) spatially restricted influx of a reducing 

agent from a local source (hydrocarbons, pre-existing sulfides, carbonaceous shales, or even 

Fe2+-bearing minerals in host roc s); (ii) dissolution of earlier formed minerals; (iii) precipitation 

of new minerals; or (iv) fluid mixing. Furthermore, the type of reducing agent will have 

implications for the mineral se uence, as + consumption as a function of O2 depletion will vary 

between reductant type (Scharrer et al., 2019). Local (sample-scale) reversals or partial 

repetitions of the Ni- to Co- to Fe- mineral progression (e. . late s utterudite postdatin  

cobaltite; e.g. utt  in i . 5 ) is interpreted to reflect a system whereby fluid chemical 

evolutionary pathways vary locall  due to hetero eneous composition of the local source roc s 

and varying fluid-reductant interaction (Scharrer et al., 2019). 

 The transition from arsenide stability to sulfarsenides and the later sulfide stage reflects 

either one or both of changing redox state or changing fS2 in the fluid (e.g. Kissin, 1992; Scharrer 
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et al. 2019). In the former, the noted progressive increase in redox which favoured di- and tri-

arsenide formation must have reversed to allow sulfarsenide formation then continued into the 

base-metal stage. Alternatively, or in concert with the latter, is that the early formation of 

arsenides may relate to an initially low fS2 due to either a lac  of sulfur in the s stem or it being 

oxidized as sulfate and thus it remained in solution, although the lac  of abundant sulfate phases 

(e.g., barite, anhydrite) suggest the former and suggests therefore that late-stage fluid interaction 

with sulfidic countr  roc , such as the interflow sedimentar  roc s, could have remobilized 

sulfide. Also relevant to this argument are reaction rates, as noted by Scharrer et al. (2019), such 

that native metal and arsenite/arsenate to arsenide reduction is ineticall  faster compared to the 

sulfate to sulfide reduction (Ohmoto and Lasaga, 1982). Rare examples of cross-cutting mineral 

relationships observed in the Cobalt district do indicate rare sulfarsenides pre-dating arsenides, 

thus locally fluctuating sulfide activity may at least locally have favored early formation of 

sulfarsenides. 

2.5.4 Carbonate REE and trace element data 

 Analysis of carbonate phases through the vein paragenesis provides the means to address 

fluid reservoirs usin  the  and also to trac  the redox state of the system due to the update, 

or not, of redox sensitive elements such as Fe, Mn, Ce and Eu. 

 Several features of the carbonates suggest they formed from fluids that were overall 

reducing in the context of the analysed elements. Thus, enrichment of both Fe and Mn (1000s 

ppm to 2 wt. %) suggest in both cases Fe2+ and Mn2+ dominated over their oxidized equivalents. 

he lac  of ne ative e anomalies, as would be expected if Ce4+ were present due to an oxidized 

fluid, also favours a reduced fluid. Lastly, the relationship between the Eu anomalies and Fe and 

Mn contents indicate that enrichment of the latter elements is not sensitive to the degree of the 
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Eu anomaly in the carbonates. The latter precludes therefore a redox control and instead suggests 

the Fe and Mn, and also Sr, contents of the fluid varied. As for the Eu anomaly, this is very 

similar for most carbonates at 0.1 to 0.2 (Figs. 21, 22) and is uniform in each carbonate analysed. 

This suggests little if any change in oxidation state of Eu, as excursions to a more reduced fluid 

would favour Eu2+ which would be manifest as positive Eu anomalies (e.g. Bau and Möller, 

1992; Rollinson, 1993; Kontak and Jackson,1995). Thus, the observed Eu anomaly is considered 

an intrinsic feature of the hydrothermal fluid inherited from its source. 

 Two features of the REE data are addressed, first the patterns and the variable  and 

secondly the implications for fluid reservoirs. In regards to the first, we note that three general 

patterns are present, but the one with a generally flat pattern or with slight LREE enrichment 

dominates. Furthermore, in most analysed samples there is a similar maximum CN value and 

ith decreasin   patterns remain similar until the  fall to 10  values at which 

point the LREE decrease and a positive CN profile develops (i.e. LaCN uCN). The common 

inflection of Ho is attributed to the tetrad effect. This observed REE behaviour is not uncommon 

for hydrothermal minerals, for example it is common for both carbonate (e.g. Kontak and 

Jackson, 1995, 1999) and scheelite (e.g. Brugger et al., 2000b; Poulin et al. 2018), and is 

attributed to closed system fluid fraction (Möller and Morteani, 1983). In the case of carbonate, 

there is little preferential fractionation of the REEs (Zhong and Mucci, 1995), hence, similar 

patterns are recorded as the system fractionates. This also applies to patterns generated from 

replenishment of the same fluid, hich ould increase the  values but not chan e the 

pattern. As for the lowering of the LREE, this is attributed to the role of synchronous phase 

enrichment in the LREE precipitating (e.g. monazite, apatite; Rollinson, 1993). That monazite 

was observed in one of the five-element vein samples during petrography, although not subject 
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to LA-ICP-MS analysis, is therefore noted. Using this interpretation for the REE patterns noted, 

those samples that have lo   values ith depletion of the s (e. ., i . 2E, I, J) are 

considered to reflect fluids where earlier formation of carbonate and monazite occurred, that is 

evolved or fractionated fluids. For the few patterns where the MREEs are depleted, we have not 

identified an appropriate phase that might account for this (e.g. apatite, axinite, rutile, and 

anatase are among many accessory phases reported by Petruk, 1971b; Jambor, 1971c; and 

Andrews et al., 1986). An alternative model to the above is fluid mixing with related dilution of 

the original fluid (e.g. Mathieu et al., 2015). Based on the REE patterns, this would require a 

fluid depleted in  ith a strongly fractionated pattern lo  in  (i.e. 0.1  and 

relatively enriched in HREE at a similar value of the primary fluid. That low-salinity fluids occur 

in the veins (Marshall et al. 1993), albeit in low abundance, is consistent with mixing, but stable 

isotopes only record a single fluid through the vein paragenesis (Kerrich et al., 1986). Based on 

this, the model discussed previously is therefore preferred. 

 The REE data can also be used to make inferences about the rocks that the vein fluid 

equilibrated with due to protracted fluid-rock interaction. This is particularly applicable for 

carbonates since there is little preferential partitioning of the REEs (Zhong and Mucci, 1995), 

thus such patterns reflect the REE signature of the fluid. Also relevant is that modification of the 

fluid due to wallrock alteration is deemed insignificant in comparison, as it is restricted to narrow 

halos and also preceded carbonate precipitation. Thus the REE patterns unmodified due to in-situ 

fluid fractionation, that is those with highest , are considered to best reflect the primary 

signature of the fluid. Comparing this pattern with plausible reservoirs represented by the Cobalt 

lithologies in Figure 21F reveals no obvious or preferred source as these units all have strongly 

fractionated CN profiles. Also of note in this regard is that the REE signature for the Nipissing 
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gabbro, a preferred source of fluids for some (e.g. Marshall, 2008), is markedly different to the 

carbonate REE signatures can thus cannot be considered as a fluid source. Thus, the REE data 

suggest the fluids have equilibrated with one or more lithologies at depth along its flow path that 

are different to the those in the Cobalt district. 

2.5.5. Fluid inclusions 

 Previous studies of Cobalt materials (Scott and O’Connor, 1971; Kerrich et al., 1986; 

Marshall et al., 1993) identified three distinct fluid inclusion types in the ore system: (i) a L-V-H 

type of 35 wt. % equiv. NaCl with a CaCl2: NaCl: KCl ratio of 3:2:1, respectively; (ii) a L-V 

type with ranging salinities up to 25 wt.% equiv. NaCl; and (iii) V-rich type. Whereas the high-

salinities and Ca-rich nature were interpreted to indicate basinal-brines for the fluid origin, the 

nature of the V-rich type was controversial with both fluid unmixing (Kerrich et al., 1986) and 

post-entrapment modification (i.e. necking; Marshall et al., 1993; Marshall, 2008) suggested. 

Regardless of the latter, the microthermometric data for the other types indicated fluid 

entrapment between 300° and 350°C at pressures between 60 and 136 MPa (600 and 1360 bars; 

Marshall et al., 1993). 

 This study has confirmed the predominance of the L-V-H and lesser L-V type inclusions, 

with the latter further refined based on consistent L:V ratios into two FIAs, t pes iii ( 0   

and iv (>40% V). However, in contrast to the earlier studies, the samples used in this work were 

in fact characterized by having V-rich inclusions as the most common FIA. Furthermore, these 

inclusions were noted to extend throughout the paragenesis (Fig. 24) which indicates the process 

responsible for their formation extended over the duration of the mineralization. The results of 

preliminary petrographic studies and microthermometry on quartz-hosted fluid inclusions hosted 

in base-metal (i.e. Cu, Zn and Pb) sulfide veins provide insight into the five-element veins as the 
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inclusion types noted are identical, as are the overlap in thermometric data. Thus, the Th values 

and salinities for type i L-V-H inclusions match those of earlier workers (Scott and O’Connor, 

1971; Kerrich et al., 1986; Marshall et al., 1993) on Cobalt-type veins and suggest a similar fluid 

event for both systems. However, the occurrence of carbonic V-inclusions is anomalous, as these 

have not been reported before in the Cobalt district. Two aspects are noted in regards to these 

inclusions: (1) the H2O-CO2 type equate to the type iv of the five-element veins in terms of room 

temperate appearance, hence these may also be of similar chemistry, but need to be verified; and 

(2) the type v inclusions also appear the same in the two systems, which strongly suggests a 

similar mixed carbonic fluid of CO2-CH4±N2 chemistry in both. The obvious source of carbon in 

these fluids is the interflow sedimentary rocks in the Archean basement, which could have 

liberated the carbon via oxidation of graphite (e.g. Ohmoto and Rye, 1979). That some of the 

H2O-CO2 inclusions are saline and Ca-bearing based on microthermometric data suggest that 

such fluid:rock interaction may be including the saline fluid noted by others and confirmed in 

this study (i.e. types i and ii). Although beyond the scope of the present study, it is worth noting 

that generation of a mixed volatile fluid (i.e. CH4-CO2 ± N2) in a high-crustal setting, as is likely 

for the Cobalt system, will facilitate fluid mixing (Roedder, 1984; Van den Kerkhof and Thiéry, 

2001) and, therefore, it is very possible that the H2O-CO2 and CH4-CO2 ± N2 type inclusions 

were generated via such a process. 

2.6 Refining the genetic model for Cobalt five-element mineralization 

2.6.1 Review of earlier models 

 There is no consensus on a universal genetic model for the five-element vein deposits, in 

part due to the distinctiveness of areas in terms of geological setting, host rocks, and 

physiochemistry of mineralizing fluids. However, a number of similarities are common to all 
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districts: (i) disequilibrium ore textures (e.g., dendrites); (ii) complex ore mineralogy with 

common paragenesis (e.g. arsenides to sulfarsenides to sulfides); (iii) intense, but localized 

wallrock alteration; (iv) high ore tenors; and (v) ore shoots developed at intersections of veins, 

shear/fracture zones, or at lithological contacts (e.g., Petruk, 1971a; Andrews et al., 1986; 

Changkakoti and Morton, 1986; Franklin et al., 1986; Markl et al., 2016; Burke et al., 2018). 

Recent work on the European deposits (Markl et al., 2016; Burisch et al., 2017; Kreissl et al., 

2018; Scharrer et al., 2019) has provided an updated model that accounts for the noted features. 

These studies suggest a rapid-onset and continuous reduction of a metal-rich fluid with the 

coupled oxidation of a local reductant in the host rocks, such as hydrocarbons, graphite, Fe2+ 

phases, or pre-existing sulfides. One novel part of this model is “natural fracking” due to the 

liberation of reduced hydrocarbons (e.g. methane) which mixed with the oxidized metal-rich 

fluids and facilitated precipitation of native metals and arsenides (Markl et al., 2016). More 

recently, Scharrer et al. (2019) modelled the varying metal abundances and mineral paragenesis 

of European as resulting from differing reaction kinetics, due to fluid pH and fO2, and the 

reductant species involved that is deposit specific. 

 For the Cobalt deposits, several genetic models exist (section 2.2). Several authors 

suggest leaching of metals from sulfide-rich Archean basement units due to interaction with 

evolved, highly saline Huronian formational brines, although derivation of metals from the 

intrusion has been preferred by some. Regardless, fluid circulation relates to cooling of the 

Nipissing gabbro and heat transfer with resulting hydraulic gradients developed, the timing of 

which is generally supported by model Pb-isotope data for sulfides (Thorpe, 1974; Thorpe et al., 

1986; Potter and Taylor, 2009). These fluids were subsequently focused into structural traps 

controlled by the configuration of the gabbro along the Huronian-Archean unconformity and 
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possibly regional structures. The extraction of metals due to fluid interaction with the sulfide-rich 

layers of the interflow sedimentary units have often been cited (e.g. Boyle and Dass, 1971b; 

Goodz et al., 1986; Smyk and Watkinson, 1990); isotopic data (Pb, S, C) are not inconsistent 

with this model (Thorpe, 1974; Thorpe et al. 1986; Goodz et al., 1986; Kerrich et al., 1986). 

Aqueous phase separation, or degassing, has also been suggested as a deposition mechanism 

(Andrews et al., 1986; Kerrich et al., 1986), as opposed to simple fluid mixing of a saline fluid 

with a more dilute fluid (Marshall et al., 1993). 

As these and many other studies of the Cobalt district highlight, there remains uncertainty 

in regards to the many aspects that characterize the mineralization: the source of metals, genetic 

link between the Nipissing gabbro and the veins, restriction of veins to a narrow vertical interval, 

high ore-tenor, meal deposition mechanism(s), metal zoning, and complex disequilibrium 

textures. The present study has provided new data, which permits reassessing some aspects of the 

Cobalt deposits and is now addressed below. 

2.6.2 An updated genetic model for the Cobalt deposits: Interflow 

sedimentary sulfide partial melting: metal source, mobilization, and 

concentration 

 There has long been the recognition of the proximity of sulfidic layers in the interflow 

sedimentary units and the silver rich veins in Cobalt (see Patterson, (1979); Nichols (1988); 

Smyk and Watkinson (1990), and references therein; Fig. 4). Although not extensively studied, 

these layers are known to have anomalous metal contents in the Cobalt district (Ag, Ni, Co, As, 

Sb, Bi, Cu, Hg; Boyle and Dass 1971b; Smyk, 1987; unpublished data, First Cobalt Corp.), but 

also in the Gowganda district, as recently summarized by Hamilton (2020). This study also 

suggests a correlation of metal enrichment (i.e. Co, Ni) to sites proximal to the Archean 
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basement and likely interflow sedimentary units. That many of these elements are also enriched 

in primary pyrite hosted in graphitic sediments related to hydrothermal seafloor processes using 

modern LA ICP-MS analytical methods (e.g. Maslennikov and Large, 2021) is intriguing and 

likely relevant, but further work is clearly needed to evaluate this. Furthermore, it has been 

suggested many of the aforementioned elements were mobilized physically or hydrothermally 

from these sulfidic layers (e.g. Petruk, 1968; Goodz et al., 1986; Smyk and Watkinson, 1990). Of 

particular note are the observations of Smyk and Watkinson (1990), who suggested mobilization 

of the sulfides via secretion injection structures, which might be re-interpreted in the context of 

modern processes as partial melts (e.g. Tomkins et al., 2007; Mavrogenes et al., 2013). Taking 

into account these earlier observations at Cobalt and the fact that Pb isotope studies broadly 

constrain Cobalt vein formation to the emplacement of the Nipissing gabbro, we strongly favour 

the Archean sulfidic interflow sedimentary units, both at the present level of exposure but also at 

depth, as the most likely metal source involved in the five-element veins. In addition, we suggest 

that the Nipissing intrusive settings, which is part of a much larger magmatic system at depth, 

may have mobilized these metals as melts, as further discussed below. 

 The conventional understanding has been that most low-temperature ore systems relate to 

metal transport via ligands in fluids and for Cobalt five-element veins as metal-chloride 

complexes (Marshall et al., 1993). Thus, we note the potential relevance of these veins to 

alternative methods of metal mobility, namely nanoparticles of gold (e.g. Saunders and Burke, 

2017; Voisey et al., 2020; Petrella et al., 2020; Hastie et al., 2021) and base, semi- and precious-

metal melts (e.g. Tomkins et al., 2007; Tooth et al., 2011; Mavorogenes et al., 2013; Acosta-

Góngora et al., 2015; Govindarao et al., 2020); both of these processes have gained momentum 

in recent years. In particular, the relevance to the current study relates to the effect of Sb, Bi, Hg, 



49 

 

Ag and As, part of the LMCE assemblage of Frost et al. (2002), on the melting points of mixed 

metal assemblages, as Tomkins et al. (2007) summarized, and the textures formed (e.g. 

dendrites) upon the crystallization of such melts (Mavrogenes et al., 2013). We highlight 

therefore the forward thinking of Petruk (1968) who noted this as part of his observations and 

suggested that such a process may be relevant at Cobalt. Similarly, the physical mobilization of 

sulfides mentioned by Smyk and Watkinson (1990) is again noted. Lastly, Marshall (2008) 

discussed the relevance of Ag melts at Cobalt, but only in the context of late-stage silver as veins 

cutting earlier arsenides and carbonate gangue. 

 Although details of the proposed metal melt model (MMM) below needs refinement, the 

general idea is summarized (Fig. 26). Thus, rather than partial dissolution of sulfides (e.g. 

pyrrhotite to pyrite; Goodz et al., 1986) and complementary release of entrained metals as 

aqueous species, we suggest that metals were mobilized due to partial melting of sulfidic 

horizons via contact-type metamorphism proximal to Nipissing gabbroic magmas to generate 

mixed sulfarsenide melts (SAM). Although specific relevant model systems involving elemental 

assemblages of interest has not been experimentally explored (e.g. Co-Ni-As-S-Sb), temperature 

exceeding 500°C were likely and thus sufficient to generate melts given the elemental 

assemblages (Tomkins et al., 2007). Once generated, this melt needs to be mobilized, and we 

suggest this may have occurred as nano-melts entrained in the convecting hydrothermal fluid, 

related to the Nipissing gabbro, which we and others have documented as a saline fluid present 

in the pre-ore comb quartz and also implicated in intense wallrock alteration. This study also 

provides further important new data in this context, this being the probable abundance of 

carbonic fluids as both H2O-CO2±N2 and CO2-CH4±N2 types. Generation of this mixed volatile 

fluid strongly suggests variable oxidation of graphite in the Archean graphitic sedimentary rocks. 
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Such a fluid may be relevant as a means to dilatant earlier fractures that hosted the silver veins 

via fluid ovrepressuring, thus akin to the fracking model of Markl et al. (2016) for the European 

five-element veins and the fault-valve model for orogenic gold settings of Sibson et al. (1988). In 

addition, the carbonic inclusions noted also account for the abundance of late-stage carbonate in 

the veins. Lastly, if the carbonic fluid was immiscible at depth, as at the level of current 

exposure, it may have facilitated the upward floating of SAM, thus similar to the buoyant-

segregation model of Knipping et al. (2015) whereby magnetite is floated due to to wetting with 

immiscible fluids in magmas to form Kiruna-type Fe deposits. This mechanism of melt 

mobilization is suggested given the absence of physical mobility related to deformation, as 

suggested from mobilization of sulfide melts accompanying metamorphism (e.g. Frost et al., 

2002; Tomkins et al., 2007). 

Further evaluation of the MMM can also account for other important features in the 

Cobalt district – high ore tenor, metal zoning and textures. The anomalous high-ore tenor and 

narrow wallrock alteration halo has long been an anomalous feature noted at Cobalt (Andrews et 

al., 1986), but better resolved by a MMM since the amount of fluid needed is much reduced. As 

for zoning, it has been noted that from top to bottom, such as examined in detail at the 

Silverfields mine (Petruk, 1968), there is a distinct change from Ni-As, to Ni-Co-As, to Co-As, 

Co-Fe-S, to Fe-As. Importantly, each of these zones is internally complex with minor amounts of 

other elements (i.e. Co in the Ni-As zone), Ag is abundant in the upper Ni-Co zones, and S is 

omitted. We suggest the zoning reflects distillation or fractionation of the SAM upon its ascent, 

locally accumulating and cooling with enrichment of the residual melt in LMCE which enables it 

to be further mobilized. The upward concentration of Ag, which is known to be enriched in Sb 

and Hg (Petruk, 1968; Petruk et al., 1971b; Marshall, 2008; this study) which lower the melting 
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point of such mixed melts, is consistent with this model. As for the textures, it is important to 

note that whereas silver at Cobalt is renowned for its dendritic or rosette habit, the Co-Ni 

arsenide phases are also characterized by these features (Bastin, 1950; Petruk, 1968). Thus, we 

note that the MMM allows for a change in composition of the melt via its fractionation, hence 

formation of dendritic-textures in nickeline and skutterudite is accommodated. As for the more 

common presence of this texture in silver, this reflects its enrichment in the residual SAM. 

Formation of these disequilibrium textures are ascribed to undercoolin  (  of the melts and is 

favoured due to formation of the veins in a shallow-level settin  ( -5 km; Marshall et al., 

1993). In this setting, both the low ambient temperature of the wallrock and the high-aspect 

nature of the narro  veins ould favour heat loss. A similar  model has been used to account 

for development of disequilibrium textures seen for example in pegmatites and has been 

modelled experimentally (e.g. London, 2008; Maneta and Baker, 2014). 

The MMM can also provide a possible explanation of the limited vertical extents of the 

many veins mined which extended over a large area. As inferred above, the SAM would be 

concentrated while in a molten state and rise to a level controlled by the density and weight of 

these particles, which would have aggregated to a certain degree upon ascent. Though not 

numerically modelled, it is suggested that a level of neutral buoyancy would be reached, as in 

ascending magmas. In addition, the cooling of the SAM would bring about their solidification. 

Thus, these factors are suggested to potentially have controlled the limited vertical extent of the 

veins. 

The Co-rich nature of the Cobalt district is considered to reflect the metal enrichment of 

the source, this being the sulfidic interflow horizons in the basement. There is not a sufficient 

database to properly assess this, but data in Smyk (1987) suggests similar abundances of each 
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(i.e., 10s to 100s ppm) for his limited sample collection. Thus, this might suggest differences in 

the relative mobility of Co versus Ni in the SAM generated may be responsible for the apparent 

Co-rich nature of the Cobalt district, but clearly needs further study. Similarly, the local-scale 

heterogeneity of the five-element veins, such as the Ag-rich core to the Cobalt district (section 

2.4.4), might reflect variation in the abundance and chemistry of sulfides in the source interflow 

sedimentary rock units; this could be further studied and assessed via whole-rock and mineral 

chemistry. Also of relevance to metal zoning is a potential district-scale thermogradient 

emanating from the Nipissing gabbro injections. 

As noted earlier, there is an overprint of the primary arsenide mineralogy by sulfarsenides 

which is here attributed to CDP processes (Figs. 12, 25). Thus, there is still an important role for 

fluids in the evolution of the Cobalt ore system, which we now ascribe to having modified its 

primary mineralogy. This stage accounts for the sulfarsenides and paragenetically similar 

complex mineralogy that the Cobalt veins are know for (e.g. Bastin, 1925, 1950; Petruk, 1968, 

1971a, b). During this late stage, metals were also remobilized as melts, such as Ag and Bi (this 

study; Marshall, 2008) for which the eutectic of 260°C (Hansen and Anderkok, 1958) falls 

within the temperature constraints of fluid inclusions (Kerrich et al., 1986; Marshal et al., 1993). 

The presence of dendritic silver hosted in calcite without rimming arsenides, for which Cobalt is 

well known, and which resemble dendritic gold (e.g., Saunders and Burke, 2017; Sanders et al., 

2008) likely formed from this process by mobilizing the silver from earlier rosette- and 

cruciform-textured silver. 

2.7 Conclusion 

 The five-element association is an umbrella term that encompasses deposits from a 

variation of geologic settings. Despite a similar metal assemblage (Ag-Ni-Co-As-Bi-Sb-U-Cu-
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Pb-Zn-Au), the metal association can form due to different processes. This study of the famed 

Cobalt setting for Ag-Co-Ni-As-Bi silicate-carbonate veins that formed synchronous with the 

Nipissing gabbro intrusion are interpreted to represent a district-scale homogeneous 

hydrothermal-metal melt system driven by contact metamorphism and partial melting of pre-

existing sulfides in underlying Archean interflow sedimentary rocks. Fractures proximal to the 

regional Archean-Paeoproterozoic unconformity allowed for ingress of arsenide-sulfide melts 

and fluids, the former generated via metamorphism and the latter due to circulation of Huronian 

formational brines. This new model for the Cobalt ore setting addresses many of the outstanding 

issues for the setting, as summarized below. 

1. Explains the localized and narrow wallrock alteration zones; 

2. Vertical zoning of the ore systems, from top to bottom Ni-As, to Ni-Co-As, to Co-As, 

Co-Fe-As, to Fe-As; 

3. The vertically restricted nature of the ore zones; 

4. he development and distribution of dise uilibrium te tures hich are ascribed to  of 

the arsenide-sulfide melts; 

5. Generation of the veins due to fluid overpressuring related to the carbonic nature of the 

fluids not recognized before, which also addresses the presence of abundant late 

carbonate in the veins; 

6. The role of the interflow sedimentary units in the Archean basement as a contributor of 

metals and volatized carbon now related to the carbonic nature of the fluid based on fluid 

inclusion studies. 
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 Based on these criteria, it is now possible to identify geochemical exploration vectors 

emphasising elemental cobalt. These include: 

1. Locations where the Nipissing gabbro intrudes close to interflow sedimentary rock, 

particularly where massive sulfide lenses reside; 

2. Within 200 m of the Nipissing gabbro, which is assumed the average extent of the contact 

aureole; 

3. Proximal to the regional Archean-Paleoproterozoic unconformity; 

4. Within or proximal to fault and/or fracture zones, lithological contacts, or intersections 

with shallow-dipping quartz-carbonate-sulfide veins; 

5. The limited vertical extent of five-element mineralization is likely real and not apparent, 

as this relates to the depth at which neutral buoyancy of the migrating melts was 

achieved; 

6. The central area of Cobalt favours Co-arsenides, particularly skutterudite (CoAs3), which 

correlates to high Ag values; however, peripheral areas show a higher Co:As ratio. 

7. Vertical metal zonation of the five-element veins is probable, inferring vein-specific 

depths at which Co is favoured; however, this requires further study for each vein. 

 A working model for the generation of the arsenide-sulfide melts is proposed, but there is 

further need to better assess this model, in particular the sourcing of the metals, the variation of 

chemistry of the source rocks, the validity of the mobility and ascent of micro-melts into the ore 

system, and the new interpretations for the genesis of both the primary and secondary mineral 

assemblages, both of which accommodate recent advances in models for ore deposit systems. 
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Tables 

Table 1. Mineral abbreviations. Note that all arsenides and sulfarsenides contain Ni, Co, and Fe substitution in their chemical formula. 
Mineral Abbreviation Chemical formula Mineral Abbreviation Chemical formula 

Acanthite Aca Ag2S Hematite Hmt Fe2O3 
Actinolite Act a i (  Loellingite Lo FeAs2 

Alkali feldspar Afs (K,Na)AlSi3O8 Native bismuth Bi Bi 
Arsenopyrite Apy FeAsS Native silver Ag Ag 
Bismuthinite Bis Bi2S3 Nickeline Nic NiAs 

Bornite Bn Cu5FeS4 Ni-skutterudite Ni-skutt (Ni,Co,Fe)As3 
Calcite Cal CaCO3 Plagioclase Plg (Na,Ca)(Si,Al)4O8 

Carbonate Cb XYCO3(Z) Pyrite Py FeS2 
Chalcopyrite Cp CuFeS2 Pyroxene Px XYT2O6 

Chlorite Chl (Fe,Mg,Al)6(Si,Al)4O10 

(OH)8 Pyrrhotite Po Fe(1-x)S 

Cobaltite Cob CoAsS Quartz Qtz SiO2 
Cubanite Cub CuFe2S3 Rammelsbergite Ram NiAs2 
Dolomite Dol CaMg(CO3)2 Safflorite Saff CoAs2 

Epidote Ep (Ca,Mn)2(Al,Fe)3(SiO4)(Si2

O7)O(OH) Skutterudite Skutt CoAs3 

Galena Gn PbS Sphalerite Sp ZnS 
Gersdorffite Ger NiAsS 
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Table 2. Representative SEM-EDS raster data for bulk native silver-arsenide pods, Ag dendrites in pod cores (see Fig. 11). The 
following data are averages and one standard deviation in at. % and wt. %. Detection limit is 0.1 wt. %. 

 

 
 

  
Pod average 

and 1 Std 
Dev 

Ag dendrite 
average and 1 

Std Dev 

Ag (at. %) 11.8 ± 1.2 91.0 ± 1.5 
(wt. %) 17.3 ± 37.8 92.6 ± 40.5 

As (at. %) 59.1 ± 1.3 1.8 ± 1.1 
(wt. %) 59.8 ± 58.7 1.3 ± 20.7 

Bi (at. %) <0.1 ± <0.1 <0.1 ± <0.1 
(wt. %) 0.1 ± 0.7 0.0 ± 1.4 

Co (at. %) 18.6 ± 0.8 0.1 ± 0.1 
(wt. %) 14.8 ± 13.4 0.1 ± 1.5 

Cu (at. %) 0.5 ± 0.1 0.4 ± 0.5 
(wt. %) 0.4 ± 2.1 0.2 ± 7.6 

Fe (at. %) 5.2 ± 0.3 0.2 ± 0.1 
(wt. %) 4.0 ± 4.1 0.1 ± 2.3 

Ni (at. %) 1.5 ± 0.1 0.5 ± 0.4 
(wt. %) 1.2 ± 1.7 0.3 ± 5.8 

S (at. %) 2.2 ± 0.7 1.6 ± 0.1 
(wt. %) 1.0 ± 6.5 0.5 ± 0.9 

Sb (at. %) 0.9 ± 0.1 4.1 ± 0.4 
(wt. %) 1.5 ± 2.8 4.7 ± 12.3 

Te (at. %) <0.1 ± <0.1 0.1 ± 0.1 
(wt. %) 0.1 ± 1.2 0.1 ± 2.7 

Zn (at. %) 0.1 ± 0.1 0.3 ± 0.3 
(wt. %) 0.1 ± 1.1 0.2 ± 4.5 
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Table 3. Representative SEM-EDS spot analysis data for five-element vein arsenide and sulfarsenide minerals in at. % and wt. %. 
Horizontal headings refer to representative minerals analyzed, with reference to Figures 12 (number for analysis is labeled). Detection 
limit (DL) is 0.1 for both at. % and wt. %. 
  1) Apy 1 2) Apy 2 3) Apy 3 4) Cob 1 5) Cob 2 6) Cob 3 7) Ger 1 8) Ger 2 9) Ger 3 

Ag (at. %) <DL <DL <DL <DL <DL <DL <DL <DL <DL 
(wt. %) <DL <DL <DL <DL <DL <DL <DL <DL 0.1 

As (at. %) 35.7 41.6 38.1 33.6 39.6 36.5 50.9 39.5 40.4 
(wt. %) 46.6 53.4 49.6 44.1 50.8 41.3 60.7 50.7 51.6 

Bi (at. %) <DL 0.2 <DL 0.3 0.2 0.2 0.2 0.2 <DL 
(wt. %) <DL 0.7 <DL 1.0 0.8 0.7 0.5 0.7 <DL 

Co (at. %) 0.3 4.7 14.9 29.9 21.8 10.9 2.8 7.0 10.2 
(wt. %) 0.3 4.7 15.3 30.9 22.0 9.7 2.7 7.1 10.3 

Cu (at. %) 0.1 <DL <DL <DL <DL 0.1 <DL <DL 0.5 
(wt. %) 0.1 <DL <DL <DL <DL 0.1 <DL <DL 0.5 

Fe (at. %) 35.2 28.6 14.2 0.4 4.7 1.5 1.5 5.2 7.1 
(wt. %) 34.3 27.4 13.8 0.3 4.4 1.3 1.3 4.9 6.7 

Ni (at. %) <DL 0.1 0.8 3.9 7.4 8.8 28.3 21.5 12.2 
(wt. %) <DL 0.1 0.8 4.0 7.4 7.8 26.5 21.6 12.2 

S (at. %) 27.6 24.8 31.0 31.0 26.4 28.4 16.3 26.6 28.9 
(wt. %) 15.4 13.6 17.2 17.4 14.5 13.7 8.3 14.7 15.8 

Sb (at. %) <DL 0.1 0.1 1.0 <DL 4.6 <DL 0.1 <DL 
(wt. %) <DL 0.1 0.1 2.2 <DL 8.5 <DL 0.2 <DL 

Te (at. %) <DL <DL <DL <DL <DL 8.7 <DL <DL <DL 
(wt. %) <DL <DL 0.1 <DL <DL 16.7 <DL <DL <DL 

Zn (at. %) 0.2 <DL 0.2 <DL <DL 0.3 <DL <DL <DL 
(wt. %) 0.2 <DL 0.2 <DL <DL 0.3 <DL <DL <DL 

  10) Lo 1 11) Lo 2 12) Lo 3 13) Nic 1 14) Nic 2 15) Nic 3 16) Ni-
skutt 1 

17) Ni-
skutt 2 

18) Ni-
skutt 3 

Ag (at. %) <DL 0.1 0.1 <DL <DL 0.1 <DL <DL <DL 
(wt. %) <DL 0.2 0.1 <DL 0.1 0.1 <DL <DL <DL 

As (at. %) 65.3 67.7 65.8 38.7 40.8 43.9 69.0 71.8 71.1 
(wt. %) 71.7 73.3 71.3 43.9 45.2 49.2 73.9 76.4 75.9 
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Bi (at. %) <DL <DL 0.1 <DL 0.2 <DL <DL <DL <DL 
(wt. %) 0.1 <DL 0.2 <DL 0.7 <DL <DL <DL 0.1 

Co (at. %) 1.0 4.7 10.0 0.6 0.8 17.2 2.2 6.5 8.4 
(wt. %) 0.9 4.0 8.5 0.5 0.7 15.2 1.8 5.4 7.1 

Cu (at. %) <DL 0.3 <DL 0.3 0.3 <DL 1.7 <DL 0.1 
(wt. %) <DL 0.3 <DL 0.3 0.3 <DL 1.5 <DL 0.1 

Fe (at. %) 31.9 21.2 12.5 0.4 0.3 0.3 0.3 0.1 0.7 
(wt. %) 26.2 17.1 10.1 0.4 0.2 0.2 0.2 0.1 0.6 

Ni (at. %) <DL 5.5 10.6 58.0 54.9 37.0 25.6 20.3 18.2 
(wt. %) <DL 4.6 9.0 51.5 47.7 32.5 21.5 17.0 15.2 

S (at. %) 1.3 0.4 0.6 0.4 <DL 0.1 0.7 1.0 1.0 
(wt. %) 0.6 0.2 0.3 0.2 <DL <DL 0.3 0.4 0.4 

Sb (at. %) 0.1 0.1 <DL 1.1 2.6 0.4 0.2 0.1 0.2 
(wt. %) 0.2 0.1 <DL 2.1 4.7 0.8 0.3 0.2 0.3 

Te (at. %) 0.1 <DL 0.1 0.6 0.2 1.0 0.1 <DL <DL 
(wt. %) 0.1 <DL 0.2 1.2 0.4 2.0 0.1 <DL <DL 

Zn (at. %) 0.3 0.2 0.2 <DL <DL <DL 0.3 <DL 0.3 
(wt. %) 0.3 0.1 0.2 <DL <DL <DL 0.3 <DL 0.3 

  19) Ram 1 20) Ram 2 21) Ram 3 22) Saff 1 23) Saff 2 24) Saff 3 25) Skutt 
1 

26) Skutt 
2 

27) Skutt 
3 

Ag (at. %) <DL <DL <DL <DL <DL <DL <DL <DL 0.3 
(wt. %) <DL <DL <DL 0.2 <DL <DL <DL <DL 0.4 

As (at. %) 62.7 64.8 65.5 65.7 65.2 69.4 70.0 69.0 73.5 
(wt. %) 69.4 70.7 71.1 71.1 70.8 74.7 74.3 74.3 76.2 

Bi (at. %) <DL <DL 0.1 <DL <DL <DL <DL 0.1 1.2 
(wt. %) 0.1 <DL 0.2 <DL <DL <DL <DL 0.4 3.4 

Co (at. %) 0.5 1.2 9.0 27.4 18.9 10.6 24.0 17.1 13.4 
(wt. %) 0.5 1.0 7.7 23.3 16.1 9.0 20.0 14.5 11.0 

Cu (at. %) <DL 1.8 0.1 <DL <DL <DL <DL 0.1 <DL 
(wt. %) <DL 1.7 0.1 <DL <DL <DL <DL 0.1 <DL 

Fe (at. %) 0.3 0.2 1.0 4.8 14.2 9.5 2.9 2.4 4.3 
(wt. %) 0.2 0.2 0.8 3.9 11.5 7.6 2.3 1.9 3.3 
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Ni (at. %) 30.6 27.5 22.8 1.4 0.2 9.7 0.8 8.9 0.2 
(wt. %) 26.5 23.5 19.4 1.2 0.2 8.2 0.7 7.5 0.1 

S (at. %) 5.5 3.4 1.7 0.5 0.8 0.7 1.0 2.2 5.8 
(wt. %) 2.6 1.6 0.8 0.2 0.4 0.3 0.5 1.0 2.6 

Sb (at. %) 0.4 0.3 <DL 0.2 0.5 0.1 1.2 0.2 0.1 
(wt. %) 0.7 0.5 <DL 0.3 0.8 0.1 2.1 0.4 0.1 

Te (at. %) <DL <DL <DL 0.1 0.1 <DL <DL <DL 0.2 
(wt. %) <DL <DL <DL 0.1 0.1 <DL 0.1 <DL 0.3 

Zn (at. %) <DL 0.8 <DL <DL 0.1 <DL <DL <DL 0.2 
(wt. %) <DL 0.7 <DL <DL 0.1 <DL <DL <DL 0.2 
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Table 4. Representative SEM-EDS spot analysis data for five-element vein late remobilized Ag blebs and acanthite, arsenide-hosted 
Bi blebs, late remobilized Bi and bismuthinite with respect to Figure 13. Data is presented in atomic % (at. %) and weight % (wt. %) 
with detection limit of 0.1 for at. % and wt. %. 

  
Late 

Native Ag 
Avg 

Late Native 
Ag 

Standard 
Dev 

Aca Avg 
Aca 

Standard 
Dev 

Vein 
native Bi 
bleb Avg 

Vein native Bi 
bleb Standard 

Dev 

Late Native 
Bi Avg 

Late Native 
Bi Standard 

Dev 

Bis 
Avg 

Bis 
Standard 

Dev 

Ag (at. %) 91.6 3.1 67.7 3.1 <DL <DL <DL <DL 0.3 0.3 
(wt. %) 91.3 47.7 83.8 55.8 <DL <DL <DL <DL 0.3 1.0 

As (at. %) 0.8 0.4 5.3 1.3 7.2 6.6 5.2 7.6 6.7 5.4 
(wt. %) 0.6 0.9 4.5 16.2 3.0 17.5 2.1 16.7 4.2 12.1 

Bi (at. %) 1.4 5.6 <DL <DL 80.5 8.5 86.8 11.5 45.6 10.5 
(wt. %) 2.9 32.5 <DL <DL 93.5 63.0 95.8 70.1 80.8 65.7 

Co (at. %) 0.1 0.1 2.1 0.4 3.7 2.9 2.5 2.9 2.4 1.8 
(wt. %) 0.1 0.2 1.4 4.0 1.2 6.0 0.8 5.0 1.2 3.3 

Cu (at. %) 0.2 0.3 0.3 0.1 0.3 0.6 0.2 0.4 0.1 0.1 
(wt. %) 0.1 0.5 0.2 0.9 0.1 1.4 0.1 0.7 0.1 0.3 

Fe (at. %) 0.3 0.4 2.1 0.1 3.0 2.4 0.6 0.7 0.9 1.0 
(wt. %) 0.2 0.6 1.3 1.1 0.9 4.7 0.2 1.2 0.4 1.6 

Ni (at. %) 0.2 0.2 0.3 0.1 0.6 0.5 1.4 1.8 3.9 2.2 
(wt. %) 0.1 0.3 0.2 0.8 0.2 1.1 0.4 3.2 2.0 3.8 

S (at. %) 7.0 10.7 22.1 3.7 3.8 1.5 2.7 1.2 39.5 11.1 
(wt. %) 2.2 9.6 8.1 19.7 0.9 1.7 0.5 0.1 10.7 10.7 

Sb (at. %) 2.0 2.0 0.2 <DL 0.2 0.2 0.1 0.1 0.1 0.1 
(wt. %) 2.3 6.7 0.2 0.3 0.1 0.7 0.1 0.5 0.1 0.3 

Te (at. %) 0.2 0.2 0.1 <DL 0.1 0.1 0.1 0.2 0.1 0.2 
(wt. %) 0.2 0.6 0.2 0.8 0.1 0.5 0.1 0.5 0.1 0.7 

Zn (at. %) 0.2 0.3 <DL <DL 0.6 1.5 0.3 0.6 0.2 0.3 
(wt. %) 0.1 0.5 <DL 0.3 0.2 3.4 0.1 1.1 0.1 0.6 
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Table 5. Elemental ranges of five-element vein assay values by weight (ppm). 

Element Minimum (ppm) Maximum (ppm) Element Minimum (ppm) Maximum (ppm) 

Ag <1.0 22,100 Fe 2000 331,000 

As <30 467,697 Mo 0.6 3,030 

Au <0.1 22 Ni 10 213,000 

Bi <0.1 51,900 Pb 0.8 61,800 

Co 2.4 165,500 S <100 328,000 

Cu 1.7 81,955 Sb <0.1 10,600 

Hg 0.2 70 Zn <2.0 40,100 
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Table 6. Representative five-element vein assay data for five-element vein Ag and arsenide mineral groupings by weight (ppm). 
Representative samples were chosen to illustrate variance of elemental abundance in non-stoichiometric minerals. Horizontal headings 
refer to representative mineral groupings with respect to Figures 14 – 19. The vertical headings refer to the elemental abundance 
detected in each of the representative samples. Detection limits are element-specific and available in Appendix B. 

 1) Ag 2) Ag 3) Ag 4) As 5) As 6) CoAs 7) CoAs 8) CoAs 9) CoAs2 
Ag (ppm) 18950 1495 2890 158 54 8.0 39 292 15 
As (ppm) 28100 147500 27500 290000 66100 174000 8280 52300 300000 
Au (ppm) 0.05 0.004 0.001 0.104 2.320 2.700 0.012 0.010 0.014 
Bi (ppm) 270 840 20 100 780 3060 240 200 3590 
Co (ppm) 29700 30700 6590 7160 4070 93100 5000 26800 134500 
Cu (ppm) 30 2750 470 30 340 30 20 2500 70 
Fe (ppm) 40100 40300 69700 226000 53900 52200 25400 34200 80000 
Mo (ppm) 260 10 40 10 10 130 30 130 40 
Ni (ppm) 76400 4820 290 3300 110 23100 510 5080 28200 
Pb (ppm) 30 4.7 50 350 9940 14.5 100 150 100 
S (ppm) 13900 1800 8000 139000 37300 62300 3700 22700 14600 
Sb (ppm) 6780 990 800 80 50 80 50 170 2050 
Zn (ppm) 80 40 70 30 11850 20 50 40 130 

 10) CoAs2 11) CoAs2 12) CoAs3 13) CoAs3 14) CoAs3 15) NiAs 16) NiAs 17) NiAs 18) NiAs2 
Ag (ppm) 26 16 140 6.0 80 2.0 537 12 2.0 
As (ppm) 300000 92500 101500 159000 300000 24400 29600 300000 49500 
Au (ppm) 0.014 0.001 0.001 0.124 0.494 0.064 0.036 0.001 4.500 
Bi (ppm) 3280 170 20 3480 540 3300 1240 660 290 
Co (ppm) 96600 29500 16050 39700 79400 2720 3900 47400 15700 
Cu (ppm) 2280 70 480 10 80 3.4 9410 10 10 
Fe (ppm) 23400 22200 87400 48200 20900 3000 25300 44900 37100 
Mo (ppm) 3.2 20 250 10 10 0.7 50 20 70 
Ni (ppm) 72500 180 110 2580 77000 14750 18800 165500 20200 
Pb (ppm) 9.8 160 30 9.2 7.0 3.6 21600 6.8 10.6 
S (ppm) 51200 5900 45600 29500 36000 2700 26300 14200 16600 
Sb (ppm) 190 90 1070 140 340 70 180 2010 140 
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Zn (ppm) 4.0 20 60 20 9.0 2.0 950 2.0 20 
 19) NiAs2 20) NiAs2 21) NiAs3 22) NiAs3 23) NiAs3 

Ag (ppm) 20 22 25 34 667 
As (ppm) 70200 680 176000 175000 285000 
Au (ppm) 0.020 0.010 0.009 0.217 0.289 
Bi (ppm) 370 8.4 90 7980 7970 
Co (ppm) 9930 190 33600 30800 63800 
Cu (ppm) 540 1470 10 10 310 
Fe (ppm) 74000 70500 34100 45900 32700 
Mo (ppm) 150 1.0 20 90 10 
Ni (ppm) 30600 230 55600 34100 111000 
Pb (ppm) 20 18050 20 3.6 340 
S (ppm) 23700 10900 36700 14200 82500 
Sb (ppm) 760 7.7 650 170 300 
Zn (ppm) 120 2760 60 30 30 
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Table 7. Representative SEM-EDS spot analysis data for five-element vein dolomite and calcite with respect to Figure 21 in atomic % 
(at. %) and weight % (wt. %) with detection limit of 0.1 for at. % and wt. %. 

  
1) Dol 

Spectrum 1 
(rhomb core) 

2) Dol 
Spectrum 2 
(rhomb rim) 

Dol Average 
Dol 

Standard 
Deviation 

3) Cal 
Spectrum 1 

4) Cal 
Spectrum 2 

5) Cal 
Spectrum 3 

Cal 
Average 

Cal 
Standard 
Deviation 

O (at. %) 51.1 50.1 50.1 0.2 50.8 50.1 50.1 50.1 0.2 
(wt. %) 32.4 30.9 31.9 1.8 29.5 28.5 28.6 28.6 3.1 

Na (at. %) <DL <DL <DL <DL <DL <DL <DL <DL 0.1 
(wt. %) <DL <DL <DL <DL <DL <DL <DL <DL 1.8 

Mg (at. %) 15.6 16.3 19.8 1.6 1.1 0.1 0.1 0.2 0.2 
(wt. %) 15.0 15.2 19.1 24.4 1.0 0.1 0.1 0.1 5.5 

Al (at. %) 3.9 <DL 0.2 0.7 0.8 <DL <DL 0.1 0.2 
(wt. %) 4.2 <DL 0.2 10.8 0.7 <DL <DL 0.1 6.3 

Si (at. %) 0.2 0.1 0.1 <0.1 1.1 0.2 0.1 0.2 0.3 
(wt. %) 0.2 0.1 0.1 0.6 1.1 0.2 0.1 0.2 9.2 

P (at. %) <0.1 <DL <DL <0.1 <DL <DL <DL <DL <0.1 
(wt. %) 0.1 <DL <DL 0.2 <DL <DL <DL <DL 0.6 

S (at. %) <0.1 0.1 <DL <0.1 0.1 <DL <DL <DL <0.1 
(wt. %) 0.1 0.1 <DL 0.4 0.1 <DL <DL <DL 1.0 

K (at. %) <DL <DL <DL <0.1 <DL <DL <DL <DL 0.1 
(wt. %) <DL <DL <DL 0.1 <DL <DL <DL <DL 3.4 

Ca (at. %) 26.3 29.8 28.2 1.1 45.3 48.8 49.7 48.9 0.8 
(wt. %) 41.9 46.0 45.0 27.2 65.9 69.5 71.0 70.0 38.1 

Ti (at. %) <DL <0.1 <DL <0.1 <DL <DL <DL <DL <0.1 
(wt. %) <DL 0.1 <DL 0.5 <DL <DL <DL <DL 1.0 

Mn (at. %) 1.1 0.6 0.5 0.3 0.2 0.7 0.1 0.3 0.2 
(wt. %) 2.5 1.2 1.0 9.7 0.3 1.3 0.2 0.6 15.6 

Fe (at. %) 1.6 2.9 1.1 0.6 0.7 0.1 <0.1 0.1 0.1 
(wt. %) 3.5 6.3 2.4 21.1 1.4 0.1 0.1 0.2 6.3 

Ni (at. %) 0.1 <0.1 0.1 <0.1 <0.1 <DL <DL 0.1 0.1 
(wt. %) 0.2 0.1 0.1 1.5 0.1 <DL <DL 0.1 4.2 

Y (at. %) <DL <DL <DL <0.1 <DL <DL <DL <DL <0.1 
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(wt. %) <DL <DL <DL 0.5 <DL <DL <DL <DL 1.2 

Zr (at. %) <DL <DL <DL <0.1 <DL <DL <DL <DL <0.1 
(wt. %) <DL <DL <DL 0.3 <DL <DL <DL <DL 0.7 

La (at. %) <DL <DL <DL <0.1 <DL <0.1 <DL <DL <0.1 
(wt. %) <DL <DL <DL 0.8 <DL 0.1 <DL <DL 1.9 
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Table 8. LA-ICP-MS major, trace, and REE data of five-element vein dolomite and calcite with respect to Figures 21 and 22. Note to 
see additional information (e.g. detection limits) in Appendix E. 

Sample 
Mineral 

Trend line 

LR04G06A 
Calcite 1 
Max REE 

LR04G06A 
Calcite 1 
Min REE 

LR12G02 
Calcite 1 
Max REE 

LR12G02 
Calcite 1 
Min REE 

LR12G02 
Calcite 2 
Max REE 

LR12G02 
Calcite 2 
Min REE 

LR19G01 
Dolomite 
Max REE 

Mg (ppm) 951.4 60.8 2798.8 2215.2 478.5 775.6 118647.8 
Ca (ppm) 547876 535374 532381 536451 535789 536611 280007 
Mn (ppm) 5757.8 1454.7 17203.0 17434.1 6217.2 5947.6 8121.4 
Fe (ppm) 2006.6 569.2 4593.0 4186.1 1043.7 1091.9 11576.6 
Sr (ppm) 216.9 62.0 130.9 121.8 101.3 61.1 54.2 
La (ppm) 618.44 0.03 209.28 0.40 115.07 0.91 34.41 
Ce (ppm) 1239.94 0.11 557.59 0.80 274.97 1.62 82.33 
Pr (ppm) 156.36 0.02 71.19 0.11 39.88 0.21 12.48 
Nd (ppm) 615.25 0.09 300.66 0.77 202.08 1.19 62.92 
Sm (ppm) 110.27 0.04 115.43 0.34 64.03 0.42 25.68 
Eu (ppm) 1.02 <DL 13.89 0.74 10.66 0.11 2.36 
Gd (ppm) 75.16 0.09 95.80 1.13 73.31 0.62 29.66 
Tb (ppm) 8.41 0.05 10.84 0.25 9.30 0.14 4.02 
Dy (ppm) 40.81 0.41 36.95 1.57 48.93 1.04 20.36 
Ho (ppm) 7.36 0.18 4.69 0.40 7.62 0.20 3.32 
Er (ppm) 19.67 0.82 8.36 1.22 15.93 0.63 7.26 
Tm (ppm) 2.42 0.16 0.61 0.18 1.40 0.07 0.78 
Yb (ppm) 16.46 1.58 4.12 0.93 5.80 0.53 4.52 
Lu (ppm) 2.14 0.41 0.59 0.14 0.69 0.07 0.57 

Eu Anomaly <0.1 N/A 0.1 1.0 0.2 0.2 0.1 
 (ppm  2914 4 1430 9 870 8 291 

(La/Lu)N 289.2 0.1 367.8 2.8 165.9 12.5 60.6 
Sample 
Mineral 

Trend line 

LR19G01 
Dolomite 
Min REE 

LR19G01 
Calcite 1 
Max REE 

LR19G01 
Calcite 1 
Min REE 

LR19G02 
Calcite 1 
Max REE 

LR19G02 
Calcite 1 
Min REE 

LR19G02 
Calcite 2 
Max REE 

LR19G02 
Calcite 2 
Min REE 

Mg (ppm) 126774.9 1111.3 3625.8 200.0 181.5 196.3 12.9 
Ca (ppm) 291973 549665 515295 538669 537075 538472 541739 
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Mn (ppm) 3373.0 4327.7 9843.5 3178.6 3168.5 3162.7 3012.5 
Fe (ppm) 13584.9 1275.2 2629.1 968.3 962.3 669.5 626.5 
Sr (ppm) 23.0 402.1 117.6 56.9 56.4 48.4 42.2 
La (ppm) 5.09 189.63 0.21 2.32 <DL <DL 0.03 
Ce (ppm) 12.79 469.57 0.48 5.35 <DL 0.01 0.06 
Pr (ppm) 1.82 65.87 0.09 0.62 <DL <DL 0.01 
Nd (ppm) 9.41 303.98 0.48 2.43 <DL <DL 0.11 
Sm (ppm) 3.79 98.69 0.23 0.50 <DL <DL 0.07 
Eu (ppm) 0.63 15.74 0.04 0.04 <DL <DL <DL 
Gd (ppm) 4.19 110.72 0.40 0.41 <DL 0.15 0.19 
Tb (ppm) 0.86 16.84 0.09 0.04 <DL 0.06 0.03 
Dy (ppm) 5.34 94.95 0.45 0.23 0.15 1.29 0.42 
Ho (ppm) 1.13 16.51 0.08 0.08 0.09 0.56 0.23 
Er (ppm) 3.39 41.63 0.36 0.34 0.58 2.68 0.94 
Tm (ppm) 0.45 4.77 0.04 0.05 0.12 0.47 0.16 
Yb (ppm) 3.08 29.36 0.31 0.80 1.28 4.38 0.87 
Lu (ppm) 0.43 3.96 0.03 0.23 0.33 0.96 0.41 

Eu Anomaly 0.2 0.2 0.1 0.1 N/A N/A N/A 
 (ppm  52 1462 3 13 3 11 5 

(La/Lu)N 11.8 47.9 7.3 10.2 0.0 N/A 0.1 
Sample 
Mineral 

Trend line 

LR19G05 
Dolomite 
Max REE 

LR19G05 
Dolomite 
Min REE 

LR19G05 
Calcite 1 
Max REE 

LR19G05 
Calcite 1 
Min REE 

LR21G01 
Calcite 1 
Max REE 

LR21G01 
Calcite 1 
Min REE 

LR101G02 
Dolomite 
Max REE 

Mg (ppm) 42456.6 92260.4 1348.8 1913.2 198.9 191.7 91837.0 
Ca (ppm) 160720 17290 300747 288979 302958 295852 172037 
Mn (ppm) 2800.4 4792.0 4464.6 5933.0 3374.1 3019.7 740.0 
Fe (ppm) 3631.3 7878.0 1048.9 1804.5 874.6 712.3 1846.8 
Sr (ppm) 51.0 56.2 54.7 105.6 26.9 33.9 98.2 
La (ppm) 18.20 4.10 89.11 4.72 0.01 0.24 29.69 
Ce (ppm) 34.56 8.09 158.82 8.40 0.05 0.21 22.21 
Pr (ppm) 4.64 1.19 19.89 1.21 0.02 0.02 1.64 
Nd (ppm) 21.60 6.86 91.16 6.01 0.19 0.07 5.43 
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Sm (ppm) 6.93 3.34 22.74 2.67 0.29 0.05 0.46 
Eu (ppm) 1.00 0.32 3.84 0.30 0.05 0.01 0.09 
Gd (ppm) 7.01 3.84 22.62 3.63 1.14 0.14 0.52 
Tb (ppm) 0.88 0.58 2.37 0.45 0.50 0.02 0.04 
Dy (ppm) 4.72 2.73 11.23 2.41 4.79 0.27 0.40 
Ho (ppm) 0.78 0.57 1.96 0.49 1.13 0.06 0.14 
Er (ppm) 2.13 1.57 4.22 1.31 4.91 0.18 0.80 
Tm (ppm) 0.24 0.22 0.52 0.17 1.16 0.02 0.16 
Yb (ppm) 1.93 1.73 3.30 1.47 11.89 0.28 1.76 
Lu (ppm) 0.37 0.36 0.64 0.22 2.32 0.06 0.43 

Eu Anomaly 0.1 0.1 0.2 0.1 0.1 0.2 0.2 
 (ppm  105 36 432 33 28 2 64 

(La/Lu)N 49.0 11.5 140.2 21.1 <0.1 4.4 69.2 
Sample 
Mineral 

Trend line 

LR101G02 
Dolomite 
Min REE 

LR10102 
Calcite 1 
Max REE 

LR10102 
Calcite 1 
Min REE 

LR105G02 
Dolomite 
Max REE 

LR105G02 
Dolomite 
Min REE 

LR105G02 
Calcite 1 
Max REE 

LR105G02 
Calcite 1 
Min REE 

Mg (ppm) 93614.1 1595.1 981.9 81061.2 83614.1 2085.2 22.5 
Ca (ppm) 165751 298173 301585 165629 165933 304883 301698 
Mn (ppm) 2012.5 3321.4 2574.1 6701.7 10002.6 6495.9 1723.6 
Fe (ppm) 9811.9 978.7 901.9 14142.4 15819.0 1368.0 332.4 
Sr (ppm) 56.5 29.8 696.7 18.4 36.7 36.1 48.5 
La (ppm) 12.35 362.33 27.13 25.71 3.22 135.81 0.03 
Ce (ppm) 26.02 686.05 31.34 47.85 7.15 364.30 0.11 
Pr (ppm) 2.89 77.84 2.54 6.12 1.01 56.66 0.02 
Nd (ppm) 10.82 310.77 7.42 29.22 4.52 290.41 0.17 
Sm (ppm) 1.63 54.98 1.12 7.36 1.21 68.28 0.09 
Eu (ppm) 0.24 11.34 0.23 0.58 0.11 2.24 0.02 
Gd (ppm) 1.68 62.71 1.24 7.90 1.32 62.07 0.25 
Tb (ppm) 0.21 6.79 0.18 1.06 0.21 5.29 0.04 
Dy (ppm) 1.21 32.88 1.25 5.90 1.41 18.49 0.30 
Ho (ppm) 0.34 5.53 0.24 0.98 0.28 2.49 0.11 
Er (ppm) 1.33 11.82 0.54 2.47 0.72 4.43 0.31 
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Tm (ppm) 0.26 0.95 0.06 0.24 0.09 0.32 0.06 
Yb (ppm) 2.34 5.09 0.25 1.56 0.69 1.54 0.71 
Lu (ppm) 0.46 0.70 0.03 0.24 0.11 0.25 0.12 

Eu Anomaly 0.1 0.2 0.2 0.1 0.1 <0.1 0.1 
 (ppm  62 1630 74 137 22 1013 2 

(La/Lu)N 26.9 520.3 1029.0 105.7 30.1 534.8 0.3 
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Table 9. Fluid inclusion types hosted in quartz and calcite of five-element veins in order of abundance. 

 Fluid Inclusion Type 
i ii iii iv v vi 

Assemblage 
(at 20°C) L-V-H L-V-S L-V L-V V Decrepitated 

Relative 
abundance XX X X X XXX XXX 

Size <5 µm 2-7 µm 3-5 µm 
3-7 µm in 

qtz; up to 30 
µm in cal 

1-5 µm in 
qtz; up to 30 

µm in cal 
5-30 µm 

Volume % L:V:H, 
75:15:15% 

L:V:S, 
60:10:30% L:V, 80:20% L:V 60:40% V - 100%  V - 100%,  

some L and S 
Shape R, Ir Ir R Ir, R R N 

Occurrence 
P in cores of 

comb qtz, 
 I and S in qtz 

I in cores of 
comb qtz PS in qtz, I in quartz 

PS and I in 
qtz, P in 
calcite 

P along 
growth zones 

in qtz; I in 
quartz cores, 

S in qtz 

P abundant in 
margins of 
comb qtz,  
PS in qtz 

Abbreviations: L = liquid, V = vapor, H = halite, S = unknown solid, XXX = Abundant, XX = Common, X = Rare, Ir = Irregular, R = 
Regular, N = Negative, S. = secondary, PS = pseudosecondary, P. = primary, I = indeterminate, Quartz – qtz 
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Figures 

 
Figure 4. Location of Cobalt, Ontario, Canada with respect to the Abitibi subprovince, in the 
Superior province of the Canadian Shield. The Cobalt Embayment is roughly outlined by the 
Huronian Supergroup. The Cobalt district study area is outlined in the black box. The Pontaic 
subprovince is outlined by the greyed area and the Grenville Orogen bounding the Abitibi 
subprovince is indicated by the red dashed line (Montsion et al., 2018). 
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Figure 5. Location and geological setting of the Cobalt district (White et al., 2020 in prep.). 
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Figure 6. A stratigraphic section of idealized geological relationships and ages of formations 
and intrusions of the Cobalt Embayment. 
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Figure 4. Massive pyrite, pyrrhotite, and chalcopyrite zones in Archean interflow sedimentary 
units (i.e. slates) bounded by mafic volcanic rock at the Beaver Temiskaming Mine North Face, 
1463 Drift, 1450 Sub-level (D. Robinson, pers. commun., 2020; see additional images in App. A). 



85 

 

 
Figure 5. Distribution of samples used in this study from discard piles adjacent to historic mine 
workings, as well as the locations of sampled First Cobalt drill core featuring five-element vein 
mineralization and basement-hosted sulfide mineralization (representative examples of samples 
are in Figure 6). 
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Figure 6. Representative mineralized samples at Cobalt. (A) Sample from discard pile featuring 
five-element mineralization. (B) Drill core (LRFC92-35B; 132.4 m) showing Archean interflow 
black shale breccia containing pyrrhotite. (C) Drill core (LRFC64-24; 121 m) showing Archean 
interflow black shale containing sphalerite, galena, pyrrhotite, and chalcopyrite. (D) Drill core 
(FCC-19-0192; 91.5 m) showing a quartz-carbonate-base-metal sulfide vein intersection hosted 
in Coleman wacke. (E) Sample of primary Ag and arsenide dendrites with calcite, and late cross-
cutting remobilized native silver. (F) Five-element vein with native silver and arsenide rosettes 
(red boxed area enlarged in the upper right corner) with carbonate (ferroan dolomite) and late 
remobilized native silver (First Cobalt, 2020). 
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Figure 7. Photographs of polished thin sections in plane (A, E, G) cross-polarized (B, C, D, F) 
light showing features of wallrock alteration. Picture enlargements are outlined as red boxes. (A, 
B) Chloritized wallrock and narrow carbonate alteration to quartz-five-element vein. (C, D) 
Narrow zone of intense chlorite, actinolite, carbonate, and epidote alteration after gabbroic 
wallrock proximal vein with later carbonate lining a fracture. (E, F, G) Alteration of gabbro 
wallrock with close up of wallrock distal to vein (F) showing albitization of plagioclase and 
extensive replacement of pyroxene with chlorite. Close up of vein margin (G) shows alteration 
related to arsenides in the wallrock. 
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Figure 8. Photomicrographs in cross-polarized (A), reflected (B, D-H) light, and SEM-BSE images (C, I-M) of different vein stages as 
indicated by the numbers, which equate to the mineral paragenesis in Figure 10. Picture enlargements are outlined as red boxes. 
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Colored dashed lines are reaction interfaces. (A) Early comb quartz with flared texture radiating from wallrock contact with 
subsequent growth of extensional fibrous actinolite and overgrowth of carbonate around arsenide aggregates. (B) Native silver (Ag) 
dendrites coring arsenides (see close up in Fig. 11). (C-K) Common progression in the arsenide aggregates from early Ni-As phases 
(Nic, Ni-skutt, Ram) and Co-As (Skutt, Saff) that are replaced via CDP to Co-As-S (Cob) and Ni-As-S (Ger) phases. (L) Native 
bismuth droplets hosted in arsenide minerals. (M) Enlargement of L. 
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Figure 9. Photomicrographs in reflected (A-E, H-J) and cross-polarized (G) light, and an SEM-BSE image (F) of different vein stages 
as indicated by the numbers, which equate to the mineral paragenesis in Figure 10. Picture enlargements are outlined as red boxes. 
Colored dashed lines are reaction interfaces. (A-D) Common progression in the arsenide aggregates from early Ni-As phases (Nic) 
and Co-As (Skutt, Saff) that are replaced via CDP to Co-As-S (Cob) and Ni-As-S (Ger) phases along mineral interfaces. (E, F) Late 
skutterudite replacing cobaltite along dissolution feature later filled by carbonate. (G) Multi-generations of vein calcite 
accompanying native metal and arsenide mineralization (opaque phases). (H) Late native bismuth (Bi) lining fractures and pores in 
vein calcite. (I, J) Late sulfide phases (acanthite (Aca), sphalerite (Sp), chalcopyrite (Cp), bornite (Bn)) lining open space between 
various arsenides. 
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Figure 10. Summary of mineral paragenesis for the Cobalt five-element veins with a coupled 
schematic diagram summarizing the important relationships. Note that numbers represent the 
areas in the diagram with new findings highlighted in red whereas typical observations are in 
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black. The mineral colors used approximate what is seen in transmitted and reflected light for 
whatever is appropriate. Solid and dashed lines to the left of the schematic diagram indicate 
where in vein space the mineral stages are found within the veins. 
 
 

 
 
Figure 11. SEM-BSE images of representative primary (absent of CDP) five-element vein 
mineralization with native silver (Ag) dendrites coring arsenides pods surrounded by carbonate. 
Picture enlargements are outlined as red boxes. See Table 2 for raster data of areas in (B, C). 
(A, B) Example of one of four areas of raster analysis. Letters indicate areas shown in detail in C 
– E. (C) Area of Ag-Sb dendrite. Blue dashed line shows annulus of smaller Ag-Sb phases 
around larger Ag-Sb dendrite. (D) Cuspate interfaces between skutterudite and Ag-Sb phase. 
Note skutterudite subhedral crystal shapes. (E) Skutterudite-safflorite interface (red dashed line) 
defines the outer arsenide phase of the dendrites. (F) Small arsenide pod with a central 
dissolution pit which resembles Ag dendrites in other samples. 
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Figure 12. SEM-EDS data plotted for five-element vein arsenide and sulfarsenide mineral 
phases in different ternary spaces. Representative data for mineral composition are in Table 3, 
which correspond to the numbered samples in the ternary diagrams. Note end member Ni-Co-
Fe-arsenide and sulfarsenide minerals are plotted on the diagram, but that the data illustrate 
that the arsenide and sulfarsenide phases are not stoichiometric. Note that A, B, and C are 
zoomed to the data, where only As greater than 60 (in A and C) and 50 (in B) is shown. 
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Figure 13. SEM-EDS data for five-element vein Ag-bearing minerals plotted in ternary space. 
Note that Sb and As are multiplied by 100 to see data spread better. 
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Figure 14. Representative metal percentile plots (in ppm) of the Cobalt subarea. More detailed 
maps, with additional element ratio layers, are given in Appendix G. Note that for any samples 
from the First Cobalt’s database that were over-limit or under-limit were assigned the over-limit 
or under-limit detection values, respectfully. (A) Geological map of the study area (White et al., 
2020 in prep.) with black box, referring to inset maps B, C, and D. (B) Ni/Ag; dashed areas are 
relatively Ag-dominated with respect to Ni. (C) Co/Ag; dashed areas are relatively Ag-
dominated with respect to Co. (D) Co/Ni; black arrows point to Ni-dominated samples with 
respect to Co, which are spatially associated to the Archean mafic volcanic inliers as the green 
unit. 
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Figure 15. Representative mineral groupings plots of the Cobalt subarea. More detailed maps, 
with additional element ratio layers, are given in Appendix G. note that any samples from the 
First Cobalt’s database that were over-limit or under-limit were assigned the over-limit or 
under-limit detection values, respectfully. (A) Geological map of the study area (White et al., 
2020 in prep.) with the black box, referring to inset maps B, C, and D. (B) Ag-dominated 
samples; dashed areas show Ag-dominated samples, which occur in pockets of high vein density. 
(C) Ni-dominated samples spatially associated to the Archean mafic volcanic inliers as the green 
unit. (D) Co-dominated samples where CoAs3 dominated samples occur most abundant in dashed 
areas, which roughly spatially correlate to Ag-dominated samples seen in B, and CoAs- and 
CoAs2-dominated samples are peripheral to CoAs3 distribution. 
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Figure 16. Five-element vein assay data plotted in ternary space with reference to the vein 
minerals. Samples are grouped as Ni and Co to As molar proportion (CoAs, CoAs2, CoAs3, NiAs, 
NiAs2, NiAs3). Representative samples of each mineral group (numbered, see data in Table 6) 
are for samples collected during the 2019 field season. Note that B and E are zoomed to the 
data, where only As greater than 60 is shown. 
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Figure 17. Five-element vein assay data of samples plotted in binary log-log space of five-element vein minerals showing Ni-Co-Bi-
As-Sb covariance. Coloured lines show end-member mineral trajectories. Samples are grouped as Ni and Co to As molar proportion 
(CoAs, CoAs2, CoAs3, NiAs, NiAs2, NiAs3) dependent on elemental proportions. Representative samples of each mineral group 
(numbered, see data in Table 6) are from the samples collected during the 2019 field season. Note end member Ni-Co-Fe-arsenide 
and sulfarsenide minerals plotted on the diagram as line trajectory (colors according to mineral) where applicable (black line is 1:1 
projection). 
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Figure 18. Five-element vein assay data for five-element vein samples plotted in binary space as 
a function of varying Ag abundance. Note data are in log-log space. Samples are grouped as Ag-
dominated, Ni and Co to As molar proportion (CoAs, CoAs2, CoAs3, NiAs, NiAs2, NiAs3). Note 
high scatter of points for all plots (black line is 1:1 projection). 
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Figure 19. Five-element vein assay data for five-element vein samples plotted in binary space as a function of varying Cu, Pb, and Zn 
abundance with respect to the Ag and arsenide five-element phases. Note data are in log-log space. Samples are grouped as Ag-
dominated, Ni and Co to As molar proportion (CoAs, CoAs2, CoAs3, NiAs, NiAs2, NiAs3), and Cu-sulfide-, sphalerite-, and galena-
dominated. Note high scatter of points for all plots (black line is 1:1 projection), except for higher clustering for the Pb:Zn (F) and 
Cu:Zn (I) plots. 
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Figure 20. Cathodoluminescence (CL) images of vein quartz and carbonate. Numbers refer to 
vein paragenetic stages as in Figure 10. Picture enlargements are outlined as red boxes. (A, B) 
Flamboyant quartz radiating from vein contact. Note the euhedral zoned cores with zoned 
feathery-plumose rims. (C) Enlargement of (B). (D) Quartz featuring CL dark areas along 
fractures throughout overprinting shear fabric. (E) Enlargement of (D). (F) CL image of 
breccia-texture carbonate where partially dissolved, zoned dolomite precedes late calcite with 
subtle mottled zoning. 
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Figure 21. Major and trace-element data for vein carbonates. (A, B) Data plotted in Ca-Mg-(Fe+Mn) ternaries (>50% Ca 
component) as at.% in (A) and wt. % in (B). Note dolomite core and rim data overlap. For calcite data the Ca apex is enlarged to 
highlight two calcite generations. (C – E) Trace element data (Fe, Mn, Sr, respectively) plotted versus Eu anomaly. (F) Average 
chondrite-normalized REE plots in wt. % (using values of Sun and McDonough, 1989) for main lithologies in Cobalt (from White et 
al., 2020, in prep.).
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Figure 22. Chondrite-normalized REE plots for vein dolomite and calcite in wt. % (using values of Sun and McDonough, 1989). Note 
that the legend in A applies to the entire data set. Absence of data due to detection limits are outlined by black boxes, which infer data 
extrapolation. 
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Figure 23. Petrographic images of fluid inclusion (FI) types in five-element veins as seen in 
plane (A-C, F-I, K-P) and cross-polarized (D, E, J) light. Picture enlargements are outlined as 
red boxes. Note that this figure is matched with the roman numerals to the fluid inclusion types 
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in Table 9 and schematic diagram Figure 24. (A) Comb quartz showing primary (and/or 
pseudosecondary) fluid inclusions coring quartz. (B) Close up of L-V-H-type found in comb 
quartz cores. (C) Enlargement of (B). (D) Close up of indeterminate L-V-S in comb quartz cores. 
Note the habit and the birefringence of the solid phases. (E) Enlargement of (D). (F) 
Pseudosecondary L-V (80:20) FI along late fractures in quartz (G) Enlargement of (F). (H) 
Pseudosecondary L-V (60:40) FI along late fractures in quartz. (I) Enlargement of (H). (J) 
Zonally arranged L-V and V-rich FI on the margins of euhedral calcite suggesting primary 
origin. (K) Enlargement of (J). (L) P V-type in quartz surrounded by arsenide rosettes. (M, N) V-
type FI on secondary trails in quartz with close-up of V-rich inclusion with thin film of L as inset 
in N. (O) Arrays of decrepitated FI along growth trajectory of quartz. (P) Close up example of 
ubiquitous large decrepitated FI in undeformed comb quartz. (Q-S) V-rich inclusions in 
basement base-metal sulfide veins. 
 
 

 
 
Figure 24. Schematic diagram of fluid inclusion assemblages (FIA) in the five-element veins. 
Abbreviations: L = liquid, V = vapor, H = halite, S = unknown solid phases, S = secondary, PS 
= pseudosecondary, P = primary, I = indeterminate. 
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Figure 25. A subset of representative sequence of minerals and associated valence states of 
elements composing the minerals. Colours of the minerals reflect those seen in reflected 
(arsenides) or transmitted light (Cb). Numbers refer to vein paragenetic stages as in Figure 10. 
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Figure 26. A proposed schematic genetic model for the Cobalt five-element vein system with 
numbers associated with the following events: (1) Nipissing gabbro intrudes country rock with 
proximal massive sulfide lenses in the Archean interflow sedimentary rock undergoing partial 
melting within its contact aureole. (2) Production of a sulfarsenide melt (SAM) containing Ag, 
Ni, Co, Bi, Sb and Hg and also generation of carbonic volatiles (CO2+CH4±N2) that mix with 
convecting Huronian saline brine. The immiscible carbonic fluid floats the SAM upwards to the 
ore environment. (3) Aggregation of SAM upwards and injection into dilating veins. (4) 
Convection of Huronian saline brines, seen as L-V-Halite fluid inclusions, due to heating by the 
Nipissing gabbro. (5) Crystallization of the five-element veins due to undercooling via heat loss 
into the wall rock. 
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