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Abstract 

A mineralogical and geochemical investigation of sulfide mineralization in the 
McConnell Ni-Cu-PGE occurrence, McConnell Offset Dyke, Garson Mine area, Sudbury, 

Ontario, Canada 
 

By Brandon Michael Boucher 
 

     The Sudbury mining camp hosts the largest and only known impact-related 

metallogenic system in the world, containing significant resources of Cu-Ni-platinum 

group element-rich sulfide mineralization. The undeveloped, Vale-owned McConnell 

concentric offset dyke hosts low Ni grade magmatic Ni-Cu sulfide mineralization with 

unusually high PGE tenor, showing marked differences in mineralogy and geochemistry 

compared to other South Range offset-type deposits. This study shows that: (i) the low 

As, Ni, and high PGE in bulk assays and Co and Pd-rich pentlandite in the ores reflects 

an unusual evolution of the McConnell sulfide melt explained by three possible models, 

or a combination of models (“uncontaminated”, “locally enriched”, and “late-stage” 

sulfide melts); (ii) a post-crystallization hydrothermal fluid passed through the system, 

remobilizing Ni and Pb within the deposit and altering primary ore mineralogy forming 

pyrite and marcasite; and (iii) the McConnell ores crystallized from an O-rich Ni-poor 

sulfide melt, as reflected by magnetite geochemistry.  

June 02, 2015. 
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Chapter 1: Introduction 

1.0 Structure of Thesis 

     This document contains 4 chapters. Following an introduction chapter serving as an 

outline of the thesis, chapters 2 and 3 describe studies of sulfide mineralogy and 

geochemistry of samples from the offset-style McConnell mineralization. Chapter 2 

describes a bulk rock and in-situ geochemical, petrographic, and mass balance study of 

sulfides from the McConnell offset. Techniques were used to characterize the economic 

and deleterious element distribution within the ore body, as well as characterize aspects 

of mineralogy relevant to beneficiation and smelting efficiency. Chapter 3 focuses on 

accessory magnetite geochemistry, allowing the timing and chemical characteristics of 

associated sulfides to be determined. Both chapters 2 and 3 are structured as stand-alone 

manuscripts for publication. Chapter 4 contains brief concluding statements and a short 

review of all major findings.  

1.1 Primary objectives and study area 

     The McConnell Ni-Cu-PGE occurrence is a concentric offset-type deposit that occurs 

along the South Range of the Sudbury Igneous Complex, in the Garson mine area. The 

offset dike, comprised of inclusion-free and inclusion-rich quartz diorite, is only 1 km 

along its strike and ~ 60 meters wide, and is characterized by massive to disseminated 

sulfide mineralization hosted partially within quartz diorite and also along the contact 

between quartz diorite and host rocks of the Huronian Supergroup. These host rocks 

range from metasediments to metabasalts, with the contact between the two lithologies 

running approximately along the length of the McConnell ore body.  As no detailed 

mineralogical analysis has been performed on the ores of the McConnell deposit, the 
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primary objective of this study was to provide Vale with a comprehensive 

characterization of the Ni-Cu-platinum group element (PGE) sulfide minerals, and their 

association with host rock types. This focused on identifying the mineralogical controls 

and spatial distribution of precious and deleterious metals, with the aim of providing a 

comprehensive mineralogical model to aid Vale in future exploration and development of 

the mineralization into an ore body. 

     To achieve these goals, a large sample set was obtained from drill core provided by 

Vale (Ontario operations) from 4 holes drilled through the McConnell offset (1985-1990). 

These drill holes intersect a representative cross section of sulfide mineralization and host 

lithologies from the McConnell offset. Petrographic reports, LA-ICP-MS (Laser Ablation 

Inductively Coupled Plasma Mass Spectrometry) and SEM (Scanning Electron 

Microscope) data were used to provide comprehensive reports on the mineralogical and 

geochemical aspects of McConnell ores. 
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Chapter 2: Mineralogical and geochemical investigation of Ni-Cu-Platinum Group 

Element mineralization within the McConnell Offset Occurrence, Garson Mine 

area, South Range, Sudbury Igneous Complex, Ontario, Canada 

 

Abstract 

     The concentric McConnell offset (Garson mine area, Sudbury Igneous Complex, 

Ontario; Figure 2.1) hosts mineralization that shows depletion in As and Ni compared to 

other South Range offset and contact-type Ni-Cu-PGE sulfide deposits, despite having 

very similar mineralogy. Evidence is presented that shows that a Co-enriched, Ni-

depleted sulfide melt was responsible for the formation of the ore body, and that an 

absence of As within the melt resulted in pentlandite scavenging more Co and Pb, and 

crystallizing at a higher temperature than is typical for Sudbury offset dyke deposits. The 

resulting magmatic ores were sourced from a sulfide melt without economic Ni tenors or 

significant As contamination achieved through possible models: (i) an oxygen-rich 

sulfide liquid accumulated in the silicate melt sheet and significantly altered the 

partitioning of Ni and As between the silicate reservoir and the sulfide liquid; (ii) zones 

of local vs regional contamination dictated by the digestion of As- or metal-bearing host 

rocks, where sulfide liquids are more highly influenced by the size and composition of 

the local silicate reservoir (R factor); or (iii) a sulfide liquid that remained in equilibrium 

with, or was sourced from, an evolved silicate reservoir which lost significant metal 

concentrations to previously emplaced sulfide liquids, indicating that the McConnell 

system was emplaced after other larger South Range offsets. Elevated platinum-group 

element (PGE) concentrations within the McConnell mineralization (as Pd-Bi-tellurides 

or pentlandite) indicate that the process responsible for PGE enrichment in the 
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McConnell system was not affected by the factors that limited or depleted the As and Ni 

concentrations within the initial sulfide melt. Platinum-group elements (PGEs) were 

unable to partition into early forming arsenide melts and solid solutions. Intense 

hydrothermal alteration of Cu-Ni-PGE ores at McConnell created zones of marcasite-

pyrite along the stratigraphically lower margin of the ore body. Hydrothermal fluids of 

unknown origin altered primary pentlandite (to smythite and pyrrhotite), which was 

originally highly unstable in the presence of fluids owing to its unusually Co- and Pb-

enriched nature. Lead isotope analyses from unaltered pentlandite show that high Pb 

concentrations are related to initial crystallization at the time of the formation of the SIC. 

This study incorporates LA-ICP-MS, SEM, Pb isotope, and bulk rock data to develop a 

preliminary mineralogical and genetic model of the offset mineralization. 
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2.0 Introduction 

     Radial and concentric quartz diorite offset dykes, a component of the Sudbury Igneous 

Complex (SIC), are considered to result from the injection of an early undifferentiated 

impact melt (shortly after the Sudbury impact event) into pre and syn–impact faults 

within the country rocks (Morrison et al., 1994; Grieve, 1994; Rickard and Watkinson, 

2001; Farrow and Watkinson, 1996; Lightfoot et al., 1997a; Wood and Spray, 1998; 

Patterson, 2001; Murphy and Spray, 2002; Lightfoot and Farrow, 2002; Keays and 

Lightfoot, 2004; Barnes and Lightfoot, 2005; Lightfoot, 2007; Ames and Farrow, 2007; 

Ames et al., 2008). Offset dykes formed from multiple injections of melt through the 

cooling history of the melt sheet, resulting in both barren (QD) and inclusion-bearing 

(IQD) quartz dioritic lithologies being present within single dykes (Morris, 1982; 

Lightfoot et al., 1997; Wood and Spray, 1998; Rickard and Watkinson, 2001; Tuchscherer 

and Spray, 2002; Murphy and Spray, 2002). The offset dyke systems vary in size, and 

may host Ni-Cu-platinum-group element (PGE) sulfide deposits which account for a 

large percentage of the overall Sudbury ore metal inventory. Inclusion-bearing quartz 

diorite is the lithology associated with economic Ni-Cu-PGE mineralization and often 

contains disseminated to massive sulfides. Inclusion-bearing quartz diorite was emplaced 

into the cores of offset dyke systems after inclusion-free QD and synchronous with 

sulfide emplacement, producing zonation in the dykes with respect to lithology and 

mineralization (Lightfoot et al., 1997; Wood and Spray, 1998; Rickard and Watkinson, 

2001; Farrow and Lightfoot, 2002). Sulfides are closely spatially associated with 

inclusions. Inclusions within the quartz diorite dykes range from locally-derived host 

rock clasts, to clasts of early QD, to exotic xenolithic mafic and ultramafic lithologies of 
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ambiguous origin (Scribbins et al., 1984; Lightfoot et al., 1997; Rickard and Watkinson, 

2001). 

     Large mineralized offset systems have received a disproportionate amount of attention 

in research owing to their longevity of mining in Sudbury and contained world-class Ni-

Cu-PGE deposits (e.g., the radial Copper Cliff and Worthington offsets; Cochrane, 1984; 

Stewart et al., 1999; Szentpéteri, 1999; Magyarosi et al., 1999; Rickard, 2000; Carter, 

2000; Carter et al., 2001; Rickard and Watkinson, 2001; Lightfoot and Farrow, 2002; 

Szentpéteri et al., 2002; Magyarosi et al., 2002; Stewart, 2002; Huminicki, 2003;  

Huminicki et al., 2005). Many studies have characterized the mineralogy and 

geochemistry of barren and mineralized offset systems. These studies have broadened our 

understanding of offset emplacement and ore genesis and have benefited from continuing 

advances in analytical techniques. Due to the suspected poor economic potential of some 

smaller offset dyke systems (e.g. McConnell) and corresponding limited exploration 

undertaken, they are poorly characterized, leaving many questions unanswered about 

these systems. There are, however, larger offset systems that do not contain significant 

sulfide mineralization (Foy), indicating that size alone does not dictate economic  metal 

potential of offsets.  

      Although base metal sulfide assemblages are similar in mineralized offsets at all 

scales, the abundance and composition of major and accessory ore phases varies 

significantly from one offset to another, as have the effects of contamination and 

hydrothermal alteration. It remains unclear whether the differences in ore composition in 

different offset dyke systems are due to only localized secondary processes 

(contamination, alteration), or if these differences are the consequence of primary 
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magmatic variables associated with the evolution of silicate and sulfide melts of the SIC 

prior to, and during, offset dyke emplacement. In addition to providing the first 

mineralogical and geochemical characterization of the McConnell offset, this study will: 

(i) address the potential causes for variable metal tenors in different offset dykes; (ii) 

compare these rocks to nearby and related deposits; and (iii) provide evidence for the 

alteration and modification of ores and possible redistribution of ore and ore metals.  

2.1 Regional Geology 

     The 1850 Ma (Krogh et al., 1984) Sudbury structure cuts the boundary between the 

Grenville, Southern, and Superior provinces of the Canadian Shield, and forms an 

elliptical structure that stretches 60 x ~27km (Dietz, 1964; Grieve, 1994; Szabó and 

Halls, 2006). This astrobleme is believed to have been much larger than it is today, with 

the original diameter estimated between 190 and 260 km, and a much less deformed 

shape; it has been widely accepted as a large impact structure (Dietz, 1964; Peredery and 

Morrison, 1984; Dressler, 1984; Grieve et al., 1991; Ames et al., 2008; Hanley et al., 

2011). The impact occurred in a shallow marine basin in the foreland of the Penokean 

Orogen, and caused nearly instantaneous melting of the rocks below the impact site. A 

large melt sheet formed at the base of the impact structure (e.g. Grieve, 1994; Ames, 

1999; Mungall et al. 2004). The impact produced a large multi-ring basin occupied by an 

andesitic impact melt that crystallized to form the Sudbury Igneous Complex (SIC) 

(Card, 1978; Peredery and Morrison, 1984; Fleet et al., 1987; Stӧffler et al., 1994; 

Deutsch et al., 1995; Ivanov and Deutsch, 1999; Mungall et al, 2004). The ejecta that 

formed during impact created a large plume above the crater that settled onto the melt 

sheet creating the Onaping Formation, a unit made up of discontinuous mass flow 
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deposits, fall-back breccias, and plume collapse units (French, 1972; Peredery, 1972; 

Stevenson, 1972; Rousell, 1984; Ames, 1999; Ames et al., 2002). Evidence for a bolide 

impact forming the Sudbury structure and associated melt sheet is provided by the 

occurrence of shatter cones, impact diamonds, shock-related rock types (i.e. 

pseudotachylites) and their distribution around the SIC, and Ir anomalies in the fallback 

breccias (Guy-Bray, 1966; French, 1972; Rousell, 1981; Morrison, 1984; Stӧffler et al., 

1994; Thompson and Spray, 1996; Spray, 1998; Mungall et al., 2004).  

     The host rocks which surround the SIC comprise the north, south, and east ranges. The 

Sudbury structure consists of the Sudbury basin (filled by the Whitewater Group), the 

brecciated Archean (north, east) and Proterozoic (south) footwall rocks of the SIC, and 

the main mass of the SIC. The footwall rocks comprise Archean gneisses, metavolcanic-

metasedimentary rocks, migmatites, and felsic and mafic plutonic rocks, which are 

unconformably overlain by metavolcanic and metasedimentary rocks of the Early 

Proterozoic Huronian Supergroup (Dressler, 1984). This group forms an assemblage of 

volcanic and sedimentary rocks that makes up part of the Penokean Fold Belt in the 

Southern Province, and is believed to have been created during an intra-continental 

rifting event associated with a mantle plume that was located under the Sudbury impact 

target area (Dressler, 1984; Heaman, 1997; Card and Poulsen, 2000; Ernst and Buchan, 

2001; Young et al., 2001; James et al., 2002). Emplacement of the Huronian flood basalts 

was associated with large-scale magmatic activity during rifting between 2.48–2.45 Ga, 

and also accounted for the emplacement of the Matachewan and Hearst dike swarms 

(Heaman, 1997). James et al (2002) describe a suite of plutonic igneous rocks associated 

with this rifting event  (the “rifting suite”) comprised of two separate pulses of 



18 
 

magmatism: a mafic pulse at roughly 2475 Ma, forming the East Bull Lake intrusive 

suite, and a felsic pulse at roughly 2450 Ma, forming the volcanic rocks of the Elliot Lake 

Group. Subsequent sedimentation, emplacement of Nipissing gabbro (~ 2.2 Ga; Nobel 

and Lightfoot, 1992), and regional and shock/contact metamorphism of Huronian 

volcanic rocks by the Penokean Orogeny and Sudbury events occurred, respectively, with 

the peak of Penokean metamorphism occurring around 1835 Ma (Holm et al., 2001). The 

Huronian sequence is characterized by cycles of conglomerate, mudstone, wacke, and 

quartz-feldspar arenite, and has been divided into 4 groups: the Elliot Lake Group, the 

Hough Lake Group, the Quirke Lake Group, and the Cobalt Group, with volcanic rocks 

occurring only in the Elliot Lake Group (Dressler, 1984).  

      Archean gabbroic, dioritic, tonalitic, and granitic gneisses form the SIC footwall 

prominently in the North Range where they occur as the “Levack Gneiss Complex” 

(Langford, 1960; Dressler, 1984; Card, 1994; Ames et al., 2008). The gneisses 

experienced localized shock and contact metamorphism associated with impact and SIC 

heating, and earlier, pervasive granulite to amphibolite facies regional metamorphism 

pre-SIC, but were largely unaffected by syn to post–SIC orogenic events (Dressler, 1984). 

According to Dressler (1984), the Levack Gneiss Complex rocks are supracrustal, 

sedimentary-volcanic in origin, so compositional variations in the gneisses represented 

alternating sequences of metamorphosed clastic sediments interbedded with mafic-

ultramafic volcanic rocks and possible felsic volcanic units. The Sudbury breccia is an 

important host rock unit to the footwall sulfide deposits that occur in the country rock 

surrounding the SIC, and displays textures indicative of recrystallization, partial melting, 

and in situ shock brecciation (Dressler, 1984). Rousell et al. (2003) classify Sudbury 
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breccia into the following types: (i) “clastic” types, occurring dominantly in the Huronian 

supergroup and Nipissing gabbros as rounded clasts in a cataclastic matrix; (ii) fine-

grained pseudotachylites occurring most commonly in Archean North Range rocks and 

igneous plutons in the South Range; and (iii) coarse-textured, microcrystalline types 

occurring very close to, or along the contact of, the SIC, having experienced contact 

metamorphism and partial recrystallization. Footwall breccia (Greenman, 1970; Dressler, 

1984) locally underlies the contact sublayer. It too can host significant economic 

mineralization (contact-style sulfide deposits), and shows evidence of partial melting, 

shock brecciation, and contact metamorphism. However, unlike Sudbury breccia, it has 

been suggested that footwall breccia represents the partially melted crater floor beneath 

the melt sheet, accounting for the residual xenolithic fragments of country rock that occur 

in this unit (Lakomy, 1990).  

     The main mass of the SIC consists of granophyric residue overlying quartz gabbro and 

norites commonly in contact with a basal or contact “sublayer” unit (Naldrett and 

Hewins, 1984; Lightfoot et al., 1997; Ames et al., 2008). A widely recognized model for 

the formation of the SIC involves in situ differentiation of the melt sheet during the 

ongoing assimilation of some local country rocks (i.e. Naldrett, 1984; Lightfoot et al., 

1997). The SIC differs from most other layered igneous intrusions as it has no fine or 

cyclic igneous layering, and relatively high SiO2 contents (dioritic bulk composition; 

Naldrett and Hewins, 1984). 

     The contact sublayer occurs discontinuously around the outer margin (base) of the 

SIC. It consists of two different lithologies: (i) a fine- to medium-grained, inclusion-

bearing noritic rock containing hypersthene, augite, and plagioclase as its primary 
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minerals; this unit contains some of the economic mineralization zones associated with 

SIC (e.g. Creighton, Frood); and (ii) inclusion-bearing and inclusion-free quartz diorite 

hosted within radial and concentric offset dyke systems (Naldrett et al., 1984; Morrison, 

1984; Lightfoot et al., 1997), with radial dykes still physically connected to the base of 

the SIC through “embayment” structures (e.g. Copper Cliff). Notably, the quartz diorite 

offset dykes are host to many of the largest Ni-Cu-PGE magmatic sulfide deposits.  The 

dykes formed by multiple injections of impact-related melt into structures in the 

surrounding country rock (Grant and Bite, 1984; Lightfoot et al., 1997; Farrow and 

Lightfoot,  2002; Lightfoot and Farrow, 2002).  

     The offset dykes comprise an envelope of early, inclusion-free sulfide-poor quartz 

diorite (QD) and a discontinuous core of inclusion-bearing, sulfide-mineralized quartz 

diorite (IQD). The QD was emplaced before differentiation and sulfide saturation of the 

overlying melt sheet occurred at temperatures of at least ~1180˚ C (Lightfoot et al., 1997; 

Farrow and Lightfoot, 2002; Keays and Lightfoot, 2004; Darling et al., 2010; Watts, MSc 

thesis 2014). The IQD formed by the injection of a later melt phase that had reached 

sulfide saturation. Numerous lithologies (e.g. Sudbury breccia, QD, country rocks, and 

exotic xenolithic fragments) are hosted in the IQD (Lightfoot et al., 1997, Farrow and 

Lightfoot, 2002). The melt that formed economic sulfide mineralization within IQD may 

have reached sulfide saturation or metal enrichment before other portions of the main 

melt sheet due to significant melting and incorporation of S and metal-bearing country 

rocks (e.g. Nipissing mafic rocks, mafic-ultramafic rocks of ambiguous origin) or 

contributions from regional contamination (e.g. Mungall et al., 2004) that locally 

enriched the lowermost mafic portion of the melt sheet in S, As, and base and precious 
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metals (e.g. Dickin et al., 1999; Darling et al., 2010; Darling et al., 2012); the pooling and 

accumulation of very early sulfide liquids from the superheated melt sheet into 

embayments before the injection of the IQD may have also promoted significant metal 

enrichment or contamination of radial offset systems. Although this theory is not widely 

accepted, it is clear that the assimilation of country rocks and exotic fragments 

significantly enriched the melt sheet in S, As, and economic metals (Ni, Cu) at a local and 

regional scale, and contributed to early sulfide segregation and ore formation through 

sulfur saturation that did not rely on significant cooling and fractional crystallization of 

the overlying melt (Naldrett et al., 1984; Lightfoot et al., 1997; Lightfoot and Farrow, 

2002; Farrow and Lightfoot, 2002; Keays and Lightfoot, 2004; Darling et al., 2010; 

Darling et al., 2012).  

     Offset dyke systems are subdivided into 3 types  based on their location and 

orientation with respect to the main mass of the SIC: (i) radial offset dikes (e.g. Copper 

Cliff and Worthington offset dykes), which originate at noritic/dioritic sublayer-filled 

embayments at the footwall contact and continue into surrounding country rock; (ii) 

parallel or concentric dykes (e.g. Manchester, McConnell, and Hess offset dykes), which 

lie parallel to the SIC lower contact hosted within massive Sudbury Breccia zones; and 

(iii) discontinuous quartz diorite occurrences, small bodies of quartz diorite within 

embayments that occur with other Sublayer rocks (Grant and Bite, 1984).  

     Three primary magmatic-hydrothermal Ni-Cu-PGE deposit styles are associated with 

the SIC: (i) offset-dyke deposits (as discussed above); (ii) contact-style deposits; and (iii) 

footwall-type deposits (Pye et al., 1984; Cochrane, 1984; Morrison, 1984; Morrison et al., 

1994; Farrow and Lightfoot, 2002; Ames; 2008 and references therein). Contact and 
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offset-style mineralization consists primarily of pentlandite-pyrrhotite with minor 

chalcopyrite, whereas footwall deposits are richer in Cu and PGE (e.g. Naldrett, 1984; 

Farrow and Lightfoot, 2002 and references therein). Pentlandite occurs as cm-sized 

masses, thin rims around pyrrhotite, and fine-grained exsolution lamellae, whereas 

chalcopyrite forms xenomorphic masses, veins, and stockworks (Naldrett, 1984). In the 

South Range, PGE are often sequestered in discrete arsenide and sulfarsenide phases, as 

well as discrete bismuth-tellurides (Cabri and LaFlamme, 1976; Rickard and Watkinson, 

2001; Magyarosi et al., 2002; Szentpéteri et al., 2002; Huminicki et al., 2005; Dare et al., 

2010; Lefort 2012).       

     Contact-style deposits host pyrrhotite-dominant, Ni-rich PGE-poor mineralization that 

commonly occurs in embayments at the base of the contact sublayer and quartz diorite, 

and within footwall breccia (e.g. Naldrett, 1984; Farrow and Lightfoot, 2002; Dare et al., 

2010). The sublayer and footwall breccia units that host most contact-style deposits occur 

discontinuously around the SIC, and have undergone modification ranging from 

hydrothermal alteration to localized metamorphism, partial melting, and recrystallization 

(Farrow and Lightfoot, 2002).  

     Footwall-style deposits have been classified into two physically and chemically 

distinct sub-types: (i) “high-sulfide” mineralization comprised of sheet-like massive 

chalcopyrite +/- millerite + cubanite veins and vein networks formed by emplacement of 

a fractionated primary sulfide liquid followed by modification (remobilization and 

redistribution of ore metals) by volatile phases, and (ii) “low-sulfide” mineralization and 

consisting of blebby to disseminated chalcopyrite-bornite-millerite assemblages with 

PGE/S ratios an order of magnitude higher than in high-sulfide mineralization (Farrow 
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and Watkinson, 1992; Li et al., 1992; Li and Naldrett, 1994; Morrison et al., 1994; 

Molnár et al., 2001; Farrow and Lightfoot, 2002; Hanley et al., 2004, 2005, 2011; Farrow 

et al., 2005; Péntek et al., 2008; Tuba et al., 2010). It has been suggested that the low-

sulfide ores may have a predominant hydrothermal origin and may pre-date the 

emplacement of the high-sulfide ores (Farrow et al., 2005; Hanley et al., 2005; Hanley 

and Bray, 2009). A saline magmatic-hydrothermal fluid may have leached Cu and 

precious metals from contact deposits and redistributed them into the footwall forming 

low-sulfide deposits (Farrow and Watkinson, 1992; Farrow, 1994; Farrow et al., 1994; 

Everest, 1999; Molnàr et al., 1997, 1999, 2001; Pèntek et al., 2006, 2008, 2009, 2012; 

Tuba et al., 2010, 2012, 2013). These fluids may have been mixtures of saline 

groundwater and magmatic hydrothermal fluids sourced from the mineralized contact 

region or main mass of the SIC (Marshall et al., 1999; Hanley et al., 2005; Péntek et al., 

2008; Tuba et al., 2010; Hanley et al., 2011). 
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Figure 2.1 Location and orientation of the McConnell offset. (A) South range of the Sudbury structure 
showing offsets, contacts, faults, and a few mine locations. (B) Plan view of the McConnell deposit in the 
Kirkwood/Garson mine area, metasediments (MTSD) and metabasalts (MTBS) host the quartz diorite (QD) 
dyke in which the majority of the mineralization is confined. Dashed lines represent intermediate-
disseminated sulfides and QD in contact with host rocks. Drilling information provided by Vale. (C) Cross 
section of the McConnell offset. 
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2.2 Sampling and analytical methods 

2.2.1 Sample collection 

     A total of 125 samples, each approximately 12 cm in length, were selected from BQ 

drill core from Vale and Inco drilling programs, resulting in a large suite of representative 

host rocks and sulfide mineralization sections which pass through the McConnell deposit 

(Figure 2.1). Sections were chosen at intervals showing mineralogical and textural 

representivity and changes (e.g. the appearance of pyrite as an alteration phase). The 

sample set was logged and labelled with increasing depth to create general graphic drill 

logs columns of mineralogical observations, separating zones of massive sulfide 

(MASU), inclusion-rich massive sulfide (INMS), disseminated sulfide (DISS), and host 

rock (metasediments, metabasalts, quartz diorite). This method was used when sampling 

from all 4 drill holes that intersected the McConnell deposit (DDH-1276330, 1276340, 

1276350, 1276360, Figure 2.1B). Samples were cut into blocks for creation of polished 

thick and thin sections, and prepared into 100 g batches for bulk rock assays (ALS 

Minerals, Sudbury, Ontario).  

2.2.2 Optical and scanning electron microscopy 

     Petrographic observations were collected using a Nikon Eclipse H550L microscope 

with reflected and transmitted light capabilities. These observations were augmented by 

scanning electron microscopy using a LEO 1450 VP Scanning Electron Microscope 

(Saint Mary’s University) with a maximum resolution up to 3.5 nm at 30 kV. Analyses 

were performed at 25 kV accelerating voltage and 5 nA beam current. The SEM was used 

to quantify mineral composition and identify discrete trace and accessory phases. The 

SEM uses INCA™ software to quantify X-ray spectra using a standard-enhanced semi 

quantitative routine, and to create element distribution maps which were made for 
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selected pentlandite and pyrite grains to better understand Ni, Fe, Co, and S distribution 

in altered samples. To discriminate between monoclinic and hexagonal pyrrhotite, a 

magnetic colloid (powdered magnetite-hematite blend mixed into a solution with 

methanol) was applied to 10 representative polished thin sections of MASU and INMS. 

The magnetic colloid is strongly attracted to monoclinic pyrrhotite and magnetite grains 

(though the two are easily distinguishable from each other by optical properties), and is 

not attracted to hexagonal pyrrhotite, pentlandite, pyrite, or chalcopyrite. 

2.2.3 Laser ablation inductively-coupled plasma mass spectrometry 

     LA-ICP-MS data were obtained at the Geological Survey of Canada (Ottawa, Ontario) 

using an Agilent 7700 quadrupole inductively-coupled plasma mass spectrometer  

coupled to a 193 nm Ar-F Excimer laser for sample aerosol introduction. Ablation was 

performed at a 43 micron spot size (ablation pit diameter) and at a 10 Hz repetition 

(pulse) rate at 40% of 5 mJ (attenuated) output energy (Table 2.1). A 40 second gas blank 

was collected before each mineral analysis, followed by 65 seconds of mineral ablation 

(Figure 2.2). Standard reference materials were used to calibrate analyte sensitivities to 

account for instrument drift and for quality control, analyzed before and after blocks of 

11 mineral analyses. Standards utilized at the GSC were synthetic pyrrhotite (Po726 from 

Memorial University, Saint Johns, Newfoundland and Labrador) for Au and PGE, a 

granitic glass (GSE-1G from USGS) for base metals and S, and a pressed sulfide pellet 

(MASS-1 from USGS). Ablation sites were selected in the centers of large grains, 

avoiding any cracks or grain boundaries (mixed matrices) with adjacent minerals. 

Collected spectra were observed in real time to note the presence of mineral inclusions in 

 larger analyzed grains or inhomogeneous grains, allowing for scrutiny of raw data prior 
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Figure 2.2 Time resolved LA-ICPMS signals (counts per second) during 60 second mineral ablations of 
base metal sulfides pentlandite (Pn), pyrrhotite (Po) and chalcopyrite (cpy). A 40 second gas blank was 
collected before each ablation. (A-D) Nearly-homogenous grains showing plateaus of element 
concentrations. (E) An inclusion (galena and Pd-telluride) occurs within chalcopyrite at ~60 seconds, while 
intersection of a pyrrhotite grain begins at ~80 seconds. (F) A homogenous grain of chalcopyrite occurs on 
top of a grain of pyrrhotite, intersected at ~80 seconds.   
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to data reduction. Figure 2.2 (time-resolved signals) demonstrates distribution of Pb and 

Co through base metal sulfide grains during ablation. Isotopes measured were  34S, 51V, 

53Cr, 57Fe, 59Co, 60Ni, 61Ni, 65Cu, 66Zn, 75As, 77Se, 99Ru, 101Ru, 102Ru, 103Rh, 105Pd, 106Pd, 

107Ag, 108Pd, 111Cd, 118Sn, 121Sb, 125Te, 181Ta, 193Ir, 195Pt, 197Au, 205Tl, 206Pb, 208Pb, and 

209Bi (Table 2).  

2.2.4 Mass balance calculations 

     Mass balance calculations were determined by combining SEM and optical 

petrographic modal abundance determinations, LA-ICP-MS data for dissolved metals, 

and bulk rock analyses. Phases that contributed a negligible control on bulk element 

abundance (<0.5 wt%) were not included in the diagrams. For major phases, by 

reconciling combined laser ablation modal mass % data with bulk assay data, the 

contribution of each phase to the overall metal budget of the ore samples was determined. 

For discrete phases that were not analyzed by LA-ICP-MS (hessite, galena, altaite, 

sulfarsenides, sperrylite, michenerite-merenskyite) ideal formula compositions or SEM-

EDS analyses were used in the mass balances. Metal contribution estimations for discrete 

accessory phases were made based on the grain size and vol% abundance (by grain area 

point counting), coupled with bulk mineral densities for ideal end-member compositions.  

2.3 Results 

     The Appendices contain full data tables for sample depth (along diamond drill core, 

Table A1), bulk rock assays (Table A2), and LA-ICP-MS mineral compositional analyses 

(Table A3).  

2.3.1 Petrography and metal grade characteristics of the ores 

     Each sample was classified based on sulfide abundance and texture similar to 

classification used by Vale for Sudbury South Range ore systems: i) massive sulfide 
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(MASU) samples composed primarily of pyrrhotite with sporadic chalcopyrite-rich 

intervals consist of more than 80% sulfide minerals and >30 wt% S; ii) inclusion-rich 

massive sulfide (INMS) samples have similar pyrrhotite dominant mineralogy to MASU 

but have higher proportions of silicate gangue inclusions (e.g. brecciated quartz veins, 

chloritized wall rock fragments), with bulk rock assays reporting between 20–30 wt% S 

and higher Cu/S ratios than MASU samples; iii) disseminated sulfide samples (DISS) 

contain variable chalcopyrite: pyrrhotite ratios, showing disseminated, net, and blebby 

textures with a gangue: sulfide ratio of >1 in hand sample, and with <20 wt% bulk rock S 

reported in assays. Characteristic textures and mineralogy in drill core are shown in 

photos and the graphic log (Figures 2.3 and 2.4), with average bulk rock analyses and 

metal grade in 100% sulfide for each sulfide texture listed in Table 2.2.   

     Massive pyrrhotite hosts coarse-grained (< 2 mm) pentlandite along inter-grain 

boundaries, and often contains >5 vol% magnetite (MASU, Figure 2.3A). Pentlandite 

"eyes" and mm-wide prismatic (elongated) flames are visible in hand sample (Figure 

2.3). Although chalcopyrite was found only in trace amounts in the massive, pyrrhotite-

rich sulfides, several depth intervals have high chalcopyrite abundances represented by 

veins (5-10 cm), xenomorphic masses, and complex intergrowths with pyrrhotite and 

gangue (Figure 3B,C,F,G). Rarely, massive chalcopyrite was observed (Figure 2.3D). 

MASU contains irregular, mm-to cm-sized inclusions of angular to rounded quartz 

diorite, metabasalt, metasediment, and other unidentified lithic fragments. Locally, 

inclusion volume can increase to 10-15%, and these increased abundances are often 

associated with an increase in chalcopyrite abundance. Commonly, small veinlets of 

quartz-carbonate and hydrous silicates (chlorite+epidote+quartz) cross cut MASU, 
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coating fracture surfaces. Contacts between MASU and other units are sharp, though 

locally MASU appears to grade into INMS. In thin section, samples of MASU typically 

contain primary pyrite. Some of these pyrite-bearing samples show cubic grains hosted 

within pyrrhotite, and lenses restricted to secondary (alteration) pentlandite textures and 

infilling fractures within pyrrhotite. 

     Samples of INMS contain at least 20 vol% host rock inclusions (quartz diorite, 

metasedimentary, metabasalt) and typically contain more chalcopyrite than the MASU 

(pyrrhotite-dominant, < 2 vol % cpy) samples (Figure 2.3E, Table 2.2). Samples of INMS 

commonly occur interstitially between MASU and DISS and are interpreted to be a 

transitional stage between them, but are also found enclosed within inclusion-bearing 

MASU intervals (Figure 2.4). Characterized by lower Ni:Cu ratios than MASU (Table 

2.2, Figure 2.5) and higher inclusion volume %, INMS contains less pentlandite and more 

chalcopyrite than MASU, with variable magnetite (5–20%) and pyrite (<2%) abundances.  

As sulfide abundance decreases and INMS grades to DISS, pyrrhotite abundance 

decreases while chalcopyrite either increases slightly (<5 %) or remains the same. As 

pyrrhotite decreases in abundance and grain size, pentlandite grains become increasingly 

rare and much smaller. DISS most commonly marks the transition from MASU-INMS to 

barren intervals, but are also found less commonly where inclusions or silicates occur in 

higher proportions within MASU intervals. DISS (sulfides and silicate hosts) and 

inclusions within INMS that occur close to host rock contacts are slightly deformed and 

often display textural fabrics indicating deformation. Pyrite-marcasite-chalcopyrite vein 

networks occur in QD and metasediment host rocks, and often occur with, or are cross 

cut by, thin quartz-carbonate veins. Moderate to strong chlorite alteration is pervasive in  
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Figure 2.3 Representative McConnell mineralization samples of massive (MASU), inclusion-rich 
massive (INMS), and disseminated (DISS) sulfides. A. Typical sample of massive pyrrhotite (Po) hosting 
small pentlandite eyes and magnetite grains (not visible). B. Pyrrhotite-rich chalcopyrite-bearing (Cpy) 
massive sulfides typically occur as disseminated chalcopyrite within a matrix of small pyrrhotite grains. C. 
Contact between a chalcopyrite-rich and pyrrhotite-rich interval, silicate gangue inclusions (Sil) are 
commonly semi-rimmed by chalcopyrite, circled area shows very small magnetite grains. D. Copper-rich 
massive sulfide interval 330-7 occurs as one of the only samples to contain 80+ vol% chalcopyrite with 
only trace pyrrhotite. E. Typical intermediate-massive sulfide sample, gangue increases in abundance with 
chalcopyrite relative to pyrrhotite. F. Disseminated chalcopyrite occurs in gangue around inclusions of 
silicates with marcasite+pyrite (Mrc-Py) intergrowths which have completely replaced original pyrrhotite, 
circled areas show disseminated pyrite and marcasite. G. Intermediate-massive sample is dominated by 
disseminated chalcopyrite and semi-massive marcasite+pyrite. H. Massive sulfides transition quickly to 
disseminated pyrrhotite which is present in one of the few samples that exists as INMS-DISS in the absence 
of chalcopyrite. 
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Figure 2.4 Graphical columns showing ore textures, ore types, accessory minerals and bulk rock Ni 
content  through the 4 drill holes intersecting the McConnell ore body. Chalcopyrite distribution is 
shown by yellow lenses; the size and frequency of the symbol indicates higher proportions of chalcopyrite. 
Note: DDH indicated as last 3 digits of full hole number at top of each column drawing.  
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Figure 2.5 Relationships between Cu, Ni, and Co concentrations in bulk McConnell ores. A) Co and 
Ni show a direct correlation in all ore types, owing to cobalt abundance controlled by pentlandite. B) Wt% 
S and Co/Ni ratios in various ore textures; Ni concentrations rarely exceed 1.5 wt.%. C) Cu concentration 
in McConnell ores have some inverse relationship to Ni concentrations. D) Cu/Ni ratio typically increases 
with decreasing S as chalcopyrite is more abundant than pentlandite in INMS and DISS ore types.  
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these zones with fracture surfaces coated in hydrous silicates and thin sulfide layers. 

Sudbury breccia also occurs as clasts within quartz diorite near the host rock-QD contact, 

and their abundance marks the transition between quartz diorite and higher grade 

metamorphic rocks (quartzite, amphibolite). Foliation within local host lithologies 

increases with distance away from the margins of the ore body. 

      The degree of hydrothermal alteration within the McConnell deposit is based on 

mineral replacement reactions of pyrrhotite: (i) unaltered samples show no replacement 

textures of any kind, save for the distinctive pits within pentlandite grains (Figures 2.6D, 

E; 2.7A); (ii) low to moderately-altered samples show prismatic secondary pyrite (py II) 

radiating from cracks within pyrrhotite (Figure 2.6C, F), and; (iii) high or advanced 

alteration is distinguishable by the presence of marcasite intergrown with pyrite, 

replacing nearly 100% of primary pyrrhotite (Figures 2.6B; 2.7H, I). Advanced 

hydrothermal alteration of sulfide was observed within 2 drill holes in the McConnell 

deposit (Figures 2.4, 2.6), within the deepest 7 samples in drill hole 1276330 (~12 ft, 

873.5 – 885.6 ft interval down hole) and the deepest sampled interval of hole 1276360 (at 

749.3 ft down hole). Within these intervals pyrrhotite is altered to secondary pyrite and 

marcasite, occurring in association with chalcopyrite (Figures 2.6A,H; 2.7H,I). Unaltered 

grains of pyrrhotite and primary pyrite are often found enclosed within chalcopyrite. 

Nickel concentration is low (<0.5 wt% Ni) in altered samples due to pentlandite being 

nearly completely removed from the ores, with residual Ni remaining only in pyrite (~3-5 

wt% Ni) and marcasite (0.5-3 wt% Ni). Hydrothermal alteration (chloritization) was also 

observed as pervasive within country rocks surrounding the ore body, especially near the 

zone of altered ore. Bulk rock assays are summarized in Table 2.2 by average and  
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Figure 2.6 SEM images showing pentlandite and pyrrhotite alteration, and association of galena with 
altered pentlandite. A) Chalcopyrite (Cpy) occurs as veinlets through silicate gangue (Sil) and quartz 
(Qtz). B) Marcasite and secondary pyrite (Mrc+Py2) completely replace pyrrhotite. Strong alteration does 
not appear to effect chalcopyrite (Cpy). C) Weak alteration of pyrrhotite (Po) to pyrite (Py2) occurs along 
cracks and grain boundaries, cracks are often in-filled with galena (Gal).  D,E) Pentlandite alteration 
(Altrn) initiated along cracks, with pentlandites always displaying a distinctive pitted surface at weak to 
moderate alteration intensity (Pn1 - Pn2). Pyrrhotite appears unaffected by this alteration, except for a slight 
increase in Ni content. F) Completely altered pentlandite (Pn3) is in-filled with silicates and galena. Pyrite 
occurs as primary cubes (Py1) and secondary fracture-associated flames (Py2). G) Galena is intergrown 
with weakly altered pentlandite, concentrating mainly near fractures and altered surfaces. H,I) Galena 
networks in strongly altered pentlandite. Silicate gangue in-fills pentlandite, galena forms complex 
networks along fractures within gangue. Primary and secondary pyrite (Py) are often abundant when these 
textures are encountered. 
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standard deviation per sulfide texture. An assay list is in Appendix Table A2.  

     The pyrrhotite-rich massive sulfides of all 4 drill holes typically show very low Ni:S 

and Cu:S ratios (0.03-0.04 and 0.02-0.36 respectively; Table 2.2, Figure 2.5), illustrating 

the low abundance of economic phases relative to total pyrrhotite host abundance. Ni:Cu 

ratios are generally 1–2 for all massive sulfide samples, with the exception of the massive 

chalcopyrite interval present within hole 1276330. Concentrations of Pt+Pd in massive 

sulfides are typically between 3–4 ppm, with Pd more abundant than Pt (Pd/Pt ≥1) in 

most samples. Contaminants such as Pb and Cd vary widely depending on alteration 

intensity and relative chalcopyrite and gangue abundances, but generally range from 12 – 

50 ppm Pb (when pentlandite-pyrrhotite alteration intensity and gangue inclusion 

abundance is low) and <0.5 – 10 ppm Cd. Cadmium shows a general increase in 

concentration as Cu increases, but also appears to be much lower in holes 1276360 and 

1276350 (<0.5 – 3 ppm) than in 1276340 and 1276330 (2 – 13 and 6 – 53 ppm Cd, 

respectively), even when Cu abundance is comparable. As MASU transitions texturally to 

INMS and DISS, gangue and chalcopyrite abundances increase relative to pyrrhotite, 

whereas Ni:S and Ni:Cu ratios decrease as pentlandite becomes less abundant. A decrease 

in cobalt abundance also occurs as textures transition from MASU to INMS to DISS 

(Figure 2.5). The INMS and DISS samples show higher concentrations of Cu than in 

massive ores (except sample 330-7, comprised of massive chalcopyrite) but show similar 

Pt+Pd concentrations and ratios. Pd increases as gangue becomes more abundant, while 

Zn and Cd abundances are associated with increased abundances of chalcopyrite. In 

comparing all samples, those from hole 1276330 have the highest proportions of Cu, Zn, 

Cd, Ag, and typically have higher than average abundances of Pb. The majority of these 
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samples have experiences a high degree of hydrothermal alteration, and completely lack 

pyrrhotite and pentlandite in samples that contain pyrite and marcasite. Although Ni 

concentrations are typically low in these samples, marcasite and pyrite retain some Ni 

content (1–5 wt% typically) as previously mentioned. 

2.3.2 Mineralogical and trace element characteristics of major and minor sulfide 

phases  

2.3.2.1 Pyrrhotite 

     Pyrrhotite is the most abundant sulfide mineral in the McConnell deposit and is the 

primary host for other major and minor sulfide and accessory phases (Figure 2.7A,D,E).  

Pyrrhotite occurs as both hexagonal grains hosting lamellae of monoclinic pyrrhotite, and 

as masses of monoclinic grains containing minor amounts of hexagonal pyrrhotite; these 

features were distinguishable using a magnetic colloidal solution. Monoclinic pyrrhotite 

is the more common polymorph in McConnell ores, approximately twice as abundant as 

hexagonal pyrrhotite (60-65% of pyrrhotite). Variations in pyrrhotite polymorph 

abundance do not correlate with any mineralogical or textural features. In massive sulfide 

samples, pyrrhotite forms large masses of mm-to cm-sized grains commonly hosting 

magnetite along inter grain boundaries (Figure 2.7D). Very rarely, pyrrhotite hosts 

lamellae of a second exsolved phase (troilite) along parallel planes (c.f. Voisey’s Bay: 

Huminicki et al., 2012). The suspected exsolved troilite is non-magnetic and occurs most 

commonly within hexagonal pyrrhotite in massive sulfide samples containing larger grain 

sizes (0.1–0.5 mm). Pyrrhotite within the McConnell ores contains 0.6–1.4 wt% Ni, 

shows variable S:metal ratios (S between 38–43 wt%), and very low concentrations of 

dissolved deleterious metals (As <0.5 ppm, Pb <3 ppm; Table 3) compared to other 

deposits on the South Range.  
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Figure 2.7 Textures and mineralogical association of McConnell ores. A. Coarse grains of pentlandite 
(pn1) hosted along pyrrhotite-pyrrhotite (po) grain boundaries and triple junctions. B. Moderate to strongly 
altered pentlandite grain (pn2) with chalcopyrite (cpy) and magnetite (mt) in massive pyrrhotite. C. Fully-
altered pentlandite (pn3) resembles little more than smudges along previous grain boundaries. Pyrite (py1) 
occurs here. D. Typical assemblage in most McConnell ores, magnetite and chalcopyrite occur along and 
within grain boundaries of pyrrhotite. Pentlandite not shown. E. Samples which are more abundant in 
chalcopyrite often show a spatial relationship with creamy yellow pentlandite. F. Magnetite aggregate with 
silicate gangue and pyrrhotite. G. Magnetite-rich interval where hundreds of small euhedral-rounded grains 
occur along and within almost every pyrrhotite grain. H. Unaltered chalcopyrite with marcasite (mrc), 
secondary pyrite (py), and primary pyrite in a silicate gangue matrix. I. Disseminated marcasite and pyrite 
occur as blades within silicate minerals. 
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2.3.2.2 Chalcopyrite 

      Chalcopyrite occurs heterogeneously throughout the deposit as masses of interlocking 

xenomorphic grains within coarse-grained pyrrhotite cumulates, and often hosts 

subordinate pentlandite and magnetite within and along grain boundaries (Figure 2.7E). 

In chalcopyrite-rich intervals, monoclinic pyrrhotite is more common than hexagonal 

pyrrhotite, and pentlandite grains occur intergrown with, or as lamellae interstitial to, 

pyrrhotite and chalcopyrite. Intervals with po:cpy ratios > 1 show chalcopyrite occurring 

in veins and flame-like structures in massive pyrrhotite which are often associated with 

small abundances of pentlandite. Very rarely, chalcopyrite is associated with trace 

amounts of sphalerite that occur as irregular blebs within and along chalcopyrite grains. 

Chalcopyrite has very low concentrations of contaminant metals (As <1 ppm, Cd 2.5–7.0 

ppm, Pb 8.5–26.0 ppm) and variable but appreciable amounts of Ag (up to 38 ppm Ag, 

Table 3). In areas where pyrrhotite has been completely replaced by marcasite and 

secondary pyrite, chalcopyrite shows no textural or chemical modification due to 

alteration (Figures 2.6, 2.7).  

2.3.2.3 Pentlandite 

     Pentlandite grains are most commonly hosted between pyrrhotite grain boundaries as 

blocky, subhedral “eyes” (rarely > 1cm in diameter, Figure 2.7A), which contain 

octahedral pits filled by inclusions of pyrrhotite (Figure 2.6D). Grains of pentlandite 

hosted along pyrrhotite boundaries occur as elongated masses that rim smaller interstitial 

pyrrhotite grains. Coarse-grained pentlandite occurs as unaltered to strongly altered 

grains that show both textural and chemical differences with increasing degree of 

alteration (Figure 2.7B, C; Figure 2.6D-F; Table 2.3). The degrees of alteration is 

reflected in the physical attributes of pentlandite; (i) advanced alteration (pn2) shows a 
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higher proportion of pyrrhotite inclusions and alteration patches than low alteration, 

losing its typical creamy-yellow coloration and appearing more like pyrrhotite (Figures 

2.6D-F; 2.7A-C); (ii) increasing degrees of alteration (pn2-3) show higher proportions of 

fractures and silicate networks within individual pentlandite grains (Figure 2.6F-I), 

though low to unaltered pentlandite also shows fractures and shrinkage cracks (Figure 

2.7A), and (iii) oxidation occurs very rapidly in pentlandite which has suffered higher 

degrees of alteration, forming oxidation tarnish in as little as one week in thin section. 

Textural alteration ranges from optically homogenous, creamy-yellow pentlandite (pn1, 

Figure 2.7A) to dull, “hazy” relics (pn3, Figure 2.7C) which remain as patches that 

optically and compositionally resemble a Ni-rich pyrrhotite. Notably, the chemical 

composition of pentlandite shows a depletion of Ni, Co, As, and Pd with increasing 

degrees of alteration, while Ag, Sn, Sb, Te, Bi, and Pb increase (variably) with alteration 

(Table 2.3). The Ni content of pentlandite alteration products range from 32 wt% Ni 

(Ni:Co 9.02, 1σ = 1.76 in least altered) to 10 wt% Ni (Ni:Co 4.13, 1σ = 0.24) in most 

altered grains), with Co contents ranging from 2–6 wt% (Table 2.3). The Pb content of 

pentlandite and alteration products is also high, ranging from 65–663 ppm, with strongly 

altered grains containing higher concentrations (500 ppm, 1σ = 114) than the values for 

unaltered samples (90 ppm, 1σ = 49.3; Table 3.3). Pentlandite also contains appreciable 

amounts of Ag (17–85 ppm) and Pd (1–8 ppm; Table 2.3); Pd tends to decrease with 

alteration intensity while Ag increases with alteration intensity, the most Ag-rich grains 

occurring as moderately altered intergrowths of pentlandite and alteration products. In 

addition to the coarse-grained variety, pentlandite also occurs as exsolution (flame) 

lamellae within pyrrhotite grains and along pyrrhotite-pyrrhotite and pyrrhotite-
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chalcopyrite grain boundaries. These lamellae are oriented parallel to basal parting planes 

(001) in individual pyrrhotite grains. In all samples, pentlandite is only a minor phase (up 

to 3 vol%; Figure 7). Pentlandite is most common in massive sulfide intervals with 

coarser pyrrhotite grains and subordinate chalcopyrite, and is absent where pyrrhotite is 

altered to marcasite except where completely encased (isolated) in chalcopyrite protected 

it from secondary alteration by hydrothermal solutions.     

2.3.2.4 Magnetite 

     Magnetite occurs as euhedral to subhedral single grains (0.05–1 mm in diameter) and 

crystal aggregates of varying size (Figure 2.7F) in sulfide and gangue hosts in 

abundances ranging from 0–20 vol% (Figure 2.7G). The abundance of magnetite in 

samples does not appear to correlate to any other mineral abundances. Within pyrrhotite 

and chalcopyrite, magnetite occurs completely included along boundaries between sulfide 

grains, or partially included along sulfide-gangue boundaries (Figure 2.7D, E). Magnetite 

grains uncommonly contain small polyphase sulfide mineral assemblages included within 

them composed of pyrrhotite+chalcopyrite. Phase proportions in these sulfide inclusions 

are consistent from one inclusion to another, suggesting that they are recrystallized 

sulfide melt inclusions (see Discussion in Chapter 3). Magnetite distribution and 

chemistry are discussed in detail in Chapter 3. 

2.3.2.5 Pyrite 

     Euhedral to subhedral cubic crystals of primary pyrite (py1) rarely exceed 0.05 mm in 

size and occur in abundances < 5 vol%. Early pyrite is hosted within base metal sulfides 

and occasionally within gangue minerals, concentrated along grain boundaries between 

silicates and sulfides, and can occur with or without secondary pyrite in samples which 

contain altered pentlandite (Figure 2.7C). The overall distribution of pyrite is highly 
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sporadic. In samples showing hydrothermal alteration of sulfides, secondary pyrite (py2) 

occurs as prismatic radiating crystals intergrown with pyrrhotite (Figure 2.6C). 

Secondary pyrite intergrowths are spatially hosted along small cracks in otherwise 

unaltered pyrrhotite. In intervals with intense alteration (“marcasite alteration zone”, 

Figure 4), secondary pyrite is intergrown with marcasite and has completely replaced 

pyrrhotite (Figure 2.7H,I). In this zone primary pyrite occurs as rare, relict, partially 

altered grains or as unaltered inclusions encased within chalcopyrite. Primary and 

secondary pyrite contain small amounts of Ni, between 3–4.5 wt% (SEM analyses, Table 

A4), occurring in Ni-rich cores in primary pyrite and homogeneously distributed in 

secondary pyrite. The distribution of pyrite in the studied drill cores is shown in Figure 

2.4.  

2.3.2.6 Marcasite 

    Occurring only in heavily altered intervals, marcasite is intergrown with secondary 

pyrite and replaces pyrrhotite to create large masses of interlocking, small grains (Figure 

2.7H) that mimic the original pyrrhotite grain boundaries and occur with chalcopyrite and 

gangue minerals, as well as some trace magnetite. Marcasite occurs only in the lower-

most (deepest) sections of the ore body. Like pyrite, marcasite grains contain small 

amounts of Ni (up to 4.5 wt%; SEM analyses, appendix).  

2.3.3 Discrete and precious metal phases 

2.3.3.1 Sulfarsenide solid solution minerals (SSS) 

     Sulfarsenide solid solution is the principle carrier of As within McConnell but is 

uncommon within the deposit. Occurring as small (10–50 µm) euhedral rhombs (Figure 

2.8 A-C) of distinct cross-sectional forms (4-sided or 6-sided), this phase ranges in crystal 

system and form in the ores (cobaltite: orthorhombic pyramidal, glaucodot: orthorhombic 
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dipyramidal, gersdorffite: isometric tetartoidal). These sulfarsenide minerals also show 

compositional ranges between the solid solution end members cobaltite-glaucodot-

gersdorffite and are commonly zoned in their PGE content with some grains containing a 

tiny inclusion enriched in Ir (irarsite) or Rh (hollingworthite) at their cores (Figure 2.8 

A,B). The SSS grains are hosted entirely within pyrrhotite or along pyrrhotite-gangue 

grain boundaries, and are rarely hosted entirely within gangue. When occurring along 

pyrrhotite-gangue grain boundaries, SSS grains are rarely intergrown with PGE minerals 

(Figure 2.8D,E; Table 2.4).  

2.3.3.2 Galena and altaite      

     Small blebs of galena and rare grains of altaite (PbTe) rarely exceed 5 µm in size. 

Galena is dominantly hosted by gangue minerals (Figure 2.8I, J) or along pyrrhotite-

gangue grain boundaries, whereas altaite is more commonly included within pyrrhotite 

(Table 2.4). Abundances of Pb-bearing discrete minerals are ubiquitously very low in the 

ores and rarely exceed ~0.001 vol% (100 * grain area and abundance divided by overall 

section area), though some samples do show slightly higher abundances of these phases 

locally within some intervals (up to 0.003 vol%). Larger grains (up to 50 µm) of galena 

occur within silicate gangue within Pb-rich intervals (Table 2.4; Figure 2.8H, I, J).  In 

samples where secondary pyrite is present, galena occurs with silicate gangue and pyrite, 

infilling fractures in pyrrhotite (Figure 2.6C). Notably, altered pentlandite (pn2-3) also 

hosts these galena-gangue fracture infillings (Figure 2.6G-I); the fracture infillings of 

galena in pentlandite are very fine grained, and increase in abundance as alteration 

intensity increases in the host pentlandite. 
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Figure 2.8 Backscatter electron images of discrete phases. A-C) Solid solution sulfarsenides (SSS) exist 
as euhedral inclusions within pyrrhotite (Po) and often contain some concentration of Pd rimming a core of 
either Rh bearing mineral (hollingworthite) or Ir bearing mineral (irarsite). D, E) Sulfarsenides (SSS) 
occurring along sulfide-silicate (Sil) boundaries are intergrown with sperrylite (Spry) and merenskyite 
(Mer). F, G) Michenerite-merenskyite (Mich-Mer) occurs along pyrrhotite-chalcopyrite-silicate (Po-Cpy-
Sil) boundaries. H) A large grain of galena (Gal) occurs between sparse sulfides and silicates (Sil). I, J) 
Galena (Gal) most often occurs as small blebs within silicates (Sil), concentrating locally in samples. 
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2.3.3.3 Au, Ag, and platinum-group minerals (PGM) 

    Palladium is hosted in solid solution bismuth-tellurides ranging in composition from   

michenerite (PdBiTe) and merenskyite [(Pd,Pt)(Te,Bi)2], as well as in rare grains of 

kotulskite Pd(Te,Bi) (Table 2.4). Almost exclusively hosted along grain boundaries of 

base metal sulfides and silicate gangue, Pd-Bi-tellurides are larger (up to 130 µm in 

diameter, Table 2.4) and more common than other PGM (sperrylite) or tellurides (hessite, 

altaite) combined. They commonly occur as unzoned xenomorphic crystals as isolated 

grains or intergrown with other accessory PGE-Au-Ag phases (Figure 2.8E-F). Silver and 

Pb tellurides are present as hessite (Ag2Te), which forms rare, irregular grains (up to 60 

µm in diameter) often intergrown with altaite (PbTe) and Pd-Bi-Te phases along silicate-

sulfide boundaries. Platinum-bearing PGM are extremely uncommon and are represented 

only by sperrylite, which occur as inclusions (up to 70 µm) hosted entirely within 

pyrrhotite, inclusions hosted within alteration products of pyrrhotite (pyrite and 

marcasite), or as rare intergrowths of sperrylite and SSS along sulfide-silicate grain 

boundaries (Figure 2.8D; Table 2.4). 

2.3.4 Mass balance calculations  

     The proportions of total assay carried by discrete minerals and dissolved metals in 

base metal sulfides are shown in Figure 2.9. Nickel and cobalt are controlled by 

pentlandite and pyrrhotite (Ni hosted in pyrrhotite (40-80%), Ni hosted in pentlandite 

(20-60%); Co hosted in pyrrhotite (15-25%), Co hosted in pentlandite (75-85%). The 

contribution of Ni and Co from solid solution sulfarsenides (SSS) is negligible (<0.5 %) 

in all samples. Arsenic is very low (< 5 ppm), and is controlled primarily by sperrylite 

and sulfarsenides, although pyrrhotite in bulk abundance can often contain >50% of the 

overall As budget of the ores. It should be noted that while magnetite can actually host a 
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substantial portion (3-5 wt%) of the bulk As due to its concentration within the ores, it 

was omitted for re-calculation to 100% sulfide. Platinum is controlled predominantly by 

sperrylite, but in intervals where sperrylite was not encountered, chalcopyrite was the 

only other Pt-bearing phase to host the bulk of the Pt, though Pt dissolved in solid 

solution in nearly all base metal sulfides studied was found to be negligible (via LA-ICP-

MS, Table 2.3). Platinum may also be hosted within discrete Pd-Bi-Te minerals, though 

no laser ablation analyses were performed to confirm this due to the size of the grains. 

Palladium is distributed between base metal sulfides, SSS grains, and discrete Pd-Te 

phases, with the primary hosts being pentlandite and michenerite-merenskyite (Tables 

2.3, 2.4). Lead distribution within McConnell ores is controlled primarily by base metal 

sulfides (pentlandite, pyrrhotite) rather than discrete Pb phases. Silver-bearing phases are 

hessite (Ag2Te) and base metal sulfides (pentlandite, chalcopyrite, pyrrhotite), with 

pentlandite containing the highest concentration of Ag among the major sulfide phases. 
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Figure 2.9 Element distribution among base metal sulfides and discrete phases from mass balance 
calculations. Samples analyzed are from hole 1276360. Pn – pentlandite, Po- pyrrhotite, Cpy – 
chalcopyrite, CGSS – solid solution sulfarsenides, Spry – sperrylite, Mich-mer – michenerite-merenskyite 
(solid solution palladio-tellurides), Gal/Alt – galena and altaite. X axis indicates sample number, y axis 
indicates the amount of each mineral that controls each element. Letters below sample number on bottom 
frame indicate MASU (M) or INMS (IN). Star symbols indicate samples with intense pentlandite alteration. 
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2.3.5 Distribution of trace elements in sulfides 

     Laser ablation maps (Figures 2.10 and 2.11) of element distribution in altered and 

unaltered pentlandite grains in typical sulfide-oxide assemblages show that, regardless of 

degree of alteration, pentlandite shows enrichment of Co, Ni, Pd, Ag, Pb, and Ru 

compared to associated pyrrhotite or chalcopyrite. Altered pentlandite (Figure 2.10) 

retains elevated (primary) Co, Ag, and Pd, though the texture and heterogeneity of grains 

suggests that this phase is not (or was not) stable at the conditions of pyrrhotite formation 

and during subsequent aging and hydrothermal alteration. Lead and Ag are enriched not 

only in the unstable altered phases, but also show elevated concentration between grain 

boundaries of primary unaltered minerals (i.e. pyrrhotite and magnetite). Cobalt shows a 

slight enrichment between grain boundaries, but is primarily localized to pentlandite. 

Cobalt, Ni, and Pd are distributed homogeneously in pentlandite (with the exception of 

the interstitial mineral filling the pitted grains), showing an enrichment in these elements 

compared to other phases. The distribution of Co, Pb, and Ag is similar (and 

homogenous) in pentlandite alteration products, with Ag and Pb showing fracture 

controlled behaviour which confirm that these elements were mobile during alteration 

(Figure 2.10). Pd distribution in alteration products is also homogenous. Pentlandite 

grains which show the least alteration contain less Pb than alteration products, but still 

occur as isolated Pb rich “hot spots” which is consistent with the onset of Pb mobilization 

and contamination. Silver also occurs as isolated “hot spots” very similar to Pb, while the 

distribution of Pd and Co is homogenous (Figure 2.11). In samples where altered/unstable 

pentlandite is found, very little pyrrhotite alteration and related enrichment or depletion 

of trace metals is encountered. Aside from textural differences and Pb enrichment with Ni 
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depletion, the presence of pyrite is also noted as distinguishing characteristics of unstable 

and stable pentlandite-bearing assemblages.  

2.3.6 Range of Pb-isotope analyses 

     Pb-isotope ratios were collected from pyrrhotite and pentlandite at the GSC using the 

same laser ablation system as the previous LA-ICP-MS analyses. Full isotope ratios for 

pentlandite and pyrrhotite are listed in Table 2.5 Pyrrhotite errors are primarily due to 

variable Hg concentrations which, when analysed by LA-ICP-MS, cause interferences 

between 204Hg and 204Pb. Pentlandite shows variability between altered and unaltered 

grains, with fresh pentlandite Pb ratios of; Pb206/204 19.34-20.07; Pb208/204 39.54-40.63; 

and Pb207/204 15.81-16.08. Altered pentlandite grains show consistent but lower ratios; 

Pb206/204 17.86-18.55; Pb208/204 37.90-38.78; and Pb207/204 15.68-15.87. Table 2.5 and 

Figure 2.13 show detailed results of Pb isotope ratios. All values have been corrected for 

Pb/Hg interferences.  
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Figure 2.10 Distribution of elements within heavily altered pentlandite. Concentration is in logarithmic 
ppm scale. Unaltered pyrrhotite (po) and magnetite (mt) are also present.  
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Figure 2.11 Distribution of elements within fresh unaltered pentlandite. Concentration is in logarithmic 
ppm scale. Pyrrhotite (po) and chalcopyrite (cpy) are also present. Rhodium concentration in chalcopyrite 
is a result of CuAr interferences.  
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Figure 2.12 Element distribution between major phases in ppm in the McConnell deposit.  
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Figure 2.13 Lead isotope ratios of unaltered and altered pentlandite grains in the McConnell deposit. 
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2.4 Discussion 

2.4.1 Offset formation at the SIC  

     Models for concentric and radial offset formation in the Sudbury Igneous Complex 

argue that quartz diorite offset dykes were sourced from the initial superheated melt sheet 

from which melt was injected into radial and concentric structures surrounding the 

original crater shortly after the time of impact (Grant and Bite, 1984; Lightfoot et al., 

1997; Corfu and Lightfoot, 1997; Wood and Spray, 1998; Rickard and Watkinson, 2001; 

Lightfoot and Farrow, 2002; Murphy and Spray, 2002; Rousell et al., 2003;). The 

assimilation of country rocks introduced sufficient S, base metals, and As into the melt 

sheet to lead to the formation of large quantities of sulfide liquid (e.g. Naldrett, 1984;  

Golightly, 1994; Lightfoot et al., 2001; Ames et al., 2008; Dare et al., 2010; Lefort et al., 

2014 in press). The extent of country rock-melt interaction is still under investigation 

today, with debate focusing on: i) the relative contributions of metals and S into the melt 

sheet from different crustal materials, and why these contributions differed in various 

parts of the SIC leading to variations in ore tenor and composition (Naldrett et al., 1982; 

Darling et al., 2010a,b, 2012); and ii) the impact event, target rocks, and evolution of the 

early impact melt sheet through processes such as vigorous convection and thermal 

erosion of country rocks (Grieve et al., 1991; Grieve, 1994; Dickin et al., 1996, 1999; 

Ivanov and Deutsch, 1999; Keays and Lightfoot, 1999).  

     Sulfides occur in a variety of lithologies within offset dyke environments, ranging 

from relatively barren QD that contains disseminated sulfides to semi-massive and 

massive sulfide lens, pods, and sheets (e.g. Rickard and Washington, 2001; Keays and 

Lightfoot, 2004; Naldrett, 2004; Huminicki et al., 2005; Ames et al, 2008;) hosted in 

inclusion-rich quartz diorite (IQD) dyke cores. In offsets where QD dykes crosscut and 
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interact extensively with wall rock lithologies (e.g. Worthington offset), sulfides are also 

hosted within brecciated metamorphic country rocks (metagabbro or amphibolite; e.g. 

Totten deposit). Silicate liquids injected into the dykes were sulfide-saturated before or 

synchronous to emplacement (Ebel and Naldrett, 1996; Rickard and Watkinson, 2001; 

Farrow and Lightfoot, 2002; Mungall, 2002; Naldrett, 2004; Naldrett, 2005; Mungall et 

al., 2005; Mungall, 2007). The metal tenor and volume of sulfide melt were influenced by 

a combination of initial silicate melt reservoir metal concentration and R-factor (e.g., 

Theriault et al., 1996; Barnes and Lightfoot, 2005), partition coefficients for base and 

precious metals between the silicate and sulfide liquids (e.g., MacLean and Shimazaki, 

1976; Fleet et al., 1993; Peach et al., 1993; Peach et al., 1994; Fleet et al., 1996; Jana and 

Walker, 1997; Mungall, 2002), oxygen concentration and sulfur fugacities (e.g. Doyle 

and Naldrett, 1987; Ballhaus et al., 2001, Fonseca et al., 2008), and the assimilation of 

local country rocks as a potential S and metal (ore and accessory) sources (e.g., Naldrett 

et al., 1986;  Lightfoot et al., 1997; Farrow and Lightfoot, 2002). As this sulfide liquid 

cooled, it crystallized monosulfide solid solution (MSS) to leave a residual Cu-rich 

sulfide liquid that either remained encapsulated (in equilibrium) within the cooling MSS 

cumulates and silicate host, or fractionated and was emplaced locally along sulfide-wall 

rock contacts and in structural zones within the host rocks (Naldrett and Kellerud, 1967; 

Li et al., 1992; Naldrett et al., 1994; Ballhaus et al., 2001; Mungall et al., 2005; Mungall, 

2007). The partition coefficients for Ni between MSS and residual sulfide liquid is close 

to unity but varies considerably with the S content of the two phases (0.19 – 1.17, Li et 

al., 1993; Barnes et al., 1997) and temperature (Ni becomes compatible in MSS below 

temperatures of about 850; Mungall et al., 2005, Mungall, 2007). Copper and precious 
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metals (PGE, Au) partition strongly into the residual sulfide liquid (Fleet et al., 1993, 

Naldrett et al., 1999; Mungall, 2005, Mungall et al., 2005). As MSS cooled, it 

recrystallized to form pyrrhotite-pentlandite (+/- pyrite) with subordinate chalcopyrite, 

while the residual, fractionated Cu-rich liquid crystallized ISS which exsolved 

assemblages of chalcopyrite-cubanite with subordinate bornite, millerite, and other trace 

base metal sulfides and precious metal phases. Magnetite formed as either an early 

cumulus phase with MSS directly from the sulfide liquid, or exsolved from the cooling 

sulfide solid solution. Later hydrothermal remobilization resulted in ore grade 

modification and the redistribution of base and precious metals in the offsets (e.g. Carter 

et al., 2001; Rickard and Watkinson, 2001; Magyarosi et al., 2002).  

     The assimilation of country rocks into the early melt sheet, especially on the South 

Range, incorporated sufficient As into the SIC liquids to crystallize arsenide and 

sulfarsenide phenocrysts which sequestered precious metals and platinum-group elements 

(PGE) in solid solution, and in cases of higher PGE tenors, spatial associations and 

intergrowths of solid solution sulfarsenides with discrete platinum group minerals (PGM) 

(Cabri and LaFlamme, 1984; Cabri, 1988; Farrow and Lightfoot, 2002; Szentpeteri et al. 

2002; Hem and Makovicky, 2004; Hem, 2006; Ames et al., 2008; Dare et al., 2010; 

LeFort et al., 2014 in press; c.f. Sinyakova and Kosyakov, 2012; Beziat et al., 1996). 

Discrete platinum group element minerals (PGM), like michenerite-merenskyite, create 

an often heterogeneous distribution of PGM inclusions (Li and Naldrett 1993) within 

cooling ISS or, less abundantly, in MSS cumulates. Arsenic-rich deposits are very 

common on the South Range of the SIC (Ames and Farrow, 2007), and discrete precious 

metal phases and PGE-rich Ni-Co arsenides and  sulfarsenides often constitute the 
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majority of the PGM budget in South Range offsets, though sulfides like pentlandite and 

chalcopyrite can host some dissolved PGE as well. 

     Understanding the complexities and diversity of the processes responsible for the 

development and composition of ores in offset environments is integral to identifying 

which specific factors control the characteristics of each system. The unique 

characteristics of the McConnell ores (with respect to other South Range offsets) requires 

a comparison of a comprehensive data set to aid in identifying the intricacies of its 

formation and evolution which led to its current composition.  

2.4.2 Comparison to other Sudbury offset deposits 

     The McConnell mineralization differs from other South Range offset deposits 

chemically in many ways, but notably its marked depletion in As, scarcity of arsenides 

and sulfarsenides within the ores, and relatively low Ni grade. Normative abundance 

diagrams (100% sulfide) show that McConnell ores have very similar PGE and Cu tenors 

as ores from Kelly Lake, Totten and Garson, but lower As, Ni and Co abundances 

(Figures 2.14, 2.15, 2.15). Arsenic concentrations at McConnell are low and narrow in 

range (Figure 2.14C), with sparse SSS occurring most often in MSS cumulates (Table 

2.4). It should be noted that As levels in the McConnell deposit calculations were all 

increased to 5 ppm (detection limit of bulk rock assay) before re-normalization to 100% 

sulfide, and therefore may represent higher values than in actual McConnell samples. 

Ni/Co ratios in McConnell ores are unique and much lower than other South Range 

deposits (Figures 2.16, 2.17). The concentration of Ni within the McConnell ores is 

>60% lower than in other South Range deposits, while Co concentration within 

McConnell ores is generally 25% lower than, or comparable to, other deposits shown 
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(Figure 2.17). Copper shows trends similar to other deposits, while Pb is often low in 

McConnell ores compared to other deposits (Figures 2.16, 2.17).      

     Given the overall depletion of As, Ni, and to a lesser extent Co in the McConnell ores, 

it was expected that their PGE tenor would also be depleted if the pyrrhotite-rich ores 

represent MSS cumulates (c.f. Mungall et al. 2005). However the PGE tenor of 

McConnell ores is actually higher than deposits with comparable base metal 

concentration, showing higher Pd/Pt ratios than in other deposits (Figures 2.15, 2.18). 

Comparable Pd enrichment with lowest Pt/Pd ratios in the McConnell deposit than other 

South Range deposits is consistent with abundant arsenide separation, yet As abundance 

in the McConnell ores is very low. In addition to unique base and precious metal tenors, 

the McConnell ores also differ from other deposits in their pentlandite composition. 

McConnell pentlandite grains have the highest Co/Ni ratios, and highest dissolved Co + 

Pb concentration reported for South Range deposits (Figures 2.19, 2.20). Pentlandite 

grains from McConnell ores are also relatively high in Ag, have comparable As and Pd 

concentrations, and low Se concentrations compared to other South Range deposits 

(Figures 2.19, 2.20). It is difficult to explain a system that is depleted in Ni, Cu, and As, 

but enriched in Pd, with complications in using either equilibrium or fractional 

crystallization styles. These features suggest that the McConnell deposit either evolved in 

an atypical fashion than other offset deposits, or that the source controlling PGE was not 

associated with As or base metals. 

2.4.3 Lead isotope ratios of pentlandite grains 

     Lead isotope ratios from the McConnell ores (pentlandite grains) form two distinct 

groups based on the intensity of alteration. Lead isotope ratios from the McConnell 
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Figure 2.14 Base Metal tenors between South Range deposits calculated for 100% sulfide. Data from 
deposits; McConnell, this study; Garson, Lefort 2013; Totten, Warren 2013; Creighton, Dare et al., 2010a; 
Kelly Lake, Huminicki et al., 2005; Little Stobie, Hancock et al., 1979). 
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Figure 2.15 PGE in 100% sulfide from several South Range deposits. Data from deposits; McConnell, 
this study; Garson, Lefort 2013; Totten, Warren 2013; Creighton, Dare et al., 2010a; Kelly Lake, 
Huminicki et al., 2005; Little Stobie, Hancock et al., 1979).  
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Figure 2.16 Bulk rock 100% sulfide concentrations of South Range deposits normalized to primitive 
mantle. Lines show maximum, minimum, and average concentrations from bulk rock assays. Data from 
deposits; McConnell, this study; Garson, Lefort 2013; Totten, Warren 2013; Creighton, Dare et al., 2010a; 
Kelly Lake, Huminicki et al., 2005; Little Stobie, Hancock et al., 1979). 
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Figure 2.17 Histograms of assay concentrations in 100% sulfide from various South Range deposits. 
Data from deposits; McConnell, this study; Garson, Lefort 2013; Totten, Warren 2013; Creighton, Dare et 
al., 2010a; Kelly Lake, Huminicki et al., 2005; Little Stobie, Hancock et al., 1979). 
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Figure 2.18 Histograms of PGE in 100% sulfide from various South Range deposits. A) Palladium 
concentration in the McConnell ores is comparable or higher to other South Range deposits. B) Platinum 
tenors in the McConnell ores show low but comparable values to other South Range deposits. C) The 
lowest Pt/Pd ratios in South Range deposits are from the McConnell ores, which either indicate removal of 
Pt in early arsenide phases, or a low concentration of Pt in the initial melt. Data from deposits; McConnell, 
this study; Garson, Lefort 2013; Totten, Warren 2013; Creighton, Dare et al., 2010a; Kelly Lake, 
Huminicki et al., 2005; Little Stobie, Hancock et al., 1979). 
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Figure 2.19  Co, Ni, and Se concentration of pentlandite grains from South Range deposits. 
Pentlandite grains from the McConnell ore body contain high Co and elevated Co/Ni ratios, with low Se 
concentration compared to other South Range deposits. Data from deposits; McConnell, this study; Garson, 
Lefort 2013; Totten, Warren 2013; Creighton, Dare et al., 2010a; Kelly Lake, Huminicki et al., 2005).  



72 
 

 

Figure 2.20  Concentrations of As, Pd, Ag, and Pb in pentlandite grains from South range deposits. 
Data from deposits; McConnell, this study; Garson, Lefort 2013; Totten, Warren 2013; Creighton, Dare et 
al., 2010a; Kelly Lake, Huminicki et al., 2005). 
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pentlandite grains fall between values for late stage veins from the Worthington offset, 

and isotope ratios from the overlying VMS deposits (Ames, pers comm 2014; Figure 

2.21). The trend of Pb207/204 and Pb206/204 ratios for the McConnell system indicates that 

Pb may have been remobilized from hydrothermal fluids sourced from outside the 

McConnell system after emplacement, and was deposited during the late alteration of 

pentlandite (and other ores). An early external source of Pb may possibly have been 

remobilized from the norite contact near the McConnell offset as the SIC cooled and 

provided a source for hydrothermal fluids, though limited information (drill logs) on the 

region between the SIC basal nortie and the McConnell offset makes it difficult to prove 

this theory. A second possibility is that Pb was remobilized from VMS deposits forming 

in the overlying units, as isotope ranges for altered pentlandite appear to be intermediate 

between McConnell Pb (unaltered pentlandite) and VMS Pb (Figure 2.21), though this 

would require the fluids to migrate downward below the VMS deposits. 

2.4.4 Post solidus alteration and down temperature recrystallization of sufides 

     Syn- and post-magmatic modification, metal solubility, transportation, and 

redistribution of economic base and precious metals (i.e.. Cu, Ni, Pt, Pd, Au) via 

hydrothermal fluids has long been considered in the literature as a key factor in 

modifying and/or forming zones of high-grade mineralization within Cu-Ni-PGE deposits 

(Crerar et al., 1985; Rowell and Edgar, 1986; Cook et al., 1992; Farrow et al., 1994; 

Molnar et al., 1997, 1999; Farrow and Watkinson, 1996, 1997, 1999; Wood, 2002; Barnes 

and Lightfoot, 2005; Audetat et al., 2008; Bursztyn and Olivo, 2010). Both primary 

(magmatic) volatiles and secondary (post-solidus) fluids may have altered metal 

concentrations and mineralogy in sulfide ores, and the redistribution of base and precious  
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Figure 2.21 Lead isotope ratios from McConnell pentlandite, VMS environments and late alteration 
veins. Data for VMS and Late veins from Ames (2006; 2014 pers comm), McConnell data from this study. 
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metals by fluids is reported in many deposits associated with mafic-ultramafic intrusions, 

including the Coldwell Complex (Watkinson and Ohnenstetter, 1992), the Duluth 

Complex (Mogessie et al., 1991; Gál et al., 2011; Gál et al., 2013), the East Bull Lake 

Intrusive Suite (Peck et al., 2001; Easton et al., 2004) the Stillwater and Bushveld 

Complexes (Ballhaus and Stumpfl, 1985, 1986; Boudreau et al., 1986; Meurer et al., 

1999; Willmore et al., 2000; Hanley et al., 2008), Lac des Iles (Hattori and Cameron, 

2004; Hanley and Gladney, 2011), the Salt Chuck intrusion, Alaska (Watkinson and 

Melling, 1992) and New Rambler, Wyoming (McCallum et al., 1972; Nyman et al., 

1999). The extensive role that fluids have played in the evolution of the SIC is also well 

documented, with fluids acting as a modifying agent in high-PGE footwall deposits (i.e.. 

Farrow and Watkinson, 1992; Jago et al., 1994; Farrow and Watkinson 1997; Marshall et 

al., 1999; Molnar and Watkinson, 2001; Molnar et al., 2001; Hanley and Mungall, 2003; 

Hanley et al., 2005;), the redistribution of PGE in offset and contact environments 

(Molnar et al., 1999; Carter et al., 2001), and the formation of economic Zn-Pb-Cu 

mineralization in overlying basin fill and fallback units (Ames et al., 2006, 2008).   

     At the McConnell offset, the transformation of pyrrhotite to secondary marcasite 

and/or pyrite by hydrothermal fluids through dissolution-reprecipitation reactions could 

be controlled by fluid pH, fO2 and fS, T, and primary pyrrhotite chemistry (Fleet, 1978; 

Murowchick and Barnes, 1986; Putnis, 2002; Putnis, 2009; Qian et al., 2010; Qian et al., 

2011). Replacement textures of pyrrhotite by pyrite and marcasite within McConnell ores 

follow orientations along original pyrrhotite crystallographic planes, or are present as 

polycrystalline intergrowths with highly variable random grain orientations within the 

original pyrrhotite grain boundaries. Areas of the deposit that have not been completely 
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altered to marcasite and pyrite show fractures within pyrrhotite that have begun to alter to 

pyrite, beginning at the fracture and radiating into the surrounding unaltered pyrrhotite 

(Figure 2.6C). Remobilization and deposition of Pb by hydrothermal fluids is apparent as 

fracture-filled galena occurs commonly within both altered pyrrhotite and pentlandite 

(Figure 2.6). Pyrrhotite and pentlandite (discussed below) alter to marcasite and violarite, 

respectively, under similar temperature and pH conditions (80 – 220°+, pH 1 – 5), and 

can be the result of either supergene or hypogene alteration (Xia et al., 2009; Qian et al., 

2011). 

     In order for hydrothermal fluids to precipitate secondary sulfide minerals (marcasite, 

pyrite) a solvent must first dissolve pyrrhotite, liberating Fe and S into solution. 

Nicholson (1994) proposed an equation demonstrating the oxidation of pyrrhotite; 

Fe(1-x)S + (2 - 𝑥𝑥
2
)O2 + (x)H2O = (1-x)Fe2+ + SO4

-2 + (2x)H+ (1) 

where monoclinic pyrrhotite (x = 0.125) was found to produce fluids with the lowest pH. 

Qian et al. (2011) investigated the dissolution of pyrrhotite beginning with a simplified 

equation; 

Fe8S9 + 16H+
(aq) = 8Fe2+

(aq) + 8H2Saq + S0 (2). 

In conditions where hydrothermal fluids provide an external oxidant, the dissolution of 

pyrrhotite and precipitation of marcasite using the equation of Murowchick (1992);  

2Fe(1-x)S9 + (2 - 4x)H+ + (1/2 - x)O2aq = FeS2(s) + (1 - 2x)Fe2+
(aq) + (1 - 2x)H2O (3), 

and pyrite using; 

2Fe8S9 + 14H2S + 7O2 = 16FeS2 + 14H2O (4) 

occurring over a range of pH, fO2, and availability of S2-, with marcasite preferentially 

forming at lower pH and without the need of external S2- (Qian et al., 2011). Heavily 
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altered samples within the McConnell mineralization contain large proportions of both 

marcasite and pyrite which may indicate an evolution in the fluid over a period of time.  

    It was initially presumed that the current form and chemical peculiarities of pentlandite 

grains within the McConnell system are a by-product of hydrothermal alteration. Indeed, 

pentlandite grains do show overprinting of hydrothermal processes, becoming almost 

indistinguishable in moderate to highly altered samples. However, pentlandite grains also 

show “alteration” while completely encapsulated in massive sulfide cumulates where no 

apparent hydrothermal alteration has taken place (Figures 2.6, 2.7, 2.10). It is therefore 

assumed, from this point forward, that the composition and physical features of 

pentlandite grains within McConnell ores are a function of their stability (and factors that 

control that stability) as MSS cooled, and not strictly a hydrothermal process.  

     End-member pentlandite (Fe,Ni)S8 creates a continuous solid solution with cobalt-

pentlandite (Co9S8) with the ideal formula of Fe4.5Ni4.5S8, creating a cubic packing of 8 

metal atoms oriented tetrahedral to sulfur, the metal atoms able to substitute freely with 

each other (Ni, Fe, Co) to have varying effect on the cell size of the crystal lattice (Riley, 

1977; Hem, 2006). The shrinkage cracks, cleavage pits in-filled with pyrrhotite, and 

general enrichment of Co within McConnell pentlandite grains suggests that this phase 

may be the result of the transition of high pentlandite solid solution to that of stable 

pentlandite. High-pentlandite forms a solid solution series with MSS at temperatures 

much higher than usual pyrrhotite-pentlandite crystallization. The resulting pentlandite 

may also be a product of the Ni-poor MSS retaining too much Co and forming small 

intergrowths or exsolutions of cobalt-pentlandite. In addition to enrichment of 

chalcogenes, McConnell pentlandite contains high concentrations of Pd which remained 
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in solid solution. 

     Pentlandite within the McConnell deposit, and massive sulfides in general (both 

pyrite-bearing and pyrite-free) closely resemble those phases in the Thayer Lindsley (TL) 

deposit. Bailey et al. (2006) reported that pentlandite grains within the Thayer Lindsley 

deposit commonly are altered to pyrrhotite in the same fashion as those in McConnell, 

showing the same distinct pitting, fracturing, alteration textures, and chemical variations 

between the pentlandite of both deposits. The alteration of pentlandite to violarite is often 

attributed to hydrothermal fluids through dissolution-reprecipitation reactions such as: 

FexNi9-xS8 + 18H+ + 0.5O2(aq) = (9 - x)Ni2+ + xFe2+ + 8H2S(aq) + H2O (5) 

2xFe2+ + (6 - 2x)Ni2+ + O2(aq) + 8H2S(aq) = 2FexNi3-xS4 + 12H+ + 2H2O (6) 

These reactions are dependent on pH and low temperature (1-6 and 80 - 220°C, 

respectively) (Xia et al., 2007, 2008, 2009). The leaching of Ni from the McConnell ores 

by hydrothermal fluids may explain the low metal tenors in altered intervals, though the 

precipitation of secondary sulfides from fluids sequestered some of the Ni lost during 

initial pentlandite and pyrrhotite dissolution. Notwithstanding differences in their 

composition, mineral assemblages between the deposits are extremely similar, showing 

variations only in the pentlandite abundance, and overall degree of alteration, and Co 

content. Similarities also exist between marcasite and pyrite within both deposits, 

although the Thayer Lindsley Mine typically shows lower degrees of alteration than that 

of McConnell. Alteration of the ores in the Thayer Lindsley mine was attributed primarily 

to hydrothermal fluids in the TL shear zone during a period of amphibolite- grade 

metamorphism (Bailey et al., 2006). Misra and Fleet (1974) discussed several 

assemblages of pentlandite-violarite with higher Fe:Ni ratios than the unaltered 
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pentlandite, with chemistries and textures similar to those in McConnell. Cobalt 

variation, infilling of fractures with silica, higher Fe content in pyrrhotite-rich samples, 

and discoloration of alteration products seems to be common in most samples that 

underwent violaritization. Within the McConnell deposit, alteration to Ni-rich 

pyrite/marcasite and Fe-rich Ni-depleted violarite is possible (eq.1-6). Bailey et al (2006) 

reported that no apparent correlation existed between pyrite and pentlandite alteration, 

and Craig (1973) showed the co-existence of pyrite-pentlandite pairs in equilibrium, but 

McConnell samples only appear to have significant pentlandite alteration in the presence 

of pyrite.  Samples from the Gertrude ore body, Creighton deposit, show a similar form of 

very weak pentlandite alteration, with the distinctive pits in-filled by Ni-rich pyrrhotite, 

and partially replaced pyrrhotite by grains of rounded pyrite (Dare et al., 2010). In the 

McConnell deposit, fluids may have migrated along the contact between the 

metasediments and metabasalts, along the same structural weaknesses that the initial dyke 

was emplaced. Given the location and orientation of the McConnell offset, and the 

intervals effected by hydrothermal alteration (Figure 2.4), it may be possible that the 

fluids originated from the cooling SIC, and migrated through the host rocks from the 

norite contact (Figure 2.1C). Although the alteration of the McConnell ores does support 

this hypothesis, there is insufficient evidence to prove that this is the fluid source.  

2.4.5 Arsenic and precious metal distribution 

     Arsenic is primarily concentrated in two trace phases, sperrylite (which is also the 

primary Pt-bearing phase), and sulfarsenides ranging in composition and crystal 

morphology (gersdorffite-cobaltite-glaucodot) that commonly display Pd zoning and 

intergrowths with or cores of PGM (hollingsworthite and irarsite). Sulfarsenide phases 
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most often occur hosted entirely within base metal sulfides (>90% of SSS grains are 

hosted in massive pyrrhotite). Rarely, sulfarsenides occur at grain boundaries between 

silicates and sulfides and are intergrown with discrete PGM like michenerite or sperrylite. 

The PGM (michenerite-merenskyite, sperrylite) occur most commonly in silicate gangue 

or along silicate-sulfide grain boundaries, as do other precious metal minerals (hessite, 

electrum) and may suggest locally fractionated areas.  

     Although South Range ores are typically more enriched in As than North Range 

deposits, primarily due to the assimilation of As from country rocks (Ames and Farrow, 

2007), the McConnell deposit contains extremely low arsenic which segregates primarily 

into rare grains of sulfarsenides, compositionally falling between glaucadot-gersdorrfite-

cobaltite end members. These sulfarsenides are typically very common in South Range 

deposits, often occurring as euhedral grains hosted in base metal sulfides (Carter et al., 

2002; Huminicki et al., 2005; Dare et al., 2010a,b), containing small amounts of PGE in 

solid solution (Cabri and Laflamme, 1976; Cabri, 2002; Ames et al., 2008), and 

displaying zoning of both Ir and Rh (Dare et al., 2010a,b). The rhodium or iridium cores 

of these sulfarsenide grains may represent an intergrowth of hollingsworthite or irarisite, 

a common mineral in South Range ores (Cabri and Laflamme, 1984; Carter, 2000; 

Farrow and Lightfoot, 2002). Sulfarsenides within McConnell are small, uncommon, and 

distributed heterogeneously throughout the ores. Compared with some of the rarer 

discrete phases, however, sulfarsenide grains are found in every sample and are 

considered common in respect to hessite or sperrylite.  

     Pd-tellurides (Pd-Te-Bi, michenerite-merenskyite) within the ore body are larger and 

more common than sulfarsenides, and may be the result of either direct crystallization of 
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segregated Pd-rich blebs, or post-magmatic processes such as hydrothermal re-

mobilization. Similar to McConnell ores, Pd-bearing discrete phases such as michenerite 

and merenskyite are often hosted along the boundaries of silicates and sulfides, or 

included entirely within silicate gangue, in other South Range Deposits (Totten, Farrow 

and Lightfoot, 2002; Creighton, Dare et al., 2010a,b; Kelly Lake, Huminicki et al., 2005). 

These discrete minerals often host a significant portion of Pd in McConnell samples, 

especially in altered or inclusion-rich massive ore, but a high proportion of Pd is also 

hosted by base metal sulfides, predominantly pentlandite. Although pentlandite occurs in 

only a few vol% in McConnell sulfide mineralization, it’s still more abundant than 

discrete phases by several orders of magnitude. Due to the amount of Pd in unaltered 

pentlandite (Table 2.3), the addition of a few vol% pentlandite significantly shifts the 

mass balance of Pd from discrete phases to base metal sulfides.     

     Only one PGM (sperrylite) is considered to sequester significant Pt within McConnell 

ores, and concentrations of Pt in base metal sulfides are too low to significantly 

contribute to the overall PGE budget. Where they do, platinum is often hosted in 

chalcopyrite (<1 ppm), however, more often than not it is hosted almost entirely within 

sperrylite. Sperrylite is the primary host of Pt in South Range Ores (Cabri and Laflamme, 

1984; Farrow and Lightfoot, 2002; Huminicki et al., 2005). Sperrylite grains are 

intergrown with sulfarsenides or occur as small isolated grains along sulfide-silicate 

boundaries. Sperrylite is extremely rare, though its heterogeneous distribution and overall 

Pt content in the ore body suggests that it occurs throughout the entire deposit.  

2.4.6 Trace element distribution and effects on mass balance calculations 

     Distribution of elements between major phases in McConnell ores are demonstrated in 
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Figures 2.22-2.24 from LA-ICP-MS analyses. Since pentlandite within McConnell ores is 

very low, even in the best cases (<5 vol%), it is natural to assume that an appreciable 

portion of the Ni budget is provided by Ni- bearing pyrrhotite, which comprises the bulk 

of the ores. Mass balance calculations show that in most samples of both massive and 

disseminated sulfides, over 50% of the Ni reported from bulk rock assays is contributed 

by pyrrhotite (or marcasite and pyrite in altered intervals), while pentlandite contributes 

the remaining Ni. In cases where pentlandite is altered (pn II-III), pyrrhotite often 

contains a higher proportion of Ni (often ~1wt% compared to 0.6 – 0.8 wt%) while 

pentlandite is subsequently Ni depleted, thereby shifting Ni balance calculations toward 

pyrrhotite dominant. This has a huge effect on both Ni recovery and estimation of 

economic Ni contribution, as pyrrhotite is discarded during milling and concentration of 

the ores. Although only an accessory phase, pentlandite is the primary influence on Co 

concentration within the McConnell, and also contains an appreciable amount of Pd in 

unaltered grains (up to 8.5 ppm). In bulk rock, Co and Ni increase concurrently with high 

pairs often indicating the increased concentration of unaltered pentlandite grains. 

Intervals where pentlandite is altered show pyrrhotite controlling more Co, Ni, Pd, and 

often Pb than unaltered intervals, however, Pb is contained in both solid solution and as 

discrete grains and intergrowths of galena within pentlandite, so as alteration increases so 

too does the proportion of Pb associated with pentlandite. Arsenic is primarily controlled 

by sperrylite and sulfarsenides, but given the rarity and heterogeneous concentrations of 

these minerals, a sufficient amount of arsenic can also be influenced by pyrrhotite. Given 

that arsenic is ubiquitously low within the McConnell, and even lower within pyrrhotite 

(105 – 536 ppb), it is not considered a major contaminant. Where sperrylite is not 
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encountered, chalcopyrite controls the Pt budget of the sample. However, the addition of 

even a few discrete grains of sperrylite instantly shifts calculations toward sperrylite, and 

since sperrylite is the most common Pt-bearing PGM in South Range ores (Cabri and 

Laflamme, 1984; Farrow and Lightfoot, 2002), it is assumed that sperrylite is the main 

control on Pt. In one sample, pyrrhotite contained enough Pt for determination by LA-

ICP-MS, and was comparable to hosting the same platinum concentration as a few 

discrete sperrylite grains. Platinum group minerals are the principle source for most 

platinum-group elements within McConnell ores (Pd is distributed between discrete PGM 

and pentlandite.  

     Where gangue-sulfide interaction was increased (INSM) or alteration of pentlandite 

had taken place, Pd was more commonly hosted within michenerite-merenskyite, and in 

one case, pyrrhotite. The distribution of palladium is very sensitive to the increase or 

decrease of discrete telluride phases, and is quite often hosted by PGMs in Sudbury ores,  

though sulfides and sulfarsenides can host a significant concentration of Pd (Cabri and 

Laflamme, 1984; Farrow and Lightfoot, 2002; Huminicki et al., 2005). The contribution 

of Pd from sulfarsenides in McConnell was <1%, and since LA-ICP-MS was not 

performed on McConnell sulfarsenides, only SEM could be used to determine relative 

concentrations. Given the lack of these phases, they are not considered a major influence 

on the Pd budget of the ores. Pentlandite loses Pd as it becomes altered, which appears to 

be slightly enriched in surrounding pyrrhotite. The composition of McConnell pentlandite 

grains of mild and intense alteration fall between ideal end-member minerals (Figure 

2.25), impacting the distribution of elements between major phases as well as mass 

balance calculations. Although Pd is controlled by pentlandite in Pn-rich intervals where  
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Figure 2.22  Distribution of Zn, Ag, Sn, and As between major phases in McConnell ores.  
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Figure 2.23  Distribution of Te, Pb, Bi, and V between major phases in McConnell ores. 
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Figure 2.24 Distribution of Co, Ni, and Pd between major phases in McConnell ores. 
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Figure 2.25 Pentlandite composition ternary of McConnell grains and ideal mineral formulas. SEM 
analyses show pentlandite grains from the McConnell ores vary in composition between ideal minerals; po 
(pyrrhotite), mck (mackinawite), brv (bravoite), pn (pentlandite), viol (violarite).  
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PGMs are rare, in general, mass balances conclude that the majority of Pt and Pd within 

the McConnell are hosted by discrete PGMs, a similar trend in Sudbury Ores, though the 

distribution of Pd is not fully established (Cabri and Laflamme, 1984; Cabri 1988; Li and 

Naldrett, 1993;Li et al., 1993; Farrow and Lightfoot, 2002; Huminicki et al., 2005). 

2.4.7 Mineralogical and chemical models for the evolution of the McConnell deposit 

     Models for the evolution of the McConnell offset deposit must account for the 

following characteristics of the ores that are atypical for South Range offset-style 

deposits: i) a high volume (10-20%) of texturally-early magnetite hosted in cumulus MSS 

grains; ii) low Ni tenor, but where pentlandite occurs it contains very high concentrations 

of Pd and Co; iii) high Co/Ni ratios, but with low bulk Co tenor; iv) low As concentration 

(< 5 ppm) and very low abundance of arsenides and sulfarsenides; v) high Pt+Pd tenor 

and high Pd/Pt ratio but with typical Cu tenor; vi) areas of intense alteration that 

introduced secondary Pb into pentlandite (possibly remobilized from relatively late SIC-

related VMS deposits); vii) areas of localized alteration that transformed pentlandite to 

Ni-rich pyrrhotite, pyrite, and marcasite with minor violarite. 

2.4.7.1 Formation of an oxygen-rich sulfide liquid 

     Sulfide mineralization within the McConnell ore body contains a significant 

abundance of cumulus magnetite hosted in close spatial association with sulfides. This 

observation indicates that the sulfide melt was initially rich enough in O2 to crystallize at 

or above a magnetite-saturated cotectic. Magnetite crystallized directly from the sulfide 

liquid prior to or during MSS crystallization in O-rich systems (Naldrett, 1969; Doyle and 

Naldrett, 1987; Fonseca et al., 2008). It has been shown that a high Ni/Fe ratio (and to a 

lesser extent Cu/Fe ratio) in a sulfide melt drastically reduces oxygen solubility in the 

melt (Mungall, 2007; Fonseca et al., 2008). This may account for the low Ni 
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concentration and high magnetite abundance in the McConnell ores. The McConnell 

deposit may have been emplaced into the offset before sufficient diffusion of oxygen 

from the sulfide liquid into the overlying melt sheet had occurred, though this would 

suggest an early sulfide emplacement. Alternately, if the McConnell sulfide liquid was 

formed relatively late (but prior to emplacement) it may have interacted with a silicate 

melt which was becoming progressively more oxidizing as it evolved over time. 

Although O2 and fS2 affect the composition of a melt through partition coefficients, it was 

found that these factors did not significantly lower the partitioning behaviour of the PGE 

from silicate to sulfide liquids (Peach et al., 1994; Bezmen et al., 1994), and evidence of 

high PGE tenors in low-Ni McConnell ores reflects this. 

     The sulfur fugacity and oxidation states of elements are two of the most important 

factors that control the partitioning behaviour of semimetals and chalcogenides between 

sulfide and silicate liquids, as S within MSS and sulfide melts is predominantly anionic 

(Helmy et al., 2010). As the sulfur fugacity of a system increases, the relative proportions 

of cation ratios of metals also tend to increase (Fe3+/Fe2+, Cu2+/Cu+), whereas metal/sulfur 

ratios of sulfides produced from these melts falls, and arsenic changes it’s valence state 

from As- to As+, becoming increasingly incompatible in MSS (Helmy et al., 2010). A 

sulfide liquid rich in S crystallizes MSS with more defect concentrations than sulfide 

liquids that contain less S, allowing Ni and Cu to become more compatible in MSS 

(Ballhaus et al., 2001). Crystallization of magnetite from a sulfide liquid along the MSS-

magnetite cotectic would effectively increase the S/metal concentration of the sulfide 

liquid.    

     A high O2 concentration may account for the low As in McConnell ores if 
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fractionation had occurred and As partitioned into the residual sulfide liquid and away 

from the MSS cumulates. The limitations of a model which rely on oxygen-rich fractional 

crystallization depend mostly on the partition coefficients between MSS and residual 

sulfide liquid. If fractional crystallization had occurred then PGE would strongly partition 

into the sulfide liquid and become depleted in MSS. This is not seen in the McConnell 

ores, as PGE remains in MSS cumulates as discrete Pd-telluride grains, and fractionation 

based on ore texture and composition would have only occurred in minor amounts. In 

regards to fluctuating oxygen concentration, the sulfide liquid and silicate liquids would 

have been in equilibrium before injection, and could not vary significantly in oxygen 

content between the two liquids unless it was an early sulfide liquid, which is not 

reflected in the McConnell sulfide mineralogy. The effect that the R factor of the system 

has on the availibility of oxygen and metal content should also be considered. If the R 

factor of the system is relatively low, the concentration of metals that can partition into 

the sulfide liquid will also be low, allowing more oxygen to be incorporated into the 

sulfide melt. A low R factor associated with the McConnell sulfide system may be the 

cause of the high oxygen content of the sulfide liquid.  

2.4.7.2 As-poor sulfide melt 

     The McConnell system did not attain the typical arsenic contamination that other 

South Range deposits share, as seen by low bulk As and low abundance of sulfarsenide 

grains within the McConnell ores. The sulfide liquid that formed the McConnell ores was 

still able to partition significant concentrations of PGE even though As partitioning was 

evidently hindered (Figure 2.26A). As a result, PGE within the cooling sulfide melt could 

not be sufficiently sequestered into early forming discrete sulfarsenide phases, and 
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instead formed Pd-Te-Bi composite grains (or alloys) along the boundaries of silicates 

and sulfides (figure 2.27). The low concentrations of As and Ni within the McConnell 

ores may have both been connected to the high oxygen content of the system, which 

inhibited partitioning of these elements from the silicate melt sheet to the sulfide liquid. 

The sulfide melt would only be able to incorporate these elements in abundance after 

magnetite had begun crystallizing, sometime after injection into the offset. Although the 

exact source, timing, and mechanisms of arsenic introduction and contamination into 

sulfide melts is unclear, it can be concluded that a South Range sulfide melt can achieve 

economic PGE tenors without the associated contamination of arsenic. If the McConnell 

deposit does indeed reflect an uncontaminated sulfide melt, it may be more representative 

of the composition of the early silicate melt than other ores which indicate high degrees 

of contamination. 

     If partitioning was not greatly affected by O content, the low concentration of As in 

McConnell ores may be a result of the initial sulfide liquid interacting with a locally 

depleted silicate melt (Figure 2.26B). If the incorporation of As-bearing host rock was 

responsible for As contamination into the melt sheet (Figure 2.26A), then locally elevated 

or depleted sections of the melt sheet could have interacted with different proportions or 

lithologies of host rock, altering the composition of the sulfide liquid that interacted with 

it (Darling et al., 2012). A difference in the composition of South Range ores may also 

reflect a variance in O2 and fS2 between the sulfide liquids that formed from the melt 

sheet, altering portioning behaviour of elements between sulfide and silicate melts. Once 

the sulfide had been emplaced into the dyke, early arsenide phases may have formed and 

depleted the sulfide liquid in As, Ni, Co, and PGE (Figure 2.26B), but a limited amount  
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Figure 2.26 Proposed models to explain compositions of McConnell sulfide ores. A) 1)The bulk As 
budget of the melt sheet increases as incorporation of As-bearing country rocks through thermal erosion 
occurs on the South Range. 2) Incorporation and partial melting of xenolithic inclusions provides a possible 
source for PGE. 3) As the melt sheet begins to cool and promotes sulfide saturation, As partitions into 
sulfide melt from the silicate melt sheet, along with base and precious metals. Settling of Garson liquids 
depletes melt sheet in metals, most prominently As and Ni. 4) The McConnell melt is derived from a melt 
that contains less metals and more oxygen than the Garson sulfide melt. The McConnell sulfide liquid 
avoids significant As contamination but attains sub-economic metal tenors with elevated Co/Ni ratios. B) 
The McConnell sulfide liquid is locally As and Ni depleted due to the size and composition its silicate melt 
reservoir. The McConnell sulfide liquid had far less volume than other systems, limiting its potential to 
interact with a greater volume of silicate melt and thus incorporating lower concentrations of metals. Other 
sulfide liquids were able to incorporate larger proportions of these elements due to their greater volume and 
interaction with the silicate melt sheet. 1) Emplacement of a depleted sulfide melt and inclusion-rich quartz 
diorite (IQD) silicate liquid is injected into quartz diorite (QD). This creates an envelope around the sulfide 
liquid that prevents it from assimilating As-bearing host rocks. 2) The incorporation of silicate inclusions 
may have provided additional metals in low concentrations to the McConnell melt. 3) Formation of 
sulfarsenides would have sequestered Ni, Co, As, and PGE from the cooling sulfide liquid, depleting it in 
these metals if they had formed and separated from the system. C) Late-stage sulfide liquid is left to 
scavenge a depleted silicate reservoir, thus limiting available metal concentrations. Elevated Co/Ni ratios, 
low base and precious metals, and far less thermal erosion due to cooler silicate melts are all factors which 
would reflect a later sulfide melt source. An external source of Pt and Pd would have had to been 
introduced into the McConnell sulfide melts in order to account for its elevated PGE content while coming 
from a depleted source.     

 

 

 

 



94 
 

 
 
Figure 2.27 Proposed cooling history of McConnell ores.  A) Sulfide melt forms from the superheated 
silicate melt sheet at and scavenges base and precious metals. McConnell sulfide melt was not able to attain 
significant concentrations of most elements (Ni, Cu, Zn, As) as it contained high concentrations of O2. 
Inclusions of country rock and exotic fragments were incorporated and partially melted by superheated 
silicate melt. B) Sulfide liquid and some silicate melt (IQD) was injected into the McConnell offset 
structure. Inclusions of country rock and exotic fragments continued to be partially melted by sulfide liquid. 
C) MSS cumulates form and accumulate, with interstitial residual sulfide liquid occurring between MSS 
grains. Early forming arsenide phases sequestered Co and Ni, as well as PGE (Pd, Pt), while composite 
grains of Pd-tellurides formed on the boundaries of MSS and silicate inclusions, as well as along MSS-
sulfide liquid. PGEs partition strongly from MSS into residual sulfide liquid. D) McConnell ores contain 
PGM (michenerite-meresnkyite) and precious metal phases (hessite, electrum) between grain boundaries of 
sulfides and silicates, and along pyrrhotite (po) chalcopyrite (cpy) boundaries. Sulfarsenide solid solution 
(SSS) grains are rare in McConnell ores, reflecting low initial As concentrations. Pentlandite (pn) grains are 
also very rare, but have high concentrations of Co and Pd.  
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 of As in the segregated sulfide melt only allowed for the formation of sparse arsenides 

and sulfarsenides. As a result, Co and the PGE were left to accumulate in MSS or residual 

sulfide liquid without As. Local depletion of the melt sheet may have also occurred if the 

McConnell system was emplaced later than other deposits from an evolved source. 

     If the low As concentrations in McConnell ores are not related to partitioning between 

the melt sheet and sulfide liquid at supersolidus conditions, they may instead reflect post-

emplacement depletion of As from the cooling sulfide liquid. The formation of an As-rich 

liquid or early forming mineral phases could efficiently deplete the sulfide liquid in As 

and Ni, as is reported for other South Range deposits (Cabri and Laflamme, 1984; 

Magyarosi et al., 2002; Huminicki et al., 2005; Dare et al., 2010; Lefort, 2014). If early 

forming As-rich phases did form and separate from the sulfide liquid, they would have 

also sequestered PGE thus depleting the liquid and any formed cumulates (Figure 2.26B). 

In addition, Co would also sequester into As-rich phases, lowering Co concentration in 

MSS and residual sulfide liquid as temperatures fell. Due to the high PGE tenors and 

elevated Co/Ni ratios of McConnell ores, it is unlikely that early forming As phases 

separated from the sulfide liquid. 

     The small size of the McConnell system may have led to the inability to melt and 

incorporate a sufficient amount of As-bearing host rocks to reach similar arsenic 

contamination as other systems, though a bolide impact would cause whole scale melting 

of crustal rocks during the formation of the initial melt sheet. The regional bulk As 

concentrations of sulfide liquids would have been dictated by partition coefficients, 

fugacities, and the size and composition of the silicate reservoir in equilibrium with the 

initial sulfide liquid at sulfur saturation (Naldrett, 1969; Keays and Lightfoot, 1999; 
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Farrow and Lightfoot, 2002; Keays and Lightfoot, 2004; Mungall et al., 2005; Mungall, 

2007), and before injection into structures or host rocks (Lightfoot et al. 2001). Sulfide 

liquid and silicate melt (IQD) that formed economic offset deposits were injected either 

partially or entirely into the cores of QD offsets, thus creating a system that restricted the 

interaction of sulfide liquid with As-bearing host rocks after injection (Figure 2.26B). The 

size of the offset should therefore have minimal influence on the As content of the sulfide 

melt, as the composition of the injected melt would be dictated by the melt sheet (Figure 

2.26A), unless As contributions from the melt sheet are negligible and only represent 

incorporation of local As-bearing country rock.  

     One limitation to this model is the inexplicable fact that only As was rejected from the 

sulfide liquid. Although other metal concentrations are indeed low, they are still present 

in sufficient amount to explain lower partition coefficients between silicate and sulfide 

liquids, possibly due to a low R factor, but only As occurs in such low concentrations as 

to assume negligible partitioning from the melt sheet to the sulfide liquid. This model 

relies on either impeding As partitioning exclusively, or a portion of the melt sheet that is 

devoid of As; the former may be explained by elevated O2 of the McConnell system, 

while the latter requires a locally depleted or evolved (late) silicate reservoir.  

2.4.7.3 Heterogeneous sulfide/silicate melts and local enrichment 

     If the composition of a sulfide melt depends on the concentration of the silicate 

reservoir, then the difference in metal tenors between McConnell ores and other offset 

systems must be due to heterogeneity in the silicate melt sheet while sulfide liquids were 

being accumulated (Darling et al., 2012; Figure 2.26B). If the sulfide liquid interacted 

with an As-Ni-poor region of the melt sheet, it may explain the low concentrations of 



97 
 

these elements in the McConnell ores. A lack of As within the cooling sulfide melt 

precluded the formation of sulfarsenide phenocrysts, which left Co relatively enriched in 

MSS, concentrating into pentlandite as it later crystallized (Figure 2.27). Co/Ni ratios are 

higher in McConnell ores than other South Range deposits, as is the elevated 

concentration of Co in pentlandite. However, whole rock Co is lower in McConnell ores 

than other deposits, and may indicate a more evolved silicate reservoir than other South 

Range systems. The excess Co in the ores without significant Ni or As in the offset 

suggests that the source melt may have been initially depleted in these elements, as early-

forming sulfarsenide grains would have sequestered most Co at high temperatures (Hem 

et al., 2001; Hem, 2006; Dare et al., 2010; Lefort et al., 2014). The sulfide liquid which 

formed the McConnell deposit may have interacted with a smaller, or a metal-depleted 

(late), silicate reservoir which may have resulted in a smaller R factor (e.g. Theriault et 

al., 1997, Mungall et al., 2005) than other South Range offsets. This may suggest that 

local contamination and heterogeneous composition of the initial melt sheet were pivotal 

factors in contributing to the unique mineralogy of the McConnell ores. The degree of 

heterogeneity within the melt sheet and subsequent sulfide liquids is not well known, but 

it is thought to be responsible for localized variations in ore geochemistry of South Range 

deposits (Darling et al., 2012).  

     It is yet unclear whether sulfide melts which originated in close proximity to each 

other were sourced from large pools in equilibrium together, or if they were hosted as 

separate systems which reflect localized assimilation and contamination separated by vast 

amounts of silicate melt (Mungall, 2002; Darling et al., 2012). A sulfide melt may have 

originated from higher, or lower in the melt sheet under conditions very different from 
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where it settled, mixing with sulfide liquids sourced from other parts of the melt sheet. 

Although the assimilation of country rocks is known to alter liquid compositions, the 

exact contribution and rheology of crustal material is still highly debated (i.e. Faggart et 

al., 1985; Mungall et al., 2004; Darling et al., 2010), as is the precise timing of offset 

formation (Wood and Spray, 1998; Murphy and Spray, 2002; Tuchscherer and Spray, 

2002; Riller, 2005). 

2.4.7.4 Late-stage sulfide liquid emplacement 

     If larger offset systems were emplaced before the McConnell sulfide liquid had even 

formed, they would have depleted regions of the silicate melt sheet in base and precious 

metals leaving a more evolved reservoir for any later sulfide melts (Figure 2.26C). The 

collection and formation of sulfide liquids that formed contact deposits would further 

deplete the melt sheet in metals. With no significant source of Ni, the McConnell sulfide 

melt was able to assimilate a large concentration of O2 before emplacement into QD. The 

negligible As contributed from the melt sheet was not changed after emplacement, as the 

sulfide melt would have had very limited interaction with any As-bearing host rock. The 

depleted Ni and As, mediocre Cu and Co, and high Co/Ni ratios in McConnell ores may 

all reflect an evolved, metal depleted silicate melt source that signifies a later collection 

and emplacement of McConnell sulfide liquids than other South Range offsets. The 

introduction of PGE into the McConnell system may have occurred before or after 

emplacement into QD; the silicate melt sheet either locally assimilated some source of 

PGE before emplacement, or the silicate inclusions that were incorporated into the 

McConnell system contained enough PGE to significantly raise tenors (Figures 2.26B, 

2.27). If the source of the McConnell sulfide liquid was a later fractionated silicate melt, 
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mineralization should reflect high Cu/Ni and Pd/Ir ratios, and although Cu/Ni ratios are 

elevated, Ir data was not collected for McConnell mineralization.      

     Another possibility is that McConnell sulfide liquid began to form at the same time as 

sulfide saturation of larger offset systems. Initially, the composition of the McConnell 

sulfide melt may have been very similar to Ni-rich melts, but where the Ni-rich offsets 

were emplaced quickly after sulfide saturation, the McConnell sulfide liquid remained in 

equilibrium with the melt sheet, possibly losing Ni to the silicates while increasing its 

oxygen concentration. This scenario would account for the similar PGE tenors of 

McConnell and larger South Range systems, as PGE should remain within sulfide liquid 

during crystallization of the silicate mass.     

     The exact timing of offset formation and sulfide saturation of the SIC is in constant 

debate, but it is widely agreed that offsets and the sulfides which they host represent the 

most primitive compositions of melts in the SIC, being emplaced very early but still after 

a huge assimilation of crustal material and some degree of cooling in the overlying melt 

sheet (e.g. Wood and Spray, 1998; Farrow and Lightfoot, 2002). Timing is very important 

for a number of reasons, but the most obvious is the effect of temperature on a system. 

Temperature not only affects the amount of metals available to a sulfide liquid from a 

silicate liquid (if the cooling silicate reservoir begins fractional crystallization, R factor 

quickly falls), but also strongly affects the partitioning behaviour of  most elements 

(Naldrett et al., 1979; Mungall et al., 2005). In addition, sulfide liquids that remain in 

equilibrium with silicate liquids for a long period of time will efficiently deplete the 

silicate reservoir in chalcophile elements, effectively limiting the contributions of the 

silicate to a later sulfide liquid.  
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     Interaction with a slightly later (more evolved) depleted silicate melt would explain 

the McConnell system, were it not for the elevated PGE. If a silicate melt is even slightly 

depleted in Ni from a previous sulfide liquid, it should presumably be extremely depleted 

in PGE, as partitioning of PGE between sulfide and silicate melt is orders of magnitude 

higher than that of Co, Cu, and even Ni. The only way that a late stage sulfide melt could 

interact with a depleted silicate reservoir and still achieve the same PGE tenor as an early 

melt is to require some outside source of PGE to enrich the later melt, as relying on R 

factor, Nernst partition coefficients, and equilibrium coefficients of typical sulfide-silicate 

systems cannot adequately account for this anomaly. Although there is no positive 

conclusive evidence to support the following speculation, the outside source of PGE that 

is required to prove this model may in fact be the anomalous inclusions that are 

associated with nearly all South Range offsets and deposits. If these xenolithic 

ultramafics were sourced from a complex which was present before the Sudbury impact 

event, they may actually be carriers and contributors of PGE, as nearby intrusions have 

been shown to contain very rich palladium concentrations (East Bull Lake intrusive suite, 

James et al., 2002). The partial-melting and incorporation of silicate inclusions is present 

in almost all McConnell ores at some scale. Whether these inclusions were melted and 

incorporated before or after emplacement does not change the fact that most PGM in 

McConnell ores occur hosted between the boundaries of silicates and sulfides. This does 

not appear to be a coincidence and may support the fact that these inclusions are the 

source of Pd within McConnell sulfides. 

2.4.7.5 Late stage alteration of ores  

     Hydrothermal fluids have only affected a small segment of the McConnell ores, a  
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ltering primary minerals to pyrite and marcasite where hydrothermal processes were most 

intense. These fluids introduced Pb into the McConnell system, contributing to the 

already Pb-rich pentlandite that was present in the ores. Fluids that altered the McConnell 

system may have been sourced from (or mixed with) overlying VMS systems that formed 

during the cooling of the main mass (Figure 2.21). Although fluids have altered 

pentlandite grains, high Co/Ni ratios and Pd enrichment also occur in pentlandite that is 

not associated with hydrothermal alteration, indicating these features precede alteration. 

Pentlandite grains also display instability within unaltered intervals, and are a result of 

the initial composition and cooling history of the McConnell sulfide system. 

2.5 Conclusions 

     The characteristics of McConnell ores reflect a much different evolutionary history 

than other offset or South Range environments. The textural and geochemical 

peculiarities of the McConnell offset deposit, especially concerning the PGE, reflect the 

difficulty in attributing these factors to one event or process. The effect of O2 

concentration in a sulfide liquid may explain preferential partitioning of elements 

between silicate and sulfide liquid, but the reason O2 solubility was so high is not well 

established. The relationship between Ni and O2 solubility in the McConnell sulfide melt 

is not fully understood; was the initial low Ni content of the McConnell sulfide melt 

responsible for the high O solubility, allowing it to collect more oxygen from the 

surrounding silicate melt, or did the oxygen-rich liquid effectively alter the partitioning 

behaviour of Ni between sulfide and silicate melt so as to make it incompatible in sulfide 

liquid. What is clear is that the higher than normal abundance of magnetite hosted 

entirely within McConnell sulfides compared to other offsets or South Range systems 
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implies that the oxygen content of this system was different than other similar sulfide 

melts.  

     A late-stage sulfide liquid would explain the depleted metal tenors and elevated Co/Ni 

ratios of McConnell ores, but would require that PGE were introduced from another 

source to account for the elevated Pt+Pd tenors. The local depletion of Ni and As from 

surrounding silicate reservoirs is most difficult to explain, especially given the elevated 

PGE tenors in McConnell ores. The low metal tenors and As contamination in McConnell 

ores may be explained by its size and limited ability to digest country rock or silicate 

inclusions, though the composition of the ores should still be similar to other South 

Range deposits since PGE tenors are comparable. Two models require that PGE be 

provided by a source other than the melt sheet; one model requires that the melt sheet 

contain negligible As contamination (presumably from a limited digestion of As-bearing 

country rocks by the superheated silicate melt previous to sulfide segregation), but still 

contain very high PGE concentrations. The alternative to an As-free melt sheet is that As 

partitioning into sulfide liquid was efficiently inhibited, while the partitioning behaviour 

of other elements was simply reduced, presumably by the elevated O2 content of the 

system. A low R factor of a sulfide system has a very large effect on base and precious 

metal concentrations, and would account for most of these features, though the PGE 

content of the McConnell mineralization would also be greatly depleted.  
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Figure A1) Magnetite abundance and pentlandite alteration in each sample. tr = trace amount (<1 
vol%) 
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Chapter 3: Geochemical investigation of magnetite from the McConnell offset Ni-

Cu-PGE mineralization by LA-ICP-MS: implications for timing and provenance of 

magnetite grains in a cooling sulfide assemblage  

 

Abstract 

     The composition, form, and volume of magnetite within sulfide ore deposits yields 

valuable information about the emplacement and evolution of sulfide liquids. The initial 

sulfide liquid composition is dictated by sulfur fugacity and silicate reservoir size and 

composition, affecting the oxygen content of the system, which can be approximated 

based on co-existing sulfide-oxide minerals in equilibrium. Factors such as metal 

solubility, element valence state, element partitioning, and timing of MSS crystallization 

are dependent on the oxygen content of the initial sulfide liquid. Magnetite within 

massive and inclusion-rich massive sulfide of the McConnell orebody occurs in locally 

moderate to high concentrations (10-20 vol%) and shows exsolution of Al-, Ti-, and Cr-

spinel. Analyses show that magnetite within these ores was formed before or during the 

crystallization of MSS, indicating that the sulfide liquid which formed the McConnell 

contained high concentrations of oxygen. The oxygen content of a sulfide melt has an 

inverse correlation with Ni solubility in the melt, though the relationship between the two 

is not fully understood.  
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3.0 Introduction 

     The chemical composition of coexisting ilmenite-magnetite-spinel group minerals can 

be used to determine the oxygen fugacity of a system during crystallization, reflect the 

original composition of the host melt, and monitor changes in the evolution of both 

silicate and sulfide assemblages with which these minerals form (Buddington and 

Lindsley, 1964; Dasgupta, 1967; Naldrett, 1969; Gasparrini and Naldrett, 1972; Knecht et 

al., 1977; Powell and Powell, 1977; Sack, 1982; Klemm et al., 1985; Von Gruenewaldt et 

al., 1985; Hill and Sack, 1987;  Ghiorso and Sack, 1991; Haggerty, 1991; Lattard, 1995; 

Krasnova and Krezer, 1995; Zhou et al., 1997; Barnes and Roeder, 2001; Mücke, 2003; 

Lattard et al., 2005; Sauerzapf et al., 2008; Dupuis and Beaudoin, 2011; Dare et al., 

2012). Although several studies have been undertaken on the partitioning of major and 

trace elements between silicate liquid and oxide phases (Horn et al., 1994; Nielsen et al., 

1994; Toplis and Carroll, 1995; Nielsen and Beard, 2000; Toplis and Corgne, 2002; 

Righter et al., 2006), very little is known about trace element partitioning between sulfide 

and oxide liquids and mineral solid solutions. This contrasts greatly to numerous studies 

focusing on trace element partitioning behaviour of elements between monosulfide solid 

solution (MSS) and residual Cu-rich sulfide liquid, or silicate and sulfide melts (e.g. Fleet 

et al., 1993; Fleet and Pan, 1994; Li et al., 1996; Barnes et al., 1997; Jana and Walker, 

1997; Fleet et al., 1999; Barnes et al., 2001; Mungall et al., 2005). Generalizations 

concerning trace element partitioning behaviour between co-crystallizing oxide-sulfide 

solid solution (MSS or ISS) systems are made by measuring the concentrations of trace 

elements in texturally coeval magnetite and ilmenite and associated sulfide phases (e.g., 

Naldrett, 1969; Dare et al., 2012). Oxides hosted within such magmatic sulfides can 
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form: i) as titanomagnetite crystallized from silicate melt and settled into sulfide liquid 

accumulations, or were entrained into the sulfides during cosettling of the phases in an 

oxide and sulfide saturated silicate melt (the gravity settling process), or ii) oxides formed 

directly from the initial sulfide liquid or later-forming solid solutions (MSS and ISS) 

during cooling (the exsolution process) (Fonseca et al., 2008). The texture and chemical 

composition of the spinel may be indicative of the source melt (or solid solution) 

composition from which they formed (Dare et al., 2012).   

     Magnetite is common in magmatic sulfide deposits associated with mafic-ultramafic 

rocks (e.g., Sudbury Igneous Complex, Ontario; Gasparrini and Naldrett, 1972) or 

Voisey’s Bay, Newfoundland and Labrador (Naldrett et al., 2000). The compositional and 

textural relationship (and timing) of magnetite and other oxide minerals is a complex 

function of oxygen content, fS2, parental magma composition, and partitioning behaviour 

of major and trace elements between oxides and source liquid + co-existing phases. 

Structural controls on cation substitution in the magnetite-spinel structure and the valence 

state of particular elements of interest (i.e. V) also impact oxide chemistry (Toplis and 

Corgne, 2002; Dupuis and Beaudoin, 2011). In typical magmatic sulfide deposits, 

magnetite co-crystallizes with MSS from a sulfide liquid at temperatures between 1000–

1100 °C depending on the composition of the melt and O2 content of the system, in 

addition to other factors (Naldrett, 1969; Naldrett et al., 1972; Gruenewaldt et al., 1985; 

Fleet et al., 1993; Toplis and Carroll, 1995; Naldrett et al., 2000; Mungall et al., 2004). 

Since this is above the temperature at which ISS begins to crystallize (800-940 °C, Fleet 

and Pan, 1994; Fleet et al., 1993), the MSS and the magnetite which forms from it (or 

with it) is generally enriched in lithophile and some siderophile (V, Cr, Ti) trace elements 



131 
 

and relatively depleted in the chalcophile elements, as they would partition into the 

residual fractionated sulfide liquid (Dare et al., 2012). Magnetite that co-crystallized with 

MSS from a sulfide liquid, or exsolved from MSS, should show an enrichment of 

compatible lithophile elements (V, Cr, Ti) and a depletion of chalcophile elements (Ni, 

Sn) compared to magnetite grains that crystallized from a lower temperature Cu-rich 

fractioned liquid or ISS component (Dare et al., 2012). If the oxygen content within the 

initial sulfide liquid is very high, magnetite may begin to crystallize directly from the 

sulfide liquid before MSS (Fonseca 2008). If this were the case, magnetite should 

presumably show chemical compositions that overlap with grains that exsolved from an 

MSS and ISS source, as the initial sulfide liquid would be unfractionated and 

representative of both solid solution systems. Although very little is known about 

partition coefficients for elements between sulfide melt and oxides, it is reasonable to 

assume that elements will partition similarly between MSS-oxide and ISS-oxide if the 

oxygen content and sulfur fugacities of the system are not greatly perturbed. The O2 and 

fS2 of most sulfide systems shouldn’t change a large degree during MSS-magnetite 

crystallization (Mungall et al., 2005). Following this line of reasoning, the concentration 

of trace elements within magnetite are related to the composition of the crystallizing host 

phase (MSS or ISS), and therefore, can be used to determine relative timing and 

provenance of magnetite formation. It should be noted, however, that the experiments of 

Fonseca et al. (2008) concluded that most systems which crystallized massive sulfides 

represented open systems in respect to O2 content. Major oxygen loss from sulfide melt 

to associated silicate phases may account for bands of chromite and very little magnetite 

within some massive ores (e.g., Heath et al., 2001; Fonseca et al., 2008). 
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     The oxygen content and oxygen solubility of an Fe-rich sulfide liquid dictate whether 

or not magnetite forms before MSS begins crystallization, with higher Ni and Cu contents 

of the melt displaying a negative effect on oxygen solubility and causing crystallization 

of MSS before crystallization of magnetite in Ni- and Cu-rich sulfide liquids (Doyle and 

Naldrett, 1987; Mungall et al., 2005; Mungall, 2007; Fonseca et al., 2008). During 

cooling of the sulfide liquid, oxygen concentration increases as MSS crystallizes, and 

magnetite (often Ti-poor) forms within the massive ores (Fonseca et al., 2008). At oxygen 

fugacities typical of crustal environments (QFM), Fe-rich sulfide liquids often contain 

higher proportions of oxygen than sulfur, which alter its composition on the magnetite-

MSS cotectic so that magnetite crystallizes first, though this is not usually the case in 

most natural Ni-bearing systems (Naldrett, 1969; Doyle and Naldrett, 1987; Fonseca et 

al., 2008; Dare et al., 2012). Fonseca et al. (2008) reported that the largest effect on the 

oxygen solubility of a sulfide liquid was its Ni/Fe ratio, lowering solubility by almost 

50% in Ni-rich systems. The following study will attempt to characterize McConnell 

magnetite origins by their trace element compositions, thus contributing to the current 

dataset on Sudbury magnetite. As analyses through LA-ICP-MS are becoming 

increasingly common, it is possible to be very selective and precise with trace element 

compositions of mineral grains. By comparing the compositions of magnetite and its host 

sulfide phase, generalizations can be made about the partitioning behaviour of trace 

elements between co-existing sulfide-oxide solid solutions. Using similar techniques as  

previous studies (e.g. Dare et al., 2012), it is possible that the composition of magnetite 

grains within the McConnell deposit can help determine properties of the original sulfide 

melt that formed the ore body. The goals of this study are to; i) investigate the 
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relationship between magnetite and sulfide hosts; ii) determine timing of McConnell 

magnetite crystallization using trace elements and textures; and iii) use trace element 

concentrations to help determine partitioning behaviour and original melt properties. 

3.1 Local Geology 

     The McConnell sulfide occurrence is hosted within a concentric offset dike on the 

South Range of the Sudbury Igneous Complex, located near the township of Garson 

(Figure 3.1). Meta-basalt and meta-sediment rocks of the Huronian supergroup host a 

quartz-diorite dike that encapsulates most of the known sulfide mineralization. The 

McConnell offset hosts Ni-Cu-PGE mineralization that contains Ni-poor Fe-sulfides with 

unusually elevated Pd (avg 3-5 ppm in 100% sulfide). Its ores consist primarily of MSS 

cumulates, with massive pyrrhotite hosting small amounts of pentlandite and variable 

chalcopyrite (Figures 3.2, 3.3). Hydrothermal alteration (chloritization) has been recorded 

in some intervals, though this feature appears to be confined to the base of the 

mineralization. Nickel grades in the McConnell sulfides are low, with bulk rock 

concentrations often near or below 1 wt%. Ores are also depleted in As, especially when 

compared to some ore bodies in other South Range deposits, with bulk rock As contents 

below 5 ppm for most samples. Magnetite is ubiquitous throughout McConnell ores (avg 

7-10 vol%), occurring in variable concentrations throughout the ore body from trace 

amounts to up to 20 vol% (Figure 3.2). Hydrothermally altered intervals contain very 

little magnetite, presumably removed by the fluid. The textures and chemical 

characteristics of magnetite grains indicate they formed with MSS cumulates, either as 

exsolution products from MSS, or as a result from the direct crystallization from an 

oxygen-rich sulfide melt.  
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Figure 3.1. Location and Plan view of the McConnell concentric offset. (Top) The South Range of the 
Sudbury Igneous Complex showing faults and offset dike locations and orientations, the McConnell offset 
is located between the Garson and Kirkwood systems. (Inset) The entire SIC including the North Range 
Levack Gneiss Complex (black), South Range igneous intrusive rocks (pink), and the South Range Shear 
Zone (dashed lines). (Bottom) The McConnell ore body is situated at the contact between metabasalts and 
metasediments, and is (mostly) encapsulated within Quartz Diorite.   
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Figure 3.2. Graphic logs show the mineralogy of drill core from the McConnell ore body.  
Shorter columns have been stretched to help illustrate mineral domains.  
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3.2 Samples and Analytical methods 

3.2.1 Sample collection 

     4 drill holes intersect the McConnell deposit (DDH-1276330, 1276340, 1276350, 

1276360, Figure 3.1B). A total of 125 samples, each approximately 12 cm in length, were 

collected from BQ drill core provided by past Vale and Inco drilling programs. Samples 

were chosen at intervals showing mineralogical and textural representivity and changes 

(e.g. the appearance of pyrite as an alteration phase). Core samples were cut into 140 

blocks for creation of polished thick and thin sections, and prepared into pulverized 

powders (100 g batches) for bulk rock assays (ALS Minerals, Sudbury, Ontario). 140 

polished thick sections were made, resulting in a large suite of representative host rocks 

and sulfide mineralization sections which pass through the McConnell deposit (Figure 

3.1). The drill core was logged and labelled with increasing depth to create graphic logs 

of mineralogical observations, separating zones of massive sulfide (MASU), inclusion-

rich massive sulfide (INMS), disseminated sulfide (DISS), and host rock (metasediments, 

metabasalts, quartz diorite).  

3.2.2 Optical and scanning electron microscopy 

     Petrographic analyses observations were accomplished using a Nikon Eclipse H550L 

microscope with reflected and transmitted light capabilities. These observations were 

augmented by scanning electron microscopy using a LEO 1450 VP Scanning Electron 

Microscope (Saint Mary’s University) with a maximum resolution up to 3.5 nm at 30 kV. 

EDS analyses were performed at 25 kV accelerating voltage and 5 nA beam current. The 

SEM was used to help quantify mineral composition and identify discrete trace and 

accessory phases. The SEM uses INCA™ software to quantify X-ray spectra using a 

standard-enhanced semi quantitative routine, and to create element distribution maps 
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which were made for selected pentlandite and pyrite grains to better understand Ni, Fe, 

Co, and S distribution in altered samples. To discriminate monoclinic from hexagonal 

pyrrhotite, a magnetic colloid (powdered magnetite-hematite blend mixed into a solution 

with methanol) was applied to 10 representative polished thin sections of MASU and 

INMS. The magnetic colloid is strongly attracted to monoclinic pyrrhotite and magnetite 

grains (though the two are easily distinguishable from each other by optical properties), 

and is not attracted to hexagonal pyrrhotite, pentlandite, pyrite, or chalcopyrite.  

3.2.3 Laser ablation inductively-coupled plasma mass spectrometry 

     Trace element analysis of minerals by laser ablation ICP-MS was conducted at the 

Geological Survey of Canada (Ottawa, Ontario) using an Agilent 7700 quadrupole 

inductively-coupled plasma mass spectrometer  coupled to a 193 nm Ar-F Excimer laser 

for sample aerosol introduction. Ablation was performed at a 43 micron spot size 

(ablation pit diameter) and at a 10 Hz repetition (pulse) rate at 40% of 5 mJ (attenuated) 

output energy (Table 3.1). A 40 second gas blank was collected before each mineral 

analysis, followed by 65 seconds of mineral ablation (Figure 3.2). Standard reference 

materials were used to calibrate analyte sensitivities to account for instrument drift and 

for quality control, analyzed before and after blocks of 11 mineral analyses. Standards 

utilized at the GSC were synthetic pyrrhotite (Po726 from Memorial University, Saint 

Johns, Newfoundland and Labrador) for Au and PGE, a granitic glass (GSE-1G from 

USGS) for base metals and S, and a pressed sulfide pellet (MASS-1 from USGS). 

Ablation sites were selected in the centers of large grains, avoiding any cracks or grain 

boundaries (mixed matrices) with adjacent minerals. Collected spectra were observed in 

real time to make note of the presence of mineral inclusions in larger analyzed grains or  
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Figure 3.3. LA-ICP-MS signals for 3 representative magnetite grains over the course of a 60 second 
ablation with a 40 second gas blank. 
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inhomogeneous grains, allowing for scrutiny of raw data prior to data reduction. Figure 3 

(time-resolved signals) demonstrates distribution of elements through magnetite grains 

during ablation. Isotopes measured were  34S, 51V, 53Cr, 57Fe, 59Co, 60Ni, 61Ni, 65Cu, 66Zn, 

75As, 77Se, 99Ru, 101Ru, 102Ru, 103Rh, 105Pd, 106Pd, 107Ag, 108Pd, 111Cd, 118Sn, 121Sb, 125Te, 

181Ta, 193Ir, 195Pt, 197Au, 205Tl, 206Pb, 208Pb, and 209Bi (Table 3.2). 

3.3 Results 

3.3.1 Petrographic characteristics of magnetite 

     Magnetite is heterogeneously distributed in the McConnell ores in concentrations 

between <1 – 20 vol% (Figure 2), except in areas which have undergone intense 

hydrothermal alteration, in which magnetite is either extremely scarce or entirely absent 

(hole 330, bottom of 360). Magnetite grains occur as small (< 1 mm) single subhedral to 

rounded inclusions hosted in pyrrhotite and, less commonly, chalcopyrite (Figure 3.4). 

Magnetite grains also occur as crystal aggregates or clusters, possibly representing a 

cumulate phase (Figure 3.4D). Magnetite is hosted along grain boundaries of pyrrhotite 

and pyrrhotite-chalcopyrite in massive sulfide samples (MASU), along grain boundaries 

of chalcopyrite-pyrrhotite-gangue in inclusion-rich massive sulfide samples (INMS), and 

as inclusion within pyrrhotite and chalcopyrite in massive to inclusion-rich massive ore, 

typically when the host grain size is much larger (3-5x) than the magnetite inclusion. 

Magnetite grains may occur within silicates and are commonly enclosed by very thin 

silicate rims when hosted in sulfides (Figure 3.4D). Figure 3.4 shows typical magnetite 

morphology and inclusion type (grain hosted or grain-boundary hosted) for massive 

pyrrhotite-dominant ore (Figure 3.4C) in which grains are typically smaller, hosted along 

boundaries, and occur more frequently than larger grained massive samples (Figure 

3.4D). Chalcopyrite-bearing massive (Figure 4A) and inclusion-rich massive 
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Figure 3.4. Petrographic characteristics of McConnell magnetite. (A,B) Chalcopyrite (Cpy) bearing 
samples often show magnetite (Mt) hosted entirely within, as well as along, grain boundaries of 
chalcopyrite. Magnetite grains hosted within chalcopyrite show smooth, rounded edges, and typically have 
fewer fractures than those hosted within pyrrhotite (Po). (C,D) Magnetite hosted within massive pyrrhotite 
samples are typically fractured, and associated with trace amounts of silicate gangue. The grain size of 
pyrrhotite often influences the grain size of boundary-hosted magnetite grains.  
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 (Figure 3.4B) samples typically show magnetite hosted entirely within large (few mm – 

cm scale) grains of chalcopyrite as smooth, rounded, single inclusions (Figure 3.4D).  

3.3.2 Exsolution products 

     The very fine  exsolution blebs (1 - 10 µm) and lamellae (2 x 10 – 20 µm) within 

magnetite grains were analyzed by SEM-EDS to determine the composition and estimate 

the mineralogy of the exsolved phases. Lamellae oriented along the crystal faces of 

magnetites (Figures 3.5, 3.6B-C) are rich in Ti (Figure 3.7) and contain Mn and Cr, 

though Cr is often no different from magnetite host compositions (0.3 – 2 wt%). These 

lamellae are most probably the exsolution of ilmenite, or ulvospinel, which can often be 

misidentified and misinterpreted due to its extremely fine-grained size (Krasnova and 

Krezer, 1995). Exsolution blebs (Figure 3.6A) have elevated Al (Figure 3.7), Mg, and in 

some cases, Zn. Blebs may represent the formation of extremely small Al-spinel or 

gahnite inclusions. Spinels blebs contain trace Si as well, and thin rims of silicates are 

often found around magnetite grains.  

 Both exsolution products (lamellae and blebs) occur within the same magnetite 

grains, although exsolution lamellae are more abundant when magnetite is associated 

with chalcopyrite (shared grain boundaries). Exsolution blebs are orders of magnitude 

more common than exsolution lamellae within magnetite grains hosted only by pyrrhotite 

(Figure 3.6A), and do not show the zoned hatch pattern of ilmenite that some cpy-

bounded magnetites contain. Magnetite grains often show a thin exsolution-free rim 

which surrounds the ilm-spn exsolution within the cores, which is especially apparent in 

grains with distinctive ilmenite exsolution (Figures 3.5, 3.6, 3.7).  
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Figure 3.5. Magnetite exsolution products in reflected light. (A) Two magnetite grains hosted along 
chalcopyrite (Cpy) and pyrrhotite (Po) boundaries which appear to display some exsolution of an 
unidentified phase. Exsolution lamellae are straight or angular, appearing along cleavage planes. 
Magnetite-chalcopyrite boundaries appear jagged and perturbed. (B) A magnetite grain hosted entirely 
within a single fractured pyrrhotite grain, showing a smooth 6-faced crystal with apparent exsolution along 
growth zones. Fracture is likely the result of sample preparation. 
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Figure 3.6. SEM images of magnetite (Mt) and exsolution products Ilm (ilmenite) and Al-Spn (Al-
spinel). A) Large grains of magnetite form a small crystal aggregate hosted between massive pyrrhotite 
grains, magnetite is covered by Al-spinel exsolution distributed in a fairly heterogeneous “buckshot” 
pattern. B) Exsolution of both ilmenite and Al-spinel appear to be zoned within magnetite, an exsolution-
free rim exists in most magnetite observed with this exsolution texture. C) A similar zoned ilmenite 
exsolution texture where exsolution occurs only within the core of the grain, grains are hosted along 
boundaries of chalcopyrite and pyrrhotite. 
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Figure 3.7. SEM element distribution maps of Ti, Fe, and Al within a magnetite grain hosted in 
massive pyrrhotite. Maps show exsolution lamellae are rich in Ti and relatively depleted in Fe, indicating 
the exsolved phase may be ilmenite. Exsolution blebs contain high Al and are interpreted to be the 
exsolution of small bits of Al-rich spinel (or ulvospinel).  
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3.3.3 Magnetite chemistry 

     Major element compositions of magnetite grains from SEM analyses show typical 

Fe3O4 chemistry with variable Cr concentrations (0.3 – 2 wt% Cr). Zoning of major 

elements in magnetite grains is not apparent due to the nature of the exsolution products 

within magnetite. Thin rims of SiO2 often surround magnetite grains and infill fractures 

between magnetite and sulfides. Magnetite grains from 9 representative sulfide samples 

of McConnell ore were analyzed by LA-ICP-MS for the trace element concentrations of 

magnetite, accumulating 36 analyses. As small sulfide inclusions are common within 

magnetite grains, any analyses that showed anomalous sulfur peaks were discarded and a 

new magnetite grain was chosen for ablation. Exsolution products are included in 

analyses and represent initial homogenous composition of magnetite grains. Table 3.2 

lists ranges of magnetite composition from each sample for the elements V, Cr, Co, Ni, 

Zn, Sr, Y, Zr, Sn, Sb, Pb, and Bi. As is common in the Sudbury area, the PGE and IPGE 

(Ru, Rh, Pd, Re, Ir, Pt) concentrations of most magnetite grains were below their 

respective detection limits, as were the elements Te, Cd, Tl, and the precious metals (Ag, 

Au) (Li et al., 1993; Dare et al., 2012). Cr, Sr, Zr, Zn, and Bi all show a wide range of 

concentrations within magnetite grains from various levels within the McConnell, while 

V, Sn, Co, Ni, and Y show a much closer, tightly packed cluster of compositions (Figures 

3.8, 3.9, 3.10). Vanadium (413.88 – 2120.26 ppm) and tin (0.34 – 3.65 ppm) 

concentrations in McConnell magnetite grains form a defined field on a V-Sn plot (Figure 

3.8B), and show a loose trend between sulfide mineralogy and relative concentration 

(Figure 3.8E-F). The most compatible lithophile elements (Cr, V, Ti) partition readily into 

early forming magnetite and are thus relatively depleted in later-forming grains.  
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3.4 Discussion 

3.4.1 Partitioning characteristics and comparison to other deposits 

     Nickel concentration of magnetite grains that exsolve from MSS is typically lower 

than grains that form from ISS (Dare et al., 2012; this study, Figure 3.8). Although Ni 

partitioning is strongly controlled by S content between MSS and sulfide liquid at higher 

temperatures, with Dmss/liq ranging between 0.1 and 2 (Fleet and Pan, 1994; Li et al., 

1996; Barnes et al., 1997), magnetite which crystallizes in early Fe-rich MSS would be 

depleted in Ni due to the incompatibility of Ni in MSS at high temperatures, favouring 

partitioning into residual sulfide liquid above temperatures of ~850° (Mungall et al., 

2005; Mungall 2007). Diffusion and mobilization of Ni in the MSS, even at lower 

temperatures, is also something to consider. McConnell ores are relatively low-grade in 

Ni when compared to other Sudbury deposits (Hoffman et al., 1979; Huminicki et al., 

2005; Barnes and Lightfoot 2005; Dare et al., 2010, Boucher, Chapter 2), having little 

pentlandite (<2vol% in most samples) and no millerite, with half of the bulk rock Ni 

concentration occuring in massive pyrrhotite. It is therefore reasonable to assume that 

magnetite formed from the initial sulfide melt, or exsolved from MSS or ISS in 

McConnell ores, would have less Ni concentration than more typical Sudbury deposits. 

Figure 3.8D shows a general depletion of Ni in magnetite from 3 sources; Coleman 

(North Range, Cu-rich ISS hosted magnetite), Creighton (South Range, primitive Fe-rich 

MSS hosted magnetite), and McConnell (primitive to evolved Fe-rich MSS hosted 

magnetite). McConnell magnetite generally carries ~100 ppm of Ni in solution, whereas 

Creighton magnetite shows several hundred to 1000 ppm, and Coleman magnetite 

averages several thousand to over 10,000 ppm Ni in solution. Although McConnell and 

Creighton magnetite are assumed to have a similar source (Fe-rich primitive MSS), the 
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sulfide melt at McConnell must have been depleted in Ni relative to Creighton. Coleman 

magnetite, which represents exsolution from a lower temperature ISS source similar to 

the adjacent McCreedy west environment (Dare et al., 2012), shows Ni concentrations an 

order of magnitude higher than Creighton and almost 2 orders of magnitude higher than 

McConnell. Ni and Co show little variation in samples (62.13 – 690.86 ppm and 2.34 – 

23.66 ppm, respectively) with only a slight increase in concentrations with mineralogy 

(higher po+pn yields slightly higher concentrations of Ni and Co). Since Ni concentration 

of a melt has a direct influence on the O content and solubility of a given sulfide liquid 

(and therefore its position on a mss-magnetite binary in the Fe-O system), a melt depleted 

in Ni should crystallize magnetite at higher temperatures than a melt enriched in Ni 

(Naldrett, 1969; Fonseca et al., 2008). Therefore, magnetite from McConnell may have 

begun crystallization directly from the sulfide liquid in order to bring the system into the 

MSS stability field.  

    Chromium partitions favourably into magnetite from the primitive Fe-rich MSS 

component in both Creighton and McConnell samples, often at concentrations in the 

1000 to 10000 ppm range, with some samples exceeding several wt% (Figure 3.9C). 

Most of these samples fall into the primitive MSS composition field (Figure 3.8A), but 

some also extend into the evolved portion of the V vs Cr and Sn vs Cr binaries as plotted 

by Dare et al. (2012), overlapping slightly with some Coleman samples. Chromium 

concentrations of Coleman magnetite extend to 70 – 80 ppm in the highest concentrated 

samples, but on average fall below 10 ppm concentration, several orders of magnitude 

lower than most Creighton and McConnell samples. Chromium concentrations within 

McConnell ores typically show a depletion in Cr from the top of the drill hole to the 
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bottom in bulk rock assays. Strangely enough, an inverse relationship exists between bulk 

rock and magnetite Cr concentrations, in that magnetite becomes more enriched in Cr 

deeper down the column. Below 700 ft, however, bulk rock Cr decreases to <100 ppm 

and concentrations within magnetite fall orders of magnitude (10’s to 100’s of ppm vs 

1000’s and 10000’s ppm in samples from higher up the column). Magnetite grains from 

samples which are locally associated with silicates (massive sulfide with silicate 

inclusions or intermediate massive sulfide) often show a lower concentration of Cr than 

magnetite grains from the center of massive sulfides. The silicates in these samples may 

have locally depleted the sulfide liquid/MSS in Cr and subsequently the magnetite which 

crystallized in the vicinity. Figure 3.3 shows time-elapsed laser ablation signals for 3 

magnetite grains, with Cr from the intermediate-massive sulfide sample (13) at much 

lower concentrations than Cr from the massive sulfide samples (1, 31). Diffusion of Cr 

from the sulfide melt to the silicate melt may explain why some magnetite grains plot in 

the Cr-depleted evolved sulfide field rather than the Cr-rich primitive sulfide field. 

Magnetite grains hosted in the highest interval (670.1 ft) and within samples between 725 

– 750 ft appear to be extremely depleted in Cr regardless of sulfide abundance or 

mineralogy. This might imply that the center or core of the sulfide body was more 

enriched in Cr than the edges, though bulk rock assays do not show conclusive evidence 

for this hypothesis. Chromium can also be repartitioned from the magnetite host to its 

exsolution products (Knecht et al., 1977), so the texture and abundance of exsolution 

products is strongly correlated to the Cr content of McConnell magnetite as well.  

     Vanadium is typically quite compatible in MSS and magnetite relative to Zr or Sn and 

therefore should show enrichment in magnetite grains which crystallize early relative to 
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magnetite grains which crystallize later. Experiments by Toplis and Corgne (2002) have 

shown that between an oxide and silicate melt, oxygen fugacities between NNO and 

NNO-1.5 yield the highest V concentrations in magnetite for a fixed liquid composition, 

and therefore, higher partition coefficients for these oxygen fugacities than those of 

higher or lower values. Vanadium concentrations in McConnell and Coleman magnetite 

seem to show a loose correlation with Cr in that both decrease during prolonged 

evolution of the system with early-forming magnetite (Fe-rich MSS) enriched in V and 

Cr and later-forming magnetite (Cu-rich ISS) depleted in these elements. The 

compositional trends from all 3 environments (McConnell, Creighton, Coleman) appear 

to agree with this line of reasoning. Although Cr may be locally depleted due to 

crystallization of silicates, V does not appear to decrease substantially in McConnell 

samples which are associated with silicate gangue (INMS). While Cr can differ by orders 

of magnitude in MASU vs INMS samples, V only varies by a few hundred ppm in most 

samples. Vanadium partitions into magnetite-ulvospinel solid solutions preferentially to 

stoichiometric magnetite, though its partition coefficient is more greatly influenced by 

valence state and oxygen content than oxide composition (Toplis and Corgne, 2002).  
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Figure 3.8. Scatter plots of laser ablation data for magnetite grains from Fe and Cu-rich sources. 
McConnell, Coleman (MacMillan 2014), and Creighton (Dare et al., 2012) showing trace element trends 
indicative of crystallization history. (A,B) Samples of McConnell and Creighton magnetite plot very 
similar V concentrations, while Coleman magnetite is relatively depleted in V. McConnell magnetite grains 
show decreasing Cr while V remains relatively constant. Arrows show the relative trend in V vs Cr and Sn 
that is expected between magnetite which crystallizes from MSS (McConnell, Creighton) and magnetite 
which crystallizes from ISS (Coleman). (C) Magnetite crystallized from ISS is enriched in Sn and depleted 
in Cr relative to magnetite which has crystallized from MSS. Arrow shows the expected trend between 
these two sources. (D) Ni concentrations relative to Sn in magnetite show fields between MSS and ISS 
sources, but McConnell is Ni depleted even for an MSS source. (E,F) Co concentrations in magnetite grains 
are comparable between all three deposits, but Ni varies. Co/Ni ratios are highest in McConnell magnetite 
and lowest in Coleman magnetite, showing a decreasing trend with time and source composition.   
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Figure 3.9. Lithophile element plots of magnetite from McConnell, Coleman, and Creighton ore 
bodies. (A,B) An overlap of Sr concentrations in McConnell and Coleman samples show two general fields 
between V and Sr, while Y seems to increase with Sr in both populations. (C,D) Populations of MSS and 
ISS sourced magnetite grains typically cluster together in binary plots of Y vs Cr and V, though some 
overlap does occur in Cr concentrations. Data from McConnell (This study), Coleman (MacMillan 2014), 
and Creighton (Dare et al., 2012) 
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Figure 3.10. Compatible elements (V, Sn, Cr, Y) in magnetite vs Zr (extremely incompatible). Data 
from McConnell (This study), Coleman (MacMillan 2014), and Creighton (Dare et al., 2012) 
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     In contrast to partitioning of V, magnetite composition is a major factor on the 

partition coefficients of Zr and other HFSE (Nielsen and Beard, 2000). Although Zr 

partitions preferentially into phases which crystallize from ISS (chalcopyrite, sphalerite), 

Zr within MSS tends to concentrate in magnetite rather than pyrrhotite (Englander 2005, 

this study). In regards to samples from McConnell and Coleman, Zr concentrations 

within magnetite overlap between MSS and ISS-sourced grains, and do not show any 

apparent trends vs other elements. The only element which appears elevated with 

increasing Zr concentration is V, though Y concentration increases with Zr in about half 

the samples from all 3 environments (Figure 3.10).  

     Minerals in the McConnell offset which exsolved from MSS formed from an Fe-rich 

sulfide melt (pyrrhotite, pentlandite, primary pyrite) represent the reservoir in which 

MSS-sourced magnetite would have formed. Magnetite from a primitive Fe-rich sulfide 

melt would form either before or at the onset of MSS crystallization (Naldrett, 1969) 

whereas magnetite from an evolved source would crystallize directly from the increasing 

oxygen content of the MSS as it crystallized at lower temperatures in an attempt to buffer 

the oxygen fugacity of the system (Fonseca et al., 2008). Using the trace elements of 

pyrrhotite and pentlandite compared to those within texturally-proximal magnetite can 

therefore help understand the partitioning behaviour between MSS and oxides, regardless 

of the oxide generation. Early-forming magnetite may also trap droplets of liquid sulfide 

as it cools (Figure 3.11). Figure 3.12 illustrates compositions of elements in magnetite 

compared to Fe-rich sulfides (pyrrhotite and pentlandite) as ratios (top) and absolute 

compositions (bottom). From these graphs, it can be seen that the major chalcophile 

elements within MSS (Ni, Co, Cu) concentrate selectively within sulfides, whereas 
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compatible lithophile elements (V, Cr, Zn) are more strongly concentrated within 

magnetite, as is expected from previous studies (e.g. Dare et al., 2012). The element Sr is 

more concentrated within pentlandite than magnetite, but is less concentrated within 

pyrrhotite than magnetite. Overall, however, Sr appears to favour sulfide phases over 

oxide phases. Zirconium, a fairly incompatible element, shows an almost even 

distribution between magnetite and pyrrhotite+pentlandite, choosing to partition into 

pentlandite over magnetite, and magnetite over pyrrhotite. Only Sn, which partitions 

preferably into Cu-rich sulfide over MSS and is incompatible in all phases, shows a tight 

cluster between compositions, evenly distributed between sulfides and magnetite. Tin 

appears to be slightly more compatible in magnetite than pyrrhotite, and is evenly 

distributed between magnetite and pentlandite.   

3.4.2 Sulfide inclusions within magnetite 

     In most samples of massive and inclusion-rich massive sulfides, magnetite grains 

contain small inclusions of pyrrhotite-chalcopyrite blebs (Figure 3.11D). These inclusions 

are assumed to represent sulfide liquid which was trapped within the crystallizing 

magnetite grains (Figure 3.11). The sulfide liquid, once trapped, behaved like a small 

closed system within the magnetite grain, separating into Fe- and Cu-rich phases. 

Proportions of pyrrhotite and chalcopyrite within magnetite grains are very similar in 

most samples, with inclusions mimicking local sulfide mineralogy. In samples which 

display higher proportions of chalcopyrite in major phases, sulfide inclusions in texturally 

proximal magnetite often display increased chalcopyrite proportions as well. Although 

MSS also crystallizes small amounts of interstitial chalcopyrite while cooling, the band of 

massive chalcopyrite (Figure 3.2) that occurs near the base of the mineralization suggests  
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Figure 3.11. Cartoon illustrating initial magnetite crystallization which trapped sulfide droplets at 
high temperatures. Sulfide droplets indicate magnetite began crystallizing when sulfide liquid was either 
still undergoing fractionation or beginning to cool as an MSS phase. Chalcopyrite within trapped sulfide 
droplets is most likely the result of Cu segregation from cooling MSS. 
 
 



158 
 

that at least a small amount of a fractionated Cu-rich liquid existed during cooling. 

Likewise, in samples dominated by massive pyrrhotite with very little or no interstitial 

chalcopyrite, sulfide inclusions show very little or no chalcopyrite. Pentlandite is only 

rarely encountered in sulfide inclusions as miniscule rims between pyrrhotite and 

chalcopyrite, suggesting either the sulfide melt was insufficiently concentrated in nickel, 

or the small amount of nickel present in the inclusion diffused into the magnetite grain. 

These small pyrrhotite-rich sulfide assemblages indicate that the host magnetite grains 

must have formed before or during MSS crystallization while the Fe-rich liquid still had 

enough Cu in solid solution to differentiate and crystallize chalcopyrite. The walls of the 

magnetite grains would create an excellent buffer to oxygen and (most) chalcophile 

element exchange, meaning any chalcopyrite which formed within sulfide inclusions 

representing early (primitive) MSS or immiscible sulfide melt would be totally 

independent of the later-forming ISS of the McConnell system. On the other hand, 

magnetite grains which show inclusions that are enriched in chalcopyrite may have 

formed at lower temperatures during MSS-sulfide liquid fractionation or ISS 

crystallization, when Fe- and Cu-rich liquids were already differentiated. The mineralogy 

of the inclusions also suggest that magnetite grains which contain sulfide inclusions did 

not migrate or settle extensively during crystallization, and were formed very close or in-

situ to where they currently exist. Magnetite grains which contain sulfide inclusions were 

not analyzed by LA-ICP-MS as the sulfides would contaminate the signal.   

3.4.3 Exsolution products and mechanisms 

 Exsolution textures of McConnell magnetite are similar to those first described by 

Buddington and Lindsley (1964) and later by Haggerty (1991), showing “trellis-style” 
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ilmenite exsolution from magnetite along all directions of {111} parting planes and 

mimicking crystal growth zones and crystal faces (Figures 3.5-3.7). A second form of 

exsolution, also recognized by the previously mentioned authors, was that of Al-Cr-spinel 

from magnetite which showed a more random distribution within the oxide host. 

Chromium, Zn, and Al are not compatible with the ilmenite lattice (Mucke, 2003) and 

segregated into small amounts of Al-Cr-spinel in a buckshot or semi-zoned texture. The 

textures and chemical composition of phases which exsolved from the magnetite host are 

a complex function of several different parameters, such as temperature, composition of 

the original liquid and oxide phases during crystallization, oxygen content and sulfur 

fugacities, and cooling rates, which, among other things, affect whether or not oxides 

occur as separate phases or as a solid-solution above their solvus temperatures (Mucke 

2003). It is widely accepted from the work of Buddington and Lindsley (1964) and 

Haggerty (1991) that trellis-style ilmenite exsolution texture is the result of oxidation-

exsolution of a solid-solution oxide (magnetite-ulvite or magnetite-ulvospinel) which 

exists above temperatures of 600°C (Mucke, 2003). With progressive oxidation, 

subsolidus exsolution continues through progressive stages of exsolution textures 

(Haggerty, 1991). The effects of oxidation-exsolution in natural systems, however, are 

progressive from rim to core, while magnetite within the McConnell ores contains trellis-

exsolution textures within the cores only, leaving a rim of exsolution-free magnetite in 

equilibrium with sulfides. Lattard (1995) showed that a redox reaction was not always 

required to achieve trellis textures, and noted that exsolution of ilmenite from a 

titaniferous spinel could be accomplished by vacancy relaxation in the spinel, and that 

vacancy concentrations were inversely correlated with the fO2 at 1300°C. Chromium  
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Figure 3.12. Compositions of magnetite+pyrrhotite+penltandite within McConnell ores, solid lines 
show even distribution, shaded areas depict concentrations an order of magnitude above and below 
even distribution lines. (Top) Ratios of magnetite over pyrrhotite (y-axis) and magnetite over pentlandite 
(x-axis) compositions. Pyrrhotite is more enriched in elements at values below 1 on the y-axis, while 
pentlandite is more enriched in values below 1 on the x-axis. (Bottom) Absolute concentrations of 
detectable chalcophile and lithophile elements within magnetite and its corresponding sulfide host(s). As 
concentrations move away from the solid into one field or another, elements are assumed to partition 
preferably into that phase (MSS for po+pn or oxide-SS for magnetite).   
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contents of the solid solution phases also affect vacancy concentrations (Knecht et al., 

1977; Lattard, 1995). Electron exchange under partially reducing conditions from H2 is 

another proposed method of trellis-exsolution (Krasnova and Krezer, 1995), though this 

particular model does not correspond to the McConnell (or other Sudbury deposits 

mentioned).   

     The explanation for exsolution textures of McConnell magnetite grains is quite 

complex. Magnetite grains contain exsolution blebs in the cores only (Figure 3.6), 

meaning the rims of magnetite may have formed at a different time and under different 

conditions than the cores of these grains. Magnetite within the McConnell ores does not 

appear to be zoned with respect to major elements, only exsolved phases. However, these 

elements may have existed in solid solution during the growth of magnetite rims, and 

were subsequently concentrated into exsolving phases. It may have also been that while 

MSS cooled, elements were partitioned from magnetite to MSS. Trace element zoning 

was not recorded in McConnell samples as the beam size of laser ablation was often only 

slightly smaller than the magnetite grains, increasing precision and lowering detection 

limits. As a result, the compositions of magnetite from LA-ICP-MS reflect the solid 

solution composition of the oxide phase (core and rim) before exsolution began (above 

~600°C). This creates some problems if the core-rim compositions have different trace 

element concentrations. A suitable explanation for the formation of the rim may lie in the 

concentration of compatible lithophile elements (V, Ti, Cr) remaining in MSS as 

magnetite crystallizes (Dare et al., 2012). During crystallization, lithophile elements 

would partition into oxides preferentially over sulfides and locally deplete MSS. As a 

result, later-forming magnetite rims would show a depletion of compatible lithophile 
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elements, Ti sequestering in ilmenite exsolution within the core (Figure 3.7).  

     Two scenarios may be proposed for the observations made on the compositions and 

textures associated with McConnell magnetite: i) McConnell magnetite cores crystallized 

early from a primitive sulfide liquid (which had already undergone sulfide saturation and 

segregation from the silicate liquid) or exsolved from an early MSS source under similar 

conditions proposed for that of Creighton magnetite formation, though exsolution and 

core-rim textures are similar to that of McCreedy, possibly suggesting an evolved MSS 

source for the rims (Dare et al., 2012); ii) McConnell magnetite experienced fluctuations 

in O2 or source composition, possibly crystallizing cores in a silicate melt (Fonseca et al., 

2008) and settling into an immiscible sulfide liquid where later-forming rims were slowly 

formed, compatible lithophile elements (Ti, Cr) being concentrated in the solid-solutions 

within the cores of magnetite grains. As ilmenite does not exist as more than an 

exsolution phase in magnetite within McConnell samples, it could be assumed that the Ti 

contents of the silicate or sulfide melt (or both) were depleted compared to other Sudbury 

deposits. Likewise, no chromite grains were found in McConnell samples suggesting that 

Cr concentrations within the melt were not sufficient enough to segregate from the oxide-

sulfide solid solutions to form discrete Cr-spinel grains.  

3.5 Conclusions 

     Analyses of magnetite-sulfide assemblages from the McConnell ore body show 

distinct trends in partitioning behaviour of trace elements between MSS-oxide during 

crystallization. Although some uncertainty remains in the exact timing of magnetite 

crystallization within McConnell ores, the following conclusions were made based on 

composition and textural evidence: i) Magnetite began to form early in the crystallization 
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history of the system, either before or during primitive MSS crystallization, as the oxygen 

content of the melt would have been too high to form MSS first without magnetite; ii) 

Sulfide inclusions hosted within some magnetite grains would have been trapped as either 

a liquid or high-temperature solid-solution, indicating the magnetite formed before 

excessive fractionation of the sulfide phase; iii) Ni content, both within magnetite grains 

and McConnell ore, is lower than most other Sudbury deposits, indicating the melt that 

formed the McConnell was also depleted in Ni relative to other Sudbury deposits, lower 

Ni contents also raise oxygen solubility within sulfide melts leading to earlier-forming 

magnetite; iv) Exsolution textures of magnetite grains cannot be explained by oxidation-

exsolution alone, and must represent some change in the system from core to rim growth. 

     Given the difficulty in understanding the evolution of the McConnell system (Chapter 

2), it was expected that magnetite grains would also be difficult to interpret. Although 

most grains show an early primitive source, some grains cross the fields of MSS and ISS 

sources and may instead represent magnetite that crystallized directly from a sulfide 

liquid before MSS crystallization began. This scenario would agree with the hypothesis 

that O-rich sulfide liquids need to buffer oxygen by crystallizing oxides in order for MSS 

to stabilize, as set forward by Naldrett (1969). The low Ni tenors in McConnell ores are 

consistent with an O-rich sulfide liquid.   
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Chapter 4: Concluding statements about the McConnell offset deposit 

 

     Findings from chapters 2 and 3 are summarized in this section. The mineralogical 

study paired with the magnetite geochemistry study shows that; 

     (i) The melt which created the McConnell offset was able to achieve sulfide saturation 

but did not sequester the same proportions of metals as other larger offsets. A limited 

silicate reservoir may be responsible for this. Further, the smaller McConnell system did 

not incorporate large quantities of arsenic and therefore did not crystallize abundant 

arsenides and sulfarsenides like other South Range deposits. As a result, cobalt and 

palladium sequestered primarily into MSS. 

     (ii) Pentlandite within McConnell ores is often altered and oxidizes quickly due to its 

contamination and variable metal/S ratios. Pentlandite often contributes to 50% of the 

lead in samples and contains appreciable palladium contents. Due to the cobalt in 

pentlandite and the contribution of pyrrhotite to the overall nickel budget due to low 

abundances of Ni-sulfides, bulk rock cobalt positively correlates with the amount of 

pentlandite in each sample and is a better indication of pentlandite concentration than 

bulk nickel. Due to contamination and possible problems with flotation and benefaction, 

nickel is not considered to be an economic resource in the McConnell.  

     (iii) Chalcopyrite is primarily dispersed through massive Fe-rich sulfides as small 

blebs and flames, but also occurs in larger quantities in silicate-rich intervals and one 

chalcopyrite-rich sheet. The small blebs intermittent through massive pyrrhotite is most 

likely attributed to the Cu-rich portions of MSS sequestering to form chalcopyrite, while 

the large sheet and Cu-rich disseminated and intermediate-massive intervals were most 
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likely the product of settling ISS. Chalcopyrite contains very low concentrations of 

deleterious metals, is not effected by hydrothermal alteration, and may be viably 

extracted without many problems.  

     (iv) Magnetite within McConnell ores can reach up to 20 vol%, indicating that the 

McConnell melt was sufficiently saturated in oxygen. Magnetite formed very early from 

cooling MSS, possibly crystallizing directly from the sulfide liquid before MSS began 

crystallizing, and can contain early cores and later-forming rims which reflect the 

evolution of the MSS.  
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