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Abstract 

The increasing difficulty of finding near-surface mineral deposits in glaciated terrain requires 

modification of conventional exploration techniques (drift prospecting) that can assist in exploring 

for deposits buried under glacial sediment cover of variable thickness. To address this challenge, a 

humus and soil (developed in till; “C-horizon till”) sampling study was conducted in the Drury and 

Denison townships in the South Range of the Sudbury Igneous Complex (SIC) to develop surficial 

mineral exploration techniques that are suitable for low sulfide, high precious metal (LSHPM) and 

massive sulfide Ni-Cu-PGE mineralization. The objectives of this project were to assess the 

suitability of humus and till for delineating geochemical anomalies in an established mining camp 

(the Sudbury Mining Camp) and characterize the chemistry of chalcopyrite, pentlandite and 

sperrylite grains in till derived from LSHPM (the Vermilion Cu-Ni-PGE-Au deposit) and Ni-Cu-

PGE (the Crean Hill deposit) mineralization.  

Results of this study suggest that the natural geochemical signature of humus in the 

Sudbury Mining Camp is strongly overprinted by anthropogenic contamination such that the 

geogenic signal is only apparent in humus samples collected in the vicinity of known Ni-Cu-PGE 

mineralization. Glacial dispersal from Ni-Cu-PGE mineralization is apparent in C-horizon till and 

compared to the background (up-ice) concentrations, the C-horizon till samples collected 

immediately down-ice of the Vermilion deposit are enriched over 20 times in Pt, Au, and Cu, and 

over 30 times in Ni. Pathfinder elements that show a strong, positive correlation with Ni, Cu, Au, 

and PGEs (Pt, Pd, Ru, Rh, and Ir), that are also derived from LSHPM and Ni-Cu-PGE 

mineralization are As, Bi, Co, Cr, Pb, Sb, and Te. Ore minerals that survive glacial transport and 

post-glacial weathering and are the best indicators of Ni-Cu-PGE-Au mineralization are 

chalcopyrite, sperrylite, and gold grains. Glacial modification of ore minerals is limited to physical 

comminution and does not affect their chemical composition. Precious metals are detected in ore 
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minerals derived from LSHPM mineralization. These consist of Ag, Au, Ir, and Pt in chalcopyrite, 

Ag, Au, Pt, Pd, Rh, and Ru in pentlandite and Ag, Au, Ir, Pd, Rh, and Ru in sperrylite.   
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Chapter 1 

General introduction 

1.1 Introduction 

As discovery of mineral deposits exposed at surface becomes increasingly rare, the mineral 

exploration community faces the challenge of developing methods that can assist in detecting 

deeply buried mineralization. In Canada and other glaciated terrain, this cover is dominated by 

Quaternary sediment (of variable thickness) deposited during the advance and retreat of glaciers. 

To effectively explore for mineral deposits in glaciated terrain, an understanding of geochemical, 

mineralogical, and lithological transport through glacial cover can be beneficial in targeting 

deposits that may be hidden under shallow to deep, glacial sediment cover. Conventionally, drift 

prospecting has been used in glaciated terrain to explore for outcropping mineral deposits where 

the geochemical analyses of the fine fraction (silt + clay; < 63 µm) in conjunction with processing 

of heavy mineral concentrates and lithological determination of the pebble fraction have led to 

favorable results for commodities such as gold and diamond-bearing kimberlite (Averill, 2013; Pell 

et al., 2013; Thorleifson, 2013). 

1.2 Background 

Application of drift prospecting techniques to mineralization in glaciated terrain and the 

recognition of sediment provenance has been ongoing since the 1950s (Shilts, 1984a, b) and these 

methods have been enhanced and modified since (McClenaghan et al., 2020; McClenaghan et al., 

2000; Plouffe et al., 2013; Spirito et al., 2017). Physical partitioning of metals in the clay, silt, and 

sand fractions and its implications on ore and associated element content has been noted since the 

1970s (Shilts, 1971). Fine fraction, i.e., silt and clay fraction (< 63 µm) till geochemistry has been 

widely applied to mineral exploration in Scandinavia and Canada (McClenaghan et al., 2020; 
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Peuraniemi et al., 1997; Shilts, 1971; Shilts, 1977, 1984a, b). Conventionally, geochemical analysis 

of the < 63 µm fraction has been preferred because it is rapid, cost-effective and requires a relatively 

small sample size (compared to analysis of the clay fraction), and sulfide and precious minerals 

(especially gold grains) are prevalent in the < 63 µm fraction owing to comminution. Although 

more costly and time consuming to recover, the clay-sized fraction (< 2 µm) is also routinely used 

for geochemical analysis (McClenaghan et al., 2020). The main advantage of using the < 2 µm 

fraction is that removal of silt-sized material (that can dilute the anomaly signal) produces a 

stronger anomaly to background contrast. Advancements in the development of partial and 

complete digestions have enabled better geochemical targeting by enhancing anomalous samples 

from background as well as distinguish natural from anthropogenic signals (GeoLabs, 2020). 

Further, advancements in analytical instrumentation such as inductively coupled plasma-mass 

spectrometry (ICP-MS) have allowed for low ppt level detection, and reduction in the formation of 

oxides within the plasma that can also enhance the signal to noise ratio (Leybourne, 2007).  

Furthermore, indicator mineral (IM) methods have been utilized since the 1970s (Averill, 2001; 

Barnett and Averill, 2010; McClenaghan, 2005, 2011; McClenaghan et al., 2009; McClenaghan 

and Peter, 2015; McClenaghan et al., 2020; McClenaghan et al., 2000; McMartin and 

McClenaghan, 2001; Shilts, 1971; Shilts, 1977, 1984a; Thorleifson, 2013; Hashmi et al., 2015). 

Indicator minerals are minerals that are indicative of mineral deposits and associated alteration, 

whose size, morphology, and chemistry can help identify mineralization type and distance from 

source (McClenaghan et al., 2020; Plouffe et al., 2013). Indicator minerals are generally physically 

distinct, high density, and relatively stable in the surficial environment (Averill, 2001, 2011; 

McClenaghan et al., 2016; Plouffe et al., 2013). Notable commodities for which indicator minerals 

separation has been utilized include diamonds (Kjarsgaard et al., 2004; McClenaghan and 

Kjarsgaard, 2001), Pb-Zn (McClenaghan and Peter, 2015), Au (Averill, 2013), Cu-porphyry 

(Hashmi et al., 2015; Plouffe et al., 2016), Ni-Cu-PGE (Averill, 2011; Hashmi, 2018; McClenaghan 
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et al., 2019a), Pb-Zn (McClenaghan et al., 2015; Oviatt et al., 2015), and REEs (McClenaghan et 

al., 2019b; McConnell and Batterson, 1987).  

Previously, some of the main challenges in IM separation had been the processing of a large 

volume of samples quickly and efficiently and optimized for mineral recovery with little to no 

contamination, which commercial and university research facilities have been successful in doing 

(Averill, 2011; Gent et al., 2011; Layton-Mathews et al., 2014). The challenge now lies in 

delineating the style of mineralization of a buried deposit using ore and IM chemical composition. 

With the advancement of technologies such as scanning electron microscope (SEM), electron 

microprobe (EMP) analyzer and laser ablation inductively coupled plasma-mass spectrometry (LA 

ICP-MS), researchers working with IM have begun compiling a chemical database for minerals 

such as apatite and magnetite (Butroy et al., 2014; Grzela et al., 2019; Normandeau et al., 2014) 

and sulfide ore minerals (Duran et al., 2019) and applying it to target large prospective regions of 

Canada, where most of the bedrock is concealed by a variable thickness of till cover. The mineral 

chemistry database for IM have been compiled for various commodities, including apatite for iron 

oxide copper gold (IOCG) (Normandeau et al., 2014), magnetite for Ni-Cu-PGE (Butroy et al., 

2014), and scheelite, tourmaline, and magnetite for orogenic Au deposits (Grzela et al., 2019).  

1.3 Study area 

The demand for Ni, Cu, and Pt has surged in the last few years due to an increased demand by 

automotive, power, and construction sectors (Barrera, 2020; Mining.com, 2021a, b) and magmatic 

ore deposits are an important source of Ni, Cu, and PGEs (Pt, Pd, Ru, Rh, Ir, and Os; USGS, 2014). 

The Sudbury Igneous Complex (SIC) is one of the world’s largest Ni-Cu-PGE mining camps, host 

to 77 past and currently producing mines (Ames and Farrow, 2007).    

To test the effectiveness of till geochemistry and indicator mineral methods in targeting low 

sulfide high precious metal (LSHPM) and massive-sulfide Ni-Cu-PGE mineralization in glaciated 

terrain, a till sampling survey was undertaken in the South Range of the SIC in Drury and Denison 
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townships. This region is dominated by Paleoproterozoic metasedimentary and metavolcanic rocks 

in the south, mafic intrusive rocks in the central (Card, 1965, 1968), and felsic to intermediate 

intrusive rocks in the east-central portions (Ames et al., 2005). The north-central and northeastern 

portions are underlain by intermediate to mafic intrusive rocks of the SIC (Krogh et al., 1984). 

“Contact”, “footwall”, and “offset” style mineralization are all present in the study area (Lightfoot, 

2016; White, 2012). Of the three mineralization styles, detailed surficial sampling is concentrated 

in the vicinity of Crean Hill footwall/contact deposit and Vermilion offset deposits as part of this 

research project. This region was subjected to multiple glaciations throughout the Quaternary and 

sediments associated with glacial advance and retreat, including basal till, glaciolacustrine sand, 

silt, and clay and glaciofluvial sand and gravel, were mapped in the region.  

Furthermore, active mining since the late 1800s and smelting operations to the northeast (up-

wind of the study area) have resulted in widespread contamination of the upper soil horizons (O- 

(Bajc and Hall, 2000), Ae- and upper B-horizons (Wren et al., 2012) resulting in humus and upper 

B-horizon soil enriched in elements associated with Ni-Cu-PGE mineralization. The presence of 

high-grade Ni-Cu-PGE and Au mineralization, glacial deposits of variable thickness, active mining 

since late 1800s, and the resulting extensive anthropogenic contamination make the study area an 

ideal site to develop methods for surficial geochemical and mineralogical exploration for Ni-Cu-

PGE mineralization in both undisturbed glaciated parts of the world and established mining camps 

such as the SIC. 

1.4 Objectives 

The goal of this research is to determine how surficial geochemistry and IM methods can be 

optimally utilized to effectively explore for LSHPM and massive-sulfide Ni-Cu-PGE deposits in 

glaciated terrain. The main objectives of this thesis are to: 
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1) Characterize the till geochemistry and indicator mineral signature of LSHPM and massive-

sulfide Ni-Cu-PGE mineralization in the South Range of the SIC that can be applied to 

exploring for covered Ni-Cu-PGE mineralization in other glaciated parts of the world;  

2) Apply current techniques in mineral chemistry such as SEM, EMPA, and LA-ICP-MS to 

compare the trace element composition of ore minerals (chalcopyrite and pentlandite) 

recovered from till against grains in ore, asses their ability to survive glacial erosion, 

transport, and post-glacial weathering, and their potential as indicators to PGE 

mineralization; and 

3) Integrate the results of till geochemistry and detailed mineralogy to help establish current 

optimal analytical and field exploration methods that can be used to explore for low- and 

massive-sulfide Ni-Cu-PGE deposits that may be in undisturbed, drift covered glaciated 

terrain or a mature mining camp such as the SIC. 

1.5 Sampling rationale 

The sampling strategy for humus and till were modified to account for the paucity of 

suitable surficial media. Pre-field season, sampling sites were selected such that till sampling sites 

were situated along transects perpendicular to the dominant ice-flow movement in the region. 

Humus sampling sites were selected in areas at least 100 ft. from major transportation corridors 

(roads and highways) and within the vicinity of known Ni-Cu-PGE mineralization. However, once 

field work commenced, most of the humus and till sampling sites had to be discarded because: 1) 

humus was poorly developed (< 5 cm thickness) at most pre-selected sampling sites; 2) there was 

little to no C-horizon till available at most sampling sites, and in some areas (predominantly in the 

southern part of the study area), till was overlain by > 1 m of glaciolacustrine sediments; and 3) 

active mining operations limited access to sampling sites in the vicinity of mineralization. 

Therefore, humus sampling was limited to vegetation near roads, on all-terrain-vehicle (ATV) 
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trails, and utility line access trails and till sampling was limited to road cuts, utility line cuts and 

select sites with exposed mineralization near active mining operations. 

1.6 Statement of original contribution  

The original contribution in chapters 2, 3 and 4 are as follows: 

1) Chapter 2 presents a comprehensive study of the geochemical signature of humus and B- 

and C-horizon till near Ni-Cu-PGE mineralization. This study is the first to thoroughly 

describe the geochemical profiles constructed in humus and till to distinguish 

anthropogenic from geogenic geochemical signature in the South Range of the Sudbury 

Basin.  

2) Chapter 3 presents the geochemical and indicator mineral signature of till sediments 

derived from Ni-Cu-PGE and LSHPM mineralization in the South Range of the SIC. The 

research presented in this paper is the first to recognize that the physical characteristics 

(shape, size and texture) of the platinum group minerals recovered from till 

predominantly reflects their characteristics in LSHPM mineralization. This paper is also 

the first to demonstrate that elemental background in till vary between the North and 

South ranges of the SIC and are a direct result of down-ice glacial transport of Ni-Cu-

PGE rich till.  

3)  Chapter 4 presents the mineral chemistry of ore minerals present in Ni-Cu-PGE and 

LSHPM mineralization in the South Range of the SIC. The work presented in this chapter 

is the first to use laser ablation ICP-MS to recognize that ore minerals such as 

chalcopyrite, pentlandite and sperrylite recovered in till remain chemically unaltered 

compared to minerals in bedrock.  

The research presented in this thesis document provides a practical approach to incorporating 

surficial media in grass roots exploration survey targeting both LSHPM and Ni-Cu-PGE 

mineralization in glaciated terrain with little to no bedrock exposure. The main contributions of this 
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thesis are the non-intrusive and cost-effective methods for sampling and surveying that have been 

successfully used in targeting Ni-Cu-PGE mineralization in the study area. The research presented 

in this thesis can be utilized by the mineral exploration industry to target critical commodities such 

as PGEs and delineate regions of interest in glaciated terrain that may host potential Ni-Cu-PGE 

and LSHPM mineralization without the presence of exposed bedrock. 
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Chapter 2 

Suitability of surficial media for Ni-Cu-PGE exploration in an 

established mining camp: a case study from the South Range of the 

Sudbury Igneous Complex, Canada 

Sarah Hashmi, Matthew I. Leybourne, Stewart Hamilton, Daniel Layton-Matthews, and M. Beth 

McClenaghan 

 

2.1 Abstract 

A geochemical study over the southwestern part of the South Range of the Sudbury Igneous 

Complex (SIC) was completed to assess the suitability of surficial media (humus, B-horizon soil 

and C-horizon soil) for delineating geochemical anomalies associated with Ni-Cu-PGE 

mineralization. Another objective was to test whether Na pyrophosphate can eliminate the effects 

of anthropogenic contamination in humus. Results of this study suggest that the natural 

geochemical signature of humus is strongly overprinted by anthropogenic contamination. Despite 

no indication of underlying or nearby mineralization, metal concentrations in humus samples by 

aqua regia collected downwind from smelting operations are higher compared to background, 

including up to 13 times higher for Pt, 12 times higher for Cu and 9 times higher for Ni. The high 

anthropogenic background masks the geogenic signal such that it is only apparent in humus samples 

collected in the vicinity of known Ni-Cu-PGE deposits. Results of this study also demonstrate that 

anthropogenically-derived atmospheric fallout also influences the upper B-horizon soil; however, 

lower B-horizon soil (at > 20 cm depth) and C-horizon soil (both developed in till) are not affected. 

Glacial dispersal from Ni-Cu-PGE mineralization is apparent in C-horizon till samples analyzed in 

this study. Compared to the background concentrations, the unaffected C-horizon till samples 

collected immediately down-ice of the low-sulfide, high precious metal (LSHPM) Vermilion Cu-
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Ni-PGE deposit are enriched over 20 times in Pt (203 ppb), Au (81 ppm) and Cu (963 ppm), and 

over 30 times in Ni (1283 ppm).  

 

2.2 Introduction 

Soil is the chemically differentiated upper layer of overburden (also known as regolith); the most 

common soil type in glaciated terrain is podzol (Kauranne, 1992; Soil Classification Working 

Group, 1998). Podzolic soils make up 14.3 % of the surface of the Canadian landmass (Sanborn et 

al., 2011), can form on glacial diamicton (till), and exhibit distinct zones comprising the O-, B- and 

C-horizons. Sampling of various soil horizons (surficial media) has been used successfully in 

delineating geochemical anomalies associated with buried or outcropping mineralization in 

glaciated terrain (Dunn et al., 1989; Coker et al. 1991; Dunn, 1993; McClenaghan et al., 2000; 

McClenaghan and Kjarsgaard, 2001; McMartin and McClenaghan, 2001; Hall et al., 2003; Dunn, 

2007; Thorleifson, 2013; Hashmi et al., 2015).  

Lichen, grass, leaves and other living organisms accumulate on the surface of glacial sediments, 

and over time, the oxidation, disintegration, and decay of these organic compounds forms humus 

(i.e., humification) (Kauranne, 1992). Humus has been known to reflect the presence of heavy metal 

anomalies associated with mineralization in the surrounding bedrock as well as in the overburden 

(Dunn et al., 1989; Hoffman and Woods, 1991; Rogers and Dunn, 1993; Hattori et al., 2009; van 

Geffen et al., 2012; Schmidt et al., 2017). Trees and plants can take up and translocate trace 

elements from deeper soil or underlying bedrock via roots (Rogers and Dunn, 1993). Metals taken 

up by the tree roots, therefore, may be present in the overlying humus and can provide an indication 

of the geochemical signature of the underlying soil and bedrock. Humus has been used successfully 

in delineating dispersion from occurrences of commodities including Au, Pb-Zn, Ni-Cu-PGE, W 

and U (Table 2-1). Humus has also been successfully used to locate deeply buried mineralization 
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(> 100 m) as in the case of the Restigouche volcanogenic massive sulfide (VMS) Zn-Pb-Cu deposit 

in north-central New Brunswick (Hall et al., 2003).  

Humus is underlain by an Ae-horizon that consists of weathered minerals that are leached of 

elements (e.g., Al, Fe and Mn), followed by a B-horizon that is enriched in precipitated Fe, and Al 

and Mn-oxides (Kauranne, 1992). The B-horizon can be divided into an uppermost Bt-argillic 

horizon that consists of clay minerals such as kaolinite that bind the downward transported and 

leached Fe from the Ae-horizon, a middle Bh-humic horizon and the lowermost Bs- sesquic horizon 

(Kauranne, 1992). Conventionally, B-horizon soil (developed on till and from here referred to as 

B-horizon till) sampling has been used in mineral exploration surveys (Fuchs and Rose 1974; Rose 

et al. 1979) and has been successful in delineating dispersion from commodities such as Au, Ni-

Cu, and platinum group elements (PGEs) (Coker et al. 1991; Hall et al. 2003; Cameron and Hattori 

2005). The B-horizon is underlain by the C-horizon, which is the parent material (Kauranne, 1992). 

Sampling of C-horizon soil (developed on till and from here referred to as C-horizon till) is the 

recommended practice for soil sampling geared towards heavy mineral collection and drift 

prospecting in glaciated terrain (Spirito et al. 2011; McClenaghan et al. 2020). Till is the first 

derivative of bedrock and reflects the geochemical, mineralogical, and lithological signature of 

bedrock up-ice from deposition. Commodities of which C-horizon till sampling has delineated 

dispersion from mineralization include Au, Pb-Zn, Cu, diamonds, and U (McClenaghan and 

Kjarsgaard, 2001; McMartin and McClenaghan, 2001; Hashmi et al., 2015; McClenaghan and 

Peter, 2016; Plouffe et al., 2016; McClenaghan et al., 2018; McClenaghan et al., 2019). 

The efficacy of humus for geochemical sampling has also been tested near past and/or active 

mining operations; however, most attempts have been unsuccessful in distinguishing the geogenic 

geochemical signature from anthropogenic overprints (Henderson et al., 1998; McMartin et al., 

1999; Schmidt et al., 2017). Assessment of the effects of smelting in the Flin Flon-Snow Lake area 

by Henderson and McMartin (1995), Henderson et al. (1998), and McMartin et al. (1999) 
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demonstrated that humus geochemistry is influenced by both natural and anthropogenic processes. 

Similarly, van Geffen et al. (2012) concluded that humus was not a suitable sample medium to 

delineate the natural geochemical signature of the Talbot VMS Cu-Zn prospect due to the 

atmospheric fallout from the Flin Flon smelter, 160 km to the northwest. Furthermore, unlike the 

study by Fortescue et al. (1988) near the Lac des Iles PGE deposit, where the authors concluded 

that humus was suitable for sampling (Table 2-1), a later study by Barnett (2007) concluded that 

humus was contaminated by anthropogenic (mining) activity and therefore was not suitable for 

sampling.  

For this study, the South Range of the Sudbury Igneous Complex (SIC) was chosen to test the 

efficacy of humus geochemistry for detecting mineralization in an established mining camp (Fig. 

2-1). Nickel-Cu-PGE mineralization was first discovered in the SIC in the 1880’s (Ames and 

Farrow, 2007), and mining and smelting commenced in the region in 1885, initially in open air 

roasting pits (1885-1928), and later in smelters (Freedman and Hutchinson, 1980). Three smelters 

(now decommissioned) were active in the region; the Copper Cliff smelter, 5 km southwest of 

Sudbury, the Coniston Smelter approximately 15 km east of Sudbury, and the Falconbridge smelter, 

approximately 20 km northeast of Sudbury. Nickel and Cu emissions in the 1970s from smelting 

operations were estimated to have released 1100 tonnes of Ni and Cu particulates into the 

atmosphere every year (Dudka et al., 1996; Dudka and Adrian,o 1997). The effects of smelting on 

vegetation have been studied extensively in the SIC (Appendix A) (Hutchinson and Whitby, 1974, 

1977; Freedman and Hutchinson, 1980; Adamo et al., 1996; Dudka et al., 1996; Dudka and 

Adriano, 1997; Hutchinson and Gunderman, 1998; Sucharová and Suchara, 2004; Tropea et al., 

2010; Babin-Fenske and Anand, 2011; Lanteigne et al., 2014; Schmidt et al., 2017). Mining and 

smelting of Ni-Cu ores in the SIC has resulted in the contamination of local soils with Cd, Co, Cu, 

Cr, Fe, Mn, Ni, S, Pb, and Zn (Hutchinson and Whitby, 1977; Dudka et al., 1996). Accumulation 

of anthropogenic Cu and Ni in peat and water has also been reported, showing that the effects of 
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smelting on vegetation are severe within 2 km of the smelter but minimal (but detectable) at 30 km 

(Gignac and Beckett, 1986). Similarly, Hutchinson and Whitby (1974, 1977) and Freedman and 

Hutchinson (1980) noted a decrease in the Ag, Cd, Co, Cu, Fe, K, Mn and Ni content in soils (upper 

0-10 cm) with increasing distance from the smelters. However, these latter authors also suggested 

that elevated levels of key elements associated with Ni-Cu-PGE mineralization in the SIC may be 

due to both the natural geochemical signatures and smelter particulate fallout. 

Most of the studies on soil and humus geochemistry in the SIC have been completed with the 

aim of assessing the impact of anthropogenic contamination on the ecosystem. Only rare studies 

have assessed the suitability of soil as sample medium for mineral exploration in the SIC (Table 2-

1). However, none of these studies have characterized in detail the geochemical profile of the O, B 

and C-horizons derived from barren and mineralization-derived till. One potential way to quantify 

the anthropogenic overprint on the geochemical signature in vegetation is to use partial extractions 

(Hall et al., 1996; Hall and Pelchat, 1997; Bajc and Hall, 2000a; Hall et al., 2003). Partial 

extractions are based on the premise that elements held in secondary phases such as chelates, and 

humic and fulvic acids in organic matter (Kauranne, 1992), clay minerals and Fe-Mn oxyhydroxide 

minerals are labile (Hattori et al., 2009). Partial extractions can attack different organic and mineral 

phases in the humus and this preferential dissolution allows for the release of labile elements that 

are bound to the phase being targeted by the leach; leaving other phases largely unaffected (Hall et 

al. 1996, 2003). The efficiency of a Na pyrophosphate solution in extracting metals bound to humic 

and fulvic complexes in soil has been extensively studied since the late 1940s (Bremner and Lees, 

1949; Schnitzer and Desjardins, 1966; Papp et al., 1991; Michaelson and Ping, 1997) and has been 

shown to effectively extract organic-bound Fe, Al, Zn, Mn and to a lesser extent Cu (Hall and 

Pelchat, 1997). 

This study has three objectives: a) characterize the geochemical signature of surficial media (i.e., 

the soil horizons: humus, and B-horizon and C-horizon till) in the study area; b) determine whether 
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the use of Na pyrophosphate can minimize the anthropogenic signal in humus; and c) compare the 

geochemical signature of humus, and B- horizon and C-horizon tills to determine whether both can 

detect and delineate geochemical anomalies associated with mineralization. The findings of this 

research could then be applied to mineral exploration in other parts of the SIC and in mining 

impacted regions in glaciated terrain. 

2.3 Location and physiography 

The study area is approximately 30 km southwest of the city of Sudbury and comprises Drury 

and Denison townships (Fig. 2-1). The area has low relief, and the topography is influenced by the 

bedrock geology. Generally, highly resistant intrusive rocks of the SIC form steeply sloping 

uplands in the north, northeast and northwest and less resistant metasedimentary and metavolcanic 

rocks of the Huronian Supergroup make up flat to undulating topography in the southeastern, 

southwestern, and south-central parts of the study area. Vegetation consists of coniferous (white 

pine and jack pine) and deciduous (red maple and red oak) trees (Hutchinson and Whitby, 1977). 

The prevailing wind direction is to the southwest (Environment and Climate Change Canada 2021) 

and the nearest Ni-Cu smelter is at Copper Cliff (Inco superstack), approximately 20 km to the 

northeast; thus, the study area is directly downwind of the Inco superstack. 

 

2.4 Geology 

2.4.1 Bedrock geology 

The bedrock geology and mineralization described here are summarized from the compilation 

by Ames et al. (2005) and more recent detailed mapping (Fig. 2-2) (Gordon et al., 2015; Simard et 

al., 2016; Généreux et al., 2017; Gordon and Généreux, 2017; Gordon, 2018; Gordon et al., 2018a, 

b). The east-northeast oriented Sudbury structure (Lightfoot, 2016) lies at the boundary between 

the Archean granitic and gneissic rocks of the Superior Province in the north and pre-SIC 
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Paleoproterozoic metasedimentary and metavolcanic rocks of the Southern Province in the south 

(Fig. 2-1). The Sudbury Structure comprises: 1) the main mass consisting of a lower sublayer 

(norite and gabbro) and an upper granophyre; 2) radial and concentric quartz-diorite offset dikes; 

3) brecciated and shock metamorphosed footwall rocks, known as the Sudbury Breccia; and 4) 

crater-fill breccias overlain by sedimentary rocks of the Whitewater Group.  

The oldest rocks in the study area are granodiorite and granite in the northwest corner of the 

study area. These Neoarchean granodiorites and granites were intruded by the Paleoproterozoic 

Matachewan diabase dike swarm in the northwest part of Drury Township. Gabbro, gabbronorite 

and anorthosite are present in east-central Drury Township and interpreted to belong to the East 

Bull Lake Intrusive Suite. The southern half of the study area is dominated by metasedimentary 

rocks of the Hough Lake Group and metasedimentary and metavolcanic rocks of the Elliot Lake 

Group, all part of the Paleoproterozoic Huronian Supergroup. The metasedimentary and 

metavolcanic rocks of the Huronian Supergroup were intruded by mafic rocks of the Nipissing 

Intrusive Suite. Quartz monzonite and granite of the Paleoproterozoic Creighton Pluton are present 

in the northeastern corner of Denison Township. Granophyre, quartz gabbro, norite, quartz diorite 

and breccia units of the SIC occur in the north-central and northeastern part of the study area. All 

rocks in the study area that are older than the SIC also contain variable amounts of Sudbury Breccia, 

which formed during the meteorite impact event that created the SIC (Rousell et al., 2003). East-

trending Mesoproterozoic to Paleoproterozoic, quartz diabase “trap dikes” and Mesoproterozoic 

olivine diabase dikes of the Sudbury Dike Swarm are the youngest rocks in the study area (Krogh 

et al. 1984; Bleeker et al. 2015). 

2.4.2 Mineralization 

The three main styles of Ni-Cu-PGE mineralization in the study area associated with the SIC are 

“contact-”, “footwall-”, and “offset-” style (Ames and Farrow, 2007). The Crean Hill deposit in 

Denison Township contains both footwall- and contact-style mineralization (White, 2012). Massive 
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sulfide, footwall- and contact-type mineralization is Ni-rich (pentlandite and Ni-pyrrhotite 

dominant), whereas low-sulfide high precious metal (LSHPM), footwall-type mineralization is Cu-

rich (chalcopyrite dominant) (Ames et al., 2005; Ames and Farrow, 2007). At Crean Hill, massive 

sulfide ore contains approximately 5 wt. % Ni, 5 wt. % Cu and 5-10 g/t Pd + Pt, whereas LSHPM 

footwall ores average 30 wt. % Cu, 5 wt. % Ni and 30 g/t Pd + Pt (White, 2012).  

Offset-style mineralization is present in west-central Denison Township and southeastern corner 

of Drury Township. It includes the 8.5 km long, southwest-trending Worthington Offset Dike (Fig. 

2-2) (Farrow and Lightfoot, 2002; Ames and Farrow, 2007) as well as quartz diorite mapped 

northeast of the Worthington Offset. The Worthington Offset hosts the Totten Mine, where the 

PGEs occur in a sulfide mineral-rich environment (Fig. 2-2; Farrow and Lightfoot, 2002). In 2002, 

the Totten Mine had reserves of 8.4 Mt at 1.42 % Ni, 1.90 % Cu and 4.7 g/t (Pt + Pd + Au) (Farrow 

and Lightfoot 2002). The Vermilion deposit, that contains LSHPM Cu-Ni-PGE-Au mineralization, 

is also associated with offset-style mineralization. (White, 2012). Deformed, granophyric biotite-

quartz diorite and foliated Sudbury breccia are the host rocks to mineralization (Szentpeteri et al. 

2003). Approximately 4000 tonnes of ore grading 11.2 % Cu, 11.6 % Ni, 54 g/t Pd, 21 g/t Pt, 5.8 

g/t Au and 7.4 g/t Ag were mined from the deposit in 1910 (Farrow and Lightfoot, 2002). Nickel-

Cu-PGE-Au mineralization is also hosted in metagabbro of the Nipissing Intrusive Suite (Gordon, 

2018). Mineralization consists of disseminated pyrrhotite and chalcopyrite and up to 940 ppm Cu, 

470 ppm Ni, 21 ppb Au, 26 ppb Pd and 22.4 ppb Pt have been reported from rock samples collected 

in the Drury Township (Gordon et al., 2018a). 

 

2.4.3 Surficial geology 

The local surficial geology is summarized from Hashmi (2016). Surficial deposits in the Sudbury 

region are the product of the advance and retreat of the Laurentide Ice Sheet during the Late 

Wisconsinan glaciation (23 000-10 500 years BP) (Barnett, 1992). Till is the oldest surficial 
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sediment, deposited either as a thick continuous blanket (> 1 m) or as a discontinuous veneer (< 1 

m) on steeply sloping bedrock. The local basal till is a massive, moderately consolidated, dark grey 

to brown, grey diamicton, with a silty sand matrix. Basal till has a variable clast content (15 to 45 

%), and the local bedrock units are the source for a high proportion of the clasts (Hashmi, 2018a). 

The till is locally overlain by glaciolacustrine deposits (associated with deglaciation) that consist 

of massive to laminated, sand, silt and clay ranging from a few centimetres to several metres in 

thickness. The glaciolacustrine sediments are the most extensive surficial unit that overlies both till 

and bedrock. Also associated with deglaciation are glaciofluvial sand and gravel deposits in the 

north-central, northwest, and southwestern parts of the study area. Other minor surficial sediments 

in the study area include aeolian sand associated with paraglacial activity, fluvial sand and silt along 

major streams in the southeastern part of the study area, and organic material in low-lying poorly 

drained areas. Ice-flow indicators such as striations, grooves and rat tails measured on flat, bedrock 

surfaces indicate that the dominant glacial movement was southwestward across the study area. 

This southwestward ice flow influenced the glacial dispersal in the study area and is associated 

with glacial advance and retreat, whereby the Laurentide Ice Sheet was topographically controlled 

and flowed sub-parallel to the axis of the Sudbury structure. 

 

2.5 Methods 

2.5.1 Field work 

During the 2015 field season, 113 humus, 96 B-horizon and 118 C-horizon till samples were 

collected for geochemical analyses. Soil samples were collected from a depth ranging from a few 

centimetres for humus, 10s of centimetres for B-horizon till and as deep as possible for relatively 

unweathered C-horizon till (> 50 cm to up to 2 m). At each sampling site, where possible, 500 ml 

of humus, and 2-3 kg each of B- and C-horizon till were collected. The inability to collect all three 

soil horizon types at each site was due either to a lack of humus development, or a lack of till at the 
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site. In addition to the regional sample grid of approximately 1 sample per 2 km2, higher density 

soil sampling was completed over and down-ice of known Ni-Cu-PGE mineralization, to 

characterize potential clastic dispersal as well as geochemical dispersion from it. Humus sample 

depth was highly dependent on its maturity and thickness. Humus samples were preferably 

collected near outcrop was to ensure that its geochemistry either reflected the till or bedrock 

composition but not glaciolacustrine sediments. After collection, each humus sample was sieved 

onsite through a 5 mm mesh stainless steel sieve to remove coarse roots, wood fragments and 

mineral matter, and the presence of charcoal within or overlying the humus was noted where present 

at each site. The B-horizon and C-horizon tills were collected using the sampling procedures 

outlined by Spirito et al. (2011) and McClenaghan et al. (2020). Because glaciolacustrine sediment 

overlies till locally, care was also taken to ensure that, in the case of B-horizon samples, only B-

horizon soil developed on till was collected. 

 

2.5.2 Analyses 

The humus samples were dried in a Hotpack® oven at 35° C for 24 hours and subsequently sieved 

through a 177 µm stainless steel screen using a RO-TAP® sieve shaker for 7 minutes. The sieves 

were cleaned in three stages after every sample. The dust and other particles were brushed out of 

the inverted sieve, back flushed with compressed air away from personnel and in the “blow out” 

dust hood area to avoid dispersing dust towards personnel or samples, and then wiped out using a 

methanol swab (J. Pallot, personal communication, 2021).  Chemical analyses of the < 177 µm 

fraction consisted of: 

1) Loss on ignition (LOI) to estimate the proportion of organic and mineral matter in the 

sample. A 2 g aliquot was heated progressively to 105, 500, and 1000° C. Heating the sample in N2 

to 105° C removes water (Geoscience Laboratories, 2020). Subsequent heating in O2 to 500° C 
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removes C from organic matter. Lastly, heating the sample to 1000 °C in O2 removes all volatiles 

as well as structural H2O.  

2) A modified aqua regia digestion (3:4 nitric acid to hydrochloric acid) on a 2 g aliquot 

followed by analysis by inductively coupled plasma mass spectrometry (ICP-MS) and inductively 

couple plasma atomic emission spectrometry (ICP-AES) to determine minor and trace element 

content. This partial digestion can liberate metals present in organic matter, sulfide minerals, 

carbonate minerals and oxide minerals; however, it cannot dissolve silicate minerals (Geoscience 

Laboratories 2020).  

3) A Na pyrophosphate digestion with ICP-MS analysis to determine minor and trace 

elements. Here, a 1 g sample is mixed with 25 mL of Na pyrophosphate and mixed for an hour at 

room temperature. The solution is subsequently isolated, followed by analysis by ICP-MS. 

The silt and clay sized (< 63 µm) fraction of the 2-3 kg B- and C-horizon till samples were 

isolated by dry sieving at the Geoscience Laboratories (GeoLabs) of the Ontario Geological Survey 

(OGS). This fraction is used because it can be separated readily for geochemical analysis and can 

contain higher gold concentrations compared to the finer clay sized fraction (McClenaghan et al., 

2020).  The samples were initially dried in an oven at 55 °C and then gently crushed (still within 

the sample bag) using a wooden mallet. The samples were double bagged where pebbles were 

visible in the sample to ensure that in the case of tears in the bag, the wood mallet would not get in 

contact with the sample material (J. Pallot, personal communication, 2021).  

A 100 g aliquot was removed for particle size analysis (PSA) to determine the percentage of clay, 

silt, and sand. The B- and C-horizon till samples were submitted for the following chemical 

analyses: 

1) Loss on ignition was measured on a 2 g aliquot to determine the proportion of organic 

carbon in samples.  
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2) Nickel sulfide fire assay (NiS FA) on a 15 g aliquot with ICP-MS analysis was used to 

determine Au and PGEs (Pt, Pd, Rh, Ru and Ir). This method is the optimal approach for the 

recovery of low levels of Au and PGEs; Geoscience Laboratories, 2020). 

3) A modified aqua regia digestion on a 2 g aliquot followed by ICP-MS and ICP-AES 

analyses to determine minor and trace element content.  

The LOI, aqua regia ICP-MS and ICP-AES, PSA, NiS FA ICP-MS analyses were completed at 

Geoscience Laboratories (GeoLabs) in Sudbury, Ontario and Na pyrophosphate ICP-MS was 

completed at ALS Geochemistry in North Vancouver, British Columbia. 

 

2.5.3 Quality assurance and quality control 

Quality assurance procedures for till sampling followed in the field are outlined in Spirito et al. 

(2011) and McClenaghan et al. (2020) and include cleaning of sampling equipment before and after 

the collection of each sample to minimize cross-contamination and using clearly labelled sample 

bags to document the sample site. Field duplicates were also collected for each sample medium (6 

field duplicates for humus and B-horizon till and 10 field duplicates for C-horizon till) to test site 

variability. Quality control measures consisted of calculation of analytical precision using 

laboratory duplicates. The accuracy of B- and C-horizon till samples was monitored using certified 

reference material TILL-1 (CANMET 1995) and in-house standards at the Ontario Geological 

Survey.   

Because the number of lab duplicate pairs for humus and till samples was < 20, precision was 

determined as the relative standard deviation (% RSD) calculated at a 95 % confidence interval 

(CI) (Piercey, 2014). The precision was calculated using nine laboratory duplicate pairs for humus 

and 10 laboratory duplicate pairs for each of the B- and C-horizon tills (Appendix B). Some 

elements (Au, Se, Te, Ru) had at least one or both samples of a duplicate pair below detection limit, 

in which case the duplicate pair was removed from the calculation. The precision for As (except in 
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C-horizon till), Bi (except in C-horizon till), Cd (except in C-horizon till), Co, Cr, Cu, Hg (except 

in humus by Na pyrophosphate, B- and C-horizon tills), Mo, Ni (except in C-horizon till), Pb, Sb 

(except in humus by aqua regia and C-horizon till) and Zn is < + 15 % (Appendix B). The precision 

for Se, Te, Hg, and PGEs in B- and C-horizon tills is poor (> +20 %) because at least one of the 

duplicate pairs is either below detection limit or both values are below limit of quantification (three 

times the limit of detection; Piercey, 2014). The precision for Au is poor in all sample media 

because most Au concentrations are close to the analytical detection limit as well as the nugget 

effect. We consider these results acceptable for interpretation. 

 

2.5.4 Data treatment and presentation 

For plotting purposes, analyses below detection limits were assigned half the lower detection 

limit value (Clarke, 1998). Data above the upper reporting limit were assigned the upper reporting 

limit plus 0.1. Spatially referenced, colored and proportional dot plots were created in ArcGIS 

Pro™. For the proportional dot plots, the geochemical data were split into four categories 

comprising “background”, “elevated”, “anomalous” and “highly anomalous” using Jenks’ 

Optimization or the goodness of variance fit (Dent, 1999). Statistics including Pearson moment 

correlation matrix of log-normalized data were generated in IoGAS™. 

 

2.6 Results 

2.6.1 Soil development 

Humus in the study area varies from poorly to moderately to well developed. Poorly developed 

humus consists of partly decomposed organic material, charcoal, mineral soil particles mixed with 

organic material) in areas proximal to mining activity. Moderately developed humus consists of 

relatively greater decomposition of organic material, some charcoal, very little mineral soil. Well-
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developed humus consists of thick and well-decomposed material, no charcoal, little to no mineral 

soil in undisturbed areas, i.e., away from roads and mining activity. Humus in the study area is 

generally < 5 cm thick; up to a maximum thickness of 25 cm noted at one site. Humus contains 

roots, pine needles and woody material and in some places ash and charcoal and is poorly to 

moderately developed at approximately 60 % of the sampling sites. Overall, humus is moderately 

developed in the study area. Humus in the study area averages approximately 63 % LOI content; a 

maximum of 95 % LOI content is noted. There appears to be no correlation between the depth at 

which humus samples were collected and the LOI content of the sample; both thinner, poorly 

developed, and thicker, well-developed humus contain mineral matter (Appendix C). Humus is 

usually underlain by a thin (< 1 cm) Ae horizon, followed by the B-horizon, which is generally 

well-developed, on both glaciolacustrine sediments and till, and variable in thickness from 20 cm 

to > 1 m. The B-horizon ranges in colour from orange-brown to rusty, reddish-brown and the 

structure varies from soft and loosely consolidated to indurated and compact. Particle size analysis 

indicates that, on average, the B-horizon contains 57 % sand, 41 % silt and 2 % clay (Hashmi, 

2018b). The C-horizon till is grey to grey-brown, and coarser grained than the B-horizon, 

containing on average, 62 % sand, 36 % silt and 2 % clay. Up to 94 % sand was noted in till samples 

derived from intrusive rocks of the SIC that are relatively more resistant to glacial erosion. Up to 

93 % silt was recovered from till samples that are derived from fine-grained metasedimentary and 

metavolcanic rocks of the Huronian Supergroup and are easily erodible by glacial processes. The 

clay content in till samples is low but variable across the study area and highly dependent on the 

provenance; 48 samples did not contain any detectable clay-sized material and a maximum clay 

content of 11 % was noted in sample 2015-HS-3149.  

 

2.7 Geochemistry of the surficial media 

2.7.1 Humus geochemistry 
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A summary of univariate statistics calculated for humus geochemical data is presented (Table 2-

2) and Hashmi (2018b) reported the complete data set. Spatially, sample sites with low LOI values 

(i.e., < 50 %) are predominantly located near past and current mining and forestry operations. 

Regardless of the organic content, humus samples collected in the northeastern part of the study 

area (i.e., downwind, and closest to the Copper Cliff smelter) and analyzed by aqua regia ICP-MS, 

have higher concentrations of metals such as Ni, Pt, As, Hg and Se compared to the southwestern 

part of the study area. For example, metal concentrations for 2015-HS-1167 (closest sample site to 

Copper Cliff and not overlying mineralization) versus 2015-HS-1094 (farthest site from Copper 

Cliff and not overlying mineralization; Fig. 2-3A) are up to 13 times higher for Pt (53 ppb versus 

4 ppb), 12 times higher for Cu (433 ppm versus 36 ppm), 9 times higher for Ni (417 ppm versus 

44 ppm), 10 times higher for As (23 ppm versus 2.4 ppm), 2 times higher for Hg ( 0.4 ppm versus 

0.2 ppm), 5 times higher for Pb (104 ppm versus 20 ppm), and 4 times higher for Se (7 ppm versus 

2 ppm). This spatial relationship is also observed for the same elements analyzed by Na 

pyrophosphate ICP-MS.  

Pearson product moment correlation matrix of log-normalized data shows that, for humus 

samples, aqua regia and Na pyrophosphate have a strong positive correlation with each other for 

all trace elements except Au (Table 2-3). Ore elements Au, Cu, Ni and Pt have a statistically 

significant, positive correlation (r2 > 0.5, n = 107, ρ = < 0.01) with As, Au, Bi, Co, Cu, Hg, In, Mo, 

Ni, Pb, Pt, Sb, Se, Sn, Te and W by both analyses (Appendix D & E). There is also a positive 

correlation between LOI and Se (0.68), Hg (0.82), Bi (0.51), and Cd (0.51), and a strong negative 

correlation between V (-0.73), Cr (-0.73), Th (0.64), U (-0.63) and REEs (-0.54 to -0.80), with LOI 

in humus samples analyzed by aqua regia ICP-MS. Furthermore, some humus samples with high 

LOI also contained high concentrations of Ni and Cu by both aqua regia ICP-MS and Na 

pyrophosphate. For example, sample 2015-HS-1162 contained Ni up to 400 and 34 ppm by aqua 
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regia ICP-MS and Na pyrophosphate, respectively and an estimated 89 % LOI content: and Cu up 

to 327 and 165 ppm by aqua regia ICP-MS and Na pyrophosphate, respectively (Appendix F). 

Proportional dot plots show that elevated to anomalous Pt (2015-HS-1112: 26 ppb by aqua regia 

ICP-MS; Fig. 2-3A), Au (2015-HS-1123: 1 ppb by Na pyrophosphate ICP-MS and 19 ppb by aqua 

regia ICP-MS; Fig. 2-3B), Ni (2015-HS-1123; 75 ppm by Na pyrophosphate ICP-MS and 330 ppm 

by aqua regia ICP-MS; Fig. 2-4A) and Cu (2015-HS-1123: 226 ppm by Na pyrophosphate ICP-

MS and 414 ppm by aqua regia ICP-MS; Fig. 2-4B) contents in humus samples are present 

overlying and immediately southwest of offset mineralization (including the Worthington Offset) 

and the Nipissing Intrusive Suite in central Denison Township. These samples also contain 53-80 

% organic matter. The highest ore element concentrations are: up to 53 ppb Pt over (barren) 

metavolcanic rocks of the Elliot Lake Group in the northeast corner of Denison Township (2015-

HS-1167; Fig. 2-3A); up to 294 ppb Au by aqua regia ICP-MS (2015-HS-1046; Fig. 2-3B) over 

the East Bull Lake Igneous Suite in east-central Drury Township (Au was below detection limit by 

Na pyrophosphate); up to 569 ppm Ni by aqua regia ICP-MS (2015-HS-1149; Fig. 2-4a), also 

overlying the Elliot Lake Group. The highest Ni (75 ppm) by Na pyrophosphate ICP-MS is in a 

sample (2015-HS-1123) immediately down-ice of the northern tip of the Worthington Offset (Figs. 

2-2 & 2-4A); 433 ppm Cu over metavolcanic rocks of the Elliot Lake Group (2015-HS-1167; Fig. 

2-4B) and this sample also contains the highest Cu, 237 ppm, by Na pyrophosphate. 

2.7.2 B-horizon and C-horizon till geochemistry 

A summary of univariate statistics calculated for B-horizon and C-horizon geochemistry is 

presented (Tables 2-4 and 2-5), and the complete data set has been reported by the Ontario 

Geological Survey (see Hashmi, 2018b). There is a statistically significant, positive correlation (r2 

> 0.5, n = 71, ρ = < 0.01) between trace elements in the B-horizon and C-horizon till (except Se). 

Generally, the B-horizon till contains lower element concentrations and has higher LOI values 

compared to the C-horizon. Proportional dot plots show that some of the highest ore element 
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contents in both B- and C-horizon till samples are present in till collected over and immediately 

down-ice (southwest) of mineralization (Figs. 2-5 and 2-6). The highest Au (81 ppb), Cu (963 

ppm), Ni (1283 ppm), Pt (203 ppb) and Pd (> 4800 ppb) are in C-horizon till samples collected 

over the Vermilion deposit (Fig. 2-5A). Furthermore, compared to the background concentrations, 

the C-horizon till samples collected immediately down-ice of the Vermilion deposit are enriched 

over 20 times in Au, Cu and Pt, and over 30 times in Ni. Elevated to anomalous ore element contents 

also occur in till samples overlying and immediately down-ice of offset mineralization, with up to 

12 ppb Au on the northern tip of the Worthington Offset (2015-HS-3123; Fig. 2-5B), 62 ppm Ni 

(2015-HS-3155B) and 139 ppm Cu (2015-HS-3155B; Fig. 2-6B).   

Although there is a strong, positive correlation between humus samples analyzed by Na 

pyrophosphate ICP-MS and aqua regia ICP-MS, there appears to be no correlation between humus 

and B- and/or C-horizon till (Table 2-5). Geochemical profiles constructed from the O- (humus), 

B- and C-horizon samples at the same site were plotted for select sample sites underlain by barren 

and mineralization-derived till (Fig. 2-7). These profiles were used to document element contents 

through the O- (humus), and B-horizon and C-horizon tills and establish whether there is a 

relationship between the geochemical signature of humus and B-horizon and C-horizon tills at 

selected sites. The figure shows that nearly all the elevated Ni, Cu, Pt and Au are present in humus. 

The only exceptions are one site (Pt at 2015-HS-124; Fig. 2-7B), Au at two sites (2015-HS-007 

and 2015-HS-042; Fig. 2-7C and 2-7E) and Cu at two sites (2015-HS-034 and 2015-HS-042; Fig. 

2-7D and 2-7E). The highest As, Cd, Hg, Pb and Se (by aqua regia ICP-MS) are all present in 

humus. Furthermore, element content in the C-horizon till is nearly always higher element content 

in the B-horizon till except Co at one site (2015-HS-124; Fig. 2-7B), Pt at one site (2015-HS-042; 

Fig. 2-7E) and Se at two sites (2015-HS-042 and 2015-HS-125; Figs. 2-7E and 2-7F).  
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2.8 Discussion 

2.8.1 Sources of contamination 

The main sources of anthropogenic contamination in the region could be derived from: 1) wind-

transported, smelter-derived silt particles from nearby smelting operations such as Copper Cliff; 2) 

wind-transported silt from inactive and active tailings sites in and around the study area; 3) wind-

transported particles from transportation corridors for ore and associated products (i.e., haul roads 

and rail roads); and 4) contamination from past and current infrastructure development (Freedman 

and Hutchinson 1980; Hoffman and Kaiura 1984; Gignac and Beckett 1986; Adamo et al. 1996; 

Hutchinson and Gunderman 1998; Bajc and Hall 2000b; Lanteigne et al. 2014; Schindler 2014; 

Hashmi 2018a). Smelting of ores has been carried out in the Sudbury Mining Camp for more than 

100 years and has had a strong impact on the surficial environment, especially vegetation in the 

surrounding regions (Hutchinson and Whitby, 1974; Hoffman and Kaiura, 1984; Gignac and 

Beckett, 1986; Dudka et al., 1996; Schmidt et al., 2017). Mining and smelting of Ni-Cu ores in the 

SIC has also resulted in the contamination of humus particulate matter enriched in “smelter metals” 

such as As, Cd, Co, Cu, Cr, Fe, Mn, Ni, S, Se, Pb, and Zn (Hutchinson and Whitby, 1977; Dudka 

et al., 1995, 1996; Hutchinson and Gunderman 1998; Lanteigne et al. 2014). It is highly likely that 

one of the main factors responsible for heavy metal contamination from smelter emissions is the 

prevailing wind direction. The prevailing wind direction in the Sudbury area is to the southwest 

and therefore, the study area lies directly down-wind of the smelting operations in the region. The 

low level of correlation between LOI content and sample depth suggests that all humus samples 

have some proportion of mineral matter and/or non-decomposing anthropogenically-derived 

atmospheric fallout, regardless of location, vegetation decomposition, or depth of the sample 

(Appendix C). Humus samples collected in the northeastern part of the study area, closer down-

wind to the Copper Cliff smelter (as well as active transportation corridor for mining operations 

such as Lockerby Mine and Ellen pit) have higher “smelter metal” concentrations than the humus 
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samples collected in the southwestern part of the study area, farther downwind from the smelter. 

Therefore, it is highly likely that the majority of the “smelter metals” present in humus are derived 

from fallout from smelter emissions. For example, highly anomalous Cu, Ni and Pt (sample 2019-

HS-1167; Figs. 2-3 and 2-4) and anomalous Au contents are present in a humus sample collected 

in the northeastern part of the study area, i.e., location close to the Copper Cliff smelter. This sample 

also contained elevated to anomalous concentrations of “smelter metals”, including Cu (433 ppm), 

Ni (417 ppm), As (23 ppm), Cd (1 ppm), Cr (19 ppm), Co (14 ppm), (Fe 18552), Mn (197 ppm), 

Pb (104 ppm), Se (7 ppm) and Zn (51 ppm). Furthermore, Lanteigne et al. (2014) concluded that 

particulate matter in smelter emissions identified in the Sudbury area include sulfide minerals (Ni-

Cu-Fe-Co), oxide minerals (Ni-Cu-Fe-Co, metallic phases and alloys (Ni-Cu-Fe-Co) as well as slag 

particles (Lanteigne et al., 2014). Slag, a by-product of smelting has also been recovered from 

heavy mineral concentrates of C-horizon till samples in the study areas (Hashmi, 2018a, b). The 

sulfide mineral particulates consist of sulfide mineral inclusions that are surrounded by a Fe-oxide 

and Fe-silicate mineral rim and enriched in smelter-metals such as Cu, Pb, Zn, As, Se, which may 

be released into the surficial environment via oxidation (Lanteigne et al. 2014); however, the rate 

of release is dependent on the nature of the metal-bearing phase. Therefore, some of the non-

decomposing matter present in humus may be oxidation resistant slag and/or surficial alteration 

resistant smelter dust, also noted in soils near the Horne smelter in Rouyn-Noranda (Appendix A) 

(Knight and Henderson, 2006). 

 

2.8.2 Anthropogenic impacts on soil geochemistry 

Profile plots (Fig. 2-7) show that anomalous concentrations of ore and associated elements are 

present in humus, but the same elements are present in background levels in B-horizon and C-

horizon till. This finding suggests that elevated concentrations of metals such as As, Cd, Pb and Se 

in humus are primarily due to anthropogenic fallout. In the Sudbury Mining Camp, the highest 
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metal and metalloid (such as Ni, Cu, Zn, Co, As, Pb, and Se) concentrations are noted in the top 0-

10 cm (B-horizon till) profile and decrease with depth with limited translocation to lower horizons 

and that this contamination is restricted to the top 20 cm (Figs. 2-7 and 2-8). This because humus 

can act as a sponge, retaining the anthropogenic fallout (primarily from smelter emissions) and 

preventing vertical transport of smelter particles to the underlying soil horizons (Wren et al., 2012). 

Similarly, Bajc and Hall (2000a, b) studied the humus, B-horizon, and C-horizon till geochemical 

response in the North and East ranges of the SIC and concluded that the anthropogenic 

contamination from smelter emissions is restricted primarily to humus (< 10 cm).  

Conversely, profile sampling at 5 cm intervals through the B-horizon completed at the Vermilion 

deposit (sample 2016-HS-003; Fig. 2-8A) shows that some of the highest contents for metals such 

as As, Cd, Co, Hg, Pb, and Sb are present in the upper Bt-horizon and decrease with increasing 

depth. The changing geochemical composition through the B-horizon indicates that the upper levels 

of the Bh-horizon may also be partially contaminated by anthropogenic atmospheric fall-out. 

Elevated As, Cd, Cu, Hg, Pb and Zn in the organic layer of forest soils have also been noted in the 

vicinity of the Flin Flon smelter (Henderson and McMartin, 1995; Henderson et al., 1998). Similar 

to our study, they concluded that the total smelter derived metal concentrations decreased in humus 

with increasing distance from the smelter and that contamination was concentrated mainly in the 

organic-rich horizon but at highly contaminated sites, smelter metals (especially Zn) had migrated 

down to B-horizon to 45 cm depth. Similarly, metal contamination in soil around the base metal 

smelter (Horne smelter) in Rouyn-Noranda is restricted to organic rich and upper B-horizons 

(Daggupaty et al., 2006; Zdanowicz et al., 2006; Dixit et al., 2007; Johnson and Hale, 2008; 

Caplette et al., 2015; Leverington and Schindler, 2018; Dinis et al., 2021). Another reason for high 

metal concentrations in the upper Bf, h-horizon in our study may be that the metals leached out of 

the Ae horizon were reprecipitated in the upper Bf-horizon, resulting in higher element content in 

the upper Bf-horizon that decreases with depth.  
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Lastly, the profile plots in our study also show that Hg content in humus is enriched up to five 

times relative to the underlying till (Figs. 2-7 and 2-8). Although atmospheric fallout is a major 

contributor to Hg enrichment in humus in our study area, there are also geogenic factors responsible 

for the enrichment. Humus can adsorb metal cations and form complexes and has a higher cation 

exchange capacity (CEC) relative to clay minerals (FitzPatrick, 1986); therefore, humus has a 

higher cation holding capacity relative to soil. The strong binding between Hg and humus (Zhu and 

Zhong, 2015) means that Hg contents may remain within humus and accumulate over time. Up to 

400 ppb (250 times the regional background) Hg in humus has also been documented by Henderson 

and McMartin (1995) in the immediate vicinity of Flin Flon smelter. 

Overall, there is no correlation between humus and till geochemistry. Based on the ore and 

associated element content distribution in soil profiles, there is no evidence to suggest the presence 

of anthropogenic material in the fine fraction (< 63 µm) of lower Bs-horizon till samples collected 

below a depth of 20 cm. Despite the strong anthropogenic imprint in humus and upper B-horizon 

soils (< 20 cm) in the Sudbury Mining Camp, fine fraction geochemistry of less weathered, C-

horizon till is well-suited to surficial geochemical surveys. 

 

2.8.3 Effectiveness of Na pyrophosphate in eliminating the anthropogenic signal in humus 

Log-normalized Pearson product moment correlations show that, except for Au, each element 

shows a strong positive correlation with itself, between analyses by aqua regia ICP-MS and Na 

pyrophosphate ICP-MS. Furthermore, element concentrations determined by Na pyrophosphate 

ICP-MS are much lower compared to those determined by aqua regia ICP-MS/ICP-AES. The Na 

pyrophosphate digestion targets elements bound to humic and fulvic acid complexes such as Cd, 

Cu, Pb and Zn, which are held primarily in an easily leachable (labile) form leaving the inorganic 

fraction relatively unaffected (Hall et al., 1996; Henderson et al., 1998). Organic substances have 

a high scavenging capacity because of the presence of carboxylic acid functional groups as well as 
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amine and thiol groups (Papp et al., 1991; Hall et al., 1996; Hall and Pelchat, 1997). Sodium 

pyrophosphate can effectively remove easily extractable organic matter due to its ability to chelate 

with Ca and trivalent cations. The removal of cations bound to humates results in the conversion 

of polyanions into soluble Na salts which may then be leached out (Papp et al., 1991). Conversely, 

aqua regia is a much stronger leach that can dissolve sulfide and oxide minerals, organic matter and 

airborne fallout dust and therefore is better at providing an estimate of the spatial extent of 

anthropogenic contamination in humus.  

The strong negative correlation between LOI and V, Cr, Th, U and REEs by both aqua regia and 

Na pyrophosphate suggests that these elements in humus may be derived from the underlying soil 

and/or mineral matter. Furthermore, there is a strong positive correlation between LOI and Bi, Cd, 

Hg, Ni and Se (analyzed by Na pyrophosphate ICP-MS) in humus samples and some samples with 

the highest “smelter metal” content also contain high amount of organic matter. This suggests that 

metals such as As, Bi, Cd, Hg, Ni, and Pb are present in the organic matter in humus and may be 

the result of breakdown of smelting-derived sulfide mineral particulates that are subsequently 

adsorbed by humic and fulvic acid complexes in the humus. This finding is supported by the 

observations of Hutchinson and Whitby (1977) who reported > 3000 ppm Ni and > 2000 ppm Cu 

in soil in the Sudbury region, causing a drop in pH and an increase in the acidity of humus and 

upper soils over time. The increased acidity consequently led to an increase in the mobility of 

metals and an increased metal-binding capacity of soils and the fulvic component of humus 

(Hutchinson and Whitby, 1977). The implication is that “smelter metal” accumulation in the 

organic matter in humus will remain high relative to background and may overprint the naturally 

high metal contents due to the presence of proximal Ni-Cu-PGE mineralization, even with the use 

of Na pyrophosphate.  

At Rouyn-Noranda, Knight and Henderson (2006) used electron microbeam analysis to identify 

the presence of historic and recent smelter dust trapped in humus; elements detected in the smelter-
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derived dust include Si, Al, Fe, Mg, Na, K, Ca, Cu, Zn, Pb and Ti. The authors also observed that 

the spatial distribution of smelter dust coincided with elevated concentrations of As, Cd, Cu, Pb 

and Zn in humus (Henderson et al., 2002) and inferred that soon after deposition, weathering 

processes had released metals and other elements from the dust to the humus (Knight and 

Henderson, 2005, 2006).  

Similarly, Bajc and Hall (2000a) also noted elevated Ag, As, Au, Bi, Co, Cr, Pd, Pt, Se and Te 

content in humus samples collected near smelters, which the authors attributed to be a direct result 

of anthropogenic atmospheric fallout of colloid sulfide particles from local smelters. Oxidation of 

these sulfide mineral colloids results in the bioavailability of the associated metals, which are 

rapidly scavenged by humic and fulvic acids in organic matter (i.e., decaying forest litter and 

humus), resulting in elevated metal content in humus samples (Bajc and Hall, 2000a). Therefore, it 

is likely that the high concentrations of elements such as As, Cd, Cu and Pb in humus as determined 

using the Na pyrophosphate leach, may in part be derived from the breakdown of smelter-derived 

sulfide minerals. Overall, Na pyrophosphate was not successful in diminishing the anthropogenic 

masking of the geogenic signal. Lastly, the geochemistry of humus may reflect long term 

accumulation; even processes such as yearly evaporation and leaching (by rainwater) can enrich 

the humus horizon with Ag, Au, Be, Zn, Cd, Sc, Tl, Ge, Sn, Pb, As, Mn, Co, and Ni (i.e., 

Goldschmidt enrichment principle; Goldschmidt 1937; Sucharová and Suchara 2004; Minolfi et al. 

2017). 

 

2.8.4 Comparison between the B- and C-horizon soil geochemistry 

The mobility of Au, Cu, Ni and PGEs, and associated chalcophile elements is variable in the 

surficial environment; factors such as pH (and redox conditions) (Stoffregen, 1986; Hattori and 

Cameron, 2004; Borch et al., 2010; Leybourne and Cameron, 2010; Violante et al., 2010; Rivera 

et al., 2018), presence of S (Hawkes, 1957; Rose et al., 1979; Violante et al., 2010; Kotze et al., 



35 

 

2019), ligands available for complexation (Fuchs and Rose, 1974; Plyusnin et al., 1980; Bowell et 

al., 1993; Boyle 1995; Leybourne and Cameron, 2010; Violante et al., 2010) and organic matter 

(Wood, 1996; Kotze et al., 2019) play a vital role in metal mobility and enrichment in the B-horizon 

till. Overall, the highest ore element (Ni, Cu, Pt and Au) and associated element (including As, Cd, 

Co, Sb, Se, Hg and Pb; Naldrett, 2004; Dare et al., 2010) content associated with Ni-Cu-PGE 

mineralization in the study area is recovered from C-horizon samples (Hashmi, 2018b). 

Furthermore, downhole profile plots show that Au, PGEs, Ni and Cu, and associated elements As, 

Cd, Co, Sb, Se, Hg and Pb, are depleted in the B-horizon compared to the C-horizon (Fig. 2-8A). 

This depletion in ore and associated elements is due to weathering and subsequent hydromorphic 

dispersion (Hawkes, 1957), suggesting that these elements are mobile in the surficial environment 

to variable extents. However, concentrations of ore and associated elements are higher in the B-

horizon than in the C-horizon at some sites in the study area. These samples were collected at 

depths of > 20 cm and therefore reprecipitation of metals from the Ae horizon or anthropogenic 

contamination by airborne particulates are not factors responsible for the enrichment in the B-

horizon. Only Pd is consistently depleted in the B-horizon, because it is mobile over a wide range 

of Eh and pH conditions in the surficial environment (Fuchs and Rose, 1974; Cabral et al., 2007; 

Rivera et al., 2018) and readily forms neutral and/or anionic (hydroxide) complexes with water 

(i.e., rainwater and/or soil moisture) (Hattori and Cameron, 2004; Cameron and Hattori, 2005; 

Rivera et al., 2018). Both Pt and Pd can be transported in solution via groundwater (Bowles et al., 

2017) but Pd is more mobile in the surficial environment than Pt (Hattori and Cameron, 2004; 

Cameron and Hattori, 2005). At one site, Pt is enriched in the B-horizon relative to the C-horizon 

(sample 2015-HS-090; Fig. 2-8B). McCallum et al. (1976) also documented this phenomenon at 

the New Rambler Mine, Wyoming, where Pt was enriched in the oxidized zone relative to the fresh 

ore, which they suggested may be due to secondary enrichment by supergene processes in the 

oxidized horizon. Similarly in our study, Pt may have been liberated from platinum group minerals 



36 

 

(PGMs) during weathering of the C-horizon till, forming secondary PGE-oxides or hydroxides 

(McCallum et al. 1976; Suárez et al. 2008; Suárez et al. 2010), and resulting in higher Pt content in 

the oxidised B-horizon till. Gold contents are both relatively depleted (2015-HS-158; Fig. 2-8C) 

and enriched (2015-HS-090; Fig. 2-8B) in the B-horizon with respect to the C-horizon. Breakdown 

of sulfide minerals associated with Ni-Cu-PGE-Au mineralization would result in the formation of 

metastable thiosulfate complexes, encouraging Au mobility in soil-water solution (Goldhaber 

1983). Subsequently, the instability of thiosulfate would result in Au re-precipitation, resulting in 

elevated Au content in the B-horizon. Oxidation of sulfide minerals (that bind the ore and 

associated chalcophile elements) in the surficial environment releases H+ ions, causing a drop in 

pH and consequently encouraging the mobility of metals such as As, Cu, Ni, Cd, Co and Pb. 

Reduction of cations (Cu2+ to Cu+, Pb3+ to Pb2+ etc.) by Fe2+ or H2S may also mobilize them by 

forming sulfide colloids. Antimony is enriched in the B-horizon relative to C-horizon at one site 

(2016-HS-003; Fig. 2-8A). In the case of Sb, desorption increases with increasing pH as it is mobile 

under alkaline conditions (Violante et al., 2010). An increase in pH would result in Sb getting 

adsorbed onto clay and Fe- and Mn-oxyhydroxides, removing it from the soil-water solution and 

reprecipitating in the B-horizon. Mercury is predominantly elevated in the B-horizon (2016-HS-

003, 2015-HS-090; Fig. 2-8B and 2-8C). This may be because it can occur in various forms in the 

soil, including: 1) dissolved as soluble complexes, 2) non-specifically adsorbed (electrostatic 

forces), 3) specifically adsorbed (adsorption increasing with reducing pH), and 4) precipitated as a 

sulfide complex (Schuster 1991). Mercury has a strong affinity for building Cl-, OH- and S2- 

complexes (Schuster 1991). Lastly, organic matter also has a high affinity for Hg (e.g., Zhu and 

Zhong, 2015). Loss on ignition results suggest that there is more organic matter present in the B-

horizon (compared to the C-horizon) which means that Hg can also form strong bonds with both 

organic and mineral matter present within the B-horizon, also resulting in higher Hg present in the 

B-horizon with respect to the C-horizon. 
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2.8.5 Anthropogenic versus geogenic sources of metals in the surficial media 

Humus can be an effective surficial medium for geochemical sampling for both contamination 

and mineral exploration because of its capacity to accumulate trace metals, thereby providing a 

strong contrast in the composition of background versus anomalous samples (Fortescue et al., 

1985). However, its application to mineral exploration surveys can be limited if the source of its 

geochemical signature is challenging to determine due to the complexity of the interactions between 

geogenic and anthropogenic factors in established mining camps (McMartin et al., 1999; Minolfi 

et al., 2017).  Factors that are responsible for elevated metal content in humus in the study area 

include: 1) the natural geochemical signature of the surrounding bedrock and till; 2) soil-forming 

processes such as biogeochemical enrichment in the O-horizon (McMartin et al., 1999); 3) 

accumulation of metals in decaying plant litter (Goldschmidt, 1937); and 4) atmospheric, smelter-

derived fallout and post-depositional oxidation of smelter particles and mobilization of metals (Fig. 

2-9) (Lanteigne et al., 2014).  

Although there is a strong anthropogenic overprint, humus samples collected over Ni-Cu-PGE 

mineralization and/or over till samples down-ice from known Ni-Cu-PGE mineralization contain 

elevated to anomalous ore metal content that is highly likely to have been derived from 

mineralization. For example, humus samples collected over the Worthington Offset (sample 2015-

HS-124; Fig. 2-7B) and Nipissing Intrusive Suite (2015-HS-034 and 2015-HS-125; Fig. 2-7D and 

2-7F) have elevated Au, Pt, Ni and Cu content, which is highly likely to have been derived from 

the underlying Ni-Cu-PGE mineralization. Similarly, elevated Ni, Cu, Pt and Au content is also 

noted in a humus sample (2015-HS-002; Fig. 2-7A), where the C-horizon till sample collected for 

indicator mineral separation recovered a high number of gold (26) and sperrylite (55) grains 

(Hashmi et al., 2021).  
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2.8.6 Future work 

A humus sampling survey completed by Theyer (2006) Ni-Cu-PGE mineralization in the 

Mayville Igneous Complex in southeastern Manitoba demonstrated that the mobility of Pd and its 

adsorption to organic matter makes it an excellent pathfinder element to detect local PGE prospects 

(Theyer, 2006). Similarly, Cameron and Hattori (2005) also concluded that Pd is an excellent 

indicator of PGE mineralization at Lac des Iles PGE deposit. Although the suite of elements 

analyzed for in humus in this study did not include Pd, future humus sampling surveys exploring 

for PGE mineralization would benefit from including PGEs (such as Pd) in the analytical work. 

In parts of the SIC where the humus is dominated by anthropogenic metal accumulations from 

atmospheric fall out of smelter particles, sampling of tree cores may work in determining the natural 

geochemical background (van Geffen et al., 2012; Schmidt et al., 2017). Tree roots can tap into 

deeper soils, groundwater, and bedrock for nutrients and subsequently uptake and redistribute 

elements (Rogers and Dunn, 1993; Dunn, 2007; van Geffen et al., 2012). Deeper and older 

“heartwood” within the inner tree cores can provide a natural regional geochemical condition of 

the time in which the heart rings grow, provided that the trees chosen for sampling predate smelting 

operations (Dunn, 2007; van Geffen et al., 2012).  Furthermore, Pb isotope ratios also have the 

potential to document provenance (Ayuso et al., 2013). Lead is a pathfinder element to Ni-Cu-PGE 

mineralization in the study area (Hashmi et al., 2021); therefore, Pb isotopes can potentially be used 

to discriminate Pb associated with geogenic Ni-Cu-PGE occurrences versus anthropogenic Pb 

derived from smelter emissions. Lead isotope ratios have been used successfully to discriminate 

between anthropogenic (smelter derived) and geogenic (Pb-Zn mineralization) sources in surficial 

media near the Talbot prospect (van Geffen et al., 2013). Incorporating Pb isotope ratios with 

dendrochronology is a powerful tool that has the potential to characterize multiple sources of 

anthropogenic contamination as demonstrated by Savard et al. (2006). The authors used 206Pb/207Pb 

and 208Pb/206Pb in tree rings to identify Pb from geogenic (mineral soil) and two different 

anthropogenic (Horne smelter and coal burning power plant) sources (Savard et al., 2006). Future 
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surficial exploration in the Sudbury Mining Camp may benefit from incorporating Pb isotope ratios 

in determining the geochemical provenance of surficial media (especially humus) for targeting Ni-

Cu-PGE mineralization. 

 

2.9 Conclusions 

A surficial media sampling study was completed in the Denison and Drury townships in the 

southwestern corner of the SIC. The objectives of the study were to determine: 1) whether the use 

of partial extractions can minimize or eliminate the anthropogenic signal in humus; and 2) compare 

the geochemical signature of humus and B- and C-horizon soils to determine whether they can 

delineate geochemical anomalies associated with mineralization.  

Results of this study suggest that the natural geochemical signature from Ni-Cu-PGE deposits in 

humus is strongly overprinted by the anthropogenic signal; despite anthropogenic contamination, 

the geogenic Ni-Cu signature in humus is apparent in samples collected in the vicinity of Ni-Cu-

PGE mineralization. Overall, humus sampling geared towards mineral exploration is not 

recommended in the SIC and other established mining regions where the surficial soils are heavily 

contaminated by smelter emissions. The use of Na pyrophosphate leach does not minimize the 

anthropogenic metal contribution in humus, and the use of aqua regia ICP-MS highlights its extent. 

Apart from humus, anthropogenically-derived atmospheric fallout also seems to affect the upper 

B-horizon but not the lower B-horizon till (at > 20 cm depth) nor the C-horizon till. Generally, 

metal concentrations are depleted in the B-horizon compared to the C-horizon; however, at some 

sites, ore and associated elements Au, As, Ni, Cu, Co, Cd, Pt, Pd, Se, Sb, Hg and Pb are enriched 

in the B-horizon with respect to the C-horizon. The enrichment of these elements is due to normal 

redox and pH-related soil forming processes, that result in the liberation of these elements and their 

subsequent reprecipitation.  

 



40 

 

2.10  References 

Adamo, P., Dudka, S., Wilson, M.J. and McHardy, W.J. 1996. Chemical and mineralogical forms 
of Cu and Ni in contaminated soils from the Sudbury mining and smelting region,  
Canada. Environmental Pollution, 91, 11-19, https://doi.org/10.1016/0269-
7491(95)00035-p. 

Ames, D.E. and Farrow, C.E.G. 2007. Metallogeny of the Sudbury mining camp, Ontario. In: 
Goodfellow, W.D. (ed.) Mineral Deposits of Canada: A Synthesis of Major Deposit-
Types, District Metallogeny, the Evolution of Geological Provinces, and Exploration 
Methods. Geological Association of Canada, Mineral Deposits Division, Special 
Publication no. 5, 329-350. 

Ames, D.E., Davidson, A., Buckle, J.L. and Card, K.D. 2005. Geology, Sudbury bedrock 
compilation, Ontario. Open File 4570. 

Ayuso, R.A., Kelley, K.D., Eppinger, R.G., and Forni, F. 2013. Pb-Sr-Nd isotopes in surficial 
materials at the Pebble Porphyry Cu-Au-Mo deposit, southwestern Alaska: can the 
mineralizing fingerprint be detected through cover? Economic Geology, 108, 543-562. 

Babin-Fenske, J., Anand, M., 2011. Patterns of insect communities along a stress gradient 
following decommissioning of a Cu-Ni smelter. Environmental Pollution, 159, 3036-
3043. 

Bajc, A.F. and Hall, G.E.M., 2000a. Geochemical response of surficial media, north and east 
ranges, Sudbury basin, Open File Report 6033. Ontario Geological Survey, 265 pages. 

Bajc, A.F. and Hall, G.E.M., 2000b. Data Release Geochemical Response of Surficial Media, 
North and East Ranges, Sudbury Basin; Ontario Geological Survey, Miscellaneous 
Release – Data 61. 

Barnett, P.J., 1992. Quaternary geology of Ontario, Geology of Ontario. Ontario Geological 
Survey, Special Volume 4, Part 2, 1011-1088. 

Barnett, P.J. 2007. Overburden geochemical signature of the Lac des Iles platinum group element 
deposit, northwestern Ontario, Canada. Canadian Journal of Earth Sciences, 44, 1151-
1168. 

Bleeker, W., Kamo, S.L., Ames, D.E. and Davis, D. 2015. New field observations and U-Pb ages 
in the Sudbury area: Toward a detailed cross-section through the deformed Sudbury 
Structure. In: Targeted Geoscience Initiative 4: Canadian nickel-copper-platinum group 
elements-chromium ore systems – Fertility, pathfinders, new and revised models, 
Geological Survey of Canada, Open File 7856, 151-156. 

Borch, T., Kretzschmar, R., Kappler, A., Van Capellan, P. and Campbell, K. 2010. 
Biogeochemical redox processes and their impact on contaminant dynamics. 
Environmental Science and Technology, 44, 15-23. 



41 

 

Bowell, R.J., Foster, R.P. and Gize, A.P. 1993. The mobility of gold in tropical rain forest soils. 
Economic Geology, 88, 999-1016. 

Bowles, J.F.W., Suárez, S., Prichard, H.M. and Fisher, P.C. 2017. Weathering of PGE sulfides 
and Pt-Fe alloys in the Freetown Layered Complex, Sierra Leone. Mineralium Deposita, 
52, 1127-1144. 

Boyle, D.R. 1995. Geochemistry and genesis of the Murray Brook precious metal gossan deposit, 
Bathurst mining camp, New Brunswick. Exploration and Mining Geology, 4, 341-363. 

Bremner, J.M. and Lees, H. 1949. Studies on soil organic matter. 2. The extraction of organic 
matter from soil by neutral reagents. Journal of Agricultural Science, 39, 274-279, 
https://doi.org/10.1017/s0021859600004214. 

Cabral, A.R., Beaudoin, G., Choquette, M., Lehmann, B. and Polonia, J.C. 2007. Supergene 
leaching and formation of platinum in alluvum: evidence from Serro, Minas Gerais, 
Brazil. Mineralogy and Petrology, 90, 141-150. 

Cameron, E.M. and Hattori, K.H. 2005. Platinum group elements in mineral exploration. In: 
Mungall, J.E. (ed.) Exploration for platinum-group elements deposits. Mineralogical 
Association of  Canada, Oulu, Finland, Short Course 35, 287-307. 

CANMET 1995. Certificate of analysis: TILL-1, TILL-2, TILL-3 and TILL-4, 
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/mineralsmetals/pdf/mms-smm/tect-
tech/ccrmp/cer-cer/TILL_CERT-eng.pdf [15 February 2020]. 

Clarke, J.U. 1998. Evaluation of censored data methods to allow statistical comparisons among 
very small samples with below detection limit observations. Environmental Science & 
Technology, 32, 177-183. 

Caplette, J.N., Schindler, M. and Kyser, T.K. 2015. The black rock coatings in Rouyn-Noranda, 
Quebec:fingerprints of historical smelter emissions and the local ore. Canadian Journal of 
Earth Sciences, 52, 952-965, https://doi.org/10.1139/cjes-2015-0064. 

Coker, W.B., Dunn, C.E., Hall, G.E.M., Rencz, A.N., Dilabio, R.N.W., Spirito, W.A. and 
Campbell, J.E. 1991. The behaviour of platinum group elements in the surficial 
environment at Ferguson Lake, NWT, Rottenstone Lake, Sask and Sudbury, Ont, 
Canada. Journal of Geochemical Exploration, 40, 165-192, https://doi.org/10.1016/0375-
6742(91)90037-u. 

Curtin, G.C., Lakin, H.W., Neuerburg, G.J. and Hubert, A.E. 1968. Utilization of humus-rich 
forest soil (mull) in geochemical exploration for gold. US Department of the Interior, 
Geological Survey Circular 562, 11 pages. 

Daggupaty, S.M., Banic, C.M., Cheung, P. and Ma, J.M. 2006. Numerical simulation of air 
concentration and deposition of particulate metals around a copper smelter in northern 
Quebec, Canada. Geochemistry-Exploration Environment Analysis, 6, 139-146, 
https://doi.org/10.1144/1467-7873/05-094. 

https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/mineralsmetals/pdf/mms-smm/tect-
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/mineralsmetals/pdf/mms-smm/tect-
https://doi.org/10.1016/0375-6742(91)90037-u
https://doi.org/10.1016/0375-6742(91)90037-u


42 

 

Dare, S.A.S., Barnes, S.-J. and Prichard, H.M. 2010. The distribution of platinum group elements 
(PGE) and other chalcophile elements among sulfides from the Creighton Ni–Cu–PGE 
sulfide deposit, Sudbury, Canada, and the origin of palladium in pentlandite. Mineralium 
Deposita, 45, 765–793. 

Dent, B.D. 1999. Cartography thematic map design. 5th Edition ed. WCB/McGraw-Hill, 
Kingsport. 

Dinis, L., Begin, C., Savard, M.M. and Parent, M. 2021. Impacts of smelter atmospheric 
emissions on forest nutrient cycles: Evidence from soils and tree rings. Science of the 
Total Environment, 751, https://doi.org/10.1016/j.scitotenv.2020.141427. 

Dixit, A.S., Alpay, S., Dixit, S.S. and Smol, J.P. 2007. Paleolimnological reconstructions of 
Rouyn-Noranda lakes within the zone of influence of the Horne Smelter, Quebec, 
Canada. Journal of Paleolimnology, 38, 209-226, https://doi.org/10.1007/s10933-006-
9072-z. 

Dudka, S. and Adriano, D.C. 1997. Environmental impacts of metal ore mining and processing: A 
review. Journal of Environmental Quality, 26, 590-602, 
https://doi.org/10.2134/jeq1997.00472425002600030003x. 

Dudka, S., Ponce-Hernandez, R. and Hutchinson, T.C. 1995. Current level of total element 
concentrations in the surface layer of Sudbury soils. The Science of the Total 
Environment, 162, 161-171. 

Dudka, S., Ponce-Hernandez, R., Tate, G. and Hutchinson, T.C. 1996. Forms of Cu, Ni, and Zn in 
soils of Sudbury, Ontario and the metal concentrations in plants. Water Air and Soil 
Pollution, 90, 531-542, https://doi.org/10.1007/bf00282667. 

Dunn, C.E. 1993. Diamondiferous kimberlite in Saskatchewan, Canada – A biogeochemical 
study. Journal of Geochemical Exploration, 47, 131-141, https://doi.org/10.1016/0375-
6742(93)90062-q. 

Dunn, C.E. 2007. Biogeochemistry in Mineral Exploration Handbook of Exploration and 
Environment Geochemistry. Elsevier, The Netherlands. 

Dunn, C.E., Hall, G.E.M. and Hoffman, E. 1989. Platinum group- metals in common plants of 
northern forests- developments in analytical methods, and the application of 
biogeochemistry to exploration strategies. Journal of Geochemical Exploration, 32, 211-
222, https://doi.org/10.1016/0375-6742(89)90057-5. 

Environment and Climate Change Canada. 2021. Wind direction - Quarterly data seasonal for 
Greater Sudbury, https://sudbury.weatherstats.ca/charts/wind_direction-squarterly.html 
[23 June 2021]. 

Farrow, C.E.G. and Lightfoot, P. 2002. Sudbury PGE revisited: towards an integrated model. In: 
Cabri, L.J. (ed.) Geology, geochemistry and mineral beneficiation of platinum-group 
elements. Canadian  Institute of Mining Metallurgy and Petroleum, Special Volume 
54, 273-298. 

https://doi.org/10.1016/0375-6742(93)90062-
https://doi.org/10.1016/0375-6742(93)90062-


43 

 

FitzPatrick, E.A. 1986. An introduction to soil science. Second ed. John Wiley & Sons., New 
York. 

Fortescue, J.A.C. 1985. A Standardized Approach to the Study of the Geochemistry of Humus, 
Williams Property Hemlo, Thunder Bay District. Ontario Geological Survey, 
Geochemical Series Compiled 1985, Map 80716. 

Fortescue, J.A.C., Stahl, H. and Webb, J.R. 1988. Humus geochemistry in the Lac des Iles area, 
District  of Thunder Bay. Ontario Geological Survey, Geochemical Compiled Series 
1988, Map 80800.   

Freedman, B. and Hutchinson, T.C. 1980. Pollutant inputs from the atmosphere and 
accumulations in soils and vegetation near a nickel-copper smelter at Sudbury, Ontario, 
Canada. Canadian Journal of Botany-Revue Canadienne De Botanique, 58 (1), 108-132, 
https://doi.org/10.1139/b80-014. 

Fuchs, W.A. and Rose, A.W. 1974. The geochemical behavior of platinum and palladium in the 
weathering cycle in the Stillwater Complex, Montana. Economic Geology, 69, 332-346. 

Généreux, C.-A., Lafrance, B. and Gordon, C.A. 2017. The Creighton fault and its relation to the 
mylonite zone in Drury Township, southwest Sudbury structure. Ontario Geological 
Survey, Summary of Fieldwork and Other Activities, Open File Report 6333, 16-1 to 16-
10. 

Geoscience Laboratories. 2020. Geo Labs 2020 schedule of fees and services, 
https://www.mndm.gov.on.ca/sites/default/files/2020_geo_labs_brochure.pdf [10 January 
2021]. 

Gignac, L.D. and Beckett, P.J. 1986. The effect of smelting operations on peatlands near 
Sudbury, Ontario, Canada. Canadian Journal of Botany-Revue Canadienne De 
Botanique, 64, 1138-1147, https://doi.org/10.1139/b86-157. 

Goldhaber, M.B. 1983. Experimental-study of metastable sulfue oxyanion formation during 
pyrite oxidation at PH 6-9 and 30-degrees-C. American Journal of Science, 283, 193-217, 
https://doi.org/10.2475/ajs.283.3.193. 

Goldschmidt, V.M. 1937. The principles of distribution of chemical elements in minerals and 
rocks. The seventh Hugo Muller Lecture, delivered before the Chemical Society on 
March 17th, 1937. Journal of the Chemical Society, The Royal Society of Chemistry, 
655-673, https://doi.org/10.1039/jr9370000655. 

Gordon, C.A. 2018. Precambrian Geology of Denison Township, Southwest Sudbury Structure. 
Ontario Geological Survey Report, Summary of Fieldwork and Other Activities 2018, 
Open File Report 6350, 13-1 to 13-10. 

Gordon, C.A. and Généreux, C.-A. 2017. Preliminary results from geological mapping in 
Denison Township, southwest Sudbury structure. Ontario Geological Survey, Summary 
of Fieldwork and Other Activities 2017, Open File Report 6333, 15-1 to 15-15. 



44 

 

Gordon, C.A., Simard, R.-L. and Genereux, C.-A. 2015. Geology and low-sulphide platinum 
group element mineralization of Drury Township, South Range, Sudbury Igneous 
Complex. Ontario Geological Survey, Summary of Fieldwork and Other Activities, Open 
File Report 6313, 21-1 to 21-8. 

Gordon, C.A., Simard, R.-L. and Genereux, C.-A. 2018a. Geological, geochemical and 
geophysical data for Drury Township, southwest Sudbury Structure. Ontario Geological 
Survey, Miscellaneous Release —Data 369. 

Gordon, C.A., Simard, R.-L. and Généreux, C.-A. 2018b. Precambrian geology of Drury 
Township, southwest Sudbury Structure: Explanatory notes for Preliminary Map P.3823. 
Ontario Geological Survey, Open File Report 6346, 49 pages. 

Hall, G.E.M. and Pelchat, P. 1997. Comparison of two reagents, sodium pyrophosphate and 
sodium hydroxide, in the extraction of labile metal organic complexes. Water Air and 
Soil Pollution, 99, 217-223, https://doi.org/10.1007/bf02406861. 

Hall, G.E.M., Vaive, J.E. and MacLaurin, A.I. 1996. Analytical aspects of the application of 
sodium pyrophosphate reagent in the specific extraction of the labile organic component 
of humus and soils. Journal of Geochemical Exploration, 56, 23-36, 
https://doi.org/10.1016/0375-6742(95)00046-1. 

Hall, G.E.M., Parkhill, M.A. and Bonham-Carter, G.F. 2003. Conventional and selective leach 
geochemical exploration methods applied to humus and B-horizon soil overlying the 
Restigouche VMS deposit, Bathurst mining camp, New Brunswick. Economic Geology, 
11, 763-782. 

Hashmi, S. 2016. Quaternary geology, Drury and Denison townships. Ontario Geological Survey, 
Preliminary Map P.3801. 

Hashmi, S. 2018a. Quaternary geology and surficial media sampling in Drury and Denison 
townships, City of Greater Sudbury. Ontario Geological Survey, Open File Report 6342, 
133 pages. 

Hashmi, S. 2018b. Till geochemical and mineralogical data for Drury and Denison townships, 
City of Greater Sudbury. Ontario Geological Survey, Miscellaneous Release — Data 359. 

Hashmi, S., Ward, B.C., Plouffe, A., Leybourne, M.I. and Ferbey, T. 2015. Geochemical and 
mineralogical dispersal in till from the Mount Polley Cu-Au porphyry deposit, central 
British  Columbia, Canada. Geochemistry-Exploration Environment Analysis, 15, 234-
249, https://doi.org/10.1144/geochem2014-310. 

Hashmi, S., Leybourne, M.I., Layton-Matthews, D., Hamilton, S., McClenaghan, M.B. and 
Voinot, A.  

2021. Surficial geochemical and mineralogical signatures of Ni-Cu-PGE deposits in glaciated 
terrain: Examples from the South Range of the Sudbury Igneous Complex, Ontario, 
Canada. Ore Geology Reviews, 137, 104301, 
https://doi.org/https://doi.org/10.1016/j.oregeorev.2021.104301. 



45 

 

Hattori, K.H. and Cameron, E.M. 2004. Using the High Mobility of Palladium in Surface Media 
in Exploration for Platinum Group Element Deposits: Evidence from the Lac des Iles 
Region, Northwestern Ontario. Economic Geology, 99, 157–171. 

Hattori, K.H., Hamilton, S., Kong, J., Gravel, J. 2009.  Soil geochemical survey over concealed 
kimberlites in the Attawapiskat area in northern Canada. Geochemistry: Exploration, 
Environment, Analysis, 9, 139–150, doi: https://doi.org/10.1144/1467-7873/09-200. 

Hawkes, H.E. 1957. Principles of geochemical prospecting. U.S Geological Survey Bulletin 
1000, 225-355. 

Henderson, P.J., Knight, R.D., McMartin, I. 2002. Geochemistry of soils within a 100 km radius 
of the Horne smelter, Rouyn-Noranda, Québec. Geological Survey of Canada, Open File 
4169, CD ROM. 

Henderson, P.J. and McMartin, I. 1995. Mercury distribution in humus and surficial sediments, 
Flin Flon, Manitoba, Canada. Water Air and Soil Pollution, 80, 1043-1046, 
https://doi.org/10.1007/bf01189763. 

Henderson, P.J., McMartin, I., Hall, G.E.M., Percival, J.B. and Walker, D.A. 1998. The chemical 
and physical characteristics of heavy metals in humus and till in the vicinity of the base 
metal smelter at Flin Flon, Manitoba, Canada. Environmental Geology, 34, 39-58. 

Hoffman, R.R. and Kaiura, G.H. 1984. Smelting process update at Falconbridge Limited Sudbury 
operation. Journal of Metals, 36, 24-24. 

Hoffman, S.J. and Woods, G.A. 1991. Miultidisciplinary exploration of the Bog volcanogenic 
massive-sulfide prospect, Bathurstm New-Brunswick, Canada. Journal of Geochemical 
Exploration, 41, 85-101, https://doi.org/10.1016/0375-6742(91)90077-8. 

Hutchinson, T.C. and Gunderman, D. 1998. The contamination and recovery of natural 
ecosystems by smelting and mining activities at Sudbury, Ontario. In: Linkov, I., and 
Wilson, R. (eds.), Air Pollution in the Ural Mountains: Environmental, Health and Policy 
Aspects, 40, 363-373. 

Hutchinson, T.C. and Whitby, L.M. 1974. Heavy-metal Pollution in the Sudbury Mining and 
Smelting Region of Canada, I. Soil and Vegetation Contamination by Nickel, Copper, 
and Other Metals. Environmental Conservation, 1, 123-132, 
https://doi.org/10.1017/S0376892900004240. 

Hutchinson, T.C. and Whitby, L.M. 1977. Effects of acid rainfall and heavy-metal particulates on 
a boreal forest ecosystem near Sudbury smelting region of Canada. Water Air and Soil 
Pollution, 7,  421-438. 

Johnson, D. and Hale, B. 2008. Fine root decomposition and cycling of Cu, Ni, Pb, and Zn at 
forest sites near smelters in Sudbury, ON, and Rouyn-Noranda, QU, Canada. Human and 
Ecological Risk Assessment, 14, 41-53, https://doi.org/10.1080/10807030701790447. 

https://doi.org/10.1080/10807030701790447


46 

 

Kauranne, L.K. 1967. Aspects of geochemical humus investigation in glaciated terrain. In: 
Kvalheim, A. (ed.) Geochemical prospecting in Fennoscandia, 261-271. 

Kauranne, L.K. 1976. Conceptual models in exploration geochemistry: Norden 1975. Journal of 
Geochemical Exploration, 5, 173-420. 

Kauranne, L.K. 1992. Regolith Exploration Geochemistry in Arctic and Temperate Terrains. In:  

Kauranne, L.K., Eriksson, K., and Salminen (eds.), Handbook of Exploration and Environmental 
 Geochemistry, Volume 5. 

Knight, R.D., Henderson, P.J., 2005. Characterization of smelter dust from the mineral fraction of 
humus collected around Rouyn-Noranda, Quebec. In: Bonham-Carter, G. (ed.) Metals in 
the Environment around Smelters at Rouyn-Noranda, Quebec, and Belledune, New 
Brunswick: Results and Conclusions of the GSC-MITE Point Sources Project. Bulletin, 
584. Geological Survey of Canada. 

Knight, R.D. and Henderson, P.J. 2006. Smelter dust in humus around Rouyn-Noranda, Quebec. 
Geochemistry-Exploration Environment Analysis, 6, 203-214, 
https://doi.org/10.1144/1467-7873/05-087. 

Kotze, E., Schuth, S., Goldmann, S., Winkler, B., Botcharnikov, R.E. and Holtz, F. 2019. The 
mobility  of palladium and platinum in the presence of humic acids: An 
experimental study. Chemical  Geology, 514, 65-78, 
https://doi.org/10.1016/j.chemgeo.2019.03.028. 

Krogh, T.E., Davis, D.W. and Corfu, F. 1984. Precise U-Pb zircon and baddeleyite ages for the 
Sudbury area. In: Pye, E.G., Naldrett, A.J., and Giblin, P.E. (eds.), The geology and ore 
deposits of the Sudbury Structure, Ontario Geological Survey, Special Volume 1, 431-
446. 

Lanteigne, S., Schindler, M. and McDonald, A. 2014. Distribution of metals and metalloids in 
smelter-derived particulate matter in soils and mineralogical insights into their retention 
and release in a low-T environment. Canadian Mineralogist, 52, 453-471, 
https://doi.org/10.3749/canmin.52.3.453. 

Leverington, D.W. and Schindler, M. 2018. Delineating Areas of Past Environmental 
Degradation near Smelters using Rock Coatings: A Case Study at Rouyn-Noranda, 
Quebec. Scientific Reports, 8 (1), 17364, https://doi.org/10.1038/s41598-018-35742-4. 

Leybourne, M.I. and Cameron, E.M. 2010. Groundwater in geochemical exploration. 
Geochemistry: Exploration, Environment Analysis, 10, 99-118. 

Lightfoot, P., 2016, Nickel Sulfide Ores and Impact Melts: Origin of the Sudbury Igneous 
Complex, Elsevier. 

McCallum, M.E., Louckes, R.R., Carlson, R.R., Cooley, E.F. and Doerge, T.A. 1976. Platinum 
metals associated with hydrothermal copper ores of the New Rambler Mine, Medicine 
Bow Mountains, Wyoming. Economic Geology, 71, 1429-1450. 

https://doi.org/10.1144/1467-


47 

 

McClenaghan, M.B., Ames, D.E. and Cabri, L.J. 2019. Indicator mineral and till geochemical 
signatures of the Broken Hammer Cu–Ni–PGE–Au deposit, North Range, Sudbury 
Structure, Ontario, Canada. Geochemistry-Exploration Environment Analysis, 
https://doi.org/http://dx.doi.org/10.1144/geochem2019-058. 

McClenaghan, M.B. and Kjarsgaard, B.A. 2001. Indicator mineral and geochemical methods for 
diamond exploration in glaciated terrain in Canada. In: McClenaghan, M.B., Bobrowsky, 
P.T. and Cook, N.J. (eds.) Drift Exploration in Glaciated Terrain. Geological Society, 
Special  Publication 185, 83-123. 

McClenaghan, M.B., Paulen, R.C. and Oviatt, N.M. 2018. Geometry of indicator mineral and till 
geochemistry dispersal fans from the Pine Point Mississippi Valley-type Pb-Zn district, 
Northwest Territories, Canada. Journal of Geochemical Exploration, 190, 69-86, 
https://doi.org/10.1016/j.gexplo.2018.02.004. 

McClenaghan, M.B., Paulen, R.C., Ayer, J.A., Trowell, N.F. and Bauke, S.D. 1998. Regional till 
and humus geochemistry of the Timmins-Kamiskotia area, northeastern Ontario (NTS 
42A/11, 12, 13, 14). Geological Survey of Canada. Open File Report 3675, 287 pages. 

McClenaghan, M.B. and Peter, J.M. 2016. Till geochemical signatures of volcanogenic massive 
sulfide deposits: an overview of Canadian examples. Geochemistry: Exploration, 
Environment Analysis, 16 (1), 1-21. 

McClenaghan, M.B., Thorleifson, L.H. and DiLabio, R.N.W. 2000. Till geochemical and 
indicator mineral methods in mineral exploration. Ore Geology Reviews, 16, 145-166, 
https://doi.org/10.1016/s0169-1368(99)00028-1. 

McClenaghan, M.B., Spirito, W.A., Plouffe, A., McMartin, I., Campbell, J.E., Paulen, R.C., 
Garrett, R.G., Hall, G.E.M., Pelchat, P., Gauthier, M.S. 2020. Geological Survey of 
Canada till-sampling  and analytical protocols: from field to archive, 2020 update. 
Geological Survey of Canada, Open File 8591, 73 pages, https://doi.org/10.4095/326162. 

McMartin, I. and McClenaghan, M.B. 2001. Till geochemistry and sampling techniques in 
glaciated shield terrain: a review. In: McClenaghan, M.B., Bobrowsky, P.T., Hall, 
G.E.M. and Cook, S.J.  (eds) Drift Exploration in Glaciated Terrain. Geological Society, 
Special Publication 185, 19-43,  https://doi.org/10.1144/gsl.Sp.2001.185.01.02. 

McMartin, I., Henderson, P.J. and Nielsen, E. 1999. Impact of a base metal smelter on the 
geochemistry of soils of the Flin Flon region, Manitoba and Saskatchewan. Canadian 
Journal of Earth Sciences, 36, 141-160, https://doi.org/10.1139/e98-001. 

Michaelson, G.J. and Ping, C.L. 1997. Comparison of 0.1N sodium hydroxide with 0.1M sodium 
pyrophosphate in the extraction of soil organic matter from various soil horizons. 
Communications in Soil Science and Plant Analysis, 28, 1141-1150, 
https://doi.org/10.1080/00103629709369861. 

Minolfi, G., Jarva, J. and Tarvainen, T. 2017. Humus samples as an indicator of long-term 
anthropogenic input – A case study from southern Finland. Journal of Geochemical 
Exploration, 181, 205-218. 



48 

 

Naldrett, A.J. 2004. Magmatic sulfide deposits: geology, geochemistry and exploration. Springer, 
Berlin.  

Nyade, P.K., Wilton, D.H.C., Longerich, H.P., Thompson, G.M. and McNeil, P. 2013. Use of 
surficial geochemical methods to locate areas of buried uranium mineralization in the 
Jacque’s Lake area of the Central Mineral Belt, Labrador, Canada. Canadian Journal of 
Earth Sciences, 50, 1134-1146. 

Papp, C.S.E., Filipek, L.H. and Smith, K.S. 1991. Selectivity and effectiveness of extractants 
used to release metals associated with organic matter. Applied Geochemistry, 6, 349-353, 
https://doi.org/https://doi.org/10.1016/0883-2927(91)90010-M. 

Peuraniemi, V. 1991. Geochemistry of till and humus in the Kotkajiirvi Cu-Co-Au prospect, 
Kalvola, southern Finland. Journal of Geochemical Exploration, 39, 363-378. 

Piercey, S.J. 2014. Modern Analytical Facilities 2. A Review of Quality Assurance and Quality 
Control (QA/QC) Procedures for Lithogeochemical Data. Geoscience Canada, 41, 75-88, 
https://doi.org/10.12789/geocanj.2014.41.035. 

Plouffe, A., Ferbey, T., Hashmi, S. and Ward, B.C. 2016. Till geochemistry and mineralogy: 
vectoring towards Cu porphyry deposits in British Columbia, Canada. Geochemistry-
Exploration Environment Analysis, 16, 213-232, https://doi.org/10.1144/geochem2015-
398. 

Plyusnin, A.M., Pogrelnyak, Y.F., Mironov, A.G. and Zhmodik, S.M. 1980. The behaviour of 
gold in the oxidation of gold-bearing sulfides. Geochemistry International, 18, 116-123. 

Rivera, J., Reich, M., Schoenbery, R., Gonzalez-Jimenez, J.M., Barra, F. and Aiglsperger, T. 
2018. Platinum group element and gold enrichment in soils monitored by chromium 
stable isotopes during weathering of ultra mafic rocks. Chemical Geology, 499,  84-99. 

Rogers, P.J. and Dunn, C.E. 1993. Trace-element chemistry of vegetation applied to mineral 
exploration in eastern Nova-Scotia, Cananda. Journal of Geochemical Exploration, 48, 
71-95, https://doi.org/10.1016/0375-6742(93)90082-w. 

Rose, A.W., Hawkes, H.E. and Webb, J.S. 1979. Geochemistry in mineral exploration. Academic 
Press. 

Rousell, D.H., Fedorowich, J.S. and Dressler, B.O. 2003. Sudbury Breccia (Canada): a product of 
the 1850 Ma Sudbury Event and host to footwall Cu-Ni-PGE deposits. Earth Science 
Reviews, 60, 147-174. 

Sanborn, P., Lamontagne, L. and Hendershot, W. 2011. Podzolic soils of Canada: Genesis, 
distribution, and classification. Canadian Journal of Soil Science, 91, 843-880. 

Schindler, M. 2014. A mineralogical and geochemical study of slag from the historical O’Donnell 
roast yards Sudbury, Ontario, Canada. Canadian Mineralogist, 52 (3), 433-452, 
https://doi.org/10.3749/canmin.52.3.433. 

https://doi.org/https:/doi.org/10.1016/0883-2927(91)90010-M


49 

 

Schmidt, M., Leybourne, M.I. and Kyser, T.K. 2017. Dendrochronology in mineral exploration: 
developing tools to see through anthropogenic impacts. Geochemistry-Exploration 
Environment Analysis, 17, 357-366, https://doi.org/10.1144/geochem2017-027. 

Schnitzer, M. and Desjardins, J.G. 1966. Oxygen-containing  functional groups in organic soils 
and their relation to degree of humificaytion as determined by solubility in sodium 
pyrophosphate solution. Canadian Journal of Soil Science, 46 (3), 237-243, 
https://doi.org/10.4141/cjss66-038. 

Schuster, E. 1991. The behavior of mercury in the soil with special emphasis on complexation 
and adsorption processes- a review of the literature. Water, Air and Soil Pollution, 56, 
667-680. 

Simard, R.-L., Gordon, C.A. and Généreux, C.-A. 2016. Geology of Drury Township, southwest 
Sudbury structure: An overview. Ontario Geological Survey, Summary of Fieldwork and 
Other Activities 2016, Open File Report 6323, 16-1 to 16-9. 

Soil Classification Working Group. 1998. The Canadian System of Soil Classification, 3rd ed. 
Agriculture and Agri-Food Canada Publication 1646, 187 pp. 

Spirito, W.A., McClenaghan, M.B., Plouffe, A., McMartin, I., Campbell, J.E., Paulen, R.C., 
Garrett, R.G.,  

Hall, G.E.M. 2011. Till sampling and analytical protocols for GEM projects: from field to 
archive. Geological Survey of Canada, Open File Report 6850, 75 pages. 

Stoffregen, R. 1986. Observations on the behavior of gold during supergene weathering at 
Summitville. Colorado, USA and implications for electrum stability in the weathering 
environment. Applied Geochemistry, 1, 549-558. 

Savard, M.M, Bégin, I., Parent, M., Marion, J. and Smirnoff, A. 2006. Dendrogeochemical 
distinction between geogenic and anthropogenic emissions of metals and gases near a 
copper smelter. Geochemistry, Exploration, Environment, Analysis, 6, 237-247. 

Suárez, S., Prichard, H.M., Fisher, P.C. and McDonald, I. 2008. Weathering of the Pt group 
minerals in the Aguablanca Ni–Cu Gossan (SW Spain). Revista de la Sociedad Española 
de Mineralogía, 9, 237-238. 

Suarez, S., Prichard, H.M., Velasco, F., Fisher, P.C. and McDonald, I. 2010. Alteration of 
platinum-group minerals and dispersion of platinum-group elements during progressive 
weathering of the Aguablanca Ni-Cu deposit, SW Spain. Mineralium Deposita, 45, 331-
350, https://doi.org/10.1007/s00126-009-0275-x. 

Sucharová, J. and Suchara, I. 2004. Distribution of 36 Element Deposition Rates in a Historic 
Mining and Smelting Area as Determined through Fine-Scale Biomonitoring Techniques. 
Part I: Relative and Absolute Current Atmospheric Deposition Levels Detected by Moss 
Analyses. Water, Air and Soil Pollution, 153, 205-228, 
https://doi.org/http://dx.doi.org/10.1023/B:WATE.0000019944.33209.83. 



50 

 

Szentpeteri, K., Molnar, F., Watkinson, D.H. and Jones, P.C. 2003. Geology and high grade 
hydrothermal PGE mineralization of the Vermilion quartz diorite offset dike, Sudbury, 
Canada. In: Eliopoulos, D.G. (Eds), Mineral exploration and sustainable development: 
Proceedings of the Seventh Biennial SGA Meeting, Athens, Greece, 24-28 August 2003. 

Theyer, P. 2006. Humus sampling in the Mayville Igneous Complex, southeastern Manitoba 
(NTS 52L12): using the mobility of palladium in aqueous surficial environments as a 
guide to nickel–copper–platinum group element mineralization. Manitoba Geological 
Survey, Open File Report OF2006-1, 6 pages. 

Thorleifson, L.H. 2013. History and status of till geochemical and indicator mineral methods in 
mineral exploration. In: Paulen, R.C. and McClenaghan, M.B. (eds) New frontiers in 
exploration for glaciated terrain. Geological Survey of Canada, 1-4. 

Toverud, Ö, 1979. Humus: a new sampling medium in geochemical prospecting for tungsten in 
Sweden. In: Jones, M.J. (ed.), Prospecting in Areas of Glaciated Terrain, The Institution 
of Mining and Metallurgy, 74-79. 

Tropea, A.E., Paterson, A.M., Keller, W. and Smol, J.P. 2010. Sudbury Sediments Revisited: 
Evaluating Limnological Recovery in a Multiple-Stressor Environment. Water Air and 
Soil Pollution, 210, 317-333, https://doi.org/10.1007/s11270-009-0255-x. 

van Geffen, P.W.G., Kyser, T.K., Oates, C.J. and Ihlenfeld, C. 2012. Till and vegetation 
geochemistry at the Talbot VMS Cu-Zn prospect, Manitoba, Canada: implications for 
mineral exploration. Geochemistry-Exploration Environment Analysis, 12, 67-86, 
https://doi.org/10.1144/1467-7873/11-ra-066. 

van Geffen, P.W.G., Kyser, K.T., Oates, C.J. and Ihlenfeld, C. 2013. Pb isotope ratios of till and 
vegetation cover over a VMS occurrence under a significant allochthonous cover. 
Geochemistry: Exploration, Environment Analysis, 13, 53 –61. 

Violante, A., Cozzolino, V., Perelomov, L., Caporale, A.G. and Pigna, M. 2010. Mobility and 
bioavailability of heavy metals and metalloids in soil environmentas. Journal of Soil 
Science, 10, 208-292. 

White, C.J. 2012. Low-Sulfide PGE-Cu-Ni Mineralization From Five Prospects Within The 
Footwall Of The Sudbury Igneous Complex, Ontario, Canada. University of Toronto, 
PhD Thesis, 337 pages. 

Wood, S.A. 1996. The role of humic substance in the transport and fixation of metals of 
economic interest (Au, Pt, Pd, U, V). Ore Geology Reviews, 11, 1-31. 

Wren, C., Spiers, G.A., Ferguson, G. and McLaughlin, D. 2012. The 2001 soil survey and 
selection of chemicals of concern. In: Risk assessment and environmental management: 
A case study in Sudbury, Ontario, Canada, 49-70, https:// doi.org/10.5645/b.1.3. 

Zdanowicz, C.M., Banic, C.M., Paktunc, D.A. and Kliza-Petelle, D.A. 2006. Metal emissions 
from a Cu smelter, Rouyn-Noranda, Quebec: characterization of particles sampled in air 

https://doi.org/10.1144/1467-


51 

 

and snow. Geochemistry-Exploration Environment Analysis, 6, 147-162, 
https://doi.org/10.1144/1467-7873/05-089. 

Zhu, D.W. and Zhong, H. 2015. Potential bioavailability of mercury in humus-coated clay 
minerals. Journal of Environmental Sciences, 36, 48-55, 
https://doi.org/10.1016/j.jes.2015.02.011. 

 



52 

 

 



53 

 

Figure 2-1: The Denison and Drury townships (“the study area”) are in the southwest corner of the Sudbury Igneous Complex, 

approximately 30 km southwest of the city of Sudbury. The location of decommissioned smelter operations is also indicated. The closest 

smelter, Copper Cliff is approximately 20 km northeast of the study area.  
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Figure 2-2: Simplified bedrock geology, mineral occurrences and till and humus sample sites in the study area. The Worthington Offset, 

past-producing mines, including Crean Hill, Vermilion, Ellen open pit and Lockerby and currently producing Totten Mine are also 

indicated. Bedrock geology and mineral occurrences are modified after Ames et al. (2005). 
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Figure 2-3: A) proportional dot plot of Pt (ppb) content in humus samples, analyzed by aqua regia ICP-MS; B) Graduated color and 

proportional dot map of Au (ppb) content in humus samples determined by Na pyrophosphate ICP-MS and aqua regia ICP-MS, 

respectively. Sample sites mentioned in text are labelled. Bedrock geology legend same as in Figure 2-2.  
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Figure 2-4: A) graduated color and proportional dot map of Ni (ppm) content in humus samples determined by Na pyrophosphate ICP-

MS and aqua regia ICP-MS, respectively; B) graduated color and proportional dot map of Cu (ppm) content in humus samples 

determined by Na pyrophosphate, respectively. Sample sites mentioned in text are labelled. Bedrock geology legend same as in Figure 2-2.  
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Figure 2-5:A) graduated color and proportional dot map of Pt (ppb) content in B- and C-horizon till samples determined by NiS FA ICP-

MS, respectively; B) graduated color and proportional dot map of Au (ppb) content in B- and C-horizon till samples determined by NiS 

FA ICP-MS, respectively. Sample sites mentioned in text are labelled. Bedrock geology legend same as in Figure 2-2.  
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Figure 2-6:A) graduated color and proportional dot map of Ni (ppm) content in B- and C-

horizon till samples determined by aqua regia ICP-MS, respectively; B) graduated color 

and proportional dot map of Cu (ppm) content in B- and C-horizon till samples determined 

by aqua regia ICP-MS, respectively. Sample sites mentioned in text are labelled. Bedrock 

geology legend same as in Figure 2-2.  
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Figure 2-7: Profile sampling of humus, B- and C-horizon completed at select sites and their 

respective geochemistry. The blue, yellow and green columns indicate the depth of the 

humus, B-horizon and C-horizon, respectively. A) samples at site 2015-HS-002 were 

collected over metasedimentary rocks of the Elliot Lake Group; B) samples at site 2019-HS-

124 were collected over the Worthington Offset; C) samples at site 2015-HS-007 were 

collected over metasedimentary rocks of the Hough Lake Group; D) samples at site 2015-

HS-034 were collected over mafic intrusive rocks of the Nipissing mafic intrusive suite; E) 

samples at site 2019-HS-042 were collected over the metavolcanic rocks of the Elliot Lake 

Group; F) samples at site 2015-HS-125 were collected over mafic intrusive rocks of the 

Nipissing intrusive suite.  
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Figure 2-8: Profile sampling of B- and C-horizon till completed at select sites and their 

respective geochemistry. The yellow and green columns indicate the depth of the B-horizon 

and C-horizon, respectively. A) till samples at site 2016-HS-003 were collected over the 

Vermilion Cu-Ni-PGE-Au mineralization, where a soil sample was collected at 5 cm interval 

through the B-horizon; B) till samples at site 2015-HS-090 were collected over Nipissing 

intrusive suite; C) till samples at site 2015-HS-158 were collected over the offset 

mineralization northeast of the Worthington Offset. 
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Figure 2-9: Summary diagram illustrating the various geogenic and anthropogenic factors affecting metal accumulation in the surficial 

media. Anthropogenic contamination is mainly concentrated in the organic horizon but is known to affect the upper B-horizon and lessens 

with increasing distance away from the smelter. Element uptake by trees near Ni-Cu-PGE mineralization are translocated into the leaves 

which over time form humus. Thus, the humus geochemistry is affected by both anthropogenic and geogenic factors. The lower B-horizon 

and C-horizon soils (developed in till) that derived from Ni-Cu-PGE mineralization carry its geochemical signature and are not influenced 

by smelter emissions. The C-horizon till in the study area is suitable for sampling when exploring for Ni-Cu-PGE deposits. 
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Table 2-1: Summary table of regional geochemical sampling programs that have tested the suitability of humus as a viable sampling 

medium for mineral exploration targeting Au, PGEs and base metals. 

Commodity Sample 

medium 

Region Location Minerals/ 

Mineralization 

Element content in humus Reference 

Au humus Thunder 

Bay district, 

northern 

Ontario 

Williams 

property, Hemlo 

area 

Au-bearing 

pyrite 

Elevated As (up to 89 ppm), Au (up 

to 75 ppb), Br (26 pm), Hg (up to 

230 ppb), Mo (26 ppm), Pb (210 

ppm), Sb (53 ppm) in humus samples 

collected in the vicnity of 

mineralization 

Fortescue 

1985 

Au humus Northeastern 

Ontario 

Timmins-

Kamiskotia area 

Sulfide 

minerals 

associated with 

Cu-Zn-Au-Ag 

deposits in the 

area 

Elevated Cu, As, Sb, Au, Pb, Zn, Ag, 

Cd, Bi and Se associated with Au 

mineralization; Samples around Kidd 

Creek metallurgical site and at least 

22 km down-wind are contaminated 

with smelter-related metals such as 

Cu, Zn, Pb, Cd, Ag, Bi, Mo and Se. 

This contamination does not affect 

the C-horizon till samples 

McClenaghan 

et al. 1998 
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Commodity Sample 

medium 

Region Location Minerals/ 

Mineralization 

Element content in humus Reference 

Cu-Co-Au humus Southern 

Finland 

Southern Finland Chalcopyrite, 

arsenopyrite, 

bornite, 

malachite 

Au (only one sample had Au above 

detection limit; 70 ppb), Cu (up to 

429 ppm), Co (up to 70 ppm), As (up 

to 758 ppm), Mo (up to 356 ppm) 

and Zn (up to 396 ppm) 

Peuraniemi, 

1991 

Mo humus Finland Aittojarvi 

(northwestern 

Finland) 

Molybdenite 

with some 

chalcopyrite 

and pyrite 

Mo (up to 1732 ppm), Cu (up to 347 

ppm), Zn (up to 1520 ppm) and Co 

(up to 579 ppm) 

Kauranne, 

1976 

Ni-Cu-Pb-

Zn 

humus Finland Petolahti, 

Taluspera 

(western 

Finalnd)  

Petolahti (Ni-

Cu ore in 

pentlandite and 

chalcopyrite, 

0.7% Cu and 

0.65% Ni)  

Pb, Zn, Cu anomalies in humus 

accompanied by metal anomalies in 

the surrounding till 

Kauranne, 

1967; 

Kauranne, 

1976 
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Commodity Sample 

medium 

Region Location Minerals/ 

Mineralization 

Element content in humus Reference 

Ni-Cu-PGE humus Northeastern 

Ontario 

Sudbury Igneous 

Complex 

Nippissing 

gabbro (local 

averages: 

0.50% Ni, 

1.10% Cu, 700 

ppb Pt, 4.5 

ppm Pd and 

500 ppb Au) 

Humus (ashed) samples overlying 

mineralization contain up to 79 ppb 

Au, 114 ppb Pt, 1410 ppb Pd, 1855 

ppb Ni, 4470 pm Cu and 36 ppm As 

Coker et al. 

1991 

Ni-Cu-PGE humus Southeastern 

Manitoba 

Mayville 

Igneous 

Complex 

Pyrrhotite, 

chalcopyrite, 

pyrite (Grab 

samples 

returned a 

maximum 

concentration 

of 520 ppb 

Pt and 400 ppb 

Pd) 

Pd (up to 1.8 ppb), Au (up to 5 ppb) Theyer 2006 
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Commodity Sample 

medium 

Region Location Minerals/ 

Mineralization 

Element content in humus Reference 

W humus Central and 

northern 

Sweden 

Hogsfors, central 

Sweden 

Scheelite, 

fluorite 

Elevated W (up to 108 ppm); 

anomalies in humus coincide with 

anomalies in till geochemistry 

Toverud, 1979 

W humus Central and 

northern 

Sweden 

Yxsjon, central 

Sweden 

Scheelite Elevated W (up to 993 ppm); wind 

blown dust from the Yxsjoberg W 

Mine may have contaminated the 

humus in the area 

Toverud, 1979 
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Commodity Sample 

medium 

Region Location Minerals/ 

Mineralization 

Element content in humus Reference 

U humus Labrador, 

Canada 

Jacque's Lake, 

Central Mineral 

Belt 

U and Th 

mineralization 

0.05-885 ppm U in samples collected 

across  significant radiometric 

anomalies. Humus is also enriched in 

Ba, Cr, Fe, Mo, Pb, Cs, and Sc. 

Nyade et al. 

2013 
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Table 2-2: Summary statistics for humus samples analyzed by aqua regia ICP-MS (AR 

ICP-MS) and Na pyrophosphate ICP-MS (Na P ICP-MS). 

Element Method Min. 

value 

Max. 

value 

Mean Standard 

Deviation 

75th 

%ile 

90th 

%ile 

99th 

%ile 

Ag (ppm) Na P ICP-

MS 

0.010 0.072 0.026 0.012 0.034 0.041 0.072 

 
AR ICP-

MS 

0.09 1.38 0.39 0.21 0.51 0.70 1.32 

Al (ppm) Na P ICP-

MS 

153 4250 1174 839 1605 2239 4216 

 
AR ICP-

AES 

719 14750 4582 3360 6308 9757 14682 

As (ppm) Na P ICP-

MS 

0.18 11.05 2.68 2.26 3.50 6.73 10.91 

 
AR ICP-

MS 

1.6 28.5 8.8 5.3 11.2 17.8 27.9 

Au (ppb) Na P ICP-

MS 

< 1 5 1 1 1 2 5 

 
AR ICP-

MS 

< 2 294 10 28 10 15 272 

Ba (ppm) Na P ICP-

MS 

10.85 150.00 50.02 29.33 68.10 95.38 147.36 

 
AR ICP-

MS 

25.5 472.6 139.6 91.0 185.3 256.6 464.1 

Bi (ppm) Na P ICP-

MS 

0.009 1.590 0.226 0.241 0.290 0.450 1.541 

 
AR ICP-

MS 

0.33 5.24 1.65 0.92 2.19 2.79 5.13 

Ca (ppm) Na P ICP-

MS 

290 5590 2445 1079 3150 3839 5581 

 
AR ICP-

AES 

833 29880 5741 4275 7039 11102 28699 
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Element Method Min. 

value 

Max. 

value 

Mean Standard 

Deviation 

75th 

%ile 

90th 

%ile 

99th 

%ile 

Cd (ppm) Na P ICP-

MS 

0.149 2.630 0.910 0.510 1.180 1.594 2.628 

 
AR ICP-

MS 

0.24 6.67 1.56 1.14 1.83 3.27 6.43 

Co (ppm) Na P ICP-

MS 

0.353 7.550 1.517 1.168 1.766 3.090 7.259 

 
AR ICP-

MS 

2.64 25.77 8.68 4.81 9.86 14.44 25.61 

Cr (ppm) Na P ICP-

MS 

0.21 6.16 1.76 1.29 2.44 3.52 6.14 

 
AR ICP-

MS 

3 52 12 8 16 24 50 

Cu (ppm) Na P ICP-

MS 

4.93 237.00 45.99 50.90 58.55 126.80 235.79 

 
AR ICP-

MS 

31.3 432.9 121.2 88.1 168.2 259.5 430.8 

Fe (ppm) Na P ICP-

MS 

60 6170 1881 1401 2778 3950 6160 

 
AR ICP-

AES 

981 38778 10381 7070 1359

5 

20299 38326 

Hg (ppm) Na P ICP-

MS 

0.01 0.15 0.04 0.02 0.05 0.07 0.15 

 
AR ICP-

MS 

0.05 0.46 0.24 0.09 0.30 0.34 0.46 

In (ppm) Na P ICP-

MS 

0.003 0.085 0.023 0.016 0.031 0.044 0.083 

 
AR ICP-

MS 

0.008 0.107 0.041 0.021 0.053 0.070 0.107 
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Element Method Min. 

value 

Max. 

value 

Mean Standard 

Deviation 

75th 

%ile 

90th 

%ile 

99th 

%ile 

K (ppm) Na P ICP-

MS 

126 4120 734 581 950 1160 4014 

 
AR ICP-

AES 

379 2850 1082 507 1311 1625 2850 

LOI (%) Thermal 

decompositi

on 

11.17 94.85 62.36 23.16 81.55 88.35 94.57 

Mg (ppm) Na P ICP-

MS 

108.5 2000.0 433.5 277.8 543.8 698.5 1962.1 

 
AR ICP-

AES 

336 6993 1486 1144 1981 3338 6743 

Mn (ppm) Na P ICP-

MS 

22.40 2380.0

0 

358.1

8 

436.28 402.2

5 

1069.5

0 

2363.5

0 
 

AR ICP-

AES 

68 3700 763 966 1000 1909 3700 

Mo (ppm) Na P ICP-

MS 

0.042 0.781 0.293 0.136 0.355 0.459 0.778 

 
AR ICP-

MS 

0.44 2.42 1.16 0.41 1.36 1.79 2.41 

Na (ppm) AR ICP-

AES 

22 133 51 22 58 76 133 

Ni (ppm) Na P ICP-

MS 

2.75 75.40 15.09 13.45 18.76 33.53 74.72 

 
AR ICP-

MS 

29.3 569.0 163.9 102.9 222.8 307.6 558.0 

Pb (ppm) Na P ICP-

MS 

3.850 134.00

0 

37.91

1 

26.125 50.50

0 

76.740 131.47

0 
 

AR ICP-

MS 

14.8 > 150 68.2 34.5 86.0 130.5 150.1 

Pt (ppm) AR ICP-

MS 

0.003 0.053 0.011 0.008 0.013 0.022 0.053 
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Element Method Min. 

value 

Max. 

value 

Mean Standard 

Deviation 

75th 

%ile 

90th 

%ile 

99th 

%ile 

S (ppm) AR ICP-

AES 

348 2562 1489 544 1854 2141 2552 

Sb (ppm) Na P ICP-

MS 

0.036

5 

0.6710 0.083

8 

0.0651 0.098

7 

0.1296 0.6162 

 
AR ICP-

MS 

0.22 5.72 0.61 0.55 0.70 0.89 5.27 

Se (ppm) Na P ICP-

MS 

0.06 4.46 0.90 0.70 1.16 1.54 4.36 

 
AR ICP-

MS 

0.9 8.4 3.6 1.8 4.5 6.4 8.3 

Sn (ppm) Na P ICP-

MS 

0.091 1.920 0.727 0.411 0.963 1.342 1.912 

 
AR ICP-

MS 

0.73 21.65 2.73 2.76 2.96 3.95 20.94 

Te (ppm) Na P ICP-

MS 

< 

0.005 

0.154 0.033 0.027 0.044 0.062 0.153 

 
AR ICP-

MS 

0.03 0.91 0.27 0.20 0.38 0.55 0.91 

Ti (ppm) Na P ICP-

MS 

2.48 182.00 54.88 39.69 72.60 112.75 181.67 

 
AR ICP-

MS 

14.4 762.3 191.0 154.5 234.6 449.4 742.2 

Tl (ppm) Na P ICP-

MS 

0.006 0.155 0.029 0.021 0.039 0.056 0.147 

 
AR ICP-

MS 

0.038 0.349 0.141 0.062 0.178 0.222 0.349 

V (ppm) Na P ICP-

MS 

0.09 5.50 1.60 1.31 2.29 3.66 5.46 

 
AR ICP-

MS 

< 4 69 16 11 23 30 68 
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Element Method Min. 

value 

Max. 

value 

Mean Standard 

Deviation 

75th 

%ile 

90th 

%ile 

99th 

%ile 

W (ppm) Na P ICP-

MS 

0.004 0.195 0.062 0.037 0.082 0.101 0.194 

 
AR ICP-

MS 

0.1 0.7 0.2 0.1 0.3 0.4 0.7 

Zn (ppm) Na P ICP-

MS 

2.75 602.00 74.25 93.08 91.23 193.00 586.38 

 
AR ICP-

MS 

30.58 > 600 113.5

2 

100.75 121.5

2 

249.83 585.38 
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Table 2-3: Pearson product moment correlation coefficients (R2) for log-normalized data 

for surficial media, consisting of humus analyzed by aqua regia ICP-MS (AR ICP-MS) and 

Na pyrophosphate ICP-MS (Na P ICP-MS), humus analyzed by Na pyrophosphate ICP-MS 

(Na P ICP-MS) and B-horizon till analyzed by aqua regia ICP-MS and NiS FA, and B- and 

C-horizon tills, both analyzed by aqua regia ICP-MS and NiS FA. “N” is the number of 

samples used for the matrix. *Over 20% of Au values are below detection limit in humus 

samples analyzed by Na pyrophosphate ICP-MS; however, we are assuming this does not 

affect the validity of the correlation matrix.  

Pearson product 

moment 

correlation  

Elements Humus (AR ICP-

MS and Na P 

ICP-MS) N=107 

Humus (Na 

pyrophosphate 

ICP-MS) and B-

horizon till, 

N=53 

B-horizon and 

C-horizon till, 

N=71 

  Au* (ppb) 0.36 -0.03 0.69 

  Cu (ppm) 0.93 0.0005 0.89 

Ore elements Ni (ppm) 0.66 0.17 0.91 

  Pd (ppb) - - 0.96 

  Pt (ppb) - - 0.86 

  Rh (ppm) - - 0.92 

  Ru (ppm) - - 0.76 

  Ir (ppm) - - 0.76 

  Ag (ppm) 0.84 0.14 0.67 

  As (ppm) 0.93 -0.06 0.81 

  Bi (ppm) 0.59 -0.11 0.92 

  Cd (ppm) 0.89 0.22 0.71 

  Co (ppm) 0.6 0.28 0.63 

  Cr (ppm) 0.82 0.18 0.85 

Associated 

elements 

Fe (ppm) 0.86 0.05 0.78 

  Hg (ppm) 0.37 0.05 0.62 

  Mo (ppm) 0.81 -0.18 0.74 

  Pb (ppm) 0.84 -0.11 0.78 

  S (ppm) - - 0.59 
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Pearson product 

moment 

correlation  

Elements Humus (AR ICP-

MS and Na P 

ICP-MS) N=107 

Humus (Na 

pyrophosphate 

ICP-MS) and B-

horizon till, 

N=53 

B-horizon and 

C-horizon till, 

N=71 

  Sb (ppm) 0.65 -0.02 0.81 

  Se (ppm) 0.53 -0.10 0.24 

  Sn (ppm) 0.77 -0.01 0.89 

  Te (ppm) 0.65 0.09 0.69 

  W (ppm) 0.51 0.24 0.78 

  Zn (ppm) 0.91 0.15 0.68 

 

Table 2-4: Summary of statistics for B-horizon till samples analyzed by aqua regia ICP-MS 

(AR ICP-MS), aqua regia ICP-AES (AR ICP-AES) and nickel sulfide fire assay (NiS FA). 

Element Method Min. 

value  

Max. 

value 

Mean Std. 

Dev 

75th 

%ile 

90th 

%ile 

99th 

%ile 

Ag (ppm) AR ICP-MS < 

0.01 

12.33 0.32 1.41 0.17 0.32 11.91 

Al (ppm) AR ICP-AES 7581 > 

38000 

21406 5791 24495 29282 37484 

As (ppm) AR ICP-MS 1.9 27.1 7.9 4.7 9.6 14.3 26.9 

Au (ppb) NiS FA < 0.4 80.2 3.6 10.0 2.8 4.7 78.3 

Ba (ppm) AR ICP-MS 18.4 236.6 64.1 33.1 76.6 107.4 225.6 

Bi (ppm) AR ICP-MS 0.05 4.69 0.23 0.55 0.19 0.24 4.57 
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Element Method Min. 

value  

Max. 

value 

Mean Std. 

Dev. 

75th 

%ile 

90th 

%ile 

99th 

%ile 

Ca (ppm) AR ICP-AES 386 4060 1947 759 2382 3021 4049 

Cd (ppm) AR ICP-MS 0.04 0.52 0.18 0.10 0.22 0.34 0.52 

Co (ppm) AR ICP-MS 4.19 41.42 12.31 5.43 15.26 19.86 38.95 

Cr (ppm) AR ICP-MS 16 > 120 37 15 43 50 120 

Cu (ppm) AR ICP-MS 8.3 > 500 52.4 67.6 60.9 84.0 500.1 

Fe (ppm) AR ICP-AES 1760

9 

> 

50000 

29543 7495 33160 38990 50000 

Hg (ppm) AR ICP-MS 0.01 0.19 0.06 0.03 0.08 0.11 0.18 

In (ppm) AR ICP-MS 0.009 1.363 0.042 0.153 0.024 0.029 1.309 

Ir (ppb) NiS FA 0.03 1.03 0.09 0.11 0.09 0.14 0.96 

K (ppm) AR ICP-AES 296 > 

2850 

994 602 1170 1947 2850 

LOI (%) Thermal 

decompositio

n 

1.33 17.94 7.44 3.30 9.22 11.63 17.83 

Mg 

(ppm) 

AR ICP-AES 2202 > 

14000 

5713 2127 7033 8715 13578 

Mn 

(ppm) 

AR ICP-AES 122 1675 290 172 369 431 1537 

Mo 

(ppm) 

AR ICP-MS 0.31 2.90 0.95 0.37 1.13 1.41 2.76 

Na (ppm) AR ICP-AES 40 499 89 51 100 119 468 

Ni (ppm) AR ICP-MS 14.4 340.5 45.1 38.4 48.2 66.7 320.7 

P (ppm) AR ICP-AES 202 > 

1700 

676 297 810 1049 1687 

Pb (ppm) AR ICP-MS 4.6 > 150 15.7 19.4 16.3 22.4 149.4 

Pd (ppb) NiS FA 0.2 > 

4800 

87.2 638.3 1.7 3.8 4800.

1 

Pt (ppm) NiS FA 0.23 354.0

0 

5.72 35.12 1.60 3.16 323.7

1 

Rb (ppm) AR ICP-MS 3 45 17 8 22 28 44 
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Element Method Min. 

value  

Max. 

value 

Mean Std. 

Dev. 

75th 

%ile 

90th 

%ile 

99th 

%ile 

Rh (ppb) NiS FA < 

0.04 

27.60 0.54 3.18 0.13 0.20 26.80 

Ru (ppb) NiS FA < 

0.08 

3.39 0.25 0.48 0.22 0.35 3.39 

S (ppm) AR ICP-AES 73 11222 362 1220 243 316 11222 

Sb (ppm) AR ICP-MS 0.06 1.24 0.27 0.22 0.34 0.53 1.22 

Se (ppm) AR ICP-MS < 0.4 11.6 1.0 1.3 1.0 1.3 11.6 

Sn (ppm) AR ICP-MS 0.26 4.38 0.60 0.51 0.63 0.74 4.34 

Sr (ppm) AR ICP-MS 5.07 27.21 13.19 4.29 15.14 19.65 26.88 

Te (ppm) AR ICP-MS < 

0.01 

9.39 0.15 0.92 0.06 0.07 8.67 

Ti (ppm) AR ICP-MS 293.9 2004.

6 

978.1 321.2 1154.9 1412.

7 

2001.

1 

Tl (ppm) AR ICP-MS 0.049 0.966 0.147 0.104 0.159 0.235 0.919 

V (ppm) AR ICP-MS 28 > 80 45 11 53 61 80 

W (ppm) AR ICP-MS 0.1 1.5 0.3 0.2 0.3 0.5 1.4 

Zn (ppm) AR ICP-MS 20.49 249.9

0 

81.59 39.79 101.55 126.2

1 

245.1

9 
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Table 2-5: Summary of statistics for C-horizon till samples analyzed by aqua regia ICP-MS 

(AR ICP-MS), aqua regia ICP-AES (AR ICP-AES) and nickel sulfide fire assay (NiS FA). 

Abbreviations: Min. (minimum), Max (maximum), Std. Dev. (standard deviation) and %ile 

(percentile). 

Element Method Min. 

value  

Max. 

value 

Mean Std. Dev. 75th 

%ile 

90th 

%ile 

99th 

%ile 

Ag 

(ppm) 

AR ICP-MS < 

0.01 

5.27 0.22 0.72 0.11 0.27 5.27 

Al 

(ppm) 

AR ICP-AES 10709 38000 18738 4823 20685 25416 36810 

As 

(ppm) 

AR ICP-MS 2.2 41.1 9.7 6.1 11.8 17.3 40.0 

Au (ppb) NIS FA < 0.4 80.7 5.7 11.1 4.5 12.4 77.5 

Ba 

(ppm) 

AR ICP-MS 18.7 192.2 69.4 26.6 83.2 95.1 189.2 

Bi (ppm) AR ICP-MS 0.04 3.74 0.34 0.70 0.23 0.40 3.68 

Ca 

(ppm) 

AR ICP-AES 377 5707 2615 880 3127 3659 5552 

Cd 

(ppm) 

AR ICP-MS 0.1 1.1 0.2 0.2 0.3 0.4 1.0 

Ce 

(ppm) 

AR ICP-MS 10.2 70.1 61.2 13.3 70.1 70.1 70.1 

Co 

(ppm) 

AR ICP-MS 5.41 34.29 13.99 5.38 16.76 21.57 33.42 

Cr 

(ppm) 

AR ICP-MS 10 > 120 40 18 46 52 120 

Cu 

(ppm) 

AR ICP-MS 8.4 > 500 102.4 137.2 84.1 500.1 500.1 

Fe 

(ppm) 

AR ICP-AES 16610 50000 29702 6720 32787 38400 50000 

Hg 

(ppm) 

AR ICP-MS 0.01 0.38 0.08 0.05 0.09 0.14 0.37 

In (ppm) AR ICP-MS 0.013 0.894 0.039 0.106 0.025 0.048 0.872 
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Element Method Min. 

value  

Max. 

value 

Mean Std. Dev. 75th 

%ile 

90th 

%ile 

99th 

%ile 

K (ppm) AR ICP-AES 385 2850 1313 608 1667 2125 2850 

LOI (%) Thermal 

decomposition 

1.3 18.4 4.3 2.3 5.2 6.6 17.4 

Mg 

(ppm) 

AR ICP-AES 3639 > 

14000 

7111 2008 8315 9950 14000 

Mn 

(ppm) 

AR ICP-AES 138 994 361 140 444 517 974 

Mo 

(ppm) 

AR ICP-MS 0.25 4.95 1.05 0.73 1.22 1.60 4.81 

Na 

(ppm) 

AR ICP-AES 46 534 108 63 118 145 511 

Ni 

(ppm) 

AR ICP-MS 17.9 1282.9 87.4 160.5 57.4 237.9 1140.7 

P (ppm) AR ICP-AES 182 1189 579 167 704 777 1154 

Pb 

(ppm) 

AR ICP-MS 4.9 150.1 19.9 21.2 22.6 34.6 150.1 

Pd (ppb) NIS FA 0.20 > 

4800 

216.75 831.42 2.98 16.10 4800.10 

Pt (ppb) NIS FA 0.3 203.0 8.5 26.4 2.5 13.7 187.4 

Rb 

(ppm) 

AR ICP-MS 3.83 46.63 17.25 7.90 21.26 28.78 45.27 

Rh (ppb) NIS FA < 

0.04 

20.60 1.02 3.04 0.22 2.72 20.21 

Ru (ppb) NIS FA < 

0.08 

2.20 0.26 0.35 0.26 0.67 2.20 

S (ppm) AR ICP-AES < 70 16000 479 2020 183 378 16000 

Sb 

(ppm) 

AR ICP-MS 0.06 2.47 0.40 0.36 0.52 0.78 2.35 

Se 

(ppm) 

AR ICP-MS < 0.4 4.3 0.9 0.6 1.0 1.4 4.3 
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Element Method Min. 

value  

Max. 

value 

Mean Std. Dev. 75th 

%ile 

90th 

%ile 

99th 

%ile 

Sn 

(ppm) 

AR ICP-MS 0.24 3.32 0.61 0.42 0.61 0.84 3.25 

Sr (ppm) AR ICP-MS 8.7 43.8 17.1 5.7 20.4 23.0 42.5 

Te 

(ppm) 

AR ICP-MS 0.01 1.37 0.12 0.28 0.07 0.16 1.37 

Ti (ppm) AR ICP-MS 659.7 1799.8 1090.2 242.6 1219.9 1470.9 1783.7 

Tl (ppm) AR ICP-MS 0.059 0.616 0.168 0.076 0.198 0.259 0.571 

V (ppm) AR ICP-MS 26.00 77.00 45.91 9.88 50.00 61.00 76.40 

W (ppm) AR ICP-MS 0.10 1.80 0.32 0.32 0.30 0.60 1.80 

Zn 

(ppm) 

AR ICP-MS 25 383 74 47 83 116 360 
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Chapter 3 

Surficial geochemical and mineralogical signatures of Ni-Cu-PGE 

deposits in glaciated terrain: Examples from the South Range of the 

Sudbury Igneous Complex, Ontario, Canada  

Sarah Hashmi, Matthew I. Leybourne, Daniel Layton-Matthews, Stewart Hamilton, M. Beth 

McClenaghan, Alexandre Voinot 

 

3.1 Abstract 

 

 A till geochemistry and indicator mineral (IM) study was carried out in the South Range of the 

Sudbury Igneous Complex (SIC) to develop surficial mineral exploration techniques that are 

suitable for low sulfide, high precious metal (LSHPM) and massive sulfide Ni-Cu-PGE 

mineralization. Surficial exploration in this region is problematic because of heterogeneous till 

deposits overlain by glaciolacustrine sediments, a naturally high surficial geochemical background, 

and a paucity of undisturbed till for geochemical sampling due to mining-related operations. The 

Vermilion and Crean Hill deposits were selected for this case study because their geology and 

mineralogy have been extensively studied. Pathfinder elements that show a strong, positive (r2 > 

0.6, n = 120) correlation with ore elements Ni, Cu, Au and PGEs (Pt, Pd, Ru, Rh, and Ir), which 

are derived from mineralization and present in elevated concentrations in till samples overlying 

mineralization are As, Bi, Co, Cr, Pb, Sb and Te. Ore minerals that survive glacial transport and 

post-glacial weathering and are the best indicators of Ni-Cu-PGE-Au mineralization are grains of 

gold, chalcopyrite, and sperrylite, predominantly recovered from the < 0.25 mm pan concentrate 

fraction of till. Despite challenges, this study has identified new exploration targets that warrant 
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further investigation and demonstrates that till geochemistry and IM methods can be used to explore 

for Ni-Cu- PGE mineralization in established mining camps. 

3.2 Introduction 

 
 Magmatic ore deposits are an important global source of Ni, Cu, Au, and platinum group 

elements (PGEs; Pt, Pd, Rh, Ru, Ir and Os; US Geological Survey, 2014) and include the 1850 Ma 

Sudbury Igneous Complex (SIC), which is the world’s largest historic Ni-Cu mining camp. The 

SIC hosts 77 Ni-Cu-PGE deposits and comprises approximately 34% of the world’s Ni resources 

(production and reserves) (Fig. 3-1) (Farrow and Lightfoot, 2002; Barnes and Lightfoot, 2005; 

Ames and Farrow, 2007). Mineralization in the Sudbury Mining Camp was first discovered in 

outcrop exposures and was subsequently explored using surface prospecting, drilling and 

geophysical methods. Additional undiscovered mineral resources are likely buried under extensive 

glacial sedimentary cover of variable thickness or deeper within bedrock. Any future near surface 

discoveries in the Sudbury Mining Camp will require innovative and modified surficial exploration 

techniques targeting buried mineralization. Several studies have been successful in characterizing 

the geochemical and mineralogical signature of Ni-Cu-PGE deposits in surficial sediments in 

glaciated terrain. Cook and Fletcher (1992) carried out early research on the soils and till around 

the Tulameen Complex (British Columbia, Canada), and noted elevated levels of Pt in colluvium 

and till derived from low-sulfide, PGE-rich ultramafic rocks. Barnett (2007) reported elevated 

concentrations of Ni, Cu, Co, and Cr in till up to 5–7 km down-ice from the Lac des Iles low-sulfide 

PGE deposit (Ontario, Canada) and elevated Pt and Pd content in samples < 1 km from 

mineralization. McClenaghan et al. (2011) showed that ore elements Ni, Cu, Pd, Pt, pathfinder 

elements Ag, As, Bi, Cd, Co, S, Sb, Se and Te, and ore minerals chalcopyrite, sperrylite and 

pentlandite can be targeted in till surveys to explore for magmatic, massive sulfide Ni-Cu-PGE 

mineralization in the Thompson Nickel Belt in northern Manitoba, Canada. Only a small number 



89 

 

of surficial geochemical and indicator mineral (IM) studies have been completed in the Sudbury 

Mining Camp to date. The earliest work was completed by Coker et al. (1991), who conducted a 

regional vegetation and till sampling survey over mineralized Nipissing Gabbro (local values 

averaging 0.50 % Ni, 1.10 % Cu, 700 ppb Pt, 4.5 ppm Pd and 500 ppb Au), 32 km east of the SIC. 

They also sampled over Archean gneisses (mineralization averaging 0.6 % Ni and 4.0 % Cu, PGE 

range up to > 10 ppm) < 1 km north of the SIC (Coker et al., 1991). They determined that the < 

0.002 mm fraction of the B-horizon soil (developed in till) showed the strongest response from Ni-

Cu-PGE mineralization with elevated concentrations of As, Co, Cr, Cu, Pb, Sb, Se and Zn. 

Furthermore, the heavy mineral concentrates (HMC) contained elevated PGE, Au, base metals as 

well as As, Sb and Se (Coker et al., 1991). Bajc and Hall (2000a, b) completed a regional-scale 

humus, B- and C-horizon soil (developed in till) geochemistry survey in the North and East ranges 

of the SIC and concluded that pathfinders to Sudbury-type Ni-Cu-PGE mineralization are Ag, As, 

Au, Bi, Co, Cr, Fe, Mn, Pb, Sb, Se and Te, and showed that these elements occur in elevated 

concentrations in the vicinity of mineralization. They also demonstrated that Pt and Pd dispersal 

down-ice of deposits in the North and East ranges of the SIC was limited to a few hundred metres, 

whereas Cu and Ni dispersal extended up to 2 km down-ice of mineralization. McClenaghan et al. 

(2020a) studied the till geochemical and IM dispersal from the Broken Hammer high-sulfide Cu-

Ni-PGE-Au footwall deposit in the North Range of the SIC. They determined that ore elements Ag, 

Au, Cu, Pd and Pt and pathfinders Bi, Sn and Te were detectable in till at least 125 m down ice of 

the Broken Hammer footwall deposit. Sperrylite and gold grains were detected in till at least 600 

m down ice from the Broken Hammer deposit. They also reported that sperrylite is robust and can 

survive extensive oxidation/ weathering in the surficial environment. In the South Range of the 

SIC, Hashmi (2018a, b) completed a study to assess the suitability of various surficial media for 

characterizing the till geochemistry and IM signatures of Ni-Cu-PGE mineralization and assessing 

mineral resource potential in that part of the camp. What is lacking in these existing studies is a 
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detailed study characterizing the geochemical and mineralogical signature of low-sulfide, high 

precious metal (LSHPM) and massive sulfide Ni-Cu-PGE mineralization in the South Range. The 

goal of our study is to test whether modern till geochemistry and IM methods can be used to explore 

for LSHPM and massive sulfide Ni-Cu-PGE deposits and to compare the results to those for the 

North and East Ranges (Bajc and Hall, 2000a, b). The potential challenges to using till 

geochemistry and IM methods in this part of the camp are: 1) the higher geochemical background 

concentrations relative to the North and East ranges because the South Range is down-ice 

(southwest) of most of the SIC deposits; 2) strong, widespread anthropogenic contamination and 

disturbed till resulting from > 100 years of local mining and smelting; and 3) till of variable 

thickness, commonly overlain by thick glaciolacustrine deposits. Despite the challenges, this study 

has identified new exploration targets that may be of interest for further investigation. 

3.3 Geology 

3.3.1 Location and physiography 

The study area comprises Drury and Denison townships, in the southwestern part of the SIC 

(South Range), approximately 30 km from Sudbury and includes several past- and currently 

operating Ni-Cu mines, including the Crean Hill, Totten, and Vermilion mines (Fig. 3-2). The local 

topography is strongly influenced by the bedrock geology (Card, 1965, 1968). The northern half of 

the study area consists of highly resistant, intrusive rocks of the SIC that comprise the uplands, 

whereas the easily erodible, metasedimentary and metavolcanics rocks underlie the lowlands in the 

southern half.  

3.3.2  Bedrock geology and mineralization  

The east-northeast oriented Sudbury structure is 60 km long by 23 km wide and lies at the 

boundary between the Archean granitic rocks and gneissic rocks of the Superior Province in the 

north and Archean, pre-SIC Paleoproterozoic metasedimentary and metavolcanic rocks of the 
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Southern Province in the south (Fig. 3-2) (Dressler, 1984; Ames and Farrow, 2007). The Sudbury 

structure is made up of 1) the main mass consisting of a lower sublayer (comprising noritic to 

gabbroic cumulate rocks), and an upper granophyre; 2) radial and concentric quartz-diorite offset 

dikes; 3) brecciated and shock metamorphosed footwall rocks known as the Sudbury breccia; and 

4) crater-fill breccias overlain by sedimentary strata of the Whitewater Group (Fig. 3-1; Ames et 

al., 2005; Ames and Farrow, 2007). The Whitewater Group consists of country rock fragments and 

altered glass of the Onaping Formation, carbonaceous argillite and greywacke of the Onwatin 

Formation, greywacke and siltstone of the Chelmsford Formation and carbonate, argillite, and chert 

of the Vermilion Formation (Lightfoot, 2016). The bedrock geology of the study area is 

summarized below from the compilation by Ames et al. (2005) and more recent detailed mapping 

(Généreux et al., 2017; Gordon, 2018; Gordon and Généreux, 2017; Gordon et al., 2015; Simard et 

al., 2016). The oldest rocks are 2.6 Ga granodiorite and granite that may be correlative with the 

Cartier batholith, which is in the northwest sector of the SIC (Ames et al., 2005). These Neoarchean 

granodiorites and granites are intruded by the Paleoproterozoic Matachewan diabase dike swarm 

in the northwest part of Drury Township. Gabbro, gabbronorite and anorthosite of the Drury 

Township intrusion, interpreted to belong to the East Bull Lake intrusive suite, occur in east-central 

Drury Township (Ames et al., 2005; Généreux et al., 2017; Gordon and Généreux, 2017). The 

southern half of the study area is dominated by metasedimentary rocks of the Hough Lake Group 

and metasedimentary and metavolcanic rocks of the Elliot Lake Group, all part of the 

Paleoproterozoic Huronian Supergroup. These are intruded by noritic quartz gabbros of the 

Nipising Intrusive Suite (Ames et al., 2005; Dressler, 1984). Quartz monzonite and granite of the 

Paleoproterozoic Creighton pluton are present in the northeastern corner of Denison Township. 

Granophyre, quartz gabbro, norite, quartz northeastern part of the study area. All proximal rocks 

(such as the metasedimentary and metavolcanic rocks of the Huronian Supergroup), older than the 

SIC also contain variable amounts of Sudbury breccia, which formed during the meteorite impact 



92 

 

event that created the SIC (Ames et al., 2008; Lightfoot, 2016; Rousell et al., 2003). The youngest 

rocks in the study area are east-trending Mesoproterozoic to Paleoproterozoic quartz diabase “trap 

dikes” and Mesoproterozoic olivine diabase dikes of the 1.24 Ga Sudbury dike swarm (Krogh et 

al., 1984; Bleeker et al., 2015). The three main types of Ni-Cu-PGE deposits in the SIC are 

“contact”, “footwall” and “offset” (Appendix G) and all three deposit types are present in the study 

area. The Crean Hill deposit (which hosts the past-producing Crean Hill Mine) (Fig. 3-2) 

encompasses both footwall- and contact-style mineralization; within footwall-style, both LSHPM 

and massive sulfide mineralization have been documented (White, 2012). Massive sulfide, sharp-

walled vein, footwall- and contact-type mineralization is Ni-rich (pentlandite, Ni-bearing 

pyrrhotite), whereas LSHPM, footwall-type mineralization is Cu-rich (chalcopyrite dominant) with 

high precious metal (Pt + Pd + Au) content (Appendix G) (Ames and Farrow, 2007; Ames et al., 

2008; White, 2012; Lightfoot, 2016). At Crean Hill, contact- and sharp-walled footwall ores (those 

that contain 100% sulfide), contain approximately 5 wt. % Ni, 5 wt. % Cu and 5–10 g/t Pd + Pt, 

whereas LSHPM footwall ores average 30 wt. % Cu, 5 wt. % Ni and 30 g/t Pd + Pt (White, 2012). 

A major geological feature of the area is the 8.5 km long southwest-trending Worthington offset 

dike (Fig. 3-2), which pinches and swells and is locally discontinuous (G) (Lightfoot and Farrow, 

2002; Ames and Farrow, 2007). The Worthington Offset hosts the past-producing Worthington and 

McIntyre mines and the currently producing Totten Mine (Fig. 3-2), whereby PGEs occur in a 

sulfide-rich environment and in association with As-bearing minerals (Farrow and Lightfoot, 

2002). The Totten Mine had reserves of 8.4 Mt at 1.42 % Ni, 1.90 % Cu and 4.7 g/t (Pt + Pd + Au) 

in 2002 (Lightfoot and Farrow, 2002). The Vermilion deposit, which hosts the past-producing 

Vermilion Mine (Ontario Geological Survey, 2020; Fig. 3-2) contains LSHPM mineralization in a 

200 m long, northwest striking, and southwestward dipping dike that is part of the Worthington 

Offset (Appendix G) (Szentpeteri et al., 2003; White, 2012). Deformed, granophyric biotite-quartz 

diorite and foliated Sudbury breccia are the host rocks to mineralization (Pt + Pd + Au up to 100 
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g/t; Szentpeteri et al., 2003). Approximately 4000 tonnes of ore grading 11.2 % Cu, 11.6 % Ni, 54 

g/t Pd, 21 g/t Pt, 5.8 g/t Au and 7.4 g/t Ag was mined from the Vermilion deposit in 1910 (Farrow 

and Lightfoot, 2002).  

3.3.3  Surficial geology  

The local surficial geological units are a product of the advance and retreat of the Laurentide Ice 

Sheet during the Late Wisconsinan glaciation (23 000–10 500 years BP; Boissonneau, 1968; 

Barnett, 1992; Barnett and Bajc, 2002). The surficial geology of the study area is summarized here 

from Hashmi (2016). The oldest surficial unit in the study area is till, deposited either as a thick 

continuous blanket (> 1 m) overlying bedrock or as a discontinuous veneer (< 1 m) on steeply 

sloping bedrock surfaces. Local till is a dark grey to brown, grey diamicton, with a silty sand matrix 

(approximately 60 % sand and 35 % silt; Hashmi, 2018b) and generally has a massive structure. It 

is moderately consolidated, has no visible reaction to 10 % HCl, rarely exhibits fissility and has a 

variable clast content (15 to 45 %). A high proportion of the clasts in the till are derived from the 

local bedrock (Hashmi, 2018a). Till is locally overlain by several centimetres to several metres of 

massive to laminated glaciolacustrine sand, silt and clay deposits associated with deglaciation and 

the formation of Glacial Lake Algonquin, which fronted the retreating ice sheet in low-lying areas. 

These glaciolacustrine deposits are the most extensive surficial unit in the study area and occur 

below 325 m asl (above sea level). Also associated with deglaciation are glaciofluvial sand and 

gravel deposits in north-central, northwest, and southwestern parts of the study area. Other minor 

surficial sediments in the study area include aeolian sand associated with paraglacial activity and 

fluvial sand and silt along major streams in the southeastern sector, and organic material in low-

lying poorly drained areas. Twenty-two, small-scale ice-flow indicator features such as striations, 

grooves and rat tails were identified in the field; the reader is referred to Hashmi (2018a) for field 

methods used to determine ice flow trends. Large-scale, ice-flow indicators such as crag and tails, 

roche moutonnée and bedrock flutings were identified using ortho-imagery (Hashmi, 2016). Ice-
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flow measurements indicate that the dominant glacial movement was southwestward (azimuth 200 

– 230◦) across the study area. This southwestward ice flow is associated with glacial retreat, 

whereby the Laurentide Ice Sheet was topographically controlled and flowed sub-parallel to the 

axis of the Sudbury structure. 

3.4 Methods  

3.4.1 Sample collection 

 

 In 2015 and 2016, 118 C-horizon soil samples (developed in till and from here on referred to as 

C-horizon till samples) were collected for geochemical analysis and 129 C-horizon till samples for 

IM recovery using field procedures recommended by Spirito et al. (2011) and McClenaghan et al. 

(2020b). Till samples collected for matrix geochemistry weighed 2–3 kg and for IM recovery 

weighed 10–12 kg. The samples were collected as deep as possible to minimize the effects of 

surface weathering. On average, the samples were collected at > 0.75 m depth and the deepest 

sample was collected at > 2 m depth. Most till samples are relatively unweathered, however, roots 

penetrating the C-horizon, mottled oxidation patterns, lenses of dark brown weathered material 

within grey till, and/or in situ weathered clasts were noted where samples were collected from areas 

of till veneer or bedrock with patchy till cover. Clasts > 5 mm were removed by sieving at the time 

of field sampling and clasts < 5 mm were recovered for lithologic determination. Samples collected 

for geochemistry were labelled using a 3000 series numbering system (e.g., 2015-HS-3001) and 

samples for IM separation were labelled using a 4000 series system (e.g., 2015-HS- 4001), and 

bedrock samples were labelled using a 5000 series system (e.g., 2016-HS-5001) such that the last 

three digits of the sample number are unique to a sample site. Initially the till sample sites were 

selected based on a sampling grid that incorporated transects perpendicular to the dominant ice 

flow in the area; however, mapping of surficial sediments quickly confirmed that limited till was 

present. Due to ongoing mining activity in the South Range over the last 100 years, most of the 
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surficial sediments are disturbed, especially in the vicinity of major mines, including Totten, Crean 

Hill and Vermilion mines. Therefore, the collection of high-density samples was limited near mine 

sites. Till sampling was completed primarily along roads and on public land. Although land 

disturbance is common in the vicinity of the Vermilion deposit, 14 till samples for geochemistry 

and 12 till samples for IM separation were collected, almost all at the till-bedrock interface and 

away from areas of active trenching. Three bedrock samples were also collected for detailed 

mineralogical study of sulfide and platinum group minerals (PGMs) (Hashmi, in press). Most of 

the surficial material immediately down-ice of Vermilion deposit is glaciolacustrine sediment 

(present below 300 m asl) overlying bedrock with little to no till present at surface. Any intact till 

that was noted overlying bedrock was extremely weathered, rooty, depleted in fines and not suitable 

for sampling. At the Crean Hill deposit, past mining and land disturbance also limited till sampling. 

Geochemical and mineralogical till samples were collected at the bedrock-till interface above 

mineralization and two samples of bedrock mineralization were collected for mineralogical 

analyses (Hashmi, in press). Two additional till sites < 100 m southeast of the till sample collected 

at bedrock-till interface, but still within the extent of mineralization were also sampled for till 

geochemistry and IM separation. Till samples at these two sites were collected under > 1 m of 

glaciolacustrine sediment. 

3.4.2 Sample processing and analysis  

3.4.2.1 Bedrock samples  

Polished thin sections (PTS) prepared from rock samples were examined with a scanning electron 

microscope (SEM) at Geoscience Laboratories (GeoLabs) of the Ontario Geological Survey 

(OGS), in Sudbury, Ontario. A Zeiss EVO-50 SEM in conjunction with Aztec software (Oxford 

Instruments) was used to carry out quantitative mineral identification on PTS from Vermilion and 

Crean Hill deposits to investigate grain mineralogy and grain size as well as mineral association.  
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3.4.2.2 Indicator mineral separation and SEM analysis  

The 10–12 kg bulk till samples were submitted to Overburden Drilling Management Ltd. (ODM) 

in Ottawa, Ontario, Canada for heavy mineral separation and recovery of ore-forming and other 

heavy IM. At ODM, the samples were disaggregated in water, wet sieved to < 2 mm, and 

preconcentrated on a shaking table. Gold, sulfide minerals, and PGMs were subsequently counted 

following isolation by micro-panning of the table concentrates. During the micro-panning step, 

gold grain dimensions were measured, and shapes classified using the classification scheme of 

DiLabio (1991). All panned grains were returned to the table concentrates which were subsequently 

refined by heavy liquid separation using methylene iodide diluted to a specific gravity (SG) of 3.2. 

Ferromagnetic separations and sieving were used to isolate the 0.25–2.0 mm non-ferromagnetic > 

3.2 SG fraction for visual inspection under a binocular microscope to identify and isolate specific 

minerals. Additionally, a polished epoxy mono layer grain mount of the pan concentrate from a 

HMC sample (2016-HS-4008B) from the Vermilion deposit was examined using the feature 

analysis option on the SEM to determine the mineral species present, abundance, and size. The 

feature analysis option (INCA software, Oxford Instruments) on the SEM scans the entire polished 

surface of the epoxy mount where all of the “features” or exposed grains are analyzed to identify 

all the mineral species present. In the SEM, the x, y, z stage coordinates are entered that match the 

(circular) area of the entire epoxy plug and thresholds for specific backscatter coefficients were set; 

anything brighter than epoxy was analyzed. Each feature was analyzed for one second (duration set 

manually) to determine the chemical composition of the grain. A classification scheme was then 

set up manually that allows the software to automatically classify the mineral grains using data 

from the energy dispersive X-ray analysis (S. Clarke and D. Crabtree, personal communication, 

2021). Detailed descriptions of the preparation procedures, analytical techniques and geochemistry 

and IM data are published in Hashmi (2018b) or Hashmi (in press).  

3.4.2.3 Geochemistry 
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 The 2–3 kg till samples were oven dried (at 55 °C) and gently disaggregated with a rubber 

mallet. A 100 g aliquot was then removed for particle size analysis (PSA) to determine the 

percentage of clay, silt, and sand in the till matrix. The remaining sample was dry sieved to isolate 

the silt + clay fraction (< 0.063 mm), which was submitted to GeoLabs for the following analyses: 

a. Nickel sulfide fire assay (NiS FA) followed by inductively coupled plasma mass spectrometry 

(ICP-MS) to determine Au and PGE (Pt, Pd, Rh, Ru and Ir) contents. A 15 g aliquot was combined 

with flux and fused at 1050 °C for 90 min. The resultant NiS button was digested in concentrated 

HCl, and any PGEs that went into solution were co-precipitated with Te. The insoluble residue was 

filtered and digested in concentrated HCl + HNO3 before dilution and analysis by ICP-MS. This 

method is optimal for the determination of low Au and PGE concentrations (Geoscience 

Geoscience Laboratories, 2020). b. A modified aqua regia digestion followed by ICP-MS and 

inductively coupled plasma-atomic emission spectrometry (ICP-AES) to determine the 

concentrations of 54 elements. A 2 g aliquot was digested in a solution of nitric and hydrochloric 

acids (3:4). Samples collected around Vermilion and Crean Hill deposits in 2016 were also 

analyzed by an ICP-MS technique with higher upper reporting limits, specifically for mineralized 

till samples. 

3.4.2.4 Quality assurance and quality control  

Quality control measures used in the field included: 1) careful cleaning of sampling equipment 

between each sample to reduce cross-contamination; 2) prevention of anthropogenic material and 

B-horizon soil (developed on both glaciolacustrine sediments and till) from contaminating the 

collected sample by digging shovel pits approximately 1 m wide; 3) well-labelled sample bags and 

photographs of each sample site to prevent sample mix up or mislabelling; and 4) collection of field 

duplicates for geochemistry (2–3 kg sample) and heavy mineral separation (10–12 kg sample) to 

test site variability and sediment heterogeneity. Quality assurance measures for geochemical 

analyses consisted of the inclusion and analysis of: 1) laboratory duplicates; and 2) certified 
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reference material TILL-1 (CANMET, 1995) to assess accuracy and reproducibility of results. 

Quality control measures for IM separation samples consisted of insertion and analysis of the 

Geological Survey of Canada’s (GSC) in-house standard ‘Bathurst blank’ (weathered bedrock 

sample from New Brunswick; McClenaghan et al., 2020b; inserted 6 times) to monitor potential 

carry-over between samples during processing. Additionally, heavy mineral separation samples 

that were suspected to contain abundant ore minerals (based on location) were processed at the end 

of the sample batch to minimize cross contamination of metal-poor samples by metal-rich samples. 

Because the number of lab duplicate pairs for till geochemistry was < 20, precision was determined 

as the relative standard deviation (% RSD) (Piercey, 2014) and was calculated using data for 

laboratory duplicates (n = 10), a GeoLabs internal standard (MCM, n = 3) and CANMET standard 

Till-1 (n = 2) (Appendix H). The precision for Au, PGEs and Te from lab duplicates is poor (> 

20%; Piercey, 2014) because at least one of the duplicate pairs is either below detection limit or 

both values are below limit of quantification (three times the limit of detection). Some pairs had 

PGE contents below detection limit and therefore, were removed from the calculation. Low 

precision for Au may also be attributed to the nugget effect. Precision for ore elements Cu as well 

as Co, Cr and Pb is acceptable (< 10%; Piercey, 2014). Except for two duplicate pairs that show 

poor precision (11.4%), overall, Ni shows acceptable precision for the remaining 8 pairs (5%) 

(Appendix H).  

3.5 Results  

3.5.1 Data presentation  

Geochemical and IM data were plotted in ArcGIS ProTM and statistics were calculated using 

IoGASTM. Spearman rank correlation coefficients (Appendix I) were calculated for all 118 samples 

to determine associations between ore elements and associated elements. Spearman rank 

correlation is the preferred statistic because it does not require that date be normally distributed, 

and it is less sensitive to outliers in data than Pearson product moment correlation (Rollinson, 
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1993). The thresholds between background and elevated element concentrations for ore and 

associated elements were determined using inflection points on cumulative frequency plots 

(Appendix J & K). The threshold value determined from cumulative frequency plots was used as 

upper limit of “background” class interval and the “elevated”, “anomalous” and “highly 

anomalous” intervals were determined using Jenks optimization (or natural breaks) (Dent, 1999) 

and plotted using proportional dots and colored dots on maps. Values reported as less than the lower 

detection limit were replaced with values of one half the detection limit prior to calculations. The 

background threshold values for IM were based on the values reported by Bajc and Hall (2000a), 

Hashmi (2018a) and McClenaghan et al. (2020a) for the Sudbury area.  

3.5.2 Soil development and grain size analysis  

Soil horizons developed in till in the study area comprise a poorly developed organic (O) horizon 

generally < 5 cm thick and commonly containing charcoal, a thin (< 1 cm) Ae-horizon underlain 

by the B- and C-horizons. The B-horizon soil (developed in till) is orangey brown to reddish brown, 

commonly contained roots and varied in thickness from 20 cm to > 1 m. The C-horizon is grey to 

grey-brown, and much coarser compared to the B-horizon, containing 61.6 % sand, 36.8 % silt and 

1.6 % clay (Hashmi, 2018b). The clay content in till samples is variable across the study area and 

over a third of the samples (48 samples) contain no detectable clay-sized particles (Hashmi, 2018b). 

C-horizon till samples collected at the Vermilion deposit contained, on average, 1.6 % clay, 35.0 

% silt and 63.4 % sand, whereas at Crean Hill, the only sample collected over mineralization 

contained 0 % clay, 32 % silt and 68 % sand (Hashmi, 2018b).  

3.5.3 Bedrock samples mineralogy  

High contrast back-scattered electron (BSE) images of polished thin sections of bedrock samples 

from the mineralization at Vermilion and Crean Hill deposits were taken to document sulfide and 

other minerals present in the deposits (Fig. 3-3). At the Vermilion deposit, the most prevalent Cu-

bearing sulfide mineral identified in PTS is chalcopyrite (Fig. 3-3A-D). The presence of bornite, 
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covellite and Ag-bearing covellite were also noted. Nickel-bearing sulfide minerals that are present 

include Ni-bearing pyrrhotite, pentlandite, Ni-bearing pyrite and Ni-bearing chlorite. One mineral 

grain containing Pd, Sb, Bi and Te, approximately 0.0065 mm long, was noted in one of the samples 

(Fig. 3-3B). At Crean Hill deposit, the main Cu-sulfide mineral identified in PTS is chalcopyrite 

(Fig. 3-3E-F). Nickel-sulfide minerals consist of Ni-bearing pyrrhotite, pentlandite and Co-bearing 

pentlandite; no PGMs were observed.  

3.5.4 Ore minerals in till samples  

Ore minerals discussed here were recovered from the < 0.25 mm pan concentrate and from the 

0.25 – 0.50, 0.5 – 1.0, and 1.0 – 2.0 mm non-ferromagnetic HMC fractions of the till samples. Ore 

minerals indicative of Ni-Cu-PGE-Au mineralization that were recovered are pentlandite, 

chalcopyrite, sperrylite and gold grains. Other minerals recovered from till include low-Cr diopside, 

Mn-epidote, molybdenite, chromite, Cr-rutile, and pyrite (Hashmi, 2018b). The ore mineral 

abundance data for till samples are reported in Appendix L and described below. The reported grain 

counts are normalized to a 10 kg sample mass of < 2 mm material (table feed) to allow for 

comparison of samples of different mass.  

3.5.4.1 Chalcopyrite  

Chalcopyrite is the most common Cu ore mineral in Ni-Cu deposits of the South Range (White, 

2012). It is also the only Cu ore mineral recovered from till samples. Based on the absence of 

chalcopyrite in most of the regional samples, background content in till samples is zero grains (Fig. 

3-4A). Only 22 of the 129 till samples contained chalcopyrite grains (1–282 grains). At the 

Vermilion and Crean Hill deposits, a maximum of 282 (2016-HS-4008B) and 82 (2016-HS-4011B) 

chalcopyrite grains were recovered from till samples collected over mineralization, respectively 

(Fig. 3-4B and 3-4C). Elevated numbers of chalcopyrite grains were also recovered from other 

samples in the study area. Fifteen chalcopyrite grains were recovered from sample (2015-HS-

4169), which overlies Nipissing Intrusive Suite rocks, and 77 chalcopyrite grains were recovered 
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from sample (2015-HS-4170) collected over Nipissing Intrusive Suite (imprinted by Sudbury 

breccia) in south-central Drury Township. This sample also contains two sperrylite grains. Lastly, 

29 chalcopyrite grains were recovered from sample 2015-HS-4019, collected over quartz diorite in 

north-central Denison Township. Chalcopyrite was mainly recovered from the 0.25–0.50 mm size 

fraction of till; however, till samples collected at Crean Hill and Vermilion deposits also contain 

chalcopyrite in the 0.5–1.0 mm and 1.0–2.0 mm size range. 

3.5.4.2 Gold grains 

 Gold grains were recovered only from the pan fraction, and they vary in shape from pristine 

(least modified, approximately < 100 m dispersal), modified (approximately < 500 m dispersal) 

and reshaped (distal transport approximately > 1–10 km) (Averill, 2001; DiLabio, 1991). A total 

of 207 gold grains were recovered from sample 2016-HS- 4008B overlying the Vermilion deposit 

(Fig. 3-4B), 176 of which are pristine. At Crean Hill, six (reshaped) gold grains were recovered 

from sample 2016-HS-4011B that overlies mineralization, and 11 (six reshaped and five modified) 

gold grains were recovered from sample 2015- HS-4163 (Fig. 3-4C). Elevated gold grains (> 5 

grains) also occur in till samples collected elsewhere in the study area. Samples collected within 

the vicinity of the northern part of the Worthington Offset contain up to 25 gold grains (2015-HS-

4122), of which 12 are reshaped, five are modified and seven are pristine. Up to 26 gold grains 

were recovered from 2016-HS-4002 FD in south-central Denison Township. Most of these grains 

are modified (13 grains) or reshaped (8 grains) and are located down-ice of Sudbury breccia and 

coincide with elevated sperrylite grains. Up to 15 gold grains were recovered from sample 2015-

HS-4011, in the south-central part of the study area, overlying the Nipissing Intrusive Suite, east 

of the Worthington Offset. Most of the gold grains in these samples are reshaped or modified and 

were accompanied by sperrylite grains. Furthermore, sample 2015-HS-4157, collected overlying 

Sudbury breccia in the north-central Denison Township contained 40 gold grains (70 % reshaped). 

Lastly, sample 2015-HS-4090 collected in north-central Drury contained 16 reshaped gold grains. 
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3.5.4.3 Pentlandite  

Pentlandite is the most common Ni-ore mineral in Ni-Cu deposits the South Range (White, 

2012). Only three till samples from the Vermilion deposit contain a total of 10 grains of pentlandite 

(0.25–0.50 mm > 3.S SG).  

3.5.4.4 Sperrylite 

Sperrylite is the most prevalent Pt-mineral in Ni-Cu-PGE deposits in the South Range (White, 

2012) but only 39 till samples contained sperrylite, with counts ranging from 1 to 26,316 grains 

(Fig. 3-5A-C). At Vermilion, up to 26,316 sperrylite grains were recovered from the pan 

concentrate of till sample 2016-HS-4008B, as well as a single grain from the 0.25–0.50 mm fraction 

of till sample 2016-HS-4008C (Fig. 3-4B). At Crean Hill, up to 29 grains of sperrylite (0.075–0.2 

mm) were recovered from sample 2016-HS-4011B (Fig. 3-5C). Additionally, one and three grains 

were recovered from 2015-HS-3163 and 2015-HS-3164, respectively. Sperrylite grains were also 

noted elsewhere in the study area. Two adjacent samples in south-central Denison Township 

contained up to 55 sperrylite grains (2016-HS-4002B) along with elevated number of gold grains 

(as indicated above). Up to 21 sperrylite grains were recovered from sample 2015-HS-4122, 

collected over the Worthington Offset.  

3.5.4.5 Feature analysis 

A total of 20,531 grains (or features) were identified using feature analysis of the pan concentrate 

of metal-rich till sample 2016-HS-4008B (Table 3-1). Of these, approximately 3 % of the features 

(625 grains) are PGMs, predominantly sperrylite (PtAs2; 609 grains), an unspecified S-As-Rh 

mineral (2 grains), Sudburyite (PdSb; 6 grains), and an unspecified Pd-Bi-Sb mineral (8 grains). 

The PGMs rarely exceed 0.15 mm (along the b-axis) and most are < 0.1 mm. A total of 1.2 % of 

the features (250 grains) are sulfide minerals. The majority of the grains are zircon (60 %), silicate 

minerals (21%) and titanium oxides (11%). 



103 

 

3.5.5 Till geochemistry 

Only analytical results for Pt, Pd and Au analyzed by NiS FA ICP-MS and Cu, Ni and associated 

elements analyzed by aqua regia ICP-MS for bedrock and the < 0.063 mm of till are listed in 

Appendix L and described here. The upper limit of background values in till for the elements 

determined are listed at the top of Appendix L. 

3.5.5.1 Platinum, palladium, and gold  

Elevated Pt values occur in till samples overlying mineralization at Crean Hill deposit (5.9 ppb, 

2016-HS-3011B) and the north end of the Worthington Offset (5.56 ppb, 2015-HS-3124) (Fig. 3-

5A). Anomalous Pt content (57.1–203 ppb) is present in till samples overlying mineralization at 

Vermilion deposit (Fig. 3-5B), with the highest content (203 ppb) recovered from sample 2016-

HS-3008B. Elevated Pt concentrations (4.6–30.8 ppb) are also present in till samples elsewhere in 

the study area. Sample 2015-HS-3002 FD in west-central Denison Township contains 7.5 ppb Pt 

and sample 2015-HS-3085 in southwest Drury Township contains 8.8 ppb Pt. Anomalous Pd 

contents are present in till samples collected over mineralization at Crean Hill deposit (546 ppb, 

2016-HS-3011B). Elevated (4.5–16.1 ppb) to highly anomalous (1243–> 4800 ppb) Pd contents 

are present in till samples overlying the Vermilion deposit with several samples containing higher 

Pd than the upper reporting limit (i.e., > 4800 ppb). Elevated Pd content (4.5 ppb) is also present 

in one other till sample (Fig. 3-5A; 2015-HS-3002 LD) collected in west-central Denison Township 

that coincides with elevated Pt. Elevated to highly anomalous Au contents are noted in till samples 

overlying mineralization at the Vermilion deposit, including the highest content of 80.7 ppb in 

sample 2016-HS-3008D (Fig. 3-6). At the Crean Hill deposit, anomalous Au content occurs in a 

till sample collected over mineralization (27 ppb, 2016-HS-3011B). Similarly, elevated Au (12.1 

ppb) occurs in till sample 2015-HS-3123 collected < 250 m down-ice of the north part of the 

Worthington Offset. Elevated Au is also noted in several till samples elsewhere in the study area. 

Of these, the most notable include 7.9 ppb Au in 2016-HS-3006 collected in west-central Denison 
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Township and 8.1 ppb Au in sample 2015-HS-3052 overlying granophyre in the northwestern 

corner of Denison Township. 

3.5.5.2 Copper and nickel 

 Copper contents in till across the study area range from 8.4 to 963 ppm (Fig. 3-6A). Background 

(8–90 ppm) to highly anomalous (963 ppm) Cu contents are present in samples collected at the 

Vermilion deposit (Fig. 3-6B). Similarly, a sample collected over mineralization (2016-HS- 3011B) 

at Crean Hill deposit also contains highly anomalous Cu (888 ppm) (Fig. 3-6C). Elevated Cu (107 

ppm) content is present in a till sample (2016-HS-3018) west of the southern part of the 

Worthington Offset. Anomalous Cu contents occur in several till samples across the study area, the 

majority of which overlie metasedimentary rocks of the Huronian Supergroup or the Nipissing 

Intrusive Suite. Of these, the most notable Cu contents in till samples include the following: 156 

ppm in sample 2015-HS-3153, in central Drury Township; 122 ppm in sample 2015-HS-3161 in 

central Denison Township; and an isolated elevated value of 155 ppm in sample 2015-HS-3147, 

which coincides with anomalous Ni concentration in north-central Denison Township. Elevated to 

anomalous Ni contents are present in till samples overlying mineralization at the Vermilion deposit 

with the highest value of 1283 ppm present in 2015-HS-3165. At the Crean Hill deposit, anomalous 

Ni content occurs in till sample collected over mineralization (515 ppm, 2016-HS-3011B) and 

elevated Ni (109 ppm) is present in sample 2015-HS-3163. Elevated to anomalous Ni rarely occurs 

elsewhere in the study area, including 385 ppm in 2015-HS-3147 collected in north-central Denison 

Township and 83 ppm in sample 2015-HS-3085, in the southwest corner of Drury Township.  

3.5.5.3 Other elements  

A Spearman rank correlation matrix (Appendix I) shows that Ni, Cu, PGE, and Au display strong 

positive correlations (assigned r2 > 0.6, n = 120; the correlation is significant at the 99% confidence 

interval) with As, Bi, Co, Cr, Pb, Sb and Te. Of these, the highest concentrations of Bi (3.74 ppm, 

2016-HS-3008D), Pb (> 150 ppm, 2016-HS-3008A) and Te (1.37 ppm, 2016-HS-3008A), as well 
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as up to 20.8 ppm As, 23.49 ppm Co and 0.85 ppm Sb occur in till samples overlying the Vermilion 

deposit (Appendix L). However, these elements are present at background concentrations in till 

sample overlying mineralization at Crean Hill deposit.  

3.6 Discussion 

3.6.1 Till geochemistry and indicator mineral signatures  

Magmatic base metal sulfide liquid has an affinity for PGE and chalcophile elements (Ag, As, 

Au, Bi, Cd, Co, Cu, Mo, Ni, Pb, Re, Sb, Se, Sn, Te and Zn) and forms magmatic Ni-Cu-PGE sulfide 

ore deposits (Dare et al., 2010; Naldrett, 2004). Therefore, these elements can be targeted in 

exploration for massive sulfide Ni-Cu-PGE deposits. Studies of LSHPM ores have reported an 

abundance of ore metals Cu, Ni, PGEs, Au, Ag, and pathfinders Al, As, Bi, Ca, Cd, Co, Fe, Hg, 

Mo, Pb, Sb, Sc, Se, Sn, Te, Ti, Tl and Zn in the Sudbury Mining Camp (Farrow and Lightfoot, 

2002; Ames and Farrow, 2007; Ames et al., 2008; White, 2012; Tuba et al., 2014). Strong positive 

correlations exist between ore elements Ni, Cu, Au and PGEs and As, Bi, Co, Cr, Pb, Sb, and Te 

in till samples. All the above elements have been considered as pathfinder elements in previous 

work. Till samples overlying the Vermilion deposit contain elevated to highly anomalous 

concentrations of ore elements (Ni, Cu, PGE, Au) and As, Bi, Co, Cr, Pb, Sb and Te. These 

elements also display elevated concentrations in the underlying mineralized bedrock (Appendix L; 

Ames et al., 2014) and therefore, most likely control the geochemical signature of the overlying 

till. Spearman rank correlation coefficients for till samples indicate that As correlates well with Bi, 

Cu, Mo, Pb, Sb, and Te; and that Te shows a positive correlation with As, Bi, Cu, Ni and Pb 

(Appendix I). Arsenic is an important pathfinder element for PGEs, because sperrylite, a platinum 

arsenide, is the most prevalent Pt-mineral in the South Range deposits. Tellurium and Bi are also 

important pathfinder elements that are derived from michenerite, kotulskite and moncheite, the 

most prevalent Pd-minerals in the South Range deposits (White, 2012). The ore and pathfinder 

elements identified in this study are not unexpected as they have been identified in previous till 
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geochemistry studies of the North and East range of the SIC (Bajc and Hall, 2000a; McClenaghan 

et al., 2020a). Of all the Ni-, Cu-, PGE-ore minerals present in bedrock, only sperrylite and 

chalcopyrite were recovered in significant quantities from till samples overlying mineralization at 

the Vermilion and Crean Hill deposits. The PGMs, including sperrylite and sudburyite, were 

predominantly recovered from the < 0.25 mm fraction, whereas pentlandite was recovered from 

the 0.25–0.5 mm HMC fraction and chalcopyrite was recovered from the 0.25–2.0 mm HMC 

fraction. The presence of a large number of gold grains in till samples (i.e., 207 gold grains), 

including 85% pristine grains at the Vermilion deposit, also indicates that the source of 

mineralization is proximal (DiLabio, 1991). Despite > 1000 ppm Ni present in till at the Vermilion 

deposit, only three grains of pentlandite were recovered from the 0.25–0.50 mm HMC fraction. 

Pentlandite may have contributed to the Ni signature in till but may have weathered prior to 

sampling, therefore yielding no grains in the heavy mineral separation. It is likely that the Ni 

signature in till reflects the presence of pentlandite as well as other Ni-bearing Fe-sulfide minerals 

such as Ni-bearing pyrite and Ni-bearing pyrrhotite that were identified in mineralized samples 

from the Crean Hill and Vermilion deposits in this study (Fig. 3-3C, 3-3D and 3-3F). Up to 132 

(2016-HS-4008B) pyrite grains were recovered from the HMC fraction of till samples collected at 

the Vermilion deposit (Hashmi, 2018b); some of these may be Ni-bearing pyrite, similar to that 

identified in one bedrock sample from the Vermilion deposit, and thus a source of Ni in the till 

matrix. Except for one sperrylite grain in the 0.25–0.5 mm fraction, no other PGMs known to be 

present in the South Range deposits (bismuthide, telluride or antimonide minerals; White, 2012) 

were recovered from the heavy mineral fraction of till (0.25–2.0 mm) in this study. Sperrylite and 

Pt-alloys are known to be resistant to physical and chemical weathering and have been recovered 

from streams in the vicinity of PGE mineralization and in placer deposits in temperate, humid, and 

tropical terrains (e.g., Cameron and Hattori, 2005; Tolstykh and Podlipsky, 2010; Prichard et al., 

2018). Sperrylite has also been recovered in abundant quantities from the pan concentrate fraction 



107 

 

of till samples (up to 714 grains per sample) at the Broken Hammer deposit in the North Range of 

the SIC, most of which were < 0.25 mm (McClenaghan et al., 2020a). The likely reason for the 

lack of coarse grained PGMs (> 0.25 mm HMC fraction) in our study is their smaller size in the 

bedrock source. Petrographic examination of bedrock samples from the South Range deposits by 

White (2012) shows that nearly all PGMs are small (< 0.15 mm), except for some sperrylite grains 

up to 4 mm and michenerite grains up to 0.5 mm. Furthermore, feature analysis of the pan 

concentrate (< 0.25 mm) of one till sample (2016-HS-4008B) in this study identified sperrylite, 

sudburyite, and an unspecified Pd-Bi-Sb mineral. The majority of the PGMs identified in the pan 

concentrate were < 0.005 mm and their recovery and identification were challenging because of 

their small size. Moreover, elevated content of pathfinders such as Bi, Te, As, Se, Sb in the till 

matrix also suggests that Pt-Pd minerals may be present in the finer fraction (< 0.063 mm fraction). 

The implication is that surficial exploration tools, in particular IM methods, that are used to target 

PGE mineralization need to use techniques that can identify PGMs in the finer, < 0.25 mm fraction 

because this is where almost all PGMs are concentrated. At the Crean Hill deposit, till samples 

overlying mineralization display elevated Pt and anomalous Pd contents and sperrylite grains, 

however, in the same till samples, pathfinder elements occur only at background levels. White 

(2012) noted that Pt is present mainly as sperrylite at Vermilion and Crean Hill deposits and that 

95 % of the grains (58 out of the 61 grains), 0.001–3.5 mm in size in bedrock samples, occur along 

silicate-silicate boundaries. Gold and PGEs concentrations in till were determined by NiS FA, 

which is a total digestion. Even though aqua regia is an aggressive digestion, it cannot dissolve all 

silicate minerals or sperrylite (Schoeller and Powell, 1955). It is likely that the bulk of the PGMs, 

located at silicate-silicate boundaries remain undissolved in aqua regia. Therefore, the limited 

pathfinder element (As, Bi, Sb, Te) signature in the Crean Hill till samples is likely an artifact of 

sulfide encapsulation at grain boundaries during aqua regia digestion. The implication of this is that 

aqua regia digestion used for regional geochemical exploration targeting LSHPM mineralization 
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may not provide an accurate determination of PGEs or pathfinder elements such as As, Bi, Sb, and 

Te. Evidence of glacial erosion and dispersal from other known mineralization in the study area is 

apparent for two regional till samples. Elevated Pt and anomalous Pb in sample 2015-HS-3124 

might be derived from the Cu-Ni mineral occurrence located < 1 km up-ice (northeast) of the 

Worthington Offset (Fig. 3-5). A highly anomalous number (25) of gold grains and anomalous 

number (21) of sperrylite grains were recovered from sample 2015-HS-4122 collected < 10 m 

southwest of the Worthington Offset (Figs. 3-5 and 3-6).  

3.6.2 Optimal size-fraction and analytical techniques  

Particle size analysis indicates that there is little clay-sized material (average 1.6%) present in 

till samples collected in the South Range (Hashmi, 2018b). The clay-sized fraction of till is known 

to adsorb metals during till weathering and low metal content in till may be due to a low clay 

content (Shilts, 1984; McClenaghan and Ames, 2013). However, there appears to be no correlation 

between the amount of clay in the till matrix and ore element abundance (Appendix M). For 

example, at Crean Hill deposit, sample 2016-HS- 3011B collected at mineralized bedrock-till 

interface contained elevated to anomalous, Ni, Cu, Pt and Pd as well as elevated to anomalous 

sperrylite, chalcopyrite and gold grains; however, the sample contained 0% clay-sized particles. 

Despite the paucity of clay-sized particles in the till, samples collected overlying and down-ice of 

Ni-Cu-PGE mineralization (such as Crean Hill deposit), still contained elevated to highly 

anomalous ore element content. The presence of elevated to highly anomalous concentrations of 

ore elements is attributed to the predominance of PGM and gold grains in the silt-sized fraction 

(0.002–0.063 mm), which is most likely the “terminal grade” (Haldorsen, 1978) of gold grains and 

PGMs that are glacially eroded from crystalline rocks and comminuted. Consequently, 

geochemical analyses of the < 0.063 mm fraction (silt + clay) of till is optimal to detect Ni-Cu-

PGE mineralization in the South Range of the SIC. To determine which analytical method was best 

for analyzing ore and pathfinder elements, the samples underwent NiS FA ICP-MS and aqua regia 
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ICP-MS. The till samples were also analyzed using instrumental neutron activation analysis 

(INAA) however these results are not presented here because the detection limit for Au by INAA 

is 2 ppb and almost half of the samples (49 of the 118) contained < 2 ppb Au; the reader can refer 

to Hashmi (2018b). Of the results presented in this paper, NiS FA ICP-MS reported the highest 

concentrations for Au, Pt, Pd, Ru, Rh and Ir. This method also has lower detection limits for PGE 

and Au. However, at around $200 CAD per till sample (Geoscience Laboratories, 2020), it is the 

most expensive method used to analyze PGEs and Au, and nearly 6 times the cost of INAA ($25 

CAD per sample; Actlabs, 2021) and aqua regia ($11.25 CAD; Geoscience Laboratories, 2020) 

combined. Furthermore, aqua regia ICP-MS on a 2 g aliquot was also used to determine minor and 

trace element concentrations, Au, and some PGEs (Pt, Pd, Ir). Overall, aqua regia was the least 

appropriate method for determining Au and PGE concentrations in till in this study because PGMs 

such as sperrylite are not dissolved by aqua regia (Gowing, 1993; Schoeller and Powell, 1955). 

Furthermore, most of the PGE minerals are hosted between silicate-silicate boundaries and thus are 

also not being fully digested by aqua regia. Also, a 2 g aliquot used for aqua regia is highly 

susceptible to the nugget effect as compared to a 15 g aliquot used for NiS FA or a 30 g aliquot 

used for INAA. The high cost of using NiS FA to determine the additional elements Ru, Rh and Ir 

was not justified as most samples contained extremely low levels of Ru, Ir and Rh (at or below 

detection limit). Considering the findings of this study, a more cost-effective technique that could 

have provided comparable results would have been a Pb fire assay. Each sample costs 

approximately $25 (Geoscience Laboratories, 2020) and requires a 30 g aliquot, thereby reducing 

the nugget effect. It is the most cost-effective technique to determine Pt and Pd concentrations in 

till, the most abundant PGEs in till in this study.  

3.6.3 New targets  

Our study demonstrates that As, Bi, Co, Cr, Pb, Sb, and Te can be used to target LSHPM and 

massive sulfide, Ni-Cu-PGE mineralization in the South Range, but that the grain-size fraction is 
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an important consideration. Although the full extent of glacial dispersal from known deposits was 

not possible to determine due to sample location limitations, the key ore minerals, and ore and 

pathfinder elements that were identified were used to identify areas of interest that would benefit 

from further investigation. This study has identified several potential mineralized bedrock targets 

defined by sample clusters that consist of 2 or more till samples (geochemistry and ore minerals) 

that are within a kilometre of each other and contain elevated to anomalous concentrations of ore 

elements, ore minerals and pathfinder elements. The “RGB Zonation” tool in IoGasTM was used to 

help identify these sample clusters. The RGB Zonation tool delineates relationships between three 

variables (elements and/or minerals) concurrently to determine spatial relationships. Here the 

difference between background and elevated values for each variable (i.e., the threshold for mineral 

grains or element contents) is defined and the RGB Zonation tool then generates a spatial plot, 

whereby samples with variables above the defined threshold are highlighted in distinct colors. The 

RGB Zonation tool was used in conjunction with ArcGIS Pro™ to identify spatial associations. 

The results show 5 clusters and 1 isolated sample identified in the study area (Fig. 3-7) which may 

be targeted for additional follow-up investigations. Till samples in cluster 1 contain elevated counts 

of gold and sperrylite grains as well as Ni, Cu, As, Co and Te content and are likely associated with 

glacial dispersal from the central part of the Worthington Offset as well as the Nipissing Intrusive 

Suite (Lightfoot and Naldrett, 1996). Samples in cluster 2 are in south-central Denison and have 

elevated to anomalous contents of Pt, Au, Pd, and As, as well as sperrylite and gold grains. The 

gold grains identified in cluster 2 till samples are predominantly reshaped suggesting distal 

transport of 1–10 km. The bedrock source may be the Nipissing Intrusive Suite mapped 

approximately 1 km up-ice, Sudbury breccia mapped < 1 km up-ice or a combination of both. 

Cluster 3, located in the southwest corner of Drury Township includes three samples with elevated 

concentrations of Pt, Ni, Cr, and Co; 2 grains of chalcopyrite were also recovered from one of the 

samples in this cluster. The source may be the Nipissing Intrusive Suite underlying or close to the 
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sample sites. Till samples in cluster 4 are in south-central Drury and contain elevated chalcopyrite 

and sperrylite grain counts and Cu, As and Co. These samples overlie the Nipissing Intrusive Suite. 

The five sample sites that comprise cluster 5 in central Drury contain elevated sperrylite and gold 

grains, as well as elevated As, Cu, Te and Sb and are likely derived from the underlying Sudbury 

breccia. Lastly, an isolated anomalous sample (2015-HS-4157) collected over Sudbury breccia and 

< 1 km north of the Vermilion deposit contained highly anomalous number of gold grains (40 

grains, 70 % reshaped, 20 % modified, 10% pristine, ranging 0.015–0.1 mm) and sperrylite (50 

grains, 3 of which were 0.015–0.15 mm). The till geochemistry indicates background levels of ore 

and associated elements. The large number of reshaped gold grains is suggestive of a proximal 

source. It is likely that the potential source of the high numbers of ore minerals is the Crean Hill 

deposit, located < 1 km up-ice. 

3.6.4 Comparison to other SIC surficial studies  

The Bajc and Hall (2000a, b) study, conducted in the North and East ranges of the SIC (Fig. 3-

1), used percentile values to determine background versus anomalous population thresholds, 

whereas this study used cumulative frequency. To directly compare threshold values, Bajc and 

Hall’s (2000a, b) data were used to calculate anomaly thresholds for ore elements in the North 

Range using cumulative frequencies (Table 3-2; Appendix N). We compared the two studies to 

determine if the background versus threshold (by cumulative frequency) for Pt, Pd, Cu and Ni in 

the South Range could also be used in the North and East ranges. For a fair comparison, the 

complete Bajc and Hall (2000b) C-horizon till geochemistry dataset was used, which included 

samples that were overlying and down-ice of mineralization, as well as background samples. This 

comparison shows that the background versus threshold concentrations for Ni, Cu, Pt, Pd and Au 

in the South Range are much higher than for both the North and East ranges. For example, 90th 

percentile for Pt is 1.8 ppb in the North and East ranges, versus 10 ppb in the South Range. Glacial 

dispersion throughout the Sudbury Structure was from northeast to southwest and this eroded and 
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entrained Ni-Cu-PGE-rich debris in till along the path of flow. Contributions from the remarkable 

number of known (and presumably undiscovered) deposits in the Sudbury Structure leads to a 

general increase in the mineralized detritus in till from northeast to southwest. The result is that 

“background” metal concentrations in the South Range are higher than in the North and East ranges 

and the thresholds cannot be used interchangeably.  

3.7 Conclusions  

A till geochemistry and IM survey was completed in the South Range of the SIC to characterize 

the geochemical and mineralogical signature of LSHPM and massive sulfide Cu-Ni-PGE 

mineralization from the Vermilion and Crean Hill deposits. The ore elements Ni, Cu, Au, PGEs 

correlate well with pathfinder elements As, Bi, Co, Cr, Pb, Sb and Te. All these elements can be 

useful in delineating Ni-Cu-PGE mineralization elsewhere in the SIC. In particular, the ore minerals 

chalcopyrite, sperrylite and gold grains are useful indicators of Ni-Cu-PGE mineralization in the 

South Range of the SIC. Despite elevated Ni content in till samples both proximal and distal to 

Crean Hill and Vermilion deposits, pentlandite was only recovered from till samples in the 

immediate vicinity of the Vermilion deposit. It is possible that the Ni signature in till is derived 

from other Ni-bearing Fe-sulfide minerals present in the till. Nearly all PGMs and gold grains were 

recovered from the < 0.25 mm pan concentrate fraction. Therefore, surficial exploration for PGE 

mineralization should focus on the < 0.25 mm fraction, utilizing mineral identification techniques 

such as SEM-feature analysis. However, heavy mineral recovery of coarser fractions (0.25–2.0 

mm) is still useful for recovering sulfide minerals that are indicative of Ni-Cu mineralization. 

Despite the high natural regional geochemical background, a paucity of clay-sized particles and 

widespread anthropogenic disturbance limiting the availability of C-horizon till, the geochemical 

and IM signature in till is detectable near Ni-Cu-PGE mineralization and for a considerable (albeit 

uncharacterized) distance down-ice. Therefore, it is possible to use surficial geochemistry and IM 

methods to explore for Ni- Cu-PGE mineralization elsewhere in the South Range. Possibly 
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exemplifying this are the clusters of mineralized till samples identified in this study using spatial 

analysis techniques. These clusters have high concentrations of ore and pathfinder elements and/or 

IM but are not near known mineralization. The clusters are most likely associated with mineralized 

Sudbury breccia or the Nipissing Intrusive Suite and warrant further investigation. For future 

surficial exploration in the SIC, C-horizon till samples should be collected as deep as possible, 

ideally at till-bedrock interface. Till geochemistry should also be used in conjunction with IM 

methods to delineate geochemical and mineralogical anomalies in both regional-and property-scale 

surficial exploration programs. 
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Figure 3-1: Location of study area in the Sudbury area of central Canada. Drury and Denison townships are in the southwest corner of 

the Sudbury Igneous Complex, an ellipsoidal structure in northeastern Ontario.The townships of Drury and Denison are approximately 

30 km southwest of the city of Sudbury. 
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Figure 3-2: Bedrock geology, and location of mineral deposits and till sample sites in the study area. The location of the Worthington 

Offset, past producing Crean Hill, Vermilion, Ellen open pit, Worthington and Lockerby mines; currently producing Totten Mine, and 

the Victoria project are also indicated. Bedrock geology is modified after Ames et al. (2005). 
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Figure 3-3: High contrast BSE images of polished thin sections of mineralized rocks from 

the Vermilion and Crean Hill deposits. Two areas of interest selected around sulfides in a 

sample (2016-HS-5008A-A) from Vermilion deposit; (A) minerals identified in area 1 are 

magnetite, chalcopyrite, galena , bornite and silver-bearing covellite; (B) minerals identified 

in area 2 are Ni-bearing chlorite, epidote, quartz and a 6.5 µm PGM (BiPdSbTe) hosted 

between Ni-bearing chlorite. Two areas of interest selected around sulfides in second sample 

(2016-HS-5008A-4A) from Vermilion deposit; (C) minerals identified in area 1 are 

chalcopyrite, chlorite, ilmenite, tremolite, pentlandite, ilmenite and Ni-bearing pyrrhotite 

(D) minerals identified in area 2 are Ni-bearing pyrite, chlorite, pentlandite, tremolite, 

chlorite and Ni-bearing pyrrhotite. Two areas of interest selected around sulfides in a 

sample (2016-HS-5011C-A) from the Crean Hill deposit; (E) minerals identified in area 1 

are chalcopyrite, sphalerite, pentlandite, Co-bearing pentlandite, Ni-bearing pyrrhotite and 

alteration; (F) minerals identified in area 2 are chalcopyrite, Ni-bearing pyrrhotite, 

amphibole, chlorite, quartz and pentlandite and plagioclase. Abbreviations: Alt= alteration, 

Amp = amphibole, Ccp = chalcopyrite, Qtz = quartz, Mgt = magnetite, Gn = galena, Ag-Cv 

= silver-bearing covellite, Ni-Chl= Ni-bearing chlorite, Bn = bornite, Ep = epidote, Trm = 

tremolite, Pn= pentlandite, Chl= chlorite, Ni-Po = Ni-bearing pyrrhotite, Ni-Py= Ni-bearing 

pyrite, Sph= sphalerite, Co-Pn= Co-bearing pentlandite, Ilm = ilmenite, Plg = plagioclase. 
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Figure 3-4: (A) Graduated color dot map of gold grain abundance in the panned, table concentrate and proportional dot map of 

chalcopyrite grain abundance in the 0.25-0.5 mm, non-ferromagnetic heavy mineral concentrate (> 3.2 S.G.) of till samples (N = 128), with 

inset maps for detailed sampling at (B) Vermilion and (C) Crean Hill mines. Sample sites mentioned in text are labelled. Bedrock geology 

modified after Ames et al. (2005). Bedrock geology legend same as in Figure 3-2.  
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Figure 3-5: (A) Graduated color dot map of sperrylite grain abundance in the panned table concentrates (N = 128) and proportional dot 

map of Pt (ppb) concentration in the < 0.063 mm fraction of till samples (N = 120), determined by NiS FA ICP-MS with inset maps for 

detailed sampling at (B) Vermilion and (C) Crean Hill mines. Sample sites mentioned in text are labelled. Bedrock geology modified after 

Ames et al. (2005). Bedrock geology legend same as in Figure 3-2. 
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Figure 3-6: (A)  Graduated color dot map of Cu (ppm) concentration determined by aqua regia ICP-MS and proportional dot map of Au 

(ppb) determined by NiS FA ICP-MS in the < 0.063 mm fraction of till (N=120). Inset maps show detailed sampling at (B) Vermilion and 

(C) Crean Hill mines. Sample sites mentioned in text are labelled. Bedrock geology modified after Ames et al. (2005). Bedrock geology 

legend same as in Figure 3-2. 
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Figure 3-7: Bedrock geology map of the study area with clusters of till samples circled that 

contain elevated to anomalous concentrations of ore and associated elements, and ore 

minerals.  
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Table 3-1:  List of minerals identified using feature analysis of panned concentrate (< 0.25 

mm fraction) from till sample 2016-HS-4008B collected immediately down-ice of the 

Vermilion deposit. 

Group Mineral No. of 

Features 

% of total  

features 

PGMs Sperrylite   609 3 

  SAsRh 

mineral 

2 0 

  Sudburyite   6 0 

  PdBiSb 

mineral 

8 0 

Iron-oxides Fe-oxide 34 0.2 

Sulfides Sulfides 250 1.2 

Silicates Silicates 4228 20.6 

  Monazite 31 0.2 

Unclassified Unclassified 354 1.7 

Zircons Zircons 12301 59.9 

  Baddeleyite 63 0.3 

Titanium-

oxide 

Ilmenite 75 0.4 

  Rutile 2338 11.4 

Others Cassiterite 81 0.4 

  Barite 6 0 

  Apatite 131 0.6 

  Corundum 14 0.1 

Total All Features 20531 100 
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Location North 

and 

East 

ranges* 

South 

Range 

** 

North 

and 

East 

ranges* 

South 

Range 

** 

North 

and 

East 

ranges* 

South 

Range 

** 

North 

and 

East 

ranges* 

South 

Range 

** 

North 

and 

East 

ranges* 

South 

Range 

** 

Percentiles Pt ppb  Pt 

ppb  

Pd ppb  Pd 

ppb  

Au ppb Au 

ppb 

Cu 

ppm 

Cu 

ppm 

Ni ppm Ni 

ppm 

< 50 < 0.8 < 1.2 < 0.5 < 1.6 < 2.6 < 2.4 < 32 < 57 < 29 < 42 

50-75 0.8-1.2 1.4-

2.5 

0.5-0.7 1.6-

2.9 

2.7-5.9 2.5-

4.5 

33-52 58-84 29-41 43-57 

76-90 1.2-1.8 2.63-

10.0 

0.7-1.5 3.0-

11.8 

6.3-16.1 4.50-

12.1 

53-86 86-

156 

42-62 58-

238 

91-95 1.8-2.8 18.8-

57.1 

1.6-2.7 456-

1727.0 

17.2-

28.3 

14.7-

25.1 

93-200 500 66-87 296-

385 

96-100 2.9-24.9 71.6-

203.0 

3.2-

159.8 

1853-

> 

4800 

31.9-

243.3 

26.4-

80.7 

212-

1500 

862-

963 

97-1511 515-

1283 



134 

 

Location North 

and 

East 

ranges* 

South 

Range 

** 

North 

and 

East 

ranges* 

South 

Range 

** 

North 

and 

East 

ranges* 

South 

Range 

** 

North 

and 

East 

ranges* 

South 

Range 

** 

North 

and 

East 

ranges* 

South 

Range 

** 

Breaks in 

slope in 

cumulative 

frequency 

distribution 

plots 

Pt ppb  Pt 

ppb  

Pd ppb  Pd 

ppb  

Au ppb Au 

ppb 

Cu 

ppm 

Cu 

ppm 

Ni ppm Ni 

ppm 

Element 

content 

1.4 3.9 1.7 3.8 5.9 5.5 75 90 62 71 

Threshold 

percentile 

82nd 83rd 93rd 85th 75th 83rd 87th 79th 90th 86th 
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Table 3-2: Comparison of ore element concentrations and their respective percentiles from the North and East ranges (data from Bajc 

and Hall, 2000b) and the South Range (this study). For the North Range, percentiles were calculated from regional and deposit-scale C-

horizon, < 0.063 mm till-fraction geochemistry data from Bajc and Hall (2000b). Similarly, for the South Range, percentiles were 

calculated from regional and deposit-scale C-horizon, < 0.063 mm till-fraction geochemistry data (Hashmi, 2018b). *In the North and East 

ranges, Ni was analyzed by aqua regia ICP-MS for 431 and Cu for 429 samples. Platinum, Pd and Au were analyzed for 426 samples 

using Pb fire assay (ICP-MS), and Cu and Ni were analyzed for 429 and 431 samples, respectively, via aqua regia ICP-ES. **In the South 

Range, Pt, Pd and Au were analyzed via NiS FA (ICP-MS) and Cu and Ni were analyzed via aqua regia ICP-MS for 118 samples. Values 

> 4800 ppb signify the upper reporting limit of NiS FA ICP-MS.
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Chapter 4 

Chemistry of indicator minerals of low-sulfide, Cu-Ni-PGE 

mineralization in glaciated terrain: examples from the South Range of 

the Sudbury Igneous Complex, Canada 

Sarah Hashmi, Alexandre Voinot, Matthew I. Leybourne, Daniel Layton-Matthews, Stewart 

Hamilton, Beth McClenaghan, Marissa Valentino 

  

4.1 Abstract 

A bedrock and till sampling survey of heavy mineral separates was conducted in the South Range 

of the Sudbury Igneous Complex (SIC). The objective of this study were to: 1) compare and 

characterize the chemistry of chalcopyrite, pentlandite and sperrylite grains in till derived from low 

sulfide, high precious metal (LSHPM) and nickel copper platinum group element (Ni-Cu-PGE) 

mineralization by scanning electron microscope (SEM), electron microprobe analysis (EMPA) and 

laser ablation inductively coupled plasma mass spectrometry (LA ICP-MS), and 2) to determine 

whether these minerals can be used to target LSHPM mineralization in grassroots exploration 

surveys in glaciated terrain. The Vermilion and Crean Hill deposits were chosen because these 

deposits are well-characterized, and their sulfide and platinum group mineralogy has been 

extensively studied.  

The results of this study demonstrate that glacial modification is limited to physical comminution 

and does not affect the chemical composition of chalcopyrite and pentlandite (recovered from the 

250 – 500 µm till fraction), or sperrylite (recovered from the < 250 µm size-fraction of till). 

Chalcopyrite grains derived from LSHPM mineralization at the Vermilion deposit contain up to 

1630 ppm Ag, 490 ppb Au, and 70 ppb Pt, whereas pentlandite grains contain up to 370 ppm Ag, 
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250 ppb Au, 530 ppm Pd, 50 ppb Rh, and 10 ppb Ru. Sperrylite is a resistant platinum group mineral 

that also contains up to 141 ppm Ag, 54480 ppb Au, 5055 ppb Ir, 1954 ppm Pd, 33486 ppb Rh, and 

22 ppb Ru. Our study is one of the first to document the unique chemistry of sperrylite associated 

with LSHPM mineralization by LA ICP-MS and demonstrates that the trace element contents in 

sulfide minerals can be used to delineate PGE mineralization in glaciated terrain and determine 

their magmatic-hydrothermal origin.  

4.2 Introduction 

The increasing difficulty of finding near-surface mineral deposits in glaciated terrain requires 

modification of conventional mineral exploration techniques (i.e., drift prospecting; Shilts 1973, 

1977, 1984a, b) that can assist in exploring for mineralization buried under glacial sediment cover 

of variable thickness. The recovery and utilization of indicator minerals (IMs) from the < 2 mm 

fraction of till has proven to be a successful vectoring tool for mineral exploration in glaciated 

terrain (Barnett and Averill, 2010; Plouffe et al., 2016; Duran et al., 2019; McClenaghan et al., 

2018). A mineral may be utilized as an IM if it is: 1) relatively abundant within the mineralization 

and/or associated alteration compared to background bedrock; 2) sufficiently dense (specific 

gravity > 3.2) such that it can be recovered using gravity preconcentration methods and heavy liquid 

separation (Lehtonen et al., 2005; Plouffe et al., 2013); 3) resistant to physical and chemical 

weathering; 4) visually distinct and easily identifiable; and 5) sand-sized or smaller (< 2 mm) 

(Averill, 2001; McClenaghan, 2011; McClenaghan et al., 2020a). Indicator minerals are commonly 

physical evidence of the presence of mineralization (McClenaghan, 2011; Plouffe et al., 2013). 

Physical properties of IMs (i.e., grain morphology, surface textures) can also aid in determining 

relative glacial transport distances (proximal vs. distal sources). For example, pristine gold grains 

are indicative of proximal source, whereas reshaped gold grains are indicative of long transport 

distances in glaciated terrain (Dilabio, 1991). Use of IM allows for the identification of 
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anthropogenic contamination in a sample such as airborne smelter particles (McClenaghan et al., 

2013) or slag (a by-product of metal separation from ore) (Hashmi, 2018a).  

Notable deposit types for which indicator mineral recovery can now successfully be applied to 

exploration include diamond-bearing kimberlites (McClenaghan and Kjarsgaard, 2001; Kjarsgaard 

et al., 2004), porphyry Cu (Kelley et al., 2011; Hashmi et al., 2015; Plouffe et al., 2016), 

volcanogenic massive sulfide (McClenaghan et al., 2015; McClenaghan and Peter, 2016), and rare 

earth elements (REE) (McClenaghan et al., 2019). A small number of IM studies have also targeted 

Ni-Cu-PGE deposits in glaciated terrain (Searcy, 2001a, b; Averill, 2011; McClenaghan et al., 

2011; Hashmi et al., 2021; McClenaghan et al., 2020a). Barnett and Averill (2010) identified a 5 

km long glacial dispersal train enriched in Cr-andradite and chromite that is associated with Pd-Pt 

mineralization in the Mine Block Intrusion at Lac des Iles in northern Ontario, Canada. 

McClenaghan et al. (2011) reported 1000s to 10000s of grains of chalcopyrite, pentlandite, 

sperrylite, and chromite in till down ice of the Ni-Cu deposits in the Thompson Nickel Belt in 

northern Manitoba, Canada. Indicator mineral case studies carried out at Ni-Cu-PGE deposits in 

the North and South ranges of the Sudbury Igneous Complex (SIC) have documented dispersal of 

chalcopyrite, sperrylite, and gold grains in local till down ice (Bajc and Hall, 2000; Hashmi, 2018a; 

McClenaghan et al., 2020). However, IM recovery and identification is expensive and mineral 

picking by specialized personnel can be costly if the IM is abundant in both mineralized and barren 

rocks and large quantities are recovered from till samples (Gent et al., 2011). Therefore, mineral 

chemical techniques applied to ore minerals enhances the information provided by traditional IM 

methods and establish links between IM and their bedrock source (Layton-Matthews and 

McClenaghan, 2022).  

With advances in analytical techniques such as electron microprobe analysis (EMPA) and laser 

ablation inductively coupled plasma mass spectrometry (LA ICP-MS), researchers have been able 

to better characterize mineral chemistry for various commodities, including garnet for diamond 
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exploration (Keller and Bogdan, 2004; Swanson et al., 2001), apatite for IOCG (Normandeau et 

al., 2014), magnetite for Ni-Cu-PGE (Butroy et al., 2014), and scheelite, tourmaline and magnetite 

for orogenic Au deposits (Grzela et al., 2019). However, limited work has been completed on the 

chemistry of Ni- and Cu-sulfide minerals recovered from till samples. Duran et al. (2019) 

completed a comprehensive mineral chemistry study of sulfide IMs recovered from the coarse (250-

1000 µm) heavy mineral fraction of regional till and esker samples in northeastern Quebec. The 

authors utilized LA ICP-MS to characterize the chemistry of pyrite, arsenopyrite, chalcopyrite, and 

löllingite to classify their provenance as magmatic, hydrothermal, or unknown (Duran et al., 2019). 

Moreover, detailed study of sulfide indicator mineral chemistry of Ni-Cu-PGE and low sulfide, 

high precious metal (LSHPM) mineralization is lacking. Chalcopyrite is known to survive glacial 

erosion, entrainment, transport, and deposition as well as post-glacial surficial weathering (Averill, 

2011; Hashmi 2018b; Duran et al., 2019; McClenaghan et al., 2019). Chalcopyrite is also an 

indicator mineral of Ni-Cu-PGE mineralization and has been documented to incorporate PGEs and 

chalcophile elements such as Pb, Zn, and As (Dare et al., 2010; Dare et al., 2011; George et al., 

2018; Duran et al., 2019).  

The SIC is one of Canada’s largest and oldest mining camps, host to 77 past- and currently- 

producing mines and numerous world class Ni-Cu-PGE-Au deposits (Farrow and Lightfoot, 2002; 

Ames et al., 2005; Farrow et al., 2005; Ames and Farrow, 2007; Ames et al., 2008; White, 2012). 

The last decade has seen an emphasis placed on targeting the LSHPM style of mineralization in the 

SIC because it contains extremely high Pt, Pd, and Au contents (PGE; > 5 g/t Pt + Pd; Farrow and 

Lightfoot, 2002; Farrow et al., 2005; Péntek et al., 2008; Péntek et al., 2013; Tuba et al., 2014; 

White, 2012). Furthermore, this region also has multiple glacial sediment deposits overlying 

bedrock and a single dominant ice-flow movement, making it an ideal site to test sulfide mineral 

chemistry of locally derived ore mineral grains associated with Ni-Cu-PGE mineralization.  
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 This paper demonstrates how mineral chemistry data for chalcopyrite and pentlandite recovered 

from till samples can be easily incorporated into grassroots exploration geochemistry surveys. The 

research presented in this paper builds on previous work on indicator minerals completed in the 

South Range of the SIC, where a comprehensive till sampling program was undertaken in the Drury 

and Denison townships in the southwest corner of the SIC to determine down-ice dispersal from 

known Ni-Cu-PGE mineralization and identify potential new targets (Hashmi, 2015, 2016, 2018a, 

b, in press; Hashmi et al., 2021). We have determined that ore minerals chalcopyrite, pentlandite, 

and sperrylite recovered from till samples down-ice of the Vermilion and Crean Hill deposits were 

derived solely from the deposits because background till samples (or till samples collected up-ice 

from the deposits) contained background levels of chalcopyrite, pentlandite, gold, and sperrylite 

grains (Hashmi, 2018a, b). 

In this study, the chemistry of chalcopyrite and pentlandite grains recovered from till samples 

down ice of and derived from LSHPM (Vermilion deposit) and Ni-Cu-PGE mineralization (Crean 

Hill deposit) is studied using state-of-the-art methods such as SEM, EMPA, and LA-ICP-MS and 

compared to the chemistry of these grains from ore samples to determine: 1) the effects of glacial 

modification on the chemistry of chalcopyrite and pentlandite recovered from till samples; 2) the 

key ore and associated elements present in chalcopyrite and pentlandite that can be targeted as for 

PGE mineralization in large scale grass-roots exploration in glaciated terrain; and 3) the chemical 

signature of sperrylite grains recovered from till down-ice of the Vermilion Ni-Cu-PGE deposit 

that also contains LSHPM mineralization. This study is one of the first to demonstrate the 

significance of incorporating PGM and sulfide mineral chemistry into regional geochemical 

exploration surveys for PGE deposits in glaciated terrain and will be extremely beneficial in 

exploring for the next generation of Ni-Cu-PGE deposits that are concealed by Quaternary 

sediments of variable thickness in glaciated regions around the world. 
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4.3 Geology 

4.3.1 Regional geology 

The 1850 Ma SIC straddles the boundary between the Superior Province in the north and 

northwest and the Southern Province to the south and southeast (Fig. 4-1). The Sudbury basin is an 

oval shaped, NE-SW oriented impact structure (Farrow and Lightfoot, 2002; Lightfoot, 2016). The 

SIC consists of: 1) a main mass comprising differentiated norite, gabbro, and granophyre; 2) 

mineralized rocks consisting of: a) igneous-textured (quartz gabbro, felsic norite) and fragment-

laden matrix (mapped in the embayment; referred to as “contact” deposits), b) quartz diorite offset 

dikes, also referred to as “offset” dike deposits, and brecciated and shock metamorphosed footwall 

rocks, referred to as Sudbury breccia or “footwall” deposits (Ames et al., 2005; Ames and Farrow, 

2007; Ames et al., 2008); and 3) overlying crater-fill fall-back breccia and marine sedimentary 

rocks of the Whitewater Group (Krogh et al., 1984). Of the three deposit types (contact, footwall, 

and offset), the footwall deposits generally contain higher PGE, Au, and Cu contents compared to 

contact and offset deposits (Farrow and Lightfoot, 2002; Lightfoot, 2016).  

Massive-sulfide, sharp-walled vein, footwall- and contact-type mineralization is Ni-rich 

(pentlandite, Ni-bearing pyrrhotite), whereas LSHPM, footwall-type mineralization is Cu-rich 

(chalcopyrite dominant) with high precious metal (Pt + Pd+ Au) content (Appendix P) (Ames and 

Farrow, 2007; Ames et al., 2008; Lightfoot, 2016; White, 2012). The footwall deposits have been 

further sub-divided into 1) high-sulfide (sharp-walled) vein systems that are characterized by 

massive chalcopyrite veins (up to several metres thick) oriented sub-parallel to the edge of the SIC; 

and 2) (hydrothermal) low-sulfide high precious metal mineralization that occur in thin veinlets (< 

30 cm) and disseminations with a total sulfide content of < 5 % (Tuba et al., 2014). Lastly, sulfide 

mineralization in offset deposits varies from massive- to semi-massive to LSHPM and the main 

minerals are pyrrhotite, chalcopyrite and less commonly pentlandite. Copper to nickel ratio are 
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approximately 1 with higher Pt + Pd+ Au values (2.5 g/t) compared to contact-style mineralization 

(Farrow and Lightfoot, 2002; Ames and Farrow, 2007). 

 

4.3.2 Local bedrock geology 

The study area lies in the southwest corner of the SIC, within the South Range, and encompasses 

Denison Township, located approximately 30 km from Sudbury, Ontario, Canada (Fig. 4-1). The 

bedrock geology of the study area is summarized below from the compilation by Ames et al. (2005) 

and more recent detailed mapping (Gordon and Généreux, 2017; Généreux et al., 2017; Gordon et 

al., 2015; Gordon, 2018; Gordon et al., 2018a, b; Simard et al., 2016) (Fig. 4-2, Appendix O). The 

oldest rocks in the study area are the Paleoproterozoic (2.5 Ga) metasedimentary and metavolcanic 

rocks of the Huronian Supergroup. The metasedimentary rocks of the Huronian Supergroup 

dominate the southern half of the study area and are intruded by the Nipissing Intrusive Suite (Ames 

et al., 2005). Quartz monzonite and granite of the Paleoproterozoic Creighton pluton are present in 

the northeastern corner of Denison Township. Granophyre, quartz gabbro, norite, quartz diorite, 

and breccia units of the SIC occur in the north-central and central part of the study area. All 

proximal rocks (such as the metasedimentary and metavolcanic rocks of the Huronian Supergroup) 

also contain variable amounts of Sudbury breccia, which formed during the meteorite impact event 

that created the SIC (Rousell et al., 2003; Ames et al., 2008; Lightfoot, 2016). The youngest rocks 

in the study area are east-west trending Mesoproterozoic to Paleoproterozoic quartz diabase “trap 

dikes” and Mesoproterozoic olivine diabase dikes of the 1.24 Ga Sudbury dike swarm (Krogh et 

al., 1984; Bleeker et al., 2015). 

 

4.3.3 Mineral deposits 

The bedrock and till samples were collected at the Vermilion and Crean Hill deposits in Denison 

Township (Fig. 4-2, Appendix O). The Vermilion deposit is hosted by an offset dike that is not 
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apparently connected to the main mass of the SIC (Szentpeteri et al., 2003). Low sulfide high 

precious metal mineralization (Pt+Pd+Au up to 100 g/t) mineralization occurs within a 200 m long, 

northwest trending deformed, granophyric biotite-quartz diorite dike and foliated Sudbury breccia. 

The past-producing Vermilion Mine was first discovered and subsequently mined in the early 1900s 

(Farrow and Lightfoot 2002). Approximately 4000 tonnes of ore grading 11.2 % Cu, 11.6 % Ni, 54 

g/t Pd, 21 g/t Pt, 5.8 g/t Au and 7.4 g/t Ag was recovered from the deposit in 1910 (Farrow and 

Lightfoot, 2002).  

Massive- to semi-massive sulfide and LSHPM (Au + PGE) mineralization documented at the 

Vermilion deposit is interpreted to have resulted from multi-stage magmatic to hydrothermal and 

metamorphic-hydrothermal events (indicated by the presence of hydrous minerals, a lack of 

pyrrhotite, and the abundance of precious metals and arsenide minerals) (Szentpeteri et al., 2003). 

The main Cu- and Ni-sulfide minerals at Vermilion are chalcopyrite and pentlandite. Platinum 

group minerals at Vermilion typically range between 10 and 60 µm, with some sperrylite crystals 

up to 400 µm and include aggregates of bismuthinite, froodite, and michenerite within silicate host 

rocks (Szentpeteri et al., 2003; Hashmi, in press). 

The Crean Hill deposit encompasses both footwall- and contact-type mineralization and contains 

both massive sulfide Ni-Cu-PGE and LSHPM mineralization (White, 2012). The massive sulfide, 

sharp-walled vein, footwall- and contact-type Ni-Cu-PGE mineralization is Ni-rich, whereas the 

LSHPM, footwall mineralization is Cu- and PGE-rich (Ames and Farrow, 2007; White, 2012; 

Lightfoot, 2016). At Crean Hill, contact and sharp-walled footwall ores contain approximately 5 % 

Ni, 5 % Cu and 5-10 g/t Pd + Pt, whereas LSHPM footwall ores, on average, contain 30 % Cu, 5 

% Ni and 30 g/t Pd+Pt (White, 2012). The main sulfide minerals in both ore types are pentlandite, 

chalcopyrite and pyrrhotite.  

 

4.3.4 Quaternary geology  
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The Sudbury region was glaciated during the Late Wisconsinan Glaciation (23000-10000 BP; 

Barnett, 1992). At glacial maximum, ice flowed toward the south-west, sub-parallel to the axis of 

the basin (following topography), eroding and entraining the underlying bedrock and sediments, 

and depositing till. Deglaciation resulted in the formation of Glacial Lake Algonquin, and the 

deposition of glaciolacustrine sand, silt, and clay deposits, and glaciofluvial sand and gravel 

deposits on top of till and bedrock (Bajc and Hall, 2000; Hashmi, 2018a). Post-glacial, paraglacial 

activity resulted in the deposition of sand dunes. Modern deposits in the study area include fluvial 

sand and silt as well as organic-rich deposits (Hashmi, 2016). 

4.4 Materials and methods 

4.4.1 Sample collection 

Fieldwork for this study was completed as part of a larger project mapping the Quaternary 

geology and sampling of humus, till, and bedrock in 2015 and 2016. In this section, we only 

describe field methods for samples pertaining to the research presented in this paper i.e., the 

sampling of C-horizon soil (unconsolidated parent mineral material (Kauranne, 1992)) developed 

on till (“C-horizon till”) for indicator mineral separation and sampling of bedrock at the Vermilion 

and Crean Hill deposits. The samples were collected as deep as possible to minimize the effects of 

surface weathering; on average, the samples were collected at > 0.75 m depth and the deepest 

sample was collected at > 2 m depth. Most till samples are relatively unoxidized, however, roots 

penetrating the C-horizon, mottled oxidation patterns, lenses of dark brown weathered material 

within grey till, and/or in situ weathered clasts were noted where samples were collected from areas 

of till veneer or bedrock with patchy till cover. Till sampling near the deposits was highly dependent 

on-site access and the presence of a C-horizon. At the Vermilion deposit, 14 10  ̶  12 kg C-horizon 

till samples were collected for indicator mineral separation. At Crean Hill deposit, a single 5 kg, C-

horizon till sample was collected overlying mineralization at the bedrock-till interface (35 cm 

depth). Highly oxidized material, including stringers composed of coarse weathered sand and 
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gravel and in situ weathered clasts, were removed from the till prior to placing it in a sample bag. 

Additionally, three samples each of mineralized bedrock were also collected from the Vermilion 

(2016-HS-5008A-A, 2016-HS-5008A-B and 2016-HS-5008A-4A and Crean Hill (2016-HS-

5011C-A, 2016-HS-5011C-B) deposits, respectively to determine ore mineralogy, including a 

sample of a gossan (2016-HS-4011A) developed on Ni-Cu sulfide mineralization at the Crean Hill 

deposit. A complete description of field and lab data collected for all till and bedrock samples, 

including preparation procedures and analytical results has been published in Hashmi (2018a, b; in 

press) and Hashmi et al. (2021).  

 

4.4.2 Sample preparation 

Rock samples were cut to remove weathered surfaces and submitted to Laurentian University’s 

sample preparation laboratory where polished thin sections (PTS) were made for mineral analysis; 

of these, 5 PTS were analyzed using SEM, EMPA and LA ICP-MS. The gossan sample from Crean 

Hill deposit as well as the 10 ̶ 12 kg bulk till samples were submitted to Overburden Drilling 

Management Ltd. (ODM) in Ottawa, Ontario, Canada for heavy mineral separation and recovery 

of ore-forming and other heavy indicator minerals. Methods used to process samples, recover heavy 

minerals, and pick indicator minerals are described in detail in Hashmi (2018a). The till samples 

were processed using a combination of tabling and heavy liquid separation to produce 250 ̶ 2000 

µm non-ferromagnetic heavy mineral concentrates from which indicator minerals were identified 

and removed for analysis. Of the recovered indicator minerals (chalcopyrite, pentlandite, and 

sperrylite), 219 chalcopyrite and 7 pentlandite grains were isolated in an epoxy grain mount for 

SEM analysis followed by EMPA. Furthermore, a polished epoxy monolayer grain mount of the 

pan concentrate fraction of till sample 2016-HS-4008B (Hashmi et al., 2021; Hashmi, in press) 

collected down ice of the Vermilion deposit and observed to be rich in PGMs was created at 
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GeoScience Laboratories (GeoLabs) in Sudbury, Ontario. A detailed description of preparation 

methods, sample numbers, epoxy numbers and grain locations are provided (Appendix Q). 

4.5 Analyses 

4.5.1 Scanning electron microscope (SEM) 

A Zeiss EVO-50 SEM in conjunction with Aztec® software (Oxford Instruments) was used to 

carry out qualitative identification on ore mineral grains at Geoscience Laboratories (GeoLabs) of 

the Ontario Geological Survey (OGS), in Sudbury, ON. Pentlandite and chalcopyrite grains from 

the 250-2000 µm fraction of till sample HMCs and selected parts of bedrock polished sections were 

studied to confirm mineral identity prior to analysis as well as identify any mineral inclusions 

within the grains.  

The polished epoxy monolayer grain mount of the panned heavy mineral fraction of till sample 

2016-HS-4008B was examined using the feature analysis option to identify PGMs on the SEM. 

The feature analysis option (INCA® software, Oxford Instruments) on the SEM scans the entire 

polished surface of the epoxy mount where the “features” or grains/minerals are identified. In the 

SEM, the stage (x, y, z) coordinates are entered that match the area of the entire epoxy plug. A 

classification scheme was then set up manually (including thresholds for specific backscatter 

coefficients), that allowed the software to automatically classify the mineral grains using data from 

the energy dispersive X-ray analysis (S. Clarke and D. Crabtree, personal communication, 2021).  

 

4.5.2 Electron microprobe analysis (EMPA)  

A Cameca SX-100 electron microprobe analyzer was used to determine quantitative mineral 

compositions for major (Cu, Fe, Ni, S) and trace elements (Ag, Pd, Se and Zn) for 219 chalcopyrite 

and 7 pentlandite grains from HMC separates and PTS at GeoLabs (Appendix Q). An accelerating 

voltage of 20 kV and beam current of 20 nA were used for major element analyses whereas a beam 
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current of 200 nA was used for trace element analyses. Counting time for both peak and background 

measurements ranged from 10 to 30 seconds for both major and trace elements. 

Although mineral grains were probed where the grain appeared to be least altered, elemental 

distribution across the grains was not homogenous. Routine spot analysis by EMPA at the centers 

of clean-looking grains is likely to introduce a systematic bias into the dataset, with elements that 

concentrate towards the rim or in specific domains within individual grains being potentially over- 

or under-estimated (Cook et al., 2016). The stoichiometric calculations did not always add up to 

100 % (+ 2 wt. %) for major elements for both minerals (i.e., Cu, Fe, S for chalcopyrite and Ni, Fe, 

S for pentlandite). 

 

4.5.3 Laser ablation ICP-MS (LA ICP-MS) 

A subset of the picked mineral grains that underwent EMPA were also analyzed by LA ICP-MS. 

These consisted of one chalcopyrite grain in PTS (2016-HS05008A-4A), one pentlandite grain and 

five chalcopyrite grains from a till sample (2016-HS-4008B) collected at the Vermilion deposit, 

two isolated pentlandite grains from a weathered bedrock sample (2016-HS-4011A) collected at 

Crean Hill (all from the 250-2000 µm fraction of HMC), and 35 sperrylite grains from the pan 

concentrate of one sample from the Vermilion deposit (2016-HS-4008) (Appendix R). 

An Elemental Scientific (ESI-NWR) 193 nm excimer ArF laser coupled with a Thermo Scientific 

X Series 2® quadrupole ICP-MS was used for laser ablation at Queen’s Facility for Isotope 

Research (QFIR). Prior to each analysis, the gas blank, consisting of He, the carrier gas, and Ar 

(plasma, auxiliary and sample gas), was measured for 20 seconds. The laser pulse frequency was 

set to 10 Hz, with a fluence of 7.8 J/cm2. A scan velocity of 13 µm per second was used for HMC 

sulfide grains (grain size ranging from 250 - 500 µm), whereas a scan velocity of 5 µm per second 

was used for PGMs (grain size < 150 µm). A variable beam size was used depending on the size of 

the mineral grain or PTS; larger grains (250 - 500 µm) and PTS were ablated with a 35 µm beam, 
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whereas intermediate sized grains (100 - 250 µm) and smaller grains (< 100 µm) were ablated with 

a 25 µm and 10 µm beam, respectively. Laser settings (i.e., beam size, scan velocity) for reference 

materials were matched to the settings used for ablation of the samples. 

Element maps were generated for the entire surface area of the ablated grains to better understand 

element behaviour (zonation, alteration, correlation, and inclusions) within each grain. Isobaric 

interferences that could affect S, Fe, Cu, Ni, Co, Zn, Se, Cd, and Pb were monitored by measuring 

multiple isotopes of the same element and subsequently verifying the measured isotope ratios. The 

concentration inferred from the measurement of the most abundant isotope was reported where 

multiple interference-free isotopes were available. Data are presented in this paper for: 34S, 57Fe, 

59Co, 61Ni, 65Cu, 66Zn, 75As, 77Se, 101Ru, 103Rh, 105Pd, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 125Te, 193Ir, 

195Pt, 197Au, 208Pb, and 209Bi. 

Quantification of raw data was completed using Iolite© (version 4.5.1). For chalcopyrite and 

pentlandite, MASS-1, a pressed powder ZnCuFeS pellet containing Ni, Cu, Au, and PGEs was used 

as an external standard for calibration (Wilson et al., 2002). Major element data from the EMPA 

were used as an internal standard for chalcopyrite and pentlandite grains. MASS-1 was used as an 

external standard for sperrylite; however, no internal standard was used because no EMPA data 

were processed for the sperrylite grains. The LA ICP-MS data were further processed in IoGAS™. 

 

4.6 Quality assurance and quality control  

Field sampling equipment was carefully scraped and cleaned with water and vegetation such as 

leaves and roots (where available) between each sample to avoid cross contamination, and the 

sample bags were clearly labelled and photographed after sampling. Before the till samples were 

submitted for HMC separation and IM picking, the Geological Survey of Canada’s (GSC) in-house 

standard ‘Bathurst blank’ (weathered bedrock sample from New Brunswick; McClenaghan et al., 

2020b) was inserted (six times) to monitor potential carry-over between samples during processing. 
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Additionally, samples that were suspected to contain abundant ore minerals (i.e., those collected in 

the vicinity of deposits) were inserted at the end of the sample batch, to limit potential carryover 

between high IM-content samples and samples from barren areas.  

For EMPA, precision was calculated from repeated electron microprobe measurements on 

homogenous, long-term in-house standards “penFAL” (pentlandite) and “ccpSTD” (chalcopyrite). 

Matrix correction was done using the PAP method (Pouchou and Pichoir, 1991). In-house standards 

were used because ore minerals recovered from both bedrock and till samples are inhomogeneous 

and repeated analysis on the same spot would cause decomposition of the sample and result in 

inaccurate readings (D. Crabtree, personal communication 2021). Precision was calculated as the 

relative percent difference from 39 readings taken for the chalcopyrite standard and 22 readings 

taken for the pentlandite standard (Hashmi, in press) (Table 4-1). Major elements Cu, Fe, and S in 

chalcopyrite have excellent calculated relative precision at 1 standard deviation of < 1 %. Trace 

elements are either not detected or at low concentrations, i.e., less than the limit of quantification 

(< LOQ) which is three times the limit of detection, and therefore show poor precision (Table 4-1). 

Trace elements analyzed are Co (RSD = 106 %; < LOQ), Ni (RSD = 196 %; < LOQ), Pd (below 

limit of detection), Zn (RSD = 461 %; < LOQ) and Ag (RSD = 80 %; < LOQ). Major elements S, 

Fe, and Ni in pentlandite have calculated relative precision values at 1 standard deviation of < 1 %. 

Cobalt shows acceptable precision (RSD = 6 %). However, similar to pentlandite, trace elements 

Cu (not detected), Se (87 %; < LOQ), Pd (133 %; < LOQ) and Ag (131 %; < LOQ) are at very low 

levels or not detected. 

For LA ICP-MS, instrument tuning was performed daily using NIST-612 certified reference 

glass, with signal optimization by adjusting gas flows to minimize oxides (238U16O+/238U+ < 

0.5 %) as well as doubly charged species (137Ba++/137Ba+ < 0.2 %). Additionally, NIST glasses 

(614, 612, and 610) (Jochum et al., 2011) as well as basalt certified reference materials (BHVO2G, 

BCR2G, and BIR1G) (Jochum et al., 2005) and MASS-1, sulfide pellet reference material (Wilson 
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et al., 2002), were used for drift correction. For chalcopyrite, 103Rh, and 105Pd were removed from 

the results because of 63Cu40Ar and 65Cu40Ar interferences, respectively.  

Accuracy for MASS-1 was calculated in Iolite© version 4.5.1, which was the best matrix-

matched reference material available for sulfide minerals and compared against published values 

in GeoREM (Wilson et al., 2002) as the % relative standard deviation (% RSD). For chalcopyrite 

and pentlandite, Ag, Cu, and S show excellent accuracy (0-5 % RSD), whereas Bi, Cd, Ir, Fe, Mo, 

Ni (except one RSD value of 72), Sb, Sn, and Pt show good accuracy (6-10 % RSD) and Tl, Co, 

Rh, Pd, Pb, and Se show acceptable accuracy (11-15 % RSD). The accuracy for Au and Te is 

slightly lower, at around 18 % RSD because these elements were < LOQ (Table 4-1). For sperrylite, 

As, Cu, In, Tl, Sb and Zn show excellent accuracy (0-5 % RSD), Ag, Au, Co, Cd, Fe, Ir, S, Sn, and 

Pt show good accuracy (6-10 % RSD), and Ir, Pb, Pd, Se, Rh, Ru, and Te show acceptable accuracy 

(11-22 % RSD). These results are considered acceptable for further interpretation. The complete 

data set for SEM, EMP and LA ICP-MS analysis of the mineral grains described here has been 

reported by Hashmi (in press). 

4.7 Results  

4.7.1 Mineral abundance in bedrock PTS and heavy mineral concentrates 

Chalcopyrite was identified in polished thin sections (PTS) of bedrock samples from Vermilion 

and Crean Hill deposits (Fig. 4-3A-D). The ore mineral abundance data discussed in this section 

are normalized to the 10 kg sample mass of < 2000 µm material (table feed) of each sample. 

Normalized values are calculated to allow comparison between till samples of varying mass. The 

gossan sample (2016-HS-4011A) collected at the Crean Hill deposit and processed for HMC 

contained approximately. 1875000 chalcopyrite grains ranging from 250 to 2000 µm. One other 

Cu mineral also recovered from the gossan sample is bornite (Table 4-2). 

Similarly, pentlandite was identified in PTS of bedrock samples from Vermilion and Crean Hill 

deposits (Fig. 4-3A, C and D). Up to 125000 pentlandite grains ranging from 250 to 2000 µm were 
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also recovered from the gossan sample collected at the Crean Hill deposit. Other Ni-bearing sulfide 

minerals identified in PTS in bedrock samples from Vermilion and Crean Hill deposits are Ni-rich 

pyrrhotite, Co-rich pentlandite, and Ni-rich chlorite (Hashmi et al. 2021).  

Sperrylite and gold were not identified in any of the PTS; however, approximately 30000 gold 

grains and 12500 sperrylite grains were recovered from the gossan sample from the Crean Hill 

deposit. Nearly 95 % of the gold grains recovered from the 25-2000 µm size fraction of the gossan 

were pristine (classified after the gold grain classification scheme of DiLabio (1990)); up to 370 

µm and 700 µm in width and length, respectively. All sperrylite grains ranging from 25 to 400 µm 

were recovered from the pan concentrate. 

4.7.2 Mineral abundance in till heavy mineral concentrates 

Ore minerals in till samples at the Vermilion deposit include pentlandite, chalcopyrite, malachite, 

sperrylite, and gold grains (Hashmi 2018a, b). Ore minerals in till at Crean Hill include 

chalcopyrite, gold grains, and sperrylite. Other indicator minerals recovered from till samples 

collected at Crean Hill and Vermilion deposits include chromite, Cr-rutile, low-Cr diopside, Mn-

epidote, molybdenite, and pyrite (Hashmi 2018b). 

Of the Ni- and Cu-sulfide minerals and PGMs documented in Crean Hill and Vermilion deposit 

bedrock samples, only sperrylite, gold grains, chalcopyrite, and pentlandite were recovered from 

till. A total of 1004 (< 250 µm and up to 2000 µm) and 83 (250  ̶  500 µm) chalcopyrite grains were 

recovered from Vermilion and Crean Hill deposits, respectively. Only 7 pentlandite grains (250   ̶ 

500 µm) were recovered from 14 till samples collected at Vermilion; no pentlandite was recovered 

from till samples collected at the Crean Hill deposit.  

A total of 33397 (all < 250 µm except one grain at 250  ̶  500 µm) and 33 sperrylite grains (< 250 

µm) sperrylite grains were recovered from the Vermilion and Crean Hill deposits, respectively. 

Furthermore, the feature analysis of grains in the pan concentrate sample of till sample 2016-HS-
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4008B on the SEM identified a total of approximately 20000 grains or features; 625 of the features 

are PGMs, predominantly sperrylite (609 grains) (Hashmi, in press). 

 Lastly, 563 gold grains (all < 250 µm except one grain at 250  ̶  500 µm) and 18 gold grains (< 

250 µm) were recovered from till samples at Vermilion and Crean Hill deposits, respectively. 

Although the majority (85 %) of gold grains recovered from till samples overlying mineralization 

at the Vermilion deposit were determined to be pristine, no pristine gold grains were recovered 

from the till sample collected overlying mineralization at the Crean Hill deposit.  

 

4.7.3 Mineral shape and texture in bedrock and till heavy mineral concentrates 

Chalcopyrite grains recovered from till samples are bullet-shaped and have sub-angular to sub-

rounded edges. The chalcopyrite grains show signs of abrasion, and some grains also exhibit micro-

striae (Fig. 4-3E and 4-3F). Pentlandite grains recovered from till samples are sub-angular to sub-

rounded, and bullet-shaped and appear relatively more weathered than chalcopyrite (Fig. 4-3G). 

The pentlandite grains exhibit conchoidal fractures, crescent gouges, deep grooves, and a pitted 

texture.  

Sperrylite grains vary from euhedral to anhedral and exhibit sub-angular to sub-rounded edges. 

A single, large sperrylite grain (250   ̶ 500 µm) shows evidence of glacial modification (facets, faint 

striations, bullet shape, pitted texture, fractures, broken edges, and deep grooves; Fig. 4-3H). The 

smaller sperrylite grains (< 100 µm) exhibit fractures, plucked edges, facets and deep grooves. 

Some grains (< 75 µm) are anhedral; however, the majority are euhedral (Fig. 4-3I-N). Mineral 

inclusions and alteration are apparent in all sperrylite grains. 

 

4.7.4 Major and trace element chemistry of chalcopyrite, pentlandite and sperrylite 

4.7.4.1 Data treatment and presentation 
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In this section we present the major and trace element EMPA and LA ICP-MS data for 

chalcopyrite and pentlandite grains in bedrock from the Crean Hill and Vermilion deposits, and 

chalcopyrite, pentlandite and sperrylite grains from till samples derived from both deposits. For 

plotting purposes, geochemical data below detection limits were assigned half the lower detection 

limit value. Data above the upper reporting limit were assigned the upper reporting limit plus 0.1. 

Data by EMPA are quantitative; however, LA ICP-MS data generated and reduced using the iolite© 

software are semi-quantitative and used primarily to highlight the major trends and relative changes 

in trace element geochemistry (Paton et al., 2011; Pettke et al., 2012; Petrus et al., 2017). The 

proportions of Cu, Fe, and S in chalcopyrite, Ni, Fe, and S in pentlandite and Pt and As in sperrylite 

are not stoichiometric (i.e., they do not add up to 100 wt. %) and vary between grains, but the ratios 

between the elements are as expected. The mineral grains were further processed in Monocle (built 

into Iolite© 4.5.1; Petrus et al., 2017), where a region of interest (ROI) was created for the entire 

grain to determine the element concentrations for the entire grain. Furthermore, because we did not 

determine the major element data for sperrylite (via EMPA) or use an internal standard with similar 

content, we could not use the major element (Pt and As) concentrations generated by LA ICP-MS 

and have kept the Pt and As contents as counts per second (CPS).  

 

4.7.4.2 Chalcopyrite  

The major and trace element contents for chalcopyrite grains are summarized (Appendices Q & 

R). Apart from S, Fe, and Cu, trace elements detected in chalcopyrite grains include As, Bi, Cd, 

Co, In, Ni, Pb, Sb, Se, Sn, Te, Tl, and Zn.  

Arsenic is present in four out of five chalcopyrite grains in till samples from the Vermilion 

deposit, ranging from 0.3 to 144 ppm. Bismuth is present in chalcopyrite grains in both bedrock 

(up to 0.7 ppm) and till (up to 9.3 ppm) samples from the Vermilion deposit. Bismuth-rich 

inclusions occur within, and along the rims of, chalcopyrite grains and coincide with areas of higher 

concentrations of Ag, As, Pb and Sb. Cadmium-rich inclusions were measured in all chalcopyrite 
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grains in till derived from the Vermilion deposit and range from 88 to 192 ppm; up to 25 ppm Cd 

measured in a chalcopyrite grain in bedrock from the Vermilion deposit. Cobalt-rich inclusions are 

present within chalcopyrite grains and these inclusions overlap spatially with Ag, As, Cd, Ni, and 

Zn. Up to 90 ppm and 80 ppm Co (by EMPA) occurs in chalcopyrite grains in till and bedrock 

samples from the Vermilion deposit, respectively (Fig. 4-4). No Co was detected in chalcopyrite 

grains from bedrock or till samples from the Crean Hill deposit. Indium is homogenously 

distributed in chalcopyrite grains and measured in all samples (i.e., chalcopyrite grains in both 

bedrock and till). Indium contents range from 5 to 10 ppm in chalcopyrite grains in till samples and 

10 ppm was measured in a chalcopyrite grain in bedrock. Nickel inclusions are present in 

chalcopyrite in bedrock samples from both the Crean Hill and Vermilion deposits as well as till 

samples from the Vermilion deposit; however, Ni was not detected in all grains. Higher Ni 

concentrations were found in in bedrock samples from the Vermilion deposit (up to 600 ppm by 

EMPA) compared to the Crean Hill deposit (up to 90 ppm by EMPA). Up to 510 ppm Ni (by 

EMPA) was measured in chalcopyrite grains in till from the Vermilion deposit but no Ni was 

detected in chalcopyrite grains in till from the Crean Hill deposit. Nickel-rich inclusions in 

chalcopyrite grains overlap spatially with elevated Au, Sb, Cd, Co and Zn. Lead inclusions occur 

within and along the edge of chalcopyrite grains and Pb was found in both bedrock and till samples 

from the Vermilion deposit. Up to 3 ppm Pb was measured in a chalcopyrite grain in bedrock 

sample from the Vermilion deposit, whereas Pb contents range from 2 to 172 ppm in chalcopyrite 

grains in till collected from the Vermilion deposit. Lead inclusions in chalcopyrite overlap spatially 

with Ag, Bi, Cd and Zn. Antimony inclusions occur in chalcopyrite grains in bedrock and till; 

however, not all chalcopyrite grains contain detectable Sb. Spatially, Sb inclusions overlap with 

Ag, Cd and Ni (Fig. 4-4). Up to 0.2 ppm Sb was measured in chalcopyrite grains in bedrock and 

0.2-4.2 ppm Sb in chalcopyrite grains in till samples derived from the Vermilion deposit. Selenium 

exhibits a homogenous distribution across chalcopyrite grains in bedrock samples from both the 
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Crean Hill and Vermilion deposits as well as till samples from the Vermilion deposit (Fig. 4-4); 

however, Se was not detected in all grains. Comparable Se contents were found in chalcopyrite 

grains in bedrock from both the Crean Hill (up to 510 ppm by EMPA) and Vermilion (up to 440 

pm by EMPA) deposits. Up to 610 ppm Se (by EMPA) was measured in chalcopyrite grains in till 

from the Vermilion deposit; no Se was detected in chalcopyrite grains in till from the Crean Hill 

deposit. Like Se, Sn is also distributed homogeneously across chalcopyrite grains in bedrock and 

till samples from the Vermilion deposit. Up to 14 ppm Sn was measured in chalcopyrite grains in 

bedrock, whereas chalcopyrite grains in till show a Sn concentration up to 257 ppm. Tellurium 

inclusions are present in chalcopyrite grains from both bedrock and till from the Vermilion deposit. 

There is a spatial overlap between Te inclusions with Bi and Sb. Up to 1.8 ppm and 1.9 ppm Te 

was measured in chalcopyrite grains in till and bedrock samples, respectively. Lastly, Zn is present 

as inclusions in chalcopyrite in bedrock samples from both the Crean Hill and Vermilion deposits 

as well as till samples from the Vermilion deposit (Fig. 4-4); however, Zn was not detected in all 

grains. A maximum of 830 ppm and 230 ppm Zn was measured in chalcopyrite grains from bedrock 

samples from the Crean Hill and Vermilion deposits, respectively. Although 160 ppm Zn was 

measured in the chalcopyrite grains in till samples from the Crean Hill deposit, chalcopyrite grains 

from a till at the Vermilion deposit show Zn concentration of up to 3030 ppm. Zinc-bearing 

inclusions overlap spatially with high concentrations of Ag, Bi and Cd on the LA element maps. 

 

4.7.4.3 Pentlandite 

The major and trace element contents for pentlandite are summarized (Appendices Q & R). Apart 

from S, Fe, and Ni, trace elements measured in pentlandite are As, Bi, Cd, Co, Cu, In, Pb, Sb, Se, 

Sn, Te, Tl, and Zn; however, not all pentlandite grains analyzed in this study contained all these 

elements. Furthermore, the SEM image (top left in Fig. 4-5) shows inclusions of a darker grey Fe-

S-(Ni?) mineral in nearly all pentlandite grains studied examined used the SEM.  
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Arsenic was measured in all pentlandite grains; its content in bedrock grains from the Crean Hill 

deposit ranges from 2 to 3 ppm, whereas a grain from the Vermilion deposit contains 2164 ppm 

As. Bismuth inclusions overlap spatially with elevated Cu, As, Pb, and Tl contents. A maximum 

of 8 ppm Bi was found in chalcopyrite grains in till from the Vermilion deposit and in a bedrock 

sample from the Crean Hill deposit. Cadmium inclusions (up to 0.3 ppm) were only measured in a 

pentlandite grain in bedrock from the Crean Hill deposit and these spatially overlap with elevated 

Zn content. Cobalt is distributed homogenously across pentlandite grains and was measured in 

bedrock at the Vermilion and Crean Hill deposit as well as grains in till samples from the Vermilion 

deposit. Up to 760 ppm and 950 ppm Co (by EMPA) was found in pentlandite grains in a bedrock 

sample from the Vermilion and Crean Hill deposits, respectively, and up to 320 ppm in till samples 

from the Vermilion deposit. Elemental maps shows that Cu inclusions are present in pentlandite 

grains in bedrock samples from both the Crean Hill and Vermilion deposits as well as from the till 

sample from the Vermilion deposit (Fig. 4-5). However, Cu was not detected in all grains. Higher 

Cu content was found in grains in bedrock samples from the Crean Hill deposit (up to 2250 ppm 

by EMPA) compared to the Vermilion deposit (up to 490 ppm by EMPA). Up to 550 ppm Cu (by 

EMPA) was measured in a pentlandite grain in till from the Vermilion deposit. Copper inclusions 

in pentlandite grains overlap spatially with elevated of Ag, As, Bi and Sn contents (Fig. 4-4).  

Lead inclusions occur within and along the edge of pentlandite grains and were measured in till 

samples from both the Vermilion and the Crean Hill deposits (Fig. 4-4). Up to 187 ppm Pb were 

recorded in a pentlandite grain in till from the Vermilion deposit and up to 8 ppm Pb were recorded 

in a grain from a bedrock sample from the Crean Hill deposit. Lead inclusions in pentlandite overlap 

spatially with Ag and Bi (Fig. 4-5). Antimony inclusions were found in pentlandite grains from 

bedrock at the Crean Hill deposit (1 ppm) and in a pentlandite grain recovered from a till sample at 

the Vermilion deposit (9 ppm). Spatially, Sb inclusions overlap with elevated Ag and Te (Fig. 4-

5). Selenium exhibits a homogenous distribution across pentlandite grains in a bedrock sample 
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from the Crean Hill deposit and from till samples from the Vermilion deposit (Fig. 4- 5); however, 

Se was not detected in all grains. Higher Se contents were measured in pentlandite grains in bedrock 

from the Crean Hill deposit (up to 390 ppm by EMPA) compared to the Vermilion deposit (up to 

480 ppm by EMPA). Up to 610 ppm Se (by EMPA) was measured in pentlandite grains in till from 

the Vermilion deposit. Tin inclusions do not spatially overlap with any other element (Fig. 4-5); up 

to 0.4 ppm and 1.3 ppm Sn were found in a pentlandite grain from a bedrock sample from the Crean 

Hill deposit and till samples from the Vermilion deposit, respectively. Thallium inclusions (up to 

0.3 ppm) were found in one pentlandite grain from a bedrock sample from the Crean Hill deposit 

and overlap spatially with elevated Ag, Bi and Sb contents. Up to 0.1 ppm Tl was also measured 

in a pentlandite grain recovered from a till sample from the Vermilion deposit, and the inclusions 

overlap spatially with Bi and Pb. Homogenously distributed Te (4 ppm) is present in a pentlandite 

grain from bedrock at the Crean Hill deposit, whereas up to 240 ppm Te was measured in 

pentlandite grain from till samples collected at the Vermilion deposit. Lastly, Zn inclusions (up to 

57 ppm) that spatially overlap with Cd inclusions were measured in a pentlandite grain from a 

weathered bedrock sample at the Crean Hill deposit and a till sample from the Vermilion deposit.  

4.7.4.4 Precious metals in chalcopyrite and pentlandite 

Up to 880 ppm and 470 ppm Ag (by EMPA) were measured in chalcopyrite grains from the 

Vermilion and Crean Hill deposits, respectively. Although up to 1630 ppm Ag (by EMPA) was 

measured in chalcopyrite grains recovered from till samples from Vermilion deposit, Ag was below 

detection limit (< 320 ppm) in chalcopyrite grains in till samples from the Crean Hill deposit. 

Element maps show that Ag forms µm-scale inclusions in chalcopyrite grains (Fig. 4-4). Silver 

inclusions in chalcopyrite grains from the Vermilion deposit and derived till coincide with micro-

zones of higher concentrations of Bi, Cd, Zn, and Pb (Fig. 4- 4). Gold inclusions are distributed 

within, and along the edges of chalcopyrite grains (Fig. 4-4). Up to 33 ppb Au was measured in a 

chalcopyrite grain in a bedrock sample from Vermilion deposit, whereas up to 490 ppb Au was 
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measured in chalcopyrite grains recovered from a till sample derived from the Vermilion deposit. 

Although Pd and Rh contents in chalcopyrite could not be determined due to 63Cu 40Ar and 65Cu 

40Ar interference, respectively, other precious metals, i.e., Au, Ir, and Pt were measured in all 

chalcopyrite grains recovered from till and bedrock, at ppb concentrations. Platinum inclusions in 

some till samples overlap with Au (Fig 4-4). Up to 3 ppb Pt was measured in chalcopyrite in a 

bedrock sample from the Vermilion deposit, whereas up to 70 ppb Pt was measured in chalcopyrite 

grains recovered from till samples derived from the Vermilion deposit. Up to 5 ppb Ir was measured 

in chalcopyrite grains recovered from till samples derived from the Vermilion deposit. however, 

the detection limit was variable between laser ablation runs and, in some chalcopyrite grains (from 

both till and bedrock), detection limit for Ir was as high as 310 ppb, therefore, Ir was not detected 

in some chalcopyrite grains.  

Silver-rich inclusions up to 400 ppm and 460 ppm Ag (by EMPA) are found in pentlandite grains 

from the Vermilion and Crean Hill deposits, respectively. Although no pentlandite grains were 

recovered from till samples at the Crean Hill deposit (Hashmi 2018b), up to 370 ppm Ag (by 

EMPA) was measured in a pentlandite grain recovered from till collected proximal to the Vermilion 

deposit. Laser ablation ICP-MS elemental maps of a pentlandite grain show areas of high Ag 

content in a pentlandite grain from till derived from the Vermilion deposit coincides with areas of 

elevated Bi and Pb contents with elevated Bi, Cu and Pb contents (Fig. 4-5). 

Gold, Ir, Pt, Pd, Rh, and Ru were found in pentlandite grains in both bedrock and till samples. 

Although Pd was below detection limit (< 310 ppm) in pentlandite grains in bedrock from the 

Vermilion deposit, up to 530 ppm Pd (by EMPA) was found in pentlandite grain in bedrock at the 

Vermilion deposit, as well as up to 510 ppm Pd (by EMPA) in the bedrock sample from the Crean 

Hill deposit. Only 10 ppb Ru was measured in pentlandite grains recovered from till samples at the 

Vermilion deposit, whereas up to 15090 ppb Ru was measured in a pentlandite grain in bedrock 

from the Crean Hill deposit. Up to 50 ppb Rh was measured in a pentlandite grain in till from the 
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Vermilion deposit but only 1 ppb in a pentlandite grain in bedrock from the Crean Hill deposit. 

Platinum (9 ppb) was only found in a pentlandite grain from bedrock at Crean Hill deposit and was 

below detection limit in the pentlandite grain in till from the Vermilion deposit. Data from LA ICP-

MS also show that Au inclusions up to 250 ppb and 230 ppb are present in pentlandite grains in till 

from the Vermilion deposit and bedrock from the Crean Hill deposit, respectively (Appendix S).  

 

4.7.4.5 Sperrylite chemistry 

Elemental map for one sperrylite grain is presented in Figure 4-6 and data are tabulated (Table 

4-3). Trace and minor elements measured in sperrylite grains by LA ICP-MS are precious metals 

Au, Ag, Ir, Pd, Rh, and Ru as well as Bi, Co, Cd, Cu, In, Fe, Ni, Pb, Sb, S, Se, Sn, Te, Tl, and Zn 

(Appendix R; Fig. 4- 7). Gold inclusions (commonly overlapping with Sb, Te and Ag) were 

measured in all sperrylite grains; Au contents range 120-54480 ppb. Iridium ranges 0.02-5054.61 

ppb and was found in all sperrylite grains. Iridium occurs as inclusions within and along the edges 

of sperrylite grains (forming rims; Fig. 4-6) but is also homogenously distributed across the grain 

(incorporated into the crystal structure). Iridium inclusions commonly spatially overlap with Rh, 

Pd, S, Fe, Cu, Ni, Te, Sb, Sn and Co (Fig. 4-6). Palladium is typically homogenously distributed in 

sperrylite grains but can also occur as inclusions within and along the rims of the grains (Fig. 4-6). 

Palladium inclusions (up to 1954 ppm) commonly overlap spatially with other PGEs such as Rh 

and Ir as well as Bi, Fe, Co, Cu, Sn, Tl, Te, Sb, and Zn. Rhodium ranges from 0.3 to 33486 ppm 

and, like Pd, occurs as inclusions along the rims of the grain and exhibits a homogenous 

distribution. High Rh contents spatially overlap with high Pd and Ir contents as well as Ag, Bi, Co, 

Ni, Pb, Se, and Te.  

Except for Tl, which was measured in some grains (Appendix R), Ag, Bi, Co, Cu, In, Ni, Pb, S, 

Sb, Se, Sn, Te, and Zn- rich inclusions were measured in all sperrylite grains. Of these, Sb and Sn 

appear to be homogenously distributed across sperrylite grains; Te also appears to be 

homogenously distributed in a few samples. Bismuth inclusions (up to 8859 ppm) overlap with Rh, 
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Pd, Co, Pb, Ni, Cu, Se, Te, and Zn. Cadmium-rich (up to 6 ppm), In-rich (up to 115 ppm), and Tl-

rich (up to 9 ppm) inclusions were also measured within and along the rims of sperrylite grains. 

Silver-rich (up to 141 pm), Cu-rich (up to 652 ppm), and Co-rich (up to 3272 ppm) inclusions, 

spatially overlap with each other as well as Ir, Pd, and Sn. Iron-rich (up to 35615 ppm), Ni-rich (up 

to 1652 ppm), Pb-rich (up to 6522 ppm), S-rich (up to 35615 ppm), Sb-rich (up to 60374 ppm), Se-

rich (up to 225 ppm), Sn-rich (up to 6901 ppm), Te-rich (up to 1867 ppm), and Zn-rich (up to 512 

pm) were measured in all sperrylite grains, primarily as inclusions that generally overlap spatially 

with each other. 

 

4.8 Discussion 

4.8.1 Glacial influence on the morphology and chemistry of chalcopyrite, pentlandite, and 

sperrylite 

Chalcopyrite is the most abundant Cu-sulfide mineral in Ni-Cu-PGE deposits in the South Range 

of the SIC (White, 2012); it is also the most abundant Cu-ore mineral recovered from till samples 

in this study (Hashmi et al., 2021). Pentlandite is one of the three main NiS-minerals (Ni-rich 

pyrrhotite and Ni-rich pyrite are the other two) in the South Range (White, 2012), but only seven 

grains were recovered from till samples collected near the Vermilion deposit (Hashmi, 2018b) and 

none were recovered from till samples collected at the Crean Hill deposit. The physical properties 

of chalcopyrite and pentlandite grains (such as sub-angular to sub-rounded grain edges, fractures, 

pitted surfaces, micro-striae and gouges; Fig. 4-3E, F and G) recovered from till samples are likely 

related to the low hardness (3.5 to 4 on Mohs scale; Robertson, 1961), making these minerals 

susceptible to mechanical weathering by glacial processes.  

Although sperrylite grains show clear evidence of glacial modification (facets, faint striae, bullet 

shape, pitted texture, fractures, broken edges, and deep grooves; Fig. 4-3H-N), it is difficult to 

determine the extent of glacial influence on the initial crystalline shape of the smaller (< 100 µm) 



161 

 

sperrylite grains. A recent study by Makvandi et al. (2021) analyzed PGMs (recovered from till 

samples collected in Canada) by scanning electron microscope-mineral liberation analysis (SEM-

MLA) and noted that sperrylite (and other PGMs) retained their original shape. These authors also 

noted that glacial abrasions were limited to fractures, gouges, and grooves; however, the initial 

grain shape played a more important role in sperrylite morphology compared to glacial 

modification (Makvandi et al., 2021). Similarly, McClenaghan et al. (2020b) also identified pitted 

textures, fractures, bullet-shaped and faceted sperrylite grains in till samples collected from the 

Broken Hammer Cu-Ni-PGE-Au deposit in the North Range of the SIC. In contrast, sperrylite 

recovered from placer deposits in glaciated parts of the world exhibit sub-angular to sub-rounded 

and euhedral to anhedral grains but also rough surfaces with some remnant crystal faces, thickened 

rims, toroidal shapes, rims of secondary products (Craw et al., 2013; Craw et al., 2015), and 

leaching of PGEs such as Pd (Tolstykh and Podlipsky, 2010). Overall, sperrylite grains recovered 

from till samples preserve their original shape better than those recovered from placer deposits 

(Table 4-3). Sperrylite has been shown to be more resistant to glacial erosion and post-glacial 

weathering compared to other PGMs (Averill, 2011; McClenaghan et al., 2020b ; Makvandi et al., 

2021) and has also been shown to be more resistant to supergene weathering (in non-glaciated 

regions) compared to other Pd-minerals (Oberthür, 2018). Compared to pentlandite and 

chalcopyrite grains recovered from till samples, sperrylite grains do not appear to be as weathered, 

likely due to their relatively high hardness (6-7 on the Mohs scale; Robertson, 1961), making them 

more resistant to physical modification by glacial processes.  

Data for major and trace elements in chalcopyrite and pentlandite from both bedrock and till 

samples collected at the Vermilion and Crean Hill deposits show similar element contents 

(Appendix S; Figs. 4-8 and 4-9). The similarity in major and trace element contents in bedrock and 

till grains suggests that, chemically, chalcopyrite and pentlandite grains recovered from till samples 

remain unchanged after glacial erosion, transport, and deposition as well as during post-glacial, 
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soil-forming processes. Similarly, sperrylite grains recovered from the < 250 µm fraction only show 

signs of glacial modification such as fractures and striations; however, elemental data for trace 

elements in sperrylite from both bedrock (White, 2012) and till samples (this study) collected at the 

Vermilion deposit show similar contents. Furthermore, despite broken rims and plucked edges 

(Figs. 4-3J and 4-6), micro-mineralogical inclusions and alteration are apparent in sperrylite grains. 

The similarity in elemental data and preservation of inclusions and alteration rims suggests that 

despite physical modification, sperrylite grains remain unaltered chemically as well. The 

preservation of PGEs and other mineral phases (including a Pd-bearing phase) as inclusions within 

sperrylite recovered from till has also been documented by Makvandi et al. (2021). The authors 

also suggested that there is limited destruction of mineral inclusions within sperrylite and that it 

remains mainly stable during glacial transport and post-glacial weathering. Conversely, PGM 

grains recovered from the Chinei placer deposit in northern Russia have been shown to have 

leached Pd (Tolstykh and Podlipsky, 2010), which suggests that PGMs are better preserved in till, 

and this is because there is low physicochemical activity under glacial conditions, i.e., low 

temperature meltwater and ice, which allows mineral grains to preserve their original 

physicochemical state (Pokhilenko et al., 2010). 

Some chalcopyrite and sperrylite grains recovered from till samples at the Vermilion deposit 

have higher trace element contents (As, Au, Sb, Se and Zn; Appendix S) compared to bedrock. 

This finding suggests that it is likely that these till grains were derived from mineralization that 

contained higher contents of these elements compared to the bedrock samples collected at the 

respective deposits. This finding demonstrates the usefulness of analyzing sulfide and PGM mineral 

chemistry in till samples in that: 1) the element content is derived from a larger source of mineral 

grains (larger sample size) that can potentially reflect the internal compositional variations within 

mineralization; and 2) elemental composition of mineral grains may also indicate multiple host 

rock sources. The results of our study suggest that although the physical effects of glacial 
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comminution such as striations, fractures, gouges, pitted surfaces, and facets are apparent, there is 

little to no chemical alteration of sulfide and sperrylite grains recovered from till proximal to both 

the Crean Hill and Vermilion deposits.  

 

4.8.2 Comparison between the trace element chemistry of chalcopyrite and pentlandite 

derived from LSHPM and massive-sulfide Ni-Cu-PGE 

The chemical formula for chalcopyrite is CuFeS2, but the mineral can host Ag, Bi, Cd, Co, In, 

Hg, Pb, Sb, Se, Sn, and Zn into its crystal structure (Hawley and Nichol, 1961; Ramdhor, 1969; 

Dare et al., 2010; Dare et al., 2011; George et al., 2016; George et al., 2018). Our study documents 

the presence of PGEs (Pt, Ir), precious metals (Ag and Au), PGE pathfinders (As, Bi, Sb and Te), 

and other trace elements (Cd, Co, In, Ni, Pb, Se, Sn, Tl, and Zn) in chalcopyrite from both bedrock 

and till samples and these elements occur as elemental inclusions within chalcopyrite grains as well 

as substitutions into its crystal structure. Trace elements present in chalcopyrite grains recovered 

from till samples have concentrations ranging from hundreds of ppb to thousands of ppm. Key 

observations from LA ICP-MS elemental maps (Fig 4-4) show that key chalcophile elements for 

Ni-Cu-PGE mineralization such as Se and Sn appear to be homogenously distributed within grains 

and likely substitute for S (White, 2012), which is reflective of a magmatic-style of mineralization 

in the SIC (Cabri et al., 1985). Elevated Se, Te, Bi, and Sb in footwall deposits (including LSHPM 

mineralization) compared to contact deposits are attributed to the strong, late-stage partitioning of 

these sulfosalt elements into the Cu-rich sulfide melt (Lightfoot, 2016). Our chalcopyrite grains in 

till show a similar trend in that elevated Se (up to 610 ppm), Te (up to 2 ppm), Bi (up to 9 ppm), 

and Sb (up to 4.2 ppm) (as well as Ag, As, Pb, and Zn) occur as elemental and mineral inclusions 

within chalcopyrite grains and also spatially correlate with each other and precious metals such as 

Ag and Au (Fig. 4-4). Similarly, sphalerite is the main Zn-mineral and is found in association with 

chalcopyrite (Lightfoot 2016); this is because Zn is concentrated in the residual sulfide liquid 
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during fractionation and tends to be concentrated in the Cu-rich zones of the ore deposits in the SIC 

(Lightfoot 2016). We have documented elevated Zn (up to 0.3 wt. %), which likely occurs as 

mineral inclusions of sphalerite (Cabri et al. 1985; White 2012); however, Zn < 1000 ppm in 

chalcopyrite may also reflect substitution for Fe in the solid solution (Huston et al., 1995). The 

significance of finding element and mineral inclusions within chalcopyrite grains is that the 

chemistry of sulfide minerals is well-preserved in till and can be used to determine the style of 

mineralization (magmatic vs. hydrothermal), and the provenance of the grains. For example, in the 

SIC, the chemistry of the sulfide mineral grains recovered in till can be used to determine the 

environment from which the grains were eroded (footwall vs. the embayment of the SIC).  

Our study has demonstrated that we can compare the trace element chemistry of chalcopyrite, 

pentlandite, and sperrylite in till to that of bedrock. Therefore, to distinguish between magmatic 

and hydrothermal chalcopyrite grains in till (by LA ICP-MS), we incorporated Duran et al. (2020)’s 

ternary (Cd-Ni-Se) discriminant plot for chalcopyrite (Fig. 4-10). This ternary diagram is applicable 

to our data set because there are major differences in the element content of chalcopyrite recovered 

from Vermilion and Crean Hill deposits. For example, up to 510 ppm Ni (by EMPA) was measured 

in chalcopyrite grains in till from the Vermilion deposit but only up to 170 ppm in chalcopyrite 

grains in till from the Crean Hill deposit. Chalcopyrite from magmatic deposits (such as Lac des 

Iles; Duran et al. 2015) contains higher Ni (up to 1987 ppm vs. 600 ppm) and lower Cd (up to 2.6 

ppm vs. 192 ppm) compared to LSHPM mineralization in the Vermilion deposit (this study).  

Although the samples in this study are from the SIC, which is unique in its formation (i.e., the 

result of an impact event; Lightfoot 2016), the chemistry of sulfide minerals in till and bedrock are 

still comparable to other global deposits. Therefore, in the plot (Fig. 4-10), we included trace 

element data (by LA ICP-MS) from “magmatic” chalcopyrite from Lac des Iles (Duran et al. 2015), 

and chromatite reefs of the mafic-ultramafic Rustenburg Layered Suite of the ~2050 Ma Bushveld 

Igneous Complex in South Africa that hosts economic PGE-mineralization (Langa et al., 2021). 
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We also plotted chalcopyrite from the magmatic Aguablanca Ni-Cu-PGE deposit in southern Spain 

(Piña et al., 2012), whereby Pd-minerals within sulfide minerals (by fractional crystallization) 

suggest a magmatic origin. However, textural observations such as a lack of Cu and S correlation 

and euhedral sperrylite grains that are in contact with alteration minerals (chlorite, actinolite, and 

epidote) suggest at least partial remobilization of Pt by post-magmatic hydrothermal alteration 

(Piña et al., 2018; Piña et al., 2012). The comparison between chalcopyrite from our study area and 

other global Ni-Cu-PGE deposits can be extremely useful in exploring for “blind” Ni-Cu-PGE 

mineralization in glaciated terrains. This is because the ability to plot the chemistry of sulfide 

minerals recovered from till against bedrock samples in discrimination diagrams can allow 

exploration geologists to determine mineralization type in the absence of bedrock samples.  

Our results agree with Duran et al. (2020)’s discrimination plot in that except one bedrock sample 

from the Vermilion deposit, all the other chalcopyrite grains in till derived from the Vermilion 

deposit, plot in the “hydrothermal” part of the ternary plot. The chalcopyrite in bedrock sample that 

plot in the “magmatic” part of the ternary diagram may be because this sample (2016-HS-5008A-

4A) was collected from the Cu-sulfide rich (magmatic) part of the Vermilion deposit. We have also 

included Au data in the plot to demonstrate that the highest Au content is in the “hydrothermal” 

chalcopyrite grains in till that were derived from the Vermilion deposit. High Au content in 

chalcopyrite strongly suggests that at least some of the Au mineralization was formed by PGE and 

Au-rich hydrothermal fluid flow through fault structures in the South Range breccia belt post-

magmatism (Dare et al., 2010; White, 2012). 

Our data shows that pentlandite grains in bedrock and till samples also contain µm-scale 

inclusions of Ag, As, Au, Bi, Co, Cu, In, Rh, Pb, Pd, Pt, Sb, Se, Sn, Te, Tl, and Zn. In the Sudbury 

deposits, Pd is enriched ten to a hundred times in pentlandite (attributed to Pd diffusion in to 

pentlandite during its exsolution from mono sulfide solid solution) relative to chalcopyrite and 

pyrrhotite (Duran et al., 2016). Palladium is primarily hosted in pentlandite in the Sudbury deposits; 
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up to 2.2 ppm Pd can be found in pentlandite in the magmatic, massive-sulfide Ni-Cu-PGE deposits 

(Creighton deposit; Dare et al. 2010), whereas Pd concentrations reach up to 530 ppm in pentlandite 

from till eroded from the Vermilion deposit. Based on the LA ICP-MS elemental maps, Se, Co, 

and Pd appear to also be substituted into the crystal structure, whereas the other elements form 

micro-scale inclusions (Fig. 4-5). In the magmatic, massive sulfide, Ni-Cu-PGE deposits in 

Sudbury (such as Creighton Ni-Cu-PGE deposit in the South Range of the SIC), the majority of the 

Co is hosted by pentlandite, where it substitutes for Ni (Barnes and Lightfoot 2005; Dare et al. 

2010). Dare et al. (2010) measured Co (5094-23696 ppm) in pentlandite via LA ICP-MS at the 

Creighton deposit, in the South Range of the SIC, whereas we measured up to 9460 ppm Co 

bedrock at the Crean Hill deposit and up to 7560 ppm Co at Vermilion deposit. Furthermore, at Lac 

des Iles, Duran et al. (2016) also noted that pentlandite in PGE-rich deposits have higher Pd (> 10 

000 ppb) and Rh (> 1000 ppb) contents compared to Ni-Cu-PGE deposits (Pd < 10000 ppb, Rh < 

1000 ppb). We have incorporated Duran et al. (2016)’s suggestion to plot Pd vs. Rh to discriminate 

between PGE- dominated and Ni-Cu-PGE sulfide deposits and plotted Pd against Co/Ni (Fig. 4-

11) to discriminate: 1) whether the pentlandite is derived from a PGE rich or Ni-Cu-PGE deposit; 

and 2) whether the pentlandite is derived from a magmatic or hydrothermal Ni-Cu-PGE deposit. 

We also plotted trace element data (by LA ICP-MS) from Creighton massive-sulfide Ni-Cu-PGE 

deposit (Dare et al. 2010) and Lac des Iles low-sulfide PGE deposit (Duran et al. 2015). The plot 

shows that nearly all pentlandite from magmatic deposits plot in the magmatic part of the plot. Part 

of the bedrock data from Crean Hill and Vermilion deposits plot in the “magmatic” part of the 

diagram and have low Pd content (below detection limit). Some pentlandite grains in till from the 

Vermilion deposit also plot in the high PGE and massive- to semi-massive sulfide part of the plot 

suggesting that these grains were derived from the semi-massive Cu-sulfide rich and high PGE part 

of the Vermilion deposit, whereas all of pentlandite grains in bedrock from stockwork 

mineralization at both Crean Hill and Vermilion deposits (Denison; White, 2012) plot in the 
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hydrothermal and high PGE part of the plot. At the Vermilion deposit, at least some of the PGE 

mineralization was formed by post-mineralization hydrothermal alteration through fault structures 

in the South Range breccia, which resulted in remobilization of precious and base metals (Dare et 

al. 2010; White 2012; Duran et al. 2015). Therefore, it is likely that these grains (high PGE, 

massive- to semi-massive sulfide) were derived from mineralization that was affected by post-

magmatic hydrothermal alteration. Based on our data, Pd enrichment is apparent in pentlandite 

grains in till at the Vermilion deposit (up to 530 ppm by EMPA). The recovery and the abundance 

of Pd-rich pentlandite in till samples is indicative that 1) the pentlandite was derived from a Ni-

sulfide deposit that contains PGEs; and 2) the high PGE content suggests that the pentlandite was 

eroded from the PGE-rich part of the mineralization. Like chalcopyrite, the preservation of PGEs 

such as Pd is a strong indicator that the pentlandite in bedrock from Crean Hill deposit and in till 

and bedrock from the Vermillion deposit was derived from Ni-Cu mineralization that contained 

PGEs as well; the high Pd content (> 10 000 ppb) also indicates that the Ni-Cu mineralization is 

PGE-rich.  

4.8.3 Morphology and trace element chemistry of sperrylite 

Although PGMs are the best indicators for PGE mineralization, they were rarely recovered in 

the coarse fraction (> 250 µm) of till (only two Pt mineral grains were recovered from the > 250 

µm HMC (Hashmi 2018b)). Our study is one of three (with Makvandi et al. (2021) and 

McClenaghan et al. (2020a)) that have reported sperrylite textures from till samples collected in 

glaciated terrain. Like Makvandi et al., (2021), we have also shown that most PGM grains 

recovered from till samples are < 100 µm, which is likely controlled predominantly by their initial 

grain size in bedrock (Hashmi et al., 2021). The sperrylite grains contained variable contents of 

PGEs (Pd, Rh, Ru, and Ir; tens of ppb to thousands of ppm), precious metals (Au and Ag; tens to 

thousands of ppb), and S, Fe, Co, Ni, Cu, Cd, In, Se, Sn, Sb, Te, Tl, Pb, and Bi (tens to thousands 

of ppm) (Appendix S). Our results are similar to those of Makvandi et al. (2021), who also measured 
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Ag, Au, Cu, Ir, Ni, Pb, Pd, S, Sb, and Te in sperrylite recovered from till samples collected in 

Canada. The authors reported that sperrylite was the most common PGM recovered from till 

samples; however, its abundance did not aid in distinguishing between various PGE deposit types 

such as base metal sulfide deposits vs. layered intrusion chromitite deposits.  

Of the elements documented in sperrylite recovered from LSHPM mineralization at the 

Vermilion deposit, Ag, Bi, Ni, Pd, Sb, Se, and Te have been measured in sperrylite grains in 

LSHPM mineralization in the North, East, and South ranges of the SIC (White, 2012). Similar trace 

element contents in sperrylite have been reported in PGE deposits elsewhere. For example, at the 

Aguablanca Ni-Cu-PGE, magmatic sulfide deposit (affected by post-magmatic hydrothermal 

alteration; Piña et al., 2012) in southwest Spain, Suárez et al. (2010) documented up to 4.9 wt.% 

Fe as well as 2.9–3.2 wt.% Au, although the latter is rare. Sperrylite has also been noted to contain 

up to 5 % Ir, 2.5 % Fe and 11 wt. % S at the Great Dyke mafic/ultra-mafic layered intrusion in 

Zimbabwe (Locmelis et al., 2010). 

Apart from Sb, Sn, and Te (rare) that are incorporated into the crystal structure, all other elements 

are associated with elemental and mineral inclusions within and along the edges of sperrylite as 

alteration rims. Generally, the element contents range from tens to hundreds of ppm but may reflect 

micro-mineralogy where concentrations are > 1000 ppm. For example, one grain exhibits a Rh-As-

Fe-S-Co-Ni mineral phase along the rim within which each element is > 1000 ppm (Fig. 4-6), which 

may be an unknown alteration mineral like those reported by Barkov et al. (2005). Another grain 

contains inclusions of Ni, a Pd-Bi-Te mineral phase, and a Ni-Co-S-Fe mineral phase. The presence 

of micro-inclusions of these minerals within sperrylite grains and as surrounding alteration rims is 

significant because: 1) it suggests that these minerals within and surrounding sperrylite are highly 

likely formed because of post-magmatic hydrothermal alteration such as those reported by Piña et 

al. (2008); and 2) these mineralogical alterations within and along the edges of sperrylite grains 
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have been preserved in till samples and can be used to deduce the formation of potential PGE 

mineralization from a small number of sperrylite grains recovered from till samples. 

 

4.8.4 Implications for mineral exploration in glaciated terrain 

Our study has documented the presence of trace amounts of PGEs (Pt, Pd, Rh, Ru, and Ir), 

precious metals Ag (ppm levels) and Au (ppb levels), and associated chalcophile elements (As, Bi, 

Cd, Co, Cu, Ni, Pb, Sb, Te, and Zn; ppm levels) in chalcopyrite and pentlandite, which indicates 

that the chalcopyrite and pentlandite were derived from Cu- and Ni-mineralization that also 

contains PGEs and Au. The preservation of µm-sized PGEs and associated chalcophile elements 

within chalcopyrite and pentlandite grains in till also suggests that these elements are “shielded” 

by sulfide minerals and have the potential to remain preserved within them. Therefore, in an 

indicator mineral survey targeting LSHPM and Ni-Cu-PGE mineralization in glaciated terrain, 

recovery of PGMs is not crucial in delineating PGE mineralization. Furthermore, global research 

on PGE deposits (Barkov et al., 2002; Gervilla and Kojonen, 2002; Tolstykh et al., 2002a; Barkov 

et al., 2005; Hutchinson and McDonald, 2008; Locmelis et al., 2010; Suarez et al., 2010;Tolstykh 

and Podlipsky, 2010; Craw et al., 2013; Wilhelmij and Cabri, 2016; Oberthür, 2018; Gusev et al., 

2020) has shown that PGMs are smaller (i.e., < 100 µm) and rarer than sulfide minerals (i.e., 

chalcopyrite), which suggests that unless till samples intersect a mineralized dispersal train 

immediately down-ice of PGE mineralization, their recovery is highly unlikely in a conventional 

till indicator mineral survey (Fig. 4-12).  

Our study has also demonstrated that the analysis of sulfide mineral chemistry has great potential 

because it shows elemental variations (Ag, Cd, Se, Co) that coincide with elemental variations in 

sulfide minerals in bedrock. The high variability in trace element contents in sulfide minerals in till 

samples demonstrates that the mineral grains recovered from till capture a wider chemical range 

from a deposit than a sample from bedrock itself; consequently, sulfide mineral grains in till can 
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also assist in determining which part of the orebody the mineral grains were derived from (i.e., 

footwall- vs. contact-style). 

In the SIC, fractional crystallization of the sulfide melt resulted in the segregation of the 

pyrrhotite-rich ore (mono sulfide solid solution) and Cu-rich residual liquid (intermediate solid 

solution) (Barnes and Lightfoot 2005, Lightfoot 2016). Contamination of semi-metals such as As 

(in the South Range) from metasedimentary country rocks resulted in the formation of sulfarsenide 

minerals (commonly PGE bearing such as sperrylite) (Barnes and Lightfoot 2005). This is not 

unlike the formation of semi-metal (As, Bi, Sb, and Te) bearing PGMs (bismuthotelluride, 

antimonide and arsenide minerals) from contamination of the Platreef magma by metasedimentary 

country rocks of the Transvaal Supergroup containing semi-metals (As, Bi, Sb and Te) chalcophile 

elements (Cd, Mo, Sn, Pb) (Langa et al., 2021). Moreover, the SIC ores have also been affected by 

post-magmatic hydrothermal alteration and regional metamorphism (Mazatzal orogeny) (Barnes 

and Lightfoot, 2005; Lightfoot, 2016). All these processes have affected the chemical composition 

of PGMs (especially sperrylite) and sulfide minerals (i.e., chalcopyrite and pentlandite) in the ore 

bodies that were later eroded by glaciation events throughout the Quaternary (2.4 Ma). Our study 

has demonstrated that the abundance of sperrylite is reflected in the till eroded from sperrylite-rich 

LSHPM mineralization at the Vermilion deposit. Furthermore, the sperrylite and sulfide mineral 

chemistry of our samples is also strongly suggestive of hydrothermal alteration (such as the 

presence of alteration rims and µm-scale elemental inclusions in sperrylite, the abundance of Pb, 

Ag, Cd contents in chalcopyrite). Despite geomorphological evolution, the chemical composition 

of chalcopyrite, pentlandite, and sperrylite have remained preserved in the glacial sediments. The 

significance of the preservation of the geochemical signature of sulfide minerals and sperrylite in 

C-horizon till is that these minerals can also be used to understand large-scale regional geological 

processes involved in deposit formation such as magma evolution, tectonic settings, and crustal 

conditions during formation of PGMs and sulfide minerals. In glaciated regions with little to no 
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bedrock exposure, till sampling for pebble lithological analysis, IM recovery and subsequent 

sulfide mineral chemistry analysis may be a cost-effective and practical tool for exploring for 

LSHPM and Ni-Cu-PGE mineralization. However, understanding the glacial history, including ice-

flow movement and the age of the till deposit are crucial to successfully delineating the source of 

mineralization up-ice. 

 

4.8.5 Future work 

Extensive work on the mineralogy and chemistry of LSHPM mineralization has allowed for 

better constraints on mineral chemistry and has enabled an understanding of the chemical processes 

affecting silicate and sulfide mineralogy (Ames et al., 2003; Tuba et al., 2014; White, 2012; 

Lightfoot, 2016). Although this study utilized ore minerals chalcopyrite, pentlandite and sperrylite 

chemistry, incorporating other sulfide minerals such as pyrrhotite and pyrite can also be useful in 

targeting LSHPM mineralization. Abundant pyrrhotite and pyrite were also recovered from 

Vermilion and Crean Hill deposits (Hashmi 2018b). The unique chemistry of pyrite and pyrrhotite 

in bedrock from Ni-Cu-PGE deposits has been extensively documented (Piña et al., 2012; Duran 

et al., 2015). Till indicator mineral studies targeting pyrite and pyrrhotite chemistry could be the 

next step in determining whether these sulfide minerals can preserve their chemical signature post-

glaciation.  

Furthermore, incorporating indicator minerals such as epidote grains recovered from till has also 

been applied by many other researchers for a variety of deposit types such as porphyry deposits 

(Plouffe et al., 2021). For example, the abundance of epidote (an alteration mineral) in the silicate 

assemblages is closely related to LSHPM mineralization and has been well-documented in the SIC 

(Szentpeteri et al., 2003; Tuba et al., 2010). This epidote has also been determined to be 

characteristically unique with variable Cu, Bi, and Sn levels, and Ni-enrichment of several hundred 

ppm (Tuba et al., 2010). Epidote has also been targeted as a useful indicator mineral recovered 
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from till samples near porphyry deposits (Hashmi et al., 2015; Plouffe et al., 2016; Cooke et al., 

2020a; Cooke et al., 2020b;). Epidote recovered from till samples proximal and distal to LSHPM 

mineralization has the potential to be targeted for LSHPM deposits in glaciated terrain. Abundant 

epidote has also been noted at other PGE deposits such as the Ferguson Lake Ni–Cu–Co–platinum-

group element (PGE) deposit (Nunavut, Canada), whereby abundant epidote was noted as a by 

product of hydrothermal alteration (Campos-Alvarez et al., 2012). This study, along with previous 

work completed on hydrothermally modified PGE-rich mineralization, suggests that indicator 

minerals such as epidote can be studied in conjunction with sulfide phases to determine 

mineralization provenance.  

Lastly, Pb, S and Zn isotopes (in situ isotopes by LA ICP-MS; Balaram, 2021) can also be used 

to discriminate between the origin of the sulfide minerals and conditions during ore formation 

(Thode et al., 1962; Albarède, 2004; Kelley et al., 2009; Langa et al., 2021). Isotopic compositions 

of indicator minerals (S isotopes for sphalerite and Pb isotopes for galena) have been successfully 

used to discriminate till provenance from Pine Point Pb-Zn deposit in the Northwest Territories, 

Canada (Oviatt et al., 2015). Incorporating in situ Pb, S and Zn isotopes in future till provenance 

studies in the SIC may be a useful tool that can help discriminate between ore minerals signature 

in till derived from the SIC mineralization and other mineralization (such as Ni-Cu-PGE 

mineralization in the Nipissing Intrusive Suite; Lightfoot and Naldrett, 1996) in the region. 

4.9 Conclusions 

A till heavy mineral survey was carried out in the vicinity of LSHPM mineralization (Vermilion 

deposit) and part-massive, part LSHPM Ni-Cu-PGE mineralization (Crean Hill deposit) in the 

South Range of the SIC. The objective of this study was to characterize the chemical signature of 

chalcopyrite and pentlandite in the 250-500 µm size-fraction and sperrylite in the < 250 µm size-

fraction. Another objective was to determine whether the chalcopyrite, pentlandite and sperrylite 

recovered from C-horizon till preserve the geochemical signature of the bedrock from which these 
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minerals were eroded by glaciers. Our study has recognized that despite glacial comminution, the 

chemical signature of chalcopyrite, pentlandite and sperrylite remains preserved in C-horizon till. 

Key trace elements within the crystal structure and as elemental inclusions within chalcopyrite in 

the Crean Hill and Vermilion deposits and derived till are Ag, As, Au, Bi, Cd, Ni, Pb, Pt, Sb, Se, 

Sn, Te and Zn. Similarly, trace elements within the crystal structure and as elemental inclusions in 

pentlandite in the Crean Hill and Vermilion deposits and derived till are Ag, As, Au, Bi, Cd, Co, 

Cu, Pb, Pd, Pt, Sb, Se, Sn, Te, and Zn. Key trace elements within the crystal structure and inclusions 

within sperrylite grains are Ag, Au, Ir, Pd, Rh and Ru as well as As, Bi, Co, Cu, Fe, Ni, S, Sb, Se, 

Sn, Te, Pb and Zn. In glaciated regions where bedrock is covered by Quaternary sediments, the 

preservation of the chemistry and micro-mineralogy within chalcopyrite, pentlandite and sperrylite 

grains recovered from till samples can help to determine: 1) the presence of PGE mineralization by 

recovery of sulfide minerals; and b) the style of mineralization i.e., magmatic and/or hydrothermal 

origin. Sulfide mineral recovery from till can be a powerful too that has the potential to delineate 

mineralization characteristics (i.e., PGE enrichment, hydrothermal alteration) as well as regional 

geological setting. 

 

4.10 Acknowledgements 

The analytical work presented in this paper was supported by the Ontario Geological Survey and 

(QFIR). Will Desjardin (Laurentian University) created the polished thin sections. Overburden 

Drilling Management completed the heavy mineral separation, and SEM and EMPA work was 

completed at GeoLabs (Sudbury, ON). A huge thank you to the following personnel who provided 

logistical support, generated data and provided insight into mineralogy and analytical 

instrumentation: C. Beckett-Brown, M. Burnham, S. Clarke, D. Crabtree, A. Dobosz, K. Kalmo, 

M. Langa, P. Lightfoot, D. Lougheed, J. Marsh and the Iolite team (B. Paul and J. Petrus). Vale 

Canada Limited, Wallbridge Mining Company Limited and Lonmin PLC are thanked for property 



174 

 

access. Neil Stapleton provided GIS and cartographic support. J. Hinchey is thanked for reviewing 

an earlier version of the paper. 

4.11 References 

Albarède, F., 2004, The Stable Isotope Geochemistry of Copper and Zinc: Reviews in 
Mineralogy and Geochemistry, v. 55, no. 1, p. 409-427. 

Ames, D. E., Davidson, A., Buckle, J. L., and Card, K. D., 2005, Geology, Sudbury bedrock 
compilation, Ontario: Geological Survey of Canada, Open File 4570. 

Ames, D. E., Davidson, A., and Wodicka, N., 2008, Geology of the giant Sudbury polymetallic 
mining camp, Ontario, Canada: Economic Geology v. 103, p. 1067-1077. 

Ames, D. E., and Farrow, C. E. G., 2007, Metallogeny of the Sudbury mining camp, Ontario, in 
Goodfellow, W. D., ed., Mineral Deposits of Canada: A Synthesis of Major Deposit-
Types, District Metallogeny, the Evolution of Geological Provinces, and Exploration 
Methods, Volume Special Publication No. 5, Geological Association of Canada, Mineral 
Deposits Division, p. 329-350. 

Ames, D. E., Kjarsgaard, B. A., and Douma, S. L., 2003, Sudbury Ni-Cu-PGE ore mineralogy 
compilation: Sudbury Targeted Geoscience Initiative (TGI), Geological Survey of 
Canada, Open File Report 1787, https://doi.org/10.4095/214521. 

Averill, S., 2001, The application of heavy indicator mineralogy in mineral exploration with 
emphasis on base metal indicators in glaciated metamorphic and plutonic terrains, Drift 
Exploration in Glaciated Terrains, Geological Society of London, Special Publication 
185, p. 69-81. 

, 2011, Viable indicator minerals in surficial sediments for two major base metal deposit types: 
Ni-Cu-PGE and porphyry Cu: Geochemistry: Exploration, Environment Analysis, v. 11, 
p. 279-291. 

Bajc, A. F., and Hall, G. E. M., 2000, Geochemical response of surficial media, north and east 
ranges, Sudbury basin, Ontario Geological Survey, Open File Report 6033, 265 p. 

Balaram, V., 2021, Current and emerging analytical techniques for geochemical and 
geochronological studies: Geological Journal, v. 56, no. 5, p. 2300-2359 

Barkov, A. Y., Fleet, M. E., Nixon, G. T., and Levson, V. M., 2005, Platinum-group minerals 
from five placer deposits in British Columbia, Canada: Canadian Mineralogist, v. 43, p. 
168 - 1710. 

Barkov, A. Y., Laflamme, J. H. G., Cabri, L. J., and Martin, R. F., 2002, Platinum-group minerals 
from the Wallgreen Ni-Cu-PGE deposit, Yukon, Alaska: The Canadian Mineralogist, v. 
40, no. 2, p. 651-669. 



175 

 

Barnes, S.-J., and Lightfoot, P., 2005, Formation of magmatic nickel-sulfide ore deposits and 
processes affecting their copper and platinum-group element contents, In: Hedenquist, J. 
W., Thompson, J. F. H., Goldfarb, R., and Richards, J. P., (Eds.), Economic Geology 
100th Anniversary Volume, p. 179-213. 

Barnett, P. J., 1992, Quaternary geology of Ontario, Geology of Ontario, Ontario Geological 
Survey, Volume Special Volume 4, Part 2, p. 1011-1088. 

Barnett, P. J., and Averill, S., 2010, Heavy mineral dispersal trains in till in the area of the Lac 
des Iles PGE deposit, northwestern Ontario, Canada: Geochemistry: Exploration, 
Environment Analysis, v. 10, p. 391-399. 

Bleeker, W., Kamo, S. L., Ames, D. E., and Davis, D., 2015, New field observations and U-Pb 
ages in the Sudbury area: Toward a detailed cross-section through the deformed Sudbury 
Structure: Geological Survey of Canada, Open File Report 7856, p. 151-156. 

Butroy, E., Dare, S. A. S., Beaudoin, G., Barnes, S.-J., and Lightfoot, P., 2014, Magnetite 
composition in Ni-Cu-PGE deposits worldwide: application to mineral exploration: 
Journal of Geochemical Exploration, v. 145, p. 64-81. 

Cabri, L. J., Campbell, J. L., Laflamme, J. H. G., Leigh, R. G., Maxwell, J. A., and Scott, J. D., 
1985, Proton-microprobe analysis of trace elements in sulfides from some massive-
sulfide deposits: The Canadian Mineralogist, v. 23, no. 2, p. 133-148. 

Campos-Alvarez, N. O., Samson, I. M., and Fryer, B. J., 2012, The roles of magmatic and 
hydrothermal processes in PGE mineralization, Ferguson Lake deposit, Nunavut, Canada: 
Mineralium Deposita, v. 47, no. 4, p. 441-465. 

Cook, N., Ciobanu, C. L., George, L., Zhu, Z. Y., Wade, B., and Ehrig, K., 2016, Trace Element 
Analysis of Minerals in Magmatic-Hydrothermal Ores by Laser Ablation Inductively-
Coupled Plasma Mass Spectrometry: Approaches and Opportunities: Minerals, v. 6, no. 
4. 

Cooke, D. R., Agnew, P., Hollings, P., Baker, M., Chang, Z. S., Wilkinson, J. J., Ahmed, A., 
White, N. C., Zhang, L. J., Thompson, J., Gemmell, J. B., Danyushevsky, L., and Chen, 
H. Y., 2020a, Recent advances in the application of mineral chemistry to exploration for 
porphyry copper-gold-molybdenum deposits: detecting the geochemical fingerprints and 
footprints of hypogene mineralization and alteration: Geochemistry-Exploration 
Environment Analysis, v. 20, no. 2, p. 176-188. 

Cooke, D. R., Wilkinson, J. J., Baker, M., Agnew, P., Phillips, J., Chang, Z. S., Chen, H. T., 
Wilkinson, C. C., Inglis, S., Hollings, P., Zhang, L. J., Gemmell, B. J., White, N. C., 
Danyushevsky, L., and Martin, H., 2020b, Using Mineral Chemistry to Aid Exploration: 
A Case Study from the Resolution Porphyry Cu-Mo Deposit, Arizona: Economic 
Geology, v. 115, no. 4, p. 813-840. 

Craw, D., Kerr, G., Reith, F., and Falconer, D., 2015, Pleistocene paleodrainage and placer gold 
redistribution, western Southland, New Zealand: New Zealand Journal of Geology and 
Geophysics, v. 58, no. 2, p. 137-153. 



176 

 

Craw, D., Mitchell, M., McCann, R., and Reay, A., 2013, Compositional variations and 
morphological evolution in platinum beach placers, southern New Zealand: Mineralium 
Deposita, v. 48, no. 1, p. 81-97. 

Dare, S. A. S., Barnes, S.-J., and Prichard, H. M., 2010, The distribution of platinum group 
elements (PGE) and other chalcophile elements among sulfides from the Creighton Ni–
Cu–PGE sulfide deposit, Sudbury, Canada, and the origin of palladium in pentlandite 
Mineralium Deposita, v. 45, p. 765–793. 

Dare, S. A. S., Barnes, S.-J., Prichard, H. M., and Fisher, P. C., 2011, Chalcophile and platinum-
group element (PGE) concentrations in the sulfide minerals from the McCreedy East 
deposit, Sudbury, Canada, and the origin of PGE in pyrite: Mineralium Deposita, v. 46, 
no. 4, p. 381-407. 

Dilabio, R. N. W., 1991, Classification and Interpretation of the Shapes and Surface Textures of 
Gold Grains from Till on the Canadian Shield, Geological Survey of Canada, Paper no. 
90-1C, p. 297-313. 

Duran, C. J., Barnes, S. J., and Corkery, J. T., 2015, Chalcophile and platinum-group element 
distribution in pyrites from the sulfide-rich pods of the Lac des Iles Pd deposits, Western 
Ontario, Canada: Implications for post-cumulus re-equilibration of the ore and the use of 
pyrite compositions in exploration: Journal of Geochemical Exploration, v. 158, p. 223-
242. 

-, 2016, Trace element distribution in primary sulfides and Fe-Ti oxides from the sulfide-rich 
pods of the Lac des Iles Pd deposits, Western Ontario, Canada: Constraints on processes 
controlling the composition of the ore and the use of pentlandite compositions in 
exploration: Journal of Geochemical Exploration, v. 166, p. 45-63. 

Duran, C. J., Dubé-Loubert, H., Pagé, P., Barnes, S.-J., Roy, M., Savard, D., Cave, B. J., Arguin, 
J.-P., and Mansur, E. T., 2019, Applications of trace element chemistry of pyrite and 
chalcopyrite in glacial sediments to mineral exploration targeting: Example from the 
Churchill Province, northern Quebec, Canada: Journal of Geochemical Exploration, v. 
196, p. 105-130. 

Farrow, C. E. G., Everest, J. O., King, D. M., and Jolette, C., 2005, Sudbury Cu-(Ni)-PGE 
systems: Refining the classification using McCreedy West mine and Podolsky project 
case studies, In: Mungall, J. E., (Eds.), Exploration for deposits of platinum-group 
elements, Volume Short Course Series volume 35, Mineralogical Association of Canada, 
p. 163-180. 

Farrow, C. E. G., and Lightfoot, P., 2002, Sudbury PGE revisited: towards an integrated model, 
in Cabri, L. J., ed., Geology, geochemistry and mineral beneficiation of platinum-group 
elements, Volume Special Volume 54, Canadian Institute of Mining Metallurgy and 
Petroleum, p. 273-298. 

Généreux, C.-A., Lafrance, B., and Gordon, C. A., 2017, The Creighton fault and its relation to 
the mylonite zone in Drury Township, southwest Sudbury structure, Ontario Geological 
Survey, Open File Report 6333, p. 16-1 – 16-10. 



177 

 

Gent, M., Menendez, M., Torano, J., and Torno, S., 2011, A review of indicator minerals and 
sample processing methods for geochemical exploration: Journal of Geochemical 
Exploration, v. 110, no. 2, p. 47-60. 

George, L. L., Cook, N. J., and Ciobanu, C. L., 2016, Partitioning of trace elements in co-
crystallized sphalerite-galena-chalcopyrite hydrothermal ores: Ore Geology Reviews, v. 
77, p. 97-116. 

George, L. L., Cook, N. J., Crowe, B. B. P., and Ciobanu, C. L., 2018, Trace elements in 
hydrothermal chalcopyrite: Mineralogical Magazine, v. 82, no. 1, p. 59-88. 

Gervilla, F., and Kojonen, K., 2002, The platinum-group minerals in the upper section of the 
Keivitsansarvi Ni-Cu-PGE deposit, northern Finland: Canadian Mineralogist, v. 40, p. 
377-394. 

Gordon, C. A., 2018, Precambrian Geology of Denison Township, Southwest Sudbury Structure: 
Ontario Geological Survey, Open File Report 6350, p. 13-1 – 13-10. 

Gordon, C. A., and Généreux, C.-A., 2017, Preliminary results from geological mapping in 
Denison Township, southwest Sudbury structure: Ontario Geological Survey, Open File 
Report 6333, p. 15-1 – 15-5. 

Gordon, C. A., Simard, R.-L., and Genereux, C.-A., 2015, Geology and low-sulphide platinum 
group element mineralization of Drury Township, South Range, Sudbury Igneous 
Complex, Open File Report 6313, p. 21-1 – 21-18. 

Gordon, C. A., Simard, R.-L., and Généreux, C.-A., 2018a, Geological, geochemical and 
geophysical data for Drury Township, southwest Sudbury Structure: Ontario Geological 
Survey, Open File 6346, Miscellaneous Release—Data 369. 

-2018b, Precambrian geology of Drury Township, southwest Sudbury Structure: Explanatory 
notes for Preliminary Map P.3823: Ontario Geological Survey, Open File Report 6346, 
49 p. 

Grzela, D., Beaudoin, G., and Bedard, E., 2019, Tourmaline, scheelite, and magnetite 
compositions from orogenic gold deposits and glacial sediments of the Val-d'Or district 
(Quebec, Canada): Applications to mineral exploration: Journal of Geochemical 
Exploration, v. 206, p. 106355, 10.1016/j.gexplo.2019.106355. 

Gusev, V. A., Nesterenko, G. V., Zhmodik, S. M., and Belyanin, D. K., 2020, Two types of 
platinum group minerals assemblages from the gold-bearing placers of northwest 
Kuznetsk Alatau: Geosfernye Issledovaniya-Geosphere Research, no. 1, p. 19-32. 

Hashmi, S., 2015, Quaternary Geology and Geochemical and Mineralogical Signature of Surficial 
Media in Drury and Denison Townships, City of Greater Sudbury, Summary of 
Fieldwork 2015, Ontario Geological Survey, Open File Report 6313, p. 29-1 – 29-7. 

-, 2016, Quaternary geology, Drury and Denison townships: Ontario Geological Survey, 
Preliminary Map P.3801, scale 1:20 000. 



178 

 

-, 2018a, Quaternary geology and surficial media sampling in Drury and Denison townships, City 
of Greater Sudbury: Ontario Geological Survey, Open File Report 6342, 133 p. 

-, 2018b, Till geochemical and mineralogical data for Drury and Denison townships, City of 
Greater Sudbury, Ontario Geological Survey, Miscellaneous Release—Data 359. 

-, in press, Geochemical and mineralogical data from bedrock and till samples collected in 
Denison and Drury townships, southwest corner of the Sudbury Structure: Ontario 
Geological Survey, v. Miscellaneous Release — Data XXXX. 

Hashmi, S., Leybourne, M. I., Layton-Matthews, D., Hamilton, S., McClenaghan, M. B., and 
Voinot, A., 2021, Surficial geochemical and mineralogical signatures of Ni-Cu-PGE 
deposits in glaciated terrain: Examples from the South Range of the Sudbury Igneous 
Complex, Ontario, Canada: Ore Geology Reviews, v. 137, p. 104301. 

Hashmi, S., Ward, B. C., Plouffe, A., Leybourne, M. I., and Ferbey, T., 2015, Geochemical and 
mineralogical dispersal in till from the Mount Polley Cu-Au porphyry deposit, central 
British Columbia, Canada: Geochemistry-Exploration Environment Analysis, v. 15, no. 
2-3, p. 234-249. 

Hawley, J. E., and Nichol, I., 1961, Trace elements in pyrite, pyrrhotite and chalcopyrite of 
different ores: Economic Geology, v. 56, no. 3, p. 467-487. 

Huston, D. L., Sie, S. H., Suter, G. F., Cooke, D. R., and Both, R. A., 1995, Trace elements in 
sulfide minerals from eastern Australian volcanic-hosted massive sulfide deposits; Part I, 
Proton microprobe analyses of pyrite, chalcopyrite, and sphalerite, and Part II, Selenium 
levels in pyrite; comparison with delta 34 S values and implications for the source of 
sulfur in volcanogenic hydrothermal systems: Economic Geology, v. 90, no. 5, p. 1167-
1196. 

Hutchinson, D., and McDonald, I., 2008, Laser ablation ICP-MS study of platinum-group 
elements in sulphides from the Platreef at Turfspruit, northern limb of the Bushveld 
Complex, South Africa: Mineralium Deposita, v. 43, no. 6, p. 695-711. 

Jochum, K. P., Weis, U., Stoll, B., Kuzmin, D., Yang, Q. C., Raczek, I., Jacob, D. E., Stracke, A., 
Birbaum, K., Frick, D. A., Gunther, D., and Enzweiler, J., 2011, Determination of 
Reference Values for NIST SRM 610-617 Glasses Following ISO Guidelines: 
Geostandards and Geoanalytical Research, v. 35, no. 4, p. 397-429. 

Jochum, K. P., Willbold, M., Raczek, I., Stoll, B., and Herwig, K., 2005, Chemical 
characterisation of the USGS reference glasses GSA-1G, GSC-1G, GSD-1G, GSE-1G, 
BCR-2G, BHVO-2G and BIR-1G using EPMA, ID-TIMS, ID-ICP-MS and LA-ICP-MS: 
Geostandards and Geoanalytical Research, v. 29, no. 3, p. 285-302. 

Kauranne, L. K., 1992, Regolith Exploration Geochemistry in Arctic and Temperate Terrains, 
Volume 5 Elsevier, Handbook of Exploration and Environmental Geochemistry. 

Keller, G. R., and Bogdan, D. J., 2004, The Manitoba kimberlite indicator mineral database: an 
Update, Manitoba Geological Survey, Report of Activities 2004, p. 320-322. 



179 

 

Kelley, K. D., Eppinger, R. G., Lang, J., Smith, S. M., and Fey, D. L., 2011, Porphyry Cu 
indicator minerals in till as an exploration tool: example from the giant Pebble porphyry 
Cu-Au-Mo deposit, Alaska, USA: Geochemistry-Exploration Environment Analysis, v. 
11, no. 4, p. 321-334. 

Kelley, K. D., Wilkinson, J. J., Chapman, J. B., Crowther, H. L., and Weiss, D. J., 2009, Zinc 
isotopes in sphalerite from base metal deposits in the Red Dog District, northern 
Alaska:Economic Geology, v. 104, no. 6, p. 767-773. 

Kjarsgaard, I. M., McClenaghan, M. B., Kjarsgaard, B. A. K., and Heaman, L. M., 2004, 
Indicator mineralogy of kimberlite boulders from eskers in the Kirkland Lake and lake 
Timiskaming areas, Ontario, Canada: Lithos, v. 77, no. 1-4, p. 705-731. 

Krogh, T. E., Davis, D. W., and Corfu, F., 1984, Precise U-Pb zircon and baddeleyite ages for the 
Sudbury area: In The Geology and Ore Deposits of the Sudbury Structure, Pye, 
E.G.Naldrett, and A.J. Giblin, P.E. (Eds.), Ontario Geological Survey, Special Volume 1, 
p. 431-446. 

Langa, M. M., Jugo, P. J., Leybourne, M. I., and Grobler, D. F., 2021, Sulfide mineral chemistry 
and platinum-group minerals of the UG-2 chromitite in the northern limb of the Bushveld 
Igneous Complex, South Africa: The Canadian Mineralogist, v. 59, no. 6, p. 1339-1362. 

Layton-Matthews, D., and McClenaghan, M. B., 2022, Current Techniques and Applications of 
Mineral Chemistry to Mineral Exploration; Examples from Glaciated Terrain: A Review: 
Minerals, v. 12, no. 1, p. 59. 

Lehtonen, M. L., Marmo, J. S., Nissinen, A. J., Johanson, B. S., and Pakkanen, L. K., 2005, 
Glacial dispersal studies using indicator minerals and till geochemistry around two 
eastern Finland kimberlites: Journal of Geochemical Exploration, v. 87, no. 1, p. 19-43. 

Lightfoot, P., 2016, Nickel Sulfide Ores and Impact Melts: Origin of the Sudbury Igneous 
Complex, Elsevier, 606 p. 

Lightfoot, P., and Naldrett, A. J., 1996, Petrology and geochemistry of the Nipissing gabbro: 
Exploration strategies for nickel, copper and platinum group elements in a large igneous 
province. 

Locmelis, M., Melcher, F., and Oberthür, T., 2010, Platinum-group element distribution in the 
oxidized Main Sulfide Zone, Great Dyke, Zimbabwe: Mineralium Deposita, v. 45, no. 1, 
p. 93-109. 

Makvandi, S., Pagé, P., Tremblay, J., and Girard, R., 2021, Exploration for Platinum-Group 
Minerals in Till: A New Approach to the Recovery, Counting, Mineral Identification and 
Chemical Characterization: Minerals, v. 11, no. 3, p. 264. 

McClenaghan, M. B., 2011, Overview of common processing methods for recovery of indicator 
minerals from sediment and bedrock in mineral exploration: Geochemistry-Exploration 
Environment Analysis, v. 11, no. 4, p. 265-278. 



180 

 

McClenaghan, M. B., Ames, D. E., and Cabri, L. J., 2020a, Indicator mineral and till geochemical 
signatures of the Broken Hammer Cu–Ni–PGE–Au deposit, North Range, Sudbury 
Structure, Ontario, Canada: Geochemistry: Exploration, Environment, Analysis, v. 20, 
no. 3, p. 337-356. 

McClenaghan, M. B., Averill, S., Kjarsgaard, B. A., Layton-Mathews, D., and Matile, G., 2011 
Indicator mineral signatures of magmatic Ni-Cu deposits, Thompson Nickel Belt, central 
Canada, in Proceedings 25th International Applied Geochemistry Symposium 
Rovaniemi, Finland, Mineral Methods in Mineral Exploration. Workshop, 72 p. 

McClenaghan, M. B., and Cabri, L. J., 2011, Review of gold and platinum group element (PGE) 
indicator minerals methods for surficial sediment sampling: Geochemistry: Exploration, 
Environment Analysis, v. 11, p. 251–263. 

McClenaghan, M. B., and Kjarsgaard, B. A., 2001, Indicator mineral and geochemical methods 
for diamond exploration in glaciated terrain in Canada, in McClenaghan, M. B., 
Bobrowsky, P. T., Hall, G. E. M., and Cook, S. J., eds., Drift Exploration in Glaciated 
Terrain, Volume 185: Bath, Geological Soc Publishing House, p. 83-123. 

McClenaghan, M. B., Paulen, R. C., and Kjarsgaard, I. M., 2019, Rare metal indicator minerals in 
bedrock and till at the Strange Lake peralkaline complex, Quebec and Labrador, Canada: 
Canadian Journal of Earth Sciences, v. 56, no. 8, p. 857-869. 

McClenaghan, M. B., Paulen, R. C., Layton-Matthews, D., Hicken, A. K., and Averill, S. A., 
2015, Glacial dispersal of gahnite from the Izok Lake Zn-Cu-Pb-Ag VMS deposit, 
northern Canada: Geochemistry-Exploration Environment Analysis, v. 15, no. 4, p. 333-
349. 

McClenaghan, M. B., Paulen, R. C., and Oviatt, N. M., 2018, Geometry of indicator mineral and 
till geochemistry dispersal fans from the Pine Point Mississippi Valley-type Pb-Zn 
district, Northwest Territories, Canada: Journal of Geochemical Exploration, v. 190, p. 
69-86. 

McClenaghan, M. B., and Peter, J. M., 2016, Till geochemical signatures of volcanogenic 
massive sulphide deposits: an overview of Canadian examples: Geochemistry: 
Exploration, Environment, Analysis, v. 16, no. 1, p. 27-47. 

McClenaghan, M. B., Plouffe, A., McMartin, I., Campbell, J. E., Spirito, W. A., Paulen, R. C., 
Garrett, R. G., and Hall, G. E. M., 2013, Till sampling and geochemical analytical 
protocols used by the Geological Survey of Canada: Geochemistry: Exploration, 
Environment, Analysis, v. 13, p. 285-301. 

McClenaghan, M. B., Spirito, W. A., Plouffe, A., McMartin, I., Campbell, J. E., Paulen, R. C., 
Garrett, R. G., Hall, G. E. M., Pelchat, P., and Gauthier, M. S., 2020b, Geological Survey 
of Canada till-sampling and analytical protocols: from field to archive, 2020 update: 
Geological Survey of Canada, Open File 8591. 

Normandeau, P. X., Corriveau, L., Paquette, J., and McMartin, I., 2014, Apatite as an indicator 
mineral to IOCG deposits in the Great Bear magmatic zone, Northwest Territories, 



181 

 

Canada, Yellowknife Geoscience Forum, Northwest Territories Geoscience Office, p. 53-
54. 

Oberthür, T., 2018, The Fate of Platinum-Group Minerals in the Exogenic Environment—From 
Sulfide Ores via Oxidized Ores into Placers: Case Studies Bushveld Complex, South 
Africa, and Great Dyke, Zimbabwe: Minerals, v. 8, no. 12. 

Oviatt, N. M., Gleeson, S. A., Paulen, R. C., McClenaghan, M. B., and Paradis, S., 2015, 
Characterization and dispersal of indicator minerals associated with the Pine Point 
Mississippi Valley-type (MVT) district, Northwest Territories, Canada: Canadian Journal 
of Earth Sciences, v. 52, no. 9, p. 776-794. 

Paton, C., Hellstrom, J., Paul, B., Woodhead, J., and Hergt, J., 2011, Iolite: Freeware for the 
visualisation and processing of mass spectrometric data: Journal of Analytical Atomic 
Spectrometry, v. 26, no. 12. 

Péntek, A., Molnár, F., Tuba, G., Watkinson, D. H., and Jones, P. C., 2013, The Significance of 
Partial Melting Processes in Hydrothermal Low Sulfide Cu-Ni-PGE Mineralization 
Within the Footwall of the Sudbury Igneous Complex, Ontario, Canada: Economic 
Geology, v. 108, no. 1, p. 59-78. 

Péntek, A., Molnar, F., Watkinson, D. H., and Jones, P. C., 2008, Footwall-type Cu-Ni-PGE 
Mineralization in the Broken Hammer Area, Wisner Township, North Range, Sudbury 
Structure: Economic Geology, v. 103, no. 5, p. 1005-1028. 

Petrus, J. A., Chew, D. M., Leybourne, M. I., and Kamber, B. S., 2017, A new approach to laser-
ablation inductively-coupled-plasma mass spectrometry (LA-ICP-MS) using the flexible 
map interrogation tool 'Monocle': Chemical Geology, v. 463, p. 76-93. 

Pettke, T., Oberli, F., Audetat, A., Guillong, M., Simon, A. C., Hanley, J. J., and Klemm, L. M., 
2012, Recent developments in element concentration and isotope ratio analysis of 
individual fluid inclusions by laser ablation single and multiple collector ICP-MS: Ore 
Geology Reviews, v. 44, p. 10-38. 

Piercey, S. J., 2014, Modern Analytical Facilities 2. A Review of Quality Assurance and Quality 
Control (QA/QC) Procedures for Lithogeochemical Data: Geoscience Canada, v. 41, p. 
75-88. 

Piña, R., Gervilla, F., Barnes, S. J., Ortega, L., and Lunar, R., 2012, Distribution of platinum-
group and chalcophile elements in the Aguablanca Ni–Cu sulfide deposit (SW Spain): 
Evidence from a LA-ICP-MS study: Chemical Geology, v. 302-303, p. 61-75. 

Piña, R., Gervilla, F., Ortega, L., and Lunar, R., 2008, Mineralogy and geochemistry of platinum-
group elements in the Aguablanca Ni-Cu deposit (SW Spain): Mineralogy and Petrology, 
v. 92, no. 1, p. 259-282. 

Plouffe, A., Acosta-Góngora, P., Kjarsgaard, I. M., Petts, D., Ferbey, T., and Venance, K. E., 
2021, Detrital epidote chemistry: detecting the alteration footprint of porphyry copper 
mineralization in the Quesnel terrane of the Canadian Cordillera, British Columbia, in 



182 

 

Plouffe, A., and Schetselaar, E., eds., Targeted Geoscience Initiative 5: contributions to 
the understanding and exploration of porphyry deposits, Volume Bulletin 616, Geological 
Survey of Canada, p. 137-157. 

Plouffe, A., Ferbey, T., Hashmi, S., and Ward, B. C., 2016, Till geochemistry and mineralogy: 
vectoring towards Cu porphyry deposits in British Columbia, Canada: Geochemistry-
Exploration Environment Analysis, v. 16, no. 3-4, p. 213-232. 

Plouffe, A., McClenaghan, M. B., Paulen, R. C., McMartin, I., Campbell, J. E., and Spirito, W. 
A., 2013, Processing of glacial sediments for the recovery of indicator minerals: 
protocols used at the Geological Survey of Canada: Geochemistry: Exploration, 
Environment, Analysis, v. 13, p. 303-316. 

Pokhilenko, N. P., Afanas’ev, V. P., and Vavilov, M. A., 2010, Behavior of kimberlite indicator 
minerals during the formation of mechanical dispersion halos in glacial settings: 
Lithology and Mineral Resources, v. 45, no. 4, p. 324-329. 

Pouchou, J. L., and Pichoir, F., 1984, A new model for quantitative X-Ray microanalysis. 1. 
Application to the analysis of homogeneous samples : Recherche Aerospatiale, no. 3, p. 
167-192. 

-, 1991, Quantitative analysis of homogeneous or stratified microvolumes applying the model 
"PAP", in Heinrich, K. F. J., and Newbury, D. E., eds., Electron Probe Quantitation: 
Boston, MA, Springer. 

Ramdhor, P., 1969, The Ore Minerals and Their Intergrowth, Oxford, Pergamon Press, 1174 p. 

Robertson, F., 1961, Knoop hardness numbers for 127 opaque minerals: Geological Society of 
America Bulletin, v. 72, p. 621-638. 

Rousell, D. H., Fedorowich, J. S., and Dressler, B. O., 2003, Sudbury Breccia (Canada): a product 
of the 1850 Ma Sudbury Event and host to footwall Cu-Ni-PGE deposits: Earth Science 
Reviews, v. 60, p. 147-174. 

Sciuba, M., Beaudoin, G., Grzela, D., and Makvandi, S., 2020, Trace element composition of 
scheelite in orogenic gold deposits: Mineralium Deposita, v. 55, no. 6, p. 1149-1172. 

Searcy, C. A., 2001a, Miscellaneous database related to the drift exploration for platinum group 
elements, northwestern Ontario. 

-, 2001b, Preliminary data results of drift exploration for Platinum Group Elements, northwestern 
Ontario. 

Shilts, W. W., 1973, Drift Prospecting; Geochemistry of Eskers and Till in Permanently Frozen 
Terrain, District of Keewatin, Northwest Territories: Geological Survey of Canada. 

Shilts, W. W., 1977, Geochemistry of till in perennially frozen terrain of Canadian Shield – 
application to prospecting: Boreas, v. 6, no. 2, p. 203-212. 



183 

 

-, 1984a, Till geochemistry in Finland and Canada: Journal of Geochemical Exploration, v. 21, 
no. 1-3, p. 95-117. 

-, 1984b, Workshop 1- Till geochemistry in mineral exploration: Journal of Geochemical 
Exploration, v. 21, no. 1-3, p. 119-122. 

Simard, R.-L., Gordon, C. A., and Généreux, C.-A., 2016, Geology of Drury Township, 
southwest Sudbury structure: An overview: Ontario Geological Survey. 

Suarez, S., Prichard, H. M., Velasco, F., Fisher, P. C., and McDonald, I., 2010, Alteration of 
platinum-group minerals and dispersion of platinum-group elements during progressive 
weathering of the Aguablanca Ni-Cu deposit, SW Spain: Mineralium Deposita, v. 45, no. 
4, p. 331-350. 

Swanson, F., Kelly, L., and Royer, B., 2001, Compiled database, kimberlite indicator mineral 
surveys, Saskatchewan, Summary of Investigations 2001, Volume 2, Misc. Rep. 2001-
4.2. 

Szentpeteri, K., Molnar, F., Watkinson, D. H., and Jones, P. C., 2003a, Geology and high-grade 
hydrothermal PGE mineralization of the Vermilion quartz diorite offset dike, Sudbury, 
Canada, Rotterdam, Millpress Science Publishers, Mineral Exploration and Sustainable 
Development, Vols 1 and 2, 643-646 p. 

Szentpeteri, K., Molnár, F., Watkinson, D. H., and Watkinson, D. H., 2003b, Geology and high 
grade hydrothermal PGE mineralization of the Vermilion quartz diorite offset dike, 
Sudbury, Canada, in Eliopoulos, D. G., ed., 7th Biennial Meeting of the Society of 
Geology Applied to Mineral Deposits, Mineral exploration and Sustainable development, 
Volume 1: Athens, Millpress, p. 643-646. 

Thode, H. G., Dunford, H. B., and Shima, M., 1962, Sulfur isotope abundances in rocks of the 
Sudbury District and their geological significance: Economic Geology, v. 57, no. 4, p. 
565-578. 

Tolstykh, N. D., Foley, J. Y., Sidorov, E. G., and Laajoki, K. V. O., 2002a, Composition of the 
platinum-group minerals in the Salmon River placer deposit, Goodnews Bay, Alaska: 
The Canadian Mineralogist, v. 40, no. 2, p. 463-471. 

Tolstykh, N. D., Foley, J. Y., Sidorov, E. G., and Laajoki, K. V. O., 2002b, Composition of the 
platinum-group minerals in the Salmon River placer deposit, Goodnews Bay, Alaska: 
Canadian Mineralogist, v. 40, p. 463-471. 

Tolstykh, N. D., and Podlipsky, M. Y., 2010, Heavy concentrate halos as prospecting guides for 
PGE mineralization: Geology of Ore Deposits, v. 52, no. 3, p. 196-214. 

Tuba, G., Molnar, F., Ames, D. E., Pentek, A., Watkinson, D. H., and Jones, P. C., 2014, Multi-
stage hydrothermal processes involved in "low-sulphide" Cu(-Ni)-PGE mineralization in 
the footwall of the Sudbury Igneous Complex (Canada): Amy Lake PGE Zone, East 
Range.: Mineralium Deposita, v. 49, p. 7-47. 



184 

 

Tuba, G., Molnar, F., Watkinson, D. H., and Jones, P. C., Distinguishing Hydrothermal 
Assemblages Associated With and Post-Dating ‘Low-Sulfide’ Cu-Ni-PGE Mineralization 
in the Footwall of the Sudbury Igneous Complex: A Possible Tool in Mineral 
Exploration, in Proceedings 11th International Platinum Symposium, Sudbury, 2010, 
Volume Miscellaneous Release–Data 269, Ontario Geological Survey. 

White, C. J., 2012, Low-Sulfide PGE-Cu-Ni Mineralization From Five Prospects Within The 
Footwall Of The Sudbury Igneous Complex, Ontario, Canada, PhD thesis: University of 
Toronto, 337 p. 

Wilhelmij, H. R., and Cabri, L. J., 2016, Platinum mineralization in the Kapalagulu Intrusion, 
western Tanzania: Mineralium Deposita, v. 51, no. 3, p. 343-367. 

Wilson, S. A., Ridley, W. I., and Koenig, A. E., 2002, Development of sulfide calibration 
standards for the laser ablation inductively-coupled plasma mass spectrometry technique: 
Journal of Analytical Atomic Spectrometry, v. 17, no. 4, p. 406-409. 

 

 

 



185 

 

Figure 4-1: Geographic setting of the study area. Denison Township (“the study area”) is 

located approximately 30 km southwest from the city of Greater Sudbury, northeastern 

Ontario. The grey dashed line indicates the approximate extent of the North, East and 

South ranges. The bedrock geology is modified after Ames et al. (2005). 

 

Figure 4-2: Bedrock geology, location of Vermilion and Crean Hill deposits, and overlying 

and down-ice till sample sites. The location of the Worthington Offset and other mineral 

occurrences are also indicated. Bedrock geology is modified after Ames et al. (2005) and the 

bedrock geology legend is provided in Appendix I. 
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Figure 4-3: High contrast BSE images of polished thin sections (PTS) of mineralized rocks 

from the Vermilion and Crean Hill deposits. Areas of interest selected around from samples 

2016-HS-5008A-A and 2016-HS-5008A-4A from the Vermilion deposit. (A) minerals 

identified in “Area 1” are chalcopyrite (Ccp), ilmenite (Ilm), chlorite (Chl), Ni- rich 

pyrrhotite (Ni-Po), pentlandite (pn), (B) minerals identified in “Area 2” are Ni- rich chlorite 

(Ni-Chl) and epidote (Ep). Also identified in the PTS of sample 2016-HS-5008A-A is a PGM 

(a Pd-Sb-Bi-Te mineral) approximately 7 µm long. Areas of interest selected around from 

samples 2016-HS-5011C-A from the Crean Hill deposit. (C) minerals identified in “Area 1” 

are chalcopyrite (Ccp), pentlandite (Pn), sphalerite (Sph), Ni-rich pyrrhotite (Ni-Po), 

tremolite (Trm), ilmenite (Ilm) and unknown alteration (Alt). (D) minerals identified in 

“Area 2” are quartz (Qtz), chlorite (Chl), amphibole (Amp), chalcopyrite (Ccp), Ni- rich 

pyrrhotite (Ni-Po) and plagioclase feldspar (Plg). Ore minerals recovered from till samples 

include (E) and (F) chalcopyrite, (G) pentlandite and (H) sperrylite. Scanning electron 

microscope images of sperrylite grains I-N. Grains exhibit subhedral (I and K) to euhedral 

(L and M) shapes, “plucked” and broken edges (I, J, and K), fractures (encircled in white; 

J, K, M and N). The sperrylite grains also preserve inclusions of other monomineralic 

(PGMs?) that are encircled in black. 
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Figure 4-4: Elemental map of chalcopyrite grain (P1G13) recovered from a till sample 

(2016-HS-4008B) collected at Vermilion deposit. 
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Figure 4-5: Elemental map of pentlandite grain (P3G47) recovered from a till sample (2016-

HS-4008B) collected at Vermilion deposit. 
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Figure 4-6: Elemental map of sperrylite grain (G147) recovered from a till sample pan 

concentrate (2016-HS-4008B) collected at Vermilion deposit. 
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Figure 4-7: Box and whisker plot of major and trace element content analyzed by LA ICP-

MS in sperrylite grains (n = 35) recovered from pan concentrate (< 250 µm) of till sample 

(2016-HS-4008B) collected at Vermilion deposit. 
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Figure 4-8: Box and whisker plot of major and trace element content determined by EMPA 

in chalcopyrite grains recovered from bedrock (n=19) and till (n=53) samples collected at 

Vermilion deposit and bedrock (n= 82) and till (n=3) samples collected at Crean Hill 

deposit. Below detection limit values are plotted as half the detection limit. 

 

 

Figure 4-9: Box and whisker plot of major and trace element content determined by EMPA 

in pentlandite grains recovered from bedrock (n=9) and till (n=7) samples collected at 

Vermilion deposit and bedrock (n= 62) samples collected at Crean Hill deposit. Below 

detection limit values are plotted as half the detection limit. Note that pentlandite is not 

plotted for Crean Hill till because np pentlandite grains were recovered from till collected at 

Crean hill. Below detection limit values are plotted as half the detection limit in the figure. 
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Figure 4-10: Ternary diagram to discriminate between magmatic and hydrothermal 

chalcopyrite grains (by LA ICP-MS). Also included in the plot are trace element data (by 

LA ICP-MS) for “magmatic” chalcopyrite from Lac des Iles (Duran et al. 2015), 

Aguablanca Ni-Cu-PGE deposit (Piña et al. 2008) and the average chalcopyrite data from 

the “magmatic” Bushveld Igneous Complex (Langa et al. 2021). Chalcopyrite grains from 

the Vermilion deposit and derived till plot in the “hydrothermal” portion of the ternary 

plot. Also included in the plot are Au contents in the grains. The highest Au content is in the 

chalcopyrite derived from the Vermilion deposit, which may suggest that the Au may have 

been remobilized by hydrothermal fluids. The ternary plot is modified after Duran et al. 

2020 and the grey dashed line divides the hydrothermal chalcopyrite from the magmatic 

chalcopyrite. 
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Figure 4-11: XY plot (Pd vs. Co/Ni) for pentlandite (by EMPA) to discriminate between 

magmatic vs. hydrothermal and Ni-Cu-PGE vs. LSHPM (PGE rich) mineralization. Also 

plotted are trace element data (by LA ICP-MS) from Lac des Iles low-sulfide PGE deposit 

(Duran et al. 2015), average pentlandite data from Creighton massive-sulfide Ni-Cu-PGE 

deposit (Dare et al. 2010) and the chromatite reefs of the Bushveld Igneous Complex (Langa 

et al. 2021) as well as data on the Denison mineralization (i.e., both the Crean Hill and 

Vermilion deposits) of the SIC (White, 2012). The blue and black dotted lines represent a 

potential divide between pentlandite from magmatic vs. hydrothermal and high PGE vs. 

low PGE contents, respectively. Duran et al. (2015) suggested that PGE-rich magmatic 

deposits contain > 10 000 ppb Pd and our data is in agreement with their findings. 

Pentlandite hosts majority of the Co in magmatic Ni-Cu-PGE deposits of the SIC and 

substitutes for Ni. Therefore, nearly all of the pentlandite from magmatic deposits plot in 

the magmatic part of the plot. Part of the bedrock data from Crean Hill and Vermilion 
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deposits plot in the “hydrothermal” part of the diagram but have low Pd (below detection 

limit), whereas few pentlandite grains from the Vermilion deposit plot in the hydrothermal 

and high PGE part of the plot. 

 

Figure 4-12: Conceptual diagram showing the incorporation of mineral chemistry 

techniques in glaciated regions with little to no bedrock and mineralization exposed at 

surface. Sampling till in conjunction with identification of ice-flow movement(s) in the 

region is a crucial component to positively identify direction of provenance. Additionally, 

the recovery of ore minerals such as chalcopyrite and sperrylite followed by the 

characterization of their chemistry can direct exploration geologists to the style of the 

deposit and the regional settings in which the mineralization formed, and subsequently, 

from which the ore minerals are eroded, transported, and deposited by glaciers. 
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Table 4-1: Precision calculations for chalcopyrite and pentlandite grains by EMPA using internal standards and for chalcopyrite, 

pentlandite and sperrylite grains by LA ICP-MS data using MASS-1 standard. Precision is calculated as the average % relative standard 

deviation (%RSD) (see Piercey 2014). 

Mineral Grain Analysis Isotope Standard 
Number 

of runs 

Precision 

(%RSD) 

Sulfide Chalcopyrite EMPA S ccpSTD 39.0 0.6 

 Chalcopyrite EMPA Fe ccpSTD 39.0 0.5 

 Chalcopyrite EMPA Co ccpSTD 39.0 105.9 

 Chalcopyrite EMPA Ni ccpSTD 39.0 196.3 

 Chalcopyrite EMPA Cu ccpSTD 39.0 0.5 

 Chalcopyrite EMPA Zn ccpSTD 39.0 460.5 

 Chalcopyrite EMPA Se ccpSTD 39.0 127.6 

 Chalcopyrite EMPA Ag ccpSTD 39.0 79.8 

 Pentlandite EMPA S penFAL 22.0 0.7 

 Pentlandite EMPA Fe penFAL 22.0 0.7 

 Pentlandite EMPA Co penFAL 22.0 5.8 

 Pentlandite EMPA Ni penFAL 22.0 0.5 

 Pentlandite EMPA Cu penFAL 22.0 n.d. 

 Pentlandite EMPA Se penFAL 22.0 87.3 
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Mineral Grain Analysis Isotope Standard 
Number 

of runs 

Precision 

(%RSD) 

 Pentlandite EMPA Pd penFAL 22.0 133.3 

 Pentlandite EMPA Ag penFAL 22.0 131.4 

Sulfide 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

34 S 

(ppm) 
MASS-1 6 0-5 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

57 Fe 

(ppm) 
MASS-1 6 0-8 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

59 Co 

(ppm) 
MASS-1 6 0-11 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

60 Ni 

(ppm) 
MASS-1 6 

0-7* (1 

value of 

72) 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

63 Cu 

(ppm) 
MASS-1 6 0-4 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

66 Zn 

(ppm) 
MASS-1 6 0-8 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

75 As 

(ppm) 
MASS-1 6 0-11 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

77 Se 

(ppm) 
MASS-1 6 0-15 
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Mineral Grain Analysis Isotope Standard 
Number 

of runs 

Precision 

(%RSD) 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

103 Rh 

(ppm) 
MASS-1 6 0-11 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

105 Pd 

(ppm) 
MASS-1 6 0-12 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

107 Ag 

(ppm) 
MASS-1 6 0-5 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

111 Cd 

(ppm) 
MASS-1 6 0-8 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

115 In 

(ppm) 
MASS-1 6 0-11 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

118 Sn 

(ppm) 
MASS-1 6 0-10 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

121 Sb 

(ppm) 
MASS-1 6 0-10 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

125 Te 

(ppm) 
MASS-1 6 0-18 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

193 Ir 

(ppm) 
MASS-1 6 0-7 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

195 Pt 

(ppm) 
MASS-1 6 0-8 
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Mineral Grain Analysis Isotope Standard 
Number 

of runs 

Precision 

(%RSD) 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

197 Au 

(ppm) 
MASS-1 6 0-17 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

205 Tl 

(ppm) 
MASS-1 6 0-11 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

208 Pb 

(ppm) 
MASS-1 6 0-15 

 
Chalcopyrite/ 

pentlandite 

LA ICP-

MS 

209 Bi 

(ppm) 
MASS-1 6 0-10 

PGM Sperrylite 
LA ICP-

MS 

34 S 

(ppm) 
MASS-1 4 1.6-3.9 

 Sperrylite 
LA ICP-

MS 

57 Fe 

(ppm) 
MASS-1 4 1.2-1.9 

 Sperrylite 
LA ICP-

MS 

59 Co 

(ppm) 
MASS-1 4 2.0-9.6 

 Sperrylite 
LA ICP-

MS 

60 Ni 

(ppm) 
MASS-1 4 5.5-9.3 

 Sperrylite 
LA ICP-

MS 

63 Cu 

(ppm) 
MASS-1 4 2.4-6.99 

 Sperrylite 
LA ICP-

MS 

66 Zn 

(ppm) 
MASS-1 4 1.8-3.7 
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Mineral Grain Analysis Isotope Standard 
Number 

of runs 

Precision 

(%RSD) 

 Sperrylite 
LA ICP-

MS 

75 As 

(ppm) 
MASS-1 4 1.3-4.5 

 Sperrylite 
LA ICP-

MS 

77 Se 

(ppm) 
MASS-1 4 11.0-24.0 

 Sperrylite 
LA ICP-

MS 

103 Rh 

(ppm) 
MASS-1 4 7.4-16.3 

 Sperrylite 
LA ICP-

MS 

105 Pd 

(ppm) 
MASS-1 4 12.4-18.9 

 Sperrylite 
LA ICP-

MS 

107 Ag 

(ppm) 
MASS-1 4 3.5-7.5 

 Sperrylite 
LA ICP-

MS 

111 Cd 

(ppm) 
MASS-1 4 5.5-7.9 

 Sperrylite 
LA ICP-

MS 

115 In 

(ppm) 
MASS-1 4 1.5-2.6 

 Sperrylite 
LA ICP-

MS 

118 Sn 

(ppm) 
MASS-1 4 1.3-5.5 

 Sperrylite 
LA ICP-

MS 

121 Sb 

(ppm) 
MASS-1 4 1.1-3.2 

 Sperrylite 
LA ICP-

MS 

125 Te 

(ppm) 
MASS-1 4 10.0-22.0 
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Mineral Grain Analysis Isotope Standard 
Number 

of runs 

Precision 

(%RSD) 

 Sperrylite 
LA ICP-

MS 

193 Ir 

(ppm) 
MASS-1 4 1.3-11 

 Sperrylite 
LA ICP-

MS 

195 Pt 

(ppm) 
MASS-1 4 3.4-7.9 

 Sperrylite 
LA ICP-

MS 

197 Au 

(ppm) 
MASS-1 4 2.9-7.8 

 Sperrylite 
LA ICP-

MS 

205 Tl 

(ppm) 
MASS-1 4 1.2-2.7 

 Sperrylite 
LA ICP-

MS 

208 Pb 

(ppm) 
MASS-1 4 5.2-20 

 Sperrylite 
LA ICP-

MS 

209 Bi 

(ppm) 
MASS-1 4 1.3-4 
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Table 4-2: List of ore minerals and their abundance in till samples and their abundance collected at Crean Hill and Vermilion deposits 

and whether they are identified in bedrock polished thin sections (PTS). Also included are location of the sample with respect to the 

deposit, strength of oxidation of the till samples. Abbreviations: Dep. (deposit), Spy (sperrylite), Cpy (chalcopyrite) and Pn (pentlandite). 

Dep. Sample 

location 

Sample 

no. 

Sample  Strength 

of till 

oxidation 

Location 

relative to 

min. (m) 

Table feed 

(< 2 mm) 

Gold 

grains

/10 kg 

Spy 

grains 

/10 kg 

Cpy 

grains /10 

kg 

Pn grains 

/10 kg 

Verm. Overlying 

mineralization 

2016-

HS-

5008A-

A 

Bedroc

k 

NA Overlying NA Not 

identifi

ed in 

PTS 

Not 

identified 

in PTS 

Yes Yes 

Verm. Overlying 

mineralization 

2016-

HS-

5008A-

B 

Bedroc

k 

NA Overlying NA Not 

identifi

ed in 

PTS 

Not 

identified 

in PTS 

Yes Yes 

Verm. Overlying 

mineralization 

2016-

HS-

5008A-

4A 

Bedroc

k 

NA Overlying NA Not 

identifi

ed in 

PTS 

Not 

identified 

in PTS 

Yes Yes 

Verm. Overlying 

mineralization 

2015-

HS-

4165 

Till  weak Overlying 3.8 95 1053 87 0 
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Dep. Sample 

location 

Sample 

no. 

Sample  Strength 

of till 

oxidation 

Location 

relative to 

min. (m) 

Table feed 

(< 2 mm) 

Gold 

grains

/10 kg 

Spy 

grains 

/10 kg 

Cpy 

grains /10 

kg 

Pn grains 

/10 kg 

Verm. Overlying 

mineralization 

2015-

HS-

4165 

FD 

Till  weak Overlying 6.4 20 63 5 0 

Verm. Overlying 

mineralization 

2015-

HS-

4175 

Till  weak Overlying 8.7 6 115 230 0 

Verm. Overlying 

mineralization 

2015-

HS-

4175 

FD 

Till  weak Overlying 7.1 7 28 282 3 

Verm. Overlying 

mineralization 

2015-

HS-

4176 

Till  weak Overlying 6.7 7 45 12 0 

Verm. Overlying 

mineralization 

2015-

HS-

4176 

FD 

Till  weak Overlying 5.9 2 20 2 0 
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Dep. Sample 

location 

Sample 

no. 

Sample  Strength 

of till 

oxidation 

Location 

relative to 

min. (m) 

Table feed 

(< 2 mm) 

Gold 

grains

/10 kg 

Spy 

grains 

/10 kg 

Cpy 

grains /10 

kg 

Pn grains 

/10 kg 

Verm. Overlying 

mineralization 

2015-

HS-

4177 

Till  weak Overlying 8.1 43 617 10 0 

Verm. Overlying 

mineralization 

2016-

HS-

4003 

Till  weak Overlying 7.6 9 132 3 0 

Verm. Overlying 

mineralization 

2016-

HS-

4004 

Till  weak Overlying 7.9 13 5 0 0 

Verm. Overlying 

mineralization 

2016-

HS-

4008A 

Till  weak Overlying 7.6 63 2632 24 0 

Verm. Overlying 

mineralization 

2016-

HS-

4008B 

Till  weak Overlying 7.6 207 26316 263 4 
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Dep. Sample 

location 

Sample 

no. 

Sample  Strength 

of till 

oxidation 

Location 

relative to 

min. (m) 

Table feed 

(< 2 mm) 

Gold 

grains

/10 kg 

Spy 

grains 

/10 kg 

Cpy 

grains /10 

kg 

Pn grains 

/10 kg 

Verm. Overlying 

mineralization 

2016-

HS-

3008C 

LD 

Till  weak Overlying 9.0 ND ND ND ND 

Verm. Overlying 

mineralization 

2016-

HS-

4008C 

Till  weak Overlying 9.0 48 1111 24 0 

Verm. Overlying 

mineralization 

2016-

HS-

4008D 

Till  weak Overlying 7.9 56 1266 63 3 

Crean 

Hill 

Overlying 

mineralization 

2016-

HS-

4011B 

Till  moderate 

to strong 

Overlying 1.7 6 29 82 0 

Crean 

Hill 

Overlying 

mineralization 

2016-

HS-

4011B 

Till  moderate 

to strong 

Overlying 1.7 6 29 82 0 
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Dep. Sample 

location 

Sample 

no. 

Sample  Strength 

of till 

oxidation 

Location 

relative to 

min. (m) 

Table feed 

(< 2 mm) 

Gold 

grains

/10 kg 

Spy 

grains 

/10 kg 

Cpy 

grains /10 

kg 

Pn grains 

/10 kg 

Crean 

Hill 

Overlying 

mineralized 

bedrock 

2016-

HS-

4011A 

B/d 

gossan 

strong Overlying 0.8 30125 12500 1875000 125000 

Crean 

Hill 

Overlying 

mineralization 

2016-

HS-

5011C-

A 

B/d NA Overlying NA Not 

identifi

ed in 

PTS 

Not 

identified 

in PTS 

Yes Yes 

Crean 

Hill 

Overlying 

mineralization 

2016-

HS-

5011C-

B 

B/d NA Overlying NA Not 

identifi

ed in 

PTS 

Not 

identified 

in PTS 

Yes Yes 

Crean 

Hill 

Down-ice (' 50 

m) 

2015-

HS-

4163 

Till  weak <50 8.1 11 1 1 0 

Crean 

Hill 

Down-ice (' 50 

m) 

2015-

HS-

4164 

Till  weak <50 6.8 1 3 0 0 
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Dep. Sample 

location 

Sample 

no. 

Sample  Strength 

of till 

oxidation 

Location 

relative to 

min. (m) 

Table feed 

(< 2 mm) 

Gold 

grains

/10 kg 

Spy 

grains 

/10 kg 

Cpy 

grains /10 

kg 

Pn grains 

/10 kg 

Crean 

Hill 

Overlying 

mineralization 

2016-

HS-

4011B 

Till  moderate 

to strong 

Overlying 1.7 6 29 82 0 
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Table 4-3: Size and shape of sperrylite grains recovered from till samples collected down-ice of the Vermilion deposit in this study. Also 

included is a literature review of platinum group mineral size and shape from other global PGE deposits from glacial and placer settings. 

Deposit PGM Geomorphologic 

influence 

Location Grain 

morphology 

Grain 

size 

Reference 

Vermilion 

LSHPM  

Sperrylite Glacial 

modification 

South Range, 

Sudbury Igneous 

Complex, Sudbury, 

Ontario, Canada 

Anhedral grains, 

sub-angular to sub-

rounded grains, 

facets, bullet 

shaped, pitted, 

fractures 

10-500 

µm 

This study, 

Hashmi et al. 

2021, Hashmi 

in press 

Broken Hammer 

Cu-Ni-PGE-Au 

deposit 

Sperrylite Glacial 

modification 

North Range, 

Sudbury Igneous 

Complex, Sudbury, 

Ontario, Canada 

Euhedral grains, 

anhedral angular 

grains 

25-2000 

µm 

McClenaghan 

et al. 2020 
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Deposit PGM Geomorphologic 

influence 

Location Grain 

morphology 

Grain 

size 

Reference 

Potential PGE 

mineralization 

across the 

Canadian Shield 

Sperrylite Glacial 

modification 

Manitoba, 

Newfoundland and 

Labrador, Nova 

Scotia, Ontario, 

Québec, Canada 

Euhedral grains, 

rounded to semi-

rounded grains, 

angular grains 

< 50 µm Makvandi et al. 

2020 

Lockie Creek 

samples collected 

4 km north of 

Tulameen PGE 

deposit, Quesnel 

River (3 km east 

of the town of 

Quesnel), 

Similkameen 

River (near the 

town of 

Princeton) 

Sperrylite, alloys of Pt2Fe 

and Pt3Fe with micro-

inclusions of Os–Ir and Ir–

Os–(Ru–Pt) 

Placer deposit British Columbia, 

Canada 

Anhedral to sub-

hedral, partly 

faceted to well-

developed crystal 

faces 

up to 

1500  

µm 

Barkov et al. 

2005 
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Deposit PGM Geomorphologic 

influence 

Location Grain 

morphology 

Grain 

size 

Reference 

Placer minerals 

derived from the 

Noril’sk, 

Kingash, Chinei  

Ni-Cu-PGE and 

LSHPM deposits 

and the Yoko-

Dovyren pluton 

Pt–Fe alloys, sperrylite, 

Pd–Sn–Pb–Cu 

compounds, atakite 

(Pd3Sn), 

tetraferroplatinum (PtFe),   

cabriite (Pd2CuSn), 

ferroan platinum (Pt,Fe)  

Placer deposit  Medvezhy Brook 

near Norils'k deposit, 

Rudney Creek 

downstream of 

Chinei and Kingash 

deposits and 

Shkol'ny Creek in the 

vicinity of the Yoko-

Dovyren pluton, 

Russia 

Sub-angular to 

sub-rounded 

grains, Euhedral to 

anhedral grains, 

supergene 

modification 

(leaching of Pd), 

rims of secondary 

products 

250-

2000 µm 

N. D. Tolstykh 

and M. Yu. 

Podlipsky 2010 

Deposit PGM Geomorphologic 

influence 

Location Grain 

morphology 

Grain 

size 

Reference 
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Origin unknown, 

potential origin 

may be the 

Longwood Range 

and ophiolitic 

rocks to the north 

of Lake 

Manapouri 

Isoferroplatinum flakes, 

Pt-Fe alloys, Pt-Cu-Fe 

alloy, 

Isomertieite(Pd11As2Sb2), 

Cuprorhodsite 

(Cu(Pt,Ir,Rh)2S4), Os, Ir 

and Ru alloys, sperrylite, 

cooperite–braggite (PtS-

PtPdS2) 

Placer deposit Placers of the Waiau 

River, western 

Southland, New 

Zealand (samples 

collected at Orepuki 

Beach, Round Hill, 

Midlands Farm, 

Toetoes Bay, and 

Little Beach) 

Euhedral to 

anhedral grains and 

rounded to sub-

rounded grains, 

rough surfaces 

with some 

remenant crystal 

faces; thickened 

rims and toroidal 

shapes. 

< 50 to 

1000 µm 

Craw et al. 

2013, Craw et 

al. 2015  
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Chapter 5 

Conclusions and recommendations for future work 

5.1 Conclusions 

5.1.1 Surficial sampling media  

Results of this study suggest that the natural geochemical signature from Ni-Cu-PGE deposits in 

humus is strongly overprinted by anthropogenic signals. Despite anthropogenic contamination, the 

geogenic Ni-Cu signature in humus is apparent in samples collected in the vicinity of Ni-Cu-PGE 

mineralization. Apart from humus, anthropogenically-derived atmospheric fallout also appears to 

affect the upper B-horizon but not the lower B-horizon till (at > 20 cm depth) nor the C-horizon 

till. Therefore, C-horizon soil developed in till is the only optimal sampling media in an established 

mining camp such as Sudbury. 

5.1.2 Till geochemical and indicator mineral signature of LSHPM and Ni-Cu-PGE 

mineralization 

 

The till geochemical signature of both LSHPM and Ni-Cu-PGE mineralization is characterized 

by elevated Ni, Cu, PGEs (Pt, Pd, Rh, Ru, Ir) and pathfinder elements As, Bi, Co, Cr, Pb, Sb, and 

Te. The best indicators to LSHPM and Ni-Cu-PGE mineralization are ore minerals chalcopyrite, 

gold grains, and sperrylite. Elevated to anomalous contents of these elements and minerals are 

present in till samples overlying and immediately down ice (< 100 m) of the Vermilion and Crean 

Hill deposits. Although elevated Ni contents are present in till samples proximal and distal to Crean 

Hill and Vermilion deposits, pentlandite was only recovered from till samples in the immediate 

vicinity of the Vermilion deposit. Nickel-bearing pyrrhotite has been documented in PTS and 

pyrrhotite has been recovered from till samples collected in the vicinity of the Vermilion and Crean 
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Hill deposits (Hashmi et al., 2021); therefore, it is likely that the Ni signature in till is derived from 

other Ni-bearing Fe-sulfide minerals present in the till such as Ni-bearing pyrrhotite. 

5.1.3 Morphology and chemistry of indicator minerals to LSHPM and Ni-Cu-PGE 

mineralization 

Ore minerals chalcopyrite, pentlandite, and sperrylite exhibit signs of glacial modification such 

as facets, bullet shape, fractures, gouges, and plucked edges. Despite glacial comminution, the 

chemical signature of these minerals remains preserved. Key trace elements within the crystal 

structure and as elemental inclusions within chalcopyrite in the Crean Hill and Vermilion deposits 

and derived till are Ag, As, Au, Bi, Cd, Ni, Pb, Pt, Sb, Se, Sn, Te, and Zn. Trace elements within 

the crystal structure and as elemental inclusions in pentlandite in the Crean Hill and Vermilion 

deposits and derived till are Ag, As, Au, Bi, Cd, Co, Cu, Pb, Pd, Pt, Sb, Se, Sn, Te, and Zn. Key 

trace elements within the crystal structure and inclusions within sperrylite grains are Ag, Au, Ir, 

Pd, Rh, and Ru as well as As, Bi, Co, Cu, Fe, Ni, S, Sb, Se, Sn, Te, Pb, and Zn. The preservation 

of the chemistry and micro-mineralogy within chalcopyrite and pentlandite recovered from till 

samples in this study demonstrates that the presence of PGE mineralization can be determined by 

the recovery of sulfide minerals. The chemistry of chalcopyrite, pentlandite, and sperrylite can aid 

in deducing the style of mineralization i.e., magmatic and/or hydrothermal origin as well as regional 

geological setting. 

 

5.2 Recommendations for future work 

5.2.1 Surficial sampling and analytical techniques 

Overall, humus sampling geared towards mineral exploration is not recommended in the SIC and 

other established mining regions where the surficial soils are heavily contaminated by smelter 

emissions; the use of Na pyrophosphate leach does not minimize the anthropogenic metal 

contribution in humus. Based on the work completed in this study and others (McClenaghan et al. 
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2020), it is recommended that C-horizon soil developed in till should be sampled as it is the optimal 

sampling media for soil sampling for mineral exploration in glaciated terrain. Although the silt + 

clay fraction is the optimal till size fraction due to the paucity of clay-sized particles in the study 

area, utilizing both the silt + clay and the clay-sized till fraction for geochemical analyses is 

recommended for Ni-Cu-PGE exploration elsewhere in glaciated terrain. This is because the clay-

sized fraction of till is known to adsorb metals during till weathering and the low metal contents in 

till in this study may have been due to low clay contents (Shilts, 1984; McClenaghan et al., 2020). 

Conversely, the presence of elevated to highly anomalous concentrations of ore elements is 

attributed to the predominance of PGM and gold grains in the silt-sized fraction.  

Although the suite of elements analyzed in humus in this study did not include Pd, future humus 

sampling surveys exploring for PGE mineralization would benefit from including PGEs (such as 

Pd) in the analytical work. Furthermore, despite using several different methods of elemental 

determination, the more cost-effective techniques that could have provided comparable results 

would have been a Pb fire assay ICP-MS on a 30 g aliquot and a total leach such as a multi-acid 

digest that can dissolve sulfide, oxide, and most silicate minerals (Geoscience Laboratories, 2020).  

5.2.2 Indicator mineral methods 

This study utilized ore minerals chalcopyrite, pentlandite, and sperrylite. Future indicator mineral 

chemistry work in the SIC can benefit from targeting pyrite and pyrrhotite chemistry as well which 

are also abundant in till eroded from LSHPM and Ni-Cu-PGE mineralization (Hashmi 2018b). 

Furthermore, epidote, which is an alteration mineral in the silicate assemblages resulting from post-

magmatic hydrothermal alteration and associated with LSHPM mineralization, has been well-

documented in the SIC (Szentpeteri et al., 2003; Tuba et al., 2010). This epidote is characteristically 

unique and contains trace elements such as Cu, Bi, Ni, and Sn with contents ranging to several 

hundred ppm (Tuba et al., 2010). Future indicator mineral chemistry studies in the SIC may also 
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benefit from discriminating between epidote associated with hydrothermally altered PGE-rich 

mineralization and epidote associated with country rocks.  

Lastly, in situ Pb, S, and Zn isotopes in indicator minerals such as galena, chalcopyrite, and 

sphalerite can also be used to discriminate between the origin of the sulfide minerals and conditions 

during ore formation in glaciated terrain with little to no bedrock exposure (Thode et al., 1962; 

Albarède, 2004; Kelley et al., 2009; Langa et al., 2021). Incorporating in situ Pb, S, and Zn isotopes 

in future till provenance studies in the SIC may also be a useful tool to discriminate between ore 

minerals signature in till derived from the SIC mineralization and other mineralization (such as Ni-

Cu-PGE mineralization in the Nipissing Intrusive Suite; Lightfoot and Naldrett, 1996) in the region.  
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Appendix A: Effects of smelting on vegetation 
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Appendix B: Precision calculations for humus and B- and C-horizon 

tills 
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Precision (95% CI) 

  Element 
 

Sample 
media 

As Bi Cd Co Cr Cu Hg Mo Ni Pb Sb Se***
* 

Te*
* 

Zn Au
* 

Ir Pd Pt Rh Ru**
* 

Humus 
Aqua regia 
Na 
pyrophosph
ate ICP-MS 
(n=9) 

7.7 12.
0 

13.
8 

11.
8 

9.9 11.
1 

40.
0 

9.2 7.4 7.
3 

8.9 14.1 23.2 7.7 61.
0 

n.a n.a n.a n.a n.a 

Humus 
Aqua regia 
ICP-MS 
(n=9) 

14.
0 

10.
5 

11.
9 

10.
3 

14.
5 

9.2 14.
4 

13.
6 

12.
3 

7.
6 

16.
4 

31.7 43.3 10.
9 

49.
4 

n.a n.a n.a n.a n.a 

B-horizon 
till (n=10) 

15.
2 

10.
9 

17.
1 

9.1 11.
1 

10.
3 

98.
7 

9.7 10.
8 

3.
9 

14.
4 

71.3 112.
0 

7.8 67.
1 

66.4 36.
3 

59.
6 

58.8 90.1 

C-horizon 
till (n=10) 

27.
7 

23.
8 

24.
3 

9.5 9.4 9.2 37.
0 

13.
1 

16.
1 

6.
3 

30.
0 

40.0 111.
0 

9.9 80.
0 

108.
7 

56.
9 

46.
9 

114.
5 

90.2 
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Au*: Na pyrophosphate n=3, aqua regia ICP-
MS n=8, C-horizon n=9 

Te**: Na pyrophosphate n=8, B-horizon n=9 

Ru***: B-horizon n=9 

Se: B-horizon n=7, C-horizon n=4 
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Appendix C: Depth of humus vs. total loss on ignition 
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Appendix D: Log-normalized, Pearson product moment correlation for 

humus samples analyzed by Na pyrophosphate ICP-MS 
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Appendix E: Log-normalized, Pearson product moment correlation for 

humus samples analyzed by aqua regia ICP-MS 



226 

 

Appendix F: Aqua regia ICP-MS and Na pyrophosphate ICP-MS vs. 

total loss on ignition 
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Appendix G: Mineralization, ore type, host rocks and ore minerals present in the study area.  
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Appendix H: Precision calculations at 95 % confidence interval for lab duplicates of till samples were 

completed on 10 duplicates pairs for Cu, As, Bi, Co, Cr, Pb, Sb and Te, on 8 duplicate pairs for Au, 6 

duplicate pairs for Rh and Ir and 3 duplicate pairs for Pd 

Precision (95% CI) 

Element 

Sample type Au Ni Cu Ir Pd Pt Rh Ru As Bi Co Cr Pb Sb Te 

Lab duplicates 
(n=10) 

55.2 11.4 6.5 73.5 39.4 31.9 83.3 35.1 19.6 16.8 6.7 6.7 4.4 21.2 79.0 

Till-1 (n=2) 36.9 9.6 0.2 46.2 62.1 23.1 n.a n.a 7.6 4.1 3.5 5.7 1.0 2.2 39.0 

MCM (n=3) 11.6 7.2 2.7 12.9 22.4 32.6 11.6 20.1 13.9 4.3 4.9 1.6 3.5 9.1 14.0 
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Appendix I: Spearman Rank correlation matrix for selected elements in 

the < 0.063 mm fraction of 118 C-horizon till samples. Gold and PGEs 

determined by NiS FA ICP-MS and all other elements by aqua regia 

ICP-MS. Correlations ≥ 0.6 are in bold italics. 
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Appendix J: Cumulative frequency distribution of ore elements Ni, Cu, 

Pt, Pd and Au. Threshold for background versus elevated element 

content is indicated. 
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Appendix K: Cumulative frequency distribution of associated elements 

As, Bi, Co, Cr, Pb, Sb and Te. Threshold between background and 

elevated element content is indicated. 
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Appendix L: Element concentrations in bedrock and in the < 0.063 mm 

fraction of till samples and indicator mineral abundance in the < 0.25 

mm pan concentrate or 0.25-0.5 mm heavy mineral fractions of till 

samples for Vermilion and Crean Hill deposits. Bedrock data from 

Ames et al. (2014). *Arsenic, Au and Ir in bedrock samples were 

determined using INAA; **Pt and Pd using NiS FA ICP-MS, and the 

remaining elements ***Cu, Ni, Bi, Co, Cr, Pb, Sb and Te, were analyzed 

by ICP-MS following sample dissolution in nitric, perchloric, 

hydrofluoric acids and fusion of the residues with lithium metaborate 

Ames et al. (2014). ND: no data. The upper limit of background values 

in till for the elements determined are listed at the top of Appendix F in 

bold. 
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Appendix M: Scatter plots of element content in the < 0.063 mm 

fraction versus % clay and versus % silt + clay in the till matrix 

showing that there is no correlation grain size and element 

concentration. 
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Appendix N: Cumulative frequency distribution of Au, Cu, Ni, Pt and 

Pd content in till samples from this study and Bajc and Hall (2000a). 

Threshold for background versus elevated element content determined 

as the 90th percentile is indicated by a dashed vertical line. Threshold 

for background versus elevated element content determined using visual 

break in slope is also for both studies by dashed vertical lines. 

 

  



237 

 

 

  



238 

 

Appendix O:  Bedrock geology legend for figure 4-2 in text. The 

bedrock geology is modified after Ames et al. (2005). 
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Appendix P: Mineralization and ore type, and ore minerals present at 

Crean Hill and Vermilion deposits. Data from Lightfoot and Farrow 

(2002); Ames et al. (2003); Szentpeteri et al. (2003); Ames and Farrow 

(2007); Golightly (2009); White (2012); Lightfoot (2016). 
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Appendix Q: Major and trace element data by electron microprobe 

analyzer (EMPA) for chalcopyrite and pentlandite from bedrock and 

till samples collected at Vermilion and Crean Hill deposits. Also 

included are grain number, location and a backscatter image of probe 

points on the mineral grains. 
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Appendix R: Major and trace element data by laser ablation inductively 
coupled plasma mass spectrometry (LA ICP-MS) for chalcopyrite and 
pentlandite from bedrock samples collected at Vermilion and Crean 

Hill deposits, till samples collected overlying and immediately down-ice 
of the Vermilion deposit, and sperrylite grains recovered from till 
sample collected immediately down-ice of the Vermilion deposit.   
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Appendix S: Range of element data for chalcopyrite and pentlandite 

grains (bedrock and till) via electron microprobe analysis (EMPA) and 

laser alation inductively coupled plasma-mass spectrometry (LA ICP-

MS) as well as sperrylite grains (till) via LA ICP-MS. Also included is 

the trace element data for sperrylite grains (via EMPA) from White 

(2012).  
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