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amph = amphibole ilm = ilmenite sobolev = sobolevskite 
an = anorthite kfs = K-feldspar sop = sopcheite 
ap = apatite kot = kotulskite spe = sperrylite 
berry = berryite lisi = lisiguangite tema = temagamite 
bite = tellurobismuthite mag = magnetite tet = teradimite 
bn = bornite maly = malyshevite tr = tremolite 
boh = bohdanowiczite matild = matildite ttn = titanite 
bt = biotite mel = melonite vio = violarite 
ccp = chalcopyrite mer = merenskyite witt = wittichenite 
cerv = cerveilleite mich = michenerite zrn = zircon 
chl = chlorite mill = millerite  
claus = clausthalite mon = moncheite  
cpx = clinopyroxene  nau = naumannite  
cumm = cummingtonite plag = plagioclase   
 
 
Rock types/ Occurrences: 

ALZ = Amy Lake zone, BH = Broken Hammer zone, CB = Cartier Batholith, CR = Craig,  
FAL = Frost Amy Lake zone, FWC19 = Frost, drill hole WC-19, Fr = Frost, FWBX = Footwall 
Breccia, FWGR = footwall granophyre, GN = gneiss, IGN = intermediate gneiss, LGC = 
Levack Gneiss Complex, RR = Rapid River, SDBX = Sudbury Breccia, SIC = Sudbury Igneous 
Complex, WL = Windy Lake (+ number: drill hole), WSW = Wisner Southwest zone (+B: 
Blast trench, +R: Rory trench), WSZ = Wisner South zone 

 
CHEMICAL FORMULA OF PLATINUM-GROUP AND ASSOCIATED TRACE METAL MINERALS 
MENTIONED IN THIS STUDY 

aguilarite, Ag4SeS malyshevite, CuPdBiS3 sopcheite, Ag4Pd3Te4 
berryite, Pb3(Ag,Cu)5Bi7S16 matildite, AgBiS2 sperrylite, PtAs2 
bohdanowiczite, AgBiSe2 melonite, NiTe2 tellurobismuthite, Bi2Te3 
cervelleite, Ag4TeS merenskyite, PdTe2 temagamite, Pd3HgTe3 
clausthalite, PbSe michenerite, PdBiTe tetradymite, Bi2Te2S 
crerarite, PtBi3S4-x moncheite, PtTe2 violarite, FeNi2S4 
hessite, Ag2Te mückeite, CuNiBiS3 wittichenite, Cu3BiS3  
kotulskite, PdTe naumannite, Ag2Se 
lisiguangite, CuPtBiS3 sobolevskite, PdBi 
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CHAPTER 1 

INTRODUCTION 

 

1.1. AIM OF STUDY 

 Crystallization of the superheated impact melt sheet within the 1.85 Ga Sudbury 

impact structure to form the layered sequence of the Sudbury Igneous Complex (SIC) 

provided the heat source for various processes within its footwall that had a significant effect 

on the deposition and re-mobilization of world-class Ni-Cu-PGE ores. These include: (1) an 

assimilation process that consumed several hundred metres of the footwall, and resulted in 

the formation of the Contact Sublayer, one of the main hosts of magmatic Ni-Cu-PGE ores 

(Prevec et al., 2000; Prevec and Cawthorn, 2002), (2) the development of an 1 to 2 km wide 

contact metamorphic aureole (Dressler, 1984b; Coats and Snajdr, 1984; Hanley and Mungall, 

2003; Boast and Spray, 2006), (3) the formation of the Footwall Breccia, the other main host of 

contact deposits, through a combination of partial melting and thermal recrystallization (e.g., 

Coats and Snajdr, 1984; Lakomy, 1990; McCormick et al., 2002a), (4) circulation of 

hydrothermal fluids, which had a great significance in the final distribution of metals 

especially in the footwall of the SIC (e.g., Farrow and Watkinson, 1992; Li and Naldrett, 

1993a; Jago et al., 1994; Watkinson, 1999; Molnár et al., 1997, 1999, 2001; Farrow et al., 2005; 

Hanley et al., 2005). 

 Although the exact role of hydrothermal fluids in the formation of footwall Cu-Ni-

PGE occurrences as much as 2 km away from the SIC/footwall contact is debated and was 

certainly not the same within different deposits, there is a general agreement that they had a 

great significance in the remobilization of metals from the primary magmatic ores (see 

reviews of this topic by Watkinson, 1999; Molnár et al., 2001; Molnár and Watkinson, 2001; 

Farrow and Lightfoot, 2002; Hanley et al., 2005; Ames and Farrow, 2007). In contrast to the 

formation of typical footwall-style massive Cu-rich sulphide vein stockworks (“sharp-

walled” vein systems), the hydrothermal origin of so-called “low-sulphide”-type footwall 

occurrences is generally accepted (Farrow et al., 2005; Lesher et al., 2009). These zones are 

exceptionally enriched in Pt, Pd and Au, although consisting only of disseminations, and 

veinlets of sulphides accompanied by hydrous silicate assemblages.  

 A few authors reported signs of hydrothermal activity within mineralized parts of the 

Sublayer and Footwall Breccia, which provide important evidence for a model suggesting 

the remobilization of metals from the contact environment into the deeper footwall (Farrow 

and Watkinson, 1996; McCormick and McDonald, 1999; Molnár et al., 2001; McCormick et 
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al., 2002b). The source of fluids interacting with contact sulphides, as well as those involved 

in formation of footwall Cu-Ni-PGE occurrences still remains speculative (Marshall et al., 

1999). Molnár et al. (2001) described a fluid exsolution process from granitic veins (“footwall 

granophyres”, FWGRs), which represent crystallized partial melts within mineralized 

Footwall Breccia. They suggested that brines segregating from these melts may have been 

major components of the hydrothermal system in the footwall of the SIC, and argued that 

superimposing hydrothermal events independent from the SIC-driven fluid flow also had 

some role in later redistribution of metals. 

 The general aim of this study was to establish the genetic relationship between partial 

melting and Cu-Ni-PGE mineralizing processes in the contact aureole of the SIC. However, 

to be able to outline a generalized model explaining these interrelated processes required the 

investigation of parts of this complex system separately. This means separate parts in a 

spatial sense (i.e., two environments: the SIC/footwall contact zone and the deeper footwall 

of the SIC), but also with respect to a variety of processes including partial melting, melt 

segregation, fluid segregation from crystallizing melts, hydrothermal alteration and 

deposition of metals.  

 The first part of the study outlined the significance of hydrothermal fluids in the 

formation of footwall Cu-Ni-PGE occurrences. Among these deposits, the “low-sulphide”-

style systems have been recognized only recently (Farrow et al., 2005) and detailed 

descriptions of these extremely high PGE-grade mineralized zones are scarce. Thus, a 

detailed study was initiated of two recently discovered footwall Cu-Ni-PGE occurrences in 

Wisner Township of the North Range, where such mineralization was not known before. 

With data from the “low-sulphide”-style South zone occurrence and the “hybrid” (both 

“low-sulphide”- and “sharp-walled” vein-style parts) Broken Hammer zone the 

understanding of the footwall mineralizing processes evolved. The main questions to be 

answered were:  

1. What are the differences and similarities of the mineralogy, mineral chemistry and bulk 

rock metal geochemistry of certain mineralization styles of footwall deposits?  

2. What was the role of hydrothermal fluids in the formation of “sharp-walled” vein-type 

and “low-sulphide” deposits?  

3. What kind and how many generations of fluids were involved in the hydrothermal 

process?  

 In the second part of the study the aim was to understand the partial melting 

processes within the contact aureole of the SIC, which were proposed to be important fluid 
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sources of the magmatic hydrothermal system of this environment (Molnár et al., 2001). 

Mapping and sampling areas were selected in various parts of the North and East Ranges, 

but not the South Range, because there the contact aureole was affected by several phases of 

deformation and metamorphism (see Chapter 2.1). As there were no earlier geologic studies 

focusing on these melting processes (only thermal modelling of SIC-related assimilation and 

partial melting was performed), a variety of questions had to be investigated and answered:  

1. What were the conditions of partial melting and how did they change spatially?  

2. Where and to what depth did partial melting occur below the SIC and how did the degree 

of melting change with distance from the contact?  

3. How significant was the melting process volumetrically?  

4. Which rock types were affected by melting?  

5. What are the similarities and differences of crystallized partial melts in the various 

occurrences of the contact and footwall environments?  

 In the final part the aim was to connect these two topics and to reveal evidences for or 

against the genetic link proposed by Molnár et al. (2001). Examples highlighting different 

aspects of their possible genetic relationship were provided:  

1. What is the temporal and causal relationship of the partial melting and hydrothermal 

processes in the contact environment?  

2. Is there a spatial association of the two processes within the footwall?  

 Following this logical order, the results are presented in three separate sections 

(Chapters 4 to 6), which are incorporated into a general model (Chapter 7) describing the role 

of partial melting in remobilization of magmatic sulphides by hydrothermal processes. The 

chapters documenting the results are preceded by a summary of the regional geology and 

characteristics of ore deposits relevant to this study and the knowledge of the contact aureole 

of the SIC gathered from earlier studies (Chapter 2). Chapter 3 provides a brief introduction 

of the geology of the studied occurrences, which is based on and refined from mapping by 

the staff of Wallbridge Mining Company Ltd.  

 Chapter 4 presents results from the South zone and Broken Hammer zone Cu-Ni-

PGE occurrences published by Péntek et al. (2008). A detailed description of the different 

mineralization styles in these localities is provided and the significance of hydrothermal 

processes in the formation of such deposits is reviewed.  

  Chapter 5 summarizes results obtained from the investigation of the partial melting 

and melt segregation processes within the contact aureole of the SIC and was published by 

Péntek et al. (2009). This is the first detailed description of these processes and the resulting 
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rocks (footwall granophyres) from numerous localities along the North and East Ranges of 

the Sudbury structure.  

 Chapter 6 documents the temporal and spatial association of partial melting and 

hydrothermal activities in several contact and footwall occurrences. The results of this study 

are incorporated into the recent knowledge of processes in the basement of the SIC to present 

a model (Chapter 7) for partial melting processes and their significance in hydrothermal Cu-

Ni-PGE mineralization. These two chapters were submitted together for publication as 

Péntek et al. (Economic Geology, submitted). Chapter 8 highlights some outcomes of the study, 

which may be used in exploration for Cu-Ni-PGE sulphides at Sudbury, as well as in the 

interpretation of the geology of other large igneous bodies such as the Duluth, Stillwater and 

Bushveld complexes. A summary is given in Chapter 9.      
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1.2. METHODS 

1.2.1. Field work 

 Mapping and sampling were carried out in the field seasons of 2005 (for Chapter 4) 

and 2006 to 2009 (for Chapters 5 and 6) on properties mostly owned by Wallbridge Mining 

Company Ltd. (“Wallbridge Mining”) and partly by Xstrata Nickel. In 2005, detailed 

geologic and alteration mapping of 5 high-pressure washed trenches was performed at a 

scale of 1:50 in the Wisner South, Southwest and Broken Hammer zones. In the same areas, 

alteration mapping on previously mapped trenches was also carried out using and 

supplementing the pre-existing maps (unpublished bedrock geology maps by Peterson D.M. 

and co-workers for Wallbridge Mining). Detailed mapping was in most cases facilitated by a 

grid of 5 m spacing painted onto the trenches. Further observations and sampling was 

completed in 7 diamond drill cores deepened below the mapped trenches.     

 In the summer months of 2006 to 2009, mapping of partial melting features and 

footwall granophyres at a scale of 1:75 on trenches of the Wisner South and Southwest zones, 

as well as the Frost Amy Lake zone has been carried out. Field mapping of the same features 

at 1:2000 was performed in the Foy, Skynner and Frost properties of Wallbridge Mining. 

Detailed mapping of partial melting features was also completed in diamond drill cores from 

the Windy Lake, Wisner, Skynner and Frost properties (5, 6, 6 and 4 drill holes, respectively). 

Footwall granophyre samples from the Craig deposit were collected by Dr. D. Marshall.   

 

1.2.2. Analytical work 

 Bulk rock geochemical analyses of grab samples and half-core samples were carried 

out by ALS Chemex Ltd (Vancouver, Canada). The samples were analyzed for major 

elements, as well as 50 base metals and trace elements (including Pt, Pd, Au) using 

Inductively coupled plasma mass spectrometry (ICP-MS) and Inductively coupled plasma 

atomic emission spectrometry (ICP-AES). Details of these methods may be found on the ALS 

Chemex website (www.alsglobal.com). Wallbridge Mining provided the full dataset from 

their drilling program at Broken Hammer and South zones for statistical investigation.  

 Six element PGE (Pt, Pd, Ir, Os, Ru, Rh) concentrations were determined at Labtium 

Oy (Espoo, Finland) using a NiS fire preconcentration, Te-coprecipitation and determination 

with ICP-MS. For details see the Labtium Oy website (www.labtium.fi/en). Detection limits 

of this analysis were 2 ppb (Ru), 1 ppb (Os, Rh and Pd) and 0.1 ppb (Ir and Pt).      

 Most of the mineral chemical data was acquired using a Camebax MBX electron 

microprobe by wavelength dispersive analysis at Carleton University (Ottawa, Canada). 
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Analyzes were carried out at 15kV and 15 nA for silicates and 20kV and 35 nA for PGM and 

sulphides. Counting times of 15 to 20 s or 40,000 counts were employed for each element 

except for F (40 s) and Ni (60 s). For Chapter 5, many analyses were carried out using the Jeol 

SEM 6310 scanning electron microscope with a wavelength and energy dispersive system at 

the Karl-Franzens University (Graz, Austria). 

 Fluid inclusion petrography and microthermometric measurements were carried out 

using 150-200 μm thick, doubly polished sections. Microthermometric analyses were 

performed on a Chaixmeca-type and a Linkam THM 600 apparatus at the Department of 

Mineralogy (Eötvös University). These equipments were calibrated using synthetic fluid 

inclusions. The instruments have 0.1°C reproducibility near the melting temperature of pure 

carbon dioxide (-56.6°C) and pure water (0.0° C) and 1°C reproducibility at 374°C.  

 Titanium concentrations in quartz were analyzed with Laser ablation ICP-MS method 

at the laboratory of the Hungarian Academy of Sciences, Institute for Isotopes. We used a 

double-focusing magnetic sector ICP mass spectrometer (ELEMENT2, Thermo Electron 

Corp., Bremen, Germany) equipped with a New Wave UP-213 laser ablation system. A beam 

diameter of 60 μm was used for pre-ablation in order to avoid contamination deriving from 

the surface of quartz grains. The actual analyses were carried out with a beam diameter of 20 

μm. Where the size of the analyzed grains was large enough, ablation was carried out along 

single lines or with raster method in order to check the homogeneity of the material. NIST-

612 synthetic glass standard was used for calibration using the values of Pearce et al. (1997) 

and the evaluation of this data was performed with the software Pepita by Dunkl et al. 

(2008).  
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CHAPTER 2 

REGIONAL GEOLOGY AND ORE DEPOSITS OF THE SUDBURY STRUCTURE 

 

2.1. GENERAL GEOLOGY OF THE SUDBURY STRUCTURE 

 The Sudbury structure is one of the largest known impact structures on Earth, with 

an estimated original diameter of 200 to 250 km (Grieve et al., 1991; Deutsch et al., 1995; Pope 

et al., 2004). It is located in Ontario (Canada), approximately 400 km west of Ottawa, 60 km 

north of Lake Huron and geologically at the boundary of the Superior and Southern 

Provinces of the Canadian Shield (Fig. 2-1). The impact model for the structure has been 

widely accepted as abundant evidence has been recognized since it was first proposed by 

Dietz (1964). Apart from well-known impact features (shatter cones, shock metamorphism in 

minerals from the basement, formation of pseudotachylites etc.), some recent discoveries also 

support the impact origin of the structure. These are occurrences of distal ejecta and tsunami 

layers related to the Sudbury impact event occuring as far as 800 km away from the structure 

(Addison et al., 2005; Pufahl et al., 2007) and recognition of iridium anomalies in distal ejecta, 

as well as in the crater-fill fallback breccia (Mungall et al., 2004; Pufahl et al., 2007). The 1.85 

Ga structure (Krogh et al., 1984) is host to the Sudbury Igneous Complex (SIC) which 

crystallized from the impact melt sheet and is also one of the world’s most productive Ni-

Cu-platinum group element (PGE) mining camps.  

 The Sudbury impact structure may be divided into three main units: impact 

brecciated and shock metamorphosed footwall rocks, the Sudbury Igneous Complex (SIC), 

and the overlying Whitewater Group units (fallback breccia and sedimentary rocks) within 

the Sudbury Basin (Fig. 2-1). The approximately 30 by 60 km large, ~ 2.5 km thick SIC now 

forms an elliptical body crystallized from the melt sheet, derived from the fusion of impacted 

target rocks. The initial superheated melt sheet with a temperature of at least 2000°C has 

undergone magmatic differentiation to form the layered sequence of the SIC main mass 

consisting of norite, quartz gabbro and granophyre (Naldrett and Hewins, 1984; Ivanov and 

Deutsch, 1999; Prevec and Cawthorn, 2002; Therriault et al., 2002; Zieg and Marsh, 2005). 

 Recent modelling suggests that the impact melt sheet consumed several hundred 

metres of its footwall (Prevec and Cawthorn, 2002) through an assimilation process that was 

aided by the impact-brecciated nature of the basement (Boast and Spray, 2006). The Contact 

Sublayer, which occurs at the base of the SIC main mass, is interpreted to represent a mixing 

zone of this downward eroding melt system (e.g., Prevec et al., 2000; McCormick et al., 

2002a). This unit is made up of a noritic, magmatic-textured matrix containing inclusions of 
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adjacent footwall rocks and exotic mafic to ultramafic units (Naldrett et al., 1984; Lightfoot et 

al., 1997). It is underlain by another breccia type, the so-called Footwall Breccia, which 

contains mostly locally derived clasts in an igneous to metamorphic matrix of dioritic to 

granitic composition (the texture and composition change gradually from the top toward the 

bottom: Dressler, 1984b; Lakomy, 1990; McCormick et al., 2002a). These two units are 

especially thickened (up to several hundred metres) in “embayments” (depressions of the 

SIC/footwall contact), where they are favourable hosts of world class Ni-Cu-(PGE) ores 

(contact deposits). 

 The Sudbury structure has undergone polyphase syn- and post-impact deformation. 

Gravitationally driven crater modification must have caused large scale movement in the 

Sudbury structure, but up to now only a few studies have addressed this topic in detail (e.g., 

collapse along concentric superfaults as proposed by Spray, 1997). The impact coincided 

with the Penokean orogeny (1.89-1.83 Ga: Sims et al., 1989), which was a NW-SE directed 

compressional event, thus the structure underwent continuous deformation immediately 

after its formation. Further deformation of the structure, especially in the South Range 

occurred during later tectonic events: the 1.7-1.6 Ga Mazatzal (Bailey et al., 2004), the ~ 1.45 

Ga Chieflakien (Szentpéteri, 2009) and the ~ 1.0 Ga Grenville orogenies. Important 

characteristics of the Sudbury structure that are the results of these deformation processes 

include: (1) the present ellipsoidal shape of the structure, (2) northwest-trending strike-slip 

faults, which offset the SIC in the North Range, (3) the present dip magnitude (30-40° to the 

S-SE in the North Range, 70-75° to the W-SW in the East Range and very variable dip in the 

South Range) of the originally almost flat-lying SIC/footwall contact (Rousell, 1984; Cowan 

and Schwerdtner, 1994; Riller, 2005), (4) formation of the South Range Shear zone. 

 Wanapitei Lake, which is located ENE of the Sudbury structure covers the crater of 

another, much younger meteorite impact event. The original diameter of this 37 Ma impact 

structure is estimated to be 7-8 km (Dence and Popeler, 1972; Winzer et al., 1976). The effects 

of this impact event on the Sudbury structure are not well known, but the shape and 

structure of the East Range may have been influenced to certain degrees (Rousell, 1984).  
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Fig. 2-1. Location and general geologic map of the Sudbury structure (after Dressler, 1984c and Ames 
et al., 2005). White arrows and numbers indicate dip direction and azimuth of the SIC/footwall 
contact (after Rousell, 1984). Abbreviations: FLF = Fecunis Lake fault, GBF = Grenville Front boundary 
fault, SCF = Sandcherry Creek fault, SRSZ = South Range shear zone.      
 

2.2. FOOTWALL ROCKS AND CONTACT AUREOLE OF THE SUDBURY IGNEOUS COMPLEX 

 In the North and East Ranges, the SIC is dominantly underlain by the Levack Gneiss 

Complex (LGC) and Cartier Batholith (CB) of the Archean Superior Province, whereas the 

footwall in the South Range is composed of Huronian metavolcanic and metasedimentary 

rocks, as well as Creighton and Murray granites of the Paleoproterozoic Southern Province. 

The LGC (2.71 Ga protolith ages: Krogh et al., 1984) consists mainly of migmatitic tonalite 

gneiss, with common compositional layering (Card et al., 1984; Dressler 1984a; Card, 1994). 

Granulite-facies metamorphism and accompanying anatexis occurred at around 2.65 Ga 

(Krogh et al., 1984; James et al., 1991). The Cartier Batholith originated by partial melting of 

the LGC, which is consistent with the 2.64 Ga age of its emplacement (Meldrum et al., 1997). 
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The composition of Cartier granitoids ranges from granodiorite to monzogranite, the latter 

being the most common. The gneisses and granitoid rocks were later intruded by mafic units 

of the East Bull Lake suite (2.49-2.47 Ga: Krogh et al., 1984), the Matachewan-type dyke 

swarm (2.47-2.45 Ga: Heaman, 1997) and the 2.2 Ga Nipissing suite (Corfu and Andrews, 

1986). The East Bull Lake and Nipissing rocks usually have relatively high PGE contents and 

also host sub-economic Ni-Cu-PGE sulphides (Lightfoot and Naldrett, 1996; Peck et al., 

2001). Target rocks of the meteorite impact contained significant amounts of such “proto-

ores”, which may have been an important source of these metals to the impact melt sheet 

and thus an explanation for the extraordinarily large concentrations of sulphides within the 

Sudbury structure (e.g., Keays and Lightfoot, 2004).  

 These footwall rocks underwent impact brecciation at the 1.85 Ga Sudbury event. The 

resulting pseudotachylite forms millimetre-wide veins to hundreds of metre wide zones up 

to a distance of at least 80 km from the SIC/footwall contact (Dressler, 1984b; Rousell et al., 

2003). These impactites, known as Sudbury Breccia (SDBX) contain mostly clasts of adjacent 

units in a fine-grained, recrystallized matrix. Wide zones of SDBX were very important in the 

later history of the Sudbury structure, including the formation of ore deposits in the footwall 

(Rousell et al., 2003), as they were conduits for SIC-related melts and fluids.  

 Studies performed on footwall rocks (Dressler, 1984b; Coats and Snajdr, 1984) and 

SDBX matrix (Hanley and Mungall, 2003) in the Onaping-Levack and Windy Lake areas of 

the North Range agree on the existence of an approximately 1.0-1.2 km wide contact aureole 

below the SIC. Despite some difficulties (e.g., predominance of rock types, which do not 

favour the generation of distinctive aureole minerals; post-impact deformation of the South 

Range footwall), the zoning of contact metamorphic mineral assemblages is quite well 

established. Results of a recent study by Boast and Spray (2006) from several areas of the 

North Range confirmed these earlier results, emphasizing however the importance of later 

tectonic processes, which in some areas displaced and obscured the contact aureole. 

According to the above mentioned studies the complete metamorphic aureole comprises 

(with distances from the SIC) a zone of anatexis and assimilation (= Footwall Breccia; up to 

~25 m), pyroxene hornfels facies (up to 200-350 m), hornblende hornfels facies (up to 600-

1,100 m) and albite-epidote hornfels (up to 1,200- 2,000 m). 

 Several authors described field and petrographic observations, which suggest that 

partial melting of footwall rocks also has occurred in the high temperature parts of the 

aureole. Dressler (1984b) pointed out that granophyric quartz-feldspar intergrowths in the 

matrix of the Footwall Breccia may be indicators of partial melting. Granitic dykes intruding 
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the main mass norite at the contact with the Murray and Creighton Plutons in the South 

Range, were suggested to be the result of partial melting in the granite bodies and back-

injection of these melts into the SIC (Collins, 1936; Davis, 1984; Dressler, 1984a). One of these 

granitic dykes cutting norite (in the Little Stobie Mine) gave a U-Pb age of 1.855 Ga, which is 

consistent with its formation due to SIC-related partial melting (Krogh et al., 1984). A 

granophyric vein cutting contact sulphides and SIC norite from Craig yielded the age of the 

SIC event and was also interpreted to represent crystallized partial melt (Marshall et al., 

1999). Rosenberg and Riller (2000) published microtextural observations of in situ crystallized 

partial melts, preserved as interstitial feldspar at triple junctions and feldspar seams at 

boundaries of recrystallized quartz grains in Murray Granite from the contact aureole of the 

SIC. Granophyre-rich Footwall Breccia veins and dykes intruding underlying footwall rocks 

were observed by Dressler (1984b), who also pointed out the existence of medium-grained to 

pegmatitic granophyre dykes cutting Footwall Breccia. Such veins cutting Cu-Ni-PGE 

mineralized Footwall Breccia, SDBX and various rocks of the LGC were first studied in detail 

by Molnár et al. (2001). These authors referred to the felsic microdykes as "footwall 

granophyre" and described an assemblage dominated by graphic-granophyric quartz-

feldspar intergrowth and megacrysts of hornblende, clinopyroxene and titanite. Following 

the terminology of Molnár et al. (2001), in this study the felsic rocks generated by SIC-related 

partial melting are referred to as “footwall granophyres (FWGRs)” or “melt bodies”. 

  Models for the cooling history of the SIC also support the idea of partial melting in 

footwall rocks. The thermal modelling of Prevec and Cawthorn (2002) suggests that partial 

melting must have been widespread up to several hundred metres below the zone of 

complete assimilation. However, up to now no detailed study focusing on these partial 

melting processes has been undertaken.    
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2.3. ORE DEPOSIT TYPES OF THE SUDBURY STRUCTURE 

 The Sudbury structure is host to one of the world’s largest concentration of Ni, Cu 

and  PGE containing a total of 1500 Mt past and present resources at overall average grades 

of 1 wt.% Ni, 1 wt.% Cu and 1 g/t Pt+ Pd (Farrow and Lightfoot, 2002). The mining camp, 

which has been active since the late 19th century has close to 90 Ni-Cu-PGE sulphide 

deposits, of which 14 are currently operating (Ames et al., 2008) (Fig. 2-2). Apart from these 

world-class deposits, hydrothermal Zn-Pb-Cu mineralization (with two past producing 

mines) does also occur in the sediments overlying the SIC (Ames and Farrow, 2007).  

 The Ni-Cu-PGE sulphides occur in three main types of deposits situated in different 

environments of the Sudbury structure: (1) contact deposits at the basal contact of the SIC, (2) 

offset deposits hosted by radial or concentric quartz diorite offset dykes, which extend over 

30 km from the SIC and represent early phases of the impact melt injected into the footwall, 

(3) footwall deposits within the Sudbury brecciated basement of the SIC, up to 2 km from the 

contact (Fig. 2-2). Mineralization of the contact and footwall environment will be introduced 

below in detail, whereas offset deposits will not be presented here, as they are not related to 

the study. 

 

2.3.1. Contact-type Ni-Cu-PGE deposits     

 Contact-type mineralization occurs at the base of the SIC main mass within contact 

Sublayer and Footwall Breccia (Fig. 2-3). These units reach significant thicknesses (up to 

several hundred metres) especially in radial depressions of the SIC/footwall contact. These 

“embayments” and “troughs” are interpreted to represent terraces of the impact crater. 

These features are the main hosts of economic sulphide mineralization, as they acted as 

physical traps for the sulphides that segregated and gravitationally settled out from the 

crystallizing SIC (Keays and Lightfoot, 2004). It has been shown, that the mineral potential of 

embayments is a function of the thickness of the overlying impact melt sheet: at embayment 

structures rich in contact ore (such as the Onaping-Levack area) the SIC main mass is at least 

2.5 km thick, whereas in less strongly mineralized parts it may be less than 600 m in 

thickness (Keays and Lightfoot, 2004). 

   The typical magmatic Ni-Cu ores of the contact units consist of assemblages 

dominated by pyrrhotite, pentlandite, chalcopyrite and magnetite, which occur as massive or 

semi-massive lenses, veins or disseminations. Copper/nickel ratios of these ores are 

approximately 0.7 and Pt+Pd+Au concentrations are typically < 1 g/t; however, a trend of 

increasing Cu, Ni and PGE and decreasing Cu/Ni, Co, Ru, Ir and Os toward the footwall 
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was noted in many deposits (Naldrett et al., 1994). The formation of these deposits is well 

established and may be described by magmatic processes involving the segregation of 

sulphide liquid from the crystallizing melt sheet and fractional crystallization of this melt to 

produce residual melts enriched in Cu, Pt and Pd (e.g., Hawley, 1962; Kullerud et al., 1969; 

Naldrett, 1984; Naldrett el al., 1994; Ebel and Naldrett, 1996; Mungall et al., 2005; Mungall, 

2007). The gravity-driven downward migration of these fractionated melts is responsible for 

the enrichment of these metals toward the footwall. However, some upward migration of 

fractionated sulphide melts also occurred into the hangingwall norite above these deposits 

(Mungall, 2002). 

 

 
Fig. 2-2. Location map of Ni-Cu-PGE and Zn-Pb-Cu deposits and occurrences associated with the 
Sudbury structure (after Ames and Farrow, 2007). 
 
   At least half of the resources in the Sudbury mining camp are hosted by contact 

deposits, with the Creighton Mine being the largest orebody of this type containing 

produced resources of 280 Mt. Numerous deposits of this type are hosted by the Onaping-

Levack area (embayment), such as the Levack, Craig, Hardy, McCreedy West orebodies. 
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2.3.2. Footwall Cu-Ni-PGE deposits      

  Although in terms of resources and historical mining, contact deposits have been the 

most important ore type, the focus of exploration and scientific research in the past 15 to 20 

years has increasingly focused on Cu-Ni-PGE mineralization of the footwall. Although these 

orebodies are usually much smaller than those at the contact and they account only for 

approximately 10 % of the Sudbury resource, their Cu- and PGE-rich character makes them 

prime targets for mining companies.    

 The economically most important and most intensely studied Cu-Ni-PGE ores are the 

“sharp-walled” sulphide vein systems consisting of few centimetres to several metres wide 

veins having as much as 30 m strike length (see Farrow and Lightfoot, 2002; Ames and 

Farrow, 2007 and references therein). They dominantly consist of chalcopyrite, which is 

accompanied by various amounts of other sulphides (pyrrhotite, pentlandite, cubanite, 

bornite, millerite), magnetite and gangue minerals including quartz and hydrous silicates 

(epidote, actinolite, stilpnomelane, etc.). The modal proportion of sulphides is usually more 

than 80%; however, the amount of gangue minerals increases toward the terminations of 

individual veins. Hydrous silicates may occur as inclusions intergrown with the sulphides, 

but most commonly they form alteration selvages along the contacts of sulphide veins. The 

amount of sulphides accompanying chalcopyrite varies between and within deposits. For 

example, an increase in the amount of bornite and millerite toward the peripheries (and 

terminations of individual veins) was observed in several deposits.  

 These vein swarms are often oriented sub-parallel to the base of the SIC and were 

usually emplaced into wide Sudbury Breccia zones (Fig. 2-3). They may or may not be 

directly connected to contact deposits; the best documented example of a connected contact-

footwall orebody is in the McCreedy West Mine (Fig. 2-3b). However, most of the vein 

systems occur without a physical connection toward known contact up to 1 km horizontal 

distances into the footwall (e.g.,  Strathcona Copper and Deep Copper zones: 300 and 600 

metres, respectively).   

 The vein systems are extremely enriched in copper and precious metals in 

comparison to contact ores. They are characterised by Cu/Ni ratios greater than 6 and Cu 

contents up to 30-35 wt.% (pure chalcopyrite contains ~ 35 wt.% Cu), depending on the 

amount of other sulphides and gangue minerals in the veins. These deposits contain precious 

metal tenors of Pt+Pd+Au > 7 g/t, which may average 10 to 20 g/t in the veins with 

Pt/(Pt+Pd) values usually between 0.45 and 0.5 (Farrow and Watkinson, 1997). Apart from 

these economically important metals, these ores are also enriched in a variety of other trace 
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metals, including Ag, Bi, Te, As, Sn, Sb, Pb, Zn, Se, In, Cd. Some of these trace elements may 

be used as “pathfinders” for the exploration of footwall occurrences.  

 The polymetallic character of these deposits resulted in the occurrence of a wide 

variety of platinum-group minerals (PGM) and associated trace metal minerals. Therefore, 

these orebodies represent very exciting targets for mineralogical studies. The assemblages 

differ from deposit to deposit probably as a function of several factors including formation 

conditions, composition of host rocks, the original composition of the melts/fluids from 

which they were deposited (Farrow and Watkinson, 1997). The bulk of Pt and Pd occurs as 

discrete PGM grains, and are not significantly incorporated into sulphides. Most common 

are tellurides (merenskyite, PdTe2; moncheite, PtTe2; kotulskite, PdTe), bismuthides (e.g., 

froodite, PdBi2) bismuth-tellurides (michenerite, PdBiTe) and arsenides (sperrylite, PtAs2), 

but minerals formed with Sn, Ag, Sb, Cu do also occur (e.g., paolovite, Pd2Sn, sudburyite, 

PdSb). Gold usually occurs as Au-Ag alloys (electrum) of variable compositions, whereas 

silver forms a wide diversity of minerals with hessite (Ag2Te) being the most common.  

 Significant discoveries of such Cu-Ni-PGE vein systems are still made due to the 

exploration efforts of several mining companies. The most recently located occurrences of 

this style are the Nickel Rim South (2001) (Fig. 2-3a) and Levack Footwall deposits (2005). 

 Recognized only in the past few years, “low-sulphide” Cu-Ni-PGE systems 

represent a different style of mineralization. These systems consist of sulphide veinlets and 

disseminations (< 5 modal% total sulphide contents) accompanied by hydrothermal 

alteration (epidote, actinolite etc.) zones exceptionally enriched in precious metals (Pt, Pd, 

Au). A very intriguing characteristic of these occurrences is that ore grade PGE 

concentrations also occur in almost sulphide-absent (< 0.3 wt.% S) assemblages (Farrow et 

al., 2005), which means that the exploration for these ores requires the recognition of 

alteration features even without visible sulphide contents.  

 These Cu-Ni-PGE systems are also mainly hosted by Sudbury Breccia zones, and 

consist of chalcopyrite-rich (± millerite, bornite) assemblages very similar to the massive 

sulphide veins. Stockworks of cm- to dm-wide veins and stringers usually envelope large 

clasts, whereas mm- to cm-wide veinlets and blebs or disseminations occur throughout the 

breccia matrix. Minor disseminations also occur in the host rocks, randomly distributed or 

focused on rock boundaries.  

 Although only one orebody of this type (McCreedy West PM zone) has been put into 

production so far, it is believed that this style of mineralization is a potential future source of  
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significant PGE-Au production (Ames et al., 2008). The PM deposit (Fig. 2-3b) was mined in 

2005 and had typical grades of 0.3 wt.% nickel, 1.0 wt.% copper and 5-6 g/t  Pd+Pt+Au 

(Farrow et al., 2005). Current exploration for such type of ore is extensive in the vicinity of 

known contact and footwall deposits, including the Levack area in the North Range, Nickel 

Rim South, Capre, Skynner and Victor in the East Range and Little Stobie and Crean Hill in 

the South Range.   

 

2.3.3. Models regarding the genetic relationship of contact- and footwall mineralization  

 In contrast to the contact-style ores where magmatic models are well established, the 

origin of “sharp-walled” Cu-Ni-PGE vein systems has been debated over the past 20 years. 

In the earlier years, two very different models of emplacement have been proposed 

(magmatic vs. hydrothermal), but in the recent years both models have proven to have 

considerable merit and most researchers now agree that a combination of these two 

processes might give the best explanation for most of these complex orebodies.  

 The first model implies that the massive Cu-rich veins represent highly fractionated 

liquids of magmatic sulphide which intruded into the footwall from the contact environment 

(e.g., Naldrett et al., 1982, 1994, 1999; Coats and Snajdr, 1984; Li et al., 1992; Morrison et al., 

1994; Mungall, 2007). The fractionation trends observed in contact deposits suggest that 

residual melts enriched in Cu, Pt and Pd were present in the basal part of these orebodies. 

Such fractionated melts are believed to have migrated into the footwall along fracture 

systems within Sudbury Breccia zones.  

 Other researchers emphasize the importance of hydrothermal fluids in this 

mineralization process (Farrow, 1994; Farrow and Watkinson, 1996; Watkinson, 1999; Molnár 

et al., 1997, 1999, 2001; Molnár and Watkinson, 2001; Farrow et al., 2005). These authors 

suggest that high temperature (>500°C), high salinity (up to 60 wt.%) fluids driven by the 

heat of the SIC interacted with pre-existing magmatic sulphides at the contact and 

remobilized especially Cu and precious metals from them. According to this model, fluid 

flow occurred along structural pathways of fractured Sudbury Breccia zones and metals 

were precipitated when their solubility decreased due to physico-chemical changes of the 

system. 

 Recently, it is believed, that a combination of magmatic and hydrothermal processes 

may best explain the formation of the “sharp-walled” vein systems, and it is very likely that 

the significance of one or the other process was not the same in the different deposits. An 

initial emplacement of fractionated sulphide liquid into the footwall was probably 
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responsible for the formation of many of these deposits, but it is clear that hydrothermal 

fluids significantly modified the composition of these ores and further redistributed metals 

(Li and Naldrett, 1993a; Jago et al., 1994; Hanley et al., 2005; Ames and Farrow, 2007). 

 In contrast to the sulphide vein systems, the “low-sulphide” PGE-rich systems are 

generally accepted to have originated from the remobilizing effect of the SIC-related fluids 

(Farrow et al., 2005; Lesher et al., 2009). Although the literature of this recently recognized 

mineralization style is very limited, the features described from such occurrences are best 

explained by hydrothermal models. 
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CHAPTER 3 

GEOLOGY OF THE STUDIED AREAS 

 

3.1. WISNER AND FOY, NORTH RANGE 

Wisner Township is situated in the North Range of the Sudbury structure (Fig. 3-1a). 

Contact Sublayer and Footwall Breccia occur as small, individual bodies, which do not form 

a well developed embayment structure at the SIC/footwall contact in this area. These contact 

units host sub-economic Ni-Cu-PGE ores (such as the WD-13, WD-16 and Rapid River 

occurrences) that have not been targets of mining.     

The footwall is dominantly made up of felsic to mafic gneisses and migmatites of the 

Levack Gneiss Complex and granitic to granodioritic rocks of the Cartier Batholith. Among 

the Cartier granitoids, most common is a pinkish, feldspar porphyritic quartz monzonite, 

which is unfoliated and has a medium- to coarse-grained texture. 

Granite pegmatitic dykes (up to several decimetres in width) intrude Levack Gneiss 

and the granitoid rocks and are most probably related to a late phase of the Cartier Granite. 

Diabase dykes that cut Levack Gneiss and Cartier Granite rocks often contain 

glomeroporphyritic plagioclase; this texture implies their affinity to Matachewan-type dyke 

swarms (ca. 2.45 Ga: Heaman, 1997). The intrusion of the Wisner Gabbro, which is a 

medium- to coarse-grained anorthositic gabbro and exposed in the eastern and southern part 

of the property belongs to the East Bull Lake suite. 

Wide (up to hundred metre width) Sudbury Breccia zones have a dominant strike of 

SE-NW or ESE-WNW, and some are directly connected to Footwall Breccia. The SE-NW 

orientation (~150-330°) is dominant all along the North Range (Rousell, 1984; Molnár et al., 

2001), and it is also present as large faults, fracture sets and various hydrothermal veins on 

the Wisner Property. The other dominant orientation of fractures and hydrothermal veins in 

the area is NE-SW (~70-250°), which is nearly parallel to the SIC contact. These orientations 

are related to the emplacement and deformation of the SIC (Rousell, 1984; Rousell et al., 

1999).  

 Up to now, no Cu-Ni-PGE mineralization was known in the footwall of the area, but 

recently several promising occurrences were found by Wallbridge Mining. Most important is 

the Broken Hammer zone, but rich sulphide mineralization also occurs in the South and 

Southwest zones (Fig. 3-1c).  
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 The Broken Hammer zone is situated 1.3 km north of the present contact in a wide 

zone of Sudbury Breccia (Fig. 3-1c). Sulphide mineralization in this are was discovered in 

2003 and exposed on several high pressure washed trenches totalling 5822 m2 of exposure. 

Total inferred mineral resources, as estimated according to NI-43-101 standards, are 251,000 t 

at a grade of 3.8 g/t TPM (total precious metals: 1.56 g/t Pd, 1.62 g/t Pt and 0.61 g/t Au), 1.0 

wt.% copper and 0.1 wt.% nickel at the present state (December 2009) of exploration. The 

main brecciated rock is quartz monzonite, but clasts of granite and gneiss also occur (Fig. 3-2 

and 3e). Wisner Gabbro is exposed on the “Fairway” trench in the northern part of the area. 

The central part of the mineralization is located in the “Big Boy” trench, named after the “Big 

Boy”, the widest (up to 1 m) massive sulphide vein of the zone. There, the trench exposes an 

intensely brecciated zone along a Matachewan-type diabase dyke in quartz monzonite. 

Within this zone the percentage of matrix in the breccia is high, but outwards the clasts are 

larger and the matrix is only found as narrow dykes. The massive sulphide veins typically 

occur along matrix-clast boundaries and follow the narrow breccia dykes out from the 

central part. Another control on the mineralization is the NE-SW trending (50-80 230-260°) 

fracture set, also exposed in the Big Boy trench. It is characterized by massive sulphide veins 

(up to 10 cm in width), and a dense stockwork of different types of silicate-quartz-(sulphide) 

veins. Another fracture set striking SE-NW does not have any significance for the 

mineralization process in this area. 

 The South zone is situated in a SE-NW trending (~ 120-300 m wide), intensively 

Sudbury brecciated zone which is located roughly 500 m NW from the Rapid River contact 

Ni-Cu-PGE occurrence, the nearest known contact environment in the area (Fig. 3-1c). The 

Southwest zone is also located in a brecciated zone of the footwall, about 200 m N of the 

nearest exposure of Contact Sublayer. This Sublayer forms the base of an SIC unit, which has 

been offset about 400 m outward (apparent horizontal movement) into the footwall along a 

SE-NW striking fault. After the discovery of footwall Cu-Ni-PGE mineralization within both 

areas in 2003-2005, bedrock was cleaned and washed in 8 trenches providing approximately 

4400 m2 exposure. 

At South zone, trenches expose dominantly pink coloured medium- to coarse-grained 

Cartier granitoid (quartz monzonite to granodiorite) rich in gneiss inclusions (Fig. 3-3a and 

4). The Southwest zone trenches are mainly composed of the same granitoid and medium-

grained felsic to mafic Levack Gneiss (Fig. 3-3c and 5). These rock units are intruded in both 

areas by late Cartier granitic pegmatite dykes, mafic dykes of the Matachewan-type suites, 

and at South zone also by minor gabbro of the East Bull Lake suite (Wisner Gabbro). At 
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South zone, these footwall rocks are strongly brecciated along a SE-NW striking zone, 

whereas thin (up to several centimetres) SDBX veins also penetrate into the massive footwall 

units outside this zone. These veinlets are either parallel or roughly perpendicular to the 

main SDBX zone. At the Southwest zone, breccia is very common at all trenches as massive 

zones, or as dykes and veins having a preferred SE-NW strike. Both areas are host to typical 

“low sulphide”, PGE-rich mineralization consisting of sulphide veinlets, patches and 

disseminations (Péntek, 2006; Péntek et al., 2008). 

 The trenched outcrops at the Rapid River contact-style Ni-Cu-PGE occurrence expose 

a transition from Footwall Breccia to Sudbury Breccia within an SIC/footwall contact 

environment (Fig. 3-3b). The contact between the two breccia types is very diffuse; this and 

the rusty rock surface did not enable their distinction in the field and on the map (Fig. 3-6). 

Clasts within both breccia types are dominated by Matachewan diabase and intermediate to 

mafic Levack Gneiss.  

 

 
Fig. 3-2. Geologic map of the Broken Hammer zone (modified after Peterson et al., 2004). Information 
on alteration assemblages, rose diagrams and sample locations were added as a result of this study. 
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Fig. 3-3. (continued from previous page) Field photographs showing examples of studied trenches (a-c), 
typical appearance of Sudbury Breccia (d-f) and contact-type massive sulphide ore (g). 
a. The Eastern trench of South zone looking southwest. b. The main trench in the Rapid River zone 
looking east. c. The Bear trench in the Southwest zone looking northeast. d. Sudbury Breccia 
containing clasts of Levack Gneiss and Matachewan Diabase, as well as veins of footwall granophyre 
(Southwest zone, Flat Tyre trench). e. Sudbury Breccia containing clasts of quartz monzonite, gabbro 
and diabase (Broken Hammer zone). f. Sudbury Breccia with ductile deformation of small felsic clasts 
(Amy Lake zone). g. Typical contact-style, pyrrhotite-rich massive sulphide ore at the Rapid River 
zone.      
 

 
Fig. 3-4. Geologic map of the South zone (modified after Peterson and Fell, 2004). Rose diagrams and 
sample locations were added as a result of this study. 

 Massive sulphide makes up approximately 40-50 vol.% of the trenched area forming 

an interconnected network of irregular pods and dykes (Fig. 3-3b and g). The massive 

sulphide pod in the central part of the trench is pyrrhotite-rich, which is accompanied by 

pentlandite, chalcopyrite and magnetite. Outside of this pod, sulphides have very variable 

mineralogical compositions including extremely pyrite-rich and chalcopyrite-rich parts. 

Disseminated sulphides occur within both footwall and Sudbury Breccia and are usually 

dominated by chalcopyrite. 
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 The Foy property is also situated in the North Range, approximately 12 km west-

southwest of Wisner (Fig. 3-1a). Sublayer and Footwall Breccia do not occur in significant 

amounts in the area, but the footwall rocks are essentially identical to those described at 

Wisner. This area is an example for a contact and footwall environment without known 

sulphide occurrences. Footwall granophyres were observed in Sudbury Breccia zones 

parallel to the SIC/footwall contact.   

 
Fig. 3-6. Geologic map of the Rapid River zone (after Xstrata Nickel, unpub. map). Rose diagram 
showing strike directions of footwall granophyres, as well as sample locations were added as a result 
of this study. 

3.2. WINDY LAKE AND CRAIG, NORTH RANGE 

 In the Windy Lake area (Fig. 3-1a), exploration drilling projects outlined an 

embayment structure hosting sub-economic disseminated Ni-Cu-PGE mineralization in 

Sublayer and Footwall Breccia, which together have a thickness of 150-200 metres. Although 

the exact shape and dip of the SIC/footwall contact in this area is not known, it has been 

estimated to be ~30° to SE by Rousell (1984), and the drill holes were deepened 

approximately normal to this inferred dip of the contact. For the purpose of the current 

study, those drill holes were chosen, which exposed several hundred metres of the footwall 

below the contact and which did not intersect major structures that may have disturbed the 
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aureole. According to recent knowledge, the intersected footwall does not host Cu-Ni-PGE 

mineralization and is dominantly made up of variably Sudbury brecciated Levack Gneiss 

and later mafic intrusive bodies of different types. 

 The Craig deposits are located in the Onaping-Levack area, and lie between 650 and 

1700 m below surface (Moore and Nikolic, 1994). Most ore is contact-style and hosted by 

Footwall Breccia, but a “sharp-walled” Cu-rich vein system has also developed in impact 

brecciated Levack Gneiss.     

 

3.3. FROST AND SKYNNER, EAST RANGE 

 The Frost and Skynner areas are located in the East Range of the structure (Fig. 3-1a). 

The geology of both areas is very similar to the North Range: footwall rocks are again mostly 

various units of the Levack Gneiss Complex, granitoid intrusions of the Cartier Batholith and 

later mafic intrusive units of different suites.   

 The footwall Cu-Ni-PGE mineralization of the Amy Lake zone (ALZ) is located in the 

so-called Amy Lake Breccia Belt of the Frost area, an up to 100 m wide SDBX body parallel to 

the basal contact of the SIC (Fig. 3-1b). This belt is also host to the Capre 3000 Cu-Ni-PGE 

deposit and connects with the contact, where the Capre contact deposit is located. The Amy 

Lake zone is 300 to 600 metres horizontal distance N of the nearest exposed contact 

environment, which occurs at the base of an SIC slab that was offset along the roughly N-S 

Amy Lake Fault (Fig. 3-1b). Bedrock is exposed on several trenches totalling 2684 m2 and 

consists of a wide variety of brecciated footwall rocks (Fig. 3-7). Migmatitic, mafic Levack 

Gneiss and Cartier granite are dominant, but later mafic dykes and bodies are also abundant; 

it is unclear to which intrusive suite they belong. Sudbury Breccia shows intense signs of 

ductile deformation: small clasts (up to several cm in diametre) within the matrix are sheared 

and extremely elongated having a NNE-SSW orientation on all trenches; these features 

indicate ductile movement of the breccia (Fig. 3-3f).  

 As a comparison to the Amy Lake zone, investigations of footwall granophyres in 

unmineralized parts of the Frost property were also performed (Frost West, drill hole WC-

19) (Fig. 3-1b). The Skynner property was also selected for mapping of footwall granophyres, 

because this area is again an example of SIC contact aureole without any known sulphide 

deposits. 
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CHAPTER 4 

“LOW-SULPHIDE”- AND “HYBRID”-STYLE CU-NI-PGE MINERALIZATION IN THE WISNER 
TOWNSHIP, NORTH RANGE: THE BROKEN HAMMER AND SOUTH ZONE OCCURRENCES 

 

4.1. INTRODUCTION 

 Cu-Ni-PGE assemblages were discovered in 2003 at the Broken Hammer zone, 

Wisner Property of the Wallbridge Mining— Xstrata Nickel joint venture in an intensely 

brecciated zone about 1.3 km from the nearest exposure of SIC/footwall contact along the 

North Range of the SIC. The total inferred mineral resources, as estimated according to NI-

43-101 standards, are 251,000 t at a grade of 3.80 g/t TPM (total precious metals: 1.56 g/t Pd, 

1.62 g/t Pt, and 0.61 g/t Au), 1 wt.% copper, and 0.1 wt.% nickel at the present state 

(December 2009) of exploration. In the vicinity of the Broken Hammer area, several other 

promising Cu-Ni-PGE occurrences were found in the footwall units, of which the South zone 

is the best known at this time. 

 This chapter documents the geology, mineralogy, petrography, geochemistry and 

fluid inclusion characteristics of vein-type and disseminated Cu-Ni-PGE sulphides and 

associated hydrothermal alteration at the Broken Hammer and South zone occurrences. Data 

are used for comparison to similar orebodies along the North Range (e.g., McCreedy East, 

McCreedy West and Strathcona deposits) and to highlight the role of hydrothermal 

processes in the formation of this kind of ore in the Sudbury mining camp. 

 

4.2. FIELD RELATIONS, PETROGRAPHY AND MINERAL CHEMISTRY 

4.2.1. Massive sulphide veins 

 Massive sulphide veins typically occur in the Sudbury Breccia matrix, but thin veins 

up to several centimetres in width also cut footwall rocks. The Big Boy vein trends SSE-NNW 

following the intensely brecciated zone with its widest section along the edge of a large 

quartz monzonite block, about 20 metres in diameter (Fig. 3-2). This sulphide vein has a 

width of up to 1 metre (Fig. 4-1a), is intensely sheared and has a dip of about 30-50° toward 

SSW. Several sulphide veins of up to 30 cm thickness occur in the vicinity of the Big Boy vein 

and are part of a NE-SW (50-80 230-260°) zone containing a dense stockwork of sulphide 

veins and silicate-quartz dominated hydrothermal veins. Sulphide veins farther from the Big 

Boy vein also follow narrow Sudbury Breccia dykes on the Big Boy and Broken Hammer 

trenches.  

 Sulphide veins are dominated by chalcopyrite (60 to 90 %) and magnetite (5-15 %), 

whereas the amount of other sulphides is variable. Chalcopyrite forms the massive matrix of 
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sulphide veins; magnetite is observed as euhedral crystals as large as 1 mm that formed in 

two generations (Fig. 4-2a and b). Early magnetite is commonly completely replaced by 

chalcopyrite; in other cases, the second generation of magnetite precipitated on old grains 

and contains inclusions of chalcopyrite. The Big Boy vein contains rare primary pentlandite 

and sphalerite; bornite and covellite occur as late, mostly fracture-filling, replacive minerals. 

In sulphide veins farther from the centre of the mineralized zone millerite is the most 

common (up to 20 %) primary mineral after chalcopyrite. 

 

  
Fig. 4-1. Photographs of typical mineralization styles at the Broken Hammer and South zones.  
a. The Big Boy massive sulphide vein (Broken Hammer zone) looking SE. Note up to 1 metre width 
and shallow dip. b. Pervasive hydrothermal replacement of quartz monzonite by sulphide and 
hydrous silicate minerals (South zone, sample S-15). c. Stockwork of actinolite-quartz (-sulphide) veins 
with anomalous PGE contents (Fairway trench, Broken Hammer zone). Note alteration halo around 
veins. d. Disseminated assemblage in a felsic unit of Levack Gneiss. Sulphide patches are enclosed by 
quartz, epidote and actinolite (Broken Hammer zone). Quartz and actinolite contain inclusions of 
PGM (see Fig. 4-9b). 
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 It forms euhedral grains of up to 1 cm, often in a band parallel and close to the 

margin of the vein. In these distal veins, bornite and violarite are very abundant late 

minerals (10-20 %), replacing chalcopyrite and millerite (Fig. 4-2a). Thin sulphide veins (up 

to 3 cm wide) at the South zone have similar mineralogy except that magnetite is absent and 

pyrite octahedrons up to 1 cm in size occur as inclusions in chalcopyrite.  

 Quartz and hydrous silicates are important constituents of the mineral assemblage; 

their amount is variable, but averages approximately 20-30 vol.%. They often occur as 

euhedral, isolated inclusions in chalcopyrite but may also form centimetre-sized patches of 

different intergrown phases (Fig. 4-2c and d). Quartz is rich in inclusions of sulphides 

accompanied by fluid inclusions. The most common silicates are epidote (Ps = 23-32), 

greenalite, actinolite and biotite. The latter contains up to 0.4 wt.% Cl, 0.1 wt.% F and up to 

2.6 wt.% NiO. Chlorite of brunsvigite and picnochlorite compositions (according to the 

classification of Hey, 1954) is always present as a secondary phase replacing both sulphides 

and silicates. Selvages of sulphide veins contain hydrous silicate minerals similar to those 

described from the veins themselves. These hydrothermal alteration selvages are 

characterized by a complete replacement of rock-forming minerals by hydrous silicates. 

Where the host rock is Cartier granitoid, the width of the selvages is within a few 

centimetres, but where the veins are hosted by SDBX matrix, the selvage may be up to tens of 

centimetres wide. Outside of this completely replaced selvage, patches of epidote containing 

disseminated sulphides occur for about 10-15 cm in the host rock. 

 Platinum-group minerals and other trace metal minerals occur in all samples as 

inclusions in chalcopyrite and bornite, or at the boundaries of sulphides and hydrous 

silicates (Fig. 4-2d). They often form large, irregular composite grains of up to 5 phases, but 

some are also common as single grains (Fig. 4-3a-i). Wittichenite (Cu3BiS3) is the most 

abundant mineral accompanying precious metal minerals (Table A-1). In most composite 

grains, it occurs as an outer rim on chalcopyrite, or forms symplectite with merenskyite 

(PdTe2) (Fig. 4-3a and f). Cassiterite also commonly occurs adjacent to precious metal 

minerals.  

 Merenskyite (PdTe2) is one of the most abundant PGM at Broken Hammer. It can 

form single grains, but intergrowths with wittichenite and hessite are more common (Fig. 4-

3a, e and f). Pd is substituted by up to 16 wt.% Pt and up to 8 wt.% Ni, whereas the Bi 

content may be as high as 26 wt.% (Fig. 4-4 and Table A-2). Bi-rich merenskyite occurs 

mostly in composite grains which also contain michenerite (PdBiTe).  
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 Malyshevite (CuPdBiS3) is very common at Broken Hammer, it is found in every 

massive sulphide sample, mostly intergrown with other precious minerals and wittichenite 

(Fig. 4-3a, e and i). It can also form irregular grains up to 200 μm in diameter in bornite. It has 

a constant composition, except for up to 2.8 wt.% Ni substitution for Pd in samples with high 

Ni content; Au and Ag can be present in trace amounts (Table A-1). 

 Michenerite (PdBiTe) was observed in 3 samples, where it is replaced by wittichenite 

and merenskyite (Fig. 4-3a and f). Pt was below the detection limit of the microprobe in 

michenerite (Table A-2), similar to grains from the Strathcona Copper zone (Farrow and 

Watkinson, 1997). In other North Range footwall deposits Pt is always present (Cabri and 

Laflamme, 1976; Li and Naldrett, 1993b). Michenerite always contains more Te than Bi. Only 

one grain of kotulskite (PdTe) was found; it was intergrown with merenskyite, hessite and 

malyshevite (Fig. 4-3e). It contains 4 wt.% Pt and 12 wt.% Bi (Table A-2). Sperrylite (PtAs2) is 

the most abundant Pt-mineral but has only been observed in a few samples. It forms 

individual, euhedral grains up to 2 mm in size and does not occur as composite grains (Fig. 

4-3f).  

 Sopcheite (Ag4Pd3Te4), a rare precious metal mineral, was observed in a massive 

sulphide sample intergrown with malyshevite. In the Sudbury area, it has only been 

reported from the McCreedy West Mine (Cabri and Laflamme, 1976; Farrow and Lightfoot, 

2002). Because of the small size of this grain (~8 μm in diameter), the electron microprobe 

data contains some Cu and Fe from the host chalcopyrite, but otherwise the composition is 

nearly ideal (Table A-2). 

 Fine disseminations of Au-Ag alloy occur in composite grains of two Broken 

Hammer samples (Fig. 4-3a). The chemical composition is Au65Ag35, close to that of alloys 

reported from McCreedy West and Strathcona Deep Copper zone (Au59-63 and Au58-68, 

respectively) and higher than compositions from the Copper zone (Au26-40) (Money, 1993; 

Jago et al., 1994; Farrow and Watkinson, 1997). Mealin (2005) reported one grain of almost 

pure native gold from the Broken Hammer area. Hessite (Ag2Te) occurs in several samples 

(Fig. 4-3e) but is not as common as in other North Range footwall deposits (Farrow and 

Lightfoot, 2002). Naumannite (Ag2Se) at Broken Hammer is intergrown with clausthalite 

(PbSe) (Table A-1). Both minerals are very rare in the Sudbury area (Farrow and Lightfoot, 

2002); naumannite was previously only observed at Barnet (Farrow, 1994). Tellurobismuthite 

(Bi2Te3), tetradymite (Bi2Te2S) and melonite (NiTe2) are also trace minerals in sulphide veins 

(Fig. 4-4 and Table A-1). In disseminated ore from Broken Hammer, Mealin (2005) observed 

several grains of crerarite (PtBi3S4-x) and one grain of moncheite from a sulphide vein. 
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Fig. 4-4. Bi- (Pd+Pt+Ni)- Te and PdTe2- NiTe2-PtTe2 plot (atomic proportions) showing compositions 
of some PGM and other trace minerals from the Broken Hammer and South zones. There is a wide 
range of Bi-Te replacement in merenskyite and moncheite with a gap toward michenerite. The 
tellurides also show a wide range in Pd-Pt and Pd-Ni replacement with a significant difference 
between the two occurrences. Note that only one analyzed grain occurs within the inner parts of the 
PdTe2- NiTe2-PtTe2 plot. 
 

4.2.2. Disseminated/replacement mineralization 

 High PGE grades also occur in altered Sudbury Breccia and footwall rocks (Fig. 4-1b 

and d). The alteration mostly ranges from millimetre-sized disseminations to centimetre-

sized patches, which are not connected. However, they are often aligned, which indicates a 

structural control of their formation. It is also common to see interconnected alteration 

assemblages, which pervasively replace the host rock and again reveal directions of 

hydrothermal fluid flow. In many cases, these assemblages occur at lithological contacts (e.g., 

pegmatitic dykes in gneiss; boundaries between mafic and felsic rocks; clasts in breccia 

matrix), and may be tens of metres distances from sulphide veins without a visible 

connection to them. The amount of sulphides in these assemblages is variable; it is as low as 

a few percent in disseminations, but may be semi-massive in pervasive replacements.   

The mineralogy of these assemblages is similar to sulphide veins with the difference 

that they are dominated by hydrous silicates, which enclose the sulphides, extend into 

sulphide grains, or form inclusions in them (Fig. 4-2f). In most cases epidote is the dominant 

silicate, but actinolite needles (up to 1 mm in length) are also commonly present and are 

enclosed by sulphide grains. Greenalite is common, whereas biotite occurs mainly in 

disseminations close to sulphide veins (Fig. 4-2e). At the South zone, hydrous silicate 

assemblages are almost entirely composed of epidote, with only minor greenalite and 

actinolite. Rock-forming quartz is commonly recrystallized at grain boundaries within the 
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alteration assemblage, and these parts typically contain inclusions of sulphides, PGM, and 

fluid inclusions. Within the assemblages fresh, euhedral quartz grains also occur, which 

contain similar inclusions. The most abundant sulphide is chalcopyrite, accompanied by 

pyrite, millerite, bornite and pentlandite.  

A wide range of host rock types is altered and replaced by these assemblages, and 

there seems to be no preference for the formation of such features in a particular rock type. 

The disseminations and replacements occur in all footwall rocks found within the 

mineralized area: mafic (various diabase generations, mafic gneisses, gabbro) as well as felsic 

rocks (granite, quartz monzonite, pegmatitic bodies, felsic gneisses). In many cases the 

hydrothermal alteration resulted in a complete replacement of the primary rock-forming 

assemblage within the altered parts. In these cases, primary mineralogy and texture are no 

longer recognizable; only some strongly corroded remnants of the rock-forming minerals 

(especially quartz) remain. Where the alteration process was less intense, primary mineral 

assemblages are only partly altered and replaced. In these cases, it is commonly difficult to 

distinguish alteration features caused by the mineralization process from features caused by 

other hydrothermal and regional metamorphic processes (e.g., chloritization of biotite, 

saussuritization of feldspar, actinolite rims around primary pyroxene and amphibole, 

breakdown of Fe-Ti-oxides to hematite, titanite and leucoxene).   

Platinum-group and other trace minerals occur at sulphide-silicate grain boundaries, 

within quartz and epidote or along the cleavage of actinolite (Fig. 4-3b-d, h). They were 

analyzed from disseminated sulphides of the South zone, and an assemblage quite similar to 

that of Broken Hammer sulphide veins has been outlined. However, an important difference 

is that the dominant Pt-mineral is moncheite (PtTe2); sperrylite, the main Pt-mineral in 

Broken Hammer sulphide veins seems to be completely absent. 

Moncheite occurs as individual grains up to 20 μm in diameter, but one 80 μm grain 

showed exsolution of kotulskite (PdTe) (Fig. 4-3c, d, h). The Pd content is usually between 6-

10 wt.%, but the grain with kotulskite contained only 5.6 wt.% Pd (Table A-2). Te is 

substituted by 9-20 wt.% Bi. Merenskyite is also very common at South zone. Most grains are 

Bi-rich (14-20 wt.%) and contain more Pt (18-20 wt.%) than merenskyite from Broken 

Hammer. Kotulskite observed in one sample that exsolved from moncheite (Fig. 4-3b, c) was 

very Bi-rich (25-34 wt.%) but contained no Pt (Table A-2). Cabri and Laflamme (1976) 

reported even higher Bi contents, and also no Pt, in kotulskite from the McCreedy West 

mine.  
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Malyshevite (CuPdBiS3) was also identified in this assemblage. The composition is 

again quite constant, although 1 wt.% Pt had substituted for Pd (Table A-1). One grain of 

bohdanowiczite (AgBiSe2) was observed intergrown with merenskyite and malyshevite in a 

sample from the South zone (Table A-1). In the Sudbury area, bohdanowiczite was only 

reported with uncertainty from the McCreedy East deposit (Jago et al., 1994). 

 

4.2.3. Silicate-quartz dominated veins 

 Veins dominated by gangue minerals and containing various amounts of sulphides 

are very abundant at both localities. For example, the footwall of the Big Boy vein (exposed 

to NE of it) displays very intense hydrothermal alteration (Fig. 3-2). There, a dense 

stockwork of sub-parallel veins (both sulphide- and silicate-quartz dominated) is exposed 

within a zone trending NE-SW. The intensity of this hydrothermal alteration is strongest 

near the Big Boy vein and gradually decreases toward NE. The sulphide content and 

mineralogy of the veins also show a gradual change and may correspond to decreasing 

temperature or other physico-chemical changes of the associated fluid.   

 Close to the footwall of the Big Boy vein, the veins as thick as 0.5 cm are entirely filled 

by quartz and have alteration selvages of 3-4 cm width. These selvages contain epidote, 

greenalite and biotite. Biotite is rich in halogens (0.6 wt.% Cl and 0.14 wt.% F). 

 Actinolite-dominated veins (Fig. 4-1c) are very common in the entire hydrothermal 

stockwork NE of the Big Boy vein and show compositional zoning. Close to the main 

mineralized area they can be either fracture-filling or replacement type and contain, apart 

from actinolite and epidote, a high percentage of chalcopyrite and hematite (Fig. 4-2g). To 

the northeast, toward the Fairway trench, fractures are filled with actinolite and minor 

amounts of quartz and titanite. Despite the absence of sulphides, these veins have anomalous 

PGE contents (0.2-0.4 g/t).  

 Late, cross-cutting quartz-chlorite-chalcopyrite veins are also very common. They are 

less than 1 mm thick and have no obvious alteration selvages. Chlorite is brunsvigite, with 

greater than 1.0 wt.% NiO and negligible halogen contents. Many 2-3 cm wide veins contain 

coarse-grained (0.5-1 cm), anhedral and milky quartz. Chalcopyrite occurs as interstitial 

grains, locally accompanied by magnetite and millerite. In other cases, pyrite is rimmed by 

hematite and forms up to 2 mm euhedral grains in quartz. Epidote is intergrown with 

sulphides and occurs as inclusions in quartz and in bands along vein walls (Fig. 4-2h). Veins 

have wide (up to 5 cm) alteration selvages composed of epidote and chlorite.  
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 All of these vein styles have anomalous precious- and base-metal contents, the 

concentration of PGE attaining several g/t. Similar veins are also found in mineralized 

sections of drill core from Broken Hammer and extend the mineralized zone beyond the 

central part that is rich in sulphide veins.  

 At South zone, silicate-quartz dominated veins are also important in trenches and in 

drill cores; however, they do not form such a dense stockwork as exposed at the Broken 

Hammer zone. Rather, they occur as individual veins striking SE-NW (Fig. 3-3).   

 The different vein types described above are restricted to mineralized zones. Apart 

from these, there are several hydrothermal vein types regionally distributed over the 

property which are not related to the mineralization processes. Very common are epidote-

quartz-chlorite veins with a strike equivalent to the two main structural features of the area 

(NNE-SSW and NW-SE). This type was described by Molnár et al. (2001) and Wáczek (2003), 

who observed these veins along the North Range and within the SIC main mass as well. 

Veins dominated by quartz, calcite and chlorite, containing various amounts of sulphides 

(chalcopyrite, pyrite and millerite) are also regionally distributed. Many of these veins have 

N-S strike and are rimmed by an intense silicification halo with disseminated pyrite. Even 

sulphide-rich varieties of these veins have no anomalous precious metal contents.  

 

4.3. GEOCHEMICAL CHARACTERISTICS 

4.3.1. Metal correlations 

 On a deposit-scale, metal distribution was investigated using the drill datasets of 

Wallbridge Mining. To select mineralized samples, cutoffs of 0.5 g/t Pt+Pd, 0.1 wt.% Cu and 

0.1 wt.% Ni were used. Base and precious metal concentrations, ratios and correlations 

reported below were determined using a dataset gained with these cutoffs (580 samples). 

Ratios and correlations involving trace elements were determined using a reduced dataset of 

465 samples, which contained values for all trace elements.   

 The dataset using the Cu/Ni cutoff contains 892 samples; applying the PGE cutoff 

resulted in a dataset of 736 samples. There are 312 samples, which satisfy the Cu/Ni cutoff, 

but contain less than 0.5 g/t Pt+Pd. These samples could be derived from Cu-Ni 

mineralization not related to the SIC and/or indicate PGE-poor parts of the SIC-related 

Broken Hammer mineralization. More interesting is the large number (156) of samples with 

Pt+Pd concentrations equal to or above 0.5 g/t but having less than 0.1 wt.% of both Cu and 

Ni, confirming that large parts of the Broken Hammer system are extremely sulphide-poor 

but still rich in PGE.  
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 The same cutoffs were used to refine the much more limited dataset of the South zone 

occurrence. A final set of 47 samples contained data for Cu, Ni and precious metals; of these 

samples only 13 also contained values for trace elements. 

 In the correlation matrix of geochemical data from Broken Hammer, Pd correlates 

well with Cu and S (Table 4-1 and Fig. 4-5); however, there is no correlation with Ni. Other 

elements showing positive correlation with Pd are (in decreasing order of correlation): Te, In, 

Sn, Cd, Zn, and Bi (Table 4-1 and Fig. 4-5). Pt and Pd show very weak positive correlation. Pt 

has the strongest correlation with As, and less so with Bi, Ag, Sn and Te in decreasing order. 

The correlation of Au with Ag is very weak but there is a good correlation of Au with Co, 

and Ag with Sn and Bi. 

 At South zone the behaviour of some metals, especially Pt, shows important 

differences compared to Broken Hammer. In this case, Pt has a quite strong relationship with 

Pd (r = 0.83) and many other trace metals (e.g., Te, r = 0.89; Sn, r = 0.87; Bi, r = 0.84; In, r = 

0.81; As, r = 0.72; Cd, r = 0.71; Pb, r = 0.68; Ag, r = 0.67; Au, r = 0.60). Metals showing positive 

correlation with Pd are In, r = 0.91; Te, r = 0.90; As, r = 0.89; Sn, r = 0.88; Bi, r = 0.81; Cd, r = 

0.67. Both Pt and Pd show strong positive correlation with S (r = 0.89 and 0.91, respectively) 

and have stronger relationship with Cu (r = 0.84 and 0.93) than Ni (r = 0.70 and 0.50). The 

correlation of Au and Ag is again very weak (r = 0.23). The strong relationship of Au with Co 

seen at Broken Hammer is not present here. Instead we see quite good positive correlation of 

Au with Bi (r = 0.86) and Te (0.71). Ag shows strong positive correlation with Pb, Cd, Sn, Pt 

and Sb (in decreasing order).   

 

4.3.2. Metal concentrations and ratios  

 Both massive sulphide veins and disseminated/replacement mineralization have 

very high concentrations of PGE, Au and Ag as well as Bi, Te, Zn, Pb, Sn and other metals. 

The most important trace metals forming minerals with Pt and Pd at Sudbury are: As, Bi, Sb, 

Sn, Te (e.g., Cabri and Laflamme, 1976; Farrow and Lightfoot, 2002). The relative proportions 

of these metals (e.g., Sn/(Te+Bi+Sn+Sb+As) in Broken Hammer sulphides are 45% Sn, 30% 

Bi, 15% Te, 10% As, and << 10% Sb.  

 The concentration of Pd in sulphide veins is consistently high, with values typically 

between 20 and 40 g/t (Table 4-2 and A-14). The distribution of Pt reflects a nugget effect, 

hence its concentration is much more variable (ranging from 0.1 g/t to as high as several tens 

of g/t). The concentration of Au is usually between 0.5 and 3 g/t. The precious metal content 

of disseminated/replacement sulphides may reach similarly high values. 
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Fig 4-5. Plots of Pd versus Te, In, S; Pt versus As, S and Pt versus Pd at the Broken Hammer zone. 
Note poor correlation of Pt versus Pd, caused by the very irregular occurrence of the large grains (> 1 
mm) of dominant Pt-mineral (sperrylite) within the mineralized zone.  

 
 
 

Table 4-1. Correlation coefficient matrix of various elements from the Broken Hammer zone 
 

 
Positive correlation coefficients above 0.5 are shown in bold 

 

  Cu Ni S Pt Pd Au Ag As Bi Cd Co In Pb Sb Sn Te Zn 
Cu 1.00                 
Ni 0.12 1.00                
S 0.73 0.21 1.00               
Pt 0.18 0.04 0.14 1.00              
Pd 0.72 0.12 0.71 0.26 1.00             
Au 0.15 0.29 0.21 0.06 0.29 1.00            
Ag 0.24 0.07 0.21 0.37 0.37 0.22 1.00           
As 0.15 0.70 0.18 0.56 0.14 0.09 0.22 1.00          
Bi 0.31 0.40 0.28 0.45 0.43 0.14 0.54 0.57 1.00         
Cd 0.74 0.03 0.40 0.20 0.51 0.05 0.12 0.09 0.23 1.00        
Co 0.16 0.85 0.21 0.05 0.22 0.59 0.12 0.53 0.32 0.07 1.00       
In 0.93 0.16 0.72 0.19 0.73 0.19 0.23 0.14 0.32 0.81 0.21 1.00      
Pb -0.01 -0.07 -0.07 0.20 0.00 -0.05 0.26 0.15 0.26 0.16 -0.06 -0.04 1.00     
Sb 0.10 0.05 0.03 0.05 0.03 -0.02 0.16 0.12 0.16 0.14 0.03 0.13 0.16 1.00    
Sn 0.52 0.19 0.53 0.35 0.69 0.39 0.55 0.26 0.54 0.30 0.26 0.55 0.06 0.08 1.00   
Te 0.75 0.21 0.56 0.35 0.85 0.24 0.45 0.26 0.53 0.59 0.27 0.80 0.04 0.11 0.67 1.00  
Zn 0.66 0.07 0.35 0.17 0.47 0.07 0.13 0.13 0.24 0.74 0.12 0.71 0.18 0.16 0.35 0.54 1.00 
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Table 4-2. Average and median metal concentrations and ratios of S content intervals of the Broken 
Hammer drilling dataset (n = 580, drill data from Wallbridge Mining) 

 
S (wt %) Modal% n  Pt+Pd Au Ag Pt+Pd  Au Ag Pt/(Pt+Pd) Cu/(Cu+Ni) 
interval sulphide          recalc. to 100% sulphides     

<1 <3 395 av. 3.05 0.52 5.77 315.24 56.92 611.61 0.48 0.84 
   (med.) (2.04) (0.25) (3.47) (236.89) (29.30) (375.89) (0.51) (0.87) 

1 to 2 3 to 6 47 av. 8.36 1.34 11.77 214.30 34.02 307.28 0.40 0.88 
   (med.) (4.80) (0.58) (5.83) (106.04) (14.88) (120.96) (0.39) (0.92) 

2 to 5 6 to 14 43 av. 15.76 2.79 15.92 193.23 31.22 182.98 0.34 0.85 
   (med.) (5.53) (0.92) (9.05) (68.87) (10.53) (84.53) (0.30) (0.94) 

5 to 10 14 to 29 20 av. 57.79 8.74 19.48 414.62 26.33 128.24 0.40 0.86 
   (med.) (15.37) (1.51) (14.65) (63.63) (8.51) (75.44) (0.42) (0.97) 

10 to 20 29 to 57 16 av. 17.59 2.03 17.13 47.58 4.97 41.53 0.19 0.96 
   (med.) (14.30) (1.09) (15.90) (51.46) (4.32) (31.55) (0.18) (0.98) 

20 57 9 av. 34.89 1.83 15.22 146.12 8.82 73.38 0.23 0.99 

      (med.) (34.98) (1.15) (5.80) (41.034) (1.43) (6.40) (0.11) (1.00) 

 

 For the 580 samples that contain  0.5 g/t Pt+Pd and  0.1 wt.% Cu or Ni I used a 

method similar to that used by Farrow et al. (2005) to subdivide the dataset into intervals of 

different S concentrations. Similar intervals were chosen for our dataset in order to be able to 

compare the Broken Hammer occurrence to the different ore zones described by Farrow et al. 

(2005). The differences in grade of various mineralization styles can be best understood if we 

compare average and median values of the different groups according to S contents (Table 4-

2). The modal% sulphide values shown in Table 4-2 can be roughly correlated with 

mineralization styles (disseminated to massive sulphides). The bulk concentration of PGE 

increases with S content with the maximum values in massive sulphides. The large 

difference between average and median PGE values of the 5-10 wt.% S group is caused by a 

sample with very high nugget effect (Pt = 734 g/t, see sample W10-10246 in Table A-14) and 

shows the importance of using both average and median values. Unexpectedly, gold values 

are highest in the group containing 5 to 10 wt.% S and decrease toward the more massive 

sulphides. The highest values for silver also do not correspond to the highest S contents; they 

have a maximum in the group containing 10 to 20 wt.% S. 

 Data were recalculated to 100% sulphide contents in order to compare the metal tenor 

of different mineralization styles and occurrences. As the sulphide mineralogy is dominated 

by chalcopyrite and millerite, for this calculation I assumed a sulphide phase with 35 wt.% S 

content (both ideal chalcopyrite and millerite have S contents of around 35 wt.%). In some 

cases, the exact value for the S content of a given sample was not available, thus I could not 

recalculate the raw concentration data.  
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 The concentration of Cu recalculated to 100% sulphide is usually between 30 and 38 

wt.% (median = 33 wt.%) in both disseminated sulphide and sulphide vein samples (see 

Table 4-2), which is in good agreement with the observations that chalcopyrite is the 

dominant sulphide. However, Cu contents above 35 wt.% (in some cases reaching values 

above 50 wt.%) indicate that secondary copper minerals (bornite, chalcocite and covellite) 

may also occur in significant amounts. The concentration of Ni recalculated to 100% sulphide 

is much more variable. It is typically below 5 wt.% (median = 3.9 wt.%) but can be as high as 

50-60 wt.% in millerite-rich samples. Rarely, Ni contents exceed 65 wt.%, which might be 

caused by the presence of Ni-bearing minerals other than millerite, such as violarite.   

 Precious metal concentrations recalculated to 100% sulphides (tenors) decrease by 

one or two orders of magnitude for all metals from the disseminated to the massive 

sulphides (Table 4-2 and A-14). The Pt/(Pt+Pd) ratios also decrease with increasing S (Table 

4-2).”Low-sulphide” assemblages have roughly similar Pt and Pd contents, whereas massive 

sulphide veins have much higher concentrations of Pd than Pt. A similar trend was observed 

by Farrow et al. (2005) in all studied deposits at the McCreedy West Mine and the Podolsky 

Project. Compared to that dataset, the Broken Hammer occurrence resembles mostly the PM 

Deposit of the McCreedy West Mine. 

 The average Pt/(Pt+Pd) ratio of the Broken Hammer occurrence is 0.44 (median = 0.48) 

with a peak between 0.5 and 0.6 (Fig. 4-6). However, the ratios have a wide range and it is 

common to find Pt/(Pt+Pd) values from nearly 0 to 1 in disseminated sulphides within 

several metres of drill core. Although the much more symmetric frequency plot of the South 

zone occurrence has a peak between 0.4 and 0.5, the average Pt/(Pt+Pd) value of 0.46 

(median = 0.46) is very similar to that at Broken Hammer. These values are comparable with 

those of other footwall deposits; e.g., Farrow and Watkinson (1997) report average 

Pt/(Pt+Pd) values of 0.4 for the Deep Copper zone and 0.55 for the Barnet Showing. 

 The Cu/(Cu+Ni) ratio of the Broken Hammer samples increases with increasing S 

(Table 4-2). “Low-sulphide” assemblages may contain significant Ni as well as Cu, but 

massive sulphide veins contain only negligible amounts of Ni.  A similar trend was observed 

in all deposits studied by Farrow et al. (2005).   

The average Cu/(Cu+Ni) ratio for Broken Hammer is 0.85 (median = 0.89), although 

the largest number of values are above 0.9 (Fig. 4-6). South zone data indicate an average 

Cu/(Cu+Ni) ratio of 0.84 (median = 0.85). Hence, both deposits show strong Cu-enrichment 

characteristic of footwall deposits of the Sudbury mining camp.   
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Fig. 4-6. Comparison of Pt/(Pt+Pd) and Cu/(Cu+Ni) frequency plots. Note very different Pt/(Pt+Pd) 
patterns of the two zones, caused by differences in distribution and mineralogy of Pt.  
 

4.3.3. Discrimination of magmatic vs. hydrothermal ores on geochemical plots 

 Modelling of sulphide liquation (segregation) and fractional crystallization has been 

used in the past by several authors to explain the compositional zoning observed within 

contact deposits and to support the magmatic segregation-fractionation origin of “sharp-

walled” sulphide vein systems at Sudbury (e.g., Naldrett et al., 1999; Mungall, 2002, 2007). 

These authors used different diagrams to plot concentrations and ratios of Cu, Ni and 

platinum-group elements, as well as model curves derived from the modelling. These curves 

show how the concentration of crystallizing mss (monosulphide solid solution) and the 

residual liquid should evolve and where mss-liquid mixtures should be located. Up to my 

knowledge no such diagrams have been published on samples of the recently recognized 

“low-sulphide” mineralization style. Therefore, I tried to test whether these assemblages 

may be distinguished from the “sharp-walled” vein systems and whether a hydrothermal 

origin of these ores is evident on any geochemical diagram. Some of the plots used by these 

authors require the analysis of Rh, or Ir (e.g., Rh/Cu*107 vs. Rh plot by Naldrett et al., 1999), 

which is expensive and can not be performed as an exploration routine. Therefore, two plots 

were chosen, which are based on the concentrations of Cu, Ni and Pd, metals that are always 

determined by exploration assays.  

 The Ni and Cu contents recalculated to 100% sulphides have been plotted on a 

diagram similar to that of Mungall (2007) (Fig. 4-7), which shows the location of samples in 
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relation to the composition of sulphide minerals typical to Sudbury ore deposits 

(pyrrhotite/pyrite, chalcopyrite, cubanite, pentlandite, millerite, bornite).  According to 

Mungall (2007), sulphides formed by fractional crystallization of magmatic sulphide liquids 

should mainly plot along the trends connecting mss and iss (intermediate solid solution), as 

well as the iss and hzss (haezlewoodite solid solution) compositions. A small subset of the 

data plotting to higher Ni contents or near the composition of bornite represents veins rich in 

millerite and bornite, which are interpreted to have formed from late fractionated liquids. 

These authors do not write about the possible distribution patterns of sulphides formed by 

precipitation from hydrothermal fluids. In Figure 4-7a, samples and averages of different 

contact deposits and “sharp-walled” vein systems (Strathcona, Craig, Onaping, Levack, etc.) 

are plotted. Most of the data is concentrated around the mss field and along the mss-iss trend 

consistent with a dominantly magmatic origin of these orebodies. Average compositions of 

disseminated sulphide ore and quartz-sulphide veins from Strathcona Deep Copper zone 

plot at high Ni values close or above the hzss-iss trend. Although the situation of these 

averages near this trend may suggest a magmatic origin of these ores, a hydrothermal origin 

of such mineralization styles (especially those of quartz-sulphide veins) is in my opinion 

more realistic.  

 The Fraser Epidote zone is interpreted to be a hydrothermally affected contact 

deposit (Farrow and Watkinson, 1996), and in Fig. 4-7b it is visible how Ni and Cu 

concentrations evidence this suggestion. Some samples are situated along the mss-iss trend 

similar to other footwall breccia deposits, but the majority of data plots between the 

pyrite/pyrrhotite corner and the pentlandite composition at almost no Cu content. This 

trend is in well accordance with pyrite, pyrrhotite and pentlandite being the dominant 

sulphide minerals in this occurrence, and the model of Cu having been scavanged out and 

remobilized from this zone by hydrothermal fluids (Farrow and Watkinson, 1996).   

 The datasets from Broken Hammer and South zone (Fig. 4-7b) show a relatively 

scattered distribution, but a few conclusions may still be made. Overall, the distribution of 

the samples well reflects the observed sulphide mineralogy of the two mineralized zones: 

they are mainly concentrated around the chalcopyrite composition with a scatter toward the 

pyrite/pyrrhotite corner as well as the composition of bornite. A very distinct trend between 

chalcopyrite and millerite is visible from our data, which was not pointed out by Mungall 

(2007), but is in well accordance with the presence of millerite-rich sulphide veins in the 

periphery of the Broken Hammer zone. 
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(continued from previous page) Abbreviations: bn = bornite, cb = cubanite, ccp = chalcopyrite, hzss = 
haezlewoodite solid solution, iss = intermediate solid solution, mill = millerite, mss = monosulphide 
solid solution, pn = pentlandite, po = pyrrhotite, py = pyrite; DCz = Deep Copper zone, Fr = Fraser, 
Str = Strathcona; DS = disseminated sulphide ore, QSV = quartz-sulphide veins 
 
 In my opinion, this diagram can not be used to decide the magmatic vs. 

hydrothermal origin of sulphide veins at Broken Hammer, because all the plotted minerals 

may form by both processes. However, it is evident from the plot that even if sulphide veins 

are magmatic in origin, there was a significant hydrothermal redistribution of metals causing 

this scattered appearance of the dataset. It is difficult to interpret the distribution of the 

limited dataset from South Zone and because the S content of the samples is very low (< 1 

wt.%), the recalculation to 100 % sulphides has to be handled with care (Kerr, 2001). 

Although some samples appear to lie on the mss-iss trend, in my opinion this is just an 

artefact of the mineralogical composition and does not bear any information on the 

emplacement method (magmatic vs. hydrothermal) of these disseminations.   

 Modelling of sulphide segregation and fractional crystallization has been performed 

using model parameters of Mungall (2002) (which are consistent with values of Naldrett et 

al., 1999), and resulting model curves have been plotted on a Cu vs. Pd diagram (Fig. 4-8). 

First, I modelled the possible sulphide melt compositions that could be in equilibrium with 

the initial impact melt sheet (“batch sulphide liquation”) using the equation of Campbell and 

Naldrett (1979): 

 Csul = Cosil Dsul/sil (R+1)/(Dsul/sil + R), (1) 

 

where Dsul/sil is the partition coefficient expressing the ratio of the concentration of a metal in 

the sulphide melt (Csul) and the silicate melt at equilibrium (1000 for Cu and 50 000 for Pd), 

Cosil is the concentration of the element in the initial silicate melt (in this case the Sudbury 

impact melt; Cu = 100 ppm, Pd = 1 ppb) and R is the mass ratio of silicate to sulphide liquid. 

The R value may change from location to location with changing thickness of the melt sheet, 

thus I calculated the possible sulphide compositions for a wide range of R values. On Figure 

4-8a this trend is labelled “sulphide equilibrated with initial SIC melt”.  

 In the next step, the fractional crystallization of the initial sulphide melt was 

modelled at two selected R values (R = 500 and 1000). These values were chosen as they were 

found to be good estimations of the conditions of most Sudbury deposits (Naldrett et al., 

1999) and were also used by Mungall (2002). However, I emphasize that using lower R 

values (100, 250), which are still realistic according to Naldrett et al. (1999), would not 

significantly change the outcome of the modelling (Fig. 4-8a). 
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Fig 4-8. (continued from previous page) Plots of Cu vs. Pd recalculated to 100 % sulphides showing the 

distribution of samples from different Sudbury deposits and the two occurrences investigated in this 

study. Shown are also model curves and trends derived from the modelling of sulphide segregation 

and fractionation described in the text.For abbreviations and data source see Fig. 4-7.    

   

 During perfect fractional crystallization of mss from the sulphide melt, the 

composition of the residual liquid is given by the Rayleigh equation: 

 

 Csul = Cosul F(Dmss/sul-1), (2) 

      

where Cosul is the initial concentration of a metal in the sulphide melt, Dmss/sul is the 

mss/liquid partition coefficient (0.03 for both Cu and Pd) and F is the mass fraction of the 

liquid remaining. At R = 500, the concentrations of Cu and Pd in the initial sulphide melt (as 

obtained using Eq. 1) are 3.34 wt.% and 496 ppb, respectively, whereas at R = 1000 they are 

5.01 wt.% and 981 ppb, respectively (see compositions labelled “initial sulphide liquid at R = 

500 and 1000” in Figure 4-8a). The compositions of the residual liquids resulting from the 

fractional crystallization of mss are shown on Figure 4-8a by the trends labelled “residual 

sulphide liquid”. The evolution of the crystallizing mss may be derived by applying the 

partition coefficient Dmss/sul to the liquid composition and is shown by the trend labelled 

“mss” on Figure 4-8a.    

 In Figures 4-8a and 4-8b it can be seen that this modelling can successfully be applied 

to Cu and Pd concentrations (recalculated to 100% sulphide) of contact deposits and “sharp-

walled” vein systems. Averages of different ore zones in the Strathcona and Levack West 

deposits almost perfectly follow the modelled trends of mss and residual liquid 

compositions with increasing Cu and Pd concentrations from the contact toward the footwall 

environment. Averages of ”sharp-walled” sulphide veins at Strathcona Copper and Deep 

Copper zones and Levack West plot to modelled residual liquid compositions at mass 

fractions (F) of 0.1 and 0.2. Samples from the WD-16 contact occurrence plot at mss 

compositions and values from the other contact deposits scatter along the modelled trends 

all in well accordance with their origin.  

 The distribution of samples from the Fraser Epidote zone (Fig. 4-8c) reflects again 

well the overprinting hydrothermal effect. Although some samples are located close to those 

of other contact occurrences (like in Fig. 4-7), many are again scattered and show the already 

mentioned Cu depletion. Some samples from WD-16 plot to very low Pd compositions far to 
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the left of expected mss compositions. It is possible that these also reflect an overprinting 

process, the remobilization of Pd by a hydrothermal fluid. Averages of disseminated 

sulphide ore and quartz-sulphide veins at Strathcona Deep Copper zone are shifted toward 

higher Pd values than the massive sulphide veins, which may indicate a hydrothermal origin 

of these assemblages. 

 Dataset of the Broken Hammer zone shows a horizontal trend at Cu contents near 

that of pure chalcopyrite (~ 35 wt.%), reflecting the overall chalcopyrite-rich character of the 

sulphide ore (Fig. 4-8c). Palladium values range from 0.01 to 1000 ppm, with most of the 

values between 10 and 100 ppm. Samples of massive sulphide veins all plot near 50 ppm, 

which is one order higher than the values expected from the modelling and averages of 

”sharp-walled” vein systems (~ 5-8 ppm). Thus, in my opinion it is not possible to derive the 

compositions of massive sulphide veins from Broken Hammer by fractional crystallization 

processes. This data rather supports a hydrothermal origin of these veins. The overall scatter 

of Pd concentrations is also well explained by hydrothermal precipitation of the sulphide 

assemblages and is thus in well accordance with the field and petrographic observations of 

hydrothermal features in all mineralization styles. South zone data shows a large scatter also 

in this diagram, which supports all field and petrographic observations suggesting a 

hydrothermal origin of these ”low-sulphide” assemblages.    

 

4.4. FLUID INCLUSION STUDIES 

4.4.1. Fluid inclusion petrography 

 Fluid inclusions in quartz of massive sulphide veins, disseminations and quartz-

silicate-(sulphide) veins are classified into two major types according to their phase 

compositions observed at room temperature. All samples contain several generations of fluid 

inclusions which are classified on the basis of their origin and relative time of entrapment 

(primary, early secondary, late secondary).   

 Type I inclusions are saturated aqueous with liquid + vapor + solids (Laq+ V+ Sn). The 

vapour phase occupies about 15-20 vol.% in these inclusions. In addition to halite they may 

also contain one or two other daughter minerals. Polyphase inclusions containing an oval 

green daughter mineral, with dark outline and weak anisotropy (referred to as SX1) are 

classified as type IA (Fig. 4-9a, b). Those saturated-aqueous inclusions which lack this phase 

are referred to as type IB inclusions (Fig. 4-9c). Both type IA and IB inclusions may contain 

another daughter phase, which is normally isotropic, colourless, and has variable habit. 
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 Type IA inclusions are observed as isolated objects or groups of several inclusions 

independent of any fracture in quartz of massive sulphide and silicate-quartz dominated 

veins, and in the newly formed parts of recrystallized quartz in disseminated sulphides and 

are considered as primary fluid inclusions. Type IB inclusions are mostly isolated in quartz 

of silicate-quartz dominated veins. They also occur along short fractures that terminate 

within the quartz grains and, therefore, are considered to be primary and early secondary in 

quartz-silicate-dominated veins. 

 

 
Fig. 4-9. Photomicrographs of fluid inclusion types associated with Cu-Ni-PGE mineralization of the 
Broken Hammer zone. a. Primary type IA inclusions in quartz of massive sulphide vein. Quartz is 
hosted by chalcopyrite, and is intergrown with epidote. Note polyphase composition of inclusion 
containing also the slightly anisotropic daughter crystal (SX1) with dark outlines. b. Primary type IA 
inclusion in quartz of a hydrous silicate-dominated assemblage. Note PGM associated with the 
inclusion. Note another daughter mineral (SX2) in addition to SX1. c. Primary type IB inclusion in 
quartz of a PGE-bearing silicate-quartz-dominated vein. d. Secondary type II fluid inclusion trails 
cutting quartz of a massive sulphide vein. Quartz is hosted by chalcopyrite, intergrown with epidote 
and contains inclusions of sulphides. 
 

 Type II unsaturated aqueous inclusions do not contain solid phases and have a 

liquid+ vapour (Laq+ V) phase composition at room temperatures (Fig. 4-9d). The vapour 
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phase percentage is about 5 vol.%. Type II inclusions occur in fracture-related fluid inclusion 

trails in massive sulphide veins, in most quartz-silicate-(sulphide) veins and in disseminated 

assemblages. Therefore these inclusions are considered to be late secondary in these samples. 

In quartz of some regionally distributed late veins, type II inclusions are probably primary, 

because their distribution in the host mineral is random, and not related to fractures.  

 

 
Fig. 4-10. Frequency distribution diagram of total homogenization temperatures (Thtot) for fluid 
inclusion types associated with Cu-Ni-PGE mineralization of the Broken Hammer zone. Samples from 
PGE-bearing silicate-quartz-sulphide veins in drill hole WIS-024, and from massive sulphide vein 
(BH-10).   
 

4.4.2. Fluid inclusion microthermometry 

 Type IA inclusions: During heating of type IA inclusions, homogenization of the 

vapour phase occurred between 124 and 391 °C, mostly at lower temperatures than halite 

dissolution (223-363°C) (Table 4-3). The last phase to dissolve was always the green SX1 

phase, which gave total homogenization temperatures of these inclusions from 415 to 492°C 
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(Fig. 4-10). The other daughter crystal dissolved between 81 and 430°C. Freezing of these 

type IA inclusions was never achieved, despite cooling and cycling to very low temperatures 

(-180°C). This is due to the sluggish nature of nucleation of ice and hydrate phases in fluid 

inclusions having highly saline and complex composition (Shepherd et al., 1985). Dissolution 

temperatures of halite correspond to 33-44 wt.% NaCl equiv. salinity of this fluid type. 

However, these values are only estimations, because the presence of additional daughter 

minerals and other cations has an effect on the solubility of halite and dissolution of halite 

took place under vapour absent conditions (Linke, 1965; Bodnar, 1994). 

 
Table 4-3. Summary of microthermometric data measured in fluid inclusions associated with Cu-Ni-

PGE mineralization of the Broken Hammer zone 
 

Type of 
sample 

Origin of 
fluid 

inclusion 

Type of 
fluid 

inclusion 

Th  
(L-V)L 

average 
range     

n 

Th  
(L-H)L 
average 
range     

n 

Th  
(L-

SX1)L 
average 
range     

n 

Th  
(L-

SX2)L 
average 
range     

n 

Th 
(total) 

average 
range     

n 

T eut 
average 
range      

n 

Tm (ice) 
average 
range      

n 

Salinity 
average 
range     

n 

Massive 
sulphide 
veins 

Primary Type IA 134    
105-165 

8 

 

298   
290  -
310   5 

454     
441-470   

5 

138    
120-185  

5 

454     
441-470   

5 

   

  Secondary Type II 185       
128-225   

6 

      185       
128-225   

6 

      

Silicate-
quartz-
sulphide 
veins 

Primary Type IA 196      
124-391   

22 

313     
223-363   

22 

460       
415-492    

22 

158       
81-430     

8 

460       
415-492   

22 

  39 
(Na)1    
33-44    

22 
 Primary 

and early 
secondary 

Type IB 171       
73-260    

46 

291      
143-371   

46 

 103       
70-165    

15 

291      
151-371 

46 

-61        
-75 to -
50     7 

-47        
-62 to -
42   7 

38 (Na)   
29-44     

46 

  Secondary Type II 133       
105-157 

11 

      133      
105-157  

11 

-51        
-54 to -

50         
9 

-16        
-30 to -
19   9 

21 (Ca)2   
17-25     

9 

Th (L-V)L = homogenization temperature of vapor phase, Th (L-SX1)L = homogenization temperature 
of solid phase SX1, Th (L-SX2)L = homogenization temperature of solid phase SX2, Th (total) = total 
homogenization temperature, Te = eutectic temperature, Tm (ice) = final ice melting temperature,  
1 salinity in NaCl equiv. wt. %, 2 salinity in CaCl2 equiv. wt. % 
 

 Type IB inclusions: The vapour phase in these inclusions always homogenized at 

lower temperatures (73-260°C) than the dissolution of halite (219-371°C) (Table 4-3).Total 

homogenization of these fluid inclusions always took place by dissolution of halite; other 

daughter minerals always homogenized at lower temperatures (70-165°C). Halite dissolution 

temperatures correspond to salinities of 29-44 wt.% NaCl equiv, which is again an estimate 

due to the presence of other cations in addition to Na and dissolution of halite in the absence 

of a vapour phase. In cases where freezing of inclusions could be achieved, eutectic melting 
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temperatures range from -50 to -75°C, whereas final melting of ice occurred between -43 and 

-62°C. These data indicate the presence of Ca and other divalent cations in addition to Na in 

the fluid (Linke, 1965; Oakes et al., 1990).  

 Type II inclusions: Type II secondary inclusions always homogenized to liquid 

between 105 and 157°C ((Fig. 4-10 and Table 4-3). Eutectic melting occurred between -50 to -

54°C and ice-melting temperatures were from -13 to -30°C. Salinities calculated from ice-

melting temperatures using CaCl2-H2O model composition are between 17 and 25 wt.% 

CaCl2 equiv. 

 

4.5. DISCUSSION 

4.5.1. Characteristics of Cu-Ni-PGE mineralization 

 During this study three types of PGE-bearing mineralization were distinguished, 

which were observed in both occurrences (Broken Hammer and South zones). Massive 

sulphide veins at the Broken Hammer system can be compared to the very detailed 

knowledge of classical footwall deposits, especially in the North Range (e.g., Li et al., 1992; Li 

and Naldrett, 1993a, 1993b; Farrow, 1994; Jago et al., 1994; Farrow and Watkinson, 1997; 

Everest, 1999). Much less information is available on the sulphide-poor assemblages (Molnár 

et al., 1999, 2001; Farrow et al., 2005), such as the disseminated/replacement mineralization 

and silicate-quartz dominated veins of this study.  

 Sulphide veins at Broken Hammer are dominantly composed of chalcopyrite and 

magnetite, with an increasing percentage of millerite (and thus increasing Ni content) and 

bornite toward the outer part of the mineralized zone. A similar trend was also observed at 

the McCreedy West deposit (Farrow, 1994; Everest, 1999). Although pentlandite, cubanite 

and pyrrhotite are major sulphides in other footwall deposits (Li et al., 1992; Money, 1993; 

Everest, 1999), they are either absent (pyrrhotite, cubanite) or they are present in very minor 

amounts (pentlandite) at Broken Hammer. The formation of magnetite in multiple stages 

(and replacement of the first stage magnetite by chalcopyrite) is also characteristic of the 

McCreedy West mine (Everest, 1999). 

 Hydrous silicates and quartz are also major primary constituents of sulphide veins 

and their alteration halos in the Broken Hammer zone. Previous studies from other footwall 

deposits have shown that there is a gradational, spatial increase of gangue minerals toward 

the terminations of individual sulphide veins (e.g., Li et al., 1992; Hanley et al., 2005). This 

feature could not be observed in the complex Broken Hammer stockwork. However, there is 

a decrease in sulphides (and increase in gangue minerals) from the Big Boy vein to the NE in 
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the Broken Hammer system as exposed and intersected by diamond drilling. The dominant 

assemblage of hydrous silicates (epidote, actinolite, greenalite and biotite) is comparable 

with those reported from other footwall-type deposits (e.g., Li and Naldrett, 1993a; Farrow, 

1994; Everest, 1999; Molnár et al., 2001). The occurrence of chlorine-rich hydrous silicates 

(e.g., scapolite with 1-3 wt.% Cl: Ames et al., 2001; ferropyrosmalite with > 5 wt.% Cl: Molnár 

et al., 2001; Hanley and Mungall, 2003) was not revealed from these zones, but biotite from 

Broken Hammer contains relatively high Cl (~ 0.6 wt.%) concentrations.        

 Both mineralogy and metal contents of disseminated/replacement mineralization are 

similar to those observed in sulphide veins, and in many cases, silicate-quartz dominated 

veins also have anomalous PGE and base metal contents. The observations on these 

sulphide-poor assemblages are very important in understanding the formation of the whole 

PGE-bearing system. In the recently introduced classification by Farrow et al. (2005) “low-

sulphide” systems described from the McCreedy West deposit include mineralization styles 

very similar to the disseminated/replacement styles in this study. Assemblages containing < 

1 vol.% sulphide, but still highly PGE-bearing, contribute significantly to the metal content of 

this style of ore (Farrow et al., 2005). Several types and generations of hydrous silicate-quartz 

dominated veins were found to be abundant and PGE-bearing in other footwall deposits, as 

well (Watkinson, 1994; Molnár et al., 1999, 2001; Hanley and Bray, 2009).      

 At Broken Hammer, the PGM dominantly occur as composite grains of up to 5 

phases hosted by sulphides or hydrous silicates and quartz. Major minerals in these 

intergrowths are merenskyite, michenerite, malyshevite (CuPdBiS3) and wittichenite, which 

occur in multiple combinations with less common trace and precious metal minerals. 

Intergrowths of up to 5 phases were also described from the Strathcona Mine (Copper zone 

and Deep Copper zone) the McCreedy East and West mines (e.g., Li and Naldrett, 1993b; 

Farrow, 1994; Farrow and Watkinson, 1997; Molnár et al., 2001). Although sperrylite is the 

most common Pt-mineral at Broken Hammer, it is never present in the intergrowths. The 

random distribution of the individual sperrylite grains up to 2 mm in diameter is most likely 

the reason for several geochemical signatures observed in this occurrence: (1) the nugget 

effect of Pt in sulphide veins, (2) the good correlation of Pt and As, (3) and the poor 

correlation of Pt with other metals (including Pd), (4) the very irregular pattern of the 

Pt/(Pt+Pd) frequency plot. Wittichenite was never found to be very common in footwall-

type deposits (e.g., Li and Naldrett, 1993b; Farrow and Watkinson, 1997; Farrow and 

Lightfoot, 2002), whereas malyshevite has not been described before. This sulphide was 

discovered at Broken Hammer by Watkinson et al. (2005) and was also observed at South 
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zone during this study. It is a mineral described recently (Chernikov, 2006) and known only 

from a couple of localities.  

 The strong correlation of Pd with Te and Bi is easily understood given the assemblage 

of Pd-minerals. The strong relationship with Sn, In, Cd, and Zn probably represents 

cassiterite and sphalerite spatially associated with Pd-minerals. Not yet understood is the 

strong correlation of Au with Co, but a similar trend was also observed at some alteration 

facies of the Fraser Mine Epidote zone (Farrow, 1994). 

 In disseminated/replacement mineralization of the South zone, it is very common to 

find single grains of PGM hosted by silicates. Intergrowths are less common, and are 

composed of 2 to 3 phases. At Strathcona Deep Copper zone and the Barnet Showing, single 

grains were also found to be more common than intergrowths (Farrow, 1994).  

 At South zone, moncheite and merenskyite dominate the PGM assemblage. The 

absence of sperrylite and the much stronger correlation of Pt with Te than As support the 

observation that moncheite is the major Pt-bearing mineral at this occurrence. The absence of 

strong positive correlation between Au and Co at this location, as well as the strong 

relationship of Au with Bi and Te may indicate other mineralogical differences between the 

two occurrences which are not known at this time.    

 At both occurrences telluride and sulphide minerals dominate among the trace and 

precious metal minerals and are accompanied by bismuth tellurides, selenides and an 

arsenide (sperrylite) at the Broken Hammer occurrence. Compared to well known footwall-

type deposits, the two occurrences described here show the greatest similarities with the 

mineralogy of the McCreedy West deposit and the Barnet Showing (Cabri and Laflamme, 

1976; Farrow, 1994; Farrow and Watkinson, 1997; Everest, 1999). The McCreedy East and 

Strathcona deposits (Copper and Deep Copper zones) also include bismuthides and Sn-

bearing minerals (Li and Naldrett, 1993b; Farrow, 1994; Farrow and Watkinson, 1997; Molnár 

et al., 2001), which seem to be absent from the occurrences studied despite the high 

concentrations of Sn. According to the mineralogy and the correlation trends of both 

locations we can conclude that the best indicator elements for footwall-type Cu-Ni-PGE 

mineralization in the Wisner area are In, Te, Sn, Bi, As and, to a lesser extent, Cd, Co, Zn. 

 The fluid inclusion studies performed on samples from the Cu-PGE-rich mineralized 

zone at Broken Hammer revealed fluid inclusion populations very similar to those described 

from other footwall-type deposits of the North Range. Type IA fluid inclusions represent the 

relatively high-temperature (min. 400-500°C), high salinity fluids of the magmatic-

hydrothermal system developed below the SIC (Li and Naldrett, 1993a; Molnár et al., 2001; 
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Szentpéteri, 2009). This indicates that hydrothermal fluid flow driven by the cooling SIC was 

not locally restricted (e.g., in the Onaping-Levack area) but was also present in several zones 

of the footwall along the North Range and was related to Cu-Ni-PGE deposition in the 

footwall of the Wisner area. Type IB inclusions found in many silicate-quartz dominated 

veins are similar to those of some late brines described from the other deposits, most likely a 

late, lower temperature (min. 300-400°C) stage of the SIC-related magmatic-hydrothermal 

system (Farrow and Watkinson, 1992, 1996; Molnár et al., 2001; Hanley et al., 2005). PGE 

contents up to several g/t in the same veins indicate that these fluids were still metal-

bearing. Fluid inclusions similar to our type II inclusions occur regionally and are most 

probably not related to the hydrothermal system driven by the SIC (Marshall et al., 1999; 

Molnár et al., 2001).  

 

4.5.2. Implications for the formation of Cu-Ni-PGE mineralization    

 The formation of footwall-type Cu-Ni-PGE deposits is still not completely 

understood, despite the fact that there is a good knowledge on the most significant deposits 

of this type (McCreedy East and West, Strathcona Copper zone and Deep Copper zone). 

Some emphasize the importance of hydrothermal processes, while others favour a 

combination of magmatic and hydrothermal processes responsible for the formation of these 

ore bodies. Below I compare these two models including observations from the Broken 

Hammer and South zone occurrences. 

 According to the magmatic-hydrothermal model, the footwall-type sulphide veins 

represent a highly fractionated sulphide melt, which intruded the footwall rocks from the 

SIC-footwall contact (e.g., Morrison et al., 1994). It is well known that the SIC basal contact 

hosts the world-class massive sulphide Ni-Cu-PGE orebodies, which have been mined in the 

Sudbury camp for over a century. These deposits have Ni/Cu ratios less than 1, while PGE-

contents are also mostly less than 1 g/t (Farrow and Lightfoot, 2002). Several studies 

document a fractionation trend in which Cu and precious metals are enriched toward the 

lower parts of the orebodies, close to the footwall contact (e.g., Naldrett et al., 1994), as well 

as upward into the hangingwall norite (Mungall, 2005). As a result, it is argued that the 

footwall-type sulphide veins might represent extremely fractionated liquids of magmatic 

sulphide fractionation. This mobile sulphide melt might have intruded along structural 

pathways into footwall units, especially intensely Sudbury brecciated zones. This model 

seems to hold at the McCreedy West deposit, where a physical connection between the Ni-

rich contact ore and the Cu-PGE-rich footwall ore is evident. After this initial magmatic 
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sulphide melt emplacement, superimposing hydrothermal processes remobilized and 

redistributed the metals (Li and Naldrett, 1992, 1993a; Jago et al., 1994; Hanley et al., 2005).  

 Other studies favour formation of footwall-type Cu-Ni-PGE mineralization mainly 

controlled by hydrothermal processes (Farrow, 1994; Farrow et al., 1994; Farrow and 

Watkinson, 1996; Watkinson, 1999; Molnár et al., 1997, 1999, 2001; Farrow et al., 2005). 

According to this model, hydrothermal fluid flow driven by the heat of the cooling SIC was 

responsible for the deposition of these orebodies. The high temperature, hypersaline, 

magmatic fluids were capable of remobilizing Cu and precious metals from the contact type 

ore, transporting them along structural pathways, and redeposit them when their solubility 

decreased due to physico-chemical changes in fluid and/or host rock composition.  

 There is much evidence for a magmatic-hydrothermal system driven by the heat of 

the cooling SIC. It is well known that during crystallization of the igneous complex, footwall 

units suffered intense contact metamorphism at temperatures of 600°C up to about 300 m, 

and 400°C up to about 600 m distance from the contact (Dressler, 1984b; Coats and Snajdr, 

1984; Hanley and Mungall, 2003; Prevec and Cawthorn, 2002). Within this zone of elevated 

temperature, fluids could be mobilized and interact with footwall rocks and SIC-footwall 

contact units. Some studies indicate that due to this contact heating partial melting of 

footwall rocks also occurred (see Chapter 5), and that this process resulted in formation of 

irregular to vein-like felsic rocks with granophyric texture and abundant miarolites. These 

partial melts intruded SIC units, footwall rocks, and contact magmatic sulphides. Molnár et 

al. (2001) reported that high salinity brines exsolved during crystallization of this partial 

melt, and that they appear to be important contributions to the magmatic-hydrothermal 

system below the SIC. However, it is very likely that fluids from other sources were also 

present in this hydrothermal system. Other major sources proposed include: (1) regional 

groundwater/metamorphic fluids, (2) magmatic fluids exsolved from the SIC, and (3) 

magmatic fluids exsolved from highly fractionated sulphide melts (Li et al., 1992; Jago et al., 

1994; Farrow, 1994; Marshall et al., 1999; McCormick et al., 2002a; Molnár et al., 2001; Hanley 

et al., 2005). Features representing fluid exsolution were reported from the Main Mass of the 

SIC (especially the granophyre unit) (Ames et al., 1998; Wáczek, 2003) but fluids exsolving 

from these units migrated upwards and did not take part in the hydrothermal system 

developed under the SIC. Recent studies indicate that H2O and halogens may be soluble in 

sulphide melts (Mungall and Brenan, 2003; Wykes and Mavrogenes, 2005), but fluids 

exsolving from these sulphide liquids are unlikely to have sufficient volume to play a 

significant role in the magmatic-hydrothermal system. Hence, the main components of this 
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system were most probably fluids released from partial melting processes at the SIC-footwall 

contact and the footwall itself, as well as mobilized regional groundwater from the footwall 

rocks.  

Fluid inclusion studies performed in different footwall-type deposits of the North 

Range (Farrow and Watkinson, 1992; Li and Naldrett, 1993a; Farrow, 1994; Molnár et al., 

2001; Hanley et al., 2005; this study) reveal that the magmatic-hydrothermal system below 

the SIC had a relatively high temperature (300-500°C) and contained high salinity fluids (up 

to 60 wt.% NaCl equiv.). Experimental studies indicate that under appropriate conditions 

such fluids are capable of transporting high concentrations of Pt and Pd. Low-temperature (< 

300°C) experiments (Gammons et al., 1992; Gammons, 1995) have shown that under acidic 

(pH<3), and oxidizing conditions (hematite stability field) very high solubilities (in the ppm-

range) of Pt and Pd chloride complexes can be attained. In their experiments at 400-500°C, 

Xiong and Wood (2000) reported similarly high solubilities (again in the ppm-range) of Pd 

under acidic (pH = 4.5-5) and oxidizing (nickel-nickel oxide to magnetite-hematite buffer) 

conditions even in a low salinity fluid. However, according to Hanley (2005) such conditions 

are not realistic in a hydrothermal system of a Ni-Cu-PGE deposit; these should rather be 

reducing and have near-neutral pH. At such conditions Pt and Pd solubility as bisulphide 

complexes is expected to be much higher than by chloride complexation (Gammons and 

Bloom, 1993; Pan and Wood, 1994). In my opinion, it is very difficult to estimate the fO2 and 

pH conditions of the SIC-related hydrothermal system, as these seem to be changing in a 

wide range (both spatially and with time) due to fluid-rock interaction. The change in these 

conditions are often indicated by changes in mineralogy (e.g., the dominant Fe-bearing 

mineral is magnetite in Broken Hammer sulphide veins, while it is pyrite in the narrow 

sulphide veins at South zone, and it is hematite in silicate-quartz dominated veins at both 

localities).   

 Whatever the conditions of fluids in the SIC-related magmatic-hydrothermal system 

might have been, their capability of transporting high amounts of PGE is revealed by studies 

on the assemblages themselves. “Low-sulphide” mineralization described by Farrow et al. 

(2005) from the PM deposit at McCreedy West and found to be very important also in the 

Broken Hammer and South zone occurrences is most probably hydrothermal in origin. 

Extremely high PGE tenors prove that these disseminated/replacement assemblages were 

formed by a highly PGE-bearing fluid. Recently, laser ablation ICP-MS analyzes on brine and 

hydrocarbon fluid inclusions from the footwall-type deposit at Fraser Mine have shown that 
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these fluids contain high concentrations of Cu (0.1-1 wt.%), Au, Bi, Ag and Pt (0.1-10 ppm 

range) (Hanley et al., 2005).  

 According to data cited above, it is possible that hydrothermal processes could have 

been entirely responsible for the formation of the two studied footwall-type occurrences 

rather than just redistributing metals after initial magmatic emplacement of sulphide melt. In 

addition, many features of typical footwall deposits (including the observations from the 

Broken Hammer and South zone occurrences in this study) are difficult to explain with an 

initial magmatic emplacement model. These features are as follows: 

(1) Excluding the McCreedy West mine, most of the footwall-type deposits lack a visible 

physical connection to a contact orebody (e.g., McCreedy East). Deposits at the Strathcona 

Mine (the Deep Copper zone and Copper zone) are located at a distance of about 600 and 300 

m (respectively) from the contact, without any physical connection. Considering the fact that 

the Broken Hammer and South zone occurrences are 1300 and 500 metres (respectively) from 

the contact, a physical connection to the original contact is unlikely.   

(2) Sulphide veins in all footwall deposits are at most several metres wide. At Broken 

Hammer only the Big Boy vein is this width, the other veins being usually below 10 cm wide; 

at South zone all the veins are less than 5 cm wide. It is unlikely that fractionated sulphide 

melt could intrude several hundred metres into the footwall as such thin veins.  

(3) The sulphide and gangue mineralogy is very similar in sulphide veins and the 

disseminated/replacement assemblages. Precious metal contents are also very high in 

sulphide-poor assemblages. As disseminated/replacement mineralization is interpreted to 

be hydrothermal in origin, sulphide veins could also be explained by similar processes. 

(4) Many PGM observed in sulphide veins are only stable at subsolidus temperatures. For 

example, the melting of michenerite occurs between 489 and 501°C, depending on the Bi 

content, whereas tellurobismuthite melts at 585°C (Hoffmann and McLean, 1976). However, 

according to Hanley (2005) this observation does not necessarily exclude their magmatic 

origin, as they might be a result of down-temperature re-equilibration.   

(5) Quartz grains in massive sulphide veins contain primary type IA fluid inclusions (Molnár 

et al., 2001) in some cases similar primary fluid inclusions also occur in sulphides of the same 

veins (Farrow et al., 1994). 

(6) Primary type IA and IB fluid inclusions not only occur near sulphide veins, but also 

within the sulphide-poor assemblages which are found in a large area (and locally in very 

dense stockworks) within the Broken Hammer zone up to tens of metres from the best 

developed mineralization (containing the Big Boy vein). A magmatic emplacement model 
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does not explain the origin of this much high temperature (450-500°C) fluid and 

disseminated-stockwork mineralization.  

(7) A random distribution of precious metals in sulphide veins was observed in many cases 

(Li et al., 1992), Broken Hammer sulphide veins also display nugget effects of Pt, Au and Ag. 

Such random distribution might be assigned to superimposing hydrothermal processes after 

magmatic emplacement (Hanley et al., 2005), however in some cases it is more likely a 

primary feature (e.g., the random occurrence of single sperrylite inclusions within 

groundmass chalcopyrite of Broken Hammer sulphide veins). The increase in Ni-content 

toward the rim of footwall-type deposits, and the decreasing trend of Cu/(Cu+Ni) values 

with decreasing S contents seen at Broken Hammer is not in agreement with the 

fractionation trend of sulphide liquids (Li et al., 1992), in which case Cu/(Cu+Ni) values of a 

melt increase with time and distance (Naldrett, 1984; Naldrett et al., 1994).       

 Recently, Farrow et al. (2005) proposed a hydrothermal hypothesis for footwall-type 

deposits according to which “low-sulphide”, PGE-rich mineralization was deposited from 

the fluid as solubility was lost due to fluid-rock interaction. The formation of Cu-PGE-rich 

“sharp-walled” veins occurred when dilational features developed due to final tectonic re-

adjustment of the Sudbury structure, which led to the “freezing” of the system (Farrow et al., 

2005). According to this new classification, the South zone mineralization can be considered 

as a “low-sulphide” system (like the McCreedy West PM Deposit) as most of the metal 

content is contained in narrow sulphide veins, disseminations and pervasive replacements. 

The Broken Hammer occurrence is rather a “hybrid” system, as a large percentage of the 

metal contents is hosted by the truly “sharp-walled” Big Boy vein reaching a width of 1 

metre. 

 Although this study does not rule out the possibility of an initial sulphide melt 

emplacement (at Broken Hammer), it proves the importance of hydrothermal fluids in the 

formation of Cu-Ni-PGE mineralization in both areas. There is much evidence that magmatic 

hydrothermal fluids were responsible for the formation of disseminated, low-sulphide, PGE-

rich mineralization, as well as quartz- and silicate-dominated veins and that they were 

present and possibly played a significant role in the deposition of ”sharp-walled” veins as 

well. 
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4.6. CONCLUSIONS 

 The Cu-Ni-PGE mineralization at Broken Hammer and South zone occur in intensely 

Sudbury brecciated zones of the footwall, about 1300 and 500 metres (respectively) north of 

the present SIC-footwall contact. The South zone occurrence is a “low-sulphide”, PGE-rich 

system, whereas the Broken Hammer zone may be regarded as a “hybrid” system containing 

also the ”sharp-walled” Big Boy sulphide vein. Although massive veins account for the 

major part of the ore, sulphide-poor assemblages (patches, disseminations, silicate-quartz-

rich veins) may have similarly high precious metal contents, and are very significant in 

understanding the whole PGE-bearing system.  

 Statistical investigation of metal distribution patterns was performed using grab 

sample and drilling datasets from both localities. These studies revealed important 

characteristics of metal concentrations, ratios and correlations, and pointed out differences 

between the two deposits and the various mineralization styles (e.g., increasing Cu/(Cu+Ni) 

and decreasing Pt/(Pt+Pd) ratio with increasing sulphide content; metal concentrations 

recalculated to 100% sulphides decrease by up to two orders of magnitude from the 

disseminated to the massive sulphides). The distribution patterns of base- and precious 

metals are not consistent with simple models of magmatic sulphide segregation-

fractionation. 

 The primary assemblages are dominated by chalcopyrite, millerite, magnetite and/or 

pyrite, quartz and hydrous silicates, while pentlandite and pyrrhotite occur rarely. These are 

always accompanied by a wide variety of trace minerals which include minerals typical of 

footwall-type deposits (e.g., merenskyite, michenerite, hessite, etc.), minerals found only in a 

few Sudbury deposits (e.g., clausthalite, sopcheite, naumannite, bohdanowiczite) and 

malyshevite that was described recently and to our knowledge has only been known from its 

type locality.   

 Hydrous silicates are important constituents of the PGE-bearing assemblages. 

Especially in the “low-sulphide”-style disseminations, patches and replacements do they 

occur intergrown with the sulphide minerals and host inclusions of PGM. Epidote, biotite, 

actinolite and greenalite are also common in association to the massive sulphide veins, both 

within the alteration selvages and as inclusions within the chalcopyrite groundmass. The 

occurrence of hydrous silicates having several wt.% chlorine contents (e.g., scapolite: Ames 

et al., 2001; ferropyrosmalite: Molnár et al., 2001; Hanley and Mungall, 2003) was not 

revealed from these zones, but biotite may contain relatively high Cl concentrations.        
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 It is suggested that disseminated-replacement assemblages were formed by a primary 

magmatic-hydrothermal system driven by the heat of the cooling SIC. There is much 

evidence that these fluids were also present and possibly played an important role during 

the deposition of massive sulphide veins. The fluid responsible for mineralization was 

relatively hot (min. 400-500° C) and had high salinity (30-40 NaCl equiv. wt.%), as indicated 

by primary fluid inclusions in quartz. This fluid was capable of leaching mobile elements 

such as Cu and precious metals from primary, magmatic ores (probably at the SIC-footwall 

contact), transporting and re-depositing them in the structurally favourable part of the 

Broken Hammer and South zone areas. This indicates that hydrothermal fluid flow driven by 

the cooling SIC was not locally restricted (e.g., in the Onaping-Levack area) but also was 

present and related to Cu-Ni-PGE deposition in other zones of the footwall along the North 

Range. The fluids followed zones of Sudbury Breccia, but also two structural orientations 

(150-330°; 50-230°) related to the emplacement and deformation of the SIC were preferred 

pathways as indicated by stockworks of hydrothermal veins at both localities. The preferred 

occurrence of disseminations and replacements at lithological contacts indicates the 

importance of geochemical barriers in metal deposition. As both Broken Hammer and South 

zones occur close to the regional contact of Wisner Gabbro with Cartier quartz monzonite, it 

is possible that such geochemical changes are significant even in the large-scale distribution 

of Cu-Ni-PGE mineralization.  

 Different types of silicate-quartz-(sulphide) veins are abundant in both localities and 

form a dense stockwork especially in the central part of the Broken Hammer zone. They 

contain inclusions of fluids representing the later stage of the SIC-related magmatic-

hydrothermal system. This lower temperature (min. 300-400°C) fluid was still capable of 

transporting metals, as indicated by the occurrence of sulphides and anomalous PGE-

contents in these veins. Late, low temperature (100-200°C) hydrothermal veins without PGE-

contents are regionally distributed and were formed by processes not related to the 

magmatic hydrothermal system of the SIC.  
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CHAPTER 5 

PARTIAL MELTING AND MELT SEGREGATION IN FOOTWALL UNITS WITHIN THE CONTACT 

AUREOLE OF THE SUDBURY IGNEOUS COMPLEX 

 

5.1. INTRODUCTION 

 This chapter documents SIC-related partial melting of footwall units in the North and 

East Ranges of the Sudbury structure. Detailed mapping and sampling was performed in 

three areas (Frost, Wisner and Windy Lake) in the vicinity of the SIC/footwall contact and 

has been supplemented by large-scale mapping in three areas (Foy, Frost and Skynner) (Fig. 

2-1). Petrography, mineral chemistry, as well as bulk rock geochemistry of partial melt 

bodies are described, and these data are used to evaluate how and where SIC-related partial 

melting has occurred and how it may have been related to magmatic-hydrothermal 

processes and sulphide mineralization.  

 

5.2. OCCURRENCE AND APPEARANCE OF FOOTWALL GRANOPHYRES  

5.2.1. South and Southwest zones in the Wisner area (North Range) 

 Footwall granophyres cut all footwall rocks including SDBX (Fig. 5-1, A-1) in both 

localities, evidencing their post-impact origin. They may either be millimetre- to 40-

centimetre-wide and several metres-long veins and dykes (Fig. 5-2a and 5-3e), or pods and 

irregular bodies. Small (10-20 cm2) irregular intrusions of footwall granophyre in SDBX show 

clear evidence of syngenetic ductile deformation (Fig. 5-2c and d). They appear to have 

penetrated through the matrix of the breccia or smeared along the clasts. At some places, the 

matrix of the breccia within a zone of several decimetres in diameter is entirely replaced by 

footwall granophyre containing clasts of the original matrix.  

 In all cases, footwall granophyres are characterized by a fine-grained aplitic texture, 

pink or grey colour and abundant miarolitic cavities up to 1 cm in diameter. The veins and 

dykes intruded in a manner which reflects a transition between brittle and ductile conditions 

of the host rock during emplacement: in gneisses and granitoids they tend to be relatively 

straight, while they are usually more curvilinear in SDBX matrix. The contacts of the veins 

and dykes are sharp-walled toward the granitoids and gneisses and more diffuse toward the 

breccia matrix, whereas the irregular intrusions in SDBX always exhibit very diffuse, 

gradational contacts. Generally, the veins and dykelets show a very dominant strike of NW-

SE (~ 140-320°) with the exception of one trench in the Southwest zone where their strike is  
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ENE-WSW (~ 80-260°) (Fig. 5-1a). In less intensely brecciated zones, the footwall 

granophyres either bend into and intrude along the breccia veinlets or cut them without 

changing orientation. The vein stockworks are in some cases “rootless”, which means that 

the source or extension of the veins occurs outside of the exposed area and can not be exactly 

localized. However, as it will be presented in Chapter 5.4, many veins represent melts 

segregated locally from partially melted host rocks.    

 A close relationship of footwall granophyre veins and Cu-Ni-PGE sulphide 

mineralization is revealed by several observations, especially in the South zone where 

terminations of footwall granophyres are often gradually transformed into sulphide-rich 

hydrothermal veins (Fig. 5-1d) (see in detail in Chapter 6.3.1). It is also common that patches 

of sulphides are enclosed by the granophyric veins, occurring preferably within the 

miarolites. Sulphides are dominantly chalcopyrite and millerite with a wide range of 

associated trace metal minerals including platinum-group minerals (see Chapter 4.2.2).  

 

 
Fig. 5-2. Photographs of typical footwall granophyres from Frost ALZ and the Wisner occurrences. 
a. Aplitic dyke from Wisner SW cutting quartz monzonite. Note abundant miarolitic cavities in the 
melt body, as well as the partial melting of host rock next to the dyke (indicated by arrows).  
b. Amphibole-rich melt body in SDBX matrix next to gabbroic clast (Frost ALZ). c. Footwall 
granophyres in SDBX matrix at Wisner SW. Note strong ductile deformation and the diffuse contacts 
of the melt bodies. d. “Flame-like” veinlets of footwall granophyre cutting through quartz monzonite 
and Sudbury Breccia (Wisner S).  
Abbreviations: FWGR = footwall granophyre, IGN = intermediate gneiss, QM = quartz monzonite, 
SDBX = Sudbury Breccia  
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 Diamond drill cores from the Southwest zone were also studied in order to get a 

better understanding of the spatial distribution of footwall granophyres. These occur 

continuously up to a vertical depth of 270-290 m in drill holes WIS-92 and WIS-93 and to a 

depth of 145 m in WIS-94 (Fig. 5-1a). However, the abundance of melt bodies does not 

decrease gradationally downward (away from the SIC) as may be expected in a contact 

aureole. SDBX zones have experienced more intense partial melting and host melt bodies at 

depth where they are absent from unbrecciated rocks. Other occurrences in the Wisner area 

further constrain spatial distribution of footwall granophyres in relation to the SIC: in hole 

WIS-038, approximately 800 m from the contact, they occur only in the first 20 m; in WIS-40, 

WIS-84 and the Broken Hammer Cu-Ni-PGE occurrence (Fig. 3-1c), which are all located 1.2-

1.3 km N of the contact, footwall granophyres are absent or occur in insignificant amounts. 

An important conclusion from these more regional observations is that the texture and 

mineralogy of the melt bodies appears to be independent of host rock and distance from the 

SIC. 

 

5.2.2. Amy Lake zone in the Frost Lake area (East Range) 

 Footwall granophyres are abundant in all trenches within the breccia belt but occur 

only in insignificant amounts in the East trench (Fig. 5-4) which exposes similar footwall 

rocks, however, located outside of the brecciated zone. In the South trench, where 

fragmentation was intense and the breccia is matrix-supported, irregular intrusions and pods 

of footwall granophyre in the matrix are most common (Fig. 5-4). They have diffuse contacts 

with the matrix and show signs of ductile deformation. As described also at Wisner, melt 

pods (up to 1 m in diameter) (Fig. 5-2b) may replace the matrix of the breccia and contain 

strongly corroded fragments of it. In the mafic clasts, the melt bodies occur as curvilinear 

“flame-like” intrusions, which have sharp contacts and are aligned ENE-WSW. The North 

trench exposes much less fragmented and thus clast-supported SDBX, with the matrix 

occurring as dykes and veins. There, footwall granophyres occur mainly as veins cutting 

footwall rocks in a similar manner to that described at Wisner. They have sharp contacts 

with the intruded rock and a preferred orientation of NW-SE (120-300° and 160-340°).  

 Melt bodies of the ALZ are texturally and mineralogically much more diverse, than 

those observed at Wisner. Most commonly, they are pink, felsic rocks made up of 

macroscopically visible granophyric to graphic quartz-feldspar intergrowth. Some of the 

melt bodies also contain abundant euhedral amphibole up to 1.5 cm in length (Fig. 5-3a). 

Miarolitic cavities up to 5 cm in diameter are filled with quartz, epidote and amphibole; they  
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(continued from previous page) f. Footwall granophyre vein cutting partially melted gabbroic rock in 
Windy Lake drill core. The vein is dominantly made up of euhedral plagioclase laths; quartz occurs 
interstitially and in a miarolite (see arrow). 
For abbreviations see Figure 5-2. 
 

locally contain also up to cm-sized patches of chalcopyrite. Amphibole-rich melt bodies were 

only observed in the South trench, where SDBX contains abundant gabbroic rocks. In the 

North trench (Fig. A-2), all footwall granophyres are felsic. It is important to emphasize that 

miarolitic cavities tend to be much larger in irregular, ductile melt pods, than they are in the 

brittle dykes and veins. 

 The PGE-rich sulphides occur in veinlets and disseminations accompanied by intense 

hydrothermal alteration. A close genetic relationship between these mineralizing 

hydrothermal processes and the footwall granophyres is revealed again by several 

observations including the already mentioned sulphide-rich miarolitic cavities of some 

amphibole-rich melt bodies. In some cases, a physical continuum between these melt bodies 

and hydrothermal veins can also be observed, similar to that described from the Wisner 

South zone (see in detail in Chapter 6.3.2.). 

 As a comparison to the Amy Lake zone mapping and sampling of footwall 

granophyres was also performed in other parts of the Amy Lake breccia belt (e.g., drill hole 

WC-19) and other areas within the Frost property (Frost West) (Fig. 3-1b), which do not host 

known occurrences of Cu-Ni-PGE sulphides. The abundance of footwall granophyres was 

always found to be highest in SDBX zones, with only minor signs of partial melting in 

unbrecciated rocks. Independent of the host rock and distance from the SIC/footwall contact, 

the texture and mineralogy of the melt bodies was similar to those observed at the Amy Lake 

zone.  

 

5.2.3. Windy Lake, Skynner and Foy areas  

 In drill cores of the Windy Lake area, footwall granophyres could be traced up to 500 

m below the Sublayer (Fig. 5-5b), but as seen also at Wisner, their abundance does not 

decrease gradationally from the contact. Instead, zones of increased partial melting were 

observed, which again often correspond with the occurrence of SDBX zones. An important 

characteristic of this area is that footwall granophyres are very abundant in mafic rocks. 

 The appearance of melt bodies is variable, but they mostly resemble the types 

described at Frost. They are either pink or white, consisting mainly of quartz and feldspar: 

very common is the coarse-grained granophyric to graphic type (Fig. 5-3b and c), which is 

similar to felsic melt bodies at Frost. Fine-grained, almost aplitic melt bodies, as well as  
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Fig.5-5. (on previous page) a. Map of the Windy Lake area with the location of investigated drill holes, 
showing also contact metamorphic hornfels facies according to Boast and Spray (2006).   
b. Stratigraphic columns of selected drill holes showing the occurrence of footwall granophyres 
(column a) indicating also their textural types: coarse-grained granophyric-graphic (column b); 
dominated by euhedral feldspar laths (column c); fine-grained, aplitic (column d).  
Abbreviations: ab = albite, ep = epidote, hbl = hornblende, px = pyroxene 
  
textures dominated by euhedral feldspar laths (up to 1 cm in length) are also common. This 

euhedral texture always occurs in mafic gneisses and gabbros (Fig. 5-3d and f), while the 

other types occur without any dependence on host rock or distance from the SIC. Miarolitic 

cavities with quartz and epidote up to 5 cm in diameter are abundant, especially in melt 

bodies hosted by felsic rocks or SDBX (Fig. 5-3b). A unique type of in situ to segregated 

footwall granophyres was observed in gabbros of drill hole WWL-009 and -009B; they are 

dominantly made up of white, mm-sized euhedral feldspar laths and euhedral biotite flakes 

up to 1 cm in length.  

 Two other areas without known footwall-style sulphide occurrences were included to 

gain a more regional overview, especially on unmineralized parts of the footwall. At Skynner 

(Fig. 2-1), melt bodies occur in brecciated gneisses and mafic intrusives up to 1 km east of the 

SIC/footwall contact. Their appearance is very similar to those described from the Frost area 

to the south of Skynner. At Foy however, I observed similar pink, aplitic footwall 

granophyres containing small (mm-sized) miarolitic cavities as seen in the Wisner localities, 

which are situated approximately 12 km to the NE. The aplitic melt bodies occur mostly in a 

SDBX belt that parallels the SIC contact, 900 m to the north. However, stockworks of 

“rootless” footwall granophyre veins similar to the ones described from Wisner South and 

Southwest zones trending SE-NW were also found cutting unbrecciated Levack Gneiss.     

 

5.3. PETROGRAPHY AND MINERAL CHEMISTRY OF FOOTWALL GRANOPHYRES 

 Felsic footwall granophyres of all studied areas consist of over 95 vol.% quartz, 

plagioclase and K-feldspar, which occur in a variety of undercooling textures, which I 

describe following the nomenclature of MacLellan and Trembath (1991). At Wisner, a 

crystallization sequence of quartz-feldspar intergrowths may be observed (Fig. 5-6a): 

granophyric (vermicular) — micrographic (cuneiform) — micropoikilitic which may finally 

develop into separate subhedral to euhedral crystals of quartz and feldspar growing into 

miarolitic cavities. In most of the samples from Frost and Windy Lake, euhedral plagioclase 

grains are suspended in a groundmass made up of different quartz-feldspar intergrowths 

(Fig. 5-6b); overall, these textures are much more coarse-grained than those at Wisner. The 

chemical composition of K-feldspar and plagioclase appears to be independent of texture  
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(continued from previous page) c. Melt body dominated by euhedral plagioclase laths within a gabbroic 
rock from Windy Lake. Interstitial space is made up of graphic quartz-feldspar intergrowth containing 
pure K-feldspar and albite. Plagioclase shows intense clinozoisite and sericite alteration. Note also 
allanite grain. d. Miarolitic cavity in footwall granophyre hosted by gabbroic rock at Windy Lake. The 
cavity is filled by an assemblage of actinolitic to ferro-actinolitic amphibole, biotite, titanite, albite, K-
feldspar and quartz. e. Group of euhedral epidote crystals in quartz filling a miarolitic cavity (Frost). 
Grains exhibit chemical sector zonation demonstrated here by a difference in interference colours. 
 

and stage of crystallization: Kfs is Or95-100; plagioclase is An0-6 (Table A-3). Only the BaO 

content of K-feldspar seems to increase at the final stages of crystallization and may be up to 

3 wt.%. Feldspar in melt bodies containing cm-sized miarolites often exhibits intense sericitic 

alteration and replacement by clinozoisite and calcite; in other cases, however, the grains are 

fresh.  

The minerals accompanying this quartzo-feldspathic groundmass show only slight 

variation within and between the localities. Amphibole (hornblende to actinolite) (Table A-6) 

and biotite occur as rare aggregates up to a few tens of μm, and rare epidote is in 

symplectitic intergrowth with albite. More abundant are opaque needles up to 0.5 mm in 

length, which have a core of rutile and ilmenite surrounded by titanite. Trace apatite, zircon 

and allanite also occur, but are more common in the miarolitic cavities. 

 Footwall granophyres in mafic rocks (at Frost and Windy Lake) are dominated by 

euhedral plagioclase laths (An26-48) with quartz-feldspar intergrowths (containing almost 

pure albite and K-feldspar) occurring only in the interstitial spaces (Fig. 5-6c, Table A-3). 

Zoned amphibole ranging from hornblende to actinolite compositions is always present 

either as mm-sized euhedral crystals or in the interstitial space between plagioclase laths. 

The mafic melt bodies at Windy Lake are characterized also by abundant euhedral biotite up 

to 1 cm in length (Fig. 5-6d). Apatite, allanite, zircon occur usually in trace amounts. 

 Miarolitic cavities (< 1mm to 5 cm) occur in all samples and represent the final stage 

of crystallization. They are dominantly filled by subhedral quartz, albite and K-feldspar, 

which are usually accompanied by a variety of minerals. Epidote-group minerals are very 

abundant in the cavities. Allanite occurs as coarse-grained, isometric grains and it may, or 

may not be overgrown by zoned epidote. The zonation of this epidote corona is caused by 

variations in iron content (XFe = 0.19-0.29), as well as the incorporation of a wide range of 

trace elements: Sr, Ba, Ti, Mn and REE.  

 Aggregates of euhedral, columnar epidote up to 1 mm in length are very common 

growing into miarolitic quartz (Fig. 5-5e). These mostly exhibit an hour-glass-shaped sector 

zonation, with a clinozoisite or low-Fe epidote (XFe = 0.13-0.18) and a high-Fe epidote (XFe = 

0.24-0.31) sector (Fig. 5-8a-b, Table A-4). The epidote aggregates are rimmed or overgrown 
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by euhedral crystals of epidote more enriched in iron (XFe = 0.27-0.40) and trace elements 

(SrO up to 1.0 wt.%; REE).  

 Euhedral or interstitial titanite (up to 1 mm in diameter) is another abundant phase, 

often containing corroded inclusions of ilmenite (Fig. 5-7a, 2-8c). In many cases it exhibits 

chemical sector zonation (Fig. 5-7a-d) caused by coupled substitutions (e.g., Ti4+ + O2-  (Al, 

Fe)3+ + (F,OH)-; 2 Ca2+ + Ti4+  2 (REE)3+ + Fe2+) and has F contents up to 1.2 wt.% (Table A-

5). Generally, at Frost there is less (Al+Fe)3+ substitution of Ti4+ as in Wisner titanites, and 

therefore F contents are also lower (up to 0.68 wt.%). According to SEM data, the brightest 

sector always incorporates up to several wt.% REE, Sr and P.  

 Amphibole may occur in the miarolites as euhedral crystals up to few mm in length 

or as “clouds” of acicular inclusions within quartz (Fig. 5-8c-d). These are usually chemically 

zoned between compositions of actinolite, ferro-actinolite, ferri-actinolite, ferri-tremolite 

(after Leake, 1997) (Table A-6) with a very important characteristic of such amphiboles at 

Frost South trench being the constantly high Ni contents (up to 0.5 wt.% NiO). Irregular 

aggregates of “spongy” (poikilitic) to acicular zircon often occur as inclusions within or 

along grain boundaries of miarolitic quartz and albite and may be accompanied by euhedral 

apatite (Fig. 5-7d,f-h). 

 Independent from their occurrence in the groundmass or the miarolitic cavities, 

hydrous silicates and apatite tend to be F-rich and contain less Cl: apatite has F contents of 

2.3-3.5 wt.%, with F/(F+Cl) values over 0.90 (Table A-7), while amphibole and biotite contain 

up to 0.7 wt.% F and 0.2 wt.% Cl.  

   

5.4. IN SITU EVIDENCE OF PARTIAL MELTING 

 While footwall granophyres represent segregated partial melts, evidence for in situ 

partial melting were also observed at all localities. In granitic rocks, felsic parts of gneisses 

and leucosomes, the originally white feldspar grains are often pink, and tiny (1-2 mm in 

diameter) miarolitic cavities, as well as graphic textured pods may appear in them (Fig. 5-3c). 

While partial melting of felsic rocks was observed in all localities, gabbro and mafic gneiss 

showed signs of melting only at Frost and Windy Lake. 

 Partial melting and segregation of melt into footwall granophyre veins can be traced 

microscopically. Primary feldspar and quartz in the felsic rocks that have undergone partial 

melting show typical contact metamorphic recrystallization features described from other 

parts of the aureole (e.g., Dressler, 1984b; Boast and Spray, 2006): feldspar is replaced by a 

fine-grained mass of decussate, stubby plagioclase (An22-28), while quartz is recrystallized to  
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(continued from previous page) g. Aggregate of spongy, poikilitic zircon within epidote altered albite 
(sample FR-4, Frost ALZ). h. Group of tiny anhedral crystals of zircon and apatite along the grain 
boundary of euhedral albite and quartz in the central part of a miarolitic cavity (sample G-3, Wisner 
SWZ, Blast trench). 
 
an aggregate of clear, isometric grains with dihedral angles close to 120°. These quartz 

aggregates often show cuspate and embayed grain boundaries toward feldspar, which are 

signs of incipient partial melting. A more developed stage of melting is represented by films 

and pods of granophyric to graphic quartz-feldspar intergrowths along the grain boundaries 

resorbing the quartz aggregate (Fig. 5-6g).  

 In gabbroic rocks from Frost ALZ and drill hole WC-19, I observed assemblages 

dominated by fresh hornblende (Table A-6) and stubby plagioclase (~ An50-55) (Table A-3), 

which are accompanied by biotite, Fe-Ti-oxides and minor clinopyroxene (Wo44En45Fs11). 

Former greenschist to amphibolite facies metamorphic assemblages of these rocks are 

preserved as corroded, residual grains of actinolite, Mg-Fe-amphibole (Table A-6) and 

epidote enclosed in fresh hornblende. Crystallized partial melt is represented by narrow 

films of albite along grain boundaries of hornblende and plagioclase, as well as pods and 

segregations on the scale of tens to hundreds of μm in the matrix of the rock containing 

quartz, albite ± K-feldspar. 

 In contrast to the mafic units at Frost, the assemblages at Windy Lake are dominated 

by clinopyroxene (Wo40-42En42-44Fs15-16), rather than hornblende (Fig. 2-6f). These are 

accompanied by fresh, stubby plagioclase (An35-48), biotite, Fe-Ti-Oxides, apatite and in one 

sample by strongly serpentinized orthopyroxene (Wo3En64Fs33). Remnants of strongly 

corroded actinolite are enclosed within clinopyroxene. Pods of albite (An3-5) or alkali feldspar 

(Or59-65Ab30-35An5) coexisting with plagioclase (Table A-3) and biotite represent crystallized 

partial melt. In a few samples, plagioclase and biotite are aligned, indicating melt flow 

during recrystallization of the rock. In all areas and rock types it can commonly be observed 

how in situ melt pods connect and segregate to form microveins, and finally footwall 

granophyre veins and dykes (Fig. 6h and 9). This is clear evidence, that many of the footwall 

granophyres mapped in this study did not intrude far distances, but crystallized actually 

from partial melts formed in the same area.   

 





78

 
Fig. 5-9. Thin section maps showing the distribution of crystallized partial melts in intermediate gneiss 
(a) and Sudbury Breccia (b) in samples from the Wisner Southwest zone. These maps illustrate how 
melt pods segregate and collect into veins, which contain restite fragments. Note the absence of melt 
pods in the mafic part of the gneiss. 
 

5.5. BULK ROCK CHEMICAL COMPOSITION 

5.5.1. Host rocks 

 In addition to footwall granophyres, their brecciated host rocks were also sampled for 

geochemical analysis. However, they can neither be regarded as protoliths, nor as restites, 

because of their heterogeneous character, as well as the partial melting and later 

hydrothermal processes. Therefore I compare the composition of footwall granophyres to 

reported data on similar units outside of the SIC contact aureole, which may be regarded as 

the best approximation of the possible protoliths: Cartier Batholith (CB) rocks (Meldrum et 

al., 1997); Levack Gneiss Complex (LGC) rocks (Meldrum et al., 1997; Prevec, 1993; 

Ostermann, 1996) and mafic dykes (Phynney and Halls, 2001; Lightfoot and Naldrett, 1996). 

As a comparison to LGC, I also use own felsic to intermediate LGC samples from fresh parts 

of Windy Lake drill holes, because reported averages include a variety of gneisses. Major 

and trace element compositions of gabbro samples from Frost ALZ suggest that they belong 

to the Nipissing suite (Table 5-1). The gabbro at Windy Lake, however, has element 

concentrations and ratios which do not give any clear information about their relationship to 

any of the known mafic suites.  

 

5.5.2. Footwall granophyres 

 A total of 25 footwall granophyre samples from three areas (Wisner South, Wisner 

Southwest zones referred to as Wisner S and SW below, and Frost ALZ) were analyzed for 

major and trace elements. To avoid contamination with the host rock, and because of 
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possible inhomogeneity resulting from their coarse-grained character, as well as the 

abundance of miarolitic cavities, only melt bodies, which allowed a sample size of at least 

250 cm3 could be analyzed.  

 The major element composition of footwall granophyres at the two Wisner localities 

are essentially identical (Table 5-1), therefore these two areas are discussed together. The 

SiO2 contents of melt bodies range from 74 to 78 wt.%, with an average of 75.5 wt.%. The 

concentration of Al2O3, FeO, MgO and CaO shows only little variation and mostly overlaps 

with those of felsic Cartier granitoids (Fig. 5-10). The large variation of Na2O (2 to 6 wt.%) 

and K2O (1 to 6 wt.%), as well as the strong negative correlation of these elements (r = -0.92) 

corresponds well with the observed albite and K-feldspar content of individual samples. In 

the Qtz-Ab-Or plot of normative compositions (Fig. 5-11), footwall granophyres project 

between the 0.5 and 2 kbar cotectic lines of water-saturated haplogranite (Qtz-Ab-Or), with 

the average (Qtz41Ab36Or23) on the 0.5 kbar cotectic near the minimum melt composition. In 

the An-Ab-Or ternary, melt bodies plot into the trondhjemite and granite fields, with the 

average composition (An8Ab56Or36) in the Ab-rich part of the granite field. The rocks are 

metaluminous to peraluminous, with average Al2O3/(Na2O+ K2O) and Al2O3/(CaO+Na2O+ 

K2O) values of 1.22 and 0.99, respectively. 

 The concentration of SiO2, Al2O3, FeO, MgO and CaO in felsic footwall granophyres at 

Frost have again little variation with averages relatively similar to the Wisner samples. 

However, in contrast to melt bodies at Wisner, Na2O and K2O concentrations also show little 

variation. All samples are Na2O-rich and there is no significant negative correlation (r = -

0.41) of the two elements. The Na2O-rich character of these melt bodies is also evident in the 

Qtz-Ab-Or ternary of normative compositions, where all samples plot near the intersection of 

the 0.5 and 1 kbar cotectic lines with the Qtz-Ab join. These rocks are all metaluminous 

(average A/NK = 1.14 and A/CNK = 0.88) and have a trondhjemitic composition. The 

footwall granophyres containing abundant amphibole from Frost have major element 

concentrations quite similar to the felsic ones, but are shifted toward the composition of Frost 

gabbro (see sample 804273 in Fig. 5-10 and Table 5-1). 

 The concentration of Sr is quite similar in footwall granophyres of Wisner SW and 

Frost, while it is a bit higher at Wisner S (Fig. 5-12). In contrast, concentrations of Ba, Rb and 

Cs show large variation within and between the studied occurrences, usually with much 

lower values at Frost. In accordance with this, Rb/Sr values are also higher at Wisner S and 

SW (0.17 and 0.37), than at Frost (0.05). The scatter of these elements mimics that of K2O: at  
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Table 5-1. Chemical composition of footwall granophyres, host rocks and possible protoliths 
 

All values are averages, except for selected samples 804273 (amphibole-rich melt body) and 704061 
(Windy Lake gabbro). Data source: CB (Meldrum et al., 1997); Mat (Phinney and Halls, 2001); Nip 
(Lightfoot and Naldrett, 1996).   
1 Total iron expressed as FeO, 2 all trace elements in ppm  
Abbreviations: Wis S = Wisner South, Wis SW = Wisner Southwest, Fr ALZ = Frost Amy Lake Zone; F 
LGC = felsic Levack Gneiss, CB = Cartier Batholith, GB Fr = gabbro Frost, GB Wl = gabbro Windy 
Lake, Mat = Matachewan intrusives, Nip = Nipissing intrusives, Avg. = average, n = number of 
analyses, n.a. = not analysed 

  Footwall Granophyres Host rocks and protoliths 
 Wis S Wis SW Fr ALZ Fr ALZ F LGC CB GB Fr GB Wl Mat Nip 
 Avg. Avg. Avg. felsic 804273 Avg. Avg. Avg. 704061 Avg. Avg. 
  (n = 3)  (n = 12)  (n = 7)  (n = 8)  (n = 2)    

SiO2 76.47 75.40 77.33 70.10 64.26 68.49 51.05 50.10 49.71 51.81 
Al2O3 12.00 12.31 11.30 7.70 15.77 15.63 14.15 13.30 12.43 14.47 
FeO1 1.21 1.21 1.12 5.31 4.40 2.48 11.02 14.31 15.66 10.29 
CaO 1.55 1.32 1.66 5.57 4.60 2.73 9.84 8.74 9.13 10.02 
MgO 0.38 0.33 0.56 5.03 2.16 1.05 6.88 5.03 4.61 8.10 
Na2O 3.77 3.82 5.80 2.65 4.11 4.53 2.26 3.25 2.63 2.12 
K2O 3.37 3.54 0.36 0.16 1.49 2.74 0.70 0.53 0.55 0.87 
TiO2 0.26 0.28 0.29 0.31 0.58 0.28 0.68 1.52 2.17 0.65 
MnO 0.19 0.04 0.02 0.10 0.07 0.03 0.19 0.20 0.24 0.19 
LOI 0.39 1.23 0.59 0.97 1.47 1.33 1.80 1.24 2.10 1.44 
Total 99.58 99.48 99.01 97.90 98.93 99.29 98.70 98.56 99.24 99.96 
           
P2 126.67 223.33 103.50 170.00 996.25 516.08 392.67 1060.00 1232.19 305.48 
Ba 720.00 1325.00 105.00 132.00 587.50 1084.09 205.00 330.00 160.59 290.00 
Rb 45.00 51.00 6.00 2.00 22.41 43.37 22.55 14.10 22.53 32.00 
Sr 254.00 138.00 121.00 163.50 566.25 619.64 233.50 533.00 172.12 169.00 
Cs 0.16 0.24 0.09 0.06 0.39 0.23 0.45 0.67 1.40 0.68 
Y 6.87 6.53 8.74 15.00 12.34 3.27 15.50 18.70 42.88 16.00 
Zr 94.27 111.46 161.27 98.80 45.26 66.37 63.50 37.50 164.29 66.00 
Hf 2.70 3.05 4.76 3.10 1.66 1.79 1.80 1.60 4.38 1.20 
Nb 6.53 5.03 7.41 4.20 6.00 2.12 2.45 4.20 n.a. 5.10 
Ta 0.36 0.27 0.51 0.30 0.28 0.08 0.20 0.28 0.71 0.18 
V 17.00 17.08 17.29 61.00 81.25 35.00 241.00 353.00 395.47 224.00 
Th 11.10 9.13 7.12 4.40 2.15 1.90 1.50 1.90 2.31 1.69 
U 1.23 0.85 1.26 0.90 0.28 0.28 0.29 0.40 0.61 0.50 
La 19.73 20.30 10.94 19.80 32.03 22.94 8.55 20.90 16.31 6.29 
Ce 41.40 37.83 24.27 38.60 66.24 38.58 17.70 46.10 37.90 13.87 
Pr 4.67 4.45 2.79 4.28 8.07 4.29 2.38 6.07 n.a. 1.79 
Nd 16.07 15.31 10.29 16.50 30.85 14.40 10.20 25.70 24.06 7.37 
Sm 2.79 2.59 1.84 3.19 5.22 2.06 2.48 5.49 5.86 2.08 
Eu 0.40 0.61 0.44 1.08 1.44 1.09 0.78 1.67 1.83 0.65 
Gd 2.51 2.39 1.74 3.27 4.31 1.81 2.63 5.07 n.a. 0.39 
Tb 0.31 0.29 0.24 0.48 0.52 0.18 0.45 0.73 1.12 2.50 
Dy 1.41 1.36 1.44 2.74 2.55 0.69 2.92 3.99 n.a. 2.26 
Ho 0.29 0.27 0.31 0.55 0.48 0.13 0.63 0.76 n.a. 0.69 
Er 0.78 0.76 0.98 1.65 1.32 0.33 1.80 2.07 n.a. 1.66 
Tm 0.10 0.11 0.16 0.22 0.18 0.05 0.28 0.28 n.a. 0.44 
Yb 0.71 0.70 1.02 1.55 1.10 0.27 1.74 1.67 4.03 1.43 
Lu 0.11 0.11 0.15 0.22 0.16 0.05 0.26 0.24 0.60 0.22 
Cu 46.43 23.31 31.33 113.00 22.34 11.81 n.a. 205.00 n.a. 130.00 
Ni 14.37 8.45 51.66 924.00 31.03 13.03 n.a. 59.20 43.72 138.00 
Pt < 0.005 < 0.005 0.02 0.30 < 0.005 < 0.005 n.a. <0.005 n.a. 0.10 
Pd <0.001 <0.001 0.04 0.42 <0.001 <0.001 n.a. <0.001 n.a. n.a. 
La/Lu 186.76 194.00 77.78 90.00 237.68 335.00 33.13 87.08 27.07 28.59 
Ce/Yb N 16.12 14.99 6.60 6.92 16.67 29.40 2.86 7.67 2.61 2.69 
Th/U 8.40 10.48 8.08 4.89 6.90 6.20 5.24 4.75 3.79 3.38 
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Fig. 5-10. (on previous page) Harker diagrams showing concentrations of major elements in footwall 
granophyre samples (always as a function of SiO2), as well as their Levack Gneiss, Cartier granitoid 
and gabbroic host rocks. Plotted are also fields of the Cartier Batholith (CB), Levack Gneiss Complex 
(LGC), Footwall Breccia matrix (FWBX), "remobilized Footwall Breccia and granophyric dykes" 
(FWBX dykes), as well as averages of Matachewan and Nipissing intrusives (data from Dressler, 
1984b; Coats and Snajdr, 1984; Lakomy, 1990; Lightfoot and Naldrett, 1996; Meldrum et al., 1997; 
Phinney and Halls, 2001; McCormick et al., 2002b). 
Abbreviations: Fr = Frost, Ma = Matachewan, Ni = Nipissing, Wl = Windy Lake, 73 = amphibole-rich 
sample 804273, Avg. = average    
 

Frost, Rb, Ba and Cs show strong positive correlation with K2O wt.% (r = 1.00, 0.95 and 0.77, 

respectively), whereas at Wisner, Rb and Ba correlate positively with it (r = 0.94 and 0.61). 

  Compared to LGC and CB rocks, footwall granophyres are overall depleted in REE 

(Fig. 5-13). While at Wisner, concentrations are quite uniform, at Frost they are within a wide 

range (Fig. 5-13c). If normalized to average CB, the REE pattern of melt bodies from Wisner S 

and SW are almost identical with a smooth increase toward the HREE, while the Frost 

samples have a more steeply increasing trend, which cuts the Wisner patterns (Fig. 5-13a). 

Normalized to an average LGC composition (gained using own samples and published data 

by Meldrum et al., 1997; Prevec, 1993 and Ostermann, 1996) we get very irregular REE 

patterns, but if we normalize it to the average of own felsic to intermediate Levack Gneiss 

samples, the patterns are again smooth (Fig. 5-13b). In this latter plot, Wisner samples show 

an almost horizontal, slightly increasing trend, while the melt bodies from Frost are again 

more steeply increasing; a small negative Eu anomaly may be observed in all localities. These 

patterns result in the more shallow decreasing trend of footwall granophyres on the 

chondrite-normalized plot in comparison to LGC and CB (Fig. 5-13c; see also La/Lu values 

in Table 5-1). Chondrite-normalized Ce/Yb values (Ce/YbN) are also very useful in 

determining the possible source rock of the footwall granophyres. At Wisner S and SW this 

value averages 16.1 and 15.0, respectively, which is very similar to the average value of own 

LGC samples (16.7), but much lower than that of average CB (29.4). At Frost, melt bodies 

have an average Ce/YbN value of only 6.6, which is more comparable to that of gabbroic 

rocks in the same area (Table 5-1). 

 In footwall granophyres, Zr and U (and similarly Hf and Th) concentrations show a 

wide variation, with the fields of separate localities overlapping (Fig. 5-12) and Th/U ratios 

varying greatly between 2.3 to 40.8. There is an enrichment of these elements in comparison 

to LGC and CB samples, but they are still lower than the published average CB values. The P 

contents of melt bodies fit well into the trend of decreasing P concentrations with increasing 

SiO2 wt.% shown by the LGC and CB samples: data points of the two Wisner localities  
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overlap well and show a quite limited range, while the more felsic samples from Frost have 

slightly lower contents.  

 

 
 

5.5.3. Comparison with Footwall Breccia 

 As a comparison, I have also plotted data of Footwall Breccia matrix reported by 

Dressler (1984b), Coats and Snajdr (1984), Lakomy (1990) and McCormick et al. (2002b), as 

well as samples of "Footwall Breccia dykes" (Lakomy, 1990), "remobilized Footwall Breccia" 

and "granophyric dyke" (Dressler, 1984b) in Figures 5-10 and 5-12. The fields outlined by the 

major element concentrations of Footwall Breccia matrix from various localities in the 

Sudbury structure usually have a wide range and overlap with the fields of LGC, the CB, as 

well as Nipissing and Matachewan intrusives. A compositional similarity of Footwall Breccia 

matrix, with adjacent Levack Gneiss was already observed by Lakomy (1990). In comparison 

to footwall granophyres, the limited reported data (Lakomy, 1990; McCormick et al., 2002b) 

on Ba and Sr concentrations of Footwall Breccia matrix reveal a relatively similar pattern, 

although shifted toward higher Sr values. The composition of the remobilized Footwall 

Breccia dykes is similar to the footwall granophyres of this study with the slightly lower SiO2 

contents (73.4 wt.% in average) being the only difference. 
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5.6. THERMOBAROMETRY  

An attempt to estimate the pressure during the formation of footwall granophyres 

was made by Molnár et al. (2001), who used the total Al contents of hornblende, which 

resulted in values from 1.1 to 1.6 kbar. Assuming lithostatic conditions, this corresponds to 

about 4 to 6 km depth of crystallization, which is in good agreement with the estimated 5 km 

depth of erosion in the Sudbury structure (Dressler, 1984b). In the melt bodies, only few 

amphibole grains enabled it to use Al-in-hornblende barometers (e.g., Hammarstrom and 

Zen, 1986; Hollister et al., 1987; Anderson and Smith, 1995), with resulting values between 

0.7 and 2.1 kbar (Table 5-2). The fact that the footwall granophyre samples plot between the 

0.5 and 2 kbar cotectic lines on the Qtz-Ab-Or ternary is compatible with these data. Overall, 

I consider 1.5 ± 0.5 kbar as the most realistic pressure estimate for the partial melting process 

and the crystallization of these melts. 

 In our attempt to obtain the crystallization temperatures of segregated footwall 

granophyres, the almost pure composition of albite and K-feldspar and the low Na-contents 

of amphibole in most of the samples did not enable it to use amphibole-plagioclase 

thermometry or ternary feldspar thermometers. The very pure composition of feldspars can 

only be attributed in some cases to later hydrothermal alteration, in most instances however 

they are absolutely fresh and are regarded as primary compositions. The occurrence of 

magmatic albite and albite-poor K-feldspar was described by Tuttle and Bowen (1958), who 

suggested that unmixing of plagioclase and potassium feldspar will go on if crystallization 

takes place in the presence of volatile phases. This is confirmed for example by experiments 

of London et al. (1989) who observed almost pure albite at temperatures of 575-600°C. For 

those footwall granophyres, which crystallized within mafic rocks I also tried to use the 

semi-quantitative, graphic thermometer based on the TiO2 contents of amphiboles, which 

was calibrated for MORB compositions (Ernst and Liu, 1998). The resulting amphibole 

crystallization temperatures are from 780°C down to below 550°C, with the latter derived 

from actinolites growing in miarolitic cavities. The quartz-feldspar textures, which make up 

the groundmass of the melt bodies, also bear information on the crystallization temperatures: 

in their experimental studies, MacLellan and Trembath (1991) observed granophyric and 

micropoikilitic integrowth within the same overlapping temperature range, between 730 and 

650°C. However, micropoikilitic textures were found to persist to lower temperatures in 

accordance with the crystallization sequence observed in FWGR samples, in which 

micropoikilitic textures overgrow the granophyric ones. In the same experiments, skeletal 

intergrowth (common at Frost and Windy Lake) crystallized from 800 down to 600°C.  
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 Hornblende and plagioclase in the mafic restites from Frost and Windy Lake show 

clear textural evidence for equilibrium crystallization (i.e., they are intergrown with and 

included in each other) and were also suitable from their composition for amphibole-

plagioclase (edenite-richterite) thermometry (using the HbPl 1.2 software according to 

Holland and Blundy, 1994). The resulting temperatures (for P = 0 kbar) are 807 to 877 at Frost 

and 826 to 934 at Windy Lake (Table 5-2). Using the semi-quantitative thermometer by Ernst 

and Liu (1998) the temperatures are much lower (up to 880°C, but usually between 700-

800°C), however relative temperature changes are similar to changes shown by the 

amphibole-plagioclase thermometer. This suggests that this thermometer may be used in our 

case to reveal relative temperature differences between samples, but does not give reliable 

absolute temperatures. The intimate intergrowth of alkali feldspar and plagioclase in partial 

melt pools within restites from Windy Lake enabled the use of ternary feldspar solution 

thermometers by means of the SOLVCALC computer program (Wen and Nekvasil, 1994). 

The average temperatures between 810 and 870°C (for P = 1 to 2 kbar) are interpreted to 

represent the crystallization temperature of the partial melt pods and are in good agreement 

with results on amphibole and plagioclase pairs. 

 An estimate of the partial melting temperature could also be given by the zircon 

saturation thermometer of Watson and Harrison (1983) as our samples contained newly 

formed, acicular and spongy (poikilitic) zircon grains and had Zr concentrations varying 

within a narrow range. The resulting temperatures are 757 ± 19°C at Frost, 749 ± 22°C at 

Wisner Southwest and 727 ± 21°C at Wisner South. As we will see, these temperatures are in 

agreement with petrogenetic considerations of the partial melting temperature in the Wisner 

area. In the case of Frost, however, the resulting temperature is approximately 100°C lower, 

than the temperatures gained from amphibole-plagioclase and that suggested by melting 

experiments. 

 Apart from the methods described here, I also performed titanium-in-quartz 

thermometry on quartz of footwall granophyres from Wisner South zone and Frost ALZ, as 

well as the Rapid River contact occurrence. The results of this calculation are presented in 

Chapter 6.5.1. 
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Table 5-2. Results of thermobarometric calculations of footwall granophyre and restite assemblages 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results obtained using the following methods: Al in hornblende barometry (Hammarstrom and Zen, 
1986; Hollister et al., 1987; Anderson and Smith, 1995); amphibole-plagioclase thermometry (Holland 
and Blundy, 1994); ternary feldspar solution thermometry (using various models in the SOLVCALC 
computer program; Wen and Nekvasil, 1994); Zr saturation thermometry (Watson and Harrison, 
1983). Abbreviations: FR = Frost drill hole WC-19, FRALZ = Frost Amy Lake Zone, WL = Windy Lake 
M = (Na+ K + (2*Ca))/(AlxSi) in bulk rock sample 

Al in hornblende barometry (kbar) 
 

 
Number of  

analyzed grains Hamm & Zen 1986 Holl et al. 1987 And & Smi 1995 

FR387 n = 3 1.3 1.1 1.5 
    0.9 
     
WL233 n = 10 1 0.7 1.3 
    0.7 
     
WISSWR2 n = 1 1.7 1.5 2.1 
    1.4 
     
Amphibole-plagioclase (edenite-richterite) thermometry (T°C) 
 

 Number of  
analyzed pairs 0 kbar 5 kbar  

     
FR137 n = 7 836 844  
  807-862 819-866  
FRALZ378 n = 5 864 862  
  854-877 852-873  
WL224 n = 4 856 844  
  826-884 815-877  
WL233 n = 3 890 888  
  865-934 866-926  
     
Ternary feldspar solution thermometry (T°C)   

 
 

Number of  
analyzed pairs 

1 kbar 1.5 kbar 2 kbar 

WL231 n = 7 809 811 813 
  775-840 773-844 780-842 
WL232/1 n = 3 822 836 836 
  789-851 793-877 795-893 
WL232/2 n = 3 870 872 867 
  829-905 830-912 832-918 
     
Zr saturation thermometry (T°C) 
   

 Number of  
samples Zr (ppm) M T (°C) 

Frost ALZ n = 6 155 1.71 757 
  77-241 1.46-2.18 722-774 
Wisner S n = 3 94 1.57 727 
  63-130 1.48-1.73 704-745 
Wisner SW n = 12 111 1.48 750 
  73-150 1.12-1.84 710-784 
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5.7. DISCUSSION  

5.7.1. Partial melting of granitoids and felsic gneisses  

In our aim to understand the conditions of partial melting below the SIC, a key role is 

given to textures, which are generally interpreted as signs of partial melting (e.g., Mehnert et 

al., 1973; Sawyer, 1999, 2001; Clemens and Holness, 2000; Rosenberg and Riller, 2000) and 

which were commonly observed in felsic rocks of all localities: (1) granophyric quartz-

feldspar films and pockets along the grain boundaries of rock-forming quartz and feldspar, 

and (2) irregular, cuspate or embayed grain boundaries of rock-forming quartz and feldspar. 

The absence of such textures around the primary hydrous phases (biotite and amphibole) 

indicates that the melting reactions in the case of these rocks involved dominantly quartz, 

plagioclase and K-feldspar and can thus be described in the Qtz-Or-Ab-An-H2O system.  

 In the water-saturated haplogranite system (Qtz-Or-Ab-H2O), melting will start at a 

temperature of approximately 700°C at the estimated 1.5 kbar pressure (e.g., Tuttle and 

Bowen, 1958; Johannes and Holtz, 1996 and references therein) (Fig. 5-14). Although the 

protoliths in our case can not be considered as haplogranites, because the composition of 

plagioclase in these rocks is usually between An20 and An30, experiments prove that the 

difference in the solidus temperature of the granite system is less than 10°C up to plagioclase 

compositions of An40 (Johannes, 1984). In the water-saturated subsystems Qtz-Ab and Qtz-

Or, melting begins between 750 and 800°C at 1.5 kbar pressure (see references above). 

However, even in rocks containing quartz and only one type of feldspar, melting may start at 

the water-saturated eutectic of the Qtz-Or-Ab-An system if the fluid phase carries the 

missing Na or K. Melting experiments with natural granitoid rocks confirm the results 

obtained in the above mentioned model systems (e.g., Piwinskii and Wyllie, 1970; Piwinskii, 

1973) (Fig. 5-14). Some studies (e.g., Wyllie and Tuttle, 1964; Manning, 1981; Pichavant, 1981; 

Xiong et al., 1999) have shown that the addition of F, B2O3 and Li may result in the decrease 

of solidus temperatures down to 510-550°C in granitic systems (at 1 kbar). Although there is 

no bulk rock geochemical data suggesting elevated concentrations of these elements in the 

partial melts or their host rocks, high F concentrations during crystallization of the footwall 

granophyres is indicated by several characteristics (see Chapter 6.6.), whereas high F 

concentrations of some SIC-related fluids were also suggested (Jago et al., 1994; McCormick 

and McDonald, 1999).  

 In our opinion, it is necessary to assume water-saturated or at least water-present 

conditions during partial melting of the felsic rocks, especially in the case of Wisner. Melting 

in a dry Qtz-Or-Ab-An system would require roughly 1000°C (Johannes and Holtz, 1996 and 
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references therein), which high temperature may have obtained right at the SIC contact, but 

is quite unrealistic several hundred metres into the footwall. Our observations on the spatial 

distribution of footwall granophyres are also indicating fluid-present conditions of partial 

melting. As we have seen, the intensity of partial melting does not decrease gradually away 

from the contact, as one would assume in a dry system. Instead, zones of increased partial 

melting were observed, which often correspond with SDBX zones. In several cases we 

observed that unbrecciated granitoids did not show any signs of partial melting, while 

brecciated zones at the same distance from the contact hosted abundant footwall 

granophyres. The better development of partial melting in SDBX zones is, in our opinion, 

caused mainly by the presence of fluids, but was probably also promoted by the fine-grained 

character of the breccia matrix. 

 

 
Fig. 5-14. P-T diagram showing solidus curves of the water-saturated systems (1) Qtz-Ab-Or, (2) Qtz-
An40-Kfs, (3) Qtz-Ab, (4) Qtz-Kfs, the dry system (5) Qtz-Ab-Kfs, as well as the dehydration melting of 
amphibolites (6-9). Plotted are also solidus curves of natural granitoid rocks as determined by 
Piwinskii and Wyllie (1970) and Piwinskii (1973) (grey fields; QM = quartz monzonite, GRD = 
granodiorite, TON = tonalite); the effect of the addition of 1 and 4 wt% F on the location of the solidus 
at 1 kbar (Manning, 1981; Xiong et al., 1999). Dashed lines highlight the estimated 1.5 ± 0.5 kbar for the 
pressure during partial melting in the SIC footwall. Data sources: 1-5 Johannes and Holtz (1996) and 
references therein; 6 Beard and Lofgren (1991); 7 Johannes and Wolke (1994); 8 Spulber and 
Rutherford (1983); 9 Wyllie and Wolf (1993).    
 

5.7.2. Partial melting of mafic rocks 

Experimental studies on natural basalts, amphibolites and gabbros have shown that 

partial melting of such amphibole-bearing rocks produces metaluminous to peraluminous 

quartzo-feldspathic melts. Most of the experiments were performed under high pressures 
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and water-absent conditions to model the generation of granitic magmas by dehydration 

melting processes in the lower crust (e.g., Rushmer, 1991; Johannes and Wolke, 1994; Wyllie 

and Wolf, 1993). However, a few experiments were also done at low pressures relevant to 

our topic and/or under water-saturated conditions (Heltz, 1976; Spulber and Rutherford, 

1983; Beard and Lofgren, 1991; Koepke et al., 2004). From these studies we may conclude that 

the beginning of dehydration melting of amphibole-bearing assemblages at 1-2 kbar pressure 

requires temperatures in the range of 850 to 900°C (Fig. 5-14) and that there is no significant 

difference in the solidus temperature assuming water-saturated conditions. The chemical 

and modal composition of the rock does not appear to have a great effect on the location of 

the solidus, either. 

While Beard and Lofgren (1991; Equations 2 and 3) described melting reactions 

resulting in the formation of clino- and orthopyroxenes, Heltz (1976; Equation 1) also 

observed reactions, which did not yield pyroxenes. Below I list a few reactions by these 

authors: 

Hbl + An50 + Fe-Ti-oxides = Hbl (Mg, Al-rich) + An75 + Fe-Ti-oxides + Melt  (1) 

                 9 Qtz + 33 Amph + 5 Plag = 2 Mgt + 6 Opx + 20 Cpx + 19 Melt  (2) 

                       29 Plag + 15 Amph + 3 Ilm = 3 Mgt + 9 Cpx + 35 Melt (3) 

Note that restite plagioclase is more calcic and restite amphibole is richer in AlIV, Mg, 

Ti and A-site cations than the starting compositions in these equations.  

Although the exact modal composition of the protoliths is not known, corroded 

remnants of actinolite, Mg-Fe-amphiboles ± epidote in the mafic samples from Frost indicate 

that they may have been greenschist facies metagabbros. For the gabbros at Frost ALZ, 

geochemical data implies that they belonged to the Nipissing suite, but in the case of mafic 

rocks from drill hole WC-19, there is no reliable information available. The residual and 

newly formed assemblages in the restites suggest the following general melting reaction 

which resembles Heltz's reaction (1) listed above (+ Fe-Ti-oxides on both sides):  

Act + Plag (An<50) ± Mg-Fe-Amph ± Ep = Hbl + Plag (An50-55) ± Cpx + Melt 

According to hornblende-plagioclase thermometry, this melting reaction may have 

occurred at temperatures of at least 880° C, which is in good agreement with the 

experimentally determined solidi of mafic rocks described above.  

For the mafic restites at Windy Lake we have no information on the peak temperature 

of partial melting, however, ternary feldspar thermometry revealed that crystallization of 

partial melt to plagioclase and alkali feldspar may have occurred from about 870°C down to 

800°C. Although the rocks are now dominantly made up of anhydrous products of the 
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melting reaction or phases crystallized from the melt, strongly corroded silicic amphiboles 

also occur, which are reactants of the melting process. I have to emphasize that the modal 

composition of the protolith is again unknown, but the few reactant remnants and the 

produced assemblages suggest melting reactions very similar to those described by Beard 

and Lofgren (1991) (see equations 2 and 3 above).  

 

5.7.3. Melt segregation and its structural control 

 Generally, the ability of granitic melts to segregate from their host rocks depends on 

many factors including the intensity of syn-melting deformation, the rate and amount of melt 

produced, the melt viscosity and host rock fabric (e.g., Clemens and Droop, 1998; Sawyer, 

2001). Some authors also emphasize that fluid-absent melting involving the breakdown of a 

hydrous silicate is accompanied by bulk volume increase (positive Vmelting) and fluid-

present melting has a negative Vmelting (e.g., Clemens and Droop, 1998; Brown and Rushmer, 

1997). The increase in volume during fluid-absent melting results in an increase of the pore 

pressure, which promotes melt segregation. However, the effect of tectonic deformation 

during partial melting appears to be of much greater significance (Rushmer, 2001). Especially 

in the case of granitic melts (in contrast to low-viscosity basalts) is the density contrast to the 

host rock not enough for compaction-driven melt segregation. In these cases, high strain 

rates effectively assist the extraction of melt (e.g., Rutter, 1997; Brown and Rushmer, 1997; 

Sawyer, 2001). Although it is usually believed that melt segregation can only occur once a 

certain minimum melt fraction is reached, experiments by Rosenberg and Handy (2001) 

show that under dynamic conditions, melt migration may occur at melt fractions as low as 1 

to 5 vol.%. 

 As we have seen, there is a continuity of melt segregation from grain scale to outcrop 

scale in all of our studied localities. Our mapping revealed that pre-existing inhomogeneities 

acted as channels for melt migration. Melt formed in felsic bands of Levack Gneiss often 

migrated along foliation (Fig. 5-1) and was emplaced into pre-existing shear zones, which are 

now filled by footwall granophyre dykes. In a similar way, SDBX veins represent channels 

along which melt could preferably migrate. However, I have shown that veins and dykes of 

footwall granophyre cut also through homogeneous granitic rocks with preferred structural 

orientations. In these cases it is clear that melt segregation occurred under deformation and 

migration was mainly controlled by strain directions. Rosenberg and Handy (2001) revealed 

that melt migration may either occur subparallel to the principal shortening direction, or 

subperpendicular to it and the extent to which these former melt migration channels are 
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preserved depends on this orientation. Especially, in the Wisner area, footwall granophyres 

show a preferred strike of SE-NW, which is subparallel to the principal shortening direction 

of the Penokean orogeny. In one of the Wisner trenches however, the footwall granophyres 

have a dominant strike of ENE-WSW, which is subparallel to the SIC-footwall contact. In this 

case it may be possible that strain related to crater modification during the crystallization of 

the SIC may have promoted the migration of melt, or that melt used pre-exisiting brittle 

structures related to the cratering process.  

 The relatively straight veins and dykes having sharp contacts toward the host rock 

indicate that they intruded under brittle conditions; these usually occur in unbrecciated 

rocks or along veins or dykes of SDBX. However, matrix supported SDBX zones within the 

same areas contain melt bodies which may be extremely sheared, smeared onto clasts and 

have diffuse contacts toward the matrix. In the Frost area, it was observed that even small 

clasts are plastically deformed and elongated. These observations indicate that partial 

melting and melt migration occurred under both ductile and brittle conditions. As pointed 

out by Fournier (1999), the ductile vs. brittle behaviour of rocks depends on many factors. 

For example, the presence of water allows plastic behaviour at low temperatures, while high 

strain rates promote brittle behaviour at higher (even magmatic) temperatures. It is therefore 

probable that increased strain rates due to the Penokean orogeny facilitated movement of the 

partial melt along dilatant brittle structures mainly subparallel to the principal shortening 

direction in unbrecciated rocks, while the water-rich SDBX zones were still in a ductile 

condition. 

        

5.7.4. Crystallization of footwall granophyres: The transition from magmatic to 

hydrothermal processes 

 An important question regarding the crystallization of the melt bodies is whether 

they could have migrated long distances (in the range of several 100 m) or if they froze 

rapidly within tens of metres after segregation. Near minimum melts just above their solidus 

are incapable of large-scale migration as either decompression or a decrease in temperature 

causes rapid crystallization (Clemens and Droop, 1998). This is demonstrated in our case by 

crystallization of partial melt on thin-section scale or where segregated partial melt 

crystallized in veins within one metre of the source rock. However, the occurrence of brittle 

veins and dykes, which may be followed up to 10 m distance and zones of several parallel-

running “rootless” veins (Fig. 5-1) indicate that there may have been also a more large-scaled 

melt migration along focused channels. It has to be emphasized, that the conditions in the 
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contact aureole of the SIC did not follow the "ordinary" trend of downward increasing 

pressure and temperature. There, the pressure and temperature gradients were either 

opposite (assuming a simple, flat-lying contact) or changed in a complicated manner due to 

the irregular contact in embayment structures. This means, that partial melts may have 

migrated longer distances without crystallizing if the conditions allowed them to stay above 

their solidus. The fact, that partial melting in footwall rocks was observed even up to 

approximately 500 m from the SIC implies that melts formed near the contact may have 

migrated several hundred metres into the footwall without experiencing a decrease in 

temperature below the solidus.  

 It is evident that melt bodies containing abundant miarolitic cavities reached water 

saturation during their crystallization. Molnár et al. (2001) described primary, high salinity 

fluid inclusions in quartz from footwall granophyres and pointed out that these fluids 

probably played a significant role in the hydrothermal system active during the 

crystallization of the SIC. Large, cm-sized miarolites usually occur in irregular melt bodies 

which crystallized under ductile conditions, while veins and dykes emplaced under brittle 

conditions contain only mm-sized cavities. It is very likely that fluids exsolving from the 

partial melts under plastic conditions could not leave the system and were therefore 

"trapped" in the crystallizing melt pod. In these cases, large miarolites formed, which are 

filled by hydrothermally precipitated minerals (quartz, actinolite, epidote) and earlier 

formed magmatic phases are strongly altered. During crystallization of veins and dykes, the 

exsolving fluid could leave the crystallizing melt and migrate along the same brittle 

structures. Not only these fluids, but also the Cu-Ni-PGE ore-forming hydrothermal fluids 

migrated along the same structures, as seen at South zone (see Chapter 3.3.3.). Apart from 

the spatial association of Cu-Ni-PGE sulphide occurrences and footwall granophyres in 

many cases, there are other indications that these ore-forming fluids not only used the same 

channels, but where present syngenetically with the crystallizing partial melt: (1) PGE-

bearing sulphide-silicate veins in the continuation of footwall granophyres, (2) PGE-bearing 

sulphide patches and inclusions within the miarolites of melt bodies, (3) high Ni contents of 

amphiboles crystallized in melt bodies from the Frost area (see in detail in Chapter 6). 
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5.8. CONCLUSIONS 

In this chapter, footwall granophyres were described from several localities of the 

North Range (Windy Lake, Foy and Wisner) and the East Range (Skynner and Frost) of the 

Sudbury structure, while Molnár et al. (2001) described melt bodies from the Onaping-

Levack area (Craig, Hardy and Barnet occurrences). Partial melting in the Murray granite of 

the South Range was noted by Rosenberg and Riller (2000) and partial melting of the same 

granite, as well as back-injection of this melt into the main mass norite is also known to have 

occurred at the Little Stobie Mine (Collins, 1936; Davis, 1984; Molnár et al., 1999). These 

results of regional scale confirm models describing the cooling history of the Sudbury melt 

sheet, which suggest that partial melting of footwall rocks was widespread in the contact 

aureole of the SIC (Prevec and Cawthorn, 2002).  

Putting the results of this study in the context of recent knowledge on the cooling 

history of the melt sheet I summarize the following points regarding partial melting in the 

footwall of the SIC:      

(1) The impact melt sheet, now preserved as the SIC was superheated to an initial 

temperature of at least 2000°C (Ivanov and Deutsch, 1999; Prevec and Cawthorn, 2002; Zieg 

and Marsh, 2005). Temperatures of 1100-1200°C at the basal contact induced complete 

melting of the proximal rocks and led to footwall assimilation of up to 800 m thickness 

(Prevec and Cawthorn, 2002).  

(2) When cooling of the melt sheet reached a stage where temperatures at the immediate 

footwall were not enough to consume all rock types, the downward eroding assimilation 

front came to a halt and a chaotically mixed zone formed. The Contact Sublayer and parts of 

the Footwall Breccia have been interpreted to represent this mixed zone (Lakomy, 1990; 

Prevec et al., 2000; Prevec and Cawthorn, 2002; McCormick et al., 2002a) with igneous 

matrices of different composition and restitic clasts, which could not be further assimilated. 

The dioritic matrix of the Footwall Breccia near the Sublayer is more and more granitic 

toward the footwall (Lakomy, 1990; McCormick et al., 2002a) which is in accordance with 

assimilation focused increasingly on felsic lithologies as temperatures decrease away from 

the SIC. The major element composition of remobilized Footwall Breccia dykes described by 

Lakomy (1990) and Dressler (1984b) fit well between the compositional data of Footwall 

Breccia matrix and melt bodies in the footwall sampled in this study, which suggests that 

these felsic lithologies represent partial melt bodies formed at the contact, similar to those 

described by Molnár et al. (2001).     
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(3) Prevec and Cawthorn (2002) suggested that partial melting of footwall rocks may have 

occurred to depths of 200 to 500 m below the melt sheet. The field observations and drill hole 

mapping confirm this result as I could trace partial melting to a depth of approximately 500 

m below the base of the Sublayer. However, the degree of partial melting does not decrease 

gradually away from the contact, but appears to have been localized, especially to SDBX 

zones. Outside this distance however, footwall granophyres do not exist even in the Sudbury 

brecciated zones.  

(4) Melting of mafic rocks in the Windy Lake and Frost areas suggests that temperatures in 

the contact aureole may have reached 850 to 900°C up to at least 200 m from the contact. It is 

possible however, that such high temperatures were only attained below embayment 

structures, where the thickened melt sheet transmitted more heat into the footwall. In these 

zones, mafic rocks could partially melt either under water-absent conditions (dehydration 

melting) or in the presence of fluids.  

(5) In other areas (e.g., Wisner localities), which where either more distal to the original 

contact or situated below SIC outside of embayment structures, temperatures reached only 

about 750°C, mafic rocks did not undergo partial melting and melting of felsic rocks required 

water-saturated conditions. Thus actual fluid saturation of rocks defined localization of 

melting processes. Zones of SDBX probably contained pore fluids derived from the near 

footwall at or after brecciation and were therefore more water-rich than unbrecciated 

granites and gneisses. SDBX zones also acted as conduits for SIC-related melts and fluids 

(Rousell et al., 2003), thus fluid flow along breccia zones may also have been important in 

promoting partial melting. Of course, fluid flow may have focused also on other conduits 

(such as brittle structures, contacts etc.) and facilitate partial melting in felsic rocks. Similar 

low-temperature partial melting driven by water infiltration into a contact aureole was 

suggested by Holness and Clemens (1999) for the Ballachulish Complex, as well as by Harris 

et al. (2003) for the Bushveld Complex. As a result of this irregular occurrence of footwall 

granophyre it is not possible to establish concentric zones of decreasing partial melting, 

similar to those described according to the contact metamorphic mineral assemblages (e.g., 

Dressler, 1984b; Hanley and Mungall, 2003). 

(6) The difference in partial melting temperature and the contribution of melts derived from 

various protoliths is responsible for the textural, mineralogical and compositional differences 

among footwall granophyres from Windy Lake, Frost and Wisner areas. While the bulk rock 

composition of Wisner samples is in accordance with partial melting of only felsic LGC and 
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probably CB units, data of footwall granophyres at Frost indicates also significant 

contribution from the melting of gabbroic rocks. 

 (7) Melt segregation occurred in all localities and was promoted by the ongoing deformation 

during the Penokean orogeny and pre-existing zones of weaknesses in the host rock (e.g., 

foliation, SDBX veins). While veins and dykes reflect brittle conditions during melt 

migration, sheared melt pods in SDBX matrix indicate ductile conditions of the matrix 

during partial melt crystallization. 

 Finally, I want to emphasize that some of the observations described above support a 

genetic relationship of partial melting, segregation of footwall granophyres and the 

hydrothermal processes responsible for sulphide remobilization into and/or within the 

footwall. Overall, partial melting processes described in this chapter may have importance 

also from an economic standpoint and further studies need to focus on the significance of 

these processes in hydrothermal Cu-Ni-PGE mineralization within the contact aureole of the 

SIC (see Chapter 6 for a contribution to this topic) as well as other large igneous complexes 

hosting Ni-Cu-PGE sulphides (such as Duluth or Bushveld), where partial melting of 

footwall rocks also appears to have occurred (e.g., Harris et al., 2003; Johnson et al., 2003, 

Sawyer, 2002).) 
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CHAPTER 6 

THE SPATIAL ASSOCIATION AND GENETIC RELATIONSHIP OF PARTIAL MELTING, MELT 

SEGREGATION AND HYDROTHERMAL “LOW-SULPHIDE” MINERALIZATION 

 

6.1. INTRODUCTION 

 Below, results from three contact Ni-Cu-PGE (Craig, Windy Lake and Wisner Rapid 

River zone) and two footwall Cu-Ni-PGE occurrences (Wisner South zone and Frost Amy 

Lake zone; Fig. 2-1) are presented which highlight different aspects of the genetic 

relationship of partial melting and hydrothermal mineralizing processes. These data are used 

to outline a possible model describing the role of partial melting in remobilization of 

magmatic sulphides by hydrothermal processes and it is demonstrated that in certain areas a 

coeval migration of felsic partial melts and mineralizing hydrothermal fluids into the 

footwall has occurred. 

 

6.2. FOOTWALL GRANOPHYRES AND HYDROTHERMAL ALTERATION ASSOCIATED WITH 

CONTACT NI-CU-PGE SULPHIDES WITHIN FOOTWALL BRECCIA 

6.2.1. Footwall granophyres and their interaction with magmatic sulphides 

 Footwall granophyres of great textural and mineralogical variety are abundant in all 

studied Footwall Breccia occurrences and may be classified as (1) mafic to felsic euhedral-

subhedral type and (2), felsic, pink granophyric type. The first type of FWGRs (Fig. 6-1a) is 

made up of variable amounts of euhedral to subhedral pyroxene crystals and plagioclase 

laths (usually millimetre-sized, but occasionally up to several centimetres in length) with the 

modal abundance of the two minerals often gradually changing even within one melt body. 

They form irregular intrusions and pods in Footwall Breccia, Sudbury Breccia, as well as the 

clasts of these two and have diffuse contacts toward their host rocks. In the more mafic melt 

bodies, granophyric, micrographic and micropoikilitic quartz-feldspar intergrowth, as well 

as subhedral quartz and feldspar occur in the interstitial spaces between euhedral pyroxene 

and plagioclase (Fig. 6-1c). The amount of such quartz-feldspar intergrowths is increasing 

toward the more felsic melt bodies (which are often completely devoid of pyroxene), where 

they form a groundmass in which the plagioclase laths are floating. Independent of the 

FWGR composition or the textural position, feldspar grains are usually pure albite (An00-01), 

however in a few melt bodies within Footwall Breccia plagioclase (An35-42) was also observed 

(Table A-8). In the mafic melt bodies, zoned amphibole (actinolite to ferro-actinolite)  
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(continued from previous page) e. Amphibole (Cl-rich hastingsite)-epidote-chalcopyrite vein, which has 
anomalous precious metal contents and is cutting clasts and matrix of Footwall Breccia (sample 
504831). f. Quartz-feldspar groundmass of pink, granophyric melt body (sample RR-0701) (plane-
polarized light). Note rutile needles, as well as different textural types of quartz (granophyric, 
micrographic/skeletal and poikilitic/subhedral).   
Abbreviations: ab = albite, ap = apatite, amph = amphibole, cpx = clinopyroxene, ep = epidote, ilm = 
ilmenite, qtz = quartz 
 

is present as an alteration product of pyroxene and intergrown interstitially with quartz and 

feldspar. Either as one zone within this amphibole or as separate grains between and 

overgrowing it, F-rich amphibole types are always present (Fig. 6-2). They contain between 

1.0 to 1.8 wt.% F and up to 0.2 wt.% Cl, and may either be classified as fluorian edenite or 

fluorian (± ferrian) magnesio-hornblende (Leake et al., 1997) (Table A-9). Actinolite grown 

immediately before and after fluorian edenite in the strongly zoned amphibole also contains 

around 0.5 wt.% F, while all other zones are devoid of any halogens. Biotite is rare and 

occurs only in larger amounts, where the melt bodies cut massive sulphide in Footwall 

Breccia. Ilmenite, euhedral titanite and fluor-apatite (F/(F+Cl) = 0.80-0.91) (Table A-10) 

included within main rock-forming minerals are abundant especially in the more mafic 

FWGRs. Miarolitic cavities up to a few mm in diameter are common in the more felsic melt 

bodies and are filled by euhedral quartz and epidote.  

 The pink, granophyric melt bodies (Fig. 6-1b) occur as veins and irregular intrusions 

in a variety of host rocks including again Footwall Breccia and Sudbury Breccia. They 

contain interconnected miarolitic cavities up to several centimetres in their central parts and 

have diffuse, gradational contacts toward the breccia matrix. These melt bodies have a 

groundmass of various quartz-feldspar intergrowth types (granophyric, micrographic, 

poikilitic) containing inclusions of opaque needles (up to 3 mm in length) made up of rutile, 

ilmenite and titanite (Fig. 6-1f). The miarolitic cavities are filled by euhedral quartz, feldspar 

and epidote (Fig. 6-1d). In contrast to the first two types of FWGRs, these melt bodies are not 

dominated by albite, but pure K-feldspar in all textural varieties (Table A-8). Overall, these 

felsic, granophyric melt bodies are identical to those described by Molnár et al. (2001) from 

other contact occurrences and in this study (Chapter 5) from various footwall localities along 

the North and East Ranges. 

 In all studied localities, footwall granophyres clearly post-date Sudbury Breccia and 

Footwall Breccia as evidenced by cross-cutting relationships. However, their irregular shape 

and their diffuse contacts to the breccias indicates that both breccia types where still under 

ductile conditions at their emplacement. Even massive sulphides within the Footwall Breccia 

are intruded by FWGRs, hence putting the formation of melt bodies after the segregation of  
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Fig. 6-2. Backscattered electron images of amphibole types in mafic, euhedral footwall granophyre (a-
b; sample RR-0702), alteration corroding sulphide ore (c-d; sample 504829), footwall granophyre 
cutting sulphide ore (e; sample 504829) and amphibole-epidote-chalcopyrite vein (f; sample 504831) 
from the Rapid River zone. Arrows in (c) point out the Cl-rich amphibole type described in the text. 
Abbreviations: act = actinolite, amph = amphibole, ap = apatite, ccp = chalcopyrite, F ed = fluorian 
edenite, F hbl = fluorian hornblende, mag = magnetite     
 

magmatic sulphides (Molnár et al., 2001). At Craig and Rapid River, cm-wide FWGR veins 

intruding magmatic sulphides are abundant (Fig. 6-3a-d) and always contain a greater 

abundance of amphibole, biotite ± epidote at the contact toward the sulphides. Both the 

partial melt groundmass and the hydrous silicates are corroding the original sulphide 

assemblage made up of pyrrhotite, pentlandite, magnetite and chalcopyrite. Magnetite 

appears to be more resistant than the sulphides, as remnants of it occur throughout the 

partial melt. In some cases, a zone of newly grown magnetite may also be observed at the 

contact of the sulphides and the partial melt. A unique sample from Craig reveals plagioclase 

laths of the partial melt groundmass containing melt inclusions, which have negative crystal 

shapes and are up to 10 μm in diameter (Fig. 6-3e-f). Preliminary data indicate that the 

inclusions were mainly crystallized to K-feldspar, often contain a sulphide crystal (probably 

pyrrhotite) of 1-2 μm in size and may have euhedral apatite crystals growing into them.  
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6.2.2. Hydrothermal alteration of contact ore 

 Apart from the replacing effect of partial melts and related hydrous silicates, 

pervasive hydrothermal alteration of magmatic sulphides was also observed, with the best 

examples from Rapid River. There, massive sulphides (composed of pirrhotite, pentlandite, 

pyrite and magnetite) containing PGM grains (michenerite, moncheite) (Fig. 6-9h) are 

replaced by hydrous silicate assemblages especially at their contacts with the host rocks (Fig. 

6-3g-h). This alteration is dominated by zoned actinolite to ferro-actinolite that is often 

intergrown with chalcopyrite and accompanied by minor chlorite and epidote. The zoned 

amphibole contains one extremely Cl-rich generation that occurs as irregular patches within 

the otherwise completely halogen-poor sequence (Fig. 6-2). This amphibole contains 2.7-3.2 

wt.% Cl, no fluorine and 2.8-3.3 wt.% potassium and may be classified as chlorian ferrian 

potassichastingsite (Leake et al., 1997) (Table A-9).  

 The capability of hydrothermal fluids to remobilize metals (including Cu, Ni, Pt and 

Pd) is well exemplified by PGE-bearing amphibole-epidote-chalcopyrite veins cutting 

Footwall Breccia at Rapid River (Fig. 6-1e, Table 6-1). Such veins (up to 2 cm in width) are 

dominantly made up of an extremely Cl- and K-rich amphibole type almost identical to those 

described above from the alteration assemblage of the magmatic sulphides. The amphibole 

contains up to 4.3 wt.% Cl, no fluorine, 1.4 to 3.3 wt.% K and may be classified as ferrian 

chloro-potassichastingsite and chlorian ferrian potassian hastingsite (Leake et al., 1997) 

(Table A-9).  

 

6.3. THE SPATIAL ASSOCIATION OF FOOTWALL GRANOPHYRES WITH FOOTWALL CU-NI-PGE 

SULPHIDES   

6.3.1. South zone “low-sulphide” footwall Cu-Ni-PGE occurrence 

 Footwall granophyres of this area were described in detail in Chapter 5.2.1, whereas 

the “low-sulphide” Cu-Ni-PGE mineralization in this zone was characterised in Chapter 4.  

Apart from typical disseminations and veinlets of sulphides (+ hydrous silicates) described 

in Chapter 4, PGE-rich sulphide assemblages occur also in close spatial relationship to the 

footwall granophyre veins and dykes. The following types of relationships were 

distinguished: (1) Sulphide-epidote patches within FWGRs, (2) Sulphide-epidote-actinolite 

veinlets in the immediate continuation of FWGRs, (3) a magnetite-epidote-sulphide vein in 

the immediate continuation of FWGR, (4) Massive sulphide veins in the continuation of 

FWGRs within a few metres.  
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 The first two types are described together, because of their similar mineralogy and 

mineral chemistry. Sulphide-epidote patches are common in FWGRs, occurring always in 

their central parts and within miarolitic cavities and not in the host rocks or the rims of the 

FWGRs (Fig. 6-4d, 6-5c and 6-6). These up to 3 cm large patches corrode the quartz-feldspar 

groundmass of the melt bodies. They are made up of chalcopyrite (± millerite) and are either 

rimmed by epidote (XEp = 0.88-1.19) or are in contact with the groundmass of the melt 

bodies. The hydrothermal veinlets in the immediate continuation of FWGRs are 

characterised by the same minerals with the addition of euhedral actinolite intergrown with 

them. An important characteristics of this actinolite is the consistently high NiO contents up 

to 0.85 wt.% and elevated F contents up to 0.36 wt.%. The veinlets always occur in the 

northwestern extension of FWGRs and terminate within 10 cm of the gradational, replacive 

transition (Fig. 6-4b). Platinum-group minerals (PGM) and other trace metal minerals are 

very abundant in both assemblages especially along the contact of chalcopyrite with epidote 

(included in both minerals) and the quartz-feldspar groundmass of FWGRs (Fig. 6-9a-b). 

They mostly occur as composite, isometric or irregular grains up to 120 μm in diameter.  

 A unique magnetite-epidote-sulphide vein (SZE-06) occurs in the immediate 

continuation of a set of several parallel-running partial melt veinlets up to 1 cm thick (Table 

6-1). After the gradational transition from the FWGR veinlets, this hydrothermal vein (2 cm 

thick) terminates after continuing approximately 50 cm. It dominantly consists of magnetite 

pseudomorphs after platy hematite (mushketovite) up to 1 cm in length containing 

inclusions of chalcopyrite, PGM and associated trace metal minerals. Euhedral epidote with 

strong chemical zonation (XEp = 0.77-1.24) is intergrown with this dendritic magnetite, 

whereas both are corroded by later chalcopyrite and millerite. A second generation of 

euhedral magnetite occurs as inclusion in the sulphide minerals accompanied by a precious 

mineral assemblage similar to that in the platy magnetite. Small amounts of primary 

euhedral pyrite and secondary polydymite are also part of the assemblage, whereas 

actinolite and chlorite are concentrated along the margins of the vein. 

 Massive sulphide veins up to 5 cm in width occur in the central part of the western 

trench in close relationship with footwall granophyres (Fig. 6-4c). Although a transition like 

that described for the veins above could not be observed, the fact that these sulphide veins 

were emplaced with the same NW-SE trending orientation within 1-2 metres distance from 

footwall granophyres suggests again a genetic relationship. The sulphide veins have a 

groundmass of chalcopyrite which contains up to cm-sized inclusions of octahedral pyrite 

and an epidote alteration selvage with disseminated chalcopyrite (see also Chapter 4).  



Table 6-1. Metal contents of selected samples from Frost Amy Lake zone, Wisner South zone and the Rapid River occurrence

Occurrence Wisner South zone Frost Amy Lake zone Rapid River 
Sample no. S-0804 S-0803 SZE-06 804273 804274 804275 804278 804280 504824 504829 504831 

Sulph-bear Sulph-bear Mag-Ep-Ccp Amph-rich Fspar-rich Amph-GR Amph-rich Amph-rich Mass sulf Amph-Ep- 

Sample Type FWGR FWGR vein FWGR FWGR vein FWGR FWGR 
Mass sulf vein 

vein Ccp vein 
Cu (ppm) 13200.00 n.a. 27400.00 113.00 144.00 121.50 10.80 14400.00 72900.00 20900.00 12000.00 
Ni 5260.00 n.a. 4040.00 924.00 145.50 490.00 141.00 1610.00 7390.00 18400.00 407.00 
Au 4.26 n.a. 1.79 0.01 0.01 0.01 0.00 0.31 0.03 0.08 0.03 
Pt 6.40 12.60 12.60 0.30 0.11 0.02 0.03 1.68 0.98 0.73 0.12 
Pd 7.24 14.70 14.10 0.42 0.14 0.02 0.13 1.54 2.09 1.35 0.18 
Os <1 <1 n.a. <1 n.a. n.a. n.a. <1 <1 n.a. n.a. 
Ir <0.1 0.13 n.a. <0.1 n.a. n.a. n.a. 0.11 0.05 n.a. n.a. 
Ru 2.98 <2 n.a. <2 n.a. n.a. n.a. <2 <2 n.a. n.a. 
Rh <1 11.70 n.a. 9.34 n.a. n.a. n.a. 19.00 5.64 n.a. n.a. 
Ag 38.60 n.a. 24.40 0.82 0.55 0.24 0.07 10.90 8.78 3.07 4.37 
As 0.80 n.a. 1.20 <0.2 <0.2 10.80 0.40 1.60 2.3 5.3 0.1 
Bi 21.10 n.a. 34.20 1.28 0.70 1.01 0.08 7.77 0.96 7.37 1.01 
Cd 0.16 n.a. 0.31 0.19 0.10 0.22 0.04 0.67 2.11 0.41 0.83 
Co 63.20 n.a. 21.70 29.40 6.30 57.20 4.60 72.50 2250 4450 72.7 
In 0.14 n.a. 0.35 0.09 0.03 0.07 0.01 0.33 0.409 0.271 0.154 
Pb 36.40 n.a. 36.60 70.10 41.20 12.10 7.80 57.40 13.6 9.1 27.1 
S 2.21 n.a. 2.93 0.03 0.01 0.14 0.02 1.44 >10 >10 1.53 
Sb <0.05 n.a. 0.05 0.05 <0.05 0.50 0.06 0.08 0.08 0.09 0.025 
Se 26.00 n.a. 41.00 3.00 2.00 1.00 2.00 12.00 75 56 3 
Sn 22.30 n.a. 29.90 2.10 1.10 1.40 1.00 3.30 3.6 3.4 2.3 
Te 17.00 n.a. 36.20 1.03 0.32 0.27 0.30 3.26 8.42 4.47 0.33 

Zn 44.00 n.a. 56.00 36.00 11.00 161.00 7.00 107.00 353 224 133 
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6.3.2. Amy Lake zone “low-sulphide” footwall Cu-Ni-PGE occurrence  

 A close relationship of PGE-bearing assemblages and footwall granophyres also 

occurs in the Southern trench at the Amy Lake zone (ALZ) (Fig. 3-1b). Footwall granophyres 

of this trench were described in detail in Chapter 5.2.2. 

 Precious metal-bearing “low-sulphide” assemblages very similar to those at Wisner 

South zone occur either in close relationship to footwall granophyres, or as disseminations 

and veins without physical connection to them. If in close association with melt bodies, they 

may either occur as (1) sulphide disseminations and patches within FWGRs, especially in 

their miarolitic cavities, or as (2) hydrothermal veinlets in the immediate continuation of 

FWGRs.  

 Sulphides (chalcopyrite and minor galena) within the melt bodies occur as individual 

grains of several tens of μm included in quartz, feldspar and amphibole of miarolitic cavities, 

or as centimetre-sized replacive patches in quartz (Fig. 6-8a and c). The patches occur again 

in the central parts of the melt bodies and are completely absent from the immediate host 

rocks. PGM are much scarcer than in the assemblages of the Wisner South zone (consistent 

with the much lower PGE contents); only one sample (804280) contained PGM grains visible 

microscopically; these being individual isometric grains up to 20 μm in diameter. 

 

 
Fig. 6-7. Geologic map of two representative parts of the South trench at Frost Amy Lake zone 
showing the occurrence of footwall granophyres, disseminated Cu-Ni-PGE sulphides and sample 
locations (see full map in Fig. 5-4). 
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Fig. 6-8. a-b. Photographs of amphibole-rich, sulphide- and PGE-bearing footwall granophyres from 
Frost Amy Lake zone (samples 804280 and 804273, respectively). c. Photomicrograph (crossed-
polarized light) of the typical association of Ni-bearing amphibole, quartz and PGE-bearing sulphides 
in footwall granophyre sample 804280. d. Photograph of amphibole-granophyre vein (sample 804275) 
cutting gabbro and graduating out of footwall granophyre sample 804273.       
  

 In a few instances, a gradual transition from FWGR veins to hydrothermal veins was 

observed also at this locality, best exemplified by samples 804273 to 804275 (Fig. 6-7a, 6-8b 

and d, Table 6-1). In this case a footwall granophyre pod containing both amphibole-rich 

(804273) and felsic parts (804274) is situated within SDBX matrix in contact with gabbroic 

clasts. One offshoot from this melt pod into a mafic clast is composed of crystallized felsic 

partial melt accompanied by euhedral amphibole crystals especially along the contact with 

the host rock. Within approximately 2 m from the melt pod, the amount of the quartz-

feldspar groundmass is gradually decreased until the vein is entirely composed of 

hydrothermal amphibole, quartz and albite. In this final stage, only small amounts of 

granophyric quartz-feldspar represent crystallized partial melt. Flakes of biotite up to 1 mm 

in diameter are also present along the contact of the vein with the host rock.    

 Amphibole in the sulphide-bearing footwall granophyres is extremely zoned having 

magnesio-hornblende, or ferri-magnesio-hornblende cores followed by compositions 
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ranging from actinolitic hornblende to ferro-actinolite, actinolite, or ferri-tremolite (after 

Leake et al., 1997). The hydrothermal vein which graduates from a FWGR pod is dominantly 

composed of actinolite with occasional actinolitic hornblende cores. An important 

characteristics of all these amphiboles, independent from chemical composition is the high 

NiO contents (up to 0.5 wt.%). Halogen contents are usually low, or slightly elevated (up to 

0.28 wt.% F and 0.26 wt.% Cl).  

 

6.4. PLATINUM-GROUP AND SILVER MINERALS IN SULPHIDE ASSEMBLAGES RELATED TO 

FOOTWALL GRANOPHYRES 

 At Wisner South zone, the sulphide-bearing assemblages associated with footwall 

granophyres host a numerous and interesting assemblage of PGM and associated silver 

minerals. The unique magnetite-rich hydrothermal vein contains the same type of minerals, 

therefore below these samples are discussed together.  

 Very common are grains of malyshevite (CuPdBiS3) and lisiguangite (CuPtBiS3) 

usually occurring as chemically zoned grains with Pt and Pd compositions ranging between 

the two minerals (Fig. 6-10, Table A-11). They always occur as irregular grains, either 

individually in chalcopyrite, or as rims around other PGM (Fig. 6-9c-f). Mückeite component 

(CuNiBiS3) is usually low, but Pd is substituted by up to 2.8 wt.% Ni in a few grains.  

 Other PGM identified are dominantly tellurides with compositions between 

merenskyite (PdTe2) and moncheite (PtTe2) being the most common. They usually have 

atomic Pt/(Pt+Pd) between 0.41 and 0.82, but a few grains in SZE-06 also plot into the 

merenskyite apex, or slightly toward the melonite (NiTe2) end member. These compositions 

overlap with those described from disseminated sulphide assemblages not related to 

footwall granophyres (Chapter 4.2.2). Te is substituted by 10 to 16 wt.% Bi in all grains, apart 

from the most Pd-rich ones, which have much lower or higher Bi contents (4-5 and 25 wt.%, 

respectively). Kotulskite (PdTe) and rare sobolevskite (PdBi) have Te contents between 0.39 

to 0.88 atomic proportions (Table A-11). All these PGM occur as individual grains or 

intergrown with/rimmed by malyshevite, lisiguangite and silver minerals (Fig. 6-9c-f).  

 Two Ag-Pd-tellurides were also found in these samples, but their atomic proportions 

do not correspond to any known PGM (e.g., sopcheite, Ag4Pd3Te4). Among Ag-minerals, 

most common are grains with compositions along the bohdanowiczite (AgBiSe2) and 

matildite (AgBiS2) join (Table A-12). Minerals of the acantite-empressite series also occur, 

including hessite and compositions close to aguilarite (Ag4SeS) and cervelleite (Ag4TeS), as 





111

well as one grain that may be an unknown Ag4TeSe mineral. A few grains appear to 

represent the sulphosalt berryite (Pb3(Ag,Cu)5Bi7S16) with 7 to 10 wt.% Se substituting for S.  

 Chalcopyrite in the miarolitic cavity of one amphibole-rich melt body from Frost ALZ 

hosts mostly individual grains of merenskyite (PdTe2) (Fig. 6--9g), which are completely 

devoid of Pt, but contain 20-21 wt.% Bi substituting for Te. These were accompanied by 

grains of michenerite (PdBiTe), kotulskite (PdTe) and temagamite (Pd3HgTe3) (Table A-11). 

Kotulskite is Ag-, Hg- and Bi-bearing, whereas temagamite contains significant amounts of 

Ag and Bi.   

 

 
 
Fig. 6-10. Malyshevite-mückeite-lisiguangite plot 
of analyzed compositions in sulphide-
assemblages related to footwall granophyres 
from Wisner South zone compared to results 
from massive sulphide veins of the Broken 
Hammer zone.    
 

 

 

 

 

6.5. THERMOMETRY 

 The nearly end member composition of K-feldspar and albite, as well as the 

actinolitic character of amphiboles in most of the footwall granophyre samples did not 

enable us to use conventional thermometric methods applied usually to granitic rocks (e.g., 

amphibole-plagioclase and ternary feldspar solution thermometry) to reveal their 

crystallization temperatures (see also Chapter 5.6). The temperature of the partial melting 

process itself may be estimated using the zircon saturation thermometry of Watson and 

Harris (1983): resulting temperatures are 727 ± 21°C for Wisner South and 757 ± 29°C for 

Frost Amy Lake zone (Chapter 5.6), whereas one FWGR sample from Rapid River yields 

914°C. As revealed by Molnár et al. (2001), the crystallization of hornblende and plagioclase 

of some footwall granophyres from Craig occurred at ~ 750°C.  

 

6.5.1. Titanium-in-quartz thermometry 

 The most useful method of determining the crystallization temperatures of footwall 

granophyres is the titanium-in-quartz thermometer of Wark and Watson (2006). This is based 
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on the Ti concentration of quartz crystallized in equilibrium with rutile (aTiO2 = 1), however, 

the method can also be applied to rutile-absent systems, in which cases assuming aTiO2 = 1 

will result in a minimum temperature of crystallization. In the presence of rutile, the 

temperature estimates with this method are usually within ± 5°C, whereas for rutile-absent 

rocks a ± 0.2 error in aTiO2 estimation will still yield temperatures off by no more than 50°C 

(Wark and Watson, 2006). Recent experimental work revealed that there is a significant 

pressure effect on the incorporation of titanium into quartz, and thus a new equation was 

suggested, which takes this effect into consideration (Thomas, unpub. data; pers. comm., 

2009).      

 The FWGRs from Wisner South zone and the pink, granophyric FWGRs from Rapid 

River do in all cases contain needles of rutile, ilmenite and titanite; thus we may assume aTiO2 

= 1 for these rocks. The other melt bodies and the hydrothermal vein from Frost ALZ 

(804075) all contain titanite and/or ilmenite, for these we may assume aTiO2 between 0.5 and 

1. As discussed in Chapter 5.6, 1.5 ± 0.5 kbar seems to be the most realistic pressure 

estimation for the contact and proximal footwall environment in accordance with suggested 

depth of erosion in the Sudbury structure (Dressler, 1984b). Hence, Ti-in-quartz 

temperatures were calculated for aTiO2 = 1 and 0.5 and pressures of 1, 1.5 and 2 kbar. In Table 

6-2 I report final temperature results for both aTiO2 values at 1.5 kbar with the effects of 

changing pressure and the error in Ti analysis calculated into ± temperatures.  

 Quartz in FWGR veins in association with sulphides from Wisner South zone yields 

crystallization temperatures from 576 ± 26°C down to 439 ± 15°C. Because of the very fine-

grained vermicular intergrowth of quartz and feldspar in the first crystallized granophyric 

parts, the highest crystallization temperatures of FWGRs could not be obtained. However, in 

accordance with relative timing suggested by petrographic observations, micrographic and 

subhedral (micropoikilitic) intergrowths consistently show higher temperatures than coarse-

grained subhedral to euhedral grains in miarolites (Fig. 6-11). In the miarolitic cavities of 

most FWGR samples (including those from Frost and Rapid River), the concentration of Ti 

was often below the detection limit, thus only a maximum temperature of crystallization 

may be obtained. The analysis of such miarolitic quartz crystals was in some instances 

further complicated by a completely inhomogeneous distribution of Ti. 

 The pink, granophyric type of FWGRs at Rapid River gives very similar 

crystallization temperatures between 522 ± 23°C and 430 ± 15°C, again with a clear decrease 

from the micrographic to euhedral miarolitic types. The first crystallized granophyric 

intergrowths could again not be analyzed. 



113

Table 6-2. Results of Ti-in-quartz thermometry

                T (°C) 

Occurrence Sample 
no. Sample type  Ti-bear 

mineral 
Grain 

no. Quartz type Ti 
(ppm) 

S.D. 
(ppm) a TiO2 = 1 a TiO2 = 0.5 

South zone S-0802 FWGR rt 5-2 micrograph 117 ± 18 576 ± 26 646 ± 29 
    1-4 subhed 104 ± 16 564 ± 25 633 ± 29 

    1-3 subhed 85 ± 13 546 ± 25 612 ± 28 

    5-1 micrograph 72 ± 11 532 ± 24 596 ± 27 

    2-2 c-gr subhed 52 ± 8 505 ± 23 564 ± 25 

    2-4 c-gr subhed 52 ± 8 505 ± 23 564 ± 25 

    1-1 c-gr subhed 48 ± 7 499 ± 22 557 ± 25 

    1-5 c-gr subhed 48 ± 7 499 ± 22 557 ± 25 

    1-2 c-gr subhed 47 ± 7 497 ± 23 555 ± 25 

    2-3 c-gr subhed 35 ± 5 474 ± 21 528 ± 24 

    3-1 euhed 29 ± 4 461 ± 21 513 ± 23 

        4-1 euhed in miaro <3   <300   <330   

South zone S-0805 FWGR rt 2-4 c-gr subhed 53 ± 4 507 ± 17 566 ± 19 
  + hydr sil-sulph  4-3 c-gr subhed 49 ± 7 500 ± 23 559 ± 25 

    1-3 c-gr subhed 46 ± 4 496 ± 17 554 ± 19 

    1-2 c-gr subhed 45 ± 3 494 ± 17 551 ± 18 

    4-1 c-gr subhed 38 ± 6 482 ± 21 537 ± 24 

    2-5a c-gr subhed 38 ± 3 481 ± 16 536 ± 18 

    2-2 c-gr subhed 37 ± 6 480 ± 21 535 ± 24 

    2-1 c-gr subhed 35 ± 6 476 ± 22 530 ± 24 

    2-6 c-gr subhed 35 ± 3 475 ± 16 530 ± 18 

    2-8 c-gr subhed 21 ± 2 439 ± 15 488 ± 17 

    1-1 c-gr subhed <3  <300  <330  

    3-1 c-gr subhed <3  <300  <330  

    4-2 c-gr subhed <3  <300  <330  

    2-5b c-gr subhed <3  <300  <330  
    2-3 micrograph no homogeneous distr. of Ti   
        2-7 micrograph no homogeneous distr. of Ti     

South zone S-06515 FWGR rt 2-1 micrograph 55 ± 4 510 ± 17 570 ± 19 

  + sil-sulf  1-1 c-gr subhedr 53 ± 8 506 ± 22 565 ± 25 

    1-2 c-gr subhedr 52 ± 8 505 ± 23 564 ± 25 

    2-3 micrograph 45 ± 4 493 ± 17 551 ± 18 

    2-2 c-gr subhedr 43 ± 3 490 ± 17 547 ± 18 

        2-4 c-gr subhed 35 ± 3 475 ± 16 530 ± 18 

Rapid River RR-0701 FWGR rt 3-4 micrograph 64 ± 9 522 ± 23 584 ± 26 

  pink  3-3 micrograph 54 ± 8 508 ± 23 568 ± 26 

  granophyric  1-4 micrograph 44 ± 4 492 ± 17 549 ± 18 

  type  1-2 subhed 35 ± 3 475 ± 16 530 ± 18 

    1-7 skeletal 32 ± 3 469 ± 16 523 ± 18 

    1-5 skeletal 27 ± 2 455 ± 16 507 ± 17 

    1-6 skeletal 25 ± 2 450 ± 15 501 ± 17 

    1-3 subhed 18 ± 1 430 ± 15 477 ± 16 

    1-1 euhed in miaro <3  <300  <330  

    3-1 euhed in miaro <3  <300  <330  

        3-2 euhed in miaro <3   <300   <330   
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                T (°C) 

Occurrence Sample 
no. Sample type  Ti-bear 

mineral 
Grain 

no. Quartz type Ti 
(ppm) 

S.D. 
(ppm) a TiO2 = 1 a TiO2 = 0.5 

Rapid River RR-0702 FWGR ttn, ilm 1-5 subhed 46 ± 4 497 ± 17 554 ± 19 

  mafic  1-2 subhed in miaro 36 ± 3 477 ± 16 532 ± 18 

  euhedral  1-3 subhed in miaro 35 ± 3 475 ± 16 530 ± 18 

  type  1-1 subhed in miaro 34 ± 3 473 ± 16 528 ± 18 

    1-10 micrograph 34 ± 3 473 ± 16 528 ± 18 

    1-4 micropoiki 28 ± 2 460 ± 16 513 ± 17 

    1-9 subhed 28 ± 2 460 ± 16 513 ± 17 

    1-6 subhed <3  <300  <330  

    1-7 subhed in miaro <3  <300  <330  

        1-8 subhed in miaro <3   <300   <330   

Rapid River 800969 FWGR ttn, ilm 4-2 subhed 44 ± 4 493 ± 17 550 ± 19 

  felsic  1-2 c-gr subhed 42 ± 4 488 ± 17 544 ± 19 

  euhedral  3-6 subhed 41 ± 3 487 ± 16 544 ± 18 

  type  4-3 subhed 39 ± 3 484 ± 17 540 ± 18 

    1-1 c-gr subhed 36 ± 3 478 ± 16 533 ± 17 

    3-2 subhed 36 ± 3 478 ± 16 533 ± 17 

    3-3 subhed 35 ± 3 476 ± 16 531 ± 17 

    3-4 subhed 32 ± 2 469 ± 16 522 ± 17 

    4-7 subhed 32 ± 2 469 ± 16 522 ± 17 

    2-1 subhed in miaro <3  <300  <330  

    3-5 subhed <3  <300  <330  

    4-1 subhed in miaro <3  <300  <330  
    4-5 subhed no homogeneous distr. of Ti   
        3-1 subhed no homogeneous distr. of Ti    

Frost ALZ 804273 FWGR ttn, ilm 2-6 subhed 21 ± 2 440 ± 16 489 ± 17 

  amph-rich  2-4 subhed 21 ± 2 440 ± 16 489 ± 17 

  + sulph  2-1 euhed in miaro 3 ± 0.4 331 ± 15 366 ± 17 

    1-1 euhed in miaro <3  <330  <360  

    2-3 subhed <3  <330  <360  
    2-2 euhed in miaro no homogeneous distr. of Ti   
    2-5 subhed no homogeneous distr. of Ti   
        2-7 subhed no homogeneous distr. of Ti   

Frost ALZ 804275 Amph- ilm 2-2 subhed 29 ± 4 461 ± 21 513 ± 23 

  grano   3-2 micrograph 28 ± 4 459 ± 21 511 ± 23 

  vein  2-1 subhed 22 ± 4 442 ± 21 491 ± 23 

    3-1 micrograph 19 ± 3 434 ± 20 482 ± 22 

    2-4 subhed 17 ± 3 426 ± 19 473 ± 21 

    2-3 subhed 16 ± 2 420 ± 18 466 ± 20 

    1-1 subhed 12 ± 2 403 ± 18 447 ± 20 

        1-2 subhed no homogeneous distr. of Ti     

Abbreviations: ALZ = Amy Lake zone,  
amph = amphibole, bear = bearing, euhed = euhedral, grano = granophyre, hydr sil = hydrous silicate, 
ilm = ilmenite, micrograph = micrographic, micropoiki = micropoikilitic, rt = rutile, subhed = 
subhedral, sulph = sulphide, ttn = titanite,  
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 Because rutile is absent from the felsic and mafic euhedral type of FWGRs at Rapid 

River, real crystallization temperatures lie somewhere between those calculated for aTiO2 = 1 

and 0.5. Taking this into account, quartz crystallization temperatures are approximately 

between 520 and 480°C. Petrographic observations suggest that quartz and quartz-feldspar 

intergrowths were late crystallizing phases in these rocks, thus these values may be regarded 

as final crystallization temperatures of the partial melts. 

 In the amphibole-rich FWGR from Frost, rutile is not present and quartz is again a 

late crystallizing phase formed from approx. 460°C down to below the detection limit. In the 

amphibole-granophyre vein cutting from this FWGR, quartz yields crystallization 

temperatures approximately between 485 and 425°C.     

 

 
 
Fig. 6-11. Diagram showing the ranges of crystallization temperatures of different quartz textures 
yielded by the Ti-in-quartz thermometer from all the analyzed samples. Sketch shows a fully 
developed succession of quartz-feldspar intergrowth types (from granophyric to miarolitic with 
progressing crystallization) as observed especially in felsic footwall granophyres from Wisner and 
Frost Amy Lake zone. It has to be emphasized, however, that many of the samples do not contain such 
a full succession only parts of it. Highlighted are also Ti-bearing minerals and epidote in miarolitic 
cavities.   
Abbreviations: ep = epidote, f-spar = feldspar, ilm = ilmenite, qtz = quartz, rt = rutile, ttn = titanite 
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6.6. DISCUSSION 

6.6.1. The relationship of footwall granophyres to Footwall Breccia  

 As revealed by Molnár et al. (2001) and this study (Chapter 5), felsic-granophyric 

rocks referred to as footwall granophyres represent segregated and crystallized partial melts 

formed by local melting of footwall rocks in the contact aureole of the SIC. It was shown that 

FWGRs are abundant also within the mineralized parts of the Footwall Breccia and postdate 

the emplacement of magmatic Ni-Cu sulphides. As according to most models the formation 

of Footwall Breccia also resulted from the thermal overprint of the crystallizing melt sheet, 

we have to establish the possible relationship of footwall granophyres to Footwall Breccia. 

  Recent models suggest that cooling of the superheated impact melt sheet must have 

induced the assimilation of up to 800 metres of footwall (Prevec and Cawthorn 2002). In this 

case, the Sublayer and the upper part of the Footwall Breccia may be interpreted as a mixing 

zone of this assimilation process and a transition between the basal SIC and the brecciated 

footwall (Prevec et al., 2000; McCormick, 2002a). Several studies suggest that the matrix of 

the Footwall Breccia was melted in the upper part near the Sublayer and that the matrix in 

the lower parts was thermally recrystallized and partially melted (e.g., Lakomy, 1990; 

McCormick et al., 2002a). The change from igneous-textured to metamorphic-textured 

breccia matrix, as well as the change from dioritic to granitic composition of the matrix 

toward the footwall are in accordance with this model. The emplacement of Footwall Breccia 

dykes into the overlying main mass norite, as well as the underlying footwall was described 

by several authors (Dressler, 1984b; Lakomy, 1990, McCormick et al., 2002a) and these may 

be regarded as segregated melts derived by partial melting within the Footwall Breccia. 

 In Chapter 5, I have shown that the bulk rock composition of Footwall Breccia dykes 

is very similar to FWGRs formed in the footwall with the lower SiO2 contents being the main 

difference. This is in accordance with partial melting focused increasingly on more felsic 

rocks as temperature decreases away from the SIC. The higher temperature of partial melting 

within the contact environment is also demonstrated by the much more mafic character (e.g., 

abundant pyroxenes) of partial melts observed at Rapid River and Craig in comparison to 

those occurring deeper into the footwall (Wisner SZ, Frost ALZ and other occurrences 

described in Chapter 5). Even the felsic FWGRs from Rapid River show characteristics of a 

higher melting temperature: the higher concentrations of Zr and P are good indicators as 

their solubility increases with increasing temperature and decreasing SiO2 contents (e.g., 

Watson and Harrison, 1983; Harrison and Watson, 1984). The thermometer based on the 
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solubility of Zr yields partial melting temperatures of 914°C for the felsic FWGR sample from 

Rapid River in contrast to 727 ± 21°C for Wisner SZ samples.  

 Although no bulk rock compositions could be obtained for the pink, granophyric 

FWGR veins within the Footwall Breccia (because of their small sitze), their modal 

compositions (and mineral chemistry) are very similar to the FWGRs observed at Wisner SZ. 

Apart from very rare biotite inclusions and epidote filling miarolitic cavities, they are devoid 

of mafic minerals and are made up almost entirely by quartz-feldspar intergrowths. The 

opaque needles consisting of rutile, ilmenite and titanite are important constituents of 

granophyric melt bodies from both environments. We may assume that these FWGRs in the 

Footwall Breccia represent: (1) partial melts formed by the melting of more felsic rocks either 

simultaneously with the more mafic FWGR types, or at a later, lower temperature stage, 

when only felsic rocks where able to melt; or (2) late, fractionated melts of originally less 

felsic partial melts. The latter interpretation may be indicated by the felsic, K-rich melt 

inclusions occurring in a mafic FWGR from Craig. Whichever is the case, the resemblance of 

these FWGRs to those occurring in the deeper footwall suggests that such melts could have 

been the material which segregated and intruded into the footwall as “Footwall Breccia 

dykes” mentioned above. This means that although a physical connection is no longer 

preserved, the seemingly “rootless” FWGR vein systems may have originated from Footwall 

Breccia. 

     

6.6.2. The segregation of fluids from the crystallizing partial melts within Footwall Breccia 

 Several studies have recognized that halogen-rich fluids may have played an 

important role in the evolution of not only the footwall Cu-Ni-PGE mineralization but also 

the contact magmatic Ni-Cu ores. Farrow and Watkinson (1996) described pervasive 

hydrothermal alteration assemblages and related saline aqueous fluids from the Footwall 

Breccia of the Epidote zone (Fraser mine). McCormick et al. (2002b) recognized chlorine 

geochemical halos within mineralized parts of the Footwall Breccia and Sublayer (Strathcona 

embayment), whereas McCormick and McDonald (1999) reported different generations of 

amphiboles from mineralized Footwall Breccia including F-rich and Cl-rich varieties. The 

results of their study lead these authors to suggest two possible models: (a) a multiple fluid 

model, in which the different amphibole types were formed by the percolation of fluids with 

different halogen contents, and (b) the desiccation model, in which an originally halogen-

poor fluid evolved in place to a saline brine.  
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 As we have seen, the Sublayer and parts of the Footwall Breccia may be interpreted 

as the mixing zone of the downward assimilating melt system and even the lower parts of 

the Footwall Breccia underwent intense partial melting. As it has been presented in Chapter 

5, partial melting occurred up to several hundred metres below the base of the SIC. Although 

the ductile vs. brittle behaviour of rocks depends on numerous factors (Fournier, 1999), 

under such high temperatures it is reasonable to assume ductile condition of the Footwall 

Breccia and significant parts of the footwall. For example, Sudbury Breccia zones were in 

plastic state when the partial melting process occurred, whereas the migration of FWGRs in 

granitic and gneissic units suggests that these host rocks were already under semi-ductile to 

brittle condition (Chapter 5). Until ductile conditions prevailed, large amounts of external 

fluids (i.e. heated formational brines of the basement) may not have entered the contact 

environment, as the permeability of such a zone would be very low. Thus, at least in the 

early stages of Footwall Breccia evolution, fluids derived locally from the assimilation and 

partial melting process may have been of major importance in the interaction with sulphides. 

Additional fluids may have segregated from the magmatic sulphide melts themselves, as 

proposed by some authors (McCormick et al., 2002a; Hanley et al., 2005).  

 The FWGRs described in this study show evidence that segregation of a separate 

fluid phase occurred during their crystallization (e.g., miarolitic cavities, primary fluid 

inclusions). The Ti-in-quartz thermometer suggests that this fluid exsolution has taken place 

at temperatures of approximately 430 to 520°C. This is in perfect accordance with the range 

of homogenization temperatures (350 to 510°C) of primary high salinity (~ 50 wt.% NaCl 

equiv.) fluid inclusions within quartz crystals of such FWGRs (Molnár et al., 2001). Although 

individual partial melt veins are in most cases relatively small in size, the partial melting 

process was so widespread that fluids exsolving from these melts were in fact of very 

significant volume. 

 The amphiboles that occur in FWGRs and in association to sulphides at Rapid River 

and Craig may be classified as: (1) actinolite to ferro-actinolite without or with low halogen 

contents, (2) Cl-rich hastingsite, (3) F-rich edenite or hornblende. These amphibole types are 

essentially identical to those described by McCormick and McDonald (1999) from the Fraser 

Mine, thus we may assume that they are not local varieties, but are generally typical of 

Footwall Breccia. These authors interpreted the two halogen-rich amphiboles to have 

resulted from the influx of two different types of fluids. In their opinion, the F-rich fluid that 

produced the F-rich amphibole and apatite post-dated the fluid(s) responsible for the 

halogen-poor and Cl-rich amphiboles. I suggest that there is no need to assume different 
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generations of fluids to explain the geochemical characteristics of these minerals. It is well 

established that F-apatite in (both mafic and felsic) magmatic systems indicates the 

segregation of a Cl-rich fluid from the crystallizing melt (Boudreau and McCallum, 1989; 

Piccoli and Candela, 1994). Hence, the occurrence of F-apatite in FWGRs may easily be 

explained by fluid segregation from the crystallizing partial melt. Similar apatite found by 

McCormick and McDonald (1999) to occur regionally in extent even in unmineralized 

Footwall Breccia is in my opinion in well accordance with Cl-rich brine segregation from 

crystallizing partial melts throughout the Footwall Breccia and does not indicate a re-

equilibration with a F-rich fluid. According to my observations, F-rich amphibole is always 

associated with F-apatite occurring also in crystallized partial melts, which suggests that 

their high fluorine contents may also be related to the fluid segregation process. The 

incorporation of Cl and F into amphiboles may in many cases be explained by the Mg-Cl and 

Fe-F avoidance principle (Rosenberg and Foit, 1977; Volfinger et al., 1985), but in the case of 

amphibole from the Footwall Breccia there is no clear relationship of halogens to Mg# and 

AlIV: although high F and Cl values correspond to high and low Mg#, respectively, there is 

no real trend (Fig. 6-12). This indicates that the halogen-content of these amphibole types is 

also a function of the availability of these elements in the system. Thus, it is suggested that 

the F-rich character of amphibole that crystallized from the partial melts is also a result of the 

F-enrichment (and depletion of OH and Cl) in the residual partial melts after the segregation 

of a saline fluid. 

 

 
 
Fig. 6-12. Mg# versus Cl (apfu) and F (apfu) for amphibole from Footwall Breccia of Rapid River and 
Craig compared to data from Fraser (McCormick and McDonald, 1999). Note the absence of a clear 
positive correlation between Fe2+ and Cl, as well as Mg2+ and F.  
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 In contrast to the F-rich amphibole, Cl-rich hastingsite always occurs in assemblages 

that were formed by hydrothermal fluids: alteration corroding sulphide ore and PGE- 

bearing amphibole-epidote-chalcopyrite veins. McCormick and McDonald (1999) also point 

out the lack of direct spatial association of these two types, which was the reason why a 

temporal relationship could not be obtained. I suggest that these Cl-rich amphiboles were 

formed by the same saline fluid that exsolved from the crystallizing partial melts. Thus, the 

two halogen-rich amphibole types do in fact not represent two different fluids, but two 

different evolutional stages of the same fluid: (1) crystallization of amphibole from the 

residual partial melt that has already released the fluid, and (2) precipitation of amphibole as 

an alteration product of the same fluid.  

 There is textural evidence that halogen-poor actinolitic to ferro-actinolitic amphibole 

has formed both before and after precipitation of the halogen-rich types. The early 

generations were interpreted by McCormick and McDonald (1999) to have crystallized 

together with sulphides at temperatures > 650°C. Because of the composition of these 

amphiboles, their formation at such high temperatures is in my opinion unlikely, but they 

may well represent alteration products of earlier less Si-rich amphiboles. The amphibole that 

formed after the halogen-rich varieties may have either precipitated from the same saline 

fluid, but under conditions which did not favour the incorporation of Cl, or from a later less 

saline fluid.  

 It is suggested that due to the cooling of the system in a later stage of Footwall 

Breccia evolution ductile conditions where progressively replaced by brittle behaviour, 

which enabled the influx of fluids derived from the deeper footwall. These fluids, which may 

have been mixtures from different sources (fluids segregated from partial melts in the 

footwall, heated basinal brines, metamorphic fluids etc.) were able to percolate through the 

contact environment, further interact with sulphides and precipitate hydrous silicates 

including amphiboles.   

 

6.6.3. The interaction of SIC-related partial melts and hydrothermal fluids with contact Ni-

Cu-PGE sulphides 

 The presence of partial melts and magmatic fluids in the ductile stage and the 

presence of different fluids in the brittle stage has to be taken into consideration in the 

evolution of contact magmatic sulphides. The evidence for the interaction of partial melts 

and hydrothermal fluids with the sulphides reported in this study well support the idea of 

fluids redistributing metals within the contact environment and into the footwall (e.g., 



121

Farrow and Watkinson, 1996; Watkinson, 1999; Molnár et al., 1997, 1999, 2001). Magmatic 

sulphides and Footwall Breccia are intruded and strongly corroded by FWGR veins and only 

fresh magnetite was derived from this “assimilation” process. Other metals, which were 

clearly present in the sulphide assemblage (Cu, Ni, Pt, Pd, Bi, Te etc.) and were released by 

this interaction, are not preserved in the FWGRs. Hence, the metals must have left the system 

with the saline fluids that segregated from these melts. In a similar way, metals released by 

hydrothermal alteration corroding sulphides appear to have left the system with the reacting 

fluid(s): although some chalcopyrite was precipitated intergrown with the amphiboles, 

minerals incorporating PGE or Ni are absent.      

 The solubility of base and precious metals (including Pt and Pd) in hydrothermal 

fluids and their preferred transportation in chloride complexes is experimentally well 

established and will not be discussed further here (see reviews of this topic in relation to 

Sudbury fluids by Farrow and Watkinson, 1996; Molnár et al., 2001; Hanley, 2005; Chapter 

4.5. in this study). Hydrothermal veins containing Pt and Pd concentrations in the ppm range 

similar to our amphibole-epidote-chalcopyrite veins at Rapid River were described from 

other contact orebodies and such veins were found to host primary fluid inclusions of high 

salinity brines (e.g., Molnár et al., 1997, 1999, 2001). This demonstrates the capability of these 

brines to transport significant concentrations of metals released through the interaction with 

pre-existing sulphides.  

 As we have seen, partial melting and segregation of saline fluids from the 

crystallizing melts was widespread in the Footwall Breccia and some parts of the deeper 

footwall (Chapter 5), thus the interaction of these melts and fluids with magmatic sulphides 

may in my opinion have been of significant volume to play an important role in 

redistribution of metals and thus formation of “low-sulphide” mineralization.  

 

6.6.4. Coeval existence and migration of partial melts and mineralizing hydrothermal 

fluids 

 The examples for the close spatial association of FWGRs and “low-sulphide” Cu-Ni-

PGE sulphides in two footwall environments documented in this study are in my opinion 

very important evidence for a genetic relationship of these two processes as yet not 

recognized. Any genetic model explaining the association of the sulphides and the FWGRs 

must take into account the following important textural characteristics: (1) the sulphides 

occur either with or without a hydrous silicate rim enclosed by and/or in continuation of 

FWGRs having a gradational replacive contact toward them, (2) there is no sulphide 
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precipitation and significant hydrothermal alteration within the immediate host rocks, (3) 

PGM and associated trace metal minerals preferentially occur along the margin of sulphide 

blebs toward FWGR groundmass or hydrous silicate rims.  

  At first, the most realistic scenario may be a hydrothermal alteration and 

replacement of the FWGRs by a later migrating metal-bearing fluid. However, the fact that 

there are no hydrothermal veins, pervasive alteration zones and/or sulphide precipitations 

in the immediate host rocks (up to distances of several metres) does make this explanation 

very problematic. The preferential precipitation of sulphide patches and disseminations by a 

later fluid exclusively within or in continuation of FWGRs is also difficult to explain 

considering that they do not significantly differ chemically from their host rocks. The 

replacive character of sulphides toward the FWGR groundmass, the hydrous silicate rim 

around the sulphides, as well as the preferred occurrence of PGM along the edge of sulphide 

patches rule out the possibility of sulphide blebs being “fragments” of pre-existing sulphides 

transported by the intruding partial melt. 

 Therefore, the most likely explanation for these features appears to be a coeval 

existence of partial melts and metal-bearing hydrothermal fluids. The discussed abundant 

field and textural characteristics that suggest a coeval existence of the phases are well 

supported by mineral chemical evidence. Titanium-in-quartz thermometry revealed that the 

crystallization of the FWGRs from Wisner South zone occurred mainly from 580°C to 

approximately 450°C. As the first crystallized granophyric parts could not be analysed, the 

beginning of crystallization may probably be put around 600-620°C. At Frost, the obtained 

temperatures of 425 to 485°C document the final crystallization of FWGRs, as well as the 

exsolution and migration of a fluid from this melt. Although such low crystallization 

temperatures for a granitic melt may seem surprising, there are numerous experimental 

studies and natural analogues, which are consistent with the data yielded by this 

thermometer. It is well known that high concentrations of F, Li and B have dramatic effects 

upon phase relations of felsic melts and may significantly decrease solidus temperatures. 

There is no mineralogical and bulk rock geochemical evidence for the presence of Li and B in 

our case. However, as we have seen from the geochemistry of apatite and amphibole, 

fluorine appears to have played a significant role in the crystallization history of the partial 

melts. At 1 kbar pressure, the solidus of the haplogranite-H2O-HF system was found to 

decrease to 510-500°C at fluorine contents of 2 to 4 wt.% (Manning, 1981; Xiong et al., 1999). 

Although we have no information regarding the exact concentration of F in the crystallizing 

partial melts, fluorine-enrichment of the melt due to continuous segregation of a Cl-rich fluid 
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phase appears to have been significant and may have been responsible for extending the 

crystallization of these melts to low temperatures.  

 The low crystallization temperature of partial melts is supported by other mineral 

chemical compositions and is in perfect accordance with fluid inclusion data. The almost 

pure end member composition of albite and K-feldspar in the FWGR groundmass is difficult 

to explain at crystallization temperatures of 650-750°C (expected haplogranite solidus; see 

Chapter 5.7.1) where plagioclase and alkali feldspar should form, but are normal at 

temperatures yielded by the thermometry. As concluded already in Chapter 5.6., the 

compositions of FWGR feldspars may in most cases be considered as primary compositions, 

signs of later hydrothermal alteration occur only in some feldspar grains within miarolitic 

cavities. The fact that amphiboles in melt bodies from the footwall occurrences are 

dominantly actinolitic to ferro-actinolitic in composition and may contain hornblende only in 

their cores does also support crystallization below 600°C. As discussed already, fluid 

inclusion microthermometry on FWGRs is in good accordance with the Ti-in-quartz 

crystallization temperatures, and also the metal-bearing fluids involved in the formation of 

Cu-Ni-PGE ores in the footwall have homogenization temperatures in the same temperature 

range (~450-550°C) (Molnár et al., 2001). 

 At Frost ALZ, the FWGRs appear to have formed by in situ partial melting of clasts 

and matrix of the Sudbury Breccia (Chapter 5) and intruded only from a few metres. At this 

stage, the whole breccia zone was behaving in a ductile manner: small clasts are smeared and 

elongated, FWGRs form pods and irregular intrusions having diffuse, gradational contacts, 

and the breccia matrix itself was moving even after the emplacement of FWGRs as it appears 

to cut partial melt veins. In such a system (under ductile conditions very similar to the 

immediate SIC/footwall contact), FWGRs could not migrate great distances and even the 

exsolved fluids remained in place to crystallize in the miarolitic cavities or in hydrothermal 

veins a few metres in length. I suggest that in the final stage of this in situ crystallization 

(~450-500°C) the metal-bearing fluids entered the system from outside and mixed with the 

crystallizing partial melts and the fluids exsolving from them. As a result, PGE-bearing 

sulphides were precipitated within the partial melts and the amphibole ± granophyre veins 

cutting out from them. Although sulphide veinlets and disseminations not related to FWGRs 

are not the topic of this study, I suggest that their formation may be explained by the same 

fluid infiltration process. The source of the metal-bearing fluids is not known, but may very 

likely have been a nearby contact or footwall deposit (i.e. the Capre and Capre 3000 

deposits).  
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 The observations from Wisner SZ do not only indicate a coeval existence, but are 

evidence for a very unique and intriguing process: the coeval migration of partial melts and 

mineralizing fluids. The fact that significant in situ partial melting was not observed in this 

area (Chapter 5) and the seemingly “rootless” character of the FWGR veins suggest that these 

veins intruded from outside into this zone. The amount of melt that is preserved by this vein 

system is of very significant volume. The veins have a very definite strike of SE-NW (140-

320°) with the hydrothermal PGE-bearing assemblage always occurring in their 

northwestern extensions. As the third dimension of the veins is unknown, the exact vector of 

melt and fluid migration can not be established, but laterally it was from southeast toward 

northwest. Although a physical connection to the source of the melt and fluid migration is 

not exposed, it is reasonable to assume that these phases intruded from a nearby contact 

environment. Thus, it is likely that the partial melts and the mineralizing fluids may have 

originated from the contact zone exposed to the southeast (hosting the Rapid River and WD-

16 Ni-Cu-PGE occurrences). Depending on the vector of the melt and fluid migration, the 

exact source may either be in depth or already eroded away.  

 Although such intimate association of footwall granophyres and sulphide 

assemblages was not observed at Wisner Southwest zone, the spatial coexistence of 

“rootless” footwall granophyre veining and “low-sulphide” mineralization at the Blast 

trench (Fig. 5-1) indicates that a similar process may also have occurred in this area.   

  From the McCreedy West PM deposit, Farrow et al. (2005) also described sulphide 

blebs associated with “pegmatitic and granophyric veins and patches of K-feldspar and 

quartz” and noted that these appear to have shared the same fluid pathways and may be 

contemporaneous with the sulphide mineralization. Although these authors do not give an 

opinion about the source of these features, from their description it is evident that they refer 

to footwall granophyres, which demonstrates that such spatial association of PGE-bearing 

sulphides and crystallized partial melts may be widespread and not a local characteristics of 

our study areas. 

 Such a coeval migration of partial melts and metal-bearing hydrothermal fluids from 

the contact is well supported by the assemblages and processes described above from contact 

occurrences. We have seen that partial melts very similar to those described from the 

footwall of Wisner South zone have formed in the Footwall Breccia and may in some 

instances have intruded the footwall (as “Footwall Breccia dikes” described by Dressler, 

1984b; Lakomy, 1990, McCormick et al., 2002a). The process of fluids interacting with 

sulphides and thus becoming enriched in metals was also addressed above. As we have 
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discussed earlier, under ductile conditions of the Footwall Breccia and proximal footwall 

permeability was probably not enough for large scale migration of melts and fluids between 

these zones. Hence, I suggest that the “offshoot” of the melt and fluid phases into the 

footwall may have occurred in the ductile stage of Footwall Breccia evolution at sudden 

“brittle episodes” possibly related to the tectonic re-equilibration of the Sudbury structure 

through crater modifications. High strain rates in tectonically active environments are 

known to cause sudden brittle behaviour of systems at magmatic temperatures and ductile 

conditions (Fournier, 1999). Such brittle episodes were probably short-lived and the system 

returned to a plastic condition immediately thereafter.       
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CHAPTER 7 

A MODEL FOR THE SIGNIFICANCE OF PARTIAL MELTING PROCESSES IN CU-NI-PGE 

MINERALIZATION WITHIN THE CONTACT AUREOLE OF THE SUDBURY IGNEOUS COMPLEX 

 

 Results from footwall and contact occurrences of the Sudbury structure were 

presented, which highlight different aspects of the genetic relationship between partial 

melting and hydrothermal mineralization processes in the contact aureole of the Sudbury 

Igneous Complex. As revealed by the study focusing on the partial melting itself (Chapter 5), 

this process was widespread all along the basal contact of the igneous complex and extended 

up to several hundred metres into the footwall and the crystallization of these melts was 

always accompanied by the exsolution of high salinity fluids (Molnár et al., 2001). Thus, 

although individual footwall granophyres appear to be small and insignificant in local scale, 

this process was in fact widespread and thus important in providing high salinity magmatic 

fluids to the hydrothermal system responsible for the redistribution of metals. Below I 

propose a model highlighting the importance of partial melting in the formation of “low-

sulphide” footwall Cu-Ni-PGE ores.    

(1) Cooling of the superheated impact melt sheet led to the assimilation of several hundred 

metres of footwall. The Contact Sublayer and the upper part of the Footwall Breccia may 

be regarded as a mixing zone of this process (e.g., Prevec and Cawthorn, 2002; 

McCormick et al., 2002a) (Fig. 7-1a-b).  

(2) Below the zone of assimilation, partial melting occurred in the Footwall Breccia and up to 

several hundred metres into the footwall, with increased intensity in Sudbury brecciated 

zones (Fig. 7-1c). The occurrence and intensity of partial melting did not change 

gradually away from the contact, but was mainly a function of rock composition and the 

presence/absence of fluids. At the same time, zonation of contact metamorphic mineral 

assemblages developed (e.g., Dressler 1984b; Coats and Snajdr 1984). Although the exact 

location of the brittle-ductile transition zone at this time can not be ascertained, according 

to analogues (Fournier, 1999) it may have been at a temperature of about 400°C, within 

hornblende hornfels facies conditions. Sulphide liquids in the Sublayer and Footwall 

Breccia fractionated toward the footwall and hangingwall (e.g., Naldrett et al., 1994; 

Mungall, 2002).   

(3) Exsolution of high salinity fluids at temperatures of about 650 to 400°C accompanied the 

crystallization of partial melts. Because of the ductile condition along the contact and 

proximal footwall environment, there was no large scale migration of melts and/or 
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fluids in these zones. Significant amounts of external fluids (e.g., formational brines) 

could not enter the contact environment (partly also because of the extreme temperature 

gradient), partial melts and fluids exsolving from the melts did not leave the closed 

system.  

(4) In mineralized parts of the Footwall Breccia, interaction of partial melts, exsolved fluids 

and the pre-existing magmatic sulphides took place. As a result of such reactions, 

sulphides were replaced and mobile metals were released into the fluids. 

(5) At sudden brittle episodes probably related to tectonic crater modifications of the 

Sudbury structure “offshoots” of large volumes of partial melt and metal-enriched fluids 

into the footwall occurred in some areas (Fig. 7-1d). This process resulted in the 

emplacement of rootless FWGR vein systems and associated “low-sulphide” Cu-Ni-PGE 

mineralization several hundred metres below the contact. The coeval migration of partial 

melts and mineralizing fluids is probably not unique to Wisner, but is a more common 

process not recognized so far (e.g., it appears to have occurred also in the McCreedy 

West PM deposit: Farrow et al., 2005). However, infiltration of similar mineralizing fluids 

from the contact into the footwall did occur in some areas without the migration of 

partial melts in which cases a spatial association of “low-sulphide” mineralization and 

FWGR veining does not occur (e.g., Frost ALZ). In a similar way, stockworks of rootless 

FWGR veins have been observed in areas (e.g., Foy footwall) without associated 

sulphides. This implies that such “offshoots” from the contact are only accompanied by 

mineralizing fluids, if the contact from which they originated contained magmatic 

sulphides that could be remobilized. Emplacement of fractionated sulphide liquids into 

the footwall may also have occurred during such sudden brittle episodes to form some of 

the “sharp-walled” vein systems. After these short-lived episodes, fluids exsolving from 

partial melting and from the sulphide veins themselves locally redistributed the metals 

(Fig. 7-1e). Although the system returned to ductile conditions, cooling of the Sudbury 

Igneous Complex resulted in gradual retreating of the brittle-plastic transition zone.  

(6) In a later stage, when the footwall and contact environments were already under brittle 

conditions, fluids of different sources circulated causing further alteration of pre-existing 

sulphides and redistribution of metals (Fig. 7-1f). The formation of hydrothermal vein 

stockworks cutting Footwall Breccia (e.g., amphibole-epidote-chalcopyrite veins of this 

study and also in Molnár et al., 1997, 1999, 2001), and occurring in association with many 

footwall-style occurrences (e.g., actinolite-, epidote-, quartz-rich veining described by Li 

and Naldrett, 1993; Watkinson, 1994; Molnár et al., 2001; Hanley and Bray, 2009, Chapter 
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4 of this study, etc.) did take place at this brittle stage. The formation of some “sharp-

walled” vein systems may also be put at this late stage of sulphide distribution, which 

explains why these sulphide veins often crosscut “low-sulphide” mineralization or 

actinolite veining (Farrow et al., 2005; Hanley and Bray, 2009). The emplacement of 

“sharp-walled” vein systems possibly occurred in multiple events and by different 

processes (magmatic vs. hydrothermal), which may explain the controversy regarding 

their origin.   
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CHAPTER 8 

IMPLICATIONS FOR EXPLORATION IN THE SUDBURY STRUCTURE  

AND OTHER LARGE IGNEOUS COMPLEXES 

 

 Below I summarize a few results, which may have significance also from an 

exploration standpoint and may be taken into account in exploration for Cu-Ni-PGE 

occurrences in the footwall of the SIC and other large igneous complexes: 

• In all Wisner occurrences, massive sulphide veins and stockworks of hydrous silicate-

quartz dominated veins follow two major structural orientations (SE-NW, ~ 140-320° and 

SW-NE, ~ 50-230°) related to the evolution of the Sudbury structure. The fact, that footwall 

granophyre veining was emplaced along the same structures suggests that mapping of these 

veins may point out pathways of mineralizing fluid flow in a given area. 

• As “low-sulphide” mineralization appears to have a hydrothermal origin and contains 

extremely high PGE values even at S contents below 0.3 wt.%, the recognition and mapping 

of alteration features, as well as sampling of assemblages with any visible sulphide contents 

is crucial for a successful exploration of these ores. 

• So far, no footwall Cu-Ni-PGE occurrences were known from the studied area of the North 

Range. The recognition of alteration by high temperature, high salinity fluids in relation to 

sulphide mineralization indicates that hydrothermal fluid flow driven by the heat of the 

cooling SIC was not restricted to certain zones of the footwall, like the Onaping-Levack area.  

• As emphasized already by many studies, I also have to point out the importance of wide 

Sudbury Breccia zones in the deposition of both “low-sulphide” and “sharp-walled” vein 

type ores.  

• The occurrence of mafic units within the brecciated zones appears to have significance in 

the precipitation of metals. All Cu-Ni-PGE zones investigated in this study are located in 

Sudbury Breccia zones that host a large percentage of gabbroic rocks or mafic Levack Gneiss 

(e.g., Wisner Southwest zone, Frost Amy Lake zone) and/or are situated near the regional 

contacts of an East Bull Lake gabbro intrusion and Cartier granitoid (Wisner South and 

Broken Hammer zones).    

• Data from footwall Cu-Ni-PGE occurrences indicate, that if distribution patterns of base- 

and precious metals in mineralized zones associated to other large igneous complexes are 

not consistent with models of magmatic sulphide segregation-fractionation, then we have to 

consider the possibility of the involvement of hydrothermal processes in ore genesis.  
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not consistent with models of magmatic sulphide segregation-fractionation, then we have to 

consider the possibility of the involvement of hydrothermal processes in ore genesis.  

• Zones of partial melting point out areas that were located relatively close (within a few 

hundred metres) to the basal contact of the SIC, which may help the recognition of footwall 

zones perspective for Cu-Ni-PGE mineralization even in tectonically modified parts of the 

aureole.  

• In zones of partial melting, we may expect the occurrence of high-temperature alteration 

assemblages (e.g., actinolite veining) caused by the exsolving magmatic fluids. However, I 

have to emphasize that the recognition of footwall granophyres and high temperature 

hydrothermal veins does not indicate the presence of nearby footwall mineralization as 

partial melting was widespread within the contact aureole. 

• A spatial association of footwall granophyres, high temperature alteration assemblages 

and Cu-Ni-PGE ores will only occur in areas where the contact environment hosts magmatic 

orebodies and thus a remobilization of metals from these zones was possible. This also 

means that the occurrence of footwall Cu-Ni-PGE ores may indicate unknown mineralization 

in the nearby contact units. 

• Only few studies have focused on partial melting processes in the footwall of large igneous 

complexes. The best known contact aureole of a mafic body is that of the relatively small 

Ballachulish Complex (e.g., articles in Voll et al. (eds), 1991; Holness and Clemens, 1999). 

Only partial melting in the footwall of the Bushveld complex has been studied extensively in 

the recent years (Harris et al., 2003; Johnson et al., 2003). Although the occurrence of partial 

melting was mentioned also from the footwall of the Duluth Complex, no detailed 

investigations of these processes have been performed. I hope that these results will prove 

useful and may be applied also for projects focusing on contact aureoles of other important 

mafic complexes.  

• It is well known that assimilation of host rocks by intruding melts may result in 

geochemical element exchanges (e.g., uptake of S, H2O and halogens, contamination by SiO2) 

that are crucial in the formation of Ni-Cu sulphide ores in large igneous complexes (e.g., 

Bushveld, South Africa: Harris and Chaumba, 2001; Noril’sk Talnakh, Russia: Li et al., 2003). 

In this study it is emphasized that even partial melting processes in footwall units may 

provide significant amounts of magmatic fluids to a hydrothermal system driven by the 

cooling of the mafic body that has a great importance in the mobilization and final 

redistribution of metals.     
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CHAPTER 9 

SUMMARY 

 

(1) Several Cu-Ni-PGE mineralization styles could be distinguished within the Broken 

Hammer and South zones of the Wisner area in the North Range of the SIC. Although 

massive sulphide veins account for the major part of the ore, sulphide-poor assemblages 

(patches, disseminations and silicate-quartz-rich vein stockworks) may have similarly 

high precious metal contents, and are very significant in understanding the 

mineralization processes involved in ore formation. As all the mineralization is hosted by 

sulphide-poor assemblages in the South zone, this occurrence can be classified as a “low-

sulphide”, PGE-rich system. Although such assemblages are also important carriers of 

metals at the Broken Hammer zone, as large part of the ore is hosted by “sharp-walled” 

massive sulphide veins (like the Big Boy vein), this occurrence may be regarded as a 

“hybrid” system.  

(2) Both occurrences host a wide variety of PGM, as well as associated silver and trace metal 

minerals. The assemblages revealed from these zones include minerals typical to footwall 

deposits (e.g., merenskyite, moncheite, michenerite, hessite etc.), minerals found only in a 

few Sudbury deposits (e.g., clausthalite, sopcheite, naumannite, bohdanowiczite) and 

very rare minerals that have not been described earlier from Sudbury (temagamite) or 

were only described recently and are known only from a couple of localities around the 

world (malyshevite, lisiguangite: Yu et al., 2009). There are several mineralogical 

questions that would be interesting to follow up: for example, a solid solution of 

lisiguangite and malyshevite is suggested by our microprobe data, but has never been 

described earlier; silver minerals found at South zone include compositions, which do  

not appear to correspond to known minerals (Ag2Pd2Te3?, Ag4TeSe?, AgPdTe2?).  

(3) Statistical investigation of metal distribution patterns revealed important trends and 

differences between the mineralization styles and the two zones. As indicated by 

increasing Cu/(Cu+Ni) with increasing S content, low-sulphide assemblages may 

contain significant Ni as well as Cu, but massive sulphide veins contain only negligible 

amounts of Ni. The Pt/(Pt+Pd) ratios decrease with increasing S; Low-sulphide ore has 

roughly similar Pt and Pd contents, whereas sulphide veins have much higher  

concentrations of Pd than Pt (Pt/(Pt+Pd = 0.2). Overall, precious metal (Pt, Pd, Au) and 

Ag concentrations recalculated to 100% sulphides (tenors) decrease by one or two orders 

of magnitude for all metals from the disseminated to the massive sulphides highlighting 
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how metal-rich the “low-sulphide” assemblages are. The distribution patterns of base- 

and precious metals are not consistent with simple models of magmatic sulphide 

segregation-fractionation. 

(4) The combination of field, petrographic and laboratory studies suggest that “low-

sulphide” assemblages were formed by high temperature (~ 400-500°C), high salinity (30-

40 NaCl equiv. wt.%) fluids of a magmatic-hydrothermal system driven by the heat of 

the cooling SIC. There is much evidence that these fluids were also present and possibly 

played an important role during the deposition of massive sulphide veins. Silicate-

quartz-(sulphide) veins were precipitated from a similar, but lower temperature fluid 

(300-400°C) in a later stage of the same system. These results indicate that hydrothermal 

fluid flow driven by the cooling SIC was not locally restricted (e.g., in the Onaping-

Levack area) but also was present and related to Cu-Ni-PGE deposition in other zones of 

the footwall along the North Range. 

(5) Large and small scale mapping of footwall granophyres in numerous localities along the 

North and East Ranges of the Sudbury structure showed that partial melting due to 

cooling of the impact melt sheet was widespread within the contact aureole of the SIC. 

Melting occurred up to 500 metres below the Sublayer. However, the degree of partial 

melting does not decrease gradually away from the contact, but appears to have been 

localized, especially to SDBX zones. Outside this distance however, footwall granophyres 

do not exist even in the Sudbury brecciated zones. These results confirm thermal 

modelling by Prevec and Cawthorn (2002).   

(6) Melting of mafic rocks in the Windy Lake and Frost areas suggests that temperatures in 

the contact aureole may have reached 850 to 900°C up to 200 m from the contact. It is 

possible, however, that such high temperatures were only attained in some embayment 

structures in which a thickened melt sheet could transmit more heat into the footwall. In 

other areas (e.g., Wisner localities), temperatures reached only about 750°C, mafic rocks 

did not undergo partial melting and melting of felsic rocks required water-saturated 

conditions. Thus actual fluid saturation of rocks defined localization of melting 

processes. Zones of SDBX probably contained pore fluids derived from local footwall 

rocks at or after brecciation and were therefore more water-rich than unbrecciated 

granites and gneisses. They also acted as conduits for SIC-related fluids (Rousell et al., 

2003), thus fluid flow along breccia zones may also have been important in promoting 

partial melting. 
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(7) The difference in partial melting temperature and the contribution of melts derived from 

various protoliths is responsible for the textural, mineralogical and compositional 

differences among footwall granophyres. While the bulk rock composition of Wisner 

samples is in accordance with partial melting of only felsic LGC and CB units, data of 

footwall granophyres at Frost indicates also significant contribution from the melting of 

gabbroic rocks. 

(8) Melt segregation from partially melted rocks with in situ melting features occurred in all 

localities and was promoted by deformation due to crater wall modifications and the 

ongoing Penokean orogeny, as well as pre-existing zones of weaknesses in the host rocks 

(e.g., foliation, shear zones, SDBX veins). While veins and dykes reflect brittle conditions 

during melt migration, sheared melt pods in SDBX matrix indicate ductile conditions of 

the matrix during partial melt crystallization. 

(9) Exsolution of high salinity fluids at temperatures of ~ 650 to 400°C accompanied the 

crystallization of partial melts in all localities. Because of the ductile conditions along the 

contact and proximal footwall environment, there was no large scale migration of melts 

and fluids in these zones. Significant amounts of external fluids (e.g., formational brines) 

could not enter the contact environment, partial melts and fluids exsolving from the 

melts did not leave the closed system. Although individual footwall granophyres appear 

to be small and insignificant in local scale, the melting process was in fact very 

widespread and thus important in providing high salinity brines to the hydrothermal 

system responsible for the redistribution of metals from pre-existing magmatic ores. 

(10) In mineralized parts of the Footwall Breccia, interaction of partial melts, exsolved fluids 

and the pre-existing magmatic Ni-Cu-PGE ores took place. This is evidenced by 

replacement due to cross-cutting footwall granophyres and pervasive hydrothermal 

alteration of sulphide ore in Footwall Breccia occurrences at Craig, Windy Lake and 

Rapid River. As a result of this reaction, metals appear to have been scavenged and 

carried away from these environments. 

(11) A close spatial association of footwall granophyres and “low-sulphide” assemblages at 

Wisner South and Southwest, as well a Frost Amy Lake zones evidence a coeval existence 

and a genetic relationship of the partial melting and mineralizing hydrothermal 

processes. At Frost, the metal-bearing fluids appear to have percolated into the Sudbury 

brecciated and partially melted zone and mixed with the crystallizing partial melts to 

form PGE-rich sulphide precipitations within the miarolitic cavities of footwall 

granophyres. However, the observations from the Wisner South zone indicate a very 
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intriguing process not recognized so far in the Sudbury literature: the coeval migration of 

partial melts and mineralizing fluids.   

(12) Putting results from the Wisner South zone and the contact occurrences into the context 

of recent knowledge on the cooling history of the SIC, it is suggested that “offshoots” of 

large volumes of partial melt and metal-enriched fluids from the contact into the footwall 

environment may have occurred at sudden brittle episodes related to the crater 

modifications of the Sudbury structure.  At these episodes, the melts and fluids that 

could not migrate due to the ductile conditions of the contact and proximal footwall 

environment were able to leave this closed system and result in the emplacement of 

footwall granophyre veins and the precipitation of “low-sulphide” ore. The infiltration of 

similar mineralizing fluids from the contact into the footwall occurred in some areas 

without the migration of partial melts in which cases a spatial association of “low-

sulphide” mineralization and FWGR veining is absent (e.g., Frost ALZ). In a similar way, 

stockworks of rootless FWGR veins have been observed in areas (e.g., Foy footwall) 

without associated sulphides, which points out that such “offshoots” from the contact 

were only accompanied by mineralizing fluids, if the contact from which they originated 

hosted magmatic sulphides that could be remobilized. Emplacement of fractionated 

sulphide liquids into the footwall may also have occurred during such sudden brittle 

episodes to form some of the “sharp-walled” vein systems. 

(13) It is suggested that the formation of PGE-bearing hydrous silicate-quartz-rich vein 

stockworks cutting Footwall Breccia and occurring in association to many footwall-style 

occurrences (like the actinolite-, epidote-, quartz-rich veining at the Broken Hammer 

zone and the amphibole-epidote-chalcopyrite veins at the Rapid River zone) took place at 

a later stage, when the contact and proximal footwall environment was already under 

brittle conditions. The fluids circulating in this system were probably of different sources 

(including also basinal brines, metamorphic fluids etc.). The formation of some “sharp-

walled” vein systems can probably also be put at this late stage of sulphide distribution, 

which explains why these sulphide veins often crosscut “low-sulphide” mineralization or 

actinolite veining. The emplacement of “sharp-walled” vein systems probably occurred 

in multiple phases and by different processes (magmatic vs. hydrothermal), which may 

explain the controversy regarding their origin.    
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ENGLISH ABSTRACT 

 

 Detailed investigation of two recently discovered footwall Cu-Ni-PGE occurrences 

was performed in the Wisner area, where such mineralization was not known so far. The 

mineralogy, petrography, geochemistry of several mineralization styles are described from 

the “low-sulphide”, PGE-rich South zone and the “hybrid” system of the Broken Hammer 

zone. Although massive sulphide veins account for the major part of the ore, sulphide-poor 

assemblages (patches, disseminations and silicate-quartz-rich vein stockworks) may have 

similarly high precious metal contents.   

The combination of our results suggest that “low-sulphide” assemblages were 

formed by high temperature (~ 400-500°C), high salinity (30-40 NaCl equiv. wt.%) fluids of a 

magmatic-hydrothermal system driven by the heat of the cooling SIC. There is much 

evidence that these fluids were also present and possibly played an important role during 

the deposition of massive sulphide veins. Silicate-quartz-(sulphide) veins were precipitated 

from a similar, but lower temperature fluid (300-400°C) in a later stage of the same system.  

Mapping of footwall granophyres (rocks crystallized from partial melts) in numerous 

localities along the North and East Ranges of the Sudbury structure showed that partial 

melting due to cooling of the impact melt sheet was widespread within the contact aureole of 

the SIC. The mineralogy, petrography and geochemistry of footwall granophyres from 

various localities and rock types is described and interpreted to be a function of partial 

melting temperature and protoliths involved in the melting process. Melting of mafic rocks 

at Windy Lake and Frost suggests that temperatures in the contact aureole may have reached 

850 to 900°C up to at least 200 m from the contact in some areas. Melt segregation from 

partially melted rocks with in situ melting features occurred in all localities and was 

promoted by deformation due to crater wall modifications and the ongoing Penokean 

orogeny, as well as pre-existing zones of weaknesses in the host rock. 

 A close spatial relationship of partial melting, melt segregation and hydrothermal 

processes, as well as sulphide ores is described from several contact and footwall 

occurrences. These results are used to suggest a genetic model in which (1) high salinity, 

magmatic fluids exsolve from crystallizing partial melts in the contact environment, (2) 

mobilize metals from pre-existing magmatic ores and (3) migrate (in some areas 

accompanied by partial melts) into the footwall during sudden brittle episodes related to 

crater modifications of the Sudbury structure to form “low-sulphide” mineralization in 

footwall rocks.  
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MAGYAR NYELV  ÖSSZEFOGLALÓ 

 

1. Bevezetés  

1.1. A Sudbury szerkezet általános földtana és érctelepei    

 A Sudbury szerkezet Földünk egyik legnagyobb meteorit becsapódási krátere, 

melynek eredeti átmér jét 200–250 km-re becsülik (Grieve et al., 1991; Pope et al., 2004). A 

kráter a kanadai Ontario államban, Ottawától 400 km-re nyugatra, a Huron-tótól 60 km-re 

északra, földtani értelemben pedig a Kanadai-pajzs Superior és Southern Provinciáinak 

határvonalán helyezkedik el. Az 1,85 milliárd éves (Krogh et al., 1984) szerkezet geológiai 

jelent ségét a meteorit becsapódási eredeten túl az is növeli, hogy itt található a világ egyik 

legjelent sebb Ni-Cu-platinafém érckörzete is.    

 A becsapódási szerkezet három f  egységre osztható: (1) az impakt breccsásodott és 

sokk-metamorfózist szenvedett fekük zetekre, (2) a Sudbury Magmás Komplexumra (SMK) 

és (3) a magmás komplexum felett elhelyezked  Whitewater Formációcsoportra, mely a 

becsapódás után visszahullott breccsából és a Sudbury-medencében leüleped  üledékes 

k zetekb l áll. A jelenleg ovális alakú, körülbelül 30 x 60 km nagyságú, átlagosan 2,5 km 

vastagságú SMK abból az olvadékból kristályosodott, mely a becsapódás során a 

fekük zetek megolvadásával jött létre. Az eredetileg körülbelül 2000°C-os h mérséklet  

túlhevített olvadék magmás differenciációval kristályosodott a SMK réteges sorozatává, 

mely magába foglal egy alsó nóritos, egy fels  granofíros, és egy köztes, kvarcgabbró 

összetétel  egységet (Naldrett és Hewins, 1984; Therriault et al., 2002; Zieg és Marsh, 2005). 

    A magmás komplexum fekük zetei az e munka során vizsgált Északi- és Keleti-

vonulaton f képp a Superior Provincia részét képez  Levack Gneisz Komplexum és a Cartier 

Batolit k zeteib l állnak. A összetételbeli rétegz déssel jellemzett, ám túlnyomórészt 

migmatitos-tonalitos gneiszb l álló Levack komplexum protolitjának korát 2,71 milliárd 

évben állapították meg (Krogh et al., 1984). E k zetek granulit fácies  metamorfizálódását, 

illetve az ezt kísér  parciális olvadással képz dött Cartier Batolit korát 2,64 milliárd évre 

teszik (Meldrum et al., 1997). E gneiszeket és granitoid k zeteket a kés bbiekben East Bull 

Lake, Matachewan, és Nipissing típusú gabbroidális intrúziók és k zettelérek harántolták.  

 Mindezek a fekük zetek a becsapódás során impakt breccsásodást szenvedtek, 

aminek köszönhet en a milliméteres erekt l a több száz méteres zónákig terjed  

nagyságrendben képz dtek pszeudotachilit testek. Ezek a jelenlegi SMK/fekük zet határtól 

számítva legalább 80 km-es távolságig fordulnak el . Ebben az úgynevezett Sudbury 

Breccsában, egy finomszemcsés, átkristályosodott alapanyagban f képp lokális eredet  
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fekük zet klasztok találhatóak. A széles Sudbury Breccsa zónák nagyon fontosak voltak a 

kés bbi ércesedési folyamatok során, ugyanis jó áramlási közeget biztosítottak a SMK-hoz 

köt d  olvadékok és hidrotermális oldatok számára (Rousell et al., 2003). 

 A magmás komplexum h lése szolgáltatta a h t a következ  fekük zetbeli 

folyamatokhoz, melyek nagy jelent séggel bírtak a Sudbury szerkezetben található Ni-Cu-

platinafém ércesedések kialakulásában: (1) asszimilációs folyamat, mely a fekük zetek több 

száz méter vastagságát emésztette fel, és az úgynevezett Sublayer („Contact Sublayer”) 

képz dését eredményezte (Prevec et al., 2000; Prevec és Cawthorn, 2002); (2) 1–2 km 

vastagságú kontakt metamorf udvar kialakulása (Dressler, 1984b; Boast és Spray, 2006); (3) 

parciális olvadás és termális átkristályosodás révén a Fekübreccsa („Footwall Breccia”) 

képz dése (Coats és Snajdr, 1984; Lakomy, 1990; McCormick et al., 2002a); (4) hidrotermális 

fluidumok áramlása, mely nagy fontossággal bírt a fémek mobilizációjában és végs  

elosztásában, f ként a SMK fekük zeteiben (pl. Farrow és Watkinson, 1992; Li és Naldrett, 

1993a; Watkinson, 1999; Molnár et al., 1997, 1999, 2001; Molnár és Watkinson, 2001; Farrow et 

al., 2005). Egyes tanulmányokban találhatóak utalások és megfigyelések arra vonatkozólag, 

hogy a fekük zetek a SMK kontakt udvarában helyenként parciális olvadást is 

szenvedhettek (pl. Dressler, 1984b; Rosenberg és Riller, 2000; Molnár et al., 2001); erre az 

olvadási folyamatra vonatkozóan azonban eddig nem született részletes publikáció.    

 A Sudbury szerkezet többszöri utólagos deformáción ment keresztül. Még a 

becsapódási olvadék h lése során jelent s kráter-kiegyenlít dési mozgások történhettek, de 

ezekkel eddig csak kevés szerz  foglalkozott (Spray, 1997). Maga a becsapódás egybeesett a 

Penokiai orogenezissel (1,89–1,83 milliárd éve: Sims et al., 1989), ami egy DK–ÉNy irányú 

kompressziós esemény volt. További deformációs események (az 1,7–1,6 milliárd éves 

Mazatzal: Bailey et al., 2004; a körülbelül 1,45 milliárd éves Chieflaki: Szentpéteri, 2009; és a 

mintegy 1,0 milliárd éves Grenville orogenezisek) f képp a szerkezet Déli-vonulatát 

érintették.     

 A magmás Ni-Cu-platinafém ércesedések f képp a magmás komplexum bázisán, a 

fekük zetekkel alkotott kontaktuson, a Sublayerben és a Fekübreccsában helyezkednek el. 

Ezek az egységek a becsapódási olvadék h lése során történ  asszimilációs folyamat révén 

jöttek létre, és a kráter kiöblösödés-szer  terasz-szerkezeteiben („embayments”) érik el a 

legnagyobb vastagságot. Az ilyen kivastagodott kontakt zónákban találhatóak a 

legjelent sebb likvidmagmás szulfidérctelepek, melyek képz dése jól modellezhet  a SMK 

olvadékából való szulfidszegregációval, majd e szulfidolvadék további frakcionációjával (pl. 

Hawley, 1962; Naldrett, 1984; Naldrett el al., 1994).     
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 Jóval vitatottabb a fekük zetekben, a kontaktustól akár 2 km-es távolságban 

megjelen  fekük zet ércesedések genetikája. Ezek a rézben és nemesfémekben (Pt, Pd, Au) 

rendkívül gazdag, f képp kalkopiritb l álló masszív szulfidtelér-rendszerek („sharp-walled 

vein systems”) képz dése nehezen magyarázható csupán magmás frakcionációs 

folyamatokkal. Jelenleg a legtöbb kutató egyetért abban, hogy képz désükben fontos 

szerepet játszottak a magmás komplexum h lése által hajtott magas h mérséklet , nagy 

szalinitású hidrotermális fluidumok (pl. Jago et al., 1994; Molnár et al., 2001; Molnár és 

Watkinson, 2001; Hanley et al., 2005; Farrow et al., 2005). Az utóbbi id ben e teléres 

ércesedések mellett felismertek egy „szulfidszegény” („low-sulphide systems”) fekük zet 

ércesedési típust is (Farrow et al., 2005). Ezeket a f képp hintett-pecsétes, illetve érhálózatos 

ércesedéseket jelent s mérték  hidrotermális k zetátalakulás kíséri, és jellegzetességük, 

hogy szulfidszegénységük (átlagosan <3 % szulfidtartalom) ellenére rendkívül magas 

nemesfém koncentrációkkal rendelkeznek (> 5 g/t Pt+Pd+Au). Az olyan ércesedést, 

amelyekben mind a „szulfidszegény”, mind a „teléres” fázis kifejl dött, „hibrid” 

rendszernek tekintik. 

 A Sublayerben és Fekübreccsában kimutatott hidrotermális tevékenységek (pl. 

Farrow és Watkinson, 1996; Molnár et al., 1997, 1999, 2001; McCormick et al., 2002b) azt 

feltételezik, hogy a hidrotermális oldatok jelent s mennyiség  mobilis fémet oldhattak ki és 

szállíthattak tovább a kontakt zóna likvidmagmás szulfidérceib l. Azonban ezeknek, illetve 

a fekük zet ércesedésekkel kapcsolatban észlelt fluidumoknak az eredete egyel re vitatott. 

Molnár és munkatársai (2001) parciális olvadékból kristályosodott felzikus „fekü granofír” 

(„footwall granophyre”) k zettelérekb l magas szalinitású fluidumok szegregációját írták le és 

felvetették, hogy e parciális olvadéktestek fontos forrásai lehettek a hidrotermális 

ércképz désben résztvev  fluidumoknak, mivel e fluidumok jelenlétét a fekü 

platinafémekben dúsult teléres ércesedéseiben is kimutatták.     

 

1.2. Célkit zések 

 Munkám általános céljaként annak körvonalazását t ztem ki, hogy a Sudbury 

Magmás Komplexum kontakt udvarában milyen genetikai kapcsolat létezik a fekük zet 

parciális olvadása és a hidrotermális Cu-Ni-platinafém ércesedések képz dése között. 

Azonban, ahhoz hogy ezekr l az összetett folyamatokról egy összegz  modellt tudjunk 

kialakítani, ezt a témát részekre kellett bontani, mind területi értelemben (SMK/fekük zet 

kontaktus és mélyebb fekük zet övezet), mind eltér  folyamatok (parciális olvadás, 
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olvadékszegregáció, fluidszegregáció a kristályosodó olvadékokból, hidrotermális átalakulás 

és ércképz dés) terén.     

 Els ként azt vizsgáltam, hogy a „teléres” és „szulfidszegény” fekük zet ércesedések 

képz désében milyen szerepet töltöttek be a hidrotermális folyamatok. A „szulfidszegény” 

érctípust csak a közelmúltban ismerték fel, ezért még alig született részletes leírása ilyen 

ércesedésnek. Ebb l kifolyólag két nemrég felfedezett Cu-Ni-platinafém ércesedés alapos 

vizsgálatát végeztem el, melyek a Sudbury szerkezet Északi-vonulatának olyan területén 

(Wisner terület) helyezkednek el, ahol eddig hasonló ércesedés nem volt ismert. A 

„szulfidszegény” South zóna, illetve a „hibrid” Broken Hammer zóna megismerésével 

b víteni kívántam a fekük zet ércesedések képz désér l alkotott eddigi ismereteket. A 

megválaszolásra váró f  kérdések az alábbiak voltak: 

1. A különböz  fekük zet ércesedési típusok között milyen ásványtani és geokémiai 

hasonlóságok, illetve különbségek mutathatóak ki?  

2. Mi volt a hidrotermális oldatok szerepe a “teléres” illetve a “szulfidszegény” ércesedések 

kialakulásában? 

3. Milyen típusú, és hány generáció oldat vett részt a hidrotermális folyamatokban? 

       A munka második részében a parciális olvadási folyamatokról kívántam b vebb 

ismereteket szerezni. Bár Molnár és munkatársai (2001) felvetése alapján ezek a  folyamatok 

a hidrotermális ércesedések kialakulásban igen fontos szerepet töltöttek be, eddig részletes 

geológiai munka nem született e témában (csupán a folyamatok termális modellezését 

végezte el Prevec és Cawthorn, 2002). Számos alapvet  kérdés várt megválaszolásra:  

1. Milyenek voltak az olvadás körülményei és azok térben hogyan változtak?   

2. Hol és a SMK alatt milyen mélységig történt parciális olvadás, és a kontaktustól távolodva 

az olvadás intenzitása hogyan változott?  

3. Mekkora volt az olvadási folyamat térbeli kiterjedése? 

4. Milyen k zettípusokat ért az olvadás? 

5. Melyek a hasonlóságok és különbségek a kontaktuson és a mélyebb fekük zet övben, 

illetve a különböz  területeken el forduló fekü granofírok között? 

 Munkám utolsó fázisában célom az volt, hogy összekapcsoljam ezt a két 

folyamatrendszert és a Molnár és munkatársai (2001) által felvetett genetikai kapcsolatot 

bizonyítsam, vagy módosítsam. Ebb l kifolyólag f  kérdéseim a következ ek voltak: 

1. Milyen az id beli, illetve okozatbeli kapcsolat a parciális olvadási és hidrotermális 

folyamatok között a kontaktuson, a Fekübreccsában? 

2. A két folyamat között létezik-e térbeli, okozatbeli kapcsolat a mélyebb fekük zet övben?  
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1.3. Alkalmazott módszerek 

 Térképezés és mintázás 2005-t l 2009-ig, f képp a Wallbridge Mining Company Ltd. 

(továbbiakban „Wallbridge Mining”), részint pedig az Xstrata Nickel érckutató cégek 

Sudbury szerkezetben lév  területein történt (Windy Lake, Foy és Wisner az Északi-

vonulaton, Skynner és Frost a Keleti-vonulaton; 3-1a. ábra). Részletes földtani térképezést, 

valamint hidrotermális k zetátalakulás és parciális olvadási jelenségek térképezését 

mesterséges, tisztított feltárásokon, 1:50 és 1:75 méretarányban a Wisner South, Southwest és 

Broken Hammer zónákban, valamint a Frost Amy Lake zónában végeztem. Nagyobb 

léptékben (1:2000) szintén számos területen térképeztem, mely munkát az ezeken a helyeken 

mélyített fúrómagok vizsgálatával és mintázásával is kiegészítettem.   

 A felszíni és a fúrómag minták teljes k zet geokémiai vizsgálatai az ALS Chemex Ltd. 

vancouveri (Kanada) laboratóriumában készültek, melynek során a f elemek és 50 

nyomelem (köztük Pt, Pd és Au is) kerültek meghatározásra. A Pt, Pd, Ir, Os, Ru és Rh 

koncentrációk elemzését a Labtium Oy (Espoo, Finnország) végezte. A fluidzárvány 

mikrotermometriai mérések Chaixmeca és Linkam THM 600 típusú m szerekkel, az ELTE 

Ásványtani Tanszékén készültek. Kvarc szemcsék Ti-tartalmának termometriás célból való 

meghatározása lézer ablációs ICP-MS módszerrel a MTA Izotópkutató Intézetében, egy New 

Wave UP-213 lézer ablációs rendszerrel felszerelt ELEMENT2 típusú tömegspektrométerrel 

történt.  

 Az ásványkémiai összetételek nagy része a Carleton Egyetemen (Ottawa, Kanada) 

lév  Camebax MBX elektron mikroszondával, hullámhosszdiszperzív analízissel került 

meghatározásra. További méréseket a Karl-Franzens Egyetemen (Graz, Ausztria), egy Jeol 

SEM 6310 m szerrel, hullámhossz- és energiadiszperzív üzemmódban végeztem.      

 

2. A vizsgált területek és ércesedések 

 A terepi munka során nagy hangsúlyt fektettem az Északi-vonulaton elhelyezked  

Wisner területre, ugyanis itt a téma tárgyát képez  összes jelenség jó feltártsági körülmények 

között vizsgálható. A területen belül három zónában található fekük zet Cu-Ni-platinafém 

ércesedés. Ezek a Broken Hammer, a South és a Southwest zónák. Az XStrata Nickel révén 

egy kontakt ércesedés (Rapid River zóna) vizsgálata is módunkban állt. Mindhárom 

fekük zet ércesedést az utóbbi id ben (2003—2005) fedezték fel a Wallbridge geológusai, és 

a Broken Hammer zónában a kutatás jelenlegi (2009. december) állása szerint a NI-43-101 

el írásnak megfelel  becslés szerint 251 000 t becsült készletet sikerült körvonalazni, mely 
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3,80 g/t teljes nemesfém- (1,56 g/t Pd, 1,62 g/t Pt és 0,61 g/t Au), 1 súly% réz- és 0,1 súly% 

nikkel tartalommal jellemezhet . Míg a South és Southwest zónák 200—500 m távolságra 

helyezkednek el a mai legközelebbi kontakt zónától, addig a Broken Hammer ércesedés 1,3 

km-re található a kontaktustól, ami a fekük zet ércesedések esetében is már igen nagy 

távolságnak tekinthet .  

 Az Amy Lake zóna a Keleti-vonulat Frost területén helyezkedik el és szintén egy 

fekük zet ércesedést tár fel 300—600 méterre a kontaktus legközelebbi ismert 

el bukkanásától. A Craig kontakt, magmás érctelepek Fekübreccsában, a felszín alatt 650—

1700 méteres mélységben helyezkednek el. Ez az egyetlen terület, ahol saját térképezést és 

mintázást nem végeztem, hanem Dr. D. Marshall által gy jtött mintákon dolgoztam.  

 A fenti területeken az ércesedésekkel együtt a parciális olvadási jelenségek és az 

azokból származó granofíros szövet  k zettelérek is vizsgálhatóak. Összehasonlításképpen 

kiválasztottunk további olyan el fordulásokat is, amelyekben a jelenlegi ismereteink szerint 

nem fejl dtek ki ércesedések, azonban szintén nagy mennyiségben fordulnak el  parciális 

olvadási jelenségek. Ilyenek az Északi-vonulaton a Windy Lake és Foy területek, illetve a 

Keleti-vonulaton a Skynner és a Frost Amy Lake zónán kívül es  területek. A Déli-vonulaton 

azért nem végeztünk részletes térképezést és mintázást, mert ott a számos utólagos orogén 

tektonikai esemény során a kontakt öv jelent s mértékben deformálódott és 

metamorfizálódott.   

 A vizsgált területek általános jellemz je, hogy a fekük zetek túlnyomórészt a 

bevezet ben már említett Levack Gneisz Komplexum és Cartier Batolit k zeteib l állnak, 

melyeket mindenütt mafikus telérek és nagyobb intruzív testek harántolnak. Mindegyik 

területen jelent s volt az impakt breccsásodás, tehát Sudbury Breccsa nagy mennyiségben 

fordul el , és mind az ércesedések, mind a parciális olvadás kialakulását jelent sen 

meghatározta.  

  

3. „Szulfidszegény” és „hibrid” típusú Cu-Ni-platinafém ércesedések a Wisner 

területen: A Broken Hammer és a South zóna 

 A dolgozat ezen része (4. Fejezet) a Broken Hammer és a South zóna vizsgálata során 

elért eredményeket mutatja be, melyeket a Péntek és munkatársai (2008) publikációban 

közöltünk. Mindkét ércesedés Sudbury Breccsa övben található, 1300, illetve 500 méterre 

északra a legközelebbi kontakt zónától, és a következ  érctípusokból áll: (1) masszív 

szulfidtelérek, (2) „szulfidszegény” hintett-pecsétes, illetve kiszorításos érc, és (3) szilikát-

kvarc gazdag érhálózatok. Bár a szulfidtelérek képviselik az ércesedés f  tömegét, a 
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„szulfidszegény” érctípus azonosan nagy nemesfém koncentrációkkal rendelkezhet. A 

szulfidérc túlnyomórészt kalkopiritb l áll, melyet változó mennyiség  millerit, szfalerit, 

pentlandit, magnetit és/vagy pirit kísérnek. Másodlagos, átalakulási termékként bornit, 

violarit és covellin is megfigyelhet .  

 A víztartalmú szilikátok fontos részét képezik a platinafém-tartalmú 

ásványtársulásoknak. F leg a „szulfidszegény” hintett-pecsétes, kiszorításos ércesedési 

típusokban fordulnak el  szorosan összen ve a szulfidásványokkal és platinaásvány 

zárványokat tartalmaznak. Epidot, biotit, aktinolit és greenalit azonban a masszív 

szulfidtelérekhez is kapcsolódik, és mind az átalakulási szegélyükben, mind zárványként 

magában a kalkopirites alapanyagban el fordul. Több súlyszázalék klórt tartalmazó 

szilikátásványok el fordulását nem mutattuk ki (mint pl. a szkapolit: Ames et al., 2001; 

ferropiroszmalit: Molnár et al., 2001; Hanley és Mungall, 2003), azonban a Broken Hammer 

zónához kapcsolódó biotit gyakran magas Cl-tartalommal rendelkezik.            

 A nemesfém-ásványok általában több ásványfajból álló összetett szemcséket alkotnak, 

melyek zárványként fordulnak el  mind a szulfid-, mind a szilikátásványokban. A 

kimutatott társulások olyan platina-, és ezüstásványokat tartalmaznak, amelyek: (a) 

tipikusak a sudburyi fekük zet ércesedésekben (pl. merenskyit, moncseit, michenerit, hessit), 

(2) csupán kevés sudburyi érctelepb l ismertek (e.g., clausthalit, szopcseit, naumannit, 

bohdanowiczit), (3) csak az utóbbi id ben történt meg új ásványfajként való azonosítása, és 

világszerte csak egy-két el fordulásáról tud a szakirodalom (malyshevit). Az arany Au65Ag35 

összetétel  ötvözet formájában jelenik meg.  

          A vizsgált zónákban mélyített érckutató fúrások geokémiai adatsorában a fémek 

eloszlásának statisztikai vizsgálata fontos trendeket és különbségeket mutatott ki az 

ércesedési típusok, illetve a két zóna között. Ahogyan azt a növekv  S-tartalom 

függvényében növekv  Cu/(Cu+Ni) értékek is mutatják, a szulfidszegény érctípusok a réz 

mellett jelent s nikkelt is tartalmaznak, míg a masszív szulfid telérekben elhanyagolható a 

Ni koncentrációja. A Pt/(Pt+Pd) értékek a S növekedésével folyamatosan csökkennek, így 

míg a szulfidszegény érc körülbelül azonos Pt és Pd értékekkel jellemezhet , addig a szulfid 

telérekben jóval nagyobb a Pd koncentrációja (Pt/(Pt+Pd = 0,2). Összességében, a 

nemesfémek (Pt, Pd, Au) és az ezüst 100 százalék szulfidtartalomra normált koncentráció 

értékei egy-két nagyságrenddel csökkennek a hintett l a masszív szulfid mintákig, ami jól 

tükrözi a szulfidszegény ércesedési típusokra jellemz  nemesfém-gazdagságot. A geokémiai 

adatokban megfigyelhet  trendek és változékonyság a jelenlegi ismereteink szerint nem 

vezethet  le likvidmagmás szulfidolvadék szegregációs-frakcionációs folyamataiból. 
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 A fluidzárvány vizsgálatok három zárványgenerációt mutattak ki, melyek 

tulajdonképpen azonosak az Onaping-Levack terület jól ismert fekük zet ércesedéseib l 

leírtakkal. A platinafém-tartalmú ércesedési típusokhoz egy magas sókoncentrációjú (30—40 

NaCl ekviv. súly%) magmás-hidrotermális rendszer magas (min. 450–500°C) és alacsony 

h mérséklet  (min. 300—350°C) fázisát képvisel  fluidumok kapcsolódnak. Egy kés bbi, 

alacsony h mérséklet , Ca-gazdag fluidum (min. 100—200°C) feltehet leg egy, a Sudbury 

Magmás Komplexum h lése utáni regionális fluidáramlást képvisel, mely független az 

ércképz  folyamatoktól. E fluidzárvány adatok azt bizonyítják, hogy magas szalinitású, 

magas h mérséklet  fluidumok mobilizációja a Wisner terület fekük zeteiben is végbement, 

és hogy a magmás komplexum által hajtott magmás-hidrotermális rendszer nem csupán 

egyes kitüntetett zónákban hatott (pl. az Onaping-Levack terület), hanem jelenlétére az 

Északi-vonulat egyéb területein is számíthatunk. Az adatok arra utalnak, hogy a 

„szulfidszegény” érctípusok képz déséért teljes egészében e hidrotermális folyamatok a 

felel sek. Bár az eredmények nem zárják ki annak lehet ségét, hogy egyes szulfidtelér-

rendszerek képz dése els dlegesen szulfidolvadék kristályosodásával ment végbe, azt 

bizonyítják, hogy a fluidumok a telérek kialakulásakor is jelen voltak és feltehet leg fontos 

szerepet játszottak. 

 

4. Parciális olvadás és olvadékszegregáció a Sudbury Magmás Komplexum 

fekük zeteiben 

 Ebben a fejezetben (a dolgozat 5. fejezete) a parciális olvadási folyamatokról és az 

ezek révén képz dött fekü granofírokról szerzett adatokat dokumentálom, melyeket a 

Péntek és munkatársai (2009) cikkben közöltünk. Az Északi- és Keleti-vonulat számos 

területén végzett kis- és nagylépték  fekü granofír térképezés eredményeképpen sikerült 

kimutatni, hogy mind felzikus, mind mafikus k zetek parciális olvadása rendkívül elterjedt 

volt a Sudbury Magmás Komplexum feküjében, és a komplexum alsó kontakt zónájától 

számított akár 500 méteres távolságig hatott.  

 A vizsgált területek között és a területeken belül is jelent s különbségek mutatkoznak 

a fekü granofírok szöveti és ásványtani jellemz iben, azonban általánosságban elmondható, 

hogy alapanyaguk túlnyomórészt különféle kvarc-földpát összenövésekb l (pl. granofíros, 

grafikus) áll és nagyon gyakori bennük az 5 cm-es átmér t is elér  miarolitos üregek 

jelenléte.   

 A Wisner és Frost területekr l származó fekü granofírok f - és nyomelem összetétele 

azt jelzi, hogy f képp felzikus Levack Gneisz és Cartier granitoid k zetek olvadásából 
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származó olvadékból kristályosodtak, melyhez Froston gabbroidális k zetek olvadásából 

származó olvadék is hozzájárult. Ezek az eredmények jó összhangban állnak a mafikus és 

felzikus k zetekben megfigyelt mikroszkopikus in situ olvadási jelenségekkel. Az adatok 

arra utalnak, hogy a parciális olvadási folyamat 1,5 ± 0,5 kbar nyomáson történt, egyes 

területeken (pl. Wisner) legfeljebb 750°C-os, míg máshol (pl. Frost, Windy Lake) akár 850—

900°C-os h mérsékleten. A parciális olvadékok szegregálódása mindegyik területen 

megfigyelhet  volt, melynek eredményeképpen az elszigetelt szemcsehatár-menti 

olvadékfilmek és –tasakok el ször mikroerekké, majd makroszkopikus méretarányú fekü 

granofír telérekké álltak össze. Ezt a szegregációt a kráter kiegyenlít déshez, illetve az éppen 

aktív Penokiai orogenezishez köt d  deformáció, továbbá a fekük zetekben lév  gyengeségi 

zónák (foliáció, metamorf nyírási övek, Sudbury Breccsa erek) segítették el . Míg a 

granofíros erek és telérek arra utalnak, hogy az olvadékáramlás rideg körülmények között 

zajlott, addig a Sudbury Breccsa alapanyagában lév  nyírásos deformációt szenvedett 

olvadéktestek a kristályosodásuk során uralkodó képlékeny állapotokat jelzik. 

 

5. A parciális olvadás, az olvadékszegregáció és a hidrotermális „szulfidszegény” 

ércesedések térbeli összefüggése és genetikai kapcsolata  

 A dolgozat ezen fejezetében (6. fejezet) ismertetek olyan megfigyeléseket, melyek a 

parciális olvadás és az ércképz  hidrotermális folyamatok térbeli, id beli és okozatbeli 

kapcsolatait világítják meg. Ezeknek az eredményeknek az alábbi, 6. pontban ismertetett 

modellel együtt publikálása folyamatban van (Péntek et al., Economic Geology-ba beküldve). 

 Három kontakt el fordulásról (Windy Lake, Craig, Wisner Rapid River zóna) 

ismertetek ércesedett Fekübreccsában el forduló fekü granofírokat, melyek egyik típusa 

(felzikus, granofíros) tulajdonképpen megegyezik az 5. fejezetben, a mélyebb fekük zetek 

övéb l leírtakkal, míg más típusok ásványtani összetétele és szövete jelent sen különbözik 

azoktól. Bemutatom, hogy ezek a fekü granofírok, illetve az azokhoz részint kapcsolódó 

hidrotermális fluidumok hogyan léptek kölcsönhatásba a Fekübreccsa likvidmagmás 

szulfidércével (harántolják, kiszorítják azokat). 

 Ezek után kett , az 5. fejezetb l már ismert területen (Wisner South zóna és Frost 

Amy Lake zóna) mutatom be, hogy a fekü granofírok milyen szoros térbeli kapcsolatban 

találhatóak a platinafém-gazdag, „szulfidszegény” ércesedésekkel. A szulfidásványok 

részint hintett és pecsétes formában magukban a fekü granofír testekben, másrészt pedig a 

közvetlenül azokból kifejl d  hidrotermális epidot-aktinolit-gazdag erezésekben jelennek 

meg. Ezekb l a mintákból ásványtanilag ismét érdekes platinaásvány- és ezüstásvány-
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társulást írok le, melyben például nagy gyakorisággal szerepel a malyshevit és a lisiguangit, 

melyek világszerte rendkívül ritka ásványok. Elektron mikroszondás méréseink arra utalnak, 

hogy e két ásvány között teljes elegysor lehetséges, bár ennek létezését eddig nem írták le a 

szakirodalomban.         

 E fejezet egyik fontos része a kvarc Ti-tartalmán alapuló termométer (Wark és 

Watson, 2006) alkalmazása. Mivel a fekü granofírok többségének ásványtani összetétele nem 

teszi lehet vé a granitoid k zetekre kidolgozott hagyományos termométerek alkalmazását 

(ezt b vebben a dolgozat 5. fejezetében ismertetem), így ehhez a nemrég kidolgozott, 

rendkívül tág alkalmazási területet biztosító termométerhez folyamodtam. Ennek 

segítségével sikerült kimutatnom, hogy a fekü granofírok kristályosodása és az ezt kísér  

fluidszegregációs folyamat nagyjából 650 és 400°C között zajlott le.   

 A diszkusszióban el ször a Fekübreccsa és a fekü granofírok képz dését, a köztük 

lév  kapcsolatot vázolom. Levezetem, hogy a parciális olvadékok kristályosodását minden 

esetben Cl-gazdag hidrotermális fluidumok szegregációja kísérte, és hogy ezek a kontakt 

környezet képlékeny állapota miatt nem tudtak eltávozni a rendszerb l. Bemutatom, hogy e 

fluidumok és parciális olvadékok hogyan reagáltak a likvidmagmás szulfidércekkel, 

melynek során a fluidumok mobilis fémeket (Cu, Pt, Pd, stb.) vettek fel. Végül a mélyebb 

fekük zet övben szoros térbeli kapcsolatban lév  olvadéktestek és „szulfidszegény” 

ércesedések egyidej ségét bizonyítom, és az alábbi modellben is vázolt ércgenetikai 

kapcsolatokat vázolom.  

    

6. A parciális olvadási folyamatok jelent sége a Sudbury Magmás Komplexum 

feküjében el forduló Cu-Ni-platinafém ércesedések képz désében: ércgenetikai 

modell  

  Ahogyan az a parciális olvadással foglalkozó munkám során bebizonyosodott (a 

dolgozat 5. fejezete), ez a folyamat rendkívül elterjedt volt a magmás komplexum kontakt 

övében és akár több száz méter távolságig behatolt a mélyebb fekük zet környezetbe. 

Ahogyan arra már Molnár és munkatársai (2001) is rávilágított, az olvadékok 

kristályosodását minden esetben nagy szalinitású hidrotermális fluidumok szegregációja 

kísérte. Így bár az egyes fekü granofírok kisméret nek és lokális léptékben jelentéktelennek 

t nhetnek, maga az olvadási folyamat elterjedtsége miatt rendkívüli szerepet töltött be, 

mivel nagy mennyiség , nagy szalinitású magmás hidrotermális fluidumot táplált abba a 

SMK által hajtott hidrotermális rendszerbe, amely a fémek mobilizációjáért és azok a 

fekük zetekbe történt áthalmozásáért volt felel s. 
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 Az alábbiakban az el z  fejezetekben ismertetett eredményeket összesítve és az 

eddigi irodalmi ismeretekkel összevetve egy modellt javaslok, mely a parciális olvadási 

folyamatoknak a „szulfidszegény” Cu-Ni-platinafém ércesedések kialakulásában betöltött 

szerepét hangsúlyozza. 

(1) A túlhevített becsapódási olvadék h lése a fekü több száz méteres asszimilációját idézte 

el . A Sublayer és a Fekübreccsa fels  része e folyamat keveredési zónájának tekinthet  

(pl. Prevec and Cawthorn, 2002; McCormick et al., 2002a) (7-1a-b. ábra).  

  (2) Az asszimilációs zóna alatt, a Fekübreccsában és alatta több száz méteres mélységig a 

fekük zetek parciális olvadást szenvedtek, mely olvadás a Sudbury Breccsa zónákban 

nagyobb intenzitással hatott (7-1c. ábra). Az olvadás megjelenése és mértéke nem 

fokozatosan csökkent a kontaktustól távolodva, hanem f képp a k zetösszetétel és a 

fluidumok jelenléte/hiánya szabta meg. Ezzel egy id ben alakultak ki a kontakt 

metamorf fáciesövek (e.g., Dressler, 1984b; Boast és Spray, 2006). Bár a rideg-képlékeny 

határ pontos helyzete e folyamat során nem meghatározható, analógiák alapján 

(Fournier, 1999) nagyjából 400°C körül, a hornblende szaruszirt fácies kish mérséklet  

övében lehetett. A Sublayer és a Fekübreccsa szulfidolvadékai a fekük zetek és a fed  

nórit felé frakcionálódtak (e.g., Naldrett et al., 1994; Mungall, 2002). 

(3) A parciális olvadékok kristályosodását körülbelül 650-t l 400°C-ig magas szalinitású 

hidrotermális fluidumok szegregációja kísérte. A kontakt és közeli fekük zet környezet 

képlékeny állapota miatt nagymérték  olvadék- és/vagy fluidumáramlás nem 

történhetett. Jelent s mennyiség  küls  eredet  (pajzs-pórusvíz eredet , metamorf stb.) 

fluidum nem tudott belépni a „zárt” kontakt környezetbe, az ottani olvadékok és 

fluidumok pedig nem tudtak kiáramlani a mélyebb fekübe.  

(4) A Fekübreccsa ércesedett részeiben a parciális olvadékok és az azokból szegregálódott 

fluidumok kölcsönhatásba léptek az ott lév  magmás szulfidérccel. Eme reakció révén a 

szulfidok korrodálódtak, és a mobilis elemeket a fluidumok felvették.   

(5) A Sudbury szerkezet kráter-kiegyenlít déseihez köt d  hirtelen események során a 

kontakt és közeli fekük zet környezetben uralkodó képlékeny viszonyok id szakosan a 

rideg deformáció állapotába kerülhettek; ekkor nagy mennyiség  parciális olvadék és 

fémhordozó fluidum léphetett ki a zárt kontakt rendszerb l a fekü irányába (7-1d. ábra). 

Ez a folyamat „gyökér nélküli” fekü granofír érhálózatok és hozzájuk kapcsolódó 

„szulfidszegény” Cu-Ni-platinafém ércesedések képz dését eredményezte több száz 

méterre a kontaktustól. A parciális olvadékok és ércképz  fluidumok együttes áramlása 

valószín leg nem egy elszigetelt, a Wisner területre jellemz  egyedi jelenség, hanem egy 
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eddig fel nem ismert viszonylag elterjedt folyamat (pl. úgy t nik, hogy a McCreedy West 

PM ércesedésben is végbement: Farrow et al., 2005). Azonban az ércképz  fluidumoknak 

a kontaktusról a fekübe való áramlása más helyeken parciális olvadékok áramlása nélkül 

is végbemehetett, és ezekben az esetekben a „szulfidszegény” ércesedésekhez nem 

kapcsolódnak „gyökér nélküli” fekü granofír erezések (pl. Frost Amy Lake zóna). 

Hasonlóképpen, egyes területeken (pl. Foy) „gyökér nélküli” fekü granofír erezéseket 

lehet megfigyelni, melyekhez nem kapcsolódik szulfidércesedés. Ez azt mutatja, hogy a 

kontaktusról való olvadék-/fluidum-kiáramlásokat csak akkor kísérték ércképz  

fluidumok, ha a Fekübreccsa tartalmazott mobilizálható fémeket likvidmagmás 

szulfidérctelepek formájában. Frakcionált szulfidolvadékok fekübe való benyomulása 

szintén történhetett eme hirtelen rideg események során, egyes szulfidteléres ércesedés 

képz dését eredményezve. Ezek után a parciális olvadékokból és magukból a 

szulfidtelérekb l szegregálódó fluidumok lokálisan a fémek további elosztását végezték 

(7-1e. ábra). Bár e hirtelen, rideg események után a rendszerben visszaállt a képlékeny 

állapot, a magmás komplexum h lése végül a rideg-képlékeny határ folyamatos 

visszahúzódását eredményezte.   

(6) Egy kés bbi stádiumban, amikor már a fekü és a kontakt zóna egyaránt rideg 

körülmények között volt, különböz  forrásokból származó fluidumok áramlása a 

magmás szulfidércek további átalakulását és a fémek további áthalmozását 

eredményezte (7-1f.ábra). A Fekübreccsát átvágó hidrotermális érhálózatok (pl. a Rapid 

River amfibol-epidot-kalkopirit erei, illetve Molnár et al., 1997, 1999, 2001 által leírt 

erezések), illetve a fekük zet ércesedésekhez gyakran kapcsolódó erezések (pl. az 

aktinolit-, epidot-, kvarc-gazdag erezések a Broken Hammer zónában, illetve a Li és 

Naldrett, 1993; Watkinson, 1994; Molnár et al., 2001; Hanley és Bray, 2009 által leírt 

érhálózatok) ebben a rideg fázisban képz dtek. Egyes szulfidtelér-rendszerek képz dése 

szintén e fázisra tehet , ami megmagyarázza, hogy ezek egyes helyeken miért vágják át a 

„szulfidszegény” ércesedéseket és az aktinolit érhálózatokat (Farrow et al., 2005; Hanley 

and Bray, 2009). A teléres rendszerek képz dése feltehet en több fázisban és eltér  

folyamatok (magmás vs. hidrotermális) révén jött létre, ami feloldhatja az eredetükr l 

kialakult egymásnak ellentmondó véleményeket.    
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7. Az eredmények összefoglalása/Tézisek 

(1) A Sudbury szerkezet Északi-vonulatában található Wisner terület Broken Hammer és 

South zónájában számos Cu-Ni-platinafém ércesedési típust sikerült megkülönböztetni. 

Bár az érc f  tömegét a masszív szulfidtelérek teszik ki, a szulfidszegény (hintett-

pecsétes) ércesedési típusok, valamint a hidrotermális szilikát-kvarc-gazdag érhálós 

ércesedések hasonlóan nagy nemesfém-tartalommal rendelkezhetnek, és nagy 

jelent séggel bírnak az ércesedési folyamatok megértésében. Mivel a South zónában az 

ércesedés teljes egészében szulfidszegény ércesedési típusokból áll, így ez az el fordulás 

a „szulfidszegény”, platinafém-gazdag rendszerek közé sorolható. Bár ezek az ércesedési 

típusok fontos nemesfémhordozók a Broken Hammer zónában is, itt az érc túlnyomó 

többségét mégis a szulfidtelérek (mint a „Big Boy” telér) teszik ki, így ez az el fordulás 

egy „hibrid” rendszernek tekinthet .    

(2) Mindkét el fordulásban a platinaásványok és a hozzájuk kapcsolódó ezüst- és 

átmenetifém-ásványok nagy fajgazdagsága figyelhet  meg. Az ezekb l a zónákból 

kimutatott társulások olyan ásványokat tartalmaznak, amelyek: (a) tipikusak a sudburyi 

fekük zet ércesedésekre (pl. merenskyit, moncseit, michenerit, hessit), (2) csupán kevés 

sudburyi érctelepb l ismertek (e.g., clausthalit, szopcseit, naumannit, bohdanowiczit), (3) 

nagyon ritkák és eddig nem kerültek el  a Sudbury szerkezetb l (temagamit), illetve csak 

az utóbbi id ben történt meg új ásványfajként való azonosításuk, és világszerte csak egy-

két el fordulásukról tud a szakirodalom (malyshevit, lisiguangit). Számos ásványtani 

probléma merült fel, melyek további vizsgálata igen érdekes feladat lehetne. Ilyen 

például az elektron mikroszondás elemzések által kimutatott kémiai folytonosság (teljes 

elegysor?) a lisiguangit és a malyshevit között, mely eddig ismeretlen volt az 

szakirodalomban. A South zónában számos olyan ezüstásványt sikerült találni, melyek 

kémiai összetétele látszólag nem feleltethet  meg semelyik, az IMA által elfogadott 

ásványfajjal (pl. Ag2Pd2Te3?, Ag4TeSe?, AgPdTe2?).  

(3) A Broken Hammer és South zónákban mélyített érckutató fúrások geokémiai adatsorában 

a fémek eloszlásának statisztikai vizsgálata fontos trendeket és különbségeket mutatott ki 

az ércesedési típusok, illetve a két zóna között. Ahogyan azt a növekv  S-tartalom 

függvényében növekv  Cu/(Cu+Ni) értékek is mutatják, a szulfidszegény érctípusok a 

réz mellett jelent s nikkelt is tartalmaznak, míg a masszív szulfid telérekben 

elhanyagolható a Ni koncentrációja. A Pt/(Pt+Pd) értékek a S növekedésével 

folyamatosan csökkennek, így míg a szulfidszegény érc körülbelül azonos Pt és Pd 

értékekkel jellemezhet , addig a szulfid telérekben jóval nagyobb a Pd koncentrációja 
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(Pt/(Pt+Pd = 0,2). Összességében, a nemesfémek (Pt, Pd, Au) és az ezüst 100 százalék 

szulfidtartalomra normált koncentráció értékei egy-két nagyságrenddel csökkennek a 

hintett l a masszív szulfid mintákig, ami jól tükrözi a szulfidszegény ércesedési 

típusokra jellemz  nemesfém-gazdagságot. A geokémiai adatokban megfigyelhet  

trendek és változékonyság a jelenlegi ismereteink szerint nem vezethet k le 

likvidmagmás szulfidolvadék szegregációs-frakcionációs folyamataiból. 

(4) A terepi, petrográfiai és analitikai vizsgálatok összességében azt bizonyítják, hogy a 

szulfidszegény hintett, pecsétes érctípusok a Sudbury Magmás Komplexum h je által 

létrehozott magmás-hidrotermális rendszer magas h mérséklet  (~ 400–500°C), nagy 

sótartalmú (40—60 NaCl ekviv. súly%) oldataiból váltak ki. Molnár és munkatársai 

(2001) megfigyelései bizonyítják, hogy ezek a fluidumok a masszív szulfid telérek 

képz dése során is jelen voltak és fontos szerepet játszottak. A szilikát-kvarc-gazdag, 

platinafém-tartalmú hidrotermális erezések ugyanennek a rendszernek egy alacsonyabb 

h mérséklet  (~ 300—400°C) fázisában képz dtek. Ezek az eredmények (melyeket egy, a 

nyersanyagkutatás által eddig elhanyagolt területen mutattam ki) azt jelzik, hogy a 

Sudbury Magmás Komplexum által hajtott hidrotermális fluidáramlások nem csak egyes 

kitüntetett zónákban hatottak (pl. az ércesedésekben rendkívül gazdag Onaping-Levack 

területen), hanem jelenlétükre és Cu-Ni-platinafém ércképz  szerepükre az Északi-

vonulat egyéb zónáiban is számíthatunk.       

 (5) A Sudbury szerkezet Északi- és Keleti-vonulatainak számos területén végzett kis- és 

nagylépték  „fekü granofír” (“footwall granophyre”) térképezés révén kimutattam, hogy a 

becsapódási olvadék h hatása által okozott parciális olvadás rendkívül elterjedt volt a 

Sudbury Magmás Komplexum kontakt udvarában. A parciális olvadás a Sublayer alatt 

akár 500 méteres távolságig is hatott, azonban az olvadás mértéke nem fokozatosan 

csökkent a kontaktustól távolodva, hanem egyes zónákban (f képp Sudbury Breccsa 

testekben) intenzívebb volt. Ezen a távolságon túl a fekü granofírok teljesen hiányoznak, 

még a Sudbury Breccsa zónákban sem jelennek meg. Ezek az eredmények jól 

alátámasztják Prevec és Cawthorn (2002) a sudburyi becsapódási olvadék h lésére 

vonatkozó termális modellezését.   

 (6) Az a tény, hogy a Windy Lake és Frost területeken a gabbroidális k zeteket is jelent s 

parciális olvadás érte, azt jelzi, hogy a kontaktustól számított 200 méteres távolságig akár 

a 850–900°C-ot is elérhette a fekük zetek h mérséklete. Valószín  azonban, hogy ilyen 

magas értékeket a h mérséklet csak a becsapódási kráter egyes terasz-szerkezeteiben 

érhette el, ahol a jelent sen vastagodott olvadékréteg több h t tudott a fekünek átadni. 
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Más területeken (pl. Wisner) a kontaktustól számított néhány száz méteren belül a 

h mérséklet 750°C alatt maradt, így a mafikus k zetek nem olvadtak meg, és a felzikus 

k zetek olvadásához is víztelített körülményeknek kellett uralkodniuk, vagyis a k zetek 

víztartalma szabta meg az olvadási folyamatok megjelenését és intenzitását. A Sudbury 

Breccsa zónák feltehet en sokkal több pórusvizet tartalmaztak, mint a breccsásodást nem 

szenvedett granitoid k zetek és gneiszek. Továbbá, mivel a breccsatestek jó áramlási 

közeget képviseltek (Rousell et al., 2003), így e zónák er teljesebb parciális olvadását a 

fluidumok áramlása is el segíthette.     

 (7) A FWGR-ok között észlelt szöveti, ásványtani és k zetgeokémiai különbségek jól 

tükrözik a parciális olvadási folyamatok eltér  h mérsékletét és a különböz  

protolitokból származó olvadékeredetet. Míg a wisneri minták geokémiai összetétele jól 

megfeleltethet  a Levack Gneiss Complexum és a Cartier Batolit k zeteib l való 

olvadékeredettel, addig a frosti FWGR-okb l származó adatok jelzik, hogy 

összetételükhöz gabbroidális k zetekb l származó olvadék is hozzájárult. 

 (8) A parciálisan olvadt k zetekb l való olvadékszegregáció minden területen 

megfigyelhet  volt, és ezt a folyamatot a kráter statikai kiegyenlít déshez, illetve az 

éppen aktív Penokiai orogenezishez köt d  deformáció, továbbá a fekük zetekben lév  

gyengeségi zónák (foliáció, metamorf nyírási övek, Sudbury Breccsa erek) segítették el . 

Míg a FWGR erek és telérek az olvadékáramlás során fennálló rideg körülményekre 

utalnak, addig a szabálytalan alakú, nyírt olvadéktestek a Sudbury Breccsa mátrixában 

azt jelzik, hogy az alapanyag még képlékeny állapotban volt a parciális olvadékok 

kristályosodása során.      

 (9) A parciális olvadékok kristályosodását körülbelül 650-t l 400°C-ig mindenütt nagy 

szalinitású hidrotermális fluidum szegregációja kísérte. Mivel a Fekübreccsa és a közeli 

fekük zet öv képlékeny állapotban volt, fluidumok és olvadékok nagymérték  áramlása 

e zónákban nem történhetett. Jelent s mennyiség  küls  eredet  fluidum (pl. pajzs-

pórusvíz eredet ) nem juthatott be a kontakt környezetbe, ugyanakkor a kontaktuson 

jelenlev  olvadékok és fluidumok sem távozhattak el a rendszerb l. Bár egyes FWGR-ok 

kisméret nek és elenyész  jelent ség nek t nnek, az olvadási folyamat elterjedtsége 

miatt az olvadéktestek rendkívül fontos forrásai voltak azoknak a magas h mérséklet  

hidrotermális fluidumoknak, amelyek a magmás ércesedések fémtartalmának 

remobilizációjáért és a szulfidszegény ércesedések kialakulásáért voltak felel sek.    

 (10) A Fekübreccsa ércesedett zónáiban a parciális olvadékok és az azokból szegregálódott 

fluidumok kölcsönhatásba léptek az ott lév  likvidmagmás Ni-Cu-platinafém 
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ércesedésekkel. E folyamat bizonyítéka a FWGR erek által okozott korrózió és a 

fluidumok általi metaszomatikus hidrotermális átalakulás a Craig, Windy Lake és Rapid 

River fekük zet breccsájának szulfidérceiben. Eme kölcsönhatás eredményeképpen a 

fluidumok mobilis fémeket (pl. Cu, Pd, Pt, Au) mostak ki és szállítottak el ezekb l a 

zónákból. 

 (11) A FWGR-ok és a szulfidszegény ércesedési típusok között a Wisner South és Southwest 

zónákban, valamint a Frost Amy Lake zónában megfigyelt szoros térbeli kapcsolat 

egyidej séget és genetikai kapcsolatot feltételez a parciális olvadási és hidrotermális 

ércképz  folyamatok között. A frosti területen a fémhordozó fluidumok feltehet en 

kívülr l érkeztek a breccsásodott és parciálisan olvadt zónába, és keveredtek az éppen 

kristályosodó olvadéktestekkel. Ennek eredményeképpen jöttek létre a FWGR-ok 

miarolitos üregeiben lév  szulfidhintések és -pecsétek. Ezzel szemben, a Wisner South 

területr l leírt jelenségek egy rendkívül érdekes, eddig fel nem ismert folyamatot 

jeleznek: a parciális olvadékok és ércképz  fluidumok egyidej  áramlását.       

 (12) A Wisner South zónából és a kontakt el fordulásokról szerzett adataink a Sudbury 

Magmás Komplexum h lésér l meglév  jelenlegi ismeretek összefüggésrendszerébe 

helyezve a következ  folyamatot feltételezik:  

 - a Fekübreccsában jelenlév  parciális olvadékok és fémgazdag fluidumok hirtelen 

események során nagy mennyiségben áramlottak a fekü mélyebb zónáiba. E 

pillanatszer  kiáramlások a Sudbury kráter kiegyenlít déseihez köt d  rideg tektonikai 

mozgások során történhettek, amelyek révén az eddig képlékeny viszonyok között 

„csapdázódott” olvadékok és fluidumok elhagyhatták ezt a zárt rendszert és a 

fekük zetben FWGR érhálózatok és szulfidszegény ércesedések formájában 

kristályosodhattak.  

 - az ércképz  fluidumok áramlása egyes területeken parciális olvadékok nélkül zajlott, 

mely esetekben a szulfidszegény ércesedésekhez nem kapcsolódnak „gyökér nélküli” 

FWGR érhálózatok (pl. Frost Amy Lake zóna). Hasonlóképpen, „gyökér nélküli” FWGR 

erezés szulfidércesedés nélkül is megfigyelhet  egyes területeken (pl. Foy), ami azt jelzi, 

hogy az ilyen hirtelen kiáramlásokat kísér  fluidumok csak akkor voltak ércképz ek, ha 

a kontaktus, ahonnan eredtek, rendelkezett mobilizálható fémtartalommal (magmás 

érctestekkel).  

 - frakcionált szulfidolvadékok fekük zetbe való kiáramlása szintén végbemehetett e 

hirtelen rideg események során, melyek kristályosodása eredményezhette a szulfidtelér-

rendszerek némelyikét.  
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 (13) A fekük zet breccsát átvágó, illetve a fekük zet ércesedésekhez gyakran kapcsolódó 

platinafém-tartalmú érhálózatok (mint pl. a Broken Hammer és South zónák aktinolit-, 

epidot-, kvarcgazdag erezései és a Rapid River zóna amfibol-epidot-kalkopirit erei) egy 

kés bbi fázisban képz dtek, amikor a kontakt és közeli fekü környezetben már a rideg 

deformáció körülményei uralkodtak. Ebben a hidrotermális rendszerben már különböz  

forrásokból (magmás, metamorf, mély medence, stb.) származó fluidumok keveredtek. 

Egyes szulfidtelér-rendszerek is ebben a fázisban képz dhettek, ami megmagyarázza, 

hogy ezek egyes esetekben miért vágják át a szulfidszegény érctípusokat és az aktinolit 

erezéseket. Feltételezésünk szerint a telérek képz dése több ütemben és különböz  

folyamatok révén (magmás vs. hidrotermális) is lejátszódhatott, ami magyarázatot adhat 

az ilyen telérrendszerek képz désére vonatkozó ellentmondásokra.   
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APPENDICES 
 
 

Table A-1. Chemical composition of precious metal minerals and other trace phases from Broken 
Hammer massive sulphide veins and disseminated mineralization of the South zone 

 
Abbreviations: BH = Broken Hammer zone, WSZ = South zone, n.a. = not analyzed, bite = 
tellurobismuthite, boh = bohdanowiczite, claus = clausthalite, maly = malyshevite, mel = 
melonite, nau = naumannite, tet = tetradimite, witt = wittichenite 
 
 
 
 
 
 
 
 
 
 

Sample no. BH-3 BH-8 SZ-3 BH-18 BH-12 BH-18 BH-18 BH-18 BH-12 SZ-15 BH-3 BH-12 BH-3 SZ-15 
Occurrence BH BH WSZ BH BH BH BH BH BH WSZ BH BH BH WSZ 
Mineral witt witt witt mel claus bite tet tet nau boh maly maly maly maly 
Ag    Wt % 1.14 0.00 0.35 0.00 0.06 0.00 0.00 0.00 72.89 24.32 0.36 0.00 0.41 0.50 
Pd 0.07 0.00 0.00 0.00 0.02 0.02 0.08 0.06 0.00 0.29 17.04 21.96 22.03 20.81 
Pt 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.59 0.01 0.00 1.00 
Au 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.22 0.19 0.00 
Sn 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.01 0.00 
Sb 0.00 0.03 0.00 0.02 0.00 0.07 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 
Te 0.12 0.05 0.02 80.91 0.06 46.45 35.50 35.49 0.41 0.28 0.00 0.08 0.02 0.05 
Se 1.07 0.02 1.70 0.07 19.19 0.00 1.34 0.29 27.97 25.16 0.21 0.71 0.04 0.17 
Bi 41.68 40.87 40.80 0.05 0.00 50.34 57.42 56.95 0.00 47.33 45.37 43.31 43.73 43.57 
Pb 0.00 0.00 0.00 0.09 76.22 0.07 0.06 0.00 1.16 n.a. n.a. 0.00 n.a. n.a. 
Fe 0.12 0.94 0.60 0.26 0.84 0.46 0.24 0.54 0.88 1.03 0.07 0.81 0.17 1.48 
Ni 0.00 0.02 0.26 17.70 0.00 0.02 0.17 0.15 0.00 0.13 2.82 0.13 0.52 0.52 
Cu 36.99 38.33 38.23 0.41 1.52 0.77 0.48 1.05 1.41 0.75 13.28 13.81 13.68 13.16 
S 19.12 19.46 18.63 0.06 4.69 0.03 3.95 4.49 0.63 5.00 20.65 20.09 21.04 20.66 
Total 100.37 99.72 100.60 99.72 102.60 98.23 99.24 99.07 105.35 104.52 100.39 101.16 101.84 101.92 

               
Ag     At % 0.05 0.00 0.01 0.00 0.00 0.00 0.00 0.00 1.85 0.94 0.02 0.00 0.02 0.02 
Pd 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.75 0.97 0.95 0.90 
Pt 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 
Au 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Sn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sb 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Te 0.01 0.00 0.00 2.00 0.00 2.90 1.96 1.92 0.01 0.01 0.00 0.00 0.00 0.00 
Se 0.07 0.00 0.11 0.00 0.61 0.00 0.12 0.03 0.97 1.32 0.01 0.04 0.00 0.01 
Bi 0.99 0.96 0.97 0.00 0.00 1.92 1.94 1.88 0.00 0.94 1.01 0.97 0.96 0.96 
Pb 0.00 0.00 0.00 0.00 0.92 0.01 0.00 0.00 0.02 n.a. n.a. 0.00 n.a. n.a. 
Fe 0.01 0.08 0.00 0.02 0.04 0.07 0.03 0.07 0.04 0.08 0.01 0.07 0.01 0.12 
Ni 0.00 0.00 0.06 0.95 0.00 0.01 0.02 0.02 0.00 0.01 0.22 0.01 0.04 0.04 
Cu 2.90 2.97 2.97 0.02 0.06 0.10 0.06 0.12 0.06 0.05 0.97 1.02 0.99 0.95 
S 2.97 2.98 2.87 0.01 0.37 0.01 0.87 0.97 0.05 0.65 3.00 2.92 3.02 2.96 

Total 7.00 6.99 7.00 3.00 2.00 5.01 5.00 5.00 3.00 4.00 6.00 6.00 6.00 6.00 
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Table A-2. Chemical composition of platinum-group minerals  from Broken Hammer massive 
sulphide veins and disseminated mineralization of the South zone 

 
Sample no. BH-18 BH-3 BH-12 BH-18 SZ-15 SZ-3 SZ-3 SZ-3 SZ-3 BH-3 BH-8 BH-12 SZ-4 BH-12 
Occurrence BH BH BH BH WSZ WSZ WSZ WSZ WSZ BH BH BH WSZ BH 
Mineral  mer mer mer mer mer mon mon mon mon mich mich kot kot sop 
Ag    Wt % 0.00 0.00 0.00 0.00 0.16 0.00 0.12 0.10 0.17 0.00 0.00 0.00 0.01 34.55 
Pd 16.27 29.05 17.50 23.15 14.28 6.26 10.41 7.44 8.52 24.12 23.82 36.56 39.31 24.78 
Pt 0.02 0.00 16.27 0.00 17.76 29.89 24.35 29.48 26.89 0.02 0.01 4.00 0.00 0.00 
Au 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.02 0.00 0.00 
Sn n.a. 0.00 0.00 n.a. 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sb 0.00 0.38 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Te 75.97 66.86 64.00 48.63 47.39 48.37 49.53 52.58 46.42 34.40 30.67 43.98 36.53 41.03 
Se 0.00 0.00 0.03 0.51 0.08 0.06 0.02 0.05 0.05 0.10 0.03 0.03 0.04 0.02 
Bi 0.05 3.41 2.60 19.92 19.25 13.72 14.62 9.05 17.15 41.30 45.35 11.76 25.08 0.09 
Pb 0.00 n.a. 0.00 0.17 n.a. n.a. n.a. n.a. n.a. 0.00 0.00 0.00 n.a. 0.00 
Fe 0.34 0.29 0.16 1.15 0.12 0.34 0.09 0.14 0.16 0.08 0.00 0.21 0.17 0.39 
Ni 7.58 0.02 0.00 0.00 0.01 0.00 0.05 0.13 0.03 0.00 0.00 0.03 0.00 0.09 
Cu 0.48 1.65 0.25 3.93 0.14 0.02 0.02 0.08 0.08 0.15 0.00 0.39 0.04 0.64 
S 0.00 0.00 0.00 2.43 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 
Total 100.96 101.66 100.81 99.90 99.19 98.71 99.22 99.05 99.47 100.23 99.88 96.98 101.20 101.59 
               
Ag    At % 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 3.94 
Pd 0.51 0.97 0.64 0.76 0.58 0.27 0.43 0.31 0.36 0.97 0.98 0.89 0.95 2.87 
Pt 0.00 0.00 0.32 0.00 0.39 0.69 0.55 0.66 0.62 0.00 0.00 0.05 0.00 0.00 
Au 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sn n.a. 0.00 0.00 n.a. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sb 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Te 2.00 1.85 1.96 1.33 1.60 1.71 1.70 1.81 1.63 1.16 1.06 0.89 0.73 3.96 
Se 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Bi 0.00 0.06 0.05 0.33 0.40 0.30 0.31 0.19 0.37 0.85 0.95 0.14 0.31 0.00 
Pb 0.00 n.a. 0.00 0.00 n.a. n.a. n.a. n.a. n.a. 0.00 0.00 0.00 n.a. 0.00 
Fe 0.02 0.02 0.01 0.07 0.00 0.03 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.09 
Ni 0.44 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 
Cu 0.02 0.09 0.02 0.22 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.00 0.12 
S 0.00 0.00 0.00 0.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 2.00 2.00 11.00 

 
 
Abbreviations: BH = Broken Hammer zone, WSZ = South zone, n.a. = not analyzed, 
kot = kotulskite, mer = merenskyite, mich = michenerite, mon = moncheite 



Table A-3. Representative compositions of feldspar in footwall granophyres (1-11) and partially melted gabbroic rocks (12-15) 
(cations calculated on the basis of 8 O) 

Analysis no. 1 2 3 4 5 6 7 7 8 9 10 11 12 13 14 15 

Sample no. R-02 R-02 G-03 R-01 R-01 FR-10 FR-10 FR-10 F-04    224 233 224 232 232 231 231 
Occurrence WSWR WSWR WSWB WSWR WSWR FAL FAL FAL FAL WL9 WL WL9 WL9 WL9 WL9 WL9 
Mineral Ab Kfs Ab Kfs Kfs Kfs Kfs Ab Ab Plag Plag Ab  Akfs Plag Akfs Plag 
Texture Grano Grano Euhed Euhed Grano Euhed Euhed Grano Euhed Euhed Euhed Grano Pod Euhed Pod Euhed 

SiO2  68.79 65.78 70.38 66.64 65.72 66.33 64.51 68.17 68.82 61.34 55.56 68.19 64.64 59.75 64.39 59.41 
Al2O3 19.07 17.97 19.18 17.92 17.73 18.01 18.24 19.87 19.37 23.99 0.00 20.31 20.13 25.71 20.26 25.56 
TiO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 27.66 0.00 0.61 0.00 0.43 0.00 
FeO   0.11 0.05 0.05 0.00 0.03 0.03 0.08 0.00 0.28 0.16 0.00 0.00 0.19 0.52 0.15 0.32 
MgO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.55 0.00 0.00 0.00 0.00 0.00 
MnO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K2O   0.10 16.60 0.07 15.43 15.73 15.66 15.80 0.00 0.06 0.82 0.53 0.00 10.87 0.58 9.62 0.56 
CaO   0.41 0.01 0.11 0.00 0.01 0.00 0.00 0.42 0.62 5.64 9.67 0.58 0.90 7.10 1.19 7.20 
Na2O  11.73 0.19 11.55 0.19 0.16 0.17 0.24 11.50 11.41 8.09 5.51 11.60 3.57 7.32 4.13 7.23 
BaO   0.01 0.12 0.01 0.66 0.55 0.20 2.23 0.00 0.02 0.00 n.a. 0.00 n.a. n.a. n.a. n.a. 
SrO 0.00 0.00 0.00 0.00 0.03 0.01 0.03 0.00 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Total 100.22 100.72 101.35 100.84 99.93 100.40 101.10 99.96 100.58 100.03 99.47 100.69 100.92 100.97 100.16 100.28 
                 
Si 3.00 3.02 3.03 3.04 3.03 3.04 2.99 2.98 2.99 2.73 2.52 2.96 2.92 2.65 2.91 2.65 
Al 0.98 0.97 0.97 0.96 0.97 0.97 1.00 1.02 0.99 1.26 1.48 1.04 1.07 1.34 1.08 1.34 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.01 0.02 0.01 0.01 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.03 0.27 0.47 0.03 0.04 0.34 0.06 0.34 
Na 0.99 0.02 0.96 0.02 0.01 0.02 0.02 0.97 0.96 0.70 0.48 0.98 0.31 0.63 0.36 0.63 
K 0.01 0.97 0.00 0.90 0.93 0.91 0.93 0.00 0.00 0.05 0.03 0.00 0.63 0.03 0.56 0.03 
Ba 0.00 0.00 0.00 0.01 0.01 0.00 0.04 0.00 0.00 0.00 n.a. 0.00 n.a. n.a. n.a. n.a. 
Sr 0.00 0.00 0.00 0.00 0.03 0.01 0.03 0.00 0.00 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Total 5.01 4.99 4.97 4.93 4.95 4.94 4.99 5.00 4.99 5.00 5.00 5.01 5.00 5.01 4.99 5.01 

                 
Anorthite 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.03 0.27 0.48 0.03 0.04 0.34 0.06 0.34 
Albite 0.98 0.02 0.99 0.02 0.02 0.02 0.02 0.98 0.97 0.69 0.49 0.97 0.32 0.63 0.37 0.62 
Orthoclase 0.01 0.98 0.00 0.98 0.98 0.97 0.91 0.00 0.00 0.05 0.03 0.00 0.64 0.03 0.57 0.03 
Celsian 0.00 0.00 0.00 0.01 0.01 0.00 0.04 0.00 0.00 0.00 n.a. 0.00 n.a. n.a. n.a. n.a. 
Sr-fspar 0.00 0.00 0.00 0.00 0.03 0.01 0.03 0.00 0.00 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
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Table A-4. Representative compositions of epidote-group minerals from footwall granophyres 
(cations calculated on the basis of 25 O, F,Cl)

Analysis no. 1 2 3 4 5 6 7 8   9 10 11 

Sample no. F-04 F-04 137c 137c 137c G-03 R-02 R-01  R-01 G-03 137c 

Occurrence FAL FAL FWC19 FWC19 FWC19 WSWB WSWR WSWR  WSWR WSWB FWC19 
Mineral Ep Czo Ep Czo Ep Ep Ep Ep   Aln Aln Aln 

SiO2  37.98 39.75 38.32 39.19 38.19 38.27 37.34 38.43 SiO2  29.97 31.11 28.97 

Al2O3 20.87 30.74 23.32 26.75 23.18 25.05 21.29 22.77 Al2O3 11.81 18.07 12.86 

TiO2  0.49 0.05 0.16 0.03 0.01 0.04 0.00 0.13 TiO2  0.92 0.32 1.42 

Cr2O3 0.04 0.00 0.05 0.00 0.02 0.00 0.01 0.00 Cr2O3 0.00 0.00 0.00 

Fe2O3 14.52 2.25 11.96 7.22 11.10 9.86 14.01 12.09 Fe2O3 18.23 12.66 16.77 

FeO   0.37 0.82 0.04 0.46 0.74 0.30 0.72 0.17 FeO   0.00 0.00 0.00 

MnO   0.03 0.13 0.09 0.19 0.18 0.17 0.09 0.13 MnO   0.00 0.00 0.00 

Mn2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Mn2O3 0.00 0.00 0.00 

MgO   0.09 0.08 0.07 0.01 0.00 0.02 0.02 0.05 MgO   0.40 0.00 0.32 

NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 NiO n.a. n.a. n.a. 

K2O   0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 K2O   0.00 0.00 0.00 

CaO   23.66 24.20 23.92 23.83 22.03 23.04 22.95 23.63 CaO   10.45 12.50 10.45 

Na2O  0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 Na2O  0.00 0.00 0.00 

SrO 0.00 0.00 0.00 0.52 2.37 0.97 0.68 0.44 SrO 0.15 0.00 0.00 

BaO 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 BaO 0.00 0.00 0.00 

Cl 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 Y2O3 0.17 n.a. 0.64 

F 0.00 0.02 0.00 0.00 0.00 0.00 0.12 0.00 La2O3 4.48 3.89 5.34 

O=F,Cl 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 Ce2O3 12.04 9.12 11.32 

Total 98.09 98.03 97.93 98.20 97.82 97.73 97.25 97.86 Pr2O3 0.00 0.00 0.00 
          F 0.85 0.63 0.74 
Si 3.05 3.04 3.04 3.06 3.07 3.03 3.03 3.06 Cl 0.07 0.00 0.00 
AlIV          O=F,Cl 0.37 0.26 0.31 
Sum Z 3.05 3.04 3.04 3.06 3.07 3.03 3.03 3.06 Total 90.21 89.28 89.64 
              
AlVI 1.97 2.77 2.18 2.46 2.19 2.34 2.03 2.14     
Ti 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.01     
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
Fe3+ 0.88 0.13 0.71 0.42 0.67 0.59 0.85 0.73     
Fe2+ 0.02 0.05 0.00 0.03 0.05 0.02 0.05 0.01     
Mn2+ 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01     
Mn3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
Mg 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01     
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
Sum M 2.92 2.97 2.93 2.93 2.93 2.96 2.95 2.90     
              
Ca 2.03 1.98 2.03 1.99 1.90 1.96 1.99 2.02     
Sr 0.00 0.00 0.00 0.02 0.11 0.04 0.03 0.02     
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
Sum A 2.04 1.98 2.03 2.01 2.01 2.00 2.03 2.04     
              
F 0.00 0.01 0.00 0.00 0.00 0.00 0.06 0.00     
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
              
XEp 1.03 0.14 0.79 0.48 0.77 0.63 0.96 0.84        
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Table A-5. Representative compositions of titanite in footwall granophyres from Frost and Wisner 

 

 
Cations calculated on the basis of 3 cations pfu

Analysis no. 1 2 3 4 5 6 7 8 9 10 11 

Sample no. F-10 F-10 F-04 F-04 804273 804273 G-03 G-03 G-03 R-02 R-01 
Occurrence Fr ALZ Fr ALZ Fr ALZ Fr ALZ Fr ALZ Fr ALZ WSWB WSWB WSWB WSWR WSWR 

SiO2  30.84 30.49 30.83 30.07 30.35 30.58 31.37 31.16 31.30 29.80 32.06 

TiO2  34.94 36.03 36.56 33.55 35.77 37.25 33.34 36.60 33.16 32.47 30.93 

Al2O3 1.43 0.89 0.88 1.12 1.11 0.81 4.05 2.38 4.09 2.05 5.14 

Fe2O3 2.70 2.18 1.51 3.16 2.77 1.70 0.84 0.68 0.76 3.50 1.02 

MnO   0.01 0.00 0.00 0.05 0.01 0.07 0.03 0.04 0.00 0.05 0.00 

MgO   0.03 0.01 0.00 0.05 0.00 0.01 0.00 0.00 0.03 0.24 0.01 

CaO   28.77 28.35 28.64 27.71 28.61 27.56 29.26 28.60 28.89 27.09 26.86 

Na2O  0.02 0.04 0.01 0.01 0.01 0.04 0.02 0.01 0.00 0.07 0.02 

K2O   0.02 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.03 

BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 

SrO 0.00 0.00 0.02 0.08 0.00 0.00 0.05 0.00 0.00 0.00 0.00 

F 0.28 0.25 0.15 0.57 0.18 0.19 0.92 0.36 0.69 1.23 1.03 

Cl 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.03 

O=F,Cl 99.05 98.25 98.61 96.37 98.81 98.22 99.88 99.83 98.95 96.59 97.13 

Total 98.93 98.14 98.55 96.13 98.73 98.14 99.50 99.68 98.65 96.07 96.69 

            

Si 1.01 1.01 1.01 1.02 1.00 1.01 1.01 1.01 1.01 1.01 1.06 

            

Ti 0.86 0.90 0.90 0.85 0.88 0.93 0.81 0.89 0.81 0.82 0.77 

Al 0.06 0.03 0.03 0.04 0.04 0.03 0.15 0.09 0.16 0.08 0.20 

Fe3+ 0.07 0.05 0.04 0.08 0.07 0.04 0.02 0.02 0.02 0.09 0.03 

Sum  0.98 0.98 0.98 0.98 1.00 1.00 0.98 1.00 0.98 0.99 0.99 

            

Ca 1.01 1.00 1.01 1.00 1.01 0.98 1.01 0.99 1.00 0.98 0.95 

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 

Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sum  1.01 1.01 1.01 1.01 1.01 0.98 1.01 0.99 1.00 1.00 0.95 

            

F 0.03 0.03 0.02 0.06 0.02 0.02 0.09 0.04 0.07 0.13 0.11 

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

OH 0.09 0.06 0.06 0.06 0.09 0.05 0.08 0.07 0.10 0.04 0.12 

Sum 0.12 0.09 0.07 0.12 0.11 0.07 0.17 0.11 0.18 0.17 0.23 

            

Al+Fe3+ 0.12 0.09 0.07 0.12 0.11 0.07 0.17 0.11 0.17 0.17 0.23 
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Table A-6. Representative compositions of amphiboles from footwall granophyres (1-7) and partially 
melted gabbroic rocks (remnant metamorphic: 8-9, fresh hornblende: 10-11) 

 
 

 
cations calculated on the basis of 23 O with Fe2+/Fe3+ estimation assuming 13 cations 
 
 

Analysis no. 1 2 3 4 5 6 7 8 9 10 11 
Sample no. R-02 R-01 F-04 804280 231 233 233 137 804280 137 378 
Occurrence WSWR WSWR FAL FAL WL9 WL9 WL9 FWC19 FAL FWC19 FAL 

Mineral Act-
Hbl Act Act Act 

Ferri-
Subca-

Tr 

Ferri-
Mg-
Hbl 

Ferri-
Act 

Ant-
Cumm Act Ferri-

Mg-Hbl 

Ferri-
Mg-
Hbl 

SiO2  51.03 57.07 55.53 53.73 54.10 47.97 53.02 52.58 54.69 45.92 49.88 
TiO2  0.00 0.03 0.03 0.16 0.46 1.10 0.45 0.00 0.00 1.37 0.62 
Al2O3 3.66 2.47 0.86 2.19 1.00 5.52 1.52 0.46 1.06 6.96 4.64 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.00 0.00 
Fe2O3 5.08 0.00 0.00 0.04 13.87 7.02 9.43 1.34 9.15 8.35 8.97 
FeO   11.08 8.64 13.86 15.70 1.18 9.38 5.67 27.55 4.35 11.61 6.78 
MnO   0.61 0.25 0.36 0.41 0.18 0.34 0.16 0.94 0.51 0.27 0.00 
MgO   13.67 16.68 14.55 12.71 16.67 13.24 15.98 13.81 16.36 10.74 14.69 
NiO 0.00 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.42 0.00 0.00 
CaO   12.08 12.05 12.88 12.39 9.18 11.05 10.44 1.68 10.53 10.63 11.32 
Na2O  0.44 0.16 0.16 0.21 0.75 1.15 0.83 0.17 0.49 1.12 0.58 
K2O   0.00 0.82 0.06 0.06 0.00 0.63 0.25 0.00 0.00 0.88 0.29 
F 0.00 0.11 0.05 0.05 0.33 0.80 0.40 0.22 0.00 0.31 0.00 
Cl 0.00 0.00 0.01 0.01 0.00 0.39 0.00 0.00 0.00 0.17 0.00 
O=F,Cl 0.00 0.05 0.00 0.02 0.14 0.42 0.17 0.09 0.00 0.17 0.00 
Total 97.65 98.20 98.33 98.17 97.59 98.17 97.97 98.66 97.75 98.15 97.78 
            
Si 7.43 7.98 7.94 7.82 7.64 7.05 7.58 7.86 7.75 6.83 7.19 
AlIV 0.57 0.02 0.06 0.18 0.17 0.95 0.26 0.08 0.18 1.17 0.79 
 Sum T 8.00 8.00 8.00 8.00 7.81 8.00 7.84 7.94 7.92 8.00 7.98 
            
AlVI 0.05 0.39 0.18 0.20 0.00 0.01 0.00 0.00 0.00 0.05 0.00 
Ti 0.00 0.00 0.00 0.02 0.05 0.12 0.05 0.00 0.00 0.15 0.07 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 
Fe3+ 0.56 0.00 0.00 0.00 1.47 0.78 1.01 0.15 0.98 0.93 0.97 
Fe2+ 1.35 1.01 1.14 1.91 0.14 1.15 0.68 3.44 0.52 1.44 0.82 
Mn 0.08 0.03 0.04 0.05 0.02 0.04 0.02 0.12 0.06 0.03 0.00 
Mg 2.97 3.48 3.60 2.76 3.51 2.90 3.40 3.08 3.46 2.38 3.16 
Ni 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.05 0.00 0.00 
Sum B+C 5.00 4.91 4.96 5.00 5.19 5.00 5.16 6.79 5.08 5.00 5.02 
            
Ca 1.88 1.81 1.94 1.93 1.39 1.74 1.60 0.27 1.60 1.69 1.75 
Na 0.12 0.04 0.07 0.06 0.20 0.33 0.23 0.05 0.14 0.32 0.16 
K 0.00 0.15 0.01 0.01 0.00 0.12 0.04 0.00 0.00 0.17 0.05 
Sum A 2.01 2.00 2.02 2.00 1.59 2.19 1.88 0.32 1.73 2.18 1.97 
            
F 0.00 0.05 0.03 0.02 0.15 0.37 0.18 0.10 0.00 0.15 0.00 
Cl 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.04 0.00 
            
Mg# 0.69 0.78 0.76 0.59 0.96 0.72 0.83 0.47 0.87 0.62 0.79 
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Table A-7. Representative compositions of apatite in footwall granophyres from Frost and Wisner 

Analysis no. 1 2 3 4 5 6 7 8 9 10 11 

Sample no. F-04 F-04 F-10 F-10 F-10 G-03 G-03 G-03 G-01 G-01 G-01 
Occurrence FAL FAL FAL FAL FAL WSWB WSWB WSWB WSWB WSWB WSWB 
SiO2   0.15 0.13 0.67 0.07 1.00 2.00 1.47 1.10 1.75 0.17 0.58 
FeO    0.02 0.01 0.12 0.18 0.06 0.16 0.00 0.21 0.02 0.00 0.07 
MnO    0.00 0.05 0.09 0.00 0.04 0.00 0.01 0.05 0.03 0.04 0.03 
CaO    55.55 55.45 55.16 55.00 53.85 51.64 54.46 53.36 51.45 55.62 55.23 
SrO    0.07 0.11 0.00 0.00 0.09 0.00 0.00 0.00 0.40 0.00 0.02 
Na2O   0.03 0.01 0.09 0.00 0.10 0.11 0.15 0.19 0.30 0.03 0.07 
BaO    0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 
La2O3  0.06 0.06 0.07 0.03 0.11 0.28 0.34 0.20 0.88 0.07 0.18 
Ce2O3  0.15 0.17 0.24 0.00 0.37 1.49 1.02 0.81 2.88 0.37 0.44 
Pr2O3  0.17 0.00 0.00 0.00 0.17 0.13 0.17 0.14 0.24 0.08 0.10 
Nd2O3  0.09 0.01 0.07 0.00 0.11 1.52 0.49 0.63 1.59 0.15 0.20 
Sm2O3  0.00 0.00 0.00 0.00 0.13 0.28 0.09 0.00 0.38 0.00 0.00 
Y2O3  0.04 0.00 0.66 0.02 0.92 1.24 0.05 1.01 0.44 0.07 0.07 
P2O5   42.51 41.32 41.93 42.23 40.90 37.96 39.19 39.79 38.38 42.80 41.00 
SO3    0.01 0.66 0.05 0.00 0.21 0.00 0.71 0.14 0.11 0.00 0.02 
As2O5  0.02 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.03 0.00 0.00 
F      3.02 3.11 3.27 2.45 3.11 2.73 3.15 2.94 2.42 2.82 3.18 
Cl     0.01 0.01 0.17 0.04 0.15 0.09 0.08 0.08 0.16 0.06 0.07 
O=F,Cl 1.28 1.31 1.41 1.04 1.34 1.17 1.34 1.26 1.05 1.20 1.35 
Total 100.65 99.82 101.20 98.98 99.96 98.49 100.05 99.39 100.40 101.10 99.90 
            
F/(F+Cl) 0.92 0.92 0.88 0.91 0.89 0.90 0.90 0.90 0.87 0.90 0.91 

Sum REE 0.51 0.24 1.05 0.05 1.81 4.95 2.18 2.79 6.41 0.73 0.99 



Table A-8. Representative compositions of feldspar in footwall granophyres from Rapid River and Craig (cations calculated on the basis of 8 O)  
 

Sample no. RR0702 RR0702 800969 800969 504829 504829 504829 504824 RR0701 RR0701 RR0701 CR-A CR-A CR-A 
Occurrence RR RR RR RR RR RR RR RR RR RR RR CR CR CR 
Mineral Ab Ab Ab Ab Kfs Kfs Ab Ab Kfs Kfs Kfs Plag Plag Plag 
Texture Grano Euhed Euhed Grano Grano Grano Grano Subhed Grano Grano Grano Graph Graph Graph 

SiO2  70.05 69.91 69.80 68.68 63.08 64.34 68.17 69.47 65.96 66.20 65.79 57.40 57.32 59.15 
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 26.36 26.67 25.33 
TiO2  19.14 19.90 20.03 19.67 19.41 18.64 19.94 19.98 18.47 18.35 18.60 n.a. n.a. n.a. 
FeO   0.02 0.04 0.02 0.30 0.96 0.37 1.33 0.43 0.15 0.08 0.05 0.60 0.72 0.59 
MgO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.a. n.a. n.a. 
MnO   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.a. n.a. n.a. 
K2O   0.12 0.10 0.08 0.06 0.00 0.02 0.35 0.29 0.19 0.04 0.08 0.78 0.62 0.53 
CaO   11.63 11.71 11.63 11.56 0.24 0.20 11.39 11.70 0.14 0.16 0.03 8.01 8.20 7.13 
Na2O  0.04 0.02 0.04 0.03 14.58 15.12 0.00 0.02 15.56 15.92 15.65 6.43 6.46 7.11 
BaO   0.03 0.00 0.00 0.01 2.57 1.58 0.00 0.00 0.34 0.30 0.55 0.00 0.00 0.00 
SrO 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.02 0.00 0.00 0.00 n.a. n.a. n.a. 
Total 101.03 101.68 101.60 100.32 100.92 100.26 101.18 101.91 100.82 101.07 100.75 99.58 99.99 99.84 
               
Si 3.02 3.00 3.00 2.99 2.94 2.99 2.96 2.98 3.01 3.02 3.01 2.59 2.58 2.65 
Al 0.97 1.01 1.01 1.01 1.07 1.02 1.02 1.01 1.00 0.99 1.00 1.40 1.41 1.34 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.a. n.a. n.a. 
Fe 0.00 0.00 0.00 0.01 0.04 0.01 0.05 0.02 0.01 0.00 0.00 0.02 0.03 0.02 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.a. n.a. n.a. 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.a. n.a. n.a. 
Ca 0.00 0.00 0.00 0.00 0.87 0.90 0.00 0.00 0.91 0.93 0.91 0.39 0.40 0.34 
Na 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.00 0.00 0.56 0.56 0.62 
K 0.97 0.97 0.97 0.98 0.02 0.02 0.96 0.97 0.01 0.01 0.00 0.05 0.04 0.03 
Ba 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.a. n.a. n.a. 
Total 4.98 4.99 4.98 4.99 4.96 4.96 5.01 5.00 4.95 4.96 4.94 5.01 5.01 5.00 
               
Anorthite 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.00 0.00 0.39 0.40 0.35 
Albite 0.99 0.99 0.99 1.00 0.02 0.02 0.98 0.99 0.01 0.02 0.00 0.57 0.57 0.62 
Orthoclase 0.00 0.00 0.00 0.00 0.98 0.98 0.00 0.00 0.98 0.98 0.99 0.05 0.04 0.03 
Celsian 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

Sr-fspar 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table A-9. Representative compositions of amphibole in footwall granophyres 
 and hydrothermal assemblages from Rapid River and Craig 

 
cations calculated on the basis of 23 O with Fe2+/Fe3+ estimation assuming 13 cations 

Analysis no. 1 2 3 4 5 6 7 8 9 10 11 

Sample no. 0702 0702 824 824 CR-A 0702 829 829 829 831 831 
Occurrence RR RR RR RR CR RR RR RR RR RR RR 

Mineral F Ed F Ed F Mg-
Hbl 

F-Mg-
Hbl 

F Ferr 
Mg-Hbl 

Act-
Hbl Act Chl Fer 

Pot-Has  
Chl Fer 
Pot-Has  

Fer Chl-
Pot-Has 

Fer Chl-
Pot-Has 

SiO2  47.27 47.97 49.10 48.19 46.70 52.22 54.26 37.65 38.61 36.82 36.71 

TiO2  1.29 1.13 0.41 0.33 1.36 0.65 0.10 0.06 0.03 0.11 0.08 

Al2O3 6.65 5.96 5.82 6.33 6.50 3.67 0.81 10.58 9.96 11.24 10.75 

Cr2O3 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.01 

Fe2O3 1.83 2.14 5.60 6.23 7.26 3.36 0.05 6.10 6.62 5.69 7.27 

FeO   12.79 12.49 7.88 7.67 4.89 9.86 18.52 25.42 24.85 24.58 24.31 

MnO   0.43 0.42 0.43 0.42 0.14 0.24 0.32 0.30 0.33 0.40 0.42 

MgO   13.26 13.44 14.70 14.58 16.32 15.28 11.67 1.94 2.18 2.18 2.01 

NiO 0.04 0.04 0.11 0.08 0.11 0.03 0.02 0.05 0.03 0.05 0.04 

CaO   11.67 11.54 11.27 10.98 11.09 11.79 12.21 11.23 11.04 11.18 11.02 

Na2O  1.96 1.89 1.35 1.78 2.03 0.89 0.14 0.68 0.61 0.92 0.83 

K2O   1.07 0.96 0.74 0.90 1.08 0.36 0.04 3.15 2.95 2.93 3.09 

BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.17 

F 1.80 1.72 1.11 1.79 1.54 0.50 0.00 0.02 0.02 0.00 0.00 

Cl 0.24 0.20 0.27 0.24 0.05 0.20 0.00 2.93 2.80 3.83 4.28 

O=F,Cl 0.81 0.77 0.53 0.81 0.66 0.26 0.00 0.67 0.64 0.86 0.96 

Total 99.49 99.16 99.73 99.88 97.69 98.78 98.14 99.43 99.40 99.24 100.01 

            

Si 6.96 7.06 7.14 7.03 6.79 7.48 7.97 6.18 6.30 6.09 6.07 

AlIV 1.04 0.94 0.86 0.97 1.11 0.52 0.03 1.82 1.70 1.91 1.93 

 Sum T 8.00 8.00 8.00 8.00 7.90 8.00 8.00 8.00 8.00 8.00 8.00 

            

AlVI 0.11 0.09 0.13 0.11 0.00 0.09 0.11 0.23 0.21 0.28 0.16 

Ti 0.14 0.13 0.05 0.04 0.15 0.07 0.01 0.01 0.00 0.01 0.01 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ 0.20 0.24 0.61 0.68 0.79 0.36 0.01 0.75 0.81 0.71 0.90 

Fe2+ 1.57 1.54 0.96 0.94 0.59 1.18 2.27 3.49 3.39 3.40 3.36 

Mn 0.05 0.05 0.05 0.05 0.02 0.03 0.04 0.04 0.05 0.06 0.06 

Mg 2.91 2.95 3.18 3.17 3.54 3.26 2.56 0.47 0.53 0.54 0.50 

Ni 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 

Sum B+C 5.00 5.00 5.00 5.00 5.10 5.00 5.00 5.00 5.00 5.00 5.00 

            

Ca 1.84 1.82 1.75 1.72 1.73 1.81 1.92 1.98 1.93 1.98 1.95 

Na 0.56 0.54 0.38 0.50 0.57 0.25 0.04 0.22 0.19 0.29 0.27 

K 0.20 0.18 0.14 0.17 0.20 0.06 0.01 0.66 0.61 0.62 0.65 

Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 

Sum A 2.60 2.54 2.27 2.39 2.50 2.12 1.97 2.85 2.74 2.90 2.88 

            

F 0.84 0.80 0.51 0.83 0.71 0.23 0.00 0.01 0.01 0.00 0.00 
Cl 0.06 0.05 0.07 0.06 0.01 0.05 0.00 0.81 0.77 1.07 1.20 

            

Mg# 0.65 0.66 0.77 0.77 0.86 0.73 0.53 0.12 0.14 0.14 0.13 
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Table A-10. Representative compositions of apatite in footwall granophyres from Rapid River 

Analysis no. 1 2 3 4 5 6 7 8 9 10 11 

Sample no. 0702 0702 0702 0702 829 829 829 829 824 824 824 
Occurrence RR RR RR RR RR RR RR RR RR RR RR 
SiO2   0.27 0.21 0.36 0.26 0.17 0.21 0.22 0.19 0.91 0.37 0.31 
FeO    0.14 0.16 0.13 0.00 0.20 0.28 0.29 0.46 1.24 0.61 0.76 
MnO    0.13 0.05 0.09 0.08 0.01 0.06 0.07 0.03 0.10 0.12 0.12 
CaO    53.78 54.45 54.18 54.27 53.73 54.46 54.37 54.30 54.00 54.21 54.29 
SrO    0.03 0.06 0.04 0.06 0.14 0.10 0.08 0.10 0.06 0.00 0.08 
Na2O   0.11 0.07 0.14 0.10 0.03 0.06 0.05 0.06 0.08 0.07 0.08 
BaO    0.00 0.03 0.02 0.00 0.00 0.04 0.06 0.04 0.00 0.00 0.00 
La2O3  0.27 0.25 0.35 0.25 0.14 0.11 0.13 0.12 0.25 0.22 0.30 
Ce2O3  0.53 0.45 0.62 0.49 0.39 0.40 0.35 0.35 0.46 0.42 0.47 
Pr2O3  0.09 0.00 0.13 0.00 0.11 0.00 0.07 0.02 0.00 0.07 0.04 
Nd2O3  0.25 0.24 0.23 0.23 0.14 0.15 0.10 0.05 0.10 0.20 0.19 
Sm2O3  0.24 0.35 0.19 0.16 0.00 0.00 0.08 0.04 0.03 0.00 0.00 
Y2O3  0.07 0.08 0.07 0.06 0.05 0.07 0.04 0.05 0.07 0.09 0.12 
P2O5   41.20 41.39 41.66 41.82 41.52 41.11 41.56 41.23 40.79 42.29 42.18 
SO3    0.02 0.04 0.03 0.00 0.03 0.03 0.04 0.01 0.02 0.04 0.09 
As2O5  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.06 0.05 
F      2.83 2.87 2.35 2.68 2.34 2.26 2.45 2.36 2.63 3.32 2.80 
Cl     0.35 0.24 0.27 0.31 0.24 0.43 0.32 0.29 0.14 0.12 0.32 
O=F,Cl 1.27 1.26 1.05 1.20 1.04 1.05 1.10 1.06 1.14 1.42 1.25 
Total 99.05 99.68 99.81 99.56 98.20 98.73 99.18 98.63 99.80 100.79 100.95 
            
F/(F+Cl) 0.81 0.89 0.87 0.87 0.88 0.82 0.86 0.86 0.89 0.91 0.84 

Sum REE 1.46 1.38 1.59 1.18 0.83 0.75 0.78 0.62 0.91 1.00 1.12 
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Fig. A-11. Representative compositions of Platinum-group minerals from sulphide-bearing footwall 
granophyres of Frost ALZ and Wisner South zone, as well as massive sulphide from Rapid River 

 
 

 
Abbreviations: FR ALZ = Frost Amy Lake zone, RR = rapid River, W SZ= Wisner South zone, 
kot = kotulskite, lisi = lisiguangite, maly = malyshevite, mer = merenskyite, mich = michenerite, 
sobolev = sobolevskite, tema = temagamite, 
 n.a. = not analysed  
 

 

Sample no. 804280 804280 804280 S-0801 S-0804 S-0803 S-0801 SZE-06 S-0801 S-0801 504829 

Occurrence FR ALZ FR ALZ FR ALZ W SZ W SZ W SZ W SZ W SZ W SZ W SZ RR 

Mineral tema mer mich lisi lisi maly maly maly kot sobolev mich 

Ag    wt.%  1.26 0.01 0.00 0.16 0.00 0.04 0.00 0.16 0.07 0.39 0.00 

Pd 34.75 26.52 25.07 1.42 8.02 10.95 21.24 18.36 39.73 35.99 21.76 

Pt 0.00 0.61 0.02 31.58 20.69 16.15 0.38 0.00 0.00 0.00 3.69 

Au 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.09 0.00 

Sn 0.00 0.00 0.00 0.00 0.04 0.03 0.00 0.00 0.00 0.02 0.01 

Sb 0.00 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 

Te 42.78 51.67 33.93 0.05 0.11 0.04 0.00 0.50 31.98 17.69 28.76 

Se 0.20 0.00 0.03 0.00 0.49 0.10 0.55 1.17 0.00 0.03 0.06 

Bi 2.84 20.63 40.56 37.15 39.03 40.59 43.58 44.47 28.38 45.26 43.68 

Pb 0.18 0.00 0.00 0.15 0.18 0.09 0.00 0.02 0.00 0.00 0.00 

Hg 17.27 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.05 

Fe 0.18 0.47 0.42 0.32 0.33 0.16 0.59 1.13 0.22 0.31 1.86 

Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.a. 

Ni 0.03 0.00 0.00 0.06 0.17 0.30 0.45 1.47 0.01 0.00 0.02 

Cu 0.56 0.90 0.77 11.72 12.14 12.35 13.37 13.33 0.15 0.75 0.03 

As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S 0.00 0.09 0.09 17.80 18.31 18.75 19.99 19.05 0.00 0.14 0.41 

Total 100.05 100.97 100.90 100.43 99.51 99.55 100.15 99.76 100.54 100.67 100.66 

            

Ag    at.% 0.11 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 

Pd 2.90 0.96 0.98 0.07 0.40 0.53 0.94 0.82 0.97 0.94 0.93 

Pt 0.00 0.01 0.00 0.88 0.55 0.43 0.01 0.00 0.00 0.00 0.09 

Au 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Te 2.98 1.55 1.11 0.00 0.01 0.00 0.00 0.02 0.65 0.39 1.02 

Se 0.02 0.00 0.00 0.00 0.03 0.01 0.03 0.07 0.00 0.00 0.00 

Bi 0.12 0.38 0.81 0.97 0.98 1.00 0.98 1.02 0.35 0.60 0.95 

Pb 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

Hg 0.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe 0.03 0.03 0.03 0.03 0.03 0.01 0.05 0.10 0.01 0.02 0.00 

Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ni 0.01 0.00 0.00 0.01 0.01 0.02 0.04 0.12 0.00 0.00 0.00 

Cu 0.08 0.05 0.05 1.00 1.00 1.00 1.00 1.00 0.01 0.03 0.00 

As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S 0.00 0.01 0.01 3.02 2.99 3.00 2.95 2.84 0.00 0.01 0.00 

Total 7.00 3.00 3.00 5.99 5.99 6.00 6.00 5.99 2.00 2.00 3.00 



A-12

Fig. A-12. Representative compositions of silver minerals from footwall granophyres Wisner South zone 

Abbreviations: W SZ= Wisner South zone, 
agui = aguilarite, berry = berryite, boh = bohdanowiczite, cerv = cerveilleite, matild= matildite 
n.a. = not analyzed  

Sample no. S-0803 S-0801 S-0801 S-0801 S-0801 S-0801 S-0804 S-0803 SZE-06 

Occurrence W SZ W SZ W SZ W SZ W SZ W SZ W SZ W SZ W SZ 

Mineral boh matild cerv ?, 
Ag4TeSe ? Ag4TeSe ? agui ? Ag2Pd2Te3 ? Ag2Pd2Te3 ? AgPdTe2 ? berry ? 

Ag    Wt % 23.98 28.19 66.56 67.14 74.37 24.78 25.44 19.35 6.70 

Pd 0.00 0.00 0.00 0.00 0.00 28.34 25.91 27.44 0.00 

Pt 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Au 0.00 0.00 0.07 0.07 0.00 0.09 0.01 0.04 0.10 

Sn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sb 0.00 0.00 0.09 0.01 0.00 0.03 0.00 0.03 0.00 

Te 0.07 0.14 19.87 18.00 1.14 46.65 47.16 51.64 0.03 

Se 24.96 6.09 7.03 13.12 16.06 0.09 0.05 0.04 9.93 

Bi 44.29 53.08 0.14 0.09 0.07 0.06 0.13 0.00 43.92 

Pb 0.34 0.08 0.08 0.00 0.09 0.00 0.00 0.00 22.47 

Hg 0.00 0.00 0.02 0.00 0.07 0.01 0.00 0.08 0.00 

Fe 0.53 0.58 0.89 1.05 0.42 0.32 0.23 0.17 0.84 

Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ni 0.01 1.76 0.56 0.01 2.09 0.00 0.06 0.01 0.01 

Cu 1.07 0.92 1.47 1.09 1.54 0.36 0.41 0.40 6.71 

As 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 

S 5.09 14.25 3.78 0.93 5.61 0.05 0.03 0.03 12.27 

Total 100.34 105.09 100.56 101.51 101.47 100.78 99.43 99.23 102.98 

          

Ag    At % 0.95 0.96 3.92 3.75 3.61 1.83 1.91 0.84 1.89 

Pd 0.00 0.00 0.00 0.00 0.00 2.13 1.97 1.21 0.00 

Pt 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Au 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sb 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

Te 0.00 0.00 0.99 0.85 0.05 2.92 3.00 1.90 0.00 

Se 1.35 0.28 0.56 1.00 1.07 0.01 0.01 0.00 3.84 

Bi 0.90 0.93 0.01 0.00 0.00 0.00 0.01 0.00 6.45 

Pb 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.32 

Hg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe 0.04 0.04 0.00 0.11 0.04 0.04 0.04 0.02 0.47 

Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ni 0.00 0.11 0.06 0.00 0.19 0.00 0.01 0.00 0.00 

Cu 0.07 0.05 0.00 0.10 0.13 0.04 0.05 0.03 3.22 

As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S 0.68 1.63 0.46 0.17 0.92 0.01 0.01 0.00 11.75 

Total 4.00 4.00 6.00 5.99 6.00 6.99 6.99 4.00 30.94 



Table A-13. Two examples of drill core logbooks on the occurrence and appearance of footwall granophyres  

Drill hole # WWL-006          

Depth Rocktype Shape Size Color Texture Miarolites        (size, fill) Hydr. Silicates Sulfides Other Sample# 
1158-1182 leuco in MGN in situ (weak)                 

1182 leuco in IGN remob 10 cm pink c-gr grano    black n.  
1183.1 FGN in situ 15 cm pink       

1189-1195 IGN in situ  pink       
1195 IGN vein 2*1 cm pink f-gr  ep, chl    

1196.3 leuco in IGN in situ 15 cm pink c-gr graph      
1199.6 leuco in IGN in situ 5 cm    ep    
1205.4 FGN in situ 5 cm pink c-gr graph      
1210.3 IGN in situ, remob 10 cm pink c-gr graph, grano 1 cm ep, qtz   black n.  
1213.2 IGN in situ 3 cm pink c-gr    black n.  
1217.5 IGN in situ 20 cm pink       
1220.6 IGN in situ         
1246.7 IGN in situ 60 cm pink c-gr graph    black n.  
1249.6 leuco in IGN remob 1 cm pink c-gr graph      
1253.2 IGN remob 10 cm pink c-gr graph 1 cm ep, qtz   black n.  
1258.9 IGN in situ 3 cm pink c-gr graph    black n.  
1261.6 IGN vein 2 cm white-pink c-gr grano 1-2 cm ep, qtz, chl   black n.  
1261.6 IGN remob 15 cm white-pink c-gr grano 1-2 cm ep, qtz, chl   black n. 1262 
1263.2 IGN remob 15 cm white-pink     black n.  
1267.8 SDBX vein 2 cm pink c-gr graph      
1268.3 SDBX remob 5 cm pink c-gr graph 1-2 cm qtz,chl     
1273.7 IGN remob 2 cm pink       
1273.9 IGN remob 30 cm white-pink c-gr graph      
1274.5 SDBX-IGN remob 55 cm pink c-gr graph, poikil 1-2 cm qtz, ep    1275 
1276 SDBX-IGN remob, veins 30 cm white     black n  

1288.6 IGN in situ, remob 40 cm white  3-4 cm qtz, ep   black n  
1291.6 IGN pocket 2 cm white     black n  
1292.9 SDBX flame 1 cm white     black n  

1292.9-1310.2  in situ (weak)         
1310.2 IGN in situ 5 cm pink       
1312.8 IGN vein 2 cm pink  qtz, ep   black n  
1315.6 IGN vein 3 cm pink c-gr graph  ep, chl    
1317.1 IGN vein 1 cm pink  1 cm qtz,ep, chl    1317 



1326.4 IGN vein 1 cm pink c-gr grano 2-3 cm qtz, ep     
1326.7 IGN vein 1 cm        
1331.1 IGN remob 20 cm pink c-gr grano 2-3 cm qtz, ep   black n  
1331.6 IGN remob 30 cm pink c-gr grano 2-3 cm qtz, ep   black n 1332 
1337.2 IGN remob, pocket 40 cm pink c-gr grano 3-4 cm qtz, ep  po, ccp in ep  1337 
1338.3 IGN remob, pocket 20 cm pink c-gr grano 3-4 cm qtz, ep     
1362 SDBX remob 5 cm pink       

1365.5 leuco in MGN  70 cm pink euhedral fspar      

           
Drill hole # WWL-009B          

Depth Rocktype Shape Size Color Texture Miarolites       (size, fill) Hydr. Silicates Sulfides Other Sample# 
1919.2 MGN vein 3 cm white euhedral fspar  c-gr amph, bio   1919 
1919.5 MGN pocket 5 cm white euhedral fspar  c-gr amph, bio    
1920.7 MGN dike 20 cm white euhedral fspar  perv ep alt'n    
1921 MGN vein 5 cm   2-3 cm ep, chl perv ep alt'n    

1926.2 MGN vein 2 cm  c-gr euhedral fspar      
1931.5 leuco in MGN remob, dike 20 cm white c-gr euhedral fspar  perv ep alt'n    
1938.5 MGN veins 8 cm white c-gr euhedral fspar  c-gr bio   1939 
1941.5 MGN dike 5 cm white-pink euhedral fspar  c-gr bio diss ccp+ po  1942 
1942.4 MGN remob 3 cm white euhedral fspar    black n  
1942.8 MGN in situ, remob 10 cm pink grano      
1944.9 IGN in situ 10 cm pink       
1949 leuco in MGN in situ 15 cm white euhedral fspar      

1955.5 SDBX-MGN in situ, remob 20 cm white grano      
1962.5 IGN remob 1 cm pink       
1963.3 leuco in IGN in situ 3 cm pink c-gr grano    black n  
1965.2 IGN in situ, remob 10 cm pink graph, poikil      
1970.2 IGN vein 2 cm pink-white graph      
1975 leuco in IGN in situ, remob 5 cm pink-white       

1975.2 leuco in IGN in situ 3 cm pink-white       
1984.5 IGN in situ, remob 70 cm pink-white c-gr grano 1-2 cm qtz, chl   black n  
2011.8 IGN dike 10 cm pink-white c-gr grano 5 cm qtz, ep   black n 2012 

2011.8-2019 IGN in situ  white       
2041.8 IGN in situ 4 cm pink c-gr grano      
2048 IGN vein 3 cm pink-white graph, grano      
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Table A-14. Metal contents of representative grab and drill core samples from the Broken Hammer  

and South zone occurrences 
 
 

Sample Type2 Cu  Ni  S Pt  Pd  Au Ag  As Bi Sample 
location1   no.  wt % wt % wt % ppm ppm ppm ppm ppm ppm 

BHZ BB  BH-13 qtz-sil v. 1.36 0.16 0.91 0.04 0.24 0.50 7.88 1.20 6.81 
BHZ BB BH-10 dissem. 6.99 0.34 6.16 4.15 9.76 0.64 23.50 4.50 27.10 
BHZ BB  BH-03 mass.sulph. 24.90 5.18 >10 2.46 39.70 1.47 88.70 6.80 120.00 
BHZ BB  BH-15 mass.sulph. 34.90 0.01 >10 8.37 29.80 1.12 19.20 12.50 65.90 
BHZ BB  BH-16 mass.sulph. 32.00 0.42 >10 32.40 38.20 0.75 5.00 22.10 65.00 
BHZ BB BH-18 mass.sulph. 26.50 0.02 >10 1.41 20.50 2.61 7.34 1.90 31.20 
BHZ W15 14803 1 0.34 0.08 0.27 7.25 2.18 0.40 15.90 4.40 23.20 
BHZ W15 14787 1 0.13 0.03 0.17 0.50 0.47 0.10 3.90 1.00 5.99 
BHZ W16 14870 1 0.61 0.02 0.46 5.13 3.31 0.90 1.50 0.80 8.22 
BHZ W17 14899 1 0.28 0.17 0.26 27.90 2.96 1.44 2.60 7.10 16.30 
BHZ W17 14911 1 0.40 0.28 0.43 7.36 4.99 0.86 0.90 3.10 19.90 
BHZ W07 WAL9322 1 0.41 0.07 0.32 0.06 2.18 0.13 1.30 n.a. n.a. 
BHZ W22 12471 1 0.43 0.05 0.45 2.19 2.08 0.94 5.20 2.00 19.20 
BHZ W07 WAL9369 2 1.25 0.11 1.20 7.28 30.40 9.46 45.50 n.a. n.a. 
BHZ W15 14754 2 2.02 0.08 1.93 35.99 9.88 2.61 30.90 8.70 235.40 
BHZ W27 15285 2 1.88 0.38 1.74 15.19 5.39 0.68 3.70 2.00 15.00 
BHZ W39 16461 2 1.22 0.04 1.25 23.60 8.98 0.31 1.60 4.10 10.30 
BHZ W42 18697 2 1.23 0.04 1.32 2.99 3.91 0.27 10.25 1.60 12.75 
BHZ W64 19956 2 1.78 0.11 1.88 0.46 1.42 0.50 1.01 0.20 6.04 
BHZ W66 503910 2 0.44 0.04 1.23 16.30 14.00 1.41 60.10 2.50 145.00 
BHZ W07 WAL9370 3 3.10 0.37 3.34 11.60 30.00 10.30 99.10 n.a. n.a. 
BHZ W15 14793 3 2.38 0.10 2.14 207.07 7.47 0.77 51.60 112.90 250.70 
BHZ W25 15157 3 2.63 0.12 2.97 1.62 2.95 0.67 2.00 0.80 10.00 
BHZ W28 15430 3 3.57 1.06 4.15 60.75 13.00 9.90 36.00 16.30 53.30 
BHZ W36 16285 3 2.40 0.85 2.54 4.67 14.08 3.49 13.40 3.70 51.60 
BHZ W54 19855 3 2.89 0.02 2.84 0.18 0.34 0.02 2.57 1.60 2.39 
BHZ W55 19380 3 4.92 0.17 4.61 0.44 0.68 1.60 3.17 0.90 8.03 
BHZ W07 WAL9309 4 5.40 0.14 5.13 0.26 7.19 0.27 5.70 n.a. n.a. 
BHZ W10 10222 4 7.69 0.31 7.33 60.45 7.33 1.59 15.80 n.a. n.a. 
BHZ W10 10246 4 6.97 0.10 6.51 734.40 11.51 5.09 38.10 n.a. n.a. 
BHZ W27 15304 4 10.34 0.20 >5 31.333 12.893 1.899 31.8 4.1 48.3 
BHZ W55 19372 4 6.67 0.20 6.72 2.38 15.15 34.20 31.50 2.80 44.20 
BHZ W72 504178 4 5.78 0.99 5.54 5.05 7.00 3.83 91.40 10.00 26.10 
BHZ WW1 WAL9753 4 7.56 0.07 7.51 0.49 0.68 0.35 2.50 n.a. n.a. 
BHZ W07 WAL9384 5 11.62 0.97 10.90 7.54 11.20 1.38 23.70 n.a. n.a. 
BHZ W17 14898 5 13.41 0.35 13.10 0.45 15.55 1.50 35.90 4.20 64.60 
BHZ W17 14903 5 20.30 1.61 19.70 23.92 22.94 5.71 3.20 10.00 49.50 
BHZ W19 14980 5 17.66 0.09 17.20 0.70 29.60 3.15 4.12 5.80 58.10 
BHZ W22 12482 5 12.49 0.32 >10 2.94 9.29 0.95 15.00 0.20 62.00 
BHZ W05 WAL9154 6 31.57 0.39 31.70 13.50 32.40 2.78 5.00 n.a. n.a. 
BHZ W06 WAL9235 6 33.19 0.04 31.70 0.16 35.60 0.71 6.60 n.a. n.a. 
BHZ W18 14955 6 31.93 0.03 28.30 0.10 23.86 1.21 3.10 4.50 40.50 
BHZ W20 12404 6 32.84 0.01 >5 66.43 10.40 0.98 8.00 2.10 54.90 
BHZ W45 19268 6 23.70 0.17 >10 1.59 17.45 0.60 3.85 4.10 43.00 
SZ E  SZ-01 mass.sulph. 12.45 0.58 >10 15.70 64.90 1.70 10.95 4.80 90.00 
SZ E  SZ-02 mass.sulph. 0.95 0.15 1.04 8.55 6.72 1.47 8.31 0.70 30.70 
SZ E  SZ-03 dissem. 2.10 0.20 2.13 14.20 14.05 3.88 11.75 1.20 85.60 
SZ E  SZ-04 dissem. 9.61 0.14 8.17 18.45 30.90 1.10 106.00 3.50 61.50 
SZ SE  SZ-15 replace. 6.64 0.86 7.48 10.60 11.75 1.34 57.00 3.10 27.00 
SZ W33 17049 1 0.21 0.04 0.32 0.94 1.20 0.18 n.d. 0.50 1.81 
SZ W34 17243 1 0.19 0.02 0.53 1.37 1.90 0.05 n.d. 0.80 1.14 
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1 BHZ= Broken Hammer zone, SZ= South zone; BB- Big Boy trench, E- East trench, SE- Southeast 
trench, W and WW followed by numbers represent drill holes, 2 mass. sulph.= massive sulphide vein, 
dissem.= dissemination, replace.= replacement, qtz-sil v.= quartz-silicate dominated vein, 1, 2, 3, 4, 5, 
6= intervals according to S wt % content (see Table 4-2 for details), 3 Cu, Ni, Pt and Pd concentrations 
in italic are recalculated to 100 % sulphide contents, n.a.= not analyzed 

Cd Co In Pb Sn Sb Te  Zn Cu3 Ni Pt Pd Cu/(Cu+Ni) Pt/(Pt+Pd) 
ppm ppm ppm ppm ppm ppm ppm ppm wt % wt % ppm ppm     
0.08 27.20 0.29 17.80 0.06 43.60 0.78 97.00 52.31 6.15 1.54 9.23 0.89 0.14 
0.57 44.10 1.98 61.40 0.48 66.80 26.70 134.00 39.72 1.93 23.58 55.45 0.95 0.30 
0.48 171.00 1.23 21.00 0.22 7.90 143.50 22.00 n.a. n.a. n.a. n.a. 0.83 0.06 

20.20 66.00 8.49 872.00 0.34 54.30 77.90 393.00 n.a. n.a. n.a. n.a. 1.00 0.22 
8.50 42.00 7.30 124.50 0.35 52.40 71.80 297.00 n.a. n.a. n.a. n.a. 0.99 0.46 
9.72 34.00 6.24 83.10 0.12 37.70 56.60 329.00 n.a. n.a. n.a. n.a. 1.00 0.06 
0.44 27.70 0.14 387.70 0.36 20.90 6.00 135.00 43.56 10.76 939.56 10.54 0.80 0.77 
0.38 29.30 0.10 123.80 0.07 9.40 2.12 130.00 25.74 5.56 102.94 32.97 0.82 0.51 
0.02 45.10 0.07 30.30 0.31 19.70 6.99 74.00 46.31 1.61 390.25 22.55 0.97 0.61 
0.18 29.00 0.28 35.90 0.34 16.70 4.89 163.00 37.81 22.42 3755.23 3.72 0.63 0.90 
0.18 36.00 0.15 44.50 0.11 15.40 8.99 126.00 32.69 22.39 599.23 23.74 0.59 0.60 
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 45.17 7.77 6.56 1271.67 0.85 0.03 
0.17 37.70 0.12 50.50 0.09 14.90 5.70 96.00 33.37 4.12 170.26 33.26 0.89 0.51 
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 36.43 3.06 212.33 886.67 0.92 0.19 
0.26 28.70 0.36 94.20 43.90 0.26 28.50 79.00 36.67 1.52 652.74 179.13 0.96 0.78 
0.06 32.80 0.44 51.40 35.00 0.15 8.01 115.00 37.82 7.59 305.45 108.36 0.83 0.74 
0.10 20.30 0.29 107.10 41.80 0.13 32.00 88.00 34.27 1.08 660.86 251.55 0.97 0.72 
0.38 11.50 0.20 198.50 35.30 0.10 13.40 49.00 32.61 1.01 79.28 103.67 0.97 0.43 
0.05 37.00 0.31 14.20 31.90 0.12 3.39 66.00 33.14 1.98 8.58 26.44 0.94 0.25 
0.45 36.10 0.11 273.00 59.50 0.31 36.20 85.00 12.61 1.20 463.82 398.37 0.91 0.54 
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 32.45 3.87 121.56 314.37 0.89 0.28 
0.57 40.80 0.40 908.60 115.20 0.74 43.10 94.00 38.96 1.67 3386.59 122.19 0.96 0.97 
0.09 15.60 0.30 17.80 13.80 0.05 4.79 41.00 30.98 1.41 19.07 34.74 0.96 0.35 
0.39 193.10 0.85 38.00 43.60 0.13 35.50 99.00 30.11 8.94 512.34 109.66 0.77 0.82 
0.78 105.70 0.52 82.50 96.50 0.17 28.20 53.00 33.04 11.69 64.31 194.03 0.74 0.25 
0.27 38.30 0.07 33.10 1.30 0.21 0.25 45.00 35.62 0.27 2.21 4.17 0.99 0.35 
0.56 18.60 0.70 28.80 28.40 0.11 2.75 101.00 37.35 1.28 3.36 5.19 0.97 0.39 
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 36.83 0.96 1.77 49.05 0.97 0.03 
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 36.71 1.46 288.64 34.98 0.96 0.89 
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 37.47 0.51 3948.39 61.86 0.99 0.98 
10.5 86.6 3.21 141.6 49 0.23 44.3 339 n.a. n.a. n.a. n.a. 0.98 0.71 
0.43 44.40 1.70 45.55 175.50 0.12 23.40 98.00 34.74 1.02 12.40 78.91 0.97 0.14 
0.63 46.00 0.96 121.50 98.30 0.97 16.10 74.00 36.52 6.27 31.90 44.22 0.85 0.42 
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 35.25 0.33 2.28 3.15 0.99 0.42 
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 37.31 3.12 24.21 35.96 0.92 0.40 
0.60 43.50 2.70 21.20 75.80 1.37 37.70 153.00 35.83 0.94 1.20 41.55 0.97 0.03 
3.90 102.20 4.65 73.00 60.30 0.16 48.00 192.00 36.07 2.85 42.49 40.76 0.93 0.51 
4.69 22.50 4.13 75.10 75.70 0.15 37.50 204.00 35.93 0.18 1.43 60.23 0.99 0.02 
0.88 33.10 3.14 55.50 52.10 0.42 29.20 176.00 n.a. n.a. n.a. n.a. 0.97 0.24 
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 34.86 0.43 14.91 35.77 0.99 0.29 
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 36.65 0.05 0.18 39.31 1.00 0.00 

11.20 13.80 5.68 43.50 35.10 0.07 34.10 236.00 39.49 0.04 0.12 29.51 1.00 0.00 
21.20 19.20 7.93 181.60 59.00 0.12 74.90 547.00 n.a. n.a. n.a. n.a. 1.00 0.86 
1.33 23.60 3.72 51.60 68.40 0.10 50.90 183.00 n.a. n.a. n.a. n.a. 0.99 0.08 
0.84 17.40 2.21 19.10 57.90 0.09 111.50 64.00 n.a. n.a. n.a. n.a. 0.96 0.19 
0.23 17.90 0.23 23.40 14.40 0.07 20.60 32.00 31.97 5.05 287.74 226.15 0.86 0.56 
0.15 13.00 0.26 20.70 19.10 0.07 83.50 49.00 34.51 3.29 233.33 230.87 0.91 0.50 
1.75 12.40 0.98 43.00 66.60 0.10 68.50 113.00 41.17 0.60 79.04 132.37 0.99 0.37 
0.40 102.00 1.71 18.60 27.40 0.08 60.10 91.00 31.07 4.02 49.60 54.98 0.89 0.47 
0.03 23.10 0.07 11.80 4.30 0.05 3.06 72.00 23.19 4.27 103.25 131.36 0.84 0.44 
0.02 46.70 0.09 8.80 2.90 0.09 3.27 64.00 12.55 1.06 90.14 125.74 0.92 0.42 






