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Abstract 

The Sudbury impact structure formed when a bolide collided with the southern Superior craton 

margin ca. 1.85 Ga ago. During the impact, the target rocks were brecciated and melted, which 

resulted in the formation of a thick impact melt sheet, the Sudbury Igneous Complex (SIC), 

underlain by brecciated basement rocks. Nickel-copper-platinum group elements (Ni-Cu-PGE) 

deposits formed at the base of the SIC as contact deposits, in association with offset dikes that 

flowed from the melt sheet into the basement rocks (offset deposits), and as sulphide veins and 

pods of disseminated PGE mineralization that were emplaced into the brecciated basement rocks 

(footwall deposits). The deposits and their host rocks were subsequently modified by orogenic 

events that reworked the South Range of the impact structure. The thesis discusses the formation 

of syn-impact breccias below the SIC-basement contact, the structural and metamorphic 

modification of the impact structure during subsequent orogenic events, and the effect of syn- 

and post-impact processes on the formation and remobilization of (Ni-)Cu-PGE mineralization at 

the contact-type Crean Hill deposit and offset-type Vermilion deposit. The breccias formed by in 

situ shock melting of the footwall rocks during the impact, and were modified by contact 

metamorphism during cooling of the SIC and by syn-tectonic deformation and metamorphism 

after the impact. The latter resulted in the formation of regional folds and south-side-up-dextral 

shear zones during northwest-directed shortening of the impact structure. (Ni-)Cu-PGE 

mineralization at the Crean Hill and Vermilion deposits was emplaced as sulphide melts 

immediately after the impact and was remobilized by metamorphic semi-metal melt and 

hydrothermal fluids into the breccias and shear zones during and after regional deformation. 

These results illustrate how both syn- and post-impact processes contributed to the formation and 

modification of Ni-Cu-PGE deposits in Sudbury. 
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Chapter 1  

1 Introduction to thesis 

The ca. 1.85 Ga Sudbury Igneous Complex (SIC) in Ontario, Canada, represents the eroded 

remnants of an impact melt sheet (Dietz, 1964). It is underlain by brecciated and metamorphosed 

footwall rocks, which host Ni-Cu-PGE mineralization. Understanding the emplacement history 

of Ni-Cu-PGE mineralization in the southern portion (South Range) of the Sudbury impact 

structure is challenging due to the complex tectonic and metamorphic history of the footwall 

rocks that host mineralization.  

The thesis focuses on the western South Range, where the Crean Hill and Vermilion deposits are 

located. This area presents an especially complex geological setting, where the Sudbury impact 

structure straddles the southern margin of the Superior craton, which is delimited by the 

Creighton-Victoria Deformation Zone (CVDZ) in the study area. Cratons represent major crustal 

heterogeneities within continental tectonic plates that can cause changes in tectonic flow 

(Vauchez et al., 1994; Vauchez et al., 1998; Robl and Stüwe, 2005) and reactivation of pre-

existing shear zones (Wilson, 1966; Theunissen et al., 1996; Vauchez et al., 1998) during 

convergence, leading to complex structural geometries and kinematics. The CVDZ is an example 

of such structure. It contains conflicting shear sense indicators and, like others in the Sudbury 

area, it has been interpreted either as transpressive (Riller et al., 1999; Santimano and Riller, 

2012), or as a thrust with late dextral reactivation (Santimano and Riller, 2012; Snelling et al., 

2013; Lenauer and Riller, 2017; Papapavlou et al., 2017).  

The Sudbury impact event also complicated the geology of the Superior craton margin. The 

rocks that underlie the SIC were shock metamorphosed during the impact, causing extensive 
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shock melting and brecciation that extend over 1–2 kilometers from the impact site (Dressler, 

1984). As far as 80 kilometers into the footwall rocks, Sudbury Breccia is thought to have 

formed by cataclasis (Rousell et al., 2003; Lafrance and Kamber, 2010; O'Callaghan et al., 2016) 

and/or frictional melting of the target rocks during cratering (Dressler, 1984; Thompson and 

Spray, 1994; Rousell et al., 2003; Lafrance and Kamber, 2010; O'Callaghan et al., 2016). 

Brecciation mechanisms for Footwall Breccia near the base of the SIC, on the other hand, are 

still poorly understood and may include fragmentation and crushing of the footwall rocks along 

the crater walls (Pattison, 1979; Dressler, 1984; Deutsch et al., 1989; Lakomy, 1990; Stöffler et 

al., 1994; McCormick et al., 2002), plastic deformation, and partial melting of the footwall rocks 

during contact metamorphism driven by cooling of the melt sheet (Coats and Snajdr, 1984; 

McCormick et al., 2002). The involvement of partial melting in the formation of Footwall 

Breccia remains uncertain, and is further obscured by the strong regional metamorphic overprint 

in the South Range. 

The South Range hosts three types of Ni-Cu-PGE deposits associated with the SIC: 1) contact 

deposits, which are found in embayments at the base of the melt sheet, 2) footwall deposits, 

which occur in the brecciated footwall rocks underlying the SIC, and 3) offset deposits, which 

are associated with quartz diorite dikes deep into the footwall rocks (Coats and Snajdr, 1984; 

Naldrett et al., 1994). Contact and offset deposits formed by fractional crystallization of sulphide 

melts during crystallization of the SIC (Hawley, 1965; Keays and Crocket, 1970; Naldrett et al., 

1994; Naldrett, 1999; Ames and Farrow, 2007), whereas the formation of footwall deposits may 

have involved mainly magmatic processes (Keays and Lightfoot, 2004; Dare et al., 2010a; Dare 

et al., 2010b; Lightfoot, 2017) or hydrothermal processes (Farrow et al., 1994; Jago et al., 1994; 

Morrison et al., 1994; Molnár et al., 2001; Péntek et al., 2008). Most deposits in the South Range 
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were modified during tectonic and metasomatic events, but their remobilization mechanisms are 

largely unknown. Two of these South Range deposits, Crean Hill (contact-footwall) and 

Vermilion (offset), are described and discussed in the thesis. 

To overcome these challenges and further our understanding of the South Range and its deposits, 

the thesis uses a multi-faceted approach that considers all tectonometamorphic, brecciation and 

melting processes associated with the formation of syn- and post-impact structures in Sudbury, 

and their effects on the emplacement and modification of Ni-Cu-PGE deposits. 

1.1 Thesis objectives 

The goal of the PhD thesis is to expand our understanding of the tectonic and metamorphic 

history of the South Range and the PGE-rich deposits it contains. More specifically, the thesis 

seeks to answer the following questions: 

1) How many deformation events affected the western South Range, what was the style of 

deformation during these events, and what was their timing relative to the Sudbury 

impact event? 

2) Did the major shear zones in the western South Range form during a single transpressive 

deformation event or as a result of multiple overprinting events? 

3) What types of breccia are found in the proximal footwall of the South Range, and how 

did they form? What was the role of metamorphism and anatexis in the formation of the 

breccias?  
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4) What are the magmatic, structural and metamorphic controls on PGE deposition at the 

Crean Hill and Vermilion deposits?  

5) When were PGE deposited during the metamorphic and structural evolution of the South 

Range? How did post-impact orogenic events modify PGE mineralization at the Crean 

Hill and Vermilion deposits? 

1.2 Structure of the thesis 

The thesis is organized into five chapters. Chapter 1 is an introduction to the thesis. It provides a 

general background and presents the goals of the thesis. Chapters 2, 3 and 4 are written as stand-

alone manuscripts that have been or will be submitted to peer-reviewed scientific journals. As 

background geological information must be included in each manuscript, repetition was 

unavoidable but is limited to a few general sections. Chapter 5 summarizes the conclusions from 

previous chapters. 

Chapter 2 establishes the regional structural framework for the western South Range, by 

examining the tectonometamorphic evolution of the study area with an emphasis on shear zone 

development (intended for Journal of Structural Geology). The manuscript provides a 

tectonometamorphic interpretation of the structures in the western South Range, including the 

effects of the heterogeneous craton margin on development of the CVDZ. Quartz 

crystallographic preferred orientation (CPO) fabrics are used to interpret temperatures and 

kinematic indicators along the CVDZ and compared to regional deformation temperatures 

estimated from microstructures and phase equilibria modelling. Finally, the CVDZ is discussed 

in terms of transpression and polyphase deformation models previously proposed for Sudbury. 
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Chapter 3 provides the metamorphic framework for the western South Range. Specifically, it 

examines on the roles of metamorphism (shock, contact and regional) in the formation of 

Footwall Breccia at the Crean Hill mine site and has been published in Precambrian Research 

(https://doi.org/10.1016/j.precamres.2021.106346). This manuscript describes the mineralogy, 

textures and geochemistry of the six types of breccias present on outcrop and defines the contact 

and regional metamorphic events that affected the Crean Hill area. The composition of chemical 

melts produced by anatexis of the host rocks are modelled and compared to the breccia matrices 

to determine if they formed by contact metamorphism. The breccias are then interpreted in terms 

of cataclasis and chemical, frictional, and shock melting, and a model for their formation is 

proposed. 

Chapter 4 characterizes the Crean Hill (contact-footwall) and Vermilion (offset) deposits, which 

occur in the area examined in chapters 2 and 3 (intended for Mineralium Deposita). The 

manuscript examines the magmatic and secondary hydrothermal processes that are responsible 

for deposition and remobilization of precious metals at these deposits. It presents geological 

maps of the two deposits and describes variations in their ore mineralogy, textures, and 

geochemical signatures. The magmatic, tectonometamorphic and metasomatic controls on PGE 

deposition at the two deposits are then discussed in an updated ore formation model. 
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Chapter 2  

2 Transpression or polyphase deformation along craton margins: 

insights from the Archean-Proterozoic boundary near Sudbury, 

Canada 

2.1 Abstract 

Continental margins vary in composition and configuration, resulting in complex structural 

geometries during deformation. One example is the Archean-Proterozoic boundary near 

Sudbury, Canada, where the Creighton-Victoria Deformation Zone (CVDZ) contains both 

reverse dip-slip and dextral strike-slip kinematic indicators. To resolve if these structures formed 

during a single transcurrent transpression event or multiple overprinting events, the orientation, 

relative timing and style of structures within the CVDZ are compared to those of regional 

structures outside the CVDZ. Regional fold axes and their axial planar foliation are subparallel to 

the steeply-plunging stretching lineation and steeply-dipping foliation, respectively, along the 

CVDZ, and phase equilibria modelling of staurolite-chloritoid assemblages indicates that the 

regional folds and axial planar foliation formed at temperatures of 480–565°C, similar to 

temperatures estimated for the formation of reverse, south-side-up, quartz petrofabrics along the 

CVDZ. This suggests that the CVDZ, regional folds and foliation formed during the same 

regional folding and reverse faulting event. Major lateral lithological changes and inflections in 

the orientation of the craton margin controlled the formation of structures, and evidence for 

regional transcurrent transpression, such as strike-slip shear sense indicators, steeply-plunging 

stretching lineation, and obliquity of regional folds with respect to major shear zones, result from 

polyphase deformation and dextral transcurrent reactivation of the Superior craton margin. 



Chapter 2   31 

 

2.2 Introduction 

Continents undergo long and complex tectonomagmatic histories that result in strongly 

heterogeneous crust. Cratons represent major crustal heterogeneities within continental tectonic 

plates. As such, they cause changes in tectonic flow and structural trends during margin-normal 

(or -oblique) convergence (Vauchez et al., 1994; 1998; Robl and Stüwe, 2005). This can lead to 

complex geometries that complicate interpretation of their kinematic and structural history. 

Shearing is generally localized in lower-strength rocks, whereas more competent rocks behave as 

high-strength inclusions that often remain largely undeformed (Tommasi et al., 1995; Tommasi 

and Vauchez, 1997). During oblique convergence, stiff cratonic blocks can act as indenters and 

lead to strain partitioning and localization of non-coaxial deformation in shear zones along the 

indenting boundary, while coaxial deformation dominates farther away into the adjacent foreland 

(Ježek et al., 2002). Competency contrasts within the deforming crust can also create coeval 

shear zones with different shear sense and orientations (Vilotte et al., 1984; Vauchez et al., 1994; 

Tommasi et al., 1995). These crustal heterogeneities may also be the source of structural 

inheritance, leading to reactivation of pre-existing shear zones (Wilson, 1966; Theunissen et al., 

1996; Vauchez et al., 1998). Early thrust indicators may be destroyed during reactivation, further 

obscuring their early structural history, hence rendering the interpretation of polydeformed, 

heterogeneous terranes all the more challenging. 

This study examines the deformed Archean-Proterozoic boundary west of Sudbury, Canada, 

which is characterized by major lateral variations in lithologies (Figure 2-1, Figure 2-2). Shear 

zones in the Sudbury area have been interpreted either as transpressive (Riller et al., 1999; 

Santimano and Riller, 2012), or as oblique-dextral to dip-slip thrusts with late dextral 

reactivation (Santimano and Riller, 2012; Snelling et al., 2013; Lenauer and Riller, 2017; 
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Papapavlou et al., 2017). In this paper, we refer to transpression in its classical sense after 

Harland (1971) and Sanderson and Marchini (1984), as a deformation zone with shortening 

normal to its boundaries, vertical extension, and transcurrent movement. The Creighton-Victoria 

Deformation Zone (CVDZ), which delineates part of the craton margin near Sudbury (Figure 

2-2), is an example of such shear zones (Riller et al., 1998; Gordon et al., 2018a; in prep). It is 

especially difficult to interpret because of its many along-strike variations, including changes in 

orientation, local branching into subsidiary faults, and the presence of spatially superposed 

horizontal, vertical and oblique shear sense indicators (Généreux et al, 2017). Deformation along 

the craton margin has been recognized in previous studies (e.g. Riller et al. 1998; Santimano and 

Riller, 2012), but the lateral extents of the CVDZ were only recently mapped by the Ontario 

Geological Survey (OGS) (Gordon et al., 2018a; in prep), thus presenting an opportunity to study 

the CVDZ and resolve its structural history. In this contribution, we: 1) present a new 

tectonometamorphic interpretation of the CVDZ and surrounding regional structures; 2) evaluate 

the effects of the heterogeneous craton margin on the development of major structures; 3) 

interpret quartz crystallographic preferred orientation (CPO) fabrics as temperature and 

kinematic indicators; 4) provide temperature estimates for the development of these structures 

using microstructures and phase equilibria modelling, and; 5) discuss the formation of structures 

along the CVDZ in light of previously proposed transpression and polyphase deformation 

models. Our results suggest that variations in lithology and orientation along the Superior craton 

margin near Sudbury are responsible for the transpression-like geometry of major structures, 

which resulted from multiple overprinting episodes of deformation. 



Chapter 2   33 

 

2.3 Geological setting 

The CVDZ occurs along the contact between the Archean Superior Province and 

Paleoproterozoic Southern Province (Figure 2-1). The Superior Province consists of the ca. 2711 

Ma Levack gneiss complex (Krogh et al., 1984), the ca. 2670–2642 Ma Ramsey-Algoma 

granitoid complex (Meldrum et al., 1997; Prevec and Baadsgaard, 2005; Easton et al., 2011; 

Gordon et al., 2018b), and younger Matachewan mafic dikes dated at ca. 2480 Ma and ca. 2460 

Ma (Krogh et al., 1984; Heaman, 1997; James et al., 2002; Bleeker et al., 2015). 

The Southern Province is dominated by supracrustal rocks of the Huronian Supergroup, which 

were deposited on the southern margin of the Superior craton between ca. 2450 Ma, the age of 

Copper Cliff rhyolite at the base of the Huronian Supergroup (Krogh et al., 1984; Ketchum et al., 

2013; Bleeker et al., 2015), and ca. 2219 Ma, the age of the gabbroic Nipissing intrusive suite 

(Corfu and Andrews, 1986; Noble and Lightfoot, 1992; Bleeker et al., 2015). The Huronian 

Supergroup unconformably overlies the Superior craton (Stockwell, 1964; Card, 1990), and 

represents a rift sequence that evolved into a passive continental margin sequence (Bennett et al., 

1991; Young et al., 2001; Long, 2004). Only the lower half of the Huronian stratigraphy, the 

Elliott Lake and Hough Lake groups, is exposed in the study area (Figure 2-2). The Elliott Lake 

Group consists of basalt and minor dacite (Elsie Mountain and Stobie formations), which formed 

by partial melting of the decompressed mantle early during rifting, as well as overlying 

subfeldspathic arenite (Matinenda Formation) and turbiditic mudstones (McKim Formation), 

which formed as the basin filled with sediments derived from weathering and erosion of the 

Superior craton to the north. As rifting continued, conglomerate (Ramsay Lake Formation) and 

younger mudstone (Pecors Formation) and sandstone (Mississagi Formation) of the Hough Lake 

Group were deposited (Card, 1965, 1968; Card et al., 1977; Card, 1978; Gordon et al., 2018b).  



Chapter 2   34 

 

The Drury Township intrusion of the ca. 2480 Ma East Bull Lake intrusive suite (Krogh et al., 

1984; James and Born, 1985; James et al., 2002) is another manifestation of the rifting and 

break-up of the Superior craton. It was emplaced along the contact between the Superior craton 

and rift-fill volcanic rocks of the Southern Province. The intrusion consists of varitextured, 

medium- to coarse-grained (locally pegmatitic) leucogabbro, with a discontinuous, <100 m thick 

marginal gabbroic phase (Gordon et al., 2018b). The emplacement of the East Bull Lake 

intrusive suite may be coeval with the emplacement of lower Huronian basaltic rocks based on 

their similar age, the local gradational and conformable contact between the two units, and their 

intercalation with Huronian sedimentary rocks (Card et al., 1977; Card et al., 1984; Krogh et al., 

1984; James and Born, 1985). Similarly, the slightly younger ca. 2460 Ma Creighton granitic 

pluton (Krogh et al., 1984; Bleeker et al., 2015), in the easternmost portion of the study area, is 

thought to be coeval with the emplacement of the lower Huronian volcanic rocks based on 

chemical similarities with the Copper Cliff rhyolite, as well as magma-mingling textures near the 

base of the pluton (Bleeker et al., 2015). 

Immediately east of the study area, the Superior-Southern contact is masked by the ca. 1850 Ma 

Sudbury Igneous Complex (SIC). The latter represents an impact melt sheet resulting from the 

collision of an extraterrestrial bolide with the southern margin of the Superior Province (Dietz, 

1964; Krogh et al., 1984). The SIC is capped by breccias and melt bodies of the Onaping 

Formation, which formed by the interaction of the impact melt sheet with overlying seawater 

(Grieve et al., 2010), and by calcareous mudstone of the Onwatin Formation and turbiditic 

sandstone of the Chelmsford Formation, which were deposited in a marine basin or shallow sea 

overlying the impact structure (Rousell, 1984). Shock-induced Sudbury Breccia occurs as 

discontinuous veins or tabular bodies within the Superior-Southern target rocks (Spray and 
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Thompson, 1995; Rousell et al., 2003) and, together with shatter cones, first prompted the 

interpretation of the Sudbury Structure as an impact crater (Dietz, 1964; French, 1967). 

Ductile deformation of the Southern Province began at ca. 2415−2343 Ma (Raharimahefa et al., 

2014) during the Blezardian Orogeny (Stockwell, 1982), and continued during the ca. 1890–

1830 Ma Penokean Orogeny (e.g. Dressler, 1984; Bennett et al., 1991), the ca. 1770–1600 Ma 

Yavapai and Mazatzal orogenies (Bailey et al., 2004; Raharimahefa et al., 2014; Papapavlou et 

al., 2017), and the ca. 1120–980 Ma Grenvillian Orogeny (Carr et al., 2000). Only one Penokean 

age has been reported from sheared SIC rocks (Mukwakwami et al., 2014), and none from 

deformed Huronian rocks. Other recent geochronological studies have attributed most of the 

deformation immediately south of the Superior-Southern contact to the Yavapai–Mazatzal 

orogenies (Bailey et al., 2004; Raharimahefa et al., 2014; Papapavlou et al., 2017). During these 

orogenies, major east-trending syn-depositional Huronian faults, namely the Murray Fault Zone 

(MFZ) and Creighton Fault (Card and Hutchinson, 1972; Long, 2004), were reactivated as 

ductile shear zones (Figure 2-1 and Figure 2-2). 

Regional Yavapai–Mazatzal metamorphism (Piercey et al., 2007) reached upper greenschist to 

lower amphibolite conditions (Card, 1964; Fox, 1971). 40Ar/39Ar biotite and muscovite ages 

across the Southern Province suggest that a later thermal event occurred at ca. 1450 Ma (Fueten 

and Redmond, 1997; Bailey et al., 2004; Piercey et al., 2007). Undeformed Sudbury diabase 

dikes cut across the SIC and Huronian rocks and provide an absolute minimum age of ca. 1235 

Ma (Krogh et al., 1987; Dudàs et al., 1994) for ductile deformation immediately south of the 

Superior-Southern contact. 
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2.4 Results 

2.4.1 Regional structures 

First generation (G1) structures are represented by an early S1 foliation, which is preserved in 

clasts within Sudbury Breccia. An excellent example is observed in the easternmost part of the 

study area along the contact between the Creighton pluton and Huronian basalt (Figure 2-3a). 

The S1 foliation is defined by elongate quartz lithons in granitoid clasts and by the alignment of 

amphibole and feldspar in basalt clasts. It varies in orientation from clast to clast, suggesting that 

the clasts acquired this fabric prior to the impact event and their incorporation in Sudbury 

Breccia.  

Second generation (G2) structures are expressed as thrust faults repeating stratigraphy. For 

example, near the centre of Figure 2-2, mudstone of the McKim Formation is in thrust contact 

with younger conglomerate of the Ramsay Lake Formation and underlying McKim Formation. 

The thrust faults have a strong bedding-parallel S2 foliation defined by the preferred alignment of 

muscovite. They become more prominent near the CVDZ, where sedimentary beds have been 

stretched and boudinaged parallel to S2. 

Third generation (G3) structures include east- to east-northeast-trending regional F3 folds that 

overprint the G2 thrust faults (Figure 2-2). The fine-grained matrix of Sudbury breccia is 

overprinted by both the S2 (Figure 2-3b, c) and S3 foliations (Figure 2-3a, b, c), suggesting that 

these regional fabrics formed after the impact. Outcrop-scale parasitic F3 folds also overprint the 

S2 foliation (Figure 2-4a, b). The folds have an axial planar S3 foliation (Figure 2-4c), which is 

expressed in the matrix of Sudbury breccia as a crenulation cleavage overprinting the S2 foliation 

(Figure 2-3b). The latter is preserved in microlithons (100 to 500 m wide) between muscovite-
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rich S3 crenulation cleavage planes (Figure 2-3c). The S3 foliation is further defined by elongate 

quartz micro-lenses, muscovite and biotite in Huronian sedimentary rocks and Archean 

monzogranite, and by calcic amphibole, biotite and chlorite in Huronian basalt, Nipissing 

gabbro, and leucogabbro of the Drury Township intrusion. In the hinge of regional F3 folds, the 

S3 foliation is oriented at high angle to bedding and refracts from mudstone to sandstone beds 

(Figure 2-4d), suggesting that the strain was accommodated by flexural flow during folding, 

hence confirming that the foliation formed during F3 folding.  

A strong, regional L3 lineation lies along the S3 foliation and is parallel to F3 fold axes (Figure 

2-4b and Figure 2-5). The L3 lineation is best expressed in sedimentary rocks as elongate quartz 

micro-lenses, and in the matrix of Sudbury Breccia as stretched quartzite clasts (Figure 2-6a), 

respectively. In mafic rocks, a weak to moderate L3 lineation is defined by the preferential 

alignment of amphibole and feldspar aggregates (Figure 2-6b).  

The orientations of G3 structures change with increasing proximity to the CVDZ (Figure 2-5). 

The field area was divided into four structural domains based on the orientation of the CVDZ 

and G3 fabrics. West of the Fairbanks Lake Fault and south of the CVDZ (Domain 1), the S3 

foliation strikes west and dips steeply to the north. East of the same fault (domains 2–4), the S3 

foliation strikes northeast and dips moderately to steeply to the southeast. Within 1 km south of 

the CVDZ, S3 gradually becomes more pronounced and rotates to east-southeast strikes and steep 

south dips in Domain 1, and to east-northeast strikes and steep south dips in domains 2 and 3 

(Figure 2-5). It is present within 500 m north of the CVDZ in the Archean granitoid, where it 

retains a similar orientation but is less pronounced. The L3 lineation plunges steeply to the 

southwest to southeast away from the CVDZ and, like the S3 foliation, it gradually steepens 

towards deformation zone, rotating to the east-northeast in Domain 1 and east-northeast in 
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Domain 2. In domains 1 and 2, parasitic outcrop-scale F3 folds (Figure 2-4b) progressively 

become tighter and their plunge steepens towards the CVDZ, where they are transposed (cross-

section A–A′, Figure 2-2, Figure 2-6c). Outcrop-scale folds are more open and less common in 

Domain 3 (cross-section B–B′, Figure 2-2). 

Fourth generation (G4) structures are observed close to the CVDZ (Figure 2-7), where outcrop-

scale Z-shaped drag folds (F4) with a muscovite and chlorite (after biotite) axial planar 

crenulation cleavage (S4) overprints the microfolded S3 foliation (Figure 2-8a, b). The 

crenulation cleavage is also expressed as a spaced fabric that is consistently oriented 

counterclockwise to the regional S3 foliation in the area (Figure 2-7) and crosscuts tight parasitic 

F3 folds (Figure 2-8c, d). This spaced fabric occurs both in the mylonite zone and within 1 km of 

its southern contact. 

Fifth generation (G5) structures are represented by north- to northwest-trending F5 kink folds, 

which overprint the S3 foliation, outcrop-scale F3 folds and the S4 spaced cleavage (Figure 2-8c, 

d). Associated with these kink folds is a north-trending crenulation cleavage (S5) that locally 

overprints the regional S3 foliation in mudstones (Figure 2-8e). 

2.4.2 Major shear zones 

2.4.2.1 Domain 1: Western mylonite zone (CVDZ) 

In the westernmost part of the study area, the CVDZ trends east-southeast and is expressed as a 

200-m wide mylonite zone along the contact between Archean granitoid and Huronian 

sedimentary rocks (Figure 2-2, Figure 2-7). Its northern margin is not exposed and is marked by 

a steep valley. Its southern margin, on the other hand, is well exposed and shows an increase in 

the intensity of the S3 foliation over several hundred meters (across strike) within the Huronian 
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sedimentary rocks (Figure 2-7). The southern margin of the western mylonite zone consists of 

(subfeldspathic) arenite of the Matinenda Formation that was recrystallized to quartz mylonite. It 

displays a steep east-southeast-striking S3 foliation marked by the preferred alignment of 

muscovite and quartz (Figure 2-5). Feldspar porphyroclasts are generally equant and 

concentrated into 1–3 mm wide bands parallel to the foliation (S3). The latter contains a strong 

quartz stretching lineation (L3) (Figure 2-9a) that plunges steeply to the east-southeast (Figure 

2-5, Figure 2-7). Quartz grains are elongated (1:3–1:15) and form 100–200 µm wide domains of 

similarly oriented grains (see Quartz CPO fabrics). The core of the mylonite zone (Figure 2-9b) 

consists of interleaved layers (1 cm to 20 m in width) of granitic mylonite (50–75% 

recrystallized matrix), gabbroic protomylonite (10–50 % recrystallized matrix), and chloritic 

phyllonite, using the fault rock terminology of Sibson (1977). Each layer contains a strong, 

steeply dipping S3 foliation that consistently trends east- to east-southeast (Figure 2-5, Figure 

2-7). Within the granitic mylonite, S3 is defined by chloritized biotite and the stretching lineation 

(L3) is expressed by elongate quartz grains (1:1.5) and preferentially oriented feldspar 

porphyroclasts (Figure 2-10a). In the gabbroic protomylonite, S3 is delineated by bands of 

recrystallized plagioclase and quartz interweaved with domains of amphibole, biotite, and 

plagioclase porphyroclasts, the latter forming aggregates (L3) that plunge east-southeast along 

the S3 foliation (Figure 2-5). The chloritic phyllonite lacks a stretching L3 lineation, but it 

contains stretched and boudinaged quartz veins that are oriented parallel to chlorite (after 

biotite), which together define the S3 foliation (Figure 2-10b). 

Slight variations in microstructures are observed from margin to core of the western mylonite 

zone. Along the southern margin, elongate quartz grains exhibit multiple low-angle boundaries 

and subgrains, and are recrystallized into small polygonal grains along their margins and at both 
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ends (Figure 2-10a). Feldspar porphyroclasts range in size from 100–300 µm, are relatively 

equant, commonly fractured, and locally display subgrains and new grains possibly associated 

with bulging grain boundaries (Figure 2-10c). Within the core of the mylonite zone, quartz is 

completely recrystallized into small polygonal grains, and feldspar displays bulging grain 

boundaries with local development of subgrains (Figure 2-10d). 

Few shear sense indicators are preserved in the core of the western mylonite zone. They are 

observed only in chloritic phyllonite layers, where quartz veins are folded by Z-shaped drag 

folds, boudinaged and, together with the mylonitic S3 foliation, back-rotated along dextral C′-

type shear bands (Figure 2-10b and Figure 2-2a). 

2.4.2.2 Domain 2: Eastern mylonite zone (CVDZ) 

The eastern mylonite zone in Domain 2 is contiguous with the western mylonite zone (Figure 

2-2, Figure 2-5). It is east-trending, approximately 400 m wide, and displays gradual contacts 

with subfeldspathic arenite of the Matinenda Formation to the south and leucogabbro of the 

Drury Township intrusion to the north. It consists of alternating layers of subfeldspathic quartz 

mylonite, gabbroic mylonite, and leucogabbroic protomylonite. This compositional layering is 

accentuated by the alignment of muscovite, amphibole and chlorite (S3). Similar to Domain 1, a 

strong, steeply northeast-plunging quartz stretching lineation (L3) is present in the 

quartzofeldspathic layers, and a weaker but parallel amphibole lineation is present within the 

gabbroic layers.  

In thin section, elongate quartz grains (1–5 mm) with aspect ratios of 1:2 to 1:6 display sweeping 

undulose extinction and are surrounded on all sides by subgrains and new grains of similar sizes. 

Feldspar porphyroclasts differ by their more brittle behavior and are transected by microfractures 
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filled with fine-grained muscovite. They commonly display irregular edges with rare bulging 

grain boundaries. 

Back-rotated foliation boudins (S3) along C′-type shear bands (Figure 2-10e and Figure 2-2b) are 

observed in both subfeldspathic quartz mylonite and gabbroic protomylonite and indicate 

oblique-dextral (south-side-up) shear. 

2.4.2.3 Domain 3: Creighton-Victoria shear zones (CVDZ) and Murray Fault 

Zone 

The Creighton and Victoria faults bound a 1.5 km wide deformation corridor representing the 

easternmost expression of the CVDZ (Figure 2-2. The corridor consists of ~100–300 m wide 

domains of weakly to moderately foliated and lineated Huronian volcanic and SIC rocks 

separated by discrete, 5–50 m wide shear zones parallel to (east-trending) lithological contacts. 

The shear zones have a strong mylonitic foliation (S3) defined by chlorite (after biotite) and 

amphibole in basalt, gabbro and SIC quartz monzogabbro, and by muscovite and recrystallized 

quartz lenses in Huronian sedimentary and felsic volcanic rocks. A strong L3 lineation lies along 

the S3 foliation, where it is defined by amphibole in mafic rocks and elongate recrystallized 

quartz domains (1:2 to 1:3) in intercalated quartzofeldspathic rocks. Feldspar is locally replaced 

by muscovite and locally displays bulging grain boundaries. 

Shear sense indicators are found within all rock types along the Creighton-Victoria shear zones. 

They include Z-shaped drag folds and C′-type shear bands, which both indicate south-side up 

dextral (oblique) displacement (Figure 2-11a–b and Figure 2-2c). 

The Murray Fault Zone (MFZ) is exposed in the southernmost part of Domain 3 (Figure 2-5), 

where it is expressed as a ~50 m wide shear zone within mudstones of the McKim Formation. 
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The MFZ contains a strong muscovite S3 foliation striking east-northeast (Figure 2-5) but lacks 

shear sense indicators. 

2.4.2.4 Domain 4: South Range Shear Zone (SRSZ) 

The South Range shear zone system (SRSZ) is located north of the Creighton-Victoria shear 

zones of Domain 3 (Figure 2-5). It is expressed as a series of parallel, discrete, northeast-trending 

ductile shear zones, 5–20 m in width, which merge with the CVDZ and which offset the contact 

between the SIC and the Drury Township intrusion (Simard et al., 2016) (Figure 2-2). Theses 

shear zones contain a strong, northeast-trending foliation (S3) defined by amphibole (Figure 

2-12a) and bands (<2 mm wide) of small, recrystallized quartz and/or feldspar that wrap around 

fractured and broken up feldspar and amphibole porphyroclasts (Figure 2-12b). Feldspar 

porphyroclasts display irregular edges with rare bulging grain boundaries. A moderate to strong 

L3 lineation is defined by amphibole and trails of amphibole fragments. The S3 foliation within 

the shear zones is oriented slightly clockwise to the shear zone boundaries (C) on both the 

horizontal and vertical planes, suggesting oblique-dextral (south-side up) shearing (Figure 2-2d). 

2.4.3 Quartz CPO fabrics 

Because field shear sense indicators are scarce in Domain 1, field results were supplemented 

with quartz CPO fabric analysis. Two samples of quartz mylonite (DR20, DR12) and one quartz 

vein sample (SA46) from the western mylonite zone (Figure 2-7, Figure 2-13) were analyzed 

using electron backscattered diffraction (EBSD) at the Micro-Analytical Center of Laurentian 

University (method in Appendix A). The quartz mylonite and sheared quartz vein samples 

contain >90% recrystallized quartz, with up to 10% feldspar porphyroclasts concentrated in 1 cm 

wide bands (Figure 2-13b), and <2% muscovite (Figure 2-13f). Recrystallized quartz has an 
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average grain size of ~40–75 µm and straight, locally jagged, grain boundaries with triple point 

junctions (Figure 2-13b, d, f). Layers of equant quartz grains are oriented parallel to the S3 

foliation, with individual grains exhibiting subparallel extinction under crossed polarized light. 

Elongate parent grains (0.5–2 mm in size) are observed in the quartz vein sample (SA46); they 

display undulose extinction and development of new recrystallized grains along their edges 

(Figure 2-13d). 

All three samples have strong CPOs (Figure 2-14) that vary in symmetry and distribution of 

point maxima. The asymmetry of CPO patterns may be expressed as internal asymmetry defined 

by the shape of the pattern itself, or external asymmetry expressed by the orientation of the 

pattern with respect to finite strain features such as lineation and foliation (Lister and Hobbs, 

1980; Garcia Celma, 1982; Schmid and Casey, 1986; Law et al., 1990). In sample DR20, c-axes 

(i.e. [0001]) form an externally symmetric Type I crossed girdle (Lister, 1977) oriented 

perpendicular to S3, with a well-defined opening angle (OA) of 70°, and two point maxima, one 

near the center of the girdle and the other near its margin and oriented at ~60° clockwise to L3 

(Figure 2-14). The crossed girdle has a slight internal asymmetry, with more accentuated 

branches oriented clockwise to S3. The a-axes (i.e. [11-20]) plot as weak peripheral point 

maxima oriented at 25° clockwise and 30° counterclockwise to L3. Poles to planes corresponding 

to the prism m and rhomb π display weak single girdles. Poles to the rhomb π′ display weak 

small circle girdles centered on the pole to the S3 foliation and a strong single point maximum 

along this pole. Rhomb z poles form a diffuse single girdle along the S3 foliation, and diffuse 

point maxima oriented at 77° clockwise and 71° counterclockwise to L3. Poles to the rhomb r 

planes define two small circle girdles oriented ~60° to the point maxima of poles to the rhomb z 

planes. 
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In sample SA46, the c-axes plot as a small circle girdle with a well-defined OA = 69° and single 

maximum along the margin of the pole figure, oriented ~60° clockwise to L3 (Figure 2-14). The 

a-axes have a weak preferred orientation, forming a single, wide and diffuse girdle oriented at 

~33° counterclockwise to L3. Poles to prism m planes plot as an oblique and diffuse single girdle 

containing three weak point maxima. Poles to rhombs π planes define a strong single point 

maximum, and rhomb π′ display weak small circle girdles and point maxima at similar 

orientations as those of DR20. Poles to rhomb r planes are distributed as a diffuse point maxima 

along poorly defined girdles oblique to S3. Poles to rhomb z planes define a diffuse point maxima 

oriented at 76° counterclockwise and perpendicular to L3 with subsidiary point maxima along a 

diffuse central girdle oriented parallel to S3. 

In sample DR12, c-axes define an internally asymmetric Type I crossed girdle (OA = 68°), with 

more accentuated branches oriented clockwise to S3. The crossed girdle contains two sharp 

maxima located where the central segment and small girdles intersect. The a-axes plot as point 

maxima along the primitive circle and are slightly asymmetric with respect to the stretching 

lineation (at 25° clockwise and 30° counterclockwise to L3). Poles to m planes plot as a single 

strong point maximum parallel to L3, and poles to rhomb z planes display diffuse girdle parallel 

to S3 and a single point maximum oriented at 74° counterclockwise to L3. Poles to rhomb r 

planes show overall diffuse distribution with weak point maxima oriented at 62° clockwise and 

20° counterclockwise to S3. Poles to rhombs π and π′ display a wide, diffuse central girdle 

oriented nearly perpendicular to S3. 
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2.4.4 Regional metamorphism 

2.4.4.1 Mineral assemblages and textures 

Deformed mudstones of the McKim Formation display three distinct mineral assemblages 

delineating contact-parallel isograds and zones, from west to east (Figure 2-2): 1) a quartz-

muscovite-staurolite-feldspar-ilmenite (st-fsp-ilm) zone; 2) a quartz-muscovite-chloritoid-

staurolite-rutile (cld-st-ru) zone, and; 3) a quartz-muscovite-chloritoid-rutile (cld-ru) zone. 

The st-fsp-ilm zone is characterized by euhedral staurolite porphyroblasts (up to 1.5 cm in 

length) with interpenetrative (cross-like) twins. Staurolite is partially replaced by chlorite along 

its rim and contains quartz and ilmenite inclusions that define an Si internal foliation (Figure 

2-15a). Si is symmetrically curved along the edges of the porphyroblasts and is continuous with 

the external S3 foliation, which is defined by muscovite, chlorite and quartz. The S3 foliation also 

wraps around subhedral feldspar porphyroblasts (up to 3 mm in length), which contain elongate 

quartz inclusions defining an internal Si foliation that is continuous with S3 (Figure 2-15b). 

Similar to the previous zone, the cld-st-ru zone contains a strong, external S3 foliation defined by 

muscovite, chlorite and quartz, but is further characterized by chloritoid, staurolite and rutile 

porphyroblasts. Staurolite is more extensively replaced by chlorite and its core is locally replaced 

by intergrown, randomly oriented coarse-grained quartz and muscovite. Chloritoid 

porphyroblasts (up to 1 cm) are relatively fresh and display only thin retrograde chlorite rims 

(<0.5 mm) that are continuous with the external S3 foliation. Both staurolite and chloritoid 

contain quartz and rutile (± chlorite) inclusions that define an internal Si foliation trail, which is 

typically straight in the center of the porphyroblasts and asymmetrically curved along their 

margins (Figure 2-15c). Similar to porphyroblast-matrix relationships in the st-fsp-ilm zone, this 
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Si foliation is continuous with the external S3 foliation. Rutile and chloritoid porphyroblasts are 

aligned parallel to the S3 foliation, with rutile displaying elongated rims of randomly oriented 

chlorite (Figure 2-15d). 

The cld-ru zone in the eastern half of the map area (Figure 2-2) is characterized by few preserved 

porphyroblasts, especially west of the Worthington offset dike (Figure 2-2). In this area, the 

McKim Formation has a higher proportion of fine-grained arenite (i.e. high in SiO2) compared to 

the muscovite-rich mudstones (i.e. high in Al2O3) found to the west (Gordon et al., 2018b), 

which may explain the paucity in porphyroblasts. As in the other two metamorphic zones, the S3 

foliation wraps around chloritoid porphyroblasts, which are up to 1 cm in length. 

2.4.4.2 Phase equilibria 

Representative samples of the st-fsp-ilm (DR22) and the cld-st-ru (DR18) zones were collected 

for phase equilibria to estimate peak pressure-temperature (P-T) conditions during regional 

metamorphism. Bulk major element compositions of representative mudstone samples were 

obtained from X-ray fluorescence (XRF) at the Geoscience Laboratories (Geo Labs), Sudbury. 

Sample preparation and whole-rock geochemistry analytical methods are described in Appendix 

B. Phase diagrams for each sample were calculated from these effective bulk rock compositions 

(Table 2-1) in the MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O2 

(MnNCKFMASHTO) system using the Theriak-Domino v.15.4 (de Capitani and Brown, 1987; 

de Capitani and Petrakakis, 2010) and the updated version of Holland and Powell (2011) 

thermodynamic dataset (tc-ds62) available from Tinkham (2021). Fe3+ is accounted by adding 

oxygen to the system (OFe3+). Activity models for solid solution minerals and a-x relationships 

used in the calculations, as well as other modelling details, are outlined in Appendix C. 
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Calculated P-T pseudosections are shown in Figure 2-16. The quartz-muscovite-chlorite-

chloritoid-staurolite-rutile mineral assemblage observed in DR18 is modelled as a stable 

association where chloritoid and staurolite coexist over a few degrees between 3.0 kbar (~480 

°C) and 5.0 kbar (~510 °C) (green shaded field in Figure 2-16a), with the low-temperature side 

of the assemblage field bound by rutile stability, and the high temperature side of the assemblage 

field bound by the appearance of biotite. In DR22, the quartz-muscovite-chlorite-staurolite-

feldspar-ilmenite mineral assemblage is stable between 521–565 °C and ~2.6–5.3 kbar (orange 

shaded field in Figure 2-16b). It should be noted that both models predict two white micas 

(paragonite and muscovite) at these conditions, whereas a muscovite phase with 18–25% 

paragonite component was identified by microprobe analyses (Appendix D). 

2.5 Discussion 

2.5.1 Structural history and tectonic implications 

The CVDZ represents the western extension of the Creighton Fault (Généreux et al., 2017; 

Gordon et al., 2018b), which belongs to a system of major east-trending faults in the Southern 

Province that includes the Murray Fault Zone (MFZ) (Card and Hutchinson, 1972; Long, 2004). 

The MFZ has been interpreted as a syn-sedimentary fault that was reactivated as a ductile shear 

zone after the Sudbury impact event (Card and Hutchinson, 1972; Long, 2004; Snelling et al., 

2013; Olaniyan et al., 2015; Papapavlou et al., 2017). Several northwest-directed shortening 

events may have affected these faults and the Southern Province prior to the emplacement of 

Sudbury diabase dikes at ca. 1235 Ma (e.g. Hoffman et al., 1989; Holm et al., 2020), including 

the pre-impact Blezardian Orogeny (Stockwell, 1982), and the post-impact Penokean (e.g. 
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Schmus, 1976; Sims et al., 1989; Schulz and Cannon, 2007) and Yavapai–Mazatzal (e.g. 

Davidson et al., 1992; Karlstrom et al., 1993; 2001; Holm et al., 2007) orogenies.  

The presence of the S1 foliation in Huronian clasts within Sudbury Breccia (Figure 2-3a) 

suggests that deformation (G1) began prior to the Sudbury impact event, likely between ca. 2415 

Ma to ca. 2343 Ma (Raharimahefa et al., 2014) during the Blezardian Orogeny (Robertson, 1964; 

Card et al., 1972; Riller and Schwerdtner, 1997; Jackson, 2001). Subsequent deformation of the 

Sudbury Breccia produced G2 thrust faults, as indicated by the overprinting of the matrix of 

Sudbury Breccia by the S2 foliation (Figure 2-3b, c). G2 structures either formed during the ca. 

1.88 Ga to 1.83 Ga Penokean Orogeny (Schulz and Cannon, 2007) or the ca. 1.8–1.6 Ga 

Yavapai–Mazatzal orogenies (Karlstrom et al., 2001; Holm et al., 2007).  

The G2 thrust faults are folded by map-scale F3 folds, which are similar in style and orientation to 

the east-trending regional folds near the Southern–Superior boundary west of Espanola (Figure 

2-1). The latter folds are Yavapai–Mazatzal in age because their axial planar foliation overprints 

the ca. 1.75 Ga Cutler Batholith (Cannon, 1970; Davidson et al., 1992; Jackson, 2001). The 

progressive tightening of F3 folds and rotation of the S3 and L3 fabrics towards the CVDZ, and 

the similarity in their orientation and mineralogy to that of the fabrics within the CVDZ, suggests 

that the east-trending shear zones are coeval with the formation of the regional F3 folds, S3 

foliation and L3 lineation. Reverse-dextral shear sense indicators along the CVDZ (this study) 

and SRSZ (Shanks and Schwerdtner, 1991; Santimano and Riller, 2012; Lenauer and Riller, 

2017), and titanite ages of ca. 1650 Ma along the shear zones (Bailey et al., 2004; Papapavlou et 

al., 2017), further suggest that the shear zones and G3 structures formed as a result of NW-

directed shortening during the Yavapai–Mazatzal orogenies (Rousell, 1975; Shanks and 

Schwerdtner, 1991; Santimano and Riller, 2012). 
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Regional metamorphism in the Southern Province peaked during the Yavapai–Mazatzal 

orogenies, as indicated by monazite metamorphic ages of 1770–1740 Ma and biotite cooling 

ages of ca. 1700 Ma from samples that were collected north of the Murray Fault (Piercey et al., 

2007). In the study area, phase equilibria modelling provides regional metamorphic temperatures 

of ~480–510°C and pressures of 3.0–5.0 kbar near the mylonite zone (DR18), and temperatures 

of ~521–565 °C and pressures of ~2.6–5.3 kbar south of the regional F3 fold (DR22). These 

results are consistent with those from pyrrhotite-pyrite thermometry (400–570 °C) by Card 

(1964) and chloritoid and staurolite-chlorite isograd calculations (500–550 °C and 4.45–4.75 

kbar) by Fox (1971).  

The sequence of metamorphic zones in the study area appears folded with stratigraphy and is 

compatible with a general decrease in metamorphic temperature from west to east: from st-fsp-

ilm (~550°C) to cld-st-ru (~500°C), to cld-ru (<500°C) assemblages, consistent with a transition 

from lower-amphibolite to upper-greenschist conditions. However, phase diagrams for DR18 and 

DR22 show that chloritoid-bearing mineral assemblages are also strongly dependent on bulk 

composition (Table 2-1); chloritoid is predicted to coexist with staurolite at greenschist 

conditions in sample DR18, but is only stable at low T and high P in sample DR22 (field 1 in 

Figure 2-16b). Given that the bulk composition of mudstones and siltstones varies 

stratigraphically within the McKim Formation, (Gordon et al., 2018b; in prep) and that 

metamorphic zones follow internal contacts within the McKim Formation (Figure 2-2), the 

mapped metamorphic zones may simply reflect compositional differences in the sedimentary 

unit rather than an increase in metamorphic grade.  

The timing of regional metamorphism can be further interpreted from porphyroblast-matrix 

relationships. The random distribution of mineral inclusions in the center of staurolite 
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porphyroblasts suggests that staurolite initially grew before the S3 foliation (Figure 2-15a), but 

the continuity between the external foliation (S3) in the matrix of the rock and internal foliation 

(Si) within staurolite porphyroblasts, together with the curvature of the Si foliation towards the 

edges of the porphyroblasts, are indicative of syn-tectonic growth of the porphyroblasts (Zwart, 

1960; 1962; Vernon, 1978). During the progressive formation of the S3 foliation, it wrapped 

around the porphyroblast and was then incorporated in the porphyroblast during its growth, thus 

preserving the continuity between the external (S3) and internal (Si) foliations. Feldspar and 

chloritoid porphyroblasts have continuous internal inclusion trails, which are curved along their 

margins and are continuous with the external S3 foliation (Figure 2-15b, c). This suggests that the 

porphyroblasts underwent a slight rotation during their growth and formation of the S3 foliation 

and provides evidence that G3 structures formed during the Yavapai–Mazatzal metamorphic 

event identified by Piercey et al. (2007). 

The presence of a northeast-trending cleavage (S4) overprinting F3 folds and the S3 foliation 

(Figure 2-7 and Figure 2-8a–d) both within and south of the CVDZ in Domain 1, together with 

dextral C′-type shear bands and Z-shaped drag folds within the core zone of the CVDZ, suggest 

that the CVDZ was reactivated as a dextral transcurrent fault zone during the formation of the 

northeast-trending cleavage. The latter is defined by chlorite and muscovite, suggesting that the 

CVDZ was reactivated at lower greenschist facies temperatures. Other east-southeast-trending 

shear zones in the Creighton mine area and along the SRSZ also experienced late dextral 

reactivation (e.g. Card, 1968; Zolnai et al., 1984; Shanks and Schwerdtner, 1991; Santimano and 

Riller, 2012; Snelling et al., 2013; Lenauer and Riller, 2017; Papapavlou et al., 2017), which is 

consistent with our findings along the CVDZ. 
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2.5.2 Effects of a heterogeneous craton margin on the development of the CVDZ  

A prominent feature of the CVDZ is its along-strike variation in lithology and deformation style 

(Figure 2-2 and Figure 2-5). From West to East, the CVDZ changes from: 1) a single, narrow, 

east-southeast-trending mylonite zone with a steeply-dipping foliation, a steeply-plunging 

lineation and transposed folds (Domain 1–western mylonite zone); 2) a wider, east-trending 

mylonite zone with similar structures (Domain 2–eastern mylonite zone), and; 3) an array of 

east-trending shear zones exhibiting a weaker foliation and lineation (Domain 3–Creighton-

Victoria shear zones). These transitions spatially correlate with major lithological changes and 

corresponding competency contrasts along the craton margin from granitoid-arenite in Domain 1, 

to gabbro-arenite in Domain 2, to quartz monzogabbro-basalt (Domain 3). 

In general, rocks become more ductile with increasing temperatures. Quartz-rich (felsic) rocks 

deform more easily than feldspar-rich (mafic) rocks (e.g. Carter et al., 1981; Christensen, 1996; 

Lowry and Pérez-Gussinyé, 2011), with fine grain size and hydrous conditions promoting further 

weakening of silicate rocks in a ductile regime (e.g. Griggs, 1967; reviewed by Bürgmann and 

Dresen, 2008). Therefore, lithologically heterogeneous crust can result in rheological contrasts 

and cause complex deformation patterns during continental collision (Vilotte et al., 1984; 

Tommasi et al., 1995). To the west, both the Archean granitoid and coarse-grained Drury 

Township intrusion produced a strong competency contrast with the adjacent Huronian 

(subfeldspathic) arenite, likely because of their lower quartz content and coarser grain size. 

Cratonic nuclei may act as rigid domains during accretion (Tommasi et al., 1995; Vauchez et al., 

1998), with shear zones developing along their boundary and the intensity of deformation 

decreasing exponentially away from the rigid craton (Ježek et al., 2002). In the study area, 

structural fabrics are indeed stronger in the sedimentary rocks than in the granitoid and 
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(leuco)gabbro, and intensify towards the craton boundary in both domains. Deformation style 

also transitions from thrusting (south-side-up) along the rigid boundary (i.e. within the CVDZ) to 

folding in the south, which is consistent with northwest-directed shortening in front of an 

obliquely convergent indenter (Vauchez et al., 1994; Ježek et al., 2002). Such buttress effect has 

also been reported at promontories, such as in the Appalachian Blue Ridge Province, where the 

Grenvillian granitic basement formed a rigid buttress that controlled the geometry of folding in 

the overlying sedimentary sequence in addition to causing inversion of extensional faults (Bailey 

et al., 2002). 

In the eastern portion of the study area, the competency contrast between Huronian basalt and 

SIC quartz monzogabbro is much lower because both rocks are mafic and, thus, quartz-poor. 

This change in competency contrast spatially correlates with the transition of the CVDZ from a 

narrow mylonite zone and associated folds (domains 1 and 2) to weaker but more 

homogeneously distributed deformation within the SIC and Huronian basalt (Domain 3), and the 

branching of the CVDZ into the SRSZ and Creighton-Victoria shear zones (Gordon et al., 2018a) 

(Figure 2-2). We propose that the smaller competency contrast between the mafic units in the 

east led to the formation of several parallel shear zones instead of localizing deformation into a 

single mylonite zone. This is consistent with simulations by Robl and Stüwe (2005), who 

demonstrated that rigid (or narrow) indenters like the Archean granitoid and Drury Township 

intrusion will transfer most of the shortening to the foreland, whereas wide (or soft) indenters 

like the Huronian basalt and SIC will accommodate most of the deformation. This also explains 

the eastward weakening of S3 and L3 regional fabrics and opening of F3 folds. Thus, major lateral 

lithological changes, combined with the inflections in the orientation of the craton margin, 
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controlled the orientation, width, and deformation intensity within both the CVDZ and the 

adjacent Huronian stratigraphy. 

2.5.3 Interpretation of quartz CPO fabrics 

The development of CPO fabrics in quartz has been long known to be sensitive to the strain 

regime (pure shear versus simple shear) and deformation temperatures (e.g. Hobbs, 1968; Tullis 

et al., 1973; Hobbs et al., 1976; Lister and Hobbs, 1980; Passchier, 1983; Schmid and Casey, 

1986). The development of c-axis petrofabrics is particularly well understood and has been used 

as a gauge for the total finite strain and type of strain (e.g. Tullis et al., 1973; Lister and Hobbs, 

1980; Schmid and Casey, 1986; Morales et al., 2014; Nie and Shan, 2014). Slip systems in 

quartz are activated in the following order with increasing temperature, basal <a> → rhomb <a> 

→ prism <a> → prism <c> (Hobbs, 1968; Baëta and Ashbee, 1970; Tullis et al., 1973), resulting 

in differences in the distribution of c-axis point maxima. Experiments have further demonstrated 

that a migration of the point maxima for rhomb <a> to prism <a> slip can also occur through 

progressive recrystallization under high strain conditions (Tullis et al., 1973; Heilbronner and 

Tullis, 2006).  

Progressive coaxial deformation, during which the finite principal axes of strain remain parallel 

to the incremental strain axes, produces symmetrical CPO patterns. Small circle c-axis patterns 

are most common, but a Type I crossed girdle, where small girdles are connected by a central 

girdle can also develop (Lister, 1977; Lister and Hobbs, 1980). At higher temperatures, coaxial 

deformation may produce a Type II crossed girdle or a point maximum centered on the 

intermediate principal axis of strain (Schmid and Casey, 1986; Law et al., 1990). In contrast, 

progressive non-coaxial deformation, during which the finite principal axes of strain 
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continuously rotate with respect to the incremental strain axes, usually results in asymmetrical c-

axis and a-axis patterns that become more pronounced with increasing strain (Hobbs et al., 

1976). These include asymmetrical Type I crossed girdles and single girdles at lower 

temperatures (300-600°C) (Tullis et al., 1973; Lister and Hobbs, 1980; Schmid and Casey, 1986) 

and a single point maximum centered on the intermediate principal axis of strain at moderate to 

high temperatures (>650°C) (Mainprice et al., 1986). Type I crossed girdles are notably useful in 

the interpretation of shear sense, because they are capable of recording both internal and external 

asymmetries (e.g. Behrmann and Platt, 1982; Passchier, 1983; Nie and Shan, 2014). The central 

segment of the girdle is generally perpendicular to the flow plane of the deformation zone (Lister 

and Hobbs, 1980; Nie and Shan, 2014), which can be oriented parallel to slightly oblique to the 

reference foliation (SR) and lineation (LR) (Lister et al., 1978; Nie and Shan, 2014). With 

increasing kinematic vorticity (a measure of the degree of non-coaxiality during deformation; 

Means et al., 1980), girdles rotate with respect to SR (external asymmetry), with enhanced 

development of the branch oriented towards the rotation direction (internal asymmetry) (e.g. 

Behrmann and Platt, 1982; Passchier, 1983; Nie and Shan, 2014). Slip in the <a> direction on the 

basal, prism and rhomb planes results in a-axis clusters close to these planes and to the shear 

direction along the flow plane, with the dominant a-axis point maximum indicating the shear 

direction (Burg and Laurent, 1978; Law et al., 1990). Thus, at a given temperature, the type and 

asymmetry of the c-axis girdle is a function of the simple shear to pure shear ratio and total finite 

strain accumulated in the rock (Nie and Shan, 2014). 

In the western mylonite zone, samples have strong c-axis patterns expressed as Type I crossed 

girdles (samples DR12 and DR20) with central segments oriented perpendicular to the S3 

foliation, and as small circle girdles (sample SA46) that are symmetrical with respect to S3. The 
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external symmetry of the girdles could be explained by either coaxial deformation with 

stretching parallel to the L3 lineation, or non-coaxial deformation with SR (i.e. S3) being parallel 

to the flow plane. For the CVDZ, the latter is more likely given that the S3 foliation, which lacks 

a quartz shape fabric, is roughly parallel to internal lithological contacts (including bedding) and 

transposed F3 folds within the mylonite zone, suggesting that bedding (and S3) acted as the flow 

plane during deformation. The Type I crossed girdles (DR12 and DR20) are also internally 

asymmetrical, with more pronounced branches oriented counterclockwise to S3, as expected for 

simple shear (Figure 2-14). Although the small circle girdles of SA46 are incomplete and their 

symmetry more difficult to interpret, the sheared vein sample displays the same pronounced c-

axis maximum clockwise to S3 as sample DR20. In addition, a-axis maxima of all three samples 

are internally and externally asymmetrical, their center being oriented slightly oblique to S3, with 

the more pronounced a-axis point maxima being oriented counterclockwise to S3 (Figure 2-14). 

Together, the asymmetries of both c- and a-axis patterns suggest vertical (south-side up) slip 

parallel to the L3 stretching lineation in agreement with other kinematic indicators (i.e. shear 

bands) along the length of the CVDZ.  

The presence of a strong point maximum along the central segment of the Type I crossed girdle 

in sample DR12 and the weaker c-axis distribution towards the margins of the girdle indicate a 

transition from basal <a> slip to rhomb <a> slip. This reflects either higher temperatures during 

deformation or higher finite strain (Heilbronner and Tullis, 2006). Microstructures across the 

CVDZ are similar and, thus, temperatures are also likely similar, suggesting that sample DR12 

underwent a locally higher total strain. On the other hand, the lack of maxima for prism <a> slip 

in sample SA46 (i.e. small girdles without a central segment), suggests that the sheared vein 

sample has undergone less strain than the quartz mylonite samples. Alternatively, small girdles 
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could be indicative of flattening strain, where quartz within sheared veins has undergone a 

stronger pure shear component during deformation. Nevertheless, the strong internal asymmetry 

of the c-axis pattern in SA46 indicates a strong simple shear component with the same north-

side-up displacement as samples DR20 and DR12. 

2.5.4 Deformation temperatures 

Phase equilibria modelling indicates that G3 structures, including the CVDZ, formed at 

temperatures between 480–565°C and pressures of 3.0–5.0 kbar. The OA of quartz CPO 

patterns, which are associated with G3 fabrics, provides an alternate means to determine the 

temperatures during shearing along the CVDZ. Increasing temperatures typically cause 

progressive widening of the OA (e.g. Kruhl, 1998; Hongn and Hippertt, 2001; Stipp et al., 2002; 

Kilian et al., 2011; Law, 2014), with increasing pressures having a minor secondary effect 

between 2–8 kbar (Faleiros et al., 2016). Using the P-sensitive calibrations of Faleiros et al. 

(2016), where deformation temperatures (Td) = 410.44 ln(OA) + 14.22P – 1272, an OA of 68–

70° at pressures of 3.0–5.0 kbar yields Td = 503–543 ± 50 °C. These results fall within the 

temperature range predicted by phase equilibria modelling for syn-G3 regional metamorphism in 

the area, but are slightly higher than those predicted for mudstones closest to the mylonite zone 

(DR18, 480–510 °C) (Figure 2-16). Quartz and feldspar microstructures in the CVDZ, including 

extensive subgrain rotation (SGR) and minor grain boundary migration (GBM) recrystallization 

microstructures in quartz (Figure 2-10a), brittle fracturing of feldspar porphyroclasts, and 

bulging feldspar grain boundaries (Figure 2-10c, d), together indicate slightly lower deformation 

temperatures of ~400–500 °C, i.e. below the brittle-ductile transition of feldspar (Tullis and 

Yund, 1987; Gapais, 1989), although high strain rates and hydrolytic weakening may result in 

wider OA and thus, higher calculated temperatures (Kruhl, 1996; Kruhl, 1998; Stipp et al., 2002; 
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Law, 2014). The presence of water during deformation can have important impacts on the 

deformation and recrystallization of quartz (Griggs and Blacic, 1965; Griggs, 1967; Hirth and 

Tullis, 1992; Tullis, 2002). Hydrolytic weakening may promote prism <c> slip at temperatures 

of ~600 °C at pressures of ~6 kbar (Lister and Dornsiepen, 1982), and may produce wider 

opening angles and a transition from Type I to Type II crossed girdles (Linker et al., 1984; 

Kruhl, 1998; Stipp et al., 2002; Law, 2014). The presence of quartz veins and muscovite in the 

CVDZ quartz mylonite suggests that a H2O-rich fluid was present during deformation, and 

hydrolytic weakening may have influenced the deformation of quartz, as previously suggested by 

Riller et al. (1998) for these rocks. This could explain the slight differences in temperatures 

between those obtained from OA and those estimated from microstructures and phase equilibria 

modelling. 

2.5.5 Transpression models and shear zone development 

The Southern Province was initially interpreted as a fold-and-thrust belt with reactivated thrust 

faults (Card et al., 1972; Card, 1978). Riller et al. (1999) first noted that major folds and shear 

zones in the study area exhibit a geometry consistent with transcurrent transpression. 

Transpression occurs during oblique convergence of two crustal blocks (Harland, 1971) and is 

kinematically defined as a deformation zone that formed by a combination of pure shear and 

simple shear (Tikoff and Teyssier, 1994). Classical transcurrent transpression models involve 

transcurrence parallel to the strike of the deformation zone and vertical extension due to 

shortening across its strike (Harland, 1971; Sanderson and Marchini, 1984). Strain may or may 

not be heterogeneously distributed between strike-slip shear zones dominated by simple shear 

and wider domains dominated by pure shear (Harland, 1971; R. Jones and Geoff Tanner, 1995; 

Tikoff and Greene, 1997). These simplified models, however, do not explain the complex 
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structural geometries often observed in transpression zones. Further developments of the model 

led to the concept of triclinic transpression, where none of the incremental strain axes of the pure 

strain component are parallel to those of the simple shear component (Robin and Cruden, 1994). 

Triclinic transpression with a strong pure shear component (i.e. the simple shear/pure shear ratio 

is < 3) produces a vertical (down-dip) stretching lineation (Lin et al., 1998; Jiang, 2007). On the 

other hand, triclinic transpression dominated by simple shear first produces an inclined stretching 

lineation that gradually rotates to the vertical as more strain accumulates. Therefore, triclinic 

transpression zones dominated by pure shear can result in tight clustering of stretching lineations, 

whereas most natural transpression zones dominated by simple shear show complex patterns of 

linear fabrics (Robin and Cruden, 1994; Lin et al., 1998; Jiang, 2007; Fernández and Díaz-

Azpiroz, 2009). Some features of the CVDZ are indeed compatible with transpression models. 

At the regional scale, east-trending major shear zones (including the CVDZ) are oriented at high 

angle to coeval regional (northeast-trending) F3 folds, which suggests that crustal shortening was 

oblique to the Superior craton margin (Riller et al., 1999; this study), as expected for regional-

scale transpression (e.g. Harland, 1971; Tikoff and Greene, 1997). In addition, the CVDZ in 

Domain 1 includes both a strong down-dip L3 stretching lineation (Figure 2-9a) and horizontal 

shear sense indicators (Figure 2-10b), as predicted in transcurrent transpression models (e.g. 

Sanderson and Marchini, 1984; Robin and Cruden, 1994; Lin et al., 1998; Jiang, 2007). 

Such complex structural geometries, however, are not necessarily unique to transpression, but 

could also form through multiple overprinting events. There are also issues with interpreting the 

structural fabrics and kinematics of the CVDZ in terms of transpression. Some structural 

evidence is consistent with polyphase deformation, for instance, linear fabrics (L3) in the CVDZ 

have a uniform distribution, showing a gradual rotation towards the deformation zone boundaries 
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(Figure 2-5). This could be compatible with pure shear-dominated transpression and associated 

vertical extrusion. However, quartz CPO fabrics indicate reverse (south-side up) slip parallel to 

the stretching direction (L3), which is inconsistent with pure shear-dominated transcurrent 

transpression. Vertical extrusion could be accommodated by simple shear-dominated dip-slip 

shear zones during transcurrent transpression but this would require both reverse and normal 

shear zones, or reverse south-side-up and north-side-up shear zones (Robin and Cruden, 1994; 

Jones et al., 2004), contrary to the solely reverse south-side-up shear zones along the CVDZ and 

merging SRSZ to east (Zolnai et al., 1984; Shanks and Schwerdtner, 1991; Riller et al., 1998). 

Furthermore, the dextral strike-slip fabrics consistently overprint G3 structures and formed at 

lower greenschist facies temperatures than the main shear zone foliation (S3) along the CVDZ. 

Therefore, the CVDZ is best interpreted as reverse shear zones that formed during regional 

folding and were subsequently reactivated as dextral transcurrent faults, rather than the product 

of transpression. 

2.6 Conclusions 

Mapping shear zones with different and even conflicting shear sense indicators is a problem 

faced in many field studies. Shear zones with both reverse and transcurrent shear sense indicators 

may have formed either during an episode of progressive transpression, or during discrete 

overprinting deformation events. Transpression may result in the formation of regional folds and 

associated foliation and lineation, and thus the relationship between the shear zones and regional 

structures must first be ascertained. The temperatures for the formation of regional structures 

located south of the CVDZ were determined using porphyroblast–matrix relationships and phase 

equilibria modelling, and those for the formation of structures along the CVDZ were estimated 

using microstructures and opening angles of quartz c-axis petrofabrics. The similarity in the 
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orientation of regional structures with those along the CVDZ, and the similarity in the 

temperatures at which they formed, suggest that the CVDZ formed during regional folding at 

upper greenschist to amphibolite facies temperatures. The quartz c-axis petrofabrics, together 

with C′-type shear bands present on outcrop, further suggest that the CVDZ formed during 

reverse south-side-up shearing. Dextral transcurrent structures are present, but they consistently 

overprint the reverse-slip shear zone foliation and formed at lower greenschist facies 

temperatures within the stability field of chlorite and sericite. Thus, although the CVDZ has 

many characteristic features of transpression zones, including the association between shear 

zones and regional folds, a steeply plunging stretching lineation, and dextral transcurrent shear 

sense indicators, it formed during overprinting deformation events as reverse shear zones that 

were later reactivated as dextral transcurrent faults. 
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2.7 Figures 

 

Figure 2-1: Simplified geological map of the southern Superior craton margin. 

Bold dashed lines denoting the major shear zone systems mentioned in this contribution. Figure 

modified after Card et al. (1984), Zolnai et al. (1984) and Riller et al. (1999). Latitude and 

longitude coordinate system. Chiblow Anticline (CA), Creighton Fault (CF), Creighton-Victoria 

Deformation Zone (CVDZ), Cutler Batholith (CB), Flack Lake Faulk (FLF), Grenville Front 

Tectonic Zone (GFTZ), McGregor Bay Anticline (MBA), Murray Fault Zone (MFZ), Quirk 

Syncline (QS), South Range Shear Zone (SRSZ). 
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Figure 2-2: Geological map of the study area. 

Modified after Gordon et al. (2018a) and Gordon et al. (in prep). Metamorphic isograds from this 

study and Gordon et al. (2018a): staurolite-feldspar-ilmenite zone (st-fsp-ilm); chloritoid-

staurolite-rutile zone (cld-st-ru); chloritoid-rutile zone (cld-ru). Cross-sections A–A′ and B–B′ 

use the same scale as the geological map, with no vertical exaggeration. Universal Transverse 

Mercator (UTM) coordinates are in North American Datum 1983 (NAD83), Zone 17. Stereonets 

show structural measurements for the CVDZ (locations A–D), including: G3 planar fabric pairs 

(C′-S3 and C-S3–great circles), L3 stretching lineation (LS–black triangles); L3 mineral lineation 

(LM–green triangles); measured C′-S3 intersection lineations (LC′S–grey squares). Open squares 

denote calculated intersection lineations for each C′-S3 (B–C) and C-S3 (D) measurement pair. 

Locations of Figure 2-4 and Figure 2-7 are shown with a white star and a black box, respectively. 
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Figure 2-3: Photographs of regional 

structural fabrics in Sudbury Breccia. 

A) Sudbury Breccia with foliated (S1, 

black solid lines) basalt (dashed outlines) 

and granodiorite (beige colour) clasts that 

are randomly oriented within the breccia 

matrix; S1 is locally folded (F3, white 

dashed line) in basalt; breccia matrix and 

basalt clasts are overprinted by the S3 

foliation (white solid lines), which also 

wraps around granodiorite clasts. B) 

Outcrop photograph of Sudbury Breccia 

in McKim Formation, showing the S2 

foliation (yellow solid lines) that is 

crenulated by the S3 foliation (white solid 

lines). C) Microphotograph, in plain 

polarized light, of the S3 crenulation 

cleavage shown in (b), with S2 (defined 

by muscovite) preserved in microlithons 

between the S3 cleavage planes. 
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Figure 2-4: Photographs of regional structures and fabrics in McKim Formation. 

A) The S2 foliation (yellow solid line) preserved in an F3 fold (white dashed line); note the slight 

obliquity of S2 relative to bedding (S0). B) Outcrop map of folded mudstones and Sudbury 

Breccia (location shown on Figure 2-2); stereonets show the orientation of fabrics measured on 

the outcrop. Note how the poles to S0 and S2 lie on a great circle that is perpendicular to F3 fold 

axes. C) Axial planar S3 foliation (white solid lines) in folded mudstones (S0, black solid lines). 

D) Refractory S3 foliation (white solid line) in interbedded (S0, black dashed lines) mudstone 

(SMS) and sandstone (SSS); stereonet shows the orientation of the S3 foliations and the 

intersection lineation between bedding and S3 (L03). 
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Figure 2-5: Structural domains with respect to G3 structures. 

Simplified version of the geological map in Figure 2-2. Huronian sedimentary rocks are shaded 

based on their structural domains, and faults that define domain boundaries are shown as bold 

black dashed lines. Stereonet projections show the relative orientations of G3 planar and linear 

fabrics in the four structural domains. Creighton-Victoria Deformation Zone (CVDZ); eastern 

mylonite zone (E-MY); eastern Creighton-Victoria shear zones (E-SZ); Murray Fault Zone 

(MFZ); South Range Shear Zone (SRSZ); Sudbury Igneous Complex (SIC); western mylonite 

zone (W-MY). 
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Figure 2-6: Photographs of regional G3 structures. 

A) Folded and stretched quartzite clast in Sudbury Breccia with axial planar S3 foliation. B) 

Steeply-plunging L3 lineation defined by the preferential alignment of amphibole and feldspar in 

SIC quartz monzogabbro, observed along a weak S3 foliation, looking north. C) Transposed F3 

folds in bedded (S0, black dashed lines) subfeldspathic quartz arenite (Matinenda Formation) 

within 1 km of the western mylonite zone contact, Domain 1. 
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Figure 2-7: Geological map of the western mylonite zone area. 

Creighton-Victoria Deformation Zone (CVDZ), Domain 1. Dark shades denote outcrops and 

stereonet locations are shown as a–d. Universal Transverse Mercator (UTM) coordinates are 

using North American Datum 1983 (NAD83) in Zone 17. 



Chapter 2   69 

 

  



Chapter 2   70 

 

Figure 2-8: Field photographs of G3 and G4 structural fabrics. 

A) S3 foliation (solid white line) folded by late drag folds (F4) with axial planar cleavage (C4–

solid black line); note the dextral C′-type shear band (dashed black line) and the late, north-

northwest-trending F5 kink folds (tan dashed line) that overprints C4 (location e in Figure 2-7). 

B) C4 (solid black line) crenulating the S3 foliation (solid white line) within a mudstone bed, 

same outcrop as (a). C) F3 parasitic fold (solid white line) in bedded mudstone (S0; dashed 

orange line) of the McKim Formation. D) Close-up of the C4 spaced cleavage (solid black lines) 

overprinting the F3 fold (solid white lines) shown in (c); note the late, north-northwest-trending 

kink fold (F5; dashed tan line) that overprints both F3 and C4. E) Dextral, north-trending 

crenulation cleavage (C5) overprinting the regional S3 foliation (bedding-parallel) in mudstones 

of the McKim Formation. 
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Figure 2-9: Field photographs of the Western mylonite zone. 

CVDZ, Domain 1. A) Stretching lineation (L3) in quartz mylonite from location DR12 in Figure 

2-7. B) Core of the western mylonite zone, showing interlayered granitic mylonite (qz-fsp; light 

coloured) and chloritic phyllonite (chl; dark coloured) domains. 
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Figure 2-10: Photographs of the Creighton-Victoria mylonite zone. 

CVDZ, domains 1 and 2. A) Photomicrograph in crossed-polarized light of subfeldspathic quartz 

mylonite displaying elongate quartz grains with undulose extinction surrounded by small, 

recrystallized quartz grains indicative of subgrain rotation of quartz. Note the S3 foliation defined 

by muscovite (pink arrow). B) Chloritic phyllonite from Figure 2-9b showing counterclockwise 

back-rotation of foliation segments (S3; solid white line) along dextral C′-type shear bands 

(dashed white lines); also note the folded quartz vein in the lower part of the photo. C) 

Photomicrograph in crossed-polarized light of feldspar porphyroclasts in (subfeldspathic) quartz 

mylonite (SA46, Figure 2-7) displaying bent twins, bulging grain boundaries (pink arrow), and 

possible subgrain development (yellow arrow). D) Photomicrograph in crossed-polarized light of 

feldspar porphyroclast in granitic mylonite showing polygonal subgrains (yellow arrow) within 

bulges along the grain boundary (pink arrow). E) Gabbroic mylonite showing counterclockwise 

back-rotation of foliation segments (S3; solid black lines) along south-side up dextral C′-type 

shear bands (dashed black line), looking west. 
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Figure 2-11: Photographs of the Creighton-Victoria shear zones. 

CVDZ, Domain 3. A) Z-shaped drag folds and C′-type shear bands (dashed white line) 

deforming the shear foliation (S3–solid white lines) and indicating oblique-dextral displacement. 

B) Vertical view, looking west, of a carbonate-chlorite altered shear zone, showing south-side up 

dextral (oblique) displacement of the foliation (S3–solid white line) along C′-type shear bands 

(dashed white lines). 
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Figure 2-12: Photographs of the South Range Shear Zone. 

CVDZ, Domain 4. A) S3 foliation (solid white line) defined by alignment of amphibole in 

coarse-grained leucogabbro of the Drury Township intrusion. B) Photomicrograph in crossed-

polarized light showing recrystallized quartz-feldspar layers wrapping around fragmented 

amphibole porphyroclasts, which are aligned along S3 (solid white line); upward direction 

indicated and to the left.  
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Figure 2-13: Photographs of samples selected for CPO fabric analysis. 

Outcrop photographs (left) and microphotographs (right) in crossed-polarized light. Thin 

sections cut perpendicular to the mylonitic foliation (S3; solid black lines) and parallel to the 

stretching lineation (L3; solid yellow lines), looking east. Pink arrows point to a feldspar 

porphyroclast in DR20 (b), and a parent quartz grain with undulose extinction in SA46 (d). 
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Figure 2-14: Quartz CPO patterns on contoured equal area upper hemisphere pole figures. 

To the left of the contoured pole figures are skeletonized diagrams of the c- and a-axis patterns 

showing south-side up shear sense for all three samples. The reference S3 foliations and L3 

lineations are marked by a bold grey line and black dots, respectively. S3 (strike/dip) and L3 

(plunge–plunge direction) orientations: DR20, 298/87 and 82–084; SA46, 104/82 and 72–120; 

DR12, 282/84 and 82–137. 
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Figure 2-15: Microphotographs of porphyroblast-matrix relationships in mudstones of the 

McKim Formation. 

A) Optically zoned staurolite porphyroblast with elongate quartz (white) and ilmenite (black) 

inclusions and internal foliation (Si) at the tips of the crystal, plain transmitted light; st-fsp-ilm 

zone. B) Feldspar porphyroblast displaying an internal Si foliation defined by elongate quartz 

inclusions, crossed-polarized light; st-fsp-ilm zone. C) The internal foliation (Si) in chloritoid 

porphyroblast is continuous with the matrix foliation (S3), crossed-polarized light; cld-st-ru zone. 

D) Rutile porphyroblast preferentially aligned along S3 and rimmed by chlorite, plain transmitted 

light; cld-st-ru zone. 
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Figure 2-16: P-T pseudosection for 

representative McKim mudstones. 

Samples DR18 (a) and DR22 (b). Shaded 

areas show the stability field of the 

mineral assemblage for each sample: cld-

st-ru in light green (DR18), st-fsp-ilm in 

pale orange (DR22). Deformation 

temperatures for the CVDZ calculated 

from the opening angles (OA) of quartz 

CPO fabrics (see text) and are shown as 

red lines.
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2.8 Tables 

Table 2-1: Whole-rock compositions (oxide wt.%) and calculated effective bulk rock 

compositions used for phase equilibria modelling in molar element %. 

Sample # DR18 DR22 

SiO2 58.7 58.36 

TiO2 0.78 0.79 

Al2O3 22.79 23.02 

Fe2O3 6.89 6.28 

MgO 2.23 2.32 

MnO 0.057 0.043 

CaO 0.527 0.405 

Na2O
 1.32 1.82 

K2O 3.01 2.71 

P2O5 0.088 0.059 

LOI 3.91 3.95 

Total 100.4 99.84 

   

Molar element % 

   Si 71.198 70.907 

   Ti 0.712 0.722 

   Al 32.578 32.964 

   Fet 6.289 5.742 

   Mg 4.032 4.202 

   Mn 0.059 0.044 

   Ca 0.685 0.527 

   Na 3.104 4.287 

   K 4.658 4.201 

   H1 100 100 

1 100% H represents excess water. 
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Gordon, C.A., Simard, R.-L., Généreux, C.-A., 2018a. Precambrian geology of Drury Township, 

southwest Sudbury Structure. Ontario Geological Survey, Sudbury, Ontario.  
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Chapter 3  

3 On the role of shock melting and anatexis in breccia formation: 

southern Sudbury impact structure, Canada 

3.1 Abstract 

The ca. 1.85 Ga Sudbury Igneous Complex (SIC) in Ontario, Canada, represents the partially 

eroded remnant of an impact melt sheet that overlies brecciated target rocks. At Crean Hill, along 

its southwest margin, it is underlain by contact metamorphosed basement rocks cut by breccias 

of various compositions. The breccias formed as melts with contact-parallel flow textures, which 

are defined by elongate wispy clasts that wrap around basalt clasts. The presence of melts in the 

footwall of large impact melt sheets may be due to shock melting during propagation of the 

shock wave, frictional melting along superfaults during modification of the crater, injections 

from the impact melt sheet, or anatexis during cooling of the impact melt sheet. The absence of 

nearby superfaults at Crean Hill precludes the formation of the breccia by frictional melting. 

Modelling of partial melt compositions during contact metamorphism produces chemical melts 

that are generally enriched in Zr and more felsic than the breccia matrices, negating the 

possibility of their formation by anatexis during contact metamorphism. The breccia matrices 

have significantly lower SiO2 and higher TiO2 than the SIC original melt composition, 

suggesting that they could not have formed by the injection of SIC melt into the fractured target 

rocks. Because the composition of the breccias mirrors that of their host rocks, the breccias are 

interpreted as pockets and dikes of locally derived shock melt that formed during shock 

compression and were trapped in the basement rocks during cooling of the SIC. Thus, the 

breccias formed by shock melting during impact and were subsequently modified by contact 
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metamorphism (T ≥ 750°C) during cooling of the SIC, and by later syn-tectonic regional 

metamorphism at upper greenschist to amphibolite conditions. 

3.2 Introduction 

Impacts are some of the most catastrophic geological events in Earth’s history. Although impact 

structures are common on Earth, the Moon and other planetary bodies, cratering processes are 

not fully understood. Sudbury is an excellent natural laboratory to study impact processes 

because of the unique exposure of its impact melt sheet, now crystallized as the Sudbury Igneous 

Complex (SIC) (Grieve et al., 1991), and underlying breccias. Two types of breccias occur 

within the footwall of the SIC: Sudbury Breccia and Footwall Breccia. Sudbury Breccia is a 

parautochthonous, aphanitic to microcrystalline breccia that occurs as discontinuous veins or 

tabular bodies within the footwall rocks. It is thought to have formed by cataclasis (Rousell et al., 

2003; Lafrance and Kamber, 2010; O'Callaghan et al., 2016) and/or frictional melting of the 

target rocks during cratering (Dressler, 1984a; Thompson and Spray, 1994; Rousell et al., 2003; 

Lafrance and Kamber, 2010; O'Callaghan et al., 2016). Footwall Breccia, on the other hand, is a 

parautochthonous breccia that occurs directly below the SIC. It consists mainly of brecciated and 

partially melted footwall rocks, and has an igneous to granoblastic matrix (Lakomy, 1990; 

McCormick et al., 2002). The formation of Footwall Breccia involved fragmentation and 

crushing of the basement rocks along the crater floor and walls (Pattison, 1979; Dressler, 1984a; 

Deutsch et al., 1989; Lakomy, 1990; Stöffler et al., 1994; McCormick et al., 2002), plastic 

deformation, and basement rock melting during contact metamorphism (Coats and Snajdr, 1984; 

McCormick et al., 2002). Given the extent of partial melting and recrystallization caused by 

cooling of the impact melt sheet, differentiating Footwall Breccia from Sudbury Breccia in the 
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inner aureole of the SIC often proves difficult and this is why the processes for the formation of 

Footwall Breccia are not resolved.  

Our study focuses on the formation of Footwall Breccia at the Crean Hill mine site along the 

southwest margin of the SIC (Figure 3-1 and Figure 3-2). For the sake of clarity, “dike” is used 

to describe sharp-walled breccia units that are wider than 5 cm and longer than 50 cm, whereas 

“vein” refers to elongate breccia bodies and leucosomes that are less than 5 cm wide but at least 

20 cm long. In addition, as several melting processes may have been involved in the formation 

and/or modification of this breccia, “partial melt” is used to describe the result of any melting 

process (i.e. anatexis). “Impact melt” refers to melt produced during the cratering process by 

either frictional or shock melting. “Shock melt” more specifically refers to a shock-induced melt 

formed by selective or complete melting of the target rock, “frictional melt” denotes melt created 

as a result of frictional heating during cataclasis, and “chemical melt” represents melt produced 

via chemical reaction between phases during metamorphism. Our study is the first to use phase 

equilibria modelling to directly evaluate the role of chemical melting in breccia formation.  

Herein, we: 1) describe the mineralogy, textures and geochemistry of the breccias present on the 

Crean Hill outcrops, as well as their relationship to their host rock; 2) define the contact and 

regional metamorphic events that affected the Crean Hill area; 3) model the composition of 

chemical melt generated by anatexis of the host rocks to determine if the breccia matrices were 

generated by chemical melting; 4) interpret the formation of the breccias in terms of cataclasis 

and chemical, frictional, or shock melting, and finally; 5) provide a model for the formation of 

the Crean Hill breccias. 
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3.3 Geological setting 

The Sudbury Structure is interpreted as the remnant of a multi-ring impact crater (Dietz, 1964) 

that formed when a bolide collided with the southern margin of the Superior Province 1850 

million years ago (Krogh et al., 1984). In the North Range of the Sudbury Structure, the Archean 

Superior Province consists of ca. 2700-2640 Ma granitoids (Meldrum et al., 1997; Prevec and 

Baadsgaard, 2005; Easton et al., 2011; Gordon et al., 2018) and ca. 2711 Ma gneisses (Krogh et 

al., 1984), which are cut by a Matachewan mafic dike swarm that was emplaced in two main 

pulses at ca. 2480 Ma and ca. 2460 Ma (Heaman, 1997; Bleeker et al., 2015) (Figure 3-1). To the 

south, the Paleoproterozoic Southern Province mainly consists of metasedimentary and 2450 

+25/-10 Ma metavolcanic rocks of the Huronian Supergroup, which were deposited in a 

continental rift basin before the emplacement of the Nipissing Intrusive Suite at ca. 2219 Ma 

(Card, 1978b; Krogh et al., 1984; Corfu and Andrews, 1986; Bennett et al., 1991; Noble and 

Lightfoot, 1992).  

The Sudbury Igneous Complex (SIC), which constitutes the major part of the Sudbury Structure, 

is the largest known differentiated impact melt sheet exposed on Earth (Grieve et al., 1991; Zieg 

and Marsh, 2005). The layered Main Mass of the SIC consists from bottom to top of norite, 

quartz gabbro and granophyre. The Sublayer forms a discontinuous layer of igneous breccia or 

sulphide breccia at the base of the SIC, and is locally underlain by lenses and sheets of Footwall 

Breccia. The impact melt sheet is capped by breccias and melt bodies of the Onaping Formation, 

which formed by the interaction of the impact melt sheet with overlying seawater (Grieve et al., 

2010), as well as metasedimentary rocks of the Onwatin and Chelmsford formations. Quartz 

diorite offset dikes radiate from the SIC, or lie parallel to the SIC contacts deep into the footwall 

rocks. The offset dikes are thought to represent undifferentiated, possibly clast-bearing SIC melt 
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that was injected into the footwall, incorporating clasts of basement rocks along the way 

(Pattison, 1979; Lightfoot et al., 1997a; Prevec et al., 2000; Lightfoot, 2017; Prevec and Büttner, 

2018). 

Evidence for an impact origin for the Sudbury Structure include: 1) the large volume of 

pseudotachylitic Sudbury Breccia (Dietz, 1964; Spray and Thompson, 1995); 2) the occurrence 

of shatter cones within a radius of 17 km of the SIC (Dietz, 1964; Guy-Bray and Staff, 1966), 

and; 3) planar deformation features (PDF) in quartz within inclusions in the Onaping Formation 

(French, 1967; Grieve et al., 1991; Grieve et al., 2010; Coulter and Osinski, 2015). The original 

diameter of the Sudbury impact structure is estimated at 200-280 km, based on the extent of 

shock metamorphic textures and Sudbury Breccia (Grieve et al., 1991; Deutsch et al., 1995; 

Spray and Thompson, 1995). 

Cooling of the superheated (~1700–2000 °C) melt sheet caused a strong thermal metamorphic 

overprint of the basement rocks (e.g. Grieve et al., 1991; Osterman et al., 1996; Prevec and 

Cawthorn, 2002; Jørgensen et al., 2019). The resulting contact aureole extends as far as 1 km 

into the footwall in the South Range (Jørgensen et al., 2019) and 1.2 km in the North Range 

(Dressler, 1984a), with chemical melting reported within 500 m of the SIC in the South Range 

(Jørgensen et al., 2019) but within less than 25 m in the North Range (Boast and Spray, 2006). 

Regional metamorphism associated with the Penokean (1.9–1.8 Ga) and/or the Mazatzal-

Yavapai (1.7–1.6 Ga) orogenies is thought to have reached mid-greenschist to lower-amphibolite 

facies (Fox, 1971; Card, 1978a; Bailey et al., 2004; Mukwakwami et al., 2012; Jørgensen et al., 

2019). Deformation during this time folded the Huronian stratigraphy (Card et al., 1984) and 

produced reverse shear zones that offset the SIC (Shanks and Schwerdtner, 1991; Cowan and 
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Schwerdtner, 1994; Bailey et al., 2004; Mukwakwami et al., 2012; Lenauer and Riller, 2017; 

Papapavlou et al., 2017). Finally, ca. 1238 Ma Sudbury diabase dikes cut across the SIC and 

rocks of the Southern Province, and are generally undeformed (Krogh et al., 1987). 

3.4 Sudbury impactites 

Impactites that underlie the SIC are generally classified into two types: Sudbury Breccia and 

Footwall Breccia. Sudbury Breccia is distributed along radial zones within 80 km of the SIC and 

decreases in abundance with increasing distance from the SIC (e.g. Rousell et al., 2003; Spray 

and Thompson, 1995). It occurs as discontinuous veins or tabular bodies ranging in width from 

<1 mm to 1 km (e.g. the Frood and South Range breccia belts) and is typically localized along 

lithological contacts and structural weaknesses within basement rocks (Dressler, 1984a). 

Sudbury Breccia is parautochthonous, and in addition to rounded to subrounded lithic clasts and 

mineral fragments derived from adjacent basement rocks (Thompson and Spray, 1996; Rousell et 

al., 2003; Spray, 2010; O'Callaghan et al., 2016), it may also contain clasts that have been 

transported over 100 m as reported for the Frood and South Range breccia belts (Thompson and 

Spray, 1994; Spray, 1995, 1997; Rousell et al., 2003; O'Callaghan et al., 2016). Its matrix is 

generally aphanitic, locally displays flow textures (Dressler, 1984a; Rousell et al., 2003) or 

banded vitric margins (O'Callaghan et al., 2016), and has a microcrystalline to polygonal texture 

next to the SIC (Morrison et al., 1994; Thompson and Spray, 1996; Rousell et al., 2003; Lafrance 

et al., 2008; O'Callaghan et al., 2016). The geochemistry of most Sudbury Breccia matrix can be 

modeled by direct mixing of the fragments it contains and thus formed by comminution or 

melting of those fragments (Dressler, 1984a; Rousell et al., 2003; Lafrance et al., 2008; Lafrance 

and Kamber, 2010; O'Callaghan et al., 2016). Locally, the matrix of aphanitic Sudbury Breccia 

has been reported to have a composition indicative of an allochthonous melt component (Al 
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Barazi et al., 2009), which suggests that at least some Sudbury Breccia formed by drainage of 

impact melt into the fragmented basement rocks (Riller et al., 2010) as proposed for similar 

impact breccias in Vredefort (Lieger et al., 2009, 2011). 

Footwall Breccia is possibly the most controversial impactite in Sudbury, and has been locally 

referred to as leucocratic breccia, granite breccia or metabreccia (Lightfoot, 2017). It is best 

exposed in the Levack-Strathcona area in the North Range, but has been reported across the 

Sudbury Structure (Dressler, 1984a; Deutsch et al., 1989). Footwall Breccia consists of lenses 

and sheets of parautochthonous breccia, up to 150 m in thickness, that directly underlie the SIC. 

It has a dioritic to granitic crystalline matrix with an igneous to granoblastic texture (Coats and 

Snajdr, 1984; Dressler, 1984a; Lakomy, 1990; Stöffler et al., 1994; McCormick et al., 2002), and 

typically displays incipient melting and crystallization textures (Lakomy, 1990; McCormick et 

al., 2002; Péntek et al., 2011; Göllner et al., 2019). Footwall Breccia typically contains clasts of 

Sublayer, norite, Sudbury Breccia, and fragments of heavily recrystallized and/or partially 

melted basement rocks (Pattison, 1979; Coats and Snajdr, 1984; Lakomy, 1990; Lightfoot et al., 

1997b; McCormick et al., 2002; Lafrance et al., 2014). Its bulk composition resembles that of the 

local target rocks, but is generally more mafic closer to the SIC. The contact between Footwall 

Breccia and basal SIC norite is sharp to gradational, with mutual protrusion and incorporation of 

fragments between the two units (Dressler, 1984a; Lakomy, 1990; McCormick et al., 2002; 

Göllner et al., 2019). The lower contact of Footwall Breccia, on the other hand, is more gradual 

and is marked by progressive decrease in matrix material and commensurate increase in the 

number and size of fragments (Pattison, 1979; Dressler, 1984a; Lakomy, 1990; McCormick et 

al., 2002). A transition from Footwall Breccia to microcrystalline Sudbury Breccia to aphanitic 
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Sudbury Breccia is locally observed within the North Range (Dressler, 1984a; Morrison et al., 

1994). 

3.5 Analytical methods 

Two to six samples of the matrix of each of the breccia types, for a total of 24 samples, were 

collected on the Crean Hill outcrops by carefully selecting sections of breccia with the fewest 

visible clasts. Care was taken to remove clasts from the matrix, but small millimetric clasts 

similar in size to the polygonal matrix likely remained. 

Samples of the host dacite (6), arenite (3) and basalt (11) were also collected for whole-rock 

geochemistry. In addition, 21 samples of basalt were collected at a spacing of 50–100 m along 

two 1.5 km traverses (Figure 3-2), as well as 4 samples of the Vermilion and Victoria offset 

dikes. Bulk compositions of the host rocks and breccia matrices were obtained from X-ray 

fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICP-MS) at the 

Geoscience Laboratories (Geo Labs), Sudbury. Details on sample preparation and analytical 

methodology are provided in Appendix E. 

In addition, semi-quantitative chemical analyses of amphiboles were obtained on representative 

samples using a Zeiss EVO-50 scanning electron microscope (SEM) at the Geo Labs in Sudbury. 

Analyses were performed at a working distance of 8.5 mm and current of 716 pA (readjusted 

after each site of interest), using plagioclase (i.e. anhydrous phase) as a reference. 

3.6 Crean Hill outcrops 

The nickel-copper ore at the past-producing Crean Hill mine was a sulphide breccia hosted 

within brecciated Huronian metavolcanic rocks along the SIC contact (Coleman, 1913; Knight, 
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1917; Card, 1968). The stripped outcrops mapped for this study extend over 300 m by 75 m and 

are located at 200–500 m from the SIC contact. They expose brecciated basalt with minor dacite 

and quartzofeldspathic arenite of the Huronian Supergroup (Figure 3-3 and Table 3-1). 

Six types of breccia are present on outcrop: felsic, mafic, quartzofeldspathic, bilithic and mixed 

breccias, and breccia dikes. Key field relationships, mineral assemblages and textures of these 

breccias and their host rocks are summarized in Table 3-2 and are described below.  

3.6.1 Felsic breccia 

Felsic breccia occurs as irregular veins in dacite (Figure 3-4a). The latter is generally massive, 

but locally displays volcanic flow banding (Figure 3-4b). It consists of equigranular plagioclase 

(40–45%), quartz (30–40%), muscovite (15–20%) and biotite (0–5%). Plagioclase and quartz 

have well-developed triple junctions (Figure 3-4c), but remnant, twinned and optically zoned 

euhedral plagioclase grains are also present. Muscovite is generally coarse and forms patchy 

rosettes. The felsic breccia has the same modal mineralogy as the host dacite (Figure 3-4d). It 

consists mainly of dacite clasts (Figure 3-4a) with a few basalt clasts (Figure 3-3). Biotite 

increases in abundance from 1% in dacite to 5% in the breccia within two meters of basalt clasts. 

Leucosomes occur throughout the host dacite and are expressed as patches of purple quartz and 

plagioclase (Figure 3-4b). Partial melting of the breccia is observed at the contact with basalt, 

where quartz-feldspar leucosomes (Figure 3-4e) can be traced from the breccia matrix into the 

adjacent basalt (Figure 3-4f). 

3.6.2 Mafic breccia 

Mafic breccia occurs solely within basalt. The latter contains 5–10% hornblende and biotite 

porphyroblasts surrounded by a matrix composed of hornblende (35–45%), plagioclase (40%), 
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biotite (5–10%), quartz (5%), epidote (<5%), chlorite (<5%) and ilmenite (<5%) (Figure 3-5a). 

Mafic breccia occurs as sharp-walled anastomosing veins with curvilinear to jagged margins 

(Figure 3-5b) that make up ~15% of the ‘mafic breccia’ mapped unit (Figure 3-3). On outcrop, 

the veins themselves are generally darker green and finer-grained than the surrounding basalt, 

and contain up to 10% angular to subangular basalt clasts (Figure 3-5b). The mafic breccia 

matrix differs in modal mineralogy from basalt by the preponderance of chlorite (~10%) over the 

other ferromagnesian minerals. Leucocratic patches make up 5–20 vol.% of the host basalt. The 

patches consist of optically continuous quartz, subhedral plagioclase and mottled hornblende 

porphyroblasts (Figure 3-5c), and terminate en biseau and cut across the mafic breccia veins 

(Figure 3-5b). Less than 1cm thick, 10 cm to 5 m long, leucocratic veinlets also cut across the 

host basalt. 

3.6.3 Quartzofeldspathic breccia 

Quartzofeldspathic breccia occurs within basalt (Figure 3-3) and contains elongate arenite clasts 

that are parallel to breccia–basalt contacts (Figure 3-6a). The breccia matrix is equigranular and 

dominated by quartz (55%), plagioclase (40%) and minor biotite (5%). Biotite defines a weak 

foliation that parallels the clast elongation and breccia contacts. Leucosomes are not observed 

within the quartzofeldspathic matrix, but quartz-feldspar veinlets extend from the 

quartzofeldspathic breccia matrix into the adjacent basalt (Figure 3-6a). 

3.6.4 Bilithic breccia 

Bilithic breccia occurs as an irregular body within basalt at the southern end of the Crean Hill 

outcrops (Figure 3-3), and as 3–5 cm wide discontinuous layers at the contact between 

quartzofeldspathic breccia and basalt (Figure 3-6b). It contains basalt and arenite clasts in 
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roughly equal proportion, with rare dacite clasts only found locally near its contact with the felsic 

breccia. The clasts are surrounded by a medium-grained, polygonal dioritic matrix of biotite 

(30%), plagioclase (30%), quartz (20%) and ferrotschermakite (10%), with minor chlorite (5%) 

and epidote (5%) (Figure 3-6c, Table 3-2). Basalt clasts are subrounded and equant with a 

chloritic rim, and are transected by plagioclase-quartz leucosomes and narrow veins (<1 cm 

wide) that terminate at the margins of the clasts (Figure 3-6d). Arenite clasts vary in size from 

large, meter- to sub-meter sized blocks (Figure 3-3) to small, subangular to subrounded, elongate 

and commonly wispy, quartzofeldspathic clasts (Figure 3-6e). The latter, together with the 

alignment of ferrotschermakite and biotite, define a flow banding that wraps around the basalt 

clasts (Figure 3-6d, e). Arenite clasts consist of equigranular quartz (70–80%), plagioclase 

feldspar (20–30%) and minor muscovite (<5%). Arenite differs from dacite by its significantly 

higher quartz and lower muscovite contents, and by the lack of volcanic flow banding. In thin 

section, a few rounded detrital grains are locally preserved in arenite (Figure 3-6f), but 

plagioclase typically occurs as amoeboid shape aggregates of very fine recrystallized grains, and 

quartz is generally medium-grained with well-developed triple junctions. 

3.6.5 Breccia dikes 

Breccia dikes occur exclusively in basalt. They have sharp contacts and cut across the mixed 

breccia described below (Figure 3-7a). They contain subrounded dacite and basalt clasts 

surrounded by a medium-grained, polygonal dioritic matrix of plagioclase (60%), biotite (20%), 

quartz (15%) and ferrotschermakite (5%) (Figure 3-7b, Table 3-2). Although partial melt textures 

are not observed within the breccia dikes, medium- to coarse-grained quartz-plagioclase 

leucosomes (<1 cm) occur along their contact with the host basalt (Figure 3-7c–d). They 
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constitute an irregular vein network that connects with other leucosomes in basalt and felsic 

breccia (Figure 3-7d–e). 

3.6.6 Mixed breccia 

Mixed breccia occurs within basalt as anastomosing veins with subrounded basalt and dacite 

clasts. It has irregular gradational contacts and, as its name suggests, it has two intermingled 

matrices: a fine-grained basaltic matrix and a medium-grained dioritic matrix (Figure 3-8a). The 

dioritic, polygonal matrix is dominated by medium-grained plagioclase (55%), chlorite (20%) 

and biotite (10%), with minor ferrotschermakite (5%) and quartz (5%) (Figure 3-8b, Table 3-2), 

whereas the basaltic matrix consists of very fine-grained hornblende (50%), plagioclase (25%), 

biotite (10%), chlorite (10%) and quartz (5%) (Table 3-2). Chlorite and amphiboles define a 

weak to moderate foliation in both matrices, which display a strong mottled texture due to 

complex crosscutting relationships between them (Figure 3-8c). The presence of plagioclase-

dominated leucosomes within the basaltic matrix, and at the contact between the two matrices 

(Figure 3-8c), further complicates their crosscutting relationships and obscures their relative 

chronology. 

3.7 Whole-rock geochemistry 

3.7.1 Host rocks 

Basalt, arenite and dacite have distinct geochemistry (Table 3-3 and Appendix G). Relative to 

arenite and dacite, basalt is characterized by high CaO (av. 9.29 wt.%) and MgO (av. 7.11 wt.%), 

intermediate Al2O3 (av. 15.71 wt.%), and low SiO2 (av. 45.86 wt.% (Figure 3-9 and Figure 

3-10), and has an average Al2O3/(CaO+Na2O+K2O) index value (A/CNK) of 1.16 (Table 3-3). 

Arenite has significantly higher SiO2 (av. 88.67 wt.%), and lower Al2O3 (av. 8.66 wt.%), MgO 
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(av. 0.99 wt.%) and TiO2 (0.38 wt.%) than both dacite and basalt (Figure 3-9). It has low K2O 

(av. 0.75 wt.%) (Figure 3-10), and an average A/CNK value of 2.04. Dacite is characterized by 

high Al2O3 (av. 21.37 wt.%) and K2O (av. 3.56 wt.%), low MgO (av. 2.96 wt.%) and CaO (av. 

1.35 wt.%) (Figure 3-9 and Figure 3-10), and has an average A/CNK value of 3.15 (Table 3-3). 

Basalts can be subdivided into three groups based on their trace element geochemistry. The first 

group (unit 1) is the most common and is characterized by a Zr/Hf ratio comparable to ocean 

island basalt (OIB = 41 ± 4; David et al., 2000), with Zr/Zr* ranging between 0.67 and 0.90 

(where Zr* is an interpolation between chondrite-normalized Nd and Sm) (Figure 3-11, 

Appendix G). Unit 1 displays a fractionated chondrite-normalized rare earth element (CN-REE) 

profile with an enrichment in light rare earth elements (LREE; av. La/Sm of 4.01) (Table 3-3), a 

flat heavy rare earth element (HREE) pattern, and a slight negative Eu anomaly (Figure 3-12). 

The geochemistry of unit 1 basalts remains the same regardless of their distance from the SIC 

contact. The second group (unit 2) is also present both inside and outside the metamorphic 

aureole. It has lower Zr/Hf ratios similar to mid-ocean ridge basalt (MORB = 37 ± 2; David et 

al., 2000) and a Zr/Zr* ranging between 0.85 and 1.09 (Figure 3-11, Appendix G). It also 

displays a less fractionated CN-REE pattern than unit 1 (av. La/Sm of 2.45), with a similar slight 

negative Eu anomaly (Figure 3-12). The third group of basalt (unit 3) is only found within 50 m 

of the SIC. It is characterized by Zr/Hf below MORB values, significantly lower Zr/Zr* (0.47–

0.68) than units 1 and 2 (Figure 3-11), and a flat CN-REE pattern (Figure 3-12). 

Both dacite and arenite have strongly fractionated chondrite-normalized CN-REE profiles, with 

LREE enrichment (av. La/Sm of 6.54 and 7.41, respectively), a flat HREE pattern, and a slight 

negative Eu anomaly (Figure 3-13). Both rocks also have Zr/Hf ratios close to chondrite ratios of 
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David et al. (2000) (36.52 ± 0.04) and Zr/Zr* of ~1.15 (dacite) and ~2.02 (arenite) (Figure 3-14, 

Table 3-3). 

3.7.2 Breccias 

The mafic and felsic breccia matrices generally overlap in both major- (Figure 3-9 and Figure 

3-10) and trace-element (Figure 3-13 and Figure 3-14) composition with their host basalt and 

dacite, respectively. The quartzofeldspathic breccia has a similar major-element composition to 

arenite (Figure 3-9 and Figure 3-10), but differs in its trace-element geochemistry. It has a nearly 

flat REE pattern (av. La/Sm of 3.46) (Table 3-3), with significantly higher HREE concentrations 

than arenite (Figure 3-13), a more pronounced negative Eu anomaly, and a lower Zr/Hf ratio of 

~1.42 (Figure 3-14). 

The dioritic matrix of the mixed breccia, breccia dikes, and bilithic breccia has similar SiO2 

(42.22–63.83 wt.%), MgO (2.34–6.63 wt.%), K2O (0.90–3.57 wt.%), and variable TiO2 (1.05–

2.62 wt.%) concentrations (Figure 3-9 and Figure 3-10, Table 3-3). The other major elements 

differ in concentration. Bilithic breccia has lower CaO (av. 2.99 wt.%), Na2O (av. 1.97 wt.%), 

and Al2O3 (av. 16.50 wt.%) than the breccia dikes (av. 5.44 wt.% CaO, av. 3.57 wt.% Na2O, av. 

21.86 wt.% Al2O3) and mixed breccia (av. 5.88 wt.% CaO, av. 3.78 wt.% Na2O, av. 22.23 wt.% 

Al2O3) (Figure 3-10). It has a wider range in A/CNK values (1.79–3.18) than that of the breccia 

dike and mixed breccia (1.72–2.42) (Appendix G). All three breccia types display a fractionated 

CN-REE profile, with LREE enrichment (av. La/Sm of 6.37) and a flat HREE pattern (Figure 

3-13). The bilithic breccia has a slight negative Eu anomaly, whereas the breccia dike and mixed 

breccia show a slight positive to negative Eu anomaly. 
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3.8 Amphibole chemistry 

All amphiboles analyzed in basalt, bilithic breccia, mixed breccia, and breccia dike, have 

hornblende-tschermakite solid solution compositions. They contain only trace amounts of Mn 

(below lower limit of detection, L.L.D., to ~0.030 atoms per formula unit, apfu) and Cl (<L.L.D. 

to ~0.027 apfu) (Figure 3-15, Appendix H).  

Within 500 m of the SIC contact, basalt contains two types of hornblende: magnesiohornblende 

and ferrohornblende. Ferrohornblende is most common, and occurs as disseminated grains, 

porphyroblasts (Figure 3-16a), cubic pseudomorphs (Figure 3-16b), and as overgrowths on 

biotite porphyroblasts (Figure 3-16c). It has elevated Na (av. 0.35 apfu) and Al (av. 2.65 apfu), 

moderate total Fe (av. 2.29 apfu), and low Mg (av. 1.65 apfu, av. Mg# 0.42), Si (av. 6.44 apfu), 

Ti (av. 0.04 apfu) and K (av. 0.10 apfu) (Figure 3-15, Appendix H). Magnesiohornblende occurs 

as green-brown cores within large blue-green ferrohornblende porphyroblasts (Figure 3-16a), 

and as disseminated grains within leucosomes. It has higher Mg (av. 2.12 apfu, av. Mg# 0.49), Si 

(av. 6.82 apfu) and Ti (av. 0.18 apfu), slightly higher K (av. 0.15 apfu), slightly lower total Fe 

(av. 2.22 apfu), and significantly lower Na (av. 0.25 apfu) and Al (av. 1.81 apfu). 

The dioritic matrices of the bilithic breccia, mixed breccia, and breccia dikes contain 

disseminated ferrotschermakite with similar chemical characteristics to the ferrohornblende 

found in basalt: high Na (av. 0.37 apfu) and Al (av. 3.19 apfu), moderate Fe (av. 2.40 apfu), and 

low Mg (av. 1.32 apfu, Mg# av. 0.36), Si (av. 6.18 apfu), Ti (av. 0.02 apfu) and K (av. 0.09 

apfu). 
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3.9 Phase equilibria 

Representative samples of basalt and dacite, the two main rock types at Crean Hill, were selected 

for phase equilibria modelling (Table 3-4) to determine the peak temperatures during thermal 

metamorphism, as well as the composition and mode of chemical melt derived from each rock 

type. Phase relations were modeled in the Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–

TiO2–Fe2O3 (NCKFMASHTO) system using Theriak-Domino v.15.4 (de Capitani and Brown, 

1987) and the updated version of the Holland and Powell (2011) dataset (ds6.4, May 2018), 

which can be downloaded at http://dtinkham.net/peq.html. Activity models for solid solution 

minerals and a-x relationships used in the calculations are outlined in Appendix F. 

Bulk rock H2O was estimated at 4.75 mol.% H2O for dacite and 2.825 mol.% H2O for basalt, to 

maintain a water-saturated system under subsolidus P-T conditions and for water to react out 

within 5°C after the appearance of the first melt at 2 kbar. Fe3+ content was addressed by adding 

extra oxygen to the bulk composition (Table 3-4). Titration analyses provided a maximum 

average value for Fe3+/∑Fe of 0.13 for basalt and 0.14 dacite (Appendix G). For the purpose of 

the phase equilibria calculations, however, Fe3+/∑Fe was estimated at 0.065 (i.e. approximately 

half the average titration values) to ensure the stability of ilmenite at both low T and high T, 

because ilmenite inclusions occur within both types of calcic amphiboles and biotite. An 

estimated Fe3+ content below titration values is also reasonable given the occurrence of 

secondary interstitial calcite + chlorite ± epidote within the samples (~2% total), which may 

indicate oxidizing conditions during downgrade/retrograde metamorphism. Test runs of the 

model also showed that Fe3+/∑Fe up to 0.12 had only minor effects on the stability of Fe-bearing 

silicate phases at the P-T conditions of interest, including a slight widening of the two-amphibole 

stability field at low T (see section 3.9.2). 

http://dtinkham.net/peq.html
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3.9.1 Pseudosections 

P-T pseudosections for thermal (contact) metamorphism of dacite and basalt are shown in Figure 

3-17. Both pseudosections show steep phase reaction lines and solidus, which indicate that 

chemical reactions (including melting) are strongly temperature-dependent. Ilmenite is the stable 

oxide phase at all temperatures of interest, but in dacite, magnetite also becomes stable at high 

temperatures (>750°C). The solidus temperature for dacite is 100°C lower than for basalt (655°C 

versus 756°C, at 2 kbar), and the model predicts that dacite yields more melt than basalt at any 

given temperature and pressure. 

The observed peak contact metamorphic assemblage consists of magnesiohornblende-

plagioclase-biotite-ilmenite-melt in basalt, and plagioclase-quartz-biotite-oxide-melt in dacite. In 

dacite, muscovite generally overgrows biotite and plagioclase and is therefore largely retrograde. 

Peak contact metamorphism must have reached at least 750°C, as indicated by the occurrence of 

at least 10 vol.% leucosomes in basalt, but no more than 800°C based on the coexistence of 

biotite and intergranular melt in dacite (655–800°C). 

3.9.2 Amphibole stability 

The proportions of total Al, Ti and Na in amphiboles (A0-1B2C5T8O22[OH,F,Cl]2), as well as their 

Mg#, were contoured for low to intermediate P-T conditions (Figure 3-18) to evaluate the 

differences in amphibole chemistry between thermal (low P and high T) and regional (moderate–

high P and low T) metamorphism. The model predicts that hornblende, which is the only 

amphibole identified in basalt, is stable above ~410°C. At low P (<2.5 kbar), hornblende coexists 

with actinolite over a range of 35°C, but above 2.5 kbar, actinolite and hornblende only coexist 

over a few degrees, above which hornblende is the sole amphibole phase.  
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Hornblende is most enriched in Na at low T and high P (~0.65 apfu), with Na being 

progressively less compatible in hornblende with increasing temperature and decreasing 

pressure, with low P and high T hornblende being the most depleted in Na (~0.25 apfu). 

Al compatibility on the octahedral and tetrahedral sites is very similar to that of Na on the A site. 

Low-T and high-P hornblende is enriched in Al (~3.4 apfu total Al), with Al content decreasing 

gradually with increasing temperature and decreasing pressure. At low P and high T, hornblende 

contains significantly less Al, which reaches as low as ~0.8 apfu. 

Mg # (Mg/[Mg+Fe]) varies slightly with metamorphic conditions. Low-P and high-T hornblende 

is enriched in Mg (Mg # up to 0.53), whereas low-T hornblende is most depleted in Mg (Mg # 

down to 0.35 at low T and low P). Low-T moderate-P hornblende (e.g. 2.5–5.5kbar) is also 

relatively depleted in Mg, with Mg # ~0.43 below 500°C. 

Ti stability in hornblende is strongly temperature dependent, with Ti content increasing with 

rising temperature, ranging from 0.02 and 0.10 apfu (C site) between 410 and 700°C. In addition, 

for any given temperature, Ti content is slightly lower at low P than it is at moderate P. 

3.9.3 Melt compositions 

In order to evaluate if the dioritic matrix of the bilithic breccia, mixed breccia, and breccia dikes 

could have formed by mobilization (and possibly mixing) of chemical melts, the composition of 

melt produced from both basalt and dacite during contact metamorphism were calculated for 5 to 

90 vol.% melt at 2 kbar. The chemical evolution of the melts and their restite with increasing 

mode of melt (and temperature) are shown in Figure 3-19 and Appendix I. Although Ti was 
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included in the system, the thermodynamic activity models used for the melt phase do not 

contain Ti. Therefore, the incorporation of Ti into the melt phase is not evaluated. 

The composition of the melt extracted from basalt shows significant variation with increasing 

temperature. The model predicts that the initial melt extracted from basalt is enriched in Si, Na 

and K and depleted in Fe, Mg, Ca and Al relative to the source rock (Figure 3-9, Figure 3-10 and 

Figure 3-19). As more melt is produced, Si and K contents gradually decrease towards the source 

value, whereas Ca increases slowly. The Al, Fe and Mg contents of the melt increase steeply 

between 1 and ~27 vol.% melt (742–874°C), and then increase slowly towards the source rock 

values as more melt is produced. These changes correlate with the disappearance of biotite at 

874°C (Figure 3-17 and Figure 3-19). Na content, on the other hand, is initially elevated relative 

to the source basalt and continues to increase until ~20 vol.% melt is produced (~843°C). Above 

843°C, Na lowers gradually towards the source rock value as more melt is produced.  

The model predicts slight variation in the composition of chemical melt extracted from dacite. 

The first produced melt contains little to no Fe and Mg, which steadily increase toward the dacite 

values with increasing mode of melt (Figure 3-9, Figure 3-10 and Figure 3-19). Na and Ca 

contents, on the other hand, are elevated in the initial melt but gradually decrease to the source 

value as more melt is produced. 

3.10 Discussion 

3.10.1 Metamorphic history 

Because the Crean Hill outcrops are located within the contact thermal aureole of the SIC, any 

model regarding breccia formation must consider the possible effects (e.g. melting and 
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recrystallization) of this event on the breccias, as well as any changes brought by later regional 

metamorphism during the Penokean and/or Mazatzal-Yavapai orogenies (e.g. Card et al., 1972; 

Dressler, 1984b; Riller and Schwerdtner, 1997; Bailey et al., 2004; Mukwakwami et al., 2014). 

Textures attributable to both metamorphic events are present in basalt in the form of leucosomes 

and magnesiohornblende porphyroblasts, which are rimmed by ferrohornblende (Figure 3-16a). 

Phase equilibria predicts that high-Mg hornblende (i.e. Mg# ~0.5) forms at high T and low P, 

whereas low-Mg hornblende (i.e. Mg# ~0.4) forms at low T and low–moderate P. This suggests 

that magnesiohornblende crystallized during low-P and high-T contact metamorphism, followed 

by ferrohornblende during regional metamorphism at moderate P and low T. The high Ti content 

of magnesiohornblende (~1.5 apfu) further supports this interpretation. High-Ti hornblende is 

only predicted at high T and has been reported in the high-T inner aureole of the SIC (Jørgensen 

et al., 2019). In addition, the higher Na and Al, and lower Ti contents of ferrohornblende at 

Crean Hill indicate growth at lower T than magnesiohornblende (Figure 3-18), which is 

consistent with the growth of ferrosadanagaite and ferrotschermakite during regional 

metamorphism elsewhere in basement rocks of the South Range (Mukwakwami et al., 2012; 

Jørgensen et al., 2019). 

Amphibole in the dioritic matrix of the mixed breccia, bilithic breccia, and breccia dikes is a 

low-Ti, high-Na and high-Al ferrotschermakite. It grew during regional metamorphism, which is 

consistent with the recrystallized granoblastic texture of the matrix. High-T magnesiohornblende 

indicating contact metamorphism is absent in the breccias. However, leucosomes, which are only 

observed in the metamorphic aureole of the SIC (Figure 3-2), are present along breccia–host rock 

contacts (Figure 3-4e–f, Figure 3-6a and Figure 3-7d). They have wedge-shaped terminations 

(Figure 3-4b and Figure 3-5b) and mineral assemblages that are consistent with crystallization 
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from a chemical melt extracted from their respective host rock: flood quartz surrounding twinned 

plagioclase crystals and magnesiohornblende (Figure 3-5c) in basalt, and flood (purple) quartz 

and euhedral feldspar in dacite (Figure 3-4b). Chemical melt textures make up 10–20 vol.% of 

the basalt, which concurs with chemical melting of basalt at temperatures ≥750°C and pressures 

of 2 kbar representing the combined thickness of the SIC and Onaping Formation (Figure 3-17). 

Similar but higher contact metamorphic temperatures (T ≥ 925°C, at P = 1–3 kbar) were 

obtained by Jørgensen et al. (2019) farther east and within 500 m of the SIC-basement contact. 

In summary, the occurrence of ferrotschermakite, the polygonal texture of breccia matrices, and 

the presence of high-T leucosomes overprinting the breccias indicate that the breccias formed 

either before or during contact metamorphism and were later metamorphosed during tectonic 

reworking of the South Range of the SIC. 

3.10.2 Cataclastic breccia versus melt 

Did the matrices of the breccias originate as melts or cataclasites? Both have been suggested for 

the formation of breccias in basement rocks of large impact structures (e.g. Spray, 1995; Spray, 

1998; Kenkmann, 2003). Cataclasis is the process by which rocks are mechanically crushed and 

pulverized into very small fragments. This can occur during shock compression (Lafrance and 

Kamber, 2010) or frictional sliding along faults during structural readjustments of impact craters 

(Spray, 1998; Kenkmann, 2003; Spray and Thompson, 2008). Because fractures are ubiquitous 

in any type of breccias, and shock compression and frictional sliding can both lead to material 

flow and the formation of melts, determining how impact breccias form can be difficult. At 

Crean Hill, the specific nature of flow textures in the felsic, quartzofeldspathic and bilithic 

breccias are good indicators that their matrices originated as melts. Flow banding in the felsic 
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breccia is defined by the alignment of rounded felsic clasts parallel to the walls of the breccia, 

which is otherwise non-foliated (Figure 3-6c). In the quartzofeldspathic breccia, it is defined by 

trails of elongate quartzofeldspathic clasts that conform with changes in the orientation of the 

contacts between the breccias and host rocks (Figure 3-6a). Although flow banding could form in 

either cataclasites or melts, the wispy nature of the clasts indicates that they were deformed at 

high temperature within a melt that subsequently crystallized as the breccia matrix. Bilithic 

breccia displays similar trails of elongated quartzofeldspathic clasts, which wrap around basalt 

clasts (Figure 3-6d–e). Reaction rims surrounding the basalt clasts in bilithic breccia further 

suggests interaction between the clasts and a melt. Similar textures have been attributed to melt 

flow in aphanitic Sudbury Breccia (Riller et al., 2010), as well as in impact melt rocks at 

Manicouagan where elongate, ‘fluidal’, and partially melted anorthosite clasts are parallel to the 

adjacent basal breccia contact (Thompson and Spray, 2017). Less extensive melt flow and clast 

elongation/alignment have also been reported at the Dhala crater in India (Pati et al., 2008). 

Although flow textures and reaction rims are not observed in the other types of breccias at Crean 

Hill, the smooth curvature of their contacts and subrounded shape of their clasts suggest that they 

also originated as melts. 

3.10.3 Chemical melting and brecciation 

Could the breccias have formed by chemical melting during SIC contact metamorphism? 

Chemical equilibrium melt is produced when two or more minerals react with one another with 

changing metamorphic conditions. The melt first appears at grain boundaries and has a 

composition that is broadly intermediate between the minerals involved in the reaction. From 

mass balance, the composition of a chemical melt depends on the initial bulk composition of the 

rock and mode of melting: CL/C0= 1/[DRS+F(1-DRS)], where CL is the concentration of an 
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element in the melt, C0 is the initial concentration of that element in the parent rock, DRS is the 

bulk distribution coefficient of the residual solid and F is the fraction (mode) of melt. Phase 

equilibria modelling also shows that bulk rock water content strongly affects the mode of melt 

and the mineral reactions producing melt in both felsic (Spear, 1993) and mafic rocks (Palin et 

al., 2016). Consequently, the composition of a chemical melt is distinct from its parent rock, 

especially at low melt modes. It is important to note, however, that although a small fraction of 

melt (e.g. < 10 vol.%) is enriched in incompatible elements such as Zr, Hf, Sm and Eu (Kessel et 

al., 2005) relative to the parent rock, the difference becomes less apparent as more melt is 

produced and as the melt equilibrates with the restite through rock-melt interaction. 

Phase equilibria modelling predicts that 40–60% melting of basalt could produce a melt that is 

close in composition to the dioritic matrices of the bilithic breccia, breccia dikes, and mixed 

breccia (Figure 3-9 and Figure 3-10). However, this melt would have higher SiO2 and lower 

Al2O3 contents than the breccia matrices. Because the Crean Hill basalt contains at most 20 

vol.% leucosomes, and this mode of melting would produce a melt that is depleted in MgO and 

enriched in SiO2, K2O and Na2O relative to the dioritic matrix of the breccias, chemical melting 

on its own could not have produced the dioritic matrix of the breccias. Similarly, phase equilibria 

modelling predicts that the chemical melt derived from partial melting of dacite is too felsic (i.e. 

low MgO and CaO) to explain the composition of the dioritic matrix. Because both dacite-

derived and basalt-derived melts are more felsic than the dioritic matrix, direct mixing of these 

two melts cannot produce a dioritic melt, regardless of their proportions. Therefore, any 

combination of chemical melting at the Crean Hill site cannot produce a melt of the same major-

element composition as the breccia matrices.  
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The trace element compositions of the dioritic matrix of the bilithic breccia, breccia dikes, and 

mixed breccia are also inconsistent with their derivation from chemical melting of basalt (Figure 

3-14 and Table 3-3). If they were, this would have changed the composition of the remaining 

parent basalt, or restite. Of all the basalts that were analyzed, only the three samples that were 

collected within 50 m of the SIC contact to the west of Crean Hill (i.e. basalt unit 3) show 

evidence of melt segregation. Their combined low Zr/Zr* and Zr/Hf below MORB values 

indicate Zr loss, which has been attributed to melt segregation within the inner thermal aureole 

(<250 m) near Little Stobie mine (Jørgensen et al., 2018). These samples also have a combined 

Zr/Hf decoupling and Zr/Zr* that is consistent with extracting 5–15% melt from basalt with 

higher Zr contents, such as basalt unit 1 (Figure 3-11 and Appendix I). Their distinctively flat 

REE pattern is also consistent with LREE depletion, which has also been reported in partially 

melted basalts at Little Stobie mine. However, samples collected at Crean Hill, which is located 

between 200 m and 500 m of the SIC-basement contact, lack the Zr/Zr* and Zr/Hf signature 

reported by Jørgensen et al. (2018) (Figure 3-11), which suggests that the chemical melt was not 

removed from the host rocks, but instead re-equilibrated with the parent basalt. In addition, the 

geochemical signature of the Crean Hill basalts does not change with sampling distance from the 

SIC (Figure 3-11 and Figure 3-12) and, therefore, chemical variations between the basalt units 1 

and 2 cannot be attributed to melt segregation during thermal metamorphism. Instead, their 

difference in LREE values and patterns (Figure 3-12) and narrow ranges of Nb/Y and Zr/Y 

values (Figure 3-6) have been attributed to different volcanic magma sources (Ketchum et al., 

2013). 

Quartzofeldspathic breccia has a major-element composition and Zr/Hf ratio that resemble 

calculated chemical melt compositions derived from ~70% melting of dacite (Figure 14). 
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However, it shows an enrichment in HREE (Figure 3-13) instead of the LREE enrichment 

expected in chemical melts (Jørgensen, 2017). In addition, the dioritic matrix of the bilithic 

breccia, breccia dikes and mixed breccia have Zr/Hf ratios that are significantly lower than those 

calculated for basalt-derived chemical melts, and higher than those calculated for dacite-derived 

chemical melts (Figure 3-14). This further suggests that the quartzofeldspathic breccia and the 

other breccias discussed above did not originate from chemical melting of the basement rocks. 

Therefore, this leaves impact-induced melting as the only possible source of melt for the Crean 

Hill breccias. 

3.10.4 Impact-induced melting 

Impact melt breccias may form by shock melting or frictional melting of the target rocks. Shock 

melting occurs instantaneously as the tension wave catches up to the shock wave and pressures 

return to normal only a few seconds after the initial impact of the bolide with the target rocks 

(French, 1998). Frictional melting, on the other hand, occurs as a result of cataclasis along 

superfaults (i.e. faults with kilometer scale displacements and ultra-high slip rates) during crater 

modification (Spray, 1997), which can last anywhere from a few minutes to thousands of years 

(French, 1998). Both shock melting and frictional melting produce a matrix that is chemically 

similar to the target rocks, though slightly more mafic due to the preferential incorporation of 

less mechanically resistant mafic minerals (Spray, 1992). Because composition alone cannot be 

used to differentiate between the two processes, field and textural relationships, as well as their 

regional geological context, must be evaluated.  

Shock melts form by selective mineral melting and complete melting (French, 1998). Selective 

mineral melting starts at shock pressures of 45–50 GPa when a mineral reaches an instantaneous 
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post-shock temperature that exceeds its melting point. The mineral will immediately and 

independently melt, and the resulting melt will retain the same composition as the original 

mineral. At higher post-shock temperatures, other minerals also melt. Melts might flow and mix 

locally, but they will be generally constrained by residual grain boundaries, thus retaining the 

shape of the minerals before they melted. At pressures above 55 GPa, post-shock temperatures 

exceed the melting points of all minerals and complete shock melting occurs. Flow and mixing 

become dominant, and a more chemically homogenous impact melt is produced, such as the SIC.  

On the other hand, frictional melting occurs when temperatures exceed the melting point of the 

minerals in the rock due to frictional heating (Spray, 1995). This produces a glassy 

pseudotachylitic rock representing a mixture of the rocks that were fragmented, pulverized and 

melted. The breccias would therefore represent clast-laden melts that were generated by 

cataclasis and frictional melting along large displacement superfaults and then injected into 

dilational fractures (Thompson and Spray, 1994; Spray and Thompson, 1995; Spray, 1997; Scott 

and Spray, 2000; Mungall and Hanley, 2004). 

Frictional and shock melts can be identified by their glassy textures, with the presence of shock 

metamorphic textures in clasts and non-brecciated basement rocks providing strong evidence for 

shock melting (French, 1998; Reimold, 1998). These features may, however, be extensively 

annealed in the contact aureole of impact melt sheets and during post-impact metamorphic 

events, as observed at Crean Hill. Breccias and their host rocks at Crean Hill are not offset by 

major faults, so significant volumes of frictional melt could not have been produced. 

Furthermore, the composition of their matrix and clast population reflect the adjacent host rocks, 

suggesting that the breccias formed in situ and were not generated along distal kilometer-scale 

displacement superfaults to be then injected at their present location. Because Crean Hill is 
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within 500 m of the SIC (and consequently the crater floor), the breccias likely formed by 

localized, near-complete shock melting. 

3.10.5 In situ shock melting versus injection of SIC melt 

Did the Crean Hill breccias form by in situ shock melting or by the injection of SIC melt (i.e. 

from the impact melt sheet) into the fractured basement rocks, as proposed for the formation of 

the offset dikes (Pattison, 1979; Lightfoot et al., 1997a; Prevec and Büttner, 2018) and some 

aphanitic Sudbury Breccia (Al Barazi et al., 2009; Riller et al., 2010)? The composition of the 

offset dikes represents SIC melt that was variably contaminated by the adjacent host rocks during 

its injection (Pattison, 1979; Lightfoot et al., 1997a; Prevec et al., 2000; Lightfoot, 2017; Prevec 

and Büttner, 2018), whereas the least altered vitric composition of the Onaping Formation is well 

constrained and is thought to be the best estimate for the bulk composition of the initial shock 

melt (Ames et al., 2002). There are chemical similarities (i.e. MgO and CaO contents, Figure 

3-9; REE profile, Figure 3-13; Zr/Hf ratio, Figure 3-14) between the dioritic breccia matrices, the 

vitric Onaping Formation, and the Victoria and Vermilion offset dikes (which occur within 2 km 

of the Crean Hill site; locations on Figure 3-1 and Figure 3-2). However, a resemblance in 

chemistry between localized impact melt and the offset dikes does not necessarily imply nor 

require that SIC melt contributed to the breccia matrix, because they all formed through the same 

process: impact melting of the target rocks. In fact, the dioritic breccia matrices have 

significantly lower SiO2, higher TiO2 (Figure 3-9) and highly variable Zr/Zr* ratio that 

distinguish them from both the offset dikes and the vitric Onaping Formation (Figure 3-14). In 

addition, the major-element composition of the breccia matrices reflects a direct mixture of the 

clasts they contain at the sub-meter scale. The felsic, mafic and quartzofeldspathic breccias also 

reflect that of their respective clast population (i.e. dacite, basalt and arenite), which are all 
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consistent with in situ impact melting of the basement rocks. The bilithic breccia matrix has 

CaO, MgO and SiO2 that are intermediate between basalt and arenite, and possibly dacite, 

whereas the breccia dikes and mixed breccia represent direct mixtures of basalt and dacite 

(Figure 3-9 and Figure 3-10). Our data cannot completely rule out the possibility that the dioritic 

breccias represent SIC melt that was more strongly contaminated than the offset dikes, but their 

composition is more variable than the offset dikes found in the area, and implies a highly 

localized incorporation of the adjacent host rocks that is more consistent with in situ impact melt 

than by injection from the melt sheet. 

Other field features at Crean Hill are also compatible with localized shock melting. For example, 

the mottled matrix texture of the mixed breccia suggests that it formed by the injection of a 

second generation of matrix material (e.g. the breccia dikes) into a breccia with a mafic matrix, 

but the irregularity of the breccia dikes where they crosscut the mixed breccia (Figure 3-7a) and 

the fact that the breccia dikes connect to the nearby felsic breccia body (Figure 3-3), together 

suggest that mobilization of breccia material was restricted to a few meters. Crosscutting and 

superimposed impact breccias have been previously described in Sudbury and Vredefort 

(Martini, 1991; Ernstson and Fiebag, 1992; Dressler and Sharpton, 1997; Reimold, 1998). In 

Vredefort, dolerite host rocks are transected by breccia with a mafic matrix, which is in sharp 

contact with breccia with an intermediate matrix. The latter formed by in situ mixing and 

mingling of impact-generated, in situ mafic melt with felsic melt injected from an adjacent 

granite host rock (Kovaleva et al., 2020). 

The formation of the breccias as pre-peak metamorphic shock melts is summarized in Figure 

3-20. The bilithic breccia may have crystallized slightly later than the other breccias because it 

contains basalt clasts cut by contact metamorphic leucosomes that are truncated by the dioritic 
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matrix of the breccia. As it is a larger body of breccia than the other types of breccia, it 

represents a pocket of shock melt that was trapped in the basement rocks and cooled more slowly 

than the other breccias. Numerical modelling suggests that the footwall rocks heated rapidly 

within 600 meters of the cooling SIC and temperatures >600°C persisted over 5,000 years after 

the initial bolide impact (Prevec and Cawthorn, 2002). Thus, the smaller breccias crystallized 

before peak contact metamorphism but the larger bilithic breccia remained molten and 

crystallized shortly after peak metamorphism. 

3.11 Conclusion 

The formation of breccia in basement rocks underlying impact melt sheets, such as Footwall 

Breccia in Sudbury, remains poorly understood. At Crean Hill, flow textures defined by elongate 

wispy clasts indicate that breccias in the immediate footwall of the SIC originated as melts. Our 

modelling of chemical melt compositions suggests that the Crean Hill breccias did not form by 

anatexis of the footwall basement rocks during cooling of the SIC, as previously suggested for 

Footwall Breccia (Coats and Snajdr, 1984), despite evidence for local partial melting of the host 

rocks themselves during contact metamorphism. Instead, (1) the textural, mineralogical and 

chemical characteristics of the Crean Hill breccias, (2) their relationships to their host rocks and 

crosscutting leucosomes, (3) the absence of a nearby superfault, and (4) their whole-rock 

geochemistry which differs from that of SIC rocks, indicate that the Crean Hill breccia represent 

localized shock melts that crystallized before and shortly after peak contact metamorphism. This 

interpretation is consistent with recent models for the formation of Footwall Breccia 

(McCormick et al., 2002; Göllner et al., 2019). Our findings further suggest that microcrystalline 

Sudbury Breccia previously interpreted as recrystallized cataclastic breccia (Morrison et al., 

1994; Rousell et al., 2003; Lafrance et al., 2008; O'Callaghan et al., 2016) may represent 
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metamorphosed shock melts. Applying the multi-disciplinary approach proposed here to breccias 

in other areas of the Sudbury Structure, to other impact structures where shock metamorphic 

textures have been annealed by later metamorphism, and in the contact aureole of large 

endogenic igneous bodies, may provide new insights on the origins of these breccias. 

3.12 Figures 

 

Figure 3-1: Simplified geology of the Sudbury impact structure. 

From Gordon et al. (2015), modified after Ames et al. (2005) and Dressler (1984c). 
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Figure 3-2: Geological map of the Crean Hill area. 

Includes the regional distribution of breccia bodies and the extent of leucosomes. Universal 

Transverse Mercator (UTM) coordinates are in North American Datum 1983 (NAD83) in Zone 

17. 



Chapter 3    133 

 

 

Figure 3-3: Geological map of the Crean Hill outcrops. 

Universal Transverse Mercator (UTM) coordinates are in NAD83, Zone 17. 
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Figure 3-4: Felsic breccia photographs. 

A) Felsic breccia crosscutting flow banding in dacite. B) Purple quartz-plagioclase partial melt 

patches crosscutting flow banding (yellow line) in dacite. C) Plagioclase-quartz with triple point 

junctions (yellow arrow) and relict subhedral plagioclase in dacite. D) Equigranular felsic 

breccia matrix. E) Leucosome at the contact between felsic breccia and basalt, showing optically 

continuous quartz (light beige) containing twinned subhedral to euhedral plagioclase crystals. F) 

Narrow plagioclase-quartz leucosome vein extending from the felsic breccia into basalt (see text 

for details). 
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Figure 3-5: Mafic breccia photographs. 

A) Equigranular plagioclase, hornblende, 

biotite, and minor quartz in basalt. B) 

Leucosome with quartz core and 

plagioclase rim, crosscutting mafic 

breccia vein within basalt. Note the 

wedge-shaped termination of the 

leucosomes. C) Partial melt texture in 

basalt showing optically continuous 

quartz (beige) surrounding euhedral 

feldspar. Note the mottled texture of 

hornblende.  
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Figure 3-6: Quartzofeldspathic and bilithic breccias photographs. 

A) Quartzofeldspathic breccia with elongate quartzofeldspathic clasts along contact with basalt. 

B) Narrow zone of bilithic breccia at the contact between quartzofeldspathic breccia and basalt. 

C) Equigranular matrix of bilithic breccia. D) Flow texture defined by a quartzofeldspathic clast 

wrapping around a basalt clast within bilithic breccia. The basalt clast has a chloritic reaction rim 

and contains leucosomes, which are truncated by the dioritic breccia matrix. E) Elongate, wispy, 

quartzofeldspathic clasts within bilithic breccia. Note how the larger quartzofeldspathic clast 

wraps around a small, rounded basalt clast (black dashed line). F) Relict detrital grain (outlined) 

within medium-grained, brecciated arenite clast. Qz-fsp, quartzofeldspathic. 
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Figure 3-7: Breccia dikes photographs. 

A) Breccia dike (black outline) with irregular shape crosscutting mixed breccia (yellow outline). 

B) Equigranular matrix of a breccia dike. C) Subhedral to euhedral plagioclase in optically 

continuous quartz, along a breccia dike contact. D) Leucosome vein extending from the breccia 

dike into the adjacent basalt. E) Sketch of a breccia dike that connects with plagioclase-quartz 

veins extending from felsic breccia. 
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Figure 3-8: Mixed breccia photographs. 

A) Zone of mixed breccia (yellow outline) 

showing subrounded basalt and dacite 

clasts (black dashed lines), and the 

complex distribution of the biotite-rich 

gossanous matrix and the fine-grained 

mafic matrix (white outline). B) 

Equigranular (biotite) matrix of the mixed 

breccia. C) Mottled relationship between 

the dioritic and basaltic matrices within 

mixed breccia shown in Figure 3-7a. 
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Figure 3-9: Whole-rock major-element geochemical binary diagrams for monolithic 

breccias (left) and dioritic breccias (right). 

Host rocks (i.e. basalt, dacite, and arenite) and SIC quartz diorite compositions are shown as 

shaded fields. Vitric Onaping Formation from Ames et al. (2002). Arrows represent the evolution 

of a chemical melt derived from 5% to 90% batch melting of basalt (green) and dacite (yellow). 

Compositions used for melt calculations are shown in Table 3-4. 
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Figure 3-10: Whole-rock alkali ternary and binary diagrams for monolithic breccias (left) 

and dioritic breccias (right). 

Same host rock fields and chemical melt compositions as shown in Figure 3-9. 
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Figure 3-11: Whole-rock Zr/Zr* versus Zr/Hf plot showing variation within basalts. 

Zr/Zr* were calculated using chondrite values of McDonough and Sun (1995) 

([Zr/3.82]/([Nd/0.457]*[Sm/0.148])0.5). Zr/Hf values for MORB and OIB from David et al. 

(2000). Calculated Zr/Hf and Zr/Zr* values of basalt- and dacite-derived chemical melts, as well 

as their corresponding restite, are provided in Appendix I. Note how basalts < 500 m from the 

SIC overlap with basalts located 500–1800 m from the SIC. Shaded fields represent distal 

metabasalts (>250 m from the SIC, in blue) and proximal two-pyroxene hornfels metabasalts 

(<250 m from the SIC, in red) of Jørgensen et al. (2018); least altered vitric Onaping Formation 

from Ames et al. (2002). 
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Figure 3-12: CN-REE profiles of basalt units 1, 2 and 3, sub-divided based on their distance 

from the SIC. 

Chondrite normalizing values from McDonough and Sun, 1995. 
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Figure 3-13: CN-REE profiles for the breccias and host rocks. 

Chondrite normalizing values from McDonough and Sun, 1995. Solid symbols represent 

breccias and shaded areas, host rocks. The felsic, quartzofeldspathic and mafic monolithic 

breccias (left) are plotted against their respective host rocks. The dioritic breccias (right) are 

plotted against SIC quartz diorite, and clast populations within the breccias. 
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Figure 3-14: Whole-rock Zr/Zr* versus Zr/Hf plot of breccias and their host rocks. 

Same calculations as in Figure 3-11. C1 chondrite ratios of David et al. (2000) and vitric 

Onaping Formation from Ames et al. (2002). 
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Figure 3-15: Amphibole compositions at Crean Hill. 

Box and whisker plot in elemental atoms per formula unit (apfu). 
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Figure 3-16: Hornblende 

microphotographs. 

A) Magnesiohornblende porphyroblast 

with ferrohornblende-ilmenite rim. B) 

Cubic hornblende pseudomorph in basalt, 

likely after pyroxene. C) Partial 

ferrohornblende pseudomorph after biotite 

porphyroblast, with euhedral ilmenite 

grains along its edge. Note the concave 

grain boundary between biotite and 

ferrohornblende, and the sharp, euhedral 

external shape of the pseudomorph.  
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Figure 3-17: P-T pseudosections 

calculated at high T for 

representative dacite and basalt 

compositions. 

Solidus reactions are shown in bold 

red and melt vol.% isograds are 

displayed as dashed red lines. The 

blue lines represent the water-in and 

-out reactions. 
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Figure 3-18: P-T pseudosections calculated at low T. 

Same basalt composition as in Figure 3-17. Contour lines for the composition of amphibole  

(A0-1B2C5T8O22[OH,F,Cl]2): total Na (orange), total Al (blue), Mg# (green), and Ti on C site 

(pink). Solid lines represent hornblende and dashed lines, actinolite. 
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Figure 3-19: Mineral assemblages in restites and evolution of the composition of chemical 

melt as a function of temperature at pressures of 2 kbar. 

Left: Mineral assemblage in basalt (top) and dacite (bottom) restite as a function of temperature 

at pressures of 2 kbar; bold line represents anorthite component (An%) of plagioclase. Right: 

Evolution of the composition of chemical melt (in cation %) derived from basalt (top) and dacite 

(bottom) as a function of temperature at pressures of 2 kbar; bold line represents the mode of 

melt (in vol.%). Same compositions as used in Figure 3-17. 
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Figure 3-20: Breccia emplacement model for Crean Hill. 

A) Fracturing and local shock melting of the target rocks, and formation of the impact melt sheet. 

B) Crystallization of the monolithic breccias, dioritic breccia dikes and mixed breccia, as well as 

mixing, ductile flow and clast assimilation in the cooling SIC impact melt sheet and in trapped 

shock melt pockets within footwall rocks underneath the impact melt sheet during the crater 

modification stage. This is likely accompanied by the formation of cataclastic (Sudbury) breccia 

in distal footwall rocks. C) Incipient chemical melting and formation of leucosomes during peak 

thermal metamorphism and crystallization of the bilithic breccia. 

3.13 Tables 

 



 

 

Table 3-1: Rock descriptions and leucosome relationships at Crean Hill. 

Rock type Description Occurrence  Contact relationships Leucosomes 

Basalt Fine- to medium-

grained, granoblastic 

with local hornblende 

porphyroblasts 

Main host rock; also 

occurs as fragments 

(< 1 mm to 5 m) in 

most breccia types 

Sharp contacts with 

quartzofeldspathic arenite 

and olivine gabbro; 

contact with dacite not 

observed 

2-5% plagioclase + 

hornblende + quartz 

discontinuous veins 

and patches 

 

Dacite Fine- to medium-

grained, with 

compositional 

layering, granoblastic 

to moderately foliated 

Fragments (< 1 mm 

to 25 m) within 

dacitic breccia 

Transitional contact with 

felsic breccia only 

< 3% purple quartz + 

plagioclase patches 

Quartzofeldspathic 

arenite 

Fine- to medium-

grained, granoblastic 

to weakly foliated 

Fragments (< 1 mm 

to 12 m) within 

quartzofeldspathic 

and bilithic breccias 

Sharp contacts with basalt N/A 
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Table 3-2: Diagnostic features of breccias at Crean Hill. 

Breccia type Description Matrix Clasts1 Leucosomes  

Felsic breccia  Matrix-

supported (60% 

matrix); 

irregular body 

50% quartz 

25% plagioclase 

5% chlorite 

15% muscovite 

5% biotite 

Dacite (30%), < 1m; 

Quartzofeldspathic 

(10%), < 1m; 

Basalt (local), < 4m 

Purple quartz + 

plagioclase veins 

along contacts 

with basalt 

Quartzofeldspathic 

breccia 

Matrix-

supported (80% 

matrix); 

continuous 

foliation-parallel 

layer (0.5 to 1 m 

wide) 

55% quartz 

40% plagioclase 

5% biotite 

Quartzofeldspathic 

(20%), < 10 cm, 

elongated, concentrated 

along the margins 

Quartz ± 

plagioclase veins 

along contacts 

with basalt 

Mafic breccia Anastomosing 

veins of nearly 

90% matrix in 

basalt 

50% hornblende 

25% plagioclase 

10% biotite 

10% chlorite 

5% quartz 

Basalt (80-90%),  

< 10 cm, angular to 

subrounded 

Plagioclase + 

quartz ± 

hornblende 

patches crosscut 

breccia veins 

Bilithic breccia 

(dioritic) 

Matrix-

supported (60% 

matrix); 

irregular body 

30% biotite  

30% plagioclase  

20% quartz 

10% ferrotschermakite 

5% chlorite 

5% epidote 

Quartzofeldspathic 

(20%), < 1 mm to 5 m, 

subangular to 

elongated and wispy; 

Basalt (15%), < 1 mm 

to 5 m, rounded; 

Dacite (<2%), < 10 cm, 

Plagioclase + 

quartz veins 

within basalt 

clasts 

Breccia dikes 

(dioritic) 

Matrix-

supported (80% 

matrix); 

discontinuous 

dikes (0.5 to 2 m 

wide), only in 

basalt  

60% plagioclase 

20% biotite 

15% quartz 

5% ferrotschermakite 

Dacite (18%), < 5 cm;  

Basalt (1%), < 3 cm;  

Quartzofeldspathic 

(1%), < 2 cm 

Euhedral 

plagioclase + 

quartz ± biotite 

patches and 

veins; localized 

at margins of 

dikes 

Mixed breccia 

(dioritic) 

Matrix-

supported (70% 

matrix); 

anastomosing 

veins (0.5 to 2 m 

wide), only in 

basalt 

Dioritic matrix (45%) 

55% plagioclase 

20% chlorite  

10% biotite 

5% ferrotschermakite 

5% quartz 

Basaltic matrix (25%) 

(hornblende + 

plagioclase + chlorite) 

Basalt (17%), < 3 cm;  

Dacite (12%), < 5 cm;  

Quartzofeldspathic (< 

1%), < 2 cm 

Irregular, blebby 

patches of 

plagioclase + 

quartz ± biotite ± 

hornblende 

1 Clasts are subangular to subrounded, unless stated otherwise.



 

 

Table 3-3: Average major (wt.%), minor (wt.%) and trace (ppm) element whole-rock compositions of major rock types and breccias. 

Rock type Dacite Arenite Basalt 1 Basalt 2 Basalt 3 
Qz-fsp 

breccia 

Felsic 

Breccia  

Basaltic 

breccia 

Bilithic 

breccia 

Breccia 

dike 

Mixed 

Breccia 

n 5 3 21 8 3 2 5 2 5 4 5 

SiO2 55.11 81.67 45.86 48.33 44.51 76.99 56.92 44.86 51.56 47.80 46.53 

TiO2 1.13 0.38 1.60 1.34 2.02 0.07 1.12 2.01 1.89 1.70 1.74 

Al2O3 21.37 8.66 15.71 14.14 12.74 13.20 20.54 16.95 16.50 21.86 22.23 

Cr2O3 0.024 0.010 0.028 0.027 0.016 0.001 0.026 0.030 0.032 0.040 0.032 

Fe2O3(t)
 8.21 2.80 14.83 14.97 18.94 1.24 7.34 15.68 14.73 10.42 10.83 

MnO 0.072 0.031 0.211 0.228 0.269 0.014 0.082 0.174 0.141 0.108 0.106 

MgO 2.96 0.99 7.11 6.95 7.01 0.73 2.75 6.69 4.74 4.01 3.80 

CaO 1.349 1.558 9.291 10.100 10.597 2.679 2.784 6.022 2.985 5.435 5.876 

Na2O 2.02 1.95 1.77 1.77 1.25 3.57 3.22 1.78 1.97 3.57 3.78 

K2O 3.56 0.75 0.87 0.34 0.74 0.97 2.22 1.99 2.29 2.18 2.23 

P2O5 0.117 0.047 0.452 0.143 0.190 0.007 0.103 0.480 0.132 0.088 0.083 

BaO 0.104 0.020 0.049 0.009 0.018 0.025 0.066 0.110 0.086 0.093 0.116 

LOI 3.68 0.92 1.85 1.16 0.85 0.64 2.58 2.18 21.89 2.08 41.12 

Total 99.71 99.78 99.62 99.50 99.15 100.12 99.73 98.92 80.41 99.38 60.59 

A/CNK 3.15 2.04 1.34 1.16 1.01 1.83  1.73 2.38 1.97 1.88 

Cs 1.292 1.954 3.826 0.274 1.391 3.610 2.141 5.564 5.503 5.765 4.546 

Rb1 133.4 36.3 44.3 6.9 18.0 58.5 97.8 139.0 115.0 139.5 120.6 

Ba1 977 186 297 66 154 225 605 1110 872 888 1143 

Sr 132.4 98.2 187.1 130.1 73.0 157.1 229.4 303.1 225.6 511.7 527.8 

Th 23.420 8.786 1.912 1.501 0.306 30.267 23.692 12.117 13.351 16.166 16.800 

U 5.789 2.241 0.460 0.421 0.143 9.070 5.238 1.868 3.298 3.769 2.559 

Nb 17.143 6.900 10.469 5.897 6.237 12.118 22.000 22.113 23.764 29.645 26.030 

1Rb and Ba values determined by XRF due to co-precipitation of these elements with insoluble major element fluorides during solution preparation 

(continued on next page)  
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Table 3-3. (continued) 

Rock type Dacite Arenite Basalt 1 Basalt 2 Basalt 3 
Qz-fsp 

breccia 

Felsic 

Breccia 

Basaltic 

breccia 

Bilithic 

breccia 

Breccia 

dike 

Mixed 

Breccia 

n 5 3 21 8 3 2 5 2 5 4 5 

Ta 1.454 0.521 0.581 0.389 0.412 2.268 2.194 1.522 1.958 2.852 2.368 

Pb 13.88 9.93 10.01 6.14 3.15 22.00 19.14 11.50 11.88 54.20 51.96 

Zr 316 168 210 110 57 117 266 299 319 308 309 

Hf 8.41 4.21 5.05 2.93 1.71 6.94 7.58 7.22 8.34 8.59 8.45 

La 54.67 19.05 34.01 9.76 5.93 14.35 53.83 52.12 34.03 47.09 50.11 

Ce 109.75 37.82 74.51 22.89 14.85 32.04 106.64 108.75 70.24 96.11 100.67 

Pr 12.434 4.272 9.785 3.201 2.384 4.017 12.379 12.873 8.354 10.962 11.534 

Nd 45.14 15.24 41.08 14.47 12.34 15.52 45.32 50.34 32.04 40.51 42.27 

Sm 8.302 2.639 8.442 3.941 4.061 4.240 8.614 9.798 6.381 7.236 7.616 

Eu 1.5637 0.6042 2.0552 1.1838 1.3662 0.2292 1.4589 2.1870 1.3300 2.0275 2.1362 

Gd 6.831 2.101 7.865 4.765 5.262 4.697 7.402 8.757 5.935 5.812 6.078 

Tb 1.0117 0.3070 1.1826 0.8109 0.8895 0.8879 1.1465 1.2627 0.9192 0.8251 0.8322 

Dy 6.092 1.797 7.295 5.381 5.961 6.138 7.160 7.573 5.798 4.974 4.674 

Y 33.63 9.86 41.63 31.39 32.75 42.61 42.19 42.85 33.38 28.28 25.14 

Ho 1.2440 0.3551 1.4949 1.1371 1.2477 1.3521 1.4875 1.5651 1.2350 1.0124 0.9167 

Er 3.637 1.023 4.355 3.361 3.575 4.395 4.528 4.499 3.704 3.009 2.608 

Tm 0.5396 0.1524 0.6355 0.4886 0.5061 0.7168 0.6847 0.6610 0.5561 0.4624 0.3823 

Yb 3.563 1.017 4.164 3.186 3.291 5.104 4.608 4.467 3.820 3.192 2.651 

Lu 0.545 0.164 0.633 0.479 0.494 0.786 0.692 0.684 0.585 0.501 0.426 

            

La/Sm 6.54 7.41 4.01 2.45 1.42 3.46 6.19 5.08 5.96 6.50 6.67 

Zr/Hf 37.57 39.20 41.31 37.16 32.88 16.86 35.35 41.42 38.22 35.85 36.77 

Zr/Zr* 1.15 2.02 0.77 0.97 0.55 1.01 0.96 1.02 1.88 1.30 1.22 

Zr/Y 10.44 17.11 4.96 3.42 1.72 2.74 6.77 7.07 13.72 12.07 12.85 

Nb/Y 0.62 0.82 0.25 0.19 0.19 0.28 0.52 0.52 1.05 1.18 1.11 
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Table 3-4: Whole-rock compositions used for phase equilibria modelling (oxide wt.% and 

converted elemental mol.%). 

Rock type Basalt 1 Dacite 

Sample Number DEN01-G01 DEN12-G01 

SiO2 47.36 54.32 

TiO2 2.08 1.12 

Al2O3 15.04 23.47 

Cr2O3 0.020 0.02 

Fe2O3(t) 15.58 7.34 

MgO 5.99 2.47 

MnO 0.224 0.047 

CaO 9.414 0.31 

Na2O 1.23 1.00 

K2O 1.25 5.37 

Total 98.19 95.47 

Element (mol.%)   

Si 55.814 67.721 

Ti 1.844 1.05 

Al 20.89 34.485 

Fe(t) 13.817 6.886 

Mg 10.524 4.591 

Ca 11.887 0.414 

Na 2.81 2.417 

K 1.879 8.541 

OFe3+ 0.4491 0.2238 

H 5.65 9.5 
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Chapter 4  

4 PGE deposition and remobilization mechanisms in the Vermilion 

and Crean Hill mines area, Sudbury, Canada 

4.1 Abstract 

Footwall-hosted platinum-group element (PGE) mineralization is described in contact-footwall 

(Crean Hill deposit) and offset dike environments (Vermilion deposit) in the South Range of the 

Sudbury impact structure, Canada. PGE deposition at these deposits involves an early magmatic 

stage, a syn-tectonic remobilization stage, and a late metasomatic remobilization stage. The early 

magmatic stage at Vermilion is manifested by the emplacement of PGE-bearing sulphide veins 

in the wallrocks of the Vermilion offset dike. The veins were injected from sulphide pods that 

were entrained during the emplacement of the inclusion-bearing Vermilion quartz dioritic dike. 

At Crean Hill, segregation of sulphide melts at the base of the Sudbury Igneous Complex (SIC) 

produced a PGE-bearing Sublayer sulphide breccia, and the infiltration of those melts into the 

footwall environment formed PGE-bearing sulphide breccias and disseminated PGE 

mineralization. Sulphide fractionation and coeval enrichment of the more incompatible PGE 

from the contact to footwall environment is suggested by the disappearance of Ru-bearing 

michenerite, a decrease in Ru, Rh and Ir tenors, and an increase of Pt, Pd and Au tenors and 

whole-rock Cu/Ni. The syn-tectonic remobilization stage was in response to post-impact tectonic 

deformation of the SIC and footwall rocks. At Crean Hill, remobilization occurred along E- and 

NE-trending shear zones at temperatures ~400–550°C. Pd and Au were decoupled from Pt 

during deformation and remobilized via a fluid into the footwall rocks, resulting in Pd and Au 

enrichment along the shear zones. At Vermilion, higher fluid-rock ratios and the formation of a 
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metamorphic semi-metal melt caused extensive remobilization of Pt, Pd and Au, and deposition 

of complex telluride, antimonide and arsenide grains within shear zones. The late metasomatic 

remobilization stage was a low-temperature, post-tectonic event (<300°C), which is best 

expressed at Vermilion where hydrothermal fluids deposited low-temperature sulphides and 

precious metals in veins crosscutting shear zones and caused epidote-albite-quartz-calcite 

alteration of the offset dike. Our findings demonstrate the complexity and sensitivity of PGE 

remobilization in the deformed footwall basement rocks of the Sudbury impact structure. 

4.2 Introduction 

The 1.85 Ga Sudbury impact structure hosts three distinct types of Ni-Cu-PGE deposits: 1) 

contact deposits, which are hosted in discontinuous sheets and lenses of Sublayer and underlying 

Footwall Breccia at the contact between the Sudbury Igneous Complex (SIC) and footwall rocks; 

2) offset deposits, which occur in quartz diorite dikes that extend for several kilometres from the 

SIC into its footwall rocks; and 3) footwall deposits, which are found in brecciated footwall 

rocks below the SIC (Coats and Snajdr, 1984; Naldrett et al., 1994). Footwall deposits are further 

classified as “sharp-walled” veins and “low-sulphide” disseminated PGE deposits (Farrow et al., 

2005). Contact and offset deposits formed by fractional crystallization of an immiscible sulphide 

melt during crystallization of the SIC (Hawley, 1965; Keays and Crocket, 1970; Naldrett et al., 

1994; Naldrett, 1999; Ames and Farrow, 2007). The formation of footwall deposits is more 

disputed and has been explained by mainly magmatic processes (Keays and Lightfoot, 2004; 

Dare et al., 2010a; Dare et al., 2010b; Lightfoot, 2017b) or hydrothermal processes (Farrow et 

al., 1994; Jago et al., 1994; Morrison et al., 1994; Molnár et al., 2001; Péntek et al., 2008). The 

transition from contact to footwall deposits is rarely observed and has only been described at a 

few locations (e.g. Levack and Nickel Rim South mines – Ames and Farrow, 2007; Creighton 
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Mine – Dare et al., 2010b). Most deposits in the southern portion of the Sudbury impact structure 

(South Range, Figure 4-1) were deformed, or “modified”, during tectonic and metasomatic 

events, masking this transition, although the extent of these modifications, and the mechanisms 

responsible for them, are largely unknown. 

This study focuses on the contact-type Crean Hill deposit and offset-type Vermilion deposit, 

which are located in the western South Range of the Sudbury impact structure. Recent 

exploration efforts provided a rare opportunity to examine in detail the primary magmatic and 

secondary hydrothermal processes that are responsible for the deposition and remobilization of 

precious metal minerals (PMM) at these two PGE-rich deposits. In this contribution, we describe 

the variations in ore mineralogy, textures, and PGE concentrations from the contact to footwall 

environments at the Crean Hill deposit, provide an updated geological map and description of the 

Vermilion deposit, and propose a formation model that highlights the magmatic, metamorphic, 

structural and metasomatic controls on PGE mineralization for both deposits. Our results suggest 

that, despite their close proximity and similar deformation history, ore-forming processes at the 

Crean Hill and Vermilion deposits differ significantly due to variations in their initial ore 

composition, metamorphic history and fluid-rock ratios during remobilization. 

4.3 Analytical methods 

One hundred forty-five (145) samples were collected from drill core and mechanically stripped 

outcrops at the Crean Hill (94) and Vermilion (51) deposits. Whole-rock compositions were 

analysed using ISO/IEC 17025 accredited methods at the Geoscience Laboratories (Geo Labs) in 

Sudbury. Crushed samples were pulverized in an aluminum oxide planetary ball mill and 

digested in an open vessel using a multi-acid solution. Platinum-group element (PGE – Pt, Pd, 
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Rh, Ru and Ir) and Au concentrations were obtained from nickel sulphide fire assay and 

measured by inductively coupled plasma mass spectrometry (ICP-MS). Some of the samples that 

yielded Pt, Pd and Au values above the analytical upper limits of detection (U.L.D. – 4700 ppb, 

4800 ppb and 3600 ppb, respectively; all detection limits are provided in Appendix J) were re-

analyzed using a 10-fold dilution. Base metals (Ni, Cu, Co) concentrations were determined by 

flame absorption, and S content was measured by infrared absorption after combustion of the 

samples in an oxygen-rich environment. Samples containing PGE+Au >500 ppb (i.e. 0.5 g/t) 

were selected for investigation (67 samples from Crean Hill and 42 samples from Vermilion). 

Metal tenors (denoted Metal100) were calculated to 100% sulphides assuming 35% total S (i.e. 

pyrrhotite–pentlandite–chalcopyrite assemblage; Kerr, 1999; Kerr, 2001). Although metals are 

also hosted in arsenides, sulfarsenides and minor sulphides, their abundance is significantly less 

than pyrrhotite, pentlandite, and chalcopyrite and accounting for every metal-bearing mineral is 

impractical given the variable proportions of these minerals and the lack of As analyses (Kerr, 

2001). Tenors for samples with Pt, Pd and Au values at U.L.D. were calculated to provide 

minimum Pt100, Pd100 and Au100 for the samples. Due to the nature of the tenor calculation, 

minimum Pt100, Pd100 and Au100 values for these samples may be lower than those for samples 

with lower S contents and Pt, Pd and Au contents within detection limits. 

Precious metal minerals (PMM) were identified using the scanning electron microscope (SEM) 

and energy-dispersive spectroscopy (EDS) at Laurentian University, Sudbury. Sulphides, 

arsenides and sulfarsenides were identified petrographically and analyzed semi-quantitatively on 

the SEM. Analyses were performed at a working distance of 15.15 mm and current of ~630 pA. 
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4.4 Geological setting 

The Sudbury Igneous Complex (SIC) is the deformed remnant of an impact melt sheet that 

straddles the contact between the Archean Superior Province and the Paleoproterozoic Southern 

Province, approximately 15 km north of the Grenville Front (Figure 4-1). In the North Range, the 

SIC is in contact with Archean gneisses, granitoids, gabbro and greenstones of the Superior 

Province (Krogh et al., 1984; Meldrum et al., 1997; Prevec and Baadsgaard, 2005; Easton et al., 

2011; Gordon et al., 2018a, b). In the South Range, the SIC borders sedimentary and volcanic 

rocks of the Paleoproterozoic Huronian Supergroup and younger gabbroic dikes and sills of the 

ca. 2219 Ma Nipissing Intrusive Suite (Corfu and Andrews, 1986; Noble and Lightfoot, 1992; 

Bleeker et al., 2015). Other Paleoproterozoic intrusions in the Southern Province include the ca. 

2480 Ma East Bull Lake Suite, ca. 2460 Ma Creighton and Murray granites (Krogh et al., 1984; 

Bleeker et al., 2015), ca. 1464 Ma Chief Lake Pluton (Davidson and Van Breemen, 1994), and 

ca. 1238 Ma Sudbury diabase dikes (Krogh et al., 1987). 

From top to bottom, the Main Mass of the SIC consists of granophyre, quartz gabbro and norite. 

It is capped by breccias and melt bodies of the Onaping Formation, which formed by the 

interaction of the impact melt sheet with overlying seawater (Grieve et al., 2010), and 

sedimentary rocks of the Whitewater Group, which were deposited in a marine basin or shallow 

sea overlying the impact structure (Rousell, 1984). A discontinuous layer of variably mineralized 

igneous breccia called the contact Sublayer occurs at the base of the SIC. The Sublayer is in turn 

underlain by lenses and sheets of brecciated and partially melted footwall rocks referred to as 

Footwall Breccia, leucocratic breccia, granite breccia or metabreccia (Lightfoot, 2017a). 

Radiating and concentric quartz diorite offset dikes occur in an 8-km radius around the SIC. The 

offset dikes are often associated with bodies of metamorphosed impact-induced breccia, and are 
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thought to represent undifferentiated, and possibly sulphide- and clast-bearing SIC melt that was 

injected into the footwall rocks, incorporating clasts of basement rocks along the way (Pattison, 

1979; Lightfoot et al., 1997a; Lightfoot, 2017a; Prevec and Büttner, 2018). 

Tabular bodies and veins of impact-generated Sudbury Breccia occur within an 80-km radius 

around the SIC (Spray and Thompson, 1995; Rousell et al., 2003), indicating that the Sudbury 

impact structure had an original diameter of ~200–280 km (Grieve et al., 1991; Deutsch et al., 

1995; Spray and Thompson, 1995). Cooling of the superheated (~1700–2000 °C) impact melt 

sheet resulted in extensive recrystallization of the footwall rocks (e.g. Grieve et al., 1991; 

Osterman et al., 1996; Prevec and Cawthorn, 2002; Jørgensen et al., 2019), creating a thermal 

aureole that extends as far as 1 km into the footwall rocks of the South Range (Jørgensen et al., 

2019; Généreux et al., 2021) and 1.2 km in the North Range (Dressler, 1984a). Deformation 

during the Penokean (1.9-1.8 Ga) and/or Mazatzal-Yavapai (1.7-1.6 Ga) orogenies folded the 

Huronian stratigraphy and produced reverse shear zones that offset the SIC (Card et al., 1984; 

Bailey et al., 2004; Piercey et al., 2007; Schulz and Cannon, 2007; Mukwakwami et al., 2012; 

Raharimahefa et al., 2014; Papapavlou et al., 2017; this thesis, Chapter 2). This deformation 

occurred at mid-greenschist to lower-amphibolite facies (Fox, 1971; Card, 1978; Bailey et al., 

2004; Mukwakwami et al., 2012; Jørgensen et al., 2019; Généreux et al., 2021), and caused 

sulphide remobilization and recrystallization in offset and contact deposits of the South Range 

(e.g. Naldrett et al., 1982; Davis, 1984; Bailey et al., 2006; Dare et al., 2010b; Mukwakwami et 

al., 2014). 
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4.5 Crean Hill Deposit 

4.5.1 Geology 

The past-producing Crean Hill mine is located between the Creighton and Victoria faults along 

the contact between the SIC and brecciated Huronian volcanic rocks. These major faults mark 

the southern and northern margin, respectively, of the Creighton-Victoria Deformation Zone 

(CVDZ) (Figure 4-2a). The latter consists of ~100–300 m wide domains of variably foliated and 

lineated Huronian volcanic and SIC rocks, separated by 5–50 m wide, E-trending, shear zones, 

which are generally oriented parallel to lithological contacts and display oblique-dextral shear 

sense indicators (Généreux et al., 2017; Gordon et al., in prep; this thesis, Chapter 2). The Crean 

Hill deposit occurs within one of the less deformed domains of the CVDZ, where volcanic and 

impact-related structures are generally well-preserved.  

At the mine site, SIC rocks consist of medium-grained, massive to weakly foliated, quartz 

monzogabbro, which is locally referred to as South Range norite (Figure 4-2a). The Sublayer 

occurs directly below the quartz monzogabbro, forming discontinuous lenses of heterolithic 

breccia with abundant gabbroic and fewer granitic clasts enclosed in a noritic to monzogabbroic 

igneous matrix (Gordon et al., 2018b, in prep). The contact between the SIC and underlying 

Huronian rocks is generally sub-vertical, but its dip varies locally between 50° southward to 80° 

northward (Knight, 1917; Card, 1968). Stripped outcrops located near the old shaft station, at 

200–500 m south of the backfilled Crean Hill open pit, expose brecciated basalt with minor 

dacite and quartzofeldspathic arenite of the Huronian Supergroup, and crosscutting pods, dikes, 

and irregular veins of Footwall Breccia (Figure 4-2b). Of the six lithological types of Footwall 

Breccia present on outcrop (Généreux et al., 2021), only one, the mixed breccia, is mineralized. 
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It consists of irregular breccia veins containing subrounded basalt and dacite clasts hosted in a 

medium-grained dioritic matrix that is intermingled with a fine-grained basaltic matrix 

(Généreux et al., 2021). The mixed Footwall Breccia formed during the impact and occurs as a 

semi-continuous anastomosing network that trends northward and intensifies towards the SIC 

contact (Figure 4-2b). It was modified by contact metamorphism (T ≥ 750°C) during cooling of 

the SIC melt sheet, and was later overprinted by upper greenschist to amphibolite facies, 

metamorphic and tectonic events (Généreux et al., 2021). Ductile structures are expressed in 

outcrop and drill core as discrete shear zones (<1 m wide) within Huronian rocks (Figure 4-2c) 

and as a weak to moderate foliation that locally overprints the SIC, the Huronian rocks, and the 

breccias. 

4.5.2 Mineralization 

The Crean Hill Mine operated intermittently from 1909 to 2002, with three main periods of 

activity between 1906–1919, 1964–1972 and 1986–2002 (Lightfoot, 2017b). Approximately 

18.3 million tons of nickel-copper ore were extracted over the lifespan of the mine, including the 

production from 1906–1916 of 744,747 tons of ore containing 2.14% Ni and 2.9% Cu and 

unknown precious metal grades (MDI41I06NW00016; Card, 1968). Both contact- and footwall-

type orebodies are present at Crean Hill (Table 4-1 and Figure 4-2d–j) and are described below. 

4.5.2.1 Contact-type Ni-Cu-PGE mineralization 

The main Crean Hill orebody consists of variably foliated contact-type sulphide breccia hosted in 

Sublayer (Figure 4-2d) and adjacent footwall rocks (Figure 4-2f) (Coleman, 1913; Knight, 1917; 

Card, 1968). Sulphide breccia in the upper Sublayer (i.e. near the transition to norite) is flanked 

on all sides by chlorite- and amphibole-foliated Sublayer containing sulphide grains and stringers 
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oriented parallel to foliation (Figure 4-2e). In general, sulphide breccia ranges from matrix- to 

clast-supported, with 20–50% clasts of basalt, norite and gabbro, surrounded by a sulphide 

matrix of pyrrhotite and pentlandite with lesser chalcopyrite (Table 4-1). Pentlandite is closely 

associated with pyrrhotite, and forms rounded “eyes” within the latter (Figure 4-3a). 

Chalcopyrite generally occurs at the edges of semi-massive pyrrhotite-pentlandite and adjacent 

to silicate clasts, locally infiltrating them along fractures. Euhedral Co-gersdorffite (~20 µm) and 

sphalerite (~5 µm) inclusions are found within pyrrhotite grains and at the interface between 

pyrrhotite and pentlandite grains. Sulphides and gersdorffite contain trace amounts of Pt, Pd and 

Au (Appendix K), though the main Pd- and Au-bearing phases are discrete PMM grains. 

Michenerite (5–20 µm) is the main PMM and occurs as disseminated subhedral grains in 

silicates, along pyrrhotite grain boundaries within the sulphide matrix, or at the interface between 

pyrrhotite and silicates (Figure 4-3b). Accessory hessite is either intergrown with michenerite 

(Figure 4-3b) or occur with and argentian gold as rounded inclusions within pyrrhotite.  

Near the base of the Sublayer (i.e. lower Sublayer), sulphide breccia contains more chalcopyrite 

than the upper Sublayer (10% versus 5%; Table 4-1) and is characterized by the presence of 

quartz clasts or quartz veins along the sulphide breccia margin (Figure 4-2f). Michenerite 

remains the most abundant PMM, but hessite is more common, and generally occurs as 

inclusions within pyrrhotite or along chalcopyrite, pyrrhotite and pentlandite grain boundaries. 

Larger michenerite grains (50–100 µm) often have a Ni-michenerite core with a hessite + Ru-

michenerite rim (Figure 4-3c). Michenerite grains are partially replaced by a Pb-telluride, which 

extends along microfractures from the PMM into the surrounding sulphides (Figure 4-3c).  

Footwall-hosted sulphide breccia generally contains a quartz vein along its core or margin. The 

breccia has a sulphide matrix of chalcopyrite-pyrrhotite-pentlandite containing less than 5% 
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silicate minerals (amphibole, feldspar, quartz and epidote), and up to 20% fragments of basalt, 

gabbro and dacite (Figure 4-2g). Their contacts with surrounding footwall rocks, which contain 

interstitial chalcopyrite stringers deposited along a foliation oriented sub-parallel to the sulphide 

breccia contacts (Figure 4-2h). Similar to sulphide breccia within the upper and lower Sublayer, 

PMM occur along grain boundaries between chalcopyrite and pyrrhotite or as disseminated 

grains within metamorphic silicate minerals. They consist of composite and single-phase Ag-Pd-

Bi-telluride grains (including michenerite, hessite, volynskite, and a Bi-telluride). Visible gold 

grains were also identified in drill core at the contact between chalcopyrite grains and host rock 

(red circles in Figure 4-2g). 

4.5.2.2 Footwall-type low-sulphide PGE mineralization 

Footwall-type low-sulphide PGE mineralization occurs in (mixed) Footwall Breccia within 500 

m of the SIC contact (Figure 4-2b, d–j). It is characterized by low sulphide (<5%) and high 

PMM (up to 1%) contents (Table 4-1). It consists of disseminated grains of pyrrhotite, 

pentlandite, marcasite, pyrite, chalcopyrite, and hematite within the silicate matrix of the mixed 

Footwall Breccia (Figure 4-2i) and within millimetric–centimetric wide shear zones cutting 

across the latter (Figure 4-2j). Chalcopyrite is intergrown with pentlandite and marcasite (Figure 

4-3d) or occurs as exsolutions within pentlandite. Euhedral Co- and Fe-gersdorffite occurs as 

individual grains or as inclusions within chalcopyrite (Figure 4-3e). Sheared Footwall Breccia 

lacks pyrrhotite and is characterized by lamellar Ni-bearing marcasite, chalcopyrite, cubic pyrite, 

and hematite (Figure 4-3d, e) along the foliation defined by chlorite. 

Similar to the contact-type mineralization, sulphides and gersdorffite contain trace amounts of Pt, 

Pd and Au (Appendix K), but Pt, Pd and Au mainly occur within discrete PMM grains. PMM 
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consist of michenerite (most common), hessite, volynskite, and accessory sperrylite, Bi-telluride, 

and argentian gold. Hessite and michenerite occur as anhedral to subhedral grains along sulphide 

and (Co- and Fe-) gersdorffite grain boundaries, as inclusions within them, and as individual 

grains within the silicate matrix of the breccia (Figure 4-3e). Michenerite locally display a Ru-

bearing core and Ni-bearing rim (Figure 4-3e inset). Sperrylite is subhedral and is closely 

associated with pyrrhotite and hessite (Figure 4-3f). Argentian gold occurs as anhedral 

disseminated grains, and as inclusions within chalcopyrite (Figure 4-3e), (Co- and Fe-) 

gersdorffite, and PMM (Figure 4-3f). 

4.6 Vermilion Deposit 

4.6.1 Geology 

The Vermilion deposit is located within Huronian footwall rocks roughly 1.8 km and 500 m 

south of the SIC Main Mass and Creighton fault, respectively (Figure 4-2a). The deposit is 

associated with two types of quartz diorite (Figure 4-4a–e): quartz diorite with few clasts (QD), 

and inclusion-rich quartz diorite (IQD). QD is composed of medium-grained plagioclase (50%), 

amphibole (30%), biotite (10%) and quartz (5%), and contains up to 20%, small (<5 cm), 

partially digested, felsic and mafic clasts. IQD occupies the centre of the outcrop. It is foliated 

and has a finer-grained but similar matrix to that of QD, and contains 20–40% dacite, basalt and 

amphibolite to gabbroic clasts, which are up to 10 m in size (Figure 4-4a). 

Unlike other dioritic offset dikes in Sudbury, the two quartz diorites at Vermilion do not appear 

to be connected to the Main Mass of the SIC (Grant et al., 1984). Instead, they form a lens or pod 

at the contact between Sudbury breccia to the south and sheared Huronian mafic volcanic rocks 

to the north (Figure 4-4a and Figure 4-5b). The latter consist of weakly foliated, basaltic lapilli 
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tuff interlayered with volcaniclastic breccia and pillow breccia. Volcanic textures such as 

hyaloclastites, amygdules, lapillis and scoria blocks are generally well-preserved, but are locally 

overprinted by coarse-grained amphibole. Sudbury Breccia occurs as veins of variably foliated, 

matrix-supported, heterolithic breccia within brecciated amygdaloidal basalt (Figure 4-5a). It 

contains 30–40% clasts of basaltic and dacitic composition, with rare granitic and amphibolite 

clasts. 

Despite being outside the main deformation corridor of the CVDZ, several sub-meter shear zones 

cut through all rock types except for Sudbury diabase dikes (Figure 4-4a and Figure 4-5b). These 

shear zones trend east to northeast and contain a strong foliation expressed by biotite, chlorite 

and calcic amphibole. Steep C and S fabrics observable on horizontal outcrop surfaces display 

apparent dextral shear sense along the contact between IQD and basalt (Figure 4-5c). In addition, 

elongated mafic clasts (1:2–1:6) within foliated Sudbury Breccia define a stretching lineation 

that plunges steeply to the south (Figure 4-5a). The combined presence of the stretching lineation 

and C-S fabric is consistent with the oblique south-side-up-dextral shearing event recorded 

across the study area (this thesis, Chapter 2). 

4.6.2 Mineralization 

The Vermilion mine operated from 1887 to 1916 and produced over 4000 tonnes of ore with 

exceptionally high grade for a Sudbury deposit, averaging 6.64% Ni and 6.89% Cu. This 

included 180 tonnes at 20-25% Cu-Ni, 125 g/t Ag, 125 g/t Pd, 46.9 g/t Pt and 10.3 g/t Au mined 

in 1905 (Holloway et al., 1917). The ore mined in 1910 was reported as 11.2 wt.% Cu, 11.6 wt.% 

Ni, 5.8g/t Au, 74 g/t Ag, 21 g/t Pt, and 54 g/t Pd (Lightfoot and Farrow, 2002). The mined 

orebody consisted of a gossan zone and irregular sulphide veins within Sudbury Breccia. The 
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veins varied in thickness from a few centimeters to 40 centimeters wide, with the longest ore 

shoot measuring 12 meters long by 5 meters wide (Knight, 1917; Card, 1968; Szentpéteri et al., 

2003; Szentpéteri, 2009). In 1888, Francis L. Sperry discovered sperrylite at this site (Wells, 

1889), which is also the type locality for arsenohauchecornite, michenerite, and violarite. Other 

reported ore minerals include pyrrhotite, chalcopyrite, bornite, chalcocite, native copper, 

cassiterite, native gold, millerite and polydymite. 

In addition to the mined-out gossan, which represents massive sulphide veins or pods, three other 

styles of mineralization are present (Table 4-2): 1) shear-hosted quartz-sulphide-PMM veins and 

disseminated sulphide grains; 2) millimetric to centimetric sulphide-bearing hydrothermal veins; 

and 3) disseminated sulphides and PMM in variably altered QD. In all mineralization styles, Pt, 

Pd and Au occur as discrete PMM grains (described below), and as trace elements within 

sulphides and gersdorffite (Appendix K). 

4.6.2.1 Shear-hosted mineralization 

Shear zones within Sudbury Breccia, and along lithological contacts, contain both quartz-

sulphide-PMM veins and disseminated grains of sulphides and PMM (Figure 4-4b). Shear-hosted 

quartz-sulphide(-chlorite-epidote) veins are roughly parallel to steeply-dipping shear zones, 

striking ~140° and ~060° (Figure 4-4a). They are discontinuous and range in width between 1–

15 cm. The veins contain patchy to semi-massive chalcopyrite, violarite, Ni-bearing marcasite, 

maucherite and millerite (Figure 4-6a–b), as well as accessory pyrite (Figure 4-6b), galena, and 

(Co- and Fe-)gersdorffite, the latter forming irregular layers (Figure 4-6c) and rims on Ni-

marcasite and millerite. Sperrylite, michenerite, hessite, Pd-antimonide, Pd-arsenide and 

argentian gold are the main PMM. Pd-antimonide and Pd-arsenide are intergrown with 



Chapter 4    189 

 

chalcopyrite (Figure 4-6c). (Ni-)Sb-bearing michenerite locally forms composite grains with  

(Bi-)Pd-antimonide and argentian gold (Figure 4-6d). The veins further host the only occurrences 

of coarse (>1 mm) gold and sperrylite grains at Vermilion.  

Shear-hosted disseminated sulphide mineralization, on the other hand, is associated with 

alteration patches of quartz, epidote, and minor biotite and amphibole within Sudbury Breccia. 

Sulphide mineralogy is dominated by large chalcopyrite and violarite grains with lesser millerite, 

bismutohauchecornite and galena (Figure 4-6e). Bismutohauchecornite and galena are subhedral, 

whereas millerite partially replaces violarite and commonly occurs along fractures within the 

latter (Figure 4-6e). Sperrylite and michenerite are the most abundant PMM and occur as 

subhedral grains associated with chalcopyrite, quartz and epidote, or as composite grains with 

flame-like intergrowth associated with euhedral gersdorffite (Figure 4-6f). 

4.6.2.2 Late hydrothermal veins 

Narrow (1 mm to 2 cm), vuggy quartz-calcite-sulphide veins transect shear zones across the 

Vermilion outcrop (Figure 4-4d). The veins trend ~120° and dip shallowly (~30°) to the north-

northwest and northeast (Figure 4-4a). The sulphide minerals are mainly chalcopyrite, bornite, 

and subhedral bismutohauchecornite. Chalcopyrite is rich in galena inclusions and forms 

lamellar intergrowth with bornite, as well as vermicular intergrowth with hematite, bornite and 

calcite (Figure 4-7a). Hematite is often acicular and radiates into calcite-filled vugs. Michenerite 

is commonly associated with sulphides and has an Ag-rich core and a patchy Ag-poor rim also 

composed of hessite (Figure 4-7b). Hessite further occurs as subhedral grains associated with 

chalcopyrite, bismutohauchecornite and argentian gold, and as very small grains along 

chalcopyrite-bornite grain boundaries. 
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4.6.2.3 Altered quartz diorite 

Clast-poor quartz diorite (QD) locally contains disseminated sulphide minerals and PMM 

associated with undeformed, epidote-albite-chlorite alteration patches (Figure 4-4e), which range 

in size from a few centimeters to several meters and have wispy, flame-like contacts with the 

adjacent “fresh” QD (Figure 4-4a). Within these patches, subhedral epidote occurs with 

sulphides and albite, the latter containing rounded sulphide inclusions. Sulphide minerals consist 

of millerite, chalcopyrite, galena, and gersdorffite, with minor covellite. Chalcopyrite contains 

subhedral hessite, millerite and gersdorffite inclusions, and is locally replaced by covellite 

(Figure 4-7c). The latter also occurs as disseminated grains with abundant Ag-selenide inclusions 

(Figure 4-7c). (Sb-)michenerite forms composite grains with hessite (Figure 4-7d), is subhedral 

and locally intergrown with Pd-antimonide and a Ag-Cu-Fe-sulphide (Figure 4-7e). Subhedral 

sperrylite is commonly associated with chalcopyrite and contains rounded galena inclusions. 

4.7 Whole-rock geochemistry 

The whole-rock geochemical signatures for each mineralization styles are summarized in Table 

4-3, Table 4-4 and Figure 4-8a–h and are presented below in order of increasing distance from 

the Main Mass of the SIC. The relationships between precious metal (and Cu) tenors are 

illustrated in Figure 4-9a–c and Figure 4-10a–f. 

The Crean Hill Sublayer contains the highest Ir, Ru and Rh, and lowest Pt, Pd and Au 

concentrations (Table 4-3 and Figure 4-8a–b) and tenors (Figure 4-9a–c and Figure 4-10a–c) at 

Crean Hill, with Pt100, Pd100 and Au100 generally increasing with elevated Cu100 (Figure 4-10d–f). 

On the mantle-normalized Ni-Cu-PGE diagram (Barnes and Maier, 1999), upper Sublayer 

samples display shallowly-dipping profiles with slightly negative Pt and Au anomalies (Figure 
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4-8a) and Au/Pd and Pt/Pd ratios averaging 0.11 and 0.87, respectively (Table 4-3). Sheared 

samples generally have similar Ni-Cu-PGE profiles. Lower Sublayer samples show an 

enrichment in Pt, Pd, Au and Cu, and a depletion in Ir and Ru (Table 4-3). This results in steep 

profiles with negative Ir and Ru anomalies, positive Pd and Au anomalies (Figure 4-8b), and 

Au/Pd and Pt/Pd ratios averaging 0.14 and 0.25, respectively (Table 4-3). The Ir, Ru, Pd and Au 

anomalies are not observed in most sheared samples, which generally have higher Pt/Pd ratio 

(1.63) than their undeformed counterpart. Footwall-hosted sulphide breccia represents the 

mineralization style that is most enriched in Cu at Crean Hill, with minimum Cu/Ni ratios of 5.92 

(Table 4-3, Figure 4-8c and Figure 4-10d–f). It displays a steep profile with negative Ir and Ru 

anomalies, variable Pt values, and positive Au anomaly relative to the normalized concentrations 

of Pd and Cu (Figure 4-8c). Au/Pd ratios are variable (0.54–1.6) but generally elevated (av. 

1.04), whereas Pt/Pd ratios vary between 0.04–6.77 (Table 4-3).  

Footwall Breccia-hosted disseminated sulphide-PMM mineralization is characterized by low Ni, 

Cu, Ir, Ru and Rh concentrations/tenors (Table 4-3, Figure 4-8d and Figure 4-9a–c), combined 

with elevated Pt, Pd and Au (Table 4-3 and Figure 4-10a–f). Samples have steep Ni-Cu-PGE 

profiles, with negative Ir, Ru and Cu anomalies and a slight positive Pt, Pd and Au anomalies 

(Figure 4-8d). Footwall Breccia-hosted mineralization has Au/Pd and Pt/Pd ratios averaging 

~0.49 and ~1.43, respectively (Table 4-3). Sheared Footwall Breccia samples, on the other hand, 

have a less pronounced Cu anomaly, stronger positive Pd and Au anomalies (Figure 4-8d), and 

lower Pt/Pd ratios (av. 0.79; Table 4-3). 

Mineralized samples from Vermilion have the highest PGE100 and Cu100 in the area (Figure 4-9a–

c and Figure 4-10a–f). Unaltered QD displays a steep Ni-Cu-PGE profile with strong enrichment 

in Pt, Pd, Au and Cu, and negative Ru and Cu anomalies (Figure 4-8e). Cu/Ni, Pt/Pd and Au/Pd 
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ratios average ~4.18, 1.11 and 0.26, respectively. Undeformed hydrothermal vein samples 

overlap with (altered) QD on the spider diagram (Figure 4-8e). Other Vermilion samples display 

the same general profile but contain additional anomalies. For instance, altered QD shows a 

variably negative Pt anomaly and slight positive Au anomaly (Figure 4-8f), resulting in lower 

Pt/Pd (av. 0.39) and higher Au/Pd (av. 0.99) ratios than those of fresh QD, though Cu/Ni ratios 

are similar (Table 4-4). Shear-hosted quartz-sulphide veins contain a wide range of Ir, Ru, Rh 

and Pt values, the latter resulting in highly variable Pt/Pd ratios (Figure 4-8g). Cu/Ni and Au/Pd 

ratios average 2.91 and 0.51, respectively (Table 4-4). Shear-hosted semi-massive sulphide veins 

are extremely enriched in Pt, Pd, Au and Cu (Figure 4-8g), containing Cu, Pt and Pd contents 

above their upper detection limits and Au values averaging 1660 ppb (Table 4-4). Shear-hosted 

disseminated mineralization, on the other hand, shows a depletion in Pt, Pd and Cu (Figure 

4-8h), lower Cu/Ni ratios averaging ~1.46, and similar Au concentrations, Pt/Pd (~1.35) and 

Au/Pd ratios (~0.53) to those of QD mineralization (Table 4-4). 

4.8 Discussion 

Offset-, contact- and footwall-type deposits formed at different times during the cooling history 

of the SIC. Offset dikes formed by the injection of two magma pulses before differentiation of 

the melt sheet (Lightfoot et al., 1997b; Lightfoot and Doherty, 2001): an early, inclusion-free 

pulse of barren, S-undersaturated QD, followed by a pulse of IQD and immiscible sulphide melt 

after S-saturation had been reached (Lightfoot and Doherty, 2001). After the emplacement of 

offset dikes, the melt sheet differentiated into a noritic base and granophyric top (Lightfoot and 

Doherty, 2001), and sulphide droplets accumulated into depressions to form the Sublayer-hosted 

contact ores (Morrison, 1984; Golightly et al., 1994). As the superheated melt sheet cooled, the 

accumulated sulphide melt fractionated into more evolved melt with the crystallization of 
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monosulphide solid solution (MSS) (Hawley, 1965; Keays and Crocket, 1970; Naldrett et al., 

1994; Naldrett, 1999; Ames and Farrow, 2007; Lightfoot, 2017b). The resulting, fractionated 

sulphide melt migrated downward into the brecciated and partially melted footwall rocks, where 

crystallization of intermediate solid solution (ISS) formed footwall deposits. This exsolution 

process progressively enriched the evolving sulphide melt in volatiles and incompatible elements 

such as PGE, Au, As, Sb and Bi, which ultimately formed PMM within and between sulphide 

grains (Barnes and Lightfoot, 2005). 

As a result of this complex magmatic history, a complete spectrum of processes may have 

deposited PMM, ranging from magmatic (Cabri and Laflamme, 1976; Li and Naldrett, 1993; 

Dare et al., 2010b, 2011; Dare et al., 2014) to hydrothermal (Farrow et al., 1994; Farrow and 

Watkinson, 1997; Molnár et al., 2001; Hanley et al., 2005; Péntek et al., 2008; Kjarsgaard and 

Ames, 2010; Hanley et al., 2011). Hydrothermal processes during this stage could include late 

magmatic fluids and metamorphic fluids released from contact metamorphism. In addition, 

subsequent deformation accompanied by regional metamorphism may have caused both 

mechanical and hydrothermal dissolution and remobilization of the sulphides and PGE. It is 

likely that several or all these processes modified the deposits to some extent, thus, a 

comprehensive model for the formation of ore deposits in the South Range should integrate 

magmatic, metamorphic, hydrothermal and structural controls on ore formation. These are 

discussed in the model presented below (Figure 4-11a–c), which best explains most of the 

features of the Crean Hill and Vermilion deposits. The model comprises three distinct stages: 1) 

magmatic(-hydrothermal) emplacement of offset- and contact-type mineralization, 2) fluid-

assisted syn-tectonic remobilization, and 3) post-tectonic, low-temperature hydrothermal 

remobilization. 
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4.8.1 Primary magmatic(-hydrothermal) emplacement 

The first mineralizing stage (Figure 4-11a) began with the emplacement of primary sulphide 

melts at the SIC-basement contact (Crean Hill) and in offset dikes (Vermilion). The historic 

Vermilion orebody has a Ni to Cu ratio of 1:1 (Holloway et al., 1917; Lightfoot and Farrow, 

2002), which would suggest that the deposit formed from a primary, undifferentiated sulphide 

melt. However, mineralization present at Vermilion, and described in this study, displays 

characteristics compatible with deposition from a highly fractionated sulphide melt (Hawley, 

1965; Lightfoot and Farrow, 2002; Lightfoot, 2017b): elevated PGE concentrations, high Cu/Ni 

ratios (Table 4-4), and a positive correlation between whole-rock Cu and Pt, Pd, and Au (Figure 

4-10d–f). Together, these characteristics suggest that the sulphide melt fractionated into MSS 

and ISS after its injection to the Vermilion site, first crystallizing MSS to form the Ni-rich 

massive sulphide veins (historical ore) followed by Cu-PGE-rich veins (ISS) at the periphery of 

the deposit. In addition, the maucherite-gersdorffite mineral assemblage of the sulphide-rich 

veins, the abundance of sperrylite, and the overall depletion in Ir, Ru and Rh, are all indicative of 

the formation of a late, immiscible arsenide melt after the crystallization of ISS (e.g. the 

Carratraca and Beni Bousera lherzolite massifs: Gervilla et al., 1996; Las Aguilas Ni-Cu-PGE 

deposit: Gervilla et al., 1997; Talnotry intrusion: Power et al., 2004), with the elevated As and Sb 

contents in IQD having been attributed to assimilation of Huronian rocks during its injection 

(e.g. Farrow and Lightfoot, 2002; Hecht et al., 2008; Szentpéteri, 2009). Crystallization of PMM 

from an arsenide melt explains the blebby and flame-like textures of composite PMM, which 

could not have exsolved directly from ISS and have been interpreted to represent a residual 

sulphide melt enriched in incompatible elements (e.g. Ag, Bi, Pt, Pd, Te, As) after the 

crystallization of ISS at other Ni-Cu-PGE deposits (e.g. South Range deposits, Sudbury: Cabri 
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and Laflamme, 1976; Platreef deposit, Bushveld Complex: Hutchinson and McDonald, 2008; 

McCreedy East deposit, Sudbury: Dare et al., 2014). Because the sulphide-rich veins are sheared, 

however, it is plausible that at least some of these PMM crystallized from a metamorphic semi-

metal melt during shearing, the origin of which will be discussed below (section 4.8.2). 

The Crean Hill deposit also provides evidence for the crystallization of PMM in association with 

MSS and ISS. Crean Hill shows a transition from sulphide breccia at the base of the SIC 

(Sublayer) to footwall-hosted sulphide breccia veins and distal breccia-hosted low-sulphide 

mineralization, as seen at the Nickel Rim and Strathcona deposits in Sudbury (Ames and Farrow, 

2007). Within the Upper Sublayer, the predominance of pyrrhotite, the net-textured distribution 

of chalcopyrite and the occurrence of trace PMM (michenerite, gold and hessite) as inclusions 

within sulphides are all indicative of crystallization of MSS. The composition of euhedral Co-

gersdorffite suggests equilibration temperatures of ~600°C (Figure 4-12) (Ewers and Hudson, 

1972; Barrett et al., 1977; McQueen, 1979, 1987), which is higher than regional metamorphic 

temperatures for the area (Généreux et al., 2021; this thesis, Chapter 2) and is consistent with a 

magmatic origin. The lower portion of the Sublayer contains a greater proportion of chalcopyrite 

(ISS) and, thus, likely crystallized from a more fractionated sulphide melt. The transition into 

footwall-hosted sulphide breccia is accompanied by the disappearance of Ru in michenerite and 

an increase in the abundance of hessite and (argentian) gold. These mineralogical changes are 

reflected in the bulk composition of mineralized samples, where Cu contents rise above detection 

limits in the lower Sublayer and footwall rocks, whereas Ir100, Ru100 and Rh100 decrease 

significantly into the footwall rocks but maintain a strong positive correlation with one another 

(R2 = 0.8) (Figure 4-9b–c). These mineralogical and chemical changes are observed at other 

contact deposits in Sudbury (Ames and Farrow, 2007; Lightfoot, 2017b) and have been 
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attributed to fractional crystallization of MSS and ISS from a sulphide melt (Naldrett, 1969; 

Barnes et al., 1997; Mungall et al., 2005; Dare et al., 2011; Dare et al., 2014). In addition, 

composite PMM grains showing blebby intergrowth of Pd and Ag tellurides become more 

abundant in footwall-hosted sulphide breccia containing higher proportions of chalcopyrite, 

indicating that precious metals likely crystallized from a residual semi-metal melt that formed 

after the crystallization of ISS (e.g. Cabri and Laflamme, 1976; Hutchinson and McDonald, 

2008; Dare et al., 2014), similar to that responsible for PMM at Vermilion. 

Distal Footwall Breccia mineralized zones at Crean Hill show limited zoning in their PMM, but 

their high concentrations in precious metals, higher whole-rock Cu/Ni than the Sublayer and 

lower Cu/Ni than footwall-hosted sulphide breccia, collectively suggest that the PMM 

crystallized from a residual semi-metal melt that migrated away from the Cu-rich (ISS) 

mineralized zones (e.g. Prichard et al., 2004). The partially crystallized mixed Footwall Breccia 

(Généreux et al., 2021), which appears to be connected to the SIC Main Mass, could have 

provided a conduit for the hydrous semi-metal melt to migrate. Alternatively, these zones may 

have formed as Cu, Pt, Pd and Au were scavenged from primary sulphide zones (e.g. Sublayer 

and Footwall veins) and mobilized into the brecciated footwall by either late magmatic fluids 

(e.g. Molnár et al., 2001; Hanley et al., 2005; Péntek et al., 2008; Hanley et al., 2011) or 

metamorphic fluids. The composition of Co-gersdorffite in Footwall Breccia mineralized zones 

indicates temperatures between ~450–550°C (Figure 4-12), which is inconsistent with magmatic 

fluids and peak contact metamorphic temperatures (750°C) for the Crean Hill site (this thesis, 

Chapter 3), but overlaps with syn-tectonic regional metamorphic temperatures (~480–550°C) for 

the area (this thesis, Chapter 2 and Chapter 3). It is therefore more likely that the disseminated 

sulphides and PMM found in undeformed Footwall Breccia at Crean Hill were deposited from a 
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residual semi-metal melt, and that gersdorffite re-equilibrated during retrograde contact 

metamorphism or regional metamorphism. The involvement of magmatic fluids during the 

formation of the Vermilion deposit, on the other hand, is difficult to ascertain due to the strong 

hydrothermal overprint (see sections 4.8.2 and 4.8.3), but it is improbable that contact 

metamorphic fluids contributed to remobilization at Vermilion. Chlorite dehydration during 

contact metamorphism can generate significant amounts of fluids at the greenschist/amphibolite 

facies transition (~500°C), but this portion of the contact aureole was overprinted by regional 

metamorphism in the South Range (e.g. Mukwakwami et al. 2012; Généreux et al., 2021). 

Nonetheless, numerical modelling by Prevec and Cawthorn (2002), which accurately depicts the 

South Range high-temperature contact aureole according to recent metamorphic studies 

(Jørgensen et al., 2019; Généreux et al., 2021), predicts that contact metamorphic temperatures 

reached less than 450°C at 1.8 km from the SIC, thus suggesting it is unlikely that significant 

dehydration occurred as a result of contact metamorphism at Vermilion. 

4.8.2 Fluid-assisted syn-tectonic remobilization 

The second mineralizing stage (Figure 4-11b) involved fluid-assisted remobilization of highly 

incompatible mobile elements (e.g. Ag, Bi, Pt, Pd, Te, As, Au) during deformation of the Crean 

Hill and Vermilion deposits. At Vermilion, mineralized shear zones with oblique-dextral shear 

sense are oriented parallel to major shear zones in the area with the same shear sense (Gordon et 

al., in prep; this thesis, Chapter 2), suggesting that remobilization occurred during shearing. The 

orientations of conjugate shear-hosted veins (060° and 140°) are consistent with their formation 

during the main NW-directed shortening event that produced the regional lineation and foliation 

in the area, both of which are expressed in Sudbury Breccia at Vermilion (Gordon et al., in prep; 
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this thesis, Chapter 2). Similar NE- to ENE-trending shear zones with oblique-dextral 

displacement are observed at Crean Hill (this thesis, Chapter 2).  

The temperatures at which syn-tectonic PGE remobilization occurred can be estimated from the 

composition of euhedral Co-gersdorffite grains found within chalcopyrite shear-hosted 

mineralization and Fe-gersdorffite rims in sheared hydrothermal veins at Vermilion, which both 

indicate temperatures >500°C (Figure 4-12), which overlap with those of sheared mineralization 

at Crean Hill and are consistent with deformation temperatures for the main shearing event in 

this area (480–565°C; this thesis, Chapter 2). Moreover, sheared Footwall Breccia at Crean Hill 

and shear-hosted mineralization at Vermilion are both characterized by pyrite and marcasite after 

pyrrhotite: 

Fe9S10 = 5FeS2 + 4Fe2+ 

Marcasite and pyrite are closely associated with foliated chlorite (Figure 4-3d), suggesting that 

sulphide replacement was likely syn-tectonic. Because the stability of chlorite strongly depends 

on bulk Fe-Mg content of the rock, the increase in Fe from this reaction may have expanded the 

stability of chlorite from temperatures modelled for basalt at Crean Hill (below 510°C at 3–5 

kbars; Généreux et al., 2021) to the higher deformation temperatures estimated for the area (480–

565°C at 3–5 kbars; this thesis, Chapter 2). This is consistent with other South Range deposits, 

where the formation of lamellar marcasite after pyrrhotite and pyrite pseudomorphs after 

hematite has been interpreted to have occurred during shearing/folding (e.g. Bailey et al., 2006; 

Dare et al., 2010b). 

Remobilization during deformation can be mechanical (Barrett et al., 1977; McQueen, 1987) or 

hydrothermal (Vokes and Craig, 1993), and may involve metamorphic sulphide melts (Frost et 
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al., 2002; Tomkins et al., 2007). Deformation above ~300°C can result in the progressive 

resorption of pentlandite and minor chalcopyrite into pyrrhotite to produce a metamorphic MSS 

(Marshall and Gilligan, 1987; Marshall and Gilligan, 1993) at temperatures between 500–800°C 

(Ewers and Hudson, 1972; Barrett et al., 1977; McQueen, 1979, 1987; Tomkins et al., 2007). In 

the study area, syn-tectonic regional metamorphism reached temperatures favourable for the 

formation of a metamorphic MSS (~480–550°C; this thesis, Chapter 2 and Chapter 3). In 

addition, the similar Ni100 and Cu100 of sheared and undeformed upper Sublayer, and the 

preservation of their magmatic geochemical signature, suggest that, within the upper Sublayer, 

sulphides were mobilized by ductile plastic flow of a homogeneous MSS (Barrett et al., 1977; 

McQueen, 1987) rather than a polymineralic pyrrhotite-pentlandite-chalcopyrite aggregate, 

which would have resulted in segregation of ductile chalcopyrite and pyrrhotite from the less 

ductile pentlandite and, thus, lower Ni100 and higher Cu100 (Barrett et al., 1977). 

The close spatial association between foliation-parallel quartz veins and footwall-hosted sulphide 

breccia mineralization, the preferential alignment of hydrous minerals (amphibole, biotite and 

chlorite) in sheared Footwall Breccia, their close association with quartz and PMM, and the 

occurrence of disseminated michenerite and gold within hydrothermal quartz, all indicate that 

PMM were deposited by fluids within the footwall rocks. Sheared Footwall Breccia samples are 

enriched in Au, Pd and, to a lesser extent, Pt relative to undeformed samples (Figure 4-8d), 

which implies that more Pd and Au were added during deformation. Although Pt is more soluble 

in halogen-rich fluids than Pd and Au (Barnes and Liu, 2012), metal transport also depends on 

their availability to fluids. At Crean Hill, the main Pd and Au minerals consist of small, 

disseminated michenerite and gold grains, respectively, whereas Pt occurs in sperrylite grains 

and as solid-solution within larger sulphide and gersdorffite grains (Appendix K; Cabri and 
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Laflamme, 1976). Although gersdorffite is susceptible to re-equilibration in the presence of low 

temperature fluids (Fanlo et al., 2006), the amount of Pt potentially released during this process 

is, to the authors’ knowledge, largely unknown. On the other hand, experimental work 

demonstrates that sperrylite is generally more resistant to dissolution than michenerite (Scholten 

et al., 2018), This suggests that Pd and Au were likely more readily available to fluids than Pt, 

thus explaining the enrichment in Pd and Au relative to Pt in sheared Footwall Breccia. This 

interpretation is further supported by the lower whole-rock Pt/Pd ratios of sheared Footwall 

Breccia mineralization, and the lack of Au-Pt (Figure 4-10b) and Pd-Pt (Figure 4-10c) 

correlations but persistence of the Pd-Au (Figure 4-10a) relationship (and Au/Pd ratio; Table 

4-3), which indicate that Pd and Au were decoupled from Pt during deformation. The Au, Pd and 

Pt added to sheared Footwall Breccia may have originated from the lower Sublayer, where 

sheared samples show a corresponding depletion in Pd, Au and Pt (Figure 4-8) with similar 

Au/Pd but higher Pt/Pd ratios than undeformed samples (Table 4-3), thus indicating that Pd, Au 

and lesser Pt were removed from the lower Sublayer during deformation. In addition, the PGE-

enriched sheared Footwall Breccia samples contain similar Ir contents (Table 4-3) and more 

variable Pd-Ir relationships (Figure 4-9a) than undeformed samples, which could reflect the 

decoupling of Pd from Ir expected from hydrothermal remobilization of PGE (Keays et al., 1982; 

Lesher and Keays, 2002), due to the higher solubility of Pt, Pd and Au than Ir in hydrothermal 

fluids (Wood, 2002; Hanley et al., 2005). Correspondingly, sheared lower Sublayer samples are 

enriched in Ir relative to their undeformed counterparts (Table 4-3), indicating Ir-Pd decoupling 

as Pd, Au and Pt were removed by fluids. Therefore, while a metamorphic MSS caused 

remobilization and recrystallization of sulphides (and PGE) within the sheared upper Sublayer, 
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textural and geochemical evidence indicate that hydrothermal fluids significantly remobilized 

PGE in the contact-footwall transition during deformation at Crean Hill. 

Hydrothermal fluids were also involved in the emplacement of shear-hosted mineralization at 

Vermilion (Figure 4-11b) (Grant et al., 1984; Szentpéteri et al., 2003), where shear-parallel 

sulphide-quartz veins consist exclusively of low-temperature sulphides (chalcopyrite-marcasite-

pyrite-violarite-galena) in textural equilibrium with metamorphic and alteration minerals 

(amphibole, biotite, chlorite, epidote, albite and quartz) and PMM. However, composite PMM 

grains likely did not form by precipitation from the fluid itself. Instead, the composite PMM 

grains (Pd-Au-Ag-Te-Bi-Sb; Figure 4-6d) and their complex intergrowth with chalcopyrite in 

sheared hydrothermal veins (Figure 4-6c), as well as the flame-like intergrowth of sperrylite and 

michenerite (Figure 4-6f) in the surrounding disseminated mineralization, collectively suggest 

crystallization from a semi-metal melt in the presence of hydrous fluids. Although some 

composite PMM grains likely crystallized from a residual semi-metal melt during the 

emplacement of the offset dikes (see section 4.8.1), their occurrence in hydrothermal veins and 

their sharp grain boundaries with low-temperature gersdorffite (Figure 4-6f) suggest that at least 

some composite PMM grains at Vermilion formed during deformation. Bismutotellurides may 

start to melt at upper greenschist facies temperatures (Tomkins, 2006), and sulfarsenides are 

likely to melt under these conditions if pyrite is present (Clark, 1960; Sharp et al., 1985; 

Tomkins, 2006; Tomkins et al., 2006). In this study, the presence of Fe-gersdorffite rims around 

sulphides, and the abundance of pyrite and sperrylite grains in sheared quartz-sulphide veins, 

provide further evidence for the metamorphic origin of the semi-metal melt at Vermilion (Bai et 

al., 2017). Evidence for such a metamorphic semi-metal melt is not observed at Crean Hill, 

where the lower proportion of sulfarsenides and pyrite likely reduced (or prohibited) sulfarsenide 
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melting. This could explain the differences in Pt, Pd and Au ratios of sheared mineralization 

between the Crean Hill and Vermilion deposits. In fact, many studies have shown that Bi melts 

forming at greenschist facies conditions (Douglas, 2000; Ciobanu et al., 2006) can remobilize 

gold to a greater extent than the coexisting hydrothermal fluids (Tooth et al., 2008; Tooth et al., 

2011). 

4.8.3 Post-tectonic, low-temperature recrystallization/remobilization 

A distinctive mineralogical feature of the Vermilion deposit is the abundance of Pd-selenide, Pd-

antimonide, and Sb-bearing michenerite. Selenides and antimonides are typically found in vein-

type deposits (Simon et al., 1997), or remobilized Ni-Cu-PGE deposits (Prichard et al., 2013) 

such as the Oktyabr deposit in the Noril’sk region (Genkin and Evstigneeva, 1986). Pd-

antimonides have also been reported at the Creighton and Copper Cliff mines (Cabri and 

Laflamme, 1976), although their origin in Sudbury ores is unknown. The presence of 

antimonides and selenides at Vermilion but not Crean Hill may partly reflect progressive 

assimilation of Huronian sedimentary and volcanic rocks into the quartz dioritic magmas during 

injection of the offset dike (Farrow and Lightfoot, 2002; Dare et al., 2014), but their ubiquity in 

straight, shallow-dipping quartz-calcite veins that crosscut shear zones suggests that the minerals 

formed during a late metasomatic event (stage 3, Figure 4-11c). Selenides and antimonides are 

also found with lower-temperature sulphides (e.g. millerite, violarite, covellite and Se-galena) in 

undeformed altered (albite-epidote-quartz-calcite) QD, which suggests that mineralization in 

altered QD formed during the same post-tectonic, low-temperature metasomatic event as the 

quartz-calcite veins. The composition of euhedral gersdorffite in alteration patches and quartz-

calcite veins indicates equilibration temperatures below 300°C (Figure 4-12), further indicating 

that both deposited during the same metasomatic event. 
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The late quartz-calcite veins containing selenides also host low-temperature sulphides (i.e. 

millerite and bismutohauchecornite) and hematite. The latter is also closely intergrown with 

chalcopyrite, bornite and Se-galena, forming vermicular-textured irregular blebs within calcite, 

which suggest that the sulphides precipitated from a hydrothermal fluid. The irregular boundaries 

of the associated (Ag-)michenerite-hessite composite grains (Figure 4-7b) is typical of textural 

disequilibrium (Dare et al., 2014) and partial dissolution by a late hydrothermal fluid, with 

hematite indicating oxidizing conditions that may have promoted the solubility of Au, Pt and Pd 

(Wood, 2002). The veined samples, however, show similar metal tenors as the hosting QD, 

suggesting that precious metals were not transported beyond the sample scale (less than a meter). 

PMM dissolution textures are also found in footwall veins at Crean Hill, but are restricted to 

fracture-controlled Pb-telluride along the edge of michenerite grains (Figure 4-3c), suggesting 

that although this late metasomatism affected both deposits, its effect at Crean Hill was less 

pronounced. 

4.9 Conclusions 

PGE distribution in the brecciated and deformed South Range footwall environment involves 

magmatic processes as well remobilization processes involving fluids and metamorphic sulphide 

melts. Our results from the contact-type Crean Hill deposit and offset-type Vermilion deposit 

revealed that magmatic sulphide fractionation was preserved at both deposits. Magmatic 

deposition was followed by a syn-tectonic remobilization event at temperatures ~400–550°C. At 

Crean Hill, fluid-assisted shearing remobilized Pd and Au along shear zones, whereas 

hydrothermal fluids and a metamorphic semi-metal melt significantly re-distributed Au, Pd and 

Pt within shear zones at Vermilion. Finally, a late, low-temperature (<300°C) hydrothermal 

event altered QD and remobilized sulphides and PMM along veins at Vermilion, and locally 
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remobilized PMM along fractures at Crean Hill. Our findings highlight how sensitive the 

remobilization of PGE and Au is to the physical and chemical particularities of the processes 

involved, as well as the distribution of precious metals and semi-metals in the initial ore. 

Furthermore, this study demonstrated how the comparison of various mineralization styles in the 

context of their local geological setting can help decipher the distribution of precious metals in 

modified Ni-Cu-PGE deposits, which can ultimately aid in the expansion of known deposits or 

the exploration of new deposits. 
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4.10 Figures 

 

Figure 4-1: Simplified geology of the Sudbury impact structure. 

Ni-Cu-PGE deposits mentioned in text are marked by small black stars. From Gordon et al. 

(2015), modified after Ames et al. (2005) and Dressler (1984b). 
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Figure 4-2: Geology and mineralization styles of the Crean Hill deposit. 

A) Geological map of the study area showing major structures and the location of the Crean Hill 

and Vermilion deposits; modified after Gordon et al. (2018a) and Gordon et al. (in prep).  

B) Detailed geological map of the Crean Hill outcrops showing the distribution of mineralized 

Footwall Breccia; Universal Transverse Mercator (UTM) coordinates are in NAD83, Zone 17; 

after Généreux et al. (2021). C) Field photograph of a shear zone in basalt with anticlockwise S-

fabric indicating oblique-dextral displacement; top of photograph is to the north. Drill core (d–h; 

NQ core, 4.8 cm in diameter) and outcrop (i–j; photo card 9 cm in length for scale) photographs 

of mineralization styles at Crean Hill: d) upper Sublayer sulphide breccia composed of 

pyrrhotite-pentlandite; e) sheared Sublayer sulphide breccia showing foliated pyrrhotite-

pentlandite (white arrow); f) lower Sublayer sulphide breccia (pyrrhotite-pentlandite-

chalcopyrite) with marginal quartz vein; g) Footwall-hosted sulphide breccia (pyrrhotite-

pentlandite-chalcopyrite) and associated quartz vein, with visible gold grains found at the tip of 

chalcopyrite stringers (red circles); h) sheared Footwall chalcopyrite breccia (left) and 

chalcopyrite stringers in adjacent shear zone (right); i) mixed Footwall Breccia (yellow dashed 

lines) with disseminated sulphides (gossan) in both the dioritic and basaltic (white dashed line) 

matrices; j) sheared Footwall Breccia with disseminated sulphides (gossan). 
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Figure 4-3: Reflected light and backscattered electron (BSE) microphotographs of common 

sulphide and PMM textures from the Crean Hill deposit. 

A) Sublayer sulphide breccia showing large pyrrhotite grains with pentlandite eyes, and 

chalcopyrite at the edge of pyrrhotite-pentlandite grains and within silicate clasts. B) Complex 

telluride intergrowth (michenerite, hessite, and Ni- and Pb-tellurides) in Sublayer sulphide 

breccia. C) Ni-michenerite grain with a hessite + Ru-michenerite rim and fracture-controlled Pb-

telluride. D) Intergrown pentlandite, chalcopyrite, marcasite and pyrite along chlorite foliation 

occurring with hematite in sheared Footwall Breccia. E) Hessite and michenerite grains at the 

margin of disseminated chalcopyrite, pyrrhotite and marcasite-pyrite grains within Footwall 

Breccia, with euhedral Co-bearing gersdorffite and argentian gold inclusions within chalcopyrite. 

Inset shows the Ru-bearing core and Ni-bearing rim of the michenerite grain. F) Hessite and 

subhedral sperrylite with an argentian gold inclusion at the margin of a pyrrhotite grain within 

Footwall Breccia. 
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Figure 4-4: Geology and mineralization styles of the Vermilion deposit. 

A) Geological map of the Vermilion outcrop and stereonet (lower hemisphere projection) 

showing poles to shear zones (grey circles, n = 28), shear-hosted veins (black squares, n = 7) and 

hydrothermal quartz-calcite-sulphide veins (orange circles, n = 8); Universal Transverse 

Mercator (UTM) coordinates are in NAD83, zone 17. B) Channel sample showing shear-hosted 

quartz-chalcopyrite-pyrite-marcasite vein (left), and disseminated chalcopyrite-pyrite(-violarite) 

grains and foliation-parallel stringers (right). C) Drill core sample of sheared quartz-chalcopyrite 

vein in quartz diorite. D) Drill core sample showing quartz-calcite-chalcopyrite-bornite-hematite-

bismutohauchecornite vein in quartz diorite. E) Channel sample of altered quartz diorite with 

disseminated chalcopyrite in epidote-albite-chlorite alteration patches (dashed outlines). 
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Figure 4-5: Field photographs of 

structures at the Vermilion deposit. 

A) Sudbury Breccia with elongated mafic 

and felsic clasts defining a stretching 

lineation (L); vertical surface, looking 

northeast. B) Sheared contact between 

basalt and inclusion-bearing quartz 

diorite. Open compass (14.5 cm in length) 

for scale. C) Close-up of shear zone in 

(b), showing a horizontal surface with C-

S fabrics indicating apparent dextral 

displacement. 
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Figure 4-6: Reflected light and BSE microphotographs of common sulphide and PMM 

textures in shear-hosted sulphide-quartz veins and disseminated sulphide mineralization at 

Vermilion. 

A) Chalcopyrite-violarite-pyrite in shear-hosted sulphide-quartz veins. Note the euhedral Co-

gersdorffite and galena inclusions in chalcopyrite and the sperrylite grains adjacent to grain 

boundaries between chalcopyrite and epidote-albite. B) Chalcopyrite-marcasite-pyrite-

maucherite-millerite sulphide assemblage in sheared veins. Note the intergrowth of marcasite 

with pyrite. C) Fe-gersdorffite forming irregular layers in sharp contact with chalcopyrite, which 

is locally intergrown with Pd-antimonide and Pd-arsenide minerals, shear-hosted sulphide-quartz 

vein. D) Irregular-shaped, composite PMM grain consisting of Pd-antimonide and (Ni-)Sb-

michenerite with an argentian gold inclusion. E) Shear-hosted disseminated sulphide 

mineralization characterized by large chalcopyrite-violarite-bismutohauchecornite-galena grains 

with millerite partially replacing violarite along fractures. F) Irregular PMM grain, in contact 

with larger chalcopyrite grain, showing flame-like intergrowth between michenerite and 

sperrylite in sharp contact with euhedral gersdorffite, shear-hosted disseminated sulphide 

mineralization. 
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Figure 4-7: Reflected light and BSE microphotographs of common sulphide and PMM 

textures in quartz-calcite-sulphide veins and Vermilion quartz diorite. 

A) Vermicular intergrowth of chalcopyrite-hematite-bornite-calcite associated with acicular 

hematite and composite PMM grain within quartz-calcite vein. B) Close up of the PMM in (a) 

with irregular grain boundaries showing complex intergrowth of (Ag-)michenerite and hessite. 

Note also the Se-bearing galena inclusions within chalcopyrite and, to a lesser extent, hematite. 

C) Disseminated sulphides and PMM is altered quartz diorite showing chalcopyrite with partial 

covellite rims and inclusion-rich (Ag-selenide) covellite. D) Close-up of PMM in (c) showing a 

complex intergrowth between (Sb-)michenerite and hessite. E) Close-up of PMM in (c) showing 

intergrowth of michenerite (subhedral), Pd-antimonide and Ag-Cu-Fe-sulphide. 
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Figure 4-8: Mantle-normalized Ni-Cu-PGE spider diagram. 

Whole-rock Ni-Cu-PGE signatures for Crean Hill (a–d) and Vermilion (e–h) mineralization 

styles, normalized to mantle values from Barnes and Maier, 1999. Analytical upper limit of 

detection (U.L.D.) is shown as a black dashed line; open (white) symbols denote undetermined 

values at U.L.D. for which ratios are not representative of true values (coloured dashed lines); 

values that plot above detection limits were obtained by 10-fold dilution of the sample (see 

section 4.3); Rh and Ru values below detection limits are not shown. 
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Figure 4-9: Binary diagrams showing correlations between whole-rock Ir100, Ru100 and 

Rh100 and relationship with Pd100. 

Same symbols as in Figure 4-8; open symbols denote minimum Pd100 calculated for samples that 

yielded concentrations >4800 ppb (U.L.D.; see section 4.3); samples with Rh and Ru values 

below detection limits are not shown. 
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Figure 4-10: Binary diagrams showing correlations between whole-rock Pt100, Pd100, Au100 

and Cu100. 

A) Au100 versus Pd100; Au100 (b) and Pd100 (c) versus Pt100. Pd100 (d), Au100 (e) and Pt100 (f) versus 

Cu100; Same symbols as in Figure 4-8; open symbols denote minimum Pt100, Pd100 and Au100 

calculated for samples that yielded concentrations >U.L.D. (see section 4.3). 
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Figure 4-11: Simplified model of the mineralizing history of the Crean Hill and Vermilion 

deposits. 

A) Emplacement of primary magmatic sulphide mineralization by fractionation of a sulphide 

melt and late magmatic fluids at ~600°C. B) Fluid-assisted remobilization of Pt, Pd and Au along 

shear zones during NW-directed shortening, 400–550°C; modified after Gibson et al. (2010). C) 

Redistribution of Cu, Pt, Pd and Au and emplacement of post-tectonic veins during low-

temperature (<300°C) metasomatism at Vermilion. 
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Figure 4-12: Gersdorffite mineral compositions (SEM). 

Mineral chemistry of the gersdorffite-cobaltite series plotted in the ternary phase diagram for 

sulfarsenides with isotherms from Klemm (1965). Same symbols as in Figure 4-8. Full data set is 

provided in Appendix K. 
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4.11 Tables 

Table 4-1: Summary of mineralization styles at Crean Hill Mine. 

Min. style Description Sulphides/oxides PMM 1 Silicates 

Sulphide 

breccia (upper 

Sublayer) 

Semi-massive to 

massive sulphide 

breccia 

30% po 

15% pn 

5% ccp 

Tr Co-gdf 

(Ru-)Michenerite 

(hessite, argentian 

gold) 

Amphibole 

Quartz 

Sulphide 

breccia (lower 

Sublayer) 

Semi-massive sulphide 

breccia to interstitial 

sulphides 

20% po 

10% pn 

10% ccp 

Tr Co-gdf 

(Ru-)Michenerite -  

(hessite) 

Quartz 

Sulphide 

breccia 

(Footwall-

hosted) 

Semi-massive sulphide 

breccia with quartz core 

40% ccp 

30% po 

10% pn 

Tr py 

Michenerite 

Hessite 

Volynskite 

(Bi-telluride, 

argentian gold) 

Quartz 

Footwall 

Breccia-hosted 

Disseminated sulphides 

(<5 vol.%) and PMM 

within Footwall breccia 

matrix 

1-2% po 

1-2% ccp 

Tr pn 

Tr Co-gdf 

Michenerite 

Hessite 

Volynskite 

(argentian gold, Bi-

telluride, 

sperrylite) 

Epidote 

Quartz 

Chlorite 

Biotite 

Sheared 

Footwall 

Breccia-hosted 

Disseminated sulphides 

(<5 vol.%) and PMM 

within foliated Footwall 

breccia matrix 

1-2% ccp 

1% po 

1% py 

Tr pn 

Michenerite 

Hessite 

Volynskite 

(argentian gold, Bi-

telluride, 

sperrylite) 

Amphibole 

Quartz 

1 Accessory PMM in parentheses.  
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Table 4-2: Summary of mineralization styles at Vermilion Mine. 

Min. style Description Sulphides/oxides PMM 1 Silicates  

Historical “gossan” 

and massive 

sulphide veins 

(Holloway et al., 

1917; Knight, 

1917, Card, 1968) 

Discontinuous 

sulphide veins (mined 

out) in Sudbury 

Breccia next to quartz 

diorite 

Reported: po, 

ccp, cct, bn, Cu, 

cst, mlr 

Reported: 

Sperrylite 

Gold 

Not reported 

Shear-hosted 

quartz-sulphide 

veins 

Locally folded 

sulphide-quartz(-

epidote) veins with 

sheared contacts, 

occurring parallel to 

the shear foliation 

(biotite) 

10-15% ccp 

5% py 

5% mrc 

0-5% mlr 

2% vio 

Tr Co-gdf 

Tr gn 

Sperrylite 

Argentian gold 

Michenerite 

Hessite 

(Pd-Sb-Bi 

phases) 

Epidote 

(subhedral) 

Albite 

Quartz 

Shear-hosted 

disseminated 

sulphides 

Disseminated 

sulphides in sheared 

quartz diorite and 

sheared Sudbury 

Breccia matrix 

7% vio  

5% py 

5% ccp 

2% mlr 

1% Bi-hcn 

Tr Co-gdf, gn 

Sperrylite 

Michenerite 

Quartz 

Epidote 

Biotite 

Amphibole 

Vuggy 

hydrothermal veins 

Quartz-calcite(-

epidote) veins (<2 cm) 

with sulphide core; no 

foliation 

10% ccp 

5% bn 

2% hem 

1% Bi-hcn 

Tr gn, (Fe-)gdf 

Michenerite 

Hessite 

(Argentian 

gold) 

Quartz 

Calcite 

Altered quartz 

diorite 

Disseminated 

sulphides and PMM 

associated with 

epidote-albite-quartz 

alteration patches 

5-10% ccp 

Tr gdf, cov, mlr, 

nc, gn, mau 

Michenerite 

Hessite 

(Ag-Bi-

selenides, 

sperrylite, Pd-

Bi, Pd-Se, Pd-

Sb, argentian 

gold) 

Epidote 

(subhedral) 

Albite 

Quartz 

1 Accessory PMM in parentheses 
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Table 4-3: Summary of whole-rock geochemistry for contact- and footwall-type 

mineralization at Crean Hill (PGE+Au >500 ppb). Full data set is provided in Appendix J. 

Min. style Upper Sublayer 
Sheared  

Upper Sublayer 
Lower Sublayer 

Sheared  

Lower Sublayer 

# of analyses n = 10 n = 1 n = 3 n = 11 

 MIN MAX AV. 1  MIN MAX AV. 1 MIN MAX AV. 1 

S (wt.%) 7.90 33.81 19.74 10.506 18.96 34.81 25.58 4.47 23.27 13.37 

Co (ppm) 288 1315 734 379 547 1263 864 117 797 467 

Cu (ppm) 955 10941 6884 4964 11723 >15000 11723 (1) 6493 >15000 
10453 

(6) 

Ni (ppm) 6013 28437 16369 8237 10616 25168 16853 1600 17124 9502 

           

Au (ppb) 42.91 232.1 108.7 341.9 272.1 14533 6939 54.46 886.14 261.34 

Ir (ppb) 8.64 112.88 56.98 29.18 0.67 2.86 1.87 1.10 84.87 24.25 

Pd (ppb) 216.77 6531 1743.4 3037.2 8878.5 63556 36172 278.31 4419.0 1584.3 

Pt (ppb) 309.72 1769 927.29 1377.9 2200.5 5569.7 3702.2 606.79 6054.4 2359.4 

Rh (ppb) 48.85 329.84 171.57 94.48 n.d.2 39.67 39.67 n.d.2 244.09 
110.16 

(9) 

Ru (ppb) 28.82 292.80 152.78 68.89 4.44 13.11 8.83 3.02 227.76 61.22 

           

PGE total 612.80 8978.0 3052.0 4607.7 14504 66898 39898 1668 9523 4119 

PGE+Au 696.72 9176.8 3160.7 4949.6 14776 81431 46837 1763.2 10409 4380.6 

Au/Pd 0.03 0.39 0.11 0.11 0.03 0.23 0.14 0.052 0.300 0.157 

Pt/Pd 0.27 2.56 0.87 0.45 0.05 0.63 0.25 0.599 5.036 1.721 

Co/S 0.003 0.004 0.004 0.003 0.003 0.004 0.003 0.003 0.004 0.003 

Cu/S 0.003 0.103 0.048 0.047 0.034 n.d. 0.034 (1) 0.041 n.d. 0.085 (6) 

Ni/S 0.076 0.087 0.082 0.078 0.056 0.072 0.064 0.036 0.086 0.066 

Co/Ni 0.044 0.048 0.045 0.046 0.050 0.053 0.052 0.045 0.073 0.053 

Cu/Ni 0.034 1.208 0.596 0.602 0.466 n.d. 0.466 0.477 n.d. 1.292 (6) 

1 Averages (AV.) exclude data below or above detection limits. Number of analyses used in parentheses. 

2 Rh value not determined due to spectral interference with elevated Cu in the samples. 

(continued on next page)



 

 

Table 4-3. (continued)  

Min. style Sulphide breccia  

(footwall-hosted) 

Sheared sulphide breccia 

(footwall-hosted) 

Footwall Breccia 

(outcrop) 

Sheared Footwall Breccia 

(outcrop) 

Sheared Footwall 

Breccia (drill core) 

# of analyses n = 5 n = 4 n = 18 n = 8 n = 6 

 MIN MAX AV. 1 MIN MAX AV. 1 MIN MAX AV. 1 MIN MAX AV. 1 MIN MAX AV. 1 

S (wt.%) 2.38 25.77 16.30 1.11 19.66 8.39 0.05 1.21 0.69 0.105 2.356 1.123 0.544 2.603 1.074 

Co (ppm) 83 605 352 52 622 268 42 123 75 42 256 108 44 78 57 

Cu (ppm) 10566 >15000 10566 (1) 7366 >15000 9599 (3) 123 1982 565 117 2231 955 3198 11925 5942 

Ni (ppm) 1786 25412 13598 1070 29543 9523 252 2222 915 629 8142 3418 417 2076 839 

                

Au (ppb) 1158.5 2073.2 1654.8 126.65 1373.9 616.33 94.80 2055.0 691.78 839 >3600 1863 (5) 250.30 2830.4 1439.1 

Ir (ppb) 0.11 3.65 1.31 0.16 11.89 9.81 0.05 0.31 0.17 0.15 1.34 0.45 0.0569 0.441 0.202 

Pd (ppb) 1028.4 2568.2 1791.8 669.99 2326.7 1765.8 146.00 >4800 1266 (17) 1256 >4800 2492 (4) 193.86 6531.3 2308.9 

Pt (ppb) 37.50 11780 4310.2 173.82 1403.4 911.07 7.43 >4700 1534 (15) 1281 >4700 1756 (2) 19.124 2053.7 632.78 

Rh (ppb) 3.65 21.57 9.47 n.d. 2 26.31 n.d. 0.23 9.00 1.88 0.53 4.28 2.29 n.d. 2 n.d. 2 n.d. 

Ru (ppb) 0.29 10.37 6.54 0.31 26.24 22.52 0.08 0.45 0.23 0.19 3.66 1.04 0.116 1.61 0.672 

                

PGE total 1083 13554 6119 1010 2849 2733 401.33 n.d. 2544 (15) 3487 n.d. 3551 (2) 640.45 8587.0 2942.5 

PGE+Au 2733 15627 7774 1137 4070 3350 500.73 n.d. 2990 (15) 4326 n.d. 4614 (2) 1058.5 11147 4381.6 

Au/Pd 0.54 1.60 1.04 0.18 1.00 0.38 0.25 n.d. 0.49 (17) 0.498 n.d. 0.59 (4) 0.273 14.6 2.82 

Pt/Pd 0.04 6.77 2.29 0.07 0.99 0.58 0.02 n.d. 1.43 (15) 0.549 n.d. 1.16 (2) 0.0308 2.95 0.665 

Co/S 0.001 0.003 0.002 0.002 0.005 0.003 0.006 0.098 0.022 0.006 0.049 0.014 0.0030 0.010 0.0064 

Cu/S 0.444 n.d. 0.444 (1) 0.061 n.d. 
0.300 

(3) 
0.023 0.367 0.115 0.020 0.238 0.110 0.452 0.726 0.592 

Ni/S 0.037 0.119 0.086 0.068 0.150 0.101 0.037 0.633 0.199 0.120 0.599 0.361 0.044 0.293 0.097 

Co/Ni 0.020 0.046 0.030 0.021 0.049 0.036 0.047 0.238 0.112 0.014 0.090 0.045 0.035 0.120 0.087 

Cu/Ni 5.92 n.d. 5.92 0.407 n.d. 2.913 0.338 5.732 0.981 0.165 0.776 0.304 1.54 13.7 9.53 

1 Averages (AV.) exclude data below or above detection limits. Number of analyses used in parentheses. 

2 Rh value not determined due to spectral interference with elevated Cu in the samples.
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Table 4-4: Summary of whole-rock geochemistry for deformed mineralization at Vermilion 

(PGE+Au >500 ppb). Full data set is provided in Appendix J. 

Min. style 
Shear-hosted  

sulphide-rich veins 

Shear-hosted  

quartz-rich veins 

Shear-hosted  

disseminated sulphides 

# of analyses 
 

n = 3   n = 9 
  

n = 7 
  

MIN MAX AV. 1 MIN MAX AV. 1 MIN MAX AV. 1 

S (wt.%) 6.55 16.22 12.27 0.17 6.67 1.53 0.01 0.81 0.37 

Co (ppm) 60 751 298 17 67 37 33 59 48 

Cu (ppm) >15000 >15000 n.d. 1526 >15000 6347 (8) 126 4869 2951 

Ni (ppm) 2960 >30000 12947 (2) 613 5844 2454 450 5338 2639 

          

Au (ppb) 314.00 2366.00 1660.00 52.81 >3600 908.71 (6) 6.80 2858.00 1105.83 

Ir (ppb) 1.45 131.00 51.62 0.015 49.10 9.06 0.12 10.70 2.88 

Pd (ppb) >4800 >4800 n.d. 479 >4800 7523 (5) 163.00 >4800 185.00 (2) 

Pt (ppb) >4700 >4700 n.d. 0.45 >4700 396.11 (4) 95.53 >4700 945.18 (3) 

Rh (ppb) n.d. 2 243.00 n.d. 0.029 889.00 148.38 0.44 65.90 18.63 

Ru (ppb) 0.28 4.51 1.85 0.017 7.30 2.14 0.19 3.15 1.46 

          

PGE total n.d. n.d. n.d. 686.13 n.d. 8736 (4) 303.47 n.d. 416.14 (2) 

PGE+Au n.d. n.d. n.d. 1836.1 n.d. 9282 (4) 515.47 n.d. 525.54 (2) 

Au/Pd n.d. n.d. n.d. 0.0164 n.d. 0.51 (5) 0.04 n.d. 0.53 (2) 

Pt/Pd n.d. n.d. n.d. 0.000140 n.d. 0.26 (4) 0.46 n.d. 1.35 (2) 

Co/S 0.001 0.005 0.002 0.000255 0.0161 0.007 0.007 0.236 0.050 

Cu/S n.d. n.d. n.d. 0.438 n.d. 0.923 (8) 0.524 1.302 0.871 

Ni/S 0.566 n.d. 0.652 (2) 0.0215 1.65 0.438 0.299 3.214 1.106 

Co/Ni 0.013 0.043 0.028 0.00976 0.0506 0.020 0.011 0.073 0.032 

Cu/Ni n.d. n.d. n.d. 0.532 n.d. 2.91 (8) 0.280 4.355 1.460 

1 Averages (AV.) exclude data below or above detection limits. Number of analyses used in parentheses. 

2 Rh value not determined due to spectral interference with elevated Cu in the samples. 

(continued on next page)  
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Table 4-4. (continued) 

Min. style “Fresh” quartz diorite (QD) Altered quartz diorite Late hydrothermal veins 

# of analyses 
 

 n = 12 
  

n = 9 
  

n = 2 
  

MIN MAX AV. 1 MIN MAX AV. 1 MIN MAX AV. 1 

S (wt.%) 0.02 4.56 0.93 0.06 2.89 0.97 0.14 0.87 0.51 

Co (ppm) 11 72 39 15 58 33 35 81 58 

Cu (ppm) 412 >15000 5271 963 >15000 7908 (6) 1433 10916 6175 

Ni (ppm) 468 7293 2426 764 5069 2246 809 6411 3610 

          

Au (ppb) 32.60 >3600 743.8 407.0 >3600 1542 (4) 831.00 9582.31 5206.66 

Ir (ppb) 0.23 18.20 4.85 0.05 12.40 4.15 1.28 3.26 2.27 

Pd (ppb) 375.00 >4800 2145.50 1134.00 >4800 1490 (4) 2344.00 69440.45 35892.23 

Pt (ppb) 534.00 >4700 2462 7.70 >4700 1326 (4) 2549.00 12847.90 7698.45 

Rh (ppb) 0.89 87.60 35.74 0.18 117.0 46.63 11.10 32.30 21.70 

Ru (ppb) 0.24 2.08 1.23 <0.08 2.05 1.35 0.50 2.12 1.31 

          

PGE total 1084 n.d. 4062 (4) 1142 n.d. 1959 (2) 4906 82326 43616 

PGE+Au 1172 n.d. 4717 (4) 1549 n.d. 3977 (2) 5737 91908 48823 

Au/Pd 0.05 n.d. 0.26 (4) 0.36 n.d. 0.99 (3) 0.14 0.35 0.25 

Pt/Pd 0.80 n.d. 1.11 (4) 0.01 n.d. 0.39 0.19 1.09 0.64 

Co/S 3 0.001 0.092 0.022 0.001 0.035 0.009 0.009 0.024 0.017 

Cu/S 3 0.909 n.d. 1.880 (9) 0.922 n.d. 1.502 (6) 1.002 1.256 1.129 

Ni/S 3 0.060 5.550 0.952 0.083 2.393 0.654 0.566 0.738 0.652 

Co/Ni 0.010 0.064 0.026 0.010 0.043 0.018 0.013 0.043 0.028 

Cu/Ni 0.434 n.d. 4.176 (9) 0.671 n.d. 4.178 (6) 1.703 1.771 1.737 

1 Averages (AV.) exclude data below or above detection limits. Number of analyses used in parentheses 
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Chapter 5  

5 Conclusions 

The South Range is renowned for the tectonometamorphic overprint on its impact features and 

modified Ni-Cu-PGE deposits, many of which are associated with impact-related breccias. 

Therefore, investigating ore forming processes in the South Range of the Sudbury impact 

structure without a robust structural and metamorphic framework would be ill-advised given the 

complexity of the structural and metamorphic histories of the area. The thesis demonstrated the 

complexity and heterogeneity of deformation in the western South Range, where lateral changes 

in lithology and orientation of the Archean-Proterozoic boundary controlled deformation, and 

where reactivation of reverse shear zones resulted in apparent transpression features. Structural 

analysis of the craton revealed that regional folds and major south-side-up-dextral shear zones 

formed during the same NW-directed shortening event at upper-greenschist to amphibolite facies 

temperatures (480–565°C), which was followed by transcurrent dextral reactivation of shear 

zones at lower greenschist facies.  

Because PGE mineralization in the South Range is often spatially associated with impact-related 

breccias, having a clear understanding of where the breccias lie within the structural and 

metamorphic evolution of the South Range is essential. This project was the first to identify and 

characterize Footwall Breccia in the western South Range. In the Crean Hill mine area, variably 

mineralized Footwall Breccia of various composition cut footwall rocks underlying the SIC. 

These breccias display contact-parallel melt flow textures indicating that they crystallized from 

melts, which may have formed by shock melting, frictional melting along superfaults, injections 

from the impact melt sheet, or anatexis during cooling of the SIC, each process having different 
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implications for the deposition of PGE. Phase equilibria showed that the breccia matrices did not 

originate from chemical melts produced within the high-temperature contact aureole surrounding 

the SIC. Rather, the textural, mineralogical, and geochemical characteristics of the Crean Hill 

breccias, their relationships to their host rocks and leucosomes, and the absence of a nearby 

superfault, collectively indicate that the Crean Hill breccias formed by in situ shock melting of 

the footwall rocks during the impact. The Footwall Breccia was then overprinted by contact 

metamorphism (>750°C) and regional metamorphism at upper greenschist-amphibolite 

conditions. 

With the structural (including brecciation) and metamorphic framework clearly established, 

controls on the deposition of PGE at the Crean Hill and Vermilion deposits could be determined 

and were expanded into a model for the formation of the two deposits. PGE deposition involved 

three stages. The early magmatic stage is manifested by mineralogical and geochemical changes 

indicative of sulphide fractionation into the brecciated footwall rocks at the periphery of the 

deposits. The syn-tectonic remobilization stage occurred at temperatures ~400–550°C. It 

remobilized sulphides and precious metals along shear zones during the main NW-directed 

shortening event via fluids and the formation of metamorphic sulphide and semi-metal melts. 

Finally, the post-tectonic metasomatic remobilization stage (<300°C) caused alteration of the 

Vermilion offset dike and remobilization of precious metals in veins crosscutting shear zones at 

Vermilion and along fractures at Crean Hill. 

The thesis provides new insights on the structural and metamorphic evolution and brecciation 

mechanisms in the South Range. It also demonstrates how a detailed understanding of the 

geological processes in complex environments such as craton margins and impact structures is 

required for the study of modified precious metal deposits. 
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5.1 Suggestions for future research and exploration 

This thesis emphasizes the importance of impact breccias in the emplacement but also 

remobilization of PGE in the footwall rocks underlying the SIC. More specifically, results in 

Chapter 4 demonstrate that, PGE occurrences in the South Range are generally hosted in impact 

breccias in proximity to SIC rocks (generally <500 m), though the genetic relationships between 

the mineralized breccias and the sources of precious metals is complex. Chapter 4 determined 

that Au, Pd and Pt were preferentially enriched along deformed impact breccias during 

remobilization. Therefore, impact foliated/lineated breccias within less deformed host rocks are 

likely to contain more Au, Pd and Pt, regardless of their sulphide content (as low as 1 vol.%). 

This suggests that deformed impact breccias within 2 km of the SIC would make suitable 

exploration targets. In addition, examining the relationships between metals could be used to 

evaluate if remobilization and, hence enrichment, did occur. For example, findings in Chapter 4 

show that fluid-assisted remobilization can result in a loss of correlation between Pt and Pd and 

variable Pt/Pd ratios (Crean Hill), though this effect is obscured at As-Sb-rich occurrences 

(Vermilion) where metamorphic sulphide melt also contributed to remobilization. 

The new advances on our understanding of the South Range presented in the thesis validate 

using a holistic approach towards studying structurally complex geological environments. It may 

be feasible for a single researcher to address the problem if the study area is relatively small and 

the project contains an encompassing theme (e.g. deformation and metamorphism for this thesis). 

For larger-scale studies, however, a collaborative research group is more suitable to rigorously 

evaluate all processes involved. The thesis provides an example of the intimate interconnectivity 

between geological sub-disciplines and, thus, highlights the importance of close collaboration 

between disciplines to attain a comprehensive understanding of geologically complex problems. 
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Appendices 

Appendix A Electron backscattered diffraction (EBSD) method 

Quartz crystallographic preferred orientations (CPO) were measured using an electron back-

scattered diffraction detector (HKL Technology Inc., Oxford Instruments Group) attached to a 

JEOL 6400 scanning electron microscope (SEM) at the Micro-Analytical Center (MAC) of 

Laurentian University. Polished thin sections were oriented perpendicular to the foliation and 

parallel to the stretching lineation. They were carbon-coated and mounted on a stage tilted 70°, 

with the long axis of the thin section oriented parallel to the SEM x-axis. The instrument was 

operated at 20 kV with a beam current of ca. 10 nA. CPO pole figures were drafted using the 

Channel 5 software package (Day and Trimby, 2004), following the automated analysis of 

Kikuchi patterns on a predefined sampling grid. A 4 m step was chosen for samples DR12 and 

DR20, and a 5 m step for sample SA46, to reduce artifact in the pole figure contours. Kikuchi 

patterns were indexed using the low-temperature -quartz model of Levien, Prewitt, and 

Weidner (1980), and 20% of patterns were saved to assess both pattern quality and indexing 

accuracy in case of discrepancies. Areas containing large (parent) quartz grains, or other mineral 

phases (e.g. micas and feldspar) were avoided to remove the effects of polymineralic grain 

boundaries and to ensure that all analyzed quartz were recrystallized (daughter) grains. 

References cited 

Day, A., Trimby, P. (2004). Channel 5 manual. HKL Technology Inc., Hobro, Denmark.  

Levien, L., Prewitt, C. T., Weidner, D. J. (1980). Structure and elastic properties of quartz at 

pressure. American Mineralogist, 65(9-10), 920-930.   
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Appendix B Metapelite whole-rock geochemistry analytical methods 

Whole-rock geochemical analyses were performed at the Ontario Geoscience Laboratories (Geo 

Labs) in Sudbury, Ontario. Weathered surfaces were removed from the samples in the field and 

using a water-cooled rock saw with diamond-embedded brass blade and cleaned carefully to 

remove sawing slimes by the first author at the Harquail School of Earth Sciences, Laurentian 

University, in Sudbury, Ontario. All samples were crushed using jaw-crusher with steel plates 

and pulverized in an agate mill to reduce aluminum oxide (Al2O3) contamination. All samples 

were analyzed for loss on ignition (LOI) by heating samples to 105°C under nitrogen atmosphere 

and to 1000°C under oxygen atmosphere. The calcined samples were fused into a glass bead with 

a borate flux for major element x-ray fluorescence (XRF) analysis (Al2O3, CaO, Fe2O3, K2O, 

MgO, MnO, Na2O, P2O5, SiO2, TiO2). 

Duplicate samples analyzed indicate that analytical precision (relative standard deviation) is 

better than 0.2% for high-moderate abundance elements (XRF method), and as high as 3.5% for 

low-abundance elements. International rock standards (BHVO-2 and GSP-2) were analyzed with 

the samples and the measured results are within 2.5% of recommended values for high-moderate 

abundance elements, and 3.6% of recommended values for low abundance elements. 
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Appendix C Metapelite phase equilibria modelling parameters 

Phase equilibria modelling and melt composition calculation utilized the updated version of the 

T. J. B. Holland and Powell (2011) dataset (tc-ds62), which can be downloaded at 

http://dtinkham.net/peq.html. Activity models include biotite, staurolite, chloritoid, garnet (White 

et al., 2014a; 2014b), feldspar (Holland and Powell, 2003) white mica (Smye et al., 2010; White 

et al., 2014b), chlorite (Powell et al., 2014a; White et al., 2014a), cordierite (White et al., 2014a; 

2014b), orthopyroxene (Green et al., 2012; White et al., 2014a; 2014b), sapphirine (Wheller and 

Powell, 2014), magnetite (White et al, 2000), ilmenite-hematite (White et al., 2000; White et al., 

2014a) and silicate melt (White et al., 2001; White et al., 2014a). Quartz, rutile, andalusite, 

kyanite, sillimanite, and H2O were treated as pure phases. 

Calculations were done at 1% ferric iron (XFe3+ = Fe3+/(Fe2++Fe3+) = 0.01), based on the 

composition of ilmenite inclusions within staurolite (DR22). All ilmenite analyzed does not 

contain hematite, having a (Fe+Mg+Mn)/Ti ratio of ~1.0 (Appendix D), and phase equilibria 

predicts that hematite-free ilmenite is only stable for XFe3+ < 0.01 at 4.5 kbar (Figure C-1 below). 

The margarite phase and margarite component in white mica solid solution were both excluded 

from the calculations, because the thermodynamic model was overestimating the abundance and 

stability of margarite-dominant mica, which was not identified in microprobe analyses 

(Appendix D). Overestimation of the abundance and stability of margarite is a recurrent issue 

that has been discussed by White et al. (2014a), and by Smye et al. (2010) for high-Al 

metapelites. In this study, the overestimation of white micas reduced the stability of chloritoid 

and, as a result, removed the staurolite-chloritoid stability field observed in DR18, thus the 

decision to deactivate all margarite activity models. It should be noted, however, that a small 

http://dtinkham.net/peq.html
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amount of margarite component was detected in the muscovite analyzed (<0.03%), and thus our 

model slightly overestimates the abundance of other calcic phases (e.g. zoisite, epidote and 

plagioclase). 

It should be noted that, on Figure 2-16 and Figure C-1 (below), white mica phases are labeled 

based on their dominating component (i.e. ms, muscovite; pg, paragonite) and do not represent 

pure mineral phases. Similarly, “pl” refers to the plagioclase feldspar group (see List of Short 

Forms). 
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Figure C-1: T-XFe3+ pseudosection at 4.5 kbar for sample DR22. 

XFe3+ = Fe3+/(Fe2++Fe3+). Hematite proportion in ilmenite shown as dashed pink lines; solid bold 

lines represent magnetite-in (+ mt, blue), ilmenite-in (+ ilm, pink) and rutile-out (- ru, black) 

reactions; shaded grey field denotes XFe3+ for which hematite-free ilmenite is stable. 
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Appendix D Microprobe analyses of white micas and ilmenite 

Quantitative chemical analyses of ilmenite and white micas were collected on representative 

mudstone samples, using a Cameca SX50 electron microprobe housed at the Harquail School of 

Earth Sciences and operating at 20 kV with a current of 20 nA and a collection time of 30 s. 

Table D-1: Microprobe analyses of ilmenite (wt.%). 

Sample # L.L.D. DR22_03 DR22_04 DR22_11 DR22_12 

Si 0.022 0.03 0.22 < L.L.D. 0.88 

Ti 0.033 31.19 31.02 31.20 31.01 

Fe 0.064 35.20 35.39 35.21 34.80 

Mg 0.034 0.10 0.12 0.10 0.13 

Mn 0.024 0.82 0.87 0.82 0.85 

K 0.019 < L.L.D. 0.03 < L.L.D. < L.L.D. 

Ni n.d. n.d. n.d. n.d. n.d. 

Cu n.d. n.d. n.d. n.d. n.d. 

Zn n.d. n.d. n.d. n.d. n.d. 

O  26.07 26.28 26.05 26.84 

Total  93.51 93.95 93.44 94.51 

      

Normalized cation % 

   Ti  1.001 0.997 1.001 1.002 

   Fe  0.968 0.975 0.968 0.964 

   Mg  0.006 0.007 0.006 0.008 

   Mn  0.023 0.024 0.023 0.024 

   O  3.000 3.000 3.000 3.000 

      

   Ilm %  97.1 96.9 97.1 96.8 

   Gk %  0.6 0.7 0.6 0.8 

   Pph %  2.3 2.4 2.3 2.4 

L.L.D.: Lower limit of detection 

n.d.: not detected  
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Table D-2: Microprobe analyses of white micas (wt.%). 

Sample # L.L.D. DR18_21 DR18_24 DR18_29 DR18_30 

Si 0.038 19.50 20.96 21.74 21.24 

Ti 0.021 0.10 0.11 0.10 0.12 

Al 0.038 18.77 19.81 20.52 19.66 

Fe 0.029 4.91 0.54 0.46 0.48 

Mg 0.021 1.28 0.15 0.13 0.15 

Mn 0.018 0.04 < L.L.D. < L.L.D. < L.L.D. 

Ca 0.016 < L.L.D. 0.03 0.02 0.02 

Na 0.032 1.10 0.93 1.14 1.15 

K 0.029 5.62 7.35 5.54 7.21 

Ni n.d. < L.L.D. < L.L.D. < L.L.D. < L.L.D. 

Cu 0.028 < L.L.D. < L.L.D. < L.L.D. 0.03 

Zn n.d. n.d. n.d. n.d. n.d. 

O  42.75 43.65 44.83 43.87 

Total  94.09 93.56 94.49 93.93 

      

Normalized cation %   

   Si  2.860 3.012 3.042 3.037 

   Ti  0.009 0.009 0.009 0.010 

   Al  2.866 2.963 2.988 2.926 

   Fe  0.362 0.039 0.033 0.035 

   Mg  0.218 0.025 0.021 0.025 

   Mn  0.003 0.000 0.000 0.000 

   Ca  0.000 0.003 0.002 0.002 

   Na  0.197 0.164 0.194 0.201 

   K  0.592 0.759 0.556 0.740 

   O  11.000 11.000 11.000 11.000 

      

  XMs  0.75 0.82 0.74 0.79 

  XPa  0.25 0.18 0.26 0.21 

  XMa  0.00 0.003 0.003 0.002 

L.L.D.: Lower limit of detection 

n.d.: not detected 
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Appendix E Whole-rock geochemistry analytical methods for breccia 

and host rock samples in the Crean Hill area 

Whole-rock geochemical analyses were performed at the Ontario Geoscience Laboratories (Geo 

Labs) in Sudbury, Ontario. Weathered surfaces and visible clasts were removed from the 

samples in the field and using a water-cooled rock saw with diamond-embedded brass blade and 

cleaned carefully to remove sawing slimes by the first author at the Harquail School of Earth 

Sciences. All samples were crushed using jaw-crusher with steel plates and pulverized in a 

99.8% pure aluminum oxide (Al2O3) planetary ball mill. All samples were analyzed for loss on 

ignition (LOI) by heating samples to 105°C under nitrogen atmosphere and to 1000°C under 

oxygen atmosphere. The calcined samples were fused into a glass bead with a borate flux for 

major element x-ray fluorescence (XRF) analysis (Al2O3, BaO, CaO, Cr2O3, Fe2O3, K2O, MgO, 

MnO, Na2O, P2O5, SiO2, TiO2), and into pressed pellet for trace element XRF analysis (Ba, Ce, 

La, Pb, Nb, Rb, Sr, Th, Y). Ferrous iron was measured on the samples by titration with a 

standardized permanganate solution (exact concentrations were calibrated before use). 

Inductively coupled plasma mass spectrometry (ICP-MS) was used to analyze rare earth 

elements (REE: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu), high field strength 

elements (HFSE: Zr, Nb, Hf, Ta, Ti), and large ion lithophile elements (LILE: Rb, Sr, Cs, Ba) 

plus Pb, Y, Th, and U. For these analyses, 1.0g of pulverized rock sample was prepared using the 

closed vessel multi-acid digest method.  

Duplicate samples analyzed indicate that analytical precision (relative standard deviation) is 

better than 1% for high-moderate abundance elements (XRF method), but as high as 2.3% for 

low-abundance elements using the IC-PMS method and as high as 4.1% for low-abundance 

elements using the XRF method. International rock standards (AGV-2, BHVO-2 and GSP-2) 
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were analyzed with the samples and the measured results are within 1.5% of recommended 

values for high-moderate abundance elements, and as high as 10.5% of recommended values for 

low abundance elements. 

Comparison of the ICP-MS and XRF methods shows a close to 1:1 correlation (0.98-1.02 slope 

on linear fit) with R2 of greater than ~0.98 for Pb, Nb, Sr, Th, Y and Zr, and R2 factor of ~0.96 

for Ce. La shows a moderate correlation of ~0.91 between the ICP-MS and XRF methods, with 

an R2 factor ~0.93. In several samples, the Rb and Ba obtained by ICP-MS were notably low 

relative to those obtained by XRF (Figure E-1 below). These discrepancies are inferred to result 

from co-precipitation of trace elements with one or more insoluble major element fluorides 

during solution preparation. For this reason, we report the Ba and Rb data obtained by the XRF 

method in Table 3-3 and Appendix G. Analyses obtained by ICP-MS were used for all other 

trace elements. 
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Figure E-1. Comparison of XRF and ICP-MS results for Ba and Rb whole-rock analyses. 
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Appendix F Activity models and thermodynamic databases used in 

phase equilibria modelling of Crean Hill dacite and basalt 

Phase equilibria modelling and melt composition calculation utilized the updated version of the 

Holland and Powell (2011) dataset (ds6.2; tc-ds62.txt produced at 20.08 6 Feb, 2012), which can 

be downloaded at http://dtinkham.net/peq.html in a format that is suitable for use in the program 

Theriak-Domino (de Capitani and Brown, 1987). Activity models for solid solution minerals and 

a-x relationships used include: Green et al. (2016) clinopyroxene, amphibole, and melt models; 

White et al. (2014) orthopyroxene, biotite, chlorite, and garnet models; Holland and Powell 

(2011) olivine and epidote models; Holland and Powell (2003) plagioclase model; White et al. 

(2002) magnetite model; and White et al. (2000) ilmenite model.  
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Digital Appendices 

Appendix G Whole-rock geochemical analyses of Crean Hill breccias 

and host rocks. 

Appendix H Semi-quantitative amphibole analyses. 

Appendix I Calculated major- and trace-element composition (wt.%) 

of melt extracted from basalt and dacite and their restites 

at Crean Hill. 

Appendix J Whole-rock geochemistry of all mineralized Crean Hill 

and Vermilion samples used in the thesis. 

Appendix K Semi-quantitative SEM-EDS analyses of gersdorffite and 

sulphides. 

Appendix L Coordinate locations of all samples used in the thesis. 
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