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ABSTRACT 
 
This thesis addresses the spatial distribution of structures and deformation geometry in the 
southern Sudbury Basin, Ontario, a synclinal fold basin. Major components are low-temperature 
fabric development in the Sudbury Igneous Complex (SIC), the relation between fabrics and fold 
structures in Huronian rocks, and kinematic modeling of deformation of the southern Sudbury 
Basin. These topics lead to a synthetic model of the structural history of the SIC and its host 
rocks. Analysis of structures in the Norite layer of the SIC shows that this unit deformed under a 
single deformation regime and variable rheological conditions. This is evident by foliation 
planes, folded granitoid dikes, brittle shear faults and ductile high-strain zones. Brittle 
deformation preceded the formation of foliation planes and caused hydrolytic weakening of the 
Norite. Bulk thinning led to steepening of lithological contacts and igneous layering in the SIC. 
Structures in Huronian rocks and Sudbury Breccia display components of post-impact 
deformation that cannot be accounted for by thrusting along a high-strain zone, the so-called 
South Range Shear Zone, and by large-scale folding of the SIC. Shape change of the SIC from a 
convex outward to concave inward geometry led to basin-concentric shortening, the formation of 
a buckle fold of the SIC and axial-planar fabrics in Huronian rocks. Mutually perpendicular 
fabric orientations compatible with overall NW-SE shortening indicate that discordant foliations 
can form as a consequence of local strain perturbations near lithological contacts. Kinematic 
modelling of deformation based on field-based structural data tests the validity of trishear fault 
propagation folding as a possible deformation mechanism for the southern Sudbury Basin. 
Trishear deformation of the central South Range accounts for angular discordances between the 
upper and basal contacts of the SIC, local overturning of southern SIC, steepening of foliation 
planes, strain gradients in the Sudbury Basin, and thickness variations of SIC layers. Implications 
are shallowly dipping SIC layers both at greater depths and above the current erosion level, 
translation of Huronian rocks, and thinning in a section of the trishear zone manifested at surface 
by the South Range Shear Zone.  
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1. Introduction 
 
 
1.1 The geological significance of the Sudbury Impact Structure  
 
The Sudbury Impact Structure is one of the largest known terrestrial impact structures on Earth, 
and one of the few that exposes an impact melt sheet. The Sudbury Impact Structure represents a 
geologically unique study area as it is the only impact structure exposing a crystalline melt sheet 
that is affected by significant tectonometamorphic overprint. The impact structure has drawn the 
attention of geologists since its discovery as a contiguous melt sheet in the mid-19th century as it 
is of extraordinary economic and scientific significance. For one, the Sudbury area hosts 
abundant Ni-Cu-PGE deposits, making it one of the largest Ni-producing districts world-wide. 
Future economic prosperity of the Sudbury area is dependent on a continuation of exploration of 
hitherto unknown ore deposits, at greater depth and greater radial distance to the prospective 
melt sheet, the crystalline layered rock formed due to the impact. Even though the Sudbury 
Impact Structure has been the subject of extensive geological, mineralogical, petrological, and 
geochemical studies, many aspects of its formation and modification by deformation are still 
disputed.  
 
The energy set free by the impact allowed for the generation of a large melt sheet, the Sudbury 
Igneous Complex (SIC), which cooled and differentiated into chemically and petrographically 
distinct layers. Due to density variations and gravitational effects, rocks hosting abundant metal 
sulphides were the first to settle upon cooling of the SIC and are, thus, situated at the base of this 
impact melt (Golightly, 1994). The melt sheet subsequently differentiated into layers 
traditionally known as the Norite, Quartz Gabbro and Granophyre, which form the Main Mass of 
the SIC. Ore-bearing material is also localized in dikes in the fractured host rocks of the SIC. 
These so-called Offset Dikes represent the parental quartz dioritic composition for the melt sheet 
(Lightfoot et al., 2001). A discontinuous layer of mafic to ultramafic inclusion-bearing gabbro-
noritic to noritic rock, the so-called Sublayer (Pattison, 1979; Lightfoot et al. 1997), the basal 
layers of the SIC, the Offset Dikes and the immediate host rocks of the SIC pose the prime target 
of current mining activities.  
 
The Sudbury Basin, which comprises the synformal SIC, impact-melt breccias of the Onaping 
Formation and a post-impact sedimentary fill, is crudely elliptical in map view (Fig. 1.1). The 
long axis of the Basin strikes NE-SW and extends 60 km – twice as long as the short axis. The 
SIC segments are termed the North, South and East Ranges, which are connected by the 
synclinal NE- and SE-lobes and a fold closure in the SW (Fig. 1.1). The SIC in each of the 
Ranges exhibits distinct characteristics in terms of its thickness, dips of lithological contacts, and 
structural overprint. The North Range SIC is marked by well-preserved cumulate magmatic 
fabric (Naldrett and Hewins, 1984) and a low degree of metamorphic overprint. In contrast, the 
South Range of the Sudbury Basin displays a zone of highly strained rocks, the so-called South 
Range Shear Zone (Rousell, 1975; Shanks and Schwerdtner, 1991a; Fig. 1.1), which crosscuts 
the SIC and the adjacent Onaping Formation. Thus, the intensity of deformation is higher in the 
South Range than in the North Range.  
 
Notwithstanding the abundance of published literature, the geological complexity of the Sudbury 
Basin is a reason why major scientific questions are still left unanswered. The current 
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interpretations of the three-dimensional geometry of the SIC are based upon geophysical 
measurements and drill holes. Outcrop studies are extensive, but have been generally focused on 
petrologic and geochemical aspects. Thus, a detailed examination of exposed structural elements 
is necessary to analyze the geometric evolution of the Sudbury Basin. Previous studies 
systemically document fabrics in the SIC and the Onaping Formation (Rousell, 1975; Shanks, 
1991; Shanks and Schwerdtner, 1991a; Cowan, 1996; Klimczak et al., 2007). Borehole data 
provides information on the vertical extent of deformation and surface data supplies extensive 
spatial coverage. Understanding the geometry of the SIC basal contact and its immediate host 
rocks is critical for mineral exploration. Furthermore, deciphering the current shape of the SIC 
can provide information on the original geometry of the impact melt sheet, which adds to our 
knowledge of impact processes in general. 
 
 
 
 

 
 
Figure 1.1: Map-view geometry of the SIC and post-impact sedimentary rocks. The map shows foliation trajectories 
(modified from Cowan et al., 1999) as well as major faults and fold structures. The location of past and actively 
producing mines are taken from Ames et al. (2005). 
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1.2 Unresolved questions regarding the deformation of the South Range 
 
Although abundant investigations had the rocks of the Sudbury Impact Structure as their focus, 
the geometry of the SIC at depth and the effects of post-impact deformation are still a matter of 
debate. The size of the original impact crater and the volume, thickness and lateral extent of the 
melt sheet, remain poorly constrained. These crater characteristics are obscured due to erosion 
and post-impact tectonic overprint. In particular, the orientation, magnitude and timing of the 
deformation of the SIC, more specifically its South Range, are poorly constrained. In detail, 
quantities of deformation such as the rotational components, amounts of layer-parallel 
shortening, and fault displacements of the SIC have not been recorded systematically. It is also 
unclear where deformation localized and how it manifests itself in the affected lithologies. The 
aim of this thesis lies in enhancing our understanding of the geometric relationships of 
lithological contacts, structures and mineral fabrics in the SIC and its host rocks to better 
quantify post-impact deformation. 
 
The geometry and kinematics of post-impact deformation are critical for assessing the original 
shape of the SIC. As a significant portion of the SIC has been eroded, the primary geometry and 
size of the Sudbury Impact Structure are largely a matter of debate. For example, the size of the 
preserved melt sheet, the position of the exposed SIC in the initial crater, and the initial crater 
geometry are largely unknown. Pre-deformation geometry and the primary shape of the SIC were 
the subject of numerical modeling studies (Ivanov and Deutsch, 1999; Ivanov, 2005), 
paleomagnetic (Morris, 1984) and structural work (Shanks and Schwerdtner, 1991b). The 
synformal geometry of the SIC is either a primary feature (Cowan, 1999) or a consequence of 
sagging during cooling of the melt sheet (Peredery and Morrison, 1984). It is also proposed that 
the crater was originally circular and that the SIC ponded on a roughly horizontal crater floor 
(Grieve et al., 1991; Therriault et al., 2002). More recent structural studies suggest that the 
synclinal geometry of the SIC is due to post-impact, non-cylindrical folding (Cowan and 
Schwerdtner, 1994; Riller et al., 1998; Riller, 2005; Klimczak et al., 2007; Halls, 2009; Dreuse et 
al., 2010).  
 
The elliptical plan-view shape of the SIC indicates that the overall geometry of post-impact 
tectonic overprint is dominated by shortening parallel to the short axis of the Basin. Due to the 
basin asymmetry it is apparent, however, that the current plan-view shape of the SIC cannot be 
the product of pure cylindrical folding. The Basin abounds in heterogeneities, in particular in 
terms of geometry and thickness of SIC layers. Upon closer examination, the term “ellipse-
shaped” does not adequately describe the plan-view shape of the SIC, because of the NE- and 
SE-lobes, and the southwestern fold closure (Fig. 1.1). Fabric analysis of the SIC and its adjacent 
rocks in the NE-lobe led to the conclusion that the NE-lobe represents a fold structure (Klimczak 
et al., 2007). The SE-lobe is marked by pervasive foliation and the SIC in the southwestern fold 
closure is segmented by a series of NW-striking faults. In the South Range the contacts of the 
SIC show local deviations from their overall NE-SW strike, in particular in the eastern South 
Range where SIC contacts strike E-W (Fig. 1.1). The protrusions of SIC in the central South 
Range into its host rocks appear incompatible with the overall NW-SE shortening directions 
(Shanks and Schwerdtner, 1991a) forming the first-order fold representing the Sudbury Basin. 
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Furthermore, it needs to be explored whether local buckle folding has any effect on thickness 
variations of SIC layers.  
 
Additionally, the degree of deformation of the Norite of the South Range SIC has not yet been 
adequately addressed. The Norite layer is steeply inclined and yet appears to record little to no 
pervasive strain fabrics. For example, in the eastern part of the South Range the contact between 
the SIC and its host rocks dips at a high angle and is in places overturned (Fig. 1.1). The 
deviation in dip angle of the basal SIC contact away from the initially horizontal position 
suggests that the SIC has been affected by tectonic overprint. A subhorizontal geometry likely 
represents the primary shape of the melt sheet as shown by numerical models and observations 
on lunar and terrestrial crater morphologies (French, 1998). The rotation of the SIC to a steeply 
inclined position needs to be reconciled with the observation that the South Range Norite 
preserves igneous cumulate texture (Naldrett and Hewins, 1984) and apparently displays low 
levels of ductile strain (Thomson et al., 1985; Riller, 2005) and systematic geochemical trends 
(Lightfoot and Zotov, 2005). No mechanism for folding or straining a crystalline rock without 
forming metamorphic mineral fabric has yet been proposed that could explain the shape change 
of the South Range SIC. Based on seismic reflection data it has been proposed that the South 
Range SIC is imbricated on a series of SE-dipping faults (Milkereit et al., 1992). At surface, 
however, the SIC contacts can be traced continuously throughout most of the Sudbury Basin and 
less offset is observed on faults in the Basin than the magnitude required to achieve apparent S-
dipping faulted contacts in the seismic images. A mechanism needs to be found that can 
reconcile the steep dips of the basal SIC with an apparent paucity of strain-induced mineral 
fabrics in the Norite. In general, it is unclear under which tectonic conditions substantial amounts 
of reorientations of lithological contacts can be accommodated while preserving cumulate 
igneous mineral fabrics.  
 
A series of metavolcanic and metasedimentary rocks of the Huronian Supergroup form the host 
rocks to the South Range of Sudbury Basin. These rocks show evidence of amphibolite-grade 
tectonometamorphic overprint associated with the intrusion of granitoid rocks in the basal strata 
(Riller and Schwerdtner, 1997). In the vicinity of the granitoid intrusives the Huronian rocks are 
folded in a complex manner. The metasedimentary strata of the Huronian Supergroup south of 
the SIC are thrown into km-scale anti- and syncline folds. Although peak metamorphism and 
deformation are generally attributed to the Blezardian Orogeny (Riller and Schwerdtner, 1997), 
evidence of pervasive younger deformation events remains elusive. There is little documentation 
of distinct fabric generations or of crosscutting relationship. Although there is isolated evidence 
of post-impact deformation in the host rocks of the SIC documented in impact breccia (e.g. Scott 
and Spray, 1999), associating mineral fabrics to a distinct orogenic event has proven difficult. 
 
Lithological contacts in the South Range SIC generally dip toward the Basin centre and, thus, to 
the NW. The SIC layers lie directly adjacent to steeply SE-dipping and S-facing metavolcanic 
and metasedimentary rocks. This reversal in stratigraphy from the SIC to the Huronian rocks was 
first noted by Cooke (1948). Rotating the South Range SIC to an initial subhorizontal geometry 
requires tilting of these rocks to the SE. Using solid-body rotation to restore the initial geometry 
of the SIC together with its host rocks leads to the overturning of the Huronian rocks prior to the 
emplacement of the SIC. Furthermore, tilting of the wall rock does not correlate well with 
geometry of the ore bodies, which are shaped as gravity-controlled vertical fingers (Lightfoot 
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and Farrow, 2002). Consequently, solid-body rotation of the SIC together with its host rocks as 
one coherent unit does not adequately explain the formation of the Sudbury Basin. A 
deformation mechanism needs to be identified that can accomplish differential deformation of 
the South Range SIC and the Huronian rocks. 
 
This thesis is geared towards deciphering deformation in the southern Sudbury Basin and 
attempts to define the mechanisms characterizing post-impact shape change of the SIC and the 
orientation of the strain and paleo-stress fields. Benefits of the study lie in enhancing knowledge 
on the effects of deformation at lithological interfaces, the interaction of ductile fabrics and 
brittle faults, and restoration of strain, rotation and displacement of an originally horizontal 
marker layer, given by the impact melt sheet. Deciphering the three dimensional geometry of 
SIC and its host rocks has significant economic implications in understanding the location and 
geometry of ore deposits associated with the Sudbury Basin. 
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2. Geology and deformation of the Sudbury Igneous Complex 
 
 
2.1.  Lithological overview of the Sudbury Igneous Complex 
 
The Sudbury Igneous Complex (SIC) is the relic of a 2.5 to 3.0 km-thick layered crystalline sheet 
(Therriault et al., 2002). The SIC is made up of the basal gabbroic to noritic Sublayer, which is 
overlain respectively by layers that are traditionally labelled Norite, Quartz Gabbro and 
Granophyre. These three layers form what is commonly referred to as the Main Mass of the SIC 
(Naldrett and Hewins, 1984). The composition of the SIC is high in SiO2 and is bimodal, marked 
by the low-silica Norite (ca. 56 % SiO2) and the silica-rich Granophyre (ca. 70% SiO2) 
(Lightfoot et al., 2001; Lightfoot and Zotov, 2005). These layers are separated by a transition 
layer known as the Quartz Gabbro. The transition between the layers is gradational in terms of 
mineral and chemical composition. The composition of the parental melt is evident from the so-
called Offset Dikes (Grant and Bite, 1984; Lightfoot et al., 2001). The quartz diorite Offset 
Dikes protrude up to 30km into the host rocks of the SIC (Grant and Bite, 1984), tapering in 
width with increasing distance from the Main Mass. Dikes are oriented radially and 
concentrically to the base of the SIC and are mostly subvertical (Grant and Bite, 1984). 
 
The South Range Norite is composed of a cumulus phase of plagioclase and hypersthene and 
intercumulus augite, quartz, magnetite and ilmenite (Naldrett and Hewins, 1984). In the Quartz 
Gabbro, relative proportions of hypersthene decrease, and augite, quartz, magnetite, ilmenite and 
apatite increase. The Granophyre is composed predominantly of micrographic intergrowth of 
quartz and feldspar and of tabular plagioclase grains. In areas where it is least deformed, the 
composition of the South Range Granophyre is akin to its counterpart in the North Range. 
Variations between the SIC of the North and South Ranges are most pronounced in the mineral 
content of the Norite. Quartz-rich Norite forms the lower portion of Norite in the South Range. 
In the North Range, this layer is formed by a hypersthene-rich cumulate. Crystal cumulate and 
igneous lamination are igneous fabrics preserved in the SIC (Naldrett et al., 1972) and possibly 
indicate the orientation of the paleo-horizontal surface assuming the formation of cumulus 
fabrics is induced by gravitational settling (e.g. Irvine, 1987).  
 
The SIC layers are characterized by igneous and by metamorphic mineral shape fabrics, the 
spatial density and orientation of which vary with location. The metamorphism of mineral fabrics 
varies from greenschist-facies in the North Range to lower amphibolite-facies in the South 
Range (Card, 1978; Thomson et al., 1985; Fleet et al., 1987). The extent to which the South 
Range Norite was affected by deformation has not been studied in detail. Large portions of the 
South Range Norite are reported to be unstrained (Riller, 2005) and display igneous mineral 
fabrics characterized by a granular texture and hypidiomorphic plagioclase and hypersthene 
(Naldrett and Hewins, 1984; Thomson et al., 1985). Naldrett et al. (1970) document 
metamorphic alteration of the Norite from the East Range and the South Range. In these areas 
Thomson et al. (1985) distinguish between the Black Norite, in which hypersthene and augite are 
preserved, and the Green Norite, which shows a metamorphic mineral assemblage of amphibole, 
epidote, biotite, albite and quartz. This mineral assemblage is consistent with prograde 
metamorphism to amphibolite facies, known from Huronian host rock of the South Range (Fleet 
et al., 1987).  
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Ore deposits related to the SIC are predominantly situated at the basal contact of the SIC, in 
quartz diorite dikes protruding into the adjacent rocks, and in the host rocks. Over 50% of the 
deposits are in the Contact Sublayer, one quarter in Offset Dikes, and 15% in the Frood Stobie 
Breccia Belt and less than 10% as veins in the host rock (Ames and Farrow, 2007). Ore deposits 
in the Sudbury Basin are tallied at a total of past production together with present resources of 
1500 Mt showing average grades of 1% Ni, 1% Cu and 1 g/t Pd+Pt (Farrow and Lightfoot, 
2002). 
 
Ore deposits, especially those in the South Range, show evidence of post-emplacement 
deformation (Rousell, 1975; Cochrane, 1984; Owen and Coats, 1984). Particularly in the 
southeastern Sudbury Basin deposits display shear structures and are offset by faults. The Copper 
Cliff Offset Dike, which extends southward into the host rocks of the SIC in the central South 
Range, is segmented by faults (Cochrane, 1984). Faults affecting the ore deposits in the South 
Range Breccia Belt are associated with schist, and fault gouge (Davis, 1984). The Breccia Belt 
also shows abundant oblate magnetic fabrics (Scott and Spray, 1999). In the eastern South Range 
the wall rocks to the mineralized zones are strongly foliated and brecciated, displaying fault 
gouge at the basal contact of the Norite (Owen and Coats, 1984; Mukwakwami et al., 2012). 
Ductile deformation under greenschist-facies metamorphic conditions is observed from the 
Worthington Offset Dike (Hecht et al., 2008). In summary, Offset Dikes and ore deposits are 
affected by both ductile and brittle deformation. 
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2.2. The Formation of the Sudbury Impact Structure 
 
It is commonly accepted that the SIC formed as a result of the effects of a meteorite impact into 
the Paleoproterozoic crust at 1.85 Ga (Pye et al., 1984; Grieve et al., 1991; Grieve, 1994; 
Deutsch et al., 1995). The impact origin was first proposed by Dietz (1964), who suggested that a 
meteorite impact produced a crater and formed an impact melt sheet. The main arguments 
documenting the Sudbury Impact Structure as the result of a hypervelocity meteorite impact are: 
high Ir-content in the melt-breccia of the Onaping Formation, abundance of pseudotachylite 
bodies decreasing with distance from Sudbury Basin, shatter cones, and shock metamorphism in 
minerals (Guy-Bray et al., 1966; French, 1967; French, 1968; French, 1970; Dence, 1972; 
Peredery, 1972; Grieve, 1994). The SIC and features in its adjacent rocks formed by impact 
processes are referred to as the Sudbury Impact Structure.  
 
Overlying the Main Mass SIC is the Onaping Formation, an impact melt-breccia breccia whose 
clast sizes decrease overall upwards (French, 1967; Rousell, 1975). The Onaping Formation also 
contains fallback breccia (Grieve et al., 2010), which is the product of rocks uplifted above the 
expanding transient cavity by a vapor plume and subsequently deposited back into the impact 
crater. This impact-related breccia is generally composed of variously sized target rock 
fragments and glass. In the Sudbury Impact Structure, the Onaping Formation is composed of 
shocked lithic fragments and a range of originally vitric phases (Grieve et al., 2010). The glassy 
phases are pervasively devitrified as the consequence of hydrothermal events (Ames et al., 
1998). Individual units of the Onaping Formation are marked by the presence of carbon material 
and chloritic alteration. The Onaping Formation constitutes a fundamental argument for the 
impact origin of the Sudbury Structure as it hosts impact diamonds and shock metamorphic 
quartz, feldspar and zircon (Masaitis et al., 1999; French, 1967; Peredery, 1972; Dressler et al., 
1996; Bohor et al., 1993; Krogh et al., 1993). 
 
The events involved in the formation of the Sudbury Impact Structure commenced with the 
impact of a ca. 10 km diameter meteorite impacting the Paleoproterozoic and Archean crust 
(Grieve and Cintala, 1992; Grieve, 1994). The kinetic energy of the impact formed a transient 
crater by excavating and displacing the target rocks (Dressler and Reimold, 2001). 
Approximately 3 – 4 x 104 km3 molten target rocks (Ivanov, 2005) filled the transient cavity, the 
base of which reached a depth of 30 km (Grieve, 1994; Deutsch et al., 1995). Additionally to the 
formation of a transient cavity and melt, target rocks were brecciated (Grieve, 1994). At a later 
stage of crater formation the crater floor was uplifted and formed a central uplift and peak rings 
(Melosh, 1989). Subsequently, inward-moving clast-rich melt and suevite covered the top of 
melt sheet, forming what is now known as the Onaping Formation (Grieve, 1994; Grieve et al., 
2010).  
 
Most authors assume that the geometry of the impact melt sheet was initially subhorizontal, 
disregarding corrugations in the crater floor such as embayments (e.g., Grieve et al. 1991, 
Lightfoot et al., 1997; Therriault et al., 2002; Deutsch et al., 1995). However, structural 
observations lead Shanks and Schwerdtner (1991) to believe that the SIC had an original funnel-
shaped geometry. Magnetic and structural fabric observations by Cowan (1999) suggest an 
initially parabolic emplacement geometry, analogous to a basin shape described by Morris 
(1984) based on primary magnetic remanence directions. The formation of the Main Mass is 
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attributed to shock-induced melting of crustal material and subsequent impact melt ponding in a 
crater with a subhorizontal crater floor (Grieve et al., 1991; Grieve, 1994; Deutsch et al., 1995; 
Therriault et al., 2002; Zieg and Marsh, 2005; Dreuse et al., 2010). 
 
Cooling of the SIC is marked by heat conduction at its base and top, forming a thermal aureole in 
the surrounding rocks. The duration of cooling of the Main Mass SIC is evidenced in the 
difference of crystallization ages between norite at varying levels in the igneous stratigraphy 
(Davis, 2008). The cooling time is estimated to be up to 10 000 years (Prevec and Cawthorn, 
2002; Zieg and Marsh, 2005). During this time frame, host rock debris was incorporated and 
compositional gradients were produced by in situ differentiation (Dickin et al., 1996; Ivanov and 
Deutsch, 1999). The processes involved in the differentiation include fractional crystallization 
(Ebel and Naldrett, 1996; Warren et al., 1996; Lavrenchuk et al., 2010), or the separation of two 
superheated immiscible liquids (Golightly, 1994; Zieg and Marsh, 2005). Distinct pulses of melt 
intrusion have also been proposed to account for compositionally distinct phases of the SIC (e.g. 
Morris, 1981; Chai and Eckstrand, 1993; Ariskin et al., 1999). 
 
In summary, the most prominent feature of the Sudbury Impact Structure is the SIC which 
formed from an impact melt sheet. Features in the host rocks of the SIC include Offset Dikes and 
brecciated and shock metamorphosed host rocks. The composition of the Offset Dikes indicated 
their intimate relationship to the Main Mass SIC and they were likely formed by melt seeping 
into fractures in the crater floor (Grant and Bite, 1984). The dike-like pseudotachylite bodies, 
also known as the Sudbury Breccia, occur in the basement rocks around and up to 50 km away 
from the SIC (Dressler, 1984; Rousell et al., 2003). Pseudotachylite bodies decrease in size and 
abundance with increasing distance from the SIC (Speers, 1957). The composition of the matrix 
and the clasts composing the bodies varies according to location and are within compositional 
range of the local host rocks (Dressler, 1984). A combination of shock loading (Rousell et al., 
2003; Lafrance et al., 2008; Lafrance and Kamber, 2010), in situ melting and comminution 
(Scott and Spray, 2000), and impact melt drainage (Riller et al., 2010) are likely the key 
processes involved in the formation of the Sudbury Breccia. 
 
 
2.3. Deformation history of the Sudbury area and regional tectonic setting 
 
The Sudbury Basin extends over the boundary between the Superior and the Southern Province 
of the Canadian Shield, which constitute the host rocks of the SIC (Fig. 2.1). The North and East 
Ranges are underlain by high-grade metamorphic and granitoid rocks of the Archean Superior 
Province (Card et al., 1972). These rocks consist of the Levack Gneiss Complex of supracrustal 
and intrusive units (Card, 1994). Between the formation of granulites at approximately 2.71 Ga 
(Krogh et al. 1984) and deformation and metamorphism under upper amphibolite-facies 
metamorphic conditions at around 2.65 Ga (Krogh et al. 1984), these rocks were uplifted from 28 
to 21 km depth to shallow crustal levels of 11 to 5 km (James et al., 1992). At this depth the 
rocks of the Levack Gneiss Complex recrystallized at the contact of, and imparted by, the SIC. A 
contact metamorphic aureole is documented in the North Range SIC (Lakomy 1990).  
 
The Levack Gneiss was intruded by granitoid magma of the Cartier pluton at 2.64 Ga (Meldrum 
et al., 1997) and by the Matachewan dike swarm at 2.45 Ma (Heaman, 1997). The Cartier pluton 
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mostly shows little internal structure (Meldrum et al., 1997). Ductile fabrics are observed in an 
E-W ductile shear zone which lies approximately 15 km NW of the basal SIC in the North 
Range, the so-called Benny Deformation Zone, (Fueten et al., 1992; Kellett and Rivard, 1996). 
The Matachewan dike swarm is demagnetized in the Benny Deformation Zone and altered with 
southward decreasing intensity (Siddorn and Halls, 2002). In the vicinity of the North Range 
SIC, however, little altered dikes are preserved (Siddorn and Halls, 2002). Brittle deformation in 
the North Range and its host rocks SIC is documented by mainly left-lateral offset of the SIC 
along faults of the NNW-striking Onaping Fault System (Buchan and Ernst, 1994).  
 
The South Range of the SIC is in contact with metavolcanic and metasedimentary rocks of the 
Huronian Supergroup of the Southern Province, which show a deformation history distinct from 
the Archean rocks underlying the North Range. The Huronian rocks were deposited onto 
Archean rocks between 2.45 Ga (age of the Copper Cliff Rhyolite: Krogh et al., 1984) and 2.21 
Ga (age of Nipissing Diabase: Noble and Lightfoot, 2002). During this time interval Huronian 
metasedimentary rocks were deposited, deformed and metamorphosed to amphibolite facies 
metamorphism and intruded by felsic plutons, notably the Creighton and Murray Plutons, which 
border the southern flank of the Sudbury Basin (Card et al. 1972; Card 1978; Riller and 
Schwerdtner, 1997; Riller et al., 1999). 
 
Deformation of the Huronian rocks is attributed to 2.4 to 2.2 Ga Blezardian tectonism and the 
1.89 to 1.83 Ga Penokean orogeny (Riller et al., 1997).  The formation of the Eastern Penokean 
Orogen is documented from the Lake Superior region (Sims et al., 1985) where it is attributed to 
a frontal collision of island arc terrains with the southern margin of the Superior Province (Sims 
et al., 1985; 1989). Proterozoic accretion in the Lake Huron ages is implied by Nd model ages in 
the Neoproterozoic Grenville Province rocks (Dickin and McNutt, 1989). The Penokean 
Orogeny commences at about 1.89 Ga (Sims, 1989) with ocean closure, subduction and 
associated arc volcanism, and at 1.875 Ga terranes began accreting onto the stable Superior 
Craton (Van Schmus, 1980). By 1.85 Ga the greater part of oceanic crust had been subducted 
and the orogeny turned into a continent-continent collision with the consequent formation of 
foreland basins and fold-and-thrust-belts in the Great Lakes region (Schulz and Cannon, 2007). 
Tectonometamorphic events of the Penokean Orogeny are relevant for the Sudbury Structure as 
the emplacement age of the SIC coincides with the time frame of orogenic activity. 
 
Deformation of the SIC commenced likely during its cooling (Riller et al., 1996; Rosenberg and 
Riller, 2000; Ivanov, 2005; Klimczak et al., 2007), but peak metamorphism of the SIC is thought 
to have occurred under prograde conditions (Fleet et al., 1987). New geochronologic and 
thermochronologic evidence suggests that significant post-impact deformation and 
metamorphism of Huronian rocks occurred at about 1.76 to 1.74 Ga (Piercey et al., 2007) and 
was likely associated with the emplacement of 1.74 Ga granitoid plutons between the rocks of 
the Huronian Supergroup and rocks of the Grenville Province (Easton, 2000). Radiometric dating 
of deformation zones at the base of the South Range Norite yield a 1.65 Ga age for the formation 
of syntectonic minerals (Bailey et al., 2004). Post-impact metamorphic and deformation are thus 
not limited to a single orogenic event. 
 
Proximity and orientation of the long axis of the Sudbury Basin to the NE-striking Grenville 
Front led some workers to invoke that the Basin was shaped by late Proterozoic Grenvillian 
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tectonism (Dietz, 1964; Card et al., 1984; Fueten and Redmond, 1997; Spray et al., 2004). 
Additional evidence for the presence of Grenville age deformation event is given by the offset of 
diabase dikes of the 1.23 Ga (Gates and Hurley, 1973) Sudbury swarm (Tschirhart and Morris, 
2012). Nevertheless, these diabase dikes appear unstrained in the Sudbury area (Brocoum and 
Dalziel, 1974), thereby indicating that this youngest deformation event likely occurred at a 
shallow crustal level. 
 

 
 

Figure 2.1: The Sudbury Basin in its regional setting at the boundary between the Superior, Southern and Grenville 
Provinces (after Sims et al., 1981). SRSZ = South Range Shear Zone. 
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3. Fabric evolution and deformation in the South Range Norite 
 
 
3.1. Introduction 
 
The formation of brittle shear faults in orogenic belts is usually considered to postdate ductile 
fabric development (e.g., Watts and Williams, 1979). As such, shear fractures are interpreted to 
record late stages of orogenic deformation. However, in initially isotropic rocks, notably 
granitoid bodies, brittle fractures have been documented to coalesce into zones of brittle-ductile 
or ductile deformation (Segall and Simpson, 1986; Bürgmann and Pollard, 1994; Tourigny and 
Tremblay, 1997; Pennacchioni, 2005). Thus, brittle faults may form during or even precede 
ductile deformation in granitoid rocks. As evidence for the existence of precursor brittle fractures 
is likely erased by subsequent pervasive crystal plastic deformation in orogenic belts (Means, 
1989), the significance of small-scale shear fractures for accomplishing regional deformation of 
igneous rock bodies may have been largely underestimated. Despite the evidence for the 
development of isolated ductile shear zones from brittle precursor faults in granitoid rocks, it 
remains to be elucidated to what extent this process operates in mafic igneous rocks. Moreover, 
the kinematic effects of such fabric development on the geometry of deformed (mafic) igneous 
sheets have received little attention by structural analysts. Here we report on the genetic 
relationship between brittle and ductile fabric development and its influence on the melt sheet 
geometry using the Sudbury Igneous Complex, Canada, as an example. Because the Complex is 
layered, well-exposed and heterogeneously deformed, it lends itself excellently for this study.  
 
The Sudbury Basin (Brocoum and Dalziel, 1974; Pye et al., 1984) is considered as the central 
portion of the Sudbury Impact Structure (Butler, 1994; Riller 2005; Grieve et al., 2008). The 
Basin is made up of the Main Mass of the Sudbury Igneous Complex (SIC), the relic of an 
impact melt sheet (Grieve et al., 1991; Deutsch et al., 1995) dated at 1.85 Ga (Krogh et al., 
1984), clast-melt breccias of the overlying Onaping Formation (Peredery and Morrison, 1984; 
Grieve et al., 2010), and post-impact sedimentary rocks (Fig. 3.1). Cu-Ni sulphide deposits are 
concentrated chiefly at the base of the SIC in the so-called Sublayer and adjacent rock (e.g., 
Keays and Lightfoot, 2004; Ames et al., 2007) and made the Sudbury Basin a world-class mining 
camp.  
 
The synformal geometry of the SIC has been attributed to sagging of the melt sheet upon cooling 
(Peredery and Morrison, 1984) or is considered as primary (Cowan et al., 1999). More recent 
structural studies suggest, however, that this geometry is due to post-impact, non-cylindrical 
folding (Cowan and Schwerdtner, 1994; Riller et al., 1998; Riller, 2005; Klimczak et al., 2007; 
Halls, 2009; Dreuse et al., 2010). Due to the highly variable crater floor topography (Dreuse et 
al., 2010), the orientation of the lower SIC contact, notably of the southern Sudbury Basin, 
cannot be used to constrain rotation magnitudes of the SIC. Furthermore, internal contacts of the 
SIC are non-parallel at surface (Fig. 3.1). In particular, it is unclear whether this configuration 
constitutes the original orientation of the lithological contacts, or whether deformation modified 
the contact geometry.  
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Figure 3.1: Simplified geological map of the Sudbury Basin showing first-order structural characteristics (modified 
from Cowan et al., 1999). Dip magnitudes (numbers) of basal SIC contact segments are from Ames et al. (2005) and 
Dreuse et al. (2010) (green and black arrows, respectively). 
 
To better understand the mechanisms of fabric development, including rotational components of 
deformation, in the southern SIC, we analyzed the orientation and spatial distribution of igneous 
and metamorphic mineral fabrics as well as outcrop-scale fold structures in the field. These 
analyses are complemented by inversion of small-scale, brittle-ductile shear faults from which 
we infer shortening directions during deformation of the SIC and its host rocks. Collectively, 
these data allow us to characterize the deformation mechanisms by which the SIC changed shape 
and its mechanical behavior during deformation. This study pertains directly to understanding 
the deformation of, and strain localization in, mafic melt sheets at upper crustal levels. 
 
 
3.2. Tectonic Background Setting 
 
At surface, the SIC forms morphological ranges, i.e., the North Range, the South Range and the 
East Range (Fig. 3.1). The North Range and the East Range are underlain by high-grade 
metamorphic and granitoid rocks of the Archean Superior Province (Card et al., 1972). These 
rocks formed at approximately 2.71 Ga and were affected by upper amphibolite- to granulite-
facies metamorphism at around 2.65 Ga (Krogh et al. 1984). The South Range of the SIC 
overlies metavolcanic and metasedimentary rocks of the Huronian Supergroup which were 
deposited onto Archaean rocks between 2.45 Ga (age of the Copper Cliff Formation: Krogh et 
al., 1984) and 2.21 Ga (Nipissing diabase intrusion: Corfu and Andrews, 1986). During this time 
interval Huronian metasedimentary rocks were deposited, deformed and metamorphosed to 
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amphibolite facies and intruded by felsic plutons, notably the Creighton and Murray Plutons, 
which border the southern flank of the Sudbury Basin (Card et al. 1972; Card 1978; Riller and 
Schwerdtner, 1997; Riller et al., 1999). 
 
The SIC and Huronian rocks were affected by various Proterozoic pulses of deformation. 
Deformation of the SIC commenced likely during its cooling (Klimczak et al., 2007) but peak 
metamorphism and deformation of the SIC is thought to have occurred under prograde 
conditions (Fleet et al., 1987). New geochronologic and thermochronologic evidence suggests 
that significant post-impact deformation and metamorphism of Huronian rocks occurred at about 
1.76 to 1.74 Ga (Piercey et al., 2007) and was likely associated with the emplacement of 1.74 Ga 
granitoid plutons (Easton, 2000). Deformation zones at the base of the South Range Norite were 
dated at ca. 1.65 Ga (Bailey et al., 2004). Proximity and orientation of the long axis of the 
Sudbury Basin to the NE-striking Grenville Front led some workers to invoke that the Basin was 
shaped by late Proterozoic Grenvillian tectonism (Dietz, 1964; Card et al., 1984; Fueten and 
Redmond, 1997; Spray et al., 2004). This is, however, at variance with the presence of 
unstrained diabase dikes of the 1.23 Ga Sudbury swarm (Gates and Hurley, 1973) in the Sudbury 
area (Brocoum and Dalziel, 1974). Thus, the precise age of Basin formation is still uncertain. 
 
 
3.3. Structural characteristics of the Sudbury Basin 
 
The Main Mass of the SIC is made up of petrographically distinct layers that are traditionally 
known as Norite, Quartz Gabbro and Granophyre (Fig. 3.1). Collectively, these layers are 
characterized by igneous and metamorphic mineral shape fabrics, the intensity and orientation of 
which vary with location. Much of the Sudbury Basin and adjacent Huronian host rocks were 
affected by deformation, the metamorphic grade of which varies from greenschist-facies in the 
North Range to lower amphibolite-facies in the South Range (Card, 1978; Thomson et al., 1985; 
Fleet et al., 1987). This led to the development of mesoscopic planar (S) and linear (L) mineral 
shape fabrics, the intensity of which decrease generally toward the north in the Sudbury area. 
 
Except at the NE-lobe and SE-lobe of the Sudbury Basin (Fig. 3.1), planar metamorphic mineral 
shape fabrics strike parallel to the long axis of the Basin and are either subvertical or dip  
southward (Cowan, 1996). In the lobes, the shape fabrics are axial-planar to the plan view 
curvature of the SIC (Cowan, 1999) pointing to a fold origin of the two lobes (Cowan and 
Schwerdtner, 1994; Riller, 2005; Klimczak et al., 2007). In post-impact sedimentary rocks, 
planar fabrics developed as a slaty cleavage that is axial planar to doubly plunging, open similar 
and concentric folds of bedding planes (Rousell, 1984).  
 
The South Range Shear Zone (SRSZ), a SE-dipping ductile deformation zone, is the most 
prominent structural element of the Sudbury Basin (Rousell, 1975; Shanks and Schwerdtner, 
1991). Mineral fabrics of the shear zone display L-S geometry and formed mostly at, or near, the 
contact of the Granophyre and Onaping Formation (Fig. 3.1). Reverse sense-of-shear on the 
SRSZ translated the South Range approximately 8 to 13 km toward the NW (Shanks and 
Schwerdtner, 1991). The SRSZ formed apparently under lower amphibolite-facies metamorphic 
conditions and was overprinted by small-scale, brittle-ductile shear faults, which formed at mid 
greenschist-facies metamorphic conditions (Fleet et al., 1987).  
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The extent to which the South Range Norite was affected by deformation has not been studied in 
detail. Large portions of the South Range Norite are reported to be unstrained (Riller, 2005) and 
display igneous mineral fabrics characterized by a granular texture and hypidiomorphic 
plagioclase and hypersthene (Naldrett and Hewins, 1984; Thomson et al., 1985). The 
intercumulus mineral phases consist of augite, hornblende, quartz, titanomagnetite and biotite 
(Thomson et al., 1985). Naldrett et al. (1970) document metamorphic alteration of the Norite 
from the East Range and the South Range. In these areas Thomson et al. (1985) distinguishes 
between the Black Norite, in which hypersthene and augite are preserved, and the Green Norite, 
which shows a metamorphic mineral assemblage of amphibole, epidote, biotite, albite and 
quartz. This mineral assemblage is consistent with prograde metamorphism to amphibolite 
facies, known from Huronian host rock of the South Range (Fleet et al., 1987). 
 
 
3.4. Results 
 
3.4.1. Igneous fabrics 
 
Igneous mineral fabrics of the South Range Norite are planar and consist of subhedral 
plagioclase, orthopyroxene and to some extent amphibole. Collectively, the fabric defined by 
these mineral phases is reminiscent of a cumulus texture (Fig. 3.2a). Plagioclase has andesine 
composition, shows twin lamellae, and is zoned, evident by the increase in sodium content 
towards crystal margins (Fleet & Barnett, 1978). Similarly, amphibole is zoned, apparent by 
cores of green hornblende rimmed by blue-green hornblende (Fleet & Barnett, 1978). It is 
noteworthy that none of these mineral phases form a mineral lineation. 
 
Minerals indicative of metamorphism and hydrothermal alteration are known to have affected 
much of the South Range Norite. For example, epidote and scapolite occupy grain boundaries, 
notably between plagioclase and amphibole, replace plagioclase cores and coat fractures 
(Thomson et al., 1985). Similarly, talc replaces hypersthene cores and is found in fractures 
cutting bronzite. Hypersthene is rimmed by actinolitic hornblende and brown edenite is 
selectively replaced by blue-green actinolitic hornblende (Fleet et al., 1987). Chlorite, epidote 
and quartz decorate brittle fractures (see section 4.4). Despite metamorphic transformation of the 
Norite at the grain scale, primary igneous fabrics are generally preserved well enough to be 
visible in outcrop (Fleet et al., 1987).  
 
Although often faint in outcrop, igneous layering can be observed throughout the South Range 
Norite. The orientation of planar igneous fabrics was mapped in the South Range Norite at 276 
stations (Figs. 3.3a, 3.4a, b). For a better appraisal of along-strike fabric variation, the orientation 
of planar igneous fabrics was grouped into two zones, the Western Zone and the Eastern Zone, 
defined by NE-SW strike and E-W strike of SIC contacts, respectively (Fig. 3.3a). Assuming that 
layering in the SIC formed by gravitational settling (Naldrett et al., 1970) and was subhorizontal 
prior to deformation, inclined planar igneous fabrics can be used to infer total rotation 
magnitudes of the South Range SIC. Planar igneous fabrics dip moderately toward the NW in the 
Western Zone (Fig. 3.4a) and toward the N in the Eastern Zone (Fig. 3.4b) and strike parallel to 
SIC contacts (Fig. 3.3a). The dip of planar igneous fabrics suggests that the South Range SIC 
was tilted by approximately 40° to 60° toward the NW in the Western Zone and about the same 
magnitude toward the N in the Eastern Zone (Figs. 3.4a, b).  
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Figure 3.2 (previous page): Structural field characteristics of the South Range SIC. (a) Trace of planar igneous 
mineral fabrics (S) in Quartz Gabbro defined by subhedral plagioclase (white) and pyroxene transformed to 
actinolite (dark green). (b) Folded brittle shear faults in Norite. (c) Small-scale, brittle-ductile shear zone in Norite 
in profile plane. Note obliquity between metamorphic foliation defined by chlorite flakes and the zone margins. 
Half-arrows indicate sense-of-slip. (d) Brittle shear fault surface decorated by chlorite fibres. (e) Anastomosing 
pattern of small-scale chloritic shear zones in Norite. (f) Irregular shaped granitoid dike in Norite. Stippled lines 
delineate dike margins. (g) Buckled granitoid dike in Norite. Pocket knife is parallel to the trace of the shape-
preferred orientation of metamorphic minerals in the Norite. (h) Folded granitoid dike in Quartz Gabbro. The dike 
margins of the fold limbs are reused as brittle-ductile slip surfaces. Half arrows indicate sense-of-slip. Note 
cuspate-lobate contact geometry in (g) and (h). 
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Figure 3.3: Caption on following page. 
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Figure 3.3: Structure of the study area in the South Range SIC. WFZ: Whitewater Lake Fault Zone. (a) Simplified 
geological map showing averages of dip directions (symbols) and dip magnitudes (numbers) of igneous layering. (b) 
Strike trajectories of inclined planar metamorphic shape fabrics (including data by Ames et al., 2005) overlain on 
contoured dip magnitudes of fabrics. Note the large variation in fabric strike in the basal Norite as opposed to that 
at the contact of the Granophyre with the Onaping Formation. (c) Variation in intensity of metamorphic mineral 
fabrics. For definition and explanation of fabrics see text. Contours in (b) and (c) were created with a minimum 
curvature algorithm using a cell size of 100 m. Dots in (b) and (c) show location of stations the contouring is based 
on. (d) Map showing dihedra of shortening and extension inferred from the inversion of brittle shear faults using the 
Numerical Dynamic Analysis. Station numbers correspond to numbering of diagrams and principal strain axes 
shown in Figure 5 and Table 1, respectively. (e) Directions of shortening inferred from brittle-fault analysis and 
fold geometry of granitoid dikes, projected onto the map plane. (f) Graph showing the along-strike variation in dip 
direction (azimuth) of the contact between Norite and Quartz Gabbro and shortening directions. The x-axis marks 
Easting coordinates. Note parallelism of shortening directions with dip direction of contact. 
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Figure 3.4: Lower-hemisphere, equal-area projections of magmatic and metamorphic fabric elements of the South 
Range SIC. Large grey circles indicate means and n the respective number of measurements. (a) Poles to magmatic 
layering in the Western Zone. (b) Poles to magmatic layering in the Eastern Zone. (c) Orientation of folded brittle 
fault plane segments (great circles), respective sense-of-slip of hanging wall (arrows) and fold-axial plane (FAP). 
(d) Poles to metamorphic foliation in the Onaping Formation. (e) Poles to metamorphic foliation in the Granophyre. 
(f) Poles to metamorphic foliation in the Quartz Gabbro and Norite. Foliation planes in (d) to (f) are from the 
Western Zone. (g) Poles to fold-axial planes of granitoid dikes. (h) Shortening directions inferred from brittle shear 
faults. (i) Orientation of quartz fibers. (j) Extension directions inferred from brittle shear faults. Note co-linearity of 
mean directions in (g) and (h), and (i) and (j), respectively. 
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3.4.2. Metamorphic fabrics 
 
The South Range SIC and adjacent Onaping Formation display metamorphic mineral fabrics, the 
orientations of which were recorded at a total of 349 stations (Figs. 3.3b, 3.4d, e, f). Except for in 
the South Range Shear Zone (Shanks and Schwerdtner, 1991), the mineral fabrics in the SIC 
have planar geometry and are either defined by the shape-preferred orientation of amphibole and 
potassium feldspar or by biotite and chlorite (Figs. 3.2c, d). In outcrops, in which both 
metamorphic mineral assemblages are present, fabrics defined by chlorite and biotite display the 
same orientation as fabrics made up mostly of amphibole. This allowed us to reliably distinguish 
between metamorphic mineral fabrics and igneous layering, as the latter is defined by subhedral 
plagioclase and orthopyroxene in the South Range Norite. Moreover, distinction between the two 
fabric types is corroborated by the fact that the Onaping Formation is devoid of planar igneous 
fabrics and that the orientation of metamorphic mineral fabrics in the Onaping is akin to that 
mapped in the South Range SIC (Fig. 3.4d, e, f). Metamorphic and igneous mineral fabrics may 
be present in the same outcrops but generally display different orientations. 
 
The orientation of planar metamorphic fabrics varies with position in the South Range SIC, 
notably in the Norite (Fig. 3.3b). Near the contact of the Onaping Formation with the 
Granophyre, which lies within the SRSZ (Fig. 3.1), and at the upper and lower contacts of the 
Quartz Gabbro, fabrics dip moderately to steeply southward and strike parallel to these contacts 
(Figs. 3.4d, e, f). By contrast, the strike of planar mineral fabrics in the Norite, notably close to 
its basal contact, is highly variable and often at high angles to the SIC-footwall contacts (Fig. 
3.3b). The variation in planar fabric orientation can be explained by the map-scale strain gradient 
associated with the SRSZ. Specifically, away from the SRSZ, i.e., in the basal Norite, highly 
variable fabric orientations point to low levels of map-scale strain as opposed to high strain 
levels indicated by the more uniform orientation of planar fabrics in the SRSZ. 
 
In the Western Zone, foliation planes in the Onaping Formation dip at moderate angles uniformly 
to the S (Fig. 3.4d). In the adjacent Granophyre two clusters of foliation orientations are apparent 
(Fig. 3.4e). Here, a well-defined cluster indicates steeply south-dipping foliation planes, whereas 
a less pronounced one represents steeply north-dipping planes. A bimodal orientation of foliation 
planes, i.e., steeply north- and steeply southward dipping planes, is well apparent in the Norite 
and Quartz Gabbro (Fig. 3.4f). Thus, metamorphic foliation seems to change systematically from 
a conjugate pattern in the Norite and Quartz Gabbro to uniformly south-dipping planes in the 
Onaping Formation. This points to a progressive change from co-axial to non-coaxial 
deformation toward the SRSZ. 
 
Metamorphic fabric development varies with location in the South Range. Fabric development 
can be assessed by the number of shear planes per area in a given outcrop (Fig. 3.5) and ranges 
from isolated, few millimeter-wide deformation zones (Figs. 3.2c, d, 3.5a) to pervasively foliated 
rock (Fig. 3.2g). At low spatial density, shear fractures are spaced decimeters to meters apart and 
are observed to be planar (Fig. 3.5a). In these locations, intersections between fractures are at 
high angles to each other and show little offset (Fig. 3.5a). At higher spatial densities, shear 
fractures are conjugate to each other and connect to millimeter- to centimeter-wide ductile shear 
zones (Fig. 3.5b, c). The foliation in these zones is mostly defined by the shape-preferred 
orientation of chlorite and biotite, and is oblique to shear zone margins (Fig. 3.2c). 
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Figure 3.5: Outcrop photos showing variable fracture densities and the coalescence of shear fractures into shear 
zones with increasing deformation intensity. Shear fractures are well evident by alteration halos. (a) Widely spaced 
fractures oriented at high angles to each other. (b) Isolated fractures coalescing to thin shear zone. (c) Shear zone 
characterized by sigmoidal brittle-ductile shear fractures in an outcrop containing a high fracture density. 
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The variation in metamorphic fabric development can be used to crudely map deformation 
intensity in the South Range SIC (Fig. 3.3c). Outcrops characterized by the sporadic presence of 
thin seams of metamorphic minerals, notably chlorite fibers, which nucleate in and decorate 
brittle shear fractures (Fig. 3.2d), form zones of low deformation intensity. Outcrops replete with 
centimeter-wide shear zones form zones of moderate deformation intensity. The shear zones 
often have anastomosing geometry (Fig. 3.2e) and coalesce to form meter-wide foliated zones in 
areas of high deformation intensity. Outcrops characterized by pervasive metamorphic foliation 
form zones of very high deformation intensity.  
 
Heterogeneity in metamorphic fabric development as seen on the outcrop scale is also evident on 
the map scale. Here, deformation intensity varies on the hundred-meter to kilometer scale (Fig. 
3.3c). In places, outcrops characterized by high deformation intensity connect to kilometer-scale 
zones of continuous deformation. In particular, there is a laterally coherent NNE-striking zone of 
enhanced deformation north of the eastern Creighton Pluton (Fig. 3.3a, c), henceforth referred to 
as the Whitewater Lake Fault Zone (WFZ). On outcrop scale the WFZ is characterized by 
pervasive, subvertical and symmetric anastomosing planar metamorphic mineral fabrics, which 
are devoid of mineral lineations. The zone transects the Quartz Gabbro where its upper and lower 
contacts deviate from their overall ENE strike toward the NE (Fig. 3.3a). The strike separation 
displayed by these contacts agrees with the sigmoidal curvature of metamorphic foliation 
trajectories associated with the WFZ (Fig. 3.3b) and may indicate a sinistral shear component 
resolved on the WFZ. Thus, the WFZ forms a broad zone of continuous deformation that 
displaces the South Range SIC. 
 
3.4.3. Folded granitoid dikes 
 
The South Range Norite contains dike- and pod-like bodies of granitoid composition that range 
in thickness from a few millimeters to decimeters and can be traced up to tens of meters. The 
bodies are likely derived from the nearby ca. 2.3 Ga Creighton and Murray Plutons (Fig. 3.3a). 
The shapes of the granitoid bodies are highly irregular and have wispy apophyses (Fig. 3.2f), 
reminiscent of magma mingling. This suggests that the granitoid bodies intruded the Norite as 
back injections when the Norite was a melt. 
 
The granitoid bodies are tightly to isoclinally folded. The folds are associated with an axial-
planar fabric in the adjacent host rock (Fig. 3.2g) that is chiefly defined by the shape-preferred 
orientation of amphibole and biotite. The margins of folded dikes are lobate, whereas the host 
rock displays cusps (Fig. 3.2g, h). This indicates that the dikes were mechanically more 
competent than the host rock during folding. However, the dikes retained their structural 
coherence during this deformation, which indicates continuous deformation during shape change 
of the granitoid dikes. 
 
Assuming that the folds of the granitoid dikes formed due to shortening orthogonal to their fold-
axial planes, i.e., in the direction of the poles to these planes, local shortening directions for the 
South Range SIC were determined at 55 stations (Fig. 3.4g). Shortening directions in the Western 
Zone are mostly NW-SE and in agreement with left-lateral strike separation of SIC contacts on 
the WFZ, whereas shortening in the Eastern Zone is rather N-S (Fig. 3.3e). Thus, the shortening 
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directions inferred from folded granitoid dikes are crudely orthogonal to the strike of the SIC 
contacts (Figs. 3.3e, f).  
 
3.4.4. Brittle deformation 
 
Small-scale brittle shear faults are pervasively developed in the South Range SIC and adjacent 
Huronian rocks. The fault planes are mostly decorated by chlorite fibers (Fig. 3.2d) and 
sporadically by fibrous quartz, calcite and biotite. In places, faults are associated with fault 
gouge or cohesive cataclasite. The sense-of-slip on the faults was determined by the polarity of 
stair-stepping geometry displayed by the mineral fibers, secondary Riedel fractures and displaced 
passive markers, such as granitoid dikes. 
 
The orientation of 372 brittle fault surfaces and their respective striations were measured at 29 
stations (Fig. 3.6, Table 3.1). The sense-of-slip was reliably determined for 200 fault surfaces. 
The fault populations consist chiefly of moderately SE- and NW-dipping conjugate reverse faults 
and N-S striking strike-slip faults (Fig. 3.6). Based on the orientation of fault surfaces, the 
orientation of mineral fibers and the sense-of-slip, principal axes of paleostress or infinitesimal 
strain can be calculated for a given fault population (Angelier, 1979). As displacement on the 
brittle fault surfaces is minimal, we interpret principal paleostress axes in terms of paleostrain 
axes.  
 
The presence of conjugate fault sets calls for an analytical method that considers each fault plane 
individually. As some stations displayed a low number of fault planes with a reliable sense of 
slip, the application of analytical methods searching for the best-fit reduced stress tensor is 
limited. For each fault population per station, the infinitesimal shortening and extension 
directions (Table 3.1) were calculated using the Numerical Dynamic Analysis (NDA: Spang, 
1972). This method assigns to each fault plane a shear strain magnitude of 1. Furthermore, the 
angle between the maximum principal strain axes and the fault plane is identical for each fault 
population. For our analysis, we chose an angle of 30° between the maximal principal strain 
direction and the maximum resolved shear strain, which is within the limits of experimentally 
obtained values for this angle (Byerlee, 1968).  
 
For each fault plane a set of shortening and extension directions is calculated in tensor form. The 
sum of all tensors divided by the number of fault planes results in the deviatoric strain tensor. 
The eigenvector and the eigenvalue of this tensor define the orientation of the principal 
reciprocal strain directions (λ1 > λ2 > λ3) and the strain ratio (Rstrain). In addition, NDA gives the 
number of fault planes whose measured slip senses are opposite to the ones predicted by a 
particular solution (“nev” in Table 3.1). 
 
Shortening axes plunge shallowly north- or southward at almost all stations (Figs. 3.4h, 3.6). The 
direction of extension is vertical in 16 stations, sub-horizontal at 10 stations and hybrid at 3 
(Figs. 3.3d, 4j, 3.6). Subvertical extension during brittle deformation is also indicated by the 
orientation of fibrous quartz in extension veins (Fig. 3.4i). Analogous to the shortening directions 
inferred from granitoid dikes, shortening directions based on inversion of brittle shear faults are 
crudely orthogonal to the strike of SIC contacts and compatible with left-lateral displacement on 
the WFZ (Fig. 3.3d, e).  
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Finally, it should be noted that brittle fault surfaces in the Norite of the Eastern Zone are 
sporadically folded (Fig. 3.2b). Fault planes decorated with quartz and chlorite are spaced several 
centimeters apart and display open folds. As a consequence of folding, mineral fibers on 
individual folded fault planes are fanning around the respective fold hinge zone (Fig. 3.4c). This 
suggests that brittle faulting preceded in places continuous deformation accomplished by folding 
and foliation development. 
 
 
 
 
 

 
 

Table 3.1: Quantities of brittle deformation inferred from Numerical Dynamic Analysis. Orientation of shortening 
(λ1) and extension (λ3) axes is given as dip direction/dip. RStrain is the strain ratio, # denotes the number of fault 
planes per station and nev is the number of fault planes whose measured slip senses are opposite to the ones 
predicted by a particular solution. 
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Figure 3.6: Lower-hemisphere equal-area projections showing the orientation of brittle faults (great circles) and 
respective sense-of-slip of hanging walls (arrows) as well as principal strain axes inferred from Numerical Dynamic 
Analysis (Table 3.1). 
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3.5. Structural interpretation 
 
This structural analysis indicates that the South Range SIC, notably the Norite, underwent 
heterogeneous deformation, evident by the development and spatial distribution of centimeter- to 
the kilometer-scale structures. Specifically, we examined the orientation of (1) planar 
metamorphic mineral fabrics, (2) quartz fibres in extension veins, (3) folds in granitoid dikes, (4) 
small-scale brittle shear faults and (5) kilometer-scale deformation zones. The orientation and 
kinematics of these structures indicate that the South Range SIC underwent substantial layer-
parallel stretching and layer-normal shortening, i.e., thinning.  
 
There is a marked variation in shortening directions evident from fault-slip analysis, fold 
geometry of granitoid dikes and orientation of planar metamorphic shape fabrics that correlates 
with the strike of the SIC contacts (Figs. 3.3b, e, f). Specifically, shortening directions are 
oriented N-S in the E-W trending Eastern Zone, whereas the NE-SW trending Western Zone is 
dominated by NW-SE trending shortening directions. Thus, shortening directions are 
approximately perpendicular to the SIC contacts, whereas extension directions are mostly 
vertical (Fig. 3.3d). This geometry of local shortening and extension axes corroborates thinning 
of the South Range SIC.  
 
The shortening and extension axes inferred from the orientation of metamorphic foliation 
surfaces, geometry of granitoid dikes, kinematics of brittle-ductile shear faults and orientation of 
quartz fibers in extension fractures are largely collinear (Fig. 3.4). Thus, the strain fabrics formed 
under variable rheological conditions (see below), but under a single deformation regime during 
progressive shortening. However, it remains to be ascertained whether deformation of the South 
Range SIC under these conditions occurred during cooling (Riller, 2005; Klimczak et al., 2007) 
or during prograde regional metamorphism (Thomson et al., 1985) of the SIC. 
 
The presence of folded brittle-ductile fault planes in the Norite suggests that discontinuous 
deformation of the SIC preceded continuous deformation in many places. This is also evident by 
anastomosing, chlorite- and biotite-coated shear fractures coalescing to form ductile shear zones 
in the Norite and Quartz Gabbro (Fig. 3.2e). Collectively, this indicates that zones of pervasive 
foliation development formed initially from localized brittle shear faults (e.g., Pennacchioni, 
2005). Evidently, brittle faults in the Norite and Quartz Gabbro lead to localized hydration and 
transformation of mafic minerals to chlorite and biotite in fault rock. This indicates low- to 
middle greenschist-facies metamorphic conditions during deformation. Such low-temperature, 
hydrolytic weakening (Kronenberg et al., 1990) caused widening of brittle shear fractures to 
hydrated shear faults that ultimately coalesced into broad ductile deformation zones during 
progressive deformation (Figs. 3.5, 3.7). This mechanism of metamorphic foliation development 
by coalescence of hydrated brittle-ductile shear bands has also been documented in initially 
isotropic granitoid rock (Choukroune and Gapais, 1983; Christiansen and Pollard, 1997). 
 
Bulk NW-SE shortening in the South Range SIC is compatible with large-scale folding of the 
SIC and the kinematics of the SRSZ. The SRSZ may have formed independently of folding 
(Milkereit et al., 1992; Wu et al., 1994; Boerner et al., 2000) or as a consequence of folding-
induced strain (Card and Jackson, 1995). The map-scale variation in orientation of metamorphic 
foliation (Fig. 3.3b) and the northward increase in non-coaxiality of deformation (Figs. 3.4 d, e, 



Ph.D. Thesis – I. Lenauer; McMaster University – Geography and Earth Sciences 

40 
 

f) suggest that deformation in the South Range SIC is kinematically related to the formation of 
the SRSZ. The fact that only a single deformation regime can be discerned from the strain fabrics 
may, therefore, indicate that large-scale folding of the SIC occurred contemporaneously with 
activity of the SRSZ (Fig. 3.7). This hypothesis agrees with the observed predominance of 
symmetric strain fabrics in the South Range SIC indicating flattening strains (Fig. 3.4e, f). Bulk 
thinning of the SIC as the main mechanism of deformation is compatible with geochemical 
profiles across the South Range SIC. These profiles are characterized by systematic variations in 
chemical trends showing no marked discontinuities (Lightfoot, 2009). Also, analogue 
experiments by Riller et al. (2010) suggest that the formation of the SRSZ is a mechanical 
consequence of folding of the SIC (Card and Jackson, 1995).  
 
The deformation fabrics recorded in the South Range Norite have important implications for 
understanding the magnitude and mechanism of rotation in the South Range. The total magnitude 
of rotation of the South Range SIC, as inferred from the orientation of igneous layering in the 
Norite, ranges from 40° to 60° (Fig. 3.4a). However, not all of this rotation magnitude may have 
been taken up by solid-body rotation, i.e., tilting of the South Range SIC. Layer-parallel thinning 
can enhance the dip of pre-existing inclined material surfaces, such as lithological contacts and 
primary layering, by shearing-induced rotation (inset in Fig. 3.7). This may well have enhanced 
the inclination of SIC contacts and igneous layering during N-S shortening in the South Range. 
Thus, the actual tilt component of the South Range at the current level of erosion is expected to 
be smaller than indicated by the inclination of igneous layering in the Norite (60°: Figs. 3.4a, 
3.7). Accordingly, variable magnitudes of thinning can account for the observed difference in 
contact dips between the South Range and the North Range. Notably, dip magnitudes of SIC 
contacts are larger for the South Range than for the North Range (Fig. 3.1). Structural elements 
in the South Range SIC suggest that it constitutes the short, but highly strained, limb of an 
asymmetric, NW-verging km-scale anticline-syncline pair of the SIC (Fig. 3.7). 
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Figure 3.7: Conceptual model showing structural characteristics of the deformed South Range SIC. The South 
Range Shear Zone (SRSZ) forms as a consequence of fold-induced strain that leads to thinning of the SIC in the 
steep short limb of an asymmetric anticline-syncline pair. Traces of foliation surfaces are shown as grey stippled 
lines. Inset shows the shear-induced rotation of material surfaces, such as conjugate shear faults, anastomosing 
brittle-ductile shear zones, foliation surfaces (S) and inclined contacts, after 40% of bulk coaxial shortening (dark 
arrows) and respective extension (light arrows). Note steepening of material line representing the basal SIC contact 
by about 30° as a consequence of overall thinning of the SIC and reduction in the angle between conjugate 
structures. The orientation of foliation surfaces does not change with respect to the principal axes of bulk strain. 

 
 
3.6. Conclusions 
 
Deformation in the South Range SIC, notably the Norite and Quartz Gabbro, was taken up by 
centimeter- to kilometer-scale structures, notably planar metamorphic mineral fabrics, tight to 
isoclinal folds in granitoid dikes, small-scale brittle shear faults and first-order ductile high-strain 
zones. Deformation was heterogeneous and occurred under variable rheological conditions but 
evidently under a single deformation regime. This suggests that shape change of the South Range 
SIC was achieved during folding of the SIC and concomitant reverse sense-of-shear on the 
SRSZ. Locally, brittle deformation preceded the development of pervasive planar metamorphic 
mineral fabrics and caused hydrolytic weakening of initially isotropic Norite and Quartz Gabbro. 
As a consequence, these units were thinned, which likely had a profound influence on the 
geometry and kinematics of deformation in the South Range SIC during overall NW-SE 
shortening. Most importantly, thinning of the South Range SIC enhanced the inclination of its 
contacts and igneous layering. This suggests that the actual tilt component of the South Range is 
smaller than the maximum rotation (60°) of the Norite as indicated by the dip of its igneous 
layering. Variable magnitudes of thinning of the SIC can account for differences in contact 
inclination of the North Range and the South Range. The structure of the latter is compatible 
with that of the short limb of a NW-verging, asymmetric fold.  
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3.7. Summary 
 
Compared to felsic igneous rocks the genetic relationship between brittle and ductile fabric 
development and its influence on the geometry of deformed mafic melt sheets has received little 
attention in structural analyses. This study explored these relationships using the Sudbury 
Igneous Complex (SIC) as an example. The SIC is the relic of a layered impact melt sheet that 
was transformed into a fold basin, the Sudbury Basin, during Paleoproterozoic deformation at the 
southern margin of the Archean Superior Province. I studied brittle and ductile strain fabrics on 
the outcrop and map scales in the southern Sudbury Basin, notably in the Norite and Quartz 
Gabbro layers of the SIC. Here, deformation is heterogeneous and occurred under variable 
rheological conditions, evident by the development of brittle shear fractures, brittle-ductile shear 
zones and pervasive ductile strain. The mineral fabrics formed under low- to middle greenschist-
facies metamorphism, whereby brittle deformation caused hydrolytic weakening and ductile 
fabric development. Principal strain axes inferred from all structural elements are collinear and 
point to a single deformation regime that led to thinning of SIC layers during progressive 
deformation. Ductile fabric development profoundly influenced the orientation of SIC material 
planes, such as lithological contacts and magmatic mineral fabrics. More specifically, these 
planar structural elements are steep where the SIC underwent large magnitudes of thinning, i.e., 
in the south limb of the Sudbury Basin. Here, the actual tilt component of material planes is 
likely smaller than its maximum total rotation (60°) inferred from inclined igneous layering in 
the Norite. My field-based study shows that ductile fabric development from brittle faults can 
have a profound influence on the shape change of igneous melt sheets and may be more 
significant than previously appreciated. 
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4. Effect of the SIC on the deformation geometry of its host rocks 
 
 
4.1. Introduction 
 
Superimposed structures in deformed terranes are often attributed to distinct tectono-
metamorphic events (e.g., Turner and Weiss, 1963). Specifically, different orientations and styles 
of tectono-metamorphic structures, notably planar mineral fabrics, shear zones and folds, are 
commonly attributed to distinct deformation phases (e.g., Cosgrove, 1980; Platt and Lister, 1985; 
Rosenbaum et al., 2002; Xypolias et al., 2003; Sayab, 2006; Forster and Lister, 2008). Unless 
precise ages of the structures are determined, their relative age is based on cross-cutting 
relationships or correlation of fabric orientation with regional shortening directions. However, 
the effects of mechanical heterogeneities on the spatial distribution and geometry of structures is 
often underestimated in structural interpretations (Tobisch and Paterson, 1988; Burg, 1999). In 
this chapter, I document the generation of centimetre- to kilometre-scale planar structures that 
differ in orientation and style, but can be explained by a single deformation regime that predates 
and postdates meteorite impact in the Sudbury area and which shaped the Sudbury Basin (Fig. 
4.1).  
 
Due to their geometry and mechanical properties particularly with respect to sedimentary host 
rocks, spherical and sheet-like igneous intrusions can profoundly influence the orientation of 
strain fabrics in the host rocks during post-emplacement deformation (e.g., Brun and Pons, 1981; 
Schofield and D’Lemos, 1998; Wilson and Grocott, 1999; Vigneresse et al., 1999; Chen et al., 
2001). In particular, the orientations of metamorphic foliation surfaces near the margins of 
igneous sheets are influenced by contact strain effects and, thus, cannot readily be used as 
indicators of regional strain or kinematics of deformation (Burg, 1987; Wilson and Grocott, 
1999). Similarly, distortion of mechanically less competent circular heterogeneities, such as 
collapse calderas (Holohan et al., 2005; Bosworth et al., 2003), impact craters (Pappalardo and 
Collins, 2005; Kenkmann et al., 2008; Riller et al., 2010) and sedimentary basins (Betts, 1999; 
Panien et al., 2006) can produce strain fabric geometries that deviate from those formed in 
mechanically homogeneous rock masses under uniform regional shortening.  
 
Strain fabrics within metavolcanic and metasedimentary rocks of the Paleoproterozoic Huronian 
Supergroup, located in the periphery of the non-cylindrical Sudbury Basin (Fig. 4.1a), offer 
insights into the geometric variability of structures that formed under regional NW-SE 
shortening. The Sudbury Basin is defined by the Main Mass of the 1.85 Ga Sudbury Igneous 
Complex (SIC), the relic of a deformed impact melt sheet, impact-melt breccia of the Onaping 
Formation, and post-impact sedimentary rocks (Brocoum and Dalziel, 1974; Rousell et al., 
1997). The style of deformation of the SIC and its wall rocks is not fully understood but is 
paramount for exploration of Cu-Ni- and related ore deposits of this world-class mining camp 
and unravelling orogenic events at the southern margin of the Archean Superior Province. Strain 
fabrics in the Sudbury area have been attributed to the (1) 2.4 to 2.2 Ga Blezardian orogenic 
event (Rousell et al., 1997; Riller and Schwerdtner, 1997; Riller et al., 1999), (2) deformation 
apparently active during crater formation and cooling of the SIC (Ivanov and Deutsch, 1999; 
Peredery and Morrison, 1984; Riller, 2005; Klimczak et al., 2007) and (3) deformation 
significantly post-dating the formation of the SIC (Card et al., 1984; Wu et al., 1994; Riller et al., 
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1998). Due to the paucity of radiometric studies, it has not yet been possible to unequivocally 
discern individual orogenic events in terms of fabric development in the Sudbury area. 
 
By analyzing the structure of the southern SIC and its wall rocks, this section of my study aims 
to elucidate the mechanical and kinematic response of an igneous sheet and its Paleoproterozoic 
supracrustal wall rocks to uniform regional shortening. In particular, my field data documents 
local perturbations of strain fabrics, notably NW-SE trending fold hinges and metamorphic 
foliations in wall rocks, which appear to be incompatible with regional NW-SE shortening. I 
provide a comprehensive interpretation of all fabric types in terms of the progressive shape 
change of the SIC. Specifically, my study addresses the structure of Huronian rocks at the 
southern flank of the Sudbury Basin and the variation of fabric orientations in relation to 
lithological contacts. Using impact melt breccias in Huronian rocks as a time marker, I am able 
to distinguish between fabrics formed prior to and after the impact event and determine the local 
shortening directions under which the fabrics formed. My analysis also shows that the presence 
of the SIC led to local perturbation of far-field stresses and, thus, significantly influenced the 
deformation kinematics of the Huronian rocks. This resulted in variable orientations of structures 
that can be explained by protracted deformation under a uniform deformation regime, but would 
traditionally be explained in terms of distinct deformation events. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 (following page): Geological and structural overview of the Sudbury Basin. (a) Simplified structural map 
showing the Sudbury Basin and its Archean and Paleoproterozoic host rocks. Foliation trajectories and fold axes 
are from Riller (2005), dip angles of the SIC basal and upper contacts are from Rousell (1975) and Dreuse et al. 
(2010). Sections across the South Range of the Sudbury Basin illustrate the variation in dip of lithological contacts, 
metamorphic foliation and fold structure in the Huronian rocks. Stratigraphy of Huronian rocks is after Young et al. 
(2001). The v-signature indicates volcanic rocks, grey shades in increasing lightness indicate mud-, silt- and 
sandstone, and circular pattern denotes conglomerate. (b) Orientation of higher-order, brittle-ductile shear zones of 
prominent deformation zones, i.e., Whitewater Lake Fault Zone (WFZ), Mont Rouleau Shear Zone (MRSZ), Thayer 
Lindsley Shear Zone (TLSZ), Whitson Lake Shear Zone (WLSZ), Garson Fault (GF) and Falconbridge Fault (FF) in 
the southern Sudbury area. Diagrams are lower-hemisphere equal-area projections showing brittle-ductile shear 
zones (great circles) and respective striations (arrows). Arrows on great circles indicate sense of hanging wall 
displacement. 
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4.2. Geological Setting 
 
The Sudbury Basin straddles granitoid and gneissic rocks of the Archean Superior Province in 
the north and metavolcanic and metasedimentary rocks of the Paleoproterozoic Huronian 
Supergroup in the south (Fig. 4.1a). The Basin comprises the Sudbury Igneous Complex (SIC), 
impact melt-breccia of the Onaping Formation (Grieve et al., 2010), and pelagic sedimentary 
rocks of the Onwatin and Chelmsford Formations (Rousell, 1984a). The SIC is the relic of a 1.85 
Ga impact melt sheet (Krogh et al., 1984) that differentiated into the Norite, Quartz Gabbro and 
Granophyre layers. The Sudbury Basin contains three higher-order synclines, the NE-lobe, the 
SE-lobe and the western fold closure (Fig. 4.1a). These synclines divide the SIC into weakly 
curved segments that are topographically elevated and known as the North Range, the East 
Range and the South Range (Fig. 4.1a). In the North Range, the SIC dips moderately south, i.e., 
toward the Basin centre, whereas in the South Range it dips steeply northwards or is overturned 
(Fig. 4.1a).  
 
The Huronian Supergroup is made up of metasedimentary and metavolcanic rocks deposited 
unconformably onto the Archean craton between 2.45-2.22 Ga (Bennett et al., 1991). In the 
Sudbury region, the Supergroup is up to 10.5 km thick (Brocoum and Dalziel, 1974) and 
consists, from oldest to youngest, of four Groups: Elliot Lake, Hough Lake, Quirke Lake and 
Cobalt (Fig. 4.1a). The Elliot Lake Group comprises chiefly metabasalt flows of the Elsie 
Mountain and Stobie Formations, rhyolitic pyroclastic flows of the Copper Cliff Formation, 
arkose of the Matinenda Formation and wacke of the McKim Formation (Card, 1978; Card et al., 
1984; Johns, 1996). The three younger Groups are each made up of a basal conglomerate 
overlain by mudstone, siltstone or carbonate, and capped by sandstone (Card et al., 1984). The 
Elsie Mountain and Stobie Formations are intruded by the granitoid Murray pluton dated at 2.48 
(Krogh et al., 1984) and 2.38 Ga (Krogh et al., 1996) and the Creighton pluton dated at 2.33 Ga 
(Frarey et al., 1982) and 2.42 Ga (Smith and Heaman, 1999). Dikes and sills of the 2.2 Ga 
Nipissing suite (Corfu and Andrews, 1986; Buchan et al., 1989; Lightfoot et al., 1993) intrude all 
rock units of the Huronian Supergroup.  
 
 
4.3. Deformation and metamorphism in the Sudbury area 
 
Paleoproterozoic rocks in the Sudbury area were metamorphosed under conditions reaching 
lower amphibolite facies (Card et al., 1972; Card, 1978; Easton, 2000). Peak metamorphic 
temperatures in rocks of the Huronian Supergroup in the Sudbury area decrease toward the 
southeast with the highest metamorphic grade preserved near the Murray and Creighton plutons 
(Dutch, 1979; Riller and Schwerdtner, 1997). Metamorphism and deformation of the Huronian 
Supergroup has been attributed to the ca. 2.45 to 2.22 Ga Blezardian Orogeny (Riller and 
Schwerdtner, 1997; Riller et al., 1999), the ca. 1.87 to 1.83 Ga Penokean Orogeny (Brocoum and 
Dalziel, 1974; Van Schmus, 1976; Riller, 2005; Klimczak et al., 2007), the ca. 1.7 to 1.6 Ga 
Mazatzal Orogeny (Bailey et al., 2004; Piercey et al., 2007) and the ca. 1.2 to 1 Ga Grenville 
Orogeny (Brocoum and Dalziel, 1974; Tschirhart and Morris, 2012). Except for the Mazatzal 
Orogeny, Proterozoic deformation pulses in the Sudbury area have not been dated 
radiometrically. The approximate duration and deformational effects of the orogenic events are 
chiefly based on structural relationships between dated igneous rocks and respective host rocks. 
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Apparently, all Paleoproterozoic deformation events contributed to the formation of the 
prominent NE-SW trending structural grain in the Sudbury area, evident mostly by inclined 
metamorphic foliation surfaces and fold-axial traces in pre-impact, impact-related and post-
impact rocks (Card and Pattison, 1973; Brocoum and Dalziel, 1974; Rousell, 1975, 1984a). 
Thus, the structural characteristics of individual orogenic events in terms of mineral fabric 
geometry are not well constrained at Sudbury.  
 
The meteorite impact had profound structural and thermal effects on the Archean and 
Paleoproterozoic rocks in the Sudbury area. Such effects include the formation of impact-melt 
breccias, notably the so-called Sudbury Breccia (Rousell et al., 2003), planar deformation 
features in quartz, shatter cones (Dressler, 1984a), shock-induced melting of rocks (Grieve et al., 
1991; Ivanov, 2005) and tilting of Huronian strata (Riller, 2005). Planar deformation features in 
quartz and shatter cones have been documented to be present up to 10 km from the basal SIC 
contact in the North Range (Grieve and Therriault, 2000). Based on scaling of equivalent 
phenomena from other large terrestrial impact structures, the spatial extent of impact-induced 
shape change of Archean and Proterozoic rocks may extend 150 to 200 km from the Basin centre 
(Grieve et al., 2008). 
 
The Sudbury Breccia is a heterolithic impact-melt breccia that forms irregular dike-like bodies in 
rocks close to the SIC (Peredery and Morrison, 1984; Dressler 1984a; Rousell et al., 2003). 
Breccia bodies decrease in size and occurrence with increasing distance from the SIC (Speers, 
1957). The largest breccia body, the South Range Breccia Belt, is approximately 11 km long and 
strikes parallel to lithological boundaries of the Elliot Lake Group (Fig. 4.1a). Sudbury Breccia is 
generally composed of rounded and angular host rock fragments set in a dark aphanitic matrix 
(Speers, 1957; Fig. 4.2d). The matrix is described as originally glassy and devitrified (Dressler, 
1984a). Formation of Breccia bodies has been attributed to shock loading (Lafrance et al., 2008; 
Lafrance and Kamber, 2010), decompression following shock loading (Rousell et al., 2003), 
friction-induced comminution (Scott and Spray, 2000) or drainage of impact melt into crater 
floor fractures (Riller et al., 2010). Regardless of its proposed origin, all authors agree that 
Sudbury Breccia bodies formed during cratering and, thus, constitute a time marker with respect 
to deformation preceding and postdating the impact event. 
 
Post-impact deformation is evident in impact-induced rocks, notably the SIC and Sudbury 
Breccia bodies, and post-impact sedimentary rocks of the Sudbury Basin. Deformation of the 
SIC was mainly achieved by folding (Morris 1980, 1984; Cowan and Schwerdtner, 1994) and 
northwest-directed thrusting of the South Range on the South Range Shear Zone (Shanks and 
Schwerdtner, 1991; Milkereit et al., 1992). Both deformation mechanisms are portrayed by the 
orientation of metamorphic foliations in the SIC and the Onaping Formation as well as 
disjunctive cleavage and fold axes in the Onwatin Formation and the Chelmsford Formation 
(Rousell, 1975). Overall, the foliations strike NE-SW, formed under lower greenschist-facies 
metamorphism and are most pronounced in the South Range Shear Zone (Fig. 4.1a). Here, 
foliations dip moderately to steeply to the southwest and strike parallel to the long axis of the 
Sudbury Basin. Toward the east, the foliations diverge and are axial-planar to the NE-lobe, the 
SE-lobe and the anticline between the two lobes (Fig. 4.1a). The steeply north-dipping and 
locally overturned basal contact of the SIC in the South Range (Fig. 4.1a) indicates that the 
South Range is more strongly deformed than the moderately south-dipping SIC under the North 
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Range (Fig. 4.1a). This is corroborated by the pervasive presence of metamorphic foliations in 
the South Range SIC (Lenauer and Riller, 2012) compared to the North Range.  
 
Strain fabrics in Sudbury Breccia bodies were recognized by Speers (1957) who noted that the 
breccia matrix is sporadically characterized by a metamorphic foliation that strikes overall NE-
SW. Metamorphism in the breccia matrix is evident by poikilitic and porphyroblastic oligoclase, 
biotite and scapolite (Speers, 1957; Scott and Spray, 2000). Thompson and Spray (1996) attribute 
crystals overgrowing the matrix minerals and clasts to retrograde greenschist- and sub-
greenschist-facies metamorphism during post-impact tectonothermal events. Similarly, Szabo et 
al. (2006) concluded that the metamorphic mineral assemblage of Sudbury Breccia in the South 
Range and the North Range indicates low to middle greenschist facies metamorphic conditions. 
Therefore, the formation of post-impact structures did not exceed middle greenschist-facies 
metamorphic conditions. Based on magnetic fabric analysis, Scott and Spray (1999) recorded 
subvertical magnetic foliations and lineations in the South Range Breccia Belt that are 
concordant to the NE-SW striking margins of this Breccia Belt and to the visible metamorphic 
mineral fabrics in the Sudbury Breccia matrix.  
 
Besides pervasive strain fabrics, the South Range SIC and the adjacent Huronian rocks host a 
number of prominent faults and shear zones (Fig. 4.1). These are the Murray, Creighton and 
Garson Faults in Huronian rocks and the Falconbridge Fault, the Whitewater Lake Fault Zone, 
the Mont Rouleau Shear Zone, the Thayer Lindsley Shear Zone and Whitson Lake Shear Zone in 
the SIC (Fig. 4.1). The location of these fault zones are delimited by an increase in strain 
intensity, recognized by the spacing of individual shear faults. The kinematics of the deformation 
zones is evident from strike separations of lithological contacts, shear planes and striations, as 
well as the geometry and the increase in strain intensity of associated brittle-ductile, higher-order 
shear zones (Fig. 4.1b).  
 
The E-W to ENE-WSW striking Murray and Creighton Faults (Fig. 4.1a) have a protracted 
history of activity that started with deposition of Huronian sediments (Card et al., 1972; Card, 
1978). After meteorite impact the faults were mostly active as dextral strike-slip faults (Dressler, 
1984b; Riller et al., 1999). Similarly, the Garson Fault shows dextral strike separations of 
Huronian lithological contacts (Ames et al., 2005), but has recently been identified as a steeply 
south-dipping reverse fault (Mukwakwami et al., 2012). The Whitson Lake Shear Zone, located 
just north of the Garson Fault, is evident by km-scale discontinuities and curvature of foliation 
surfaces in map view (Ames et al., 2005). The shear zone dips steeply SSW and, like other E-W 
striking deformation zones in this area, shows components of reverse and dextral sense-of-shear 
(Santimano and Riller, 2012; Fig. 4.1b). The Falconbridge Fault on the other hand has been 
described as an oblique sinistral reverse fault that dips steeply N at surface and steeply S at depth 
(Rousell, 1984b).  
 
The Whitewater Lake Fault Zone, occupying the central South Range SIC, is a fairly wide N-S 
striking, brittle-ductile shear zone that displays cm- to dm-scale anastomosing foliation surfaces 
and accomplished bulk horizontal shortening (Lenauer and Riller, 2012). Its conjugate character 
with respect to the E-W striking dextral deformation zones is corroborated by sinistral strike 
separations of SIC layer contacts and SE-dipping, higher-order reverse faults that are oblique to 
the strike of the fault (Fig. 4.1b). The orientations of striations on the Whitewater Lake Fault 
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Zone indicate oblique reverse top-to-N sense-of-shear (Fig. 4.1b). The Mont Rouleau Shear Zone 
(Shanks and Schwerdtner, 1991) and the Thayer Lindsley Shear Zone (Bailey et al., 2004) are 
located between the Whitewater Lake Fault Zone and the E-W striking deformation zones. These 
shear zones dip moderately to the SE and show asymmetric mineral fabrics indicating reverse 
sense-of-shear (Fig. 4.1b). In summary, all deformation zones accomplished bulk NW-SE 
shortening.  
 
 

 
 
Figure 4.2: Outcrop images of structures in Huronian rocks of the study area. (a) Metamorphic foliation (s1) and 
bedding (s0) in meta-siltstone of the Elliot Lake Formation. Stippled line indicates striation on a brittle fault plane. 
(b) Localized cleavage (s2) confined to a meta-siltstone layer at high angle to bedding plane (s0). (c) Crenulation 
cleavage in meta-siltstone. (d) Sudbury Breccia with rotated fragments evident by the variation of bedding planes 
(s0), overprinted by metamorphic foliation (s2) in both matrix and fragments. 
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4.4. Results 
 
Structural data from the South Range SIC and adjacent Huronian rocks was collected in the field 
and compiled from published studies. In order to distinguish between post-impact deformation 
and earlier tectonic events, I compare the geometry of structures in Huronian rocks with that in 
the SIC and Sudbury Breccia bodies. Specifically, the orientation of bedding planes and 
stratigraphic top directions were used to constrain deformation by folding on the km-scale in 
Huronian strata. This data was complemented by orientation measurements of mesoscopic fold-
axial planes, fold hinges, metamorphic foliations and brittle-ductile shear zones to identify the 
spatial variation in local shortening directions and increments of deformation. Analysis of brittle 
shear faults in the SIC and Huronian rocks and the orientation of metamorphic foliations in 
Sudbury Breccia bodies allowed me further to constrain post-impact deformation kinematics in 
Huronian rocks. 
 
4.4.1. Folds in Huronian strata 
 
Orientations of kilometre-scale folds in Huronian strata were inferred from bedding plane 
orientations at a total of 737 stations. In addition, bedding plane orientations at 350 and 218 
stations were compiled respectively from Riller et al. (1999) and from Dressler (1984b) and 
Cowan (1996). Hand-drawn strike trajectories of inclined bedding planes for Huronian strata 
were constructed to facilitate visualization and analysis of this data set (Fig. 4.3a). Overall, 
Huronian strata dip steeply southeast, but in places they dip toward the northwest (Fig. 4.3a, b).  
 
Sedimentary structures, such as dewatering structures, cross-bedding and conglomerate-filled 
erosion channels, were used to identify the stratigraphic top direction in meta-sandstone and 
meta-siltstone. In addition to bedding plane trajectories, top directions were used to constrain the 
location and attitude of km-scale folds in Huronian rocks (Fig. 4.3a). Stratigraphic top directions 
in meta-sandstone of the Elliot Lake Group indicate that these strata are mostly overturned 
toward the south (Fig. 4.3a). The folds in this Group are characterized by NNW- and SSE-
plunging axes (Fig. 4.3d), which are most pronounced east of the Murray pluton, i.e., where the 
SIC is curved in map view (Fig. 4.3a). Rocks of the Hough Lake Group show a greater variation 
in the orientation of bedding planes and stratigraphic top directions. Sandstone strata of this 
Group form doubly-plunging anti- and synclines (Fig. 4.3a), the fold axes of which trend NE-SW 
(Figs. 4.1, 4.3a, e). 
 
Folds of bedding planes on the centimetre- to metre scale were observed throughout the 
Huronian rocks, but are most evident by meta-siltstone laminations in the Elliot Lake Group. The 
interlimb angles of these folds range from 30° to 120°. Fold axes are commonly subvertical and 
fold-axial planes dip steeply to the NW or E (Fig. 4.3c), although poles to fold-axial planes show 
variable orientations. Cluster analysis of fold-axial plane orientations indicates the presence of 
two crudely defined maxima, one indicating steeply NW-dipping and the other steeply E-dipping 
planes (Fig. 4.3c). The orientations of fold-axial planes of small-scale folds match with the traces 
of kilometre-scale fold-axial planes. 
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4.4.2. Metamorphic shape fabrics 
 
The orientation of planar metamorphic mineral fabrics, i.e., foliation planes, was examined in the 
South Range SIC and adjacent Huronian rocks at a total of 2734 stations. New data was acquired 
at 955 stations from the Elliot Lake Group and Hough Lake Group. These measurements were 
complemented by data from Dressler (1984b), Riller et al. (1999) and Cowan et al. (1999). 
Foliation is not well developed in the Nipissing Gabbro and quartzite of the Hough Lake Group 
(Fig. 4.4a). Trajectories of mineral shape fabrics in granitoid rocks of the Murray and Creighton 
Plutons pertain mostly to magma strain during pluton emplacement (Riller and Schwerdtner, 
1997) and, thus, are not discussed herein. 
 
In Huronian rocks, two distinctly oriented sets of planar structures are evident, in places in the 
same outcrop. The first set, Set 1, consists of steeply NW-dipping structures (Fig. 4.4b) that are 
at low angles to bedding planes (Fig. 4.2a). Specifically, the planar structures are defined by the 
shape-preferred orientations of primary markers, such as elongate amygdules and conglomerate 
clasts, planar mineral fabrics characterized by biotite and amphibole, and brittle-ductile, chloritic 
shear zones. The second set of planar structures, Set 2, is defined by steeply NE- and SW-
dipping, tightly spaced cleavage planes and micaceous foliation planes (Figs. 4.2c, 4.4c), which 
formed at high angles to bedding planes (Fig. 4.2b). As a result, hand-drawn strike trajectories of 
inclined planar structures in Huronian rocks consist of two sets (Fig. 4.4a). One set of trajectories 
strikes NE-SW and is mostly present in the Elliot Lake Group. The second set strikes NW-SE 
and is developed in the Elliot Lake, the Hough Lake and the Quirke Lake Groups (Fig. 4.4a). 
 
Set 1 trajectories in the Huronian rocks are overall parallel to, and mimic the curvature of, the 
contact with the SIC (Fig. 4.4a). However, trajectories undulate on the hundred metre- to 
kilometre-scale in the Elliot Lake Group between the Murray and Creighton plutons and east of 
the Murray pluton (Fig. 4.4a). Foliation trajectories in the South Range SIC, notably in the South 
Range Shear Zone, are also variable in strike. Here, foliation trajectories curve from a NE-strike 
in the South Range into a WNW-strike in the SE-lobe (Fig. 4.4a). South of the South Range 
Shear Zone, foliations in the SIC are less pervasive and characterized by a conjugate set of SE- 
and NW-dipping planes (Fig. 4.4e). Set 1 structures are well apparent and ubiquitous in the Elliot 
Lake Group, decrease in abundance toward the SE and occur only sporadically in the Hough 
Lake Group (Fig. 4.4a).  
 
Set 2 trajectories of planar structures in the Elliot Lake Group are perpendicular to the map-view 
trace of the basal SIC contact. Specifically, south of the Creighton pluton and the Murray pluton 
Set 2 trajectories trend NW, but trend N-S east of the Murray Pluton, i.e., where the basal SIC 
contact is curved in map view (Fig. 4.4a). Interestingly, Set 2 planar structures are axial-planar to 
map-scale open anticlines in strata of the Elliot Lake Group (Figs. 4.3a, 4.4a). East of the Murray 
pluton, Set 2 trajectories and fold-axial planes in the Elliot Lake Group diverge towards the 
contact with the SIC. Away from the contact of the Murray pluton with rocks of the Elliot Lake 
Group, trajectories in rocks of the Hough Lake and Quirke Lake Groups strike uniformly NW. 
Set 2 structures are ubiquitous in the Hough Lake Group, where they often are the only 
metamorphic shape fabric preserved in the rocks. 
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The occurrence of crenulation cleavage in Huronian rocks was first mentioned by Brocoum and 
Dalziel (1974), who did, however, not specify the location and orientation of these fabrics. We 
found that crenulation cleavage is well apparent in meta-siltstone of the Elliot Lake Group 
southeast of the Murray pluton. Here, this fabric is defined by symmetric microfolds of mica-rich 
foliation planes (Fig. 4.2c). Crenulation cleavage planes dip steeply toward the east and west and 
are orthogonal to crenulated foliation planes. It is important to note that crenulation cleavage and 
crenulated foliation surfaces seen in outcrop have the same orientation as Set 2 and Set 1 planar 
structures, respectively, on the map scale (Fig. 4.4b, c). Consequently, Set 2 structures overprint 
and, thus, postdate Set 1 structures. 
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4.4.3. Structures in Sudbury Breccia bodies 
 
To better understand post-impact deformation, I studied the structure of Sudbury Breccia bodies 
at 56 locations (Fig. 4.5a). The analysis includes the orientations of bedding planes and 
metamorphic foliations in fragments, matrix and host rock of breccia bodies. Breccia fragments 
are mechanically more competent than the matrix. This is evident by foliations, which are more 
pronounced in the matrix than in fragments and by contact strain in the matrix at fragment 
margins. The intensity of metamorphic fabric development, evident by the spacing of foliation 
surfaces, varies on the metre-scale and depends on the distance to breccia fragments and host 
rock type. To avoid recording contact strain effects fabric orientations were measured at a 
distance of at least 10 cm from fragment boundaries on outcrop surfaces. 
 
Metamorphic foliation characteristics in breccia fragments are identical to those observed in the 
host rocks. These include the shape-preferred orientation of primary markers, tightly spaced 
cleavage planes as well as biotite and amphibole mineral fabrics in metavolcanic rocks and 
muscovite mineral fabrics in meta-sandstone. Foliations in the breccia matrix are defined by 
chlorite and mica. Foliations in the breccia matrix of the Elliot Lake Group dip steeply to the NE 
and SW (Fig. 4.5b) and are locally concordant to planar fabrics in the host rock (Fig. 4.4a). 
Significant deviations from these orientations are observed in breccia matrices at lithological 
contacts, especially with Nipissing Gabbro bodies (Fig. 4.4a), and in the South Range Breccia 
Belt (Fig. 4.5a), in which foliations dip steeply toward the NW (Fig. 4.5c). 
 
Two distinct geometric relationships between foliations and bedding planes in breccia fragments 
are recognized. One such relationship (Fig. 4.5d) is characterized by small angles between 
bedding planes (Fig. 4.5f) and foliations (Fig. 4.5g) in each breccia fragment. These angles are 
rather similar to equivalent ones in the host rock (Fig. 4.5h). Evidently, the angular relationship 
between foliations and bedding planes in the fragments was preserved during rotation of the 
respective fragments and indicates that the foliations predate brecciation. The other foliation-
bedding relationship in breccia fragments (Fig. 4.5e) is characterized by random fragment 
orientation seen by the large variation in bedding planes in the fragments, but rather uniform 
orientation of foliations (Fig. 4.5j). This amounts to large angular variations between bedding 
and the foliations (Fig. 4.5k). This relationship denotes breccia bodies in which foliation 
development post-dates brecciation. Thus, Sudbury Breccia fragments record pre-brecciation and 
post-brecciation foliations. 
 
The spatial distribution of the two foliation-bedding relationships is non-systematic and both 
variants are observed in breccia bodies regardless of host rock types. However, stations at which 
foliations overprint brecciation are more common (31 out of 56 stations) than stations at which 
brecciation overprints foliations (7 out of 56 stations). Except for the South Range Breccia Belt, 
the foliations overprinting Sudbury Breccia dip steeply toward the SSW and NE (Fig. 4.5a, b). 
These foliations correspond geometrically to Set 2 structures described in the previous section. 
Steeply NNW-dipping foliations, which form small angles to bedding planes, are concordant to 
Set 1 structures. As these foliations are mostly overprinted by breccia, Set 1 structures formed 
largely prior to brecciation. Set 1 structures are, however, also found in the breccia matrix, 
especially in the South Range Breccia Belt and were, thus, formed to some extent also after 
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brecciation. In summary, Set 1 structures formed prior and to some extent after brecciation, but 
Set 2 structures formed exclusively after brecciation.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 (following page): Metamorphic foliations in Sudbury Breccia fragments and matrix. (a) Map showing 
distribution of two distinct geometric fabric relationships in Sudbury Breccia bodies. Orientations of foliations in 
breccia fragments are only shown from locations where these fabrics overprint the breccia. Location of Sudbury 
Breccia occurrences (cross-hatched areas) and South Range Breccia Belt (red cross-hatched area) are from Ames 
et al. (2005). N indicates the number of fragments used to determine breccia type. (b) Lower hemisphere, equal-area 
projection showing poles to foliations and respective plane of mean orientation in Sudbury Breccia bodies with 
overprinted fragments. (c) Lower hemisphere, equal-area projection showing poles to foliations and respective 
mean orientation of fragments of the South Range Breccia Belt. (d) Schematic diagram illustrating the scenario in 
which brecciation postdates the formation of foliations. (e) Schematic diagram illustrating the scenario in which 
foliations postdate brecciation. (f) Poles to bedding planes at Location (d). (g) Poles to planar structures at 
Location (d). (h) Rose diagram displaying angles between foliations and bedding planes in fragments from Location 
(d). (i) Poles to bedding planes at Location (e). (j) Poles to foliations at Location (e). (k) Rose diagram displaying 
angles between foliations and bedding planes in fragments from Location (e). Stippled line in rose diagrams show 
angles between foliations and bedding planes in host rock. Contours in lower-hemisphere, equal-area projections 
are at 2, 3 and 5%. 



Ph.D. Thesis – I. Lenauer; McMaster University – Geography and Earth Sciences 

62 
 

 

 
 
 



Ph.D. Thesis – I. Lenauer; McMaster University – Geography and Earth Sciences 

63 
 

 
4.4.4. Brittle deformation 
 
Small-scale brittle shear faults are useful to infer the kinematics of orogenic deformation and are 
ubiquitous in the Huronian rocks and the South Range SIC. Depending on the lithology, the fault 
planes are mostly decorated by fibrous chlorite, quartz and calcite. Using the orientation of fault 
surfaces, the orientation of mineral fibres and the inferred sense-of-slip on the faults (Angelier, 
1979), principal axes of infinitesimal strain were obtained at a total of 139 stations (1835 faults). 
I acquired new fault-slip data at 64 stations (697 faults) to complemented data previously 
collected by Ulrich Riller at 75 stations (1138 faults), which are reported partly in Riller et al. 
(1999) and Cowan et al. (1999).  
 
Slip senses on fault planes were obtained from the geometry of mineral fibres on a given fault 
surface and by the sense of displacement of passive markers, such as dikes and veins. For each 
fault population per station, the infinitesimal shortening and extension directions were calculated 
using the Numerical Dynamic Analysis (NDA: Spang, 1972). This method was used because of 
the pervasive presence of conjugate fault sets in the study area, which calls for an analytical 
method that considers the kinematics of each fault plane individually. NDA assigns a shear strain 
magnitude of 1 to each fault plane. Moreover, the angle between the maximum principal strain 
axes and the fault plane are the same for each fault population. For our analysis, we chose an 
angle of 30° between the maximum resolved shear strain and the maximal principal strain 
direction, which is in agreement with experimentally obtained values (Byerlee, 1968). By 
applying NDA we obtained the orientations of shortening (e3), intermediate (e2) and extension 
(e1) axes, as well as the strain ratio (see supplementary material). 
 
The orientation of infinitesimal principal strain axes, notably shortening directions, can be used 
to crudely identify individual deformation regimes in the South Range SIC and Huronian rocks 
(Fig. 4.6). Based on the orientation of the principal strain axes, the South Range and adjacent 
Huronian rocks were divided into three kinematic domains; the Western, the Central and the 
Eastern Domains (Fig. 4.6a). Uniform NW-SE shortening prevails in the Western Domain, 
which encompasses the South Range and Huronian rocks west of the Murray pluton (Fig. 4.6a, 
b). Here, intermediate and extension axes permutate around NE-SW and subvertical directions, 
thus forming a girdle distribution in the equal-area projection (Fig. 4.6b). In the Central Domain, 
i.e., south and immediately east of the Murray pluton, shortening directions are predominantly 
N-S to ENE-WSW and extension is either subvertical or trends E-W (Fig. 4.6a, c). It is 
noteworthy that the Central Domain shows also some subvertical shortening directions and 
corresponding NNW-SSE horizontal extension. In contrast to the Western and Central Domains, 
the infinitesimal principal strain axes in the Eastern Domain are oriented rather randomly (Fig. 
4.6a, d).  
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4.4.5. Synthesis of results 
  
Planar structures and fold axes in Huronian rocks near the South Range SIC are either 
concordant or orthogonal to the basal SIC contact. Concordant structures are referred to as Set 1, 
and orthogonal structures are labelled Set 2. The angular relationships between foliations and 
bedding planes in Sudbury Breccia bodies allowed us to distinguish between structures that 
predate and structures that postdate the brecciation, i.e., the impact event. Set 2 structures clearly 
postdate the impact event, whereas Set 1 structures largely predate but also postdate the impact 
event to some extent. The heterogeneity of deformation is well evident by the variation in the 
orientation of infinitesimal strain axes. Strain axis orientations correspond to the geometry of Set 
1 and Set 2 structures in the Western and Central Domains, i.e., the shortening directions are 
normal to the respective structures in these domains. Along-strike changes in the orientations of 
structures in the Huronian rocks and orientations of infinitesimal strain axes correlate with the 
map-view curvature of the basal SIC contact.  
 
 
4.5. Discussion 
 
4.5.1. Deformation kinematics in the South Range SIC and adjacent Huronian rocks 
 
SE-dipping planar strain fabrics, notably at the Granophyre-Onaping Formation contact and in 
Huronian rocks, and NW-SE directed shortening directions have been attributed to thrusting on 
the South Range Shear Zone and large-scale folding of the South Range SIC and Huronian rocks 
(e.g., Shanks and Schwerdtner, 1991; Cowan and Schwerdtner, 1994; Cowan et al., 1999). 
However, many of the observed structural characteristics cannot be explained by these first-order 
deformation processes. These characteristics include: NW-trending fold axes in the Elliot Lake 
Group, steeply NE- and SW-dipping Set 2 planar structures in Huronian rocks and Sudbury 
Breccia matrix, as well as subvertical and ENE-WSW oriented shortening axes inferred from 
brittle fault data. 
 
The structural characteristics unaccounted for by large-scale NW-directed thrusting and folding 
are most pronounced in the Central Domain between the Whitewater Lake Fault Zone (WFZ) 
and the Whitson Lake Shear Zone (WLSZ), but are also found as far west in Huronian Rocks just 
south of the Creighton Pluton and as far east as the SE-Lobe  (Figs. 4.4, 4.7b). In the Central 
Domain, the Granophyre protrudes in map view into the Onaping Formation and the contact 
between these units dips steeply south (Fig. 4.1a), indicating that this contact segment is 
overturned. The WFZ and WLSZ (Fig. 4.7a) are characterized by local map-view thinning, 
reverse sense-of-shear and respective left-lateral and right-lateral strike separations of SIC units 
(Fig. 4.1b, see also Chapter 3). Toward the east, the WLSZ merges with the Garson Fault 
(Santimano and Riller, 2012), a steeply south-dipping ductile reverse fault, which displaces the 
basal contact of the SIC (Mukwakwami et al., 2012). Collectively, these fault zones constrain a 
triangular wedge in map view that consists of SIC and Huronian rocks (Fig. 4.7b). The wedge is 
characterized by structures that formed by both NW-SE and NE-SW shortening.  
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Figure 4.7: First-order structures of the Sudbury Basin and shape change of the South Range SIC and associated 
fabric development in Huronian rocks. (a) Structural map of the Sudbury Basin showing foliation trajectories, fold 
axes and major shear zones in the South Range. SRBB = South Range Breccia Belt, WFZ = Whitewater Lake Fault 
Zone, MRSZ = Mont Rouleau Shear Zone, WLSZ = Whitson Lake Shear Zone, GF = Garson Fault, FF = 
Falconbridge Fault. (b) NE-SW profile along line (b) indicated in (a). Arrows indicate local shortening direction. 
(c) Schematic diagrams showing proposed displacement gradient that may have affected the South Range. (d) 
Schematic diagrams showing the development of Set1 and Set 2 structures (dashed lines) as well as major shear 
zones (lines with barbs) as a consequence of shape change of the South Range. 
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4.5.2. Hypothesis on the shape change of the Southern SIC 
 
Formation of the Sudbury Basin, notably rotation of the South Range SIC, may have been 
kinematically related to NW-directed thrusting on the South Range Shear Zone (Riller et al., 
2010). Folding-induced activity of the Shear Zone is corroborated by the fact that the Shear Zone 
does not displace SIC contacts in the SE-lobe, into which the Shear Zone seems to merge (Fig. 
4.1a). NW-directed thrusting on the central South Range Shear Zone is transferred to ductile 
transpressive deformation in the SE-lobe (Cowan, 1996; Cowan et al., 1999; Santimano and 
Riller, 2012). Alternatively, oblique thrusting on S-dipping surfaces, serving as lateral tips of the 
South Range Shear Zone in the SE-lobe, led to predominantly vertical rather than horizontal 
displacements. At any rate, displacement on the South Range Shear Zone decreases towards the 
SE-lobe. Such a displacement gradient on the South Range Shear Zone must have operated 
particularly at an early stage of Basin formation, i.e., when the shape of the South Range SIC 
was convex outward, similar to the present geometry of the less deformed North Range (Figs. 
4.7c, 4.8a). Progressive NW-SE shortening and folding of the South Range SIC and associated 
thrusting on the South Range Shear Zone may have led to a change in the plan-view geometry of 
the South Range SIC from a convex outward to a concave inward geometry (Figs. 4.7c, 4.8b, c). 
 
At an early stage of Basin formation, regional NW-SE shortening imparted NE-SW striking, 
post-impact Set 1 planar structures to Huronian rocks and to some extent to the Sudbury Breccia 
matrix. These fabrics formed mostly near the base of the SIC, possibly due to contact strain 
effects evident by the concentration and concordance of post-impact Set 1 planar structures at the 
basal SIC contact (Figs. 4.4a, 4.7d). With time, horizontal, layer-parallel shortening of the SIC 
may have gained locally in importance. This can account for the kilometre-scale corrugation of 
the SIC (Figs. 4.7c, d, 4.8b) as well as folding and crenulation of Set 1 planar structures in 
Huronian rocks (Figs. 4.4a, 4.7d). During this stage, the WFZ, WLSZ and the Garson Fault as 
well as Set 2 structures (Fig. 4.4a) and NW-SE striking fold-axial planes (Fig. 4.3a) formed in 
the Central Domain under local NE-SW shortening (Figs. 4.6, 4.7d, 4.8c). The relative increase 
in post-impact layer-parallel shortening over NW shortening can also account for the 
predominance of NE- and SW-dipping foliations over steeply NW-dipping fabrics in the 
Sudbury Breccia matrix (Fig. 4.5a).  
 
Set 2 structures, including centimetre- to kilometre-scale folds, are most pervasive in the Elliot 
Lake Group east of the Murray Pluton. This area corresponds to a triangular wedge bound by the 
WFZ in the SW and the WLSZ and Garson Fault to the NE (Fig. 4.7a). This wedge also 
corresponds to the Central Domain showing highly variable shortening directions (Fig. 4.6a). 
Collectively, these structural relationships can be explained by the shape change of the SIC from 
the convex outward to the concave inward structural configuration accomplished by the 
formation of a wedge that is driven toward the NW along its bounding fault zones (Fig 4.7a). As 
these fault zones taper toward the NW, the wedge material is forced to converge toward the NW 
during regional NW-SE shortening, thus imparting constrictional strains to the wedge.  
 
Northwest-ward convergence of wedge material possibly led to anticlinal buckling of the SIC 
around a NW-dipping hinge line (Fig. 4.7a, b). Thereby, Set 2 structures in layered rocks of the 
Elliot Lake Group and at the base of the SIC just north of the Murray pluton formed in the inner 
arc of, and are axial-planar to, the SIC buckle (Figs. 4.4a, 4.7a, b, d). Fanning of axial-planar 
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structures in the Elliot Lake Group toward the SIC as seen by the geometry of fold axes (Fig. 
4.3a) and Set 2 trajectories (Fig. 4.4a) is typical for layered rocks occupying the inner arc of 
buckle folds (Dieterich, 1969). As the wedge was driven toward the NW, the tip of the buckled 
SIC steepened and rolled over toward the S as a consequence of shearing on the South Range 
Shear Zone. We propose that the wedge constitutes a hitherto unknown higher-order, anticlinal 
buckle of the SIC that is similar to the one between the NE- and SW-lobes in the East Range 
(Figs. 4.1, 4.7a).  
 

 
 

Figure 4.8: Major stages of shape change of the initially subhorizontal SIC to its present curvi-planar geometry. (a) 
Bowl-shaped SIC with shallowly dipping contacts after initial non-cylindrical buckling at stage 1. (b) Development 
of higher-order, radial folds (synclinal lobes and anticlinal buckle folds) and steepening of SIC contacts at stage 2. 
(c) Tightening of higher-order folds, steepening of SIC contacts and development of conjugate shear zones (WFZ = 
Whitewater Lake Fault Zone, WLSZ = Whitson Lake Shear Zone) as a consequence of enhanced concentric 
shortening (small arrows) under overall NW-SE shortening (large arrows) at stage 3. Stippled lines indicate 
perimeters of the SIC at stages 1 and 2. 
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4.5.3. Formation of higher-order folds and associated strain perturbations 
 
The structural characteristics associated with the anticlinal buckle in the South Range SIC are 
similar to those of the synclinal NE- and SE-lobes and the anticlinal buckle in the East Range 
(Fig. 4.7a). Specifically, the characteristics are: (1) the hinge lines of the higher-order folds 
plunge moderately to steeply toward, and are radial with respect to, the Basin centre, (2) planar 
structures associated with each fold are axial-planar and (3) shortening directions inferred from 
fault-slip analysis are disposed at high angles to radial fold hinge lines, i.e., concentric with 
respect to the Basin centre (Cowan et al., 1999; Klimczak et al., 2007). Although not considered 
a lobe, the western terminus of the Sudbury Basin resembles a synclinal fold closure and also 
adheres to these structural characteristics (Riller et al., 1998).  
 
The structure of the synclinal lobes and anticlinal buckles of the SIC are akin to those of higher-
order structures associated with circular or spherical mechanical heterogeneities. Notably, 
concentric planar fabrics are observed at the contacts of spherical granitoid intrusive bodies (e.g., 
Brun and Pons, 1981; Vigneresse et al., 1999). Set 1 planar structures at the basal SIC contact 
(Figs. 4a, 7d) likely correspond to such concentric fabrics. Radial fabrics on the other hand are 
known from buoyancy-driven deformation associated with e.g., salt domes, diapirs and related 
extrusion structures (e.g., Talbot and Aftabi, 2004). In layered rocks, such deformation generates 
so-called curtain folds that are characterized by steep hinge lines plunging away from, and 
disposed radially to, the buoyant body as well as outward verging folds forming a rim syncline 
(Uken and Watkeys, 1997). The higher-order, synclinal lobes and anticlinal buckles of the 
Sudbury Basin as well as Set 2 planar structures adhere to the geometry of curtain folds and 
formed under concentric shortening. 
 
The formation of higher-order folds in the SIC was unlikely driven by buoyancy forces. 
However, the folds and associated structures may well be due to a circular mechanical 
heterogeneity, i.e., the impact structure, from which the Sudbury Basin formed. More 
specifically, localisation of Basin formation was likely caused by the presence of a circular zone 
of mechanical weakness (Riller et al., 2010). Overall, distortion of the circular zone under NW-
SE shortening induced concentric shortening in the periphery of the SIC. This strain perturbation 
led to layer-parallel buckling and ultimately radial folds with steep hinge zones (i.e., synclinal 
lobes and anticlinal buckles) of the SIC (Fig. 4.8b, c). The areas of buckling and lobe formation 
account for the observed variations in SIC thickness and geometry of the basal SIC contact. 
Primary thickness variations of the SIC (Dreuse et al., 2010) may have contributed to the 
localization of anticlinal buckle folds and synclinal lobes of the SIC.  
 
Although the crust on the scale of the impact structure was mechanically weakened, the SIC was 
mechanically more competent than its adjacent layered rocks, the Onaping Formation and 
Huronian strata, after it solidified. As the North Range SIC is underlain by granulites and 
gneisses, this competency contrast to the SIC is lower than in the South Range, where the SIC is 
in contact with layered Huronian strata. This competency contrast is evident by the pervasive 
development of small-scale radial Set 2 structures in layered Huronian rocks that contrasts with 
the development of kilometre-scale folds and shear zones in the SIC. Thus, the more competent 
SIC controlled the geometry of higher-order structures in less competent rocks. As a 
consequence, local deviations in the orientations of planar structures and folds within and in the 
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periphery of the SIC from regional strain fabrics can be explained by local strain perturbations 
caused by the SIC. In such structural settings, the evolution of distinctly oriented structures may 
not be due to distinct tectonic events (e.g., Dieterich, 1969; Cowards and Potts, 1983).  
 
 
4.6. Conclusions 
 
In this chapter I explored structures in the southern Sudbury Basin and adjacent Huronian rocks 
that cannot be accounted for by activity of the South Range Shear Zone and large-scale folding 
of the SIC around a NE-trending fold axis. In the periphery of the SIC, regional NW-SE 
shortening led to heterogeneous deformation, which includes concentric shortening and 
substantial strain perturbation. In Huronian rocks, this strain perturbation is evident by the initial 
formation of planar structures that are parallel to the contact with the SIC in map-view. At an 
advanced stage of Basin formation, the SIC likely changed from a convex outward to concave 
inward plan-view geometry. I suggest that during this deformation stage, concentric shortening 
became more important, and generated radial fabrics and kilometre-scale folds, which, 
collectively, overprinted contact-parallel structures. Concentric shortening of the SIC caused the 
formation of a hitherto unknown kilometre-scale buckle fold of the SIC and pervasive axial-
planar fabrics in Huronian rocks. This buckle fold shares similar structural characteristics with 
the lobes of the SIC and the anticlinal buckle fold of the East Range. I propose that non-
cylindrical buckling and associated fabric development accommodated the shape change of the 
SIC, which occupied a circular zone of mechanical heterogeneity, under protracted regional NW-
SE shortening. This resulted in mutually perpendicular fabric orientations, which are compatible 
with overall NW-SE shortening. My structural analysis confirms previous studies in which 
highly discordant planar strain fabrics formed as a consequence of local strain perturbations near 
a folded sheet under a uniform deformation regime (e.g., Dieterich, 1969). 
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4.7. Summary 
 
Deformation structures differing in style and orientation within a given terrane are often 
attributed to distinct tectono-metamorphic events. However, mechanical heterogeneities may 
locally cause strain perturbations that can have a profound effect on the geometry of such 
structures. My study documents highly variable orientations of planar structures, metre- to 
kilometre-scale folds and shortening directions inferred from brittle fault analysis within the 
synclinal and layered Sudbury Igneous Complex (SIC) and its Huronian host rocks. NW-SE 
shortening during Paleoproterozoic deformation led to the formation of planar structures in the 
host rocks that are parallel to the NE-SW striking contact of the southern SIC. During 
deformation, local contact-parallel shortening became more important than regional NW-SE 
shortening and generated contact-orthogonal planar mineral fabrics and folds. Local contact-
parallel shortening is attributed to the shape change of the southern SIC from a convex outward 
to a concave inward curvi-planar geometry. Contact-parallel shortening accounts for the 
formation of a previously unidentified kilometre-scale buckle fold in the SIC and respective 
axial-planar mineral fabrics in Huronian host rocks. This buckle fold shares similar structural 
characteristics with known higher-order buckle folds of the eastern SIC. I suggest that non-
cylindrical buckling and associated mineral fabric development accommodated the shape change 
of the SIC. This resulted in mutually perpendicular fabric orientations, which are compatible 
with overall NW-SE shortening. The original shape of the SIC seems to have had a profound 
influence particularly on the geometry of metamorphic foliations. My structural analysis supports 
earlier structural studies advocating that highly discordant planar strain fabrics can be generated 
by local strain perturbations near igneous sheets under uniform regional shortening.   
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5.  A trishear model for the deformation of the southern Sudbury Basin 
 
 
5.1. Introduction 
 
In areas of low topographic relief precise geological profiles based chiefly on structural data at 
surface are difficult to obtain. In these areas small-scale structural markers, such as primary 
layering and strain indicators, are most important for determining the mechanisms and 
kinematics of deformation. In contrast to sedimentary rocks, igneous rocks are characterized by 
low levels of primary planar fabric anisotropy, thus, hampering the assessment of rotational 
deformation components of these rocks in particular.  The orientations of lithological contacts 
and deformation fabrics, such as mineral foliations and lineations at surface are often the only 
useful information to determine the magnitude and style of deformation in igneous rocks. 
Mineral fabrics provide information on the orientation of local shortening direction and the 
metamorphic grade of deformation. However, in order to quantify the rotation and translation 
components of deformation, additional information on magnitudes deformation parameters, such 
as displacement, is required. 
 
Using the synformal and layered Sudbury Igneous Complex (SIC), Canada, as an example, I 
demonstrate in this chapter how structural data collected at surface in combination with 
geometric modelling of deformation can provide plausible solutions as to the progressive shape 
change of crystalline sheets. The SIC delimits the Sudbury Basin (Fig. 5.1) and provides an ideal 
geological unit for this task as its surface geometry and deformation structures are mapped in 
considerable detail (e.g., Rousell, 1975; Dressler, 1984; Shanks and Schwerdtner, 1991a; Cowan 
1996, 1999; Chapter 3 of this thesis). Nonetheless, there is avid debate regarding the geometry 
and magnitude of deformation that affected the SIC (Rousell, 1984a; Cowan et al., 1999), which 
can be resolved by elucidating the mechanism and associated kinematics of deformation.  
 
The Sudbury Basin is highly asymmetric, evident by variation in the dips of the SIC contacts and 
metamorphic foliation in the northern and the southern portions of the Sudbury Basin, i.e., the 
North Range and the South Range (Fig. 5.1a). In the North Range, the SIC dips moderately 
toward the Basin center and lacks pervasive metamorphic mineral fabrics. In the South Range, 
the SIC dips steeply and displays foliation planes that strike mostly parallel to the long axis of 
the Basin (Fig. 5.1a). The synformal shape of the SIC has previously been ascribed to melt sheet 
sagging during cooling (Peredery and Morrison, 1984) or is considered as primary (Cowan et al., 
1999). Recent structural studies draw upon the pervasive presence of foliation surfaces in rocks 
of the SIC as evidence for post-impact, non-cylindrical folding (Cowan and Schwerdtner, 1994; 
Riller et al., 1998; Riller, 2005; Klimczak et al., 2007; Chapter 3 of this thesis). However, it is 
not yet understood how folding and thrusting on the South Range Shear Zone (Fig. 5.1a; Shanks 
and Schwerdtner, 1991a) accounts for the observed variation in orientations of layer contacts and 
foliations, notably in the South Range SIC.  
 
To identify the mechanisms of shape change of the southern Sudbury Basin, I review the 
orientations of the SIC contacts, igneous layering and metamorphic foliations at surface. Then I 
generate forward kinematic models to constrain the geometry of SIC contacts in the South Range 
and to better understand which deformation parameters significantly influenced deformation to 
its present geometry. Based on these results, I attempt a three-dimensional (3-D) kinematic 
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restoration of the SIC by varying specific quantities of deformation, such as displacement 
magnitudes, fault angles and fault tip position. From a number of possible deformation parameter 
combinations, I choose combinations that result in an initially rather even geometry of SIC 
contacts. The deformation parameters that account best for the initial geometry for the SIC for 
each section are analyzed for variation along strike of the South Range. Finally, I address the 
effect of the modelling deformation on the geometric evolution of the SIC. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 (following page): Structural maps of the Sudbury Basin. (a) Compilation of structural elements of the 
Sudbury Basin. Shape fabric trajectories are from Cowan et al. (1999), fold axes are from Chapter 1 and Clark et 
al. (2012), dip angles of the SIC basal and upper contacts are from Rousell (1975) and Dreuse et al. (2010). 
Foliation dip magnitudes are compiled from Dressler (1984), Cowan (1996) and own data. (b) Cleavage intensity (0 
to II) in the Chelmsford Formation after Clendenen et al. (1988). 0: poorly developed or absent cleavage, I: weakly 
developed cleavage, II: strongly developed cleavage. Cleavage intensity in the Onaping Formation after Hirt et al. 
(1993). 0: no cleavage, 1: weakly developed cleavage, 2: pervasive cleavage, 3: mylonitic cleavage. Gridded k-
values (Flinn, 1962) representing the prolateness factor of the fabric ellipsoid compiled from Shanks and 
Schwerdtner (1991a). (c) Orientation of shortening directions based on magnetic fabric anisotropy and shape-
preferred orientation of concretions in sedimentary rocks of the Chelmsford Formation (grey bars; Clendenen et al., 
1988) and kinematic analysis of brittle faults from the SIC and its Huronian host rocks (black bars; from Chapter 
2). 
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5.2. Geological Setting 
 
The Sudbury Basin (Fig. 5.1a) straddles granitoid and gneissic rocks of the Archean Superior 
Province in the north and metavolcanic and metasedimentary rocks of the Paleoproterozoic 
Huronian Supergroup in the south. The Basin comprises the 1.85 Ga Main Mass of the SIC 
(Krogh et al., 1984), the relic of an impact melt sheet (Grieve et al., 1991; Deutsch et al., 1995), 
clast-melt breccias of the Onaping Formation (Peredery and Morrison, 1984; Grieve et al., 2010), 
and post-impact sedimentary rocks of the Chelmsford and Onwatin Formations (Rousell, 1984a, 
1984b). At the time of deposition of these Formations, the SIC likely formed an open and 
shallow SW-plunging syncline (Cantin and Walker, 1972; Morris, 1980; Morris, 1984) in a 
foreland tectonic setting (McDaniel et al., 1994; Long, 2004; Young et al., 2001). The Main 
Mass of the SIC is made up of the Norite, Quartz Gabbro and Granophyre layers, which overlie 
gabbroic and noritic rocks of the Sublayer (Fig. 5.1a). The Sublayer hosts economically most 
important Cu-Ni-PGE sulphide deposits (e.g., Keays and Lightfoot, 2004; Ames and Farrow, 
2007), making the Sudbury Basin a world-class mining camp.  
 
Much of the Sudbury Basin and adjacent Huronian host rocks to the south of the Basin were 
affected by deformation, the metamorphic grade of which varies from greenschist-facies in the 
North Range to lower amphibolite-facies in the South Range (Card, 1978; Thomson et al., 1985; 
Fleet et al., 1987). Metamorphism and deformation of the Huronian rock has been attributed to 
the ca. 2.45 to 2.22 Ga Blezardian Orogeny (Riller and Schwerdtner, 1997; Riller et al., 1999), 
the ca. 1.87 to 1.83 Ga Penokean Orogeny (Brocoum and Dalziel, 1974; Van Schmus, 1976; 
Riller, 2005; Klimczak et al., 2007), the ca. 1.7 to 1.6 Ga Mazatzal Orogeny (Bailey et al., 2004; 
Piercey et al., 2007) and the ca. 1.2 to 1 Ga Grenville Orogeny (Brocoum and Dalziel, 1974; 
Tschirhart and Morris, 2012). Apparently, all Paleoproterozoic deformation events contributed to 
the formation of the prominent NE-SW trending structural grain in the Sudbury area, evident 
mostly by inclined metamorphic foliation surfaces and fold-axial traces in pre-impact, impact-
related and post-impact rocks (Card and Pattison, 1973; Brocoum and Dalziel, 1974; Rousell, 
1975, 1984a).  
 
 
5.3. Structure of the Sudbury Basin  
 
The Sudbury Basin contains three higher-order synclines, the NE-lobe, the SE-lobe and the 
western fold closure, and two anticlines (Fig. 5.1a). Collectively, these fold structures are 
disposed radially with respect to, and plunge toward, the center of the Basin. The geometry of 
the Sudbury Basin at depth is documented by the contact geometry of the Norite and Quartz 
Gabbro inferred from the Lithoprobe seismic profiles (Milkereit et al., 1992; Wu et al., 1995). 
The seismic profile intersecting the eastern portion of the North Range shows that the basal SIC 
and the base of the Quartz Gabbro dip south at 20 to 30° (Wu et al., 1995). The seismic profiles 
crossing the western portion of the South Range are interpreted to show that SIC layers dip north 
and are offset by south-dipping reflectors (Milkereit et al., 1992; Boerner et al., 2000), which 
correspond to faults exposed at surface (Wu et al., 1995). Offset of lithological contacts by these 
faults in map view, notably at the western fold closure, is on the order of 500 to 2000 meters 
(Fig. 5.1a). 
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In addition to the dip of SIC contacts, the orientation of planar igneous cumulate fabrics 
observed in the Norite of the South Range SIC provides further information on the post-
emplacement deformation, specifically the rotational components, of this layer. Cumulate 
mineral fabrics of the South Range Norite dip toward the NW at approximately 50°, which is 
likely the result of both tilting and shear-induced rotation of an originally flat SIC (Lenauer and 
Riller, 2012a). In the SE-lobe, planar igneous fabrics in the SIC dip either steeply to the N or to 
the S (Lenauer and Riller, 2012a). Here, S-dipping igneous layering in the Norite corroborates 
the observation that the base of the SIC is overturned to the North. 
 
Metamorphic foliations in the Sudbury Basin strike parallel to its long axis and are either 
subvertical or dip southward (Shanks and Schwerdtner, 1991a; Cowan, 1996; Fig. 5.1a). In the 
NE-lobe and SE-lobe, the foliations are axial-planar to the plan-view curvature of the SIC 
(Cowan, 1999; Klimczak et al., 2007), indicative of a fold origin of the two lobes (Cowan and 
Schwerdtner, 1994; Riller, 2005; Klimczak et al., 2007). In the South Range Norite, oppositely 
dipping foliations point to low levels of map-scale strain accomplished under co-axial 
deformation (Lenauer and Riller, 2012a). Strain intensity and non-coaxial deformation increase 
toward the South Range Shear Zone (SRSZ), where foliations dip rather uniformly southward 
(Shanks and Schwerdtner, 1991a; Lenauer and Riller, 2012a).  
 
The SRSZ (Rousell, 1975; Shanks and Schwerdtner, 1991a) is a prominent SE-dipping ductile 
deformation zone that deformed the South Range SIC and Onaping Formation (Fig. 5.1a). 
Mineral fabrics of the deformation zone display L-S geometry and formed mostly at or near the 
contact of the Granophyre with the Onaping Formation (Fig. 5.1a). Variations in the prolateness 
factor of the fabric ellipsoid (Shanks and Schwerdtner, 1991a) are displayed in Figure 5.1b and 
show an increase of fabric prolateness from W to E and from N to S. Foliation dips 
approximately 60° toward the SE and associated asymmetric mineral fabrics characterize the 
SRSZ as a zone of non-coaxial deformation with top-to-NW sense of displacement (Shanks and 
Schwerdtner, 1991a; Santimano and Riller, 2012). However, the presence of anastomosing, 
subvertical foliation planes in the South Range Granophyre indicates that rocks in the SRSZ also 
underwent flattening strains (Lenauer and Riller, 2012a). Similarly, subvertical fold-axial planes 
associated with steeply dipping foliation planes in the Onwatin and Chelmsford Formations 
(Rousell, 1984b, Shanks and Schwerdtner, 1991a) and oppositely dipping foliations in the South 
Range Norite (Lenauer and Riller, 2012a) point to coaxial deformation on either side of the 
SRSZ.  
 
Similar to the SIC, the Chelmsford and Onaping Formations are characterized by heterogeneous 
deformation. Clendenen et al. (1988) identified areas in the Chelmsford Formation in which 
cleavage is poorly, moderately and well developed (Fig. 5.1b). Likewise, Hirt et al. (1993) 
documented a map-scale strain gradient in the Onaping Formation of the eastern Sudbury Basin 
that is evident by areas  in which cleavage is absent, weakly developed, pervasive and mylonitic 
(Fig. 5.1b). Collectively, the variation in cleavage development suggests an increase in strain 
from NW to SE in the Basin center, i.e., toward the SRSZ.  
 
Shortening directions are an important basis for kinematic reconstructions. In the Sudbury Basin 
and adjacent Huronian rocks local shortening directions have been inferred from magnetic fabric 
anisotropy (Clendenen et al., 1988) and kinematic analysis of brittle shear faults (Chapter 4 of 
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this thesis). Magnetic fabrics in the Chelmsford Formation indicate uniform NNW-SSE 
shortening (Fig. 5.1c). In the South Range SIC and adjacent Huronian rocks, shortening 
directions are orthogonal to the strike of the SIC basal contact (Fig. 5.1c). Here, the shortening 
directions change from NW-SE in the central and western South Range to N-S in the eastern 
South Range (Chapter 4). In Huronian rocks, some shortening directions are also observed to be 
E-W due to local strain perturbation (Chapter 4). Overall, however, shortening directions in the 
Sudbury Basin and Huronian rocks are oriented NW-SE and are, thus, parallel to the minimum 
diameter of the Sudbury Basin (Fig. 1c).  
 
Previous attempts at quantifying the magnitude of NW-SE shortening are based on shape fabric 
analysis using deformed sedimentary concretions of the Chelmsford Formation (Clendenen, 
1986), transformation of the Basin circumference into a circle (Muir, 1984), planar fabrics in the 
Onaping Formation (Rousell, 1975) and metamorphic mineral fabrics in the SRSZ (Shanks and 
Schwerdtner, 1991b). In the Chelmsford Formation, bulk NW-SE layer-parallel shortening is 
estimated to be at least 38%, with only minor shortening parallel to the long axis of the Sudbury 
Basin (Clendenen et al., 1988). Restoration of deformation on the SRSZ result in a NW-SE basin 
diameter that is larger than the current diameter by at least a factor of 2 to 3 (Shanks and 
Schwerdtner, 1991b). Both reconstructions estimate the original NW-SE diameter of the exposed 
portion of the SIC at approximately 60 km (Clendenen et al., 1988; Shanks and Schwerdtner, 
1991b). The restoration attempts are, however, based on the assumption that deformation is 
homogeneous and that changes in contact dips are exclusively the result of solid-body rotation. 
Shearing-induced rotation of material surfaces, such as lithological contacts, bedding planes and 
primary planar mineral fabrics, is not considered in these studies, but is likely of considerable 
importance in the deformation of the South Range and adjacent Huronian rocks (Chapter 3 of 
this thesis). Nonetheless, NW-SE shortening significantly reduced the NW-SE diameter of the 
SIC in plan-view and acted as the main driving force in transforming the SIC to its current non-
cylindrical shape. 
 
In summary, key structural characteristics of the Sudbury Basin are its plan-view elliptical shape, 
variations in contact dips and thickness of the SIC, and strain  that increases in intensity toward 
the SRSZ, a broad southward-dipping zone of ductile deformation. Moreover, the South Range 
differs markedly from the North Range by its steeper dip of SIC contacts and pervasive foliation. 
Due to these structural characteristics, it is unlikely that the Sudbury Basin formed under pure 
horizontal shortening and simple folding. Prominent faults imaged in seismic profiles and the 
geometry of mineral fabrics associated with the SRSZ point to deformation associated with 
thrusting and differential rotation of the SIC in the South Range. A basal fault and distributed 
deformation near the fault tip are typical for fault-propagation folding, specifically trishear 
deformation. This deformation mechanism will be tested for the South Range by means of 
forward and backward kinematic modelling.  
 
 
5.4. Trishear deformation 
 
The trishear model, initially proposed by Erslev (1991), describes folding of upper-crustal layers 
in front of a propagating thrust fault cutting through mid-crustal basement rocks. A main 
characteristic of trishear deformation is the transfer of localized displacement on a basal thrust 
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fault to distributed deformation and associated displacements within a triangular zone, the 
trishear zone (Fig. 5.2). More specifically, distributed deformation in the trishear zone is caused 
by displacement on a deeper-seated thrust fault and propagation of the tip of this fault (Erslev, 
1991; Hardy and Ford, 1997; Allmendinger, 1998; Cardozo et al., 2003; Cristallini et al., 2004). 
Within the trishear zone, the shear strain vector varies both in orientation and magnitude. The 
magnitude of strain decreases from the top of the trishear zone toward the fault tip and from the 
centre of the trishear zone to its boundaries (Hardy and Ford, 1997). At the top of the trishear 
zone, local displacement magnitude equals the hanging wall slip, whereas there is no slip at the 
base of the trishear zone (Hardy and Ford, 1997; Allmendinger, 1998). This gradient in shear 
direction and magnitude of the slip results in a change in layer thickness and layer dips during 
progressive deformation and depends on position within the trishear zone.  
 
The final geometry of layers deformed by trishear is the product of a number of parameters 
controlling trishear deformation (Allmendinger, 1998; Fig. 5.2a). These are the dip of the basal 
thrust fault (ramp angle α), apical angle of the trishear zone (trishear angle φ), magnitude of 
displacement on the thrust fault (d), ratio of fault propagation to fault slip (p/s), the position of 
the fault tip, and the symmetry of the trishear zone relative to the fault (angular offset ao). The 
angular offset is the factor that describes the angular position of the trishear zone relative to the 
orientation of the basal thrust fault (edge of the trishear zone = α ± φ·ao). For example, an ao of 
0.5 would represent a trishear zone in which the basal fault is the symmetry plane of the trishear 
zone. The p/s ratio controls the forelimb geometry (Hardy and Ford, 1997). Low p/s ratios result 
in forelimb thickening and tight folding, whereas large p/s ratios generate large interlimb angles 
and small layer thicknesses (Allmendinger, 1998).  
 
Displacement varies across the trishear zone and results in strain gradients within the zone 
(Hardy and Ford, 1997; Zehnder and Allmendinger, 2000). The trishear zone delimits an area of 
distributed shear, outside of which the hanging wall is translated without internal distortion (Fig. 
5.2a). The magnitude of shear decreases away from the fault tip (Fig. 5.2b). Thus, the trishear 
zone is recognized by an abrupt decrease in internal deformation towards the hanging wall.  
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Figure 5.2: Characteristic elements of trishear deformation. (a) Key parameters that affect the outcome of trishear 
deformation are displacement magnitude d, trishear angle φ, ramp angle α, position of the fault tip, fault tip 
propagation, angular offset and the initial dips of material surfaces such as the lithological contacts. (b) Measured 
geometric parameters are the maximum dip β of lithological contacts after deformation, the height h of the 
overturned contact, orthogonal layer thickness and γ the orientation of maximum diameter in marker ellipses. 

 
 
5.5. Methodology 
 
In order to assess deformation quantities that influenced the geometry of the South Range SIC of 
the Sudbury Basin, we apply both forward and backward kinematic models of trishear 
deformation using the software Move (Midland Valley) and FaultFoldForward (Allmendinger, 
1998; Zehnder and Allmendinger, 2000). In trishear deformation a number of models, based on 
different geometric parameters, can account for the geometry of a particular structure (Cardozo, 
2005). Numerical search algorithms allow the calculation of specific deformation parameters 
using the deformed geometry of layers (Cardozo, 2005). We use foliation orientation and the 
dips of SIC contacts to constrain deformation geometry using a combination of forward and 
backward modeling. 
 
For forward modeling, we assume an initial synclinal geometry of the Norite, Quartz Gabbro and 
Granophyre layers and analyze the effect of varying deformation parameters on the geometry of 
the deformed layers and strain distribution. The orthogonal thickness of each layer is derived 
from mean thicknesses of these layers in the North Range (Dreuse et al., 2010), as layer 
thicknesses in the North Range are more uniform than in the South Range (Fig. 5.1a). The initial 
dips of the layers vary, but paleomagnetic data from the Norite indicate a rather symmetric basin 
geometry of the SIC prior to (trishear) deformation, with basin margins dipping inward at 
approximately 20° (Morris, 1980).  
 
For analysing the effects of trishear deformation in the forward models, we document geometric 
parameters that compare to structural data from the surface of the Sudbury Basin. Specifically, 
the boundary conditions from the SIC considered for the model include: the inclination of the 



Ph.D. Thesis – I. Lenauer; McMaster University – Geography and Earth Sciences 

87 
 

upper and basal contacts, the orientation of igneous layering and foliation, and thickness 
variations of the SIC layers (Table 5.1). Measured quantities from the forward models are the 
maximum amount of rotation of layer contacts, the height of an overturned layer segment, layer 
thickness and the orientation and geometry of marker ellipses (Fig. 5.2b). The maximum angle of 
a layer contact is characterised by a dip that deviates most from its original orientation, 
regardless of its location. The height of the overturned layer segment provides a marker for the 
vertical extent of distributed deformation and aids in the construction of profiles for backward 
modeling. Measurements of orthogonal thickness at different locations within the trishear zone 
document the thickness variation of layers. The inclination of long axes of initially circular 
markers provides a proxy for the orientation of sectional strain ellipses approximated by 
metamorphic foliations in nature. Altogether this procedure provides a test for the validity of 
trishear deformation for the southern SIC. It furnishes initial constraints on deformation 
magnitudes, the possible primary geometry of the SIC and its current shape at depth. 
 
Backward kinematic modeling provides a tool for restoring of the current SIC geometry into a 
symmetrical basin with shallowly dipping layers. For this purpose, eight sections across the 
Sudbury Basin are constructed and restored to initially inward dipping contacts that are 
symmetrical to the North Range. In the sections, surface dips of the SIC contacts are extrapolated 
to depth and above the present erosion surface. To comply with trishear deformation geometry, 
hanging wall layers above the erosion surface in the South Range are assumed to have the same 
dip magnitude as layers in the North Range. The comparison of post-deformation angles of SIC 
contacts and the orientation of foliation show which areas were affected by specific 
combinations of rotation and strain geometry. Deformation quantities for best-fit SIC geometries 
are assembled to 3D models show the shape of the Basin prior to trishear deformation. 
Restoration of the South Range SIC aims at quantifying the along-strike variation in trishear 
deformation parameters. 
 
 
5.6. Results 
 
5.6.1. Forward modeling of geometric effects of trishear deformation  
 
In the forward models I observe the change in geometry of markers in relation to the variation of 
deformation parameters. Parameters that are examined and which are of importance in the 
attempted geometric reconstruction of the South Range SIC are: the p/s ratio, trishear angle φ, 
magnitude of displacement d, angular offset of the trishear zone, ramp angle α and fault tip 
position (Fig. 5.2a). Collectively, these parameters affect the geometry of the layer contacts and 
the shear strain distribution. By examining each parameter individually, its general effect on the 
geometry of the deformed layers is assessed. The effects of the parameters on the deformed 
layers are quantified using geometric measurements that are observed in the Sudbury Basin, 
namely the dip of layer contacts and strain distribution (Fig. 5.2b).  
 
First, I explore the effect of the original dip of the SIC layers on the orientation of the layers in 
the deformed state for different ramp angles (Fig. 5.3a, b). Layers in the models are initially of 
uniform dip, ranging from 5° to 50°, at which the layer dip is perpendicular to the thrust fault. 
Layers are rotated by varying amounts in the trishear zone and the maximum post-deformation 
dip of a layer contact is given by the angle β. Overturned layer contacts are indicated by β-values 
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greater than 90°. Fig. 5.3a shows that the deformed layer dip of the basal contact is rotated by up 
to 90° f the initial dip. The height of the contact segment that is overturned increases 
systematically with steeper initial dips (Fig. 5.3b). Interestingly, the initial layer dip has a more 
profound effect on the final geometry of the basal contact than on the upper contact, despite the 
fact that the upper contact is located further away from the fault tip than the basal contact (Fig. 
5.3a, b). For example, the maximum dip of the upper contact does not change with varying initial 
layer dip (Fig. 5.3a). Finally, a reversal of the heights of the overturned contacts occurs for initial 
layer dips greater than 25° (Fig. 5.3b). For steep initial dips the height of the overturned contact 
segment is greater for the upper layer than the basal layer (Fig. 5.3b). This relationship reversed 
in initial low initial layer dips (Fig. 5.3b). Thus, trishear deformation of shallowly dipping layer 
contacts overturns a larger segment of the basal contact than of the upper contact. 
  
The magnitude of displacement on the thrust fault has a profound influence on the orientation of 
layer contacts (Fig. 5.3c, d). The amount of rotation is indicated by the difference between the 
maximum and initial dip angles of a contact and increases with increasing displacement 
magnitudes (Fig. 5.3c). At larger displacement magnitudes, the rotation approximates a vertical 
orientation for the basal contact but is overturned by about 50° for the upper contact (Fig. 5.3d). 
The basal contact is not overturned under a small displacement magnitudes and the height of the 
overturned upper contact increases linearly with the displacement magnitude (Fig. 5.3d). The 
effect of displacement magnitude on the final contact orientation is also related to the location of 
the fault tip. Shifting the position of the fault tip away from the contacts significantly affects the 
height of the overturned segments (Fig. 5.3e).  
 
Variations in the apical angle of the trishear zone have little effect on the geometry of the 
deformed layers (Fig. 5.3f). The height of the overturned contact segment is slightly higher for 
small φ values (Fig. 5.3f). The effect on the maximum contact dip by increasing in the p/s ratio 
matches the effect of increasing the initial layer dip: the dip of the basal contact increases 
systematically and the dip of the upper contact shows little variation (Fig. 5.3a, g). The height of 
the overturned contact segment, however, increases as p/s ratios increase towards 1 (Fig. 5.3h). 
Overall, the p/s ratio has little effect on the geometry of the upper contact and mainly influences 
the dip of the basal contact. 
 
Changes in the dip of the ramp angle α result in a systematic shift in the observed layer 
geometries (Fig. 5.3). Shallow ramp angles are marked by a small height of overturned upper and 
basal layers (Fig. 5.3b, d, e, f, h). The effect of the fault dip on the magnitude of layer rotation is 
overall small (Fig. 5.3a, c, g). Interestingly, faults dipping at a shallow angle result in a greater 
difference of maximum rotation between the basal and the upper layer than moderately dipping 
faults (Fig. 5.3a, c, g). The varying dips of the thrust fault affect the basal and the upper layer 
contact to an equal degree. 
 
In addition to the geometry of layer contacts, the effect of trishear deformation can be examined 
with respect to orthogonal layer thickness. This is inspected with an initially inclined stack of 
three layers, akin to the Main Mass of the SIC, that is subjected to relative thickness variations, 
which depend on the position of the layers within the trishear zone and the displacement 
magnitude (Fig. 5.4). In the trishear zone the maximum and minimum orthogonal layer thickness 
are documented and placed in relation to the original thickness, providing a measure for 
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thickening and thinning of layers. The basal layer that is closest to the fault tip shows the largest 
thickness variation (Fig. 5.4a). Large amounts of thickening occur at low ramp angles (Fig. 5.4a), 
and layers are characterized by the least thickness at large ramp angles (Fig. 5.4a). The 
intermediate and upper layers increase in thickness as displacement on the fault becomes 
maximal (Fig. 5.4b, c). For the upper layer, the thickness variation is less pronounced than in the 
lower layers that are closer to the fault tip and thickening appears independent of the ramp angle 
(Fig. 5.4c). Overall, the effect of trishear deformation on the layer thickness decreases with 
distance to the fault tip.  
 
Sectional strain of trishear deformation is documented along selected profiles and visualized by 
the long axis orientation of initially circular markers (Fig. 5.5). As metamorphic foliations are 
concordant to the XY-planes of strain ellipsoids (Passchier and Trouw, 2006), the long axes of 
marker ellipses γ portray the dips of foliation surfaces. This allows us to study the effects of the 
deformation parameters d, φ, p/s, and α and initial layer dips on the distortion of layers using 
marker ellipses as proxies along a given profile. In the forward models we document marker 
ellipse geometries at varying horizontal distances and at one structural level, located at a constant 
height above the fault tip (Fig. 5.5a). Across the trishear zone the maximum diameter of the 
marker ellipse is inclined both in the direction of (γ < 90°) and away from (γ > 90°) the direction 
of the thrust fault (Fig. 5.5a). 
 
Large displacement magnitudes result in a narrow zone of rotated marker ellipses, characterized 
by steeply inclined maximum diameters (Fig. 5.5b) and steeper ramp angles result in steeper 
maximum diameters (Fig. 5.5c). The trishear angle directly affects the width of the deformed 
zone of rocks (Fig. 5.5d) and high p/s-ratios cause maximum diameters to be steeper and 
confined to narrower zones (Fig. 5.5e). Models with initially low layer dips show a more 
distributed area of deformation (Fig. 5.5f), i.e., a wider area marked by small amounts of rotation 
of elliptical markers. The largest variations in orientation of the elliptical markers are observed in 
models with high p/s-ratios and steep ramp angles (Fig. 5.5c, e).  
 
In summary, the effects of trishear deformation are described by combinations of trishear 
parameters. This means that a change in layer geometry is not the result of a unique set of 
parameters and can be accounted for by a number of solutions. Nonetheless, the following key 
results are evident from forward modelling of an initially synformal SIC. Steepening and 
overturning of layer contacts are accompanied by low dips of foliation planes, i.e., higher shear 
strains, evident by the orientation of the maximum diameter of elliptical markers. Furthermore, 
shear strains increase towards the hanging wall and layers affected by high shear strains display 
lower orthogonal thicknesses. The results of the forward models can, thus, crudely constrain the 
magnitude and geometry of post-impact deformation of the SIC. 
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Figure 5.3: Effect of trishear parameters on the geometry of the deformed layers. The diagrams show the 
progressive variation of specific combinations of deformation parameters for the basal and upper contacts of a 
marker layer at four different ramp angles α. Note that the basal contact of the marker layer is closer to the fault tip 
than the upper contact. Unless specified otherwise, model parameter are 10 km displacement, 0.5 angular offset, 
70° trishear angle, a propagation-to-slip ratio of 0, a fault tip position of 0. (a) Initial dip of a contact versus the 
height h of the overturned contact and (b) the maximum dip β of layer contacts. Magnitude of displacement d is 
displayed in relation to (c) the height h of overturned contact and (d) the maximum dip β of layer contact. (e) Fault 
tip position versus the height h of overturned contact. (f) Magnitude of trishear angle φ versus height h of 
overturned contact. Propagation-to-slip (p/s) ratio is displayed against (g) the height h of overturned contact and 
(h) the maximum dip β of layer contact. 
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Figure 5.4: Thickness variations in a three-tiered layer stratigraphy after trishear deformation. Maximum and 
minimum thinning are recorded for (a) a basal layer, (b) an intermediate layer and (c) an upper layer. Thickness 
variations are from a forward model with d = 4 km, α = 35°, φ = 70°, p/s = 0.5, angular offset = 0.5, and a fault tip 
= 0 km. R represents the ratio of the layer thickness after and prior to deformation. It is calculated by the relation of 
the minimum orthogonal thickness min and maximum orthogonal thickness max, respectively, to the original layer 
thickness h. 
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Figure 5.5: Forward models of trishear deformation showing the effects of selected parameters on the inclination of 
marker ellipse diameters (γ). (a) Reference frame for measurements of γ. The origin for the horizontal distance 
coincides with the position of the fault tip. Angles of maximum diameters are measured across one observation level 
(inset). The deformation parameters are: (b) displacement d, (c) ramp angle α, (d) trishear angle φ, (e) p/s ratio, 
and (f) initial bedding dip. Unless otherwise specified, the deformation parameters are d = 2 km, α = 30°, φ = 60°, 
p/s = 0.5, angular offset = 0.5 and an initial bedding dip of 30°. 
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5.6.2. Attempted restoration of the South Range SIC using the trishear deformation model 
 
In section 5.6.1 I showed that a number of deformation parameters have significant effects on the 
geometry of the deformed layers and strain profiles. Understanding these effects aids in 
kinematically restoring the Sudbury Basin using the trishear deformation model. In order to 
satisfy the along-strike variations in deformation parameters of the South Range SIC, seven NE-
SW striking profiles and one N-S striking profile (Fig. 5.6a, b) are constructed. The NE-SW 
striking profiles are parallel to the overall shortening direction (Fig. 5.1c) and at a high angle to 
the basal SIC contact (Fig. 5.6a). The N-S striking profile (profile VII in Fig. 5.6a) is positioned 
orthogonal to the strike of SIC in the eastern South Range (Fig. 5.6b). The orientation of basal 
faults, dipping approximately 30° to the SE, is based on the discontinuities imaged in the seismic 
profiles. 
 
The North Range SIC does not feature structures induced by pervasive strain and, therefore, 
likely retained its primary orientation and thickness. For this reason, the northwestern profile 
portions, representing the North Range, are spatially pinned in all models. The layer contacts in 
the South Range are extrapolated upwards beyond the current erosion surface and, based on the 
geometry of the North Range SIC, the contacts are assumed to be gently dipping northward. This 
contact geometry is also justified by the forward models, which affected only the layer portions 
located close to the fault tip and which do not cause substantial rotation outside the trishear zone. 
 
The sections across the SIC are restored by backward modeling, using a ramp angle of 30° and 
varying the quantities of d, p/s, φ, fault tip position and angular offset. For each profile, the 
selection of the model is based on the combination of deformation parameters that results in a 
restored geometry that shows the most plausible match with an initially gently inward dipping 
syncline. The restored layer contacts of four models for each section are displayed in Fig. 5.6a. 
Multiple models are displayed for each section to indicate that restoration solutions are non-
unique and different combinations of deformation parameters can lead to similar geometries of 
restored layers. Values of displacement, p/s ratio, trishear angle, fault tip position, and angular 
offset are similar for different iterations on each section. Magnitudes of displacement on the 
basal fault are between 2.5 and 9 km (Fig. 5.6c), the p/s ratio varies from 0 to 0.8 (Fig. 5.6d), the 
trishear angle ranges from 45° to 72° (Fig. 5.6e), the position of the fault tip lies between 3 and 6 
km from the intersection of the basal SIC with the fault (Fig. 5.6f; excluding profile VIII) and the 
angular offset values lie within 0.4 and 0.6 (Fig. 5.6g). These values show significant variations 
among the sections. 
 
Along-strike variations in deformation are especially apparent in the p/s ratio, trishear angle and 
the displacement. From W to E, the displacement on the SE-dipping thrust faults first increases 
in profiles I to IV, then decreases in profiles V and VI, and finally increases again in profiles VII 
and VIII (Fig. 5.6c). The p/s ratio is at its maximum in the central South Range (profiles IV and 
V), the position of which coincides with an inward concave geometry of the upper SIC contact 
(Fig. 5.6b, d). Similarly, the trishear angle increases towards the central South Range and 
decreases toward the eastern South Range (Fig. 5.6e). The position of the fault tip decreases in 
distance towards the central South Range and is farthest from the base of the SIC in the SE-lobe 
(Fig. 5.6f). The symmetry of the trishear zone is depicted by the angular offset of the trishear 
zone in relation to the thrust fault, and shows little variation from W to E (Fig. 5.6g). In 
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summary, the rocks in the eastern South Range are most likely affected by a narrower zone of 
deformation, lower p/s ratios, and higher displacement magnitudes than those of the western 
South Range. Deformation in the central South Range is marked by the highest p/s ratios, large 
displacement magnitude and a wide shear zone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 (following page): Backward models of selected sections across the Sudbury Basin. (a) NW-SE striking 
sections show current geometry and four restored shapes of SIC contacts. The geometry of SIC layers is 
extrapolated over the erosion level and is based on the dip magnitudes of the SIC in the North Range and the 
assumption that only a portion of the South Range is affected by rotation of SIC contacts. (b) Sections I-VI and VIII 
strike parallel to the minimum plan-view diameter of the Basin, section VII strikes orthogonal to the basal SIC 
contact. Variations of deformation parameters in each of the restored sections: (c) displacement d, (d) p/s ratio, (e) 
trishear angle φ, (f) distance of fault tip from intersection between fault and base of the SIC, and (g) angular offset 
of trishear zone. Deformation parameters used in constructing the restored sections are listed in Table 6.2. 
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The three-dimensional geometry of the restored Sudbury Basin is characterized by the synclinal 
shape of the backward models. Based on the restoration, deformation is compatible with 
displacement on a thrust fault dipping approximately 30° to the SE. Large displacement 
magnitudes and p/s ratios in the central South Range lead to a restored shape of the SIC that is 
convex outward rather than concave inwards as it is today (Fig. 5.7). The length of the NW-SE 
diameter of the restored Basin, i.e., presently exposed perimeter of the SIC, at the current erosion 
surface amounts to 35 km. Backward modelling of the Basin shows that the SIC most likely had 
a synclinal shape (Fig. 5.7) caused by some non-cylindrical folding prior to trishear deformation.  
 
 

 
 
Table 5.1: Inclination of planar elements of the SIC. 
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Table 5.2: Deformation parameters used for section restoration in Figure 5.6. 
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Figure 5.7: 3D geometry of the restored SIC based on backward kinematic modelling. The trishear zone is delimited 
by red surfaces. The restored SIC shows the original convex outward geometry and the change in length NW-SE 
diameter of the Basin. Lines indicate the location of the restored basal and upper SIC contact at the erosion level of 
the current SIC.  
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5.7. Discussion 
 
5.7.1. Comparison of forward models with observed structural characteristics of the SIC 
 
To investigate whether the modeled layer geometries adequately represent the deformed SIC, I 
compared structural data acquired at surface to modelled geometries. In particular, the 
orientation of foliation planes and SIC contacts indicate principal strain directions and rotational 
components, respectively. To document the relationship between rotation and strain quantities, I 
analyze stations from the South Range SIC at which both contact dip and foliation orientation are 
known (Fig. 8a). From a trishear forward model I record the orientations of deformed layer 
contacts and the orientations of the maximum diameter of marker ellipses at that location (Fig. 
8b). This allows me to correlate the rotation of material planes and strain orientation in the 
trishear deformation models and the South Range SIC. 
 
At locations in the South Range SIC where both foliation and contact orientations are known, 
these quantities show a positive correlation (Fig. 5.8a). Specifically, in places where SIC layers 
dip chiefly towards the SE, foliation planes also dip to the SE (Fig. 5.8a). Notably the foliation in 
the Onaping Formation and its basal contact dip predominantly to the SE (Fig. 5.8a). In the 
forward models, the inclination of marker ellipses and layer contacts are marked by a 
relationship that is strikingly similar to that observed in the SIC (Fig. 5.8b). Evidently, a change 
in contact orientation corresponds to a change in the strain geometry, represented by the 
maximum diameter of the marker ellipses. Interestingly, dips of both maximum ellipse diameter 
and layer contacts in the forward model and foliation and layer dips in the SIC cover a similar 
range of magnitude (Fig. 8). The similarity in the orientation of planar elements and strain 
supports the initial assumption that trishear deformation can account for a number of observed 
structural characteristics of the South Range SIC.  
 
The changes in dip of foliation and SIC contacts at a given profile across the southern Sudbury 
Basin also provide a test for the validity of the trishear deformation model for the SIC. Shear 
strain in the forward models is estimated from initially circular markers and changes in the 
inclination of marker ellipses γ are affected by variations in the deformation parameters, such as 
d, p/s, φ, ao and α (Fig. 5.5). In each of the forward models, maximum ellipse diameters are 
inclined steeply adjacent to the undeformed hanging wall (Fig. 5.5). The inclination of γ 
decreases gradually across the trishear zone toward the undeformed footwall. In the Sudbury 
Basin, the dip of foliations at selected profiles shows a similar pattern from the Basin centre 
toward the SIC (Figs. 5.1, 5.9a). Towards the Basin centre, and thus at a large distance from the 
basal SIC contact, foliations dip mostly at 80° to the SE (Figs. 5.1, 5.9a). Towards the upper 
contacts of the SIC, i.e., the left margin of the stippled box in Fig. 5.9a, and in an area marked by 
the SRSZ the foliation dips decrease to an average of 60° to the SE (Fig. 5.9a). At the base of the 
SIC, i.e., the right margin of stippled box in Fig. 5.9a, foliation planes are rather steep and are 
sporadically dipping toward the NW (Fig. 5.9a). This gradual decrease in dip of foliation and 
maximum diameters of marker ellipses, and the sharp reversal of dip direction is observed both 
in the forward models and in nature. High amounts of rotation of the marker ellipses in the 
trishear zone match the orientation of foliation in the SRSZ (Fig. 5.9). Shear strain profiles in 
forward deformation models and from the SIC indicates that both show gradual increases and 
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abrupt decreases in the orientation of strain markers. Therefore, trishear deformation accounts 
well for the fabric orientations observed in the South Range SIC. 
 
 

 
 

Figure 5.8: Comparison of surface data from the SIC with forward modeled quantities. (a) Dip of SIC contacts 
versus dip of foliations at the same location from sections across the South Range SIC. (b) Dip of layer contacts 
versus dip of maximum of elliptical marker γ at the same location in trishear forward model. 
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Figure 5.9: Geometric correlation of foliation dips of the SIC with marker ellipses of trishear forward models. (a) 
Variation of foliation dips with distance to basal SIC contact on selected profiles across the SIC. The horizontal axis 
marks the distance from the basal SIC contact towards the NW. Data points are values derived from the profiles. 
The shaded box indicates the plan-view extent of the SIC, the size of which varies according to thickness variations 
of the SIC along strike of the South Range. Striped area denotes location of SRSZ. (b) Dips of maximum diameters of 
marker ellipses at specific structural levels of the trishear zone. The dip of maximum diameters γ is plotted 
according to horizontal distance for each structural level. Schematic diagram of trishear zone shows location of 
deformed ellipses. Parameters used for forward model are d = 1, φ = 60, α = 30, p/s = 0.5. 
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5.7.2. Correlation of current erosion surface with level within trishear zone 
 
In order to determine which structural level in the trishear zone corresponds to the current 
erosion surface of the South Range SIC, I compare the orientations of elliptical markers and 
contacts in forward models with the orientations of foliations (Fig. 5.9) and contacts (Fig. 5.10) 
of the SIC. A correlation of the observed structures of the South Range SIC with a particular 
structural level of the trishear zone is further achieved by analyzing the changes in the marker 
ellipse orientations at selected structural levels (Fig. 5.9). In general, the variation in the 
orientation of marker ellipses is minimal near the fault tip but increases with distance from the 
tip (Fig. 5.9b).  
 
Examination of the changes in foliation and contact dips in the SIC provides information on the 
geometry of its individual layers, namely the Norite, Quartz Gabbro and Granophyre. This is 
achieved by plotting contact dips versus their along-strike position, which highlights the changes 
in dip magnitudes of the SIC layers along the South Range (Fig. 5.10b). Similarly, means of 
foliation dips acquired from the same locations as the contact dips show respective along-strike 
variations of the South Range (Fig. 5.10c). Based on the patterns of contact and foliation dips the 
South Range can be divided into three zones, Zones 1, 2 and 3, of similar dips of these planar 
elements (Fig. 5.10a).  
 
In the western South Range (Zone 2 in Fig. 5.10a, b), dips of the Quartz Gabbro and Granophyre 
bases are rather shallow, the Norite base dips steeply and the base of the Onaping Formation is 
overturned to the SE. The central South Range (Zone 1 in Fig. 5.10a, b) is marked by shallow 
NW-dips of the base of the Norite, steep dips of the base of the Granophyre and shallow SE-dips 
of the base of the Onaping Formation (Fig. 5.10b). This zone shows moderately to steeply NW-
dipping foliations in the Norite, subvertical foliations in the Quartz Gabbro and Granophyre and 
SE-dipping foliations in the Onaping Formation (Fig. 5.10c). In the westernmost South Range 
(Zone 3 in Fig. 5.10c), foliations dip at 60° to 80° toward the SE and, thus, show little variation 
in orientation. Overall SIC contacts are rarely concordant to each other in the South Range, 
unlike SIC contacts in the North Range. This indicates that material planes in the South Range 
SIC were affected by heterogeneous deformation, notably rotation. This is corroborated by the 
systematic variation in foliation dips across SIC layers. 
 
In the forward models, the observed change in contact dip from the upper to the basal layer 
differs systematically with regard to the structural level in the trishear zone (Fig. 5.10a). Layer 
contacts are overturned at low levels in the trishear zone and steepen towards the hanging wall 
(Fig. 5.10d), where layers maintain their original dip. The footwall of the trishear zone is also 
characterized by little rotation of the upper layer contact and steepening of the basal layer, 
without affecting the upper layer (Fig. 5.10d). This pattern in layer contact dip is observed in the 
western South Range, i.e., Zone 2, in which the base of the Norite is steeply dipping and the 
other SIC layers dip gently inward (Fig. 5.10a, b, d). Steep dips of the basal layer and overturned 
upper layers are found at the erosion level of the central portion of the trishear zone (Fig. 5.10a, 
d). This pattern in contact dips is evident from the central South Range, i.e., Zone 1, where the 
base of the Onaping Formation is overturned to the S and the base of the Norite dips steeply NW 
(Figs. 5.1a, 5.10b).  
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Across the trishear zone the maximum diameters of marker ellipses dip shallower in the basal 
layer than in the upper layers (Fig. 5.10e). In Zone 1, maximum diameters dip shallowly in the 
upper layers and are steep in the basal layer (Fig. 5.10e). This matches the observed foliation dip 
pattern in the SIC, in which foliations are shallower in the Onaping Formation and Granophyre 
than in the Quartz Gabbro and Norite (Figs. 5.1a; 5.10c). The geometry of the SIC contacts and 
the orientations of principal strain axes, thus, vary significantly with structural level evident in 
the forward models (Fig. 5.10). 
 
The dips of the SIC contacts and foliation vary considerably along strike in the South Range. 
However, not all combinations of contact and foliation dips can be accounted for by trishear 
deformation. For example, the western South Range shows SIC contact dips that are typical for 
the lower levels of the trishear zone (Box 2 in Fig. 5.10b, d). However, the foliation dips in this 
area do not match with the marker ellipse orientations observed at the respective level in the 
trishear zone (Fig. 5.10c, e). Likewise, in the SE-lobe of the Sudbury Basin (Zone 3 in Fig. 5.10) 
the foliation geometry deviates from all marker ellipse orientations of forward models. This calls 
for a different deformation mechanism for the SE-lobe. The axial-planar geometry of the 
foliations with respect to the curvature of SIC contacts is similar to that of the NE-lobe 
(Klimczak et al., 2007) and points to a fold origin of the SE-lobe.  
 
The central South Range matches the structural characteristics of upper structural levels of Zone 
1 in the trishear forward models (Fig. 5.10). Here the upper layer, represented by the contact 
between the Granophyre and the Onaping Formation, dips to the SE but the basal layers dip 
toward the NW (Fig. 5.10a, c). Foliations dip shallowly to the SE in the Granophyre and steepen 
towards the underlying Quartz Gabbro and Norite (Fig. 5.10b, d). Therefore, deformation in the 
center of the South Range is best described by trishear fault propagation folding and the lateral 
tips of the South Range are more likely to be influenced by other deformation mechanisms, such 
as folding strain.  
 
Foliations in the South Range are most pervasive in the upper layers of the SIC, namely in the 
South Range Shear Zone (Fig. 5.1a). The SRSZ is characterized by uniformly SE-dipping 
foliation planes and pervasive metamorphic mineral fabrics (Fig. 5.1a, 9a). Similarly, the 
orientation of marker ellipses in the upper layers of the forward models (Fig. 5.10e) dip at a 
shallow angle in the direction of the fault. I propose that pattern observed in the SRSZ represents 
the central part of the trishear zone and that pervasive development of foliation surfaces in the 
SRSZ is a consequence of trishear fault propagation folding (Fig. 5.12).  
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Figure 5.10: Comparison of variation in layer and foliation dip between upper and basal layers in the SIC and in 
forward models. (a) Location of the Zones 1, 2 and 3 characterized by similar dip magnitudes in relation to the 
trishear zone and in the Sudbury Basin. Orientations of layer dips and strain fabrics at several structural levels in 
the forward models, (b) and (c), and in the SIC, (c) and (d). Layers in the forward models are labelled with the units 
of the SIC for easier comparison. Strain fabric orientation is given by foliation dip for the SIC and by the dip of the 
maximum diameter of marker ellipses γ in the forward models. The horizontal axis in (b) and (c) marks the position 
of each data point respective to the southeastern-most point of the SIC basal contact as shown in (a). 
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Figure 5.11: Variations in orthogonal thickness of a deformed layer at different structural levels of the trishear 
zone. (a) R is the orthogonal layer thickness after deformation with respect to its original thickness. Horizontal axis 
crosses at R=1, which denotes no thickness change. Grey box denotes area in which layers are thickened. The white 
box marks an area of maximum thinning. (b) Location of measured parameters and areas of thickening and thinning 
relative to the trishear zone. 

 

 

 

Figure 5.12: Schematic block model of the SIC with location of the trishear deformation zone. Major effects of 
trishear deformation on the geometry of the SIC are explained in the text. 
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5.7.3. Structural uplift and estimates on the height of the eroded SIC  
 
Erosion levels in the Sudbury Basin, especially the South Range, are not well known. Estimates 
on the amount of structural uplift lie between 8 and 15 km (Shanks and Schwerdtner, 1991a; 
Golightly, 1994; Grieve and Therriault, 2000), with larger magnitudes of uplift in the South 
Range than in the North Range (Shanks and Schwerdtner, 1991a). The amount of eroded SIC 
and the geometry of the eroded sections have important ramifications on the original size of the 
impact melt sheet. As discussed in section 3, the height of the undeformed hanging wall is 
determined by the position of the trishear zone relative to the SIC and by the displacement 
magnitude on the thrust fault. I estimate the likely position of the eroded hanging wall based on 
the structural level in the trishear zone that best matches the geometry of the SIC contacts and 
foliation dips at the current erosion surface.  
 
Deformation parameter important for estimating quantities of structural uplift of the hanging wall 
are d, α, and the p/s ratio. The distance u of the eroded SIC above the current erosion surface is a 
direct function of the amount of displacement on the thrust faults and its ramp angle (u = cosα d). 
In our backward models (Fig. 5.6), the thrust fault α dips SE at approximately 30° and 
displacement magnitudes range from d = 3 to 8 km. These numbers result in a height of the 
eroded SIC base that ranges from 2.6 to 6.9 km above the erosion surface. However, the p/s ratio 
influences the actual amount of hanging wall uplift due to fault tip propagation, whereby high p/s 
ratios increase the magnitude of hanging wall uplift. For example, a p/s ratio of 1 doubles the 
displacement d of the hanging wall on the thrust fault. In the restored section, p/s ratios vary 
from 0.2 to 0.8, which corresponds to height of the eroded SIC base between 3.1 and 12.5 km 
above the erosion surface.  
 
To estimate the position of the eroded hanging wall, the amount of uplift u is put in relation to 
the position of the trishear zone with respect to the SIC. The central South Range is best 
represented by a structural level of the trishear zone that is located approximately 1.5 to 2.5 km 
above the fault tip based on the geometry of layer dips, (Fig. 5.10a) and 0.5 to 2 km above the 
fault tip based on thickness changes of SIC layers (Fig. 5.11b). In the forward models, the 
transition from the trishear zone to the hanging wall is characterized by non-rotated layer 
contacts, a shallow dip of layer contacts to the NW, undeformed marker ellipses and no 
variations in thickness (Figs. 5.10, 5.11). In forward models the basal layer is translated in the 
hanging wall to a height of 2 km above the current erosion level (Fig. 5.10d). Based on thickness 
variations, all marker layers are translated to a position between 2 and 4 km above the structural 
level that best matches the current erosion level (Fig. 5.11). Thereby, the base of the SIC not 
affected by trishear deformation likely begins at approximately 2 km above the current erosion 
level. As the transition between trishear zone and hanging wall is located at an increasingly 
lower level in the direction of the basal layer the Huronian rocks likely constitute the translated 
hanging wall (Fig. 5.12).  
 
5.7.4. Effect of trishear deformation on thickness of SIC layers 
 
Significant thickness variations of the SIC are evident by changes in (1) overall plan-view 
thickness, (2) the relative thicknesses of the Norite, Quartz, Gabbro and Granophyre layers, and 
(3) the geometry of SIC contacts (Fig. 5.1a). The causes of plan-view thickness variations in the 
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SIC are not yet fully understood. In general, SIC layers, especially the Norite, are thicker in the 
South Range than in the North Range (Fig. 5.1a). Although a petrographically distinct portion of 
the Norite, known as the felsic Norite, rarely exceeds 500 m plan-view thickness in the North 
Range, its thicknesses in the South Range generally exceed 500 m and locally even 1000 m 
(Keays and Lightfoot, 2004). The correlation between the thickness of the felsic Norite and the 
accumulation of ore deposits may indicate that the thickness variation in the Norite is primary 
rather than tectonically induced (Keays and Lightfoot, 2004). Consequently, the thickness 
variations of the entire Norite may be primary in origin. Similarly, the correspondence of plan-
view SIC thickness with the metamorphic aureole in host rocks of the North Range suggests that 
the thickness variation of the North Range SIC is primary (Dreuse et al., 2010). In the South 
Range, however, the Granophyre is thinner in plan-view than in the North Range, despite the 
larger width of the SIC in the South Range. This supports structural studies indicating that the 
thickness of Granophyre in the South Range was significantly modified by deformation (Lenauer 
and Riller 2012a, 2012b). I investigate the effect of trishear deformation on the thickness 
variations of the South Range SIC.  
 
Depending on the position of a layer in the trishear deformation zone, trishear fault propagation 
folding can have the effect of both thickening and thinning the layers (Fig. 5.4). Layer thinning is 
generally observed in the limbs and thickening in the hinge zone of the folded layers. When 
comparing changes in orthogonal layer thickness, it is important to note that maximum 
thickening of the basal layer is achieved at the base of the trishear zone (Fig. 5.11). At the base 
of the trishear zone the orientations of layer dips are, however, incompatible with orientations of 
SIC contacts (Fig. 5.10d). As the trishear zone at a structural level close to the fault tip cannot 
account for the geometries of lithological contacts, we surmise that layers were not thickened by 
trishear deformation at that level. Therefore, the increased thickness of the Norite in the South 
Range is likely not due to tectonic thickening.  
 
A more likely cause for the change in proportional layer thicknesses in the South Range SIC is 
tectonic thinning of the Granophyre. This requires the entire SIC in the South Range to have had 
a larger initial thickness than in the North Range in order to maintain similar proportional widths 
of SIC layers. This scenario is supported by the distinct compositional difference between the 
SIC in the South and the North Ranges (Naldrett and Hewins, 1984). A thicker South Range SIC 
seems to be also evident in the Lithoprobe seismic lines and is required for gravity and magnetic 
models of the Sudbury Basin (Boerner et al., 2000). The sum of these pieces of evidence points 
to modification of proportional layer thicknesses in the South Range SIC by post-impact 
deformation. 
 
True layer thicknesses were calculated for the North Range and are on average 0.5 km for the 
Norite and Quartz Gabbro, and 1.7 km for the Granophyre (Dreuse et al., 2010). The Norite and 
Quartz Gabbro constitute 28% of the total thickness of the SIC, and the Granophyre 72 %. In the 
South Range, the relative proportions of each of these layers are remarkably different from those 
of the North Range, as is well apparent from the map-view thickness of each layer (Fig. 5.1a). 
Based on the forward modelling profiles (Fig. 5.6), the changes in the true thicknesses of SIC 
layers in the South Range can be estimated. The Norite and Quartz Gabbro of the South Range 
SIC contribute on average 37 % and the Granophyre to 63 % of the total SIC thickness. The 
calculations are based on two assumptions: (1) relative proportions of the Norite and Quartz 
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Gabbro compared to the Granophyre were initially identical in the North and South Ranges, and 
(2) the Norite and Quartz Gabbro did not significantly change in thickness during deformation. 
The first assumption is supported by the processes of differentiation and gravitational settling of 
mineral phases that formed the SIC. The second assumption is corroborated by the observation 
that the South Range Norite is less affected by ductile deformation than the South Range 
Granophyre (Lenauer and Riller, 2012a). With an average combined true thickness of the Norite 
and Quartz Gabbro of 1.4 km, based on their proportions in the North Range, the total SIC 
thickness in the South Range would have amounted to 5.2 km prior to deformation. The 
Granophyre layer would have been approximately 3.8 km thick and, compared to its current 
thickness in the South Range, would have been shortened by approximately 40 %. This 
shortening magnitude is slightly higher than previous estimates on basin-wide shortening 
(Clendenen et al., 1988; Shanks and Schwerdtner, 1991b), but may actually amount to less if the 
Quartz Gabbro layer was also affected by tectonic thinning. In summary, areas of maximal 
thickness reductions correspond to areas replete with ductile deformation structures, i.e., the 
SRSZ. 
 
 
5.8. Conclusions 
 
In this chapter I explored the combination of forward and backward modeling of deformation as 
a procedure to overcome insufficient depth information on planar structural elements such as 
lithological contacts and foliations. This procedure proved to be useful in using structural data 
collected at surface to infer layer geometries below and above the current erosion surface of the 
SIC. Dips of lithological contacts, foliation dips and thickness variations of layers are matched 
with layer and marker ellipse geometries in forward models. Coincidence of layer geometries of 
the SIC and the forward models determine the position of the trishear zone relative to the SIC at 
its current erosion level. 
 
To date, the possibility of trishear fault propagation folding has not been considered for 
explaining the formation of the Sudbury Basin. Furthermore, few attempts have been made so far 
to quantify the shape change and rotation of the South Range SIC. To remedy these deficits, I 
applied the trishear deformation model to the SIC. Trishear deformation may serve as a plausible 
mechanism for the formation of the South Range SIC as the Sudbury Basin shows the following 
structural characteristics: (1) presence of a few thrust faults imaged in seismic lines 
accomplishing localized deformation (Wu et al., 1995), whereas deformation at surface is mostly 
distributed, (2) large angular discordance between upper and basal SIC contacts, (3) gradient in 
foliation dip and strain, (4) along-strike thickness variations of the SIC, (5) variable thicknesses 
among individual SIC layers, (6) uplifted and S-facing Huronian rocks rocks south of the SIC 
(Brocoum and Dalziel, 1974), and (7) correspondence of the SRSZ to high strain in the central 
portion of the trishear zone (Fig. 5.12). Collectively, these characteristics are not fully explained 
by previously invoked deformation models such as folding of the SIC followed by thrusting on 
SE-dipping faults (Wu et al., 1994), pure folding of the SIC (Cowan and Schwerdtner, 1994; 
Cowan et al., 1999), or pure translation and shearing of the South Range SIC on the SRSZ 
(Shanks and Schwerdtner, 1991a).  
 
The geometry and magnitude of deformation inferred from the kinematic modeling provide the 
basis for a restoration of the Sudbury Basin prior to trishear deformation. The modeling allowed 
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us to quantify a number of deformation parameters such as displacement, p/s ratio, trishear angle, 
and ramp angle. The SE- and SW-termini of the South Range do not display variations in 
foliation dip and variations in contact dips of the SIC layers. The foliation in the SE- and SW- 
South Range are axial-planar to the synformal lobes and thus the metamorphic fabrics possibly 
formed as a consequence of folding. For the central portion of the South Range, however, 
trishear deformation represents a viable explanation for the deformation of the SIC and its host 
rocks.  
 
Furthermore trishear deformation at Sudbury indicates that steep dips of basal SIC contact 
segments are spatially confined to the trishear zone and that the SIC layers dips shallowly in the 
footwall and in the hanging wall above the current erosion level. The hanging wall which is 
made up by Huronian rocks and the SIC Norite are mainly translated and show little internal 
deformation by shearing or rotation. As predicted by the trishear model, the highest shear strain 
magnitudes are present in rocks of the Granophyre and adjacent Onaping Formation, subjected to 
maximal tectonic thinning in the South Range. Thereby the South Range Shear Zone may be the 
surface manifestation of a trishear deformation zone. 
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5.9. Summary 
 
The Sudbury Igneous Complex (SIC), Canada, is an impact-induced layered sheet of crystalline 
rocks that deformed into an asymmetrical basin, the Sudbury Basin. The Basin geometry at depth 
is largely unknown. Few attempts have so far been made to quantify displacement and rotation of 
layer contacts and to restore the pre-deformation geometry of the SIC. Previous deformation 
models are based on simple folding and reverse faulting. However, variations in contact dips and 
layer thicknesses as well as observed gradients in foliation dip and strain of the southern SIC 
demand a mode complex deformation model. In this study I propose that the geometry of layers 
and orientations of foliation in the southern SIC can be adequately represented by trishear fault 
propagation folding. Trishear deformation of the central South Range SIC accounts for: (1) 
angular discordances between the upper and basal contact of the SIC, (2) local overturning of 
South Range SIC, (3) steepening of foliation planes from NW to SE, (4) strain gradient in the 
sedimentary rocks of the Sudbury Basin, and (5) thickness variations in the layers of South 
Range SIC. The South Range Shear Zone, a zone of elevated metamorphic fabric intensity, 
coincides with the surface manifestation of the proposed trishear zone. 
 
My study demonstrates the use of structural data, namely dip of foliation planes, igneous 
layering and lithological contacts, in combination with forward kinematic modeling to determine 
deformation parameters such as displacement, propagation-to-slip ratio, fault angle and initial 
layer dip. Backward kinematic modelling of trishear deformation is used to restore the shape of 
igneous sheet and provides information on the geometry of and the strain distribution in the SIC. 
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6. Conclusions and future outlook 
 
 
6.1.  Key results 
 
In Chapter 3, I presented my analysis of igneous and metamorphic mineral fabrics to determine 
possible deformation mechanisms of the South Range SIC. The orientation of inclined igneous 
cumulate fabrics provided insight into the deforming SIC, specifically the amount of rotation of 
the South Range SIC. Chapter 3 focussed further on small-scale brittle to ductile shear faults and 
their relevance for the formation of a pervasive planar fabric. I found that brittle shear faults in 
the Norite coalesce and form a network of conjugate faults, and with increasing levels of 
deformation form a pervasive fabric. The process of fabric development with increasing 
deformation is observed on the scale of several meters, and is evident on map scale by a 
transition of a conjugate fabric in the Norite to uniformly dipping foliation in the Granophyre. 
The fabric is compatible with coaxial shortening, a process which contributed to the rotation of 
material planes, i.e., the igneous layering and the basal contact of the SIC. 
 
My structural analyses in Chapter 4 explored the distribution and orientation of fold structures 
and mineral fabrics in the Huronian rocks south of the Sudbury Basin. Using the Sudbury 
Breccia as a marker, it was possible to distinguish between pre- and post-impact foliations. Post-
impact foliations formed both orthogonal and parallel to the map-view trace of the basal SIC 
contact, although orthogonal fabrics generally overprint contact-parallel fabrics. Foliations at a 
high angle to the basal SIC contact are found most commonly in the central South Range, and, 
thus, are reminiscent of axial-planar cleavage of a buckle fold localized at the concave inward 
shape of the upper SIC contact. Radially disposed buckle folds form as a consequence of the 
shortening of circular mechanical heterogeneities and are proposed to accommodate the shape 
change of the SIC from a convex outward to a concave inward geometry. Due to the association 
of changes in fabric orientation with changes in strike of SIC contacts, it is suggested that the 
shape of the SIC itself had a significant influence of fabric formation in the adjacent rocks.  
 
In Chapter 5, I assessed deformation mechanisms of the South Range SIC using structural 
modeling techniques. Specifically, I tested the applicability of trishear fault propagation folding 
to incorporate observations of SE-dipping thrust planes and distributed deformation with a strain 
gradient from NW to SE at surface. Initial experiments using forward modeling explored the 
effects of variable deformation parameters such as displacement, trishear angle, ramp angle and 
propagation-to-slip ratio on the geometry and strain on the deformed rocks. Restoration of 
sections across the Sudbury Basin showed that variable deformation parameters are required to 
restore deformation along strike of the South Range. To achieve a smooth initial geometry of the 
SIC, the central South Range requires propagation-to-slip ratios and displacements greater than 
in the eastern and western South Range. The trishear model accounts for the angular discordance 
of lithological contacts between the SIC layers, the gradient in foliation dip, and increased strain 
in the South Range Shear Zone associated with thinning of the South Range Granophyre, and 
subvertical orientation of Offset Dikes, i.e. non-rotation of Huronian rocks after the emplacement 
of the SIC. 
 
In summary, the key results from my study specifically for the Sudbury Basin are: (1) brittle 
deformation significantly influenced the shape change of the South Range SIC, especially the 
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Norite, (2) non-cylindrical radially-disposed buckling and associated mineral fabric development 
accommodated the shape change of the SIC, resulting in mutually perpendicular fabric 
orientations compatible with overall NW-SE shortening, (3) the original shape of the SIC 
directly influenced the geometry of metamorphic foliations, (4) differential rotation affected the 
SIC layers and the Huronian host rocks, and (5) there is a gradational strain increase from the 
NW to the SW in the South Range. The major components of deformation of the southern 
Sudbury Basin and its host rocks are NW-SE horizontal shortening leading to steepening of the 
SIC layers and igneous fabrics, trishear fault-propagation folding at the tip of a SE-dipping thrust 
fault, and concentric layer-parallel shortening leading to buckling and formation of NW-SE 
striking axial-planar cleavage in the basal SIC and Huronian rocks. 
 
This study has significant implications for understanding the response of a mafic crystalline 
sheet to tectonic strain. Shear faults and their spatial distribution in the igneous complex 
accommodated shortening by coalescing to form pervasive ductile fabrics. This mechanism leads 
to the rotation of material planes, such as igneous layering. Furthermore, I document the effect of 
mechanical heterogeneities on the geometry of deformation fabrics by illustrating the 
relationship between the orientation of lithological contacts and the orientation of mineral 
fabrics. As a consequence, highly discordant planar strain fabrics can be generated by local strain 
perturbations near igneous sheets under uniform regional shortening. Local shortening directions 
were successfully inferred from the inversion of brittle fault planes and striations. The 
methodology commonly applied for neotectonic settings proved equally effective for the 
determination of local shortening directions in Paleoproterozoic rocks. Finally, a compilation of 
surface data, i.e. shortening directions, foliation surfaces and igneous layering, provided the basis 
for kinematic modeling and restoration. I matched the geometry of deformed layers and markers 
in a forward model to the observed contact dips and foliation orientations in the study area. 
Thereby, it was possible to estimate the magnitude of deformation parameters such as 
displacement magnitude, fault angle and fault tip propagation. The combination of forward and 
backward modeling provided insight into the geometry of layers where depth information is 
scarce. 
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6.2.  Outlook for further research 
 
6.2.1. Documentation of metamorphic mineral fabrics 
 
The majority of my analyses are based on outcrop-scale observations of foliation surfaces, shear 
planes and the minerals decorating these faults. Data obtained at surface is compiled into plan-
view deformation patterns, which allow the correlation of mineral fabrics and the interpretation 
of structures over a wide area. Structural field observations greatly benefit from the study of 
mineral composition and interactions on a grain-scale in foliated and sheared rocks. This would 
allow a better assessment of the pressure and temperature conditions under which metamorphic 
fabrics formed. Fleet et al. (1984) document prograde metamorphic mineral assemblages formed 
at lower amphibolite-facies metamorphic conditions in the South Range Norite. Their 
observations, which complement data from Card et al. (1978), indicate that the highest 
metamorphic grade occurs in the Offset Dikes near the South Range and that metamorphic grade 
decreases to the NW (Fleet et al., 1984). The zonation in metamorphic grade, however, differs 
from the intensity of ductile deformation, which is greatest in the Granophyre and decreases to 
the SE. In order to address this issue, the mineral composition of foliations and shear faults need 
to be places in context with map-scale deformation patterns.  
 
Determination of pressure and temperature conditions of deformation at the time of 
tectonometamorphic overprint may further allow the deformation of the SIC to be correlated 
with the cooling of the melt sheet and with regional orogenic events. Such correlations are 
greatly facilitated by radiometric age dating of metamorphic minerals. To date the only 
radiometric age of deformation is obtained from 40Ar/39Ar analysis of syntectonic titanites 
(Bailey et al., 2004). The obtained 1.7 to 1.6 Ga age correlates with the Mazatzal-Labradorian 
orogeny. However, other studies attribute deformation of the SIC to 1.89 to 1.83 Ga Penokean 
age deformation (e.g. Riller, 2005), specifically during cooling of the melt sheet (e.g., Morris, 
1981; Riller et al., 1996; Rosenberg and Riller, 2000; Klimczak et al., 2004). Radiometric dates 
of syntectonic minerals in the foliations observed in the Sudbury Breccia could provide 
additional constraints on the age of metamorphic fabric formation.  
 
6.2.2. South Range deformation in the context of the shape change of the Sudbury Basin  
 
This study focusses on the magnitude and orientation of deformation in the South Range of the 
Sudbury Basin, as the southern part of the Basin displays pervasive foliation and steepest dips of 
its lithological contacts. However, deformation of the SIC is not limited to the South Range, as is 
evident from the plan-view geometry of the Sudbury Basin. The Basin locally deviates from its 
overall elliptical shape and second-order syn- and anticlines are evidence that deformation 
affected various parts of the SIC. Metamorphic foliation crosscuts the East Range and the 
second-order folds of the SIC. Fault displacement is observed throughout the Basin. 
 
For one, the North Range is dissected by NW-SE striking faults of the Onaping Fault System that 
displace the SIC (Buchan and Ernst, 1994). The North Range SIC dips approximately 30° SE 
(Dressler, 1984; Dreuse et al., 2010), a dip magnitude which had been attributed to 1) the 
original emplacement angle of the SIC (Cowan et al., 1999; Morris, 1980; Dreuse et al., 2010), 
2) wholesale tilt of the Sudbury area to the SE (Ivanov, 2005; Halls, 2009), and 3) folding of the 
SIC during formation of the Sudbury Basin (Cowan and Schwerdtner, 1994). Secondly, the SIC 
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basal contact dips at a high angle to the W and is locally overturned in the East Range. 
Additionally to the rotation of the SIC contacts, the NE-lobe was formed due to folding 
(Klimczak et al., 2007; Clark et al., 2012). The relationship of steeply inclined lithological 
contacts with the fold geometry is, however, not yet resolved in detail. For the East Range the 
geometry and magnitude of deformation are largely unresolved. 
 
In Chapter 4 the formation of the syn- and anticlines in the Sudbury Basin is described as the 
result of concentric shortening. The East Range and its bounding lobes may provide a suitable 
location for testing this scenario and for comparing deformation at different locations in the 
Sudbury Basin. Effectively, an analysis of foliations and brittle faults in the East Range SIC, its 
Huronian host rocks and Sudbury Breccia will provide more information on the folding 
mechanisms that accommodated the shape change of the SIC. Metamorphic mineral fabric 
analysis focussed on post-impact foliation in the footwall rocks of the North and East Ranges 
may provide additional insight into the mechanisms of the formation of higher-order folds. 
Furthermore, shear faults associated with buckle folds in the East and North Ranges may indicate 
that the consequences of concentric shortening are similar at various positions in the Sudbury 
Basin.  
 
The results of my study describe mutually independent deformation mechanisms that affected the 
shape change of the Sudbury Basin. These are the formation of second-order buckle folds in the 
SIC, strain gradients, and uplift of a largely undeformed hanging wall, and rotation of material 
planes, i.e. the basal SIC contact, as a consequence of bulk thinning. However, the relative 
timing of deformation of the South Range and the formation of the synclinal lobes has not yet 
been resolved. One approach could involve the search for cross-cutting fabrics in the SE-lobe 
thus determining the transition of folding strain induced by the lobes and strain as a result of 
thrust faulting. Even though all components of deformation have been discussed separately, 
assembling the separate components into one quantitative model is a future project that needs to 
be tackled. This can be achieved by the creation of a Basin-wide model of the three-dimensional 
geometry and deformation. 
   
6.2.3. The extent of post-impact deformation beyond the Sudbury Basin 
 
The rocks surrounding the SIC are heterogeneous in composition, ranging from granulites and 
gneisses in the North Range, to metavolcanic and metasedimentary rocks in the South Range. 
This inhibits the Basin-wide correlation of deformation fabrics, as each rock type responds 
differently to strain and stress fields. The Sudbury Breccia, however, is likely mechanically 
similar independent of its host rock. In this study, the Breccia proved as a valuable marker in 
separating pre- from post-impact deformation. Outcrops of Sudbury Breccia are abundant and 
are present in each of the host rocks of the SIC and occur up to 80 km away from the basal SIC 
contact (Dressler, 1984). By tracking deformation fabrics in the breccia at various locations 
surrounding the Sudbury Basin, the tectonic effects on these rocks can be systematically 
documented and correlated over a large area. 
 
Detailed studies of the fabric geometry and mineral composition of the deformed matrix of the 
Sudbury Breccia can provide a proxy for the deformation of the host rocks of the SIC. 
Specifically, in the South Range the documentation of fabrics in the Sudbury Breccia matrix 
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could be used to track a possible gradient of deformation intensity in relation to the SIC, or with 
distance to the Grenville Front Tectonic Zone. In the North Range, the fabric of the Sudbury 
Breccia allows tracking of local post-impact strain. For example, according to Kellett and Rivard 
(1997), Sudbury Breccia exposed in the Benny Deformation Zone, an E-W striking shear zone 
approximately 15 km north of the Sudbury Basin (Fig. 2.2), is deformed along with its country 
rocks. In areas where the recognition of post-impact structures is obscured by the presence of 
pre-impact fabrics, deformation-induced mineral fabrics in Sudbury Breccia allow identification 
of structures related to the deformation of the SIC itself. Thereby these rocks act as a key marker 
unit for assessing the extent of post-impact deformation.  
 
The nature of the mineralogical changes through metamorphism in the Sudbury Breccia can lead 
to a clearer description of post-impact deformation. Additionally to the Sudbury Breccia, quartz 
diorite offset dikes can aid in constraining post-impact deformation. By constraining the 
magnitudes of fault offset, rotational components and internal shearing of breccia material, these 
dikes provide an additional marker for quantification of post-impact deformation. The offset 
dikes represent an ideal marker for deformation as they are disposed radially around the Sudbury 
Basin and are oriented both orthogonal and parallel to the SIC basal contact. The comparison of 
the orientation and possible rotation of the offset dikes at various positions might allow 
deformation magnitude to be traced around the Sudbury Basin. 
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