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Abstract
The 1.85 Ga Sudbury impact structure is the remnant of what is generally considered to have
been an ~150–200 km diameter impact basin in central Ontario, Canada. The Offset Dykes
are impact melt dykes that are found concentrically around – and extending radially outward
from – the Sudbury Igneous Complex, a ~3 km thick differentiated impact melt sheet. The
dykes are typically composed of an inclusion- and sulfide-rich quartz diorite in the centre of
the dyke, and an inclusion- and sulfide-poor quartz diorite along the margins of the dyke.
This study uses a combination of field mapping, petrography, electron microprobe analyses
and geochemical data to address two outstanding questions regarding the temporal
relationships of the Offset Dykes: (1) When were the Offset Dykes emplaced relative to the
impact cratering process and differentiation of the Sudbury Igneous Complex and; (2) What
is the relationship between the units of the Offset Dykes (i.e., inclusion-rich and inclusionpoor quartz diorite). New exposures of the Foy and Hess Offset dykes, along with the recent
discovery of the Pele Offset Dyke, provide an excellent opportunity to understand the
relationship between the Offset Dykes in the North Range of the SIC. From this research, a
number of conclusions can be drawn: (1) The Foy and Hess were intruded after the Sudbury
Igneous Complex had undergone some degree of differentiation; (2) The Hess is slightly less
evolved than the Foy with respect to the Sudbury Igneous Complex, but the two dykes coexisted as melts and mixed at the intersection; (3) The Foy was likely emplaced during a
single prolonged event, which carried the clasts and sulfides, and subsequent flow
differentiation moved the clasts and sulfides towards the centre of the dyke, forming the
inclusion-poor and inclusion-rich phases and; (4) The Pele is composed of only the inclusionpoor phase, is chemically more evolved than the other North Range Offset Dykes, and may
have been one of the last Offset Dykes to have been emplaced. These results suggest that
emplacement of the Offset Dykes took place over an extended period of time and not as a
single early injection event.
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Introduction

The purpose of this thesis is to understand the mechanism of emplacement and genesis of
the North Range Offset Dykes at the Sudbury impact structure, Canada. The Sudbury
impact structure is host to world-class Ni-Cu sulfide and platinum group elements (PGE)
sulfide deposits and has been explored, studied and mined for over 130 years. The Offset
Dykes are composed of impact melt material intruded into the footwall rocks of the
impact structure and are an important host for these ore deposits. Despite a long history
of exploration, there is still considerable controversy regarding the Offset Dykes and their
formation, particularly regarding the timing of their emplacement relative to the impact
cratering process. Recent exploration by Wallbridge Mining Company Limited
(Wallbridge) have extended the known length of the Hess Offset Dyke to over 50 km,
have discovered new extents of the Trill and Pele Offset Dykes, and have uncovered
outcrops of the intersection between the Hess and the Foy Offset Dykes – the only
exposed site where two Offset Dykes intersect. This plethora of new data has provided an
opportunity to re-examine the temporal relationship between the Foy, Hess and Pele
Offset Dykes, as well as the other Offset Dykes of the North Range.

1.1 Impact cratering
Impact cratering is an important geologic process that affects all planetary objects with a
solid surface. On many bodies in our solar system, such as the Moon or Mars, impact
craters are the most common geological landform. Impact cratering also uplifts material
from depths, either as ejected material or in central uplifts, providing unique
opportunities to study the subsurface of a planetary body. Impact events have been linked
to catastrophic events, such as the Cretaceous-Paleogene mass extinction event ~65 Ma
caused by the Chicxulub impact structure (Schulte et al. 2010); however, there are
beneficial effects of an impact event as well. Perhaps the most beneficial effect of an
impact event is the potential to provide habitats for microbial communities (e.g., Cockell
and Lee 2002; Cockell et al. 2003; Sapers et al. 2010), which could have provided
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environments for the origin and evolution of early life. Other beneficial aspects of impact
craters are their association with economic deposits, a review of which is provided in
Grieve (2013). Some well-known examples include hydrocarbon deposits associated with
the formation of the Chicxulub impact structure (Grajales-Nishimura et al. 2000), gold
and uranium deposits associated with the Vredefort impact structure (Robb and Robb
1998; Grieve 2013), and the Ni-Cu-PGE deposits associated with the Sudbury impact
structure (Ames and Farrow 2007). The wide prevalence of impact cratering in the solar
system, the insights they provide into the subsurface crust, and their potentially
destructive – or more importantly beneficial – effects all make the study of the impact
cratering process an important endeavor.
The impact cratering process is divided into three main stages: (1) contact and
compression; (2) excavation; and (3) modification (Fig. 1.1; Gault et al. 1968).
The first stage begins when the projectile impacts the surface of the target, resulting in
the transfer of energy and momentum to the underlying target rocks in a fraction of a
second. The projectile penetrates no more than one or two times its diameter into the
target (Kieffer and Simonds 1980), resulting in pressures > 100 GPa at the point of
impact (Shoemaker 1960). As the projectile penetrates the target rock, shock waves
propagate into the target and into the projectile, compressing it and slowing it (Melosh
1989). When the shockwave in the projectile reaches its rear surface, the pressure is
released and the projectile expands upwards. At the same time, a wave of pressure relief
passes back through the projectile towards the projectile-target interface (Ahrens and
O’Keefe 1972). When the relief wave reaches the interface, the contact and compression
stage is considered complete, and the projectile itself may have been converted to a melt
or vapour state upon decompression (Melosh 1989).
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Figure 1.1 Schematic cross-sections of a simple (left) and complex crater (right) during
the three stages of crater formation. For the modification stage, the arrows represent
different times: (a) central uplift formation and inward movement of material; (b) melt
and clasts flow off the central uplift; and (c) outward movement of melt and clasts
(Figure from Osinski et al. 2011).
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The excavation stage involves the opening up and expanding of the bowl-shaped cavity
that formed during the initial contact and compression stage. The projectile itself does not
play a significant role in the excavation process, having been melted or vaporized during
the contact and compression stage (Melosh 1989). A roughly hemispherical shock wave
propagates into the target material, originating from the depth of penetration of the
projectile. At the same time, shockwaves that propagated upwards intersect the surface
and generate a rarefaction wave that propagates downward back into the target. This
rarefaction wave interacts with the initial shock wave, resulting in an ‘interference zone’,
where the pressure is reduced (Melosh 1989). Material motions associated with the
rarefaction wave result in an ‘excavation flow’ or ‘cratering flow-field’ that generates a
‘transient cavity’ (Dence 1968; Grieve and Cintala 1981; Melosh 1989). The different
trajectories of the moving material result in an upper ‘excavated zone’, in which material
is ejected beyond the transient crater, and a lower ‘displaced zone’, which ultimately
form the parautochthonous rocks of the crater floor and the allochthonous crater-fill.
Murphy and Spray (2002) suggested that the Whistle Offset Dyke was formed during this
stage of crater formation, when impact melt material was forcefully injected into impactgenerated cracks. The excavation stage is considered complete when the crater has been
fully excavated and collapse of the structure begins (Melosh and Ivanov 1999).
Whereas the excavation flow acts to move material away from the impact centre, creating
the transient cavity, the modification flow is the reverse of this. Gravity is the driving
force that acts to collapse the transient cavity, forming either a simple or complex crater
depending on the degree of modification (Dence 1965). The transient cavity creates an
upward force on the crust due to its missing mass, which is resisted by the strength of the
target materials (Kenkmann et al. 2013). This force attempts to move material up and
inwards towards the centre of the crater. If the transient cavity is small, then the force is
not strong enough and a simple crater is formed. If the transient cavity is large enough,
then the entire cavity collapses, and a complex crater is formed. Thus, the point at which
impact structures change from simple to complex craters is a function of the material
strength acting to stabilize the cavity (i.e., the target lithology), and the strength of the
gravitational pull (i.e., the mass of the planetary body). For example, in crystalline targets
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on the Moon, Mars, and Earth, the transition from simple to complex crater morphology
occurs at crater diameters of 16 km, 8 km, and 4 km, respectively. The modification stage
has no definitive ending, as geologic processes such as erosion and mass wasting
continue to occur (French 1968).

Figure 1.2 Schematic cross-sections of a simple (A) and complex crater (B) (Figure from
Osinski et al. 2013). The final rim diameter (D) is defined as the diameter of the
topographic rim that rises above the surface for simple craters, or above the outermost
slump block not concealed by ejecta for complex craters.
Simple craters are the smallest and are characterized by bowl-shaped depressions with a
raised rim (Fig. 1.2A). The raised rim is a result of the outward movement of material
during excavation (Roddy 1979), and the deposition of the ejecta blanket onto the target
surface. The final simple crater is significantly shallower than the transient cavity it
originates from (Melosh 1989; Pike 1980). This is due to a variety of gravity-driven mass
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movement processes that act to fill the cavity with allochthonous shocked and unshocked
target-rock breccias (Grieve 1987), and remove material from the crater walls, increasing
the crater diameter by 10–20% (Kenkmann et al. 2013). This process acts to decrease the
depth/diameter ratio from ~1/3 of the transient cavity to ~1/5 of the final simple crater
(Kenkmann et al. 2013).
Complex craters are larger than simple craters and are characterized by terraced rims and
an uplifted crater floor (Fig. 1.2B). The gravitational collapse of the crater rim results in a
series of terraces and scarps, with the terraces decreasing in width towards to the centre
of the impact structure (Pearce and Melosh 1986; Leith and McKinnon 1991). Wood and
Spray (1998) suggest that the Hess Offset Dyke was intruded into a long concentric fault
system that formed during the modification stage of impact crater formation. The
collapse of the transient cavity begins at the deepest point of the cavity, where the floor
starts to rise. Material underneath the cavity moves upwards and inwards towards the
centre, creating a mass-deficit in the subsurface beneath the cavity rim. This mass-deficit
causes down faulting of the crater walls, widening the final crater by a factor of ~1.5–2.0
relative to the original transient crater (Grieve et al. 1981). Due to these late-stage
adjustments, complex craters are shallower than simple craters, with a depth/diameter
ratio of ~1/10 to 1/20 (Melosh 1989). These rocks are uplifted by ~1/10th of the crater
diameter (Grieve and Pilkington 1996; Melosh and Ivanov 1999), and the uplifted
material are heavily shocked, brecciated and deformed. In large impact craters such as
Sudbury, the central uplift can grow very quickly, becoming gravitationally unstable and
collapsing downward and outward. This forms what is known as a peak-ring impact
structure (e.g., the 65 Ma Chicxulub impact; Brittan et al. 1999).

7

Figure 1.3 Map showing the regional setting of the Sudbury structure (from Rousell and
Card 2009).

1.2

Regional geology

The Sudbury impact structure is the remnant of what was originally a ~150–200 km
diameter impact crater that formed ~1850 Ma in a continental margin setting (Grieve et
al. 2008). At the present time, the Sudbury structure is located in central Ontario, Canada,
~10 km north of the Grenville Front, the northern limit of the Grenville Province (Fig.
1.3). The Sudbury structure lies on the boundary between the Neoarchean plutonic rocks
of the Superior Province to the north, and the Paleoproterozoic Huronian Supergroup
metavolcanic and metasedimentary rocks of the Southern Province to the south. The most
prominent feature that remains from the original impact crater is the Sudbury Igneous
Complex (Fig. 1.4) – a differentiated impact melt sheet – and the associated offset dykes
(Grant and Bite 1984; Grieve et al. 1991; Lightfoot et al. 1997). The Sudbury Igneous
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Complex (SIC; previously known as the Sudbury Irruptive) has been a subject of
exploration for over 100 years due to the rich Ni-Cu-PGE deposits associated with it;
however, it was not until 1964 that an impact origin was proposed for the structure (Dietz
1964). This initial proposition sparked considerable interest, and was soon followed by a
myriad of evidence in the form of shatter cones and petrographic evidence of shock
metamorphism (e.g., Guy-Bray and Geological Staff 1966; French 1968). The Sudbury
impact structure remains an important region to study because it is a valuable source for
ground-truth data on the internal configuration of large impact structures, and it contains
abundant Ni-Cu sulfide and PGE sulfide ores.

1.2.1

Pre-impact geologic history

The Superior Province north of the Sudbury structure consists of a series of Archean
greenstone belts, metasedimentary belts, granitoids, and gneisses. The Levack Gneiss
Complex underlies the Sudbury Igneous Complex, and is in contact with the North Range
of the SIC at the surface. The Levack Gneiss Complex consists of a series of upper
amphibolite to lower granulite facies tonalitic gneiss, foliated granodiorite and mafic to
intermediate gneiss, with localized mafic layers (Card 1994). The tonalitic gneiss has a
U-Pb zircon age of 2711 Ma, and a leucosome layer has an age of 2647 Ma (Krogh et al.
1984). These ages correspond to the Kenoran Orogeny of the late Archean (Fig. 1.5;
2.75–2.6 Ga), which was the last significant folding and crustal thickening event
responsible for forming the Superior Province (Stockwell 1982). The Levack Gneiss
Complex was uplifted and was overprinted by greenschist to amphibolite facies
metamorphism; however, the exact timing of this uplift is uncertain (Card 1994). North
of the Levack Gneiss Complex lies the Cartier Granitoids, one of several Algoman-style
batholiths of felsic plutonism in the Superior Province. These rocks consist of a patchy
distribution of relatively undeformed biotite monzogranite to granodiorite, with a U-Pb
zircon age of 2642 ± 1 Ma (Meldrum et al. 1997). This pluton formed over a ~100 Ma
period of felsic plutonism that followed the syntectonic plutonism associated with the
Kenoran Orogeny (Fig. 1.5).
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Figure 1.4 A simplified map of the Sudbury impact structure, showing the Whitewater
Group, the primary components of the Sudbury Igneous Complex, the Offset Dykes, and
the fractured target rocks of the Southern and Superior Provinces. Modified from OGS
bedrock mapping 1:250,000 (2003) and internal Wallbridge Mining Company Limited
mapping.
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Figure 1.5 Summary of the major tectonic events in the Sudbury region (from Ames et
al. 2008, and references therein). Mineralization events are indicated with a star.
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South of the Sudbury structure lies the Huronian Supergroup, which consists of a series
of thick metasedimentary sequences and minor metavolcanics of the Southern Province
(Fig. 1.4). The sequences were deposited in a continental rift setting between ~2.45 and
2.2 Ga (Fig. 1.5; Zolnai et al. 1984). The rifting event initiated listric normal faulting of
the Murray fault system, and caused the intrusion of the Matachewan dykes (2473 +16/-9
Ma, Heaman 1997) – a series of NW- and NE-trending diabase dykes that intruded into
the Archean rocks (Fig. 1.5). The Huronian Supergroup is separated into several groups,
from oldest to youngest: Elliot Lake, Hough Lake, Quirke Lake, Cobalt, and Flack Lake
(see comprehensive review in Long 2004, and references therein). The sequence begins
with the Elliot Lake Group volcanics (Innes 1978; Zolnai et al. 1984), and the end of the
sequence is marked by the intrusion of the Nipissing Diabase ~2.2 Ga (U-Pb
geochronology: 2219.4 +3.6/-3.5 Ma, Corfu and Andrews 1986; 2210–2214 Ma, Conrod
1989; 2217.2 ± 4 Ma, Noble and Lightfoot 1992).
The timing of tectonometamorphic events in the Southern Province remains somewhat
controversial. There is some evidence of a major folding event that affected the lower
Huronian Supergroup that occurred from 2400–2200 Ma (the Blezardian Orogeny;
Stockwell 1982; Williams et al. 1992) (Fig. 1.5). During this time, there was also ~7–8
km of sinistral movement along the Onaping Fault system (Buchan and Ernst 2010), that
occurred between ~2.17 Ga (i.e., the age of the Biscotasing Dykes; Halls and Davis 2004)
and 1.85 Ga (i.e., the age of the Sudbury impact structure). The majority of deformation
in the region, however, is attributed to the Penokean Orogeny (~ 1.87–1.82 Ga; Holm et
al. 2001), which thrusted Huronian sediments northwest onto the Archean Craton
(Bennett et al. 1991; Rousell et al. 1997; Holm et al. 2001). This NNW-directed reverse
faulting generated the South Range Shear Zone and caused greenschist facies
metamorphism north of the Murray Fault Zone and amphibolite facies metamorphism
south of the Murray Fault Zone (Holm et al. 2001). The Sudbury impact event occurred
in the middle of this orogenic event ~1.85 Ga (Fig. 1.5), and generated a ~150–200 km
diameter impact structure.
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1.2.2

Post-impact geologic history

The Whitewater Group is a ~2900 m thick sedimentary sequence that was deposited
within the Sudbury Basin shortly after the impact event (Figs. 1.5, 1.6). The group
consists of four formations; from oldest to youngest they are the Onaping, Vermilion,
Onwatin and Chelmsford. The Onaping Formation is a 1.4–1.6 km thick series of
breccias and impact melt bodies that overly the SIC (Ames 1999). The Onaping
Formation may have started as a fallback breccia, and continued to evolve through
complex interactions with the underlying melt sheet, and sea water which filled the
Sudbury structure, resulting in explosive melt-fuel-coolant interaction activity (Wohletz
1986; Grieve et al. 2010). The Vermilion Formation is a ~13.5 m thick unit that
conformably overlies the Onaping Formation and consists of a lower carbonate member,
a grey argillite member, and an upper carbonate member (Stoness 1994). The Onwatin
Formation conformably overlies the Vermilion formation, and is composed of
carbonaceous and pyritic, massive to laminated argillite and siltstone with minor
greywacke (Arengi 1977; Stoness 1994). Estimates for its thickness have varied
considerably in literature, from 900–1410 m (Arengi 1977), to 600 m (Rousell 1975;
Gibbins 1997). The Onwatin Formation grades into the Chelmsford formation, a ~900 m
thick turbidite sequence (Rousell 1975).
Several orogenic events have occurred in the Sudbury region after the impact event (Fig.
1.5), including the Yavapai (~ 1750 Ma), Mazatzal (~ 1650 Ma), the unnamed ca. 1450
Ma deformation event (Piercey et al. 2007), and the Grenville (~ 1.16–0.99 Ga; Krogh
1989). The Grenville orogeny is very well established in the literature (e.g., Krogh 1989;
Jamieson et al. 1992; Haggart et al. 1992); however, the Yavapai, Mazatzal, and ca. 1450
Ma orogenic events are still somewhat controversial (Piercey et al. 2007). It has been
proposed that the Yavapai and Mazatzal orogenies continued the NNW compression and
crustal thickening that began with the Penokean orogeny (Karlstrom et al. 2001; Holm et
al. 2007). The Yavapai event was recently constrained to 1744 ± 29 and 1704 ± 13 Ma in
the Sudbury region (Raharimahefa et al. 2014). The Grenville orogeny resulted in
northwest-directed reverse faulting in the southeast section of the impact structure. This
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produced upper amphibolite facies metamorphism, with localized evidence of anataxis
(Corfu and Easton 2000).

Figure 1.6 Simplified stratigraphic columns of the Sudbury impact structure (A) and its
related ore deposits (B). Modified from Ames et al. (2008).

1.3

The Sudbury impact structure

The Sudbury impact structure is typically subdivided into three primary features (Figs.
1.4, 1.6): The Whitewater Group, described in section 2.2, the fractured footwall rocks,
and the SIC and related Offset Dykes.

14

1.3.1

The fractured footwall rocks

The fractured footwall rocks surrounding the SIC are one of the more poorly understood
features of the Sudbury impact structure. Two distinct varieties of breccias, which are
important host rocks for Ni-Cu-PGE mineralization, occur in the Sudbury region:
Footwall Breccia, and Sudbury Breccia.
Footwall Breccia, also known as granite breccia or leucocratic breccia, is a heterolithic
breccia that primarily occurs as lenses between the SIC and the footwall rocks (Dressler
1984). These lenses occur particularly in the North and East ranges, and are thickest in
embayment structures, where they can reach thicknesses of ~150 m (Lakomy 1990).
Footwall Breccia can also occur as ~1 m thick dykes intruding into the footwall (Pattison
1979), and apparently occurs in some Offset Dykes in the North Range (e.g., Foy;
Tuchscherer 1998). Clasts of Sudbury Breccia within Footwall Breccia (Lakomy 1990),
along with the thermal overprinting of Footwall Breccia by the SIC, suggest that Sudbury
Breccia formed first, followed by Footwall Breccia and emplacement of the SIC
(Dressler et al. 1991). The matrix of the Footwall Breccia is dominated by plagioclase,
along with variable amounts of quartz, K-feldspar, amphibole, chlorite, biotite, epidote,
pyroxene, sericite, apatite, ilmenite and magnetite (Pattison 1979; Dressler 1984), and it
contains a variety of locally derived fragments, including gabbro, diabase, granodiorite,
mafic gneiss, mafic volcanic rocks, Huronian arenites, as well as exotic fragments of
anorthosite and ironstone that have no local equivalents (Dressler 1984).
Sudbury Breccia occurs as dykes or irregular-shaped bodies that range from mm-size to
the size of the South Range Breccia Belt, a 45 km long belt of breccia bodies. Sudbury
Breccia is commonly associated with zones of structural weakness – such as lithologic
boundaries, faults, fractures, or foliations – and are most pervasive within a distance of
~15 km from the South Range and ~10 km from the North and East Ranges of the SIC
(Riller 2005). It is typically categorized as a pseudotachylitic breccia and is characterized
by sub-rounded clasts set in a dark, very fine grained matrix; however, several
classification schemes (as well as emplacement mechanisms) have been proposed in the
literature (e.g., Peredery and Morrison 1984; Spray and Thompson 1995; Rousell et al.
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2003; Spray et al. 2004; Riller et al. 2010). Some authors have proposed the breccias
formed by in-situ frictional melting (e.g., Spray et al. 2004), comminution of target rocks
(i.e., broken up into smaller particle sizes; Rousell et al. 2003), or the injection of impact
melt into the footwall (e.g., Riller et al. 2010).

1.3.2

The Sudbury Igneous Complex

The Main Mass of the SIC is divided into five units (Fig. 1.6). From the bottom of the
melt sheet to the top these are: the Norite, Quartz Gabbro, Transition Zone, Granophyre
(Naldrett et al. 1970; Therriault et al. 2002), and the recently proposed Upper Contact
Unit (Avermann and Brockmeyer 1992; Anders et al. 2015). The Sublayer lies beneath
the Main Mass and is a mafic to intermediate discontinuous unit located at the base of the
SIC. The Sublayer hosts most of the Ni-Cu ore in Sudbury. It connects the Main Mass of
the SIC to the Offset Dykes through embayment structures. The Sublayer is
geochemically distinct from both the Main Mass and the Offset Dykes, and is divided
into an upper member of igneous-textured norite and gabbronorite and a metamorphictextured lower granite breccia member that hosts most of the mafic and ultramafic clasts
found in the Sublayer (Corfu and Lightfoot 1996; Lightfoot et al. 1997a).
The Norite is located above the Sublayer and is a medium-grained grey rock composed of
cumulus plagioclase and orthopyroxene and clinopyroxene (Naldrett et al. 1970;
Therriault et al. 2002). The composition of the Norite varies between the North and South
Ranges (Naldrett et al. 1970; Lightfoot et al. 1997b). The North Range Norite consists of
a basal Mafic Norite overlain by Felsic Norite. The South Range Norite is composed of
the fine-grained basal quartz-rich Norite overlain by the medium to coarse-grained South
Range Norite (Lightfoot et al. 1997b). Uranium-lead dating of zircons and baddeleyites
from the Norite produced a mean age 1850 ± 1 Ma (Krogh et al. 1984). A sample of the
South Range Norite was dated at 1849.7 ± 0.2 Ma using U-Pb on baddeleyite and zircon
grains (Bleeker et al. 2015). The contact between the Norite and the overlying quartzgabbro is gradational.
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The Quartz-Gabbro unit represents the contact between the Norite and the Granophyre
and contains altered augite, titaniferous magnetite, and apatite. The Transition Zone
refers to the 200 m thick gradational contact between the Quartz Gabbro unit and the
Granophyre, and is marked by a decrease in biotite content and an increase in the size and
abundance of intergrowths of quartz and feldspar (Therriault et al. 2002)
Above this lies the Granophyre, a coarse-grained rock composed of granophyric
intergrowths of quartz and K-feldspar (75%), as well as plagioclase and minor amounts
of biotite and opaque oxide minerals (Naldrett et al. 1970; Pattison 1979; Chai and
Eckstrand 1994). The Upper Contact Unit is a dark aphanitic, fine-grained clast-bearing
rock, which is interpreted as the remnants of the roof rocks of the SIC (Anders et al.
2015). This unit was formerly referred to as “melt bodies” or the “Basal Member”
(Peredery 1972; Muir and Peredery 1984), and later as the “Basal intrusion” (Gibbins
1994; Ames 1999).

1.3.3

The Ni-Cu-PGE sulfide deposits

The Sudbury impact structure is host to world-class deposits of Ni-Cu sulfide and PGE
metal ores. Five primary deposit types are recognized in the SIC, the fractured footwall
rocks, and the Whitewater Group (Fig. 1.6B): Contact, Offset, Footwall, pseudotachylite
breccia-hosted magmatic sulfides (Ames and Farrow 2007) and the hydrothermal Zn-PbCu deposits that occur in the Whitewater Group (Ames et al. 2006). The Ni-Cu-Co
Contact deposits are associated with the embayment structures and consist of massive
sulfides hosted in the Sublayer and Footwall Breccia (Ames and Farrow 2007). They are
volumetrically the largest deposits in Sudbury, comprising > 50% of the known ore
resources (Lightfoot et al. 2001). The Ni-Cu-Pt-Pd-Au Offset deposits are associated with
discontinuities and variations in thickness of the Offset Dykes, and consist of massive,
blebby and vein sulfides in steeply plunging ore bodies (Ames and Farrow 2007). They
comprise ~25% of the known ore resources (Farrow and Lightfoot 2002). The Cu-PGErich Footwall deposits are hosted in the brecciated footwall rocks up to ~1 km from the
SIC, and consist of complex vein networks of sulfide with high precious metal
disseminations (Morrison et al. 1994; Farrow et al. 2005). These deposits are
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volumetrically the smallest (< 10% of known ore resources), but are extremely valuable
due to their high Cu and PGE content. The Sudbury Breccia-hosted deposits consists of
blebby to < 8 m wide Cu-PGE veins (Ames et al. 2003). The best known example of this
deposit type is the Frood-Stobie belt, which hosts ~15% of the known ore in Sudbury
(Scott and Spray 2000). The general timeline for formation of these deposits is as
follows: (1) The initial formation of a ~150–200 km impact structure at 1.85 Ga produced
a superheated impact melt sheet, giving rise to immiscible sulfides; (2) These sulfides
settled gravitationally, resulting in the formation of the Contact and Offset ore deposits;
and (3) A regional-scale hydrothermal system driven by the heat of the SIC resulted in
some ore fractionation and redistribution in the brecciated footwall rocks.

1.3.4

The Offset Dykes

Offset Dykes are igneous rocks that form dyke-like intrusions into the footwall rocks
surrounding the SIC. They are separated into three groups depending on their orientation
relative to the SIC (Fig. 1.4; Grant and Bite 1984). The radial Offsets radiate from the
base of the SIC (Copper Cliff, Worthington, Ministic, Foy, Whistle – Parkin, Trill, and
Pele), the concentric Offsets are oriented sub-parallel to the base of the SIC (Hess and
Manchester), and the discontinuous/breccia-hosted Offsets consist of lenses of the dyke
within zones of Sudbury Breccia (MacLennan and Frood-Stobie). Most Offsets are
composed of two variations of quartz diorite: an inclusion- and sulfide-rich quartz diorite
in the centre of the dyke, and an inclusion- and sulfide-poor quartz diorite along the
margins of the dyke (Fig. 1.7; Grant and Bite 1984). Geochemically, the Offset Dyke
lithologies would be classified as a granodiorite according to their IUGS classification
(Lightfoot et al. 1997a), however the historical terms quartz diorite (QD) and inclusionrich quartz diorite (IQD) are used in this thesis. Various emplacement mechanisms have
been considered for explaining this arrangement of inclusions, with most authors
proposing that the dykes were emplaced via multiple injections (e.g., Lightfoot and
Farrow 2002; Scott and Benn 2002; Murphy and Spray 2002), while some maintain that a
single intrusion and subsequent flow differentiation could explain the arrangement of the
inclusions (e.g., Rousell and Brown 2009; Prevec et al. 2000; Platten and Watterson
1987).
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Figure 1.7 A. A simplified plan view across the width of an Offset Dyke showing the
IQD and QD units. B. Image of a trench at Foy north of the Hess showing the IQD in
contact with QD. C. Photograph showing the IQD in contact with the QD, and several
clasts.

1.4
Previous Research on the North Range Offset
Dykes
The North Range footwall to the Sudbury structure is a heavily forested and swampy
region with only sporadic outcrop (~ 5–20%) that is accessible by secondary roads,
logging roads, and ATV trails that branch east and west off Highway 144 north of Windy
Lake, and north off Highway 17 west of Sudbury. Most Offset Dykes in this region are
covered by thick layers of overburden, making the discovery and mapping of Offset
Dykes an arduous task. Due to these difficulties, many of the Offset Dykes located in the
North Range have not been studied in detail.

1.4.1

Foy Offset Dyke

The Foy is the longest of the radial Offset Dykes, extending for over 37 km along strike
and dipping roughly 70–80° NE. The dyke is typically ~80–100 m wide and consists of
an inclusion- and sulfide-rich quartz diorite (IQD) in the centre of the dyke, and an
inclusion- and sulfide-poor quartz diorite (QD) along the margins of the dyke
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(Tuchscherer 1998). The dyke originates from a large embayment structure, where it is
~450 m wide and trends ~110°. The dyke roughly follows the contact between the
Levack Gneiss Complex and the Cartier Granitoids until it reaches the Nickel Offset
Mine ~8km along stroke – the only previously active ore deposit hosted by the Foy. The
Foy is the most well-known of the North Range Offset Dykes; however, the majority of
this information is located in internal mining company reports. The dyke has been dated
using U-Pb analysis of zircon, with a defined an age of 1852 +4/ -3 Ma (Ostermann et al.
1996), which overlaps with the age of the SIC (Felsic Norite: 1849.53 ± 0.21 Ma; Mafic
Norite: 1849.11 ± 0.19 Ma; Davis 2008; South Range Norite: 1849.7 ± 0.2 Ma; Bleeker
et al. 2015).
The general geology and field mapping of the embayment rocks of the Foy was first
undertaken by Galbraith (1939), and their petrography was described in detail by Hewins
(1966). The Nickel Offset Mine (a.k.a. Ross Mine) is located ~6 km from the SIC and
was in production between 1943–44 and 1953–57. The Ni-Cu-PGE ore is located in two
lenses that plunge downwards within the IQD, typical of deposits hosted by the radial
Offsets (e.g., Copper Cliff deposits; Cochrane 1984). Plans for the mine are illustrated in
Card and Meyn (1969) and the general geology surrounding the mine is described in
Farkas (1987) and Anthony (1988). The distal portions of the dyke were explored using
geophysical and geological techniques by Inco Gold (Perry et al. 1986; Napoli and
Makela 1991).
Prior to 1998, only limited scientific articles had been published on the Foy Offset Dyke.
Paleomagnetic analysis by Morris and Pay (1981) was primarily completed on the Hess,
not the Foy. Fleet et al. (1987) examined the hydrothermal alteration of the Foy. The
embayment structure of the Foy was dated using U-Pb geochronology of zircons by
Ostermann et al. (1994), which yielded an age of 1849 +3.5/ -2.6 Ma, indicating an
identical age with the SIC (within error). This age was later refined to 1852 +4/ -3 by
Ostermann et al. (1996) based on primary baddeleyite and zircon grains. Ostermann et al.
(1995) also determined the δ18O isotopic ratios of the core of the dyke (6.8‰) and the
margins of the dyke (7.9‰), and concluded that Levack Gneiss material was assimilated
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into the embayment. Lightfoot et al. (1997a) examined major and trace element
geochemistry of the Offset Dykes, and found that the Offset Dykes were closer to
granodiorite in composition. Lightfoot et al. (1997a) also found general differences
between the North Range (i.e., Foy, Parkin, Ministic) and South Range (i.e., Kirkwood,
Copper Cliff, Worthington, Vermilion) Offset Dykes (Fig. 1.4). Relative to the South
Range Offsets, the North Range Offset Dykes were depleted in TiO2, have higher Sr
contents, and higher La/Yb and Gd/Yb ratios. This difference was attributed to the
different assimilation of the host country rocks in the North and South Ranges.
The most comprehensive examination of the Foy Offset Dyke is given by Tuchscherer
(1998) (published in part in Tuchscherer and Spray 2002), who examined field
relationships, mineralogy, and geochemistry of the dyke at several locations along its
strike. Tuchscherer (1998) observed huge anorthosite “megaclasts” within the Foy
embayment, and proposed it originated from an intrusive complex below the SIC. Based
on this evidence, Tuchscherer (1998) proposed that the embayment was emplaced along
the lining of the crater floor, the region most likely to contain translated material.
Pseudotachylite was found to be associated with the margins of the dyke, particularly
south of the Nickel Offset Mine, suggesting that the emplacement of the dyke was
controlled by a massive impact induced fracture. The dominant inclusion type appeared
to be the immediate host rock lithology, suggesting that no lateral injection of impact
melt occurred.
Tuchscherer (1998) proposed six lithologies of quartz diorite within the Foy based on
their mineralogy. The embayment rocks occurred in the first ~2 km of the dyke and
consisted of: (1) orthopyroxene IQD and (2) clinopyroxene IQD. This was followed by:
(3) transitional amphibole-biotite-clinopyroxene IQD, which graded into the main
lithology of the dyke: (4) amphibole-biotite QD diorite along the margins, and; (5)
amphibole-biotite IQD in the centre. The increasingly hydrous nature of the dyke
lithologies away from the SIC was attributed to the interaction of deuteric water with the
impact melt phase (Naldrett et al. 1970; Pattison 1979; Tuchscherer 1998). This is
consistent with observations by Fleet et al. (1987), who found that the dyke was
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extensively recrystallized to epidote – biotite – chlorite – amphibole – albite – quartz –
calcite rocks, and that the primary hypersthene was almost entirely replaced by fibrous
actinolite. The final lithology proposed by Tuchscherer (1998) was: (6) chilled margins
along the dyke-host contact.
Major and trace element geochemistry of 45 samples along strike of the dyke were
determined using X-Ray fluorescence, inductively coupled plasma-mass spectrometry,
and fire assay analysis (Tuchscherer 1998). The embayment contained less SiO2, and
higher proportions of Mg, Fe and Ca compared to the rest of the dyke, and is interpreted
to represent the most primitive impact melt. The Mg # remained constant, suggesting it
follows a tight calc-alkaline series. There is a geochemical shift that occurs between 22
and 24 km, which was attributed to faulting. Based on the variations in REE chemistry, in
combination with petrographic analysis, Tuchscherer (1998) defined the sequence of
crystallization as follows: proximal IQD crystallized first, followed by the chilled
margins, the distal IQD, and finally followed by the distal QD – but that the time interval
between their emplacements may have been geologically negligible (i.e., days, weeks,
months).

1.4.2

Hess Offset Dyke

The Hess is the longest known Offset Dyke, extending for over 50 km strike and dipping
> 70° towards the SIC (Wood and Spray 1998). The dyke ranges from 10 to 80 m thick
and consists of primarily QD, with minor amounts of quartz diabase (Wood and Spray
1998), which is characterized by its finer grain size and distinct plagioclase phenocrysts.
The dyke is oriented concentrically around the SIC, and occurs ~12–14 km from the SIC.
To-date, no ore deposits have been found hosted by the Hess, but sections of the dyke
have been known to Inco exploration geologists as a sulfide-bearing dyke since the
1950s. Until the late 1990s, the Hess was primarily described as an offshoot of the Foy
rather than a distinct Offset Dyke (e.g., Grant and Bite 1984; Morris and Pay 1981;
Lightfoot et al. 1997a). The dyke has been dated using U-Pb analysis of baddeleyite,
with a defined an age of 1849.1 ±0.9 Ma (Bleeker et al. 2015), which is consistent with
the Hess being emplaced at the same time as the SIC.
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The most comprehensive examination of the Hess was given by Wood (1998) (published
in part in Wood and Spray 1998), who mapped a ~23 km stretch of the Hess and
examined field relationships, mineralogy, and geochemistry of the dyke at several
locations along its strike.
Wood and Spray (1998) suggested that the Hess is surrounded by a zone of
pseudotachylitic breccia and proposed that it was emplaced into a structural zone
corresponding to a ring-fault system. The primary lithology of the dyke is dominated by
plagioclase + amphibole + biotite +/- pyroxenes, with minor amounts of quartz and
granophyric intergrowths of quartz and alkali feldspar (Wood and Spray 1998). The
original composition likely contained significant portions of clinopyroxene and
orthopyroxene, but these were altered to hornblende and biotite during late deuteric
alteration (Wood 1998). Subsequent metamorphism produced secondary biotite,
actinolite, epidote, titanite and chlorite. The less common quartz diabase unit has a
porphyritic texture with plagioclase phenocrysts in a fine-grained matrix, and was
interpreted to post-date the formation of QD (Wood and Spray 1998). These phenocrysts
appear to have the same composition in both the QD and quartz diabase. The matrix of
the quartz diabase is composed of ferro-magnesium hornblende, plagioclase, biotite,
quartz, and oxides.
Based on major, trace and REE geochemistry, Wood and Spray (1998) observed that the
Hess’ composition lies between the Granophyre and Norite of the SIC, and concluded
that the Hess was emplaced during differentiation of the SIC, as opposed to immediately
after the impact event. They also proposed a variety of possible mechanisms for the
emplacement of the Hess, which involved emplacement of impact melt into a large
fractured, comminuted and pseudotachylite-bearing zone of deformation, either fed from
the SIC, the Foy, or some combination of the two. The preferred method of emplacement
was that the Hess was emplaced during the modification stage of impact crater formation
due to either (a) the collapse of the transient cavity, which caused back-injection from the
base of the SIC up a fault zone or; (b) during peak ring formation, in which case the Hess
was injected via the Foy Offset.
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1.4.3

Pele Offset Dyke

The Pele Offset Dyke consists of a cluster of dykes located directly west of the Foy
Offset Dyke. These dykes are ~5–30 m wide, and consist two parallel north-trending
granophyre dykes, and a third north-northwest trending quartz gabbro dyke, all roughly
vertical in orientation. The two north-trending dykes (Pele East and Pele West) consist of
a fine-grained inclusion-poor granophyre. No known ore deposits are associated with
these dykes, and they have only been recently uncovered by Wallbridge. Bleeker et al.
(2015) dated Pele East at 1848.5 ± 0.8 Ma using U-Pb isotope geochronology of a
baddeleyite grain.
A small section of Pele East north of the Hess Offset Dyke was previously studied by
Tuchscherer (1998), who referred to it as the “Parallel Foy”, while Pele West was only
recently discovered by Wallbridge Mining Company Limited (Smith et al. 2013).
Tuchscherer (1998) described the lithology as an inclusion-free amphibolite-biotite
quartz diorite that consisted primarily of amphibole, biotite and plagioclase set in a
groundmass of granophyric intergrowths of quartz and orthoclase. Relative to the Foy, it
had an elevated SiO2 content, a low Mg#, and was enriched in REE, which led
Tuchscherer (1998) to conclude that it originated from a more evolved source than the
Foy.

1.4.4

Cascaden Offset Dyke

The Cascaden is an ~9 km long radial Offset Dyke with a near vertical orientation. The
dyke is only ~10–12 m wide. The dyke’s primary lithology consists of a fine-grained
inclusion-poor quartz diorite, with only a few examples on the surface of an inclusionbearing variety. No known ore deposits are associated with the Cascaden Offset Dyke
and it is currently one of the most underexplored Offset Dykes due to the fact that < 1%
of the dyke outcrops on the surface, and to-date no drilling has been completed.
The Cascaden Offset Dyke was dated in 2009 by Wallbridge using U-Pb geochronology,
which confirmed that its age was identical to that of the SIC (Smith 2013). More accurate
dating of baddeleyite grains is currently underway by Bleeker et al. (2015), who
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described the Cascaden as “somewhat more evolved”; however, these results are not yet
available. Currently, the intersection between the Cascaden and Hess Offset Dyke is of
particular interest as an exploration target, because it may have acted as a structural trap
for sulfide concentration. This dyke was not studied as part of this thesis, however the
geochemistry of 27 samples collected and analysed by Wallbridge are examined in
Chapter 2.

1.4.5

Ministic Offset Dyke

The Ministic Offset Dyke is an ~14 km long radial Offset Dyke with a near vertical
orientation. The dyke ranges from ~10–30 m wide and is composed of a fine- to mediumgrained inclusion-poor quartz diorite. The proximal portion of the dyke, an ~6 km stretch
extending from the SIC, has been known for a number of years, but little research has
been done on the dyke. To-date, no known ore deposits are known to be associated with
the Ministic Offset Dyke, and no dating of the dyke has been completed.
The Ministic is another Offset Dyke that has had limited exploration due to having little
exposure on the surface and only the target of limited drilling. The proximal section of
the dyke consists of Footwall Breccia and SIC Sublayer hosted in a small embayment
structure, but quartz diorite is the dominant lithology in the dyke itself (Grant and Bite
1984). Fleet et al. (1987) examined the proximal portion of the Ministic Offset Dyke and
found that it had undergone similar post-magmatic alteration to that of the Foy.
Plagioclase laths are replaced by a fine-grained mixture of epidote and sericite; primary
pyroxene grains have been replaced by fibrous actinolite and fibrous, matted two-phase
cummingtonite + actinolite ± talc; and primary amphibole consists of a core of brown
edenite grading into blue-green actinolitic hornblende along the rim.
In recent years, exploration efforts by Wallbridge have traced the known extent of the
Ministic Offset Dyke for over 7.8 km. In terms of geochemistry, the proximal portion of
the Ministic Offset Dyke was found to be similar to the other North Range Radial Offset
Dykes (e.g., Foy and Parkin; Lightfoot et al. 1997a). To-date, no research exists on the
distal portions of the Ministic recently discovered by Wallbridge. This dyke was not
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studied as part of this thesis, however the geochemistry of 31 samples collected and
analysed by Wallbridge are examined in Chapter 2.

1.4.6

Trill

The Trill is an east-west oriented radial Offset Dyke that has been roughly divided into
three sections, based strictly on surface exposure of the dyke: proximal, middle and
distal. The dyke ranges from ~3 to 50 m wide and is composed of several varieties of
quartz diorite. The primary lithology of the dyke consists of an inclusion-bearing quartz
diorite in the centre of the dyke, and an inclusion-poor quartz diorite along the margins of
the dyke. In 2005, Wallbridge discovered high-grade Ni-Cu-PGE ore hosted in the
middle Trill, ~4 km west of the SIC. No age dating has been completed on the Trill.
The middle Trill was studied by Klimesch et al. (2009), who found that the dyke was
relatively thin (~ 3–20 m) and consisted of four texturally distinct varieties of quartz
diorite: inclusion-rich quartz diorite in the centre, inclusion-poor quartz diorite along the
margins, as well as glassy quartz diorite and spherulitic quartz diorite which occur as thin
dykelets in the host rock rock adjacent to the Trill. Klimesch et al. (2009) concluded that
the Trill was emplaced in three separate injection events: first the dykelets that formed
the glassy and spherulitic quartz diorite, then the QD, and finally the IQD.
Subsequent studies by Coulter (2015) and McDonald (2015) followed up this research
with a detailed study of the entire length of the Trill Offset Dyke, using a combination of
field mapping, petrography, X-ray diffraction, and geochemistry. The IQD is dark grey,
fine-grained and contains 30–60 % sub-rounded clasts of: quartz and feldspar mineral
clasts, diabase, granite, and clasts of the Trill itself. The QD is fine- to medium-grained
light grey, and occasionally contains sub-rounded inclusions (< 10% by volume). The
glassy quartz diorite is black and fine-grained, with only rare local sub-angular granitic
inclusions. The spherulitic quartz diorite is black, fine grained, with a spherulitic texture.
The proximal Trill is ~50 m wide, and contains both QD and IQD. This portion of the
dyke contains abundant ‘pods’ of metabreccia within the QD, and surrounding the dyke
itself (Coulter 2015). Metabreccia is a dark grey, fine-grained breccia that contains
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abundant sub-rounded inclusions (50–80%) and sulfides. Sudbury Breccia is
occasionally observed adjacent to the Trill, as dykes and irregular-shaped bodies, and is
made up of sub-rounded rock fragments of local host rocks set in a fine-grained black
groundmass. The distal Trill (~8 to 9.5 km west of the SIC) contains only QD, and the
dyke is only ~2–3 m in width. Currently no outcrop of the Trill is exposed between the
distal and middle Trill.
The primary mineralogy consists of euhedreal plagioclase, euhedral and acicular
amphiboles (typically altered to biotite and/ or chlorite), potassium feldspar and
granophyric intergrowths of quartz and orthoclase. Accessory minerals include biotite,
chlorite, epidote, ilmenite, apatite, titanite and sulfides. The glassy quartz diorite is very
fine-grained, equigranular and its primary mineralogy consists of acicular pyroxene and
plagioclase with accessory potassium feldspar, amphibole, quartz, biotite, chlorite and
epidote. The spherulitic quartz diorite has the same mineralogy as the glassy quartz
diorite, but displays a spherulitic texture.
In terms of chemistry, all four varieties are quite homogeneous (Coulter 2015). Roughly
85% of the samples are categorized as diorite according to TAS plutonic total alkalis
versus silica. The IQD is enriched in MnO, Pb and U and depleted in TiO2, Al2O3, P2O5,
Ti and all REE. The QD is enriched in Rb, and the spherulitic quartz diorite is enriched in
Zr, Hf, and all REE. The Trill is also quite homogenous when comparing the three main
localities: proximal, middle, and distal, but there is an overall decrease in metal
abundance, as the distance from the SIC increases. No work on the Trill was conducted
for this study but the work of Coulter (2015) and McDonald (2015) was carried out as
part of the same research team. Additionally, the geochemistry of 39 samples collected
and analysed by Wallbridge are examined in Chapter 2.

1.4.7

Whistle-Parkin

The Whistle-Parkin are two northeast-trending radial Offset Dykes located in the
northeast corner of the SIC, with a total length of ~12 km. The Whistle Offset is hosted in
the Archean Superior Province: The Levack Gneiss Complex and the Cartier Granitoid
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(Murphy and Spray 2002). The Parkin Offset is hosted in two groups of the Huronian
Supergroup (Meyn 1970; Murphy and Spray 2002): The Bruce (composed of quartzite,
arenite and conglomerate of the Mississagi Formation); and Cobalt Groups (composed of
well-bedded siltstone, quartzite and conglomerate of the Gowganda Formation and
quartzite of the Lorrain Formation).
Whistle is the proximal section of the dyke, and connects to the SIC via a ~500 m long,
250 m wide embayment. The Whistle extends for 1.5 km before it is apparently displaced
~2 km to the northwest along the Post Creek fault zone. The Parkin portion of the dyke is
~30–50 m wide and extends for ~10 km to the northeast, and is displaced along two
additional northwest trending faults. The dyke consists of an inclusion-bearing quartz
diorite in the centre of the dyke, and an inclusion-poor quartz diorite along the margins of
the dyke. Two types of breccia occur in the dyke as well, including “radial breccia” and
“mafic sulfide-bearing breccia”, described by Murphy and Spray (2002). Three deposits
are associated with this dyke system: The Whistle Mine Cu-Ni deposit hosted in the
embayment, the Podolsky Cu-Ni-PGE deposit hosted in the footwall, and the Milnet
Mine Offset deposit hosted in the Parkin.
The Whistle and Parkin Offset Dykes were previously studied by Lightfoot et al. (1997b),
Murphy (1998), and later published by Murphy and Spray (2002). These authors
observed distinctly sharp contacts between QD and IQD, and found clasts of QD within
IQD. Based on this evidence, the authors proposed a multi-stage emplacement
mechanism for the Whistle-Parkin Offset Dyke: (1) Radial fractures formed in the contact
and compression stage of crater formation; (2) The IQD was emplaced in a forceful
outwards and downwards direction, transporting large “megaclasts” in the process; (3)
The QD was intruded prior to any significant differentiation of the SIC, and may have
occurred during the early modification stage of crater formation. Murphy (1998) also
observed that the Parkin was offset by the Milnet Mine Fault Zone; however, the
displacement was later found to be associated with lithological boundaries rather than a
fault zone (Coulter 2015).
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This study was later followed up by Coulter (2015), who proposed four variations of
quartz diorite: inclusion-rich, inclusion-poor, glassy and spherulitic. The glassy and
spherulitic quartz diorites were interpreted as rapidly cooled quartz diorite, as in the Trill
Offset Dyke. Metabreccia was also observed as oddly shaped inclusions within the dyke
and along the margins of the dyke up to ~6 km from the SIC. Coulter (2015) observed
that the chemistry of the QD and IQD was the same. There were, however, significant
differences between the proximal and distal portions of the Parkin Offset Dyke. Further
away from the SIC, there is a decrease in the number of inclusions, average size of
inclusions, inclusion density, and in blebby sulfide content. Coulter (2015) also
recognized a small displacement in the Parkin related to a ~020, 45° sinistral strike-slip
fault, now termed the Parkin fault. The presence of braggite (Pt-Pd-Ni)S, niggliite (Pt-Sn)
and Co-Ni-As zoned pyrites in the IQD were observed up to 6 km from the SIC,
suggesting the mineralization is of primary magmatic origin, with later-stage
remobilization of PGE (Coulter 2015). Whether or not the Parkin intersects the SIC is
unclear at this time and warrants further exploration. As with the Trill Offset Dyke, no
work was conducted for this study on the Parkin but the work of Coulter (2015) was
carried out as part of the same research team.

1.5

Objective of thesis

The goal of this thesis is to understand the emplacement and genesis of the North Range
Offset Dykes at the Sudbury impact structure, Canada. In recent years, Wallbridge
Mining Company Limited has been mapping the distribution of Offset Dykes
surrounding the SIC. They have greatly extended the known lengths of many of the
Offset Dykes such as the Hess and Ministic, as well as having discovered three new
Offset Dykes: Trill, Pele and Cascaden (Smith et al. 2013). This plethora of new
information has provided a unique opportunity to update our knowledge of the North
Range Offset Dykes. This research uses a combination of field observations, optical
microscopy, electron microprobe analyses, and geochemical analyses to compare the
North Range Offset Dykes and answer some unanswered questions regarding their
formation.
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This research represents findings from 4 field seasons from 2012 to 2015 along with
petrographic, electron microprobe, and geochemical analyses. Chapter 2 presents a
comparison of the Hess and Foy Offset Dykes, with a focus on a multivariate analysis of
their geochemistry, along with field observations and mineralogy. Chapter 3 presents new
field and petrographic data on the Foy Offset dyke, a detailed analysis of the distribution
of inclusions within the dyke, and provides outcrop scale maps at 1:50 scale at four
regions of the dyke. Chapter 4 presents an overview of the current knowledge of the
recently discovered Pele Offset Dyke, including field observations, geochemistry, and
mineralogy. Chapter 5 presents an overview of the results from this study, and presents a
model for the formation of the Offset Dykes in the context of the impact cratering
process, the differentiation of the SIC, and the formation of the Ni-Cu-PGE sulfide ore
deposits at Sudbury.
Chapter 2 addresses the timing of formation of the Offset Dykes, which is not agreed
upon in the literature. Most authors suggest that the Offset Dykes were emplaced during
the excavation stage of crater formation, before differentiation of the SIC (Lightfoot et al.
1997a), although some authors believe that the Offset Dykes were intruded as already
differentiated SIC melt at a later stage of crater formation (Dressler and Reimold 2004).
Chapter 2 compares the mineralogy and chemistry of the Foy and Hess Offset Dykes –
and the other Offset Dykes of the North Range – to the differentiated units of the SIC in
order to determine if the Foy and Hess were emplaced from an impact melt sheet that had
already begun to differentiate. The Hess and Cascaden Offset Dykes are more primitive
in composition relative to the Foy, Ministic and Trill Offset Dykes, suggesting that the
Offset Dykes were emplaced at different stages relative to the differentiation of the SIC.
There is a similar controversy regarding the formation of the QD and IQD units of the
Offset Dykes, which is examined in Chapter 3 of this thesis. It is well-known among
Sudbury geologists that the Offset Dykes consist of a marginal inclusion- and sulfidepoor quartz diorite (QD) and a central inclusion- and sulfide-rich quartz diorite (IQD;
Grant and Bite 1984). Most authors suggest that this formed due to an early intrusive
even that was poor in sulfides and inclusions followed by an inclusion- and sulfide-rich
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intrusive event (Lightfoot and Farrow 2002). Chapter 3 of this thesis proposes an
alternate hypothesis for the formation of the Foy Offset Dyke that has never been
examined in detail: that the Foy was emplaced via a single intrusive event and flow
differentiation preferentially moved the inclusions and sulfides towards the centre of the
flow. This study examines evidence of cross-cutting relationships in the field, variation in
clast lithology and orientation, and the presence of sulfides in both QD and IQD to
demonstrate that the Foy could have formed from a single injection event, and that flow
differentiation transported the clasts inwards towards the centre of the dyke.
Chapter 4 of this thesis demonstrates how the recently discovered Pele Offset Dyke is
different from all of the other Offset Dykes, and may have been emplaced under very
different circumstances. This chapter presents for the first time a summary of the field
observations, mineralogy, and chemistry of the Pele Offset Dyke. It is considerably more
felsic in composition than the other Offset Dykes, bearing a closer resemblance to the
Quartz Gabbro or lower Granophyre units of the SIC. Furthermore, it is the only Offset
Dyke that contains no IQD. These observations suggest that the Pele Offset Dyke was
emplaced much later than the other Offset Dykes relative to the differentiation history of
the SIC, and under very different conditions than other clast-rich radial Offset Dykes
such as the Foy. The final chapter of this thesis synthesizes these observations and
discusses the timing of emplacement of the North Range Offset Dykes relative to the
differentiation of the SIC.
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Chapter 2

2

Variations and genetic relationships between the Hess
and the Foy Offset Dykes at the Sudbury impact
structure1

Hypervelocity impact has played a role in the evolution of all rocky planetary bodies,
particularly during their early history. The impact cratering process is unlike any other
geological process due to the near instantaneous nature of the event and the extreme
strain rates, pressures and temperatures involved (French 1998). The target rocks undergo
a series of transformations during an impact event, from vaporization and melting to
solid-state shock metamorphism, all of which can alter their textural, mineralogical and
geochemical properties (Ferrière and Osinski 2013; Osinski et al. 2013). These unique
aspects of meteorite impact craters make them an important target for planetary
exploration, while the impact record on Earth represents an extremely valuable ground
truth resource for understanding their formation.
The original Sudbury impact structure is estimated to have been ~150–200 km in
diameter, formed at ~1.85 Ga (Grieve et al. 2008). It is currently located at the boundary
between two provinces of the Canadian Shield: The Southern province to the southeast
and the Superior province to the northwest. It is one of the three largest impact structures
on Earth and is an important economic resource that has been mined for over 100 years
for its rich Ni-Cu-PGE sulfide deposits (Ames and Farrow 2007). Some of this ore is
hosted in the Offset Dykes. These dykes, in outcrop, occur concentrically around – and
extending radially outward from – the Sudbury Igneous Complex (SIC), a large
differentiated impact melt sheet that formed within the Sudbury impact structure
(Therriault et al. 2002). Dykes such as these are a phenomena that are more common in
large impact structures, the other main example being at the Vredefort impact structure in
South Africa (Reimold and Gibson 2006), the largest impact structure on Earth. The

1
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Offset Dykes are composed of an inclusion-poor quartz diorite (QD; found along the
dyke margins) and inclusion-rich quartz diorite (IQD; found in the centre of the dyke).
Despite a long history of mining and exploration, there is still considerable controversy
surrounding the Offset Dykes and their formation. For example, some research suggests
that the Offset Dykes were emplaced immediately after the 1.85 Ga impact and, thus,
represent the bulk composition of the early undifferentiated SIC (e.g., Lightfoot et al.
1997a). This hypothesis is generally accepted in the Sudbury mining community,
although some authors believe that the Offset Dykes were intruded as already
differentiated SIC melt at a later stage of crater formation (e.g., Dressler and Reimold
2004). There is similar debate regarding the method of their emplacement. Most authors
suggesting a multi-stage emplacement process (e.g., Lightfoot and Farrow 2002; Murphy
and Spray 2002; Tuchscherer and Spray 2002; Hecht et al. 2008), while others have
suggested a single-injection model (e.g., Cochrane 1984; Grant and Bite 1984).
Two of the longest and least-deformed Offset Dykes are the Hess and Foy structures in
the North Range of the Sudbury structure. Exploration efforts by Wallbridge Mining
Company Limited have extended the known length of the Hess to over 50 km, and have
uncovered numerous new outcrops along the Hess, Foy and, most importantly, the
intersection between the Foy and Hess. These new exposures have allowed us to address
some of the controversies regarding the timing of emplacement of the Foy and Hess
Offset Dykes through a multi-variate analysis of their geochemical character and
variation. The ultimate goal is to constrain the timing of the dyke emplacements relative
to the impact cratering process and the differentiation of the SIC.
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Figure 2.1 A simplified map of the Sudbury impact structure showing the Whitewater
Group, the primary components of the Sudbury Igneous Complex, the Offset Dykes, and
the fractured target rocks of the Southern and Superior Provinces. The white dots
represent field sites for this study. Modified from OGS bedrock mapping 1:250,000
(2003) and Wallbridge Mining Company Limited mapping. FN = Foy north of the
intersection, I = Foy/ Hess intersection, NOM = Nickel Offset Mine, CC = Crazy Creek,
E = Ermatinger, HE = Hess east.
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2.1 Geology of the Sudbury impact structure
The Sudbury structure consists of three main components (Fig. 2.1): the Sudbury Igneous
Complex (SIC), a 2.5–3 km thick, ~60 x 27 km differentiated impact melt sheet that is
generally taken to be the source of the Offset Dykes; the Whitewater group, which is
composed of the Onaping Formation and an overlying post-impact sedimentary sequence
filling the Sudbury Basin; and the outer zone of fractured and brecciated footwall rocks
exterior to the SIC (Dressler 1984; Therriault et al. 2002; Rousell et al. 2003; Ames et al.
2008).

2.1.1

Sudbury Igneous Complex

The Main Mass SIC is divided into five units. From the bottom of the melt sheet to the
top these are: the Norite, Quartz Gabbro, Transition Zone, Granophyre (Naldrett et al.
1970; Therriault et al. 2002), and the recently proposed Upper Contact Unit (Avermann
and Brockmeyer 1992; Anders et al. 2015).
The Sublayer is a mafic to intermediate discontinuous unit located at the base of the SIC
that hosts most of the ore in Sudbury. It is hosted in trough-like depressions in the
footwall referred to as embayment structures (Naldrett et al. 1984). The Sublayer
connects the Main Mass (Fig. 2.1) of the SIC to the Offset Dykes through these
embayment structures. The Sublayer is geochemically distinct from both the Main Mass
and the Offset Dykes and is divided into an upper member of igneous-textured norite and
gabbronorite and a metamorphic-textured lower granite breccia member that hosts most
of the mafic and ultramafic clasts found in the Sublayer (Corfu and Lightfoot 1996;
Lightfoot et al. 1997b).
The Norite is located above the Sublayer and is a medium-grained grey rock composed of
cumulus plagioclase and orthopyroxene and clinopyroxene (Naldrett et al. 1970;
Therriault et al. 2002). The composition of the Norite varies between the North and South
Ranges (Naldrett et al. 1970; Lightfoot et al. 1997a). The North Range Norite consists of
a basal Mafic Norite overlain by Felsic Norite. The South Range Norite is composed of
the fine-grained basal quartz-rich Norite overlain by the medium to coarse-grained South

45

Range Norite (Lightfoot et al. 1997a). Uranium-lead dating of zircons and baddeleyites
from the Norite produced a mean age 1850 ± 1 Ma (Krogh et al. 1984). A sample of the
South Range Norite was dated at 1849.7 ± 0.2 Ma using U-Pb on baddeleyite and zircon
grains (Bleeker et al. 2015). The contact between the Norite and the overlying Quartz
Gabbro is gradational over ~ 300 m (Naldrett and Hewins 1984). The Quartz Gabbro unit
contains altered augite, titaniferous magnetite, and apatite. The Transition Zone refers to
the 200 m thick gradational contact between the Quartz Gabbro unit and the Granophyre,
and is marked by a decrease in biotite content and an increase in the size and abundance
of intergrowths of quartz and feldspar (Therriault et al. 2002).
Above this lies the Granophyre, a coarse-grained rock composed of granophyric
intergrowths of quartz and K-feldspar (75%), as well as plagioclase and minor amounts
of biotite and opaque oxide minerals (Naldrett et al. 1970; Pattison 1979; Chai and
Eckstrand 1994). Above this is the discontinuous Upper Contact Unit, a dark aphanitic,
clast-bearing, igneous-textured rock, which is interpreted as the remnants of the roof
rocks of the SIC (Anders et al. 2015). This unit was formerly considered to be a part of
the Onaping Formation, and was formerly referred to as melt bodies or the “Basal
Member” (Peredery 1972; Muir and Peredery 1984), and later as the Basal Intrusion
(Gibbins 1994; Ames 1999).

2.1.2

Offset Dykes

The Offset Dykes vary in thickness from a few metres at their distal portions to several
hundred metres closer to the SIC. To date, eleven of these dykes have been identified.
The radial dykes extend from the base of the SIC and include: Copper Cliff, WhistleParkin, Foy, Ministic, Worthington, Pele, and Trill. The concentric dykes are Manchester
and Hess. Discontinuous or breccia-hosted Offsets include Frood-Stobie and Maclennan
(Grant and Bite 1984).
The typical distribution of QD and IQD across the width of the dykes can be seen in
Figure 2.2. Previous studies have resulted in varying interpretations in terms of
emplacement mechanisms. Some authors have suggested that flow differentiation caused
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the clasts to migrate inwards resulting in the margins of the dyke being inclusion-poor
(e.g., Cochrane 1984; Grant and Bite 1984; Prevec et al. 2000), however most research
suggests the Offset Dykes were emplaced via multiple intrusions. For example, in the
Worthington Offset Dyke, Lightfoot and Farrow (2002), observed that the sulfide
mineralization occurred in the IQD and the QD was apparently sulfide-free. These
authors suggested that the QD was emplaced first prior to any significant differentiation
of the SIC, and that the IQD was emplaced after, carrying with it the sulfides and
inclusions. Klimesch et al. (2009) proposed a three-stage injection emplacement history
for the Trill Offset Dyke based on mineral and whole rock chemistry. Murphy and Spray
(2002) proposed that the Whistle-Parkin Offset Dykes were emplaced during two events:
one very early lateral injection during the excavation stage of crater formation, and a
second downward injection during the early modification stage of the impact cratering
process. Scott and Benn (2002), and Rickard and Watkinson (2001) similarly concluded
that the Copper Cliff Offset Dyke was initally emplaced by an early sulfide-poor
emplacement during the excavation stage, and a later sulfide-rich emplacement during the
modification stage of crater formation.

Figure 2.2 A. A simplified plan view across the width of an Offset Dyke showing the
different dyke lithologies. B. Image of a trench at Foy north of the intersection showing
IQD in contact with QD. C. Photograph showing the IQD in contact with the QD, and
several clasts.
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2.2
Previous research on the Foy and Hess Offset
Dykes
The Hess Offset Dyke is primarily hosted by the Archean Cartier Batholith, except
towards its middle, where it is hosted by outlying metasedimentary rocks of the Huronian
Supergroup (Fig. 2.1). The Hess is the longest of the Offset Dykes, extending for over 50
km concentrically around the SIC. It is 10–60 m wide, occurs 12–15 km North of the
SIC, and intersects the Foy Offset Dyke at its easternmost end, at the Foy-Hess
intersection (Wood 1998; Fig. 2.1). Uranium-lead dating of baddeleyite by Bleeker et al.
(2015) defined an age of 1849.1 ± 0.9 Ma, which is consistent with the Hess then being
emplaced at the same time as the SIC and, therefore, related to the Sudbury impact event.
The Hess Offset Dyke is dominated by quartz diorite that is composed of plagioclase +
amphibole + biotite +/- pyroxenes, with minor amounts of quartz and granophyric
intergrowths of quartz and alkali feldspar (Wood and Spray 1998). At some outcrops a
quartz diabase lithology was observed in the centre of the dyke (Wood and Spray 1998),
and is characterized by a porphyritic texture with large plagioclase phenocrysts in a finegrained matrix. These phenocrysts appear to have the same composition in both
lithologies. The matrix of the quartz diabase is composed of ferro-magnesium
hornblende, plagioclase, biotite, quartz, and oxides. Wood and Spray (1998) concluded
that the Hess was emplaced during differentiation of the SIC, as opposed to immediately
after the impact event. They also proposed a variety of possible mechanisms for the
emplacement of the Hess, which involved emplacement of impact melt into a large
fracture or fault system, either fed from the SIC, the Foy, or some combination of the
two.
The Foy Offset Dyke is hosted in the Archean granitoid rocks and gneisses of the
Superior Province (Fig. 2.1) and is the least-altered and longest of the radial Offset
Dykes. It varies from 400 m wide at an embayment, in the northeast portion of the SIC in
the North Range, to only a few metres at its distal portions, and extends for over 37 km
(Tuchscherer 1998). Uranium-lead age dating provides an estimated crystallization age of
1852 +4/-3 Ma for the accessory minerals zircon and baddeleyite (Ostermann et al.
1996). This closely corresponds (within error) to the crystallization age of the SIC (Felsic

48

Norite: 1849.53 ± 0.21 Ma; Mafic Norite: 1849.11 ± 0.19 Ma; Davis 2008; South Range
Norite: 1849.7 ± 0.2 Ma; Bleeker et al. 2015). Tuchscherer and Spray (2002) concluded
that the Foy was emplaced downward from the overlying impact melt sheet prior to
differentiation of the SIC, during the central uplift formation (i.e., during the first few
minutes of crater formation). Tuchscherer and Spray (2002) observed that there was an
“internal chilled zone” between QD and IQD that is progressively finer grained towards
the centre of the dyke, which suggests that the QD was chilled against the IQD – and thus
postdates it.
Tuchscherer (1998) proposed six lithologies within the Foy, based on their mineralogy. It
was proposed that the rocks closest to the embayment were orthopyroxene-IQD and
clinopyroxene-IQD, while the main portion of the dyke is composed of amphibole-biotite
IQD, and amphibole-biotite QD. The transitional amphibole-biotite-clinopyroxene IQD is
a gradational lithology that lies between the embayment and the main dyke. The final
lithology Tuchscherer (1998) noted were chilled margins located along the contacts of the
dyke.
South of the Nickel Offset Mine, the Foy is hosted in the granulite facies Levack Gneiss
Complex, which has a U-Pb isotopic age of 2635 ± 5 Ma (Fig. 2.1; Ostermann et al.
1996). The Levack unit contains layers of mafic to dioritic gneiss, diorite, gabbro,
anorthosite, amphibolite, iron formation, and pyroxenite (Card 1994). North of the Nickel
Offset Mine, the Foy Offset Dyke is hosted in the Cartier Batholith, which is a coarsegrained, massive leucogranite (2642 ± 1 Ma; Meldrum et al. 1997). Various mafic dyke
swarms are also found in the region, including the Joe Lake gabbro (ca. 2660 Ma;
Bleeker et al. 2015), the Matachewan (2473 +16/-9 Ma; Heaman 1997), the Nipissing
(2219.4 +3.6/-3.5 Ma; Corfu and Andrews 1986), and Sudbury dykes (1238 ± 1 Ma;
Krogh et al. 1984).

2.3

Methods

Fieldwork was conducted at several sites along the Hess and the Foy (Fig. 2.1). Mapping
at these sites was done at the 1:50 scale to elucidate the relationship of the QD and IQD
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units (Appendix J), the clasts, and the host lithologies. Samples of the dyke matrix were
collected from both QD and IQD and analysed using optical microscopy and electron
microprobe. A full list of collected samples is available in Appendix A.
Plagioclase was analysed using a JXA JEOL-8900L electron microprobe at McGill
University. Table 2.1 presents the standards used for these analyses, and a complete list
of the analyses is available in Appendix B. A counting time of 20 seconds was used, with
an accelerating voltage of 15 kV, a beam current of 20 nA, and a beam size of 5 μm.
Three types of corrections were applied to the data: atomic number correction, absorption
correction, and fluorescence correction.
Table 2.1 Standards used for electron microprobe analyses of plagioclase.
Standards Detection (wt. %) Plagioclase K-Feldspar
Albite
Diopside
Diopside

Na2O
MgO
CaO

0.0258
0.0268
0.03

0.0279
0.0291
0.0316

Orthoclase
Hematite

K2 O
FeO

0.0247
0.0379

0.0264
0.0415

Orthoclase

SiO2

0.0346

0.0364

Orthoclase

Al2O3

0.0267

0.029

Chromite

Cr2O3

0.0559

0.0574

Rutile
Spessartine

TiO2
MnO

0.0517
0.0402

0.0602
0.0407

Pyrite, chalcopyrite and pentlandite were analysed using a JEOL JXA-8530F fieldemission electron microprobe at Western University. Table 2.2 presents the standards
used for these analyses, and a complete list of the analyses is available in Appendix B. A
counting time of 10 seconds was used, with an accelerating voltage of 20 kV, a beam
current of 20 nA, and a beam size of 5 μm. Element maps were produced using energy
dispersive spectrometry (EDS) and wavelength dispersive spectrometry (WDS).
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Table 2.2 Standards used for electron microprobe analyses of sulfides.
Mineral
Standards
Block
Pyrite
Astimex MINM25-53
Chalcopyrite A - unknown origin
Penlandite
Cobalt

Astimex MINM25-53
Astimex METM25-44

Element %
Fe
S
Ni
46.45
53.73
30.43
34.94
30.88

32.89

Cu

Co

34.94

35.61
99.995

Samples were prepared for whole rock geochemical analysis at Western University.
Samples were first crushed in a Chipmunk Jaw Crusher and clasts > 1 mm in size were
removed manually using visual inspection. Many IQD samples contain up to ~ 10%
microclasts which were not removed during this picking process. The remaining rock was
powdered using a Micro Powder Grinding Mill for 60 seconds. Care was taken during
this procedure to avoid cross-contamination of samples. The crusher was cleaned
between each sample. After a sample was powdered, quartz sand was run through the
mill before cleaning the mill.
The powder was sent to ALS Minerals for acid digestion and chemical analyses. Two
hundred milligrams of the sample were then mixed with 0.90 g of lithium metaborate and
fused at 1000 °C. This mixture was dissolved in a 100 mL solution of 4 % HNO3 and 2 %
HCl. Major oxides were analysed using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) and the results are corrected for spectral inter-element
interferences. Oxide concentration is calculated from the determined elemental
concentration and the result is reported in that format as weight percent oxide (wt. %).
Trace elements were analysed using inductively coupled plasma-mass spectrometry (ICPMS) and the result is reported as parts per million (ppm). Data from these analyses is
available in Appendix D.
Geochemical data from Wallbridge Mining Company Limited was also included as a part
of this study. Clasts larger than ~1 cm were removed from these samples using visual
inspection. Because of this, only the QD samples were included as a part of this study.
Samples were sent to ALS Minerals and were ground to a fine powder. Two hundred fifty
milligrams of the sample were then digested with four acid digestion (perchloric, nitric,
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hydrofluoric and hydrochloric acids). The residue was topped up with dilute hydrochloric
acid and analysed by ICP-AES. Following this analysis, the results are reviewed for high
concentrations of bismuth, mercury, molybdenum, silver and tungsten and diluted
accordingly. Samples meeting this criterion are then analyzed by inductively coupled
plasma-mass spectrometry. Results are corrected for spectral interelement interferences.

2.4
2.4.1
2.4.1.1

Results
Field characteristics and petrography
Hess

The Hess most commonly occurs as a single medium- to coarse-grained QD. The host
rocks up to ~50 m from the dyke were investigated for the presence of pseudotachyle
breccias; however, no zones of pseudotachylite were observed around the dyke. The
margins of the dyke are commonly quenched and sometimes contain highly fragmented
clasts of the immediate host rock (Fig. 2.3C). Thin ‘fingers’ of the dyke, up to 1 m wide,
occasionally intrude into the host rock from the main dyke. In these thin intrusions,
elongate minerals such as platy biotite and amphiboles are preferentially aligned with the
dyke margins and are characterized by weak to pervasive epidote alteration in the form of
small similarly aligned needles.
In some locations, however, IQD occurs, which is finer-grained and characterized by a
small portion (~ 5–10 %) of rounded granitic or mafic inclusions, typically 2 cm or less
across. The mineralogy of the IQD matrix is indistinguishable from the QD matrix. The
primary mineralogy consists of plagioclase (~30–35 %), biotite (~25–30 %), amphibole
(~15–20 %), quartz (~10–15 %), K-feldspar (~5 %), ± granophyric intergrowth of quartz
and k-feldspar (~0–5 %), and opaques (trace) (Fig. 2.4D). Accessory minerals include
ilmenite, apatite, baddeleyite, zircon, and monazite. Alteration occurs as epidote and
epidote-quartz veining, plagioclase alteration to epidote and, in some samples, a moderate
amount of sericite and pervasive patchy chloritization of amphiboles. Additional
photmicrographs of samples from the Hess are provided in Appendix H.
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Figure 2.3 Photographs from Foy and Hess. See Figure 2.1 for image locations. A.
Photograph of QD clast within the IQD at Foy north of the intersection. B. Photograph of
an IQD clast within the IQD at the Foy-Hess intersection. C. Photograph from the
Ermatinger region. Highly fragmented granite clasts near dyke margin. D. Photograph of
a gradational contact between IQD and QD, taken from Foy north of the intersection.
Sulfide mineralization at Hess is dominated by pyrite with minor amounts of
chalcopyrite. Pyrite mineralization occurs as small euhedral crystals (Fig. 5A) typically
40μm in diameter or less. Pyrite often has rims enriched in Co (Appendix C; Fig. 2.5B),
displays some oscillatory zonation with Ni (Fig. 2.6D) and As, and is commonly
associated with small inclusions of chalcopyrite (Fig. 2.6C). Appendix C provides EDS
and WDS spot analyses of these sulfides, and Appendix I provides additional
backscattered electron images and element maps.
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Figure 2.4 Photomicrographs of IQD and QD matrix from Foy and Hess (Appendix I).
Width of images A, B, C, D, and F is 2 mm, width of image E is 1 mm. Image A is in
plane-polarized light, all other images are in cross-polarized light. A. Contact between
QD (top) and IQD (bottom) from the Foy-Hess intersection; B. Matrix of QD from the
Foy-Hess intersection showing coarse grained plagioclase and granophyric intergrowths
of quartz and k-feldspar; C. Matrix of IQD from the Foy-Hess intersection showing a
quartz-rich microclast set in a fine-grained matrix of quartz, plagioclase, biotite, and
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amphibole; D. Matrix of QD from the Hess showing a medium-grained matrix of
elongate plagioclase, quartz, and amphibole, with pervasive biotite alteration; E. Matrix
of IQD from Foy north of the intersection showing a large anhedral pyrite (opaque) and
granophyric intergrowths of quartz and potassium feldspar; F. Matrix of QD from Foy
north of the intersection showing a coarse-grained matrix of tabular plagioclase and
granophyric intergrowths of quartz and k-feldspar .

Figure 2.5 A small euhedral pyrite from sample SUD-EAP-231 (Appendix A) a sample
of QD from the Hess Offset Dyke. A. Backscattered electron image showing a small
pyrite in a matrix of quartz, plagioclase, biotite and amphibole. B. An element map
showing the enriched cobalt rim of the pyrite. C. An element map of Cu showing small
anhedral chalcopyrite grains included within the pyrite. D. An element map of nickel
showing some zonation within the pyrite.

55

2.4.1.2

Foy and the Foy-Hess intersection

At the Foy-Hess intersection and north of the Foy-Hess intersection, a marginal coarsegrained QD, and a central fine-grained IQD occur. The contacts between these units are
typically gradational (see Fig. 2.3D); however, they are sharp in two outcrops at Foy
north of the intersection. The inclusions are considerably more variable in terms of size,
shape, and lithology than along the Hess. Inclusions within the dyke include granites,
which commonly have highly irregular and highly broken up margins, gneiss and
diabase, which are commonly well-rounded and elongate, oriented parallel to the dyke
margins. Less common inclusions include metasedimentary rocks, greenstones, and
occasionally inclusions of the dyke itself (Figs. 2.3A and 2.3B). It is important to note
that inclusions of both QD and IQD were observed within the IQD (Fig. 2.3). Sulfides are
visible on the surface as small oxidized blebs in both QD and IQD and are particularly
concentrated around the contacts between QD and IQD.
South of the Nickel Offset Mine (Fig. 2.1) the QD is much less common. A third
lithology, referred to as metabreccia in other radial dykes, such as the Whistle (Bygnes
2011), occurs along the margins of the dyke. Metabreccia is a recrystallized footwall
breccia and is found as pinched out lenses within the immediate host rock and, in some
locations, within the dyke itself. It appears to pre-date the QD but its origin remains
enigmatic and it will not be considered further here.
The mineralogy of samples from Foy north and the Foy-Hess intersection are
indistinguishable from each other. The primary mineralogy consists of plagioclase (~40–
45 %), biotite (~15–20 %), amphibole (~10–15 %), quartz (~20 %), k-feldspar (~5 %), ±
granophyric intergrowths of quartz and k-feldspar (~0–5 %), pyroxene (<1 %), and
opaques (<1 %) (Figs. 2.4E and 2.4F). This is consistent with Tuchscherer’s (1998)
observations of an amphibole-biotite IQD and QD being the dominant lithologies of the
dyke, however the clinopyroxene- and orthorpyroxene-IQD units were not observed in
this study. The QD matrix is typically coarser grained than the IQD (Fig. 2.4A), with
slightly higher proportions of plagioclase and granophyric intergrowths of quartz and kfeldspar (Fig. 2.4B). Small quartz-rich lithic microclasts (Fig. 2.4D) are common
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throughout the IQD, and constitute up to ~15% of the sample in some instances.
Additional photmicrographs of samples from the Foy are provided in Appendix H.
The plagioclase is normally zoned, with a Ca-rich core and a Na-rich rim. The anorthite
composition of plagioclase (An %; the proportion of anorthite in the anorthite-albite solid
solution plagioclase series) was calculated from electron microprobe analysis at McGill
University (Appendix B). Representative analyses from this dataset are shown in Table
2.3. Overall, the rims of plagioclase grains in the IQD are slightly more sodic in
composition than those in the QD, while the cores are nearly identical in composition. In
the IQD, anorthite values range from 25.1–48.1% in the rim to 49.5–56.7% in the core. In
the QD, anorthite values range from 33.5–51.8% in the rim to 49.5–56.4% in the core.
Common accessory minerals include ilmenite, chlorite, epidote, rutile, monazite, and
zircon. Alteration occurs as fine-grained epidote and sericite replacement of plagioclase,
as well as patchy chloritization, and minor amounts of pervasive calcite alteration. This
alteration appears to be more common at Foy north of the intersection (Figs. 2.4E and
2.4F). Veins of epidote-quartz and epidote commonly crosscut the Foy, as well as thin
sulfide-bearing veins at, and south of, the Nickel Offset Mine. The primary differences
between the matrix of the QD and IQD have more to do with overall appearance than
mineralogy. The QD is notably coarser grained than the IQD, with much larger, lath-like
plagioclase crystals.
Sulfides are common throughout both QD and IQD, although the QD typically contains
fewer sulfides, which are also smaller and more anhedral than those within the IQD.
Sulfides occur as disseminations of pyrite, chalcopyrite, pyrrhotite, and minor
pentlandite. Pyrite commonly occurs in two forms: a euhedral pyrite characterized by
oscillatory Co zonation, and an anhedral pyrite that is unzoned that usually occurs around
the euhedral pyrites (Figs. 2.6A and 2.6B). The euhedral pyrite grains are typically < 100
µm in the QD, and up to 500 µm in the IQD. Trace amounts of pentlandite (Fig. 2.6C)
and chalcopyrite (Fig. 2.6D) occur along the margins of these euhedral pyrites. Appendix
C provides EDS and WDS spot analyses of these sulfides, and Appendix I provides
additional backscattered electron images and element maps.
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Table 2.3 Representative plagioclase analyses from Appendix B. Collected using a JXA

rim 6.94
core 5.08

0.01

0.00 100.37

0.03 10.76 0.23 0.73 54.74 28.08 0.02 0.09

0.00

99.77

rim 5.47
core 6.38

0.03 10.24 0.14 0.75 55.28 27.80 0.02 0.09

0.00

99.83

0.01

0.00

99.70

rim 4.80
core 6.25

0.02 11.60 0.08 0.57 54.08 28.80 0.00 0.04

0.01 100.00

0.03

8.89 0.13 0.65 57.49 27.01 0.00 0.03

0.01 100.51

rim 5.61
core 5.45

0.01 10.27 0.09 0.56 55.97 27.93 0.00 0.08

0.00 100.52

0.06 10.13 0.14 0.64 55.72 27.85 0.01 0.06

0.00 100.06

rim 4.70
core 5.35

0.02 11.84 0.09 0.66 54.19 29.02 0.02 0.05

0.02 100.61

0.04 10.38 0.13 0.77 55.36 27.91 0.00 0.08

0.00 100.02

rim 5.38
core 4.73

0.02 10.65 0.11 0.74 55.90 27.77 0.00 0.06

0.01 100.66

0.05 11.61 0.11 0.69 54.29 28.75 0.00 0.05

0.01 100.28

rim 8.95
core 4.80

0.00

3.80 0.10 0.09 63.37 22.76 0.00 0.02

0.00

99.09

0.05 11.08 0.40 0.69 54.36 27.94 0.00 0.04

0.00

99.35

rim 5.99
core 5.55

0.01

9.39 0.08 0.43 56.91 27.11 0.01 0.06

0.00

99.98

0.05 10.11 0.10 0.68 55.45 27.30 0.00 0.08

0.01

99.34

rim 4.91
core 5.11

0.03 10.29 0.57 0.61 54.56 28.16 0.00 0.07

0.00

99.21

0.03 11.06 0.09 0.78 54.24 28.23 0.00 0.05

0.00

99.59

rim 5.75
core 4.93

0.04

0.00 100.47

0.03 10.90 0.20 0.68 54.85 28.09 0.02 0.08

0.01

99.79

rim 6.40
core 4.32

0.03

0.00

99.50

TiO2

0.01 100.15

SiO2

0.07 10.80 0.79 0.69 54.54 28.54 0.00 0.05

FeO

99.76

K 2O

0.01

CaO

0.01 10.40 0.13 0.71 55.07 27.97 0.00 0.04

MgO

Total

Cr2O3

Al2O3

Na2O

MnO

QD
IQD
QD

rim 5.41
core 4.67

Spot

Lithology
IQD

Sample
EAP-231

Hess

EAP-260

EAP-257

Intersection

EAP-251

Location

JEOL-8900L electron microprobe at McGill University.

7.87 0.12 0.48 58.70 26.22 0.00 0.03

8.90 0.13 0.53 57.13 26.54 0.02 0.06

9.99 0.09 0.70 56.33 27.50 0.00 0.07
8.71 0.06 0.58 57.45 26.21 0.00 0.04

0.03 11.85 0.29 0.65 53.80 29.04 0.00 0.02

0.00 100.02
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Figure 2.6 Sulfide mineralization from Sample SUD-EAP-021 (Appendix A), a sample
of QD north of the Foy-Hess intersection. A. Backscattered electron image showing large
pyrites in a matrix of quartz, plagioclase, biotite and amphibole. B. An element map
showing the distribution of cobalt. C. An element map of nickel showing pentlandite
along the margins of the pyrite. D. An element map of Cu showing small anhedral
chalcopyrite grains within biotite.
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2.4.2

Geochemistry

A total of 87 samples were analysed for whole rock major and trace element analysis
(Appendix D). Averages from this data set are reported as averages in Table 2.4 (for
major oxides) and Table 2.5 (for trace elements).
Table 2.4 Average values of major oxides reported as: mean (standard deviation given in
parentheses).
Foy
Wt. %
Oxides
SiO2
Al2O3
Fe2O3
CaO
MgO
Na2O
K2O
Cr2O3
TiO2
MnO
P 2O 5
SrO
BaO
C
S
LOI
Total

SiO2
Al2O3
Fe2O3
CaO
MgO
Na2O
K2O
Cr2O3
TiO2
MnO
P 2O 5
SrO
BaO
C
S
LOI
Total

Foy North

Nickel Offset Mine

Crazy Creek

QD (n=8)
IQD (n=8)
QD (n=1)
IQD (n=6)
QD (n=3)
IQD (n=9)
60.89 (3.38) 61.28 (1.04)
61.80
60.83 (4.10) 60.13 (2.92)
59.96 (1.84)
14.61 (0.60) 15.18 (0.41)
14.65
15.43 (1.10) 14.65 (0.37)
14.66 (0.74)
7.86 (1.81)
7.26 (0.33)
9.55
6.95 (1.63)
8.49 (1.65)
8.44 (1.44)
4.45 (0.82)
4.66 (0.36)
3.33
3.97 (0.52)
5.63 (1.03)
4.52 (0.96)
3.69 (0.73)
3.73 (0.03)
3.72
3.52 (1.05)
4.18 (0.84)
4.5 (1.01)
3.26 (0.49)
3.44 (0.11)
2.41
3.66 (0.79)
3.09 (0.45)
3.64 (0.67)
2.13 (0.65)
2.18 (0.09)
1.74
2.71 (0.54)
1.96 (0.42)
1.9 (0.39)
0.00 (0.00)
0.00 (0.00)
0.00
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
0.72 (0.07)
0.71 (0.06)
0.71
0.71 (0.13)
0.84 (0.16)
0.77 (0.1)
0.1 (0.02)
0.1 (0.01)
0.08
0.09 (0.02)
0.12 (0.03)
0.11 (0.02)
0.15 (0.02)
0.17 (0.02)
0.17
0.19 (0.03)
0.21 (0.02)
0.22 (0.02)
0.05 (0.01)
0.06 (0.01)
0.05
0.07 (0.02)
0.05 (0.01)
0.06 (0.01)
0.07 (0.02)
0.08 (0.01)
0.05
0.1 (0.02)
0.07 (0.02)
0.09 (0.01)
0.05 (0.01)
0.04 (0.02)
0.01
0.05 (0.02)
0.03 (0.02)
0.03 (0.02)
0.33 (0.68)
0.13 (0.10)
0.02
0.14 (0.06)
0.05 (0.04)
0.15 (0.07)
1.87 (0.67)
1.19 (0.10)
2.08
1.20 (0.45)
1.37 (0.34)
1.69 (0.80)
99.85 (0.98) 100.05 (1.39)
100.36
99.45 (0.89) 100.82 (0.20) 100.58 (0.61)
Intersection +
Intersection
Hess
Foy North
QD (n=5)
IQD (n=6)
QD (n=17)
IQD (n=3)
QD clasts (n=6)
56.83 (5.47)
61.32 (1.64)
62.85 (2.24)
60.13 (2.21)
60.67 (2.49)
14.12 (0.62)
15.22 (0.45)
15.25 (0.75)
15.02 (0.57)
15.3 (0.43)
10.88 (4.11)
7.29 (1.58)
6.37 (1.42)
8.26 (1.13)
8.45 (0.67)
6.38 (2.30)
4.91 (1.22)
3.90 (0.86)
5.54 (0.84)
5.58 (1.26)
4.34 (0.96)
3.64 (0.83)
3.14 (0.73)
4.15 (0.44)
4.18 (0.58)
2.91 (0.74)
3.04 (0.34)
3.42 (0.49)
3.01 (0.36)
3.4 (0.63)
1.75 (0.59)
2.92 (1.5)
2.45 (0.72)
2.03 (0.57)
1.36 (1.00)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
1.02 (0.37)
0.73 (0.04)
0.66 (0.18)
0.75 (0.11)
0.75 (0.06)
0.14 (0.05)
0.1 (0.04)
0.08 (0.02)
0.12 (0.03)
0.1 (0.02)
0.16 (0.02)
0.17 (0.01)
0.15 (0.03)
0.18 (0.01)
0.19 (0.00)
0.04 (0.01)
0.05 (0.01)
0.06 (0.00)
0.04 (0.01)
0.05 (0.00)
0.06 (0.02)
0.08 (0.00)
0.09 (0.02)
0.07 (0.02)
0.04 (0.02)
0.06 (0.03)
0.05 (0.05)
0.05 (0.02)
0.09 (0.15)
0.04 (0.02)
0.10 (0.03)
0.10 (0.09)
0.13 (0.05)
0.07 (0.01)
0.06 (0.06)
0.88 (0.34)
0.81 (0.60)
1.11 (0.36)
1.54 (0.65)
1.79 (0.34)
99.54 (0.58)
100.31 (0.92)
99.55 (0.55)
100.86 (1.01)
101.86 (0.05)
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Table 2.5 Trace element geochemistry reported as: mean (standard deviation given in
parentheses).
ppm
Ba
Ce
Cr
Cs
Dy
Er
Eu
Ga
Gd
Hf
Ho
La
Lu
Nb
Nd
Pr
Rb
Sm
Sn
Sr
Ta
Tb
Th
Tm
U
V
W
Y
Yb
Zr
As
Bi
Hg
Sb
Se
Te
Tl
Ag
Cd
Co
Cu
Li
Mo
Ni
Pb
Sc
Zn

Foy North
QD (n=8)
IQD (n=8)
605.6 (135.5)
67.6 (11.8)
151 (41)
2 (1)
3.2 (0.4)
1.8 (0.2)
1.3 (0.16)
20.7 (0.5)
3.9 (0.5)
4.4 (0.6)
0.6 (0.1)
33.7 (7.0)
0.3 (0.0)
8.4 (1.4)
28.5 (4.4)
7.8 (1.3)
77.4 (21.7)
5.0 (0.6)
1 (0)
397 (70)
0.5 (0.1)
0.6 (0.1)
10.8 (5.3)
0.3 (0.0)
2.2 (1.7)
138 (25)
1 (0)
17 (2)
1.8 (0.2)
169 (23)
1 (0)
0.1 (0.1)
0.0 (0.0)
0.1 (0.1)
1.0 (1.5)
0.1 (0.2)
0.4 (0.2)
2 (0)
0.5 (0.0)
41 (41)
390 (825)
25 (12)
1 (0)
247 (431)
9 (3)
15 (2)
81 (14)

723.8 (75.7)
77.7 (11.4)
166 (18)
2 (0)
3.2 (0.3)
1.8 (0.2)
1.5 (0.1)
21.0 (0.8)
4.3 (0.4)
4.8 (0.6)
0.7 (0.1)
39.1 (5.9)
0.3 (0.0)
7.6 (0.7)
33.4 (4.7)
9.0 (1.2)
71.9 (7.2)
5.7 (0.6)
1 (0)
475 (42)
0.4 (0.2)
0.6 (0.1)
9.3 (2.3)
0.3 (0.0)
1.1 (0.1)
133 (10)
0 (0)
17 (1)
1.7 (0.2)
185 (23)
1 (0)
0.0 (0)
0.0 (0.0)
0.1 (0.0)
0.5 (0.2)
0.0 (0.0)
0.5 (0.0)
0 (0)
0.6 (0.0)
29 (7)
79 (35)
20 (0)
1 (0)
106 (58)
8 (2)
14 (1)
91 (6)

Foy
Nickel Offset Mine
QD (n=1) IQD (n=6)
463.0
63.0
140
1
4.6
2.7
1.5
19.1
5.6
4.1
0.9
28.4
0.4
9.6
32.8
7.8
35.3
6.1
1
427
0.4
0.8
3.7
0.7
0.7
207
1
24
2.3
139
0.2
0.0
0.0
0.1
0.3
0.0
0.2
0
0.5
32
28
20
1
56
6
24
125

800.7 (275.1)
81.7 (8.6)
145 (76)
1 (1)
2.6 (0.6)
1.5 (0.5)
1.4 (0.1)
20.2 (2.2)
3.9 (0.5)
4.5 (0.5)
0.5 (0.1)
42.4 (4.9)
0.2 (0.1)
6.9 (1.8)
34.4 (2.8)
9.4 (0.9)
88.8 (26.4)
5.7 (0.2)
1 (0)
527 (196)
0.3 (0.1)
0.5 (0.1)
9.4 (2.7)
0.21 (0.1)
1.18 (0.5)
122 (41)
1 (0)
13 (4)
1.3 (0.4)
166 (14)
0 (0)
0.0 (0.0)
0.0 (0.0)
0.1 (0.0)
0.5 (0.1)
0.0 (0.0)
0.51 (0.2)
0 (0)
0.0 (0.0)
23 (7)
100 (66)
28.33 (10)
1 (0)
105 (63)
11 (4)
13 (4)
79 (24)

Crazy Creek
QD (n=3)
IQD (n=9)
506.3 (224.1)
56.2 (15.9)
227 (133)
1 (0)
4.0 (1.6)
2.4 (1.2)
1.4 (0.2)
19.1 (0.3)
4.8 (0.8)
3.8 (0.4)
0.8 (0.4)
26.6 (7.9)
0.3 (0.2)
6.3 (1.2)
29.4 (6.5)
6.9 (1.8)
30.4 (9.4)
5.5 (0.4)
1 (0)
375 (207)
0.2 (0.1)
0.7 (0.2)
3.9 (0.9)
0.3 (0.2)
0.6 (0.0)
246 (152)
1 (0)
22 (10)
2.2 (1.1)
132 (18)
1 (1)
0.0 (0.0)
0.0 (0.0)
0.1 (0.0)
0.6 (0.2)
0.0 (0.0)
0.2 (0.1)
0 (0)
0.5 (0.0)
47 (16)
242 (200)
20 (10)
2 (0)
206 (186)
7 (1)
26 (12)
132 (29)

731.2 (180.4)
72.8 (13.6)
150 (39)
1 (1)
3.3 (0.5)
1.9 (0.5)
1.4 (0.2)
19.1 (1.2)
4.5 (0.2)
4.5 (0.5)
0.7 (0.1)
36.3 (7.4)
0.3 (0.1)
7.1 (1.3)
33.2 (5.2)
8.6 (1.6)
55.8 (22.2)
5.9 (0.8)
1 (0)
469 (103)
0.3 (0.1)
0.6 (0.1)
6.8 (1.7)
0.3 (0.1)
0.9 (0.3)
155 (67)
1 (0)
18 (3)
1.8 (0.4)
165 (27)
0 (0)
0.0 (0.0)
0.0 (0.0)
0.1 (0.0)
0.5 (0.1)
0.0 (0.0)
0.3 (0.2)
0 (0)
0.6 (0.0)
28 (9)
79 (56)
17 (6)
1 (0)
90 (29)
8 (4)
17 (7)
102 (15)
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Intersection + Foy North

Ba
Ce
Cr
Cs
Dy
Er
Eu
Ga
Gd
Hf
Ho
La
Lu
Nb
Nd
Pr
Rb
Sm
Sn
Sr
Ta
Tb
Th
Tm
U
V
W
Y
Yb
Zr
As
Bi
Hg
Sb
Se
Te
Tl
Ag
Cd
Co
Cu
Li
Mo
Ni
Pb
Sc
Zn

QD clasts (n=6)
768 (64.8)
82 (15.9)
160 (16)
1 (0)
3.1 (0.2)
1.7 (0.1)
1.4 (0.1)
19.7 (2.0)
4.1 (0.1)
5.1 (0.9)
0.6 (0.0)
42.6 (9.1)
0.2 (0.0)
7.3 (0.6)
34.1 (4.2)
9.3 (1.8)
86.9 (35.4)
5.8 (0.6)
1 (0)
422 (47)
0.4 (0)
0.6 (0.0)
13.1 (6.2)
0.2 (0.0)
2.1 (1.0)
125 (9)
1 (0)
16 (1)
1.6 (0.1)
180 (37)
1 (0)
0.0 (0)
0.0 (0.0)
0.1 (0.0)
0.4 (0.1)
0.0 (0.0)
0.4 (0.3)
0 (0)
0.0 (0.0)
25 (4)
60 (8)
23 (5)
1 (0)
77 (7)
11 (5)
14 (2)
85 (4)

Intersection

Hess

QD (n=5)

IQD (n=6)

QD (n=17)

IQD (n=3)

616.7 (261.3)
61.2 (26.1)
180 (14)
1 (0)
3.3 (0.5)
1.7 (0.3)
1.3 (0.3)
19.7 (2.7)
3.9 (0.9)
4 (1.4)
0.6 (0.1)
30.8 (13.6)
0.2 (0.0)
6.9 (2.5)
26.3 (10.3)
7.0 (2.9)
59.3 (19)
4.9 (1.6)
1 (0)
367 (93)
0.5 (0.1)
0.6 (0.1)
7.4 (3.0)
0.2 (0.0)
1.4 (0.5)
158 (33)
0 (0)
17 (3)
1.6 (0.2)
154 (60)
1 (0)
0.1 (0.1)
0.0 (0.0)
0.1 (0.4)
0.7 (0.3)
0.0 (0.0)
0.2 (0.1)
0.7 (0)
0.6 (0.1)
31 (10)
321 (367)
20 (15)
0 (0)
135 (97)
15 (7)
20 (7)
76 (25)

804.8 (232.4)
80.1 (31.4)
140 (61)
1 (0)
2.6 (0.7)
1.4 (0.4)
1.4 (0.2)
20.9 (0.7)
3.8 (0.9)
5.1 (1.5)
0.5 (0.2)
41.4 (16.6)
0.2 (0.1)
6.6 (1.5)
32.9 (11.5)
9.1 (3.3)
63 (15.2)
5.6 (1.5)
1 (0)
480 (39)
0.3 (0.1)
0.5 (0.1)
10.7 (6.4)
0.2 (0.1)
1.0 (0.4)
119 (36)
0 (0)
14 (4)
1.3 (0.4)
197 (56)
1 (1)
0.0 (0.0)
0.0 (0.0)
0.1 (0.1)
0.4 (0.1)
0.0 (0.0)
0.4 (0.1)
0 (0)
0.0 (0.0)
23 (8)
54 (35)
28 (16)
1 (0)
75 (51)
13 (3)
14 (2)
90 (14)

661.3 (139.1)
69.5 (13.3)
158 (28)
2 (1)
3.6 (0.4)
2.0 (0.3)
1.4 (0.1)
19.5 (0.7)
4.7 (0.3)
4.3 (0.4)
0.7 (0.1)
35.1 (6.5)
0.3 (0.1)
7.9 (1.1)
30.5 (4.4)
8.1 (1.3)
86.9 (34.1)
5.5 (0.5)
1 (0)
388 (52)
0.5 (0.1)
0.7 (0.1)
7.65 (1.9)
0.29 (0.1)
1.4 (0.4)
153 (36)
1 (0)
19 (3)
1.9 (0.3)
160 (15)
1 (0)
0.0 (0.0)
0.0 (0.0)
0.1 (0.0)
0.5 (0.1)
0.0 (0.0)
0.6 (0.3)
0 (0)
0.0 (0.0)
29 (5)
66 (38)
16 (7)
2 (0)
89 (48)
12 (10)
17 (4)
89 (13)

367.3 (127.4)
73.4 (7.9)
163 (33)
1 (1)
3.76 (0.0)
2.02 (0.1)
1.41 (0.1)
20.3 (0.7)
5 (0.2)
4.4 (0.5)
0.8 (0.0)
36.9 (4.3)
0.3 (0.0)
7.6 (0.5)
30.9 (2.1)
8.3 (0.7)
91.4 (95.9)
5.7 (0.2)
1 (0)
395 (56)
0.5 (0)
0.7 (0.0)
7.9 (1.7)
0.3 (0.0)
1.7 (0.6)
157 (20)
0 (0)
20 (1)
1.8 (0.1)
163 (13)
0 (0)
0.0 (0.0)
0.0 (0)
0.1 (0.01)
0.4 (0.1)
0.0 (0.0)
0.6 (0.8)
0 (0)
0.0 (0.0)
27 (7)
58 (38)
23 (12)
0 (0)
86 (30)
12 (8)
18 (2)
0 (0)

62

2.4.2.1

Hess geochemistry

Sixteen QD samples, 3 IQD samples, and 5 samples of the host rocks were analysed from
the Hess Offset Dyke (Tables 2.4 and 2.5; Appendix D). Most samples correspond
geochemically to quartz monzodiorite or granodiorite, with one sample of quartz diorite
and two samples of tonalite (Fig. 2.7). The contents of SiO2, Fe2O3, and CaO are 56.4–
63.4 wt. %, 6.9–9.8 wt. %, and 4.1–7.3 wt. %, respectively. There are no major
differences between the major oxide compositions of the QD and IQD matrix (Fig. 2.7;
Table 2.4).

Figure 2.7 Classification and nomenclature of Foy and Hess samples relative to plutonic
rocks according to their modal mineral contents Quartz, Alkali-Feldspar and Plagioclase
(after Streckeisen 1976).
The largest difference between the QD and IQD samples is in their Ba abundance. The
QD has an average Ba content of 671 ± 139 (n=17) ppm, whereas the IQD has an average
Ba content of 367 ± 127 (n=3) ppm. Samples from Ermatinger (location shown in Fig.
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2.1) are nearly indistinguishable in terms of major oxide and trace element chemistry
compared to those from the rest of the Hess (Figs. 2.7 and 2.8). In terms of rare earth
elements (REE), the Hess is quite similar to the Norite unit of the SIC, but with slightly
elevated light rare earth element values (LREE) (Fig. 2.9C). There is no discernable
difference in the REE profile between QD and IQD (Fig. 2.9C).

Figure 2.8 Harker Plots. Data from Hess and the intersection: A. MgO vs TiO2 (wt. %)
and B. Gd vs Sm (ppm). Data from Foy and the intersection: C. MgO vs TiO2 (wt. %) and
D. Gd vs Sm (ppm).
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Figure 2.9 Normalized spider diagrams REE plots. Data are normalized to the average
Felsic Norite from Lightfoot et al. (1997). The North Range Offsets data are from this
study and Wallbridge Mining Company Limited; The South and East Range Offsets data
are from Lightfoot et al. (1997b); The SIC data are from Therriault et al. (2002).

2.4.2.2

Foy north of the intersection

Seven QD samples, 8 IQD samples, 1 granite, 1 breccia, 2 diabase samples, and 2
samples of dyke inclusions were analysed from Foy north of the intersection (Tables 2.4
and 2.5; Appendix D). Most samples are geochemically granodiorite or quartz
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monzodiorite, with one sample of tonalite (Fig. 2.7). The contents of SiO2, Fe2O3, and
CaO are 59.8–63.2 wt. %, 6.7–7.8 wt. %, and 2.9–5.2 wt. %, respectively. The IQD is
slightly enriched in SiO2 + Na2O + K2O, and slightly depleted in Fe2O3, although these
differences are quite minor (Table 2.4). Some IQD samples are slightly enriched in LREE
and depleted in heavy rare earth elements (HREE) relative to the QD (Fig. 2.9B).
There are only minor differences in trace element chemistry between QD and IQD,
however the QD appears to have a much higher S, Cu and Ni abundances than the IQD
(Tables 2.4 and 2.5). This is due to a single QD sample that contained anomalously high
proportions of sulfide mineralization in the form of pyrite, chalcopyrite, and pentlandite
(SUD-EAP-021; Appendix A). Sample SUD-EAP-021 varies from the rest of the Foy
samples in terms of many major elements. It is enriched in Fe2O3 (12.35 wt. %), sulfur
(2.14 wt. %), copper (2570 ppm), and nickel (1385 ppm), and depleted in SiO2 (54.2 wt.
%). It also lost 3.25 wt. % on ignition indicating a higher volatile content. These
variations appear to be due to a higher than normal sulfide content, as well as a moderate
amount of weathering the sample has undergone. The mineralogy of sample SUD-EAP021 is quite similar to the other QD samples; however, it contains ~15 % pyrite by
volume, far more than any of the other samples (~ 2–3 %).

2.4.2.3

The Foy Offset Dyke south of the intersection

From the Nickel Offset Mine and Crazy Creek localities (location shown in Fig. 2.1), 4
QD samples, 15 IQD samples, 2 samples of gneiss, 4 samples of Nippissing diabase, and
2 samples of monomict breccia, with angular mafic clasts and a coarse-grained
granodioritic matrix were analysed (Appendix D). Most samples are geochemically
granodiorite or quartz monzodiorite, with one sample of monzodiorite (Fig. 2.7). The
SiO2, Fe2O3, and CaO contents of the IQD are, respectively, 53.6–62.9 wt. %, 6.6–11.8
wt. %, and 2.1–7.1 wt. %. The IQD is slightly enriched in Na2O, BaO, S and LREE, and
depleted in Sc relative to the QD (Tables 2.4 and 2.5; Fig. 2.9D). On average, the samples
from Foy south of the intersection are enriched in LREE relative to Foy north of the
intersection (Fig. 2.9). Most minor elements show no significant variations between QD
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and IQD; however, samples of the QD typically have a wider range of values than the
IQD, which is reflected by their higher standard deviations in Tables 2.4 and 2.5.
The samples in this region are commonly contaminated with high abundances of felsic or
intermediate gneiss from the Levack Gneiss Complex, such as sample SUD-EAP-408
(Appendix A). Sample SUD-EAP-408 is variable in terms of some major and trace
elements due to its abnormally high clast content (~ 40 modal %) and moderate degrees
of alteration in both the matrix and the clasts. The sample is enriched in SiO2 (67.2 wt.
%), Ba (1075 ppm), and Sr (941 ppm), and is depleted in HREE relative to other samples
in this region. The clasts are rich in quartz (~ 40%), biotite (~ 25%), hypersthene (~
25%), and chlorite (~ 10%). Some of the clasts exhibit strong degrees of sericitization,
and epidotization.

2.4.2.4

The Foy-Hess intersection geochemistry

At the intersection (location shown in Fig. 2.1), 5 QD samples, 6 IQD samples, and 4
samples of clasts of the QD were analysed (Appendix D). Samples vary geochemically
between granodiorite and quartz monzodiorite (Fig. 2.7). The contents of SiO2, Fe2O3,
and CaO are, 57.6–66.3 wt. %, 3.3–8.5 wt. %, and 2.5–5.7 wt. %, respectively. The QD is
typically lower in MgO content than the IQD and the Hess (Fig. 2.8A). The QD is
slightly enriched in Fe2O3 and CaO relative to IQD (Table 2.4). The clasts of QD are
slightly more mafic than the QD or IQD, with lower average SiO2, Na2O and K2O values,
and higher average Fe2O3, CaO and MgO values (Table 2.4). There is some minor
variation between the trace element composition of QD and IQD. The QD is enriched and
Bi, and depleted in Sr and Zn, relative to the IQD, and the abundances of Sr and Bi varied
significantly (Table 2.5). The IQD and QD are quite consistent in terms of REE;
however, the IQD is slightly enriched in LREE and depleted in HREE, relative to the QD
(Figs. 2.9A).
Sample SUD-EAP-247 (Appendices A and D) is considerably more mafic than the
others, due to a higher abundance of microscopic lithic fragments of mafic rocks. Sample
SUD-EAP-239 (Appendices A and D), is anomalous in several ways, most notably being
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depleted in most minor elements and all REE relative to the rest of the samples.
Additionally, plagioclase in SUD-EAP-239 (Appendix B) is more Na-bearing, with < 5
% An, compared to most samples, which vary from 25–50 % An. We suggest these
anomalous results are the result of a higher clast content and an overall higher degree of
alteration. The sample is very rich in microscopic lithic fragments and much of the
primary amphibole and biotite has been replaced by secondary chlorite, and much of the
plagioclase in this sample has altered to sericite.

2.5
2.5.1

Discussion
Statistical Variation

The goal of this section is to determine if the variations between QD and IQD noted in
the results above are statistically significant. The first statistical analysis completed was
an independent samples t-test (calculated using SPSS Statistics) to determine if the
variation between the means of the chemical analyses of QD and IQD is statistically
significant. The chemistry of QD and IQD samples were compared for three regions: Foy
north of the intersection, Foy south of the intersection, and the intersection. The Hess was
excluded from this test due to the low number of IQD samples available. The steps and
calculations taken to produce these results are outlined in section 2.5.1.1, and the results
of these calculations are discussed at the end of this section. The elements that showed
statistically significant variation between QD and IQD are reported in Table 2.6.
Principal component analysis (PCA) was also used to examine the variation between the
variables themselves. The steps taken to produce these calculations are outlined in section
2.5.1.2, and the results of this analysis are plotted in Figures 2.11 to 2.13.

2.5.1.1

Student’s t-test

The Student’s t-test assumes that the variance within each of the populations (i.e., QD
and IQD) is equal. This assumption is tested using Levene’s test for homogeneity of
variances (Levene 1960) (Table 2.6). Levene's test is a test of the hypothesis that all
factor standard deviations (or equivalently variances) are equal against the alternative that
the standard deviations are not all equal. Given a variable Y with sample of size N divided
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into k sub-groups, where Ni is the sample size of the i-th sub-group, the Levene test
statistic is defined as equation 2.1. The significance value (α) for this test was 0.05. If the
returned significance value is greater than 0.05, then the homogeneity of variances can be
assumed and the Student’s t-test can be completed as normal (Table 2.6). If the
significance value is < 0.05 then the population fails to meet this assumption and the
unequal variance t-test is calculated instead.
Equation 2.1 Levene’s test statistic (Levene 1960).
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If equal variances are assumed, then equation 2.2 can be used to calculate the t statistic
(Snedecor et al. 1989). In this equation, sp is an estimator of the pooled standard deviation
of the two samples (i.e., QD and IQD). In these formulae, ni – 1 is the number of degrees
of freedom for each group, and the total samples size minus two is the total number of
degrees of freedom, which is used in significance testing.
Equation 2.2 Independent samples t-test, equal variance.
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If equal variances are not assumed, then equation 2.3 can be used to calculate the t
statistic. In this case, the two population variances are not assumed to be equal and hence
must be estimated separately. In this equation, the degrees of freedom are calculated
using the Welch–Satterthwaite equation (Satterthwaite 1946; Welch 1947).
Equation 2.3 Independent samples t-test, unequal variances.
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The null hypothesis for the independent samples t-test (at the 95% confidence level) is
that the matrix of the QD is geochemically the same as the matrix of the IQD. If the
returned t statistic is negative, this indicates that the mean value for IQD was lower than
the mean value for QD. If the returned significance values are less than 0.05, the null
hypothesis can be rejected and the variations between the QD and IQD samples are
considered statistically significant. Table 2.6 summarizes the elements that displayed
statistically significant variation between the QD and IQD samples for each region. This
demonstrates that although there were minor differences in major element geochemistry
between QD and IQD, only the variation observed between Na2O south of the
intersection, and P2O5 at the intersection would be considered statistically significant.
This also shows that the QD and IQD from the intersection show the most amount of
statistically significant variation when considering their trace element composition.
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Table 2.6. Results from the independent samples t-test that indicated statistically

significant variation between the QD and IQD (where significance (2-tailed) ≤ 0.05).
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2.5.1.2

Principal component analysis

In order to compare multiple variables at once, principal components analysis (PCA) can
be used to transform a group of correlated variables (e.g., the major oxides) such that the
first few components account for a large proportion of the variance of the original data
set (Jolliffe 2014). For example, Figure 2.10 shows a cluster of points defined by
variables X, Y and Z. The eigenvectors PCA1, PCA2 and PCA3 are the principal
components for that data. The first principal component (PCA1) defines the maximum
variation through the cluster, and the second principal component (PCA2) defines the
maximum spread at right angles to PCA1, and so on when many variables are considered.
Thus, the majority of variability in the original dataset can be plotted by examining PCA1
versus PCA2.

Figure 2.10 Geometric interpretation of PCA in three dimensions.
The first principal components are strongly effected by outlying points (Campbell 1980).
To correct for the effect of outliers, robust principal component analysis (PCR) is instead
used in this study. In this analysis, the covariance (i.e., the variance between the
variables) is estimated by weighting each of the samples by their robustly estimated
Mahalanobis distance (MD; equation 2.4; Maronna 1976; De Maesschalck et al. 2000).
The Mahalanobis distance is a measure of the central tendency that takes into account the
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shape of the data. The Mahalanobis distance is based on the means and variances for the
variables, and on the covariances between each pair of variables. In order to calculate the
Mahalanobis distance, the variance—covariance matrix Cx is first constructed, where x is
a single variable, and X is the data matrix containing n objects in the rows measured for p
variables. Outlying samples are assigned low weights and therefore do not have as much
impact on the dispersion matrix estimate (Campbell 1980).
Equation 2.4 Mahalanobis calculation (De Maesschalck et al. 2000).
T
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Robust principal component analysis was calculated using the program ioGAS version
6.1, for the different units of the SIC (data from Therriault et al. 2002) and the Offset
Dykes of the North Range (data from this study and Wallbridge Mining Company
Limited; Appendix D). Three separate PCR calculations were completed using the major
oxides (Fig. 2.11), high field strength elements (HFSE) (Fig. 2.12) and REE (Fig. 2.13)
as variables. One hundred and thirty-five QD samples and 17 IQD samples from the
Wallbridge dataset were included in these analyses.
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Figure 2.11 Principal component robust (PCR) analysis using major oxides as variables.
PCR1 and PCR2 account for 71.4% of the compositional variation. Data in the top plots
are depicted as ellipses, which represents the p = 0.95 Mahalanobis Contour Ellipses for
different units of the SIC (Fig. 2.11A), and the North Range Offset Dykes (Fig. 2.11B).
Data in the bottom plots are of individual samples from this study from Hess and the
intersection (Fig. 2.11C) and Foy and the intersection (Fig. 2.11D). The North Range
Offsets data are from this study (Appendix D) and Wallbridge Mining Company Limited;
The South and East Range Offsets data are from Lightfoot et al. (1997b); The SIC data
are from Anders et al. (2015) and Therriault et al. (2002).
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Figure 2.12 Principal component robust (PCR) analysis using immobile elements as
variables. PCR1 and PCR2 account for 72.0% of the compositional variation. Data in the
top plots are depicted as ellipses, which represents the p = 0.95 Mahalanobis Contour
Ellipses for different units of the SIC (Fig. 2.12A), and the North Range Offset Dykes
(Fig. 2.12B). Data in the bottom plots are of individual samples from this study from
Hess and the intersection (Fig. 2.12C) and Foy and the intersection (Fig. 2.12D). The
North Range Offsets data are from this study (Appendix D) and Wallbridge Mining
Company Limited; The South and East Range Offsets data are from Lightfoot et al.
(1997b); The SIC data are from Anders et al. (2015) and Therriault et al. (2002).
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Figure 2.13 Principal component robust (PCR) analysis using REE as variables. PCR1
and PCR2 account for 82.3% of the compositional variation. Data in the top plots are
depicted as ellipses, which represents the p = 0.95 Mahalanobis Contour Ellipses for
different units of the SIC (Fig. 2.13A), and the North Range Offset Dykes (Fig. 2.13B).
Data in the bottom plots are of individual samples from this study from Hess and the
intersection (Fig. 2.13C) and Foy and the intersection (Fig. 2.13D). The North Range
Offsets data are from this study (Appendix D) and Wallbridge Mining Company Limited;
The South and East Range Offsets data are from Lightfoot et al. (1997b); The SIC data
are from Anders et al. (2015) and Therriault et al. (2002).
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2.5.2

Hess Offset Dyke

Comparing the QD to the IQD from the Hess is quite difficult, as the vast majority of the
dyke was composed of the QD, except near the intersection between the Foy and Hess,
which will be discussed separately in section 2.5.4. The few IQD samples that were
analysed showed very little difference from the QD samples in terms of major or trace
element geochemistry (Figs. 2.11C, 2.12C and 2.13C). Both QD and IQD contained trace
amounts of disseminated pyrite and chalcopyrite. One of the few significant differences is
a depletion in Ba in the IQD samples (Table 2.5). However, this variation is likely not
meaningful due to the extreme variation in Ba in both IQD and QD samples. This
variation is likely due to a higher degree of hydrothermal alteration in some samples.
Given the lack of difference in chemistry or sulfide content between QD and IQD from
the Hess, this suggests that the primary difference between the QD and IQD is a slightly
faster cooling rate, due to the greater incorporation of “cold” inclusions in the IQD,
resulting in a finer grained matrix compared to the QD.
The majority of the Hess samples are remarkably consistent in terms of major and trace
element geochemistry (Tables 2.4 and 2.5). Most samples along the Hess are slightly
more mafic in composition compared to the Foy (Figs. 2.11B and 2.11C), with ~7.5–10
wt. % Fe2O3, 4–5 wt. % MgO, and 5–7.5 wt. % CaO, and have a wider spread in SiO2
content, varying from ~50–62.5 wt. %. The base metal content of the matrix is low, with
Cu/Ni ratios typically < 1. The majority of the samples also have a REE pattern that is
quite similar to the Foy (Fig. 2.9C). The Hess is slightly enriched in LREE relative to the
Felsic Norite (Fig. 2.9C), with La/Sm ratios varying slightly from 5–8. The Hess has a
slightly negative Eu anomaly, which is much more pronounced than samples from the
SIC (Fig. 2.9G) or from Foy south of the intersection (Fig. 2.9D).
These observations have important implications for the timing of emplacement for the
Hess, suggesting that either: A) The Hess was emplaced earlier than the Foy, relative to
the differentiation and crystallization history of the SIC; or B) The Hess was emplaced
from a lower stratigraphic level of the SIC. If the Hess was emplaced earlier than the Foy,
clear cross-cutting relationships between the two Offset Dykes – such as inclusions of the
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Hess in the Foy or the Foy cutting across the Hess – would be expected. Because neither
of these observations are evident in the field, it is suggested that the Hess was emplaced
from a lower stratigraphic level of the differentiating SIC and that the Foy and Hess
coexisted temporally as melts.
If the Hess was emplaced from a lower stratigraphic level of the differentiating SIC melt,
it would have been emplaced from a more primitive SIC melt, resulting in a composition
that was more mafic and depleted in REE relative to the Foy. Figure 2.7 shows that the
Hess is slightly more rich in plagioclase than the Foy, and Table 2.4 shows that this
plagioclase is closer to the anorthite end-member of the plagioclase solid-solution series
(i.e., Ca-rich).

2.5.3

The Foy Offset Dyke

There is very little difference between the petrography and major elements of the QD and
IQDs along the Foy. The IQD is slightly finer grained, darker in color, contains slightly
more sulfides, and has a slight enrichment in light rare earth elements when compared to
the QD (Fig. 2.13D). At Foy north of the intersection, the Student’s t-test determined that
there was significant variation in Hf, Zr, As, and Tl between the QD and IQD (Table 2.6).
The IQD is enriched in Zr, Hf, and Tl, and depleted in Sn, As, and Se relative to the QD
(Fig. 2.12D). The IQD contains slightly more pyrite than the QD, which could explain
why there is a slight increase in Tl. The differences in Zr and Hf are likely due to a
slightly higher zircon content in the IQD, which also explains the IQD’s slight
enrichment of LREE observed in Figure 2.13D. The Se and As increase in the QD is
likely associated with impurities in sulfide minerals; although, why there appears to be
more As and Se in the QD is unclear.
One possible explanation for this variation could be related to the origin of the pyrite
mineralization found in both QD and IQD. Dare et al. (2011) provides an explanation for
the mineralization history of the main orebody of the McCreedy East deposit in the North
Range, which may be applicable to the Foy Offset Dyke mineralization as well. The
initial impact event produced a superheated melt sheet with an unusual composition,
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giving rise to immiscible sulfides. These immiscible sulfides settled gravitationally,
eventually forming the Contact (e.g., McCreedy East) and Offset syle ore deposits. The
immiscible sulfides separated into a monosulfide solid solution from which primary
pyrite exsolved (enriched in As and PGE), as well as pyrrhotite and pentlandite. Latestage hydrothermal fluids introduce Co and Pt to the system, and replace the pyrrhotite
and pentlandite with pyrite (enriched in Co and Pt, depleted in PGE and As). Thus, this
sequence of events results in two generations of pyrite mineralization with differing
chemistries: an early primary phase that exhibits Co and As oscillatory zoning, and a later
alteration phase of pyrite that is unzoned. This cobalt zonation can be seen in pyrites from
the Foy Offset Dyke (Fig. 2.6B), but has not been observed within sulfide mineralization
at the Hess (Fig. 2.5B). While this zonation has been observed within both QD and IQD
at the Foy, it is more common in the pyrites within the QD. While both zoned and
unzoned pyrite occur in QD and IQD, it is possible that the pyrite mineralization
observed in the QD is predominantly primary in nature, whereas the pyrite mineralization
in the IQD is predominantly hydrothermal in nature, thus resulting in a difference in their
bulk rock geochemistry.
Compared to the northern end of the Foy, samples from the Nickel Offset Mine and
Crazy Creek localities (locations in Fig. 2.1) were contaminated by higher abundances of
inclusions2 of felsic to intermediate gneiss. This resulted in a suite of samples with a
much wider degree of geochemical variation due to some samples being heavily enriched
in inclusions. The IQD appears to be slightly enriched in Na2O, BaO and S (Table 2.4),
and LREE (Table 2.5; Figs. 2.9D and 2.13D). Despite these minor differences, there is
still considerable overlap between the IQD and QD groups of samples (Figs. 2.11 – 2.13).
The IQD from the south displays remarkably similar patterns to the IQD from the north,
in terms of both major and incompatible elements and sharing enrichment in LREE and
depletion in HREE, relative to the Felsic Norite (Fig. 2.9D). However, they are also
slightly enriched in K, Ba, and Sr relative to the IQD samples from Foy north of the

2

The distribution of inclusions within the Foy Offset Dyke is discussed in detail in Chapter 3.
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intersection (Tables 2.4 and 2.5). The enrichment of K, Ba, and Sr in the IQD to the south
is consistent with these samples undergoing a higher degree of hydrothermal alteration
compared to those from Foy north of the intersection as reported by Tuchscherer (1998).
One of the enigmatic properties of the Foy and Hess Offset Dykes are clasts or
“enclaves” of the QD in IQD. Previous workers have used this cross-cutting relationship
as supporting evidence for the two-stage emplacement of Offset Dykes (e.g., Lightfoot
and Farrow 2002). Samples of these QD enclaves were analysed from the Foy-Hess
intersection. On average, the clasts appeared to be slightly more mafic in composition
than the rest of the QD or IQD from the intersection (Table 2.4), but showed no
significant variation in terms of trace element geochemistry (Table 2.5; Fig. 2.11C).
Clasts of QD from Foy north of the intersection were also analyzed, but showed no
variation from the rest of the QD in terms of major oxides (Fig. 2.11D) or trace element
geochemistry (Figs. 2.12D and 2.13D). This suggests that the clasts of QD found within
Foy north of the intersection were likely derived from the same material as the matrix
they are located in (i.e., the IQD matrix of the Foy).

2.5.4

The Foy-Hess intersection: a mixing relationship?

Samples from the Foy-Hess intersection cannot be distinguished from the rest of the Foy
or Hess samples in terms of mineralogy (Figs. 2.11 – 2.13; C and D). However, the IQD
at the intersection is quite different from the IQD found at other regions of the Hess. The
majority of the inclusions within the Hess are small, cm-scale rounded clasts of granite or
diabase, while clasts at the intersection are more abundant and vary greatly in terms of
size, shape, and lithology. These observations suggest that the intersection bears a closer
similarity to the Foy than it does to the Hess, but the geochemistry reveals some
important differences between the intersection and the rest of the Foy.
Samples from the intersection frequently plot in between the Foy and Hess in terms of
major and incompatible elements. Multivariate analysis using robust principal
components for HFSE and REE show this relationship quite well. The Foy is depleted in
HFSE relative to the Hess (Fig. 2.12D), while the samples from the intersection overlap
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significantly with both Foy (Fig. 2.12D) and Hess (Fig. 2.12C) samples. The Hess is also
slightly enriched in HREE relative to the Foy (Fig. 2.13C), while the samples from the
intersection overlap significantly with both groups (Figs. 2.13C and 2.13D). This
suggests that the intersection is the result of mixing of the two dykes.

2.5.5

Geochemistry of the North Range Offset Dykes

The geochemical variation between the North Range Offset Dykes is summarized in
Table 2.7, which includes data from this study (Appendix D) as well as data collected by
Wallbridge Mining Company Limited. This data is shown in Figures 2.11 to 2.13,
represented as Mahalanobis ellipses (De Maesschalck et al. 2000). In terms of all three
groups of elements (i.e., major oxides, HFSE and REE), the Foy, Hess, Trill, Ministic and
Cascaden Offset Dykes all overlap to some degree, while the Pele appears to be a unique
outlier. The nature of the Pele Offset Dyke is discussed in more detail in Chapter 4, and
focus will be given herein to the other Offset Dykes.
In terms of major oxides, the North Range Offset Dykes overlap with the Norite and
Transition Zone units of the SIC (Figs. 2.11A and 2.11B). The Cascaden and Hess
Offsets are slightly more mafic, comparable to the Worthington or Copper Cliff Offset
Dykes from the South Range, while the Trill, Foy, and Ministic Offsets are slightly more
felsic, comparable to the Manchester or Parkin Offset Dykes. In terms of HFSE, the
North Range Offsets overlap with the Norite and the Upper Contact Unit from the SIC
(Figs. 2.12A and 2.12B). The Cascaden and Hess are again slightly variable from the rest,
being enriched in TiO2 and Al2O3 relative to the other North Range Offset Dykes, while
the Trill appears to have higher proportions of Zr and Th.
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Table 2.7 Average Offset Dyke Compositions reported as: mean (standard deviation).
N.d. = Not determined. Data derived from this study (Appendix D) as well as data
collected by Wallbridge.
Pele
(n=20)
SiO2
Al2O3

61.96
(3.46)
12.73
(0.50)

Hess
Cascaden
(n=172)
(n=27)
Major Oxides (wt. %)

Ministic
(n=31)

Trill (n=39)

55.8 (1)

60.25 (2.81)

60.56 (3.82)

13.54 (0.41)

14.27 (0.50)

14.18 (1.84)

Foy (n=101)

14.91 (1.45)

57.84
(2.84)
14.89
(0.61)

60.27 (3.09)

Fe2O3
CaO
MgO
Na2O

9.4 (1.11)

7.99 (2.31)

8.88 (1.53)

12.01 (0.90)

8.53 (2.16)

7.46 (2.28)

4.97 (2.75)

4.92 (1.58)

6.03 (1.23)

6.09 (0.45)

4.83 (0.94)

4.81 (1.31)

1.57 (0.41)

3.84 (0.90)

4.31 (0.69)

3.56 (0.27)

3.66 (0.47)

3.73 (2.21)

2.84 (1.01)

3.26 (0.60)

3.08 (0.51)

3.91 (0.65)

3.25 (0.52)

3.3 (0.79)

K2O

2.45 (0.63)

2.18 (0.66)

1.85 (0.55)

1.46 (0.42)

2.31 (0.40)

2.35 (0.61)

Cr2O3 0.00 (0.00)
TiO2 1.55 (0.11)
MnO 0.14 (0.03)
P2O5 0.48 (0.1)
SrO
0.04 (0.02)
BaO 0.09 (0.03)
C
0.07 (0.06)
S
0.03 (0.02)
LOI
1.92 (1.78)

0.00 (0.00)

0.00 (0.00)

0.00 (0.00)

0.00 (0.00)

0.00 (0.00)

0.73 (0.15)

0.79 (0.13)

1.17 (0.12)

0.84 (0.3)

0.73 (0.22)

0.11 (0.03)

0.13 (0.03)

0.16 (0.02)

0.14 (0.03)

0.12 (0.04)

0.20 (0.11)

0.18 (0.03)

0.20 (0.03)

0.19 (0.09)

0.17 (0.04)

0.05 (0.02)

0.04 (0.01)

0.06 (0.01)

0.04 (0.01)

0.04 (0.01)

0.08 (0.02)

0.07 (0.02)

0.06 (0.02)

0.09 (0.03)

0.08 (0.02)

0.04 (0.03)

0.08 (0.14)

n.d.

n.d.

n.d.

0.19 (0.51)

0.14 (0.29)

0.04 (0.03)

0.05 (0.02)

0.15 (0.28)

1.32 (0.61)

1.58 (0.63)
101.01
(1.02)

n.d.

n.d.

n.d.

n.d.

98.29 (1.03)

97.43 (1.05)

Total

97.88
(0.37)

100 (0.94)

Trace Elements (ppm)
Ba

726.5
(237.2)

685.6 (168.7)

Ce

99.9 (18.7)

79.3 (38.0)

Cr

6.3 (13.5)

Cs
Dy
Er
Eu
Ga
Gd
Hf
Ho
La

565.2
(156.7)

530.0
(177.0)

797.1
(219.6)

659.4 (152.9)

70.7 (7)

67.8 (8.9)

73.0 (11.8)

143.0 (48.3)

63.0 (13.1)
129.2
(33.5)

14 (12.5)

98.8 (37.3)

110.9 (112.2)

2 (1)

1 (1)

2 (1)

1 (0)

2 (1)

1 (1)

6.1 (0.3)

3.6 (1.8)

3.6 (0.4)

3.97 (0.3)

3.8 (0.3)

3.63 (0.5)

3.5 (0.2)

2.0 (0.8)

2.1 (0.3)

2.1 (0.2)

2.1 (0.2)

2.1 (0.3)

2.3 (0.2)

1.6 (1.1)

1.4 (0.2)

1.6 (0.1)

1.36 (0.2)

1.4 (0.2)

31.7 (17.5)

20.0 (2.3)

19.3 (1.1)

21.9 (1.2)

19.1 (2.4)

18.2 (0.9)

8.1 (0.6)

5.0 (3.3)

4.6 (0.6)

5.5 (0.4)

4.7 (0.5)

5.2 (0.8)

5.9 (0.3)

4.9 (3.3)

4.0 (0.4)

4.4 (0.3)

4.5 (0.4)

4.26 (0.5)

1.2 (0.1)

0.7 (0.3)

0.7 (0.1)

0.7 (0.1)

0.7 (0.1)

0.7 (0.1)

53.3 (9.2)

40.7 (17.5)

32.9 (6.8)

33.2 (3.0)

34.4 (4.3)

39.4 (7.4)
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Lu
Nb
Nd
Pr
Rb
Sm
Sn
Sr
Ta
Tb
Th
Tm
U
V
W
Y
Yb
Zr
As
Bi
Hg
Sb
Se
Te
Tl
Ag
Cd
Co
Cu
Li
Mo
Ni
Pb
Sc
Zn

Pele
(n=20)

Foy
(n=101)

Hess
Cascaden
(n=172)
(n=27)
Trace Elements (ppm)

Ministic
(n=31)

Trill (n=39)

0.5 (0.1)

0.3 (0.1)

0.3 (0.0)

0.3 (0.0)

0.3 (0.0)

0.3 (0.0)

14.0 (1.6)

796 (1.5)

7.5 (1.1)

8.9 (2.4)

8.6 (1.3)

9.1 (1.3)

48.2 (6.2)

35.2 (18.4)

28.8 (4.8)

30.6 (2.4)

30.3 (2.9)

32.5 (5.4)

12.6 (1.8)
133.9
(70.5)

9.4 (4.7)

7.7 (1.4)

8.0 (0.6)

7.9 (0.9)

8.8 (1.5)

66.5 (25.2)

73.1 (38.4)

77.7 (29.4)

106.8 (38.6)

76.4 (24.0)

8.8 (0.9)

6.2 (3.6)

5.3 (0.7)

5.8 (0.4)

5.4 (0.6)

5.7 (0.9)

2.1 (0.4)

1.2 (0.4)

1.2 (0.2)

1.3 (0.2)

1.3 (0.1)

1.3 (0.6)

384 (174)

462 (168)

390 (69)

490 (58)

343 (68)

336 (109)

0.9 (0.1)

0.4 (0.1)

0.5 (0.1)

0.6 (0.2)

0.6 (0.1)

0.6 (0.1)

1.1 (0.1)

0.7 (0.4)

0.6 (0.1)

0.8 (0.1)

0.7 (0.1)

0.7 (0.1)

11.3 (2.3)

9.2 (3.9)

6.8 (2.1)

7.5 (1.1)

8.4 (1.9)

9.4 (2.5)

0.5 (0.05)

0.29 (0.11)

0.3 (0.04)

0.27 (0.03)

0.31 (0.03)

0.29 (0.04)

2.6 (0.5)

1.4 (0.8)

1.4 (0.9)

1.3 (0.1)

1.8 (0.3)

2.0 (0.7)

98.9 (99.3)

134.4 (29.7)

156.6 (36.6)

222.6 (37.5)

145.7 (42.2)

124.1 (28.5)

1 (0)

1 (0)

0 (0)

0 (0)

0 (0)

0 (0)

32 (3)

19 (8)

19 (3)

21 (2)

20 (2)

19 (3)

3.2 (0.3)
218.8
(28.8)

1.8 (0.7)

1.9 (0.3)

1.8 (0.2)

2.0 (0.2)

1.8 (0.2)

158.8 (30.8)

137.2 (23.4)

150.2 (17.3)

160.3 (18.1)

162.2 (18)

1.6 (1.1)

0.9 (1.1)

2.1 (4.1)

0.4 (0.5)

2.3 (6.8)

1.2 (1.5)

0.1 (0.0)

0.1 (0.1)

0.1 (0.1)

0.1 (0.0)

0.1 (0.04)

0.1 (0.4)

0.01 (0)

0.01 (0.01)

0.01 (0.01)

n.d.

n.d.

n.d.

0.2 (0.1)

0.1 (0.1)

0.2 (0.1)

0.1 (0.1)

0.2 (0.1)

0.1 (0.1)

1.5 (0.8)

1.1 (0.8)

1.8 (1.2)

1.8 (0.5)

1.4 (0.6)

1.7 (1.3)

0.0 (0.0)

0.1 (0.1)

0.1 (0.1)

0.0 (0.0)

0.0 (0.0)

0.1 (0.3)

0.6 (0.3)
0.0 (0.0)

0.3 (0.2)

0.4 (0.3)

0.2 (0)

0.5 (0.3)

0.2 (0.0)

0.5 (0.1)

0.5 (0.1)

0.5 (0)

0.5 (0)

0.6 (0.4)

0.2 (0.3)

0.2 (0.2)

0.1 (0.2)

0.1 (0.1)

0.1 (0.0)

0.1 (0.2)

15.5 (0.7)

29.8 (15.0)

34.5 (12.0)

45.3 (5.5)

30.1 (7.5)

28.9 (20.6)

10 (2)

123 (223)

126 (228)

108 (37)

63 (22)

476 (1395)

19 (8)

25 (11)

20 (7)

17 (7)

22 (7)

23 (9)

2 (0)

1 (1)

1 (0)

1 (0)

1 (0)

1 (1)

5 (8)

126 (207)

171 (361)

45 (15)

59 (15)

172 (325)

16 (9)

12 (13)

16 (18)

22 (27)

17 (17)

13 (13)

27 (6)

16 (3)

20 (4)

21 (4)

18 (3)

16 (3)

155 (187)

91 (20)

97 (27)

137 (73)

100 (28)

82 (55)
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The variation between the Foy and Hess is best seen in terms of their REE content. The
Foy is slightly enriched in the LREE, while the Hess is slightly enriched in the HREE
(Fig. 2.13B). The remaining North Range Offset Dykes plot between the Foy and Hess in
a tight cluster (excluding Pele). Figures 2.9E and 2.9F displays the REE abundance of the
various Offset Dykes as spider diagrams normalized to the average Felsic Norite
(Lightfoot et al. 1997b). All of the Offset Dykes generally plot between the Norite/ Upper
Contact Unit and the Quartz Gabbro from the SIC (Fig. 2.9G), however there are a few
minor differences in the REE profiles of the Offset Dykes. The Whistle is slightly
depleted in LREE, while the Manchester and Worthington Offset Dykes are enriched in
HREE. This suggests that the Whistle crystallized earlier relative to the Manchester and
Worthington Offset Dykes.
In general, the North Range Offset Dykes appear to fall on roughly continuous spectrum
in terms of their element chemistry. Dykes such as the Whistle, Cascaden, and Hess have
more primitive compositions, and are generally more mafic (Fig. 2.11B) and higher
proportions of HREE (Fig. 2.13B). Dykes such as the Foy, Trill, Parkin and Ministic
have more evolved compositions, and are generally more felsic (Fig. 2.11B) and have
higher proportions of LREE (Fig. 2.13B). The Pele Offset Dyke is an extreme case, and
appears to be significantly more evolved than the other Offset Dykes. This suggests that
the Offset Dykes tapped from different levels of the differentiating SIC, while the Pele
Offset Dyke may have been emplaced much later on – relative to the differentiation
history of the SIC.

2.6

Conclusions

Recent exploration efforts in collaboration with Wallbridge Mining Company Limited,
including the exposure of the Foy-Hess intersection and the discovery of a greater extent
to the Hess, have provided an excellent opportunity to determine the relationship between
the radial and concentric Offset Dykes. This work provides a new geochemical
framework within which to understand the origin and emplacement of the Foy and Hess
Offset Dykes. Major and trace element multivariate analyses allow several conclusions to
be drawn.

85

(1) If there was a significant amount of time between injection events for the QD
and IQD melts, one would expect the later injection to have a more evolved
chemistry. However, there is no discernable difference in geochemistry between
the QD and IQD samples from individual Offset Dykes. This suggests that the
injection of the QD and IQD impact melts were not greatly separated in time
with respect to the evolution of the SIC.
(2) The Foy and Hess Offset Dykes are different in terms of their major and trace
element geochemistry, although there is some overlap between the two groups.
The Hess is more mafic, and has a higher proportion of HREE compared to the
Foy. Considering that there are no cross-cutting relationships observed in the
field between the two Offset Dykes, it is suggested that the Hess was emplaced
from a lower stratigraphic level of the differentiating SIC melt.
(3) Samples from the intersection between the Foy and Hess Offset Dykes
consistently plot in-between the two dykes in regards to major oxides, HFSE,
and REE. This is particularly evident when using multivariate analysis to
examine the variation of groups of elements, as opposed to the more traditional
bivariate plots. This suggests a physical mixing of the respective dyke melts,
and their temporal co-existence as melts.
(4) The North Range Offset Dykes appear to lie on a continuum in terms of their
chemical evolution, suggesting that they were injected from different
stratigraphic levels of the differentiating SIC melt. Based on the chemical
variation highlighted in the PCR plots (Figs. 2.11 to 2.13), the Whistle,
Cascaden, and Hess appear to have a more primitive chemical composition, and
the Foy, Parkin, Ministic and Trill have a more evolved chemical composition.
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Chapter 3

3

Emplacement of the Foy Offset Dyke at the Sudbury
impact structure, Canada3

Offset Dykes are Ni-Cu-PGE sulfide ore-bearing dykes that occur concentrically around,
and extending radially outward from, the present outcrop of the Sudbury Igneous
Complex (SIC; Lightfoot et al. 1997), which is what remains of the coherent impact melt
sheet of the Sudbury impact structure (Grieve et al. 2008). The Offset Dykes are
composed of two primary variations of quartz diorite: a fine-grained, inclusion- and
sulfide-rich quartz diorite (IQD) in the centre of the dyke and a coarse-grained, inclusionand sulfide-poor quartz diorite (QD) along the margins of the dyke (Fig. 3.1; Grant and
Bite 1984). The Offset Dykes are interpreted to have formed when impact melt was
emplaced into the fractured footwall rock of the crater floor (Grant and Bite 1984).

Figure 3.1 A. A simplified plan view across the width of an Offset Dyke showing the
different dyke lithologies. B. Image of a trench at Foy north of the intersection showing
IQD in contact with QD. C. Photograph showing the IQD in contact with the QD, and
several clasts.

3

Currently being prepared for publication in Canadian Journal of Earth Sciences. Co-authored by: G.R.
Osinski and R.A.F. Grieve.
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Previous studies of the Offset Dykes have reached a variety of conclusions regarding the
timing of emplacement relative to the impact event, and the timing of emplacement of the
IQD and QD units. Most authors have suggested the dykes formed from multiple
intrusive events (e.g., Lightfoot and Farrow 2002; Scott and Benn 2002; Murphy and
Spray 2002); while some authors maintain that the clasts could have concentrated in the
centre of the dyke due to flow differentiation (e.g., Rousell and Brown 2009; Prevec et al.
2000; Platten and Watterson 1987).
This research considers two opposing hypotheses in order to explain the arrangement of
the inclusions in the Foy Offset Dyke. The most widely accepted model is the multiple
injection hypothesis (e.g., Lightfoot and Farrow 2002). In this model, the first melt that
was injected was both inclusion- and sulfide-free. This was followed by the injection of
the inclusion- and sulfide-rich quartz diorite in the centre of the partially crystalline QD.
Alternatively, in the flow differentiation hypothesis, a single injection event occurred,
carrying with it the sulfides and clasts. Flow differentiation caused the majority of clasts
and sulfides to move towards the centre of the dyke, resulting in a marginal inclusionpoor quartz diorite and a central inclusion-rich quartz diorite. Recently trenched outcrops
by Wallbridge Mining Company Limited along the Foy Offset Dyke, and importantly at
the intersection between the Foy and Hess Offset Dyke, have provided a unique
opportunity to study relationships between these two quartz diorites in the field. This
study uses a combination of petrography, field mapping, and an analysis of the variation
of clasts in the dyke to determine the relationship between QD and IQD.

3.1

Geology of the Sudbury impact structure

The Sudbury impact structure is the remnant of what was most likely a 1.85 Ga peak-ring
or multi-ring impact basin in central Ontario, Canada with an estimated diameter of
~150–200 km (Grieve et al. 2008). The impact occurred during the Penokean Orogeny
and the structure has since experienced considerable tectonic modification. The current
erosional remnant of the impact basin is located in the Canadian Shield, at the contact
between the Southern Province and the Superior Province, with the Grenville Province
located to the southeast (Fig. 3.2). The Sudbury structure consists of three main
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components (Fig. 3.2): the outer zone of fractured and brecciated footwall rocks (Dressler
1984); the Sudbury Igneous Complex (SIC), a 2.5–3 km thick, ~60 x 27 km differentiated
impact melt sheet, which is generally taken to be the source of the Offset Dykes (Naldrett
et al. 1970); and the Whitewater group, which is composed of the Onaping Formation
(Muir and Peredery 1984; Ames 1999) and a post-impact sedimentary sequence that
filled the Sudbury Basin (Arengi 1977; Rousell 1984).

Figure 3.2. A simplified map of the Sudbury impact structure, showing the Whitewater
Group, the primary components of the Sudbury Igneous Complex, the Offset Dykes, and
the fractured target rocks of the Southern and Superior Provinces. Modified from OGS
bedrock mapping 1:250,000 (2003) and Wallbridge Mining Company Limited mapping.
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3.1.1

Sudbury Igneous Complex

The Main Mass of the SIC is divided into five units. From the bottom of the melt sheet to
the top these are: Sublayer, Norite, Quartz Gabbro, Transition Zone and Granophyre
(Naldrett et al. 1970; Therriault et al. 2002). To this the Upper Contact Unit has been
added (Avermann and Brockmeyer 1992; Anders et al. 2015), which was previously
consider as a basal unit of the Onaping Formation (e.g., Muir and Peredery 1984). The
Sublayer is a mafic to intermediate discontinuous unit located at the base of the Main
Mass SIC, with a U-Pb isotope age ranging from 1848.1 ± 1.8 to 1849.1 ± 1.1 Ma (Corfu
and Lightfoot 1996). It connects the Main Mass (Fig. 3.2) of the SIC to the Offset Dykes.
It is geochemically distinct from both the Main Mass and the Offset Dykes and is divided
into an upper member of igneous-textured norite and gabbronorite, and a metamorphictextured lower granite breccia member that hosts most of the mafic and ultramafic clasts
found in the Sublayer (Naldrett and Kullerud 1967; Pattison 1979; Naldrett et al. 1984).
The Main Mass Norite is located above the Sublayer and is a medium-grained grey rock
composed of cumulus plagioclase and orthopyroxene and/or clinopyroxene (Naldrett et
al. 1970). The composition of the Norite varies between the North and South Ranges
(Naldrett et al. 1970; Lightfoot et al. 1997). The North Range Norite consists of a basal
Mafic Norite overlain by Felsic Norite. The South Range Norite is composed of the finegrained basal quartz-rich Norite overlain by the medium to coarse-grained South Range
Norite (Naldrett et al. 1970). The contact between the Norite and the Quartz-Gabbro is
gradational. The Quartz-Gabbro unit is the contact between the Norite and the
Granophyre, and is composed of altered augite, titaniferous magnetite, and apatite.
Towards the top of the unit, the amount of granophyric intergrowths of quartz and
feldspar increases (Naldrett et al. 1970). The Quartz Gabbro unit gradually changes into
the Granophyre, in a section of the SIC that is now referred to as the Transition Zone
(Therriault et al. 2002). The Granophyre is a coarse-grained rock composed of
granophyric intergrowths of quartz and K-feldspar (75%), as well as plagioclase and
minor amounts of biotite and opaque oxide minerals (Naldrett et al. 1970; Peredery and
Naldrett 1975). There is a transitional contact between the Granophyre and the Upper
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Contact Unit, which represents the remnants of the roof rocks of the SIC (Anders et al.
2015).

3.1.2

Offset Dykes

The dykes vary in thickness from a few metres at their distal portions to several hundreds
of metres closer to the SIC. The radial dykes extend from the base of the SIC and include:
Copper Cliff, Whistle-Parkin, Foy, Ministic, Worthington, Pele, and Trill. The concentric
dykes are Manchester and Hess. Discontinuous or breccia-hosted Offsets include FroodStobie and Maclennan (Grant and Bite 1984). In all Offset Dykes studied to date, the
dykes consist of QD along the margins and IQD in the centre of the dyke (Fig. 3.2).
The multiple injection hypothesis is commonly accepted for several Offset Dykes, such
as the Worthington (Lightfoot and Farrow 2002), Copper Cliff (Rickard 2002), Whistle
and Parkin (Murphy and Spray 2002). The Worthington dyke is believed to be emplaced
during two intrusive events prior to any silicate differentiation of the SIC: an early
intrusion of the QD shortly after melt generation, and a later inclusion- and sulfide-rich
quartz diorite that intruded into the centre of the partially crystallized QD (Lightfoot and
Farrow 2002; Hecht et al. 2008). The Copper Cliff Offset Dyke is also thought to have
been emplaced during two stages of intrusions (Rickard 2002; Scott and Benn 2002). The
impact caused radial fracturing, and there was an early injection of the fine-grained dyke
quartz diorite. This was followed by collapse of the inner rim of the central peak ring,
resulting in a transfer dextral faulting of the Copper Cliff dyke. The second sulfide-rich
quartz diorite was injected into this transfer fault, and mingled with the earlier quartz
diorite. Murphy and Spray (2002) suggested that the Parkin-Whistle Offset Dyke system
was also emplaced during two intrusive events. They suggest that the IQD was forcefully
injected into the radial fractures of the footwall rock during the excavation stage of
impact cratering. This was followed by gravitationally-driven emplacement of the QD
along the margins during the early modification stages.
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3.1.3

Previous research on the Foy Offset Dyke

The Foy Offset Dyke is hosted in the Archean granitoids and gneisses of the Superior
Province (Fig. 3.2). South of the Nickel Offset Mine, the Foy is hosted in the granulite
facies Levack Gneiss Complex, which has a U-Pb isotopic age of 2635 ± 5 Ma
(Ostermann et al. 1996). The Levack unit contains layers of mafic to dioritic gneiss,
diorite, gabbro, anorthosite, amphibolite, iron formation, and pyroxenite (Card 1994).
North of the Nickel Offset Mine, the Foy is hosted in the Cartier Batholith, which is a
coarse-grained, massive leucogranite (2642 ± 1 Ma; Meldrum et al. 1997). Various mafic
dyke swarms are also found in the region, including the Joe Lake gabbro (ca. 2660 Ma;
Bleeker et al. 2015), Matachewan (2473 +16/-9 Ma; Heaman 1997), the Nipissing
(2219.4 +3.6/-3.5.4 +3.6/ -3.5 Ma; Corfu and Andrews 1986), and Sudbury dykes (1238
± Ma; Krogh et al. 1984).
The Foy is the least-altered and longest of the radial Offset Dykes (Tuchscherer 1998). It
extends from an embayment at the northwest end of the SIC, where it is approximately
450 m wide, and extends ~37 km along strike, where it is at most ~50 m wide at its distal
portions. Uranium-lead age dated an estimated crystallization age of 1852 +4/-3 Ma for
the accessory minerals zircon and baddeleyite (Ostermann et al. 1996). This closely
corresponds (within error) to the crystallization age of the SIC (Felsic Norite: 1849.53 ±
0.21 Ma; Mafic Norite: 1849.11 ± 0.19 Ma; Davis 2008; South Range Norite: 1849.7 ±
0.2 Ma; Bleeker et al. 2015), indicating that the Foy was emplaced at approximately the
same time as the SIC. Tuchscherer and Spray (2002) suggested that the Foy was injected
downward from the overlying impact melt sheet, prior to any significant differentiation of
the SIC.
Tuchscherer (1998) proposed six lithologies of quartz diorite within the Foy based on
their mineralogy; however, geochemically they are more consistent with granodiorite
than quartz diorite (Lightfoot et al. 1997). The rocks closest to the embayment consist of
orthopyroxene IQD and clinopyroxene IQD, while the main portion of the dyke is
composed of amphibole-biotite IQD, and amphibole-biotite QD. The transitional
amphibole-biotite-cpx IQD is a gradational lithology that lies between the embayment
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and the main dyke. The increasingly hydrous nature of the dyke lithologies away from
the SIC was attributed to the interaction of deuteric water with the melt phase (Naldrett et
al. 1970; Pattison 1979; Tuchscherer 1998). The uplift of the Levack Gneiss Complex
and potentially caused dehydration of the southern part of the dyke, preventing this
hydrous alteration from occurring in the regions of the dyke south of the Nickel Offset
Mine (Tuchscherer 1998). The final lithology Tuchscherer and Spray (2002) noted were
chilled margins located along the dyke-host contacts. They proposed that the proximal
IQD crystallized first, followed by the chilled margins, the distal IQD, and finally the
distal QD, but that the time interval between their emplacements may have been
geologically negligible (i.e., days, weeks, months).

3.2

Methods

Field work for this study was completed at four main regions along strike of the Foy
Offset Dyke (Fig. 3.2): the Crazy Creek region; the Nickel Offset Mine located at the
contact between the Levack Gneiss Complex and the Cartier Granitoid; the intersection
between the Foy and Hess Offset Dykes; and a section of Foy north of the Hess Offset
Dyke. Geological maps were created at 1:50 scale of the granodiorite dyke quartz
diorites, the clasts, and the host lithologies (Appendix J). Clasts > 30 cm across were
mapped, and transects were made across the width of the dyke in m2 areas. In each square
along these transects, the size, abundance, orientation of the long-axis, and lithology of
the clasts were measured and noted, and the number of visible sulfides was counted. Clasts
> 1 cm across were counted, and 20 orientation measurements were made – wherever possible
– per m2 area. The location of the transects is reported in Appendix E, the abundance of clast
lithologies is reported in Appendix F, and the clast’s long-axis orientations are reported in
Appendix G. A total of 79 samples of QD and IQD matrix were analysed using optical
microscopy (see Appendix H for additional photomicrographs) and electron microprobe
analyses (see Appendix B for analyses of plagioclase; Appendix C for analyses of
sulfides; Appendix I for backscattered electron images and element maps). Geochemistry
for the Foy Offset Dyke is reported in Chapter 2 and Appendix D.
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3.3

Observations

The primary lithology of the Foy Offset Dyke is a light grey fine to medium grained
granodiorite. It occurs as two variations: QD along the margins of the dyke, and IQD in
the centre of the dyke (Fig. 3.2). The IQD is finer grained, hosts more sulfides, and has a
much higher abundance of clasts. The QD is coarser grained and is only found along the
margins of the dyke. The clasts in QD typically reflect the local host rocks, while the
clasts in IQD are highly variable in terms of size, shape, and lithology. At all field sites,
sulfides were visible in both quartz diorites, but were found in higher concentrations
along the contacts between the QD and IQD.
The mineralogy of QD (Fig. 3.3, left column) consists of, in order of decreasing modal
abundance, plagioclase, quartz, biotite, amphibole, granophyric intergrowths of quartz
and feldspar, and minor orthoclase. Feldspars within the QD are commonly altered to
sericite. The mineralogy of the IQD (Fig. 3.3, right column) consists of, in order of
decreasing modal abundance, plagioclase, quartz, amphibole, biotite, and granophyric
intergrowths of quartz and feldspar. The IQD typically contains higher abundances of
amphibole and lower abundances of granophyric intergrowths. The groundmass of the
IQD is occasionally recrystallized (e.g., Fig.3.3A at the intersection). Both IQD and QD
contain minor amounts of disseminated primary pyrite, chalcopyrite, pentlandite, and
pyrrhotite, although these are slightly more abundant in IQD (Fig. 3.3B). Common
accessory minerals include chlorite, epidote, rutile, and zircon.
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Figure 3.3 (previous page) A. Photomicrographs in cross-polarized light of QD (left
column, width of image ~2,500 μm) and IQD (right column, width of image ~1,250 μm)
from the Foy Offset Dyke. Granophyric intergrowths of quartz and k-feldspar are
common in both QD and IQD at all locations of the Foy (Evident in top and bottom
photomicrographs). The matrix of the IQD is occasionally recrystallized to a fine-grained
mixture of quartz and plagioclase (e.g., IQD from the intersection). Biotite and chlorite
are common accessory minerals in samples north and south of the intersection. B. Backscattered electron images of pyrite from Foy north of the intersection. The left image is
from the QD, and right image is from the IQD. Pyrites contain many small inclusions of
chalcopyrite.

3.3.1

Foy north of the intersection

In most outcrops, there is gradational transition over several centimetres from the IQD to
the QD (e.g., Fig. 3.4A). It is marked by a gradual increase in grain size and decrease in
clast content towards the margins of the IQD. However, in approximately 20 % of the
outcrops a distinctly sharp contact is visible between the two variations (Fig. 3.4B). The
clasts within the dyke have a wide variety of lithologies, sizes, and shapes. They vary in
size from < 1 cm to 2 m across. The most dominant clasts are, in decreasing abundance,
granite, gneiss, diabase, as well as clasts of both IQD and QD (Fig. 3.4D). Very rarely,
large clasts of quartzite are observed, presumably from the Huronian Supergroup (Fig.
3.4C). In the very centre of the dyke, there is a drastic increase in clast abundance. This is
visible in Figure 3.4E, where the top of the image shows a more typical example of the
IQD and the bottom of the image shows the IQD with a much higher abundance of clasts.
This IQD also occurs as thin intrusions into the QD (Fig. 3.4F).
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Figure 3.4 Photographs from Foy north of the intersection. The knife is approximately 10
cm long. A. Gradational contact between QD and IQD. B. Sharp contact between QD and
IQD. C. Quartzite clast set in a breccia with a fine-grained QD matrix and anhedral mafic
clasts. D. Clast of QD within IQD. E. Gradual increase in clast distribution. The bottom
of the image has a higher abundance of clasts. F. Thin intrusion of IQD in QD.
A map of a trench located ~5 km northeast of the intersection between Foy and Hess is
shown in Figure 3.5A. This shows the typical configuration of the Foy’s internal
lithologies, with the IQD in the centre and the QD along the margins. The contacts
between the two quartz diorites at this location are gradational, marked by a gradual
change in grain size over ~10 cm (Fig. 3.4A). Figure 3.5A shows a trench map made at
this location (Additional maps available in Appendix J). The dominant clast mineralogy
is granite, followed by gneiss, diabase, metasediments, with a few clasts of the QD (Fig.
3.5B). The average orientations of clasts at different regions of the Foy are reported in
Table 3.1. The orientation of the dyke contact is somewhat variable at this location,
ranging between ~030° and 050°, and the contact between the QD and IQD is similarly
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variable, between ~040° on the east side and ~060° on the west side. At Foy north of the
intersection, the average clast orientation is 064° with a 95% confidence interval of ± 13°
(Fig. 3.5C).
Table 3.1. Average orientations of the long axis of clasts at various field sites, compared
to the orientation of the dyke contact in that region. Data are reported as average direction
(± 95 % confidence interval), and n = number of measurements.
Orientation
of dyke
20°

Average clast
orientation
064° (± 13°)

650

~ 500 m West of intersection

75°

097° (± 41°)

219

~ 500 m South of intersection

170°

164° (± 26°)

499

Intersection

170°

147° (± 90°)

819

Nickel Offset Mine

115°

101° (± 21°)

198

Crazy Creek

95°

068° (± 47.2°)

330

Location
~ 5 km northeast of intersection

n

The results of the transect across the trench are shown in Figures 3.5D and 3.5E. From
east to west, the dyke varied from QD to IQD, and back to QD (Fig. 5A). Each of these
transitions is marked by a sharp change in clast abundance. As previously mentioned,
clasts > 1 cm in diameter were counted in each m2 area (Fig. 3.5D). Sulfides visible on
the surface occurred as small rusty nodules of pyrite. The QD contained < 50 clasts per
m2 area, fewer diabase clasts, and only 0 – 3 sulfides were visible on the surface (Fig.
3.5D and Appendix F). The IQD contained on average ~100 clasts per m2 area. The
centre of the IQD varied between 150 and 300 clasts per m2 area, and was the only
location where clasts of the Foy itself occurred. The orientations of the long-axis of clasts
are reported as rose diagrams in Figure 3.5E. The clasts tend to be oriented sub-parallel to
the dyke contact (Figs. 3.5C and 3.5E). The clasts in the centre of the IQD are randomly
oriented, with clasts often pointing in completely opposite directions.
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Figure 3.5 A. Map of the Foy Offset Dyke ~5 km northeast of the Foy-Hess intersection.
The line across the map shows the transect made across the dyke where clast lithology
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and long-axis orientation was recorded in m2 areas. B. Pie graph representing the clast
lithologies at this field site. C. Rose diagram depicting the long-axis orientation of all
clasts measured at Foy north of the Foy-Hess intersection (n = 650). Clast lithology and
visible sulfides (3.5D), and clast long-axis orientation (3.5E) along the transect. Each bar
in the histogram and rose diagram represents a single m2 area along the transect shown in
Fig. 3.5A.

Figure 3.6 Photographs from the Crazy Creek region. A. Aerial image of one of the
trenches, showing large gneiss and diabase clasts. B. Thin intrusion of the IQD in the
QD. C. Heavily brecciated margins of the dyke with large granite clasts.
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3.3.2

Foy south of the intersection

Two field sites were studied south of the intersection: The Nickel Offset Mine and Crazy
Creek (Fig. 3.2). At the Nickel Offset Mine, only IQD was visible at the surface, and
several outcrops of Sudbury Breccia were visible south of the mine, as reported by
Tuchscherer (1998). No map was completed at this region as only sparse outcrop
occurred. The matrix consisted of a fine-grained light grey rock (Fig. 3.6). The clasts –
listed in order of decreasing abundance – consisted of: granite, gneiss, diabase, and small,
sub-rounded clasts of quartzite typically 2 cm across or less. No QD clasts were observed
at this location. One transect was made across an outcrop in this region and the variation
in clast lithology and long-axis orientation were recorded (Fig. 3.7). The clasts were
consistently oriented east-west, correlating with the orientation of the dyke in this region.

Figure 3.7 A. Histogram showing the clast lithologies along a transect near the Nickel
Offset Mine (location shown in Fig. 3.2). Each column represents data from a single m2
area along the transect. B. Rose diagrams depicting the long-axis orientation of clasts
measured in each m2 area along the transect (n = 20 for each rose diagram). C. Rose
diagram depicting the long-axis orientation of all clasts measured near the Nickel Offset
Mine (n = 198). Each bar in the histogram and rose diagram represents a single m2 area
along the transect.
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In the Crazy Creek region, the dominant dyke lithology was the IQD (Fig. 3.6), with only
the occasional outcropping of the QD visible at the surface. This region is also
characterized by high proportions of metabreccia within the dyke. This metabreccia is
typically found in the centre of the dyke, and is characterized by a very fine grained
recrystallized matrix of quartz and plagioclase with a very high proportion of clasts (> 25
%). The contact between QD and IQD was typically sharp, with the IQD appearing to
intrude into the QD in thin irregular stringers (Fig. 3.6B). In two outcrops, the margins of
the QD were marked by a heavily brecciated zone with abundant granitic or gneissic
clasts set in a fine grained dark grey matrix (Fig. 3.6C). These breccias were also found
as clasts within the IQD (Fig. 3.8). The clasts within the IQD included, in decreasing
abundance, roughly equal proportions of gneiss and granite, and lesser amounts of
diabase, breccia, and small sub-rounded clasts of quartzite. Only a few inclusions of the
Foy Offset Dyke were visible on the surface (Fig. 3.8A).
Figure 3.8A shows a trench map made at the Crazy Creek region (Additional maps
available in Appendix J). A short transect was made across the trench shown in Figure
3.8A and the variation in clast lithology and long-axis orientation were recorded. The
average orientation of clasts was 068°; however, this has a 95% confidence interval of ±
47°. This is evident in the wide spread of the data shown in Figure 3.8E, where there
appear to be two dominant orientations between 040–050° and 090–100°. The proportion
of clast lithologies and sulfide content is quite consistent along the transect (Fig. 3.8D).
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Figure 3.8 A. Map of the Foy Offset Dyke in the Crazy Creek region ~5 km from the
SIC. The line across the map shows the transect made across the dyke where clast
lithology and long-axis orientation was recorded in m2 areas. B. Pie graph representing
the clast lithologies at this field site. C. Rose diagram depicting the long-axis orientation
of all clasts measured at Foy north of the Foy-Hess intersection (n = 350). D. Clast
lithology and visible sulfides along the transect. E. Clast long-axis orientation along the
transect (n = 20 for each rose diagram). Each bar in the histogram and rose diagram
represents a single m2 area along the transect shown in Fig. 3.8A.

3.3.3

The intersection between the Foy and Hess Offset dykes

A total of six trenches were studied in the vicinity of the intersection between the Foy and
Hess Offset Dykes (location shown in Fig. 3.2). Figures 3.10A, 3.11A and 3.12A shows
trench maps made at this location (Additional maps available in Appendix J). At each of
these locations, the internal arrangement of QD and IQD was the same as depicted in
Figure 3.1, with QD along the margins and IQD in the centre. The QD is a coarse-grained
light grey rock with a few inclusions of granite. The IQD is a fine-grained light grey rock
with a wide variety of inclusions. A typical example of the IQD is shown in Figure 3.9A,
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with large inclusions of granite, gneiss, and diabase visible. Both QD and IQD contains
sulfides, which are heavily concentrated along the contact between the two quartz diorites
(Fig. 3.9B). The contact between the two quartz diorites was similar to that observed at
Foy north of the intersection, with most contacts being gradational, and some being fairly
sharp. Clasts of the Foy Offset Dyke are quite abundant in this region, many of which
were irregularly shaped with indistinct contacts (Fig. 3.9C). Large rip-up clasts of granite
are present in the QD along the contact of the dyke (Fig. 3.9D).

Figure 3.9 Photographs from the Foy-Hess intersection. A. Aerial image of the
intersection, showing some of the large clasts of granite and gneiss in this location. B. A
concentration of sulfide mineralization in the inclusion poor quartz diorite, near the
contact between dyke quartz diorites. Occurs as disseminated pyrite and chalcopyrite. C.
An irregular shaped clast of the IQD inside the IQD. D. Aerial image of large granite
clasts within QD near the margins of the dyke. These clasts were presumably ripped up
from the granite host rock visible in the top left of the image.
A map of a trench west of the intersection is shown in Figure 3.10. The contact between
the two quartz diorites was not observed at the surface at this location. The QD at this
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outcrop contains some very irregular shaped rip-up clasts of granite close to the contact
(Fig. 3.10A) and is very rich in sulfides. The inclusions within the IQD are dominantly
granite, followed by gneiss, diabase, clasts of the Foy Offset Dyke itself, and only rarely
small metasedimentary clasts typically < 2 cm across (Fig. 3.10B). The average clast
orientation is 097°, with a 95% confidence interval of ± 41° (Figs. 3.10C and 3.10E). A
high proportion of sulfides are visible in both quartz diorites, and the last 3 metres of the
transect (which occur in the QD) are marked by a gradual decrease in clast abundance
(Fig. 3.10D).

Figure 3.10 A. Map of the Foy Offset Dyke ~500 m west of the intersection. The line
across the map shows the transect made across the dyke where clast lithology and longaxis orientation was recorded in m2 areas. B. Pie graph representing the clast lithologies
at this field site. C. Rose diagram depicting the long-axis orientation of all clasts
measured at Foy north of the Foy-Hess intersection (n = 219). D. Clast lithology and
visible sulfides along the transect. E. Clast long-axis orientation along the transect (n = 20
for each rose diagram). Each bar in the histogram and rose diagram represents a single m2
area along the transect shown in Fig. 3.10A.
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A long transect was made across a trench ~500 m south of the intersection (Fig. 3.11). At
this location, there is a gradational contact between the IQD and QD marked by an
increase in grain size towards the margin of the dyke. The centre of the IQD tends to have
the both a higher proportion, and the largest size, of clasts. The proportion of clasts at this
trench is similar to west of the intersection, with granite being the dominant lithology
followed by gneiss, diabase, granodiorite, and very few metasedimentary rocks (Fig.
3.11). The clast orientation south of the intersection is considerably different, and less
variable than west of the intersection. The average long axis orientation of the clasts is
164° with a 95% confidence interval of ± 26° (Fig. 3.11). There are several sharp spikes
in clast abundance along the transect. The first spike occurs at the transition from QD to
IQD (Fig. 3.11D, column 4). The last sharp drop in the transect similarly occurs at the
transition back into the QD. The other steep dips are due to the transect passing through a
clast that was > 1 m across; thus, interfering with the clast count. There appears to be a
subtle change in clast abundance ~12 m down the line. West of this point, the clast
content varies from ~40 to 75 clasts per m² area (in the IQD). East of this point, the clast
content varies from ~110 to 165 clasts per m² area. The sulfides are found all along the
transect, but are most common in the IQD close to the contact. Clasts close to this contact
are more commonly oriented north-south, while clasts in the centre of the dyke tend to
have a more random orientation, varying from ~045° to ~135° (Fig. 3.11E).
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Figure 3.11 A. Map of the Foy Offset Dyke ~500 m south of the intersection. The line
across the map shows the transect made across the dyke where clast lithology and long-
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axis orientation was recorded in m2 areas. B. Pie graph representing the clast lithologies
at this field site. C. Rose diagram depicting the long-axis orientation of all clasts
measured at Foy north of the Foy-Hess intersection (n = 499). D. Clast lithology and
visible sulfides along the transect. E. Clast long-axis orientation along the transect (n = 20
for each rose diagram). Each bar in the histogram and rose diagram represents a single m2
area along the transect shown in Fig. 3.11A.
The intersection between the Foy and Hess Offset Dykes was also investigated (Fig.
3.12), which is, to our knowledge, the only such exposure of the intersection of two
Offset Dykes. At this location, the contact between the IQD and QD is shifted slightly,
with an average orientation of ~135°. The contact itself is somewhat gradational, marked
by a change in grain size over a short distance of ~3 cm. The clasts at this outcrop are
much more abundant than at other regions of the Foy, with almost 300 clasts per m² in
some squares (Fig. 3.12D). The clasts are also far larger, some nearly 5 m across (Figs.
3.9 and 3.12A). The clast lithology distribution is similar to the rest of the trenches near
the intersection, with granite being the most dominant, followed by gneiss, diabase,
granodiorite, and very few examples of small metasedimentary clasts (Fig. 3.12B). The
orientation of these clasts is essentially random, with an average orientation of 147°, but
a 95% confidence interval of ± 90.0° (Fig. 3.12C).
A long transect was made across the trench of the intersection and the clast lithology and
long-axis orientations were recorded (Fig. 3.12). The abundance of clasts shows a very
wide range, from < 25 per m² in the QD, to ~275 per m² in the IQD. Around 14 m, there
is a shift in clast abundance (Fig. 3.12D). West of this point, the clast content varies from
~75 to 150 clasts per m² area (in the IQD). East of this point, the clast content varies from
~150 to 250 clasts per m² area. Sulfides are found all along the transect, but are most
common in the QD (Fig. 3.12D). The orientation of clasts along this transect are highly
variable. The first portion of the transect (line w in Fig. 3.12) contains clasts that vary
from east-west to north-south orientations. Towards the centre of the line (lines y and z in
Fig. 3.12), there is some preferred orientation ~040° to ~080°. At the end of the transect,
there is a strong east-west orientation for approximately four metres.

113

Figure 3.12 A. Map of the Foy Offset Dyke at the Foy-Hess intersection. The line across
the map shows the transect made across the dyke where clast lithology and long-axis
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orientation was recorded in m2 areas. B. Pie graph representing the clast lithologies at this
field site. C. Rose diagram depicting the long-axis orientation of all clasts measured at
Foy north of the Foy-Hess intersection (n = 819). D. Clast lithology and visible sulfides
along the transect. E. Clast long-axis orientation along the transect (n = 20 for each rose
diagram). Each bar in the histogram and rose diagram represents a single m2 area along
the transect shown in Figure 3.12A.

Discussion

3.4

The Offset Dykes are characterized by an inclusion- and sulfide-rich quartz diorite (IQD)
in the centre of the dyke, and an inclusion- and sulfide-poor quartz diorite (QD), which
generally occurs along the margins of the dyke. As noted at the outset of this paper, two
main hypotheses have been offered to explain the distribution of the two quartz diorites at
the Foy Offset Dyke: 1) A multiple injection hypothesis (e.g., Lightfoot and Farrow
2002), where a inclusion-poor melt was injected first followed by a secondary pulse rich
in inclusions and sulfides; and 2) A single injection hypothesis (e.g., Grant and Bite
1984), where one intrusion of melt carried the inclusions and sulfides and flow
differentiation concentrated the inclusions in the centre of the dyke. Below we discuss the
observations reported in the previous section in order to determine if the properties of the
Foy Offset Dyke are more consistent with either the multiple or the single injection
hypothesis. These arguments are summarized in Table 3.2.

3.4.1

Relationships between QD and IQD

The major lines evidence used to infer a multiple injection hypothesis centres upon the
nature of the contacts between the QD and IQD, the presence of “clasts” of QD and IQD,
and the apparent lack of sulfides in the QD. Below, we discuss these three key
relationships.
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Table 3.2. An overview of observations made in this study and how they support the
multiple injection of single injection and flow differentiation working hypotheses.
Key Observations
The contact between the two
granodiorite quartz diorites is
never chilled, and ranges from
gradational to sharp.
Clasts of both QD and IQD
occur in the IQD, and the IQD
intrudes into the QD.
Primary sulfides occur in both
quartz diorites.
The first two kilometres of the
dyke do not have the QD along
the margins.
The margins of the IQD are not
devoid of clasts.
Clasts are aligned parallel to
the dyke margins.
Increase in size of clasts
towards the centre of the dyke
at most outcrops.
In the Crazy Creek region, the
QD does not often occur along
the margins of the dyke, and
the clast orientations are highly
variable.

3.4.1.1

Implications for flow
differentiation model
Emplacement took place
over an extended period
of time.
Portions of the Foy (from
both quartz diorites)
must have, at least,
partially crystallized
while the majority of the
Foy continued to flow.
Possibly supports this
model.
Supports this model.
Supports this model.
Supports this model.

Implications for
multiple emplacement
model
The QD was not fully
crystallized prior to
emplacement.

The QD crystallized
before the IQD.

Does not support this
model.
Does not support this
model.
Does not support this
model.
Possibly supports, as
some alignment would
be expected.

Supports this model.

Does not support this
model.

Possibly supports this
model.

Possibly supports this
model.

Contacts

The contacts between the QD and IQD are sharp at some outcrops (e.g., Figs. 3.4B and
3.6B) and gradational at others (e.g., Figs. 3.4A, and 3.9B); although gradational contacts
predominate. It is important to note that both sharp and gradational contacts were
observed at all sites visited in this study, indicating that distance from the SIC is not a
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factor. If the QD and IQD were injected at different times, one would expect the contact
between them to be uniform across the dyke. That is, if there was a significant gap in
time between the intrusive events, one would expect a sharp, dyke-like contact between
the two quartz diorites at all outcrops. If the timing of two intrusive events occurred
relatively close together (i.e., over a course of days, months, etc.), one would expect more
of a gradational boundary as the older quartz diorite could be still be fairly uncrystallised
and mobile. In the single injection hypothesis, the higher clast content of the centre quartz
diorite would lower the temperature of the melt, thus increasing the viscosity of the
central clast-rich melt. This could create partially immiscible quartz diorites with contacts
that vary from gradational to sharp depending on the difference in viscosities between the
two melts. In either case, there are multiple ways the variable nature of the contact could
be explained that would justify either the single or multiple injection hypotheses.
Therefore, the nature of the contact itself is not a differentiating parameter to support one
hypothesis or the other, without additional information (Table 3.2).

3.4.1.2

Cross-cutting relationships

The cross-cutting relationships between the QD and IQD suggest that portions of the
impact melt material crystallized during the flow and were ripped up and incorporated as
enclaves of QD within the dyke. Clasts of the QD have been observed in the IQD at
several locations along the Foy (e.g., Figs. 3.4D and 3.9C). Furthermore, thin intrusions
of the IQD occur in the QD with sharp contacts (Figs. 3.4F and 3.7B). These observations
could suggest the QD was at least partially crystallized prior to emplacement of the IQD,
which would support the multiple intrusion hypothesis. However, impact cratering is a
dynamic process and it is known from smaller complex craters that relationships such as
this can form simply due to differential cooling and turbulent transport during one single
event. It is plausible that small bodies or enclaves of the melt crystallized during
transport, and were incorporated into the remaining melt flow. The complex results of
such a dynamic process can be seen in breccias from the Ries impact crater, where lithic
clasts within the breccia contain glass clasts, which themselves contain smaller, highly
vesicular glass clasts (Gordon Osinski, personal communication, 2016). An example of
this can be seen at outcrops at – and north of – the intersection between the Foy and Hess
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Offset Dykes, where clasts of the IQD occur within the IQD itself (Fig. 3.9C). Portions of
the IQD must have crystallized earlier on and been ripped up to form these IQD clasts
within the dyke. These observations imply that while some portions of the Foy were
crystallizing, the bulk of the Foy continued to flow, ripping up clasts of itself and
incorporating them into the IQD. This could have occurred as either two intrusive events,
or as one prolonged intrusive event. Thus, the cross-cutting relationships could have
occurred via either multiple injection events or a single prolonged injection (Table 3.2).

3.4.1.3

Sulfides

In previous research, the QD is often described as barren, or sulfide-free (e.g., Lightfoot
and Farrow 2002). This evidence has been used to suggest that the QD must have been
intruded early on in relation to the evolution of the SIC, because the sulfides did not have
time to form and settle out (Lightfoot and Farrow 2002). However, sulfide mineralization
is clearly evident in both the QD and IQD (e.g., Figs.2.6, 3.3B and 3.4A, and the
transects made in Figs. 3.5D, 3.10D, and 3.12D). While this could have occurred via
single or multiple injections, it does demonstrate that the QD of the Foy does contain
primary sulfides, and the cited lack of sulfides in the QD is not evidence for multiple
intrusive events for the formation of the Foy Offset Dyke nor does it constrain the QD to
be intruded earlier than the IQD (Table 3.2).

3.4.2

Flow differentiation

In a flowing magma with both solid and fluid quartz diorites, flow differentiation results
in the segregation of solids towards the central axis of the dyke (Bhattacharji and Smith
1964). This has been known to affect the distribution and orientation of phenocrysts in
dykes (particularly porphyritic dykes), causing the dykes to be sparse in phenocrysts near
the walls and abundant in phenocrysts near the centre of the intrusion (e.g., Bhattacharji
and Smith 1964; Ross 1986; Nkono et al. 2006; Shellnut and MacRae 2012, etc.). Three
forces act to move the solid particles away from the walls of the dyke: the wall effect
(Maude and Whitmore 1956), the Magnus effect (Bhattacharji and Smith 1964;
Bhattacharji 1967), and the Bagnold effect (Bagnold 1954). The wall effect and the
Magnus effect act on individual particles, and have a much smaller effect on the inward
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translation of particles in a flow compared to the Bagnold effect (Maude and Whitmore
1956; Pao 1961). The wall effect involves the interaction between the wall of the dyke
and the solid particles, and only affects grains a few grain diameters away from the dyke
wall (Maude and Whitmore 1956). The Magnus effect involves the rotation of particles
due to the differential translator motion of the fluid quartz diorite, resulting in an inward
translation of the particle (Pao 1961). The Bagnold effect affects grain population, rather
than individual grains, and moves solid particles inward at a significantly higher rate than
the other two forces (Komar 1972).
In a flowing fluid and solid mixture, there is a grain dispersive pressure due to the shear
of the suspended solids (Bagnold 1954). In the centre of the dyke, where the rate of shear
approaches zero, the dispersive pressure is lower, which moves the suspended solids
away from the walls towards the centre of the dyke. The limitations of this effect were
described by Barriere (1976), who realized that the maximum inward translation of the
suspended solids (Δy) was a function of the radius of the dyke (R), the length of the dyke
(Δx), the radius of the solid (r), the concentration of solids (𝜆), and the degree of nonNewtonian behaviour, from 0 to 1 (n), as per Equation 3.1. This shows that: The degree
of inward movement of the solid particles increases with particle size, concentration of
particles, increasing non-Newtonian behaviour of the suspension, and the length travelled
(Δx); and the degree of inward movement decreases with the width of the dyke. Barriere
(1976) assumed that the behaviour of the suspension is Newtonian (n = 1) and, thus,
simplified the equation to Equation 3.2. From this, Barriere (1976) concluded that in
porphyritic dykes with a width of 100 m or more, the Bagnold effect is insufficient to
explain the distribution of phenocrysts. However, it is generally accepted that magma
behaves as a non-Newtonian liquid (e.g., Bottinga 1994; Caricchi et al. 2007). If even a
moderate degree of non-Newtonian behaviour is assumed (i.e., n = 0.5), a dyke the size of
the Foy Offset Dyke is capable of transporting solid particles (i.e., rigid clasts) cm-sized
or larger inwards towards the centre of the dyke.

119

Equation 3.1 Inward translation of solid particles suspended in a flowing fluid (Barriere
1976).
2
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Equation 3.2 Inward translation of solid particles suspended in a flowing fluid, assuming
Newtonian behaviour of suspension (Barriere 1976).
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Based on the observations presented above and discussed in the previous section, we
favour a single injection hypothesis for the emplacement of the QD and IQD in the Foy
Offset Dyke. We suggest that the process of flow differentiation can explain the various
observations and relationships present in the Foy Offset Dyke.
The process of flow differentiation relies on an initial mixture of solids and liquids that
only separate once the mixture begins to flow (Maude and Whitmore 1956; Pao 1961;
Bhattacharji and Smith 1964). Due to this, the initial stage of the dyke should consist of
only IQD. Further from the initial source (i.e., the SIC), the QD would begin to appear
along the margins of the dyke. The embayment of the Foy Offset Dyke was not observed
as a part of this study; however, this transition was observed by Tuchscherer (1998), who
documented that the first kilometre of the dyke was composed of the IQD consisting of
plagioclase, orthopyroxene, clinopyroxene, oxides, and sulfides, with olivine present in
the centre of the dyke. This was followed by a transitional IQD unit ~ 0.85–1.5 km from
the SIC marked by a gradual decrease in hypersthene and an increase in quartz content.
At ~2 km, the two primary quartz diorite lithologies are observed: IQD in the centre and
QD along the margins. While the point of transition is not observable at the surface, these
observations are consistent with the flow differentiation hypothesis (Table 3.2).
In the flow differentiation hypothesis, clasts would be transported towards the centre of
the dyke via a combination of translation and rotation. This process would result in
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elongate clasts being aligned parallel to the direction of flow. This is observed at all
outcrops in this study except for the intersection between the Foy and Hess (Fig. 3.13).
Near the Nickel Offset Mine, the long axis of the clasts had an average orientation of
101° (Figs. 3.7 and 3.13), consistent with the orientation of the dyke at that location
(Table 3.2). North of the intersection, the orientation of the dyke margin varies between
~030° and 050°, and the clasts have an average orientation of 064° (Figs. 3.5 and 3.13).
The results form the intersection between the Foy and Hess suggest there was turbulent
flow at this location and mixing of the two impact melts. The geochemistry (discussed in
Chapter 2), lithology and mineralogy of the Hess at the intersection is indistinguishable
from the rest of the Foy Offset Dyke (Figs. 3.3 and 3.9). Directly east and west of the
intersection, the clasts have a strong preferential east-west alignment (Figs. 3.10 and
3.13), whereas directly south of the intersection the clasts have a strong north-south
alignment (Figs. 3.11 and 3.13). At the intersection itself, the orientation of the clasts at
the intersection is highly variable, which is to be expected if impact melts from the Foy
and Hess Offset Dykes mixed at this location (Figs. 3.12 and 3.13).
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Figure 3.13 A. Simplified geologic map of the Foy Offset Dyke. Rose diagrams depict
the long axis orientation of clasts at 7 field sites (Appendix G). Modified from OGS
bedrock mapping 1:250,000 (2003) and Wallbridge Mining Company Limited mapping.
Figures 3.13B to 13D show proportion of matrix to clasts at Foy north of the intersection
(3.13B), at the intersection (3.13C), and at the Crazy Creek region (3.13D). This data was
calculated from the clasts > 30 cm in diameter mapped in Figures 3.5, 3.12, and 3.8,
respectively.
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Experimental models of solids flowing in a viscous liquid have demonstrated that the rate
of inward movement increases with the size of the solid (e.g., Bhattacharji and Smith
1964, Vand 1948; Maude and Whitmore 1956; Karnis et al. 1963; Ross 1986). Over time,
this results in a higher abundance of large clasts migrating towards the centre of the dyke.
This is best observed at Foy north of the intersection, where the centre of the dyke
exhibits a large spike in clast content (Fig. 3.5D) and a higher concentration of clasts > 30
cm in diameter (Fig. 3.5A). At Foy south of the intersection, there is very little variation
in clast abundance or size across the width of the dyke (Figs. 3.7 and 3.8). The dykes in
the vicinity of the intersection between the Foy and the Hess also display a sharp increase
in clast abundance in the centre of the dyke, however the variation in clast size is not as
apparent (Figs. 3.10–3.12). It is important to note as well that the margins of the IQD are
never barren of clasts (e.g., transects in Figs. 3.5, 3.8, and 3.10–3.12). If the IQD were
emplaced separately, as in the multiple injection hypothesis, then the Bagnold effect
would transport the inclusions away from the contact towards the centre of the dyke
(Bagnold 1954; Maude and Whitmore 1956; Pao 1961). This would cause the margins of
the IQD to be devoid of inclusions, except for the occasional rip-up clasts from the QD.
At the Crazy Creek region, the Foy Offset Dyke flows around several massive clasts, and
into a narrow corridor (Fig. 3.14). If flow differentiation occurred, several unique
changes might be expected to occur at this location. The large obstructions (i.e., massive
clasts) would cause the solid-fluid mixture to flow around it, and the bottleneck would
cause the solid-fluid mixture to funnel inwards towards the bottleneck. This would result
in slightly more erratic clast orientations, but they would ultimately be pointing towards
this bottleneck. This is seen in Figure 3.8, where two directions were dominant, 040–050°
and 090–100°. Furthermore, the bottleneck could possibly result in a remixing of the two
inclusion-poor and inclusion-rich melts, resulting in only IQD occurring close to the
bottleneck. This can also be seen in Figure 3.14, which shows outcrops of QD and IQD.
West of the Crazy Creek trench (towards the bottleneck), there is only one visible
showing of the QD at the surface, while east of the trench there are multiple showings.
However, it is difficult to determine if mixing of the inclusion-poor and inclusion-rich
melts has occurred due to a scarcity of outcrop in this region.
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Figure 3.14 Simplified geologic map of the Crazy Creek region (Fig. 3.2). Shown are the
location of the trench mapped in Fig. 3.8, as well as outcroppings of IQD and QD.
Modified from Tuchscherer (1998).

3.5

Conclusions

Based on the evidence presented here, the arrangement of the QD and IQD is sufficiently
explained by the single injection and subsequent flow differentiation hypothesis
(Arguments are summarized in Table 3.2). It is proposed that the Foy Offset Dyke was
emplaced during a single intrusive event that carried impact melt, clasts, and sulfides
from the overlying impact melt sheet. Over the first 1 to 2 km, the clasts and sulfides
began to transport away from the walls of the dyke, starting to concentrate in the centre.
At ~2 km from the melt sheet, the flow was separated into a marginal zone of melt that
was poor in sulfides and inclusions, and a central zone that was rich in sulfides and
inclusions. The marginal QD fluid began to crystallize first, forming the QD along the
margins of the dyke. Flow continued in the centre of the dyke – which was now rich in
inclusions and sulfides – and ripped up clasts of the partially crystalline QD. Finally, the
IQD crystallized, followed by the embayment lithologies close to the SIC, as described
by Tuchscherer (1998).
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Chapter 4

4

The Pele Offset Dykes at the Sudbury impact structure,
Canada4

The Pele Offset Dyke is a recently discovered radial Offset Dyke located north of the
Sudbury impact structure (Smith et al. 2013). The dyke consists of three separate dykes –
a quartz gabbro dyke and two quartz diorite dykes – that intruded into the Archean rocks
north of the Sudbury Igneous Complex (SIC). In this study, the two north-trending
quartz diorite dykes (Pele East and Pele West) are characterized for the first time using a
combination of field observations, optical microscopy, electron microprobe analyses, and
geochemical analyses. The Pele Offset Dyke stands out from the other Offset Dykes in
two significant ways: (1) All Offset Dykes consist of an inclusion-rich quartz diorite
(IQD) in the centre of the dyke and an inclusion-poor quartz diorite (QD) along the
margins (Grant and Bite 1984). However, the Pele is only composed of QD, and; (2) The
Pele has a more evolved chemical composition relative to the other Offset Dykes. These
observations suggest that the Pele was one of the last Offset Dykes to be emplaced
(relative to the differentiation of the SIC), and that the conditions during the emplacement
of the Pele were different than those of other radial Offset Dykes.

4.1

Background Geology

The Sudbury impact structure is the remnant of a 1.85 Ga, ~150–200 km diameter impact
crater in central Ontario, Canada (Grieve et al. 2008). It is located at the present-day
contact between the Archean granite, greenstone and gneiss terrain of the Superior
Province to the northwest, and the Paleoproterozoic metavolcanics and metasediments of
the Southern Province to the southeast (Fig. 4.1). The Sudbury impact structure consists
of three major components: The Whitewater Group, post-impact sediments that now fill
the Sudbury Basin; the Sudbury Igneous Complex (SIC), a large differentiated impact

4

Currently in review for publication in Canadian Journal of Earth Sciences. Co-authored by: G.R. Osinski,
R.A.F. Grieve, A.B. Coulter, and D. Smith.
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melt sheet; and the fractured and brecciated footwall rocks surrounding the SIC (Dressler
1982; Grieve et al. 1991; Therriault et al. 2002; Rousell et al. 2003; Ames et al. 2008).
The Sublayer lies below the Main Mass SIC, which is subdivided into five units. From
the bottom of the melt sheet to the top, these are: Norite, Quartz Gabbro, Transition Zone,
Granophyre (Naldrett et al. 1970; Therriault et al. 2002), and the Upper Contact Unit
(Avermann and Brockmeyer 1992; Anders et al. 2015).

Figure 4.1. A simplified map of the Sudbury impact structure, showing the Whitewater
Group, the primary components of the Sudbury Igneous Complex, the Offset Dykes, and
the fractured target rocks of the Southern and Superior Provinces. Modified from OGS
bedrock mapping 1:250,000 (2003) and Wallbridge Mining Company Limited mapping.
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The Offset Dykes are derived from the SIC and are composed IQD in the centre of the
dyke and QD along the margins of the dyke. The dykes are subdivided into three groups
based on their orientation relative to the SIC (Grant and Bite 1984). Concentric Offset
Dykes are oriented sub-parallel to the base of the SIC (e.g., Hess and Manchester).
Discontinuous or breccia-hosted Offset Dykes are characterized by isolated pods of
quartz diorite within Sudbury Breccia (e.g., Frood Stobie and MacLennan). The Pele
Offset Dyke is categorized as a radial Offset Dyke and extends outward from the SIC.
Other well-known examples include Copper Cliff, Worthington, Ministic, Foy, WhistleParkin, and Trill Offset Dykes.
The Pele Offset Dyke consists of one north-northwest trending quartz gabbro dyke (not
sampled in this study), and two parallel north-trending quartz diorite dykes located 500 m
west of the well-known Foy Offset Dyke, referred to herein as Pele West and Pele East
(Fig. 4.1). They are primarily hosted in the Archean-aged Cartier Batholith of the
Superior Province. The Pele also cuts across several Nipissing diabase bodies, which are
found throughout the Sudbury region and are dated at 2219.4 +3.6/-3.5 -3.5/+3.6 Ma
(Corfu and Andrews 1986). Pele East was first studied by Tuchscherer (1998), who
referred to it as the “Parallel Foy”. Pele West was recently discovered by Wallbridge
Mining Company Limited (Smith et al. 2013), who have trenched several new outcrops
of both Pele West and Pele East.
Previous research on the Pele has been limited. Tuchscherer (1998) observed an outcrop
of the Pele East dyke north of the Hess (Fig. 4.1), and described the lithology of the dyke
as a dark grey rock “devoid of inclusions” and composed of biotite and amphibole set in a
groundmass of granophyric intergrowths of quartz and orthoclase. One sample from this
region was analysed by Tuchscherer (1998) using X-Ray Fluorescence. Relative to the
rest of the Foy, Tuchscherer (1998) observed that the sample had elevated SiO2 content
(60.7 wt. %), a low Mg # (0.16), and an enrichment in REE, and concluded that Pele East
likely originated from a more evolved source than the Foy. A sample of the southern
portion of Pele East (Fig. 4.1) at 1848.5 ± 0.8 Ma using U-Pb dating of baddeleyite
(Bleeker et al. 2015), corresponding to the ~ 1.85 Ga age of the SIC (Krogh et al. 1984).
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This study examines evidence from new trenches of Pele West and Pele East and uses
petrographic and geochemical analysis to demonstrate that the two parallel dykes are
quite variable in terms of composition and are unique relative to the other North Range
Offset Dykes.

4.2

Methods

Fieldwork was completed in the summer of 2013 and 2015. Twenty samples of QD were
collected, one from Pele East and nineteen from Pele West (Table 4.1). Eight samples
were collected of Nipissing Diabase in the proximity of Pele (Appendices A and D). Thin
sections were examined using optical microscopy. Pyrite and chalcopyrite were analysed
using a JEOL JXA-8530F field-emission electron microprobe at Western University. The
standards used are reported in Table 2.2, and a complete list of the analyses is available in
Appendix B. A counting time of 10 seconds was used, with an accelerating voltage of 20
kV, a beam current of 20 nA, and a beam size of 5 μm.
Samples were prepared for whole rock geochemical analysis at Western University.
Samples were first crushed in a Chipmunk Jaw Crusher and clasts > 1 mm in size were
removed manually using visual inspection. The remaining rock was powdered using a
Micro Powder Grinding Mill for 60 seconds. Care was taken during this procedure to
avoid cross-contamination of samples. The crusher was cleaned between each sample.
After a sample was powdered, quartz sand was run through the mill before cleaning the
mill.
The powder was sent to ALS Minerals for acid digestion and chemical analyses. Two
hundred milligrams of the sample were then mixed with 0.90 g of lithium metaborate and
fused at 1000 °C. This mixture was dissolved in a 100 mL solution of 4 % HNO3 and 2 %
HCl. Major oxides were analysed using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) and the results are corrected for spectral inter-element
interferences. Oxide concentration is calculated from the determined elemental
concentration and the result is reported in that format as weight percent oxide (wt. %).
Trace elements were analysed using inductively coupled plasma-mass spectrometry (ICP-
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MS) and the result is reported as parts per million (ppm). Data from these analyses is
available in Appendix D and Table 4.1.
Geochemical data from Wallbridge Mining Company Limited was also included as a part
of this study. Clasts larger than ~1 cm were removed from these samples using visual
inspection. Samples were sent to ALS Minerals and were ground to a fine powder. Two
hundred fifty milligrams of the sample were then digested with four acid digestion
(perchloric, nitric, hydrofluoric and hydrochloric acids). The residue was topped up with
dilute hydrochloric acid and analysed by ICP-AES. Following this analysis, the results
are reviewed for high concentrations of bismuth, mercury, molybdenum, silver and
tungsten and diluted accordingly. Samples meeting this criterion are then analyzed by
inductively coupled plasma-mass spectrometry. Results are corrected for spectral
interelement interferences. Data from these analyses is available in Table 4.1.

4.3
4.3.1

Results
Field observations and petrography

The two north-trending quartz diorite dykes range from 5 m to 20 m wide and are
composed of a medium grained grey to light green rock that is almost entirely free of
inclusions (Figs. 4.2A and 4.2B). No inclusion-rich quartz diorite occurred in the centre
of the dyke. Clasts of the coarse grained Cartier granite host rock can, however, be found
close to the dyke margins. They are up to ~10 cm long, oriented parallel to the dyke
margins and occur along with smaller sub-rounded mineral clasts of plagioclase and
quartz (Figs. 4.2C and 4.2D).
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Figure 4.2. Photographs from the Pele quartz diorite dykes showing the similarities
between Pele East and Pele West. A. Fine grained QD from Pele West. B. Coarse grained
QD from Pele West. C. Fine grained QD from Pele East with small granite clasts. D. Fine
grained QD from Pele East, near the dyke margin, with several granite clasts.
The mineralogy of samples from Pele West are dominated by coarse grained pale to deep
green amphiboles (30–40 %), platy biotite (20–30%), coarse grained euhedral plagioclase
laths (~ 10%) and fine- to medium-grained quartz (~ 5%), set in a groundmass of
granophyric intergrowths of quartz and K-feldspar (20–30%) (Fig. 4.3). Many of the
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samples display varying degrees of alteration, including pervasive epidote alteration in
places (Fig. 4.3A), the occasional sericite-bearing veinlet (Fig. 4.3B), and chloritization
of amphiboles (Fig. 4.3C). Samples contain trace amounts of anhedral pyrite and
chalcopyrite, typically < 20 ųm in size. Pele East samples are similar but are overall less
altered and contain higher proportions of amphibole (40–50 %), biotite (30–35 %), and
plagioclase (~ 15 %) and typically < 5 % groundmass of granophyric intergrowths of
quartz and k-feldspar.

Figure 4.3. Photomicrographs in cross polarized light. Width of images 1.2 mm. A. Pele
West sample with granophyric intergrowths of quartz and feldspar. B. Pele West sample
with a thin vein of fine grained carbonate and mica. C. Pele East sample with coarse
grained euhedral amphiboles and plagioclase. D. Pele East sample with granophyric
intergrowths of quartz and feldspar.
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4.3.2

Geochemistry

The geochemistry of QD from Pele is reported in Table 4.1. Additional geochemical data
is available in Appendix D. The Pele samples have a variable composition, but would
primarily be classified as a granodiorite based on their geochemistry (Fig. 4.4). The
average contents of SiO2, Fe2O3, and CaO are 60.6 wt. %, 10.1 wt. %, and 5.3 wt. %,
respectively (Table 4.1). The Pele has a very low average Mg # of 17. By comparison, the
Foy has an average Mg # of 32 (Tuchscherer 1998), while the Granophyre unit of the SIC
has an average Mg # of 13 (Therriault et al. 2002). The Pele also has very low sulfur
contents, below 0.05 wt. %.

Figure 4.4 QAP normative diagram showing the lithological compositions of the Pele
Offset Dykes and nearby Nipissing Diabase dykes (after Streckeisen, 1976).
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Table 4.1 Geochemistry of the Pele Offset Dyke. b.d.l. = below detection limit.
Sample ID
Lithology
Easting
Northing

604275
QD
476489
5180762

SI-013
QD
476160
5178115

602863
QD
476157
5178118

SiO2
Al2O3
Fe2O3
CaO
MgO
Na2O
K2O
Cr2O3
TiO2
MnO
P2O5
SrO
BaO
S
Total

62.9
12.6
8.7
4.9
1.4
3.2
2.7
b.d.l.
1.5
0.1
0.5
b.d.l.
0.1
b.d.l.
98.7

61.8
12.3
8.9
4.2
1.5
3.4
2.5
b.d.l.
1.5
0.1
0.5
b.d.l.
0.1
b.d.l.
97.6

63.5
12.8
8.9
3.9
1.3
3.3
2.7
b.d.l.
1.4
0.2
0.5
b.d.l.
0.1
0.1
98.6

Ba
Ce
Cr
Cs
Dy
Er
Eu
Gd
Ho
La
Lu
Nb
Nd
Pr
Rb
Sm
Sn
Sr
Ta
Tb
Th
Tm
U
V
W
Y
Yb
Zr
As
Bi
Sb
Se
Te
Cd
Li
Mo
Ni
Pb
Sc
Zn

650
114.5
9
0.8
6.2
3.4
2.9
8.8
1.1
52.9
0.4
14.2
49.8
12.9
139
8.8
2.0
377
1.0
1.1
11.4
0.5
2.9
75
1.0
36.4
2.9
229
1.0
0.1
0.1
2.0
b.d.l.
1.3
11.4
2.0
3
7.0
n.d.
960

935
109.0
10
2.0
5.8
3.3
2.2
7.9
1.2
51.8
0.5
13.5
49.5
12.8
111
9.6
2.0
325
0.8
1.1
11.1
0.5
2.5
86
1.0
31.2
2.8
232
2.1
0.1
0.1
0.6
b.d.l.
b.d.l.
10.0
b.d.l.
b.d.l.
24.0
23.0
142

870
108.0
1
0.7
6.0
3.5
2.2
8.6
1.2
59.5
0.4
13.2
53.4
13.7
79
9.6
2.3
297
1.0
1.2
11.6
0.4
2.5
49
0.9
28.9
3.1
192
1.9
0.1
0.2
0.5
b.d.l.
0.2
12.6
1.7
b.d.l.
26.6
n.d.
195

604356
605021
703815
QD
QD
QD
476154
476151
476144
5178071 5178093 5178725
Weight % Oxides
62.1
60.8
63.7
13.2
12.7
12.9
9.4
9.2
8.5
4.4
4.3
3.3
1.5
1.5
1.6
3.4
3.2
3.4
2.7
2.5
2.8
b.d.l.
b.d.l.
b.d.l.
1.6
1.6
1.5
0.2
0.1
0.1
0.5
0.5
0.5
b.d.l.
b.d.l.
b.d.l.
0.1
0.1
0.1
0.1
0.1
b.d.l.
99.2
96.8
98.4
Trace elements (ppm)
810
820
600
104.0
102.5
105.5
8
3
2
2.5
2.4
1.5
6.0
6.1
6.0
3.5
3.5
3.5
2.3
2.3
2.3
8.5
8.3
7.8
1.3
1.2
1.2
56.6
54.1
48.5
0.5
0.5
0.5
14.7
14.7
15.4
52.0
51.2
44.9
13.6
13.1
12.0
102
107
230
9.4
9.2
8.2
1.8
1.9
1.5
335
340
301
0.9
0.9
0.9
1.3
1.2
1.1
11.5
11.0
10.8
0.5
0.5
0.5
2.5
2.3
2.5
68
82
66
0.8
0.8
0.7
33.4
33.4
33.3
3.2
3.1
3.1
224
198
236
2.7
2.1
0.7
b.d.l.
b.d.l.
b.d.l.
0.1
0.1
0.1
1.0
1.0
3.0
b.d.l.
b.d.l.
b.d.l.
0.1
0.1
0.1
16.9
23.1
12.1
1.62
1.5
1.32
4
2
2
36.8
18.0
41.1
n.d.
n.d.
24.6
105
92
52

703827
QD
476011
5179513

703828
QD
476053
5179287

703829
QD
476022
5179497

703849
QD
475846
5181313

61.8
13.6
9.4
4.3
1.5
3.3
2.7
b.d.l.
1.6
0.1
0.6
b.d.l.
0.1
b.d.l.
99.0

63.2
13.2
9.1
3.9
1.5
3.2
2.7
b.d.l.
1.5
0.2
0.5
b.d.l.
0.1
0.1
99.3

62.6
12.4
9.4
3.9
1.5
3.2
2.6
b.d.l.
1.6
0.2
0.5
b.d.l.
0.1
b.d.l.
98.1

62.9
12.3
9.4
4.0
1.3
3.1
2.8
b.d.l.
1.5
0.1
0.5
b.d.l.
0.1
b.d.l.
98.1

720
107.0
7
2.8
6.4
3.6
2.3
8.4
1.3
52.7
0.5
15.3
49.4
13.0
220
9.3
2.2
325
0.9
1.2
11.1
0.52
2.5
79
0.7
33.8
3.2
207
1.8
0.8
0.13
3.0
b.d.l.
b.d.l.
20.4
1.6
4
12.2
25.5
106

860
110.0
3
0.7
6.2
3.5
2.2
8.3
1.2
54.2
0.5
15.3
50.1
13.3
112
9.1
1.7
320
0.9
1.2
11.6
0.5
2.5
62
0.7
33.6
3.2
233
1.5
b.d.l.
0.1
3.0
b.d.l.
0.1
16.1
1.8
1
9.1
24.5
111

870
99.7
3
1.2
5.9
3.4
2.1
8.0
1.2
53.5
0.4
13.9
49.9
13.0
101
9.1
1.9
309
0.9
1.1
12.4
0.5
2.2
71
0.7
29.8
3.0
227
1.4
0.1
0.2
1.0
b.d.l.
0.1
23.3
1.6
3
12.3
23.8
150

820
77.9
b.d.l.
2.3
6.1
3.5
2.2
8.5
1.2
52.6
0.5
11.3
49.9
12.5
206
8.8
1.5
316
0.7
1.2
10.0
0.5
1.9
57
0.6
23.3
3.1
198
1.0
0.1
0.1
1.0
b.d.l.
b.d.l.
27.7
1.3
1
8.6
19.5
145
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Sample ID
Lithology
Easting
Northing

703835
QD
475916
5179858

703837
QD
475858
5180477

703838
QD
475866
5180593

SiO2
Al2O3
Fe2O3
CaO
MgO
Na2O
K2O
Cr2O3
TiO2
MnO
P2O5
SrO
BaO
S
Total

61.8
12.3
9.4
4.1
1.4
3.2
2.5
b.d.l.
1.6
0.1
0.5
b.d.l.
0.1
b.d.l.
97.1

63.0
12.6
9.3
4.0
1.3
3.4
2.9
b.d.l.
1.5
0.1
0.5
b.d.l.
0.1
b.d.l.
99.0

63.4
12.6
9.3
3.5
1.7
3.6
2.4
b.d.l.
1.6
0.1
0.5
b.d.l.
0.1
b.d.l.
98.8

Ba
Ce
Cr
Cs
Dy
Er
Eu
Gd
Ho
La
Lu
Nb
Nd
Pr
Rb
Sm
Sn
Sr
Ta
Tb
Th
Tm
U
V
W
Y
Yb
Zr
As
Bi
Sb
Se
Te
Cd
Li
Mo
Ni
Pb
Sc
Zn

840
97.4
1
2.2
5.9
3.4
2.1
7.8
1.2
50.0
0.4
14.8
47.6
12.3
120
8.5
2.0
317
0.9
1.1
12.8
0.5
2.3
70
0.8
30.4
3.0
228
1.4
0.1
0.2
1
b.d.l.
0.1
17.1
1.7
2.3
12.4
26.1
141

930
97.1
1
2.6
6.2
3.5
2.2
8.1
1.2
52.0
0.5
15.0
49.1
12.8
101
9.0
2.6
319
1.0
1.1
13.3
0.5
3.0
59
0.8
30.0
3.2
242
1.8
0.1
0.2
1
b.d.l.
0.1
22.2
1.7
1.6
10.3
25.0
111

610
85.1
b.d.l.
0.9
6.3
3.6
2.4
8.5
1.3
55.1
0.5
13.2
51.0
13.4
108
9.5
2.4
245
0.9
1.2
11.6
0.5
2.3
62
0.8
27.9
3.2
219
1.0
0.1
0.1
1
b.d.l.
b.d.l.
22.4
1.5
1.9
6.1
23.0
63

703840
703841
703842
QD
QD
QD
476202
475844
475847
5178221
5181276
5181230
Weight % Oxides
63.2
62.1
65.9
12.7
12.2
12.0
9.3
9.1
6.7
4.0
4.0
6.9
1.7
1.3
1.3
3.6
3.0
1.1
2.1
2.7
2.8
b.d.l.
b.d.l.
b.d.l.
1.7
1.4
1.4
0.1
0.1
0.1
0.5
0.5
0.3
b.d.l.
b.d.l.
0.1
0.1
0.1
0.1
b.d.l.
0.1
b.d.l.
99.2
96.7
98.8
Trace elements (ppm)
510
940
670
95.9
104.0
69.4
b.d.l.
2
1
3.6
2.8
1.8
6.5
6.2
5.3
3.7
3.6
3.1
2.2
2.3
2.6
8.7
8.4
6.6
1.9
1.2
1.1
58.0
54.2
37.2
0.5
0.5
0.4
14.6
15.5
13.5
51.6
50.7
33.4
13.5
13.2
8.50
144
109
117
9.4
9.2
6.3
1.0
1.9
2.3
316
339
682
1.0
1.0
0.9
1.2
1.2
0.9
13.5
13.7
8.3
0.5
0.5
0.4
2.8
2.5
3.8
87
60
88
0.6
0.7
0.7
31.7
31.8
28.5
3.2
3.2
2.8
240
234
230
0.8
1.1
1.5
b.d.l.
0.1
0.1
0.1
0.2
0.4
2
2
1
b.d.l.
b.d.l.
b.d.l.
b.d.l.
b.d.l.
0.1
20.1
34.6
14.0
1.0
1.9
1.5
2.8
1.3
5.1
8.1
12.4
15.0
26.8
26.5
22.8
110
121
40

703843
QD
475846
5181235

703846
QD
475834
5181407

703847
QD
475825
5181144

703848
QD
475829
5181034

62.7
12.8
9.7
4.0
1.4
3.2
2.7
b.d.l.
1.5
0.1
0.5
b.d.l.
0.1
b.d.l.
99.0

63.5
12.5
9.6
4.2
1.5
2.2
2.7
b.d.l.
1.5
0.1
0.5
b.d.l.
0.1
b.d.l.
98.5

64.6
12.2
9.3
4.1
1.3
3.0
2.5
b.d.l.
1.6
0.1
0.4
b.d.l.
0.1
b.d.l.
99.4

63.7
12.4
9.4
3.9
1.5
3.1
2.7
b.d.l.
1.5
0.1
0.5
b.d.l.
0.1
b.d.l.
98.9

850
99.0
1
2.6
6.0
3.6
2.2
8.4
1.2
52.5
0.5
15.1
49.0
12.6
125
8.6
1.9
327
1.0
1.1
13.0
0.5
2.4
61
0.7
30.3
3.4
243
1.6
0.1
0.2
2
b.d.l.
0.1
22.8
1.9
1.5
12.1
25.5
143

810
99.8
b.d.l.
3.4
6.1
3.4
2.2
8.5
1.2
53.4
0.5
14.9
48.7
12.6
365
8.7
2.1
374
1.0
1.1
13.7
0.5
4.2
61
0.7
30.2
3.1
208
0.9
0.1
0.1
1
b.d.l.
b.d.l.
43.1
1.1
1.5
11.1
25.9
111

830
91
b.d.l.
3.1
5.7
3.3
2.1
7.9
1.2
47.0
0.5
15.6
44.6
11.1
153
8.1
2.6
337
1.0
1.1
12.0
0.5
2.4
63
0.8
29.9
3.1
247
1.9
0.1
0.3
2
b.d.l.
0.1
17.5
1.8
1.5
13.3
26.5
100

860
96.2
b.d.l.
2.4
6.0
3.5
2.3
8.3
1.2
51.6
0.5
14.9
47.9
12.3
120
8.6
2.4
288
1.0
1.1
12.8
0.5
2.4
63
0.8
30.2
3.1
236
1.5
0.1
0.2
1
b.d.l.
b.d.l.
17.1
1.7
1.5
10.0
25.4
93
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Figure 4.5 compares the Pele to Nipissing Diabase, the Foy Offset Dyke, and the
Granophyre unit of the SIC (Therriault et al. 2002), normalized to the average Felsic
Norite (Lightfoot et al. 1997). The Pele is enriched in most incompatible elements
relative to other Offset Dykes and the Norite unit of the SIC. Pele is depleted in Sr,
similar to the Granophyre unit of the SIC (Fig. 4.5). Pele also shows positive spikes in
Rb, U, Nb and Ta, and negative spikes in Ba, Th, and K. Foy shows the exact opposite,
with negative spikes in Rb, U, Nb and Ta, and positive spikes in Ba, Th and K (Fig. 4.5).

Figure 4.5 Spider diagram of incompatible elements normalized to the average Felsic
Norite from Lightfoot et al (1997). The data from Pele and Foy are from this study
(Appendix D) and Wallbridge Mining Company Limited. The data from the Nippissing
Diabase is from Wallbridge Mining Company Limited. The data from the Granophyre is
from Therriault et al. (2002).
Their REE profile is again comparable to Granophyre from the SIC; however, they lack
the negative Eu anomaly that is characteristic of the Granophyre (Fig. 4.6). The sample
from Pele East (Fig. 4.6B) shows a small drop in Yb and Lu at the end of the profile. The
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Foy REE profile (Fig. 4.6C) is slightly elevated above the Felsic Norite before dropping,
however Pele’s REE profile (Figs. 4.6A and 4.6B) remains parallel to the Felsic Norite.

Figure 4.6 Spider diagrams of REE normalized to the average Felsic Norite from
Lightfoot et al. (1997). A. Samples from Pele West. B. Samples from Pele East.
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The Pele Offset Dykes have a very similar appearance to some of the Nipissing Diabase
dykes in the region, however the Nipissing Diabase samples are easily distinguished by
their chemistry. The Nipissing Diabase samples are more mafic than the Pele Offset
Dykes, and have average contents of SiO2, Fe2O3, and CaO of 49.9 wt. %, 12.4 wt. %,
and 9.7 wt. %, respectively (Fig. 4.4), and have an average Mg # of 38. When compared
to the Pele Offset Dykes, the Nipissing Diabase samples have a very different REE
profile (Fig. 4.6), and are depleted in several incompatible elements (Fig. 4.7).

Figure 4.7 Box plots of incompatible elements. The central box is the middle 50% of the
data. The median and mean are marked by a line and circle within the box, respectively.
Whiskers are the 5% and 95% values, and outliers (top and bottom 5%) are identified as
circles outside the box.

4.4

Discussion

The geochemistry of the samples from the Pele Offset Dykes is typically granodiorite
(Fig. 4.4). The samples are composed predominantly of amphibole, biotite, plagioclase,
and granophyric intergrowths of quartz and K-feldspar (Fig. 4.3). This mineralogy is
quite typical among the other Offset Dykes, such as the Foy, Parkin, Hess and Trill (e.g.,
Tuchscherer 1998; Wood 1998; Murphy and Spray 2002; Coulter 2015), although the
Pele Offset Dykes contain a higher proportion of granophyric intergrowths than the other
Offset Dykes. Pele West samples typically display higher degrees of hydrothermal
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alteration compared to Pele East, which is reflected in thin section by a higher abundance
of epidotization and chloritization. Pele East also contains higher proportions of
amphibole and biotite and far less granophyric intergrowths of quartz and K-feldspar
(Fig. 4.3).
The variations between Pele and the other Offset Dykes of the North Range are
highlighted in Figure 4.8. This plot uses robust principal component analyses (PCR) to
show the variation between the major oxides for the Granophyre unit of the SIC,
Nipissing Diabase, and other Offset Dykes in the North Range. Refer to section 2.5.1 for
the procedure for calculating PCR. The Pele Offset Dykes are comparable to other Offset
Dykes in the North Range in terms of major oxides (Fig. 4.8B); however,
The Pele Offset Dykes are geochemically different from the other Offset Dykes of the
North Range, and share some attributes of the Granophyre unit of the SIC. This is
highlighted in Figure 4.8, which uses robust principal component analysis (PCR) to
calculate the variation between the major oxides. Data is depicted as Mahalanobis
ellipses. Refer to section 2.5.1 for the procedure for calculating PCR and the Mahalanobis
distance. The Foy, Hess, Cascaden, Ministic and Trill Offset Dykes are all tightly
clustered (Fig. 4.8B), whereas the Pele Offset Dyke is enriched in P2O5 and Al2O3.
The Pele dykes have a more evolved chemical composition than the other Offset Dykes
of the North Range. They are enriched in SiO2 (Fig. 4.4), and have a lower Mg # (average
of 17) compared to the other Offset Dykes such as the Foy, which has an average Mg # of
32 (Tuchscherer 1998). Similarly, the Pele Offset Dykes are enriched in REE and
incompatible elements relative to both the Norite and other Offset Dykes (Figs. 4.5 and
4.6), with totals quite close to those of the Granophyre unit of the SIC (Fig. 4.6). The
similarities between Pele and the Granophyre unit of the SIC suggest that Pele was
intruded later than the other North Range Offset Dykes, relative to the differentiation of
the SIC. These results are consistent with previous research on Pele East from
Tuchscherer (1998) and Bleeker et al. (2015), who described the Pele as a more
chemically evolved Offset Dyke. This suggests that Pele East and Pele West are indeed
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Offset Dykes derived from the SIC and may be one of the last Offset Dykes to be
emplaced.

Figure 4.8 Principal component robust (PCR) analysis using major oxides as variables.
The ellipses on these plots represents the p=0.95 Mahalanobis Contour Ellipses. PCR1
and PCR2 account for 77.9% of the compositional variation. See Campbell (1980) for
details on PCR. calculation. A. Comparing Pele to the Foy Offset Dyke (n=126), the
Granophyre (n = 24), and the Nipissing Diabase (n = 148). B. Comparing Pele to the Foy
(n = 126), Hess (n = 174), Cascaden (n = 30), Ministic (n = 31), and Trill (n = 39) Offset
Dykes. The data from the Foy and Hess are from this study (Appendix D) and Wallbridge
Mining Company Limited. The data from the Granophyre is from Therriault et al. (2002).
The data from the Nippissing Diabase, Cascaden, Ministic and Trill are from Wallbridge
Mining Company Limited.
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The Pele Offset Dykes are much narrower (5–20 m) than most other radial Offset Dykes,
which commonly reach thicknesses of up to 100 m (e.g., Murphy and Spray 2002;
Tuchscherer 1998). The Pele dykes are, however, comparable in width to the Trill Offset
Dyke, which is, in places, only 3–20 m wide (Coulter 2015). Additionally, the Pele Offset
Dykes do not contain an inclusion-rich phase (Fig. 4.2). The only clasts visible in the Pele
Offset Dykes are the occasional rip-up clasts from the host rock along the margins of the
dyke. This is highly unusual, as every known Offset Dyke consists of both an inclusionpoor and an inclusion-rich phase (Grant and Bite 1984; Lightfoot et al. 1997). The distal
portions of some Offset Dykes, such as the Foy and Trill, have been known to consist
only of the inclusion-poor phase, and are also very thin, only ~ 10–20 m (Murphy and
Spray 2002; Tuchscherer 1998; Coulter 2015). Considering that Pele is much thinner than
other Offset Dykes, and that it contains no inclusion-rich phase, it is likely that the
conditions during the emplacement of the Pele dykes were different than those of other
radial Offset Dykes. It is possible that it may have been a less energetic intrusion than
these other inclusion-rich dykes and may have been intruded much later than the other
radial Offset Dykes.
The Pele East Offset Dyke looks very similar to Nipissing Diabase in the field, appearing
more felsic than typical examples of Nipissing Diabase. Most of the Nipissing Diabase
sills in the Sudbury region occur as undifferentiated quartz diabase (e.g., Card and
Pattison 1973); however, some of these intrusions are differentiated, with quartz diabase
at the base, grading upwards into granodiorite and granophyre (Dressler 1982; Lightfoot
et al. 1993). These more felsic differentiates commonly contain amphibole, biotite, and/or
chlorite, as the primary mafic minerals, set in fine grained granophyric intergrowths of
quartz and k-feldspar (Jambor 1971). This is consistent with the mineralogy observed in
the Pele East samples in this study (Fig. 4.3). Furthermore, the granophyric diabase is
characterized by a decreased MgO and CaO content relative to other Nipissing Diabase
samples (e.g., Jambor 1971; Card and Pattison 1973; Lightfoot et al. 1993). The
development of the granophyric diabase has been attributed to fractional crystallization
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(Lightfoot et al. 1993), as well as assimilation of argillaceous Huronian Supergroup
sediments of the Southern Province (Jambor 1971; Card and Pattison 1973; Lightfoot et
al. 1993). However, no Huronian metasediments occur in the region surrounding the Pele
Offset Dyke (Fig. 4.1), and the granodiorite/ granophyre differentiates are more common
in the east of the SIC, near Lake Wanapitei (Dressler 1982). Nevertheless, it is
recommended that the entire length of Pele East be re-examined and mapped, in detail, to
determine the true extent of the Pele East Offset Dyke, with a view to distinguishing
between possible felsic Nipissing Diabase and the Pele East Offset Dyke. Chemical
analysis of Pele East, where it intersects the Hess (Fig. 4.1), is also recommended to
determine if this region of Pele resembles Pele West, Pele East, Hess or some
combination.

4.5
1.

Concluding Remarks

Field observations and petrography of the Pele Offset Dykes are generally

consistent with previous findings by Tuchscherer (1998) and Bleeker et al. (2015). Their
mineralogy consists of amphiboles, biotite, granophyric intergrowths of quartz and Kfeldspar, plagioclase, and quartz. The Pele Offset Dykes typically have much higher
proportions of granophyric intergrowths than the other Offset Dykes.
2.

When compared to the other Offset Dykes in the North Range, the Pele Offset

Dykes have a more evolved chemical composition, being considerably more felsic and
enriched in incompatible elements. These observations, along with age dating by Bleeker
et al. (2015), suggest that, although the Pele Offset Dykes are a part of the Offset Dyke
system, they may have been one of the last Offset Dykes to have been emplaced, relative
to the differentiation of the SIC.
3.

The Pele Offset Dykes are much narrower than other radial Offset Dykes (only up

to ~ 20 m wide), and does not have an inclusion-rich phase. This suggests that the
conditions during the emplacement of the Pele were different than those of other radial
Offset Dykes such as the Foy, and was likely much less energetic than inclusion-rich
dykes.
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4.

It is clear that some outcrops of the Nipissing Diabase closely resemble the Offset

Dykes in the field. It is suggested that southern portions of the Pele East dyke have been
incorrectly mapped as an Offset Dyke. The use of in-field chemical analysis – such as a
hand-held X-Ray fluorescent analyser – could easily differentiate between the Pele Offset
Dykes and the Nipissing Diabase. Future studies of the Pele Offset Dyke should take
these results into consideration when mapping the distribution of the dyke.

146

4.6

References

Ames D. E., Davidson A., and Wodicka N. 2008. Geology of the Giant Sudbury
Polymetallic Mining Camp, Ontario, Canada. Economic Geology, 103: 1057–
1077.
Anders, D.A., Osinski, G.R., Grieve, R.A.F., and Brillinger, D.T.M. 2015. The Upper
Contact Unit in the North Range: Roof rocks of the Sudbury Igneous Complex.
Meteoritics and Planetary Science, 50: 1577–1594.
Avermann, M.E., and Brockmeyer, P. 1992. The Onaping Formation of the Sudbury
structure (Canada)—An example of allochthonous impact breccias.
Tectonophysics, 216: 227–234.
Bleeker, W., Kamo, S.L., Ames, D.E., and Davis, D. 2015. New field observations and
U-Pb ages in the Sudbury area: toward a detailed cross-section through the
deformed Sudbury Structure. In Targeted Geoscience Initiative 4: Canadian
Nickel-Copper- Platinum Group Elements-Chromium Ore Systems — Fertility,
Pathfinders, New and Revised Models. Edited by D.E. Ames and M.G. Houlé.
Geological Survey of Canada, Open File 7856, pp. 151–166.
Campbell, N.A. 1980. Robust procedures in multivariate analysis. I: Robust covariance
estimation. Journal of Applied Statistics, 29: 231-237.
Card, K.D., and Pattison, E.F. 1973. Nipissing Diabase of the Southern Province,
Ontario. In Huronian stratigraphy and sedimentation. Edited by G.M. Young.
Geological Association of Canada, Special Paper 12, pp. 7–30.
Corfu, F., and Andrews, A. 1986. A U-Pb age for mineralized Nipissing diabase,
Gowganda, Ontario. Canadian Journal of Earth Sciences, 23: 107–112.
Coulter, A.B. 2015. The underlying structural controls of the Whistle-Parkin and Trill
Offset Dykes in the Sudbury Impact Structure. M.Sc. thesis, Department of Earth
Sciences, University of Western Ontario, Ontario, Canada.
Dressler, B.O. 1982. Geology of the Wanapitei Lake area, district of Sudbury. Ontario
Geological Survey, Report 213, pp. 131. Accompanied by Maps 2450 and 2451,
scale 1:31 680 or 1 inch to ½ mile.
Grant, R.W., and Bite, A. 1984. Sudbury quartz diorite offset dykes. In The Geology and
Ore Deposits of the Sudbury Structure. Edited by E.G. Pye, A.J. Naldrett and P.E.
Giblin. Ontario Geological Survey Special Volume 1, Ministry Natural
Resources, Toronto. pp. 275–300.
Grieve, R.A.F., Stöffler, D., and Deutsch, A. 1991. The Sudbury Structure: Controversial
or Misunderstood? Journal of Geophysical Research, 96: 22,753–22,764.
Grieve, R.A.F., Reimold, W.U., Morgan, J., Riller, U., and Pilkington, M. 2008.
Observations and interpretations at Vredefort, Sudbury, and Chicxulub: Towards
an empirical model of terrestrial impact basin formation. Meteoritics & Planetary
Science, 43: 855–882.

147

Jambor, J.L. 1971. The Nipissing Diabase. Canadian Mineralogist, 11: 34–75.
Krogh, T.E., Davis, D.W., and Corfu, F. 1984. Precise U-Pb zircon and baddeleyite ages
for the Sudbury area. In The Geology and Ore Deposits of the Sudbury Structure.
Edited by E.G. Pye, A.J. Naldrett and P.E. Giblin. Ontario Geological Survey
Special Volume 1, Ministry Natural Resources, Toronto. pp. 431-446.
Lightfoot, P.C., Keays, R.R., Morrison, G.C., Bite, A., and Farrell, K.P. 1997.
Geochemical relationships in the Sudbury Igneous Complex: Origin of the Main
Mass and Offset Dykes. Economic Geology, 92: 299–307.
Lightfoot, P.C., De Souza, H., and Doherty, W. 1993. Differentiation and source of the
Nipissing Diabase intrusions, Ontario, Canada. Canadian Journal of Earth
Sciences, 30: 1123–1140.
Murphy, A.J., and Spray, J.G. 2002. Geology, Mineralization, and Emplacement of the
Whistle-Parkin Offset Dyke, Sudbury. Economic Geology, 97: 1399–1418.
Naldrett, A.J., Bray, J.G., Gasparrini, E.L., Podolsky, T., and Rucklidge, J. D. 1970.
Cryptic variation and the petrology of the Sudbury Nickel Irruptive. Economic
Geology, 65: 122–155.
Ontario Geological Survey August 2003. 1:250,000-scale Bedrock Geology of Ontario.
Ontario Geological Survey, Miscellaneous Release-Data 126.
Rousell, D.H., Fedorowich, J.S., and Dressler, B.O. 2003. Sudbury Breccia (Canada): a
product of the 1850 Ma Sudbury Event and host to footwall Cu-Ni-PGE deposits.
Earth-Science Reviews, 60: 147–174.
Smith, D.A., Bailey, J., and Pattison, E.F. 2013. Discovery of new Offset Dykes and
insights into the Sudbury impact structure (abstract). In LPI Contributions 1737,
p. 3090.
Streckeisen, A. 1976. To each plutonic rock its proper name. Earth Science Reviews, 12:
1–33.
Therriault, A.M., Fowler, A.D., and Grieve, R.A.F. 2002. The Sudbury Igneous
Complex: A differentiated impact melt sheet. Economic Geology, 97: 1521–1540.
Tuchscherer, M.G. 1998. The petrology, geochemistry, and emplacement of the Foy
Offset Dyke, Sudbury impact structure. M.Sc. thesis, Department of Earth
Sciences, University of New Brunswick, New Brunswick, Canada.
Wood, C.R. 1998. Origin and emplacement of the Hess Offset Dyke, north range of the
Sudbury impact structure. M.Sc. thesis, Department of Earth Sciences, University
of New Brunswick, New Brunswick, Canada.

148

Chapter 5

5

Discussion, Conclusions, and Future Work

The primary goals of this thesis are twofold: (1) To understand the emplacement and
genesis of the North Range Offset Dykes at the Sudbury impact structure, Canada; and
(2) To understand why the margins of the Offset Dykes are composed of an inclusionpoor quartz diorite (QD) whereas the centre of the Offset Dykes consists of an inclusionand sulfide-rich quartz diorite (IQD). To date, the majority of research on the Offset
Dykes has been focused on either the South Range – due to its easier access and
historically rich deposits (e.g., Frood-Stobie; Copper Cliff) – or the portions of the Offset
Dykes that are proximal to the SIC (e.g., Whistle; Nickel Offset Mine). In recent years,
Wallbridge Mining Company Limited (Wallbridge) has been mapping the distribution of
Offset Dykes surrounding the Sudbury Igneous Complex (SIC) (Fig. 5.1). They have
greatly extended the known lengths of many of the Offset Dykes, as well as having
discovered three new Offset Dykes: Trill, Pele and Cascaden (Smith et al. 2013). This
plethora of new information has provided a unique opportunity to update our knowledge
of the North Range Offset Dykes. In this chapter, we present a new model for the
emplacement of the North Range Offset Dykes with regards to the impact cratering
process and the differentiation history of the SIC by synthesizing the results of the
previous chapters.
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Figure 5.1 A simplified map of the Sudbury impact structure, showing the Whitewater
Group, the primary components of the Sudbury Igneous Complex, the Offset Dykes, and
the fractured target rocks of the Southern and Superior Provinces. Modified from OGS
bedrock mapping 1:250,000 (2003) and internal Wallbridge Mining Company Limited
mapping.

5.1
The temporal relationship of the North Range
Offset Dykes
A comparison of the chemistry of the North Range Offset dykes is provided in Chapter 2
of this thesis. In terms of major oxides, most of the North Range Offset Dykes display

150

similar compositions, comparable to the values for the Norite from the SIC, and would
mostly be classified as granodiorite or quartz monzodiorite (Fig. 5.2). In general, the
North Range Offset Dykes appear to fall on a roughly continuous spectrum in terms of
their elemental composition. The Cascaden Offset Dyke is slightly more mafic than the
others (Fig. 5.2), and is composed primarily of QD. The Hess and Whistle are slightly
more felsic in composition (Fig. 5.2), and the Foy, Ministic, Parkin and Trill Offset
Dykes cluster closer to the quartz monzodiorite – granodiorite boundary. The Pele Offset
Dyke represents an extreme end member of this series, with an average composition that
lies in the middle of the granodiorite field.

Figure 5.2 CIPW normative mineralogies of the North Range Offset Dykes plotted on a
QAP (quartz, alkali feldspar, plagioclase feldspar) diagram (after Streckeisen 1976). Data
was calculated from average values for the Foy (n=101), Hess (n=172), Pele (n=20),
Cascaden (n=27), Ministic (n=31), Trill (n=39), Parkin (n=43), and Whistle Mine (n=12).
Data from Foy, Hess, Pele, Cascaden, Ministic and Trill are from this study (Appendix
D) and Wallbridge. Data from Parkin and Whistle are from Lightfoot et al. (1997).
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This variation can be seen in the incompatible elements as well in Figure 5.3, which
shows average compositions normalized to the average Felsic Norite from Lightfoot et al.
(1997). All of the Offset Dykes have a similar profile to the Felsic Norite, but typically
have higher proportions of incompatible elements. The Pele Offset Dyke is very enriched
in incompatible elements, whereas the Hess has values quite similar to the Felsic Norite
(Fig. 5.3A). The Foy (Fig. 5.3A), Parkin (Fig. 5.3C), as well as the Trill, Ministic, and
Cascaden (Fig. 5.3B) have a very similar pattern, lying roughly between the Hess and
Pele Offset Dykes. The Whistle Offset Dyke varies slightly. Relative to the Felsic Norite,
it is enriched in light rare earth elements (LREE), and depleted in Th, U, Ta, and Hf (Fig.
5.3C).
These results suggest that the Offset Dykes from the North Range were emplaced from
different levels of the differentiating SIC melt. The Cascaden, Hess and Whistle have a
more primitive chemical composition, suggesting that they were emplaced earlier than
the Foy, Parkin, Trill, or Ministic Offset Dykes. However, the lack of cross-cutting
relationships between the Hess and Foy Offset Dykes at their point of intersection
suggests that – while there may have been time between the emplacement of the Hess and
Foy Offset Dykes – the two Offset Dykes co-existed as melts and mixed at the
intersection.
The Pele is a clear outlier among the Offset Dykes, given its increased felsic content (Fig.
5.2) and its enrichment in incompatible elements (Fig. 5.3A). Whereas most Offset Dykes
have a composition similar to the Norite unit of the SIC, the composition of the Pele
Offset Dyke is comparable to the quartz gabbro or lower granophyre units of the SIC
(e.g., Figs. 4.5 and 4.6C). This suggests that the Pele Offset Dyke was emplaced after a
significant amount of differentiation of the SIC melt, potentially making it the youngest
known Offset Dyke.
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Figure 5.3 Spider diagram of incompatible elements normalized to the average Felsic
Norite from Lightfoot et al (1997). A. Average values from the Foy, Hess and Pele Offset
Dykes (data from Appendix D and Wallbridge). B. Average values from the Cascaden,
Ministic and Trill Offset Dykes (data from Wallbridge). C. Average values from the
Parkin Offset Dyke and Whistle Mine (data from Lightfoot et al. 1997).
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5.2
Emplacement of the Foy Offset Dyke – the single
injection and flow differentiation model
Two alternate hypotheses are considered regarding the formation of the Foy Offset Dyke
in order to explain why the centre of the dyke consists of an inclusion- and sulfide-rich
quartz diorite (IQD):
Multiple injection hypothesis (Lightfoot and Farrow 2002): The inclusion-poor impact
melt is emplaced first prior to any significant differentiation of the SIC. The second pulse
of impact melt is emplaced into the centre of the partially crystalline inclusion-poor
quartz diorite, carrying with it sulfides and inclusions. This ultimately results in a dyke
with inclusion- and sulfide-poor margins and an inclusion- and sulfide-rich centre.
Flow differentiation hypothesis (Grant and Bite 1984): The impact melt – which was
initially rich in sulfides and inclusions – is emplaced during a single injection event.
During flow, a combination of effects – i.e., the wall effect (Maude and Whitmore 1956),
Magnus effect (Bhattacharji and Smith 1964; Bhattacharji 1967), and Bagnold effect
(Bagnold 1954) – results in the inward translation of the inclusions away from the walls
of the dyke. As the concentration of clasts increases in the centre of the dyke, the two
units begin to form: a primarily liquid unit along the margins of the dyke that crystallized
to form the inclusion-poor quartz diorite, and a liquid-solid mixture in the centre of the
dyke that crystallized to form the inclusion-rich quartz diorite.
In Chapter 3, evidence is provided that supports the flow differentiation hypothesis for the
formation of the Foy Offset Dyke:
Some of the field relationships observed are consistent with either the multiple injection
or flow differentiation hypotheses. The contacts between QD and IQD are typically
gradational (e.g., Fig. 5.4A), but occasionally sharp (e.g., Fig. 5.4B). The nature of the
contact between QD and IQD would vary depending on the difference in viscosities of
the two melts – which would fluctuate depending on the clast-content of the inclusionrich melt. Cross-cutting relationships in the field – i.e., clasts of QD in IQD (Fig. 5.4C)
and intrusions of IQD in QD (Fig.5.4D). – suggest that QD crystallized first, followed by
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IQD. It is plausible that small bodies or enclaves of the melt crystallized during transport,
and were incorporated into the remaining melt flow. Thus, the cross-cutting relationships
between QD and IQD could have occurred via either multiple injection events or a single
prolonged injection.

Figure 5.4 Photographs from Foy north of the intersection showing the relationship
between QD and IQD. The knife is approximately 10 cm long. A. Gradational contact
between QD and IQD. B. Sharp contact between QD and IQD. C. Clast of QD within
IQD. D. Thin intrusion of IQD in QD
Observations regarding the sulfide content of QD and IQD, as well as the distribution and
orientation of inclusions within the Foy Offset Dyke support the flow differentiation
hypothesis. A byproduct of flow differentiation is that solid particles suspended in flow
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are rotated parallel to the direction of flow. This can be clearly seen in Figure 5.5 which
shows the orientation of inclusions at different regions of the Foy Offset Dyke. At every
location – except for the intersection between Foy and Hess – the long axis of the
inclusions is parallel to the orientation of the dyke. Furthermore, the rate of inward
translation of solid particles suspended in a flow increases with the size of the solid (e.g.,
Bhattacharji and Smith 1964, Vand 1948; Maude and Whitmore 1956; Karnis et al. 1963;
Ross 1986). This would result in the centre of the dyke containing larger clasts (Fig.
3.5A), as well as higher proportions of clasts (Fig. 3.5D). Furthermore, the process of
flow differentiation begins with an initial mixture of solids and liquids that only separate
once the mixture begins to flow (Maude and Whitmore 1956; Pao 1961; Bhattacharji and
Smith 1964). Therefore, the initial stage of the dyke should consist of only IQD.
Tuchscherer (1998) observed that the first ~ 1.5 km of the dyke consists only of IQD. The
primary lithologies of the dyke (i.e., QD and IQD) were only observed ~ 2 km along
strike. Based on observations included herein, the Foy Offset Dyke was likely emplaced
during a single prolonged event which carried the clasts and sulfides, and subsequent
flow differentiation moved the clasts and sulfides towards the centre of the dyke, forming
the marginal inclusion-poor quartz diorite and central inclusion-rich quartz diorite.
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Figure 5.5 Simplified geologic map of the Foy Offset Dyke. Rose diagrams depict the
long axis orientation of clasts at 7 field sites (Appendix G). Modified from OGS bedrock
mapping 1:250,000 (2003) and Wallbridge Mining Company Limited mapping.
The flow differentiation emplacement mechanism could potentially apply to other Offset
Dykes as well. For example, recent studies of the Trill and Parkin Offset Dykes (Coulter
2015; McDonald 2015), report similar observations to what is observable at the Foy,
including: the presence of both sharp and gradational contacts between the QD and IQD,
sulfide mineralization in both QD and IQD, and an alignment of clasts parallel to the
contacts. Coulter (2015) also observed that IQD at the Trill dissipates somewhere
between ~4 km and 8 km. Similar observations have been made in flow differentiation
experiments (e.g., Bhattacharji and Smith 1964). Observations at the Worthington Offset
Dyke could also support this emplacement model, including: both gradational and sharp
contacts, and a preferred alignment of inclusions (Lightfoot and Farrow 2002).
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5.3

Conclusions

Based on the results included herein, some general conclusions can be drawn regarding
the formation of the North Range Offset Dykes:
(1) The Foy and Hess were intruded after the Sudbury Igneous Complex had
undergone some degree of differentiation.
(2) The Hess is slightly less evolved than the Foy with respect to the Sudbury
Igneous Complex, but the two dykes co-existed as melts and mixed at the
intersection.
(3) The Foy was likely emplaced during a single prolonged event which carried
the clasts and sulfides, and subsequent flow differentiation moved the clasts and
sulfides towards the centre of the dyke, forming the inclusion-poor quartz diorite
along the margins, and the inclusion-rich quartz diorite in the centre of the dyke.
(4) The Pele is composed of only the inclusion-poor quartz diorite, is chemically
more evolved than the other North Range Offset Dykes, and may have been one
of the last Offset Dykes to have been emplaced.
(5) The flow differentiation emplacement mechanism could potentially apply to
other radial Offset Dykes as well, including the Twill, Parkin, and possibly
Worthington Offset Dykes.
These results suggest that emplacement of the Offset Dykes took place over an extended
period of time, not as a single early injection event.

5.4
Unanswered questions and recommendations for
future work
This research has revealed new insights into the formation of the Offset Dykes of the
North Range; however, there are many questions that remain unanswered. Is the single
injection and flow differentiation model applicable to all of the Offset Dykes, or if it
specifically applies to the Foy? As discussed briefly above, observations of the Trill,
Parkin and Worthington Offset Dykes could support the model. However, dykes such as
the Hess that are concentrically oriented and contain very little IQD likely were emplaced
under different conditions, as discussed in Chapter 2. Future studies on the various Offset
Dykes should take these results into consideration when attempting to discern the
emplacement mechanisms of the Offset Dykes.
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If the Pele was emplaced later than the other Offset Dykes from a more evolved SIC melt
– as suggested herein – then why is there no evidence of Offset Dykes cutting across the
SIC? And what mechanism was responsible for causing dyke emplacement so late in the
crater modification stage?
The relationship between the North Range and the South Range Offset Dykes is another
problem that has not been addressed here. Lightfoot et al. (1997) documented the
geochemical differences between the North and South Ranges, and attributed this
difference to the assimilation of the local country rocks – which are different in the North
and South Ranges. However, the question of why the SIC and Offset Dykes of the North
and South Ranges differ is one that has not been sufficiently addressed in the current
literature.
Perhaps the most significant question is why Offset Dykes are only found in large impact
structures. Smaller complex craters such as the Ries (Osinski 2004) and Haughton
(Osinski 2005) are not known to be associated with impact-melt dykes of this scale. The
only comparable example to the Offset Dykes are the Vredefort Granophyre dykes
(Reimold and Gibson 2006), which are similarly large (up to ~50 m wide) impact-melt
dykes that are rich in inclusions towards the centre of the dykes. This suggests that the
Offset Dykes are a unique feature of very large impact structures. A comparison study of
the Vredefort Granophyre and Sudbury Offset Dykes would further our understanding of
how such dykes form in – and are only found in – large impact structures.
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Appendices
Appendix A: List of samples. Coordinates are recorded using NAD 83, in Zone 17T.
Data available in ‘Pilles - Appendices A to G.xlsx’.
Appendix B: Results of electron microprobe analyses of plagioclase. Acquired at McGill
University using a JXA JEOL-8900L electron microprobe. Data available in ‘Pilles Appendices A to G.xlsx’. Names of the spot analyses reflect the original sample names.
Refer to the ‘Notes’ column in Appendix A.
Appendix C: Results of electron microprobe analyses of sulfides. Acquired at Western
University using a JXA-JEOL-8530F field-emission electron microprobe. Data available
in ‘Pilles - Appendices A to G.xlsx’.
Appendix D: Results of geochemical analyses. Acquired by ALS Minerals using ICPMS, ICP-AES and Fire Assay. Data available in ‘Pilles - Appendices A to G.xlsx’.
Appendix E: Location of transects made along the Foy and Hess Offset Dykes where
clast orientation, lithology and abundance was recorded. Data available in ‘Pilles Appendices A to G.xlsx’.
Appendix F: Abundance and lithologies of clasts along the transects listed in Appendix
G. Totals for each row reflect the number of clasts visible in a m2 area. Data available in
‘Pilles - Appendices A to G.xlsx’.
Appendix G: Long-axis orientation of clasts along the transects listed in Appendix I.
Each square consists of a m2 area. Data available in ‘Pilles - Appendices A to G.xlsx’.
Appendix H: Photomicrographs. Data available in ‘Pilles – Appendix H photomirographs.zip’.
Appendix I: Backscatter electron images, EDS and WDS spot analyses, element maps.
Acquired at Western University using a JXA-JEOL-8530F field-emission electron
microprobe. Data available in ‘Pilles - Appendix I – Microprobe images.zip’.
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Appendix J: Trench maps produced during this study, at 1:50 scale. Clasts > 30 cm in
diameter were mapped. Coordinates listed in UTM NAD83. Data available in ‘Pilles –
Appendix J – trench maps.pdf’.
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