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injection dykes in the crater floor and walls (Fig.1.3) (Osinski et al., 2013). The latter will
be the focus of this investigation at the Sudbury impact structure in Ontario, Canada and

are locally known as “Offset dykes”.

Figure 1.3 Schematic diagram of a typical complex impact structure highlighting the
common locations where impact melt-bearing materials are observed (Osinski et al.,

2013).



1.2 Sudbury Geology

The Sudbury impact structure is located in central Ontario, Canada, at the city of Sudbury
(Fig. 1.4). In 1964, Robert Dietz proposed a meteorite impact origin for the Sudbury
structure prior to even visiting Sudbury (Dietz, 1964). He correctly predicted that shatter
cones; the only macroscopic evidence of impact events, would be found in the footwall
rocks surrounding the basin. The impact origin was debated for decades; however, as
initially argued in Grieve et al. (1991), the Sudbury impact structure is generally well
accepted to be the erosional remnant of a tectonized 200- to 250-km multi-ring impact
basin. Precise U-Pb dating of zircon and baddeleyite of the Sudbury impact lithologies
places its formation at 1.85 Ga during the Penokean orogeny (Krogh et al., 1996), which
led to its elliptical deformation (Deutsch et al., 1995). The Sudbury impact structure is
made up of three major constituents, from the centre of the structure outwards they are:
the Whitewater Group, the Sudbury Igneous Complex (SIC) and the shocked and
brecciated host rocks in the crater floor (Figs. 1.4 and 1.5).

The Whitewater Group are a complex series of breccias and post-impact sediments made
up of four conformable Formations, in ascending order, the Onaping, Vermilion, Onwatin
and Chelmsford Formations (Figs. 1.4 and 1.5); the latter three being sedimentary in
origin (Grieve et al., 2010). The origin of the Onaping Formation has been vigorously
debated over the years and has been attributed to; but not limited to, a pyroclastic
accumulation during an explosive phase of volcanism (Burrows and Rickaby, 1929), an
impact-generated fallback breccia origin (French, 1967), a combination of fallback and
wash-in by a tsunami-like wave (Peredery, 1972; Peredery and Morrison, 1984) along
with several other variations of these hypothesis (Mungall et al., 2004; Ames et al., 2008,
Coulter and Osinski, 2015). The Vermilion Formation consists of carbonate, siltstone and
chert breccia (Martin, 1957; Stoness, 1994); which hosts Zn-Pb-Cu mineralization (Gray,
1995). The Onwatin Formation is composed of carbonaceous mudstone and siltstone and
the Chelmsford Formation is dominated by muddy wackes (Figs. 1.4 and 1.5) (Cantin and
Walker, 1972; Rousell, 1972, 1984).
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Figure 1.4 Simplified regional geologic map of the Sudbury impact structure. Modified
from OGS bedrock mapping 1:250,000 (2003) and internal Wallbridge Mining Company
Limited mapping.
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Figure 1.5 Generalized stratigraphic columns for the Sudbury impact structure
illustrating magmatic-hydrothermal Ni-Cu-PGE and hydrothermal Zn-Pb-Cu ore deposit

environments (Ames et al., 2008).

The SIC consists of four major lithological units, from outside inwards and bottom to top:
Norite, Quartz Gabbro, Granophyre and the Upper Contact Unit (Figs. 1.4 and 1.5)
(Naldrett, 1984; Anders et al., 2015). There is a discontinuous unit below the SIC known
as the Contact Sublayer, which is thickest in depressions in the footwall known as
embayments (Souch and Podolsky, 1969; Pattison, 1979; Naldrett, 1984). These
embayment structures are characterized by abundant xenoliths and Ni-Cu-PGE sulphide
mineralization, which often extend outwards into the Offset dykes (Grant and Bite,
1984). As initially proposed by Grieve et al. (1991), the SIC is widely believed to be the

erosional remnant of a differentiated impact melt sheet. The SIC is elliptical in shape at
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surface and is ~27 by 60 km (Fig. 1.4). The present three-dimensional geometry of the
SIC has been well constrained to a thickness of 2—-3 km from over a century of mining
and exploration. The SIC is divided into three main geographic regions: the North Range;
which dips ~35°S, the South Range; which dips ~ 55°N in unfaulted regions and the East
Range; which dips ~70°W (Pattison, 2009). However, major portions of the South Range

have been tectonically tilted to near vertical with some local overturning (Pattison, 2009).

The SIC is situated at the junction between two major Precambrian terranes: the Archean
granite-greenstone and gneiss terrane of the Superior Province in the north and the
Paleoproterozoic metasedimentary and metavolcanic rocks of the Huronian Supergroup
of the Southern Province in the south (Fig. 1.4) (Dressler, 1984a). The Grenville Front is
situated 8—16 km southeast of the SIC and represents the northwestern boundary of the
Mesoproterozoic Grenville province (Fig. 1.4) (Brocoum and Dalziel, 1974). There are
various types of complex breccias in the footwall; within the Superior and Southern
provinces, which have been the subject of many publications (e.g., Fairbairn and Robson,
1942; Speers, 1957; Card, 1978; Muir, 1981, 1983; Dupuis et al., 1982; Fedorowich et
al., 1999; Rousell et al., 2003). Sudbury Breccia and Footwall Breccia will be discussed

herein.

Sudbury Breccia has been identified as Frood breccia (Yates, 1948; Zurbrigg, 1957),
Levack breccia (Mitchell and Mutch, 1956), common Sudbury Breccia (Speers, 1957)
and pseudotachylite (Thompson and Spray, 1994) over the past few decades. This rock
type is generally described as a rock made up of subrounded fragments set in a fine-
grained to aphanitic matrix, which can be fragmental, recrystallized or even locally
igneous-textured. Sudbury Breccia is observed as dykes or irregular-shaped bodies that
vary in size from millimetre sized veins to a ~50 km breccia belt; referred to as the Frood
belt (Yates, 1938) or more recently as the South Range Breccia Belt (Scott and Spray,
1999, 2000). Sudbury Breccia commonly displays sharp contacts with the host rocks;
however, a rare example of a gradational contact has been reported by Dressler et al.
(1991). Sudbury Breccia has been reported in various concentrations at various distances
around the SIC (Speers, 1957; Card, 1978; Dressler, 1984a; Thompson and Spray, 1994;
Spray and Thompson, 1995; Thompson, 1996). Generally it is most abundant within a
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distance of 5-10 km and has been reported to a maximum of 80 km from the SIC
(Simony, 1964). A simple classification of Sudbury Breccia was proposed by Rousell et
al. (2003) solely based on the nature of the matrix: clastic, pseudotachylite or
microcrystalline. The most commonly accepted hypothesis on the origin of Sudbury
Breccia is via cataclasis, comminution and possibly melting of the impact rocks during
excavation and modification stages of the impact (Dietz and Butler, 1964; Dressler,
1984a; Thompson and Spray, 1994; Spray and Thompson, 1995; Dressler and Reimold,
2004; Rousell et al., 2003).

Footwall Breccia has previously been referred to as granite breccia and leucocratic
breccia (Pattison, 1979; Muir, 1981, 1983; Souch and Podolsky, 1969). It is described as
a heterolithic breccia containing a variety of locally derived rock and mineral fragments
which are angular to subrounded (Dressler, 1984a; Lakomy, 1990). It is set in a fine- to
medium-grained matrix which is commonly light-coloured and varies from pinkish-white
to dark grey (Dressler, 1984a; Lakomy, 1990). It is up to 150 m thick and occurs as
discontinuous lenses and sheets along the lower contact of the SIC and is most common
in the East and North Ranges (Dressler, 1984a; Lakomy, 1990). Inclusions of Sudbury
Breccia are observed within the Footwall Breccia and contact metamorphism of Footwall
Breccia by the SIC gives clear timing relationships as to its origin (Lakomy, 1990).
Lakomy (1990) proposes the Footwall Breccia is formed after Sudbury Breccia and
represents a part of the uplifted crater floor directly beneath the SIC. Naldrett et al.
(1970) suggests the North Range is possibly 3—5 km higher in the crust than that of the
South Range; due to the NW-directed upward thrusting displacement (e.g., reverse faults)
of the South Range along the south dipping South Range shear zone (Naldrett et al.,
1970; Cowan et al., 1999; Milkereit. and Green, 1992; Riller, 2005). The Footwall
Breccia is mostly observed in the North and East Ranges in comparison to the South
Range and Dressler (1984) suggests that the Footwall Breccia formed along the upper

parts of the Sudbury crater wall due to its higher location in the crust.

1.2.1  Sudbury Ni-Cu-PGE Deposit Models

The Sudbury impact structure hosts some of the world’s largest Ni-Cu-PGE sulphide
deposits (Table 1.1.) (Morrison et al., 1994; Morrison, 1999; Golightly and Rousell,
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2000; Naldrett, 2004; Ames and Farrow, 2007). Canada’s principal base metal mining
district, Sudbury boasts a past production, reserve and resource of ~1.6 billion tonnes of
Ni, Cu, Co, Pt, Pd, Au and Ag ore, with an estimated value of ~231 billion US dollars
(Table 1.1) (see Naldrett, 2004). The deposits of the Sudbury impact structure can be
simplified into four main deposit types: 1) SIC-Footwall contact deposits; 2) Footwall
vein deposits; 3) Offset dyke deposits; and 4) sheared deposits (Fig. 1.5). Roughly two
thirds of the deposits are located at or below the base of the SIC, with the bulk of the

remainder in the Offset dykes and a relatively smaller proportion in the sheared deposits.

Table 1.1 Ore resources (including that already mined), average metal concentrations in
the ores, value of ore (US$ per tonne) and total value of ore resources (USS$ billions) of

select Ni-Cu-PGE sulphide deposits (see Naldrett, 2004). * Indicates Canadian

deposits/camps.

Deposit/Camp Ore Ni Cu Co Total Ore Total Value
resource PGE g/t (US$/t) (USBS$)
(106 ) wt% wt% wt%

Total 11549.9 0.13 0.06 5.67 90 1,040

Bushveld

Noril’sk 1309.3 1.77 3.57 0.061 9.5 307 402

region

Great Dyke 2574 0.21 0.14 5.42 94 241

Sudbury* 1648 1.2 1.08 0.038 1.17 140 231

Duluth 4000 02 0.6 0.019 0.66 37 148

Thompson* 150.3 232 0.16 0.046 0.83 212 32

Voisey’s Bay* | 136.7 1.59 0.85 0.090 0.19 168 23

Stillwater 323 0.05 0.02 2491 239 7.7

Raglan* 24.7 2.72 0.70 0.054 3.76 284 7.0




