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ABSTRACT

The Sudbury Structure, Ontario, is the remnant of a 1.85 Ga old impact crater, 200-250
km in diameter. Erosion and tectonism have affected the Sudbury Structure and resulted in
considerable brittle and ductile deformation, and the removal of the surface expression of the
crater structure and all exterior deposits typical of many terrestrial impact structures. However,
substantial amounts of the interior deposits, including the craterfill products, have been preserved
within the Sudbury Basin. Although most workers acknowledge an impact origin for the
Sudbury Structure, the origin of the Sudbury Igneous Complex (SIC), located inside the Sudbury
Structure, remains controversial. The objectives of this study are to elucidate the division of the
SIC into lithologically separate phases and to understand their relation to impact and endogenic
igneous processes by using physical, chemical and computer methods, and to model the genesis
of the SIC.

The SIC is a 2.5-3.0 km thick, ~ 60 x 27 km elliptical igneous-rock body, consisting of
four major lithologies (top to base): granophyre, quartz gabbro, norite, and the so-called contact
sublayer. All these lithologies are continuous across the complex, except for the contact
sublayer. Modal compositions reveal that the current nomenclature is improper. According to
the TUGS classification, “quartz gabbro™ samples should be classified as quartz monzogabbros
and “norite” samples as quartz gabbros or quartz monzogabbros. [n view of these observations,
an updated terminology is proposed (top to base): upper unit, transition zone, middle unit, lower
unit, and contact sublayer.

Gradational mineralogical and geochemical variations between the SIC lithological units
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are evidence of a single melt system for the SIC. The occurrence of primary hydrous minerals,
deuteric alteration, and abundant micrographic and granophyric intergrowths demonstrate that
this melt was rich in H,O. The intergrowths and other far-from-equilibrium textures are likely
due to rapid crystallization as a result of a large undercooling caused by the exsolution ofa
volatile phase. The SIC differs from other known terrestrial impact melt sheets only by its great
thickness and its chemical layering. It is concluded that the SIC is a differentiated impact melt

sheet, the only one identified on Earth to date.



SOMMAIRE

La structure de Sudbury (SS), Ontario, est un astrobléme vieux de 1,85 Ga avec un
diameétre originel de 200 4250 km. L’érosion et le tectonisme ont affecté la SS, résultant en une
déformation considérable du cratére et I’effacement de 1’expression morphologique de celui-ci
et de ses dépdts extérieurs. Cependant, une quantité appréciable des dépdts intérieurs, incluant
différentes bréches d’impact, ont été préservés. Malgré que la plupart des chercheurs
reconnaissent une origine météoritique pour la SS, I’origine du complexe ignée de Sudbury
(CIS), situé au centre de la SS, demeure controversée. La présente étude a pour buts de modeler
la génése du CIS, d’en élucider la division en phases lithologiques distinctes et de mieux
comprendre leur relation avec les procédés d’impact et endogéniques.

Le CIS représente un corps rocheux igné elliptique d’environ 60 x 27 km, d’une épaisseur
de 2,54 3,0 km, et composé de quatre lithologies principales (de haut en bas): granophyre, quartz
gabbro, norite, et la dite sous-couche de contact. Ces lithologies sont continues sur I’étendue du
complexe, exceptée la sous-couche de contact. Des analyses de composition modale révelent
que la nomenclature actuelle est erronée. Selon la classification TUSG, les échantillons de
“quartz gabbro” sont des quartz monzogabbros tandis que certains des échantillons de “norite”
sont des quartz gabbros alors que les autres sont des quartz monzogabbros. D’aprés ces
observations, une nouvelle terminologie n’utilisant que des termes non-pétrogénétiques est
proposée.

Les variations minéralogiques et géochimiques graduelles entre les différentes lithologies

du CIS sont évidences que celui-ci se soit comporté comme un systéme a magma unique. La
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présence de minéraux hydratés primaires, d’une altération deutérique et d’abondantes textures
micrographiques et granophyriques démontrent que ce magma était riche en H,O. L’abondance
de ces textures et de textures loin-de-1’équilibre suggére que la cristallisation des roches du CIS
fut rapide et le résultat d’une surfusion causée par I’exsolution d’une phase volatile. Le CIS ne
differe des autres couches d’impactites terrestres connues que par sa grande épaisseur et sa
stratification chimique. Il est conclu que le CIS représente une couche d’impactite différenciée,

la seule identifiée sur Terre a ce jour.
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1. INTRODUCTION

The Sudbury Structure (N46°36',W81°11"), Ontario, is renowned for its very large ore
deposits. Located at the boundary of two geological provinces (Superior and Southern
Provinces) of the Canadian Shield, the Sudbury Structure encompasses an area > 15,000 km’.
It includes fractured and brecciated Archean and Huronian rocks cross-cut by the Offset dykes
and multiple veins and lenses of Sudbury Breccia (i.e., pseudotachylites), the so-called Footwall
Breccia flooring the Sudbury Igneous Complex (SIC), the SIC, and the Sudbury Basin. The
Sudbury Basin consists of the Onaping, Onwatin, and Chelmsford Formations (Figs. 1 and 2).
In the last two decades, considerable advances have been made in understanding the character
of large impact structures and impact processes. These have led to a generalized working
hypothesis for the origin of the Sudbury Structure (e.g., Grieve et al., 1991; Stoffler et al., 1994;
Deutsch and Grieve, 1994; Deutsch et al., 1995). While initially highly controversial, the impact
origin of many geological features of Sudbury, as first suggested by Dietz (1964) and later
confirmed by the work of Dietz and Butler (1964), Bray et al. (1966) and French (1969, 1970),
is now broadly recognized. Based on these geological features, the Sudbury Structure isregarded
as the eroded and tectonized remnant of an originally 200-250 km diameter impact basin (e.g.,
Grieve ef al., 1991; Deutsch et al., 1995; Spray and Thompson, 1995). '

The SIC is elliptically shaped in map view, ~ 60 km by 27 km. It is 2.5-3.0 km thick,
with an estimated preserved volume of ~ 8,000 to ~ 14,000 km® (Grieve, 1994). In previous
work, the SIC was subdivided into norite, quartz gabbro and granophyre (e.g., Dressler ez al.,
1992; Fig. 2). The SIC may be divided into three regions: the South Range (the southern half
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of the SIC), which dips steeply northward or vertically, the East Range (the eastern section of
the SIC running roughly north-south), which dips vertically, and the North Range (the northern
half of the SIC), which dips about 30° to 50° to the south (Dressler, 1984). In addition,
discontinuous bodies of contact sublayer occur at its base (Fig. 2).

Although the SIC has been known for over a century, considerable debate has been
generated concerning its nature and origin. The work of French (1967, 1968) was crucial in the
recognition of the impact origin of the Onaping Formation, which overlies the SIC and, until that
time, had been regarded as a volcanic rock unit, thus providing evidence for an endogenic origin
of the SIC and the Sudbury Structure itself. With few and imprecise data at the time, the origin
of the SIC remained elusive. Dietz (1964) proposed that the SIC was the result of an impact-
triggered intrusion, an hypothesis supported by Pattison (1979) and Dressler er al. (1987).
French (1969, 1970) interpreted the SIC has due to the unroofing of a magma chamber by the
impact event. Nowadays, he (e.g., French, 1998) and others (e.g., Grieve ef al., 1991; Stoffler
et al., 1994; Deutsch and Grieve, 1994; Deutsch et al., 1995) recognize the Sudbury Structure
as a large complex impact structure. They also postulate the SIC as the remains of a coherent
impact melt sheet similar to those of other large terrestrial impact structures. Meanwhile, the
previously favoured interpretation that the SIC was a crustally contaminated mantle magma(e.g.,
Naldrett and Hewins, 1984; Naldrett et al., 1986) has been revived by Norman (1994) and
Rousell ez al. (1997). Also, Dence (1972) suggested that the SIC was partly an impact melt and
partly a mantle melt. An hypothesis shared by, most recently, Chai and Eckstrand (1993, 1994),

Dressler et al. (1996) and Zhou et al. (1997). These authors suggest that the contact sublayer,
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norite and quartz gabbro of the SIC represent a contaminated endogenic magma; whereas, the
granophyre of the SIC represents the impact melt. Lightfoot et al. (1997a) concluded that the
original impact melt could have been contaminated by a volumetrically small (< 20%) influx of
mantle-derived picritic magma. More recently, Marsh and Zieg (1999) interpret the SIC to be
the result of crystallization from silicate emulsion in an impact melt, which does not require or
rule out the admixture of a mantle component. Naldrett (1999) now views the SIC as having been
formed solely through impact melting. Using most current ideas and published data, Naldrett
(1999) proposes a comprehensive model of the formation of the Sudbury Structure and the SIC,
and points to many remaining questions about them. Naldrett (1999) suggests that a magma
comprising cumulates represented by the South Range Norite + Felsic Norite + Quartz Gabbro
corresponds to the initial composition of the impact melt. He further suggests that parts of the
overlying impact breccias were melted and incorporated into the upper part of the impact melt,
giving it a lower density than the lower part. This would have resulted in two-layer convection
within the melt sheet.

Compared to other terrestrial impact melt sheets, the SIC differs in its chemical layering
and its great thickness. The SIC also differs from terrestrial layered igneous intrusive complexes
by its granodioritic (Collins, 1934) and not gabbroic bulk composition and its distinctive crustal
isotopic signature (e.g., Faggartetal., 1985; Naldrett et al., 1986; Deutsch, 1994). The ideas that
the SIC is differentiated and that its various lithologies are genetically related are not a radical
concept. It was a tenet of previous work, wherein the SIC was considered to have a mantle

source (e.g., Collins, 1934; Naldrett and Hewins, 1984).



1.1 Regional Geology

The area around the SIC consists of Archean metavolcanic, metasedimentary and granitic
rocks, emplaced more than 2600 Ma ago, and Proterozoic metasedimentary and metavolcanic
rocks of the Huronian Supergroup, deposited and folded between 2500-2219 Ma (Card er al.,
1977; Card, 1978). To the north of the SIC, the Cartier Batholith, which crystallized 2642 + 1
Ma ago (U-Pb age of zircon; Meldrum er al., 1997), and the Levack gneiss complex (Langford,
1960; Card, 1994) occur within the Archean granitic rocks. The Levack gneiss (Fig. 1) is a
complex comprising an assortment of felsic, mafic, ultramafic and sedimentary rocks, locally
metamorphosed to the granulite facies about 2647 + 2 Ma (U-Pb age for zircon; Krogh et al.,
1984). After deposition and deformation of the Huronian Supergroup, four major magmatic
events have occurred within the rocks of the area. The Nipissing diabase sills were emplaced
at2219.4 +3.6/-3.5 Ma ago (U-Pb age for baddeleyite and rutile in diabase; Corfu and Andrews,
1986). Granitoid plutons intruded at 1749 +12/-8 Ma (U-Pb age for igneous titanite in
granodiorite; Davidson and van Breemen, 1994) and 1464 +2/-1 Ma (U-Pb age for zircon in
granite; Davidson and van Breemen, 1994). Last, the Sudbury diabase dyke swarm was
emplaced about 1235 +7/-3 Ma ago (U-Pb age for baddeleyite and zircon in diabase; Dudas et
al., 1994; Krogh et al., 1987). Since 2500 Ma ago and besides the 1850 + 1 Ma Sudbury impact
event (averaged U-Pb age for zircon and baddeleyite in norite and granophyre; Krogh et al.,
1984), the area has been affected on a regional scale by: (1) the Blezardian orogeny, dated at 2.4
to 2.3 Ga ago (Riller et al., 1999), (2) the Penokean orogeny, which lasted from 1890 to 1830

Ma ago (van Schmus, 1980; Hoffman, 1989), although most significant deformation may have
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ceased prior to the impact event (Zolnai et al., 1984; Fueten and Redmond, 1997), (3) aNW-
thrusting deformation event (Fueten and Redmond, 1997) between 1453 £ 6 Ma (U-Pb age for
zircon in pegmatites; Krogh, 1994) and ~ 1445 Ma (monazite ages in a biotite-garnet schist and
a quartzofeldspathic gneiss; Dudas et al., 1994), and (4) the Grenvillian orogeny ca. 1000 Ma
ago, which destroyed the southeastern part of the Sudbury Structure, but otherwise had
apparently only a minor effect on the area (e.g., Brocoum and Dalziel, 1974). Hirter al. (1993)
and Roest and Pilkington (1994) have demonstrated that the Sudbury Structure was most likely
originally circular. Erosion (~ 5 to 8 km of stratigraphy; e.g., Dence, 1972; Golightly, 1994) and
tectonism have affected the Sudbury Structure over 1.85 Ga. The result was considerable brittie
and ductile deformation of the crater components and removal of the surface expression of the
crater structure and all exterior deposits. However, substantial amounts of the interior crater
deposits, including craterfill products (i.e., the Onaping, Onwatin and Chelmsford Formations;
e.g., Grieve et al., 1991; Deutsch ef al., 1995; Ames et al., 1998), have been preserved.

The various lithological units of the SIC are described as follows. The contact sublayer
is a fine- to medium-grained noritic rock that occurs discontinuously around much of the outer
margin of the SIC in kilometre-sized radial depressions called “troughs” (Morrison, 1984).
Much of the contact sublayer is characterized by abundant xenoliths and Cu-Ni mineralization.
Some of the xenoliths are identifiable as locally derived country rocks, others constitute a suite
of ultramafic and mafic rocks of unknown source, which may be genetically linked to the SIC
(e.g., Lightfoot et al., 1997b). A gradational contact is observed between the contact sublayer

and the overlying norite. The norite is medium- to coarse-grained, dark green to black, and
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consists of cumulus plagioclase and enstatite with intercumulus quartz, augite, magnetite and
ilmenite, and may contain amphibole and/or biotite (Naldrett and Hewins, 1984). In the North
Range, the norite is up to 1000 m thick (Fig. 3). The norite has been further divided into a
quartz-rich norite, a mafic norite, and a felsic norite (Fig. 4; Naldrett and Hewins, 1984). The
quartz-rich norite is restricted to the South Range and the mafic norite is restricted to the North
Range. The felsic norite is most abundance in the North Range, but is much more restricted in
its development in the South Range, where it is referred to as South Range Norite (Naldrett and
Hewins, 1984). A gradational contact is also observed between the norite and the quartz gabbro.
The quartz gabbro is medium- to coarse-grained, exhibits adecrease in enstatite content at higher
stratigraphic levels and an increase in quartz, augite, magnetite, ilmenite, apatite, titanite and
granophyric intergrowths abundance. Inthe North Range, the quartz gabbro is up to 500 m thick
(Fig. 3). Within the lower part of the quartz gaburo occurs a thin layer of leucocratic quartz
gabbro (referred to as the “blue band” or “tonalite™ by the personnel of INCO Ltd.). This
lithology is slightly richer in chlorite, poorer in micrographic intergrowths, contains only trace
amounts of titanite, and its pyroxene crystals are more uralitized compared to the quartz gabbro
immediately above and below it. The contact between the quartz gabbro and the’overlying
granophyre is also gradational over a zone up to 200 m thick. In the present work, this latter
boundary is referred to as the transition zone (Figs. 3 and 4). The granophyre is, in general,
coarse-grained, altered, and consists of plagioclase, a granophyric intergrowth of quartz and
alkali feldspar and minor amounts of biotite and opaque oxide minerals. In the North Range, the

granophyre is up to 1500 m thick (Fig. 3). A plagioclase-rich facies is found within the top of



« %P, 52848

- 400 |
2000 -

T 800
3000 -1

4000 - 1200

| |
AN N B

~ \v/- >} L
R i

NP B 10006

5000 -1 -
- 1600
6000 | 58 5
- S Onaping Formation e
- 2000 1\‘, \ =\
i ot Granophyre TS
7000  missing core Transition zone Q
1 > Quartz Gabbro*
L 2400 Norite*
8000 —
- [-7 Contact Sublayer
+ ] Country Rock

—— E——

Figure 3. General description of the drill cores mentioned in the text. Note that all contacts are
gradational, except the contact with the country rocks. * In this work, these two lithologies are

reclassified as quartz monzogabbro and/or quartz gabbro, leading to a proposed updated
terminology. See Section 3.1 in the text.



a)

11

b)

South Range North Range North Range
Onaping Fm Onaping Fm Onaping Fm
Plag-ri@ Plag-rich Grano. Upper Unit a
Granophyre Granophyre Upper Unit

Transition Zone
Quartz Gabbro Quartz Gabbro Middle Unit
South Range
Norite g Felsic Norite Lower Unit

Quartz-rich Norite

/Mafic Norite

Tower Unita

Sublayer

Country Rocks

\_ Sublayer

Country Rocks

“\_.Contact Sublayer,
Country Rocks

Figure 4. Units of the Sudbury Igneous Complex according to: (a) previous work, and
(b) this work. Not to scale. See text for details.



12
the granophyre and, in places, at its upper limit with the basal member of the Onaping Formation
(e.g., Peredery and Naldrett, 1975). The Offsets are quartz diorite dykes (ten presently known,

e.g., Wood and Spray, 1998; Scott and Spray, 1999) are concentric or radial to the SIC and they

contain abundant inclusions.

1.2 Previous Work

The first publications about the lithologies of the SIC date back to the early 1890's (cf.,
Giblin, 1984). In the following 100 years, various terminologies were applied to this rock suite
and several hypotheses of origin have been set forth and debated. The number of recognized
phases, or lithologies, within the SIC have increased from just two, norite and micropegmatite
(granophyre) in the 1890's, to norite - transition zone - micropegmatite in the 1930's (Collins,
1934), to norite - oxide-rich gabbro - micropegmatite in the 1970's, to norite - quartz gabbro -
micropegmatite in the 1980's (Naldrett er al., 1970) and, currently, norite - quartz gabbro -
granophyre. Barlow (1904) was first to inroduce the term, Nickel-Bearing Eruptive to describe
the norite and the granophyre. In the 1960's, this term was replaced by the Sudbury Nickel
Irruptive, which was simplified to Nickel Irruptive. Since the 1980's (perhaps a little carlier),
the term Sudbury Igneous Complex, or SIC, has been in use.

Williams (1891) and von Foullon (1892) were the first to describe the norite. The norite
and granophyre were thought to occur in two separate “ranges” (now called North Range and
South Range). However, Walker (1897) then Coleman (1905, 1913) suggested that these two

units actually formed a continuous basin at depth. Stevenson (1961, 1963) studied the
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granophyre. He described an additional phase gradational with the top of the granophyre and in
sharp contact with the overlying Onaping Formation. He called it pepper-and-salt micro-
pegmatite, and interpreted it as the upper chilled contact of the granophyre. The pepper-and-salt
micropegmatite is fine-grained, contains inclusions of quartzite and granite. In addition,
Stevenson (1963) noted that his mineralogical and textural observations indicated a high
intrusion temperature and rapid cooling of the granophyre. Stevenson and Colgrove (1968)
recognized four phases within the norite (including the quartz gabbro) and three phases within
the granophyre. Naldrett et al. (1970) documented variations between the rock suite of the North
Range and South Range, observing phase layering and cryptic mineral variations. Peredery and
Naldrett (1975) distinguished two phases of granophyre: (1) granophyric micropegmatite, the
main component, and (2) plagioclase-rich micropegmatite (Stevenson’s pepper-and-salt
micropegmatite). They interpreted the plagioclase-rich granophyre as cither a highly
recrystallized matrix of the basal breccia (basal member of the Onaping Formation), or a melt
rock believed to be related to meteoritic impact. Inaddition, they interpreted the plagioclase-rich
phase as the upper part of the oxide-rich gabbro, which would have been split off by the intrusion
of the granophyric micropegmatite. Finn (1993), after a detailed mapping program in an area of
the North Range, recognized various phases of granophyre, including an heterogeneous
granophyre, which is a continuous unit along the boundary with the overlying Onaping
Formation, the plagioclase-rich phase, which occurs as dykes and ina discontinuous unit below
the heterogeneous granophyre, a “typical” granophyre, and various phases of this “typical”

granophyre based on variations in grain size and mineralogy.
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Walker (1897), Barlow (1904) and Coleman (1905, 1913) described the norite-
granophyre contact as gradational; whereas, Knight (1917, 1923) showed that chemically much
of the change from norite to granophyre occurs across a relatively narrow transition zone.
Despite these observations, Knight (1917, 1923) and Phemister (1926) suggested that the norite
and granophyre were separate intrusions, with the norite being the oldest of the two. Coleman
et al. (1929) reiterated that the norite-granophyre showed a gradational contact and interpreted
the system as one magma differentiated in siru. Again, Collins (1934, 1937) supported the earlier
observation of Barlow (1904) and Coleman (1913) that the norite-granophyre contact was
transitional over a few tens of metres. Collins (1937), agreeing with Barlow (1904) and Coleman
(1913), suggested that the norite - transition zone - granophyre system was emplaced as a sill,
which subsequently differentiated in place. Subsequently, Thode et al. (1962), on the basis of
sulfur isotope and other data, suggested that the SIC was emplaced as a single sheet-like body
of magma, which differentiated by gravitational settling. Hawley (1962) observed crystal
layering within the suite and interpreted this observation as an indication of crystal settling from
one mass. Stevenson and Colgrove (1968) suggested that the SIC was a layered intrusion, which
crystallized by in situ fractionation. Naldrett et al. (1970) and Gasparrini and Naldrett (1972)
suggested that the system fractionated continuously by gravitational settling to form the norite,
quartz gabbro and lower granophyre and, thus, originated as a layered intrusion. A rare earth
element (REE) study of the SIC by Kuo and Crocket (1979) indicated that the phases are
comagmatic and most likely formed by fractional crystallization processes. Most recently, a

detailed study of the chemical composition of apatite crystals from the SIC by Warner et al.
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(1998) and an isotopic study of sulfide ores and SIC lithologies by Dickin et al. (1999) support

the view that the SIC evolved by fractional crystallization of a single melt, which was silica-rich
and had a substantial crustal component if not wholly crustally derived. Dickin er al. (1999)
performed least-squares mixing calculations using major element data, microprobe data from
plagioclase cores, and calculated average pyroxene microprobe analyses from the South Range
(data of Naldrett et al., 1970). They successfully modelled the fractional crystallization of the
lower unit (“norite”), middle unit (“quartz gabbro™) and upper unit (granophyre) in close
approximation to their observed proportions. Hypotheses favouring the SIC as an impact melt,
in general, assume a one melt system.

Despite many observations supporting a one melt system, the idea of multiple melt
injections has been revived on several occasions. First, Williams (1957) and again Thomson
(1969) interpreted the norite and granophyre as successive injections. Naldrett and Kullerud
(1967), based on their study of the norite, also suggested multiple injections. The hypothesis of
these latter authors consists of an earlier magma differentiated from dunite to felsic norite and
a subsequent intrusion of mafic norite followed by xenolithic norite. Ariskin et al. (1999)
questioned the results of Dickin et al. (1999), based on their numerical simulations of
convective-cumulative in situ differentiation of two initial liquids, which they believed to
represent the original SIC melt composition. Their results indicate that the total amount of
granophyre does not exceed 12 vol.% of the modelled SIC, under the assumption of a closed meit
system.

UsingtheU-Pbdaﬁngmethodonzimonandbaddeleyitectystals,KroghetaL (1984)
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reported a date of 1848.9 + 4.0/- 2.7 Ma for a North Range felsic norite, 1850.0 + 3.4/-24Ma

for a North Range mafic norite, 1850.0 + 1.3 Ma for a South Range norite, and 1850.5 + 3 Ma
for a granophyre. Corfu and Lightfoot (1996) reported dates of 1848.1 + 1.8 t0 1849.1 £ 1.1 Ma
for contact sublayer samples. All of these dates are basically indistinguishable and point to a
contemporaneous age for all lithologies of the SIC.

Faggart et al. (1985), using Sm-Nd isotopic data, were first to demonstrate that the SIC
consists of remelted rocks of the surrounding Huronian Supergroup and Archean basement.
Walker et al. (1991), using Re-Os isotope systematics, Dickin ez al. (1996), using Pb isotope
ratios, and Dickin er al. (1999), using Os isotope compositions, demonstrated that the ores of the
SIC were also of crustal origin, i.e., derived from remelted Archean basement plus Huronian
material. Deutsch (1994) showed that lithologies of the SIC (norite, quartz gabbro, contact
sublayer) have Nd and Sr isotopic compositions corresponding to those of the country rocks and,
thus, do not require an additional component of material extracted from the mantle. Lightfoot
et al. (1997a), based on trace and major element geochemical data, and Dickin er al. (1999),
based on available isotopic and geochemical data, also demonstrated that all of the SIC
lithologies shared a common source and that a mantle contribution was not hecessary.
According to Lightfoot ef al. (1997a), compositional variations within the SIC (the apparent
compositional break between the norite and the granophyre and the volume ratio of granophyre
to norite) are not readily explained by simple in situ fractionation involving a single body of
magma. Ariskin ef al. (1999) also stressed the problem of the observed granophyre volume.

Taylor (1967) demonstrated that a secondary reaction has changed the isotopic composition of
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some of the granophyre minerals, and Gibbins and McNutt (1975) demonstrated that greenschist
facies metamorphism generated open system conditions in the granophyre but not in the norite;
warranting caution when interpreting geochemical variations within the SIC. Also, recently,
Thompson et al. (1998) through a study of pseudotachylites north of the SIC suggest that,
contrary to previous ideas, the North Range has indeed been affected by a protracted period of

post-impact, low-grade thermal metamorphism.

1.3 Objectives

A major objective of this thesis is the examination of the SIC and its division into
lithological units, and their relation to possible impact and/or endogenic igneous processes. As
such, the objectives of this thesis can be broken down into the following series of scientific
questions. Is there evidence of shock metamorphism within the SIC? Are there remnant
inclusions of country rock within the SIC (other than the obvious ones in the contact sublayer,
and at the base and top of the SIC)? Is the bulk composition of the SIC really granodioritic and,
if so, why? What was the initial composition of the SIC melt? Did the contact sublayer, norite,
quartz gabbro and granophyre result from the differentiation of a single melt systeth? Under
what conditions did the SIC crystallize? Was the SIC superheated? Was it undercooled? Why
does the SIC contain a large amount of granophyre in comparison to other layered igneous
complexes? What is the relative timing of the crystallization of the SIC and its various
lithologies? To answer these questions, a detailed petrography study, and physical, chemical and

computer models were used.



2. SAMPLING, INSTRUMENTATION AND METHODOLOGY

From 1994 to 1999, several visits were made to Sudbury, which included sampling from
the core repository of INCO Ltd, Copper Cliff, Ontario, and field work, including N-S traverses
across the Sudbury Basin and in specific locations for more detailed work. This thesis mainly
involves samples taken from three drill cores, drilled in the North Range of the Sudbury Basin
(Fig. 1), and made available by INCO Ltd. Surface outcrop samples and field observations were
used for completeness and to refine concepts and ideas on a larger scale than that available from
the drill cores. Two of the drill cores (70011 and 52847) span a continuous section from the
Onaping Formation, overlying the SIC, to the brecciated basement rocks, underlying the SIC
(Fig. 3). The third drill core (52848) spans a section from within the top of the granophyre to
the brecciated basement rocks. Samples were taken from these cores at specific depths and
additional extensive sampling was carried out over the contacts. Polished thin sections were
made of most samples (totalling over 200 thin sections).

Drill core 70011 is the least complex of those studied in terms of lithology and
geochemistry, and thus detailed petrography, mineralogy and geochemistry of the SIC (contact
sublayer to granophyre) was done mainly using samples from this drill core. Within drill cores
70011 and 52847, sbout mid-way through the lower unit (“norite™ and above, microprobe
analyses revealed that pyroxene crystals are replaced by relatively late-magmatic amphibole,
indicating that these drill cores are, in fact, altered. In order to verify the mineralogy and
petrology of these drill cores, samples from drill core 52848 were used, since they have been
least affected by late-magmatic (or deuteric) alteration.

18
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Petrographic studies were done using a Leitz binocular petrographic microscope. In
general, the observations are very similar to previous petrographic studies made on different rock
suites of the SIC (samples from drill cores or surface outcrops). In some instances, however, the
results differ from those of previous workers, and new observations are reported.
Photomicrographs were taken using a Hund 35mm camera mounted on a Leitz binocular
microscope (at the Geological Survey of Canada, Ottawa), a 35mm camera mounted on a wild
Heerbrugg-Leitz binocular microscope and an Olympus 35mm camera mounted on an Olympus
BH-2 binocular microscope (both of these latter instruments are located at the University of
Ottawa in the Department of Earth Sciences).

Modal analyses were carried out on nineteen (19) polished thin sections, 2.5 cm by 4.5
cm, under a Leitz binocular petrographic microscope, to determine the modal bulk composition
of each sample selected. More than 800 points were counted for halved core sections and more
than 1000 points for full core sections. The points were spaced at 0.5 mm intervals across the
width of the thin section and along traverses spaced at 1 mm intervals across the length of the
thin section.

A suite of 33 samples was chosen for electron microprobe analyses. " Mineral
compositions (Appendix A) were obtained using wavelength-dispersive X-ray spectrometry
(WDS) with eithera CAMECA CAMEBAX ora CAMECA SX-50 electron microprobe located
at the Geological Survey of Canada in Ottawa. Analyses obtained with the CAMEBAX were
matrix-corrected using the PAP scheme; whereas, those obtained with the SX-50 were corrected

using the ZAF scheme. Standards used are a mix of synthetic and natural metals and silicates.
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The settings were 20 kV and 10 nA for all minerals when using the SX-50. On the CAMEBAX,

the settings were 20 kV and 10 nA for feldspars, 15 kV and 25 nA for pyroxenes, and 15kV and
10 nA for amphiboles, oxides and titanites. All analyses were done using a focussed beam,
except for feldspar analyses for which a beam spotof ~ 10 um was used with the SX-50. Results
are considered accurate to within + 2% for major and minor elements (Appendix A). Calculation
of mineral formulae was done following the method described in Deer er al. (1985).

Measurements of planar deformation features (PDFs) were obtained using standard U-
stage techniques. The poles to all sets of PDFs and the optic axes of each quartz grain were
plotted on a stereonet (Wulff net projection). These data were then rotated to a c-axis vertical
orientation, and using a template of all rational crystallographic orientations (with the c-axis in
a vertical orientation), a best fit to rational crystallographic orientations of quartz was obtained
(e.g., Robertson et al., 1968). Each rational crystallographic orientation on the template is
represented by a 5° circle to allow for measurement error. The procedure involves overiaying
the template onto the data for each quartz grain and then rotating the template, which is not fixed
to allow for c-axis measurement error, until the best fit to the poles of the PDFs is obtained. This
method, although time consuming, retains the angular relationship(s) among multii)le sets of
PDFs, as well as with the optic axis. Thus, unlike other methods, which consider only the
inclinations of PDF poles relative to the optic axis, rigorous assignment is made of particular
PDFs to specific crystallographic orientations in quartz.

Whole-rock major, trace, and rare earth element geochemistry was carried out on 106

samples used in this study. The geochemical analyses were performed at the laboratories of the
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Geological Survey of Canada in Ottawa (Appendix B), using wavelength-dispersive X-ray
fluorescence spectrometry (XRF) on fused disks for major element detection, and inductively
coupled plasma-mass spectrometry (ICP-MS) for trace and rare earth element detection. Rapid
chemical methods were used to detect FeO, H,OT, CO,T, S and LOI. The content of Fe,O; was
calculated using Fe,0, = Fe,O,T (through ICP-MS) - 1.11134 * FeO (volumetric). Precision
estimates of data are given in Appendix B. Data used in diagrams were normalized to 100 wt%
for all major elements, excluding H,OT, CO,T and S values (Appendix C). The normalized
major elements together with trace elements were converted to molar proportions (Appendix C)
for use in the Pearce Element Ratios (PER) calculations. Major element analyses were used to
calculate the CIPW norms of samples using the program NEWPET. Results for individual
samples from all three drill cores are given in Appendix D.

The relatively new software package MELTS (Ghiorso and Sack, 1995) was used to
simulate the crystallization of the SIC. This software package models chemical mass transfer
in magmatic systems. Itis based upon algorithms for energy minimization described by Ghiorso
et al. (1983), Ghiorso (1985), and Ghiorso and Kelemen (1987) and incorporates new procedures
for determination of the saturation state and stability of strongly non-ideal solid solutions with
respect to silicate melt (Ghiorso, 1994). The MELTS software package was obtained via
anonymous FTP from internet node fondue.geology.washington.edu. It was run interactively on

a “UNIX™-level workstation at the Geological Survey of Canada in Ottawa.



3. PETROGRAPHY AND MINERALOGY
3.1 Modal Compositions

Table I contains data of the modal composition of samples from drill core 70011.
Compared to previously published modal composition data, the data presented in this study
consist of a more comprehensive list of minerals and include alteration products. Many
alteration minerals occur as micro-inclusions within plagioclase crystals and, thus, the modal
content of plagioclase crystals was adjusted accordingly (see footnotes of Table I for details).
In this study, the term “micrographic” is used for reasonably regular (cuneiform) and well
defined microscopic intergrowths of quartz and alkali feldspar; whereas, the term ‘“granophyric”
is used for intergrowths of quartz and alkali feldspar that are more irregular and, especially, those
that radiate from plagioclase crystals (for details, see section 3.5 “Textures™). It is most likely
that this terminology reflects three-dimensional effects, the crystal orientation of the intergrowths
and not necessariiy a different mode of crystallization for the intergrowths. Figure 5 shows the
distribution of minerals in relative proportions observed in drill core 70011. In addition,
throughout the cores, numerous thin veins of epidote, chiorite, calcite, quartz, or a combination
of these minerals, are found cutting the long axis of the drill cores at angles of 45° to 90°.

As indicated in Table I, the contact sublayer samples are composed mainly of p-lagioclase
and orthopyroxene, and, thus, they conform to the IUGS classification of norite (Streckeisen,
1976). However, the “norite” samples, as shown in Table L, contain primary amphibole crystals
and all samples from the upper part of the “norite” contain clinopyroxene (augite) crystals but
are free of orthopyroxene (enstatite) crystals. Thus, the “norite™ samples do not conform to the

22
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and granophyric intergrowths.
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IUGS definition of norite (Streckeisen, 1976). Moreover, on a Streckeisen (quartz (Q) - alkali

feldspar (A) - plagioclase (P)) diagram, the modal analysis of the “norite” samples plot within
the quartz monzogabbro field and one sample (at the base of this unit) plots within the quartz
gabbro field (Fig. 6). Although the “quartz gabbro” samples consist mainly of labradorite and
augite, their modal abundance of micrographic and granophyric intergrowths (and, thus, alkali
feldspar) is relatively too high to conform to the [UGS definition (Streckeisen, 1976). Ona
Streckeisen diagram, the modal analysis of “quartz gabbro” samples plot within the quartz
monzogabbro field (Fig. 6). As for the other SIC samples listed in Table I, the contact sublayer
sample plots within the norite field, the granophyre samples plot within the granite field, and
transition zone samples straddle the granite, granodiorite and quartz monzogabbro fields (Fig.
6). The trend observed in Figure 6 is directly related to the modal abundance of plagioclase and
quartz crystals. Note that similar results are obtained when using the modal data of North Range
samples presented in Naldrett et al. (1970) (Fig. 6). As the SIC has often been compared to
layered mafic igneous intrusions and the current nomenclature of SIC lithologies has genetic
implications, new terms are proposed to alleviate the use of misleading compositional names.
However, since the terminology is entrenched in the literature, “norite”, “quartz gabbro” and
“granophym”wiﬂbeusedinthemmahderofmisthesis,mgahemdththenewwms. Here, the
“norite” will be referred 1o as the lower unit, the “quartz gabbro” as the middle unit, and the
granophyre as the upper unit; the terms contact sublayer and transition zone are, respectively,
kept and introduced (Fig. 4).
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3.2 Description of Lithologies

3.2.1 Contact sublayer

In the drill cores studied, the contact sublayer is observed only in drill core 70011, as a
layer up to 150 m thick (Fig. 3). A comprehensive petrological description of the contact
sublayer may be found in Pattison (1979) and Lightfoot et al. (1997b). The contact sublayer is
a medium- to coarse-grained heterogeneous rock, dark gray, inclusion-rich, with a
" hypidiomorphic texture, interstitial quartz and K-feldspar, and very rare granophyric
intergrowths. These granophyric intergrowths consist mainly of quartz and oligoclase (An,q ;).
The quartz component of these intergrowths is virtually free of micro-inclusion; whereas, the
feldspar component contains some epidote micro-inclusions, an observation consistently made
throughout the SIC and not to be repeated for each lithology, hereafter.

Major mineral phases consist of slightly sericitized labradorite-andesine crystals (Ang;
t0 An,,, 35-45 vol.%; Fig. 7a), altered small (up to 2 mm in diameter) and equant enstatite
crystals (10-15 vol.%), and altered diopside crystals (5-10 vol.%). Diopside crystals have augite
exsolution lamellae, which have an etched pattern or parting commonly lined by Fe-Ti oxides.
In a specific phase of the contact sublayer, not observed in the drill cores studied, olivine occurs
as rare cumulus crystals (Pattison, 1979). Most plagioclase crystals are slender, less than 8§ mm
in length and normally zoned, having rim compositions as low as Any, (Fig. 7a). The
clinopyroxene crystals are anhedral to subhedral and may reach up to 8 mm in length. Minor
mineral phases consist of amphibole, biotite, chlorite and abundant disseminated sulfides (> 3

vol.%). lheampmboleandbioﬁtectysmlsmmhedmlmsubhedraLumemmindiameter,
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and are most likely primary, as they enclose small plagioclase (Fig. 8a), ilmenite and/or quartz
crystals. Biotite and chlorite crystals may have multiple kink-bands. Sulfide (mainly pyrrhotite,
pentlandite and chalcopyrite, and minor pyrite) crystals occur as aggregates up to 2 mm in
diameter, which may commonly have a halo of finely disseminated sulfide (mainly pyrrhotite,
chalcopyrite and pyrite) (Fig. 8b). Inclusions are also abundant in and characteristic of the
contact sublayer. Monomineralic inclusions consist mainly of quartz and plagioclase xenocrysts
(Fig. 8c). Lithological inclusions consist of country rocks (such as diabase, melanorite, olivine
melanorite and metamorphosed melanorite; Fig. 8c) and ultramafic rocks (such as wehrlite and
dunite) of unknown origin, but which are believed to be geneticaily linked to the SIC (e.g.,
Lightfoot et al., 1997b). These inclusions range in size from a few millimeters to a few meters.
The xenocrysts of plagioclase are up to 4 mm in length and wider than the primary plagioclase
crystals (Fig. 8c). They show faint to well-developed oscillatory extinction patterns (Fig. 8d) or

reverse zoning and commonly corroded or abraded rims.

3.2.2 Lower unit (“norite’’)

The lower unit is approximately 500 m thick in drill core 70011. It is medium-grained,
gray and contains cumulus plagioclase and clinopyroxene. This unit may be further subdivided
into a lower part, about 300 m thick, the base of which is marked by a sharp increase in quartz
content (5-20 vol.%), and an upper part, about 200 m thick, which is free of enstatite crystals.
Quartz crystals are up to 1.0 mm in diameter and most are interpreted as xenocrysts, because of

their rounded or irregular edges. In the lower part of the lower unit (“norite™), plagioclase
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Figure 8. Photomicrographs of the contact sublayer: (@) primary biotite (brown) and
amphibole (green) oikocrysts enclosing plagioclase laths (sample SUD-71-1994, plane light,
field-of-view = 6 mm); (b) pyrrhotite-pyrite (reds and yellows) and chalcopyrite (greenish) bleb
surrounded by a halo of fine pyrrhotite, pyrite and chalcopyrite (sample SUD-71-1994, reflected
light, field-of-view = 2 mm); (¢) The right-hand side of the picture consists of a melanorite
inclusion (I); whereas, the left-hand side is the enclosing matrix in which occurs a plagioclase
xenocryst (X) wider than the other plagioclase crystals (sample SUD-155-1995, cross-polarized
light, field-of-view = 14.5 mm); and (d) close-up view of this xenocryst showing twins, running
WNW-ESE across the faint oscillatory zoning pattern, and two overgrowths, one at extinction
(black) and a second thinner and less regular overgrowth (gray). Fractures filled by chlorite cut
across the xenocryst (cross-polarized light, field-of-view =2.5 mm).
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crystals are abundant (40-50 vol.%) and up to 4.0 mm in length. Cumulus enstatite and inverted
pigeonite crystals are less abundant (4-8 vol.%) and up to 2.5 mm in length, both being more
abundant than augite (2-5 vol.%), which occurs as crystals up to 4 mm in length. Cumulus and
secondary amphibole and biotite crystals occur in minor amounts (<5 vol.%), and are all up to
1 mm in diameter (Fig. 9a). The upper part of the lower unit (“norite”™) is similar to the lower
part, differing only in amounts of quartz crystals (<5 vol.%), augite crystals (8 to 20 vol.%),
which are up to 2.5 mm in diameter, primary amphibole (up to 10 vol.%), and no cumulus
enstatite.

Plagioclase, throughout the lower unit, occurs as subhedral prisms or laths with a strongly
zoned rim (andesine, An,, ;) around an unzoned core (labradorite, An,. ;) and with a thin
overgrowth of albite-oligoclase (An, ,; Fig. 7b). In the lower part of the lower unit, plagioclase
laths have a second thin overgrowth of orthoclase, which branches into the matrix (Fig. 9b).
Most plagioclase crystals are heterogeneously altered by any combination of the following:
sericite, epidote/clinozoisite, biotite and chlorite. Their overgrowth is free of alteration (Fig. 9b).
Plagioclase crystals with faint (remnant) oscillatory extinction pattern (Fig. 9c) and/or showing
reverse zoning (An, ,¢) are interpreted as xenocrysts (see section 3.3.1 Plagioclase, beléw). Very
small albite (An, ,,) inclusions occur within larger orthoclase crystals. Orthopyroxene occurs as
enstatite intergrowths in augite, or as crystals in clusters with augite crystals. Poikilitic augite,
enclosing plagioclase crystals, occurs as subhedral crystals with a thin diopside overgrowth (Fig.
9d). Some augite crystals have a sharp and finely spaced parting and/or show exsolution
lamellae (Fig. 9d; poorer in Ca and richer in Fe than their host), both of which may be lined by
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Figure 9 (continued). (d) partially altered pyroxene oikocryst with exsolution lamellae
(running NNW-SSE) and enclosing plagioclase laths (P) (sample SUD-8-1994, plane light,
field-of-view =2 mm). Note the amphibole mantle (greenish) around the oikocryst and biotite
crystals (B); and (e) primary amphibole crystal with 60-120° cleavage (close-up view of (a),
cross-polarized light, field-of-view =1 mm).



34
magnetite. Most pyroxene crystals, especially along parting/cleavage planes, are partly replaced
by chlorite, amphibole, and/or biotite (Fig. 9d), and needles of actinolite and ferro-actinolite may
occur in the margins of the crystals. Almost all pyroxene crystals are mantled by amphibole,
which is free of alteration and may very well be primary (Fig. 9d). Amphibole crystals with a
classic crystal form (Fig. 9¢), which demonstrates that they grew in an environment where space
was not constrained by other crystals, or was only partially constrained, are interpreted as
primary (see also section 3.3.3 Amphiboles). Accessory minerals in the lower unit (“norite™)
consist of apatite (Fig. 9a), pyrite, titanite, ilmenite, magnetite and titaniferous magnetite.
Micrographic and granophyric intergrowths (totalling up to ~20 vol.%) are the most common
interstitial phases, except at the base of the lower unit (“norite”) where none were observed. The
micrographic and granophyric fields, contrary to the contact sublayer, contain no plagioclase and
consist mainly of quartz intergrown with alkali feldspar (orthoclase and minor albite).

An additional rock type of the lower unit (“norite”), a mafic quartz gabbro (“mafic norite”
in previous work), observed in drill core 52848, is also part of the North Range of the SIC and
has been described by previous workers (e.g., Stevenson and Colgrove, 1968; Hewins, 1970,
1971). Itis a discontinuous layer up to 100 m thick at the base of the lower unit (“norite™). This
mafic quartz gabbro (“mafic norite”) consists mainly of small white “anorthosite” inclusions,
which may be very abundant, coarse plagioclase oikocrysts enclosing euhedral orthopyroxene
crystals in excess of clinopyroxene crystals, and quartz intergrown with perthite (Hewins, 1974).

Other minerals, in minor amounts, include biotite, magnetite and ilmenite.
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3.2.3 Middle unit (“quartz gabbro”)

Approximately 100 m thick in drill core 70011, the middle unit (“quartz gabbro™) is
slightly coarser-grained than the lower unit (“norite”). It is dark gray, and contains cumulus
plagioclase (35-45 vol.%), clinopyroxene (2-10 vol.%), amphibole (10-15 vol.%), biotite (15-20
vol.%) and titanite + magnetite (2-5 vol.%) (Fig. 10a). The base of the middle unit (“quartz
gabbro™) is marked by a sharp increase in the abundance of amphibole crystals, some of which
are primary, and the reappearance of primary biotite crystals.

Plagioclase occurs as subhedral to euhedral prismatic and lath-shaped crystals 0.5-3.0
mm in length (Fig. 10a). Towards the top of the middle unit (“quartz gabbro™), crystals may be
boxy-cellular in form. Plagioclase crystals are normally zoned labradorite-andesine (Anys.sq,
core; An,,_, rim), with a noticeable albite-oligoclase (An, ) overgrowth (Fig. 7c), which is
about one tenth of the crystal width. Highly altered, diamond-shaped, albite crystals (Ang ; Fig.
7b), with no apparent overgrowth are also observed (F ig. 10a). Clinopyroxene occurs as
subhedral to anhedral prismatic and lath-shaped augite crystals, 0.1-3.0 mm in length (Fig. 10a).
In general, needles of actinolite and ferro-actinolite are disseminated heterogeneously within the
crystals (Fig. 10b). Exsolution lamellae, t00 fine to be analysed with the microprobe, are
observed in some augite crystals. Amphibole occurs as anhedral to subhedral prismatic and lath-
shaped crystals up to 1.5 mm in length (Fig. 10a); whereas, the amphibole pseudomorphs after
clinopyroxene are singly-twinned (Fig. 10c). Rare primary amphibole occurs as subhedral to
cuhedral crystals, <2 mm in diameter, with well-developed cleavage (Fig. 10d). Primary biotite

crystals,subhedmltoeuhedraland<l.0mmindiameter,meommon(l’ig. 10d). These are



36

< )‘_" ) v ?')"
Figure 10. Photomicrographs of the middle unit ("quartz gabbro"): (a) representative sample
showing lath-shaped (L) versus diamond-shaped (D) plagioclase crystals, clinopyroxene (C),
hornblende (H), biotite (B), quartz (Q, enclosing an apatite needle (arrow)), apatite (A), titanite
(T) and magnetite (M) crystals and granophyric fields (G) (sample SUD-151-1995, plane light,
field-of-view = 6 mm); (b) actinolite and ferro-actinolite needles in an augite crystal (left) and
singly twinned amphibole crystal (right) (sample SUD-60-1994, cross-polarized light, field-of-
view = | mm); (¢) singly twinned amphibole crystals (blues and yellows) and plagioclase laths
(sample SUD-60-1994, cross-polarized light, field-of-view = 10 mm); (continued next page)



Figure 10 (continued). (d) primary
amphibole (right, H) and primary biotite (left,
B) oikocrysts enclosing apatite (arrows)
crystals (sample SUD-142-1995, plane light,
field-of-view = 1.5 mm). Note also the
subhedral equidimensional crystals of
magnetite (M); (e) titanite pseudomorph with
rods of ilmenite running parallel to its long
axis (bottom) and skeletal magnetite (top)
crystals (sample SUD-151-1995, plane light,
field-of-view = 1 mm); and (f) skeletal apatite
crystal (sample SUD-150-1995, plane light;
field-of-view =300 um).
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both interpreted to be primary based upon the relationship of their crystal faces to those of
adjacent minerals and on the basis that they poikitilically enclose apatite and Fe-Ti oxide
cumulus crystals (Fig. 10d).

Subhedral equidimensional magnetite crystals are 0.1-1.0 mm in diameter (Fig. 10d).
Skeletal magnetite crystals are rare (Fig. 10e). Ilmenite occurs as elongate crystals up to 2 mm
in length forming an octahedrally oriented network within pseudomorphs of titanite after
magnetite (Fig. 10e). Near the top of the middle unit (*quartz gabbro”), ilmenite may occur as
discrete crystals up to 1.5 mm long. Apatite occurs as an accessory mineral (Fig. 10a). Some
apatite crystals are skeletal, i.e., have a central cavity parallel to their c-axis, which may extend
over much of the crystal length, or show intricate growth patterns (e.g., Fig. 10f). Micrographic
and granophyric intergrowths (totalling up to ~ 20 vol.%) are the most common interstitial
phases (Fig. 10a). These consist mainly of quartz intergrown with orthoclase and minor albite,
as in the lower unit (“norite”). All minerals in the middle unit (“quartz gabbro™) are highly
altered except for amphibole; plagioclase is altered to sericite and epidote (Fig. 10a), and augite
is altered to uralitic amphibole and partly replaced by biotite, amphibole and epidote (Fig. 10a).
In drill core 52848, the alteration of mafic minerals is less severe.

A few bands of leucocratic quartz monzogabbro (Fig. 6) or plagioclase “cumulate”
(termed “blue-band™ or “tonalite” by the personnel of INCO Ltd.), up to 10 m thick in drill core
70011, occur near the base of the middle unit (“quartz gabbro™), a few tens of meters above the
lower unit (“norite”). In comparison with the bulk of the middle unit (“quartz gabbro™), these

bandsconminonlymeﬁmitectymls,l&thmlmmindiameter,andmsﬁghﬂy
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impoverished in micrographic intergrowths (and, thus, poorer in interstitial material). They are
enriched in plagioclase, stubby or slender crystals up to 6 mm in length, and in alteration
products, especially chlorite, epidote and uralitic amphibole, which give the rocks their blue

color.

3.2.4 Transition zone

As stated in the introduction, this work, for the first time, recognizes an extended
gradational contact between the middle unit (“quartz gabbro”) and the upper unit (granophyre),
and warrants its independent description as the “transition zone”. Approximately 150 m thick
in drill core 70011, the transition zone is medium-grained, pink, and contains cumulus
plagioclase (23-41 vol.%), amphibole (2-8 vol.%), minor amounts of magnetite (1-3 vol.%) and
titanite (0.5-4 vol.%), and trace amounts of apatite (F igs. 11a and 11b). The base of the
transition zone is defined by a sharp increase it biotite content and the first appearance of very
large cumulus apatite (Fig. 11b).

Subhedral albite-oligociase laths (An, s), up to 5 mm in length, poikilitically enclose
augite crystals and coexist with rare laths with andesine-labradorite core (Anys.) - oligoclase
rims (An, , ;; Fig. 7d). Overgrowths on these plagioclase crystals consist of coarse microperthite
(Fig. 11d), which is continuous with the interstitial micrographic and granophyric intergrowths.
Amphibole crystals are subhedral and up to 2 mm in length (Fig. 11a). Cumulus magnetite
crystals, which decrease abruptly in abundance with higher stratigraphic levels, are euhedral and

1 mm in diameter (Fig. 11a). Imenite crystals are elongate and up to 3 mm in length (Fig. 11c).
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The abundance of titanite crystals, all up to 1 mm in diameter, increases from less than 1 % to
about 5 % with higher stratigraphic levels. Most titanite crystals have a rounded irregular shape,
somewhat suggestive of a rhombohedral cross-section. A few crystals have an octahedral cross-
section, suggesting that they are pseudomorphs after magnetite. Apatite occursas stubby or long
cuhedral crystals up to 3 mm in length, which may be corroded by the matrix (Fig. 1 1b). Epidote
crystals are subhedral to euhedral and up to 4 mm in diameter.

Micrographic and granophyric intergrowths, consisting of quartz and perthite or
microcline, are very large in interstitial areas and their abundance increases with higher
stratigraphic levels, from 15 to 50 vol.%. Within the top of the transition zone, the decrease in
the abundance of alteration products and mafic minerals (easily altered) results in a sharp
decrease of the intensity of alteration. Even the plagioclase crystals become noticeably less
altered with higher stratigraphic levels (compare Figs. 11a and 11b), especially albite crystals
compared to coexisting oligoclase-andesine crystals. A slight preferential alignment of most of
the plagioclase crystals is observed throughout the transition zone. Stevenson and Colgrove

(1968) observed a strong lineated fabric, imparted by aligned plagioclase.

3.2.5 Upper Unit (granophyre)

Approximately 1400 m thick in drill core 7001 1, the upper unit (granophyre) is coarse-
grained, heterogeneous and apparently unlayered. It is composed mainly of micrographic and
granophyric intergrowths (same composition as in the transition zone, i.e., quartz and perthite

or microcline). Also present in varying volumetric amounts are albite laths (An,; Fig. 7¢) up
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to S mm in length, large anhedral quartz crystals up to 4 mm in length, and crystals of perthite,
epidote, biotite and amphibole. Minor and accessory minerals include apatite, calcite, and
chlorite. The upper unit (granophyre) may be subdivided into a lower part, a middle part, and
an upper part.

The lower part of the upper unit (granophyre) is up to 400 m thick, light pink and
contains abundant micrographic and granophyric intergrowths (55-60 vol.%), albite laths (20-25
vol.%), quartz crystals (2-5 vol.%) and minor amounts of perthite (Fig. 12a). Fields of
intergrowths may be up to 8 mm. A greater abundance of epidote (5-10 vol.%) and primary
biotite (10-15 vol.%) crystals characterize the lower part of the granophyre. Epidote crystals are
subhedral to euhedral and up to 5 mm in diameter, some of which are zoned (Fig. 12b). Biotite
occurs as large subhedral to euhedral crystals, up to 0.5 mm in diameter, and as disseminated
needles and plates within the matrix (F ig. 12a). The lower part of the upper unit (granophyre),
with its sligthly coarser grain-size, has more of a cumulate texture (Fig. 12a) than the other parts
of the upper unit (granophyre) (Figs. 12¢ and 12d).

The middle part of the upper unit (granophyre) is about 400 m thick, gray and
characterized by an increase in chlorite content (10-15 vol.%), primary amphibole (i-3 vol.%)
and oxides (1-3 vol.%). It also contains abundant micrographic and granophyric intergrowths
(40-45 vol.%), albite laths (20-25 vol.%), quartz crystals (4-8 vol.%) and less perthite, epidote,
and primary biotite (Fig. 12c), than in the lower part of the upper unit (granophyre). Perthite
\aths are rarely skeletal and up to 1.0 mm in length. Brown biotite needles and plates are slightly

longetthaninthelowerpartoftheupperunit(gmnophyre). Green biotite crystals may be up
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Figure 12 (continued). (d) representative sample of the upper part of this unit with a boxy-
cellular plagioclase crystal (extinct, P) surrounded by granophyric intertrowths, magnetite
crystal (M) and biotite needles (yellowish-brown) (sample SUD-85-1994, cross-polarized light,
field-of-view = 14.5 mm); and (e) individual crystals of perthite (P) together with quartz (Q) and
epidote (E) crystals and a field of Fe-Ti oxides and biotite crystals (B) in the upper part of this unit
(sample SUD-144-1995, cross-polarized light, field-of-view = 1.5 mm).
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to 0.5 mm in diameter. Acicular amphibole crystals, up to 8 mm, are common but few, and
usually amphibole occurs as single crystals up to 0.5 mm in length (Fig. 12c) or as aggregates
up to 1.0 mm in diameter. Epidote and chlorite occur as aggregates of crystals up to 2 mm in
diameter (Fig. 12c). Titanite pseudomorphs after ulvéspinel-magnetite are less than 1| mm in
diameter and calcite crystals filling interstices are less than 0.5 mm in diameter. Fields of
intergrowths may be up to S mm.

The upper part of the upper unit (granophyre) is up to 300 m thick, medium-grained and
pink (due to traces of hematite). It contains very abundant micrographic and granophyric
intergrowths (60-65 vol.%), albite laths (15-25 vol.%), quartz crystals (2-5 vol.%), minor
perthite, and abundant monomineralic and lithic inclusions, up to 3.0 mm in diameter. Albite
crystals are typically acicular or boxy-cellular and serve as nuclei for micrographic and
granophyric intergrowths (Fig. 12d). Perthitic crystals may be boxy-cellular and, with a length
of up to 1.5 mm (Fig. 12e), are larger than in the other parts of the upper unit (granophyre).
Fields of intergrowths may be up to 5 mm.

A dark gray inclusion-rich and plagioclase-rich (30-35 vol.%) discontinuous layer of
medium- to fine-grained granophyre, which decreases in grain-size with higher stratigraphic
levels, occmswithinthctopoftheupperunit(granophyre)andmaybeasthickasZOOmindrill
core 70011. The inclusions are a few millimeters to a few tens of centimeters, heterogeneously
distributed and monomineralic (mainly quartzand feldspar) or consist of rock fragments (mainly
quartzite and granite). Plagioclase crystals are more acicular in this layer than the rest of the

granophyre and may be up to 5 mm in length. Initially called “pepper-and-salt micropegmatite”
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by Stevenson (1961, 1963), it was renamed “plagioclase-rich micropegmatite” by Peredery and
Naldrett (1975), and has since evolved into “plagioclase-rich granophyre” in the Sudbury related
literature. The intergrowths in the matrix of this discontinuous layer are well defined and occur
principally in a reasonably regular and cuneiform fashion, rather than in a radiating fashion and
are, thus, deemed as micrographic, rather than granophyric intergrowths. Other major
constituents are anhedral quartz crystals and orthoclase crystals, both up to 2 mm in length. Also
present are minor acicular amphibole, most likely pseudomorphic after augite, up to S mm in
length and biotite flakes and needles less than 2 mm in length. The top of the upper unit
(granophyre) is not so easily defined but the base of the overlying basal member of the Onaping
Formation is marked by the appearance of quartzinclusions with planar deformation features (for
a definition see section 3.3.5 Quartz, below).

In hand specimen, the change from one part of the upper unit (granophyre) to the other
is marked mainly by a change in color and the appearance of acicular amphibole (most likely
pseudomorphic after augite) ir the middle part of the upper unit (granophyre) and in the
plagioclase-rich granophyre. Apatite, zircon, and titanite are common interstitial phases
occurring in minor amounts throughout the upper unit (granophyre). Apatite occurs as needles
less than 0.5 mm in length. Alteration minerals include calcite, chlorite, epidote, green biotite

and amphibole.
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3.3 Mineralogy
3.3.1 Plagioclase

Representative plagioclase microprobe analyses are given in Table II. The Ab-An-Or
data of all plagioclase crystals analysed are plotted in Figure 7, and the variation in An content
with depth is shown in Figure 13. A progressive decrease in An content, from Ang;, to Ang;, is
observed from the base of the contact sublayer to the top of the transition zone (Fig. 13b) and is
accompanied by a general decrease in FeO content of the plagioclase crystals (Table II). From
within the upper part of the lower unit (“norite™) to the top of the transition zone, albite-
oligoclase crystals (An, ,; Fig. 13a) may be present together with the Ca-rich plagioclases, and,
in fact, become more abundant than the latter with higher stratigraphic levels. Anabrupt change
to only albite (An,-An,) occurs from the transition zone to the upper unit (granophyre) (Fig. 13),
and, throughout the upper unit (granophyre), the An content of plagioclase crystals remains
constant (Fig. 13a). Most plagioclase crystalshave athin overgrowth of albite-oligoclase (Any ,s;
Fig. 13b), but with higher stratigraphic levels, starting in the upper part of the lower unit
(“norite™), an increasing number of plagioclase crystals have a thin to wide microcline or
microperthite overgrowth.

Electron microprobe analyses and petrography throughout the SIC indicate that some
plagioclase crystals have a reversed zoning (Fig. 13) and exhibit complex twinning or extinction
patterns upon microscope stage rotation. Combination of patterns observed include dark and
light bands running about 45° from the long axis of crystals (Fig. 14a) and, upon microscope

stage rotation, oscillatory-like dark and light zones without a trace of the former bands (Fig.
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Figure 13. Anorthite molar percentage content in plagioclase from samples in drill
core 70011: (a) Na-rich crystals and (b) Ca-rich crystals. Open circles are cores, filled
circles are rims, asterisks are overgrowths (minimum value) and R indicates crystals
with reverse zoning. Lithology patterns as in Figure 3. Note change in scale from (a)
to(b). Seetext fordetails.
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B xenocrysts and plagioclase crystals of the
#8 SIC: (a) dark and light bands at about 45°
i from the long axis of a xenocryst showing
N complex zoning pattern in a lower unit
% ("norite”) sample (sample SUD-65-1994,
cross-polarized light, field-of-view = | mm);
(b) apparent oscillatory zoning upon a 50°
stage rotation of the view in (a); and (c)
: normal zoning in a plagioclase crystal with
%7 albite twinning from the lower part of the
ower unit ("norite") (sample SUD-69-1994,
cross-polarized light, field-of-view = 1 mm).
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14b). Adjacent plagioclase crystals with normal zoning have regular albite twinning. Often both
coexisting reversed and normally zoned crystals are mantled by a thin < 0.3 mm optically
continuous layer of albite-oligoclase (Any,s). Clearly, the diverse chemical trends of these
coexisting plagioclases do not represent a magmatic growth trend for either near to, or far from
equilibrium growth, and consequently the reversed zoned crystals, and possibly some normally
zoned crystals, are interpreted as xenocrysts.

Most plagioclase crystals have either Carlsbad or albite twins, or both (Fig. 15a), and
have undulose extinction, due to compositional zoning. Within the lower unit (“norite”),
plagioclase crystals may also have pericline twins (Fig. 15a). A finely spaced exsolution
lamellae pattern, presumably Boggild intergrowths given the chemistry of the crystals, locally
occurs (Fig. 15b) in samples from the base of the lower unit (“norite™) up to within the upper part
of the lower unit (“norite”™). The host crystal is usually strained, i e., has undulatory extinction,
and the lamellae are usually too fine to be chemically distinguished. In the middle unit (“quartz
gabbro™), plagioclase crystals commonly have albite twinning, rarely have oscillatory extinction
pattern and may be rimmed by biotite. Oscillatory extinction pattern is most prominent at the
base of the lower unit (“norite™) and disappears in higher stratigraphic levels to the point that,
in the middle unit (“quartz gabbro”), plagioclase crystals have an unzoned core with a thin
strongly zoned rim. The plagioclase crystals withan “interesting remnant” oscillatory extinction
panan(someﬁmsonlyomoftheCarlsbadtwinshasthisosciumrypaaem,Fig. 15¢) are
interpretedasxenoctysts,asnocomposiﬁonalmningorchangecouldbeattﬁbmedtothepattem
components. Some of these crystals have a «corroded” outline. Only some plagioclase crystals



Figure 15. Photomicrographs of plagioclases in the SIC: (a) Carlsbad (right edge) or albite
twins (lower edge and top right corner) versus pericline and albite twins (left crystal) in the lower
unit ("norite") (sample SUD-154-1995, cross-polarized light, field-of-view =2 mm); (b) crystal
with presumably Beggild intergrowths (fine lamellae perpendicular to albite twins) in the lower
unit ("norite") (sample SUD-7-1994, cross-polarized light, field-of-view = 200 um); (¢) Carlsbad
twin (top side) with apparent oscillatory zoning; whereas, the other is normally zoned in the lower
part of the lower unit ("norite") (sample SUD-8-1994, cross-polarized light, field-of-view = 2
mm); and (d) altered lath (P) with fluid inclusions at its edges in the quartz gabbro (sample SUD-
151-1995, cross-polarized plane light (lower half), field-of-view =500 um).
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are boxy-cellular or skeletal, i.e., euhedral crystals with highly irregular growth, in the upper part
of the lower unit (“norite”) and within the middle unit (“quartz gabbro™); whereas, they are very
abundant within the transition zone and the upper unit (granophyre) (Fig. 12d). In the upper unit
(granophyre), albite crystals have no apparent overgrowth.

Plagioclase crystals are commonly fractured. In the contact sublayer and at the base of
the lower unit (“norite”™), these fractures are filled by alteration products, mainly chlorite (Figs.
8d and 9¢c). The abundance of chessboard albite and disseminated crystallites of epidote within
plagioclase crystals indicates that extensive albitization has occurred within the SIC and that the
plagioclase host to the epidote flakes was originally more calcic. However, microprobe analyses
suggest that alteration of plagioclase crystals appears to only slightly lower their An content, as
adjacent altered and unaltered crystals have very similar chemistry. There is no apparent
correlation between the intensity of alteration and the size or shape of plagioclase crystals.
Patches of unaltered plagioclase crystals are observed within the thin sections. In addition,
throughout the SIC, some plagioclase crystals contain a relatively large amount of fluid micro-

inclusions at their edges (Fig. 15d); whereas, their core may be free of alteration.

3.3.2 Pyroxenes

Microprobe analyses of pyroxene crystals are shown in Figure 16. A selected number
of representative analyses are given in Table III and the complete data set is given in Appendix
A. Thedatarevealthat,abovethedepthofwosm,whichcomupondsroughlytothebaseof

theupperpartofdnelowermit(“norite”),allmgitectystalsindrillcore70011are
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Figure 16. Pyroxene quadrilateral plot of microprobe analysis in pyroxene
crystals from the SIC. White circles = contact sublayer samples and one lower
unit ("norite") sample from drill core 70011; black circles=lower unit ("norite") to
transition zone samples from drill core 52848; gray fields = contact sublayer to
upper unit (granophyre) data from Naldrettetal., 1970.
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Table ITI: Selected microprobe analyses of pyroxene crystals and amphibole pseudomorph
after pyroxene crystals in drill cores 70011 and 52848. See text for details.

Lithology A A A B* B* C* E*
Sample # 97-1994 97-1994 97-1994 48-1994 48-1994 140-1995  43-1994
Depth (m) 2305.8 23058 2305.8 2106.2 2106.2 1432.6 1288.4
Pyroxene pxl main _pxl main _px6 core  px4 rim px7 core coreb core2
Sio, 51.57 51.11 53.22 51.18 49.55 49.64 50.38
TiO, 0.67 0.50 0.18 0.38 0.70 0.71 0.15
ALO, 2.30 1.63 1.58 0.86 1.56 1.77 0.49
FeO 9.29 16.31 18.72 23.51 12.86 13.23 18.03
MgO 13.67 17.61 23.91 20.00 11.55 0.35 8.13
MnO 0.21 0.33 027 0.58 0.35 12.72 0.57
Ca0 22.00 11.26 1.47 1.92 21.15 19.54 20.54
Na;0 0.38 0.23 0.02 0.00 0.29 0.31 0.18
K;0 0.00 0.02 0.00 0.02 0.04 0.00 0.01
Cr0, 0.19 0.18 0.30 0.03 0.06 0.00 0.07
NiO 0.02 0.04 0.02 - - 0.00 0.00
Total 100.28 99,22 99.68 98.48 98.10 98.27 98.55
Wo 4558  23.23 2.98 399 4476 4295 43.98
En 39.40 50.52 67.41 57.85 34.00 27.97 17.42
Fs 15.02 26.25 29.61 38.16 21.24 29.08 38.60
Lithology A B B C C/E* E F
Sample # 71-1994 66-1994 63-1994 59-1994 166-1995 87-1994 3-1994
Depth (m) 2291.2 2199.1 1905.0 1676.4 14213 1508.8 701.0
Amphibole core2 mainl core coreb mainl8 main core
Sio, 52.89 53.74 53.13 50.11 51.70 50.69 51.68
TiO, 0.12 0.04 0.25 0.08 0.04 0.26 0.04
ALO; 2.94 0.41 1.04 3.87 2.31 0.72 1.06
FeO 12.63 10.81 18.51 20.10 20.48 29.73 21.35
MgO 15.98 12.29 12.28 10.27 10.51 4.73 991
MnO 0.44 0.33 0.90 0.33 0.15 0.52 0.37
Ca0 12.05 21.11 12.37 12.06 12.39 12.08 13.05
Na, O 0.30 0.13 0.10 0.44 0.29 0.12 0.17
K;O0 0.03 0.03 0.07 0.25 0.13 0.08 0.07
Cr,0, 0.10 0.03 0.04 0.07 0.05 0.04 0.03
NiO - 0.03 0.03 0.00 0.02 0.00 0.03
Total 97.49 98.94 98.72 97.58 98.07 98.97 97.76
Name' actinolite cannilloite actinolite ferro- ferro- ferro- ferro-

actinolite actinolite actinolite __actinolite
Lithology: A = contact sublayer; B = lower unit ("norite"); C = middle unit ("quartz gabbro");
E = transition zone; F = upper unit (granophyre); * = drill core 52848
Note: ! = nomenclature according to Leake et al. (1997)
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pseudomorphed by amphibole (actinolite, ferro-actinolite, and minor cannilloite and hornblende;
Table IIT and Appendix A). In drill core 52847, a similar observation is made. For this reason,
analyses of pyroxene crystals from drill core 52848 are used in Table III and Figure 16 to show
the primary chemical variation of pyroxene across the SIC. As in the Skaergaard Intrusion,
augite is generally enriched in Al,O, relative to coexisting pigeonite (Table III). No significant
amount of Cr,0; nor NiO is detected in the SIC pyroxenes. The amphibole pseudomorphs have
a chemical composition very close to that of the pristine pyroxene crystals, varying only in their
contents of Na,0, K,0 and Al,0,, which are, in general, slightly higher, and in their CaO and
TiO2 contents and element totals, which are, in general, slightly lower than in the pristine
pyroxene crystals.

Throughout the SIC, the pleochroic color of pyroxene crystals becomes deeper/darker
with higher stratigraphic levels (i.e., the Fe content of crystals increases; Fig. 16). Enstatite and
pigeonite occur only in the contact sublayer and in the lower part of the lower unit (“norite™)
(Fig. 16). A kink-band or unusual twin was observed in one of these orthopyroxene crystals (Fig.
17a). From the contact sublayer into the upper unit (granophyre), augite crystals increase in Fe
content, with only a slight variation in Ca content (Fig. 16). In the contact sublayer,
clinopyroxene (mainly augite and salite) crystals have thin exsolution lamellae detectable
optically (Fig. 17b), but not resolvable with the microprobe. In the lower part of the lower unit
(“norite™), clinopyroxene (mainly augite) crystals have polysynthetic twins, contain abundant
micro-inclusions and have a patchy and undulose extinction, suggesting compositional zoning.

Some acicular crystals are also observed. A large overgrowth, or mantle, of ferrohomblende,



Figure 17. Photomicrographs of pyroxene crystals in the SIC: (a) kink-band or twin in an
ortho-pyroxene (hypersthene) crystal in a sample of the contact sublayer (sample SUD-155-
1995, cross-polarized light, field-of-view = 1 mm); (b) augite crystal showing exsolution
lamellae in the contact sublayer (sample SUD-9-1994, cross-polarized light, field-of-view =2
mm); and (c) augite crystal enclosing a plagioclase crystal (P) and showing exsolution lamellae
at a high angle from the twinning plane in the lower part of the lower unit ("norite") (sample
SUD-8-1994, cross-polarized light, field-of-view = 1.5 mm).
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magnesio-homblende, edenite or ferro-edenite, which may be altered to chlorite, is very common
on most pyroxene crystals (Figs. 9a and 9d). No mantles of amphibole are observed on
clinopyroxene crystals of the contact sublayer (Fig. 17b). In the lower unit (“norite”) and the
middle unit (“quartz gabbro”), clinopyroxene (mainly augite) crystals are commonly twinned and
some have thin exsolution lamellae running at a high angle to the twinning plane (Fig. 17¢c). In
the middle unit (“quartz gabbro™), augite crystals usually have an overgrowth of biotite and
amphibole, and crystals are partly to completely aitered to uralitic amphibole (Fig. 10a). In the
transition zone, none of the augite crystals have exsolution lamellae. Very rare, small augite
crystals, occurring within larger crystals of amphiboie (ferro-actinolite, -homnblende and -edenite)
or biotite, are observed in the lower part of the upper unit (granophyre); whereas, no pyroxene
crystals are observed in the upper part of the upper unit (granophyre). Throughout the SIC, the
pyroxene crystals may have been altered to uralitic amphibole, and very small magnetite crystals
may line their exsolution lamellae or parting planes (Fig. 17a). Needles of actinolite and ferro-
actinolite are oberved within pyroxene crystals of the lower unit (“norite”) and middle unit

(“quartz gabbro™) (Fig. 10b).

3.3.3 Amphiboles

Microprobe analyses of selected amphibole crystals are shown in Table [V and complete
analyses are given in Appendix A. Compositionally, primary amphiboles have, in general,
higher ALO, (> 3.6%), TiO2 (>0.4%), Na,0 (> 0.6%), K,0 (> 0.4%) and Cl (> 0.11%) contents

than secondary amphiboles. The former are classified as edenite, ferro-edenite, ferro- and



Table IV: Selected microprobe analyses of amphiboles in drill cores 70011 and 52848.

Lithology cont. sub.'?} lower unit ("norite”)’] middle unit  (quartz gabbro)®|transition zone®
Sample# 71-199%4 153-1998 60-1994 43-1994
Depth (m)  2291.2 1831.8 1735.8 1288.4
point Act3 Act ait2 ferroHbl core3 | Act core1 Act lam___magnesioHbi8 edenite man
Si0; 54.71 52.08 46.03 5345 52.00 46.64 48.34
ALO, 1.41 2.93 5.72 205 322 5.08 5.88
TiO, 0.03 0.12 1.25 009 038 1.26 0.48
FeO 11.75 16.10 2191 16.53 1731 21.08 18.35
MgO 17.26 14.03 9.64 1338 1275 11.23 12.41
MnO 0.24 0.29 0.36 031 035 0.22 0.32
Ca0 12.07 11.96 10.15 1198 1191 9.94 10.57
Na2,0 0.01 0.25 0.93 0.16 023 0.98 1.59
K;O0 0.06 0.12 0.76 0.13 017 0.69 0.60
Cr,0, 0.19 0.02 0.00 0.10  0.04 0.00 0.00
NiO 0.00 0.07 0.02 000 00l 0.00 t 0.08
F 0.00 0.00 0.00 000 0.0 0.00 1 0.00
q 0.08 0.05 0.40 004  0.10 0.26 t 0.10
P,0; 0.00 0.00 0.03 000 007 0.00 g 0.03
BaO 0.00 0.00 0.00 021  0.19 0.00 0.08
SO, 0.08 0.00 0.00 000 000 0.00 ; 0.00
SrO 0.00 0.00 0.00 000  0.00 0.00 | 0.06
ZaO 0.06 0.01 0.13 002 007 0.06 | 0.00
V,0, 0.07 0.06 0.13 003 013 0.11 '; 0.06
Total 98.02 98.10 97.47 98.48  98.92 97.55 i 98.94
Si 780 | 7.60 7.04 778 7.58 700 | 115
Al 0.24 0.50 1.03 035 055 0.91 g 1.02
Ti 0.00 0.01 0.14 | 001 004 0.14 0.05
Fe* 1.40 1.97 280 | 201 211 2.68 227
Mg 3.67 3.05 2.20 | 290 277 2.54 | 2.74
Mn 0.03 0.04 0.05 004 004 0.03 0.04
Ca 1.84 1.87 1.67 1.87 1.86 1.62 1.67
Na 0.00 0.07 0.28 005 006 0.29 0.46
K 0.01 0.02 0.15 002 003 0.13 0.11
Cr 0.02 0.00 0.00 001 00l 0.00 0.00
Ni 0.00 0.01 0.00 000 0.0 0.00 0.01
F 0.00 0.00 0.00 000  0.00 0.00 0.00
qa 0.02 0.01 0.10 001 003 0.07 0.03
P 0.00 0.00 0.00 000 001 0.00 0.00
Ba 0.00 0.00 0.00 001 0.0l 0.00 0.00
S 0.01 0.00 0.00 000 000 0.00 0.00
Sr 0.00 0.00 0.00 000 0.0 0.00 0.01
Za 0.01 0.00 0.01 000 001 0.01 0.00
v 0.01 0.01 0.02 000 001 0.01 0.01
Total 15.07 15.17 15.50 1506  15.12 15.52 15.56

Abbreviations: Act = actinolite; alt = alteration; lam = lamellae; Hbl = hornblende; man = mantle
Notes: Stoichiometry based on 23 oxygens. * = contact sublayer. * = Drill core 70011. * = Drill core 52848.

59



60

magnesio-homblende and the latter as actinolite and ferro-actinolite (nomenclature of Leake er
al, 1997). As discussed in the previous section, amphibole pseudomorphs after primary
pyroxene are generally the rule in drill cores 70011 (above the top of the lower part of the lower
unit (“norite™)) and 52847 (throughout). As for pyroxene, amphibole crystals become enriched
in Fe with higher stratigraphic levels (Table IV).

Primary and secondary amphiboles can easily be distinguished from each other using a
transmitted-light microscope. Primary amphiboles have a dark brown-green pleochroism and
occur as euhedral crystals (Fig. 18a) and mantles (Figs. 9a and 9d), both with a non-fibrous
nature. Single euhedral crystals with well-defined 60-120° cleavages are observed, though
rarely. Secondary amphiboles have a blue-green pleochroism and a non-fibrous nature, and
occur as singly-twinned prismatic crystals within the matrix (up to 5 mm in length; Fig. 18b),
or as tiny needles within pyroxene crystals (Fig. 18b). A finer-grained fibrous species of
actinolite and ferro-actinolite (uralitic) is common at the rims of, or disseminated throughout,
clinopyroxene and orthopyroxene crystals (Fig. 18¢).

Amphibole forms an important intercumulus phase in the contact sublayer and lower unit
(“norite™), mainly occurring as patchy replacements of, and as mantles around, clindpyroxene.
It is a cumulus phase in the middle unit (“quartz gabbro”) and the transition zone. Crystals of
amphiboleinthemiddleunit(“quanzgabbro”)mupto2mminlengthandareusmﬂylm
altered than other mineral phases. Pleochroic haloes, presumably from zircon, are observed
within some amphibole crystals of the middle unit (“quartz gabbro™). In the upper unit

(granophyre), amphibole occurs as dendritic and bladed ferro-actinolite, ferrohomblende and
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ferro-edenite crystals (Fig. 18d), which are most likely pseudomorphs after augite.

3.3.4 Biotite

In the contact sublayer and at the base of the lower unit (“norite™), brown biotite crystals
may poikilitically enclose crystals of plagioclase (Fig. 8a), ilmenite and/or quartz and are most
likely primary. In the lower part of the lower unit (“norite™), crystals are subhedral, rarely
strained or kinked, may fill interstices, and may contain abundant rutile needles (Fig. 19a).
Pleochroic haloes, presumably of zircon, may be present in the biotite crystals of the lower unit
(“norite™). No primary biotite is observed in the upper part of the lower unit (“norite”) but is
observed again at the base of the middle unit (“quartz gabbro™) and above. In the middle unit
(“quartz gabbro™), biotite crystals usually occur as needles (< 0.1 mm) or subhedral plates and
scales (< 0.5 mm) (Fig. 10a). Most biotite crystals have a slight undulatory extinction. In the
transition zone and the upper unit (granophyre), biotite occurs as abundant needles disseminated
within the matrix, often forming fibrous spherulitic-like aggregates (Fig. 19b). Above the
contact sublayer, biotite crystals are often partially altered to chlorite or to green biotite, which
also occurs as an alteration product of primary amphibole. Crystals of green biotite are

subhedral, up to 2 mm in length, and form aggregates.

3.3.5 Quartz
In the lower unit (“norite”), most quartz crystals filling interstices are < 1 mm in

diameter, anhedral with an usually undulose extinction and sutured crystal boundaries. Many



Figure 19. Photomicrographs of biotite crystals in the SIC: (a) subhedral crystal
enclosing abundant needles of rutile in a lower unit ("norite") sample (sample SUD-7-
1994, plane light, field-of-view = 200 um); and (b) abundant biotite needles, disseminated
or forming sheaf-like aggregates, in the matrix of the upper unit (granophyre) (sample
SUD-53-1994, plane light, field-of-view =200 pm).
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are fractured and some may be skeletal (Fig. 20a). Most of these quartz crystals are interpreted
as xenocrysts, or remnants thereof. Crystals intricately linked to the micrographic and
granophyric intergrowths are < | mm and locally euhedral and skeletal (Fig. 20b). Inthe middle
unit (“quartz gabbro”), quartz crystals reach up to 0.4 mm in diameter, contain abundant micro-
inclusions, and show undulatory extinction. In the transition zone and the upper unit
(granophyre), quartz crystals are subhedral to euhedral, reaching up to 3 mm in diameter, and
commonly show undulatory extinction.

Extremely rare subhedral quartz xenocrysts inthe lower unit (“norite”) and bottom of the
transition zone have remnant planar deformation features (PDFs) as shown in Figure 21. Perhaps
the most common diagnostic and unequivocal indicator of shock pressures greater than 10 GPa
are PDFs in quartz. When fresh, most PDFs are amorphous lamellae (non-decorated PDFs)
occurring as multiple sets of parallel, planar optical discontinuities across a single grain and are
oriented parallel to rational crystallographic planes of low Miller indices (Stoffler and
Langenhorst, 1994; Grieve et al., 1996). Decorated PDFs consist of planes of tiny vugs, which
are secondary features formed by thermal annealing of non-decorated PDFs, and are the most
common type of PDFs in the floors and in annealed breccias of terrestrial impact craters (e.g.,
Robertson et al., 1968).

Five sets of PDFs were measured in three quartz xenocrysts from the SIC (Fig. 22 and
Table V). One set in sample SUD-8-1994 from the lower unit (“norite™), one set in sample SUD-
94-1994 from the lower unit (“norite™) and three sets in sample SUD-89-1994 from the transition

zone (Figs. 21a and 21b). The best fit to the poles of the PDF's of each quartz xenocryst yields



&

Figure 20. Photomicrographs of quartz crystals in the SIC: (a) skeletal quartz crystal
(Q) and plagioclase (P), biotite (B) and apatite (A) crystals in the lower unit ("norite")
(sample SUD-66-1994, plane light, field-of-view = 4 mm); and (b) skeletal quartz in
micrographic intergrowths in the transition zone (sample SUD-185-1995, cross-
polarized light, field-of-view = 1.5 mm).
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o c-axis
A PDF set

Figure 22. (a) Quartz crystallography as shown on a Wulff net projection. (b) Wulff net
projection of rotated planar deformation features (PDFs) measurements in quartz xenocrysts
from the transition and lower unit ("norite") of the SIC. This c-axis vertical projection is used
with a template of crystallographic indices of quartz (a) to determine the PDF's orientations.

Table V: Planar deformation features (PDFs) in quartz xenocrysts vs.
crystallographic indices in quartz, for samples SUD-89-1994, SUD-8-
1994 and SUD-94-1994 of the SIC, as obtained from stereonet plots.

Plane Miller-Bravais Polar angle Number of
index with c-axis PDF sets

c (0001) 0° -

® {1013} 22°56' -

n {1012} 32°2%' 3

g {1122} _ 47°43' 1

rz {1011},{0111} 51°47 -

s {1121} 65°33' -

P {2131} 73°25' -

g {2241} 77°12 -

T {4041} 78°52' -

x {5061} _ 82°04' -
m,a {1010},{1120} 90° 1
total 5
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crystallographic orientations of 32° (i.e., parallel to the 7t { 1012}),48° (i.e., parallel to § {1122})

and 90° (i.e., parallel to the m {10T0} or a {1120}). Quartz xenocrysts in the Onaping
Formation commonly contain multiple sets of PDFs (French, 1967, 1968). In the basal member
two sets in one grain were measured to be parallel to the crystallographic orientation of 23° (i.e.,
 {10T3}; Figs. 21c and 21d), which agrees with the data of French (1967, 1968). Unlike PDFs
observed in shocked target rocks from other impact structures and from the overlying Onaping

Formation, the PDFs observed in the lower unit (“norite™) and the transition zone of the SIC are

very faint.

3.3.6 Alkali feldspars

The Ab-An-Or data of all alkali feldspar crystlas are plotted in Figure 7 and complete
microprobe analyses are given in Appendix A. At the base of the lower unit (“norite™), alkali
feldspar crystals are <2 mm in diameter, anhedral and altered, have sutured crystal boundaries
and undulose extinction, and fill gaps/interstices. Some crystals are clearly microcline, having
a well defined cross-hatched pattern; others commonly have microperthite exsolutions, i.e.,
contain exsolution lamellae of albite. Alteration of alkali feldspars by sericite usually follows
cleavage planes. In the middle unit (“quartz gabbro™), most alkali feldspar crystals, 0.5 to 1.0
mm wide, have microperthite exsolutions as described above for the lower unit (“norite™). Inthe
upper unit (granophyre), only rare individual orthoclase or microcline crystals are observed
wmmmmmmmwofmmmmm);mmum

panofmeuppermit(gamphym),pathhcisahmdammwdsoauningmawmmmt
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of micro-intergrowths, may occur as discrete crystals (Fig. 23a). From the top of the middle unit
(“quartz gabbro™) through the base of the Onaping Formation, plagioclase crystals are mantled
by a coarse microperthite overgrowth, which is continuous with the micrographic and

granophyric intergrowths surrounding the plagioclase crystal (Fig. 23b).

3.3.7 Apatite

In the SIC, at the base of the lower unit (“norite™), apatite crystals occur as intercumulus
crystals that are prismatic, up to 0.4 mm in length, or rod-shaped, up to 1.5 mm in length. In the
lower unit (“norite™) and the middle unit (“quartz gabbro™), apatite occurs as cumulus prismatic
crystals up to 0.3 mm and rods and needles up to 2.0 mm in length. These apatite crystals may
commonly be skeletal (Fig. 10f), or may occur as needles in quartz crystals (Fig. 10a). In the
transition zone of drill core 70011, apatite occurs as large cumulus lath-shaped crystals up to 2.0
mm in length. Some crystals may be skeletal (Fig. 11b). In the upper unit (granophyre), apatite
occurs as intergranular crystals up to 0.5 mm. In drill core 52848, but less so in drill cores 52847
and 70011, apatite is commonly poikilitically enclosed in augite, amphibole and biotite crystals.

These observations concur with those of Warner et al. (1998), who made a detailed study
of apatite crystals and their textural and compositional variations in three traverses (NW, NE,
and SW) across the SIC. Wamner ef al. (1998) present chemical data for apatite from the SIC.
These data show that the apatite has a low CUF ratio, similarly to layered igneous complexes, but
it is enriched in light rare earth elements (LREE) and, near the base of the SIC, is also enriched

in Si and REEs compared to other layered igneous complexes.



Figure 23. Photomicrographs of perthite within the upper part of the upper unit
(granophyre): (a) individual perthite crystals (P) (sample SUD-144-1995, cross-
polarized light, field-of-view = 2 mm); and (b) albite lath (L) with perthite overgrowth
(P), which is continuous with the perthite component (P*) of micrographic intergrowths
(G) (sample SUD-144-1995, cross-polarized light, field-of-view =2 mm).
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3.3.8 Fe-Ti Oxides and Titanite

In the SIC, Fe-Ti oxide minerals consist mostly of ilmenite, magnetite, and titaniferous
magnetite (Figs. 24a and 24b). Secondary hematite is most common in the upper unit
(granophyre) (Fig. 24c). Microprobe analyses given in Appendix A indicate that in the lower
unit (“norite™) titaniferous-magnetite crystals are enriched in V,0; and depleted in MnO contents
in relation to co-existing ilmenite crystals. There are two modes of occurrence of magnetite.
One contains abundant lamellae of ulvdspinel and is intimately associated with ilmenite in
lamellar form. The other does not contain microscopically visible Ti-bearing phases and occurs
as separate crystals (Figs. 24a and 24b). [lmenite occurs intwo distinct forms: as trellis networks
of lamellar and skeletal intergrowths in magnetite, and as individual subhedral crystals.
Gradation between textural varieties are observed with stratigraphic level changes.

In the lower unit (“norite”), magnetite and titaniferous-magnetite occur as granular
masses, rods, or have an octahedral cross-section, and may have a chlorite or titanite corona (Fig.
24d). All crystals are up to 2 mm. In the middle unit (*quartz gabbro™), Fe-Ti oxides consist
mainly of magnetite crystals up to 1 mm in size and some crystals may be skeletal (Fig. 10c).
The cumulus Fe-Ti oxide in the transition zone and upper unit (granophyre) is fnagnetite,
containing lamellae of ilmenite and is accompanied by rare intercumulus ilmenite. These
observations concur with those of Gasparrini and Naldrett (1972), who made a detailed study of
magnetite and ilmenite crystals in drill cores and traverses across the SIC.

Titanite crystals are ubiquitous throughout drill cores 70011 and 52847. In drill core

52848, titanite crystals are only observed in the transition zone and upper unit (granophyre).
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Titanite occurs as rounded individual anhedral crystals, up to 2 mm in diameter, as a thin corona

around magnetite crystals, rare subhedral to euhedral crystals up to 2 mm in diameter (Figs. 24a
and 24b), or rare granular masses < 0.1 mm in diameter. In the transition zone and upper unit
(granophyre), titanite crystals are less than 0.5 mm in diameter. Single titanite crystals may be
interlocked with augite crystals. Microprobe analyses given in Appendix A indicate that the
titanite crystals decrease in TiO, content and increase in AL, O, content from the contact sublayer

to the upper unit (granophyre).

3.4 Alteration and Secondary Minerals

In drill cores 70011 and 52847, early crystallized minerals (plagioclase and pyroxene)
are greatly affected by alteration; whereas, later crystallized minerals (e.g., amphibole mantles
and micrographic and granophyric intergrowths) are virtually unaltered. This observation
suggests that the alteration of the SIC is mainly deuteric in nature. The amount and intensity of
alteration decreases with depth in all the cores. At a depth exceeding about 500 m below the
boundary of the upper unit (granophyre) - transition zone in drill core 70011, alteration is
reduced to a slight sericitization and saussuritization of plagioclase crystals and a slight
uralitization of pyroxene crystals. Drill core 52847 is altered throughout. The alteration in drill
core 52848 consist mainly of a slight sericitization and saussuritization of plagioclase crystals
and uralitization of pyroxene crystals, with more intense alteration occurring heterogeneously
throughout the drill core.

The distribution of alteration products ishetetogeneousonthesealeofthcdrillcore,mck
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unit, sample, thin section, and crystal. Forexample, ina thin section, a crystal of a given mineral
phase is unaltered; whereas the adjacent crystal is altered. An explanation for the variation in
degree of alteration between individual crystals of a given mineral phase in one thin section may
be related to the section view of the given crystals. A section close to the crystal surface is more
altered; whereas, a section cut deeper within the crystal is unaltered. Throughout the SIC, the
principal alteration products are clinozoisite and epidote (after feldspars), uralitic amphibole
(after pyroxene), biotite (after plagioclase, pyroxene, and amphibole), and chlorite (after
plagioclase, pyroxene, amphibole, and biotite). Products filling vugs and gaps within crystals
consist of silicate (unknown), oxide, chlorite, quartz, and calcite, in various combinations. In
sample SUD-152-1995 (depth of 1826.7 m in drill core 70011, i.e., within the lower unit
(“norite™), all mafic minerals, which make up less than 5 vol.% of the rock, are highly altered

and the most abundant minerals are calcite, plagioclase, epidote and Fe-Ti oxides.

3.4.1 Pseudomorphs after ulvospinel-magnetite and after amphibole

Pseudomorphs of biotite + titanite + ilmenite + sulfide (mainly pyrite and pyrrhotite) =
chlorite after ulvGspinel-magnetite crystals (Fig. 25a), up to 3 mm in diameter, and of biotite +
titanite + amphibole after primary amphibole crystals (F ig. 25b), up to 2 mm in diameter, are
observed throughout the drill cores 70011 and 52847. The abundance of pseudomorph
agmg&&p«&inmﬁonimmwiﬁhighasﬂaﬁgmpﬁclwehmchhgammdmumwﬂﬁn
the middle unit (“quartz gabbro™) and, then, decreases until no pseudomorph aggregates arc
observedvﬁthindwwpoftheupperunit(gmnophym),justbelowtheupperlimitwiththe
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Onaping Formation. In drill core 52848, these same pseudomorphs are only observed in highly
altered samples of the transition zone.

Well-preserved trellis networks of titanite and ilmenite rods after {111} ilmenite have
partly or totally replaced the original ulvéspinel-magnetite crystals, or occur along cleavage
planes of the original amphibole crystals (Figs. 25a and 25b). The rims of these pseudomorphs
are commonly lined by ilmenite (Figs. 25a and 25b) and, in the contact sublayer and at the base
of the lower unit (“norite™), they are often mantled by, or associated with, biotite (Fig. 25b).
However, with higher stratigraphic levels, the biotite “mantles” disappear and the amount of
replacement by titanite over the other replacing minerals increases. Secondary titanite is formed
through the metasomatic introduction of CaO and SiO, from plagioclase decomposition and the
interaction with deuteric fluids. The removal of FeO from ulvéspinel generates the chlorite

and/or amphibole and/or ilmenite and/or sulfide observed within the pseudomorphs.

3.4.2 Epidote

Throughout the SIC, epidote occurs mainly as small flakes, as large as a few tens of
microns, in plagioclase crystals, suggesting that they were originally more calcic. The abundance
of this secondary epidote directly reflects the intensity of alteration of the sample. As drill cores
52847 and 70011 are more altered than drill core 52848, these former drill cores have a higher
content of epidote than the latter. In the contact sublayer and lower part of the lower unit
(“norite”) of drill core 70011,thissecondatyepidoteconstittml$sthan5% of the modal

composition. It increases from 10 vol.% at the bese of the upper part of the lower unit (“norite™)
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to more than 20 vol.% in the transition zone and then decreases to about 5 vol.% in the upper
unit (granophyre) (Table I). A similar variation in mode is observed in drill core 52847.
Small amounts of coarse-grained (larger than 0.5 mm) epidote crystals are observed
disseminated within the matrix of samples throughout drill core 70011 and within the upper unit
(granophyre) samples of all three drill cores studied. Some of these epidote crystals may be
primary, as suggested by their crystal form and sutured boundaries (F igs. 25c and 25d). In
general, these coarser-grained epidote crystals are color-zoned and have pleochroic pale
yellowish-green cores and almost colorless rims. They also become less colourful in higher
stratigraphic levels. In the lower part of the lower unit (“norite”), epidote occurs as anhedral
individualgrainsuptoo.smm;whcms,itformsaggregatemassesintheupperpanofthe lower
unit (“norite”) and in the middle unit (“quartz gabbro”). In the transition zone and the upper unit
(granophyre), epidote occurs as crystal aggregates, up to 2 mm in diameter (Figs. 25¢ and 25d),
together with biotite crystals, which may be acicular, and sometimes with apatite needles.
Throughout the SIC, epidote crystals, or aggregates thereof, generally form wormy or
interfingering contacts with plagioclase and quartz crystals and against microgranophyric

intergrowths; whereas, they have a euhedral shape with amphibole and biotite crystals.

3.4.3 Uralitic amphiboles
In the SIC, actinolite and ferro-actinolite occur as a colorless to pale green fibrous
amphibole from the uralitization of pyroxene crystals. In the upper part of the lower unit

(“norite™), complete zones of actinolite are observed within the pyroxene crystals. Uralitization
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of enstatite takes place first, through simple hydration, then, with increasing alteration an
interchange of calcium, magnesium, and iron between orthopyroxene and clinopyroxene may

occur. As alteration increases, actinolite is replaced by darker green, more pleochroic ferro-

actinolite.

3.4.4 Chlorite

In the lower unit (“norite™), chlorite may be abundant (up to 10%), occurring as anhedral
plates and scales, up to 1 mm in diameter, usually replacing pyroxenes, amphiboles and, more
rarely, biotite. Chlorite crystals have an undulatory extinction and may be fractured. In the
middle unit (“quartz gabbro™), chlorite forms interstitial anhedral crystals between plagioclase
and augite crystals. From the middle unit (“quartz gabbro™) to the top of the upper unit
(granophyre), chlorite also occurs as scattered grains in plagioclase and is abundant as fine-

grained aggregates, up to 2 mm in diameter, along grain boundaries and in interstices.

3.4.5 Calcite

Calcite crystals occur mainly as veinlets, interstitial material, or fill voids throughout the
SIC. Grain size ranges up to 0.5 mm. Calciteismostab\mdantinthelowcrpanofthe lower
unit (“norite™) mdupperpanoftheupperunit(gmnophyte)andisgmﬂyassociawdwith
chlorite, biotite, Fe-Ti oxides, and sometimes uralitic amphibole. Its relationships with other

minerals and well-formed crystals suggest that calcite is the result of hydrothermal deposition.
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3.5 Textures

Rapid crystallization or far-from-equilibrium textures are pervasive throughout the rocks
of the SIC. These include boxy-cellular and skeletal crystals of plagioclase, skeletal apatite and
quartz crystals, acicular crystals of apatite, albite and augite, clinopyroxene (augite) and biotite,
spherulitic biotite, micrographic and granophyric intergrowths, dendritic or skeletal quartz
crystals within these intergrowths, and spherulitic-like texture of quartz and alkali feldspar
intergrowths.

Plagioclase crystals may be boxy-cellular or skeletal above the top of the middle unit
(“quartz gabbro™). The outline of these latter crystals may be either squarish with a hollow
center, in a complex “U-shape” (Fig. 12d), or very complex altogether. Quartz crystals in the
lower unit (“norite”) may be skeletal (i.e., having a hollow center) and are usually closely
associated with micrographic intergrowths. Skeletal crystals of apatite are characterized by an
axial cavity parallel to their c-axis and are observed above the middle of the lower unit
(“norite”). Similar elongated cavities have been documented in tourmaline and attributed to
rapid crystal growth (Manning, 1982). Acicular apatite crystals are observed in the lower unit
(“norite”) and middle unit (“quartz gabbro™). Acicular albite crystals, up to 3 mm in length and
acting as nuclei for micrographic and granophyric intergrowths, occur in the upper part of the
upper unit (granophyre). Acicular crystals of augite are observed in the lower unit (“norite™) and
acicular amphibole in the upper unit (granophyre). Given the alteration effects in the SIC, these
acicular amphibole crystals are most likely pseudomorphs after acicular augite. In the upper unit
(granophyre), acicular crystals of biotite are observed, some clustered into spherulitic aggregates.
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Fields of micrographic and granophyric intergrowths (Fig. 26a) have extinction in
“domains” (Fig. 26b), the quartz component having a straight extinction and the K-feldspar
component having undulose extinction. Micrographic and granophyric intergrowths developed
towards the base of the lower unit (“norite™) are usually not well defined. The area of these
fields increases with higher stratigraphic levels from less than 2 mm at the base of the lower unit
(“norite™) to about 1 cm within the upper unit (granophyre). At the base of the lower unit
(“norite”), the size of the micrographic intergrowths themselves is relatively coarse and then
becomes finer until the top of the middle unit (“quartz gabbro™), where it starts to increase to
reach a maximum within the upper unit (granophyre). At the top of the upper unit (granophyre),
within the plagioclase-rich granophyre, the intergrowths are the finest. The granophyric
intergrowths become finer but longer and more numerous/denser with higher stratigraphic levels.
Barker (1970) stated that the size of granophyric intergrowths is affected by the rate of
crystallization for a given composition. With more rapid cooling, their size decreases. This
would indicate that the upper unit (granophyre) has undergone more rapid cooling than the other
lithologies of the SIC. In the lower unit (“norite™) and the upper unit (granophyre), the quartz
component of these fields may be dendritic (Fig. 26¢), and/or in the middle unit (“quartz
gabbro™) and upper unit (granophyre) the quartz component may be skeletal (Fig. 20b). The
micro-intergrowth fields may develop into spherulitic-like textures in the upper unit (granophyre)
(Fig. 26d). Swanson and Fenn (1986) demonstrated, through dynamic crystallization
experiments,thathigbATandmpidundemoolingarerequitedto form textures such as dendritic

and spherulitic quartz. Intergrowths immediately surrounding plagioclase crystals are usually



Q0

(a8ud yxau panupuod) ‘(ww
§'1 = maIA-Jo-pjay W31| pazisejod-sson ‘p661-+9
-ans sjdwes) (,2110u,) Jun JIMO] Y} Ul syimoid
-y owydesSodiu uyum  (amdid jo 19)ud9)
zpenb Jo sojupuap (3) {(wu g = MIIA-JO-pPRY ‘3
pozue|od-sso1 ‘p661-£5-ANS dldures) apis-y3u
ayy ut Ae1d pue opIs-}Ja| A Ul UYM st wduodwiod
zyenb oy (214ydouriS) nun 1addn oy jo ued 1amo)
oy w spmoidiym oydesSosonu jo  sufewiop,
w uonounxd (q) ‘(ww g = M3IA-Jo-pdY Y43y
pazuejod-ssoid ‘s661-L91-ANS dldures) (21hyd
-ouwa3) pun soddn o us sypmosdianul (N) oydesd
-o101u pue (n) sukydoues3 saneuasaidai (s) IS
oy IyHIM saImxa) jo syderdoronuoioyq 9g andyg




82

(Wt §* | = M31A-Jo-piaY W31 pazirejod-sso1d‘p661-0S
-gns 2jdwes) a1ydourid you-asejoordeid oy ut jeisid asejooideyd
© jo 28pa oy suijno sjusuodwiod zuenb 1931e] Yorym Jo symoidiaul
owydes3ooiw (§) pue {(wu ¢ | | = MIIA-JO-P]RY 48y pazuejod-sso1d
‘v661-€S-ANS 2Jdwes) (314ydouesd) pun Jaddn ayp jo ued 1omoj
oy ur sipmoidioyun orydesSolonu J3sIe0d £q pamojjoj symoidiaul
sukydoueid 10§ snajonu se (4) [e1sK10 asejooideid (3) {(ww §° [ = MIIA
-jo-poy W3y pozuejod-sso1d ‘p661-0S-ANS sjdwes) a1fydoues3d
you-asejoordeid ayy ui s[eIsAid iqje JendIoE pue Iedspjoj tjeye pue
zuenb jo sypmordsanum axij-ontjruayds (p) *(panupuod) 97 andyg




83

finer-grained than those a few millimeters away from these nuclei (Fig. 26¢). However, at the
edges of the plagioclase crystals, the quartz component of the intergrowth is usually coarse-

grained (Fig. 26f).

3.6 Summary and Interpretation

The SIC is a succession of genetically related layers, lying conformably one above the
other, and showing no evidence of chilling between them. In fact, no contacts per se are
observed between the various lithologies within the SIC. The “contacts” are best described as
gradational zones up to a few tens of meters thick, except for a relatively thick one (up to 200
m), the transition zone, which occurs between the middle unit (“quartz gabbro™) and the upper
unit (granophyre) (Fig. 3). Moreover, detailed mapping and a careful microscopic and
geochemical study are required in order to define the SIC layers and their extent. Neither
thythmic (i.e., repetition of rock types in higher stratigraphic levels) nor finer, cm-scale layering
is observed within the North Range of the SIC. Phase layering (i.e., appearance and
disappearance of minerals) and cryptic layering (i.e., chemical variation in mineral composition,
such as Fe- or Na-enrichment with increasing stratigraphic levels) are observed ona iarge scale
(Fig. 5).

The relationship between plagioclase and pyroxene in the lower unit (“norite”) suggests
that they nucleated together, probably in sifu, with pyroxene forming fewer nuclei than
plagioclase. As the minerals grew, pyroxene encased the plagioclase, arresting further growth.

These well-formed laths of plagioclase included in larger pyroxene crystals suggest a somewhat
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earlier start to plagioclase nucleation and crystallization. In support of this interpretation, augite
and amphibole crystals, but not plagioclase crystals, poikilitically enclose apatite crystals. The
relationship between pyroxene and plagioclase crystals in the middle unit (“quartz gabbro™) may
be explained by a relatively high nucleation rate of pyroxene, which concentrated many smaller
crystals between tabular plagioclase in a granular (“intergranular™) texture.

Only rare cumulus crystals of olivine are present in the SIC, in a specific phase of the
contact sublayer (Pattison, 1979; Lightfoot ef al., 1997b) and in some mafic and ultramafic
inclusions (Lightfoot et al., 1997b). The inner core of discrete cumulus plagioclase crystals is
essentially unzoned, with an abrupt change to normal zoning close to their rims, which are fairly
Na-rich. Finely spaced exsolution lamellae, presumably Beggild intergrowths given the
chemistry of their host, within the lower unit (“norite™) are evidence of slow cooling and
unmixing from high temperatures. The SIC pyroxenes are continuously enriched in Fe in higher
stratigraphic levels, following the “Skaergaard trend” (Fig. 16). Primary amphibole and biotite
crystals occur throughout the SIC, from the lower part of the lower unit (“norite™”) through the
upper unit (granophyre), and are indicative of the presence of a hydrous phase early in the
crystallization history of the SIC. The occurrence of microcline in the lower unit (“norite”) also
indicates that this lithology crystallized in the presence of a hydrous phase. According to Warner
et al. (1998), apatite crystals of the SIC have an anomalous chemical composition suggestive of
rapid crystallization and degassing of the melt.

Many rapid and non-equilibrium crystallization textures are observed throughout the

rocks of the SIC. Ofthmtexnmtbemicmgmphicandgnmphyﬁcintergmwthsarethemost
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voluminous and impressive, comprising less than 20 vol.% of the lower unit (“norite™) but
increasing to 70 vol.% of the upper unit (granophyre). Micrographic intergrowths of K-rich and
Na-rich feldspar with quartz are usually the product of subsolvus crystallization at higher water
pressures and their formation is connected to the presence of abundant fluids (Lentz and Fowler,
1992).

One of the first mineralogical changes to occur in the SIC, in the lower unit (*norite”) for
some parts of the SIC (e.g., drill cores 70011 and 52847) and in the middle unit (*quartz
gabbro™) for other parts of the SIC (e.g., drill core 52848), was the formation of ilmenite trellis
networks in magnetite crystals by oxidation during cooling (cf, Buddington and Lindsley, 1964;
Taylor, 1964). This transformation was either accompanied by or preceded by replacement of
the clinopyroxene by actinolite and ferro-actinolite. Alteration of plagioclase to albite and
epidote followed. The leaching of magnetite and primary amphibole occurred only in some parts
of the SIC (e.g., drill cores 70011 and 52847), with skeletal ilmenite trellis networks in an
assemblage of titanite, biotite, and/or amphibole being all that remain of the original grains.
Widespread heterogeneous alteration of all the SIC lithologies in some parts of the SIC (e.g., drill
cores 70011 and 52847), or alteration of only the middle unit (“quartz gabbro™) and transition
zone throughout the rest of the SIC, indicates movement of a large volume of a fluid phase.
Uralitization of pyroxene crystals and saussuritization of plagioclase crystals are characteristics
of deuteric alteration. This observation, together with the occurrence of primary hydrous
minerals, indicates that the alteration fluid was “magmatic water”, i.e., exsolved from the

crystallizing melt. Moreover, this fluid was capable of dissolving and removing iron. These
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interpretations are in agreement with previous work describing the alteration of the SIC upper
unit (granophyre) by a highly saline aqueous fluid (e.g., Taylor, 1967; Schandl er al., 1986; Li
and Naldrett, 1993) and more recent work by Molnar et al. (1997) and Marshall et al. (1999)
indicating that the Sudbury Structure was affected by five separate fluids: an exsolved fluid from
the SIC, a regional groundwater/metamorphic fluid, a regional fluid heated by the SIC during the

waning stages of its emplacement, a CO,-bearing Penokean fluid, and neotectonic brines.



4. WHOLE-ROCK GEOCHEMISTRY
4.1 Major Elements

The average composition (major elements only) and CIPW norms of the SIC and its five
major lithologies (including the transition zone as defined in this work) are given in Table VI.
All of the SIC lithologies and the basal member of the Onaping Formation have the same
normative minerals, i.e., quartz, orthoclase, albite, anorthite, hypersthene, magnetite, ilmenite,
apatite, and calcite, aithough in varying amounts. The Onaping Formation, upper unit
(granophyre) and lower unit (“norite™) samples have either normative corundum or diopside;
whereas, the transition zone, middle unit (“quartz gabbro™) and contact sublayer have only
normative diopside. Samples with normative corundum indicate that they are slightly
oversaturated in alumina, compared to the other samples. Normative hematite appears in the
calculated CIPW norm of only one Onaping Formation sample, in drill core 70011, and two
samples of the middle unit (“quartz gabbro™), in drill core 52848 (Appendix D).

To illustrate the variation in CIPW norms and their use in distinguishing between the
different lithologies, Or-Q-An and An-Q-Hy ternary diagrams were constructed (Fig. 27). The
upper unit (granophyre) and transition zone are marked by high values of normative quartz,
orthoclase and albite, and low values of normative anorthite, diopside and hypersthene, relative
to the middle unit (“quartz gabbro™), lower unit (“norite”) and contact sublayer (Table VI; Fig.
27). The middle unit (“quartz gabbro™) is marked by relatively high values of normative
diopside, magnetite and ilmenite, and low values of normative calcite; whereas, the lower unit
(“norite™) is marked by a high value of normative hypersthene and a low value of normative
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ilmenite. Mafic quartz gabbro (“mafic norite”) samples of the lower unit (“norite™) are
intermediate to the norite field and contact sublayer samples and are characterized by very low
values of normative orthoclase (Fig. 27). Finally, the contact sublayer is characterized by the
highest values of normative hypersthene and lowest values of normative albite and quartz.
Samples from the Onaping Formation have a great variation/range in their normative values
(most likely an etfect of inclusions) compared to all SIC lithologies. Data points outside their
respective groupings are either highly altered or fine-grained more aplitic-like samples.

All whole-rock geochemical analyses of major oxides are given in Appendix B. For
brevity and simplicity, only the data for drill core 70011 are illustrated, with respect to sample
depth, in Figure 28. Similar trends are observed for drill cores 52847 and 52848, and, unless
stated otherwise, observations within the remainder of this section pertain to all three drill cores.
Of all the SIC lithologies, only the contact sublayer samples show a heterogeneous distribution.
Variation in inclusion content is believed to be the cause of the variation between contact
sublayer samples, as ii is impossible to obtain samples that are entirely free of inclusions.
Minimal geochemical variations are observed in the upper unit (granophyre) and lower unit
(“norite™) samples. The greatest geochemical variations, although gradational, are observed
within the middle unit (“quartz gabbro™) and the transition zone, and at the boundary of the upper
unit (granophyre) with the overlying Onaping Formation (Fig. 28).

With higher stratigraphic levels, the SiO, content increases from lowest in the contact
sublayer to highest at the upper unit (granophyre) - Onaping Formation boundary. The sharp

variation in SiO, content at this latter boundary reflects the presence of numerous quartz and
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feldspar xenocrysts, which were impossible to remove from the samples. Another reason for
these “anomalous™ values is the higher modal abundance of cumulate albite, as reflected in a
sharp increase in Na,O at this boundary (Fig. 28). The increase in SiO, content is characterized
by a small “sharp” jump from the sublayer to the lower unit (“norite”), then a slight and
gradational decrease within the upper part of the lower unit (“norite™) through the top of the
middle unit (“quartz gabbro™) followed by a gradational, but steep, increase from the top of the
middle unit (“quartz gabbro™) to the lower part of the upper unit (granophyre) (Fig. 28). An
overall decrease with higher stratigraphic levels is seen for the contents of Al,O;, MgO and CaO;
whereas, an overall increase with higher stratigraphic levels, together with a sharp decrease at
the upper unit (granophyre)-Onaping Formation boundary, is seen for the K,O content (Fig. 28).
In drill core 70011, a sharp peak (high increase) in Na,O (coupled with a sharp decrease in K,0)
occurs within the upper part of the lower unit (“norite”) (at ~ 1820 m) and, as mentioned earlier,
at the upper unit (granophyre)-Onaping Formation boundary (Fig. 28). The former correspords
to alteration, while the latter is due to a modal increase in cumulus albite, as mentioned earlier.
In fact, the intensity and extent of the alteration within drill cores 52847 and 70011 limit any
elaboration of the conclusions made here. A significant increase in K,O is observed from the
middle unit (“quartz gabbro™) into the upper unit (granophyre). This K,O increase is reflected
by the sharp increase in modal content of granophyric and micrographic intergrowths (Fig. 5).
Overall the Fe,0; content decreases with higher stratigraphic levels, but a large peak is observed
at the top of the middle unit (“quartz gabbro™) (Fig. 28). At, or just above, this stratigraphic
level, a large peak is also observed for TiO,and P,O;,and a smaller broad “peak” is observed for
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MnO. Overall, the TiO, content increases with higher stratigraphic levels from the base to the
top of the SIC; whereas, the MnO content decreases (Fig. 28). The values of Fe,0;, TiO, and
P,O; are higher throughout the lower unit (“norite”) of drill core 52848 compared to drill cores
52847 and 70011. The peaks are, thus, subtler in drill core 52848, although reaching a higher
maximum value. The Fe,O,;, TiO, and MnO peaks are related to a higher abundance of
titaniferous-magnetite crystals, which become a cumulus phase above the upper part of the lower
unit (“norite”) in all three drill cores. The lower maximum values of TiO, and P,Oj in drill cores
52847 and 7001 1 may result from the transformation of the cumulus titaniferous-magnetite into
biotite + titanite + ilmenite pseudomorphs (see previous chapter). The P,O, peak corresponds
to an apatite-rich layer at the base of the transition zone. In general, apatite becomes a cumulus
phase within the lower unit (“norite”), but occurs as an abundant mineral only above the middle
unit (“quartz gabbro”). Higher P,O; contents in drill core 52848 are explained by the presence
of more abundant and larger apatite crystals throughout the drill core. The contents in CaO,
Fe,0, and MnO decrease significantly from the base to the top of the transition zone; whereas,
the SiO, and K,O contents increase.

On an AFM diagram, the SIC samples form tight groupings according to litliology and
plot above, or straddle, the tholeiitic and calc-alkaline fields (Fig. 29a; similar trends are
observed for the other two drill cores). These groups are even tighter on a Jensen diagram,
indicating that alteration affected the Na,O and K,O contents of the samples (Fig. 29b). With
higher stratigraphic levels, the data points are, first, enriched in alkali components (contact

sublayer to lower unit (“norite”) samples), then enriched in iron (lower unit (“norite”) to middle
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unit (“quartz gabbro™) samples) and, finally, enriched in alkali components (middle unit (“quartz
gabbro™) to the top of the upper unit (granophyre)). Since the analyses are not free of a certain
“contamination” by the inclusions, the contact sublayer and Onaping Formation samples may be
disregarded from this series. The remaining lower unit (“norite”), middle unit (“quartz gabbro™),
transition zone and upper unit (granophyre) samples of the SIC parallel the typical trend of
layered igneous intrusions, such as Skaergaard, although fitting more or less inside this trend,
but with less Fe enrichment (Fig. 29). This difference in the SIC is a direct effect of its bulk
composition, which is more granodioritic than gabbroic (Table VI) compared to layered igneous

complexes.

4.2 Trace Elements and Rare Earth Elements

Whole-rock geochemical analyses of trace elements for drill core 70011 are shown
according to sample depth in Figure 30 and given in Appendix B. As for the major elements,
observations are similar for all three dri!l cores and, thus, only drill core 70011 will be illustrated
and discussed in detail. A large peak in V content is observed at the top of the middle unit
(“quartz gabbro™) (Fig. 30), just below the Fe,0, peak discussed in the previous section. Itisat
this stratigraphic level that magnetite becomes an abundant cumulus phase. Within the upper
part of the lower unit (“norite”) through the transition zone, a broad Sc peak is observed (Fig.
30) and relates to the higher modal abundance of amphibole pseudomorphs after augite crystals
(qualitative microprobe energy dispersive (EDS) analyses indicated that they contain Sc). The
contact sublayer is greatly enriched in Cr, Ni, Zn, Co, S and Pb, compared to the rest of the SIC
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(Fig. 30), and this enrichment correlates with the high content of various sulfides and Cu-Ni ores
within the contact sublayer.

Because of this enrichment, the variations from the base of the lower unit (“norite™) to
the top of the upper unit (granophyre) are subdued. In order to better illustrate these variations,
the scales of Cr, Ni, Zn, Co, S and Pb were adjusted in Figure 30, thus removing some or all of
the data points for the contact sublayer. The Crand Ni contents generally decrease from the base
to the top of the SIC. In the upper unit (granophyre), the contents of Zn and Co are depleted
relative to the transition zone, middle unit (“quartz gabbro™) and contact sublayer. The
distribution of S is heterogeneous in drill cores 52847 and 7001 1, but more regular in drill core
52848. The highest S values are recorded for the lower unit (“norite”) and middle unit (“quartz
gabbro™) samples, and they show little variation with changes in stratigraphic levels (Fig. 30).
A gradual, but sharp, decrease in S values is observed from the base of the transition zone to the
upper unit (granophyre) (Fig. 30). The lowest S values are recorded in the upper unit
(granophyre) samples, and they show little variation with charges in stratigraphic levels (Fig.
30). There appears to be little variation in the Pb content throughout the SIC, excluding the
contact sublayer and a few samples in the upper unit (granophyre) or altered sampleﬁ.

An overall decrease with higher stratigraphic levels is observed for Sr with a more rapid
decrease within the transition zone and a sharp and abrupt variation at the upper unit
(granophyre) - Onaping Formation boundary. No specific or simple variation is observed for Ga
and U throughout the SIC. The lower unit (“norite™) and middle unit (“quartz gabbro™) have

more or less constant contents of Th, Ba, Rb, Y, Zr, Nb, and Hf. A sharp increase, with or
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without a peak, in the content of these seven trace elements is observed with higher stratigraphic
levels through the transition zone, and a sharp decrease is observed at the upper unit
(granophyre) - Onaping Formation boundary. A peak is observed at the base of the transition
zone for Rb, Cs and T1. Overall, from the base to the top of the upper unit (granophyre), Th, Cs,
Y, Zr, Nb, and Hf slightly decrease in content; whereas Ba, Rb, and Tl show a slight increase
(Fig. 30). The Rb and TI contents are actually quite variable from the upper part of the lower
unit (“norite”) and above, contrary to other trace elements (Fig. 30); an indication of their
mobility during metamorphism.

No specific variation is observed for the Cu, Mo, Ag, Sn, Ta and Bi contents throughout
the drill cores (as exemplified by Mo and Ag in Fig. 30), except that the Cu content is high in
both the contact sublayer and Onaping Formation. The distribution of REEs (as exemplified by
La, Nd, Sm, Lu, and except for Eu) in the SIC closely parallel one another. The lowest values
occur in the contact sublayer and at the base of the Onaping Formation; whereas, the highest
values occur in the upper unit (granophyre) (Fig. 3C). In the lower unit (“norite”) and middle
unit (“quartz gabbro™), the REE content remains approximately constant with higher stratigraphic
levels. A sudden jump in REE content occurs at the transition zone (Fig. 30) and is related to
an apatite-rich layer occurring at this level; whereas, the high value of REEs content in the upper
unit (granophyre) results from extreme fractionation of the SIC melt. In general, samples from
drill core 52848 have higher REE contents. This is related to their greater abundance of apatite
crystals,whichareusuallylargerthanintheothereomandinwhichREEsatehighly

compatible. Atthe top of the transition zone, a relatively broad and small “peak™ is observed for
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La, Ce, Pr, Nd, Sm, Eu, Gd and Tb (Fig. 30). A slight overall decrease in trace elements with

higher stratigraphic levels occurs from the base to the top of the upper unit (granophyre).

Spider diagrams, as exemplified by samples of drill core 70011 (Fig. 31), show the
remarkable similarity of REE patterns for samples of a given SIC lithology and also great
similarities between upper unit (granophyre) and transition zone samples and middle unit
(“quartz gabbro™) and lower unit (“norite”) samples. Note that some of the Onaping Formation
samples straddle the upper unit (granophyre) data, but their REE ratio is highly variable, unlike
the SIC lithologies. Chondritic ratios of REEs are basically the same for all three drill cores,
except that the middle unit (“quartz gabbro™) samples of drill core 52848 have slightly higher
ratios (comparable to the transition zone values) than in the other two drill cores.

With higher stratigraphic levels, the REE content of the different lithologies increases
(disregarding the Onaping Formation), keeping an overall pattern of enriched LREE and depleted
HREE (Fig. 31). Moreover, the Eu anomaly also increases with higher stratigraphic levels.
These increases are, however, not consistent at the scale of individual samples, i.e., the REE
content does not necessarily increase with each overlying sample. For example, the greatest Eu
anomaly is observed in the plagioclase-rich granophyre (towards the top of the upper unit
(granophyre), between the depths of 120 and 350 m in drill core 70011), but it is overlain by
samples with smaller Eu anomalies before an increasing anomaly is again observed, within the
Onaping Formation. In drill core 70011, the highest values of REEs are recorded in a sample
from the middle part of the upper unit (granophyre) (at a depth of 893 m). Positive Eu anomalies

are only rarely observed and occur mainly in the contact sublayer. These same observations are
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made in drill cores 52847 and 52848. Small and mixed positive and negative Eu anomalies are
observed in the lower unit (“norite””) and middle unit (“quartz gabbro™) samples. This mixture
of Eu anomalies may be due to alteration or an inheritance from the parent material, i.e., the
country rocks. Fowler and Doig (1983) have interpreted negative Eu anomalies as due to
albitization of plagioclase or hydrothermal alteration. Only a few of the negative Eu anomalies
occur in SIC samples that are unequivocally altered. The alternative explanation of the observed
Eu anomalies is the inheritance from the country rocks. A strong positive Eu anomaly is
recorded for Archean migmatite samples, a small Eu anomaly is recorded for Archean granite,
Levack gneiss and Nipissing diabase samples, and a small to strong negative Eu anomaly is
recorded for Huronian metasediments, metavolcanics and granite samples (according to the data
of Chai and Eckstrand, 1994). Kuo and Crocket (1979) interpreted the overall decrease in total
REE contents and increase in negative Eu anomaly within the upper unit (granophyre) as an

increasing contribution of REEs from country rocks, through assimilation.

4.3 Pearce Element Ratios (PER)

Pearce element ratio (PER) diagrams were designed to overcome the closure problems
or constant sum of geochemical analyses (cf, Harker diagrams; Chayes, 1960; Pearce, 1968).
Combinations of Pearce element ratios depend on knowledge of the stoichiometry of the mineral
species inferred to be involved in the crystallization and fractionation of the magma (Russell and
Stanley, 1990a,b). By plotting ratios of interest for a sample suite and determining the equation

fmﬂxeﬁneofbestﬁtbymgtudonmﬂysis,hypothmmybewnedugardingthe
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differentiation process(es) responsible for the chemical variation. The slope of the regression
line is used to test suspected differentiation mechanisms. In the case of the SIC, based on the
petrographical observations, the sample suites were tested for plagioclase, clinopyroxene,
orthopyroxene, magnetite, ilmenite and apatite fractionation, respectively. Note that PER
diagrams, in which the regression line passes through the origin, are considered invalid, since
this may be an indication that the denominator element is not conserved. Thus, the intercept
must differ from zero, given the propagated analytical uncertainty associated with the intercept
(Pearce, 1987).

Pearce element ratios present daia in comparison to a compositional variable that can be
considered constant in the system under consideration. In order to do so,a conserved element,
i.e., one present in a constant amount through the evolution of the system, is used as the
denominator in the ratio (Stanley, 1993). Bradshaw (1992) argues that Zr is the preferred choice
for this denominator, as Zr remains incompatible in magmatic systems up to =68 wt% Si0,. As
the SiO, content of the SIC samples range, in general, from 51 to 70 wt% (Appendix B), Zr was
used as the denominator in the PER. Compositional comparison is made in terms of material
added or removed during crystallization, and the PER approach provides a method of monitoring
the proportions of material added or removed.

Hem,PERmﬁBtusedmwstwhetherthcchemieddatasmdiedindimthatthe
samples are cogenetic. If the elements used in the ratios are conserved and the rocks are
cogenetic, the ratios will be identical. Then, PER are used to identify the process responsible for

the chemical variation. Elements used in the calculations of the PER are given in Table VII and
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Table VI: Minerals, their compositions, and elements used in constructing Pearce Element

ratios (PER) shown in Figure 32.
Mineral Abbreviation { Stoichiometric Elements used in Figure 32
composition

Plagioclase Pl i molar plagioclase = API
AnO.l'thlte An CaAl:S.L,O, = AAII + ANar - AKI
Albite Ab NaAlSi,O, ] 2 2

molar Si in plagioclase = ASi,,
= ASi, - ASi,, - ASi,, - ASi,,
= ASi; - 2AK; + AAl; - 0.5ANa,
- AMg, - AFe,” + AFe;” + ATi;

Alkali feldspar Or KAISi,O,

Augite Au ) molar clinopyroxene = AAu
Diopside cpx (di) CaMgSi.O, = ACa, - ACa,, = ACa, - AAn
Hedenbergite cpx (hd) CaFeSi,O, = ACa, . AAl+ANa;, . AK,

2 2 2
molar Si in clinopyroxene = ASi_,
= ASi; - ASi, - ASig, - ASiy,
= ASi; - ANa, - AK; - AMg,
+ ACa, - AFe;” + 0.5AFe,” + ATi,

Hypersthene Hy

Enstatite opx (en) MgSiO,
Ferrosilite opx (fs) FeSiO,

Fe-Ti oxides e 3
Magnetite mt Fe"Fe,” O,

Ilmenite ilm Fe™TiO,

Apatite ap Ca,(PO,),(F,OH,Cl)

ASi, = ASi,, + ASi,, + ASi,, + ASi,, + ASi,,
AAl = AAl,, + AAl,, + AAl, = AAl,, + ANa, + AK;
ACa, =ACa,, +ACa_ + ACa,,
ANa, = ANa,, = AAb

AK, = AK, = AOr

AMg, = AMg_, + AMg,, =AAu + AHy
AFe,? = AFe_” + AFe,,” + AFe,” + AFe,,
AFe.” =0.5AFe_,” = Amt

ATiT = A'I‘iilm
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results are shown in Figure 32 for samples from all three drill cores studied.

When using ratios with conserved elements in a PER diagram, as in Figure 32a, all
samples of the SIC (except altered ones and some contact sublayer samples) plot as a cluster
within the error limits. Note that most of the Onaping Formation samples do not conform to this
trend. Figure 32a indicates that the SIC samples are cogenetic. Figures 32b and 32c show PER
diagrams constructed (so that the slope = 1) to test plagioclase and clinopyroxene fractionation,
respectively. The slopes of the regression lines are close to | and suggest that the trend observed
is due to plagioclase and clinopyroxene fractionation. No evidence of the effects of
orthopyroxene, magnetite, ilmenite or apatite fractionation were observed. Figure 32d was
constructed to test the relative influence between plagioclase and clinopyroxene fractionation on
the SIC trend. Since the regression line has a slope less than 1, it indicates a more important role
for clinopyroxene in the crystallization of the SIC, as compared to plagioclase. A cluster of eight
lower unit (“norite™) samples from drill core 70011 (enclosed in a dashed-line, Fig. 32d) plots
just above this trend and these have a slope close to 1, suggesting that in these plagioclase- and

augite-rich rocks, both minerals played an equally important role in their crystallization.

4.4 Simulations Using MELTS

The software package MEL TS (Ghiorso and Sack, 1995) was used to estimate the initial
crystallization temperatures of various liquid compositions tested as the SIC starting
composition. The mineral composition, modal proportions, and fractional crystallization paths

of these liquid compositions were simulated using MELTS at given temperatures, pressures and
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denominatorsin (b), (c) and (d), and text for details.
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over a range of oxygen fugacities.

A series of simulations, using the average composition calculated from drill core 70011
(Table VIII), were run from 1300 °C to as low as 700 °C, at various pressures and under various
oxygen buffer conditions, in order to reproduce the trend observed on the AFM diagram (Fig.
29a) and/or the main mineralogical crystallization sequence observed for the SIC. The results
yield no perfect match of the actual AFM trend for the fractional crystallization simulations. The
closest match is obtained under conditions of the quartz-fayalite-magnetite (QFM) bufferat 0.12
Gpa, although the portion of the lower unit (“norite™) sample suite was not reproduced (Fig. 33).
Good matches to the mineralogical crystallization sequence were obtained under these same
conditions, but the An content observed in the SIC plagioclase crystals of the contact sublayer
and the lower unit (“norite™) were not reproduced (Table IX). Also, quartz crystallizes before
apatite in the simulated sequence; whereas, in the crystallization sequence observed in the SIC,
apatite crystallizes before quartz (Table IX) as apatite is a cumulus mineral in the lower unit
(“norite™) and middle unit (“quartz gabbro™).

To test the hypothesis of Lightfoot ef al. (1997a), that a small volume (< 20 vol.%) of
mantle-derived picritic magma was assimilated by the original impact melt, another series of
simulations were carried out. In these simulations, a mafic liquid (Table VIII), at a temperature
of 1300°C, was first assimilated by the average SIC composition of drill core 70011, at a
temperature of 1400°C. Then, fractional crystallization of the mixture was simulated from
1300°C to 700°C, under various pressures and oxygen buffer conditions. Three volumes of

mafic liquid were tested: S, 10 and 20 vol.%. The mixture of 10 vol.% of the mafic liquid
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Table VIII: Starting liquid compositions used in MELTS simulations under the QFM buffer
conditions and at 0.12 GPa.

SIC average| Mafic [SIC + 10 vol.% |SIC + 20 vol.% | Manicouagan | Average
from drill | liquid | assimilated assimilated average lower unit

core 70011* mafic liquid | mafic liquid | composition' | (“norite”)
SiO, 64.73 40.0 62.02 61.13 58.15 58.94
TiO, 0.81 - 0.72 0.69 0.77 0.57
Al O, 13.82 3.0 12.63 12.45 16.62 16.20
Fe,0, 0.99 - 0.98 0.93 0.97 1.02
FeO 5.58 7.0 5.69 540 5.04 5.72
MnO 0.09 - 0.08 0.08 0.11 0.11
MgO 2.13 48.0 7.23 8.84 3.52 4.16
lcaO 3.80 2.0 3.60 3.67 5.96 6.48
Na,O 3.42 - 3.04 2.92 3.84 3.46
K,O 2.88 - 2.56 2.46 3.05 1.53
P,0, 0.18 - 0.16 0.15 0.22 0.13
H,0 1.49 - 1.33 1.27 1.75 1.66
Total 99.92 100.0 100.04 99.99 100.00 99.98
Liquidus | 1054.10°C - ~ 1280°C ~1330°C 1108.40°C | 1116.21°C
Viscosity | 4.71 log 10 - 2.70 log 10 2.29 log 10 3.531og 10 | 3.55log 10
@ liquidus poise poise poise poise poise
Notes: All data in wt%.

* = using the average composition calculated in Table Vla.

! = ysing the average of 27 analyses from Floran er al., 1978.

2 = using the average lower unit composition calculated in Table Vla.
+ 5 % contact sublayer of Table Vla.
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Figure 33. AFM diagram showing the observed trend for drill core 70011 of the SIC
(gray line; see also Fig. 29a) and the calculated trend from MELTS using various starting
liquid compositions (Table VIII) under fractional crystallization and QFM buffer
conditions at a pressure of 0.12 GPa. The pink dashed line is for the average composition
of drill core 70011. The orange single dot dashed line is for the average composition of
drill core 70011 mixed with 10 vol.% of a mafic liquid. The blue double dots dashed line
is for the average composition of the Manicouagan impact melt sheet. The boundary
between tholeiitic (above) and calc-alkaline (below) fields is shown for reference (thin
dashed line). See text for details.
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Table IX: Mineral assemblages from MELTS simulations under QFM buffer conditions and at
0.12 GPa compared to that observed in the SIC.

SIC 70011 MELTS average MELTS SIC MELTS SIC + MELTS
observed Manicouagan melt 70011 20% mafic liq. “norite”
- ol (Fog )* - ol (Fo,e) - ol (Fog,) - ol (Foy)
- 0l (FOg.72) T Opx = |- ol (Fo,,) + plag (Ang) - ol (Foy,) + OpX
plag (Ang.) + cpx*
- opx - OpX - opx
- opx + plag (Ang ;) |- cpx + plag (Ang) - cpx + plag (An,;) |- opx + plag (Any,) |- opx + plag (Ang,)
-cpx +opx +plag |- cpx +opx + plag - cpx + opx + plag
(Ang g) (Ange) (Ang;)
- 2 cpx + plag
(Ang,)
- 2 cpx + plag
(An,) + mt-ulv
- cpx + plag (An,.50) |- cpx + opx + plag - cpx + plag (An,;) |- opx + plag (An,y) |-cpx +opx +plag
+ mt-ulv (Ang,) + mt-ulv + mt-ulv + ulv-mt (An,) + mt-ulv
- cpx + plag (An;o ) |- cpx + plag (Any;) + - opx + plag (An,)) |- opx +cpx +plag |- opx + plag (Any)
+ mt-ulv +ap + Kspar (Ab,;) + mt-ulv | + mt-ulv (An;,) + ulv-mt + mt-ulv + water
water
- cpx + plag (Any y) |- cpx + opx + plag - opx + plag (Any) |- cpx + plag (Any,) |-o0px +cpx + plag
+ mt-ulv + Kspar (An,,) + Kspar (Aby;) | +Kspar (Ab,) + | +Kspar(Aby)+ | (Any)+ mt-ulv
(Ab,y;s) +ap + H,O | + mt-ulv + water mt-ulv ulv-mt + ilm + water
- cpx + plag (Any ;) |- cpx + opx + plag - opx +cpx + plag |- cpx +opx + plag |- opx + cpx + plag
+ Kspar (Ab;g ;) + (An,) + Kspar (Ab;,) | (Any) + Kspar (Any,) + Kspar (An,) + Kspar
mt-ulv +ilm + ap +| + mt-ulv + ilm + water] (Ab;,) + mt-ulv + | (Ab,) + ulv-mt + | (Ab,,) + mt-ulv
water ilm ilm + water
- cpx + plag (Any;) |- cpx +opx +plag |- cpx + plag (Anz)
+ Kspar (Ab;,) + (An,;) + Kspar + Kspar (Ab,,) +
mt-ulv + ilm (Ab,,) + mt-ulv + | mt-ulv + water
ilm + water
- cpx + plag (Any ;) - cpx + plag (Any) |- cpx + plag (Any) |- cpx + plag (An,g)
+ mt-ulv + ilm + ap + Kspar (Aby) + | + Kspar(Aby)+ | +Kspar (Aby) +
+ qtz + san + water qtz +ilm qtz + mt-ulv + qtz + mt-ulv +
ilm + water ilm + water
-cpx + plag (An, ) + |- cpx + plag (Any,) |-cpx + plag (Any) |- cpx + plag (An,;)
Kspar (Aby;) + mt-ulv | + Kspar (Abyy) + | +Kspar(Abyy) + | +Kspar(Aby,) +
+ ilm + ap + water qtz +ilm +ap + qtz + ilm +ap + qtz + ilm + water
water water + L +L
- cpx + plag (An,) + |- titanite +cpx +
Kspar (Ab,) +quz+ | plag (Any) +
mt-ulv + ilm +ap + Kspar (Ab,y) + qtz
water + L +ap+water + L

Notes: *=

= In inclusions of the contact sublayer

ol = olivine; opx = orthopyroxene; plag = plagioclase; cpx = clinopyroxene;
Kspar = alkali feldspar; mt-ulv = magnetite-ulvospinel; ilm = ilmenite; ap = apatite;
ulv-mt = ulvospinel-magnetite; gtz = quartz; san = sanidine; L = liquid.
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assimilated within the SIC average bulk composition (Table VIII) gives the best match to the
AFM trend under QFM buffer conditions at 0.12 GPa. In this case, the portion of the AFM trend
represented by the lower unit is somewhat reproduced, but the overall simulated AFM trend
slightly departs to the right of the actual SIC trend (Fig. 33). The mixture of 20 vol.% of the
mafic liquid assimilated within the SIC average bulk composition (Table VIII) gives the best
matches to the observed mineralogical crystallization sequence of the SIC. In this case, the An
content observed in the SIC plagioclase crystals of the contact sublayer and lower unit (“norite™)
is not reproduced, and quartz crystallizes prior to apatite; whereas, in the SIC rock suite, apatite
is observed to crystallize before quartz (Table I1X).

The fact that the QFM buffer has to be used to reproduce the overall AFM trend and
mineralogical sequence of the SIC is in general agreement with the data of Frost and Lindsley
(1991), who indicate that the lower unit (“norite™) and middle unit (“quartz gabbro”) crystallized

under fO2 conditions of the QFM to QFM+2 buffers. The fact that simulation runs performed

at a pressure of 0.12 GPa, which corresponds to a depth of 4 km, best approximate the
observations is in agreement with an initial burial depth of ~ 2 km to the top of the SIC added
to ~ 2 km to reach the top of the lower unit (“norite”). The fact that the portion of the AFM trend
represented by the lower unit (“norite”) of drill core 70011 is only (somewhat) reproduced, when
the SIC average bulk composition is mixed with a mafic liquid, suggests that the granodioritic
SIC average bulk composition used in the simulations does not correspond to the starting

composition of the SIC.
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Respective proportions of each SIC lithology vary between North and South Ranges (cf
Lightfoot et al., 1997a; Naldrett and Hewins, 1984). The upper unit (granophyre) represents up
to ~ 60% of the North Range; whereas, it represents only ~ 30% of the South Range. The
transition zone represents about 10% of the North Range and may represent a greater proportion
in the South Range. The middle unit (“quartz gabbro”) represents less than 10% of the North
Range, but represents up to 15% of the South Range. Finally, the lower unit (“norite™) represents
about 25% of the North Range and may represent up to 60% of the South Range. The South
Range is, thus, more mafic than the North Range. Consequently, a calculated average
composition of the SIC, using solely North Range data, will not necessarily reflect the overall
starting composition of the SIC. It is concluded from the previous simulations that the starting
composition of the SIC was more likely andesitic. Thus, other series of simulations were run
under similar conditions as specified above using the average andesitic composition of the lower
unit (“norite”) from drill core 70011, the Offset dykes (Lightfoot et al., 1997a) or the
Manicouagan impact melt sheet (Table VIII). The choice of the Manicouagan impact melt sheet,
although it is not differentiated, is based on the facts that it has an andesitic average bulk
composition and the target rocks of the Manicouagan impact structure (e.g., Grieve and Floran,
1978) are similar to those at Sudbury.

The simulation runs using the average composition of the lower unit (“norite™) do not
yield a closer AFM trend than for other simulations, but the mineralogical crystallization
sequences obtained are good (Table IX). This starting liquid composition under QFM buffer

conditions at a pressure of 0.12 GPa reproduce the An content of plagioclase crystals in the SIC
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and permits water to exsolve relatively early in the crystallization sequence, but it does not
crystallize apatite or olivine.

The simulation runs using a starting liquid composition equivalent to the most mafic
Offset Dyke (Creighton Mine Offset; Lightfoot et al., 1997a) and even the most felsic Offset
Dyke (Manchester Offset; Lightfoot er al., 1997a) do not yield particularly good or better
matches to the observed AFM trend or mineralogical crystallization sequence of the SIC.

The simulation run using the average Manicouagan composition as a starting liquid under
QFM buffer conditions at 0.12 GPa is in good agreement with the observations at Sudbury, both
for the AFM trend and mineralogical crystallization sequence. This simulation yields a
mineralogical crystallization sequence in perfect agreement with the observed crystallization
sequence of the Manicouagan impact melt sheet (cf,, Floran er al., 1978). In addition, this
simulation yields apatite on the solidus prior to quartz and exsolves water relatively early
compared to simulation runs using the SIC and SIC + mafic liquid compositions (Table IX).

The trends generated by the simulations on an AFM diagram show an early and late
crystallization stages, which are not really observed in the SIC rock suite studied (Fig. 33). Some
of the Onaping Formation samples match this late crystallization stage (compare Fig. 29a and
Fig. 33), suggesting that the residual melt of the SIC mixed with the overlying breccia matrix.
Some of the contact sublayer inclusions could correspond to the early crystallization stage.

The results from the MEL TS software program suggest that the initial liquid composition
of the SIC was andesitic, i.e., less siliceous with silica content between 58 and 62 wt% and

slightly more aluminous, calcic and phosphatic than the calculated average bulk composition
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from the North Range alone (Table VIa). Moreover, the results from MELTS suggest that
crystallization occurred under conditions close to the QFM buffer and at a pressure ranging from

0.08 to 0.12 GPa.

4.5 Summary

In the North Range, the SIC has an average bulk composition that is granodioritic (Table
V). All SIC lithologies have quartz, orthoclase, albite, anorthite, hypersthene, magnetite,
ilmenite and apatite in their CIPW norm calculations. The normative corundum occurring in
samples of the upper unit (granophyre) and lower unit (“norite™) is indicative of an aluminous
crustal signature. Specific combinations of CIPW norm minerals can be used to distinguish
between the different lithologies of the SIC (cf., Table VI; Fig. 27).

All major and trace elements and REEs vary gradually through the lithologies of the SIC.
Minor discrepancies in their distributions are observed at the upper unit (granophyre) - Onaping
Formation boundary (caused by abundant inclusions and primary albite crystals), through the
transition zone and middle unit (“quartz gabbro™) (caused mainly by Fe-Ti oxides and apatite
crystallization), and at specific depths (caused by alteration). A striking feature of the upper unit
(granophyre) is the overall decrease in REE content and increase in the Eu anomaly observed
with higher stratigraphic levels from its middle to its upper part.

The lower unit (“norite™), middle unit (“quartz gabbro™), transition zone and upper unit
(granophyre) samples of the SIC on a Jensen diagram parallel the Skaergaard trend of FeO +

Fe,0, + TiO, enrichment, followed by an Al,O, enrichment with higher stratigraphic levels.
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Spider diagrams show the constant and gradual increasing ratio of REE patterns between SIC
lithologies, with an overall pattern of enriched LREE and depleted HREE. Construction of PER
diagrams indicate that the crystallization of the SIC is related to the fractionation of both
plagioclase and clinopyroxene. Pearce element ratio diagrams and chemical trends demonstrate
that the SIC lithologies are cogenetic and continuous, and that the Onaping Formation samples
have a distinctly different trend.

Avermann and Brockmeyer (1992), who carried out a detailed petrographical and
geochemical study of samples from the Onaping Formation, composed of impact breccias, and
top of the upper unit (granophyre), concluded that the basal member of the Onaping Formation
was in fact part of the SIC. However, the samples of the base of the Onaping Formation (i.e.,
the basal member) from this study are geochemically distinct from the SIC lithologies, and on
various diagrams these samples plot away from those of the SIC. It is, thus, concluded that the
basal member of the Onaping Formation is not part of the SIC.

No perfect match of the AFM trend and mineralogical crystallization sequence of the SIC
were obtained in the simulation runs tested using the software package MELTS. Of all the
simulation runs, that using the average bulk composition of the Manicouagan impact melt sheet
as the starting liquid gave the best results. It is concluded that the original bulk composition of
the SIC was more likely andesitic and that this liquid crystallized at pressures ranging between

0.08 and 0.12 GPa and under conditions close to the QFM buffer.



5. DISCUSSION
5.1 Petrography and Mineralogy

Since the work of Naldrett et al. (1970), few detailed petrographical and mineralogical
studies of the complete rock suite of the SIC have been published. The present study represents
a modern investigation of the petrography and mineralogy of the SIC using samples from
continuous drill cores and up to date laboratory techniques and instrumentation. As shown in
Figure 13, the anorthite content of SIC plagioclase decreases with higher stratigraphic levels,
from about An,, in the contact sublayer to about An,, in the transition zone. Naldrett er al.
(1970) recorded a similar cryptic variation for their study of SIC plagioclase, with the exception
that they did not record the presence of Na-rich plagioclase crystals within the lower unit
(“norite™) and middle unit (“quartz gabbro™). The observations and data presented in this study
indicate that some of these Na-rich plagioclase crystals are xenocrysts; whereas, others are due
to albitization of Ca-rich plagioclases. These xenocrysts have complex twinning and zoning
patterns, which are similar to those observed in relic crystals found in impact melt rocks.
Heterogeneous plagioclases with reverse zoning and complex twinning have been described from
the Manicouagan impact melt rocks by Floran et al. (1978), who interpreted them as relic
crystals. Reimold er al. (1999) published a photomicrograph from the Morokweng impact melt
rocks (their Fig. 6A) in which they point to melting in central parts of plagioclase laths. These
plagioclase laths appear similar to some of the plagioclases from the SIC, which are interpreted
here as relic crystals. Althoughnorelicmgitccrystalswmobservedintheupperunit
(granophyre), as analysed by Naldrett er al. (1970) and Peredery and Naldrett (1975), the

119



120
pyroxene mineralogical data for all other SIC lithologies presented in this study agree with that
of Hewins (1974) and Naldrett et al. (1970).

Observations presented here of pseudomorphs after magnetite indicate that oxidation and
dissolution of magnetite did occur, possibly through autometamorphism, and, thus, that the SIC
oxides were not so resistant to alteration, as implied by Gasparrini and Naldrett (1972). Taylor
(1967), using oxygen isotopic data, showed that quartz and alkali feldspar in the SIC upper unit
(granophyre) did not form together in equilibrium. His explanation for these data is that the
upper unit (granophyre) interacted with abundant alkali-bearing aqueous fluids at a late (which
he suspected to be deuteric) stage in its crystallization history, enriching the feldspar in '*O;
whereas, the coexisting quartz was practically unaffected. The extensive alteration of primary
minerals (such as plagioclase to albite, epidote and sericite-clinozoisite, and pyroxene to uralitic
amphibole, biotite and chlorite) is also indicative of deuteric alteration. Additional evidence of
the effects of alteration within the Sudbury Structure have been most recently documented by

Ames et al. (1998), Marshall ef al. (1999) and Molnir et al. (1999).

5.2 Geochemistry

Compared to the data of Kuo and Crocket (1979), Chai and Eckstrand (1993, 1994) and
Lightfoot et al. (1997a,c), the geochemical data presented in this study have the same overall
patterns but include additional elements and samples. Chai and Eckstrand (1993, 1994) used
Harker diagrams to show a large SiO, gap between the upper unit (granophyre) and other SIC

lithologies. Lightfoot ef al. (1997a), using a different and more extensive suite of samples,
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including surface samples and drill core, could not rule out Chai and Eckstrand’s “gap™.
Contrary to these previously published data sets, those of the present study were based on finer-
scale s