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Abstract 

The area northeast of Sudbury, Ontario, is known for one of the largest unexplained geophysical 

anomalies on the Canadian Shield, the 1,200 km2 Temagami Anomaly. The geological cause of this 

regional magnetic, conductive and gravity feature has previously been modelled to be a mafic-

ultramafic body at relatively great depth (2–15 km) of unknown age and origin, which may or may 

not be related to the meteorite impact-generated Sudbury Igneous Complex in its immediate vi-

cinity. However, with a profound lack of outcrops and drill holes, the geological cause of the anom-

aly remains elusive, a genetic link to the 1.85 Ga Sudbury impact event purely speculative.  

In search for any potential surface expression of the deep-seated cause of the Temagami Anomaly, 

this study provides a first, yet comprehensive petrological and geochemical assessment of exotic 

igneous dykes recently discovered in outcrops above, and drill cores into, the Temagami Anomaly. 

Based on cross-cutting field relations, petrographic studies, lithogeochemistry, whole-rock Nd-Sr-

Pb isotope systematics, and U-Pb geochronology, it was possible to identify, and distinguish be-

tween, at least six different groups of igneous dykes: (i) Calc-alkaline quartz diorite dykes related 

to the 1.85 Ga Sudbury Igneous Complex (locally termed Offset Dykes); (ii) tholeiitic quartz dia-

base of the regional 2.22 Ga Nipissing Suite/Senneterre Dyke Swarm; (iii) calc-alkaline quartz di-

abase of the regional 2.17 Ga Biscotasing Dyke Swarm; (iv) alkaline ultrabasic dykes correlated 

with the 1.88–1.86 Ga Circum-Superior Large Igneous Province (LIP); and (v) aplitic dykes as well 

as (vi) a hornblende syenite, the latter two of more ambiguous age and stratigraphic position. 

The findings presented in this study – the discovery of three new Offset Dykes in particular – offer 

some unexpected insights into the geology and economic potential of one of the least explored 

areas of the world-class Sudbury Mining Camp as well as into the nature and distribution of both 

allochthonous and autochthonous impactites within one of the oldest and largest impact struc-

tures known on Earth. Not only do the geometric patterns of dyke (and breccia) distribution reaf-

firm previous notions of the existence of discrete ring structures in the sense of a ~200-km multi-

ring basin, but they provide critical constraints as to the pre-erosional thickness and extent of the 

impact melt sheet, thus helping to identity new areas for Ni-Cu-PGE exploration. Furthermore, 

this study provides important insights into the pre-impact stratigraphy and the magmatic evolu-

tion of the region in general, which reveals to be much more complex, compositionally divers, and 

protracted than initially assumed. Of note is the discovery of rocks related to the 2.17 Ga Bisco-

tasing and the 1.88–1.86 Ga Circum-Superior magmatic events, as these were not previously 

known to occur on the southeast margin of the Superior Craton. Shortly predating the Sudbury 

impact and being contemporaneous with ore-forming events at Thompson (Manitoba) and Raglan 

(Cape Smith), these magmatic rocks could provide the missing link between unusual mafic, pre-

enriched, crustal target rocks, and the unique metal endowment of the Sudbury Impact Structure. 

The actual geological cause of the Temagami Anomaly remains open to debate and requires the 

downward extension of existing bore holes as well as more detailed geophysical investigations. 

The hypothesis of a genetic relationship between Sudbury impact event and Temagami Anomaly 

is neither borne out by any evidence nor particularly realistic, even in case of an oblique impact, 

and should thus be abandoned. It is instead proposed, based on circumstantial evidence, that the 

anomaly might be explained by an ultramafic complex of the 1.88–1.86 Ga Circum-Superior LIP. 
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Kurzfassung 

Das Gebiet nordöstlich von Sudbury, Ontario, ist bekannt für eine der größten unerklärten geo-

physikalischen Anomalien auf dem Kanadischen Schild, die 1.200 km2 große Temagami Anomalie. 

Die geologische Ursache dieser regionalen magnetischen, konduktiven und Schwere-Anomalie 

wurde bisweilen als ein mafisch-ultramafischer Körper in relativ großer Tiefe (2–15 km) unbe-

kannten Alters und Ursprungs modelliert, der womöglich mit dem durch einen Impakt entstande-

nen Sudbury Igneous Complex in dessen unmittelbare Nachbarschaft verwandt sein könnte. Da 

es jedoch an Aufschlüssen und Tiefbohrungen grundlegend mangelt, bleibt die geologische Ursa-

che dieser Anomalie unklar, eine genetische Beziehung zum 1,85 Ga Sudbury Impaktereignis rein 

spekulativ.  

Auf der Suche nach einem potenziellen Oberflächenmanifestation der tiefliegenden Ursache der 

Temagami Anomalie liefert diese Studie eine erste und dennoch umfassende petrologische und 

geochemische Charakterisierung magmatischer Ganggesteine, die erst kürzlich in Aufschlüssen 

über der Temagami Anomalie, als auch in Bohrkernen, entdeckt wurden. Auf Grundlage von rela-

tiven geologischen Altersbeziehungen, petrographischen Untersuchungen, Lithogeochemie, Nd-

Sr-Pb Isotopensystematiken sowie U-Pb Geochronologie war es möglich, mindestens sechs Grup-

pen von magmatischen Gesteinsgängen zu identifizieren und zu unterscheiden: (i) kalk-alkaline 

Quarz Diorit Gänge, die mit dem 1,85 Ga Sudbury Igneous Complex genetisch verwandt sind (lokal 

als Offset Dykes bezeichnet); (ii) tholeiitischer Quarz Dolerit der regionalen 2,22 Ga Nipissing 

Suite/Senneterre Gangschar (iii) kalk-alkaliner Quarz Dolerit der regionalen 2,17 Ga Biscotasing 

Gangschar; (iv) alkaline ultrabasische Gänge, die sich mit der 1,88–1,86 Ga Circum-Superior Large 

Igneous Province (LIP) korrelieren lassen; und (v) aplitische Gänge sowie ein (vi) Hornblende 

Syenit, beide von nach wie vor unklarem Alter und unklarer Zugehörigkeit.  

Die in dieser Studie vorgestellten Ergebnisse – insbesondere die Entdeckung drei neuer Offset 

Dykes – bieten einige unerwartete Einblicke in die Geologie und das wirtschaftliche Potenzial ei-

nes der am wenigsten erforschten Gebiete des Sudbury Bergbaudistriktes sowie in die Beschaf-

fenheit und Verteilung sowohl allochthoner als auch autochthoner Impaktgesteine innerhalb ei-

ner der größten und ältesten bekannten terrestrischen Impaktstrukturen. Die geometrischen 

Muster der Gang (und Brekzien-) Verteilung bestätigen nicht nur frühere Vorstellungen von der 

Existenz diskreter Ringstrukturen im Sinne eines ~200 km großen Multiringbeckens, sondern lie-

fern auch Erkenntnisse über die ursprüngliche Mächtigkeit und Ausbreitung der Impaktschmelze, 

was unter anderem zur Identifizierung neuer potenzieller Gebiete für die Ni-Cu-PGE Exploration 

beiträgt. Darüber hinaus liefert diese Studie wichtige Einblicke in die Stratigraphie des Einschlags-

gebietes und die magmatische Entwicklung der Region im Allgemeinen, welche sich als viel kom-

plexer, in der Zusammensetzung vielfältiger, und zeitlich ausgedehnter erweist als ursprünglich 

angenommen. Hervorzuheben ist hierbei die Entdeckung von Gesteinen, die mit dem 2,17 Ga Bis-

cotasing und dem 1,88–1,86 Circum-Superior Magmatismus in Verbindung stehen, da solche Ge-

steine bisher nicht am südöstlichen Rand des Superior Kratons bekannt waren. Diese Ereignisse, 

die kurz vor dem Sudbury Impakt und zeitgleich mit Erz-bildendem Magmatismus nahe Thomp-

son (Manitoba) und Raglan (Cape Smith, Quebec) stattfanden, könnten das fehlende Bindeglied 

zwischen ungewöhnlich mafischen, vorangereicherten krustalen Zielgesteinen einerseits, und der 

einzigartigen Metallausstattung der Sudbury Impaktstruktur andererseits, darstellen. 
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Die tatsächliche geologische Ursache der Temagami Anomalie bleibt nach wie vor ungeklärt und 

erfordert letztlich die Erweiterung bestehender Bohrlöcher sowie detailliertere geophysikalische 

Untersuchungen. Die Hypothese eines genetischen Zusammenhangs zwischen Sudbury Impakt 

und Temagami Anomalie kann weder durch Beweise gestützt werden noch gilt sie als besonders 

realistisch, selbst im Falle eines obliquen Einschlags, und sollte daher verworfen werden. Statt-

dessen wird auf der Grundlage von Indizienbeweisen vorgeschlagen, dass die Temagami Anoma-

lie durch einen ultramafischen Komplex der 1,88–1,86 Ga Circum-Superior LIP verursacht wird.  
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Abbreviations 

A list of abbreviations and acronyms frequently used in this work: 

apfu Atoms per formula unit 

BIF Banded iron formation 

BMS Base metal sulphide 

BSE Backscattered electron(s) 

CHUR Chondritic uniform reservoir 

EDS-XRF Energy-dispersive X-ray fluorescence 

EMP Electron microprobe 

ERBB East Range Breccia Belt 

Fm Formation 

Ga Giga anni (a billion years) 

HFSE High field strength elements (Hf, Zr, Ti, Nb, Ta) 

HREE Heavy rare earth elements (Tb, Dy, Ho, Er, Tm, Yb, Lu) 

ICP-MS Inductively coupled plasma mass spectrometry 

IQD Inclusion-bearing quartz diorite 

LILE Large ion lithophile elements (K, Rb, Sr, Cs, Ba, Th, U) 

LIP Large igneous province 

LOI Loss on ignition 

LREE Light rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd) 

Ma Mega anni (a million years) 

MSWD Mean squared weighted deviation 

OGS Ontario Geological Survey 

OIB Ocean island basalt 

MORB Mid oceanic ridge basalt 

PGE Platinum group elements (Ru, Rh, Pd, Os, Ir, Pt) 

PGM Platinum group mineral(s) 

PMM Precious metal mineral(s) 

ppb Parts per billion 

ppm Parts per million 

PTB Pseudotachylitic breccia 

QD Quartz diorite 

REE Rare earth elements 

RSD Relative standard deviation 

SCLM Subcontinental lithospheric mantle 

SE Secondary electron(s) 

SIC Sudbury Igneous Complex 

SUBX Sudbury Breccia 

TA Temagami Anomaly 

TABS Te, As, Bi, Se, Sb 

tDM Depleted mantle model age 

UCC Upper continental crust 

vol% Volume percent 

WDS Wave-length dispersive spectrometer 

wt% Weight percent 

XRD X-ray diffraction 
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Introduction  

1.1 Temagami Anomaly 

The Temagami Anomaly, near Sudbury, Ontario, is considered one of the largest unexplained ge-

ophysical anomalies on the Canadian Shield (e.g. Pilkington 1997). The anomaly was discovered 

by the geophysicist and prospector Norman B. Keevil in the late 1940s during one of the first civil 

applications of the airborne magnetometer (Keevil et al. 1948; Keevil 2017). Subsequent field-

work led to the discovery of several mineral deposits within the surveyed area, however, the full 

potential of Keevil’s initial discovery was not recognised until decades later, when regional geo-

physical coverage was made possible through the Geological Survey of Canada (e.g. Morley et al. 

1968; McGrath et al. 1977) and the Earth Physics Branch of the former Department of Energy, 

Mines and Resources. By providing regional context, these studies shed completely new light on 

the Temagami Anomaly, which Coles et al. (1981, p. 659) described as follows: 

“An exceptional, very intense anomaly [that] occurs about 50 km northeast of Sudbury, 

at about 46.9"N 80.4"W. The anomaly […] has an amplitude of at least 2500 nT and an 

extent along the flight track of some 25 km. The full extent of the anomaly can be seen 

in the low-level detailed Geological Survey of Canada maps, where a peak amplitude of 

about 9000 nT is found. A gravity anomaly is associated with the feature. Regional geo-

logical maps do not show rock units at the surface that can be associated directly with 

the magnetic anomaly, although mafic igneous rocks are mapped in the region. The di-

mensions and gradients associated with the anomaly suggest a body extending deep into 

the crust (of the order of 15 km).” (Coles et al. 1981, p. 659). 

Aside from its exceptional magnitude, and size corresponding to a surface area of some 1,200 km2, 

another important aspect was revealed by these surveys (Fig. 1.1): The Temagami Anomaly mir-

rors the potential field anomaly that is associated with the Sudbury Igneous Complex in its imme-

diate vicinity, which, following Dietz (1964), is now considered the product of an asteroid impact 

and is simultaneously one of the world’s largest mining camps (Lightfoot 2016). The similarity is 

so striking that the anomaly has frequently been regarded as a possible twin of the Sudbury Igne-

ous Complex, giving rise to wildest speculations about a genetic relationship. Since then, the 

anomaly has been the subject of a range of geophysical investigations. Card et al. (1984), for in-

stance, recognised that the Temagami Anomaly has two components: A shorter wavelength-com-

ponent corresponding to shallow Archaean iron formation, and another high-amplitude compo-

nent of unknown origin extending deep into the crust (up to 18 km). They further noted that the 

magnetic anomaly coincides with a regional +20 mGal gravity feature, thus indicating not only the 

presence of magnetic, but also of relatively dense rocks (2.80–2.95 g/cm3) at depth. Card et al. 

(1984) concluded that the anomaly is likely caused by a funnel-shaped magnetite-rich body (with 

a modelled magnetite content of 6–16.5 vol%) at depths greater than 2 km, which may be related 

to the Sudbury Igneous Complex. Card et al. (1984) hypothesised that a serpentinised ultramafic 

body would match the required magnetic susceptibility and gravity contrast. If correct, this would 

create a significant economic potential, considering the typical association of ultramafic intru-

sions, cratonic margins, and PGE-Cu-Ni-Co and Cr-Ti-V mineralisation (e.g. Maier 2005), irrespec-

tive of a potential link between the anomaly and the well-endowed Sudbury Igneous Complex. 



A. Kawohl, 2022    Introduction 

2 

 

 

Figure 1.1 Total magnetic field map, showing the Temagami Anomaly (TA) and the Sudbury Igneous Com-
plex (SIC); the former lacks any geological explanation, the latter constitutes one of the world’s largest min-
ing camps and is considered the remnant of one of the oldest, largest, and best-studied terrestrial impact 
structures; data source: Natural Resources Canada (2021a); with 200 m grid cell size, and with sun shading.  

Milkereit & Wu (1996), based on vibroseismic profiles, claimed to have found evidence of a Pal-

aeoproterozoic rift graben structure coincident with the Temagami Anomaly, covered by 3 to 4 

km-thick sedimentary rocks, and bounded by steeply dipping faults. A seismically transparent 

zone below this presumed trench system was observed at depths below 6 km. According to Milk-

ereit & Wu (1996), this zone of low reflectivity could be a larger intrabasement body, likely of 

intrusive origin, with a diameter of 15 km. Pilkington (1997) used 3D-inversion techniques to 

show that the causative body widens at depth and that it is more deep-seated in the west than it 

is in the east; he subsequently attributed the source of the Temagami Anomaly to an intrabase-

ment feature (> 4 km). Craven et al. (1998) acquired magnetotelluric line profiles that revealed 

the presence of a shallow conductor interpreted as disseminated sulphide, and a deep-seated 

more resistive feature interpreted as (ultra-)mafic. Lately, Papapavlou et al. (2017) provided in-

direct constraints as to the relative age of the Temagami Anomaly. They found that the originally 

circular-shaped Sudbury Igneous Complex (e.g. Roest & Pilkington 1994) was deformed episodi-

cally at 1.75, 1.65 and again at 1.45 Ga into its present elliptical shape (Fig. 1.1). Thus, whatever 

the cause of the co-linear Temagami Anomaly, it was apparently deformed within the same tec-

tonic regime, implying at least a Mesoproterozoic age of the anomaly, perhaps as old as the 1850 

Ma Sudbury Igneous Complex itself (or older; Buchan & Ernst 1994). Most recently, Adetunji et al. 

(2021) employed 3D geophysical modelling and concluded that the anomaly is caused by a dense, 

magnetic, and conductive (likely ultramafic) body at depth. A similar conclusion was reached by 

Easton et al. (2020) in their qualitative interpretation of a recent high-resolution aeromagnetic 

survey covering, however, only parts of the Temagami Anomaly. Easton et al. (2020) additionally 

noted (i) that the anomaly consists of three segments, each slightly displaced by N-trending struc-

tures; (ii) that certain units of the sedimentary cover do show elevated magnetism; and (iii) the 

existence of linear features (presumably dykes) not previously recognised in geological maps. 

Sudbury 

Temagami 
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1.2 Research Problem 

Although the Temagami Anomaly has been known for quite some time and should – for reasons 

outlined above – be of outstanding economic and scientific interest, surprisingly little is known 

about the Temagami Anomaly, its potential causes and relationship to the Sudbury impact event, 

or even its surface geological makeup. The few previous attempts to drill into the anomaly (by 

Falconbridge Ltd. in 1991 and Wallbridge Mining Company Ltd. in 1999) ultimately proved un-

successful as they were not able to penetrate the thick sedimentary cover, nor did they intersect 

any mineralisation or exotic lithology that would have justified a follow-up study. Previous field 

work was limited to reconnaissance-scale bedrock mapping conducted by the Ontario Geological 

Survey (Meyn 1977; Bennett 1978; Dressler 1982, 1986; Gates 1991) and by individual prospec-

tors focusing on much smaller areas, most of which was done when the idea of the Sudbury Igne-

ous Complex being the product of a meteorite impact (Dietz 1964) was not as widely accepted as 

it is today. Aside from these studies, large parts of the 1,200 km2 Temagami Anomaly have not 

previously been mapped in detail, let alone systematically sampled and subjected to modern ana-

lytical techniques. In fact, three entire townships above the Temagami Anomaly, Armagh (90 km2), 

Sheppard (100 km2) and McCarthy (100 km2), have not been geologically mapped at all. Three 

factors seem to have contributed to this significant gap of knowledge: 

Unappealing geology.  Early work (e.g. Lumbers & Card 1977) led to the impression that most of 

the area northeast of Sudbury is underlain by thick, monotonous, flat-lying, and barren sandstone 

and wacke (coining the term “Cobalt Plain”). The author can only surmise that this deflected the 

attention of corporations and the scientific community away from the Temagami Anomaly, to-

wards areas of higher structural complexity, greater lithological diversity, or higher prospectivity 

(such as, the Sudbury Igneous Complex, the Grenville orogenic front, or the Archaean basement).  

Lack of infrastructure.  Field work, which is only possible in snow-free months anyways, is addi-

tionally hampered by a lack of proper infrastructure. Map coverage is, therefore, especially thin 

away from major highways and secondary gravel and logging roads. Also, some areas are only 

accessible by boat, float-equipped aircraft, or (in the winter months) by snowmobile; abundant 

muskegs, lakes, rivers, and dense vegetation make any field work a difficult endeavour. 

Lack of outcrops.  Much of the area is characterised by a low relief of < 100 m, in places thick 

quaternary overburden, and variable but overall poor outcrop conditions. Whereas outcrop can 

be abundant (10–20%) in areas underlain by sandstone, outcrop is rare (< 1%) in areas underlain 

by soft sedimentary rocks, especially in the northeastern part of the Temagami Anomaly. 

In face of the rising global demand for Ni, Co, Cu, and platinum group metals, and the precipitous 

rise of metal prices in most recent years, yet another attempt was made in 2014/2015 by Cana-

dian Continental Ltd. to drill into the Temagami Anomaly. Their bore hole AT-14-01 reached a 

final depth of 2,200 m and was the first to successfully penetrate the sedimentary cover, revealing 

intense alteration, brecciation, and various exotic lithotypes not exposed on surface (Kleinboeck 

2015). This, together with an internal report documenting the existence of igneous units of un-

known age and origin in this drill core, sparked renewed interest in the Temagami Anomaly, both 

on part of the mineral exploration industry and the scientific community. In the following years 

(2018–present), geologists of Inventus Mining, a Sudbury-based junior mining company, began to 

systematically explore the Temagami Anomaly and its potential causes. Their so-called “Sudbury 
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2.0” project (Whymark 2018) involves bedrock (re-)mapping, revisiting of known igneous rock 

exposures and mineral occurrences, outcrop stripping, and most recently, MT and IP surveys fol-

lowed by additional drilling to target potential subsurface mineralisation. These ongoing efforts 

led to the discovery of multiple precious- and base metal occurrences, widespread presumably 

impact-related features, and multiple igneous dykes of unknown age and stratigraphic position.  

The detailed characterisation of the above mentioned dykes, whether magmatic or impact-re-

lated, through field work, petrographic and mineralogical examination and in conjunction with 

geochemical, isotopic, and geochronological investigations, will be the focus of the present thesis. 

 

Figure 1.2 Representative field photographs providing an impression of the landscape and the natural out-
crop conditions within the study area; A: outcrop of a mafic dyke, Rathbun Township; B: outcrop of another 
mafic dyke, Mackelcan Township; C: a swamp as it is typically found within structural lineaments and in 
areas underlain by relatively soft bedrock, Aylmer Township; D: view from the Rathbun Lake PGE-Cu-Ni 
mineral occurrence looking north, across Rathbun Lake, Rathbun Township; E: cliffs of massive Nipissing 
Suite gabbro, exposed along the east shore of Wanapitei Lake, Rathbun Township; F: steep cliffs resulting 
from weathering-resistant massive quartzite, Wolf Lake, Mackelcan Township.  
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1.3 Aims and Thesis Structure 

This thesis, which is the result of a 3-year structured PhD program undertaken at the University 

of Würzburg, Germany, is primarily focused on the different igneous dykes that have recently and 

in the course of this project been discovered in outcrops above, and deep drill cores into, the Te-

magami Anomaly. Accordingly, the main objectives of this study were to: 

▪ Provide a first and systematic lithological and lithogeochemical characterisation of the dykes. 

▪ Test if and how the dykes are genetically related to the 1.85 Ga Sudbury impact event. 

▪ Investigate whether the dykes can be correlated with known magmatic units/events within the 

immediate study area or within the wider region. 

▪ Establish their petrogenesis, mode and timing of emplacement, and post-magmatic evolution. 

▪ Test whether the dykes could be a surface manifestation of a deep-seated ultramafic complex. 

▪ Reconstruct their mineralisation history (if applicable) / evaluate their economic potential. 

▪ Gain a better understanding of the geology and magmatic evolution of the area in general. 

Although it is not expected that this study can provide definite answers as to the deep-seated (2–

15 km) and thus inaccessible geological cause of the Temagami Anomaly, it is hoped that, by ad-

dressing the above points, it will be beneficial in guiding the direction of future research and ex-

ploration in the area. Below follows a brief outline on how this thesis has been organised. 

Chapter 1 serves as an introduction and literature review on the research topic and on foregoing 

studies, and it defines the motivation, the goals, and the structure of the thesis.  

Chapter 2 is designed to provide the reader with the necessary theoretical framework trough a 

comprehensive review of relevant literature as it pertains to regional geology, Proterozoic mag-

matism (specifically dyke swarms), and the Sudbury Impact Structure. The chapter also defines 

the terminology that will be used throughout the thesis, and it describes the analytical methods.  

Chapter 3,4 and 5 deal with the geology, petrology, geochemistry, and the emplacement of three 

impact melt dykes (i.e., Offset Dykes) that have been identified as such during this study. Each 

chapter begins with a brief geological overview of the study area, followed by the presentation of 

the results (from macro- to microscale), and eventually, the interpretation of the obtained data. 

Chapter 5 additionally includes an extensive characterisation and genetic interpretation of the 

PGE-Cu-Ni sulphide mineralisation that was found to be hosted by one of these Offset Dykes.  

Chapter 6, 7 and 8 deal with hitherto unknown mafic (diabase) dykes genetically unrelated to 

the Sudbury impact event. Each chapter is structured in a similar way, beginning with a local ge-

ological overview, followed by the description of field observations, the description of microscopic 

findings, the presentation of geochemical, isotopic, and geochronological data, and eventually, 

their interpretation in light of the objectives raised above.  

Chapter 9 addresses the nature and possible origin of felsic dykes (aplite, syenite). As these were 

discovered very recently, and as field work by the author was significantly compromised due to 

international travel restrictions since, this chapter is rather preliminary in scope and character.  

Chapter 10 is a synthesis that discusses the above observations and their implications in a much 

broader context. The chapter concludes with a summary and offers an outlook on certain aspects 

that could not be addresses in this thesis thus outlining topics for future research. 
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Theoretical Background 

2.1 Geological Context 

The study area is situated in Northern Ontario, Canada, 65 km northeast of the City of Sudbury, 

370 km north of Toronto, 190 km south of Timmins, and close to the provincial border between 

Ontario and Quebec; the Great Lakes and the border to the United States of America occur far to 

the south (Fig. 2.1). The closest towns nearby are Temagami, River Valley and Markstay. In terms 

of physical geography, the study area lies at the transition to the Boreal Forest region, amidst 

smooth hills and countless lakes, with a relief strongly influenced by the last glaciation. The cli-

mate is humid continental, characterised by hot summers and cold snow-rich winters. From a ge-

ological perspective, the Temagami Anomaly occurs at the rifted margin of the Superior Craton, 

and at the junction of three structural provinces (Fig. 2.1), namely:  

▪ the Archaean Superior Province (locally represented by the Neoarchaean Abitibi Subprovince);  

▪ the Palaeoproterozoic Southern Province (locally represented by the Huronian Basin); and 

▪ the Meso- to Neoproterozoic Grenville Province.  

A brief literature-based review on each of these is given below, noting that the stratigraphy, metal-

logeny and tectonometamorphic history of the region has been lengthily discussed elsewhere (e.g. 

Bennett 1978; Card 1978; Dressler 1982; Pye et al. 1984; Bennett et al. 1991; Jackson & Fyon 

1991; Easton 1992; Lightfoot & Naldrett 1996a; Young et al. 2001; Long 2004; Rousell & Brown 

2009; Easton et al. 2010; Ciborowski 2013; Lightfoot 2016; Bleeker et al. 2015; Davey et al. 2019). 

 

Figure 2.1 Regional setting of the Temagami Anomaly (TA) and the Sudbury Igneous Complex (SIC). 
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2.1.1 Neoarchaean basement 

The oldest rocks in the region belong the Abitibi Subprovince of the Superior Province – a Neoar-

chaean granite-greenstone terrane composed of metavolcanic and metasedimentary rocks and 

tonalite-trondjhemite-granitoid (TTGs) batholites. These rocks mainly occur to the north and 

northwest of the study area, where they are uncomformably overlain by younger (Palaeoprotero-

zoic) sedimentary rocks of the Huronian Supergroup (Chapter 2.1.2) and truncated by the Sud-

bury Impact Structure (Chapter 2.1.4). Directly north of Sudbury, the basement rocks consist of 

deeply exhumed 2.75–2.65 Ga retrogressed granulite-facies migmatitic gneiss (Levack Gneiss) 

(Krogh et al. 1984; Prevec et al. 2005; Petrus et al. 2016); and a post-tectonic 2623 ± 1 Ma granit-

oid batholith that is part of the extensive Ramsey-Algoma Suite (Card 1979; Meldrum et al. 1997).  

Outliers of the southeast Abitibi Subprovince are locally exposed as erosive windows within the 

Huronian Basin, including the area of the Temagami Anomaly. These appear preferentially devel-

oped along N-striking faults and horst structures beneath a relatively thin Palaeoproterozoic sed-

imentary cover and include, from east to west, the Temagami, Emerald Lake, Turner and Parkin 

greenstone belts (Bennett 1978; Meyn 1970, 1977). Smaller and unnamed enclaves occur to their 

north and south (e.g. in the Pardo and Vogt townships). The rocks in these greenstone belts have 

been dated at ~2.75 Ga (e.g. Bowins & Heaman 1991; Ayer et al. 2006; Viehmann et al. 2014) and 

chiefly comprise a series of mafic and intermediate volcanic, mafic to felsic intrusive, and both 

clastic and chemical sedimentary rocks. They were formed by a complex interplay between plume 

magmatism, rifting, subduction, and volcanic arc accretion (e.g. Jackson & Fyon 1991; Jackson & 

Cruden 1995; Wyman et al. 2002; Mole et al. 2021). Volcanic rocks comprise tholeiitic to calc-

alkaline basalt, andesite, dacite and subordinate rhyolite, and range in their mode of occurrence 

from massive flows (± pillowed, porphyric), to pyroclastic and volcaniclastic deposits, and hypa-

byssal equivalents (Meyn 1977; Bennett 1978). Komatiite sensu stricto is absent from this part of 

the Abitibi Subprovince, although a thin and laterally extensive unit of an ultrabasic fragmental 

rock has been described within the Temagami Greenstone Belt (Bennett 1978). This unit could be 

a komatiitic volcanic rock (John Ayer, pers. comm. 2019), similar to pyroclastic komatiites known 

from the Timmins area (Card 1990), and it is perhaps syngenetic with local pyroxenite dykes 

(Bennett 1978) and a small (~1 km2) ultramafic layered complex (James & Hawke 1984). The by 

far dominant type of intrusions within the greenstone belts are, however, syn- to post volcanic 

intermediate to felsic batholiths, sills, and dykes, including feldspar-quartz porphyric diorite and 

rhyolite (Meyn 1977; Bennett 1978; Jackson & Fyon 1991). Dyklets of ultramafic lamprophyre cut 

the entire Archaean stratigraphy near Temagami (e.g. Bennett 1978). Sedimentary rocks are in-

tercalated with the volcanic sequence and include pyritic black shale, wacke, conglomerate, lime-

stone, and banded iron formation (BIF) of the Algoma type locally referred to as the Temagami 

Iron Formation (Bennett 1978; Gross 1980; Bowins & Crocket 1994; Thurston et al. 2012).  

The aforementioned greenstone belts have been deformed into E-W-striking synclines, and re-

gionally metamorphosed under greenschist- to lower amphibolite-facies conditions during the 

~2.7 Ga Kenoran Orogeny (e.g. Stockwell 1982; Meldrum et al. 1997). The intensity of related de-

formation and the degree of metamorphism tend to increase from east (Temagami) to west (Par-

kin, Benny). In addition, these Archaean rocks have been locally affected by syn-depositional sub-

seafloor alteration and VMS-type mineralisation, intrusion-related metasomatism, and later hy-

drothermal veining (Meyn 1970, 1977; Bennett 1978; Fyon & Crocket 1986; Card & Innes 1991). 
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2.1.2 Huronian Basin 

The Huronian Supergroup was deposited between 2.45 Ga (Krogh et al. 1984; Ketchum et al. 2013; 

Bleeker et al. 2015) and ca. 2.31 Ga (Rasmussen et al. 2013; Hill et al. 2018; Hill 2019), and com-

prises siliciclastic sedimentary rocks, minor carbonates, and subordinate volcanic rocks. The Hu-

ronian Basin fill, although tectonically deformed and metamorphosed to some degree, is one of 

the largest, best preserved, and most extensively studied Palaeoproterozoic sedimentary succes-

sions in the world. It covers an area of ca. 20,000 km2 (Fig. 2.1) and preserves a maximum thick-

ness of 12 km south of Sudbury as it gradually thins to the north (Young et al. 2001). Deposition 

of the basin fill coincided with two major environmental changes, the Great Oxidation Event (e.g. 

Roscoe 1973; Holland 2002; Bekker et al. 2005), and the global Huronian Glaciation (e.g. Coleman 

1908; Young 1970; Melezhik et al. 2013; Tang & Chen 2013), and it was locally accompanied by 

syn-depositional Witwatersrand-type U-Au mineralisation (e.g. Whymark & Frimmel 2018). 

The Huronian Supergroup has been historically subdivided into four (unofficially five; Long 2009) 

groups. These are, in stratigraphic order, and separated by local to regional unconformities, the 

Elliot Lake, Hough Lake, Quirke Lake, Cobalt, and the Flack Lake groups (Robertson et al. 1969; 

Long 2009; Fig. 2.2). The Elliot Lake Group is 2–3 km thick and comprises the volcano sedimen-

tary Thessalon, Elsie Mountain, Stobie, and Copper Cliff formations as well as the siliciclastic Mat-

inenda and McKim formations (e.g. Bennett et al. 1991). Pillow structures and turbiditic interlay-

ers indicate that the group was, at least in part, deposited in a deep-water setting (e.g. Long 2009). 

The overlying Hough Lake, Quirke Lake and Cobalt groups are similar insofar as they represent 

three macro-sedimentary cycles. Each cycle involved the deposition of unsorted matrix-supported 

conglomerate (diamictite) as sub-glacial till, followed by pro-deltaic siltstone and mudstone, and 

eventually, fluviatile mature and cross-bedded sandstone (Long 2004, 2009). It is widely accepted 

that these cycles reflect different stages of an ancient glaciation possibly accompanied by eustatic 

sea level changes (e.g. Young et al. 2001; Young 2018, 2019). A distinctive unit of laminated lime-

stone, calcareous siltstone and ± stromatolithic dolostone occurs in the Quirke Lake Group (Hof-

mann et al. 1980; Bernstein & Young 1990). This unit is known as the Espanola Formation, and its 

origin in relation to the Huronian Glaciation remains debated (Bekker et al. 2005; Young 2013). 

The Cobalt Group is by far the most extensive group and covers an almost undeformed area north-

east of Sudbury, the so-called Cobalt Embayment or Cobalt Plain. The Cobalt Group is 0–4 km thick 

and, in many places, directly overlies the Archaean basement, or truncating older groups (e.g. 

Long 2009). It has been divided into the diamictite- and siltstone-dominated Gowganda For-

mation, and the sandstone-dominated Lorrain Formation; further subdivisions for the Gowganda 

Formation have been proposed (e.g. Rainbird & Donaldson 1988; and Fig. 2.2). The unofficial 

post-glacial Flack Lake Group (Long 2009) is the youngest group of the Huronian Basin, but it is 

of limited extent or preservation. It comprises the Gordon Lake and the Bar River formations. The 

Flack Lake Group is predominantly siliciclastic, contains minor evaporite minerals, soft sediment 

deformation features, and evidence of microbial activity, which led some workers to suggest a 

coastal, more or less tidal influenced, depositional setting (e.g. Hill 2019).  

The evolution of the Huronian Basin is best understood and summarised in the context of a Wilson 

Cycle (Wilson 1968; Young et al. 2001), beginning with local fault-controlled subsidence and rift-

related intraplate volcanism, followed by rift-drift transition towards an epicontinental basin and 

accompanied by regional subsidence, and final basin closure during continent-continent collision. 
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Figure 2.2 Stratigraphic section through the Huronian Supergroup (left) and the Gowganda Formation 
(right); after Long (2004, 2009), Melezhik et al. (2013) and Young (2018). The Elliot Lake, Hough Lake and 
Quirke Lake groups have been collectively, though informally, labelled the “lower Huronian”; the Cobalt and 
Flack Lake groups as the “upper Huronian” (e.g. Young et al. 2001, p. 235). 
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2.1.3 Proterozoic magmatism 

Matachewan Dyke Swarm 

The giant Matachewan Dyke Swarm comprises many N/NW-striking mafic dykes that span across 

an area of some 300,000 km2 across the Canadian Shield. The dykes have been dated at 2446 ± 3 

Ma and 2473 +16/-9 Ma (Heaman 1997), 2459 ± 5 Ma (Halls et al. 2005) and 2476 ± 7 Ma (Bleeker 

et al. 2015). Matachewan Dykes are common in the Neoarchaean basement north of Sudbury (Fig. 

2.3A), where they can be traced for tens of kilometres in outcrop (Phinney & Halls 2001) and even 

further in aeromagnetic maps (West & Ernst 1991; Fig. 2.3B,C). In contrast, no Matachewan Dykes 

are found cutting the Huronian Supergroup, evidently because their emplacement predated the 

basin formation by ~10 Ma. Individual dykes are subvertical and may be up to 60 m wide but are 

typically as narrow as 10–20 m. Principal rock forming minerals are plagioclase, pyroxene, Fe-Ti-

oxides, and quartz; textures range from equigranular, subophitic to plagioclase-glomerophyric 

(Bates & Halls 1991; Nelson et al. 1990; Ciborowski 2013), and plagioclase megacrysts of up to 20 

cm in length have been reported by some (e.g. Halls 1991; Lightfoot 2016, p. 88). The dykes are 

characterised by a very uniform geochemical composition and exhibit a quite remarkable geo-

chemical consistency along strike and between different dykes, which, together with a tight age 

range, supports their emplacement within a single magmatic event. All the dykes are quartz nor-

mative and classified as tholeiitic to boninitic basalt. Arc-like trace element patterns and a wide 

range in initial εNd (–4 to +4) testify to severe crustal contamination of the parental magma 

and/or its interaction with or deviation from the subcontinental lithospheric mantle (Ciborowski 

et al. 2015). The Matachewan Dykes are interpreted as a radiating dyke swarm with a point of 

convergence just southeast of Sudbury, and it has been suggested that the dykes were associated 

with the breakup of the Archaean supercontinent Kenorland and the subsidence of the Huronian 

Basin (e.g. Bleeker & Ernst 2006). A genetic link to the East Bull Lake Suite (see below) and the 

volcanic rocks at the base of the Huronian Supergroup has also been proposed (e.g. Ciborowski et 

al. 2015). No known mineralisation is associated with the Matachewan Dyke Swarm.  

East Bull Lake Suite 

The East Bull Lake Suite comprises a series of mafic-ultramafic intrusions that are exposed as a 

discontinuous NE-trending belt along the Archaean-Huronian contact and along the Grenville oro-

genic front. The three largest members of the suite are the East Bull Lake, Agnew, and River Valley 

intrusions dated at 2480 +10/-5 Ma, 2491 ± 5 Ma and 2476 +2/-1 Ma, respectively (Krogh et al. 

1984; Easton et al. 2010), and each with a suboutcrop of 50–200 km2 and a minimum stratigraphic 

thickness of 1–2 km (James et al. 2002). Smaller members (< 5 km2) include the Wisner, Falcon-

bridge, Chicago Mine, Drury, Norduna and May anorthosites/gabbros (e.g. Prevec & Baadsgaard 

2005), the Fraser wehrlite (Lightfoot 2016), and the Frood (2421 ± 32 Ma; Keays & Lightfoot 

2020) and Street amphibolites (2475 +25/-10 Ma; Corfu & Easton 2001). Most of the intrusions 

show textural, modal, and cryptic layering at different scales, and a superimposed fractionation 

trend of (from bottom to top) anorthosite, troctolite, (olivine-)gabbronorite, gabbro, ferro syenite, 

and alkali feldspar granite. The East Bull Lake Suite and the Matachewan Dyke Swarm were ap-

parently formed by the same parental (boninitic to tholeiitic) magma possibly related to a mantle 

plume southeast of Sudbury (Vogel et al. 1998a,b, 1999; Ciborowski et al. 2015). Some of the in-

trusions (e.g. River Valley) produce large and intense aeromagnetic anomalies and host sub-eco-

nomic contact-style Cu-Pd-Pt sulphide mineralisation (e.g. Peck et al. 2001; Holwell et al. 2014).
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Figure 2.3 The Temagami Anomaly and its geological and geophysical environment; A: geological map highlighting the distribution of the various igneous rocks in the 
vicinity of the Temagami Anomaly; compiled after Lumbers & Card (1977), Dressler (1981a,b), Ames et al. (2005), the Ontario Geological Survey (2011), Olaniyan et al. 
(2013), Bleeker et al. (2015), Halls et al. (2015), Lightfoot (2016); B: map of the total magnetic field (same field of view as in Figure 2.3A); C: first vertical derivative of 
the total magnetic field; data source: Natural Resources Canada (2021a); D: isostatic residual gravity map; data source: Natural Resources Canada (2021a).
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Nipissing Suite 

Mafic intrusions of the Nipping Suite are certainly the most important magmatic rocks in the wider 

region, both in terms of volume (> 105 km3) and economic significance. Geochronological studies 

constrain the emplacement of the Nipissing Suite to one single, short-lived magmatic event be-

tween 2220 and 2210 Ma (Corfu & Andrews 1986; Conrod 1989; Noble & Lightfoot 1992; Bleeker 

et al. 2015; Gordon 2016; Davey et al. 2019; Keays & Lightfoot 2020), despite paleomagnetic data 

suggesting otherwise (e.g. Buchan et al. 1989). Most of the intrusions occur as weakly to non-

magnetic, undulating, up to 1 km thick sills; a few examples of cone sheets and lopoliths are also 

known (e.g. Hriskevich 1968; Palmer et al. 2007; Easton et al. 2020) as well as narrow dykes in-

terpreted as magmatic feeders (Lightfoot et al. 1993; Lightfoot & Naldrett 1996a). Intrusions of 

the Nipissing Suite rarely cut the Neoarchaean basement rocks north of Sudbury, but they are very 

abundant throughout the Huronian Basin, where they account for ~20% of the mapped bedrock 

(Fig. 2.3A). In the Cobalt Embayment, the intrusions are well differentiated and largely unaffected 

by regional deformation and metamorphism. This differentiation has led to the development of a 

type stratigraphy for Nipissing Suite (e.g. Hriskevich 1968; Jambor 1971; Lightfoot & Naldrett 

1989, 1996a): A confining unit of quartz diabase is always present, regardless of the intrusion 

shape or thickness, and it is interpreted as the chilled margin along the footwall and hangingwall. 

Up-sequence, quartz diabase grades into massive to crudely layered orthopyroxene gabbro, leu-

cogabbro, and variable-textured gabbro. Irregular patches of pegmatoidal gabbro, with cm-sized 

hornblende or augite crystals, characterise the latter unit. Granophyric quartz gabbro, quartz di-

orite and aplite are typically found near the roof zone, together with rafts of metasomised or horn-

felsed country rock. According to Lightfoot & Naldrett (1989, 1996a) and Jobin-Bevans (2004), all 

the lithological and textural diversity can be explained by a combination of fractional crystallisa-

tion, stoping, and in situ assimilation. Lightfoot et al. (1993) and Lightfoot & Naldrett (1996a) no-

ticed that the composition of the chilled margins and of the confining quartz diabase varies little 

across the entire 300 km magmatic province. In accord with geochronological data, this led to the 

suggestion that the Nipissing Suite was fed by one uniform parental magma. This phenocryst-poor 

magma was characterised by 49–51.5 wt% SiO2, 8–9 wt% MgO, a negative εNd, and an affinity 

transitional between tholeiitic and calc-alkaline (e.g. Lightfoot & Naldrett 1996a). Based on these 

features, Lightfoot et al. (1993) and Lightfoot & Naldrett (1996a) surmised a subduction-modified 

lithospheric mantle source. The data above, together with a low Mg#, < 150 ppm Ni, and the con-

spicuous absence of olivine from most of the intrusions, indicate that the parental magma under-

went significant fractionation prior to its emplacement, perhaps along the crust-mantle boundary 

or within staging cambers that are not exposed at the current level of erosion. On a regional scale, 

the Nipissing Suite has been interpreted as the distal expression of the 2.22 Ga Ungava LIP centred 

around northern Quebec and linked with the NE-striking Senneterre Dyke Swarm in the Grenville 

Province (Buchan et al. 1998, 2007; Ernst & Bleeker 2010; Davey et al. 2019).  

The Nipissing Suite has long been recognised as a principal host of base- and precious metals, 

including hydrothermal vein-type Cu-Co-Ag-Au, and disseminated to patchy net textured Cu-PGE-

Ni sulphide mineralisation (e.g. Card & Pattison 1973). Although most workers agree upon a mag-

matic origin of the locally observed Cu-PGE-Ni mineralisation (Lightfoot & Naldrett 1996a; 

Sproule et al. 2007; Jobin-Bevans 2009; Lightfoot 2016), its exact spatial and genetic controls are 

still not particularly well understood, and despite numerous such occurrences being known (e.g. 

Davey et al. 2019), only one deposit has ever been discovered and mined for a short while in the 

2000s (the Shakespeare Cu-Ni-Deposit 70 km west of Sudbury; Sproule et al. 2007; Dasti 2014). 
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Spanish River Carbonatite 

A small and isolated alkaline complex occurs along the Spanish River, 55 km northwest of Sudbury 

and near the community of Cartier (Fig. 2.3A). The complex measures ca. 300 m in diameter and 

was emplaced into Neoarchaean quartz monzonite. In aeromagnetic maps it is clearly visible as a 

positive oval-shaped feature plunging north, which could indicate that the complex was emplaced 

within one of the many N-striking structures of the regional Onaping Fault System. The country 

rock has been extensively brecciated and fenitised at the intrusive contact. The alkaline complex 

itself appears of composite nature, with a core of sövite, and an outer zone of cancrinite syenite, 

ijolite, pyroxenite and glimmerite (Sage 1987). The sövite has been dated at 1880.6 ± 2.4 Ma via 

U-Pb on baddeleyite (Rukhlov & Bell 2010) and so far, it remains the only magmatic event of this 

age in the wider region. The Spanish River Carbonatite has in the past been prospected for ver-

miculite and Nb (pyrochlore), and its regolith has apparently been mined for a short while in an 

open cast for fertiliser (P, Ca, K). When the author visited the complex in 2016, mining operations 

had already ceased and the pit had been refilled, with little bedrock exposure remaining.  

Killarney Magmatic Belt 

A NE-trending belt of magmatic rocks cuts across the Huronian Supergroup just 10 km south of 

Sudbury and extends for 80 km as far as Lake Huron, parallel to the Grenville orogenic front, and 

well into the Grenville Province. The suite comprises predominantly (and variably metamor-

phosed) high-level granitoid plutons and related volcanic rocks (e.g. Davidson 1986), a small gab-

bronorite complex (Prevec 1995), and a few diabase and porphyric felsic dykes (Bleeker et al. 

2015). Radiometric dating suggests that this magmatic activity was prolonged, ca. 1750–1700 Ma 

(van Breemen & Davidson 1988; Davidson et al. 1992; Sullivan & Davidson 1993; Prevec 1995; 

Bleeker et al. 2015), and contemporaneous with compressional deformation of the southern Hu-

ronian Basin (e.g. Piercey et al. 2007; Bleeker et al. 2015). The Killarney Magmatic Belt is extensive 

enough (> 250 km2) to be associated with a regional negative gravity and a strongly positive mag-

netic anomaly (e.g. Easton 1992). Mineral resources have yet to be identified in this magmatic belt.  

Chieflakian Event 

Another group of granitoid plutons intruded the Huronian Supergroup and the older Killarney 

granitoids ca. 100 km southwest of Sudbury. The largest and most prominent example of the suite 

is the Croker Island Batholith, a 10 km composite complex of porphyric granite, syenite, diorite 

and gabbro, and of calc-alkaline affinity (Card 1965). The complex is associated with a very dis-

tinct circular, strongly magnetic anomaly, and it has been dated at 1475 ± 50 Ma via Rb-Sr (Van 

Schmus 1965). Other (non-magnetic) members include the 1446 +2/-1 Ma Chief Lake Complex 

(Davidson & Van Breemen 1994), the 1471 ± 3 Ma Bell Lake Pluton (Van Breemen & Davidson 

1988; Fueten & Redmond 1997), and the 1500 ± 20 Ma Manitoulin Island Pluton (Van Schmus et 

al. 1975). Synchronous with this plutonism was the intrusion of lamprophyre dykes (minette) 

southwest of Espanola, dated at 1415 ± 40 Ma via Rb-Sr and K-Ar (Van Schmus 1971). Both the 

Killarney and Chieflakian rocks have been correlated with widespread anorogenic Geon 17 and 

Geon 14 magmatism across midcontinental North America (e.g. Bickford et al. 1986; Van Breemen 

& Davidson 1988). The tectonomagmatic setting of these granite-rhyolite provinces (“silicic LIPs” 

in the sense of Ernst 2014) is matter of ongoing research, and proposed models invoke a combi-

nation of protracted arc magmatism, arc accretion and associated deformation, back-arc exten-

sion and basaltic underplating (e.g. Whitmeyer & Karlstrom 2007; Bickford et al. 2015). 
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Sudbury Dyke Swarm 

NW-striking mafic intrusions of the Sudbury Dyke Swarm are widespread throughout the Hu-

ronian Basin and cut across the Sudbury Igneous Complex. They have been dated at 1235 +7/-3 

Ma (Krogh et al. 1987) and 1238 ± 4 Ma (Dudàs et al. 1994). Single dykes can be traced for tens of 

kilometres in outcrop and even further using potential field data (Fig. 2.3). In aeromagnetic maps, 

they show a consistent strike and regular spacing but tend to be increasingly deformed, metamor-

phosed, and demagnetised upon entering the Grenville orogenic front (e.g. Bethune 1997; Tschir-

hart & Morris 2012). The thickest dykes (≤ 300 m) can exhibit significant textural variations, from 

fine-grained chilled margins to pegmatoidal interiors (Dressler 1982). They are typically glomer-

ophyric to subophitic with an average grain size of 3 mm and are composed of plagioclase (50–75 

vol%), olivine (10–30 vol%), clinopyroxene (3–17 vol%), ilmenite/magnetite (≤ 10 vol%), biotite 

(≤ 5 vol%) and apatite (≤ 2 vol%) (Dressler 1982; Shellnutt & MacRae 2012). Within the Huronian 

Basin, the dykes show very little metamorphic and hydrothermal overprint; olivine is incipiently 

replaced by iddingsite, rarely by serpentine. Most of the olivine is entirely pristine, even close to 

the Grenville Front (Fig. 2.4D). The geochemistry of the dykes is relatively uniform and corre-

sponds to alkaline basalt or basanite; trace element patterns are typical of modern ocean island 

basalt but with weakly negative Nb-Ta-Ti anomalies and high Ba/La ratios suggesting derivation 

from a subduction-modified and/or the lithospheric mantle (Shellnutt & MacRae 2012). The em-

placement of the Sudbury Dyke Swarm has been ascribed to the breakup of the Mesoproterozoic 

supercontinent Columbia (e.g. Hou et al. 2008) and an ancient mantle plume either centred south-

east of Sudbury (e.g. Ernst 1994) or far northwest in the Canadian Arctic (e.g. Hou et al. 2010), 

although these views have subsequently been challenged by Easton (2002) and Shellnutt & 

MacRae (2012). No mineral resources are known to be associated with the Sudbury Dyke Swarm. 

Grenville Dyke Swarm 

The youngest magmatic activity in the region is represented by the Grenville Dykes. These have 

been dated between 597 and 576 Ma (Kamo et al. 1995; Halls et al. 2015) and are the distal ex-

pression of a ~700 km parallel dyke swarm across the Grenville Province. Little is known about 

the Grenville Dykes in the Huronian Basin. So far, they are only known to occur in the Sudbury 

area and in the southern Huronian Basin (Ames et al. 2005); no such dykes have been reported in 

the Cobalt Embayment. Grenville Dykes strike consistently E-W (Fig. 2.3A) and traverse tectonic 

boundaries such as the Grenville orogenic front. They are also found to cut across the Sudbury 

Igneous Complex (e.g. Hawley 1962; Cochrane 1984; Fedorowich et al. 2006). Individual dykes 

can be traced for several kilometres in suboutcrop and in high-resolution aeromagnetic maps 

(Olaniyan et al. 2013). The dykes are typically < 15 m wide in the west as they gradually pinch out. 

Pyroxene, plagioclase, magnetite, and ilmenite are the principal rock forming minerals; olivine 

locally occurs as shielded inclusions in pyroxene, and all dykes contain traces (1–4 vol%) of pri-

mary quartz, and accessory biotite, hornblende, and apatite (Kretz et al. 1985; Fig. 2.4F). The tex-

ture ranges from (sub-)ophitic to equigranular; the geochemistry from tholeiitic to alkaline (Kretz 

et al. 1985; Seymour & Kumarapeli 1995; Ernst & Buchan 2010; Higgins et al. 2018). It appears 

that some of the Grenville Dykes, while originally correctly identified as such (e.g. Lumbers & Card 

1977), have in more recently digitised geological maps been erroneously assigned to the Sudbury 

Dyke Swarm based on their similar orientation, petrography, and geochemistry. The Grenville 

Dykes have been linked to the breakup of Laurentia and the opening of the Iapetus Ocean (e.g. 

Kamo et al. 1995). In terms of mineral resources, the Grenville Dyke Swarm is considered barren. 
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Figure 2.4 Photographs and microphotographs of representative specimens covering the three most im-
portant types of mafic intrusive rocks within the Huronian Basin; A: polished hand specimen of a typical 
leucogabbro of the Nipissing Suite (Sheppard Township); B: thin section of Nipissing Suite gabbro (Emerald 
Lake Sill, Afton Township) under transmitted and crossed polars; C: polished hand specimen of olivine gab-
bro of the Sudbury Dyke Swarm (Kukagami Lake, Kelly Township); D: thin section of olivine diabase of the 
Sudbury Dyke Swarm (Scadding Mine, Scadding Township) under transmitted light and crossed polars; E: 
Polished hand specimen of a typical diabase of the Grenville Dyke Swarm (Pardo Township); F: thin section 
of the same sample under transmitted light and crossed polars. Abbreviations: Cpx = clinopyroxene; Pl = 
plagioclase; Ol = olivine; Mag = magnetite; Ilm = ilmenite. 
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2.1.4 Sudbury Impact Structure 

The Sudbury Structure is one of the oldest, largest, and best-preserved impact structures known 

on Earth (Earth Impact Database 2021). What has originally been proposed by Dietz (1964) and 

was disputed for decades thereafter (e.g. Fleet 1979; Stevenson & Stevenson 1980; Muir 1984), is 

now generally accepted by the scientific community. Arguments put forward to support the im-

pact hypothesis are plenty and include: the basinal topography and oval shape of the structure 

(Hirt et al. 1993; Butler 1994; Golightly 1994; Roest & Pilkington 1994; Ames et al. 2002; Dreuse 

et al. 2010); the chaotic country rock assemblages overlying and surrounding the structure 

(Dressler 1984; Grieve & Osinski 2020); the presence of megaclasts and -breccias (Pattison 1979; 

Dressler 1984); the widespread occurrence and regular geometric distribution of pseudotachy-

litic breccia (Thompson & Spray 1994; Spray 1995; French 1998); shock metamorphic features in 

minerals (Dence 1972; French 1967, 1998; Bohor et al. 1993; Krogh et al. 1996; Joreau et al. 1996; 

Thomson et al. 2014; Wang et al. 2018); shatter cones centred around the supposed impact site 

(Dietz 1964; Guy-Bray et al. 1966); high pressure and high temperature minerals and assemblages 

(Stevenson 1963; Masaitis et al. 1999; Coulter et al. 2014); diaplectic glasses (French 1998); full-

erenes (Becker et al. 1994; Mossman et al. 2003) – all indicative of extreme physical conditions; 

geochemical evidence of an extra-terrestrial component (Becker et al. 1996; Mungall et al. 2004; 

Ames et al. 2005; Huber et al. 2014; Petrus et al. 2015; Mougel et al. 2017); geochemical evidence 

of extensive crustal melting (Faggart et al. 1985; Walker et al. 1991; Dickin et al. 1992; Deutsch 

1994; Lightfoot et al. 1997a; Darling et al. 2010b; Kenny et al. 2017) and de-volatilisation (O’Sul-

livan et al. 2016; Kamber & Schönberg 2020) without evidence of the involvement of mantle-de-

rived magmas; and various analogies that can be drawn to other unequivocal impact structures 

on Moon, Mars and Earth (e.g. Morrison 1984; Osinski & Pierazzo 2012; Lightfoot 2016) or those 

reproduced in analogue experiments and numerical simulations (e.g. Ivanov & Deutsch 1999).  

The Sudbury impact event has been dated at 1850 ± 1 Ma (Krogh et al 1984; Davis 2008; Bleeker 

et al. 2015). It involved a 10–15 km large projectile (Ivanov & Deutsch 1999), possibly a comet 

(Darling et al. 2010b; Petrus et al. 2015) or chondrite (Mougel et al. 2017), impacting at a velocity 

of some 10–25 km/s (asteroid) or up to 70 km/s (comet) (Osinski & Pierazzo 2012). The projectile 

likely struck a shallow marine foreland or epicontinental basin (Gurov et al. 2020). Formation of 

the Sudbury Structure followed the three universal and consecutive stages of impact cratering: (i) 

contact and compression, (ii) excavation, and (iii) modification (e.g. Melosh 1989; Osinski & 

Pierazzo 2012). These events resulted in complete vaporisation of the impactor, extensive frac-

turing, melting, vaporisation, displacement, and ejection of the crustal target rocks, and, after a 

prolonged period of crustal relaxation, the formation of a 150–260 km diameter peak ring (Scott 

& Benn 2001; Grieve & Osinski 2020) or multi ring basin (Deutsch et al. 1995; Spray et al. 2004). 

The different products of the Sudbury impact event (impactites; Stöffler & Grieve 2007) will be 

described below and in context to the cratering process. They fall into either of three categories:  

▪ Impact melt rocks (igneous rocks formed by instantaneous bulk- and decompression melting 

at several thousand degrees) locally represented by the Sudbury Igneous Complex (SIC); 

▪ Pseudotachylitic breccia (the brecciated country rock, containing a matrix generated by in situ 

friction melting and/or cataclasis) locally termed Sudbury Breccia (SUBX); 

▪ Post-impact rocks (fall back, suevite and volcanic breccias and allochthonous crater fill depos-

its) collectively assigned to the Whitewater Group. 
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Sudbury Igneous Complex 

The Sudbury Igneous Complex (SIC) (Giblin 1984), in the early literature referred to as the Sud-

bury Nickel Irruptive, is certainly the most iconic product of the 1.85 Ga impact event, whereby 

the term SIC is collectively applied to the bulk of the impact melt rocks (excluding ejecta) that are 

preserved within the folded centre of the former peak- or multi ring basin. Traditionally, the SIC 

is divided into a central layered complex termed the Main Mass, and a system of narrow dyke-like 

features surrounding the Main Mass, the Offset Dykes (Giblin 1984; Lightfoot 2016; Fig. 2.5).  

The Main Mass of the SIC is a lopolith-shaped igneous body of, on average, granodioritic composi-

tion, 1.5–5 km thickness, 60 x 30 km lateral extent, and an estimated volume of some 8,000 km3 

(Grieve et al. 1991). It is geographically grouped into a North, South and East Range based on the 

preservation of three steeply plunging, locally overturned, limbs (Fig. 2.5B,C). The Main Mass is 

underlain by brecciated and thermally metamorphosed country rock, and concordantly overlain 

by the Whitewater Group. The Main Mass consists of three sub-horizontal and lateral persistent 

units of, from bottom to top, norite, quartz gabbro, and granophyre. The thickness proportion of 

these units is generally 25:15:60, and the transition between them is gradual over tens of meters 

(Lightfoot 2016). The norite is, in most general terms, a sulphide-poor cumulate-textured me-

dium-grained rock with variable proportions of orthopyroxene, clinopyroxene, plagioclase, Cr-

spinel, phlogopite, and quartz. The overlying quartz gabbro is similar but contains significant 

quantities of titanomagnetite (up to 10 vol%) plus magmatic hornblende and abundant apatite 

(Gasparini & Naldrett 1972). The gabbro is strongly magnetic (as opposed to the rest of the Main 

Mass) and, despite its limited thickness (< 300 m), most likely responsible for the extreme aero-

magnetic anomaly associated with the SIC (Gupta et al. 1984; Lightfoot & Zotov 2005; Olaniyan et 

al. 2013). The granophyre is a coarse-grained, heterogeneous, and strongly altered granite sensu 

stricto, rich in quartz, plagioclase, alkali feldspar, and with minor amounts of biotite and amphi-

bole (Therriault et al. 2002) and very plagioclase-rich towards the top (Peredery & Naldrett 1975; 

Anders et al. 2015). Granophyric and/or micrographic intergrowths between quartz and feldspar 

occur in each the norite, gabbro and granophyre, but are particularly common in the latter (Ther-

riault et al. 2002; Stewart 2017). Between the basal norite and the footwall, a discontinuous unit 

may be locally developed, termed the (Contact-) Sublayer (Pattison 1979). The Sublayer is a het-

erogeneous igneous-textured noritic rock, rich in xenoliths, xenocrysts, and sulphides. It is inter-

preted as the heavily contaminated marginal facies of the Main Mass, preserved only within topo-

graphic footwall depressions (Lightfoot et al. 1997b; Prevec et al. 2000; Dreuse et al. 2010).  

The Main Mass is now generally agreed upon to represent the tectonically deformed and eroded 

vestige of an originally circular, horizontal, more or less homogeneous, and much more extensive 

impact melt layer or “melt sheet” (Grieve et al. 1991; Deutsch et al. 1995; Theriault et al. 2002; 

Fig. 2.5A). Several lines of evidence indicate that this impact melt sheet was superheated beyond 

liquidus (Prevec & Büttner 2018, for a review), possibly in excess of 2,370°C (Timms et al. 2017). 

This is thought to have facilitated effective convection, igneous differentiation, and extensive ther-

mal metamorphism and thermomechanical erosion of the country rock (Prevec & Cawthorn 2002; 

Péntek et al. 2011; McNamara et al. 2017; Jørgensen et al. 2018, 2019; Göllner et al. 2019). Some 

consider the overall differentiation trend from norite to granophyre to be the result of in-situ frac-

tional crystallisation involving the formation of cumulates (e.g. Latypov et al. 2019), a density 

stratified impact melt sheet (Golightly 1994; Lightfoot et al. 2001), or alternatively, liquid-liquid 

immiscibility between an Fe-rich and a Si-rich melt (Zieg & Marsh 2005; Watts 2014).  
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Figure 2.5 Overview over the Sudbury Impact Structure and its associated Sudbury Igneous Complex; A: 
hypothetical cross section through the Sudbury Impact Structure at the end of the crater modification stage 
(some 105–106 years after the impact); B: simplified geological map of the Sudbury Igneous Complex in its 
present-day configuration; C: geological S–N profile based on geophysical data; all after Lightfoot (2016). 
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The term Offset Dyke was coined by Coleman (1903), who used it to describe the discordant dyke-

like subvertical, locally podiform, apophyses of quartz diorite that emanate from the Main Mass 

of the SIC. Despite their early recognition and considerable economic importance as a host of Ni-

Cu-PGE sulphide (e.g. Hawley 1965), no systematic study was conducted until the landmark paper 

of Grant & Bite (1984). Since then, plenty of new dykes and previously unknown extension of ex-

isting dykes have been discovered (e.g. Wood & Spray 1998; Peredery 2010; Smith et al. 2013), 

17 in total (Lightfoot 2016). Offset Dykes, as first noted by Grant & Bite (1984), occur in two dis-

tinct geometrically well-defined patterns around the Main Mass. Radial Offset Dykes reach at a 

high angle from the Main Mass outwards into the country rock. Some of these dykes are connected 

to the Main Mass via hundreds of meters wide funnels (e.g. Copper Cliff) and gradually pinch out 

at their distal extremities. Examples of radial dykes include Worthington, Trill, Cascaden, Ministic, 

Foy and Parkin (Fig. 2.5B). Concentric Offset Dykes are annular structures that strike about par-

allel to the outer margin of the Main Mass, but they are not physically connected to it at the current 

level of erosion (Fig. 2.5B); examples being Hess and Manchester. Some of the Offset Dykes (e.g. 

Frood-Stobie, Creighton, Kirkwood) are only discontinuously developed due to erosion, primary 

and/or secondary structural discontinuities, and cannot be reliable assigned to either the radial 

or concentric type. Besides, many Offset Dyke, while appearing linear and continuous in geological 

maps, locally exhibit complex outcrop patterns including branching, bifurcation, and en echelons 

(e.g. Grant & Bite 1984). All the Offset Dykes are near vertical, with a down-dip continuity of at 

least 500 m (locally up to 2 km), have a combined length of 130 km, and an estimated volume of 

10 km3 (Lightfoot 2016). The longest Offset Dyke is the 50 km concentric Hess Offset, studied in 

detail by Wood & Spray (1998) and subsequently Pilles et al. (2018b). The most distant Offset 

Dyke (known so far) is the Tyrone extension of the radial Foy Offset, which has been mapped up 

to 37 km away from the Main Mass (Tuchscherer & Spray 2002).  

The petrology and geochemistry of the Offset Dykes has been investigated in numerous studies, 

most recently by Pilles et al. (2017, 2018a,b), Wehrle & McDonald (2019), Huber et al. (2020), 

Mathieu et al. (2021) and VanderWal (2021). All the Offset Dykes are fine- to medium-grained 

non-cumulate and locally quench-textured quartz diorites1 with variable proportions of plagio-

clase, quartz, alkali feldspar, amphibole, biotite, sulphides, Fe-Ti-oxides, titanite, apatite, monazite 

and baddeleyite (Fig. 2.6E). Granophyric intergrowths between quartz and feldspar are common. 

Pyroxene is only preserved in those Offset Dykes close to the Main Mass and some of the low-

grade metamorphic (greenschist-facies) dykes of the North Range (Grant & Bite 1984; Lightfoot 

2016). Biotite and amphibole, in contrast, are the principal mafic minerals in the more distal and 

in all the South Range Offset Dykes. The latter minerals are either of igneous or metamorphic 

origin, or both (e.g. Grant & Bite 1984; Fleet et al. 1987; Lafrance et al. 2014; Warren et al. 2015).  

Many Offset Dykes exhibit an internal lithological zonation, involving what has been traditionally 

referred to as quartz diorite (QD) and inclusion-bearing quartz diorite (IQD), the latter being typ-

ically, but not always, confined to dyke’s interior (e.g. Grant & Bite 1984; Hecht et al. 2008; Pilles 

 
1 Some workers rejected the initial classification of the Offset Dykes as quartz diorite, and instead proposed 

that the rock is better classified as a quartz monzodiorite based on the position of the CIPW normative min-

eralogy in QAPF diagram. However, as the Offset Dykes apparently contain primary potassium-bearing min-

erals that are not part of the CIPW norm (biotite, hornblende), the calculated mineralogy is not representa-

tive of the actual modal mineralogy of the rock and should consequently not be used for a classification. For 

sake of logical consistency, Offset Dykes will still be referred to as quartz diorite in this thesis.  
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et al. 2018b). Where IQD contains appreciable amounts of sulphide (i.e., close to the Main Mass), 

the lithology has been referred to as mineralised IQD (MIQD) (Lightfoot 2016). There are, how-

ever, conflicting observations suggesting that these lithological differences are not as absolute as 

initially thought. Wood & Spray (1998) and Pilles et al. (2018b), for instance, have shown that 

sulphide mineralisation affected not only the IQD but locally also the QD facies, and that inclusions 

are present in both, thus rendering the distinction between QD and IQD somewhat arbitrary. To 

acknowledge this, variations from the original terminology have been proposed (e.g. VanderWal 

2021). Said inclusions (or enclaves) characterise many, if not most, Offset Dykes. Inclusions (sensu 

lato) exhibit diverse origins, and many appear to be (± hornfelsed) xenoliths or xenocrysts of very 

local origin; examples of allochthonous or entirely exotic inclusions are, however, also known (e.g. 

Grant & Bite 1984; Lightfoot & Farrow 2002), and these tend to be closely associated with Ni-Cu-

PGE sulphide mineralisation (Souch et al. 1969; Pattison 1979). Autoliths or anteliths of both QD 

and IQD within IQD are increasingly being recognised (e.g. Lightfoot & Farrow 2002; Tuchscherer 

& Spray 2002; Lafrance et al. 2014; Lightfoot 2016; Pilles et al. 2017, 2018b). 

Despite some petrographic variability due to in situ contamination (e.g. Grant & Bite 1984) and 

regional metamorphism (e.g. Fleet et al. 1987), the geochemistry of the Offset Dykes is very con-

sistent along strike and between all dykes (Lightfoot et al. 1997a). All Offset Dykes, regardless of 

geometry, location, or inclusion population, are of calc-alkaline affinity, have identical trace ele-

ment patterns, almost identical isotope ratios, and the same radiometric ages (Ostermann et al. 

1996; Corfu & Lightfoot 1996; Lightfoot et al. 1997a; Prevec et al. 2000; Darling et al. 2010b; 

Bleeker et al. 2015; Christoffersen 2017). The Offset Dykes have, furthermore, the same composi-

tion as vitric fragments in the Onaping Formation (Ames et al. 2002; O’Sullivan et al. 2016), which 

is intermediate between the composition of the Main Mass norite and granophyre. This, together 

with quench textures in some of the dykes (e.g. Pattison 2009; Coulter 2015), evidence of super-

heated emplacement temperatures (> 1,600°C; Prevec & Büttner 2018), and a lack of internal frac-

tionation (e.g. Hecht et al. 2008), led to the proposal that the Offset Dykes preserve the initial liq-

uid composition of the impact melt, which requires the dykes having intruded before significant 

cooling and differentiation of the Main Mass could occur (e.g. Spray et al. 2003; Lightfoot 2016).  

Although discussed in numerous studies, many issues regarding the Offset Dykes, specifically their 

mode and exact timing of formation, remain controversial. Their composition and close, typically 

crosscutting, and locally intermingled, relationship with pseudotachylitic breccia (i.e., Sudbury 

Breccia) requires an early emplacement, possibly within days or years after the impact (e.g. Ames 

et al. 2002; Mathieu et al. 2021). Their highly symmetric distribution is yet another indication that 

the intrusion of the dykes was controlled by impact-generated structures, possibly fracture sys-

tems within the crater floor (Wichman & Schultz 1993). According to Wood & Spray (1998), con-

centric Offset Dykes could represent impact melt trapped in annular structures that were formed 

during the crater modification stage; radial dykes could mimic transfer faults between those listric 

superfaults (Scott & Benn 2001, 2002). Some have argued that the Offset Dykes were forcefully 

injected as clast- and sulphide-laden melt outward from the Main Mass, and experienced flow dif-

ferentiation en route (Grant & Bite 1984; Pilles et al. 2018b). A variation of this model advocates 

for a two-stage emplacement, i.e., superheated QD melt followed by cooler (M)IQD melt, each in-

jection separated in time by 102–104 years (Lightfoot & Farrow 2002; Hecht et al. 2008; Prevec & 

Büttner 2018). Other workers invoke passive downward percolation of impact melt into the struc-

turally weakened crater footwall (Giroux & Benn 2005; Smith et al. 2013; Mathieu et al. 2021). 
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Sudbury Breccia 

Pseudotachylitic breccia1, locally better known under the term Sudbury Breccia (Speers 1957; 

Rousell et al. 2003), is an important impact-related phenomenon and one of the three major com-

ponents of the Sudbury Impact Structure. It is found in all target rocks within an 80 km radius 

underlying and surrounding the Sudbury Igneous Complex, from Whitefish Falls and Highway 553 

in the southwest (Chubb et al. 1994; Parmenter et al. 2002) as far as Temagami in the east (Simony 

1964; Rousell et al. 2003). The breccia is most abundant within 15 km around the Main Mass, 

which is about coincidental with the maximum outcrop limit of shatter cones (Ames et al. 2005). 

Its distribution has been used by some workers as an indication of the original diameter of the 

impact structure (e.g. Deutsch et al. 1995; Spray et al. 2004) and it serves as an important strati-

graphic marker to distinguish between rocks older and younger than the Sudbury impact event. 

Sudbury Breccia (SUBX), or pseudotachylitic breccia (PTB) in general, consists of two compo-

nents: (i) lithic and minerals clasts; and (ii) a fine-grained aphantic groundmass. The clasts are 

always of very local (< 100 m) derivation and exhibit a fractal grain size distribution, from µm to 

hundreds of meters (e.g. Rousell et al. 2003). All the clasts are themselves internally brecciated. 

They are typically sub- to well-rounded. The matrix shows significant variation in colour, miner-

alogy, and texture (Fig. 2.6B,C), which seems to be in part a function of the type of the host rock 

and of the proximity to the Sudbury Igneous Complex (e.g. Dressler 1984). The matrix ranges from 

cryptocrystalline, flow banded, cataclastic, spherulitic, devitrified, to subophitically recrystallised; 

its contact to the host rock may be sharp or gradational. The breccia occurs at very different scales, 

from microscopic veinlets and fracture networks to cm-wide dyklets, m-wide irregular masses, 

and hundreds of meter wide breccia zones. Some workers even postulated the existence of multi-

ple (sub-)concentric ring structures (“breccia belts”) around the Main Mass (e.g. Spray & Thomp-

son 1995), including the so-called South Range Breccia Belt (Scott & Spray 2000).  

Geochemical and isotopic studies have provided strong evidence that these breccias were formed 

in situ from their very host rock (Lafrance et al. 2008; Lafrance & Kamber 2010; Harris et al. 2013; 

O’Callaghan et al. 2016; Reimold et al. 2016, 2017), although there is evidence that, once formed, 

the breccia behaved somewhat mobile. Evidence of this includes the rotation and settling of clasts 

(Dressler 1984), the presence of exotic clasts (e.g. Dupuis et al. 1982), flow banding (Rousell et al. 

2003), and injection veins of the matrix into dilational sites (e.g. Thompson & Spray 1996; O’Cal-

laghan et al. 2016). The exact process by which PTB are formed is, however, not particularly well 

understood, and subject of a heated debate (e.g. Garde & Klausen 2018 vs. Reimold et al. 2018). 

Proposed mechanisms range from shock-induced decompression, cataclasis, friction melting, to 

acoustic fluidisation. There have even been attempts to link the formation of PTB to specific stages 

in the crater evolution. Some workers consider their formation an instantaneous process caused 

by the propagation of the shock wave (e.g. Kenkmann et al. 2000). Other workers invoke decom-

pression melting during exhumation of a central uplift (e.g. Lieger et al. 2009; Mohr-Westheide & 

Reimold 2011), or high-speed slip along listric superfaults during gravitational crater re-adjust-

ment (e.g. Spray 1997). Yet another group of workers favour seismic shaking in the aftermath of 

the impact as a viable mechanism of generating PTB (Garde & Klausen 2016; Spray 2016). 

 
1 A non-genetic, descriptive term introduced by Reimold (1998). According to Reimold et al. (2017) the term 

pseudotachylite should be reserved for endogenic friction melt products (however: Spray 1995). Note that 

the term pseudotachylyte was first used by Shand (1916) at the Vredefort Impact Structure, South Africa. 
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Whitewater Group 

The Whitewater Group is a thick (~3 km) succession of allochthonous breccias, impact melt rocks, 

and post-impact sedimentary rocks overlying the Main Mass of the Sudbury Igneous Complex and 

preserved in the folded centre of the Sudbury Basin (Fig. 2.5). The Whitewater Group has been 

subdivided into four formations (Ames et al. 2005). These are, in ascending order, the Onaping, 

Vermilion, Onwatin and Chelmsford formations. The Onaping Formation is a ~1.5 km thick heter-

ogeneous and rather chaotic assemblage of hydrothermally altered upward fining breccias, melt 

bodies, and tuffaceous rocks (e.g. Muir & Peredery 1984; Ames et al. 1998). It contains quartzite 

megaclasts derived from the Huronian Supergroup, which reach up to 100 m in diameter (Ames 

et al. 2009; Grieve & Osinski 2020), as well as rocks described as hyaloclastite, andesitic lapilli and 

bombs, devitrified lenticular to angular glass fragments, peperite, quartz dioritic enclaves, and 

aphantic dykes (Ames et al. 2002; Ubide et al. 2017). The Vermilion Formation is 5–50 m thick 

and comprises carbonate, shale, and chert (Rousell 1984). It is concordantly overlain by the 600–

1,100 m thick Onwatin Formation, a sequence of sulphidic black shale, which grades upwards into 

greywacke (Rousell 1984). Rocks of the Onwatin Formation may contain up to 13 wt% organic 

carbon (O’Sullivan et al. 2016) and, in places, anthraxolite veins (e.g. Rousell 1984). The Onwatin 

Formation is eventually capped by an 850 m thick flysch sequence referred to as the Chelmsford 

Formation (Rousell 1984). The Whitewater Group, and the Onaping Formation in particular, has 

been subjected to various re-classifications and interpretations in recent years. Most workers now 

consider the Onaping Formation the chilled roof zone of the Main Mass of Sudbury Igneous Com-

plex mixed with partially assimilated fallback material (suevite) that floated on top of the melt 

sheet (e.g. Grieve et al. 2010; Anders et al. 2015). Subsequent flooding of the impact basin with 

seawater resulted in explosive interaction with the underlying melt sheet and gave rise to thick 

pyroclastic deposits (e.g. Grieve et al. 2010; Ubide et al. 2017). After the melt sheet had cooled and 

subaquatic volcanism ceased, the basin remained largely restricted, anoxic, and possibly euxinic, 

was at some point colonised by microbial life, and experienced increasing detrital extra-basinal 

input over time (Rousell 1984; McDaniel et al. 1994a,b; Long 2004; O’Sullivan et al. 2016).  

Ni-Cu-PGE mineralisation 

The Sudbury Structure is unique to terrestrial impact sites in that it hosts some of the world’s 

richest ore deposits. Since initial discovery in 1883, Sudbury’s ore deposits have produced more 

than 12 million tons of Ni and about 12 million tons of Cu (Mudd 2010; Natural Resources Canada 

2021b), which translates to some 300 billion US$ in today’s commodity prices. With additional 5 

million tons of combined reserves and resources, this makes the Sudbury mining camp one of the 

largest past, present and future producers of Ni (Lightfoot 2016), and an important source of Ag, 

Au, Pd, Pt, Co, Se and Te, which are gained as by-products of the Ni-Cu-PGE sulphide mineralisa-

tion. Said mineralisation occurs mainly in form of disseminated, vein-like to massive pyrrhotite–

pentlandite–chalcopyrite (Fig. 2.6F) and affected the marginal facies of the Main Mass (the Sub-

layer), the proximal Offset Dykes (e.g. Frood-Stobie), and the brecciated footwall (Sudbury Brec-

cia) in vicinity to the Main Mass (e.g. Lightfoot 2016). Consensus exists about an igneous origin of 

the Ni-Cu-PGE sulphide mineralisation via liquid-liquid immiscibility from the impact melt layer, 

followed by gravitational settling of dense and metal-charged sulphide melt droplets toward the 

base of the crater (e.g. Keays & Lightfoot 2004; Naldrett 2004; Dare et al. 2014; Ripley et al. 2015). 

Some of the deposits were subsequently affected by ductile deformation and local metal redistri-

bution by late- and/or post-“magmatic” fluids (Mukwakwami et al. 2012, 2014; Tuba et al. 2014). 
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Figure 2.6 Photographs and microphotographs of some features related to the 1.85 Ga Sudbury impact 
event; A: outcrop of a shatter cone developed in Mississagi Formation sandstone (46°26 22.47N 81°00 
05.32W; Walmart Supercentre, Sudbury); B: outcrop of black Sudbury Breccia (pseudotachylitic breccia) in 
Neoarchaean gneiss (46°37 50.45N 81°27 43.01W; Highway 144, near Windy Lake, Cartier Township); C: 
outcrop of quartz diorite (Kirkwood Offset Dyke) enveloped in mineralised, deformed and recrystallised 
Sudbury Breccia (46°33 48.06N 80°54 05.27W; Garson Township); D: outcrop of quartz diorite from the 
Cecil Johnson Offset Dyke (46°48 05N 80°51 48W; Post Creek, Parkin Township); E: thin section of quartz 
diorite from the Frood-Stobie Offset Dyke (46°33 03.54N 80°58 24.06W; Blezard Township) under trans-
mitted light and plane polars; F: photograph of a polished hand specimen from the Little Stobie Deposit, 
showing massive base metal sulphide (predominantly pentlandite) with mafic-ultramafic inclusions (cour-
tesy of the Mineralogical Museum of Würzburg, photographed with kind permission of Dr. Dorothée Klein-
schrot). Abbreviations: SUBX = Sudbury Breccia; Am = amphibole; Bt = biotite; Pl = plagioclase; Qtz = quartz. 
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2.1.5 Deformation and metamorphism 

In the Cobalt Embayment, including the area above and around the Temagami Anomaly, Protero-

zoic deformation is limited to gentle folding and faulting. Deformation of the Huronian Super-

group strata resulted in wide and open, in many places double-plunging, NW- and NE-striking syn- 

and anticlines. This folding is thought to have occurred prior to the emplacement of the Nipissing 

Suite, during the 2.4–2.2 Ga Blezardian Orogeny (Stockwell 1982; Riller & Schwerdtner 1997; Ra-

harimahefa et al. 2014). The most prominent structures are N/NW-striking strike-slip faults of 

the regional Onaping Fault System, active between 2167 and 1850 Ma, and accompanied by a sin-

istral displacement totalling 15 km (Buchan & Ernst 1994). Some of the fault scarps (e.g. of the 

Upper Wanapitei River Fault) can be traced for tens of kilometres in digital elevation models, and 

these structures control much the drainage pattern in the region. According to Card (1978) and 

Easton (2000), regional metamorphism in the Cobalt Embayment did not exceed the lower to mid-

dle greenschist facies (equivalent to the biotite zone); peak metamorphic mineral assemblages 

reported for the Huronian Supergroup sedimentary rocks include Qtz–Ms–Ab–Sps ± Chl, Ms–Bt–

Ab–Qtz, Ms–And–Prl–Ab–Qtz, Qtz–Stp, and Cc–Dol (Card 1978; Sekine et al. 2011). Retrograde 

metamorphism of the 2.22 Ga Nipissing Suite mafic rocks manifests in the assemblage Ep–Act–

Ab–Chl ± Qtz ± Ttn (e.g. Card 1978; Dressler 1982). These secondary minerals are notably absent 

from the 1.23 Ga Sudbury Dykes and the 0.6 Ga Grenville Dykes. 

Closer to, and south of Sudbury, there is evidence of multiple compressional, thermal, and meta-

morphic events related to the Penokean (1.89–1.83 Ga), Yavapai (1.77–1.70 Ga), Mazatzalian (1.7–

1.6 Ga), Chieflakian (1.5–1.4 Ga) and Grenvillian (1.1–1.0 Ga) orogenies (Hu et al. 1998; Thompson 

et al. 1998; Corfu & Easton 2001; Bailey et al. 2004; Piercey et al. 2007; Raharimahefa et al. 2014; 

Papapavlou et al. 2017, 2018a). Except for the Penokean and Grenvillian, these events shaped the 

Sudbury Igneous Complex, which was most likely circular at the time of emplacement (e.g. Hirt et 

al. 1993; Roest & Pilkington 1994), into its present ovoid and synformal configuration by tilting 

and shortening the Main Mass and the Whitewater Group of up to 40% of their initial diameter 

(Clendenen et al. 1988; Lenauer & Riller 2017). This was accompanied by N-directed reverse fault-

ing, thrusting, and folding of the Huronian Basin, and low-P metamorphism (< 5 kbar) locally up 

to the staurolite zone (Easton 2000). Amphibolite-facies metamorphism occurred both before 

(Pattison 1979, 1980) and after the impact (Thomson et al. 1985; Fleet et al. 1987) and likely 

ended prior to 1.7 Ga (Piercey et al. 2007; Bleeker et al. 2015). In the South Range, this resulted in 

the deformation (e.g. Hecht et al. 2008) and recrystallisation (e.g. Wehrle & McDonald 2019) of 

both the Offset Dykes and the Sudbury Breccia, whereas impactites in the North Range tend to 

preserve their primary mineralogy and texture. The Grenville Orogeny involved NW-directed 

thrusting and high-grade metamorphism of the southeast Huronian Basin (e.g. Easton 1992) but 

it had no bearing on the shape of the Sudbury Igneous Complex (Tschirhart & Morris 2012).  

In addition, the entire Huronian Basin has been subjected to regional alkali metasomatism mani-

festing in pervasive albitisation (Meyer et al. 1987; Gates 1991), especially of sandstone-domi-

nated formations (McLennan et al. 2000). The age of the metasomatism has been loosely dated at 

1.9–1.7 Ga (Schandl et al. 1994; Fedo et al. 1997; McLennan et al. 2000), involved variable disturb-

ance of whole-rock U-Pb, Rb-Sr and K-Ar isotope systematics, and might have been related to the 

Penokean and/or Yavapai Orogeny, the Killarney magmatism, the Sudbury impact event itself, or 

some other, hitherto unrecognised, geological event (e.g. Easton 2000; McLennan et al. 2000). 
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2.2 Material and Methods 

2.2.1 Mapping, sampling, terminology 

To accomplish the goals outlined in Chapter 1.3, this study makes use of a large set of lithological 

samples, plus material collected for reference purposes (ca. 400 kg in total), ranging from historic 

to more recent diamond drill cores, channel cuts, and grab samples of the in-situ bedrock. As far 

as possible, these were obtained by the author himself during his field work and own examination 

of drill cores in the years 2016, 2018 and 2019. Due to international travel restrictions (2020–), 

additional samples were provided by the personnel of Inventus Mining Corp. All samples were 

collected to meet the general criteria of good scientific practice with respect to statistical repre-

sentation, volume, homogeneity, and geographical coverage. Immediately after the samples were 

collected, the rocks were labelled and separately kept in sealed plastic bags to avoid abrasion and 

cross-contamination during transport. The exact geographical position of the sample locations (± 

5 m) is reported in decimal degrees latitude/longitude according to ISO 6709 (Appendix_1).  

The author has also conducted, to some limited extent and assisted by Jacob VanderWal, bedrock 

mapping in the Rathbun and Mackelcan townships. The mapping was mainly of reconnaissance 

character or carried out at the scale of individual outcrops. Focus was on igneous rocks, potential 

mineralisation, lithological contacts and facies variations as well as on the distribution of impact-

related features. Ad-hoc classification followed the nomenclature of Le Maitre et al. (2002) for 

igneous rocks, and Pettijohn (1975) and Lazar et al. (2015) for the description of sedimentary 

rocks and features. Mineral abbreviations follow Whitney & Evans (2010). For sake of brevity, use 

of the prefix “meta” (e.g. metadiorite, metavolcanic) is avoided. Although in Europe exclusively 

applied to altered mafic volcanic rocks, the term “diabase” (now officially approved by the IUGS) 

will be used here synonymous for “dolerite” or “microgabbro” (Le Maitre et al. 2002) mainly out 

of regional convention (e.g. Bowen 1910; Fahrig & Wanless 1963; Muir et al. 2016). Identification 

and the local Sudbury-specific nomenclature of impact-related rocks is based on Giblin (1984), 

Reimold & Gibson (2005), Stöffler & Grieve (2007) and Lightfoot (2016). Spelling conforms first 

and foremost to British English (e.g. sulphide, not sulfide) whereas all other terminology is used 

according to the editorial guidelines of the Ontario Geological Survey OGS (Weatherston 1996), 

with the notable exception of “alkaline” instead of “alkalic” (pertaining magmatic affinity).  

2.2.2 Mineral identification by X-ray diffraction  

As an aid to optical microscopy, qualitative mineral identification by means of X-ray diffraction 

(XRD) was performed on rock powders (grain size < 200 μm), using a Philips PW 1729/40 at the 

Department of Geodynamics and Geomaterials Research, Institute of Geography and Geology, Uni-

versity of Würzburg. During the mounting of the sample powder, precautions were undertaken to 

avoid the alignment of crystallites. The instrument operates with a CuKα anode at an acceleration 

voltage of 40 kV and at a probe current of 30 mA. 2Ɵ angles between 4° and 80° were scanned at 

a step size of 0.02°. Exposure time for each step was set at two seconds, resulting in a total runtime 

of 130 minutes per sample. Interpretation of crystallographic data was accomplished automati-

cally using the JADE 7 software package and an implemented crystallographic database. Some 

peaks, however, had to be identified (semi-)manually. The lower limit of detection of the XRD, that 

is, the minimum detectable amount of a phase in a given powder, approximates 5 vol%. 
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2.2.3 In-situ mineral chemical analyses 

In addition to transmitted and reflected light microscopy, thin section specimens were investi-

gated by electron microprobe analysis (EMPA) using a JEOL JXA 8800L superprobe at the Institute 

of Geography and Geology, University of Würzburg. The instrument is equipped with four wave-

length-dispersive spectrometers (WDS) (LiF, PET, TAP) and detectors for backscattered electrons 

(BSE) and secondary electrons (SE). Synthetic metals and natural sulphides (pyrite, arsenopyrite, 

cinnabar, antimonite) were used as standards for the measurement of sulphides and precious 

metal minerals; natural silicates (andradite, orthoclase, albite, wollastonite) and synthetic oxides 

were used for the calibration and identification of gangue minerals. All measurements were per-

formed under the supervision of Dr. Ulrich Schüßler and Dr. Stefan Höhn on polished and carbon-

coated thin/thick sections and epoxy mounts at 15 kV acceleration voltage and 20 nA beam cur-

rent. The purpose of the EMPA was twofold: First, to identify certain minerals, for example those 

of a very fine grain size; second, to obtain the chemical composition of minerals that typically oc-

cur in solid solution systems (feldspar, pyroxene, amphibole). To this end, (i) qualitative analyses 

were carried out and WDS spectra were recorded; (ii) quantitative analyses were performed using 

the following conditions: A counting time of 20–40 s for peaks and 10–20 s for background, a beam 

size of 1 µm (4–10 µm for albite, mica, and amphibole in order to prevent alkali mobility), and the 

implemented ZAF matrix correction procedure of Philibert & Tixier (1968).  

The EMP was furthermore used to investigate opaques as well as heavy mineral separates in more 

detail, with special focus on base element sulphides (BMS), precious metal minerals (PMM) and 

the textural and mineralogical association thereof. To this end, the analytical protocol of Kawohl 

& Frimmel (2016) was applied: Thin (25 µm) and thick (40 µm) polished and standard-sized sec-

tions (28 x 48 mm) were systematically scanned for PMM in BSE imaging mode at a high contrast 

setting and ca. 300-fold magnification. Composition, shape, area, texture, and association of such 

minerals was carefully documented. In order to cover the wide chemical range of PMM (see Cabri 

2002), and to ensure that even exotic varieties are not overlooked, complete WDS X-ray spectra 

were recorded, and all encountered PMM grains were carefully checked for inhomogeneities at 

varying contrast and brightness in BSE mode. Qualitative and semi-quantitative element distribu-

tion maps were generated using the above listed settings. High-resolution mapping (runtime > 12 

hours), using 60 ms dwell time and 0.04 µm pixel size, was conducted on selected samples that 

had shown large, inhomogeneous grains in BSE mode and in initial, lower resolution, X-ray maps. 

2.2.4 Mineral thermobarometry 

Most of the rocks investigated in the present study contain amphibole, either as a primary igneous 

constituent or as a metamorphic mineral, or both. The utility of amphibole chemistry (as deter-

mined by using an electron microprobe, Chapter 2.2.3) as a geobaro-, oxy-, thermo- and hygrom-

eter has been firmly established through extensive experimental work and empirical observa-

tions. The pressure and temperature information provided by the chemical analyses of amphibole 

may, for example, be used to infer the depth of emplacement/level of erosion of plutonic rocks 

(e.g. Stone 2000; Stein & Dietl 2001) or the dynamics of magmatic plumbing systems (e.g. Ridolfi 

et al. 2008; Hartung et al. 2017), not to mention the various applications in the field of metamor-

phic petrology. Below follows a brief review of the different amphibole geothermobarometers that 

have emerged over the last decades, their requirements, and limitations. 



A. Kawohl, 2022    Theoretical Background 

27 

 

Holland & Blundy (1994) proposed two different thermometers applicable to coexisting horn-

blende-plagioclase pairs at conditions of 400–1,000°C and 1–15 kbar. Thermometer A, which is 

based on the equilibrium reaction edenite + 4quartz = tremolite + albite, and thermometer B, 

which is based on the equilibrium edenite + albite = richterite + anorthite. Both equations are 

suited for quartz-bearing rocks, whereas only the second equation may also be applied to silica 

undersaturated systems. According to Anderson (1996) and Bachmann & Dungan (2002), the 

edenite-richterite thermometer (B) of Holland & Blundy (1994) (Eq. 2.1) is preferable for igneous 

systems, especially when combined with the barometer of Anderson & Smith (1995) (Eq. 2.10). 

Holland & Blundy’s (1994) edenite-richterite thermometer (B) reads as follows: 

T [±313K] = 
81.44 – 33.6XNa

M4 – (66.88 – 2.92P[kbar]XAl
M2 + 78.5XAl

T1 + 9.4XNa
A )

0.0721 – 0.0083144ln (
27XNa

M4XSi
T1XAn

Plag

64XCa
M4XAl

T1XAb
Plag)

  

(2.1) 

where X is the molar fraction of the species or component in the phase or crystallographic site. 

A single-phase thermometer has been proposed by Ridolfi & Renzulli (2012). It is suited for calcic 

amphiboles with a Fe# < 0.5, formed in both calc-alkaline and alkaline magmas between 800 and 

1,130°C, between 1.2 and 22 kbar, and has an alleged accuracy of ± 35.5°C: 

T [±35.5°C] = 17.098 – 1322.3Si – 1035.1Ti – 1208.2Al – 1230.4Fe – 1152.9Mg – 130.4Ca  

+ 200.54Na + 29.408K + 24.410lnP 

(2.2) 

Most recently, a Ti-in-amphibole thermometer has been developed by Liao et al. (2021), which 

should only be applied to amphibole that crystallised < 1,000°C in H2O-satturated subalkaline sys-

tems in the presence of other Ti-bearing phases (ilmenite, rutile, titanite). Their equation is: 

 
T [±35°C]  =  

2400

1.52 − logTi
− 273 

(2.3) 

As first noted by Hammarstrom & Zen (1986), a linear relationship seems to exist between the 

total Al content of amphibole and the crystallisation pressure, provided that other variables such 

as the bulk composition, temperature, and oxygen fugacity are controlled for. This led to the de-

velopment of a first empirical, though relatively imprecise, single-phase Al-in-hornblende barom-

eter (Eq. 2.4). Subsequent studies provided experimental refinements of the original formulation 

(Eq. 2.5–2.8). Most of these equations were all calibrated for a pressure range of 2–8 kbar, ideally 

require hornblende occurring in textural equilibrium with quartz, plagioclase, K-feldspar, biotite, 

Fe-Ti oxide and titanite, and have an alleged accuracy between ± 0.5 and ± 3 kbar. From the struc-

ture of these equations it is evident that low-Al amphibole will essentially return negative values. 

Thus, these barometers are not suited for amphibole that crystallised at low pressure. 

Hammarstrom & Zen (1986): P [±3 kbar] = – 3.92 + 5.03Al (2.4) 

Hollister et al. (1987): P [±1 kbar] = – 4.76 + 5.64Al (2.5) 

Johnson & Rutherford (1989): P [±0.5 kbar] = – 3.46 + 4.23Al (2.6) 

Thomas & Ernst (1990): P [±1 kbar] = – 6.23 + 5.34Al (2.7) 

Schmidt (1992): P [±0.6 kbar] = – 3.01 + 4.76Al (2.8) 
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By acknowledging the apparently non-linear relationship between the Al content in amphibole 

and pressure, especially < 2.5 kbar, Mutch et al. (2016) calibrated a new barometer that is appli-

cable to amphibole having crystallised in granitic systems at 725 ± 75°C and 0.8–10 kbar. They 

claimed an accuracy of ± 16% for the obtained pressure by using the following equation: 

 P [kbar] = 0.5 + 0.331 × Al + 0.995 × (Al)2 (2.9) 

All the above equations were calibrated for ʄO2 close to the NNO buffer, and at H2O saturated near-

solidus conditions. However, Anderson & Smith (1995) and Anderson (1996) noted that pressure 

is not the only determining factor of Al in amphibole, but temperature and oxygen fugacity can 

influence site occupancy as well. Anderson & Smith (1995), therefore, recommended only to use 

amphiboles with Fe3+/(Fe3++Fe2+) ≥ 0.25 and Fe# ≤ 0.65. They then developed a new barometer 

(Eq. 2.10) that corrects for temperature (e.g. as determined by the Holland & Blundy amphibole-

plagioclase thermometer, or by independent means such as Zr-in-titanite), thereby also acknowl-

edging the possibility that amphibole may crystallise as a phenocryst far above the solidus.  

P [±0.6 kbar] = –3.01 + 4.76Al – {
(T[°C] –  675)

85
}  × {0.53Al + 0.005294 × (T[°C]) –  675)} 

(2.10) 

Another barometer was calibrated by Ridolfi & Renzulli (2012). They formulated a whole set of 

new equations (accuracy ± 11.5%) that are based on an extensive compilation of published exper-

imental data, and applicable to a wide range of pressures (1.3–22 kbar) in both calc-alkaline and 

alkaline systems. As can be seen from Equation 2.11, their barometer also takes variables such 

as the Ti content into account, which may substitute for Al in Ti-rich systems and can, therefore, 

lead to an underestimation of the actual pressure (e.g. Anderson & Smith 1995). 

lnP [Mbar] = 125.93 – 9.5876Si – 10.116Ti – 8.1735Al – 9.2261Fe – 8.7934Mg – 1.6659Ca  

+ 2.4835Na + 2.5192K  

(2.11) 

2.2.5 Heavy mineral separation 

In this study, zircon (ZrSiO4) and baddeleyite (ZrO2) were the preferred minerals for radiometric 

age dating. However, because of their expected small grain size and low abundance in most of the 

studied lithotypes (fine-grained mafic dykes with < 150 ppm Zr), large amounts of rock samples 

were required. These were collected throughout the field sessions and subsequently shipped to 

Würzburg, Germany, for further processing. First, soil and organic coatings as well as weathering 

crusts were removed using water, steel brush and a diamond-bladed rock saw, respectively. The 

material was then grinded in a stainless-steel jaw crusher down to gravel size, followed by very 

gentle and short-interval (1–2 seconds) pulverisation using a tungsten carbide disc mill, until all 

material could pass the 250 µm automated shaking sieve. Precautions were undertaken to mini-

mise the potential of cross-contimanation by vigorous cleaning of the jaw crusher, and by flushing 

the disc mill with pure quartz sand in between every sample exchange. Heavy mineral separation 

and removal of clay-sized particles was achieved using a commercial Wilfley table at the Depart-

ment of Geosciences, University of Frankfurt, and under the supervision of Dr. Wolfgang Dörr. 

Random samples were captured throughout the shaking procedure from different parts of the 
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table and studied under a stereo- and polarisation microscope for their yield. The final heavy min-

eral fraction (centre left part of the table) was dried overnight, and magnetite/pyrrhotite was re-

moved on the next day using a hand magnet. Further separation of minerals according to their 

paramagnetic susceptibility was performed using a commercial Frantz isodynamic magnetic sep-

arator at the Institute of Geography and Geology, University of Würzburg. In order to remove step-

wise all the matrix silicates (e.g. amphibole, epidote), the procedure was repeated several times 

using different inclination, slope, voltage, and speed. The two resulting fractions were continu-

ously checked for their mineral content using a stereomicroscope. As it was anticipated that den-

sity liquid separation would not significantly improve the quality of the heavy mineral concen-

trate, the least magnetic mineral fraction obtained after five runs was used for hand picking. 

Grains deemed most suitable for dating were mounted via gravitational settling in epoxy resin 

and then ground until maximum grain exposure in plain. Coated with carbon, these mounts were 

first investigated using the BSE imaging and element mapping mode of the electron microprobe 

(Chapter 2.2.3). There, mineral grains were studied for homogeneity and potential internal struc-

tures such as, zonation, resorption, cracks, inclusions, shock features, metamictisation, and based 

on this, suitable spots for subsequent U-Pb age dating were identified. 

2.2.6 U-Pb mineral dating 

The U-Pb dating was performed by Dr. Axel Gerdes and Dr. Leo Millonig at the Frankfurt Isotope 

& Element Research Centre, University of Frankfurt, Germany, using a ThermoScientific Ele-

mentXr sector field ICP-MS. The instrument is equipped with a RESOlution (Resonetics) 193 nm 

ArF excimer laser system (COMpex Pro 102, Coherent) and coupled to a two-volume ablation cell 

(Laurin Technic S155). Operating conditions were 20 ns pulse width, 7 Hz repetition rate, 2 J/cm2 

energy density, and 1,300 W forward power. Static laser ablation was carried out in a Helium at-

mosphere (300 mL/min) using a spot size of 50 µm for apatite and titanite, and 33 µm for zircon, 

respectively. Each analysis consisted of a sequence of steps, beginning with four pules of pre-ab-

lation in order to remove potential surface contamination, followed by 18 s of background acqui-

sition, 18 s of sample ablation (~0.6 µm/s), and 20 s of gas blank. The sample stream was mixed 

with Argon (1,100 mL/min) in the ablation funnel. Upon introduction into the mass spectrometer 

through a Nylon 6 tube, a small amount of Nitrogen gas (5 mL/min) was also added to prevent the 

formation of polyatomic species. Detection of the incoming ions occurred via time-resolved peak 

jumping of the electrostatic analyser. Dwell times for the different atomic masses 206, 207, 208, 

232 and 238 were 6.4 ms, 7.5 ms, 3.0 ms, 2.0 ms and 4.6 ms, respectively. Downhole U/Pb frac-

tionation and instrumental mass biases were corrected for by normalising the raw data against 

the primary reference material Zircon GJ-1 (Jackson et al. 2004). All raw data were processed of-

fline using the VBA spreadsheet of Gerdes & Zeh (2006, 2009), and final ages were calculated using 

the software IsoplotR (Vermeesch 2018), with a 238U/235U ratio of 137.818 ± 0.0225 (Hiess et al. 

2012), a 238U decay constant of 0.000155125 ± 8.3 x 10-8 Myrs-1, and a 235U decay constant of 

0.000998485 ± 6.7 x 10-7 Myrs-1 (Jaffey et al. 1971). Additional information about the underlying 

statistics of the data processing can be obtained from, for example, Millonig et al. (2012), or the 

IsoplotR user manual of Vermeesch (2018). Common Pb correction was achieved by first plotting 

the data in a Tera-Wasserburg diagram (Tera & Wasserburg 1972), and then using the y-intercept 

of this free regression as an approximation of the initial 207Pb/206Pb ratio (e.g. Simonetti et al. 

2006; Chew et al. 2011, 2014; Kirkland et al. 2017). 
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In order to verify the accuracy and precision of the method, two matrix-matched secondary (ex-

ternal) reference materials, Durango Apatite and Namaqualand Titanite, were included in the 

measurement routine. Durango Apatite is an international standard from the Cerro de Mercado 

IOA Deposit, which is known for its exceptionally large, yellow green fluorapatite crystals. The age 

of this apatite has been very precisely, though indirectly, determined by 40Ar–39Ar dating of its 

host rock, that is, 31.44 ± 0.18 Ma (McDowell et al. 2005). Namaqualand Titanite is an in-house 

standard previously dated at 1023 ± 3 Ma using ID-TIMS (Müller et al. 2018). Treated as un-

knowns, repeated measurements of the two standards during the analytical session yielded 31.50 

± 0.68 Ma (n=15) for Durango Apatite, 999.6 ± 10 Ma (n=10) and 999.2 ± 8.1 Ma (n=15) for Na-

maqualand Titanite (Appendix_3). These ages are in accordance with their certified ages. 

2.2.7 Whole-rock geochemical analyses  

Whole-rock concentrations of major elements, minor elements (TiO2, P2O5, MnO), plus the approx-

imate concentration of Zr, were obtained by conventional alkaline fusion and X-ray fluorescence 

(XRF) (e.g. Norrish & Hutton 1969). Prior to the lab work, the samples were washed with deion-

ised water and cleaned from soil and organic coatings using a steel brush and a compressed-air 

gun. Weathering crusts and, where desired, visible alteration features and inhomogeneities, were 

removed with a diamond-bladed rock saw. After pulverisation using a stainless-steel jaw-crusher 

and a tungsten carbide disc mill, 600 ± 1 mg of dry rock powder was stepwise fused in platinum 

crucibles together with 3,600 ± 1 mg lithium meta/tetra borate flux (Merck Spectromelt A12 or 

XRF Scientific, composed of 66% Li2B4O7 and 34% LiBO2) and 1,000 to 1,500 mg oxidant (NH4NO3) 

and then quenched to glass discs. This fusion procedure required continuous homogenisation by 

gentle shaking of the crucibles and is depicted in Figure 2.7. Loss on ignition (LOI) is reported, 

according to the recommendations of Lechler & Desilets (1987), as percent weight loss on dry 

1,000 mg aliquots ignited at 1,000°C for four hours in a Muffle furnace using fire clay crucibles. 

The resulting homogeneous glass discs were analysed with a commercial PANalytical Minipal4 

energy dispersive X-ray fluorescence spectrometer (EDS-XRF) at the Department of Geodynamics 

and Geomaterials Research, Institute of Geography and Geology, University of Würzburg. The in-

strument is equipped with a Rh tube, an Al filter, and a Si drift detector. Measurement conditions 

were 9–14 kV, 250–350 µA, and 300–600 s per element. For calibration of the XRF, seventeen 

international standards, ranging in composition from basalt (BCR-1, BE-N, BHVO-1, BIR1, BM, BR, 

GSR-3), diabase (DNC-1, W2), gabbro/norite (MRG-1, NIM-N), diorite (DR-N), syenite (SY-2, SY-

3), andesite (AGV-1, GSR-2) to quartz latite (QLO-1) with values from Govindaraju (1989) were 

used. External reproducibility of the EDS-XRF, including the error of crushing, fusing, weighing, 

and measuring, was better than 0.6% (expressed as relative standard deviation RSD) for major 

elements, except for Na2O with 2.6% RSD. The error for each element was calculated as follows: 

RSD [%] = 100
Standard deviation 

Mean
 

(2.12) 

The RSD for the external reproducibility was obtained on 23 replicates of the same sample (a Ter-

tiary alkaline basalt, Rhön, Germany), prepared by 23 different students (in order to factor in po-

tential human biases). 25 re-runs of standard BIR-1 gave an internal precision better than 0.2% 

RSD, except for MgO (0.5%) and Na2O (3.4%). The only relevant detection limit for this study was 

0.01 wt% for P2O5 based on three times the standard deviation of the procedural blank intensities.  
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Figure 2.7 Alkaline fusion of powdered rock specimens in platinum crucibles and subsequent pouring and 
quenching of the homogenous melt into a platinum mould.  

Aliquots of the rock powders were sent to the Department of Geological Sciences, University of 

Cape Town, where they were analysed by Christel Tinguely for their trace element concentrations 

by means of inductively coupled plasma-mass spectrometry (ICP-MS). The instrument used was 

a Thermo-Fisher X-Series II quadrupole ICP-MS. 50 mg of sample powder were dissolved in sealed 

Teflon beakers for 48 h on a hotplate using a mixture of HF and HNO3, evaporated until dryness, 

diluted again in 5% HNO3, doped with 10 ppb Rh, In, Re and Bi, and eventually analysed against 

five-point calibration curves with the isotopes 103Rh, 187Re and 209Bi as internal standards. Preci-

sion, accuracy, and detection limits were determined through the analysis of USGS and interna-

tional rock standards (Jochum et al. 2005) as well as total procedural blanks (TPB). The latter 

were < 0.065 ppm for Pb; < 0.030 ppm for Ba, Nb, Zr, Sr, Cu, and Ni; and < 0.009 ppm for all other 

elements. Within-run precision was better than 3% RSD for all elements, as was the precision 

between duplicate analyses. The potential of incomplete dissolution of possible zircon grains and 

thus erroneously low Zr and Hf concentrations was tested by duplicate Zr analyses using conven-

tional alkaline fusion and EDS-XRF techniques (as described above). In each case, the Zr concen-

trations measured on the ICP-MS were equal or above the relatively imprecise Zr concentrations 

measured on the EDS-XRF, therefore, providing confidence that all zircon was successfully dis-

solved. This was also verified trough repeated measurements of the USGS and international rock 

standards, which were always within the certified range of Zr concentrations. Furthermore, Zr 

concentrations measured on the ICP-MS at Cape Town were cross-checked against duplicate anal-

yses performed by the commercial AGAT Laboratories, Toronto (see below). 

A smaller subset of rock powders (17 samples of drill core AT-14-01) was analysed by Dr. Vinciane 

Debaille, assisted by Sabrina Cauchies, for its trace element composition at the Laboratoire G-

Time, University of Brussels (Belgium), also by means of ICP-MS. About 50 mg powdered samples 

were dissolved for two days with a mixture of HF:HNO3 (1:3) followed by 6N HCl to ensure com-

plete digestion. The solutions were measured on an Agilent 7700 Q-ICP-MS using 5% HNO3. Oxide 

formation in the mass range 151 to 167 was monitored and corrected for by using pure solutions 

of Ba, Pr, Nd, and Ce. Again, the USGS standard BHVO-2 (Jochum et al. 2005) was measured regu-

larly during the sessions to check the precision of the measurements, which was always within 

the accepted range of the standard. The internal reproducibility (expressed as RSD) for six repe-

titions of the BHVO-2 during the analytical sessions was better than 3%, except for Tm (6%) and 

Lu (6%). The external reproducibility, including the error introduced by the dissolution proce-

dure, was obtained on a replicate of sample AT-14; it was found to be better than 3.7% (RSD). 
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Sulphide-bearing samples are not suited for fusion in platinum crucibles given the inevitable re-

action between sulphide melt and the crucible to form a glassy slag. In addition to this problem, 

such samples are typically enriched in chalcophile and siderophile elements. These are important 

metallogenetic tracers, but their accurate determination requires special treatment and facilities 

neither available at Cape Town nor Brussels. Specimens containing visible sulphide were there-

fore shipped to the commercial AGAT Laboratories, Toronto. There, major and trace element con-

centrations were determined. Most of them, including those of Si, Zr, REE, Cu, Ni and S, were ob-

tained by sodium peroxide fusion within glassy carbon crucibles, followed by inductively coupled 

plasma-optical emission spectrometry (ICP-OES) and ICP-MS. Gold was determined by fire assay 

and atomic absorption spectroscopy (AAS), and PGE concentrations by NiS collection fire assay 

(Ir, Ru, Rh, Pt, Pd, by ICP-MS finish; Os by neutron activation finish). Precision, accuracy, and de-

tection limits were determined through the analysis of internal rock standards as well as proce-

dural blanks. According to AGAT, the precision between duplicate analyses was better than 10%, 

except for Rh with 16%. Lower limits of detection were 0.1 wt% for major and minor element 

oxides, 1 ppb for Ir, Ru, and other precious metals except Os with 10 ppb, and generally < 0.1 ppm 

for all other trace elements except for Ta, Y and Zr (0.5 ppm), Hf, Nb (1 ppm), Ni, Pb, V (5 ppm).  

2.2.8 Whole-rock Nd-Sr-Pb isotope analyses 

Radioisotope ratios of selected whole-rock samples were obtained by Dr. Petrus Le Roux, Depart-

ment of Geological Sciences, University of Cape Town, through conventional wet chemistry and 

mass spectrometry. Again, 50 mg-aliquots of the rock powders were digested in a mixture of HF 

and HNO3, heated at 140°C, and kept for 48 h in sealed Teflon beakers, dried, and re-dissolved in 

2M HNO3. Chromatographic separation, matrix removal and pre-concentration to 50-ppb solu-

tions was achieved through sequential column chemistry following the protocols of Pin et al. 

(1994), Pin & Zalduegui (1997) and Míková & Denková (2007) for the elution of Sr and Nd, and 

conventional single-pass anion chemistry for the separation of Pb as described by Fölling et al. 

(2000) and Pin et al. (2014). All isotope ratios were measured on a Nu Instruments NuPlasma 

high-resolution multicollector (HR MC-) ICP-MS equipped with a Nu Instruments DSN-100 nebu-

liser. Mass bias by (i) instrumental drift, (ii) isobaric interferences (87Rb on 87Sr; 204Hg on 204Pb; 
144Sm on 144Nd; plus various oxides/nitrates) and (iii) isotope fractionation during the sample in-

troduction and during the measurement was all monitored, handled and corrected for by using 

the approach described by Will et al. (2014), Harris et al. (2015) and Howarth et al. (2019). This 

involved (i) the use of JNdi-1 (Tanaka et al. 2000), NIST SRM987 and NIST SRM981 (Galer & Abou-

chami 1998) as bracketing standards, (ii) subtraction of isobaric interferences based on natural 

abundance ratios (Böhlke et al. 2005), and (iii) application of the exponential law (e.g. Albarède 

et al. 2015), and, in case of the Pb analyte, additional spiking with Thallium (205Tl/203Tl 2.3889) 

from NIST SRM997 (Longerich et al. 1987; Thirlwall 2002). Reproducibility of the Nd-Sr-Pb iso-

tope analyses was verified through repeated measurements of the Hawaiian basalt standard 

BHVO-2. This standard was used because of its well-established matrix composition (Jochum et 

al. 2005; Weis et al. 2005), which closely matches that of the investigated samples.  

As most of the variation in Nd and Sr isotope ratios in terrestrial samples occurs within the third 

or fourth decimal place, the measured 143Nd/144Nd and 87Sr/86Sr ratios are presented in a more 

accessible way by using the epsilon (ɛ) notation (e.g. Papanastassiou & Wasserburg 1970; DePaolo 

& Wasserburg 1976a,b). The ɛ value for a sample at any given time, t, is calculated as follows: 

https://doi.org/10.1063/1.1836764
https://doi.org/10.1039/C5JA00188A
https://doi.org/10.1039/C5JA00188A
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εNdCHUR
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(2.13) 

And: 

εSrCHUR
Sample

(t) = 

[
 
 
 
 
 (

Sr87

Sr86 )
Sample, t

(
Sr87

Sr86 )
CHUR, t

 – 1

]
 
 
 
 
 

104 

(2.14) 

where CHUR (= Chondritic Uniform Reservoir) is the hypothetical isotope composition of the un-

fractionated Earth (DePaolo & Wasserburg 1976a,b). The present-day 143Nd/144Nd of CHUR is 

0.512638 according to Jacobsen & Wasserburg (1980) and Hamilton et al. (1983), and the pre-

sent-day 87Sr/86Sr of the Bulk Earth is 0.7045 according to DePaolo (1988). The present-day 
143Nd/144Nd and 87Sr/86Sr of the sample can be directly measured on the mass spectrometer. 

Back-calculation of ɛ to any other t≠0 in the Earth’s history requires the amount of parent isotopes 

in the sample to be known. First, the present-day 147Sm/144Nd of the sample needs to calculated 

using the following equation: 

(
Sm147

Nd144 )
Sample, calculated

= 0.531084
cSm

cNd
 + 0.1442294 (

Nd143

Nd144 )
Sample, measured

 
(2.15) 

where c are the measured element concentrations of Sm and Nd (in ppm) in the sample, and 

0.531084 and 0.1442294 are constants derived from the natural isotopic abundance ratios and 

atomic weights (e.g. Faure 1986; Janoušek et al. 2016).  

Accordingly, the 87Rb/86Sr ratio is calculated: 

(
Rb87

Sr86 )
Sample, calculated

= 2.6939
cRb

cSr
 + 0.2832 (

Sr87

Sr86 )
Sample, measured

 
(2.16) 

where c are the measured element concentrations of Rb and Sr (in ppm) in the sample, and 2.6939 

and 0.2832 are constants derived from the natural isotopic abundance ratios and atomic weights 

(e.g. Faure 1986; Janoušek et al. 2016).  

Then, the daughter isotope ratios of the sample at the time, t, can be calculated using the conver-

sion of the general radiometric age equation, that is: 

(
Nd143

Nd144 )
Sample, t

= (
Nd143

Nd144 )
Sample, measured

– (
Sm147

Nd144 )
Sample, calculated

(eλt– 1) 
(2.17) 

And: 
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(
Sr87

Sr86 )
Sample, t

= (
Sr87

Sr86 )
Sample, measured

– (
Rb87

Sr86 )
Sample, calculated

(eλt– 1) 
(2.18) 

where λ is the decay constant for 147Sm = 6.54 x 10-12 yrs-1 (Lugmair & Marti 1978) and 87Rb = 1.42 

x 10-11 yrs-1 (Steiger & Jäger 1977), respectively.  

The daughter isotope ratios of CHUR at the time, t, are obtained from the following equations: 

(
Nd143

Nd144 )
CHUR, t

= 0.512638 – 0.1697(eλt– 1) 
 (2.19) 

And: 

(
Sr87

Sr86 )
CHUR, t

= 0.7045 – 0.0827(eλt– 1) 
(2.20) 

where 0.512638, 0.1697, 0.7045 and 0.0824 are the present-day 143Nd/144Nd, 147Sm/144Nd, 
87Sr/86Sr and 87Rb/86Sr ratios of CHUR, respectively (Jacobsen & Wasserburg 1980; DePaolo 1988; 

Rollinson 1993), and λ is the respective decay constant. 

It proved particularly useful during this study to model so-called “mantle extraction ages” (de-

noted with tDM) for the rocks and reference materials, i.e., hypothetical ages equivalent to their 

mean crustal residence time. The mantle extraction age is mathematically defined as the intercept 

between the ɛ evolution line of the sample and the ɛ evolution line of the depleted mantle: 

 εNdCHUR
Sample, t

   =   εNdCHUR
DM, t  (2.21) 
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with depleted mantle (DM) values as given by Goldstein et al. (1984) and McCulloch & Black 

(1984); for a list of alterative values see Rollinson (1993). 

Solving the equation above for t (the model age in years) yields the following equation: 

tDM = 
1

λ
ln

[
 
 
 
 
 

 

(
Nd143

Nd144 )
Sample

– 0.51316

(
Sm147

Nd144 )
Sample

– 0.214

 + 1

]
 
 
 
 
 

 

(2.22) 
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Equation 2.22 is based on the assumption that the depleted mantle followed a simple linear iso-

topic evolution since it deviated 4.6 billion years ago from the undifferentiated Earth. However, 

DePaolo (1981a,b) has shown that the evolution of the depleted mantle is better described by a 

quadratic polynomial: 

εNdCHUR
DM (tx)  =  0.25tx

2 – 3tx  +  8.5 (2.23) 

where +8.5 is the present-day ɛNd of the depleted mantle and tx is the time before present in Ga.  

A mantle extraction age is then obtained from the intercept between the linear sample evolution 

line (left term) and the quadratic depleted mantle evolution curve (right term): 

(
εNdCHUR

Sample, t
– εNdCHUR

Sample, 0

  tSample 
) tx + εNdCHUR

Sample, 0
 =  0.25tx

2 – 3tx  +  8.5 
(2.24) 

where tSample is the crystallisation age of the rock (in Ga). It is either known or assumed for the 

purpose of this calculation, and accordingly the ɛNd at tSample is calculated. Solving the equation 

above for tx eventually leads to: 

𝑡𝑥  = 2

[
 
 
 
 

 – (
εNdCHUR

Sample, t
– εNdCHUR

Sample, 0

– tSample
– 3)–√(

εNdCHUR
Sample, t

– εNdCHUR
Sample, 0

– tSample
– 3)

2

– (|εNdCHUR
Sample, 0

| +8.5)  

]
 
 
 
 

 

(2.25) 

where tx is equivalent to the mantle extraction age (in Ga), tSample is the known (or assumed) crys-

tallisation age of the studied igneous rock (in Ga), subscript 0 and t denote the ɛNd of the sample 

at the present-day (0) and the at the assumed age (t), respectively. Testing Equation 2.25 with 

the raw data provided by Prevec et al. (2000) yielded results nearly identical (± 10 Ma) with the 

model ages reported by Prevec et al. (2000). Nevertheless, all literature data presented here have 

been recalculated using the same formulation and constants (i.e., Eq. 2.25) in order to make mean-

ingful comparisons. 

For samples with 147Sm/144Nd ratios < 0.13, it is reasonable to assume a linear evolution for the 

sample since its deviation from the depleted mantle, whereas samples with 147Sm/144Nd > 0.13 

had likely undergone more than one event of Sm/Nd fractionation (e.g. during crustal anatexis). 

In the latter case, a two-stage mantle extraction age may be calculated (e.g. Janoušek et al. 2016): 

tDM = 
1

λ
ln

[
 
 
 
 
 

 

(
Nd143

Nd144 )
Sample

–  (eλt– 1) ((
Sm147

Nd144 )
Sample

–  0.12)–  0.513151

0.12 – 0.219
 + 1

]
 
 
 
 
 

 

(2.26) 

where tDM is the two-stage mantle extraction age, t is the known (or assumed) crystallisation age 

of the studied igneous rock, λ is the decay constant of 147Sm, 0.12 is the present-day 147Sm/144Nd 

of the continental crust (Taylor & McLennan 1985), 0.219 is the 147Sm/144Nd of the depleted man-

tle, and 0.513151 is the 143Nd/144Nd of the depleted mantle according to Liew & Hofmann (1988).  



A. Kawohl, 2022    Theoretical Background 

36 

 

Lead isotopes are mostly presented in their absolute raw form using measured ratios. Like for Nd 

and Sr isotopes, it is possible to calculate (or estimate) initial Pb isotope ratios if the age of the 

rock is known (or to be assumed) and U, Th and Pb concentrations are available. For example, the 

initial 207Pb/204Pb ratio for any time, t, may be obtained from the following equation:  

(
Pb207

Pb204 )
Sample, t

= (
Pb207

Pb204 )
Sample, measured

– (
U235

Pb204 )
Sample, calculated

(eλt– 1) 
(2.27) 

where λ is the decay constant for 235U = 9.8485 x 10-10 yrs-1 (Steiger & Jäger 1977). First, however, 

the 235U/204Pb of the sample needs to be calculated: 

(
U235

Pb204 )
Sample, calculated

 = 
cU

cPb
 × 

mPb

238.02891
 × 

0.72

% Pb204
 

(2.28) 

where c denotes the measured element concentrations of U and Pb in the sample, 238.02891 is 

the atomic mass of U (Wieser 2006), 0.72 is the isotopic percentage abundance of 235U (Rosman & 

Taylor 1998), m is the atomic mass of Pb in the sample, and %204Pb is the proportion of 204Pb of 

the total Pb. There are, however, some problems with this approach, which mainly arise from (i) 

a paucity of reported U, Th and Pb concentration data in the relevant literature; (ii) the high aque-

ous solubility of U6+; and (iii) the preferential incorporation of Pb into feldspar – a mineral highly 

susceptible to alteration. Thus, any fluid-induced U/Th/Pb fractionation will result in an under-

/overcorrection of the radiogenic Pb ingrowth (e.g. Darling et al. 2010a,b; McNamara et al. 2017). 

To circumvent the above problems, an alternative approach of modelling initial Pb isotope ratios 

was introduced by Dickin et al. (1996) and Darling et al. (2010a): The 207Pb/204Pb for any time, t, 

may be obtained by projecting the measured 207Pb/204Pb ratio back parallel to the reference 

isochron for t to the corresponding 206Pb/204Pb ratio of Stacey & Kramers (1975) growth curve: 

(
Pb207

Pb204 )
t, modelled

= (
Pb207

Pb204 )
Sample 

– mt (
Pb206

Pb204 )
Sample

+ mt (
Pb206

Pb204 )
S&K, t

 
(2.29) 

where m is the slope of the reference isochron for the time t, and subscript S&K denotes the cor-

responding Pb isotope ratio of the Stacey & Kramers (1975) evolution curve at t.   

For the age of the Sudbury impact event (1850 Ma) the equation is as follows: 

(
Pb207

Pb204 )
1850 modelled

= (
Pb207

Pb204 )
Sample 

– 0.113 (
Pb206

Pb204 )
Sample

+ 0.113 × 15.464 
(2.30) 

where 0.113 is the slope of the 1850 Ma reference isochron, and 15.464 is the 206Pb/204Pb ratio of 

the Stacey & Kramers (1975) growth curve at 1850 Ma. Modelled 207Pb/204Pb isotope ratios are 

obviously different from the initial ratios calculated using the more traditional approach. How-

ever, the advantage of this is that any sample can be corrected for decay, even where U, Th and Pb 

concentrations where either not reported and/or potentially affected by secondary mobility. This, 

in turn, allows for meaningful comparisons between different datasets, and also the calculation of 

isotopic mixing models (e.g. Darling et al. 2010a,b; McNamara et al. 2017). 
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Afton Offset Dyke 

3.1 Summary§ 

The discovery of impact-related quartz diorite is reported at Afton Township, 45 km northeast of 

Main Mass of the Sudbury Igneous Complex. The impactite was intersected at the bottom of Cana-

dian Continental’s 2,200 m deep diamond drill hole (AT-14-01) into the magnetic peak of the Te-

magami Anomaly, located between Sturgeon River and Emerald Lake. The discordant and up to 

52 m thick quartz diorite units occur, together with pseudotachylitic breccia, within a Neoar-

chaean volcano-sedimentary greenstone belt succession beneath a relatively thin Palaeoprotero-

zoic Huronian-Nipissing cover. Megacrystic feldspar quartz porphyry and banded iron formation 

represent the footwall and hangingwall, respectively, to which the dyke exhibits either sharp (in-

itially chilled, now sheared) or strongly brecciated contacts.  

Quartz diorite in drill core AT-14-01 is an aphantic fine-grained rock composed of plagioclase, 

biotite ± quartz ± actinolite ± magnetite. Much of the original mineralogy and texture is, however, 

obscured by retrograde metamorphism at greenschist-facies conditions as well intense hydro-

thermal alteration. Although any attempt to extract dateable minerals (zircon, baddeleyite) has 

not yet met with success, the whole-rock geochemical and isotopic data obtained in this study 

clearly identify the quartz diorite as a crustal melt rock and therefore as impact generated. The 

argumentation is mainly based on a combination of immobile trace element data and whole-rock 

Nd-Sr-Pb isotope systematics. These have revealed remarkable similarities to published data on 

other impact melt-related dykes of the 1.85 Ga Sudbury impact event, locally referred to as Offset 

Dykes. This is also supported by an imprecise whole-rock Pb-Pb errorchron date of 1711 ± 114 

Ma, and an 1846 ± 76 Ma Rb-Sr date of, however, questionable significance. It is concluded that 

quartz diorite in drill core AT-14-01 is another, hitherto unrecognised Offset Dyke of the 1.85 Ga 

Sudbury Igneous Complex in a very distal area of the impact structure so far not known for Offset 

Dykes. Although no mineralisation was noted, these findings raise the general possibility to dis-

cover other, more proximal, and then perhaps better endowed Offset Dykes east of the Sudbury 

Igneous Complex. Exactly how the dyke was emplaced is beyond this study and requires addi-

tional drilling and, ideally, the discovery of a mappable surface expression. Interestingly tough, 

geochemical and isotopic fingerprinting (Ce/Yb ratios, Pb isotopes) implies that the Afton Offset 

Dyke could be a North Range radial Offset Dyke, the closest analogy being Ministic, Foy, or Parkin. 

Further, this chapter demonstrates – as an alternative approach to U-Pb mineral dating – the util-

ity of whole-rock geochemistry in conjunction with whole-rock Nd-Pb isotope analyses as a time, 

material, and cost-efficient means of identifying Sudbury-related impact melt rocks, even where 

hydrothermal processes and metamorphism have altered the rock beyond recognition, and ero-

sion/deformation erased any physical evidence of a direct connection to the Sudbury Igneous 

Complex. The approach introduced in this chapter will be applied throughout the rest of the thesis. 

 

A modified version of this chapter has been published as: 
Kawohl, A., Frimmel, H. E., Bite, A., Whymark, W. E., & Debaille, V. (2019). Very distant Sudbury impact 
dykes revealed by drilling the Temagami geophysical anomaly. Precambrian Research, 324, 220-235. 
doi.org/10.1016/j.precamres.2019.02.014  

https://doi.org/10.1016/j.precamres.2019.02.014
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3.2 Local Geology 

The study area comprises the Afton and Scholes townships, located some 75 km northeast of the 

City of Sudbury. These townships are bordered by longitudes 80°25 05W and 80°09 50W, and 

latitudes 46°58N and 46°53N. Access is provided via the Glen Afton Highway 805 and secondary 

gravel and logging roads. The area is of particular interest because it extends across the magnetic 

peak of the regional 1,200 km² large Temagami Anomaly, and it occurs close to its gravity peak. 

Both townships have previously been mapped by Meyn (1977) and exploration companies (e.g. 

Innes 1984), and some of the following information were taken from these studies, whereas other 

information are based on the writer’s own drill core examinations and field work.  

The western third of Afton Township, around Sturgeon River (Fig. 3.1), is marked by a profound 

lack of bedrock exposure, as it is largely covered by swamp, dead arms, and alluvium. Gabbro of 

the 2.22 Ga Nipissing Suite supposedly underlies much of the area immediately around the drilling 

location. This gabbro is part of one of the largest coherent members of the Nipissing Suite known 

so far, in the literature referred to as the “Emerald Lake Intrusion” (e.g. Lightfoot & Naldrett 

1996a, p. 20). The bulk of this presumably sheet-like intrusion consists of medium-grained ortho-

pyroxene gabbro, with minor fine-grained quartz gabbro (diabase) at the lower margin, and pods 

and veins of vari-textured or pegmatoidal gabbro, diorite, and granophyre, localised predomi-

nantly towards the roof zone. An apparent thickness of the intrusion between 50 and 360 m has 

been inferred from previous drilling programs, although an upper intrusive contact is yet to be 

found (Meyn 1977). Its geochemistry and lithological diversity make the Emerald Lake Intrusion 

a typical example of a moderately differentiated sill of the Nipissing Suite (Lightfoot & Naldrett 

1996a), as they are common throughout the Cobalt Embayment. This sill intruded sedimentary 

rocks of the Gowganda Formation, which are locally exposed in the western and northern corners 

of Afton Township, and north of Scholes Township. There, the Gowganda Formation is more or 

less flat lying and consists of locally massive, locally laminated, mudstone and siltstone (50% of 

the formation), wacke (25%), and matrix-supported conglomerate (25%), the latter containing 

dropstones of sedimentary rocks, pink granite, and subordinate greenstone, ranging in size from 

pebbles to 3 m-large boulders (Meyn 1977). Metamorphism of the Palaeoproterozoic units 

reached the lower greenschist facies at maximum; deformation is restricted to N-S oriented line-

aments interpreted as faults, and tectonic fabrics are largely absent (Meyn 1977; Card 1978). 

The crystalline basement below the Palaeoproterozoic cover is locally exposed as erosive win-

dows to the southern extension of the 2.7–2.6 Ga Abitibi Subprovince. One such window is the 

Emerald Lake Greenstone Belt (Fig. 3.1), an assemblage of volcanic, hypabyssal, and sedimentary 

rocks, ranging in composition from tholeiitic and calc-alkaline basalt to rhyolite, and including, 

shale, wacke, and banded iron formation, respectively (Meyn 1977; Bennett 1978). Syn- to late 

volcanic quartz-feldspar porphyric dykes and ultramafic lamprophyres have been reported by 

Innes (1984), whereas rocks of the tonalite-trondhjemite-granodiorite (TTG) suite and volcanic 

rocks of komatiitic affinity are absent. The Emerald Lake Greenstone Belt appears to be closely 

related to the Abitibi outliers at Temagami and Cobalt (see Ayer et al. 2006). Their volcanic suc-

cessions likely represent former submarine pyroclastic deposits and submarine lava flows as in-

dicated by pillow structures, extensive VMS-type alteration, and their intercalation with lime-

stone, turbidite, and pyritic black shale.  
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Figure 3.1 Geological map of the Afton and Scholes townships showing the regional geological and 
lithostratigraphic context of drill hole AT-14-01; after Meyn (1977) and Ayer et al. (2006). 

At least two units of 100 m-thick Algoma-type BIF, dipping 60–85° south (Innes 1984) and striking 

NE, are present within the Emerald Lake Greenstone Belt. The BIF is embedded within mafic vol-

canic rocks and chloritic schist and it is mainly composed of laminated magnetite and chert; 

coarse-grained vuggy pyrite is not uncommon. Greenschist-facies metamorphic conditions pre-

vail, and several episodes of hydrothermal alteration were noted, including syn-depositional sea-

floor alteration, intrusion-related hydrothermal alteration, and late carbonate-quartz-tourmaline 

veining and brecciation. Tectonic fabrics occur in form of penetrative schistosity in the chloritic 

metavolcanic and pyroclastic rocks; folding, microfaulting and a variety of soft-sediment defor-

mation features can be observed in several BIF outcrops, muck piles, and in dumped core material. 

The youngest geological unit in the study area is a NW-striking dyke of alkaline olivine gabbro 

related the 1.23 Ga Sudbury Dyke Swarm (Fig. 3.1). The dyke is several tens of meters wide, as-

sociated with topographic ridges and valleys, and its orientation is clearly visible on aeromagnetic 

maps as a distinctive linear feature. The dyke’s primary mineralogy and texture seems well pre-

served, even pristine olivine is present. Considering the ease at which olivine would have been 

altered to serpentine, magnesite or chlorite, the fresh mineralogy of the dyke indicates that its 

emplacement post-dated regional metamorphism and metasomatism. 
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3.3 Drill Core Stratigraphy 

Borehole AT-14-01 (NQ size, diameter = 4.76 cm) targeted the magnetic peak of the Temagami 

Anomaly at Afton Township, coordinates 46°56 31N 80°21 08W. Originally drilled in 2014 with 

an azimuth of 90° to a depth of 1,071 m, a downhole extension followed in 2015 to a final depth 

of 2,200 m. The recovered drill core was first logged by Kleinboeck (2015) and has been re-visited 

for the present study, thus, only a summary of the overall stratigraphy (Fig. 3.2) is presented here. 

For insights, the reader is referred to the detailed log of Kleinboeck (2015). AT-14-01 intersected 

a massive gabbro from 0 to 321 m (Fig. 3.2A), which bears all the hallmarks of the Nipissing Suite 

gabbro as exposed on surface and elsewhere in the Southern Province. This is followed by sand-

stone, siltstone, and conglomerate of the Gowganda Formation, and from a depth of ~600 m to 

2,000 m, a volcano-sedimentary assemblage likely of Archaean age and equivalent to the rocks of 

the Emerald Lake Greenstone Belt. These are felsic to intermediate porphyric volcanic rocks (10% 

of the drill core) and subordinate aphyric and strongly altered, crudely bedded, tuffaceous, pyro-

clastic and volcaniclastic rocks (~22%). Megacrysts of zoned alkali feldspar, up to 5 cm in diame-

ter, as well as 1 cm-large phenocrysts of embayed blueish quartz are common in this strongly 

sericitised porphyry (Fig. 3.2B), which bears strong resemblance to the porphyric rocks de-

scribed at Emerald Lake (e.g. Innes 1984). A 3 m-thick massive chert-pyrite breccia overlies the 

volcanic pile at 932 m and is interpreted as the product of exhalative hydrothermal activity, which 

is also reflected by a pervasive phyllic alteration noted throughout the volcanic succession. Vein-

lets of black sulphidic pseudotachylite (Sudbury Breccia) cut the aphyric volcanics at 1,388 m (Fig. 

3.2C), and a heterolithic breccia of similar appearance also occurs within the shale unit from 

1,539–1,546 m. Two thick packages of banded iron formation make up 20% of drill core AT-14-

01. These are predominantly of the oxide facies (chert-magnetite microbands and mesobands), 

devoid of jasper, and interlayered with chlorite schist, stilpnomelane-siderite schist, and pyritic 

chert. Folding and microfaulting is common throughout, whereas brecciation (Fig. 3.2D) tends to 

increase with depth and peaks at around 2,000 m. Some of these BIF breccias might in fact be 

pseudotachylitic breccia as well, although testing this hypothesis is beyond the scope of this study. 

Wacke constitutes the remaining 10% of the total drill core length. It occurs between the lower 

and upper BIF and is bracketed between two units of > 50 m thick cherty and graphitic black shale 

that contains boudinaged lenses and cm-large framboids of pyrite or marcasite (Fig. 3.2E). The 

black shale eventually grades into sulphidic BIF over some metres.  

Finally, two suspicious quartz diorite bodies, 25 and 52 m in thickness, were encountered within 

another feldspar porphyry unit (Fig. 3.2F) and brecciated iron formation at depths below 2,000 

m. This fine-grained quartz diorite (Fig. 3.2G) displays a clear intrusive and cross-cutting rela-

tionship with the ambient feldspar porphyry. Contacts to this porphyry are sharp, undulating, and 

in one place sheared and re-healed with chlorite, stilpnomelane and calcite. Neoblasts of biotite 

were noted within the porphyry, at the intrusive contact, and likely reflect contact metasomatism. 

The nature of the contact between the quartz diorite and the iron formation remains ambiguous, 

but it is marked by a strong brecciation (either primary intrusive, impact-related, or tectonic in 

origin) and by the abundance of chlorite. For the purpose of this study, seventeen halved diamond 

drill core specimens, each 15–25 cm in length, were obtained at regular sampling intervals 

throughout the quartz diorite, and after a petrographic examination, subjected to whole-rock ge-

ochemical and isotopic analyses. The results obtained on these samples will be detailed below.  
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Figure 3.2 Lithological profile of drill core AT-14-01 with exemplary core photographs (left) and strati-
graphic interpretation (right); A: medium-grained Nipissing Suite gabbro; B: porphyric volcanic rock with 
phenocrysts of quartz and feldspar; C: aphyric sulphide-bearing volcanic rock cut by pseudotachylite; D: 
brecciated banded iron formation; E: pyrite framboids in cherty black shale; F: feldspar quartz porphyry; 
G: quartz diorite; core diameter (= the height of each panel) is 4.76 cm; colour code as in Figure 3.1. 
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3.4 Petrography 

The quartz diorite intersected at the bottom of AT-14-01 is greyish green in drill core and dark 

grey on polished surfaces, massive, aphantic and texturally uniform. In hand specimen, it has a 

relatively high density and magnetic susceptibility compared to the adjacent porphyry. The quartz 

diorite appears chilled against the country rock, becoming slightly coarser grained away from the 

contact, gradually, over a few decimetres. Any possible quench texture (spherulitic or even glassy) 

that might have been present originally is, however, obscured by the strong alteration. The fresh-

est and most coarsely grained intersection of the quartz diorite is found at 2,160 m (Fig. 3.3A–D) 

and displays a texture that might be described as holocrystalline, inequigranluar and subophitic 

to interstitial. Sub- to euhedral, twinned, and zoned plagioclase laths (0.5–1 mm in length) consti-

tute 60 vol%, locally up to 85 vol%, of the rock; their aspect ratio is typically 4:1. The interstitial 

spaces between plagioclase are commonly filled with either by biotite, quartz and sericite, or a 

cryptocrystalline mixture of ferromagnesian minerals (Fig. 3.3C,D). Plagioclase has been, to var-

iable degrees and especially in its cores, replaced by a cryptocrystalline and almost opaque min-

eral aggregate including epidote and chlorite. This saussuritisation is, in places, so extreme that 

hardly any plagioclase is preserved and that the original igneous texture is no longer apparent. 

Close to the intrusive contacts, the texture of the quartz diorite becomes very fine grained (< 0.1 

mm) and most strongly affected by the alteration. A fault gouge, filled with chlorite, carbonate and 

stilpnomelane, is developed at the contact between the quartz diorite and the porphyry at 2,120 

m but no shearing or penetrative tectonic fabric was observed elsewhere within the two dykes. 

Biotite is the second most abundant mineral after plagioclase/epidote, and by far the most abun-

dant ferromagnesian mineral in all the quartz diorite samples. It is of flaky habit, of olive-green 

colour, in places converted to chlorite, and occurs at modal amounts of 25 vol% homogeneously 

distributed throughout. There is every reason to assume that biotite is of primary origin in these 

samples. However, biotite also occurs as cm-long veinlets together with granular epidote indicat-

ing short-distance remobilisation by late-/post magmatic fluids (Fig. 3.3F). Pale green amphibole 

(actinolite) occurs as mm-sized needles and bundles at around 5 vol%. Magnetite is a minor con-

stituent of the rock, present at up to 3–5 vol%. Its distribution is, however, relatively irregular, its 

habit bimodal. On one hand, magnetite occurs as subangular grains with sharp and well-defined 

grain boundaries and occasionally with lamella of Fe-Ti oxide, which is typical of a magmatic 

origin. On the other hand, magnetite also occurs together with titanite, clay, carbonate, and unde-

finable Fe-Ti-oxides as a cryptocrystalline, semi translucent mineral aggregate (Fig. 3.3G), here 

and in the following referred to as leucoxene, and it considered being of secondary origin. Among 

the few accessory minerals identified there is, in decreasing order of abundance, anhedral inter-

stitial quartz, anhedral calcite, pyrite, and apatite. Calcite and pyrite occur together with chlorite 

in patches (Fig. 3.3H) and are certainly not part of the magmatic paragenesis, whereas the regular 

distribution, abundance and overall appearance of quartz indicates a primary origin, hence the 

petrographic rock classification as quartz diorite.  

An inclusion-bearing facies occurs between 2,081 and 2,086 m, in the centre of the upper quartz 

diorite. It contains angular to subrounded mm- to dm-sized strongly brecciated xenoliths of BIF 

and chlorite schist. Xenocrysts of quartz and magnetite are very abundant in this part of the dyke, 

which likely reflect disintegration of these locally derived xenoliths. Fragments of chlorite schist 

are in turn replaced by biotite, possibly due to contact metasomatism by the intrusion of the dyke. 
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Figure 3.3 Photograph and microphotographs of the quartz diorite in drill core AT-14-01; A: polished 
drill core (sample AT-21); B, G, H: thin sections under transmitted light and plane polars; B–F: thin sec-
tions under transmitted light and crossed polars. Abbreviations: Pl = plagioclase; Bt = biotite; Ep = epi-
dote; Qtz = quartz; Am = amphibole; Lcx = leucoxene; Mag = magnetite; Chl = chlorite; Cc = calcite. 
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3.5 Geochemistry 

General characteristics 

Quartz diorite in drill core AT-14-01 has a relatively uniform, subaluminous, subalkaline and in 

terms of SiO2 (53.4–56.2 wt%) intermediate composition (Tab. 3.1), with 11–13 wt% Fe2O3 (rep-

resenting total iron) and 3.5–3.9 wt% MgO. The Mg# (=100×molar MgO/[MgO+FeO]) lies between 

39 and 43. The LOI ranges from 1.0 to 6.6 wt% and reflects the variable amount of hydrous sili-

cates and carbonates in those samples. The rock is characterised by moderate concentrations of 

Cr (7–88 ppm) and Ni (43–91 ppm), except for three outliers with up to 308 ppm Cr and 203 ppm 

Ni. Despite its relatively primitive character with respect to mineralogy, Mg#, Cr and Ni, the quartz 

diorite is markedly enriched in incompatible lithophile elements, for example, K2O (1.3–3.2 wt%), 

U (1.1–1.3 ppm), Th (6.5–7.2 ppm), ΣREE+Y (169–186 ppm) and Zr (139–155 ppm). Its CIPW nor-

mative mineralogy is as follows: 52 vol% plagioclase, 17 vol% orthoclase, 15 vol% hypersthene, 

10 vol% diopside, and 4 vol% quartz, corresponding to a hypothetical rock density of 2.9 g/cm3. 

Igneous rock classification 

According to the TAS diagram (Fig. 3.4B), the quartz diorite’s composition corresponds to ande-

site (intrusive equivalent diorite), trachyandesite (monzodiorite) or basaltic andesite. The AFM 

plot furthermore classifies the rock somewhat ambiguously as calc-alkaline or tholeiitic (Fig. 

3.4C). Although the isocon method demonstrates little secondary mobility of most major elements 

(Fig. 3.4A), classification plots using typically immobile trace elements (Ti, Nb, Y, Zr, Th) are gen-

erally preferred. In such diagrams (e.g. Fig. 3.4D), the samples plot within the field of basalt/gab-

bro, stretching to the field of andesite/diorite. Most classification schemes suggest a calc-alkaline 

to shoshonitic (high-K) magmatic affinity (e.g. Fig. 3.4E). This classification is in broad agreement 

with the trace element patterns for the quartz diorite (Fig. 3.4F), which exhibit the diagnostic 

features of (calc-alkaline) subduction-zone magmatism, namely, the decoupling and enrichment 

of LILE from and over HFSE. This is evident from positive anomalies of Rb, Ba, K, Pb relative to the 

composition of the primitive mantle, and negative anomalies of Ti, Nb and Ta, in all 17 samples.  

Nd-Sr-Pb isotopes 

A summary of whole rock radioisotope data for the quartz diorite is presented in Table 3.2. All 

17 samples define a narrow range in 143Nd/144Nd corresponding to a very un-radiogenic ɛNd be-

tween –27.61 and –26.01. The spread in 143Nd/144Nd ratios is outside the analytical uncertainty 

and accompanied by subtle variations in 147Sm/144Nd, however, without a linear relationship and 

without age significance. Neodymium model ages (tDM) are between 2540 Ma and 2910 Ma, and 

2760 Ma on average. The 87Sr/86Sr isotope ratio is very radiogenic although it varies considerably 

from 0.710 to 0.734. A good correlation exists between the measured 87Sr/86Sr ratio and the cal-

culated 87Rb/86Sr ratio. An ordinary least square regression passing through all 17 samples gives 

an errorchron with a slope 1846 ± 76 Ma (IsoplotR; Vermeesch 2018) but with a significant dis-

persion. The 206Pb/204Pb ratio ranges from 15.77 to 19.38, 207Pb/204Pb from 15.22 to 15.59, and 
208Pb/204Pb from 35.67 to 41.15. The spread in uranogenic Pb isotope ratios makes it possible to 

construct a whole-rock errorchron (n=17) of 1780 +320/-330 Ma using Isoplot/Excel of Ludwig 

(2003), or 1711 ± 114 Ma using IsoplotR (Vermeesch 2018). The modelled initial 207Pb/204Pb ratio 

at 1850 Ma (the absolute age of the Sudbury impact event) ranges from 15.14 to 15.22.
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Table 3.1 Major element oxide concentrations (wt%) and trace element concentrations (ppm) in quartz diorite from drill core AT-14-01, Afton Township 

 AT-36  AT-38  AT-39  AT-64  AT-40  AT-41  AT-14  AT-15  AT-58  AT-17  AT-19  AT-59  AT-20  AT-21  AT-22  AT-24  AT-25  

Depth [m] 2109.00 2105.00 2097.50 2096.20 2091.00 2089.20 2166.00 2165.00 2165.00 2159.50 2157.00 2156.90 2156.30 2155.00 2153.50 2149.50 2148.20 

SiO2 53.4 53.7 53.4 53.6 53.5 53.9 54.5 54.5 54.7 55.8 55.3 55.6 55.5 55.8 56.2 53.6 54.3 
TiO2 1.08 1.09 1.08 1.09 1.07 1.08 1.09 1.12 1.11 1.15 1.16 1.17 1.16 1.15 1.18 1.10 1.11 
Al2O3 13.7 13.8 13.7 13.8 13.7 13.7 13.8 14.0 14.0 14.3 14.3 14.4 14.2 14.4 14.3 13.8 14.0 
Fe2O3 11.3 11.7 11.3 11.5 11.5 11.2 11.5 12.1 11.7 12.2 12.3 12.4 12.2 12.2 12.6 11.3 11.7 
MgO 3.8 3.9 3.7 3.7 3.7 3.5 3.5 3.7 3.5 3.6 3.6 3.6 3.7 3.9 3.8 3.5 3.7 
CaO 5.4 4.8 5.3 4.9 6.2 5.8 6.8 6.2 6.6 5.6 5.7 5.6 5.5 5.4 4.6 5.2 5.2 
MnO 0.15 0.15 0.14 0.12 0.12 0.11 0.14 0.14 0.14 0.15 0.16 0.15 0.16 0.16 0.16 0.14 0.14 
Na2O 4.0 4.0 3.9 4.0 4.0 4.2 2.9 3.0 2.9 3.3 3.3 3.6 3.4 3.7 4.0 4.1 4.2 
K2O 2.72 3.24 2.65 2.76 1.45 1.33 1.87 2.24 2.26 2.50 2.42 2.39 2.50 2.30 2.05 2.91 2.27 
P2O5 0.09 0.07 0.08 0.09 0.10 0.10 0.11 0.09 0.11 0.08 0.09 0.09 0.08 0.07 0.06 0.04 0.08 
LOI 5.5 4.8 5.6 5.0 6.6 6.3 4.7 4.0 3.8 1.1 1.0 1.2 1.1 1.1 1.5 4.6 5.3 
Total 101.10 101.22 100.85 100.60 101.86 101.30 100.86 101.03 100.76 99.79 99.39 100.07 99.44 100.04 100.42 100.32 101.93 

Cr 11.2 21 7.5 12.2 81 11.8 296 51 18.6 32 308 65 244 88 45 13.5 11.5 
Ni 45 52 43 45 86 48 195 67 51 58 203 74 170 91 67 46 47 
Cu 111 103 117 119 101 114 119 115 121 106 90 107 101 73 61 118 120 
Rb 149 189 136 139 62 49 72 82 87 46 38 39 42 37 38 127 103 
Sr 491 561 462 423 542 527 744 732 843 1019 1155 1127 1203 1126 875 514 370 
Zr 147 147 145 147 146 150 145 139 144 148 149 142 149 146 155 148 150 
Nb 7.5 7.5 7.2 7.4 9.8 7.7 16.9 8.4 8.1 8.6 18.6 9.3 15.3 10.2 9.1 7.7 7.4 
Ba 458 550 517 562 331 332 560 637 642 947 1000 961 1020 982 819 669 535 
La 33.6 32.9 33.3 33.8 33.1 34.1 35.1 33.8 34.6 34.9 35.0 34.6 35.1 32.8 32.3 31.3 33.9 
Ce 65 66 65 66 65 68 68 66 67 69 69 68 69 65 65 64 66 
Pr 7.9 7.6 7.5 7.6 7.7 8.1 8.0 7.9 7.9 7.9 8.1 8.1 8.2 7.8 7.6 7.4 7.6 
Nd 30.8 29.8 30.0 30.4 29.7 31.8 30.5 30.2 29.9 31.4 32.1 30.7 31.9 29.8 29.8 29.0 29.8 
Sm 5.5 5.7 5.5 5.8 5.5 5.8 5.9 6.0 5.7 6.1 6.1 6.0 6.1 6.0 5.6 5.5 5.5 
Eu 1.68 1.53 1.58 1.68 1.59 1.60 1.63 1.60 1.66 1.63 1.64 1.46 1.64 1.38 1.34 1.44 1.57 
Gd 4.9 4.9 5.0 4.9 4.9 4.9 5.3 5.1 5.5 5.4 5.5 5.5 5.4 5.3 5.3 5.1 5.4 
Tb 0.57 0.60 0.59 0.58 0.57 0.57 0.65 0.67 0.65 0.65 0.70 0.68 0.69 0.63 0.66 0.63 0.65 
Dy 3.1 2.9 3.2 3.1 3.0 3.1 3.8 3.8 3.8 3.9 3.9 4.1 4.0 3.7 3.8 3.8 3.7 
Ho 0.53 0.53 0.58 0.56 0.56 0.56 0.71 0.67 0.69 0.70 0.71 0.68 0.71 0.65 0.69 0.71 0.67 
Er 1.46 1.42 1.50 1.51 1.56 1.48 1.85 1.79 1.90 1.92 2.06 1.93 1.94 1.92 1.88 1.92 1.89 
Tm 0.22 0.20 0.23 0.21 0.20 0.21 0.26 0.25 0.24 0.26 0.26 0.25 0.27 0.28 0.26 0.26 0.26 
Yb 1.43 1.38 1.36 1.44 1.38 1.43 1.64 1.66 1.56 1.71 1.61 1.66 1.66 1.63 1.69 1.70 1.70 
Lu 0.23 0.21 0.21 0.23 0.21 0.23 0.25 0.23 0.24 0.25 0.25 0.29 0.27 0.27 0.24 0.25 0.25 
Y 14.3 14.0 14.4 13.9 14.7 14.5 18.7 17.7 18.5 19.0 19.2 18.2 18.8 18.6 18.9 17.8 17.8 
Hf 3.8 3.7 3.9 3.8 3.7 3.9 3.7 3.7 3.5 3.8 3.7 3.7 3.9 3.6 4.1 3.9 3.9 
Ta 0.53 0.49 0.48 0.50 0.52 0.48 0.56 0.54 0.53 0.55 0.59 0.53 0.55 0.53 0.52 0.53 0.52 
Pb 6.2 11.0 11.3 9.7 11.4 4.8 12.3 11.2 12.2 15.4 14.6 14.1 14.8 14.6 20.8 27.9 43.4 
Th 6.5 6.8 6.5 6.7 6.7 6.7 6.9 6.8 6.7 7.2 7.1 7.1 7.2 7.0 7.2 7.0 6.8 
U 1.2 1.1 1.1 1.1 1.1 1.1 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.3 1.2 1.2 
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Table 3.2 Summary of whole-rock Nd-Sr-Pb isotope data for quartz diorite intersected in drill core AT-14-01, Afton Township 

 143Nd 
144Nd  

±2σ 
147Sm 
144Nd  

ɛNd  
present 

ɛNd  
1850 Ma 

1-stage 
tDM 

87Sr 
86Sr  

±2σ 
87Rb 
86Sr  

87Sr 
86Sr1850 

208Pb 
204Pb  

±2σ 
207Pb 
204Pb  

±2σ 
206Pb 
204Pb 

±2σ 
207Pb 
204Pb1850 

AT-14 0.511298 13 0.117 –26.13 –6.95 2760 Ma 0.715811 8 0.280 0.70835 38.6961 32 15.4805 9 17.7970 9 15.22 

AT-15 0.511276 13 0.120 –26.56 –8.17 2897 Ma 0.716820 8 0.324 0.70818 38.8245 27 15.4724 9 17.7485 8 15.21 

AT-17 0.511252 12 0.117 –27.04 –8.34 2852 Ma 0.711776 8 0.131 0.70830 37.5967 25 15.3429 8 16.6996 7 15.20 

AT-19 0.511244 17 0.115 –27.20 –7.82 2788 Ma 0.710665 10 0.095 0.70813 37.7978 25 15.3470 8 16.7932 7 15.20 

AT-20 0.511280 9 0.115 –26.50 –7.36 2751 Ma 0.710862 9 0.101 0.70817 37.6443 31 15.3652 10 16.8109 9 15.21 

AT-21 0.511298 11 0.122 –26.14 –8.39 2913 Ma 0.710429 10 0.095 0.70790 37.6221 25 15.3272 8 16.7120 7 15.19 

AT-22 0.511263 11 0.119 –26.83 –7.32 2892 Ma 0.710872 12 0.126 0.70752 36.7148 29 15.2713 9 16.2197 8 15.19 

AT-24 0.511255 12 0.115 –26.97 –7.56 2763 Ma 0.726431 11 0.716 0.70735 36.1687 29 15.2509 10 16.0588 8 15.18 

AT-25 0.511287 14 0.111 –26.35 –6.39 2626 Ma 0.728671 12 0.807 0.70717 35.6667 24 15.2173 8 15.7691 7 15.18 

AT-36 0.511282 12 0.108 –26.46 –5.61 2541 Ma 0.732724 11 0.880 0.70928 41.1497 26 15.5381 8 18.8262 8 15.16 

AT-38 0.511248 17 0.115 –27.12 –7.74 2804 Ma 0.733651 10 0.977 0.70762 37.8948 28 15.3335 10 16.9720 9 15.16 

AT-39 0.511254 12 0.111 –26.99 –6.46 2657 Ma 0.731453 9 0.854 0.70871 38.3395 26 15.3609 9 17.2746 8 15.16 

AT-40 0.511255 13 0.112 –26.97 –6.74 2686 Ma 0.720708 13 0.331 0.71188 38.6533 31 15.3785 10 17.4073 14 15.16 

AT-41 0.511223 10 0.110 –27.61 –7.28 2691 Ma 0.719547 12 0.269 0.71237 40.2583 28 15.5865 9 19.3769 9 15.14 

AT-58 0.511282 10 0.115 –26.45 –7.28 2737 Ma 0.715774 11 0.299 0.70781 38.5325 28 15.4418 8 17.4739 8 15.21 

AT-59 0.511305 12 0.135 –26.01 –7.35 2787 Ma 0.710667 12 0.100 0.70800 37.9210 25 15.3568 8 16.8618 8 15.20 

AT-64 0.511276 10 0.115 –26.56 –7.41 2748 Ma 0.733426 12 0.953 0.70804 38.7832 36 15.3845 11 17.4853 10 15.16 

Average 0.511269  0.115 –26.70 –7.30 2758 Ma 0.720017  0.432 0.70852 38.1332  15.3739  17.1993  15.18 
                  

147Sm/144Nd and 87Rb/86Sr ratios were calculated using measured Sm, Nd, Rb and Sr concentrations, which are given in Table 3.1; 

2σ uncertainties of 147Sm/144Nd and 87Rb/86Sr are < 3% based on the propagated analytical error of Sm, Nd, Rb and Sr concentration data;  
143Nd/144Nd ratios are normalised to 146Nd/144Nd = 0.72190; 

2σ uncertainties of 143Nd/144Nd are < 0.004% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 87Sr/86Sr are < 0.007% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 208Pb/204Pb, 207Pb/204Pb and 206Pb/204Pb are < 0.18%, < 0.09% and < 0.5%, respectively, based on the long-term in-house reproducibility of BHVO-2; 

For sake of readability, all listed 2σ absolute internal errors only refer to the last significant decimal digits of the measured isotope ratios; 

εNd values were calculated relative to CHUR with 147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.512638; 

One-stage Nd model ages (tDM) were calculated according to DePaolo (1981a,b); 
207Pb/204Pb1850 was calculated according to Darling et al. (2010a) 
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Figure 3.4 A selection of plots used to illustrate the effects of metasomatism on, and the geochemical clas-
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3.6 Interpretation 

Assessment of post-depositional alteration 

The macro- and microscopic appearance of the rocks intersected in drill core AT-14-01 has al-

ready revealed that effectively all lithotypes therein experienced hydrothermal alteration to some 

extent and regional metamorphic overprint at least at lower greenschist-facies conditions. Hydro-

thermal alteration is, for instance, reflected by the LOI, which varies considerably throughout the 

quartz diorite. The LOI approximates the amount of CO2 and H2O and was found to correlate well 

with the modal amount of hydrous silicates and calcite in those samples. A low LOI of 1.0–1.5 wt% 

in the samples from 2,060 m is in line with petrographic observations that this portion of the 

quartz diorite had largely escaped post-depositional alteration (see Fig. 3.3A–C). Consequently, 

the samples AT-19, 20, 21, 22 and 59 (Tab. 3.1) should be most representative of the protolith’s 

composition. But how has alteration affected element concentrations and isotope ratios? Tradi-

tional wisdom suggests most elements – except the alkali metals and alkaline earth metals – 

should have remained relatively unaffected by low-T alteration unless a very high fluid:rock ratio.  

Secondary element mobility can be quantitatively assessed using the isocon method (Grant 1986), 

i.e., a direct comparison between sample pairs: Contrasting the measured element concentrations 

of the freshest sample (AT-59) with the most strongly altered but nearby sample (AT-24) reveals 

that the concentrations of most elements have remained constant within the analytical uncer-

tainty. This is demonstrated by Ti, Al, Th and Ta (typically immobile elements under greenschist-

facies conditions; Pearce 1996), which define an isocon with a slope of 1.0, and most other ele-

ments plot on, or close to, this line (Fig. 3.4A). The slope of the isocon, in turn, suggests little if any 

volume change during fluid-rock interaction. The elements Na (+14%), K (+22%), Ca (–7%), Ba (–

30%), Rb (+226%), Sr (–54%) and Pb (+98%), in contrast, do show mobility, likely due to the 

breakdown of primary feldspar. It is also possible that the apparent mobility of K, Ba and Rb re-

sulted from primary variations in the modal amount of biotite. Iron (–9%), Ni (–38%) and Cr (–

79%) show some mobility as well, whereas the apparent loss of P (–56%) is likely an analytical 

artefact (P2O5 concentrations are close to the detection limit of the EDS-XRF). Overall little ele-

ment mobility (except for Na, K, Ca, Rb, Ba, Pb, Sr) is also supported by constant inter-element 

ratios (Fig. 3.4D,E), by smooth, parallel and uniform trace element patterns (Fig. 3.4F), and by 

optimal alteration indices (after Nesbitt & Young 1982; Large et al. 2001). Consequently, most of 

the geochemical data obtained from the quartz diorite should be representative of the protolith.  

The measured Nd isotope ratios do not show any correlation with the intensity of alteration (ap-

proximated by the volatile content; Fig. 3.5A) and are therefore considered representative of the 

igneous photolith as well; mobility of Sm, Nd and the calculated 147Sm/144Nd can be ruled out on 

the basis of the isocon method (Fig. 3.4A). The Pb isotope ratios do not show any correlation with 

the LOI either (Fig. 3.5B,C) but scatter randomly around the average. The Sr isotope ratio, how-

ever, does exhibit a strong positive correlation with the LOI (Fig. 3.5D), indicating interaction 

with crustal fluids. The 87Sr/86Sr ranges from 0.710 even in the least altered sample, to 0.734 in 

one of the most altered endmembers, Rb/Sr ratios have a large spread (from 0.03 to 4.5), so do 

any hypothetical initial 87Sr/86Sr ratios. In view of the likely disturbance of the Rb-Sr system, Sr 

isotopes are not expected to provide any meaningful petrogenetic information (especially if the 

Rb-Sr mobility was not recent) and are therefore omitted from further discussion.  
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Quartz diorite in AT-14-01 – an Offset Dyke? 

The 25 and 52 m-thick quartz diorite intersected in drill hole AT-14-01 into the magnetic peak of 

the Temagami Anomaly does not resemble, in terms of petrography, geochemistry and isotopic 

composition, any of the known igneous rocks in the Huronian Basin (Chapter 2.1.3). The quartz 

diorite is certainly no member of the 2.22 Ga Nipissing Suite, nor is it related to the 1.23 Ga Sud-

bury Dyke Swarm or the 0.6 Ga Grenville Dyke Swarm, as these have a distinct mineralogy, geo-

chemistry, and metamorphic history (cf. Lightfoot & Naldrett 1996a,b; Shellnutt & MacRae 2012). 

Unlike Archaean diorites typically found in the Abitibi (e.g. Bennett 1978; Hurley 1985; Sutcliffe 

et al. 1993; Beakhouse 2011), the quartz diorite in drill core AT-14-01 is fine-grained, aphyric, 

and – despite its mafic mineralogy and overall intermediate calc-alkaline composition – abnor-

mally enriched in incompatible lithophile elements, but conversely also marked by high abun-

dances Fe, Mg, Cr and Ni. As such, it shares many geochemical traits with models of the average 

continental crust (e.g. Rudnick & Gao 2013, and references therein; Fig. 3.4B,E and Tab. 3.3) and 

the composition of so-called post-Archaean shales (pelitic sedimentary rocks representative of 

the bulk composition of the respective hinterland; Taylor & McLennan 1985, not shown). Such 

composition would require the assimilation of unrealistically large volumes of crustal material 

and is thus difficult to reconcile with a mantle-derived magmatic origin of the quartz diorite. It is 

instead typical of breccias and melt-bearing rocks formed by hypervelocity impacts involving 

large-scale homogenisation of crustal rocks (e.g. French 1998; Koeberl 2013; Dressler & Reimold 

2001; Osinski et al. 2018). The unusual nature of the quartz diorite, the recognition of pseudotach-

ylite in the same drill core, and the proximity to the Sudbury Igneous Complex, all invariably lead 

to the question as to whether quartz diorite in drill core AT-14-01 could also be impact-related. 

Table 3.3 Geochemical data demonstrating the strong crustal affinity of the quartz diorite (QD) in drill core 
AT-14-01, with major element oxides in wt% and trace element concentrations in ppm.  

 SiO2 Al2O3 TiO2 Fe2O3 MgO CaO Na2O K2O Zr Ce Yb Nb Th U Pb Ni Cr 

QD (n=17) 54.5 14 1.12 11.8 3.7 5.6 3.7 2.3 147 64 1.6 9.8 6.9 1.2 15 82 78 
MCC 1 63.5 15 0.69 6.0 3.6 5.3 3.4 2.3 149 53 2.2 10 6.5 1.3 15 34 76 

1 Average composition of the middle continental crust according to Rudnick & Gao (2013) 

If the quartz diorite was impact related, it would most likely have been an Offset Dyke of the 1.85 

Ga Sudbury Igneous Complex. These impact melt dykes are also of quartz dioritic, monzodioritic 

to granodioritic composition, and can reach for up to 37 km from the Main Mass into the country 

rock (e.g. Tuchscherer & Spray 2002). However, conclusive evidence to support this hypothesis 

fails because of limited drill core data, lack of outcrops, and the absence of a robust radiometric 

age. Pitfalls of dating the Offset Dykes, were, for example, documented by Ostermann et al. (1996), 

and include the overall low whole-rock Zr concentrations, the scarcity of newly grown zircon/bad-

deleyite, and the prevalence of inherited minerals. As a matter of fact, recent attempts to extract 

datable minerals (zircon, baddeleyite) from the quartz diorite in drill core AT-14-01 have not been 

successful (Wesley Whymark, pers. comm. 2020). In the absence of outcrops and an absolute for-

mation age, an alternative approach must be used to confirm its origin by the Sudbury impact 

event. Fortunately, the Offset Dykes are all characterised by a unique and uniform geochemical 

and isotopic composition, which makes it possible to compare the measured analyses with previ-

ously published data. A similar approach of geochemical and isotopic “fingerprinting” has recently 

been used by Latypov et al. (2019) in order to identify melanoritic (very Zr-poor) autoliths within 

the Main Mass of the Sudbury Igneous Complex.  
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Similarities between the quartz diorite and other Offset Dykes are already apparent with respect 

to major element concentrations (Fig. 3.5B–C). Although the composition of the quartz diorite in 

drill core AT-14-01 is not identical with the average composition of the Offset Dykes (after Light-

foot et al. 1997c), most of the 17 analyses are within the range of previously published data. The 

few outliers towards higher alkali metal concentrations and lower silica might be explained by 

secondary element mobility (as it has already been demonstrated for Na, Ca, and Fe; Fig. 3.5A) in 

the course of epidotisation, chloritisation, and carbonatisation. Trace elements, most of which 

have been shown to be immobile, reveal a clearer picture: Aside from the classification plots in 

Figure 3.5D,E, where the new data and the reference values form tight clusters, a direct compar-

ison of normalised trace element patterns shows a nearly identical composition (Fig. 3.6). The 

spidergram demonstrates that the trace element geochemistry of the quartz diorite is almost in-

distinguishable from that of the Offset Dykes, not only in terms of element ratios (e.g. Th/U, Nb/Ta, 

Zr/Hf, Ce/Yb), but also absolute abundances. A perfect fit exists, for example, in the concentrations 

of Zr, Hf, Nb, Ta, and the REE. Despite the alteration-induced variability, the average concentra-

tions of Rb, Ba and K also match the reference values. The only noteworthy discrepancy exists for 

Sr, as it appears to be anomalously enriched in the quartz diorite compared to the average Offset 

Dyke. However, Sr concentrations are extremely variable among the 17 studied samples and, as 

discussed earlier, have most likely been affected by secondary mobility.  

 
Figure 3.6 Primitive mantle-normalised trace element abundances for the quartz diorite in drill core AT-
14-01 and, for comparison, selected Offset Dyke averages of the Sudbury Igneous Complex (Parkin, Foy, 
Ministic); normalisation values from Sun & McDonough (1989); literature data from Lightfoot et al. (1997c). 

Aside from these trace element considerations, studies by Faggart et al. (1985), Naldrett et al. 

(1986), Deutsch (1994) and Prevec et al. (2000) have established a strong crustal affinity of the 

Sudbury Igneous Complex in terms of 143Nd/144Nd and 147Sm/144Nd ratios, reflected by a low ɛNd 

(between –6 and –9) at 1850 Ma, i.e., way outside the array of typical mantle-derived rocks. These 

workers have also shown that the model age of the Sudbury Igneous Complex, that is, the theoret-

ical time elapsed since the rocks (lower Sm/Nd) were separated from the depleted mantle reser-

voir (higher Sm/Nd) by partial melting, is significantly older than the impact itself, viz. 2.75 Ga on 

average. Model age and highly negative ɛNd were interpreted by these authors as entirely inher-

ited from the crustal precursor rocks (juvenile 2.75 Ga Abitibi Subprovince crust and its erosional 

product, the Huronian Supergroup) that became reworked and more or less homogenised in the 
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course of impact melt formation. The same isotopic features were found in the quartz diorite of 

drill core AT-14-01; the present-day ɛNd of the quartz diorite is nearly identical with the ɛNd of 

the Sudbury Igneous Complex as reported in the literature (Fig. 3.7A). In full awareness that out-

liers exist in either data set, depleted mantle model ages, which include information about the 

Sm/Nd ratio, also overlap with those of the Offset Dykes and the Main Mass of the Sudbury Igneous 

Complex (Fig. 3.7B). Although such model age is not unique to the impact melt-derived rocks of 

Sudbury (Neoarchaean magmatic rocks would have the same tDM of ca. 2.75 Ga), the combination 

of ɛNd0 and tDM suggests that both the Offset Dykes and the quartz diorite share a common source 

with the same Sm/Nd ratio and experienced the same radiogenic ingrowth of 143Nd.  

 
Figure 3.7 Neodymium isotope histograms for the quartz diorite in drill core AT-14-01 and, for comparison, 
literature data for the Sudbury Igneous Complex; A: frequency of the present-day ɛNdCHUR; B: frequency of 
depleted mantle model ages; literature data are recalculated from Faggart et al. (1985), Prevec et al. (2000), 
Latypov et al. (2019), plus five previously unpublished data for the Offset Dykes (n=1) and the Main Mass 
(n=4) (this study, see Appendix_2); not shown are data for the heavily contaminated Sublayer because these 
are not representative of the initial impact melt composition (e.g. Prevec et al. 2000). 

Additional support for an impact melt origin comes from whole-rock Pb isotopes. Like Nd iso-

topes, the very radiogenic Pb isotope systematics of the Sudbury Igneous Complex are consistent 

with impact-induced reworking of older crustal material (e.g. Darling et al. 2010b; Petrus et al. 

2016), possibly coupled with impact-induced volatile loss of Pb (O’Sullivan et al. 2016; McNamara 

et al. 2017). In contrast to Sm and Nd, the elements U, Th and Pb are readily fractionated by a 

range of intra-crustal processes and are more susceptible to later disturbance, accordingly large 

is the spread of Pb isotope data for the Sudbury Igneous Complex and its host rocks (Darling et al. 

2010b). Nevertheless, the Pb isotope ratios determined for the 17 quartz diorite samples from 

drill core AT-14-014 overlap closely with those previously obtained on other Offset Dykes and the 

Main Mass. This holds true for thorogenic Pb (Fig. 3.8A), uranogenic Pb (Fig. 3.8B), and the decay-

corrected 207Pb/204Pb1850 (Tab. 3.2), and thus not only implies identical time integrated Th/U ra-

tios, but identical inheritance common Pb. In view of the large variability in reference Pb isotope 

ratios (Fig. 3.8, McNamara et al. 2017), the excellent overlap is of even greater statistical signifi-

cance and provides strong support for an impact melt-origin of the quartz diorite in question. 
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Figure 3.8 Lead isotope histograms for the quartz diorite in drill core AT-14-01 and, for comparison, liter-
ature data for the Sudbury Igneous Complex; A: frequency of the thorogenic Pb isotope ratios; B: frequency 
of the uranogenic Pb isotope ratios; literature data on whole-rock samples and feldspar are from Dickin et 
al. (1996, 1999), Darling et al. (2010b), Lafrance et al. (2014) and McNamara et al. (2017), plus five previ-
ously unpublished data for the Offset Dykes (n=1) and the Main Mass (n=4) (this study, see Appendix_2); 
not shown are data for the heavily contaminated Sublayer and the sulphide ores because these were likely 
not in isotopic equilibrium with, and are therefore not representative of, the initial impact melt composition 
(McNamara et al. 2017). 

The spread in uranogenic Pb isotope ratios in the quartz diorite is sufficiently large to construct a 

whole-rock errorchron of 1780 +320/–330 Ma or 1711 ± 114 Ma. This date could further help to 

constrain the emplacement of the rock and to assess its putative relation to the Sudbury impact 

event, but its interpretation is not unambiguous. The first thing to note is the good linear regres-

sion between 208Pb/204Pb, 207Pb/204Pb and 206Pb/204Pb for all 17 samples. Second, Th and U con-

centrations and ratios are constant whereas Pb concentrations vary. Third, there is no geochemi-

cal evidence of igneous differentiation within the quartz diorite (e.g. stratigraphic variations in Zr, 

MgO, or Mg#). Theoretically, the spread in Pb isotope ratios could be a simple consequence of 

early loss of Pb (or gain of Th, U) during hydrothermal alteration (thereby increasing the radio-

genic ingrowth of Pb). In this case, the errorchron would erroneously date the timing of the Pb-

loss, not the crystallisation age. However, the exact opposite appears true, i.e., a gain of Pb during 

metasomatism (Fig. 3.4A), with no systematic alteration of Pb isotopes (Fig. 3.5B,C). Conse-

quently, the spread in Pb isotopes could have also been caused by subtle primary inhomogeneities 

in Th/Pb and U/Pb as one would expect for a crustal, not necessarily well-homogenised, impact 

melt. It could also be that the different isotope ratios are linked to different modal proportions of 

feldspar, since feldspar is known to incorporate more common Pb than most other rock-forming 

minerals. In these cases, the errorchron dates might be interpreted as the igneous crystallisation 

age of the quartz diorite. Although none of the above presented hypotheses can be excluded, it is 

interesting to note that the above date of 1780 Ma, despite its large uncertainty, is outside the 

known age of most other dyke swarms within the Huronian Basin, but it overlaps with the 1850 

± 1 Ma U-Pb age of the Sudbury impact event (Krogh et al. 1984; Davis 2008; Bleeker et al. 2015). 
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Discrimination between North- and South Range Offset Dykes 

Evidently, the quartz diorite in drill core AT-14-01 and the Sudbury Igneous Complex were pro-

duced from the same crustal material with the same Sm/Nd and U/Th/Pb, µ, κ, and common Pb, 

and experienced the same radiogenic ingrowth of 143Nd, 208Pb, 207Pb and 206Pb. Otherwise the 

strong similarity in the Nd and Pb isotope systematics would be difficult to explain. Together with 

identical trace element patterns they provide convincing evidence that the quartz diorite is the 

product of an impact related melt, here suggested to be a hitherto unrecognised Offset Dyke. Its 

discovery, however, opens a range of new questions. For instance, how was it emplaced and how 

can its unusual apparent thickness (50 m), depth (> 2 km) and distant position (45 km) be recon-

ciled with current models of the impact process? Theoretically, the Afton Offset Dyke could rep-

resent the distant termination of a radial Offset Dyke analogues to the Tyrone extension of the Foy 

Offset. Alternatively, it could be part of a concentric dyke, for example, an extension of Manchester 

or Hess, or a second, outer ring structure; it could also be a discontinuous, breccia hosted Offset 

Dyke analogues to Frood-Stobie. Also, whether the Afton Offset Dyke represents just the extension 

of one of the known, or a completely new Offset Dyke, remains at this stage unclear. Most of these 

questions are beyond the available data and require additional drilling and, ideally, outcrops. 

Nonetheless, below follows an attempt to tackle these problems from a geochemical perspective. 

Lightfoot et al. (1997a) were the first to notice, based on hundreds of analyses, that subtle geo-

chemical variations exist between the different Offset Dykes, yet little variation exists within a 

given dyke. These differences are most pronounced between North Range and South Range and 

were attributed by Lightfoot et al. (1997a) to inhomogeneities in the melt sheet composition, re-

sulting from the assimilation of different country rocks (Neoarchaean gneiss and granitoid in the 

North Range, Palaeoproterozoic sedimentary rocks and intrusions in the South Range).  

 

Figure 3.9 Box and whisker plots comparing selected geochemical parameters of the Afton Offset Dyke with 
those of other Offset Dykes, differentiated by geographical location (North vs. South Range) and dyke ge-
ometry (radial vs. concentric); A: Ce/Yb ratios; B: Sr concentrations; literature data are from Lightfoot et al. 
(1997c), Wood & Spray (1998), Scott & Spray (2000), Coulter (2015) and Pilles (2016). Abbreviations: Cr = 
Creighton; CO = Copper Cliff Offset; W = Worthington; CF = Copper Cliff Funnel; Mc = McConnel; V = Vermil-
lion; FS = Frood-Stobie; Ma = Manchester; T = Trill; Mi = Ministic; P = Parkin; H = Hess; A = Afton.  
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This is especially evident from whole-rock Ce/Yb ratios and Sr concentrations, but a less bimodal 

distribution also exists with respect to Th, U, Nb, and Ta, and ratios thereof. In this respect, the 

high Ce/Yb ratio of 38–48 that characterises the Afton Offset Dyke (Fig. 3.9A) is typical of all the 

North Range Offset Dykes and Parkin in particular. Lightfoot et al. (1997a) further noted that dif-

ferences also exist between radial and concentric Offset Dykes in the South Range. This difference 

is not observed in Ce/Yb ratios, but it is statistically significant in terms of absolute Sr concentra-

tions and reveals the following trend (Fig. 3.9B): South Range concentric dykes have the lowest 

Sr concentrations, followed by South Range radial dykes, North Range concentric dykes, and even-

tually, North Range radial dykes. The reason for this somewhat counterintuitive relation is not 

clear, but it is interesting to note that, despite extensive secondary element mobility, the Sr con-

centrations in the Afton Offset Dyke do overlap with those of the North Range radial dykes.  

Regional differences in trace element abundances between North and South Range Offset Dykes 

are mirrored by their Pb isotope ratios (Fig. 3.10), with those in the South Range having system-

atically higher time-integrated U/Pb ratios but lower Th/Pb. Darling et al. (2010a,b) proposed 

that this bimodality resulted from the assimilation of isotopically distinct footwall rocks by the 

impact melt prior to the emplacement of the Offset Dyke, although more local effects, such as the 

assimilation of wall rocks (post-emplacement), could have played a role as well. In terms of Pb 

isotopes, the Afton Offset Dyke displays a clear North Range affinity (Fig. 3.10, Fig. 3.11), sug-

gesting that it was derived from the same melt pool, or interacted with the same wall rocks, as the 

Foy, Parkin, Ministic and Hess Offset Dykes. Among those North Range Offset Dykes, the best over-

lap exists with the radial ones, especially Parkin, i.e., the very Offset Dyke closest to the drilling 

site, and hosted by both Neoarchaean and Palaeoproterozoic country rock. The similarity between 

the Parkin and the proposed Afton Offset Dyke is particularly interesting as it implies a close ge-

netic relation that is yet to be understood. Perhaps the Afton Offset represents a distal and 

strongly displaced extension of the Parkin Offset Dyke, perhaps a nearby dyke that was fed by the 

Parkin, or at least a dyke that evolved in a very similar fashion from the same batch of impact melt. 

 
Figure 3.10 Bivariate plots comparing the Pb isotope composition of the Afton Offset Dyke with that of 
other Offset Dykes; A: uranogenic Pb; B: thorogenic Pb; note how the Offset Dykes in the North Range and 
in the South Range of the Sudbury Igneous Complex form two isotopically distinct groups, indicating that 
they evolved with a different µ and κ; for comparison, the two-stage growth curves after Stacey & Kramers 
(1975) are shown; literature data are from Darling et al. (2010b). Abbreviations: F = Foy; I = Ministic; H = 
Hess; P = Parkin; S = Frood-Stobie; W = Worthington; C = Copper Cliff; M = Manchester.  
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Figure 3.11 Scatter plot comparing the whole-rock Th/Yb ratio vs. the decay corrected 207Pb/204Pb ratio of 
different Offset Dykes, differentiated by geographical location (North vs. South Range) and dyke geometry 
(radial vs. concentric); Th/Yb ratios are averages based on Lightfoot (2016), Wood & Spray (1998) and 
Pilles (2016); Pb isotopes from Darling et al. (2010b). Abbreviations: F = Foy; I = Ministic; H = Hess; P = 
Parkin; S = Frood-Stobie; W = Worthington; C = Copper Cliff; M = Manchester.  

A brief note on the (limited) economic potential 

In view of the fact that Offset Dyke-hosted Ni-Cu-PGE mineralisation accounts for as much as 50% 

of the total metal resources of the Sudbury Mining Camp (e.g. Keays & Lightfoot 2004), the discov-

ery of a new Offset Dyke in the Afton Township seems, at first sight, of great economic significance. 

However, only those dykes proximal to the Main Mass of the Sudbury Complex are actually min-

eralised (e.g. Frood-Stobie, Copper Cliff, Vermillion, Worthington, Whistle-Parkin), whereas Offset 

Dykes in a distant position to the impact site (e.g. Hess, Manchester, Tyrone) only contain traces, 

if any, sulphide (see, for example, Lightfoot 2016; Smith 2017). Unfortunately, no test exists to 

discriminate geochemically between barren and fertile Offset Dykes, and the only available crite-

rion is their simple lateral distance to the outer margin of the Main Mass (~6 km according to the 

currently active mines). The reason for this spatial gradient in the metal endowment is not fully 

understood, as is the emplacement of the Offset Dykes in general, but it appears to be related to 

the thickness of the original impact melt sheet and/or the limited capability of the impact melt 

dykes to transport dense (4–5 g/cm3) sulphide melt over a larger distance. Theoretically, in a dis-

tant position of the crater, the thickness of the impact melt sheet would have been too small and, 

as a simple consequence of mass balances (e.g. Ames et al. 2002; Lightfoot & Farrow 2002; Light-

foot 2016), would have not been able to generate significant amounts of Ni-Cu-PGE sulphide melt 

by liquid-liquid immiscibility, metal scavenging, and eventual gravitational accumulation of the 

metal-laden sulphide melt into larger reservoirs. Alternatively, in case of a lateral (horizontal) 

emplacement of the Offset Dykes (Grant & Bite 1984; Giroux & Benn 2005; Pilles et al. 2018b), the 

expected decreasing flow velocity, increasing lack of pathways (breccias, fissures in the crater 

floor) and increasing degrees of undercooling, all would have probably prevented any sulphide 

melt from being injected deep into the country rock. Thus, the mere distance of the Afton Offset 

Dyke to the Main Mass (45 km) renders its ore potential unlikely, supported by the fact that no 

base- or precious metal mineralisation was intersected in the AT-14-01 deep hole. 
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Laura Offset Dyke 

4.1 Summary* 

Prompted by the identification of an impact-related “Offset Dyke” at Afton Township, ongoing ex-

ploration efforts have led to the discovery of another Offset Dyke at Mackelcan Township, 25–30 

km northeast of the Main Mass of the Sudbury Complex. The proposed Laura Offset Dyke (so 

named after its discovery outcrop at Laura Creek), extends continuously over a length of more 

than 4 km, striking between N05°W and N10°E. Several shallow diamond drill holes reveal that 

the dyke has a down-dip continuity of at least 80 m, and a true width between 10 and 15 m. The 

dyke is hosted by brecciated argillite of the Firstbrook Member (Gowganda Formation) and con-

sists of two lithofacies: A medium-grained inclusion-poor quartz diorite (IQD) with < 1 vol% in-

clusions; and a fine-grained and apparently inclusion-free schlieren-textured quartz diorite (QD) 

most likely representing the quenched, extensively altered, and strongly contaminated marginal 

facies of the IQD. The volume proportion of IQD:QD approximates 10:1. However, a clear field, 

petrographic and geochemical distinction is barely possible; the transition between the two facies 

is gradual with all respects, as is the intrusive contact of the dyke against the brecciated host rock. 

The IQD that constitutes the Laura Offset Dyke is medium-grained equigranular hypidiomorphic 

rock composed mainly of plagioclase, quartz, and micrographic intergrowths thereof. Chlorite, se-

ricite, epidote, and carbonate are omnipresent, in places rock-forming, and evidently the result of 

pervasive texturally destructive fluid-rock interaction. Where primary textures are remotely pre-

served, at least five different types of inclusions could be discerned: (i) Quartzite; (ii) feldspar-rich 

enclaves; (iii) actinolitic enclaves; (iv) epidosite; and (v) exotic quartz diabase. These likely rep-

resent a combination of locally derived (contact-metasomatised) xenoliths and miarolitic cavities. 

No Cu-Ni-PGE sulphide mineralisation is currently known to be associated with the dyke. 

Geochemically, the dyke exhibits a considerable compositional heterogeneity that is in part at-

tributed to be an inherent feature, and in part attributed to secondary element mobility induced 

through metasomatism and regional metamorphism at lower greenschist facies conditions. Rela-

tively fresh, inclusion-poor and thus likely the least-contaminated samples of the quartz diorite 

have, on average, a strong mid-/upper crustal (calc-alkaline to shoshonitic) affinity, both in terms 

of immobile trace elements (150 ppm Zr; 0.85 wt% TiO2; Th/Yb = 3; Nb/Yb = 4), and whole-rock 

Nd and Pb isotope ratios (εNd0 = –28; 147Sm/144Nd = 0.11; tDM = 2700 Ma; µ = 12; κ = 3.5). These 

features identify the dyke as crustal in origin and therefore as being related to the 1.85 Ga Sudbury 

impact event. In terms of Ce/Yb and 207Pb/204Pb1850 ratios, the Laura Offset Dyke has a clear South 

Range affinity – much like the Worthington, Copper Cliff, and Manchester Offset Dykes – which is 

arguably the result of contamination with the local country rock after the dyke’s emplacement, 

rather than due to inherited isotopic heterogeneities. The strike of the Laura Offset Dyke makes it 

a possible analogue to the concentric Hess and Manchester Offset Dykes, but at a greater distance 

to the Main Mass (25 km), suggesting that the ring defined by Manchester, Hess, and Laura was 

not perfectly circular. Alternatively, the Laura Offset Dyke could delineate a second, more distant 

annular through within what might have originally constituted a ~200 km multi-ring basin.  
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4.2 Local Geology 

Mackelcan Township is centred around 46°50N 80°37W, some 45 km northeast of the City of Sud-

bury, and 10 km northeast of Wanapitei Lake. It borders McConnell Township to the north, McCar-

thy Township to the east, Rathbun Township to the south, and Aylmer Township to the west. Mac-

kelcan Township covers approximately 100 km2 and extends across the eastern part of the Te-

magami geophysical anomaly. The magnetic peak of the Temagami Anomaly occurs 20 km, the 

gravity peak 15 km, northeast. Access is provided by the Kukagami Road that joins the Trans-

Canada Highway about 10 km east of the town Wahnapitae. After following the Kukagami Road 

for 25 km north, the Bushy Bay Road and then several unnamed logging and drill roads lead to the 

area of interest. Water access is provided by the north arm of Matagamasi Lake. Field work by the 

author and the company involved was preceded by reconnaissance mapping of Ontario Geological 

Survey (Dressler 1982; Gates 1991). For detailed insights into the local geology, the reader is re-

ferred to these publications; a generalised overview is presented in Figure 4.1. 

 

Figure 4.1 Geological map of the Mackelcan and McCarthy townships showing the regional geologi-
cal and lithostratigraphic context of the quartz diorite at Laura Creek; in part based on maps of Dress-
ler (1981a, 1982) and Whymark (2019). 
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The entire Mackelcan Township is underlain by Palaeoproterozoic sedimentary rocks of the Co-

balt Group (upper Huronian Supergroup). Sandstone of the Lorrain Formation predominates in 

the western half of the township, pelitic sedimentary rocks of the Gowganda Formation in the east. 

Although the contact between the two units is not directly exposed in the study area, it is thought 

to strike approximately N-S based on geophysical evidence (e.g. Easton et al. 2020) and a signifi-

cant change in outcrop abundance and in relief across the supposed contact. 

The Lorrain Formation is a thick and relatively homogeneous package of fluviatile arenite. Dress-

ler (1982) estimated its total preserved thickness at 3,400 m; drilling at Wolf Lake revealed an 

apparent thickness of 670 m and a gradual transition to the underlying Gowganda Formation 

(Schandl 2002). In the study area, the Lorrain Formation encompasses quartzofeldspathic rocks 

ranging from quartzite, (sub-)arkose, arkosic arenite and arkosic wacke. A thickly bedded massive 

sub-arkose is by far the most common lithology, and wacke becomes more abundant in the low-

ermost parts of the formation (e.g. Schandl 2002). Sedimentary structures are only really appar-

ent at the outcrop scale and include thick planar bedding, through-cross stratification, and layers 

of quartz pebbles. Colours range in outcrop from dull white, light grey to different shades of green, 

beige, pink and brick red, all of which reflects different styles of post-depositional alteration and 

the presence of different secondary minerals such as hematite, chlorite, carbonate, or albite. Pro-

grade metamorphism is evident by sutured quartz grains that exhibit bulging crystallisation. Lack 

of biotite, however, indicates that the upper greenschist facies (biotite zone) was either not at-

tained or that biotite was replaced by retrograde chlorite, thus constraining the metamorphic 

temperature between 280 and 390°C (e.g. Stipp et al. 2002). Rocks of the Lorrain Formation are 

typically cemented with chlorite and quartz, locally also with albite and carbonate. Silicified litho-

types, such as the quartzite from Wolf Mountain and Cobalt Hill, are very resistant to weathering 

and erosions. These quartzites are associated with a significant relief (> 100 m).  

The Gowganda Formation is likewise thick and extensive but less well exposed due to a higher 

susceptibility to erosion. In most general terms, the formation is a heterogeneous sequence of 

wacke, siltstone, and mudstone. The rocks were deposited between ~2.35 and 2.31 Ga in a glaci-

ogenic to pro-deltaic environment (e.g. Young et al. 2001). A two-fold subdivision of the Gowganda 

Formation in the Cobalt Embayment has been proposed (e.g. Rainbird & Donaldson 1988). The 

Coleman Member, which is abundant in the east of the study area, in McCarthy Township, com-

prises massive non-stratified greenish wacke with an occasional matrix-supported conglomerate 

facies (diamictite). Clasts are highly variable in size and shape, and they lack any sorting. The most 

common clast lithology is a pink granite. The Firstbrook Member, which conformably overlies the 

Coleman Member, comprises (from bottom to top) thinly and rhythmically bedded siltstone, mud-

stone, and eventually sandstone; dropstones are mostly absent (e.g. Rainbird & Donaldson 1988). 

Argillaceous units of the Firstbrook Member display a diagnostic varve-like bedding of alternating 

light- and dark grey laminae and may be magnetic and graphitic in places. Unfortunately, these 

relatively soft rocks are rarely exposed within the study area. The Firstbrook Member is most 

commonly observed in the eastern part of Mackelcan Township, near the contact to the overlying 

Lorrain Formation, which confirms an overall younging direction of the Huronian strata from east 

to west. Rocks of the Gowganda Formation were metamorphosed under lower greenschist-facies 

conditions as evident by the ubiquitous presence of chlorite and sericite, and the replacement of 

detrital plagioclase by epidote. Quartz-carbonate-chlorite veining can be intense, and it is locally 

accompanied by Cu-Au mineralisation. Deformation is restricted to gentle folding and faulting. 
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Breccias related to the Sudbury impact event (“Sudbury Breccia”) are widespread, but their iden-

tification often strongly depends on the outcrop quality. Sudbury Breccia is typically found as ir-

regular masses and dykes in all types of country rock, where it appears preferentially developed 

along contacts between host rocks of varying competence (e.g. arkose–mudstone) or utilising 

planes of prior weakness such as faults, joints, and bedding plains. Veinlets of ultracataclasite and 

recrystallised pseudotachylite turned out to be ubiquitous in the region but may be macroscopi-

cally mistaken for chlorite veinlets. A massive (megaclastic) type of Sudbury Breccia (Fig. 4.2A) 

is more easily recognised in the field, with continuous exposure over 14 km along a N-trending 

lineament from Matagamasi as far as Chiniguchi Lake, with an additional 15 km of discontinuous 

exposure further north and south. Interestingly, this belt strikes concentrically around the Sud-

bury Igneous Complex. By analogy to the South Range Breccia Belt (Scott & Spray 1999), it will be 

referred to as the East Range Breccia Belt. Sudbury Breccia shows significant petrographic diver-

sity. Mono-, bi- and heterolithic, matrix- and clast supported varieties exist; clasts range in diam-

eter from a few mm to at least 12 m and have a fractal grain size distribution. They are typically 

sub-rounded with aspect ratios < 2. Most clasts are of very local derivation and underwent little 

displacement or rotation. Some exceptions of allochthonous or even exotic clasts do, however, 

occur in the centre of the breccia belt. These could not be linked to any lithology in the vicinity, or 

in some cases, are entirely exotic (e.g. Fig. 4.2B). The texture of the breccia matrix ranges from 

homogeneous (Fig. 4.2A) to flow-banded (Fig. 4.2C), cataclastic, devitrified, intersertal, to vesic-

ular and amygdaloidal. Injection dykes of breccia matrix into dilational sites within the ambient 

host rock were also observed (Fig. 4.2C). Locally, these resemble isoclinal or sheath folds. 

 

Figure 4.2 Photographs of Sudbury Breccia within the East Range Breccia Belt; A: clasts of arkose (Lorrain 
Formation) in megaclastic Sudbury Breccia; B: clasts of exotic gabbro (likely Nipissing Suite) and laminated 
siltstone (Gowganda Formation); C: injection dyke of Sudbury Breccia matrix into brecciated arkose (Lor-
rain Formation); length of the card = 9 cm; all outcrops are at Island Lake (46°49 36.47N 80°37 18.06W). 
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4.3 Field Relations 

In search for any surface expression of the Afton Offset Dyke (Chapter 3), another quartz diorite 

dyke was discovered (in outcrop) during the field work of 2019 at Laura Creek, eastern Mackelcan 

Township. The dyke was first recognised on the basis of a historic exploration adit of unknown 

age and ownership (46°49 56.03N 80°34 25.84W), apparently sunk in order to exploit auriferous 

quartz veins that crosscut the quartz diorite. It was subsequently possible to trace the dyke over 

a length of 4,350 m in (sub-)outcrop, from Matagamasi Lake (McCarthy Bay) in the south (46°49 

15.83N 80°34 25.59W), as far as Big Valley Lake in the north (46°51 32.93N 80°34 09.39W). Alt-

hough no exposure could be found further north, it is likely that the dyke extends for additional 4 

km as far as Evelyn Lake, judging from the continuation of the topographic lows and lineaments 

in between. The dyke is ca. 10–15 m wide, exclusively hosted by laminated Gowganda Formation 

argillite (the Firstbrook Member) and strikes between N05°W and N10°E. The strike parallels that 

of the East Range Breccia Belt (Fig. 4.1), and the dyke itself appears to occupy another narrow (< 

30 m) but less well-defined belt of monomict, argillite-hosted Sudbury Breccia. 

Outcrop stripping uncovered extensive quartz-carbonate veining within the dyke and its host 

rock. This was followed by an induced polarisation survey, and in the winter of 2019/2020, dia-

mond drilling of five shallow diamond holes dipping between 40 and 80° and totalling 530 m 

(VanderWal 2020a,b,c,d; Whymark 2020). Although drilling failed to intersect mineralisation, it 

provided first insights into the subsurface structure of the dyke and its relationship with the host 

rock. Drilling revealed an essentially tabular geometry of the dyke, a down-dip continuity for at 

least 80 m, a true width between 10 and 15 m, and sharp to transitional contacts against the brec-

ciated country rock. These observations are summarised in Figure 4.3 and will be detailed below.  

 

Figure 4.3 Idealised block diagram illustrating the contact relations of and textural features associated with 
the proposed Laura Offset Dyke; based on field observations and drill cores; not drawn to scale. Abbrevia-
tions: SUBX = Sudbury Breccia; tQD = transitional quartz diorite; IQD = inclusion-bearing quartz diorite.  
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Gowganda Formation 

Laminated argillite of the Firstbrook Member (Gowganda Formation) represents the footwall and 

the hangingwall of the dyke. The argillite consists of varve-like laminae of greyish green siltstone 

and dark grey mudstone, each between 1 mm and 15 cm thick and laterally persistent. Some mud-

stone-rich intervals exhibit significant magnetism in the field likely due to the abundance of finely 

dispersed magnetite. Rice grain-shaped 2 mm large carbonate porphyroblasts and cubes of pyrite 

occur disseminated throughout, together with quartz-carbonate stockworks and localised quartz-

rich crackle breccia. Some samples are extensively foliated. Bedding of the argillite on either site 

of the dyke dips chaotically and does not follow the regional dip direction of the Cobalt Group, 

which is either due to small scale folding and faulting (as indicated in vertical gradient aeromag-

netic maps; Easton et al. 2020) or due to impact-related brecciation and associated clast rotation. 

The latter interpretation is favoured because, with closer proximity to the dyke, the argillite be-

comes increasingly fractured and eventually grades into flow-textured pseudotachylitic breccia.  

Sudbury Breccia 

Pseudotachylitic breccia distal to the dyke (ca. 20 m) is characterised by a random network of 

microfractures with little or no displacement. This type of breccia gives gradually way to a more 

matrix-supported variety closer to the dyke. The latter strongly resembles the typical argillite-

hosted Sudbury Breccia (e.g. Parmenter et al. 2002; VanderWal 2021). The bedding of the host 

rock is heavily deformed (boudinaged, disjointed, and convoluted); the breccia matrix is flow-

banded, rarely massive, and typically wraps around clasts of mudstone and argillite. Some of the 

clasts preserve the original bedding of their host rock and occur in either sharp or gradual contact 

to the matrix. The size of the clasts is difficult to quantify; they range from a few cm to possibly 1 

m in diameter and are typically well rounded. Drag folds around and snowball-like or sigmoid 

disintegrations of laminated clasts into a laminated matrix were locally observed.  

Quartz diorite 

Quartz diorite weathers dull white to beige in outcrop; it weathers salmon pink to brick red where 

cut by extensional quartz-carbonate veins. Rectangular jointing is common. The width of the dyke 

cannot be reliably ascertained in the field due to a lack of outcrops and the gradual to brecciated 

nature of the contact. However, drilling indicates a width of 6–15 m. Its contact to the host rock 

appears subvertical on a larger scale, and highly irregular on the core/outcrop scale. The dyke has 

been tentatively divided into two facies (VanderWal 2020a,b,c): A transitional quartz diorite (tQD) 

and an inclusion-bearing quartz diorite (IQD). The tQD is found along the intrusive contact of the 

dyke and possibly represents a chilled margin. The rock is non-magnetic, aphantic, greyish green, 

and of indistinct appearance; it may be easily mistaken for sheared siltstone. tQD is characterised 

by dark schlieren parallel to the dyke’s margin, a diffuse contact against SUBX, and a thickness of 

1–3 m. tQD grades over 1–2 m inwards into IQD. The transition can be abrupt, but it is more com-

monly of gradual nature. The contact between the two units is locally obscured by bodies of SUBX 

that seem to have spalled off the wall rock and into the dyke, and by apophyses of tQD reaching 

into the wall rock. The transition between tQD and IQD is marked by the disappearance of schlie-

ren, the appearance of inclusions, and a change in texture from aphantic to phaneritic. IQD is non-

magnetic and for most parts texturally uniform, but it becomes slightly coarser in the centre of the 

dyke. Four types of inclusions were noted. They make up < 1 vol% of the IQD, range in size from 

mm’s to dm’s, and display no preferred orientation, and are found evenly distributed throughout.  
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4.4 Petrography 

Inclusion-bearing quartz diorite 

The inclusion-bearing quartz diorite from Laura Creek is a non-magnetic greyish green meso- to 

melanocratic, massive, equigranular, texturally uniform rock with an average grain size of 0.5 mm 

and crosscut by epidote- and quartz-carbonate veins (Fig. 4.4A). In thin section, the rock reveals 

to be composed predominantly of feldspar within a hypidiomorphic to intergranular texture; pri-

mary mafic minerals are absent. The principal rock-forming minerals are, in decreasing order of 

abundance, plagioclase (50–75 vol%), chlorite (20–25 vol%), carbonate (0–35 vol%), sericite (5–

10 vol%), quartz (5–10 vol%), epidote (≤ 5 vol%), leucoxene (< 1 vol%), and apatite (< 0.1 vol%).  

Plagioclase occurs as up to 1 mm large tabular sub- to anhedral sutured grains (aspect ratio be-

tween 5:1 and 3:1) surrounded by quartz, and in many places intergrown with quartz in a myr-

mekitic manner. These myrmekitic or micrographic intergrowths (Fig. 4.4B) may locally account 

for up to 30 vol% of the rock. Tabular plagioclases displays polysynthetic twinning of the albite 

law, a normal faint (gradual) core-rim zonation, retrograde metamorphic replacement by epidote, 

and extensive hydrothermal alteration to sericite (Fig. 4.4C,D). The anorthite-rich cores are al-

ways more affected by these processes than the albite-rich rims, the latter being well preserved 

(Fig. 4.4C). It is possible that some of the sericite is secondary after K-feldspar, but microprobe 

analyses failed to identify any relicts of such. Chlorite occurs as bundles and irregular shaped ag-

gregates interstitial between plagioclase and quartz. Two types of chlorite could be discerned 

based on interference colour: A golden-brown generation appears to be pseudomorphic after a 

primary, long-prismatic ferromagnesian mineral (amphibole?); a purple generation of chlorite 

seems to be related to metasomatism. The purple chlorite generation also occurs in close associ-

ation with porphyroblastic epidote. Carbonate (calcite ± ankerite) is omnipresent. The carbonates 

vary in habit from anhedral to euhedral rhombic, and in size from a few µm up to 5 mm (Fig. 4.4C). 

They typically contain minute inclusions of sericite. Quartz is likely a primary constituent of the 

rock. It occurs mainly as undeformed, anhedral angular interstitial grains of less than 0.2 mm in 

size and evenly distributed throughout; as up to 1 mm large anhedral subangular optical continu-

ous crystals poikilitically enclosing tabular plagioclase; or as irregular vermicular crystals inter-

grown with feldspar. Granular quartz locally exhibits a weak undulose extinction, sub-grain for-

mation, and bulging grain boundaries. Leucoxene is found disseminated throughout the inclusion-

bearing quartz diorite. It occurs as skeletal rhombic or skeletal octahedral semi-opaque mineral 

aggregates of < 0.2 mm in size. Microprobe analyses revealed leucoxene to be composed of ilmen-

ite, surrounded by cryptocrystalline selvages of hematite, rutile, titanite and pyrite. Apatite is an 

accessory constituent. It is found as very small (< 10 µm) acicular grains enclosed in plagioclase 

and quartz. So far, no zircon or baddeleyite has been observed in thin section.  

Some samples of the inclusion-bearing quartz diorite are notably sheared and exhibit a planar 

fabric defined by chlorite and sericite (Fig. 4.4E), which is locally overgrown by later, post-kine-

matic carbonate porphyroblasts. Furthermore, quartz-carbonate veins crosscut the rock at a high 

angle to this foliation, and they also cut across earlier epidote veins (Fig. 4.4F). While the epidote 

veins are confined to the inclusion-bearing quartz diorite, the quartz-carbonate veins cut across 

all lithological contacts. Both types of veins contain traces of pyrite; however, traces of galena, 

chalcopyrite and free gold have been observed only in the quartz-carbonate veins. 
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Figure 4.4 Photographs and microphotographs of the inclusion-bearing quartz diorite from Laura Creek, 
Mackelcan Township; A: polished hand specimen (sample LC06); B: thin section of the same sample under 
transmitted light and crossed polars, showing micrographic (granophyric) intergrowths between quartz 
and feldspar; C–D: close-up images (sample LC13) under transmitted light and crossed polars, highlighting 
the retrograde metamorphic and the hydrothermal replacement of feldspar by epidote and sericite, respec-
tively; with quartz, calcite and chlorite as interstitial minerals; E: strongly altered and foliated specimen of 
the quartz diorite (sample LC01) under transmitted light and crossed polars; F: thin section under trans-
mitted light and plane polars, showing the two types of hydrothermal veins thar are found within the quartz 
diorite; G: photograph of a drill core specimen (sample DH1-3 and DH1-3B), showing quartzite xenoliths 
and an igneous-textured mafic enclave; H: thin section of the same specimen (DH1-3B) under transmitted 
light and plane polars; broken line marks the contact between matrix and mafic enclave; I: same thin section 
under transmitted light and crossed polars; J: photograph of a drill core, showing two types of enclaves 
within the quartz diorite; K: thin section under transmitted light and crossed polars, showing an actinolite 
enclave; L: same spot under crossed polars; M: thin section under transmitted light and plane polars, show-
ing an epidosite enclave; N: same spot under crossed polars. Abbreviations: Fsp = feldspar; Pl = plagioclase; 
Chl = chlorite; Ser = sericite; Cc = calcite; Qtz = quartz; Ep = epidote.  
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Figure 4.4 (continued)  
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Inclusions/enclaves 

At least five different types of inclusions/enclaves have been noted throughout the IQD and dis-

tinguished based on microscopic features. Inclusions account for less than 1 vol% of the total rock, 

range in size from mm’s to dm’s, and are found relatively evenly distributed throughout. However, 

no attempt has been made to systematically assess their distribution nor orientation, as the initial 

sampling strategy focused primarily on the quartz dioritic matrix.  

Quartzite xenoliths are readily identifiable in hand specimen. The xenoliths are well-rounded, peb-

ble-sized, and in sharp contact to the quartz dioritic matrix. They are semi-transparent in hand 

specimen and locally fractured; in thin section, they are polycrystalline and monomineralic. 

Quartzite inclusions likely represent refractory xenoliths of the local country rock, either derived 

from pre-existing quartz veins, or from sedimentary pebbles in the Cobalt Group.  

Igneous-textured mafic enclaves with well-defined margins (“ghost clasts”) represent the largest 

yet most enigmatic type of inclusion (Fig. 4.4G). They range in size from a few cm to 0.5 m, and in 

shape from spherical to amoeboid, locally boudinaged, and appear plastically deformed. Petro-

graphically, the enclaves resemble the quartz diorite in terms of mineral content and texture; tab-

ular plagioclase and interstitial quartz are the main rock-forming minerals (Fig. 4.4H,I). The only 

aspect in which the enclaves differ from the quartz diorite is their extent of alteration or meta-

morphic overprint. Some of the enclaves, for instance, are composed of up to 75 vol% epidote 

(both granular and pseudomorphic after plagioclase). The transition between such epidote-rich 

enclaves is relatively sharp in hand specimen, and gradual over less than 1 mm in thin section 

(Fig. 4.4H,I). Conversely, some igneous-textured enclaves are bleached relative to the matrix.  

Feldspathic enclaves are the most common type of inclusion. They are typically < 1 cm in diameter, 

amoeboid to subangular in shape, milky white to pale green in hand specimen, and in sharp con-

tact to the host rock (Fig. 4.4J). In thin section, they are shown to be composed predominantly of 

sericite possibly after alkali feldspar. It is conceivable that these feldspathic enclaves are frag-

ments of the local country rock, or blebs of immiscible (more felsic) xenomelt. A phenocryst origin 

is unlikely considering their very heterogeneous size, shape, and irregular spatial distribution. 

Actinolite enclaves range in size from 2 mm to at least 5 cm. Their shape is highly irregular patchy, 

and the contact to the matrix is gradational, which makes their identification in hand specimen as 

well as any attempt to assess their abundance difficult. Actinolite enclaves are dark green and 

aphantic in hand specimen (Fig. 4.4J). In thin section (Fig. 4.4K,L) they revealed to be composed 

of colourless to pale green amphibole ± chlorite. The amphibole occurs as fibrous masses and ra-

diating optical homogeneous bundles, locally intergrown with, and perhaps replaced by, grey 

chlorite. There is no evidence of amphibole replacing other minerals. Although a xenolith origin 

of this type of inclusion cannot be ruled out, it is equally possible that these actinolite enclaves 

represent miarolitic cavities. This would be consistent with their rather diffuse contact, irregular 

shape, fibrous and monomineralic nature, and the absence of relict textures or pseudomorphs. 

Epidosite enclaves were only recognised in thin section and appear relatively scarce. They are less 

< 1 mm in diameter, spherical, and with sharp contacts (Fig. 4.4M,N). They are monomineralic 

and composed granular, locally fibrous, epidote, and resemble the epidosite of Chapter 6. In con-

trast to the epidote-rich “ghost clasts”, the epidosite enclaves preserve no relict igneous textures.  
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4.5 Geochemistry 

General characteristics 

Geochemical data of representative grab- and drill core samples from the quartz diorite at Laura 

Creek are presented in Table 4.1. The rock is characterised by a metaluminous, subalkaline and 

in terms of SiO2 (50–65 wt%) intermediate composition. The rock is low in TiO2 (0.85 wt%), rich 

in Fe2O3 (7–12 wt%) but low in MgO (3–6 wt%); Mg# lies between 39 and 43. The LOI ranges from 

2.3 to 8.8 wt% and reflects the variable amounts of hydrous silicates (esp. chlorite) and carbonates 

in those samples. In spite of its relatively evolved character with respect to SiO2, Mg# and Zr (130–

187 ppm), the rock has quite high concentrations of Cr (148–312 ppm) and Ni (62–155 ppm), yet 

likewise high concentrations of incompatible lithophile elements such as, Th (4–11 ppm), Nb (6–

12 ppm), and ΣREE+Y (115–300 ppm). The CIPW normative mineralogy is as follows: 14 vol% 

quartz, 53 vol% plagioclase, 7 vol% orthoclase, 23 vol% hypersthene, and 2 vol% corundum. 

Igneous rock classification 

The quartz diorite’s composition conforms to basaltic andesite (plutonic equivalent: gabbroic di-

orite) according to the TAS diagram (Fig. 4.5B). In the AFM plot, the rock straddles the boundary 

between calc-alkaline and tholeiitic affinity (Fig. 4.5C). Although the isocon method implies little 

secondary mobility of most major elements (Fig. 4.5A), classification plots using typically fluid 

immobile trace elements (Ti, Nb, Y, Zr, Th) are generally preferred. In such diagrams (e.g. Fig. 

4.5D), the samples fall entirely within the field of andesite/diorite. Most classification schemes 

employing immobile trace elements further support a calc-alkaline to shoshonitic (high-Th, high-

K) affinity (e.g. Fig. 4.5E). This agrees with mantle-normalised trace element patterns (Fig. 4.5F), 

which exhibit the diagnostic features of (calc-alkaline) arc magmatism; there are pronounced neg-

ative Nb-Ta-Ti anomalies, and positive Pb-Sr anomalies. A significant variability is observed 

among the normalised abundances of K, Rb and Ba, and this results in ambiguously negative to 

positive anomalies. All REE patterns are uniform and subparallel, marked by a distinct LREE en-

richment, a steep slope in the MREE, flat HREE, and a negative Eu anomaly (0.6–0.9) throughout. 

As seen in Figure 4.5, the quartz diorite’s composition corresponds to the bulk continental crust. 

Nd-Sr-Pb isotopes 

A summary of whole-rock radioisotope data for the quartz diorite is presented in Table 4.2. All 

samples (n=10) are quite uniform with respect to their 143Nd/144Nd and have very un-radiogenic 

ɛNd0 between –29.45 and –26.74. The calculated 147Sm/144Nd ratio ranges from 0.104 to 0.115. 

There is a weak linear correlation between 143Nd/144Nd and 147Sm/144Nd (R2 = 0.70) but without 

age significance. One-stage Nd model ages (tDM) are between 2588 Ma and 2768 Ma, and 2692 Ma 

on average. The 87Sr/86Sr isotope ratio is very radiogenic with values between 0.718 and 0.728. 

Some correlation (R2 = 0.65) exists between the measured 87Sr/86Sr ratio and the calculated 
87Rb/86Sr ratio (ranging from 0.258 to 0.553). The corresponding errorchron (least square regres-

sion using IsoplotR; Vermeesch 2018) yields, however, only an imprecise datum of 1795 ± 455 Ma 

(n=10) with a y-intercept at 0.7126 ± 0.027. The 206Pb/204Pb ratio ranges from 16.5 to 20, 
207Pb/204Pb from 15.57 to 15.97, and 208Pb/204Pb from 35.8 to 39. The spread in the uranogenic Pb 

isotope ratios is well correlated (R2 = 0.94) but yields a questionable Mesoproterozoic (~1.5 Ga) 

errorchron date. The modelled initial 207Pb/204Pb ratio at 1850 Ma ranges from 15.38 to 15.50.
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Table 4.1 Major element oxide concentrations (wt%) and trace element concentrations (ppm) in inclusion-bearing quartz diorite, Laura Creek, Mackelcan Township 

 LC01 LC02 LC04 LC05 LC06 LC07 LC09 LC10 LC11 LC12 LC13 DH1-1 DH1-3 DH3-1 DH3-2 DH4-1 DH4-2 DH5-1 DH5-2 DH5-3 1-3B 

Lat. 46°49 55 46°49 57 46°50 05 46°50 08 46°50 09 46°50 21 46°50 28 46°50 31 46°51 17 46°51 28 46°51 29 51.83 m 48.51 m 9.58 m 20.05 m 29.38 m 37.36 m 98.38 m 101.84 m 103.60 m 48.51 m 
Long. 80°34 27 80°34 25 80°34 23 80°34 25 80°34 22 80°34 22 80°34 21 80°34 21 80°34 09 80°34 09 80°34 09 52.00 m 48.67 m 9.71 m 20.20 m 29.63 m 37.49 m 98.50 m 101.92 m 103.73 m 48.67 m 

SiO2 53.6 55.8 49.7 55.9 56.7 54.0 55.4 51.8 54.2 53.3 52.3 54.3 56.3 64.5 54.7 54.9 60.0 55.0 55.4 57.0 52.7 
TiO2 0.86 0.86 0.87 0.78 0.87 0.84 0.88 0.97 0.71 0.74 0.84 0.89 0.88 0.74 0.86 0.93 0.70 0.95 0.85 0.74 0.80 
Al2O3 15.7 15.8 18.2 15.3 16.2 15.3 15.8 16.9 14.5 14.9 16.3 15.8 16.0 15.1 15.5 16.5 14.9 16.6 15.7 14.7 15.3 
Fe2O3 9.7 9.4 11.6 11.4 10.0 9.3 9.4 12.3 8.4 9.8 11.2 9.9 10.0 6.8 9.6 10.2 7.7 10.4 9.7 8.7 11.5 
MgO 4.9 4.9 6.1 6.0 5.5 4.8 4.8 5.9 4.5 4.8 4.4 5.4 5.5 3.3 5.0 5.7 4.0 5.6 4.8 4.6 4.6 
CaO 4.9 4.3 3.0 2.3 3.7 4.8 4.4 2.6 5.3 4.7 3.4 5.0 2.7 1.7 6.4 2.8 4.4 2.8 6.1 6.3 10.5 
MnO 0.19 0.15 0.21 0.19 0.18 0.16 0.17 0.21 0.25 0.21 0.26 0.17 0.14 0.08 0.19 0.16 0.15 0.18 0.17 0.16 0.13 
Na2O 2.6 2.3 3.0 3.2 3.2 2.7 3.1 3.5 3.0 2.7 3.4 2.9 2.0 4.5 2.4 3.4 3.7 3.6 2.9 3.0 0.33 
K2O  1.29 1.32 1.70 0.22 0.53 1.25 1.00 0.58 0.71 0.53 0.86 0.77 2.37 0.64 0.73 0.88 0.55 0.62 0.42 0.28 0.46 
P2O5 0.08 0.08 0.04 0.03 0.05 0.09 0.08 0.01 0.06 0.04 < 0.01 0.09 0.06 0.10 0.09 0.05 0.10 0.05 0.09 0.11 0.14 
LOI 6.2 4.9 5.5 4.1 3.3 6.2 5.5 5.1 8.8 8.5 7.1 5.0 4.2 2.3 5.1 4.6 3.9 3.5 4.3 4.7 4.4 
Total 100.04 99.66 99.86 99.48 100.13 99.40 100.38 99.80 100.34 100.08 99.93 100.12 100.09 99.76 100.55 100.05 100.04 99.38 100.23 100.20 100.70 
Cr 246.2 182.6 175.8 160.0 176.1 160.8 164.2 188.5 148.1 164.8 169.2 271.7 188.9 150.0 175.1 194.3 153.3 191.5 193.0 312.2 193.8 
Ni 111.0 83.55 98.64 108.2 97.97 67.85 71.36 94.37 77.61 90.97 92.12 136.6 85.55 61.95 74.36 97.11 77.88 113.7 89.27 155.2 76.23 
Cu 55.13 64.00 5.580 16.13 94.03 32.62 38.83 56.08 51.43 34.44 18.85 27.08 16.25 11.87 63.84 16.58 93.55 28.03 28.91 47.80 31.26 
Rb 58.50 35.24 60.56 5.742 15.54 34.22 37.64 30.02 18.86 14.36 31.74 20.71 34.07 15.39 22.41 71.41 27.34 43.72 14.79 10.20 6.144 
Sr 453.3 488.0 210.0 285.2 503.2 368.2 433.9 262.1 414.8 403.4 273.4 465.2 288.2 337.9 573.1 685.9 547.4 563.1 627.4 636.5 945.1 
Y 20.31 16.92 15.32 18.95 21.26 19.13 20.27 25.91 17.34 16.42 16.90 21.17 19.22 19.03 21.01 45.40 25.81 36.61 21.88 19.13 21.86 
Zr 139.2 139.0 187.1 167.2 143.6 149.7 139.8 152.1 151.6 145.7 146.5 135.8 138.3 161.8 129.1 149.2 150.2 147.1 143.6 130.0 112.6 
Nb 9.333 6.578 8.967 7.856 6.924 7.065 6.578 7.184 7.784 7.337 6.917 10.41 7.494 7.898 6.479 7.086 8.231 7.160 7.466 12.31 6.347 
Ba 140.5 138.2 291.2 28.03 108.4 182.2 182.4 92.84 74.41 89.07 128.7 232.7 310.6 61.61 160.1 322.6 175.7 544.9 276.7 188.0 29.80 
La 23.42 22.31 35.88 36.27 29.22 20.66 26.49 35.86 31.11 27.05 25.66 32.56 18.47 37.24 28.70 60.17 48.18 51.38 29.81 31.49 24.47 
Ce 44.09 48.85 69.59 67.98 59.56 43.34 54.46 60.11 64.43 56.87 55.22 63.42 38.65 71.15 58.04 95.16 82.78 83.49 60.43 62.94 54.07 
Pr 5.404 5.450 7.064 8.053 6.895 5.024 6.412 7.825 7.477 6.611 6.200 7.648 4.687 8.567 6.939 13.15 11.02 11.92 7.241 7.647 6.730 
Nd 20.60 21.51 30.56 30.33 26.92 17.99 24.97 29.84 26.11 23.29 24.11 26.76 16.25 28.54 23.62 44.33 36.87 41.15 24.17 26.67 23.29 
Sm 3.687 4.085 5.971 5.347 5.081 3.211 4.733 5.406 4.479 4.067 4.601 5.665 3.753 5.634 4.951 9.416 7.346 8.593 5.068 5.536 5.324 
Eu 1.097 1.076 1.111 0.930 1.303 0.912 1.244 1.341 1.178 1.121 1.168 1.425 0.996 1.440 1.392 2.048 1.691 2.085 1.398 1.543 1.647 
Tb 0.538 0.519 0.553 0.600 0.660 0.519 0.622 0.705 0.590 0.550 0.558 0.749 0.593 0.694 0.703 1.374 0.900 1.144 0.720 0.687 0.768 
Gd 3.733 3.559 5.165 4.344 4.604 3.301 4.302 4.932 4.089 3.773 4.135 5.000 3.729 4.743 4.606 8.879 6.229 7.698 4.672 4.734 5.054 
Dy 3.450 3.224 3.574 3.561 4.016 3.182 3.835 4.424 3.195 2.998 3.337 4.186 3.457 3.631 3.830 7.735 4.763 6.431 3.964 3.714 4.203 
Ho 0.709 0.635 0.554 0.674 0.773 0.680 0.740 0.866 0.625 0.593 0.637 0.850 0.749 0.733 0.805 1.609 0.943 1.305 0.819 0.739 0.848 
Er 2.255 1.932 2.083 2.075 2.277 2.061 2.192 2.665 1.856 1.768 1.910 2.486 2.147 2.183 2.258 4.697 2.715 3.854 2.308 2.116 2.304 
Tm 0.327 0.277 0.239 0.307 0.319 0.296 0.301 0.386 0.259 0.250 0.271 0.353 0.323 0.320 0.331 0.706 0.380 0.559 0.343 0.300 0.320 
Yb 2.230 1.866 2.037 2.175 2.167 1.981 2.010 2.625 1.727 1.670 1.842 2.306 2.032 2.090 2.100 4.495 2.415 3.611 2.146 1.899 1.985 
Lu 0.343 0.289 0.289 0.341 0.333 0.318 0.307 0.405 0.276 0.273 0.286 0.360 0.321 0.326 0.315 0.714 0.375 0.570 0.323 0.292 0.299 
Hf 3.483 3.544 4.534 4.314 3.786 3.645 3.598 3.927 3.686 3.576 3.751 4.120 3.393 4.089 3.150 3.695 4.434 4.231 3.450 3.803 2.868 
Ta 0.371 0.431 0.493 0.518 0.407 0.391 0.394 0.411 0.426 0.388 0.397 0.916 0.797 0.546 0.614 0.457 0.759 0.790 0.563 0.556 0.357 
Pb 7.682 8.074 4.754 5.337 7.749 5.113 5.826 5.193 35.81 21.53 15.88 8.258 6.492 5.842 9.211 9.469 8.169 10.96 10.83 10.79 17.86 
Th 5.593 4.478 8.054 8.646 4.932 5.122 4.599 6.227 6.968 5.776 5.155 5.348 4.981 9.582 4.734 10.48 11.11 9.548 5.406 6.268 4.088 
U 0.893 0.816 1.582 1.480 0.871 0.893 0.863 1.198 1.197 0.941 1.137 0.945 1.394 2.161 0.947 1.710 2.762 1.479 1.058 1.251 1.097 

Note: Analyses LC01 to LC13 are grab samples; analyses DH1-1 to DH3-5 are diamond drill cores (for details see VanderWal 2020a,b,c,d; Whymark & VanderWal 2020; Whymark 2020) 
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Table 4.2 Summary of whole-rock Nd-Sr-Pb isotope data for (inclusion-bearing) quartz diorite at Laura Creek, Mackelcan Township 

 143Nd 
144Nd  

±2σ 
147Sm 
144Nd  

ɛNd 
present 

ɛNd 
1850 Ma 

1-stage 
tDM 

87Sr 
86Sr  

±2σ 
87Rb 
86Sr  

87Sr 
86Sr1850 

208Pb 
204Pb  

±2σ 
207Pb 
204Pb  

±2σ 
206Pb 
204Pb 

±2σ 
207Pb 
204Pb1850 

Inclusion-bearing quartz diorite 

LC01 0.511255 14 0.108 –26.98 –5.97 2588 Ma 0.723420 13 0.553 0.70870 37.0237 25 15.7080 9 17.8568 9 15.44 

LC02 0.511255 12 0.115 –26.98 –7.54 2768 Ma 0.721013 12 0.399 0.71039 37.0376 22 15.6955 8 17.6895 9 15.44 

LC05 0.511141 17 0.106 –29.21 –7.81 2715 Ma 0.718171 10 0.258 0.71131 38.7084 30 15.9216 10 20.0344 10 15.40 

LC06 0.511250 13 0.114 –27.08 –7.47 2756 Ma 0.717668 11 0.286 0.71004 37.3098 28 15.7183 10 17.9597 10 15.44 

LC08 0.511128 11 0.105 –29.45 –7.63 2687 Ma 0.722125 12 0.372 0.71223 38.6892 25 15.8191 9 19.3164 8 15.38 

LC09 0.511250 10 0.114 –27.07 –7.63 2768 Ma 0.724069 13 0.439 0.71238 37.5817 24 15.7324 8 18.2706 8 15.41 

LC10 0.511237 14 0.109 –27.33 –7.57 2649 Ma 0.728008 11 0.515 0.71430 38.9738 27 15.9735 10 19.9983 10 15.46 

LC11 0.511162 14 0.104 –28.80 –6.63 2612 Ma 0.722668 12 0.327 0.71395 35.7896 33 15.5724 12 16.4685 9 15.46 

LC12 0.511192 10 0.105 –28.20 –6.72 2613 Ma 0.722394 9 0.300 0.71439 36.8259 26 15.6909 9 17.1331 9 15.50 

LC13 0.511267 17 0.115 –26.74 –6.56 2765 Ma 0.727214 14 0.519 0.71340 37.1830 28 15.6954 10 17.3735 8 15.48 

Average 0.511214  0.110 –28.78 –7.13 2692 Ma 0.722675  0.397 0.71211 37.5123  15.7527  18.2101  15.44 
                  

Igneous-textured mafic enclave 

DH1-3B 0.511305 11 0.138 –26.01 –12.13 3594 Ma 0.708708 10 0.218 0.70290 35.8008 30 15.5270 11 16.5402 10 15.41 
                  

147Sm/144Nd and 87Rb/86Sr ratios were calculated using measured Sm, Nd, Rb and Sr concentrations, which are given in Table 4.1; 

2σ uncertainties of 147Sm/144Nd and 87Rb/86Sr are < 3% based on the propagated analytical error of Sm, Nd, Rb and Sr concentration data;  
143Nd/144Nd ratios are normalised to 146Nd/144Nd = 0.72190; 

2σ uncertainties of 143Nd/144Nd are < 0.004% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 87Sr/86Sr are < 0.007% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 208Pb/204Pb, 207Pb/204Pb and 206Pb/204Pb are < 0.18%, < 0.09% and < 0.5%, respectively, based on the long-term in-house reproducibility of BHVO-2; 

For sake of readability, all listed 2σ absolute errors only refer to the last significant decimal digits of the measured isotope ratios; 

εNd values were calculated relative to CHUR with 147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.512638; 

One-stage Nd model ages (tDM) were calculated according to DePaolo (1981a,b); 
207Pb/204Pb1850 was calculated according to Darling et al. (2010a) 
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4.6 Interpretation 

Assessment of post-depositional alteration 

Quartz diorite from Laura Creek underwent extensive sub-solidus alteration as evident from a 

lack of preservation of primary igneous minerals and textures, and a preponderance of carbonates 

and hydrous silicates (Fig. 4.4). Some of these changes are likely related to regional greenschist-

facies metamorphism and are expected to have occurred under isochemical conditions (simple 

hydration), whereas others (sericitisation, carbonatisation, silicification) are more erratic, seem 

to be related to later crosscutting hydrothermal veining, and imply an open system behaviour of 

certain elements. Thus, it is first necessary to assess the extent of secondary element mobility, and 

to identify those immobile elements that are representative of the protolith’s composition.  

The isocon method after Grant (1986) offers a straightforward approach to element mobility. Con-

trasting the composition of the freshest sample available (LC06) with that of the most intensely 

altered sample from a nearby locality (e.g. LC13) reveals that most elements (esp. HFSE) remained 

constant within the analytical uncertainty, because they plot on, or close to, a straight line (an 

isocon) through the origin (Fig. 4.5A). The slope of this regression line is close to one, indicating 

that – despite volatile gain (LOI +115%) – volume change was negligible. Interestingly, Ca, Na, Al, 

and Si seemingly remained constant as well, indicating that epidotisation and chloritisation were 

isochemical processes, and are merely a consequence of retrograde metamorphism. Only Sr (–

46%), Ba (+19%), and Pb (+105%) appear mobile possibly due to local metal redistribution fol-

lowing the breakdown of magmatic feldspar, and their overall higher solubility. Sericitisation 

could explain the apparent gain of K (+62%) and Rb (+104%) as well as the large scatter in the 

TAS diagram (Fig. 4.5B), but primary heterogeneities cannot be ruled out. Relatively low element 

mobility, at least for HFSE, is further supported by constant inter-element ratios (Fig. 4.5D,E), 

uniform trace element patterns (Fig. 4.5F), and optimal alteration indices (not shown).  

The discussion of fluid mobility also applies to radiogenic isotope ratios. Due to the low capacity 

of most fluids to carry trivalent REE (e.g. Bau 1991), it is not expected that Sm or Nd were signifi-

cantly mobilised during low-/medium-grade metamorphism or mild metasomatism, nor should 

have Sm/Nd elemental fractionation taken place unless the fluid:rock ratio was exceptionally high 

(e.g. DePaolo & Wasserburg 1979). Immobility of these elements and their isotopes is supported 

by constant Sm/Nd, 143Nd/144Nd, and 147Sm/144Nd ratios. There is no correlation between the 
143Nd/144Nd ratio and the whole-rock volatile content, the latter serving as an alteration proxy 

(Fig. 4.6A). Lead isotope ratios, in contrast, show a systematic change with increasing volatile 

content (Fig. 4.6B,C), which holds true for both uranogenic Pb (R2 = 0.35) and thorogenic Pb (R2 

= 0.44). Conversely, there is no correlation between the isotope ratios and the U, Th and Pb con-

centrations, although there is evidence (Fig. 4.5A) of both U and Pb having been mobile to a cer-

tain extent. Consequently, the Pb isotope data must be treated with caution, and the ~1.5 Ga Pb-

Pb errorchron likely reflects the timing of the metasomatism. The Sr isotope ratio shows an irra-

tional scatter way outside the analytical error, even in those samples that were classified as least 

altered. This scatter persists in the initial 87Sr/86Sr1850. Further, 87Sr/86Sr varies with volatile con-

tent (R2 = 0.21) (Fig. 4.6D), perhaps due to interaction with crustal (radiogenic) fluids. In face of 

disturbance in potentially all samples (see Fig. 4.5A, Fig. 4.6H), Sr isotopes are considered being 

of no petrogenetic significance, the Rb-Sr errorchron date of ~1.8 Ga as geologically meaningless.  
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Evidence of an impact melt origin 

The quartz diorite from Laura Creek, though recognised as being part of a larger dyke, differs in 

many aspects (orientation, lithology, potential field data, geochemistry) from magmatic dykes and 

dyke swarms known in the wider region (see Chapter 2.1.3). Instead, its close spatial association 

with Sudbury Breccia, its proximity to the Afton Offset Dyke (~20 km), its orientation conspicu-

ously parallel to the East Range Breccia Belt (Fig. 4.1), and its mere classification as a calc-alkaline 

inclusion-bearing quartz diorite, all raise the question whether the dyke from Laura Creek could 

also be impact-related, perhaps another Offset Dyke of the Sudbury Igneous Complex. 

As discussed before in Chapters 2.1.4 and 3.6, igneous rocks of the 1.85 Ga Sudbury impact event 

– the quenched impactites (the Offset Dykes) in particular – have a unique geochemical and iso-

topic fingerprint, thereby providing an alternative means to their identification, especially where 

field relations are equivocal, and the opportunity for radiometric age dating is limited (e.g. Laty-

pov et al. 2019). Having provided evidence that the measured trace element concentrations and 

isotopic ratios (expect for Rb, Ba, K, Ca, Sr, Mg, Pb) are representative of the protolith, these now 

invite to test for such geochemical correlation. Comparing the average composition of the quartz 

diorite from Laura Creek with the average composition of the Offset Dykes reveals nearly identical 

trace element patterns (Fig. 4.7). The quartz diorite and the Offset Dykes, for example, have the 

same steep slope in normalised REE (Ce/YbN 7.5), the same weakly negative Eu anomaly, and al-

most identical absolute REE abundances. They also share the same Nb/Ta, Zr/Hf, Th/U, Th/Nb, 

Nb/Y and Zr/Ti (Fig. 4.5D,E and Fig. 4.7), which are sensitive ratios as to the type of a melt source, 

the degree of fractional crystallisation, and the extent of lithospheric contamination (e.g. Hofmann 

1997; Pearce 2008), all of which provides strong evidence of a genetic relationship between the 

Sudbury Igneous Complex and the dyke in question. Also note how well these features correspond 

to the estimated bulk composition of the continental crust (Fig. 4.5D,E; Rudnick & Gao 2013), 

exactly as one would expect for impactites generated by large-scale melting and homogenisation 

of calc-alkaline rocks (the Abitibi Subprovince) and their sedimentary derivatives (the Huronian 

Supergroup) (cf. Koeberl 2013). Thus, the trace elements, and to a lesser extent also the major 

elements, are consistent with the quartz diorite being a product of the Sudbury impact event.  

 
Figure 4.7 Primitive mantle-normalised trace element abundances of the quartz diorite from Laura Creek 
and, for comparison, selected Offset Dyke averages of the Sudbury Igneous Complex (Parkin, Foy, Ministic); 
normalisation values are from Sun & McDonough (1989); literature data are from Lightfoot et al. (1997c).  
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Aside from these trace element considerations, many studies have established a unique and very 

crustal isotopic signature of the Sudbury Igneous Complex (e.g. Faggart et al. 1985; Naldrett et al. 

1986; Deutsch 1994; Dickin et al. 1999; Prevec et al. 2000; Darling et al. 2010b; Petrus et al. 2016; 

Kenny et al. 2017; McNamara et al. 2017). The same signature also characterises the quartz diorite 

from Laura Creek. For instance, both the Sudbury Igneous Complex and the quartz diorite have a 

low (i.e., a very un-radiogenic) 143Nd/144Nd ratio, reflected in a strongly negative present-day εNd 

(Fig. 4.8A). They also have the same 147Sm/144Nd ratio of 0.11. Further, the model age of the quartz 

diorite (tDM = 2700 Ma) is exactly as expected for an allochthonous impactite generated by large-

scale crustal melting and homogenisation of a 2.75 Ga juvenile crust (the Abitibi Subprovince) and 

its sedimentary derivatives (the Huronian Supergroup), and it is (within ± 50 Ma) identical to the 

model age of the Sudbury Igneous Complex (Fig. 4.8B). Put in other words, the strong resem-

blance in Sm-Nd isotope systematics indicates that the quartz diorite from Laura Creek and the 

Sudbury Igneous Complex have the same time-integrated Sm/Nd and experienced the same radi-

ogenic ingrowth of 143Nd, thereby providing strong indication of a genetic relationship. 

Similarly, the Pb isotope signature can be used to argue for an impact melt origin (e.g. Darling et 

al. 2010b; Koeberl 2013), as both the Sudbury Igneous Complex and the dyke from Laura Creek 

cluster around a measured 208Pb/204Pb ratio of 35 (Fig. 4.9A), a measured 206Pb/204Pb ratio of 16 

(Fig. 4.9B), and a modelled 207Pb/204Pb1850 of 15.4 (see also: McNamara et al. 2017). This not only 

implies identical time integrated Th/U ratios, but identical inheritance of common Pb. Such Pb 

isotope signature is, of course, no definite proof of an impact origin. However, in combination with 

the above presented petrographic criteria, trace element patterns, and Nd isotope features, ample 

of evidence exists to accept the working hypothesis that the quartz diorite from Laura Creek rep-

resents another Offset Dyke of the Sudbury Igneous Complex. 

 
Figure 4.8 Neodymium isotope histograms for the (inclusion-bearing) quartz diorite from Laura Creek, 
Mackelcan Township and, for comparison, literature data for the Sudbury Igneous Complex; A: frequency 
of the present-day ɛNdCHUR; B: frequency of depleted mantle model ages; literature data are recalculated 
from Faggart et al. (1985), Prevec et al. (2000), Latypov et al. (2019), plus five previously unpublished data 
(Appendix_2) for the Offset Dykes (n=1) and the Main Mass (n=4), and data for the herein discovered Afton 
Offset Dyke (n=17); not shown are data for the heavily contaminated Sublayer because these are not repre-
sentative of the initial impact melt composition (e.g. Prevec et al. 2000). 
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Figure 4.9 Lead isotope histograms for the quartz diorite from Laura Creek and, for comparison, literature 
data for the Sudbury Igneous Complex; A: frequency of the thorogenic Pb isotope ratios; B: frequency of the 
uranogenic Pb isotope ratios; literature data on whole-rock samples and feldspar are from Dickin et al. 
(1996, 1999), Darling et al. (2010b), Lafrance et al. (2014) and McNamara et al. (2017), plus five previously 
unpublished data (Appendix_2) for the Offset Dykes (n=1) and the Main Mass (n=4), and the herein discov-
ered Afton Offset Dyke (n=17); not shown are data for the heavily contaminated Sublayer and the sulphide 
ores because these were likely not in isotopic equilibrium with, and are therefore not representative of, the 
initial impact melt composition (McNamara et al. 2017). 

Geochemical and isotopic discrimination 

Having made the case for the “Laura Offset Dyke”, it is now worth considering how the dyke is 

related to the 18 other Offset Dykes within the Sudbury Impact Structure, and the nearby Afton 

Offset in particular. As discussed before (Chapter 3.6), Lightfoot et al. (1997a) recognised sys-

tematic compositional differences between those Offset Dykes in the North Range of the Sudbury 

Impact Structure (Trill, Ministic, Cascaden, Foy, Parkin, Hess), and those Offset Dykes located in 

the South Range (Worthington, Vermillion, Creighton, Copper Cliff, Frood-Stobie, Kirkwood-

McConnel, Manchester) as well as subtle differences between radial and concentric Offset Dykes. 

According to Lightfoot (2016), these regional differences are especially pronounced with respect 

to Ce/Yb ratios and Sr concentrations. In that sense, a compilation of published geochemical data 

for the different Offset Dykes (Fig. 4.10) reveals a strong South Range affinity of the proposed 

Laura Offset Dyke. Its Ce/Yb ratio (20–30), for example, is identical to the Copper Cliff, Worthing-

ton, Kirkwood-McConnel and Manchester Offset Dykes, but it also overlaps to a certain degree 

with the Ce/Yb of the Frood-Stobie and Vermillion Offset Dykes (Fig. 4.10A). All the North Range 

Offset Dykes, in contrast, have invariably higher Ce/Yb ratios (> 30) than the Laura Offset Dyke, 

suggesting that its melt source and/or subsequent evolution was distinct from the Offset Dykes in 

the North Range. This geographical divide also exists, but is less pronounced, with respect to Sr 

concentrations (e.g. Lightfoot 2016). Unfortunately, the large range in Sr concentrations within 

the Laura Offset Dyke (likely due to metasomatism) does not permit to make a clear distinction; 

there is a substantial overlap with all groups and types of Offset Dykes (Fig. 4.10B).  
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Figure 4.10 Box and whisker plots comparing selected geochemical parameters of the Laura Offset Dyke 
with those of other Offset Dykes, differentiated by geographical location (North vs. South Range) and dyke 
geometry (radial vs. concentric); A: Ce/Yb ratios; B: Sr concentrations; literature data are from Lightfoot et 
al. (1997c), Wood & Spray (1998), Scott & Spray (2000), Coulter (2015) and Pilles (2016). Abbreviations: 
Cr = Creighton; CO = Copper Cliff Offset; W = Worthington; CF = Copper Cliff Funnel; Mc = McConnel; V = 
Vermillion; FS = Frood-Stobie; Ma = Manchester; T = Trill; Mi = Ministic; P = Parkin; H = Hess; L = Laura. 

Systematic differences between North- and South Range Offset Dykes are most pronounced with 

respect to Pb isotopes (Darling et al. 2010b), for the Offset Dykes in the South Range have a sys-

tematically higher 207Pb/206Pb and lower 208Pb/206Pb ratio relative to the Offset Dykes in the North 

Range (Fig. 4.11), although both groups are aligned along an 1850 Ma reference isochron, which 

reflects their co-genetic evolution. The observed dichotomy in Pb isotope composition could have 

had two potential causes (e.g. McNamara et al. 2017). Theoretically, the impact melt sheet and the 

Offset Dykes might have not been completely homogenised at the time of their emplacement. 

 
Figure 4.11 Bivariate plots comparing the Pb isotope composition of the Laura Offset Dyke with that of 
other Offset Dykes; A: uranogenic Pb; B: thorogenic Pb. Note how the Offset Dykes in the North Range and 
in the South Range of the Sudbury Igneous Complex form two isotopically distinct groups, indicating that 
they evolved at a different µ and κ; for comparison, the two-stage growth curves after Stacey & Kramers 
(1975) are shown; literature data are from Darling et al. (2010b). Abbreviations: F = Foy; I = Ministic; H = 
Hess; P = Parkin; S = Frood-Stobie; W = Worthington; C = Copper Cliff; M = Manchester.  
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Alternatively, the Offset Dykes could have assimilated different types of country rock during or 

after their emplacement, viz. high-207Pb/206Pb Huronian Supergroup sedimentary rocks in the 

South Range, and low-207Pb/206Pb Archaean granite and gneiss in the North Range. Irrespective of 

what the cause of the Pb isotope heterogeneity might have been, it becomes clear that the Laura 

Offset Dykes shares the same isotopic traits as the typical South Range Offset Dyke, because it falls 

on the same trend relative to the Stacey & Kramers (1975) evolution line. Its Pb isotope signature 

resembles especially that of the Copper Cliff and the Worthington Offset Dyke (Fig. 4.11), which 

is in good agreement with the trace element considerations from above (Fig. 4.10A). A common 

theme of these two Offset Dykes is that they are predominantly hosted by siliciclastic sedimentary 

rocks and that they had experienced lower amphibolite-facies metamorphic overprint. 

Finally, a clear “South Range affinity” of the Laura Offset Dyke is indicated using modelled initial 
207Pb/204Pb ratios (following Darling et al. 2010a) in combination with fluid-immobile trace ele-

ments, for instance, the Th/Yb ratio. In such plot (Fig. 4.12), the different Offset Dykes form two 

distinct clusters corresponding to North- and South Range. The plot also highlights a narrow iso-

topic and geochemical variability among the different North Range Offset Dykes, and a consider-

ably heterogeneity among the South Range Offset Dykes. This appears to be a reflection of the 

different host rocks, with the North Range being characterised by relatively monotonous a lithol-

ogy, and the South Range by a considerable lithological diversity. Somewhat paradoxically, the 

Hess Offset Dyke does not follow this trend, perhaps because it dissects, and thus assimilated, a 

range of different lithotypes, in contrast to the other North Range Offset Dykes. Irrespective of 

this, the Laura Offset Dyke corresponds to the typical South Range group. As such, it differs signif-

icantly from the Afton Offset Dyke, despite their proximity to each other. This, in turn, implies that 

the systematic differences between the Offset Dykes are not a consequence of their location rela-

tive to the impact site, or large-scale inhomogeneities in the composition of the impact melt sheet, 

but rather a consequence of the assimilation of different types of host rock after the intrusion. 

 
Figure 4.12 Scatter plot comparing the whole-rock Th/Yb ratio vs. the decay corrected 207Pb/204Pb ratio of 
different Offset Dykes, differentiated by geographical location (North vs. South Range) and dyke geometry 
(radial vs. concentric); Th/Yb ratios are averages based on Lightfoot (2016), Wood & Spray (1998), and 
Pilles (2016); Pb isotopes from Darling et al. (2010b) and this study. Abbreviations: A = Afton; F = Foy; I = 
Ministic; H = Hess; P = Parkin; S = Frood-Stobie; W = Worthington; C = Copper Cliff; M = Manchester. 
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Comparison with Manchester and Hess 

Although the above present field relations, geochemical and isotopic data have provided strong 

evidence of an impact melt origin, the proposed Laura Offset Dyke differs in some respects from 

most other Offset Dykes, expect for the Manchester and the Hess (Fig. 2.5B), as detailed below.  

A peculiar feature of the Laura Offset Dyke is its strike between N05°W and N10°E (Fig. 4.1), 

which is about parallel to the outer margin of the Main Mass. This sub-concentric strike distin-

guishes Laura from most other Offset Dykes; it does, however, also characterise the 5 km long 

Manchester Offset Dyke in the South Range, and especially the 50 km long Hess Offset Dyke in the 

North Range. All three dykes have in common that they are 10–30 m wide, dip sub-vertically, and 

are hosted by extensive zones of Sudbury Breccia (e.g. Grant & Bite 1984; Wood & Spray 1998; 

Smith et al. 2013). It therefore seems as if the Laura Offset Dyke is, in terms of geometry and con-

tact relations, a close analogue to the Hess and Manchester, perhaps their extension, or a second 

(more distal) concentric dyke. The latter interpretation is favoured because the Laura Offset Dyke 

occurs more than 14 km away from the outermost reported occurrence of shatter cones east of 

the Main Mass (Guy-Bray et al. 1966; Dressler 1982, 1984; Grieve et al. 2008), whereas Hess and 

Manchester still occur within the zone of shock metamorphism (likely within the former transient 

cavity; Spray et al. 2004). Under the reasonable assumption that the distribution of shock features 

was initially circular around the impact site, and in the absence of evidence that the dyke was 

significantly deformed or structurally displaced afterwards, the Laura Offset Dyke most likely rep-

resents another, more distal, circumferential dyke within the Sudbury Impact Structure. 

Unlike most other dykes within the Sudbury Impact Structure, the Laura, Manchester, and Hess 

Offset Dykes have a very low inclusion content and a high QD/IQD ratio of > 10 (Lightfoot 2016); 

inclusions constitute less than 1 vol% of the Laura Offset Dyke and is not clear whether the lithol-

ogy should actually be classified as IQD (the arbitrary distinction and gradual nature between QD 

and IQD has been pointed out before in Chapter 2.1.4). The reason for the lack of inclusions is 

currently not known. Maybe it is a diagnostic feature of all distal and/or concentric Offset Dykes, 

in contrast to the more proximal dykes, which are expected to have formed and evolved in a highly 

dynamic environment, including multiple injections, resorption, flow differentiation, exhumation 

and collapse of a central uplift (Pilles et al. 2018b; Prevec & Büttner 2018; Mathieu et al. 2021). 

Another mutual characteristic of the Laura, Manchester and Hess Offset Dykes is their unusual 

quartz-rich modal composition; granophyric intergrowths locally account for up to 30 vol% of the 

quartz diorite in either dyke (Grant & Bite 1984; Wood & Spray 1998; and this study). Grant & 

Bite (1984) and Lightfoot et al. (1997a) speculated that this could be the result of local contami-

nation by siliceous wall rocks such as, Serpent Formation sandstone (~80 wt% SiO2; Fedo et al. 

1997) at Manchester, and Neoarchaean granite (70 wt% SiO2; Meldrum et al. 1997) at Hess. Con-

versely, the Laura Offset Dyke is hosted by relatively silica poor Gowganda Formation argillite 

(~65 wt% SiO2; Young 1969) and still contains a disproportionally large modal amount of grano-

phyre. Alternatively, the abundance of granophyre could point to a more evolved, stronger frac-

tionated composition of the impact melt relative to other Offset Dykes (Wood & Spray 1998), alt-

hough geochemical data on neither Hess, Manchester nor Laura support this interpretation (see: 

Lightfoot et al. 1997a,c; Pilles et al. 2017). It remains to be established whether the quartz-rich 

composition of Laura, Hess, and Manchester Offset Dykes is merely a function of the host rock, or 

maybe an inherent feature of all distal and/or continuously developed concentric Offset Dykes. 
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Origin of the mafic enclaves 

Another issue that remains to be addressed is the origin of the igneous-textured mafic enclaves 

within the inclusion-bearing quartz diorite of the Laura Offset Dyke (Fig. 4.4). In an attempt to 

constrain their origin, one of the enclaves (sample DH3-1B) has been analysed for its trace ele-

ment- and isotopic composition. As can be seen in Figure 4.13, the sample differs geochemically 

from the average Offset Dyke. Although the enclave has a similar major element composition, sim-

ilar MREE and HREE abundances, the same Nb/Ta ratio, and the same negative Ti anomaly, there 

are noteworthy discrepancies with respect to LREE, Zr, Hf, Nb, Ta, Th and U (as well as Rb, Ba, K, 

and Sr, but these were most likely affected by fluid-rock interaction). While it cannot be ruled out 

that other elements, such as U and the LREE, were likewise affected by the alteration (epidotisa-

tion), the lower concentrations of Zr, Nb and Th in the enclave relative to the quartz diorite are 

suspicious. It appears that these igneous-textured enclaves, at least the one analysed here, are 

genetically unrelated to the Offset Dykes. This conclusion finds additional support in the whole-

rock isotope data. As evident from Table 4.2, the enclave has a significantly higher 147Sm/144Nd 

ratio (0.14) than the Laura Offset Dyke, and a much older model age (tDM) of 3600 Ma. The enclave 

has, furthermore, a lower 87Sr/86Sr ratio and a lower 207Pb/204Pb1850 ratio than its host rock. 

 
Figure 4.13 Primitive mantle-normalised trace element abundances of a mafic enclave within the Laura 
Offset Dyke and, for comparison, selected Offset Dyke averages of the Sudbury Igneous Complex; normali-
sation values are from Sun & McDonough (1989); literature data are from Lightfoot et al. (1997c).  

Based on the above evidence it is proposed that the mafic, igneous-textured enclaves within the 

Laura Offset Dyke are xenoliths, affected to some extent by contact metasomatism (albite-epidote 

hornfels facies; see also: Boast & Spray 2006) and perhaps melt infiltration (see: Wang et al. 2020). 

They were likely derived from a pre-existing, unexposed, mafic lithology. As the enclaves have a 

similar mineralogy and composition as their host rock (i.e., the impact melt), and because of their 

refractory composition in general, the mafic xenoliths were not completely digested by the super-

heated impact melt. Their high liquidus temperature likely accounts for their relatively high abun-

dance compared to the rarely observed, more fusible, sedimentary xenoliths. The exact origin of 

the xenoliths remains unclear, but a potential source rock (a quartz diabase of the 2.17 Ga Bisco-

tasing Dyke Swam) might have already been identified in this study (Chapter 8). That said, it is 

interesting to note that exotic gabbroic clasts, either of the Nipissing Suite or the Biscotasing Dyke 

Swarm, were observed within Sudbury Breccia just 8 km west of Laura Creek (Fig. 4.2B).  
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Ni-Cu-PGE mineralisation potential 

A final aspect that requires consideration is the economic potential that might or might not be 

associated with the Laura Offset Dyke. While Offset Dykes in general constitute an important 

source of Ni, Cu, and PGE, and bearing in mind that Offset-hosted deposits account for half of the 

total historic metal production of the Sudbury mining camp (e.g. Keays & Lightfoot 2004), not all 

the dykes are as equally well endowed. Disproportionally large quantities of ore are, for example, 

associated the Frood-Stobie, Copper Cliff, and the Worthington Offset Dyke and, to a lesser extent, 

also with the proximal Foy, Vermillion, and Whistle-Parkin. Others, such as Trill, Cascaden, Hess, 

Manchester, Tyrone (distal Foy), or Cecil-Johnson, are only hosts of subeconomic disseminated 

base metal mineralisation (Smith et al. 2013; Coulter 2015; Smith 2017) whereas some may only 

contain pyrite, if any sulphide (Anders 2016; Pilles 2016). The metal enrichment of an Offset Dyke 

seems to be unrelated to factors such as, lithology; its geochemical affinity (including bulk-rock 

Cu/Ni, Ce/Yb); the type and abundance of inclusions; the geometry, continuity, length, or width of 

the dyke; the type of the country rock; the extent of brecciation; the level or erosion; or the degree 

of metamorphism/alteration (Lightfoot 2016).  

From our current understanding, only two parameters seem to have favoured the concentration 

of economic amounts of Ni-Cu-PGE sulphide into a given Offset Dyke: (1) Its proximity to the Main 

Mass (typically < 7 km based on the sphere of currently operating mines), and/or (2) the existence 

of a physical connection to the Main Mass via funnels (as is the case for Copper Cliff, Foy, Whistle). 

As discussed before in Chapter 3.6, both parameters are indirectly related to the initial thickness 

of the impact melt sheet (a thicker melt sheet contains more metals) (Ames et al. 2002; Lightfoot 

& Farrow 2002; Lightfoot 2016), and the availability of pathways and structural traps (typically 

higher in the centre of an impact structure). In this sense, not only does the Laura Offset Dyke lack 

any known physical attachment to the Main Mass, but it also occurs at a much greater distance to 

the Main Mass (25–30 km) than most other Offset Dykes. Thus, from a pure theoretical perspec-

tive, and under the reasonable premise that the distribution of impact melt and structural features 

within the Sudbury Impact Structure was relatively symmetric, the Laura Offset Dyke should be 

only of limited economic significance, as should be the even further Afton Offset Dyke (45 km).  

And indeed, no sulphide other than erratic (and clearly secondary) pyrite, galena and chalcopyrite 

was observed within the Laura Offset Dyke despite considerable and ongoing exploration efforts 

(e.g. Whymark 2020). There is also no evidence of the existence of base metal sulphide/arsenide 

that could have potentially resulted from the metamorphic/hydrothermal remobilisation of a pre-

existing (igneous) ore body. One might argue that the Laura Offset Dyke has a considerable down-

dip continuity (possibly as deep as the other Offset Dykes), that sulphide melt could have perco-

lated into the dyke (e.g. Giroux & Benn 2005), and that economic concentrations of Ni-Cu-PGE are 

somewhere hidden at depth. However, the total absence of both magmatic and hydrothermal base 

metal sulphide at surface and along the entire 4.3 km strike length, not even of traces, is highly 

suspicious of that theory, and rather indicates that the Laura Offset Dyke – as interesting as its 

discovery might appear from an academic viewpoint – is barren throughout. Whether the quartz-

carbonate veins that cut across the Laura Offset Dyke have any economic value (e.g. with respect 

to gold) is yet to be established, as is the nature of their relationship to the dyke. The possibility 

remains nonetheless that other, more proximal, and therefore perhaps better endowed (or even 

ore-bearing) Offset Dykes exist within the East Range, maybe in the Aylmer, Rathbun or Scadding 

townships, 5–15 km northeast of the Main Mass of the Sudbury Igneous Complex.  
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Rathbun Offset Dyke 

5.1 Summary1 

A third Offset Dyke was discovered at Rathbun Lake, central Rathbun Township, 15 km east of the 

Main Mass of the 1.85 Ga Sudbury Igneous Complex. The Rathbun Offset Dyke, an inclusion-bear-

ing amphibole quartz diorite, is very limited in exposure and lacks any known physical connection 

to the Main Mass. It likely represents the erosional remnant and the basal termination of an orig-

inally much more voluminous Offset Dyke, whether radial, concentric, or discontinuous. As far the 

emplacement of the Rathbun Offset Dyke is concerned, there is textural, geochemical, and isotopic 

evidence of extensive thermomechanical erosion of the local country rock (Nipissing Suite gab-

bro) by the parental superheated (> 1,200°C) impact melt. The presence of primary igneous horn-

blende suggests that the quartz diorite crystallised under hydrous conditions (~6 wt% H2O) likely 

as a result of the assimilation and dehydration of volatile-bearing xenoliths and country rock, at a 

pressure between 0.8–1.3 kbar. These data are consistent with an emplacement of the dyke at the 

base of the 3–5 km thick Sudbury impact melt sheet that is now preserved as the Main Mass. 

The Rathbun Offset Dyke is here shown to be spatially and genetically associated with high-grade 

PGE-Cu-Ni sulphide mineralisation, previously known as the Rathbun Lake occurrence, and previ-

ously interpreted as epigenetic in origin and related to the 2.22 Ga Nipissing Suite. The following 

chapters therefore provide a detailed characterisation and re-interpretation of the Rathbun Lake 

occurrence in light of its potential impact origin. A primary assemblage is identified and inter-

preted as igneous. It consists of disseminated to semi-massive net-textured chalcopyrite, loop-

textured pentlandite, trellis-textured titanomagnetite ± Pd-Bi-Te minerals ± PtAs2 (sperrylite) ± 

native gold. Grab samples average ~40 g/t Pd+Pt+Au at a Cu/(Cu+Ni) of > 0.9 and a Pd/Ir of > 

100,000. This assemblage was likely formed by a highly fractionated sulphide melt, and it bears 

as such strong resemblance to the footwall deposits underneath the Sudbury Igneous Complex. 

Hydrothermal overprint at lower greenschist-facies conditions produced a secondary assemblage 

of pyrite/marcasite, violarite, covellite ± millerite. It involved local remobilisation into pyrite-

chalcopyrite stringers and veinlets and led to the textural liberation of PGE minerals from their 

sulphide hosts. Micron-scale X-ray mapping revealed a progressive in-situ replacement of mag-

matic Pd-Bi-Te minerals, where in contact with hydrous silicates, by Sb- and Hg-bearing Pd min-

erals such as temagamite, Pd3HgTe3. The timing and nature of this hydrothermal overprint re-

mains uncertain, but a connection to later regional metamorphism and faulting, followed by su-

pergene weathering, seems most plausible. Alternatively, alteration could have occurred automet-

asomatically when a hydrous fluid phase was expelled from the crystallising sulphide melt.  

All in all, these findings advocate for a new subtype of distal Offset Dyke-hosted mineralisation in 

an area so far not known for Offset Dykes. This opens new perspectives in the search for uncon-

ventional ore deposits within the 200 km-large Sudbury Impact Structure. 

 

Parts of this chapter have been published in a modified form as: 
Kawohl, A., Whymark, W. E., Bite, A., & Frimmel, H. E. (2020). High-Grade Magmatic Platinum Group Ele-
ment-Cu(-Ni) Sulfide Mineralization Associated with the Rathbun Offset Dike of the Sudbury Igneous Com-
plex (Ontario, Canada). Economic Geology, 115(3), 505-525. doi.org/10.5382/econgeo.4717 
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5.2 Local Geology 

Rathbun Township is located 10–15 km northeast of Sudbury. It extends across the 10 km-large 

Wanapitei Lake and covers the southwestern part of the Temagami Anomaly. It borders the 1.85 

Ga Sudbury Igneous Complex to the west, which is one of the main reasons why the township 

looks back on more than 100 years of extensive mineral exploration. Numerous occurrences, past-

producing as well as active mines are found in the township, including impact-related Ni-Cu-PGE 

sulphide mineralisation (Capre, Nickel Rim, Victor Deep, MacLennan, Rathbun Lake showing – this 

chapter). For detailed insights into the geology of the Wanapitei Lake area, the reader is referred 

to Dressler (1982) and Gates (1991). For reasons outlined below, the focus of this chapter will be 

placed on the eastern part of Rathbun Township, specifically the area around Portage Bay, Mataga-

masi Lake and Rathbun Lake. Access to these locations is provided by Highway 17 coming from 

Sudbury, then turning into Kukagami Road and heading for 30 km northwards along the Bushy 

Bay Road as far as Poulton Lake. Some outcrops around Portage Bay may be accessed by boat only. 

In contrast to much of the eastern part of the Temagami Anomaly, outcrop conditions in the Por-

tage Bay area are quite good, especially alongside roads and other manmade excavations. Another 

advantage of the area is, despite its proximity to Sudbury, the absence of black smelter coatings, 

which typically obscure much of the outcrops in the South Range of the Sudbury Igneous Complex. 

This invites for a more detailed description of the local geology. 

The oldest rocks in the Portage Bay area are sedimentary rocks of the upper Huronian Supergroup 

(Cobalt Group), deposited sometime between 2.35 and 2.31 Ga in a glaciogenic to fluvial environ-

ment (Caquineau et al. 2018; Hill et al. 2018). Wacke, silt- and mudstone of the Gowganda For-

mation prevail; arenites of the overlying Lorrain Formation are only present in the northern cor-

ner of the township and in a small enclave to the south, around Bassfin Lake (Fig. 5.1). Typical 

features observed in the Gowganda Formation include Archaean dropstones (mostly granitoids), 

rhythmical bedding, and, in places, conglomeratic layers. A greenish-grey massive and uniform 

wacke, however, is the aerially most extensive lithology of the Gowganda Formation; laminated 

argillite is locally found north of Rathbun Lake and in the Bassfin Lake area. Sedimentary features 

typically observed in the Lorrain Formation rocks include thin layers of quartz pebbles, planar 

and through cross-stratification. The thickness of the Cobalt Group in the area is not known. 

Rocks of the Huronian Supergroup were, in many places, intruded by tholeiitic magmas of the 2.22 

Ga Nipissing Suite, forming predominantly up to 1 km-thick sills, rarely dykes. An exceptionally 

well-studied member of the Nipissing Suite is exposed at Portage Bay, stretching across Mataga-

masi and Kukagami Lake, and extending as far as Scadding Bay to the south. The so-called Wanap-

itei Intrusion (not to be confused with the 1.75 Ga Wanapitei Complex in the Grenville Province; 

Prevec 1995) is a lopolith-like body that received considerable attention throughout the past as a 

Cu-Ni-PGE prospect. Dated at 2109 ± 40 Ma using the K-Ar method (Edgar 1986) it was confirmed 

as a member of the Nipissing Suite (see also: Dressler 1982; Lightfoot & Naldrett 1996a). The lop-

olith could have originally exceeded 8 km in diameter and 800 m in true thickness (Edgar 1986); 

the three separate lobes of the intrusion measure 3 x 1 km. Their basal intrusive contacts dip 

steeply and face a common centre at Bassfin Lake (Fig. 5.1). Thermal metamorphism of the coun-

try rock (laminated wacke) is restricted to less than 2 m of baking (Edgar 1986). A basal unit of 

fine-grained quartz diabase (< 5 vol% quartz) is typically present, but more than 98 vol% of the 

Wanapitei Intrusion consists of massive, medium-grained, and Nipissing Suite-typical 
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Figure 5.1 Geological map of Wanapitei Lake; based on maps of Ogden (1957), Dressler (1981a, 
1981b, 1982), Ames et al. (2005), Whymark (2019) and additional mapping by the author. 
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orthopyroxene gabbro without macroscopic evidence of igneous layering (however: Finn & Edgar 

1986; Finn et al. 1982). Pegmatoidal segregations occur here and there, but always > 100 m above 

the basal contact. The author would like to note that some of these pegmatoidal segregations, with 

their cm-sized prismatic augite and hornblende crystals, are very similar to the features observed 

in the Shakespeare Lopolith, the only economically mineralised member the Nipissing Suite, 70 

km west of Sudbury (Sproule et al. 2007; Dasti 2014; Davey et al. 2019). The Wanapitei Intrusions, 

furthermore, contains irregular, metres to tens of metres wide zones of disseminated (up to 3 

vol%) blebby or globular chalcopyrite and pyrrhotite ± pentlandite. This type of mineralisation is 

not confined to any stratigraphic level within the lopolith, specific lithology, nor rock texture; it is 

found in each of the three lobes, in the basal quartz diabase, in the orthopyroxene gabbro, in the 

more plagioclase-rich leucogabbro, and even in felsic differentiates near the roof zone, although 

it is not found in the sedimentary footwall rocks. Consensus exists about a magmatic origin of this 

sulphide (Lightfoot & Naldrett 1996a; Jobin-Bevans 2000; Lightfoot 2016, p. 91).  

A more controversial but to the scientific community and the local mining industry well-known 

PGE-Cu-Ni occurrence is found on the northern contact of the northern lobe of the Wanapitei In-

trusion, exposed directly on surface at the shore of Rathbun Lake (formerly known as Boucher 

Lake or McLarens Lake). Patented in 1889/1890, the first reference to the Rathbun Lake occur-

rence was made in the Sudbury Journal of June 4, 1891 (as cited in Gates 1991, p. 203):  

“The Bonanza Nickel Company, the announcement of whose incorporation was made in 

the Ontario Gazette recently (…) the property of which they will operate is in F.4 town-

ship 42 (Rathbun) on the shore of Lake Wahnapitae, where they have 80 acres on which 

the showing is excellent, as will be shown by the following analysis of samples by Prof. 

Hayes: nickel, 4.10 per cent, copper, 12.50 per cent, gold $12.10 per ton, platinum $37.50 

per ton. The company is in the hands of live practical men. Mr. Wells, the President, will 

direct the operations in mining and smelting. A water-jacketed smelter capable of treat-

ing about fifty tons of ore per day will be put up, and is expected that everything will be 

completed so that mining may begin this summer.” 

The ambitious plans of the Bonanza Nickel Company did not go beyond the sinking of a 13.5 m-

deep prospect shaft vertical into the occurrence, the timbered and collapsed remnants of which 

were still in place at the time of writing. The property was acquired in the 1950s by Dolmac Mines 

Ltd., who conducted mapping, surface sampling, shallow drilling and dewatering of the shaft, but 

eventually failed to locate additional mineralisation or an extension of the existing showing. Alt-

hough grab samples collected by Dolmac returned impressive values of up to 10 g/t Pt and 30 g/t 

Pd (Koulomzine 1955), the project came yet to another halt. With the economy’s growing demand 

for Pt and Pd especially since the 1980s, several other companies and individuals began to explore 

the Rathbun Lake area, drilling included, but all without success. 

As the showing went through several phases of outcrop stripping, blasting, trenching, excavation 

and muck piling, an in-situ study of the mineralisation is no longer possible. For information about 

the original mineralisation one must rely on historic company reports and drill logs (Ogden 1957, 

1958; Dressler 1982) and the study of muck piles (Koulomzine 1955; Rowell & Edgar 1986; Light-

foot et al. 1991). The available information summarise as follows: The mineralisation in form of 

massive chalcopyrite (50 vol%), pyrite (45 vol%), magnetite (5 vol%) and traces of pyrrhotite, 

millerite, violarite, covellite, arsenopyrite, sperrylite, native gold and Pd-Bi-Te minerals, was 
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described as a lenticular or vein-like body (striking roughly E-W), up to 12 m long and 0.6 m wide, 

surrounded by a halo of disseminated sulphide, and located at the lower contact between the 

Wanapitei Intrusion and the Gowganda Formation. The host rock was described as a fractured, 

strongly altered variety of the Nipissing Suite diabase/gabbro, rich in quartz, hornblende, chlorite, 

epidote, and biotite. The host rock was apparently referred to as a sharp-walled “grey dyke” in 

drill logs by Ogden (1958) and interpreted as a silicified fault breccia by Rowell & Edgar (1986).  

All the Palaeoproterozoic rocks in the Portage Bay area were affected by gentle folding and re-

gional metamorphism not exceeding the greenschist facies (see also Dresser 1982). This is evident 

from metamorphic assemblages in the Nipissing Suite gabbro, which include actinolite, chlorite, 

epidote, quartz and titanite. Most of the Wanapitei Intrusions, however, preserves a relatively 

pristine mineralogy and texture. Exceptions are autometasomatically altered zones in and around 

pegmatitic segregations, where patches of epidote, amphibole, and pink feldspar (and scapolite?) 

are common. The main metamorphic minerals in the Cobalt Group are sericite, chlorite, and bio-

tite; garnet is absent, and no penetrative foliation was observed, nor has it been reported in the 

literature. The Portage Bay area lies outside the sphere of high-pressure shock metamorphism 

related to the 1.85 Ga Sudbury impact event (e.g. Dressler 1982; Ames et al. 2005) and way outside 

the thermal aureole surrounding the Sudbury Igneous Complex (Prevec & Cawthorn 2002; Jørgen-

sen et al. 2019). Pseudotachylitic breccia (termed Sudbury Breccia) occur scattered throughout 

the study area, typically found at lithological contacts. Quite impressive examples of megaclastic 

Sudbury Breccia can be found around Poulton Lake, and especially around Bassfin Lake.  

The structural geology around Wanapitei Lake and Portage Bay is dominated by subparallel N-

striking faults and shears (Fig. 5.1). The largest of these is known as the Upper Wanapitei River 

Fault (WRF), which can be traced for a hundred kilometres along strike. A significant topography 

and both lateral and possibly vertical displacements are associated with the WRF, and many po-

tential splays have been mapped in the study area, including the MacLaren Lake and MacLaren 

Creek faults. It is possible that the linear morphology of Rathbun Lake is also structurally pre-

determined. Buchan & Ernst (1994) included the WRF into the Onaping Fault System, a regional 

system of left-lateral faults across the south-central Superior Craton and related to the uplift of 

Kapuskasing zone. Structures of the Onaping Fault System are thought to have acted as pathways 

for hydrothermal fluids on a regional, basin-wide scale. Structurally controlled albitisation and 

silicification (± carbonate, chlorite) can be observed in many places and always in spatial associ-

ation with the Nipissing Suite gabbro, locally resulting in (sub-)economic Cu-Au mineralisation 

(Scadding Mine, Crystal/Comstock, McVittie Property), massive quartz veins (Bonanza Lake), and 

hydraulic breccias of potential use as a dimension stone (Aylmer Quarry) (e.g. Gates 1991). 

NW-striking dykes of 1.23 Ga olivine gabbro are, once more, the youngest rocks in the study area. 

They are part of the regional Sudbury Dyke Swarm and have previously been studied in detail by 

Shellnutt & MacRae (2012). Individual dykes are typically between 10 and 100 m wide, can be 

traced for tens of kilometres in outcrop and even further in the subsurface using aeromagnetic 

maps. Their emplacement post-dated regional hydrothermal alteration, and it post-dated major 

folding and/or faulting (e.g. Tschirhart & Morris 2012). Only dykes in the southern-most part of 

the Huronian Basin were affected by the 1.1–1.0 Ga Grenville Orogeny, where metamorphic grade 

and the intensity of deformation rapidly increase (e.g. in southern Scadding Township).  
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5.3 Field Relations 

Field work in the Portage Bay-Rathbun Lake area was completed in 2018 and 2019 with the prin-

cipal observations documented below. In 2018, inclusion-bearing quartz diorite was discovered 

at two localities, in outcrop at the above mentioned Rathbun Lake PGE-Cu-Ni occurrence (46°45 

50.80N 80°39 21.17W), and as boulders in a nearby muck pile (46°45 54.44N 80°39 16.20W).  

The inclusion-bearing quartz diorite crops out immediately northeast to the old shaft, along the 

NE-striking contact between the Wanapitei Intrusion (Nipissing Suite) and the Gowganda For-

mation (Fig. 5.2A). The inclusion-bearing lithology visually resembles the local fine-grained (mar-

ginal) facies of the Nipissing Suite gabbro and can be easily overlooked in the field, even in wet 

outcrop and on freshly broken surfaces (Fig. 5.2B). In addition, much of the outcrop is obscured 

by a gossan. For the same reasons it was not possible identify the exact contact relationships nor 

the actual outcrop dimension of the inclusion-bearing lithology with certainty, but it is estimated 

to be 5 m2 judging from the size of the gossan and the presence of gabbro and wacke three metres 

on either site of the shaft. The orientation of the inclusion-bearing quartz diorite remains unclear.  

The Gowganda Formation in and around the outcrop consist of massive, crudely laminated to mas-

sive wacke or siltstone. It dips ca. 50° southeast, where it plunges below fine-grained gabbro of 

the Wanapitei Intrusion, the latter becoming increasingly coarser grained further east of the con-

tact. The gabbro does not differ from the typical Nipissing Suite gabbro elsewhere in the township 

and consequently it does not require a more detailed description. A parallel set of sulphidic shears 

was observed five metres north of the shaft, cutting across gabbro and wacke (Fig. 5.2C). These 

N-striking structures dip almost vertically and seem to have mobilised sulphide, predominantly 

pyrite, over a short distance along strike and, to a lesser extent, also diffusive and along secondary, 

perpendicular joints into the host rock. The structures are easily recognised in the field by their 

sulphide burns and they are filled with a fine material that is interpreted as a fault gouge.  

Angular boulders of up to 1 m in size are found close to and pilled below the shaft (Fig. 5.2A), 

together with dumped fragments of older 3-cm diamond drill cores. Access to the historic under-

ground workings is not possible anymore and so this material provides the only possibility to 

study the subsurface geology. Most of the rubble and all the core material feature a fine- to me-

dium grained, unaltered, undeformed, and barren gabbro that evidently belongs to the regional 

Nipissing Suite. Boulders of the Gowganda Formation were also overserved. They feature a dark 

grey, green to brown, very fine-grained and very brittle sedimentary rock. Some of the sedimen-

tary boulders contain slickensides, chlorite veins, crenulation cleavage, or exhibit conchoidal frac-

turing. Dusty malachite coatings were occasionally observed. Rusty chunks of massive sulphide 

occur in abundance, and it was already possible to discern pyrite-rich and chalcopyrite-rich sam-

ples in the field. The same material, though less weathered, was found in a ca. 100 m2 waste rock 

pile ~150 m to the north of the Rathbun Lake occurrence. Most of the waste rock there could be 

assigned with confidence to the local Nipissing Suite gabbro. Boulders of the inclusion-bearing 

lithology were also recovered after some digging. There is no doubt that the waste rock originally 

came from the Rathbun Lake occurrence. This is supported by the presence of blasting mats. As 

usage of these was not common practice until the latter half of the 20th century, blasting, excava-

tion, and transportation must have occurred fairly recent (Winston Whymark, pers. comm. 2019). 

Speculations about another second historic shaft, closer to the muck pile, could not be confirmed. 
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No Sudbury Breccia occurs at the showing, not even in a 200 m radius around it; only 400 m south-

west, at the outlet between Rathbun and Wanapitei Lake, Nipissing-hosted Sudbury Breccia was 

observed. The breccia is developed close to the lower contact of the Wanapitei Intrusion and con-

tains traces of disseminated chalcopyrite (< 0.25 vol%). Channel sampling from this outcrop sug-

gests that the sulphide was originally derived from magmatic sulphide in the host rock. It seems 

to have been reworked, but not necessarily upgraded, during the brecciation. A barren gabbro 

breccia was also found at a logging road some 300 m southwest of Poulton Lake; extent unknown. 

It is not clear whether the apparent scarcity of Sudbury Breccia in the Rathbun Lake area is rep-

resentative of its actual distribution or whether it is the mere consequence of a lack of outcrops 

and its indistinct field appearance, especially if monomict and hosted by fine-grained gabbro only. 

 

Figure 5.2 Field photographs of the Rathbun Lake occurrence, Rathbun Township (46°45 50.80N 80°39 
21.17W); A: the Rathbun Lake occurrence in outcrop, looking south; B: the inclusion-bearing quartz diorite 
in outcrop (right next to the shaft); C: sulphidic shears in country rock (5 m north of the shaft); broken lines 
delineate inferred lithological contacts; 50-cm backpacks and 9-cm card for scale. Abbreviation: IQD = in-
clusion-bearing quartz diorite. 
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5.4 Petrography 

Inclusion-bearing quartz diorite (matrix) 

In outcrop, the inclusion-bearing quartz diorite from Rathbun Lake is almost indistinguishable 

from the typical fine-grained Nipissing Suite gabbro. Only polished grab samples and channel cuts 

across the outcrop (Fig. 5.3) reveal the composite nature of the rock, with abundant dark grey 

aphantic inclusions set in a light grey phaneritic matrix. The inclusions are well rounded, between 

a few mm and 10 cm in diameter, and exhibit sharp but undulating contacts with the matrix. The 

groundmass has an inequigranluar to ophitic texture and consists of 45 vol% altered plagioclase, 

35 vol% quartz, 20 vol% amphibole (Fig. 5.4A), conforming to mineralogy and modal proportions 

typical of a quartz diorite. Plagioclase is up to 0.8 mm large, of tabular to acicular subhedral to 

euhedral habit (aspect ratios between 5:1 and 10:1), compositionally zoned, and arranged in a 

decussate manner. Pseudomorphic replacement of plagioclase by epidote and sericite is omni-

present (Fig. 5.4A–C) and affected predominantly the anorthite-rich cores of the feldspar, while 

albite-rich rims being preserved. Exceptions are pristine plagioclase inclusions within quartz. 

Quartz occurs as up to 3 mm-large, optical continuous, undeformed, anhedral poikilitic grains en-

closing plagioclase, biotite, and amphibole. Subhedral to euhedral amphibole is olive green in thin 

section (Fig. 5.4A–C), up to 1.5 mm in length, and lacks compositional zoning. It is considered a 

primary mineral because there is no evidence of amphibole replacing earlier ferromagnesian min-

erals such as pyroxene. Amphibole is, however, in part or entirely, replaced by chlorite (Fig. 5.4D). 

Accessory minerals (< 1 vol%) are skeletal magnetite and ilmenite, tabular biotite (converted to 

chlorite), and acicular apatite. Metamict halos around tiny (< 10 µm) inclusions of zircon or mon-

azite were observed in biotite and chlorite. Granular epidote occurs disseminated throughout as 

well as concentrated in cross-cutting veins. Notwithstanding the hydrothermal alteration and the 

pseudomorphic replacement of primary minerals, the igneous texture of the quartz diorite is gen-

erally preserved. Only adjacent to hydrothermal veins has the rock been completely overprinted. 

Mafic and sedimentary inclusions 

Two types of inclusions have been observed; igneous-textured mafic inclusions prevail. They are 

dark grey phaneritic to almost black and aphantic in hand specimen (Fig. 5.3). Mafic inclusions 

are characterised by a spherical to amoeboid shape, sharp and undulating contacts to the matrix, 

dark concentric rims, and diameters of up to 10 cm. Finger-like intergrowths between the matrix 

and the inclusions can be locally observed as well as fragmentation of larger mafic inclusions into 

smaller droplets, giving rise to ocelli-like textures. Mafic inclusions are essentially gabbroic and 

composed to > 90 vol% of equal proportions of fresh plagioclase and clinopyroxene, typically 

within a spherulitic texture (Fig. 5.4E,F). A relict ophitic texture is indicated in some coarser-

grained inclusions, but intense uralitisation has obscured much of the protolith. Clusters of trem-

olite and talc occur at 10 and 1 vol%, respectively, and are likely the alteration product of ortho-

pyroxene. Accessory phases are quartz, biotite, and ilmenite, and occur dispersed throughout. Ar-

kosic wacke constitutes less than 1% of the inclusion population. Their contacts to the matrix are 

blend, gradual and less well-defined. Sedimentary inclusions preserve their original bedding and 

are composed of fine-grained (40 µm) sub-rounded feldspar and mono- to polycrystalline quartz, 

embedded in a brown, cryptocrystalline micaceous groundmass. Locally, biotite is recrystallised 

to mm-large flakes, possibly because of thermal metamorphism; veins of chlorite are common.
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Figure 5.3 Photograph of the inclusion-bearing quartz diorite from Rathbun Lake, Rathbun Township (46°45 50.80N 80°39 21.17W); the specimen shown in this image 
is a piece of a channel cut; the slab has been polished using diamond-sand paper, and photographed under water for contrast enhancement; note the dark reaction rims 
around the mafic inclusions as well as the apparent disintegration of the mafic inclusions into smaller ones; also note the green epidote vein; 9-cm card for scale.
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diorite 
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diorite 

Mafic inclusion 

Mafic 
inclusion 
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Figure 5.4 Microphotographs of the inclusion-bearing quartz diorite from Rathbun Lake, Rathbun Town-
ship; A: thin section under transmitted light and plane polars, showing a relatively fresh specimen of the 
quartz dioritic matrix, with plagioclase and amphibole in an ophitic texture, and enclosed in optical contin-
uous quartz; B: same spot but enlarged, plane polars; C: Quartz diorite under transmitted light and crossed 
polars; D: altered quartz diorite under transmitted light and plane polars, showing chlorite and epidote 
pseudomorphically replacing amphibole, biotite, and plagioclase, respectively; note how the original tex-
ture is still preserved; E: thin section under transmitted light and plane polars showing one of the mafic 
inclusions; note the spherulitic texture of radiating plagioclase and clinopyroxene; also note the ilmenite 
grains surrounded by biotite; F: same image under crossed polars. Abbreviations: Am = amphibole; Qtz = 
quartz; Pl = plagioclase; Ilm = ilmenite; Chl = chlorite; Ep = epidote; Ccp = chalcopyrite; Cpx = clinopyroxene.  
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5.5 Thermobarometry 

Analytical results 

Representative mineral-chemical analyses of amphibole from the inclusion-bearing quartz diorite 

are reported in Table 5.1, together with structural formulae calculated on the basis of 13 cations 

per formula unit (excluding Na, Ka, Ca), and with a stochiometric Fe3+/Fe2+ determination follow-

ing the approach as outlined by Holland & Blundy (1994). The analysed amphibole is calcic, i.e., 

CaM4 ≥ 1.50; (Na+K)A < 0.50; CaA < 0.5, and consistently classified as magnesio hornblende accord-

ing to Leake et al. (1997). The mineral does not exhibit any resolvable core-rim-zonation with 

respect to major elements, but it shows a considerable range in composition reflecting either sub-

solidus processes such as incipient replacement by chlorite or actinolite, or small-scale composi-

tional heterogeneity of the quartz dioritic melt from which the amphibole had crystallised. The 

SiO2 content ranges from 48 to 55 wt%; Al2O3 ranges from 2.6 to 7.4 wt%. All analyses have ele-

vated TiO2 contents of up to 1.4 wt%, and 0.85 wt% on average, which is typical of amphibole 

formed at high temperature. Na2O contents are as much as 1.4 wt%, and 0.94 wt% on average. 

The total Al content ranges from 0.4 to 1.3 cations per formula unit. The Fe# = Fe/(Fe+Mg) ranges 

from 0.26 to 0.43, and the Fe3+/(Fe3++Fe2+) ranges from 0.42 to 0.76. These values indicate rela-

tively high oxygen fugacity (e.g. Spear 1981; Anderson & Smith 1995). 

Temperature determinations 

Although mineral chemical data were obtained on plagioclase-hornblende pairs, these were not 

used for the Holland & Blundy (1994) temperature calculations for the following reasons. Firstly, 

the omnipresent saussuritisation (± sericitisation) evidently obscured the primary composition 

of the plagioclase. Secondly, almost all plagioclase grains exhibit a continuous core-rim zonation 

from An79 to An34, which leads to an unreasonably large temperature range when using the calcu-

lations of Holland & Blundy (1994), even if only the albite-rich rims are considered. Thirdly, the 

few plagioclase grains that do appear fresh do not occur in contact and therefore not necessarily 

in textural/chemical equilibrium with hornblende. Thus, instead of using hornblende-plagioclase 

exchange thermometry, temperatures were determined using the single-phase amphibole ther-

mometer of Ridolfi & Renzulli (2012). Their equations yielded a reasonable average temperature 

(± 1 std.) of 718 ± 32°C (n=74), which is consistent with the results of the Ti-in-amphibole ther-

mometer of Liao et al. (2021), which gave 681 ± 92°C (n=74). These values lie above or close to 

the H2O saturated granite solidus of ~650°C (e.g. Lambert & Wyllie 1974; Holtz & Johannes 1994), 

which is one of the prerequisites for the application of most amphibole barometers. The high tem-

perature obtained on the hornblende is consistent with textural evidence of a primary igneous 

origin. The temperature of 718 ± 32°C or 681 ± 92°C also far exceeds the lower greenschist meta-

morphic conditions previously established for the area (≤ 350°C; Card 1978; Dressler 1982; 

Easton 2000), and it precludes that significant sub-solidus re-equilibration had taken place. 

Pressure determinations 

A prerequisite in the successful application of the various Al-in-hornblende barometers is the 

presence of an appropriate buffer assemblage (e.g. Hammarstrom & Zen 1986). The hornblende 

in question occurs in textural equilibrium with quartz, feldspar, biotite, apatite, and Fe-Ti-oxide, 

and so the system should meet the basic requirement of Si-, K-, Al-, and Ti- saturation. Application 
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of the various linear Al-in-hornblende barometers yielded, nevertheless, a considerable range in 

pressure, and in part negative values. The equation of Hollister et al. (1987), for example, gave 1.4 

± 0.5 kbar (n=65). However, as noted before, their calculation was only calibrated for 4–6 kbar, 

which is outside the obtained pressure range. The equation of Johnson & Rutherford (1989) 

yielded similar results, namely 1.2 ± 0.4 kbar (n=65). However, their barometer was only cali-

brated for 2–8 kbar. The same holds true for the equation of Schmidt (1992), which gave 2.1 ± 0.6 

kbar (n=69) and again, in part negative values. Evidently, the linear Al-in-hornblende barometers 

are not suited for such Al-poor amphibole. The barometer of Mutch et al. (2016), which does apply 

to amphibole formed at low pressure, yielded an average of 1.9 ± 0.4 kbar (n=74). This pressure 

is intermediate between all the above results. The barometer of Anderson & Smith (1995) takes 

all three intensive parameters (P, T, ʄO2) into account, and it is therefore considered relatively re-

liable (e.g. Anderson et al. 2008). In order to control for oxygen fugacity, Anderson & Smith (1995) 

recommended only to use amphibole with Fe3+/(Fe3++Fe2+) ≥ 0.25 and Fe# ≤ 0.65, which is a cri-

terion met by all analyses of this study. Using the equation of Anderson & Smith (1995) in concert 

with the respective temperatures derived from Ridolfi & Renzulli (2012) or Liao et al. (2021), an 

average pressure of 1.3 ± 0.3 kbar (n=74) was obtained. These values compare well with the re-

sults obtained by the barometer of Mutch et al. (2016). Finally, the barometer of Ridolfi & Renzulli 

(2012). It was calibrated against the largest experimental dataset, claims the highest accuracy of 

all barometers, and can be applied to pressures as low as 1.3 kbar. Their barometer, in conjunction 

with their single-phase thermometer, gave an average of 0.86 ± 0.23 kbar (n=74). For reasons 

discussed above, the author places most confidence in the results obtained via Anderson & Smith 

(1995), Mutch et al. (2016) and Ridolfi & Renzulli (2012). 

Depth of emplacement 

With the crystallisation conditions now being constrained to ca. 700 ± 50°C and 0.8–1.3 kbar, the 

results can be used to calculate the emplacement depth/level of erosion of the quartz diorite. As-

suming a uniform density of 2,650 kg/m3 (the average density of the Huronian Supergroup sedi-

mentary rocks; Card et al. 1984), a lithostatic pressure of 0.86 ± 0.23 kbar would have been at-

tained at 3,300 ± 900 m below palaeosurface; a pressure of 1.3 ± 0.3 kbar equates to 5,000 ± 1,100 

m. Assuming a magmastatic instead of a lithostatic pressure, with an average density of an ande-

sitic hydrous impact melt (ca. 2,530 kg/m3 at 1,150°C; Warren et al. 1996), the same pressure 

would have been reached at the bottom of a 3,400 m-thick or a 5,200 m-thick melt column. Re-

gardless of the choice of the density, which does not greatly change the outcome, these numbers 

seem quite realistic, considering that the inclusion-bearing quartz diorite from Rathbun Lake oc-

curs at the intrusive contact between the Nipissing Suite and the Gowganda Formation. The over-

lying (now eroded) Lorrain Formation has an average thickness of 1–2 km elsewhere in the Hu-

ronian Basin; the Gordon Lake and Bar River formations have an estimated thickness of ~1 km 

each (Young et al. 2001; Long 2004). Unfortunately, the pre-erosional extent of the latter two for-

mations is not known, and so whether they were initially present in the Rathbun Lake area is 

speculative. Interestingly, the calculated depth closely corresponds to the maximum thickness (5 

km) of the Main Mass of the Sudbury Igneous Complex (Chapter 2.1.4). It also corresponds to the 

average thickness of the Main Mass (2.5 km) plus the average thickness of the Onaping Formation 

(1.5 km) (e.g. Lightfoot 2016). The implications of this in relation to the origin of the quartz diorite 

from Rathbun Lake, and its association with so-called footwall-type mineralisation, will be dis-

cussed in more detail in Chapter 5.8.
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Table 5.1 Representative electron microprobe data and structural formulae for amphibole in the inclusion-bearing quartz diorite from Rathbun Lake 

SiO2 TiO2 Al2O3 Cr2O3 FeO MgO CaO MnO Na2O K2O Sum  Tetrahedral site M1, M2, M3 sites M4 site A site 

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%  Si Al(IV) Ti(IV) Σ Al(VI) Ti Cr Fe3+ Mg Fe2+ Mn Σ Fe2+ Ca Na Σ Na K Σ 

                               
52.5 0.65 3.39 0.03 16.7 13.7 10.6 0.29 0.84 0.17 98.95  7.45 0.55 0.00 8.00 0.01 0.07 0.00 0.92 2.90 1.07 0.03 5.00 0.00 1.61 0.23 1.84 0.00 0.03 0.03 

50.5 0.48 6.13 0.05 15.1 14.1 11.0 0.27 0.93 0.44 98.94  7.14 0.86 0.00 8.00 0.16 0.05 0.01 0.93 2.97 0.85 0.03 5.00 0.00 1.66 0.26 1.92 0.00 0.08 0.08 

54.3 0.81 2.62 0.04 11.8 17.1 11.4 0.11 0.61 0.14 98.87  7.55 0.43 0.02 8.00 0.00 0.07 0.00 0.69 3.54 0.68 0.01 5.00 0.00 1.71 0.16 1.87 0.00 0.02 0.02 

52.3 0.62 3.42 0.00 15.6 14.6 10.9 0.27 0.83 0.17 98.81  7.40 0.57 0.03 8.00 0.00 0.04 0.00 0.92 3.08 0.93 0.03 5.00 0.00 1.66 0.23 1.89 0.00 0.03 0.03 

54.3 0.86 2.67 0.08 11.1 17.6 11.1 0.07 0.75 0.11 98.66  7.52 0.44 0.04 8.00 0.00 0.05 0.01 0.82 3.64 0.47 0.01 5.00 0.00 1.65 0.20 1.85 0.00 0.02 0.02 

52.1 0.60 3.44 0.04 16.5 14.1 10.5 0.31 1.04 0.14 98.66  7.38 0.57 0.04 8.00 0.00 0.02 0.00 1.03 2.98 0.92 0.04 5.00 0.00 1.59 0.28 1.87 0.00 0.03 0.03 

52.3 0.17 4.55 0.00 14.5 14.8 11.1 0.29 0.65 0.29 98.63  7.37 0.63 0.00 8.00 0.12 0.02 0.00 0.88 3.11 0.83 0.03 5.00 0.00 1.68 0.18 1.86 0.00 0.05 0.05 

50.6 0.20 5.57 0.01 15.1 14.6 11.1 0.33 0.75 0.39 98.62  7.15 0.85 0.00 8.00 0.08 0.02 0.00 1.10 3.07 0.69 0.04 5.00 0.00 1.67 0.21 1.88 0.00 0.07 0.07 

49.3 1.21 7.02 0.07 13.9 14.2 11.0 0.25 1.03 0.50 98.55  7.00 1.00 0.00 8.00 0.17 0.13 0.01 0.82 3.00 0.83 0.03 5.00 0.00 1.68 0.28 1.97 0.00 0.09 0.09 

50.9 0.18 5.20 0.05 15.3 14.7 11.0 0.30 0.69 0.33 98.55  7.18 0.82 0.00 8.00 0.04 0.02 0.01 1.18 3.09 0.63 0.04 5.00 0.00 1.66 0.19 1.85 0.00 0.06 0.06 

51.1 1.04 3.83 0.00 17.5 13.0 10.6 0.29 1.04 0.18 98.49  7.34 0.65 0.02 8.00 0.00 0.09 0.00 0.87 2.77 1.22 0.03 5.00 0.00 1.63 0.29 1.92 0.00 0.03 0.03 

48.1 1.36 7.20 0.00 15.3 13.4 11.1 0.15 1.19 0.73 98.47  6.91 1.09 0.00 8.00 0.13 0.15 0.00 0.78 2.87 1.06 0.02 5.00 0.00 1.71 0.29 2.00 0.04 0.13 0.17 

49.0 1.28 6.50 0.05 13.8 14.8 11.1 0.17 1.16 0.56 98.38  6.96 1.04 0.00 8.00 0.05 0.14 0.01 0.90 3.14 0.75 0.02 5.00 0.00 1.69 0.31 2.00 0.01 0.10 0.11 

52.5 0.08 3.92 0.08 15.3 14.8 10.7 0.35 0.45 0.21 98.37  7.39 0.61 0.00 8.00 0.04 0.01 0.01 1.17 3.10 0.63 0.04 5.00 0.00 1.61 0.12 1.73 0.00 0.04 0.04 

49.0 1.24 6.44 0.02 14.6 13.9 11.2 0.17 1.05 0.60 98.32  7.02 0.98 0.00 8.00 0.11 0.13 0.00 0.74 2.98 1.02 0.02 5.00 0.00 1.73 0.27 2.00 0.02 0.11 0.13 

48.4 1.41 6.91 0.00 14.9 13.5 11.1 0.22 1.04 0.68 98.22  6.96 1.04 0.00 8.00 0.13 0.15 0.00 0.78 2.90 1.01 0.03 5.00 0.00 1.71 0.29 2.00 0.00 0.12 0.12 

50.3 0.21 5.72 0.00 15.3 14.2 10.9 0.33 0.75 0.40 98.15  7.16 0.84 0.00 8.00 0.11 0.02 0.00 1.08 3.00 0.74 0.04 5.00 0.00 1.66 0.21 1.87 0.00 0.07 0.07 

53.9 0.01 1.31 0.03 17.6 12.5 12.3 0.22 0.18 0.05 98.14  7.87 0.13 0.00 8.00 0.10 0.00 0.00 0.12 2.72 2.03 0.03 5.00 0.00 1.92 0.05 1.97 0.00 0.01 0.01 

54.6 0.73 2.60 0.05 11.2 17.6 10.4 0.08 0.78 0.12 98.13  7.55 0.42 0.03 8.00 0.00 0.05 0.01 1.01 3.64 0.28 0.01 5.00 0.00 1.54 0.21 1.75 0.00 0.02 0.02 

48.6 1.25 6.71 0.04 13.6 14.5 11.4 0.18 1.21 0.59 98.02  6.97 1.03 0.00 8.00 0.11 0.13 0.00 0.71 3.10 0.92 0.02 5.00 0.00 1.75 0.25 2.00 0.08 0.11 0.19 

51.2 0.12 5.73 0.05 15.8 13.2 10.5 0.46 0.67 0.30 98.01  7.28 0.72 0.00 8.00 0.24 0.01 0.01 1.01 2.80 0.87 0.06 5.00 0.00 1.60 0.18 1.78 0.00 0.05 0.05 

48.7 1.29 6.65 0.05 14.7 13.7 11.0 0.25 1.02 0.52 97.98  6.99 1.01 0.00 8.00 0.12 0.14 0.01 0.83 2.94 0.94 0.03 5.00 0.00 1.69 0.28 1.98 0.00 0.10 0.10 

50.3 0.48 5.58 0.00 14.8 14.5 10.8 0.30 0.86 0.40 97.98  7.15 0.85 0.00 8.00 0.09 0.05 0.00 1.05 3.07 0.71 0.04 5.00 0.00 1.65 0.24 1.89 0.00 0.07 0.07 

48.3 1.39 7.04 0.03 13.7 14.3 11.2 0.22 1.19 0.57 97.92  6.92 1.08 0.00 8.00 0.11 0.15 0.00 0.81 3.06 0.84 0.03 5.00 0.00 1.71 0.29 2.00 0.04 0.10 0.15 

49.1 0.91 6.28 0.00 14.9 13.8 11.2 0.24 1.06 0.54 97.92  7.06 0.94 0.00 8.00 0.13 0.10 0.00 0.78 2.96 1.01 0.03 5.00 0.00 1.72 0.28 2.00 0.01 0.10 0.11 

48.5 0.94 6.66 0.00 15.4 13.7 11.0 0.25 0.91 0.61 97.92  6.97 1.03 0.00 8.00 0.10 0.10 0.00 0.97 2.92 0.87 0.03 5.00 0.00 1.70 0.25 1.95 0.00 0.11 0.11 

48.2 1.28 7.05 0.04 13.8 14.4 11.1 0.18 1.26 0.58 97.87  6.91 1.09 0.00 8.00 0.10 0.14 0.00 0.85 3.08 0.80 0.02 5.00 0.00 1.70 0.30 2.00 0.05 0.11 0.16 

47.6 1.33 7.39 0.00 14.0 14.1 11.2 0.13 1.38 0.66 97.84  6.87 1.13 0.00 8.00 0.12 0.14 0.00 0.75 3.03 0.94 0.02 5.00 0.00 1.73 0.27 2.00 0.12 0.12 0.24 

52.3 0.23 3.80 0.07 13.2 14.6 12.8 0.18 0.42 0.20 97.81  7.56 0.44 0.00 8.00 0.20 0.03 0.01 0.06 3.14 1.54 0.02 5.00 0.00 1.98 0.02 2.00 0.10 0.04 0.14 

50.2 0.20 5.49 0.08 15.0 14.4 10.9 0.33 0.75 0.34 97.81  7.16 0.84 0.00 8.00 0.08 0.02 0.01 1.11 3.06 0.68 0.04 5.00 0.00 1.67 0.21 1.88 0.00 0.06 0.06 

48.2 1.20 6.71 0.07 14.4 14.3 11.1 0.26 1.08 0.52 97.77  6.91 1.09 0.00 8.00 0.05 0.13 0.01 0.98 3.05 0.75 0.03 5.00 0.00 1.70 0.30 2.00 0.00 0.09 0.10 

49.3 1.28 6.05 0.00 13.2 15.0 11.1 0.16 1.13 0.50 97.71  7.05 0.95 0.00 8.00 0.07 0.14 0.00 0.80 3.19 0.78 0.02 5.00 0.00 1.70 0.30 2.00 0.01 0.09 0.10 

49.0 1.04 6.36 0.03 13.8 14.6 10.9 0.20 1.22 0.57 97.71  7.02 0.98 0.00 8.00 0.09 0.11 0.00 0.85 3.11 0.80 0.02 5.00 0.00 1.68 0.32 2.00 0.02 0.10 0.12 

48.6 1.05 6.47 0.06 14.1 14.2 11.1 0.19 1.27 0.57 97.65  7.00 1.00 0.00 8.00 0.10 0.11 0.01 0.77 3.06 0.93 0.02 5.00 0.00 1.72 0.28 2.00 0.08 0.10 0.18 

48.3 1.31 6.73 0.04 14.7 13.6 11.1 0.21 1.02 0.58 97.64  6.98 1.02 0.00 8.00 0.12 0.14 0.00 0.79 2.93 0.98 0.03 5.00 0.00 1.71 0.29 2.00 0.00 0.11 0.11 

48.9 1.15 6.53 0.04 13.4 14.6 11.2 0.19 1.05 0.54 97.61  7.01 0.99 0.00 8.00 0.12 0.12 0.00 0.80 3.13 0.81 0.02 5.00 0.00 1.71 0.29 2.00 0.01 0.10 0.10 

48.1 1.36 6.97 0.04 13.5 14.4 11.3 0.19 1.20 0.59 97.61  6.93 1.07 0.00 8.00 0.11 0.15 0.00 0.73 3.08 0.90 0.02 5.00 0.00 1.75 0.25 2.00 0.08 0.11 0.19 

48.4 1.31 6.59 0.04 14.1 14.1 11.1 0.25 1.11 0.51 97.57  6.97 1.03 0.00 8.00 0.09 0.14 0.00 0.83 3.03 0.87 0.03 5.00 0.00 1.71 0.29 2.00 0.02 0.09 0.11 

48.7 1.22 6.55 0.01 13.7 14.4 11.0 0.21 1.14 0.52 97.52  6.99 1.01 0.00 8.00 0.10 0.13 0.00 0.84 3.09 0.81 0.03 5.00 0.00 1.69 0.31 2.00 0.01 0.09 0.11 
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5.6 Ore Mineralogy 

PGE-Cu±Ni sulphide mineralisation had affected to various degrees the inclusion-bearing quartz 

diorite and adjacent country rock at Rathbun Lake, as is evident from field observations and the 

study of numerous grab samples, which, according to Rowell & Edgar (1986), are considered rep-

resentative of the historic underground workings. Chalcopyrite is the most abundant base metal 

sulphide and occurs either (i) as semi-massive net-textured ± inclusion-bearing sulphide (40–80 

vol%; Fig. 5.6A), or (ii) together with pyrite and epidote as disseminated (< 1 vol%) to patchy 

net-textured sulphide (< 40 vol%; Fig. 5.6B,C). This textural and mineralogical bimodality likely 

reflects to different generations of mineralisation and, together with the newly discovered inclu-

sion-bearing quartz diorite, adds to the complexity of this poorly understood Rathbun Lake min-

eral occurrence. Consequently, a more detailed characterisation is warranted and provided below.  

 

Figure 5.6 Photographs of grab samples from the Rathbun Lake occurrence, showing different sulphide 
assemblages and textures; A: semi-massive net-textured mafic inclusion-bearing chalcopyrite (± violarite) 
with pyrite patches; green laths are altered plagioclase grains; B: disseminated chalcopyrite and pyrite in 
mafic-inclusion bearing quartz diorite; the mafic inclusions in this specimen are rimmed with a feldspathic 
leucosome and with patches of epidote; C: semi-massive pyrite and subordinate chalcopyrite in a glomero-
phyric-like texture; host rock unidentifiable. Abbreviations: Ccp = chalcopyrite; Pl = plagioclase; Py = pyrite.  
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Primary assemblage 

Least altered samples of the net-textured, presumably primary, sulphide (e.g. Fig. 5.6A) are char-

acterised by a loosely packed framework of saussuritised plagioclase and chloritised amphibole 

embedded in a matrix of 40–80 vol% interconnected chalcopyrite (Fig. 5.7A,B). Interstitial tex-

tures between chalcopyrite and fresh silicates are common in samples with < 50 vol% sulphide. 

Chalcopyrite also occurs as tiny inclusions in plagioclase (Fig. 5.7C), and vice versa (Fig. 5.7A,B), 

indicating that these minerals crystallised simultaneously. Traces of pentlandite (~1 vol%) occur 

as granular, in places loop-textured, rounded grains of up to 2 mm diameter, predominantly lo-

cated at the margins of larger chalcopyrite grains (Fig. 5.7D,E). Pentlandite is pseudomorphically 

replaced by violarite, with the presence of relic pentlandite confirmed by electron microprobe 

analyses. Although elsewhere replacement of pyrrhotite by violarite has been noted (e.g. Nickel et 

al. 1974), this was not observed in any of the samples from Rathbun Lake, as these are free of 

pyrrhotite. Lamellae of chalcopyrite are present in some of the pentlandite grains and vice versa. 

Magnetite is an accessory (< 0.1 vol%) phase of the net-textured sulphide, occurring as subhedral 

to euhedral (sub-)angular 30–100 µm large crystals dispersed throughout, but always in associa-

tion with chalcopyrite. Two types of magnetite could be distinguished based on the presence or 

absence of Fe-Ti oxide exsolution lamellae. Magnetite without lamellae is preferentially found at 

the contact between chalcopyrite and silicates (Fig. 5.7C), whereas magnetite with Fe-Ti exsolu-

tions occurs in the interior of chalcopyrite (Fig 5.7F,G). Sphalerite is another, although extremely 

rare, accessory mineral, significantly less abundant than magnetite. Sphalerite occurs as anhedral 

lobate grains of < 150 µm in size, typically enclosed within chalcopyrite.  

In the primary, chalcopyrite-rich sulphide assemblage, a total of 422 discrete grains of precious 

metal minerals (PMM) were identified in seven standard-sized thin sections. The median size of 

the PMM is 11 µm. They always occur in association with base metal sulphide and are evenly dis-

tributed within a thin section. The majority of PMM are Pd-(Bi-)Te minerals (95.3 vol%), with 

kotulskite, Pd(Bi,Te), merenskyite Pd(Bi,Te)2, and michenerite, PdBiTe identified. Qualitative 

WDS scans on these minerals reveal Pt concentrations below the detection limit. No composite 

grains between the above listed minerals were observed. Although only four grains of sperrylite 

(PtAs2) were identified, they were all very large (e.g. Fig. 5.7D), ranging in size from 30 to 150 µm. 

Consequently, as the Pd-bearing minerals are small and the Pt-bearing minerals large, the total 

PMM count is not representative of the Pd/Pt ratios of these samples. In addition to the Pd-bearing 

minerals, a few grains of gold (AuAg), Ag-Bi-Te and Pt-Bi-Te phases were also found. Irrespective 

of their composition, all PMM occur at or near the edges of chalcopyrite, at the contact between 

sulphide and silicate. PMM are rarely enclosed in chalcopyrite, but where they are, they tend to 

have a spherical habit. In contrast, PMM at the sulphide-silicate interface typically display a con-

cave shape into the sulphide, and a straight contact to the silicate. Only few PMM occur in associ-

ation with pentlandite or magnetite. Even where PMM are hosted only by silicates (typically chlo-

rite, rarely epidote), they are still in close proximity (< 200 µm) to chalcopyrite. PMM which, at 

first sight, appear to be entirely surrounded by silicate, still exhibit sub-micron intergrowths with 

apexes of chalcopyrite, hence the high number of PMM at the chalcopyrite-silicate interface. 
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Figure 5.7 Representative microphotographs of mineralised samples from the Rathbun Lake occurrence; 
A: thin section of the sample in Fig. 5.6A under reflected light and plane polars, showing net-textured chal-
copyrite enclosing altered grains of plagioclase; note the strongly saussuritised cores of plagioclase and the 
fresh rims of albite; B: same thin section under reflected light; note the abundant magnetite clusters typi-
cally found along the sulphide-silicate interface; C: BSE images showing magnetite grains preferentially de-
veloped at the contact between chalcopyrite and plagioclase; D: thin section under reflected light showing 
granular pentlandite (now altered to violarite) enclosed in chalcopyrite; note the typical octahedral cleav-
age of the original pentlandite; E: BSE image showing a loop-textured (atoll-like) grain of pentlandite (pseu-
domorphically replaced by violarite) together with chalcopyrite and pyrite; F: thin section under reflected 
light showing magnetite enclosed in chalcopyrite, and covellite as fracture infill; G: BSE image showing a 
large grain of sperrylite and trellis-textured magnetite grains (with exsolution lamellae of ilmenite), all en-
closed in chalcopyrite. Abbreviations: Ccp = chalcopyrite; Pl = plagioclase; Chl = chlorite; Mag = magnetite; 
Qtz = quartz; Vio = violarite; Pn = pentlandite; Spy = sperrylite; Ep = epidote; Cov = covellite; Ilm = ilmenite.  
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Secondary assemblage 

In agreement with Rowell & Edgar (1986), much of the pyrite and covellite in those samples that 

contain chalcopyrite, pentlandite and magnetite, is regarded as secondary because of them replac-

ing other minerals, and their close association with hydrous silicates, veinlets, and deformation 

features. Pyrite is the most abundant sulphide in these samples, amounting to 50–85 vol% of the 

total sulphide, and it occurs in different forms. Angular pyrite is typically intergrown with chalco-

pyrite and, in places, overgrown by another type of anhedral and porous pyrite or marcasite. The 

euhedral type predominates and occurs as both patches and decimetre-long veinlets, where it is 

found together with interstitial chalcopyrite, disseminated throughout the quartz diorite, and cut-

ting the adjacent Gowganda Formation wacke. Vein-type pyrite hosts inclusions of chalcopyrite, 

whereby some of these inclusions resulted from the coalescence of pyrite grains. Sulphide veinlets 

tend to follow a pervasive rock foliation defined by chlorite (S1), where they were affected by later 

crenulation (S2). In thin section, both pyrite and chalcopyrite occur as replacements after chlorite 

along its cleavage planes and as symplectitic intergrowths. Remobilisation of sulphide is also evi-

dent in outcrop in the form of sulphide-bearing, vertical, N-striking shear zones, 4 m north of the 

shaft, within the Gowganda Formation wacke (Fig. 5.2C). Rare millerite (< 0.1 vol% of total sul-

phide) was observed in thin section as part of disseminated sulphide patches within the quartz 

diorite. Millerite is of granular habit, up to 300 µm in diameter, and typically associated with py-

rite, less frequently with chalcopyrite. Electron microprobe analyses indicate that millerite is lo-

cally replaced by violarite as well. Molybdenite, galena, arsenopyrite and Co-rich gersdorffite 

(NiAsS) are both small and rare accessory phases; they were only identified by using the electron 

microprobe. They occur in close spatial relationship with secondary sulphides and hydrous sili-

cates, disseminated throughout the quartz diorite and wacke, and never as inclusions in chalco-

pyrite. Grain boundaries of, and fractures in, chalcopyrite are rimmed and filled with covellite. 

In the secondary sulphide assemblage, 603 grains of PMM in nine thin sections were identified. 

Their median size is 10 µm. Again, Pd-(Bi-)Te minerals, including Bi-rich and Bi-poor kotulskite, 

merenskyite and michenerite, predominate (86 vol%). Compared to the primary assemblage, they 

occur more frequently as clusters, ragged grains and as satellite grains, i.e., detached from chalco-

pyrite, and entirely surrounded by secondary silicates (chlorite, epidote, stilpnomelane). In addi-

tion, they are frequently associated with secondary sulphides and arsenides, such as covellite, py-

rite and arsenopyrite, though they do not occur in veinlets. PMM in the secondary assemblage 

tend towards a more irregular shape, especially where they are in contact with hydrous silicates 

(e.g. Fig. 5.8C). In contrast to the primary assemblage, the secondary assemblage is marked by the 

presence of Sb-and Hg-bearing PMM. The following minerals were identified: Potarite, PdHg, te-

magamite Pd3HgTe3, testiopalladite, PdTe(Te,Sb) and Sb- and Hg-bearing Pd-Bi-Te (or µm-sized 

intergrowths of the former), all of which are associated with hydrous silicates, chalcopyrite, its 

alteration product covellite, or pyrite. In places, they form composite grains with each other.  

Microprobe X-ray mapping has demonstrated that most PMM grains are compositionally homog-

enous. This is true for PMM both in the primary and secondary assemblages. Some exceptionally 

large PMM in the secondary assemblage do show, however, a non-uniform distribution of major 

element concentrations, including Pd, Bi, Te, Hg and Sb. One PMM, for example, displays a core-

rim zonation from Te-rich and Sb-free to Te-free and Sb-rich composition (Fig. 5.8A). Note how 

this pattern fits into the textural position of this particular PMM, with the PMM’s contact to chlo-

rite being enriched Sb, whereas the Te-rich core is bound on either side by chalcopyrite.  
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Figure 5.8 Qualitative x-ray maps of element distribution in precious metal minerals; intensities of Pd (Lα), 
Te (Lα), Sb (Lα), Hg (Lα) and Bi (Mα) are given in counts per second; pixel size is 0.04 µm.  

Another grain shows a similar distribution (Fig. 5.8B): The part of the PMM, that is truncated by 

chlorite, is depleted in Bi and enriched in Hg. This antithetic correlation between Bi and Te on the 

one side and Pd, Hg, and Sb on the other side could have various reasons. Theoretically, the noted 

inhomogeneities could be due to composite grains hidden in the third dimension or to exsolution. 

However, no discrete (sub)grain boundaries that are conformable to the chemical zonation could 

be observed in BSE images or under reflected light, thus ruling out the above possibilities. Based 

on the PMM’s textural position and the irregular nature of compositional zonation in the Hg- and 

Sb-bearing phases, it is more likely that these inhomogeneities are related to fluid-induced diffu-

sion. The mapped PMM could represent partly altered Pd-Bi-Te grains, in which alteration failed 

to replace the entire grain because of its exceptionally large size. Smaller grains were completely 

altered, resulting in the endmember compositions PdHg, Pd3HgTe3 and PdTe(Te,Sb). 
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5.7 Geochemistry 

General characteristics  

Whole-rock major and trace element concentrations for inclusion-bearing quartz diorite from 

Rathbun Lake are listed in Table 5.2. The data reveal a clear geochemical distinction between 

matrix and inclusions as well as mixing relations thereof. Mafic inclusions are subalkaline, subalu-

minous, and basic in terms of SiO2 (51–52 wt%); sedimentary inclusions are subalkaline, peralu-

minous and likewise poor in SiO2 (47 wt%); the matrix is subalkaline, sub- to peraluminous and 

intermediate (53–56 wt% SiO2). The LOI is typically between 1.1 and 3.5 wt%. It is highest in the 

chlorite-rich sedimentary inclusions, followed by the quartz dioritic matrix (where amphibole is 

the dominating hydrous mineral), followed by the overall anhydrous mafic inclusions. Mafic in-

clusions have a higher and very constant Mg# (64) compared to the matrix (46–63), but they have 

similar and more uniform concentrations of TiO2 (0.6 wt%), Ni (140 ppm) and Cr (230 ppm). In 

either lithology, P2O5 concentrations are close to the detection limit of the EDS-XRF. Sedimentary 

inclusions are, as expected from their petrography, rich in Al2O3 (19 wt%) and K2O (3.2 wt%). The 

largest discrepancy between matrix and inclusions exists, however, with respect to incompatible 

lithophile elements. Sedimentary and especially the mafic inclusions are, for instance, poor in Zr 

(≤ 47 ppm), Nb (≤ 5 ppm), Th (≤ 3 ppm), U (≤ 1 ppm) and ΣREE+Y (≤ 82 ppm), compared to the 

quartz diorite matrix, which has variable but generally high concentrations of Zr (up to 158 ppm), 

Nb (up to 9.6 ppm), Th (up to 9 ppm), U (up to 3.4 ppm), and ΣREE+Y (up to 148 ppm).  

The CIPW normative mineralogy of the matrix of the inclusion-bearing quartz diorite is as follows: 

56 vol% plagioclase, 20 vol% hypersthene, 9 vol% orthoclase, 8 vol% quartz and 5 vol% diopside. 

Some samples are notably corundum-normative (~1 vol%) at the expense of normative diopside. 

Mafic inclusions are normatively composed of 52 vol% plagioclase, 24 vol% hypersthene, 14 vol% 

diopside, 7 vol% orthoclase, and 2 vol% quartz. The density of the matrix, calculated based on its 

normative mineralogy, is 2.9 g/cm3, whereas the density of the mafic inclusions is 3.0 g/cm3. Sed-

imentary inclusions are corundum- and olivine normative.  

Igneous rock classification 

According to total alkalis vs. silica (TAS) diagram (Fig. 5.9B), the composition of the inclusion-

bearing quartz diorite conforms to that basaltic andesite (intrusive equivalent: gabbroic diorite) 

or basaltic trachyandesite (gabbroic monzodiorite); the composition of the mafic inclusions con-

forms to basalt (gabbro). Most samples of the quartz dioritic matrix are calc-alkaline but with a 

tendency towards tholeiitic affinity; mafic inclusions are tholeiitic (Fig. 5.9C). Although it is not 

entirely clear if and to what extent major elements have been mobilised in the course of alteration, 

classification plots using typically immobile trace elements (Ti, Nb, Y, Zr, Th) are generally pre-

ferred over plots using potentially mobile major elements (Na, K, Si, Fe, Mg). According to such 

diagrams (e.g. Fig. 5.9D), the matrix is dioritic, and the mafic inclusions are gabbroic. Most classi-

fication schemes, including Figure 5.9E and others not shown here (e.g. Jensen 1976; Hastie et al. 

2007; Ross & Bédard 2009), support a calc-alkaline magmatic affinity for the matrix, and they 

suggest – somewhat ambiguously – a tholeiitic to calc-alkaline affinity for the mafic inclusions. 

This classification agrees with mantle-normalised trace element patterns of both lithotypes (Fig. 

5.9F). For there are pronounced negative Nb-Ta-Ti anomalies and weakly positive K-Pb-Sr anom-

alies in the patterns of the quartz dioritic matrix, which is typical of (calc-alkaline) arc magmatism 
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or tholeiitic magmatic rocks that chemically interacted with (assimilated) large volumes of mate-

rial from the continental crust. The same anomalies (i.e., negative Nb-Ta-Ti, positive Pb-Sr) are 

also found in the mafic inclusions, where they are, however, less pronounced. Normalised mul-

tielement diagrams also highlight differences between the quartz dioritic matrix and the mafic 

inclusions, the former displaying a wider range in composition and a broad bandwidth of trace 

element patterns, the latter having a much narrower range in composition and overall lower nor-

malised trace element abundances. Furthermore, there are subtle yet noteworthy differences in 

the slope of the normalised REE patterns, the normalised Th/U ratio, and the normalised Zr/Hf 

ratio. The Eu anomaly, expressed as EuN/(SmN x GdN)0.5, is throughout negative in the quartz dio-

ritic matrix (0.65–0.90), but it is virtually absent (~1) in the mafic inclusions. Little geochemical 

difference exists between the mafic inclusions and the quartz dioritic matrix in terms of Cr, Ni and 

V concentrations. Note that the inclusion-bearing massive sulphide sample (SULF-1; Tab. 5.2) is 

geochemically more akin to the quartz dioritic matrix, rather than resembling the composition of 

the mafic inclusions, which is evident in elevated concentrations of, for example, U and Th. 

Nd-Sr-Pb isotopes 

A summary of whole-rock radioisotope data for matrix separates from the inclusion-bearing 

quartz diorite is presented in Table 5.3. All eight samples display a range in 143Nd/144Nd corre-

sponding to an ɛNd between –26.75 and –23.62. The 147Sm/144Nd ratios are between 0.117 and 

0.128 and correlate well (R2 = 0.75) with the measured 143Nd/144Nd ratio. An ordinary least square 

regression passing through all eight data points using IsoplotR (Vermeesch 2018) yields an er-

rorchron date of 1923 ± 423 Ma. One-stage Nd model ages (tDM) are between 2816 Ma and 2999 

Ma, and 2916 Ma on average. The 87Sr/86Sr isotope ratio varies from 0.719 to 0.727, and the 
87Rb/86Sr ratio from 0.333 to 0.772. These data do not permit to calculate any statistically robust 

isochron. The Sr isotope model age varies greatly; it is 2903 Ma on average. Note the similarity 

between Sr model age and Nd model age. The measured 206Pb/204Pb ratio ranges from 22.61 to 

30.32, 207Pb/204Pb from 16.32 to 17.29, and 208Pb/204Pb from 37.63 to 40.89, all of which are highly 

correlated with each other (R2 > 0.95). The spread in uranogenic Pb isotope ratios makes it possi-

ble to construct a whole-rock errorchron, which, depending on the statistical approach, has either 

a slope equivalent to 1883 ± 1 Ma (York/maximum likelihood regression; MSWD = 18,000) or 

2021 ± 76 Ma (ordinary least square regression). The modelled initial 207Pb/204Pb ratio at 1850 

Ma (the absolute age of the Sudbury impact event) ranges from 15.55 to 15.61. 

Table 5.3 also includes Nd-Sr-Pb isotope data for two of the mafic inclusions. The 143Nd/144Nd 

ratios is, within analytical uncertainty, identical between the two samples. It corresponds to a 

present-day ɛNd of –19.33 and –20.43. The 147Sm/144Nd ratio is 0.139 and 0.136, and the one-stage 

Nd model age (tDM) is 2897 Ma and 2879 Ma. The measured 87Sr/86Sr isotope ratio is 0.721 for 

both samples; the measured Rb/Sr element ratio is 0.179 and 0.184; the calculated 87Rb/86Sr iso-

tope ratio is 0.685 and 0.700. The Rb-Sr isotope data correspond to model ages of 2003 Ma and 

2083 Ma. The measured 206Pb/204Pb ratio is 18.27 and 18.69, 207Pb/204Pb 15.76 and 15.82, and 
208Pb/204Pb is 36.89 and 37.10. The narrow spread in radiogenic isotope ratios prevent the calcu-

lation of any statistically meaningful isochron. From these isotopic features it becomes evident, 

however, that the mafic inclusions differ quite significantly from the quartz dioritic matrix in that 

they are less radiogenic (i.e., higher 143Nd/144Nd ratio, lower 87Sr/87Sr ratio and lower 206Pb/204Pb, 
207Pb/204Pb, 208Pb/204Pb ratios). 
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Table 5.2 Major element oxide concentrations (wt%) and trace element concentrations (ppm) in inclusion-bearing quartz diorite, Rathbun Lake, Rathbun Township 

 Inclusion-bearing quartz diorite (matrix) Sulphide  Mafic and sedimentary inclusions  
IQD-1 IQD-2 IQD-3 IQD-4 IQD-5 IQD-6 IQD-7 IQD-8 IQD-9 IQD-10 IQD-11 IQD-12 IQD-13 SULF-1  MAF-1 MAF-2 MAF-3 MAF-4 SED-1 

SiO2  54.89 54.22 52.53 53.86 55.08 54.83 53.84 54.78 56.19 54.59 54.77 54.77 54.73 29  51.40 51.54 51.33 51.62 47.22 
TiO2 0.64 0.71 0.63 0.23 0.68 0.66 0.64 0.69 0.68 0.72 0.74 0.45 0.69 0.56  0.60 0.62 0.58 0.60 0.96 
Al2O3 15.59 15.43 15.09 18.22 15.71 15.57 15.40 16.19 16.24 15.84 15.93 17.29 16.35 9.55  14.85 14.98 14.80 15.00 18.89 
Fe2O3 9.67 9.35 10.41 7.88 9.43 9.55 9.80 10.84 10.20 9.18 8.89 8.22 10.84 27.2  10.51 10.43 10.25 10.61 14.33 
MgO 6.17 5.98 7.46 5.89 5.79 6.11 6.36 5.32 4.93 5.80 5.43 5.68 4.04 2.53  8.27 8.19 8.16 8.33 6.10 
CaO 7.07 7.89 8.48 6.21 7.22 7.12 7.37 5.61 5.21 7.07 7.04 6.39 7.42 2.7  10.31 9.96 10.17 8.53 3.54 
MnO  0.13 0.13 0.16 0.13 0.12 0.13 0.14 0.10 0.09 0.12 0.11 0.12 0.09 0.06  0.18 0.17 0.17 0.18 0.10 
Na2O 2.63 3.48 2.20 2.98 2.59 2.98 2.36 2.08 2.27 3.03 3.01 3.20 1.92 1.12  1.75 1.91 1.73 2.17 2.29 
K2O 1.21 0.90 1.18 1.89 1.18 1.13 1.20 1.18 1.21 1.42 1.37 1.54 1.06 0.2  0.91 0.92 0.82 1.18 3.21 
P2O5 < 0.02 0.06 < 0.02 0.19 0.05 0.04 < 0.02 0.19 0.13 0.05 0.07 0.07 0.29 0.03  < 0.02 < 0.02 < 0.02 < 0.02 0.02 
LOI 2.13 1.92 1.73 2.74 2.11 1.93 1.98 3.54 3.41 2.16 2.14 2.28 3.13 13.0  1.14 1.40 1.46 1.68 3.19 
Total 100.13 100.07 99.87 100.22 99.96 100.05 99.09 100.52 100.56 99.98 99.50 100.01 100.56 85.95  99.92 100.12 99.47 99.90 99.85 

V 187.8 204.2 202.8 69.20 194.3 190.5 194.7 185.3 180.6 157.4 192.8 100.9 158.4 142  233.9 221.5 224.9 215.6 257.0 
Cr 270.4 181.3 407.1 187.7 234.2 218.9 309.6 231.0 201.1 168.9 168.3 157.6 179.8 180  299.3 295.5 244.1 227.3 304.7 
Ni 148.7 120.7 214.9 100.4 138.1 121.9 244.6 125.2 91.59 119.3 100.2 102.4 108.1 881  162.0 171.3 136.0 145.9 170.9 
Cu 123.6 161.6 130.7 52.90 126.2 129.4 122.7 141.5 71.26 153.9 157.2 101.7 103.0 134,000  121.2 124.0 128.2 152.9 47.52 
Rb 38.09 31.81 40.49 63.46 50.83 35.50 37.81 42.42 37.54 49.26 46.08 65.21 29.00 5.6  39.23 34.69 28.60 44.11 131.5 
Sr 245.4 287.5 214.1 266.4 311.7 258.6 243.1 424.4 294.8 273.4 319.9 310.2 607.2 175  213.0 194.3 190.6 200.8 267.4 
Y 15.75 16.78 15.40 15.49 19.27 16.29 16.18 22.96 19.38 15.51 15.18 16.34 21.27 4.8  16.25 15.58 15.58 15.37 14.60 
Zr 74.35 87.56 55.31 33.40 85.33 77.74 66.17 124.6 158.2 76.30 81.29 51.04 74.14 54.4  42.50 42.61 40.18 42.40 47.28 
Nb 7.720 6.686 9.615 3.134 8.286 5.971 8.639 8.553 8.048 6.216 6.765 4.794 5.367 4  3.971 5.056 2.600 3.762 4.111 
Ba 212.7 174.1 278.2 342.5 223.7 199.8 217.7 197.8 207.2 239.7 244.1 299.8 120.2 30  239.5 221.9 180.7 231.4 612.9 
La 15.49 16.32 12.58 18.92 17.90 15.67 15.30 24.50 21.91 15.72 16.69 19.44 21.94 11.4  10.04 10.25 10.55 11.76 22.82 
Ce 33.28 35.34 27.31 40.93 37.80 35.27 33.95 50.22 45.36 34.35 36.29 39.31 46.44 20.5  21.38 22.36 22.83 25.91 45.39 
Pr 4.010 4.128 3.351 5.020 4.525 4.229 4.071 5.879 5.313 4.191 4.263 4.717 5.235 2.16  2.656 2.735 2.852 3.101 5.364 
Nd 15.50 16.35 13.43 20.00 18.05 16.49 16.01 23.17 20.74 16.31 16.78 18.45 19.94 7.3  11.18 11.43 11.93 12.55 21.63 
Sm 3.279 3.344 2.922 4.044 3.679 3.481 3.368 4.835 4.230 3.396 3.393 3.572 4.211 1.3  2.582 2.575 2.726 2.746 3.985 
Eu 0.765 0.795 0.796 0.860 0.832 0.761 0.771 1.375 1.108 0.692 0.703 0.841 1.568 0.55  0.783 0.775 0.773 0.741 1.250 
Tb 0.465 0.477 0.434 0.464 0.528 0.462 0.453 0.669 0.572 0.465 0.462 0.470 0.611 0.15  0.443 0.429 0.435 0.422 0.457 
Gd 3.045 3.180 2.857 3.498 3.455 3.049 2.978 4.562 3.997 3.086 3.070 3.212 4.150 1.05  2.713 2.701 2.811 2.675 3.506 
Dy 2.997 3.050 2.865 2.899 3.384 2.977 2.968 4.004 3.559 2.863 2.792 2.870 3.811 0.9  2.876 2.836 2.950 2.814 2.795 
Ho 0.578 0.599 0.555 0.541 0.666 0.579 0.572 0.791 0.695 0.563 0.545 0.565 0.734 0.18  0.588 0.572 0.577 0.556 0.525 
Er 1.698 1.764 1.691 1.541 1.984 1.694 1.702 2.300 2.065 1.599 1.560 1.628 2.127 0.55  1.726 1.715 1.746 1.680 1.497 
Tm 0.240 0.248 0.241 0.212 0.282 0.244 0.245 0.327 0.292 0.208 0.219 0.213 0.282 0.1  0.253 0.239 0.246 0.238 0.210 
Yb 1.568 1.680 1.644 1.393 1.892 1.620 1.623 2.167 2.010 1.475 1.419 1.535 1.851 0.5  1.714 1.634 1.642 1.603 1.355 
Lu 0.246 0.258 0.247 0.213 0.293 0.254 0.252 0.345 0.319 0.231 0.221 0.240 0.278 0.09  0.267 0.253 0.261 0.249 0.215 
Hf 2.123 2.356 1.571 1.064 2.393 2.207 1.966 3.256 3.995 2.176 2.321 1.568 2.119 1  1.212 1.286 1.178 1.239 1.325 
Ta 0.525 0.541 0.351 0.370 0.579 0.572 0.533 0.620 0.712 0.600 0.629 0.511 0.546 < 0.5  0.195 0.219 0.228 0.322 0.335 
Pb 5.140 7.663 5.291 5.100 5.975 4.971 5.210 4.468 4.960 3.944 4.641 6.625 3.742 55  6.616 5.964 6.340 4.543 6.030 
Th 6.678 8.348 4.176 5.588 8.921 6.816 6.039 3.991 5.116 6.589 7.168 7.517 3.696 4  1.925 2.336 2.172 2.809 3.292 
U 2.554 2.751 1.561 2.256 2.798 2.630 2.258 3.038 3.421 1.908 2.677 1.897 3.195 1.42  0.646 0.806 0.791 1.122 1.058 

Note: SULF-1 is a sample of semi-massive inclusion-bearing sulphide that was analysed by the commercial AGAT Laboratories, Toronto 
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Table 5.3 Summary of whole-rock Nd-Sr-Pb isotope data for the inclusion-bearing quartz diorite from Rathbun Lake, Rathbun Township 

  
143Nd 
144Nd  

±2σ 
147Sm 
144Nd  

ɛNd 
present 

ɛNd 

1850 Ma 
1-stage 

tDM 

87Sr 
86Sr  

±2σ 
87Rb 
86Sr  

87Sr 
86Sr1850 

208Pb 
204Pb  

±2σ 
207Pb 
204Pb  

±2σ 
206Pb 
204Pb 

±2σ 
207Pb 
204Pb1850 

Inclusion-bearing quartz diorite (matrix separates) 

IQD-2 0.511339 15 0.124 –25.33 –7.99 2904 Ma 0.719213 13 0.502 0.70585 40.1859 34 16.5932 10 24.3260 14 15.59 

IQD-5 0.511340 14 0.123 –25.32 –7.88 2889 Ma 0.722759 13 0.644 0.70560 40.8861 21 16.6515 8 25.2823 15 15.54 

IQD-8 0.511360 10 0.126 –24.93 –8.19 2956 Ma 0.724871 14 0.475 0.71223 38.3990 29 16.8808 8 27.2522 12 15.55 

IQD-9 0.511312 11 0.123 –25.87 –8.44 2941 Ma 0.724481 14 0.548 0.70988 38.2017 23 16.7545 9 26.1418 13 15.55 

IQD-10 0.511331 14 0.126 –25.50 –8.69 2999 Ma 0.725715 10 0.691 0.70731 39.6524 27 16.6066 9 25.0744 12 15.52 

IQD-11 0.511292 12 0.122 –26.25 –8.57 2940 Ma 0.724569 12 0.593 0.70877 39.5598 35 16.4940 11 24.2096 12 15.50 

IQD-12 0.511267 16 0.117 –26.75 –7.84 2816 Ma 0.726631 13 0.772 0.70606 38.9942 23 16.3167 8 22.6103 10 15.51 

IQD-13 0.511427 14 0.128 –23.62 –7.23 2884 Ma 0.720473 13 0.333 0.71161 37.6299 24 17.2941 9 30.3172 14 15.61 
 

Mafic inclusions 

MAF-1 0.511647 11 0.139 –19.33 –5.77 2897 Ma 0.721482 13 0.700 0.70282 36.8875 25 15.7575 9 18.2665 7 15.44 

MAF-2 0.511590 15 0.136 –20.43 –6.06 2879 Ma 0.721794 15 0.685 0.70354 37.1029 20 15.8188 8 18.6921 8 15.45 
                  

147Sm/144Nd and 87Rb/86Sr ratios were calculated using measured Sm, Nd, Rb and Sr concentrations, which are given in Table 5.2; 

2σ uncertainties of 147Sm/144Nd and 87Rb/86Sr are < 3% based on the propagated analytical error of Sm, Nd, Rb and Sr concentration data;  
143Nd/144Nd ratios are normalised to 146Nd/144Nd = 0.72190; 

2σ uncertainties of 143Nd/144Nd are < 0.004% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 87Sr/86Sr are < 0.007% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 208Pb/204Pb, 207Pb/204Pb and 206Pb/204Pb are < 0.18%, < 0.09% and < 0.5%, respectively, based on the long-term in-house reproducibility of BHVO-2; 

For sake of readability, all listed 2σ absolute errors only refer to the last significant decimal digits of the measured isotope ratios; 

εNd values were calculated relative to CHUR with 147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.512638; 

One-stage Nd model ages (tDM) were calculated according to DePaolo (1981a,b); 
207Pb/204Pb1850 was calculated according to Darling et al. (2010a)
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Figure 5.9 A selection of plots used to illustrate the effects of metasomatism on, and the geochemical clas-
sification and magmatic affinity of, the inclusion-bearing quartz diorite from Rathbun Lake; A: alteration 
box plot after Large et al. (2001); B: TAS classification after Le Bas et al. (1986); C: AFM plot after Irvine & 
Baragar (1971); D: discrimination plot after Winchester & Floyd (1977); E: discrimination plot after Pearce 
(1983); F: spidergram with normalisation values after McDonough & Sun (1995); Offset Dyke data (exclud-
ing outliers) are mainly from Lightfoot et al. (1997c); data for the Nipissing Suite are from Lightfoot & 
Naldrett (1996b) and Jobin-Bevans (2016); 2σ error bars are in each panel smaller than the symbol size. 
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Chalcophile and siderophile elements 

Assay results for grab samples from the Rathbun Lake occurrence together with reference sam-

ples for mineralised Nipissing Suite gabbro from Rathbun Township are presented in Table 5.4 

(for lithophile element concentrations of one of these samples see Tab. 5.2). The Rathbun Lake 

samples are characterised by variable S content, ranging from < 0.2 wt% (macroscopically invisi-

ble sulphide) to 23.4 wt% (corresponding to massive sulphide). Copper ranges from 0.07 to 22.8 

wt%, Ni from 0.09 to 1.12 wt%. The Cu/(Cu+Ni), which may be seen an index for magmatic sul-

phide fractionation (Lightfoot 2016), is typically > 0.9. All samples are characterised by an ex-

treme enrichment in PGE+Au. Palladium, for instance, occurs at concentrations ranging from 6 to 

63 ppm; Pt from 0.06 to 33 ppm. The Pd/Pt ratio lies between 0.6 and 473. Iridium, Os, Rh and Ru, 

on the other hand, occur at very low concentrations (ppb range) close to, or even below, the de-

tection limit. This results in extremely high Pd/Ir ratios and PPGE/IPGE ratios in the range of 103–

105. Some Ni-enriched samples, however, show slightly higher concentrations of Ir (2–28 ppb) 

hence lower Pd/Ir. Gold has, compared to Pd and Pt, overall lower but more uniform concentra-

tions (0.25–10 ppm). Bismuth, Pb and Zn (not shown) occur at concentrations of ca. 5–50 ppm 

each; Ag, Sb and Sn < 5 ppm; As 74–410 ppm. Interestingly, there is no correlation between the 

whole-rock concentrations of Cu, S and PGE. A complete decoupling of S+Cu+Ni and PGE+Au is 

evident from samples < 1 wt% S, as these retain extremely high metal tenors. It is evident that this 

sulphide-poor PGE-rich mineralisation differs from the typical disseminated Cu-Ni-PGE minerali-

sation in the local Nipissing Suite gabbro (Tab. 5.4 and Lightfoot et al. 1991; Jobin-Bevans 2016).  

Table 5.4 Summary of whole-rock PGE, Au, Cu, Ni and S concentrations for the Rathbun Lake occurrence 

S Cu Ni Cu/Cu+Ni Au Pd Pt Rh Ru Ir Os Pd/Ir Reference 
(wt%) (wt%) (wt%) 

 
(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)     

 
Semi-massive and disseminated sulphide, Rathbun Lake occurrence 

18.30 11.50 1.12 0.91 3,170 53,000 6,325 n.a. n.a. n.a. n.a. n.a. [1] 
17.80 12.40 0.87 0.93 1,050 24,000 3,275 n.a. 11 0.05 10 480,000 [1] 
16.00 13.90 0.95 0.94 6,410 17,700 2,550 n.a. n.a. n.a. n.a. n.a. [1] 
13.10 4.20 0.32 0.93 4,400 34,500 3,050 37 n.a. n.a. n.a. n.a. [1] 

6.80 3.20 0.66 0.83 1,630 6,650 1,750 47 n.a. 0.19 n.a. 34,817 [1] 
3.50 2.96 0.38 0.89 565 34,500 1,155 n.a. n.a. 0.10 7 345,000 [1] 
2.90 1.78 0.74 0.71 n.a. 23,090 929 n.a. n.a. 0.05 n.a. 461,800 [1] 
2.40 1.77 0.20 0.90 1,260 11,100 58 n.a. n.a. 0.09 n.a. 123,333 [1] 

23.40 19.90 0.22 0.99 250 23,000 1,800 17 < 5 0.1 < 3 230,000 [2] 
19.40 9.10 0.22 0.98 890 35,000 74 14 20 0.3 6 116,667 [2] 
18.40 8.30 0.26 0.97 1,300 37,000 18,000 8 < 5 0.3 11 123,333 [2] 

9.40 4.70 0.16 0.97 950 19,000 33,000 3 40 0.2 23 95,000 [2] 
2.40 2.30 0.36 0.86 2,800 12,000 190 23 15 28.0 3 429 [2] 

22.00 22.80 0.10 1.00 452 62,500 976 7 < 1 < 1 < 10 > 62,500 this study 
17.70 13.20 0.42 0.97 7,300 28,000 5,079 52 2 < 1 < 10 > 28,000 this study 
13.00 13.40 0.09 0.99 1,180 35,800 1,740 n.a. n.a. n.a. n.a. > 35,800 this study 
12.90 12.80 0.36 0.97 2,770 16,800 18,400 8 < 1 < 1 < 10 > 16,800 this study 

9.87 6.81 0.42 0.94 9,580 5,500 9,300 50 2 2 <10 4,790 this study 
8.42 2.01 1.05 0.66 3,800 24,000 503 256 5 5 <10 760 this study 
7.17 0.78 0.52 0.60 1,940 14,400 1,269 13 < 1 < 1 < 10 > 14,400 this study 
5.47 3.26 0.30 0.91 3,790 35,700 5,734 13 < 1 < 1 < 10 > 35,700 this study 
4.16 1.61 0.32 0.83 1,850 6,300 963 12 < 1 < 1 < 10 > 6,300 this study 
0.79 0.46 0.25 0.65 8,990 13,400 1,270 70 11 4 < 10 2,248 this study 
0.75 0.44 0.24 0.65 5,770 11,500 1,370 65 8 6 < 10 962 this study 
0.29 0.06 0.27 0.18 8,990 7,250 876 37 7 7 < 10 1,284 this study 
0.17 0.07 0.18 0.28 7,910 8,460 1,020 60 3 4 < 10 1,978 this study 

 
Disseminated sulphide in Nipissing Suite gabbro, Rathbun Township 

1.79 0.58 0.16 0.79 517 325 260 109 7 10 23 33 this study 
1.77 0.70 0.30 0.70 432 623 226 131 5 7 12 89 this study 
0.88 0.36 0.15 0.71 305 256 107 82 2 4 < 10 64 this study 
4.44 1.29 0.41 0.76 974 317 477 159 5 6 < 10 53 this study 

             

References: [1] Lightfoot et al. (1991); [2] Rowell & Edgar (1986); n.a. = not analysed or not available; note that 1 ppm = 1,000 ppb 
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5.8 Interpretation 

Assessment of post-depositional alteration 

The macro- and microscopic appearance of the inclusion-bearing quartz diorite from Rathbun 

Lake revealed limited and non-pervasive hydrothermal/metamorphic overprint at conditions 

that had likely not exceeded the lower greenschist facies (< 350°C). This is evident from the pseu-

domorphic replacement of primary amphibole and biotite by chlorite, plagioclase by saussurite, 

pyroxene by tremolite and talc, as well as crosscutting veins of epidote, chlorite, and pyrite. Before 

the geochemical and isotopic features of the rocks will be discussed in more detail, it its necessary 

to assess if and how alteration had affected the measured geochemical and isotopic composition.  

The isocon method is one way of assessing the extent of secondary element mobility (Grant 1986). 

The approach works by directly comparing a pair of whole-rock samples (altered vs. fresh) from 

the same lithology and then assumes that all observed differences in composition are the result of 

secondary element mobility. When applied to the inclusion-bearing quartz diorite two problems 

become evident: First, the identification of fresh and altered endmembers is almost impossible. 

Second, any potential metasomatic changes are masked by contamination with ubiquitous (micro-

)xenoliths and other primary inhomogeneities of the rock (e.g. schlieren). This severely limits the 

use of the isocon method and the quantification of fluid-induced element mobility. 

The alteration box plot after Large et al. (2001) offers an alternative, semi-quantitative approach 

to metasomatism. It makes use of whole-rock oxide concentrations and has the advantage of hav-

ing originally been calibrated specifically for igneous rocks. It also allows to identify different al-

teration trends and mineralogical changes by plotting vectors toward normative minerals (e.g. 

chlorite, albite, epidote). A major disadvantage is that trace elements are not considered. The al-

teration box plot shows that both the quartz diorite matrix and the mafic inclusions are relatively 

fresh; their major element composition corresponds to that of a typical unaltered andesite or bas-

alt, with no discernible trend towards epidote/calcite, chlorite, or sericite (Fig. 5.9A). 

The inclusion-bearing quartz diorite has only a narrow range in volatile content (2.0–3.5 wt% 

LOI) most of which is due to the presence of primary amphibole and modal variations thereof. The 

LOI, therefore, does not serve as good alteration proxy. To test whether the isotopic composition 

has been altered, all measured isotope ratios have been, instead of the LOI, contrasted against the 

Chemical Index of Alteration* (CIA) of Nesbitt & Young (1982). In doing so, the 143Nd/144Nd ratios 

show no trend with increasing alteration (higher CIA) and are therefore considered representa-

tive of the igneous protolith (Fig. 5.10A). Uranogenic Pb isotope ratios show a weak positive cor-

relation with the CIA, which could suggest limited mobility of U and/or Pb (Fig. 5.10B). The tho-

rogenic Pb isotope ratio, in contrast, shows a strongly negative correlation with increasing CIA 

(Fig. 5.10C). Theoretically, this could have been the result of early Pb loss, e.g. during alteration 

of feldspar, thereby increasing the time-integrated Th/Pb ratio. More likely, however, is it the re-

sult of primary inhomogeneities. This would agree with the significant variability in terms of Th 

concentrations, whereas Pb concentrations remain relatively constant. The Sr isotope ratios show 

no significant trend but a random scatter way outside the analytical uncertainty (Fig. 5.10D).  

 
* CIA = 100 molar [Al2O3/(Al2O3+CaO+K2O+Na2O)]; where CaO only refers to Ca in silicates  
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Another Offset Dyke of the Sudbury Igneous Complex 

Exploration of the Rathbun Lake area dates back to the late 19th century with first official reports 

made by Koulomzine (1955) and subsequent work conducted by the OGS (Dressler 1982), Flag 

Resources Ltd. and many other individuals since (Finn et al. 1982; Rowell & Edgar 1986; Lightfoot 

et al. 1991; Lightfoot & Naldrett 1996a; Jobin-Bevans 2000). Despite this considerable amount of 

work, no study has yet documented (at least not knowingly) the presence of inclusion-bearing 

quartz diorite at Rathbun Lake nor in the entire Rathbun Township. From a petrographic point of 

view, this quartz diorite differs in its clast- and quartz-rich nature and in the presence of primary 

amphibole from any other Proterozoic rock in the wider area. This includes the local Nipissing 

Suite gabbro and differentiated varieties thereof, sedimentary rocks of the Cobalt Group, and oli-

vine diabase of the 1.23 Ga Sudbury Dyke Swarm (Dressler 1982). The petrography of the inclu-

sion-bearing quartz diorite, however, bears strong resemblance to the impact melt-derived dykes 

of the Sudbury Igneous Complex (e.g. Lightfoot 2016). These so-called Offset Dykes display con-

siderable petrographic diversity across the 200 km-large Sudbury Impact Structure; thus it may 

come as no surprise that the strongest similarity exists with Whistle Offset Dyke (Lafrance et al. 

2014), which is the very Offset Dyke closest (~16 km) to the Rathbun Lake occurrence. Not only 

does the Whistle Offset Dyke contain Cu-sulphide veins and abundant fragments of surrounding 

basement rocks (including Archaean metagabbro and diabase), but it has the same mineralogy 

and texture as the quartz diorite found at Rathbun Lake (Fig. 5.11; Lafrance et al. 2014). This 

invariably leads to the suggestion that the quartz diorite at Rathbun Lake is also another Offset 

Dyke of the Sudbury Igneous Complex. Unequivocal evidence for this impact hypothesis requires 

a precise radiometric age, for instance, obtained via U-Pb on zircon/baddeleyite, or Ar-Ar on horn-

blende/biotite. Alas, this proved to be difficult due to the Zr-poor, xenolith-rich, hydrothermally 

altered nature of the inclusion-bearing quartz diorite. In the absence of an absolute formation age, 

an alternative approach is required to confirm its origin by the 1.85 Ga Sudbury impact event.  

 

Figure 5.11 Microphotograph of a thin section 
from the Whistle segment of the Whistle-Parkin 
Offset Dyke northwest of Wanapitei Lake (ca. 
46°56 26N 80°52 27W) showing the typical quartz 
diorite, composed of altered plagioclase and am-
phibole in an ophitic texture with quartz; under 
transmitted light and crossed polars; note the 
strong resemblance of this sample to the inclu-
sions-bearing quartz diorite from Rathbun Lake; 
the photograph shown here is originally from 
Lafrance et al. (2014, p. 474, their figure 6c) with 
minor modifications (i.e., labelling) made by the 
author. Abbreviations: Am = amphibole; Pl = plagi-
oclase; Qtz = quartz.  

Bulk melting by hypervelocity impact constitutes an effective means of target rock homogenisa-

tion (e.g. Dressler & Reimold 2001; Kenny et al. 2017; Osinski et al. 2018). Fortunately, this re-

sulted in a distinctive geochemical and isotopic composition of the Sudbury Igneous Complex 

compared to individual rocks in the target area of the bolide (e.g. Darling et al. 2010b; O’Callaghan 

et al. 2016). Whole-rock geochemistry in combination with radioisotopes (e.g. Nd, Hf, Pb) should 

thus make it possible to identify units related to the Sudbury Igneous Complex (e.g. Latypov et al. 

2019). Indeed, major element concentrations for the quartz diorite from Rathbun Lake compare 
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quite well with previously published data for the Offset Dykes (Fig. 5.9B,C). The Copper Cliff Off-

set Dyke, for example, has concentrations of 55.3 wt% SiO2, 0.94 wt% TiO2, 4.43 wt% MgO, 6.71 

wt% CaO, 12.0 wt% Fe2O3, and 4.31 wt% Na2O+K2O (Grant & Bite 1984). These values are similar 

to the Rathbun Lake quartz diorite, viz. 54.5 wt% SiO2, 0.63 wt% TiO2, 5.77 wt% MgO, 6.9 wt% 

CaO, 9.6 wt% Fe2O3, and 4.0 wt% Na2O+K2O, on average. Notably, both the Offset Dykes and the 

Rathbun Lake quartz diorite straddle the boundary of tholeiitic and calc-alkaline affinity in the 

AFM plot (Fig. 5.9C). This appears characteristic of all the impact melt rocks of the Sudbury Igne-

ous Complex (e.g. Grant & Bite 1984) and the Vredefort Impact Structure (e.g. Huber et al. 2020) 

as these did not follow any of the typical magmatic differentiation trends, but instead represent a 

mixture target rocks of variable tholeiitic, calc-alkaline, and alkaline affinity.  

Similarities between the Rathbun Lake quartz diorite and the Offset Dykes are especially evident 

from trace element concentrations. Zirconium, Th and Nb, for example, are significantly enriched 

in the quartz diorite relative to the local Nipissing Suite gabbro (cf. Lightfoot & Naldrett 1996b; 

Jobin-Bevans 2016) or the Gowganda Formation (cf. Young 2001), but they resemble the typical 

Offset Dyke quite well (cf. Lightfoot et al. 1997a,c). This can be illustrated in the plot Nb/Y vs. Zr/Ti 

among others, in which data for the Rathbun Lake quartz diorite and the Offset Dykes form tight 

overlapping clusters (Fig. 5.9D). Thorium in combination with Nb or Ta have previously been 

demonstrated effective in tracing crustal contamination (e.g. Pearce 2008) and are therefore use-

ful to differentiate between crustal (i.e., impact-related) and mantle-derived igneous rock. In the 

Ta/Yb vs. Th/Yb plot (Fig. 5.9E), samples from the Rathbun Lake quartz diorite populate the same 

field as the Offset Dykes and the average continental crust as defined by Rudnick & Gao (2013). A 

combination of all trace elements, irrespective of their susceptibility to alteration, is presented in 

Figure 5.12. It reveals broad similarities between the quartz diorite and the Offset Dykes but also 

some discrepancies that are worth a more detailed discussion (see below). It should be born in 

mind, however, that the inclusion-bearing quartz diorite has a large geochemical variability and 

exhibits omnipresent contamination with the mafic inclusions, hence trace element patterns that 

are intermediate between, and sub-parallel to, the mafic inclusions and average Offset Dyke. 

 
Figure 5.12 Primitive mantle-normalised trace element diagrams for the inclusion-bearing quartz diorite 
from Rathbun Lake and, for comparison, selected Offset Dykes of the Sudbury Igneous Complex (Parkin, 
Foy, Ministic); normalisation values are from Sun & McDonough (1989); literature data are from Lightfoot 
et al. (1997c). 
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Studies by Faggart et al. (1985), Naldrett et al. (1986), Deutsch (1994) and Prevec et al. (2000) 

have established a strong crustal affinity of the Sudbury Igneous Complex in terms of 143Nd/144Nd 

ratios. This is best exemplified using depleted mantle model ages (tDM), which, for rocks with 

Sm/Nd ratio < 0.12, should equal their mean crustal residence time. The tDM of the Sudbury Igne-

ous Complex reported in these studies is not 1.85 Ga, as would be expected for an igneous rock 

formed by partial melting of the Earth’s mantle at that time, but 2.75 Ga. Model age and highly 

negative ɛNd are considered inherited from the crustal precursor rocks (juvenile 2.75 Ga crust 

and its erosional product, the Huronian Supergroup) that became homogenised during impact 

melt formation (e.g. Faggart et al. 1985; Darling et al. 2010b; Petrus et al. 2016; Kenny et al. 2017). 

Broadly similar isotopic features were also observed in the Rathbun Lake quartz diorite (Fig. 

5.13), viz. an εNd of –27 to –24, a 147Sm/144Nd ratio of 0.117 to 0.128, and an average tDM of 2.9 Ga. 

This suggests that both the Offset Dykes and the quartz diorite share a common source and expe-

rienced the same radiogenic ingrowth of 143Nd. Slight deviations from the Offset Dyke average, as 

shown in the histograms of Figure 5.13, are easily explained by contamination with local country 

rock, either gabbro or wacke. The Nd isotope composition of the Huronian Supergroup would be, 

however, indistinguishable from that of the Offset Dykes (cf. McLennan et al. 2000) and should 

thus not have had a profound effect on the measured Nd isotope ratios. Mafic rocks of the Nipis-

sing Suite, in contrast, have distinctly higher εNd0, a high Sm/Nd and older model ages (tDM > 3000 

Ma) (Lightfoot & Naldrett 1996a). The Nipissing Suite gabbro is, therefore, the most likely source 

of contamination. This mixing relationship will be explored in more detail later this chapter. 

It is concluded, based on petrographic evidence, and strong similarities in geochemistry and iso-

topic composition, that the inclusion-bearing quartz diorite from Rathbun Lake is another hith-

erto unrecognised Offset Dyke of the Sudbury Igneous Complex. 

 
Figure 5.13 Neodymium isotope histograms for the inclusion-bearing quartz diorite from Rathbun Lake 
and, for comparison, literature data for the Sudbury Igneous Complex; A: frequency of the present-day 
ɛNdCHUR; B: frequency of depleted mantle model ages; literature data recalculated from Faggart et al. (1985), 
Prevec et al. (2000), Latypov et al. (2019), plus five unpublished data for the Offset Dykes (n=1) and the 
Main Mass (n=4) (this study; Appendix_2); not shown are data for the heavily contaminated Sublayer be-
cause these are not representative of the initial impact melt composition (e.g. Prevec et al. 2000). 
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Origin of the mafic inclusions 

Now that the impact origin of the inclusion-bearing quartz diorite has been established and the 

rock identified as another Offset Dyke of the Sudbury Igneous Complex, a discussion on the origin 

of the mafic inclusions follows. Such rock and mineral fragments are an integral part of almost all 

types of impactites (e.g. Stöffler & Grieve 2007), accordingly diverse can their possible origin be. 

In any impact structure, most fragments are typically derived from the immediate basement (xen-

oliths), but studies have also reported reworked fragments of early formed impact melt rocks (au-

toliths, anteliths) or even of the projectile itself (Maier et al. 2006; Latypov et al. 2019; Wang et al. 

2020). The study of inclusions in the Sudbury Igneous Complex has a long tradition (Scribbins et 

al. 1984; Lightfoot et al. 1997b; Prevec et al. 2000; Cohen et al. 2000; Wang et al. 2018, 2020). This 

is because, early on, geologists have recognised the common association of Ni-Cu-PGE sulphide 

and inclusions, especially the more mafic and ultramafic exotic types (Souch et al. 1969; Pattison 

1979). The case of the Rathbun Offset Dyke testifies once more to this enigmatic relationship.  

The mafic inclusions from Rathbun Lake have a fine-grained spherulitic texture indicative of 

quenching of basic melts (e.g. Lofgren 1971; Holness et al. 2012). Although this texture is typically 

found in the chilled margins of sills and dykes, it provides no reliable source information per se. 

What is clear is that the mafic inclusions differ petrographically from the quartz dioritic matrix, 

and they must have been in disequilibrium with the impact melt as is evident from their deeply 

embayed shapes, their dark concentric rims, and the feldspar-rich fringes (leucosome?) surround-

ing them. Any possibility that these mafic inclusions represent anteliths of early formed quartz 

diorite, as reported in some of the Offset Dykes (Tuchscherer & Spray 2002; Lightfoot & Farrow 

2002; Pilles et al. 2017, 2018b) can, therefore, be ruled out. An impact melt-origin of the mafic 

inclusions is also odds with their geochemical composition, which was found to be more primitive 

than the initial undifferentiated impact melt of the Sudbury Igneous Complex (Fig. 5.12).  

Given that diabase and gabbro of the Nipissing Suite occurs in direct contact with the Rathbun 

Offset Dyke, it is the most likely source of these mafic inclusions. A geochemical comparison re-

veals indeed striking similarities. Mafic inclusions have, for instance, major element concentra-

tions of 51 wt% SiO2, 0.6 wt% TiO2, and a tholeiitic affinity according to the AFM plot, all of which 

is typical of the Nipissing Suite (e.g. Lightfoot et al. 1993; Lightfoot & Naldrett 1996b; Jobin-Bevans 

2016), especially its gabbroic units, which have been least affected by alteration or AFC processes. 

The similarity is even more profound with respect to lithophile trace elements. Both the mafic 

inclusions and the gabbroic rocks of the Nipissing Suite have < 60 ppm Zr, < 2.5 ppm Th, relatively 

flat REE patterns, and pronounced negative Nb-Ta-Ti anomalies (Fig. 5.14). Assuming that Rb, Ba 

and Sr have not been significantly mobilised during alteration, their abundances also match those 

of the typical Nipissing Suite gabbro. Granted, rocks of the Nipissing Suite show a considerable 

range in composition across the Huronian Basin, but their regional average corresponds very 

closely to the composition of the mafic inclusions (Fig. 5.14). Further insights come from Nd iso-

tope systematics. Mafic inclusions have the same isotopic features as the Nipissing Suite, namely, 

a high 147Sm/144Nd ratio of 0.135, an εNd0 between –15 and –20, and a one-stage Nd model age 

(tDM) of ca. 3000 ± 500 Ma (cf. Lightfoot & Naldrett 1996a). The geochemistry and isotopic com-

position of the mafic inclusions is, therefore, consistent with their very local origin as xenoliths. 

As most mafic inclusions exhibit what is interpreted as quench textures, it is conceivable that they 

were derived from the chilled Nipissing Suite-Gowganda Formation contact along the northern 

margin of the Wanapitei Intrusion (Fig. 5.2A) and thus have not been significantly displaced since.  
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Figure 5.14 Primitive mantle-normalised trace element diagrams for mafic inclusions from the Rathbun 
Offset Dyke in comparison to gabbroic rocks (47–55 wt% SiO2) of the Nipissing Suite; normalisation values 
are from Sun & McDonough (1989); data for the Nipissing Suite are from Lightfoot & Naldrett (1996b), 
Jobin-Bevans (2016), Hagen (2020) and this study (Appendix_1); regional average, median and standard 
deviation were calculated from more than 500 analyses excluding altered and mineralised outliers with < 
47 wt% SiO2 as well as differentiated and contaminated outliers with > 55 wt% SiO2. 

Geochemical modelling of xenolith assimilation 

The spherical and in places amoeboid shape of the mafic inclusions bears some resemblance mafic 

enclaves in granites, or to embayed phenocrysts in volcanic rocks, for example, of olivine in basalt, 

or quartz in rhyolite. Such embayed phenocrysts are clear evidence of crystal-melt disequilibrium 

and generally interpreted as resorption phenomena. A similar disequilibrium relation seems to 

exist between the mafic inclusions (xenoliths) and the quartz dioritic matrix from Rathbun Lake, 

supported by textural features such as (i) the visible fragmentation of larger mafic inclusions in 

to smaller ones, giving rise to ocelli-like textures; (ii) feldspar-rich patches in vicinity to the many 

of mafic inclusions, which could be interpreted as a leucosome; (iii) dark and fine-grained reaction 

rims around mafic inclusions, perhaps as a result of hydration, thermal metamorphism, or alter-

natively, representing the more refractory phases (restite) at an assumed xenolith-melt interface.  

To test if and to what extent the mafic inclusions were assimilated by the impact melt, and how 

this had influenced the composition of the quartz diorite, geochemical mixing models have been 

performed. The theory behind this is that, if assimilation (assuming bulk melting) had occurred, 

the composition of the matrix should correspond to a mixture between the mafic inclusions and 

the undifferentiated, uncontaminated impact melt. If the mafic inclusions where the only contam-

inant, then the trend defined by the inclusions, matrix and Offset Dykes should be a binary mixing 

line. Figure 5.15 shows a compilation of simple element-element scatter plots, each with a calcu-

lated mixing line between the xenoliths and the typical quartz dioritic Offset Dyke. Two features 

become evident; first, there is a significant scatter of the quartz dioritic matrix, even on the hand 

specimen scale; second, matrix samples fall indeed on, or close to, the binary mixing lines between 

Nipissing Suite and Offset Dykes. According to the lever rule, each plot points to a relatively con-

sistent contaminant-to-assimilant proportion of 40:60 to 60:40. These mixing proportions are in 

good agreement with the normalised trace element diagram of Figure 5.13, which has also indi-

cated a quartz diorite:Nipissing Suite gabbro mixing proportion of approximately 50:50.  
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Figure 5.15 Scatter plots of relatively fluid immobile elements, used to infer the extent of crustal contami-
nation in the inclusion-bearing quartz diorite from Rathbun Lake; each panel shows a binary mixing line 
between the undifferentiated impact melt composition (represented by the Offset Dykes) and the mafic in-
clusions (samples MAF-1, MAF-2, MAF-3, and MAF-4); with 10% increments using the quartz diorite from 
the Parkin Offset Dyke as a starting composition; literature data from Lightfoot et al. (1997c); 2σ error bars 
are in each panel smaller than the symbol size. 
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Neodymium isotope systematics are another way of quantifying the assimilation of the mafic in-

clusions by the hot, likely superheated, impact melt. Figure 5.16 shows the calculated (non-lin-

ear) mixing trend between the mafic inclusions and the Parkin Offset Dyke, with the 143Nd/144Nd 

ratio on the y-axis, and the reciprocal Nd concentration on the x-axis. In agreement with trace 

element considerations above, the isotopic composition of the matrix can be explained by ~60% 

admixture of mafic inclusions to the initial undifferentiated impact melt. 

 

Figure 5.16 Reciprocal Nd concentra-
tions vs. measured 143Nd/144Nd ratios 
used to ascertain crustal contamina-
tion in the inclusion-bearing quartz 
diorite (matrix) from Rathbun Lake; 
also shown is a binary mixing line be-
tween the undifferentiated impact 
melt composition (represented by the 
Offset Dykes) and the mafic inclu-
sions; with 10% increments using the 
average quartz diorite from the Par-
kin Offset Dyke as a starting composi-
tion; literature data are averages 
based on Lightfoot et al. (1997c) and 
Prevec et al. (2000); error bars are 2σ 
internal errors.  
 

Geochemical and isotopic models demonstrate that the matrix composition of the inclusion-bear-

ing quartz diorite from Rathbun Lake can be accommodated by a ca. 40:60 mixture between im-

pact melt and the locally derived mafic xenoliths. Not only does this provide additional, though 

indirect, evidence of an impact origin of the inclusion-bearing quartz diorite, but it also testifies 

to the superheated temperature the impact melt must have had at the time of emplacement to 

allow for assimilation to such an extent. Application of the software Melts (Gualda & Ghiorso 2015) 

predicts complete melting of the mafic inclusions at 1,250°C, assuming H2O-rich conditions, an 

oxygen fugacity around the QFM buffer, and assuming that the Offset Dyke was emplaced at a 

paleodepth of 3–5 km (~1 kbar). This temperature corresponds closely to the experimentally de-

termined basalt liquidus (e.g. Green & Ringwood 1967) and provides a minimum estimate of the 

emplacement temperature for the impact melt. Textural and geochemical evidence suggests, how-

ever, that the mafic inclusions did undergo melting. Therefore, temperatures must have exceeded 

1,250°C by a substantial extent, perhaps by several hundred degrees, based on analogue experi-

ments on phenocryst/xenocryst resorption rates (e.g. Donaldson 1985; Thornber & Huebner 

1985) and in consideration that high temperatures must have kept sustained long enough before 

the impact melt solidified, and this in spite of all the energy that was consumed for the assimila-

tion. These observations are in strong favour of a superheated temperature as it has been pro-

posed before for the Offset Dykes of the Sudbury Igneous Complex, that is, 1,500–1,800°C (Oster-

mann et al. 1996; Coulter et al. 2014; Prevec & Büttner 2018), although studies on other, smaller, 

impact structures imply even greater temperatures exceeding 2,370°C (e.g. Timms et al. 2017). 

Thermomechanical erosion of the local wall rock seems to have played an important role in the 

emplacement of the Rathbun Offset Dyke as well as its textural and geochemical evolution. Assim-

ilation of H2O-bearing country rock (± hydrated gabbro) at high confining pressure would proba-

bly also explain the unusual presence of primary igneous hornblende in the Rathbun Offset Dyke. 
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A re-interpretation of the Rathbun Lake PGE-Cu±Ni occurrence  

Because of very low crustal abundances (Rudnick & Gao 2013) and a limited solubility in most 

low-T aqueous fluids (e.g. Barnes & Liu 2012), cases of hydrothermal PGE mineralisation are ex-

traordinarily rare; only a handful of epigenetic PGE occurrences are known worldwide. One of 

these, according to the classification by Maier (2005), is Rathbun Lake. This widespread yet ques-

tionable view dates back to the work of Rowell & Edgar (1986), who presented a series of argu-

ments that the extremely high Pd (63 g/t), Pt (33 g/t) and Au (10 g/t) grades at Rathbun Lake 

could be due to fluid-mediated leaching from, and metasomatic replacement of, the local 2.22 Ga 

Nipissing Suite gabbro. Their argumentation was primarily based on the presence of Hg-, Sb-, Te-

, Bi- and As-bearing platinum group minerals, the abundance of typical hydrothermal sulphides 

such as pyrite, arsenopyrite, molybdenite or covellite, the lack of typical magmatic sulphides, the 

gangue type (epidote, quartz, chlorite), the allegedly brecciated nature of the host rocks and – for 

most magmatic deposits – the unusually high (Pd+Pt)/(Os+Ir+Ru) ratios and Pd/Ir ratios.  

The study of Rowell & Edgar (1986) was well received by the scientific community and was pub-

lished just as a renewed discussion about the role of fluids in the formation of PGE deposits 

emerged (e.g. Ballhaus & Stumpfl 1986; Boudreau et al. 1986; Mountain & Wood 1988). Suffice to 

say, the discovery of a new type of epigenetic mineralisation style would open entirely new eco-

nomic perspectives as an alternative exploration target to the market-dominating orthomagmatic 

reef-type deposits. Even more, the work of Rowell & Edgar (1986) sparked sudden interest in the 

regionally widespread but, until then, heavily underexplored Nipissing Suite as a potential host of 

high-grade PGE-Cu-Ni mineralisation. This prompted a whole series of follow-up studies to inves-

tigate the geology and economic potential of the Nipissing Suite in more detail (e.g. Lightfoot & 

Naldrett 1989, 1996a,b; Lightfoot et al. 1991, 1993; Noble & Lightfoot 1992; Keays et al. 1995; 

Jobin-Bevans et al. 1997; Vaillancourt et al. 2001). These studies altogether failed, however, to 

locate similar PGE occurrences throughout the entire magmatic province, similarly as they failed 

to explain why high-grade PGE mineralisation only occurs at Rathbun Lake. Some 35 years later, 

the Rathbun Lake occurrence is still considered by many scholars as Nipissing Suite-related (e.g. 

Keays & Lightfoot 2020), and as an archetype of epigenetic PGE mineralisation. An impact origin, 

although informally discussed by local exploration geologist long before the discovery an inclu-

sion-bearing quartz diorite at Rathbun Lake, has never been tested so far.  

In this context, the discovery of an Offset Dyke sheds a completely new light on the Rathbun Lake 

occurrence, calling not only its age but its alleged hydrothermal origin into question. Could this 

occurrence also be genetically related to the Sudbury impact event? The occurrence shares, in-

deed, many features typical of a very specific type of mineralisation known exclusively from Sud-

bury: Footwall-type mineralisation, named after its position in the brecciated basement of the 

Sudbury Impact Structure, is characterised by extremely high Cu and PGE grades, vein-like ore 

bodies, and a plethora of different platinum group minerals. The formation of these so-called 

“sharp-walled Cu veins” is now widely considered the end-product of extreme magmatic sulphide 

fractionation, and not the product of hydrothermal processes (e.g. Naldrett et al. 1999; Hanley et 

al. 2011; Dare et al. 2014; Lightfoot 2016). A step-by-step comparison with these footwall deposits 

will demonstrate their remarkable similarity with the Rathbun Lake occurrence. It will further be 

shown that all the features previously cited as evidence of a hydrothermal (epigenetic) origin are 

in fact – and by analogy to the footwall deposits – in favour of a (late-)magmatic origin of the 

Rathbun Lake occurrence, syngenetic with the emplacement of the Rathbun Offset Dyke. 
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It has long been known that the sulphide deposits at Sudbury become increasingly Cu-rich and Ni-

poor with depth (Keays & Crocket 1970), and by now there is consensus that such compositional 

zonation is due to fractional crystallisation (Naldrett 2004; Lightfoot 2016). According to our cur-

rent understanding of orthomagmatic sulphide deposits and the Sudbury Igneous Complex as a 

differentiated impact melt sheet, immiscible sulphide droplets began to unmix from the impact 

melt as it cooled, settled towards topographic depressions on the crater floor and there, they un-

derwent fractionation and sub-solidus modification. Experimental studies have shown that the 

first solid to crystallise at 1,190°C from such a sulphide melt is always rich in Fe and Ni. This high-

T phase, called monosulphide solid solution (MSS), is not stable below 650°C, and pyrrhotite and 

pentlandite will inevitably exsolve from it. Copper, on the other hand, behaves differently. It is not 

incorporated in the crystal structure of the MSS but will be concentrated into a residual Cu-Fe-S 

±Ni bearing liquid. At around 880°C, this Cu-rich liquid will crystallise into its own high-T phase, 

the so-called intermediate solid solution (ISS) (e.g. Naldrett 2004). Equally unstable, down-tem-

perature evolution causes the ISS to transform into the stable assemblage chalcopyrite ±cubanite 

±pentlandite (e.g. Naldrett 2004). Because of its high density (4.5 g/cm3; Mungall & Su 2005), low 

viscosity (< 0.1 Pa s; Dobson et al. 2000) and solidus (880°C), a (Cu-rich) sulphide melt can be 

highly mobile and thus able to physically separate from an early solidified MSS, thereby providing 

a means of Cu/Ni fractionation. A Cu-rich sulphide melt may even migrate over larger distances 

and is capable of percolating into the underlying footwall of a given intrusion (Saumur & Cruden 

2017; Staude et al. 2017; Barnes et al. 2020a), provided sufficient permeability and temperature 

of the substrate. At Sudbury, the product of this process is preserved in form of vein stockworks 

in the brecciated footwall of the Main Mass (the “sharp-walled Cu veins”; Fig. 5.17A). Interest-

ingly, the original ore body of Rathbun Lake was also described as vein-like (Koulomzine 1955). 

Although it is not possible to study the mineralisation there in situ anymore, grab samples from 

the showing do resemble the typical footwall mineralisation (compare Fig. 5.6A and Fig. 5.17B). 

 

Figure 5.17 Photographs of the sharp-walled Cu-veins in the footwall of the Sudbury Igneous Complex as a 
possible analogy to the Rathbun Lake mineralisation; A: massive chalcopyrite vein from the McCreedy East 
Deposit; photograph from Dare et al. (2014, p. 346); B: close-up photograph of a massive chalcopyrite vein 
from the Broken Hammer Deposit; photograph from Hall et al. (2020, p. 1158).  

A basic hallmark of all footwall deposits (e.g. McCreedy, Strathcona) is their high Cu/(Cu+Ni) ratio 

and a principal paragenesis dominated by chalcopyrite with lesser amounts of other minerals 

(cubanite, pentlandite) that may exsolve from a Ni-bearing ISS. The sulphide from Rathbun Lake 

has essentially the same mineralogy as these footwall deposits and the same highly fractionated 

Cu/(Cu+Ni) ratio of ≥ 0.9, as illustrated in the mineral assemblage plot of Figure 5.18.  
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Figure 5.18 Mineral assemblage plot after Lightfoot (2016); this plot establishes a link between whole-rock 
Cu, Ni and S concentrations and specific igneous mineral assemblages, with Cu/(Cu+Ni) as a fractionation 
index and (Cu+Ni)/S as metal tenor (not considering the diluting effects of pyrite, arsenides etc.). Abbrevi-
ations: Brn = bornite; Ccp = chalcopyrite; Cub = cubanite; Cov = covellite; ISS = intermediate solid solution; 
Mil = millerite; MSS = monosulphide solid solution; Pn = pentlandite; Po = pyrrhotite; Py = pyrite. 

Furthermore, the oriented intergrowths between pentlandite and chalcopyrite (Fig. 5.7D) are a 

strong indication that these two minerals exsolved from one homogenous precursor, by implica-

tion, an ISS. Similar textures were described before only for massive chalcopyrite-veins of the 

McCreedy East footwall deposit by Dare et al. (2014), who proposed that these pentlandite lamel-

lae originally exsolved from a Ni-bearing ISS and subsequently coarsened to granular pentlandite. 

At Rathbun Lake, these lamellae seem well-preserved, perhaps as a consequence of undercooling 

that prevented subsequent ripening. Loop-textured pentlandite, present in some samples from 

Rathbun Lake (e.g. Fig. 5.7C), is additional evidence of a magmatic origin (Barnes et al. 2020b). 

Another feature of Rathbun Lake consistent with a magmatic origin is the abundance of dispersed 

and euhedral magnetite, either with or without Fe-Ti oxide exsolutions. Although Rowell & Edgar 

(1986) interpreted this magnetite as hydrothermal, similar magnetite was described from the 

Sudbury footwall deposits, where it is considered magmatic in origin (Dare et al. 2012, 2014; 

Lightfoot 2016). It is either a product of direct crystallisation from the sulphide melt (Naldrett 

1969; Craig & Kullerud 1969) or was formed by the reaction of sulphide melt with surrounding 

silicates (Fonseca et al. 2008; Lesher 2017). In fact, both types of magnetite might be present in 

the studied samples: A trellis-textured magnetite enclosed in chalcopyrite, which possibly crys-

tallised directly from the sulphide melt; a homogeneous type of magnetite found in contact with 

primary silicates, which possibly formed by the process advocated by Fonseca et al. (2008).  

Apart from analogous mineral assemblages, it is also worth considering similarities in trace ele-

ment abundance between Rathbun Lake and the footwall deposits. That is, the fractionation trend 

outlined above with respect to Cu/(Cu+Ni) (Fig. 5.18) is typically accompanied by systematic var-

iations in the precious metals, whose distribution is controlled by different partition coefficients 

between MSS and ISS. While Co, IPGE (Ir, Ru, Os) and Rh are preferentially incorporated into the 

early MSS, other metals (Pd, Pt, Au, Ag) and TABS (Te, As, Bi, As, Sb, Sn) do not enter the MSS. 

Instead, they remain in the residual Cu-rich melt (Barnes & Ripley 2016). At Sudbury, this con-

trasting partitioning behaviour resulted in IPGE-Co-enriched Ni-sulphide ores (contact deposits), 
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i.e., the former MSS cumulates on the crater floor, and Pd-Pt-Au-Ag-enriched Cu-sulphide ores (ISS 

cumulates/footwall deposits) (Li et al. 1992; Naldrett et al. 1999; Dare et al. 2014; Lightfoot 2016). 

Consequently, the Pd/Ir ratio, which might serve as another fractionation index, can exceed sev-

eral 100,000 in the footwall deposits (e.g. Li et al. 1992; Barnes & Lightfoot 2005; Dare et al. 2014). 

Similar high Pd concentrations and Pd/Ir ratios of Cu-sulphide ores have been reported not only 

from Sudbury but also Norilsk-Talnakh (e.g. Duran et al. 2017) and Lac des Iles (e.g. Duran et al. 

2016) among other magmatic deposits. Duran et al. (2017) successfully reproduced the observed 

metal variations at Norilsk with Rayleigh fractionation modelling by using published partition co-

efficients. Given that the ore deposits at Norilsk experienced no metamorphic and hydrothermal 

overprint, this is an important finding as it demonstrates that fluids are not required in the for-

mation of Pd-rich, high-Pd/Ir base metal sulphide ores. Thus, the high Pd/Ir ratio of the Rathbun 

Lake occurrence (up to 480,000) does not necessarily reflect the higher fluid mobility of Pd over 

Ir (e.g. Keays et al. 1982), as implied by Rowell & Edgar (1986), but is likewise consistent with 

magmatic sulphide fractionation. Interestingly, Rowell & Edgar (1986) reported one sample that 

is anomalously high in Ir (28 ppb) and, at the same time, has the lowest Cu/(Cu+Ni) (0.86) and 

lowest Pd/Ir (429) of all their samples (Tab. 5.4). This sample may be interpreted as less evolved, 

maybe a mixture of MSS and ISS. The high Ir in this particular sample significantly above the man-

tle value of 3.2 ppb (McDonough & Sun 1995) effectively rules out a hydrothermal origin because 

of the extremely low solubility of Ir in any hydrothermal fluid (e.g. Keays et al. 1982; Lesher 2017). 

It is, however, consistent with sequestration by magmatic sulphide. In Figure 5.19, the Ni-PGE-

Au-Cu concentrations of the Rathbun Lake occurrence are compared to those of the Sudbury foot-

wall deposits; the similarity is striking, regardless of the metal tenor. 

 

Figure 5.19 Primitive mantle-normal-
ised Ni-PGE-Au-Cu concentrations from 
the Rathbun Lake occurrence and, for 
comparison, the typical composition of 
the sharp-walled Cu veins (footwall min-
eralisation) in and beneath the Sudbury 
Igneous Complex; notice the strong re-
semblance of these patters to each other; 
the strong enrichment of Cu, Pd, Pt and 
Au over Ni, Os, Ir, Ru and Rh is typical of 
ores derived from a highly fractionated 
sulphide melt; data for McCreedy East 
from Dare et al. (2014); data for Strath-
cona Copper from Li et al. (1992); mantle 
values from Sun & McDonough (1989). 

The final step of PGE-sulphide fractionation is still a matter of research. Experimental studies (e.g., 

Tomkins 2010; Liu & Brenan 2015; Bai et al. 2017; Piña et al. 2020) and examples from natural 

analogues (Cabri & Laflamme 1976; Holwell & McDonald, 2010; Dare et al. 2014; Piña et al. 2015) 

imply that Pd, Pt, Au and various other metals that remain in the residual Cu-rich melt are in fact 

incompatible with ISS. These will be concentrated in very late-stage liquids together with TABS. 

Although PGE-TABS-rich liquids are expected to have very low viscosities and low solidi (Prichard 

et al. 2004; Tomkins 2010), in most cases they are trapped by the ISS and the surrounding frame-

work of silicates. Both ISS and PGE-TABS liquid eventually crystallise, giving rise to the typical 

chalcopyrite-PMM assemblages (Cabri & Laflamme 1976; Dare et al. 2014). This may have also 
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been the case at Rathbun Lake, where discrete PMM are not only abundant, but occur is close 

textural association with chalcopyrite. The observed scarcity of Pt and Au minerals compared to 

Pd minerals is consistent with whole-rock PGE+Au concentrations. This and the lack of correlation 

between Cu, S and PGE suggests that a significant portion of PGE+Au occur as discrete minerals 

(i.e., PMM) rather than in solid solution in sulphides. Furthermore, there is no evidence (e.g. acic-

ular, vermicular, flame-like or symplectitic textures) that PMM were formed by solid state exsolu-

tion or eutectic crystallisation. Rowell & Edgar (1986) argued for an independent precipitation of 

PMM out of a hydrothermal fluid, because of their textural preference for the edges of chalcopy-

rite. However, the location of PMM at the silicate-sulphide interface is very typical of magmatic 

deposits (Godel et al. 2010; Holwell & McDonald 2010). It therefore appears that the observed 

PMM attached to chalcopyrite represent late-magmatic liquids that were expelled from the crys-

tallising Cu-sulphide (e.g. Prichard et al. 2004). Furthermore, Rowell & Edgar (1986) speculated 

that Te-Bi-As-bearing PMM might be diagnostic of hydrothermal occurrences. However, these 

minerals are in fact among the most common PMM in magmatic systems (e.g. O’Driscoll & Gonzá-

lez-Jiménez 2016), especially in those that have undergone crustal contamination (Platreef: 

Hutchinson & Kinnaird 2005; Norilsk: Duran et al. 2017), and they are the prevalent type of PMM 

in the footwall deposits of the Sudbury Complex (Cabri & Laflamme 1976; Li & Naldrett 1993; 

Farrow & Watkinson 1997; Dare et al. 2014; Hall et al. 2020). Experiments by Bai et al. (2017) and 

Scholten et al. (2018) support a (late-)magmatic origin of sperrylite in these footwall deposits. 

Note that the Rathbun Lake PGE-Cu-Ni occurrence, although undoubtedly hosted by an Offset 

Dyke, differs from the typical offset-related ore deposits elsewhere around Sudbury in two re-

spects: Its Ni/Cu ratio of < 0.1 is much lower than the average ore composition (Ni/Cu ~0.5) from 

offset deposits (Keays & Lightfoot 2004), and it is free of pyrrhotite, whereas pyrrhotite is the 

principal Fe sulphide in the Offset Dyke deposits. However, this difference would be easily ex-

plained if the Rathbun Lake represents only the deepest and highly fractionated part of a now 

eroded offset-hosted mineral system with the overlying contact ore having been eroded. This is 

somewhat similar to the Frood mineral system that is hosted by the inclusion-bearing quartz dio-

rite of the Frood Offset Dyke. There, the ore body is also fractionated from surface (Fe-Ni-rich) to 

a depth of about 1.3 km (Cu-PGE-rich) as it narrows (Hawley 1965; Lightfoot 2016). It would also 

explain the very limited extent of the Rathbun Offset Dyke, suggesting that its current exposure of 

5 m2 represents only the lowermost termination of an originally much more voluminous dyke. 

It remains to be established why the Rathbun Offset Dyke was mineralised in the first place. Offset 

Dykes at a similar distance to the Main Mass (~15 km) are generally regarded barren as their 

metal endowment steadily decreases with increasing distance. Maybe dyke-internal flow differ-

entiation (Giroux & Benn 2005; Pilles et al. 2018b) and/or structural traps (Lightfoot & Farrow 

2002) for both sulphide melts and mafic inclusions (e.g. faults, lithological contacts, branching, 

footwall irregularities) played a crucial role in the formation of the Rathbun Lake occurrence. Al-

ternatively, the incorporation and assimilation of mafic xenoliths (perhaps accompanied by devo-

latilisation) could have led to changes in the rheological behaviour of the impact melt, to changes 

in the bulk density, viscosity, and wetting properties (e.g. Lesher 2017), thus facilitating the local 

deposition of base metal sulphide. Another possibility is that the impact melt sheet was extraor-

dinarily thick above the study area for there seems to be a tight correlation between the size of 

sulphide deposits and the thickness of the overlying Main Mass as a simple consequence of mass 

balance (Lightfoot 2016): The thicker the impact melt sheet, the more metals available, the more 
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sulphide can separate, the thicker the contact mineralisation, the more PGE remained in the re-

sidual liquid. Maybe the Rathbun Offset Dyke occupied a concentric fault system that acted as a 

pond for impact melt and sink of sulphide melt, in a similar fashion as footwall embayments did 

beneath the Main Mass (Dreuse et al. 2010; Ripley et al. 2015; Lightfoot 2016; Fig. 5.20). This 

notion of Rathbun Lake representing a former topographic low beneath a relatively thick portion 

of the melt sheet is also borne out by the barometric evidence presented in Chapter 5.5. 

 

Figure 5.20 Emplacement and distribution of Offset Dykes and massive sulphide within the Sudbury Impact 
Structure; A: reconstructed “bathymetric” map of the initial impact melt sheet during the crater modifica-
tion stage; massive sulphide was apparently localised in areas of maximum melt sheet thickness and foot-
wall topography (throughs and embayments); also shown is the distribution of all known Offset Dykes (cor-
rected for deformation); B: the Sudbury Impact Structure in cross section (not drawn to scale); inset illus-
trates the mineralogical and compositional zoning of the ore deposits into contact- and footwall type. 
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Although an igneous origin of the Rathbun Lake occurrence is beyond question, there is miner-

alogical and textural evidence of a certain hydrothermal component. This is especially true for the 

assemblages Chl + Qtz + Ep + Alb and Ccp + Py + Vio/Mil ± Cov, which are diagnostic of lower 

greenschist-facies metamorphism of mafic rocks and low-temperature alteration of magmatic sul-

phide, respectively (e.g. Bucher & Frey 2002; Holwell et al. 2017). The same assemblages have 

been reported worldwide, including many well-known magmatic deposits where pyrrhotite, pent-

landite and chalcopyrite are the primary sulphides. Examples include the Bushveld Complex (e.g. 

Smith et al. 2014; Junge et al. 2019), the Great Dyke (Li et al. 2008), Lac des Iles (Duran et al. 2016), 

Kevitsa (Le Vaillant et al. 2016), Kambalda (Nickel et al. 1974), several deposits in the Abitibi 

(Misra & Fleet 1974) and structurally modified deposits at Sudbury itself (Lightfoot 2016). 

In fact, the mineral violarite, FeNi2S4, was first described by Clark & Catlett (1889) in the Vermil-

lion Mine, a high-grade PGE-Cu-Ni sulphide deposit hosted by the Vermillion Offset Dyke south of 

Main Mass (Grant & Bite 1984; Szentpéteri et al. 2003). Since then, it has been documented in 

many other deposits, where it is always considered a supergene alteration product of pentlandite 

(Misra & Fleet 1974), less frequently also of pyrrhotite (Nickel et al. 1974). Due to its wide distri-

bution and metallurgical significance, the formation conditions of violarite are particularly well 

constrained. Experimental work by Kullerud (1963) and Craig (1971) in the Fe-Ni-S system, for 

example, indicates that violarite is not stable above 460°C. Michener & Yates (1944) reported on 

pentlandite-bearing drill cores, which had already shown incipient secondary formation of violar-

ite, pyrite, marcasite ±millerite after some 35 years of weathering. An experimental study by Te-

nailleau et al. (2006) implies that this replacement takes place at temperatures as low as 20°C 

within 5–10 years under typical surface conditions, for instance, via reactions: 

Pentlandite + 2.75 O2(g) + 5.5 H2S(aq) ⇌ 2.25 Violarite + 2.25 Pyrite + 5.5 H2O (5.1) 

 

Pentlandite + 1.625 O2(g) + H2S(aq) + 4.5 H+ ⇌ 2.25 Violarite + 2.25 Fe2+ + 3.25 H2O (5.2) 

Both reactions are accompanied by a ~11% volume increase (Tenailleau et al. 2006). This could 

have resulted in fracturing, thereby creating a secondary porosity and additional pathways for 

fluids. Note that Reaction 5.1 can also account for the common association of pyrite/marcasite 

and violarite in the samples from Rathbun Lake (corresponding to the pyrite-zone of supergene 

profiles; Nickel et al. 1974). Additional Fe, Ni and S may have been released following the replace-

ment of violarite to millerite, NiS (e.g. Tenailleau et al. 2006), although there remains ambiguity 

as to the origin of millerite in the studied samples, whether igneous or supergene, as there remains 

general ambiguity as to its origin in the Sudbury footwall deposits (e.g. Lesher 2017; Gore 2020). 

The same discussion applies to covellite, CuS, a very common supergene alteration product of 

chalcopyrite (e.g. McKinstry 1959; Sillitoe & Clark 1969): Replacement of chalcopyrite by covellite 

could have resulted in the liberation of Fe and S only to be re-deposited as pyrite/marcasite: 

Chalcopyrite + 0.5 O2(g) + H2S(aq) ⇌ Covellite + Pyrite + H2O (5.3) 

It is, however, unlikely that all observed FeS2 (up to 85 vol% in some samples) is due to the break-

down of base metal sulphide alone. Sulphidation of primary pyrrhotite has previously been in-

voked to explain pyrite-rich alteration assemblages in magmatic ore deposits (Djon & Barnes 

2012; Duran et al. 2016; Piña et al. 2016; Holwell et al. 2017) and this process could well account 

for the absence of pyrrhotite and the predominance of pyrite/marcasite at Rathbun Lake.  
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Note that sulphidation of pyrrhotite produces an excess in Fe2+. If this process occurred simulta-

neously with the breakdown of magmatic silicates (plagioclase, pyroxene, amphibole), it is con-

ceivable that the excess Fe was consumed to form Fe-bearing hydrous silicates such as chlorite, 

stilpnomelane, amphibole or epidote. This would explain the frequently observed intergrowths 

between those hydrous silicates and pyrite at the Rathbun Lake occurrence. In a similar fashion, 

one could explain the formation molybdenite, arsenopyrite, Co-rich gersdorffite and galena – all 

present at trace amounts at Rathbun Lake and with a strong textural affinity towards chlorite. 

Arsenic could have been derived from the breakdown of primary As-bearing minerals or sourced 

from the sedimentary rocks in the footwall; the corresponding metals could have been leached 

from primary sulphides and silicates in the host and/or the country rock (e.g. Mo, Ni and Co from 

pentlandite; Pb from detrital or magmatic feldspar). On a side note, these accessory sulphides and 

arsenides are also common accessories in the hydrothermally altered footwall deposits, especially 

in the south of the Sudbury Igneous Complex, where the Main Mass is underlain by metasedimen-

tary rocks (Lightfoot 2016, p. 314). Arsenides are common accessories in the mineralised parts of 

the Worthington (Lightfoot & Farrow 2002), Vermillion (Szentpéteri et al. 2003) and Copper Cliff 

Offset Dyke (Szentpéteri et al. 2002; Huminicki et al. 2004). 

In contrast to silicates and sulphides, alteration seems to have had little effect on the PMM. This is 

particularly evident from a statistical comparison between the PMM populations (Fig. 5.21): Pd-

Bi-Te minerals dominate in all samples, regardless of the intensity of sub-solidus alteration. More-

over, no statistically significant difference in grain size could be found, apart from PMM’s tendency 

towards more irregular crystal faces (corrosion?) in the altered samples. Only the textural rela-

tionship between matrix and PMM seems to have changed in response to alteration. That is, in 

relatively fresh samples, the PMM preferentially occur together with chalcopyrite; in altered sam-

ples, they preferentially occur together with covellite, pyrite or silicates. Notable here is the high 

proportion of satellite grains, i.e., PMM that are detached from sulphide and now entirely enclosed 

in silicates. Given that PGE+Au are relatively insoluble in most hydrothermal fluids (compared to 

Cu, Ni, Fe and S) and thus experience re-distribution on a local scale at best (e.g. Barnes & Liu 

2012; Holwell et al. 2014; Smith et al. 2014; Le Vaillant et al. 2016), satellite PMM are widely con-

sidered immobile textural relicts (e.g. Seabrook et al. 2004; Li et al. 2004; Hutchinson & Kinnaird 

2005; Godel & Barnes 2008; Holwell et al. 2015). Whether whole-rock PGE+Au grades and -ratios 

(e.g. Pd/Pt, Pd/Ir) were affected by the alteration is, however, beyond the scope of this study; 

pursuing this question further would require detailed knowledge about the PGE+Au concentra-

tions in the sulphides (e.g. pyrite), a statistically larger set of samples, and greater sample volumes 

to minimise nugget effects that are caused by, for example, large sperrylite crystals. 

Of specific interest is the presence of temagamite, Pd3HgTe3, in the Rathbun Lake occurrence, as 

it could provide constraints on the nature of the involved fluid(s). Curiously, the mineral was first 

described by Cabri et al. (1973) in the nearby Temagami Greenstone Belt (Chapter 2.1.1), where 

it was found in association with mafic intrusion-hosted Cu-Ni-PGE sulphides. The available liter-

ature indicates that the presence of temagamite is restricted to hydrothermally/metamorphically 

modified magmatic sulphide occurrences (e.g. Beaudoin et al. 1990; Watkinson & Melling 1992; 

Seabrook et al. 2004; Bursztyn & Olivo 2010; Smith et al. 2014). This is likely because temagamite 

is unstable above 500°C; at greater temperature, Pd3HgTe3 decomposes into PdTe and Hg vapour 

(Cabri et al. 1973). Given the high volatility of Hg (boiling point of Hg0 = 357°C, but likely depend-

ing on the speciation in fluids), alteration must have still occurred in a temperature regime that 
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prevented outgassing of Hg, perhaps aided by rapid self-sealing of the system. Mercury concen-

trations are very low (ppb range) in both the Earth’s mantle and in mantle-derived magmas (e.g. 

McDonough & Sun 1995). This makes the local Nipissing Suite gabbro an unlikely source of Hg. It 

is also unlikely that Hg was derived from the impact melt rocks themselves, given their high for-

mation temperature > 1,600°C and the well-established impact-induced volatile loss of even mod-

erately volatile elements such as Zn, Cs, Rb and Pb (Kamber & Schönberg 2020). The most likely 

origin of Hg in the Rathbun Lake occurrence is, therefore, leaching of the local sedimentary rocks, 

especially if organic carbon was present (e.g. in the Espanola Formation). 

 
Figure 5.21 Statistical analysis of the relative proportions of precious metal minerals (PMM) and their tex-
tural association at the Rathbun Lake occurrence; pie charts show the relative proportion of PMM (in vol 
%) and bar charts show the mineralogical-textural association of the different PMM (in grain %); grains in 
composite PMM are classified individually. 

By analogy to Hg diffusion through gold particles (Frimmel & Gartz 1997), the diffusive replace-

ment of Pd minerals is expected to have operated on timescales of some 103–104 years. Most Pd 

minerals at Rathbun Lake are, however, not homogeneous with respect to their Hg content; rather, 

they show evidence of incomplete replacement toward PdHg and Pd3HgTe3, where in contact with 
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secondary silicates (Fig. 5.8). This incomplete homogenisation could point to a very short-lived 

hydrothermal event that affected Rathbun Lake, to a low fluid:rock ratio, and/or to rapid cooling 

and exhumation. Based on microscopic deformation features (kink bands, crenulation, fractures), 

sulphide-bearing shears in outcrop, the observations made in previous studies (Dressler 1982; 

Rowell & Edgar 1986), and bearing in mind that Hg in geological systems is typically confined to 

near-surface hydrothermal processes (Barnes & Seward 1997), it is likely that the alteration was 

related to faulting, possibly associated with regional deformation and metamorphism, sometime 

between 1.8 Ga and 1.4 Ga (Papapavlou et al. 2017, 2018a). A possible candidate is the nearby 

Wanapitei River Fault, part of the Palaeoproterozoic NNW-striking Onaping Fault System (Buchan 

& Ernst 1994). Previous studies on Rathbun Lake have already stressed the importance of poten-

tial splays related to this fault system as they may have acted as conduits for fluid circulation 

(Koulomzine 1955; Rowell & Edgar 1986). This notion is supported by the report of secondary 

Sb- and Hg-bearing PGE and Te minerals in an Archaean mafic intrusion of the nearby Temagami 

Greenstone Belt (Cabri et al. 1973); in the 2.45 Ga River Valley mafic intrusion 20 km southeast of 

Rathbun Lake (Holwell et al. 2014); in the hydrothermal Cobalt Hill Cu-Au occurrence 20 km north 

of Rathbun Lake (Schandl 2004); in the Broken Hammer footwall deposits north of the Main Mass 

of the Sudbury Igneous Complex, 30 km to the east (Péntek et al. 2013). All these occurrences have 

in common that they are spatially associated with (the same?) regional N-trending structures.  

 Early magmatic Late magmatic Hydrothermal Supergene 

Magnetite                 
Ilmenite                 
Plagioclase                 
Hornblende                 
Biotite                 
Quartz                 
ISS                 
Chalcopyrite 1                 
Chalcopyrite 2                 
Pentlandite                 
Sphalerite                 
Sperrylite      ?           
Pd-Bi-Te          ?       
Ag-Bi-Te          ?       
AuAg          ?       
Millerite       ?   ?       
Sericite                 
Galena                 
Epidote                 
Molybdenite                 
Chlorite                 
Pyrite/marcasite                 
Arsenopyrite          ?       
Gersdorffite          ?       
Pd-Bi-Te-Hg          ?       
Pd-Bi-Te-Sb          ?       
Violarite           ?      
Covellite                 
Malachite                 
Hematite                 
Limonite                 
Goethite                 

Figure 5.22 Proposed paragenetic sequence for the PGE-Cu-Ni sulphide mineralisation (the Rathbun Lake 
occurrence) associated with newly discovered Rathbun Offset Dyke. 
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Tholeiitic Diabase 

6.1 Summary* 

A mafic dyke was discovered in Mackelcan Township, where it was emplaced into sedimentary 

rocks of the Lorrain Formation, Cobalt Group. The dyke is non-magnetic, measures 8–10 m in 

width, and could be traced in (sub-)outcrop for 10 km along strike (between N30°E and N60°E). 

Field evidence and microscopic studies reveal that the dyke is, in many places, crosscut by and 

incorporated as clasts into pseudotachylitic breccia (Sudbury Breccia), indicating that the dyke’s 

emplacement must have predated the 1.85 Ga Sudbury impact event, whereas the maximum pos-

sible intrusion age is constrained by the depositional age of the sedimentary host rock (~2.31 Ga). 

Petrographically, the dyke classifies as quartz diabase although it exhibits a considerable range in 

mineralogy and texture, and an overall trend for post-magmatic alteration to increase from north-

east to southwest. Fresh samples consist of clinopyroxene + plagioclase ± quartz ± ilmenite; mod-

erately altered samples of actinolite + plagioclase + epidote ± quartz ± leucoxene; strongly altered 

portions are essentially monomineralic epidosites or composed chlorite ± quartz. Most of the ob-

served changes can be attributed to retrograde metamorphism at greenschist-facies conditions, 

whereas the pervasive epidotisation and chloritisation seems related to shearing and hydrother-

mal alteration at a higher fluid:rock ratio. Alteration is pervasive close to Sudbury Breccia or in 

vicinity to N-trending structures, suggesting both acted as conduits for circulating fluids.  

Alteration was accompanied by a significant element mobility and the disturbance of whole-rock 

Rb-Sr and U-Pb isotope systematics, leaving only the HFSE and REE as immobile petrogenetic 

tracers. Relatively fresh samples a characterised by 50–52 wt% SiO2, 6–8 wt% MgO, 40–60 ppm 

Zr, a La/Sm ratio of 2.8, and weakly negative Ti-Nb-Ta anomalies when normalised against the 

primitive mantle. These are all features typified by the mafic rocks of the regional 2.22 Ga Nipis-

sing Suite, and it is therefore proposed that the tholeiitic quartz diabase dyke is another member 

of this suite. This correlation is further supported by similar whole-rock Nd isotope systematics 

(εNd0 between –14 and –8; 147Sm/144Nd between 0.13 and 0.18; εNd2220 between –3 and +1). 

Although most intrusions of the Nipissing Suite occur as sills concordant with the bedding of the 

host rocks, discordant narrow dykes (like the one identified in this study) are not uncommon, and 

these are traditionally interpreted as magmatic feeders. However, the Nipissing dyke of this study 

is not connected to any larger intrusive body at the current level of erosion. It also occurs in a 

rather unusual, very shallow stratigraphic level no more than 2–3 km below palaeosurface. If the 

Nipissing Suite represents the erosional remnant of a former flood basalt province, the dyke iden-

tified here would be the closest analogue of what one might consider a subvolcanic fissure vent.  

Although no mineralisation is directly hosted by the diabase, the dyke occurs adjacent (< 500 m) 

to the hydrothermal breccia-hosted Cu-Co-Au (± Cr ± Ni) occurrences of Cobalt Hill and Wolf Lake. 

Mass balance calculations indicate that metasomatic leaching of the dyke during a pervasive epi-

dotisation and chloritisation could have provided some of the required metals, in particular Cu, 

Cr, and Pb. The age of these occurrences, the heat- and fluid source(s), remain enigmatic. 

 
 



A. Kawohl, 2022    Tholeiitic Diabase 

125 

 

6.2 Local Geology 

Mackelcan Township is located about 45 km northeast of Sudbury, and 10 km northeast of Lake 

Wanapitei. It borders McConnell Township to the north, McCarthy Township to the east, Rathbun 

Township to the south, and Aylmer Township to the west. The area can be accessed via the Trans-

Canada Highway coming from Sudbury, passing the town of Wahnapitae, and then turning north 

into Kukagami Road. Following this and the subsequent Bushy Bay Road for 40 km north, access 

to the Wolf Lake area is provided by gravel and logging road. Field work by the author and the 

exploration company involved was preceded by reconnaissance mapping of Ontario Geological 

Survey (Dressler 1981a, 1982; Gates 1991), and the reader is referred to these publications for a 

detailed description of the local geology; a summary is presented in Figure 6.1 and down below. 

The surface geological makeup of the area encompasses siliciclastic sedimentary rocks of the Co-

balt Group; no igneous rocks of the 2.22 Ga Nipissing Suite or the 1.23 Ga Sudbury Dyke Swarm 

are present, at least not at surface. Sandstone of the ca. 2.35–2.31 Ga Lorrain Formation is aerially 

extensive and covers most of Mackelcan Township. According to Dressler (1982) and Goad & 

Rowell (1985), these rocks conformably rest upon the Gowganda Formation, the latter being ex-

posed only in the eastern corner of the study area and will not be considered further. The Lorrain 

Formation is a very thick unit. Dressler (1982) estimated its total preserved thickness at 3,400 

meters; drilling in the Wolf Lake revealed a true thickness of 670 m and a gradual transition to the 

underlying Gowganda Formation (Schandl 2002). In the study area, the Lorrain Formation is com-

posed of relatively homogeneous and monotonous sandstone, which can be further classified as 

quartzite, (sub-)arkose and arkosic arenite. Of these, arkose is by far the most common lithology, 

and wacke becomes more abundant in the lowermost parts of the formation (e.g. Schandl 2002). 

Sedimentary structures are rarely observed in outcrop, but may include planar bedding, through-

cross stratification, and layers of quartz pebbles. Colours range in outcrop from dull white, light 

grey to different shades of green, beige, pink and brick red, all of which reflects different styles of 

post-depositional alteration and the presence of different secondary minerals such as hematite, 

chlorite, carbonate, or albite. Prograde metamorphism is implied by bulging recrystallisation of 

quartz grains that occur in mutual contact with each other, and by the replacement of detrital 

feldspar by sericite and saussurite. Lack of biotite, however, indicates that the upper greenschist 

facies (biotite zone) was either not attained or that biotite was replaced by retrograde chlorite, 

thus constraining the metamorphic overprint to ca. 280–390°C (e.g. Stipp et al. 2002). Rocks of 

the Lorrain Formation are typically cemented with chlorite and quartz, locally also with albite and 

carbonate. Silicified lithotypes, such as the quartzite from Wolf Mountain and Cobalt Hill, are very 

resistant to weathering and erosions, creating a significant relief (> 100 m). 

While the Lorrain Formation appears largely undeformed on regional geological maps (e.g. Dress-

ler 1982), a more complex picture is revealed by geophysical surveys (e.g. Buchan & Ernst 1994; 

Easton et al. 2020) and recent field work. Numerous lineaments, some not evident at surface, seem 

to displace magnetic and gravity features in the basement, and the hydrography in the region ap-

pears to be, at least in part, structurally controlled. One example is Silvester Lake (Fig. 6.1). An-

other example includes the Laundry Lake Structure, a regional > 10 km long lineament that en-

compasses Rathwell Lake, Laundry Lake, and Island Lake. The Laundry Lake Structure has previ-

ously been interpreted as a syncline based on the facing of sedimentary bedding (e.g. Lumbers & 

Card 1977), but geophysical data also reveal a certain strike-slip component. The Laundry Lake 
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Fault (Dressler 1982) could be a splay of the N-striking Upper Wanapitei River Fault, which is in 

turn part of the regional Palaeoproterozoic Onaping Fault System (Buchan & Ernst 1994). In ad-

dition, there are multiple small-scale reversals in the orientation of sedimentary bedding, for ex-

ample, in the Wolf Lake area. This could point to the existence of parasitic fold structures that have 

not previously been recognised. 

 

Figure 6.1 Geological map of Mackelcan Township showing the regional geological and lithostrati-
graphic context of the tholeiitic quartz diabase dyke; based on maps of Dressler (1981a, 1982), Gates 
(1991), Whymark (2019) and additional mapping by the author in the course of this study. 
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Two types of breccia are present in the study area. Mosaic breccia in form of pipes, lenses, and 

irregular bodies – and likely of hydraulic origin – falls into the first category (Fig. 6.2A–C). This 

kind of breccia is associated with a pervasive hydrothermal alteration and, in a few places, host of 

sub-economic base and precious metal mineralisation. Prominent examples include the Wolf Lake 

(46°51 12.0N 80°38 14.7W) and Cobalt Hill occurrences (46°50 33.0N 80°37 52.8W). Mineralisa-

tion at Wolf Lake occurs in form of chalcopyrite, covellite, malachite, and vuggy pyrite. It is marked 

by Cu > (Ni+Co) at up to 4 wt% Cu, and the entire mineralisation is hosted by pink albitised quartz-

ite breccia and quartz-carbonate stockworks that extend for several hundred meters into the sub-

surface (e.g. Gates 1991). Visible Au grading up to 687 g/t over 0.5 m has lately been reported 

(Whymark 2019). The Cobalt Hill occurrence, despite being separated only 1.2 km from the Wolf 

Lake occurrence and likewise hosted by albitised Lorrain Formation breccia, displays a somewhat 

different style of mineralisation. For instance, metallic ratios are characterised by a Cu < (Ni+Co); 

Au grades are more constant but overall lower (1.2–23 g/t); Pt and Pd concentrations are elevated 

above the background. Schandl (2002, 2004) studied drill core 92-1 into the Cobalt Hill showing 

(Fig. 6.2A–C) and reported on pyrite as the principal sulphide, with tiny inclusions of millerite, 

gersdorffite, chalcopyrite, pentlandite, and coloradoite (HgTe). Interestingly, Schandl (2002, 

2004) also found Cr-V-bearing chlorite and mica (fuchsite) at Cobalt Hill. When the author re-

examined the same drill core in 2018 as well as a muck pile below the old adit at Cobalt Hill (46°50 

33.03N 80°37 53.17W), the accessory presence of fuchsite could be confirmed (Fig. 6.2B).  

As noted by Gates (1991), both occurrences seem to be spatially and genetically related to a re-

gional Na metasomatism (albitisation) that affected large parts of the Huronian Basin, from Davis 

Township in the east as far as Espanola in the west (e.g. Meyer et al. 1987). Attempts to date this 

regional metasomatism, which is accompanied by Cu-Au mineralisation elsewhere (e.g. the 

Scadding Mine) yielded U-Pb monazite dates of 1701 ± 3.6 Ma (n=1), 1727 ± 3.6 Ma (n=20), 1699 

± 3.6 Ma (n=8) and 1916 ± 13 Ma (n=13) (Schandl et al. 1994). It should be noted, however, that 

these dates were obtained only two samples south of Wanapitei Lake, just a few kilometres north 

of the Grenville orogenic front, and that the textural position of the dated monazite grains is not 

known. Thus, it is possible that these dates reflect a younger thermal/metamorphic overprint (e.g. 

the Yavapai Orogeny, or the Killarney magmatic event) and not the actual timing of the Na meta-

somatism. Evidence of a more prolonged, or maybe of two separate metasomatic events (2.22–

1.68 Ga) within the Huronian Basin was provided by Fedo et al. (1997), McLennan et al. (2000) 

and Potter & Taylor (2009). Schandl (2002, 2004) considered the possibility of a hidden (ultra-

)mafic intrusion as both a heat and metal source for Cobalt Hill. Schandl & Gorton (2007), elabo-

rating on their earlier work, drew comparison to ICOG-type mineralisation and alteration. They 

proposed that the Scadding Mine, and by implication, the Wolf Lake-Cobalt Hill occurrences, rep-

resent “modified iron oxide-copper-gold (IOCG) deposit[s] in which Fe sulfides dominate over Fe ox-

ides” (Schandl & Gorton 2007, p. 1415), ignoring the fact that none of the described or observed 

features matches the modern definition of an IOCG system (cf. Groves et al. 2010).  

A second type of breccia, Sudbury Breccia, is far more widespread than previous studies have in-

dicated. Field work made it possible to outline an extensive and discrete 14 km long breccia zone 

(or “belt”). By analogy to the South Range Breccia Belt (e.g. Scott & Spray 1999) this will in the 

following be referred to as the East Range Breccia Belt (ERBB). The ERBB extends from Mataga-

masi Lake in the south, as far as Chiniguchi Lake in the north, and it is between 100 and 400 m 

wide, although its lateral confines are gradational. The ERBB broadly coincides with the Laundry 
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Lake Structure, but enclaves of Sudbury Breccia were also noted, for example, around Wolf Lake, 

and in many places without any link to structures. Sudbury Breccia in the Wolf Lake-Silvester Lake 

area can be described as monomict and matrix supported. Rock and mineral clasts (mainly arkose 

and quartzite) are subrounded, have a roughly fractal grain size distribution, range in diameter 

from millimetres to several decimetres, and are embedded in fine grained micro- to cryptocrys-

talline quartzofeldspathic ±vesicular matrix. The matrix is in places homogeneous, in other places 

remarkably striated/flow banded. A spectacular example of the latter occurs on a small island on 

Wolf Lake (Fig. 6.2D). The texture of convoluted flow banding there strongly resembles the clastic 

type of Sudbury Breccia sensu Rousell et al. (2003). It also bears resemblance to sheath folds in 

pseudotachylite from the Vredefort Impact Structure, South Africa (Berlenbach & Roering 1992). 

The outcrop is important in as such it provides constrains as to the relative timing of the alteration 

in the area. Pink (hematised and apparently albitised) fragments of arkose indicate that metaso-

matism preceded the brecciation. In the same outcrop, two chloritic clasts of < 10 cm in diameter 

were found. Tests with a hand magnet indicated the presence of abundant magnetite and/or pyr-

rhotite in those clasts. It is not clear whether they were derived from a mafic dyke or from a chlo-

ritic hydrothermal breccia similar to that of Figure 6.2A–C, but either way, the outcrop provides 

evidence for the existence of an exotic pre-1.85 Ga lithology in the area that is not exposed nearby. 

 

Figure 6.2 Photographs showing the two types of breccias found around Wolf Lake, Mackelcan Township; 
A: hand specimen obtained from the muck pile below the Cobalt Hill occurrence, showing a hydrothermal 
breccia with pyrite and accessory green fuchsite (46°50 33.0N 80°37 52.8W); B: same photograph as before, 
but enlarged; C: hydrothermal mosaic breccia intersected in Flag Resources’ historic drill core 92-1 at Co-
balt Hill, showing angular and bleached clasts of Lorrain Formation arkose in a matrix of chlorite; note the 
chlorite coatings on top of the paleo vertical possibly due to settling in a stagnant environment; drill core 
diameter is 3.65 cm; D: outcrop of flow-banded pseudotachylitic breccia (Sudbury Breccia, SUBX) at Wolf 
Lake, showing clasts of arkose in a cataclastic quartzofeldspathic matrix (46°50 53.7N 80°38 06.8W). 
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6.3 Field Relations 

In 2018, an exotic mafic lithology was discovered between Silvester Lake and Wolf Lake, both in 

outcrop and in dumped diamond drill cores of past exploration activities in the area. Although 

very scattered and discontinuous in outcrop, it was subsequently possible to trace the outcrops, 

which turned out to be part of a larger dyke, for 9.7 km along strike, from Little Otter Lake in the 

southwest, almost as far as Evelyn Lake in the northeast (Fig. 6.1). The dyke strikes relatively 

consistently – but not without some undulation – between N30°E and N60°E, and it occurs on both 

sides of the East Range Breccia Belt. Judging from its orientation, little, if any, displacement of the 

mafic dyke around the breccia belt and other structures had occurred. The true thickness of the 

dyke is typically 8–10 m; contacts to the country rock (Lorrain Formation quartzite and arkose) 

are blend, sometimes sharp, locally brecciated, but in most places, the intrusive contact is not ex-

posed. The dyke appears homogeneous in texture with little grain-size variation throughout, and 

free of xenoliths. No currently known mineralisation is associated with the dyke. The dyke seems 

to have been metamorphosed under greenschist-facies conditions, as it is aphantic, relatively soft 

in hand specimen and rich in epidote and chlorite. For most parts, no metamorphic fabric was 

observed. However, in a few outcrops around Silvester Lake, slickenfibres of epidote and slicken-

sides of chlorite were noted. The only “fresh” outcrops could be found far northeast, at a road 

outcrop between Laundry Lake and Evelyn Lake (46°52 49.27N 80°36 18.66W), before the dyke 

eventually disappears. No extension of the dyke could be found east of the N-striking Gowganda-

Lorrain contact, either due to erosion, or because the dyke preferentially exploited fractures 

within the competent and brittle Lorrain Formation quartzite and arkose.  

A peculiar feature of the mafic dyke is its intimate spatial relationship with pseudotachylitic brec-

cia of the 1.85 Ga Sudbury impact event (Sudbury Breccia), which is predominantly found at its 

intrusive contact to the Lorrain Formation. This is consistent with a general and well-established 

trend for Sudbury Breccia to occur along lithological contacts between rocks of different physical 

properties such as, competence, density, or water content (e.g. Rousell et al. 2003). At the passage 

between Wolf Lake and Silvester Lake (Fig. 6.1), a 5 m2-large outcrop was found with clasts of the 

mafic dyke nested inside Sudbury Breccia. The rounded clasts, although strongly affected by epi-

dotisation, clearly originated from the mafic dyke nearby. This lends support that the dyke must 

be older than the impact and the Sudbury Breccia. Similar observations were made in many other 

locations, for example, west of Silvester Lake, and in the gorge that connects Wolf Lake and Laun-

dry Lake (46°51 01N 80°37 18W). This narrow gorge, striking N35°E, likely formed by the pref-

erential erosion of the relatively soft mafic dyke compared to the hard and resistant quartzite and 

quartzite-hosted Sudbury Breccia surrounding it. A similar, less pronounced, lineament is associ-

ated with the northeastern-most extension of the mafic dyke, between Laundry Lake and Evelyn 

Lake (46°52 55.89N 80°36 0.63W), as can be seen, for example, in digital elevation models.  



A. Kawohl, 2022    Tholeiitic Diabase 

130 

 

6.4 Petrography 

The freshest, least altered samples of the dyke were found at a road outcrop just south of Evelyn 

Lake (Fig. 6.1). They are dark grey to dark green in hand specimen (Fig. 6.3A), medium grained 

(1 mm on average), and display a salt-pepper texture of mafic minerals (70 vol%) and felsic min-

erals (30 vol%). In thin section (Fig. 6.3B–D), the rock is characterised by a holocrystalline, 

equigranular, subophitic and hypidiomorphic texture typical of fine-grained gabbro. It is mainly 

composed of clinopyroxene and feldspar. Clinopyroxene is of subhedral habit and occurs as (sub-

)angular crystals of up to 2 mm in size. Fresh individuals of clinopyroxene display a high relief, 

sharp, either curved or straight, grain boundaries, and no intrinsic colour. Altered grains, in con-

trast, are marked by a pronounced pleochroism from olive green to brown, and by frayed, highly 

irregular grain boundaries due to the incipient pseudomorphic replacement by fibrous amphibole 

(uralite) ± ilmenite. Clinopyroxene, mainly augitic in composition, occurs as, in places, single twins 

with herringbone-like exsolutions of pigeonite. Sector zoning was observed in some of the grains. 

Triple junctions between pyroxene and feldspar are common. Feldspar occurs either as mm-large, 

anhedral crystals (aspect ratio < 2:1), or as sub- to euhedral lathy crystals (aspect ratio 10:1). The 

former variety lacks twinning typical of feldspar, and it is, even in the freshest samples, strongly 

altered to sericite; epidote is absent. The euhedral needles of feldspar are, in general, better pre-

served, especially where they are enclosed in pyroxene. Because of their polysynthetic twinning, 

high extinction angles and their chemical composition, they have been identified as calcic plagio-

clase. Leucoxene, a semi-translucent to opaque aggregate of Fe-Ti minerals involving ilmenite, 

magnetite, hematite, and titanite, occurs as an accessory (< 1 vol%) dispersed throughout, and it 

forms amoeboid to dendritic (skeletal) grains of up to 3 mm in diameter. Quartz was found as 

another accessory yet omnipresent mineral, also interstitial between pyroxene and feldspar. 

Quartz is typically anhedral, undeformed and appears monocrystalline. It is best seen under plane 

polars in altered samples. Quartz also forms complex aggregates together with sericite, which are 

interpreted as relict granophyric intergrowths between quartz and feldspar (Fig. 6.3C,D). In these 

intergrowths, feldspar appears altered whereas quartz appears fresh. Needles of apatite and cu-

bes of pyrite are small and rare accessory minerals. Chlorite was occasionally observed; it occurs 

in close association with leucoxene and appears to be secondary after magmatic biotite and/or 

hornblende. These biotite-leucoxene intergrowths are similar to the features observed in mafic 

xenoliths (Nipissing Suite gabbro) within in the Rathbun Offset Dyke (Chapter 5). 

Increasing alteration of mafic dyke samples close to, and especially within, the East Range Breccia 

Belt, manifests in the obliteration of the original igneous texture, the complete pseudomorphic 

replacement of pyroxene by fibrous green amphibole, and the replacement of plagioclase by saus-

surite (Fig. 6.3E,F). Primary minerals are reduced to ghost-like outlines, separated only by pris-

tine relicts of interstitial quartz. In these samples, brown semi-transparent leucoxene occurs at 

the expense of opaque leucoxene; the modal amount of pyrite and chlorite increases slightly.  
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Figure 6.3 Photograph and microphotographs of the freshest and of moderately altered samples of the 
tholeiitic quartz diabase dyke from Mackelcan Township; A: hand specimen of the pristine sample AK19-35 
(polished and photographed under water for contrast enhancement); B–C: thin sections of AK19-35 under 
transmitted light and plane polars, showing slightly uralised clinopyroxene and sericitised plagioclase in a 
subophitic texture together with accessory interstitial granophyre and skeletal leucoxene; D: same spot un-
der transmitted light and crossed polars; E: moderately altered sample AK18-3 under transmitted light and 
plane polars, showing amphibole (actinolite) after pyroxene, and epidote/saussurite after plagioclase, and 
interstitial quartz, and accessory leucoxene; F: same thin section under transmitted light and crossed po-
lars. Abbreviations: Cpx = clinopyroxene; Pl = plagioclase; Ser = sericite; Gphy = granophyric intergrowth; 
Lcx = leucoxene; Ep = epidote; Qtz = quartz; Am = amphibole.  
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Brecciation and the intensity of hydrothermal alteration of the mafic dyke is most extreme at and 

around Wolf Lake. Hand specimens collected from there have completely lost their primary mag-

matic texture due to a strong deformation and a pervasive propylitic alteration. Hand specimens 

of the mafic dyke from Wolf Lake are cut by numerous green veins (Fig. 6.4A), which, at first 

glance, could be easily mistaken for hydrothermal features such as, chlorite-epidote veins. They 

have a random orientation, shrink and swell, and are arranged in an anastomosing, dendritic, in 

places also ladder-like manner. A closer examination under the microscope (Fig. 6.4B) shows that 

these veins are not of hydrothermal origin, but pseudotachylitic breccia. They display the defining 

hallmarks of Sudbury Breccia as listed, for example, in Rousell et al. (2003), i.e., sharp irregular 

breccia walls, rounded rock and mineral clasts with a fractal grain-size distribution (that is, an 

inverse relationship between the clast size and abundance), embedded in an aphantic, cryptocrys-

talline matrix. The term “matrix” is here applied somewhat arbitrary given that there is a contin-

uum in grain size. Some of the clasts are elongated and oriented parallel to the breccia margin 

(Fig. 6.4B). Mafic clasts preserve the original, though secondary, mineralogy and texture of their 

host lithology, indicating that the metamorphism and alteration pre-dated the brecciation, yet it 

cannot be ruled out that some of the observed alteration post-dated the brecciation, selectively 

replacing the fine-grained, perhaps initially glass-bearing, matrix. Some fragments of polycrystal-

line quartz have also been found. These probably originated from the adjacent Lorrain Formation 

quartzite and are regarded as parautochthonous (= locally remobilised). The spectrum of Sudbury 

Breccia also includes tiny microfractures (Fig. 6.4C) and centimetre to decimetre-wide breccia 

veins and breccia bodies (Fig. 6.4D), preferentially found along the intrusive contact of the dyke. 

Narrow, cryptocrystalline and almost opaque veinlets of Sudbury Breccia are in fact omnipresent 

in every mafic sample collected along the East Range Breccia Belt. The veinlets resemble mylonitic 

shears in thin section. However, in contrast to microfractures resulting from endogenic processes, 

these Sudbury Breccia veinlets have a random orientation and lack any displacement. Their ar-

rangement is locally perpendicular to each other, locally dendritic, which bears some resemblance 

to dendritic shock veins or fracture systems known from other impact structures (e.g. Garde & 

Klausen 2016). Under the microscope, these veins also bear strong resemblance to pseudotachy-

litic breccia previously described within mafic host rocks (cf. Kovaleva et al. 2018a). Figure 6.4D 

shows a more massive example of heterolithic Sudbury Breccia developed at the intrusive contact 

between the mafic dyke (incompetent) and the Lorrain Formation quartzite (competent). Note 

the green opaque-rich, contorted and plastically deformed clast in the centre of this image, whilst 

clasts of mono- and polycrystalline quartz are still intact and exhibit sharp contacts against the 

matrix. This likely reflects competence differences between the two host rocks and the different 

susceptibility of hydrous and anhydrous minerals to undergo friction melting (e.g. Spray 2010). 

Some parts of the diabase dyke underwent extreme metasomatic changes, especially at the south 

shore of Wolf Lake and in vicinity to the Cobalt Hill occurrence (Fig. 6.4D–F). There, centimetre-

thick hydrothermal veins of epidote ± quartz ± chlorite were found to cut across the dyke, or per-

vasively replacing the entire diabase. The alteration is in places so extreme that the magmatic 

protolith has been entirely replaced by hydrous silicates, producing almost monomineralic do-

mains: epidosite, chlorite fels, and transitional variants between the two. The epidosite is com-

posed of more than 80 vol% epidote; chlorite and quartz make up the remainder 20 vol% (Fig. 

6.4E,F); titanite is an accessory. Epidote occurs typically in a granular interlobate texture at a 

grain size of less than 100 µm. In places, epidote also occurs as fibrous masses indicating ataxial 

growth. In hand specimen, the fibrous epidote can be seen to form slickenfibres (Fig. 6.4D).  
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Figure 6.4 Photographs and microphotographs of strongly altered and brecciated samples of the tholeiitic 
quartz diabase dyke from Mackelcan Township; A: polished hand specimen (sample WO-4) collected from 
the south shore of Wolf Lake, near Cobalt Hill, showing veinlets of altered pseudotachylite (Sudbury Breccia, 
SUBX) cutting across the quartz diabase; B: thin section of the same sample under transmitted light and 
plane polars, showing a braided vein of pseudotachylitic breccia cutting the mafic dyke and carrying well-
rounded lithic and mineral clasts of the host rock; C: thin section under transmitted light and plane polars, 
showing heterolithic matrix-supported Sudbury Breccia developed at the intrusive contact between the 
mafic dyke and the Lorrain Formation, with clasts of quartzite and a highly contorted chloritic clasts, likely 
derived from the quartz diabase dyke nearby; D: photograph of a hand specimen from the same outcrop 
(sample WO-5), showing the quartz diabase being pervasively replaced by fibrous epidote; E: thin section 
of the same sample under transmitted light and plane polars, showing the mafic dyke being replaced by 
granular and fibrous epidote, chlorite, and quartz; F: both fibrous and granular epidote under transmitted 
light and crossed polars. Abbreviations: SUBX = Sudbury Breccia; Qtz = quartz; Ep = epidote; Chl = chlorite.  
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6.5 Geochemistry 

General characteristics  

Major- and trace element concentrations of representative grab samples of the quartz diabase 

from the Wolf Lake area, Mackelcan Township, are presented in Table 6.1 and reveal a subalka-

line, subaluminous and in terms of SiO2 (48–52 wt%) basic composition. Concentrations of Fe2O3 

and MgO are with 11–13 wt% and 6–8 wt% relatively uniform, respectively. The corresponding 

Mg# ranges from 54 to 61. A notable exception is the strongly altered sample WO3 with up to 13 

wt% MgO (Mg# 70). The dyke has a narrow range in TiO2 between 0.6 and 0.8 wt%, and P2O5 

values close to the detection limit of the EDS-XRF (~0.02 wt%). The LOI, on the other hand, is 

highly variable, ranging from 1.8 wt% in relatively fresh samples, to 9.7 wt% in sample WO3. The 

overall primitive character of the dyke is also reflected in its trace element abundances, such as, 

high Cr (83–228 ppm) and Ni (97–176 ppm), and complementary low Zr (42–63 ppm), Th (1.3–

2.3 ppm), Nb (2–8 ppm), and low ΣREE+Y (32–84 ppm). Its CIPW normative mineralogy is 52 

vol% plagioclase, 23 vol% hypersthene, 14 vol% diopside, 4 vol% orthoclase, 2 vol% ilmenite and 

magnetite, and 3 vol% of either olivine or quartz; sample WO3 is corundum normative (9 vol%). 

The hypothetical density of the fresh diabase, according to its normative mineralogy, is 3.0 g/cm3. 

Igneous rock classification 

The quartz diabase’s composition conforms to basalt/gabbro according to the TAS diagram (Fig. 

6.5B). A tholeiitic magmatic affinity is indicated by the AFM plot (Fig. 6.5C) for all but one strongly 

altered sample. Given severe metasomatic changes (Fig. 6.5A), classification plots using typically 

immobile trace elements (Ti, Nb, Y, Zr, Th) are generally preferred (e.g. Pearce 2008). In such di-

agrams (e.g. Fig. 6.5D), the samples plot within the field of subalkaline basalt. Although classifi-

cation schemes employing Th (e.g. Fig. 6.5E; Hastie et al. 2007, not shown) suggest a calc-alkaline 

magmatic affinity, normalised trace element patterns (Fig. 6.5F) are more typical of a tholeiitic 

basalt. This is evident from a lack of a LILE-HFSE decoupling as expressed in a lack pronounced 

negative anomalies of Ti, Nb and Ta. Thus, for sake of simplicity, and in order to distinguish it from 

another quartz diabase dykes in the area (Chapter 8), the rock will be referred to as tholeiitic. 

Nd-Sr-Pb isotopes 

A summary of whole-rock radioisotope data for the quartz diabase is presented in Table 6.2. All 

eight samples have a wide range in 143Nd/144Nd corresponding to an ɛNd0 from –14.34 in the fresh-

est sample, to –5.23 is the most strongly altered sample. The 147Sm/144Nd ratios are between 0.129 

and 0.167 and do not correlate with the measured 143Nd/144Nd ratios. One-stage Nd model ages 

(tDM) are between 2583 Ma and 2857 Ma; two-stage model ages are between 2011 Ma and 2224 

Ma. The 87Sr/86Sr isotope ratio is extremely high (radiogenic) and varies greatly, from 0.745 to 

0.791. The calculated 87Rb/86Sr ratio ranges from 0.263 to 1.945. The spread in Rb-Sr isotope ra-

tios is, however, without age significance, irrespective of which and how many samples are used 

for a regression. The 206Pb/204Pb ratio ranges from 16.61 to 27.69, 207Pb/204Pb from 15.07 to 16.35, 

and 208Pb/204Pb from 34.90 to 40.64. There is a good linear correlation between the different Pb 

isotope ratios (R2 > 0.8), which is typical of rocks formed in a cogenetic suite, but it is of question-

able age significance. Using IsoplotR (Vermeesch 2018), an ordinary least square regression in 
204Pb/206Pb vs. 207Pb/206Pb space (n=8) yields an inverse errorchron date of 1721 ± 282 Ma. 
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Table 6.1 Major element oxide concentrations (wt%) and trace element concentrations (ppm) in tholeiitic quartz diabase, Mackelcan Township 

 AK19-34 S2_97* AK19-35 S2_98* S2_91* LAU-9 S2_08* S2_09* WO-3 WO-4 WO-5 WO-6 WO-7 WO-8 AK18-3 S2_76* S2_77* S2_78* S2_79* S2_80* 

Lat. 46°52 38 46°52 39 46°52 49 46°52 41 46°52 46 46°52 02 46°52 21 46°52 24 46°50 56 46°50 56 46°50 56 46°50 56 46°50 54 46°50 29 46°48 53 46°48 53 46°49 00 46°48 49 46°49 20 46°49 20 

Long. 80°36 46 80°36 45 80°36 19 80°36 43 80°36 32 80°37 19 80°37 02 80°37 01 80°38 32 80°38 32 80°38 32 80°38 32 80°38 37 80°38 54 80°40 24 80°40 24 80°40 20 80°40 26 80°40 04 80°40 04 

SiO2 51.3 50.6 51.7 51.1 49.7 51.3 47.8 50.4 51.5 51.0 50.1 51.0 50.6 50.6 50.8 50.5 50.3 49.3 50.2 50.5 
TiO2 0.81 0.82 0.80 0.79 0.83 0.83 0.60 0.82 0.83 0.78 0.81 0.79 0.80 0.81 0.81 0.80 0.82 0.78 0.84 0.81 
Al2O3 14.15 14 14.28 13.2 13.7 14.16 12.8 13.7 14.93 14.30 14.30 14.27 13.98 14.15 14.04 13.9 13.9 14 14.2 13.9 
Fe2O3 11.64 11.9 11.29 12.6 12.2 11.89 11 11.7 12.32 12.51 12.46 12.70 12.17 11.97 11.84 11.8 12 11.6 12.4 12.2 
MgO 7.39 7.58 6.72 6.49 7.42 7.20 7.59 6.75 12.74 7.63 7.82 7.36 8.12 7.77 7.77 7.51 7.36 6.67 7.65 7.46 
CaO 8.19 10.2 8.25 12.8 10.4 10.55 7.38 9.28 0.96 6.56 8.60 4.77 8.94 8.86 9.08 9.62 9.07 8.65 9.03 8.49 
MnO  0.22 0.25 0.18 0.18 0.2 0.21 0.2 0.17 0.12 0.17 0.19 0.13 0.20 0.19 0.30 0.3 0.29 0.2 0.22 0.22 
Na2O 2.31 2.16 3.87 1.01 2.72 1.95 2.36 2.11 1.41 2.56 1.98 2.94 1.64 2.18 2.23 2.21 2.62 3.5 2.4 2.76 
K2O 0.36 0.33 1.28 0.08 0.19 0.20 0.61 0.33 0.30 1.11 0.65 0.91 0.85 0.79 0.61 0.66 0.67 0.42 0.43 0.38 
P2O5 < 0.02 0.08 < 0.02 0.07 0.08 < 0.02 0.05 0.07 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 0.06 0.07 0.09 0.08 0.07 
LOI 4.49 2.12 1.94 1.76 2.82 2.13 9.68 3.36 5.58 3.57 2.65 5.59 2.47 2.51 2.23 3.24 2.99 4.62 3.09 3.25 
Total 100.90 100.04 100.33 100.08 100.26 100.42 100.07 98.69 100.66 100.19 99.54 100.42 99.72 99.86 99.67 100.60 100.09 99.83 100.54 100.04 

V 241.2 251 228.8 229 252 258.1 218 254 278.6 250.8 256.1 255.9 189.4 256.0 246.8 240 251 234 257 254 
Cr  102 190 225.1 180 150 228 100 83 112.5 161.8 163.1 111 165.8 144.2 155.1 109 84 104 99 101 
Ni  118.9 118 97.91 97 113 175.8 122 100 149.2 153.5 160 120.8 151.8 141.6 143.1 106 98 97 107 108 
Cu  144.7 138 107.0 63 168 102.2 108 143 18.59 119.9 88.36 113.5 125.3 129.4 140.8 149 135 110 113 110 
Rb  10.57 9.4 66.44 1.6 3.6 6.009 36.7 10.4 14.29 111.6 27.57 70.34 37.05 30.61 19.70 21.4 19.4 11.4 13.2 10.7 
Sr  281.9 396 103.3  464 278 368.4 314 471 33.04 314.3 316.5 127.7 204.5 278.1 271.9 292 368 177 286 310 
Zr  54.51 51 62.60 47.4 51.4 57.05 41.7 59.3 58.81 55.68 55.73 55.6 52.87 52.96 52.94 60.3 61.6 58.8 63.4 55.8 
Nb  2.789 2 3.396 2 3 7.658 2 2 2.787 4.134 4.044 2.721 4.707 3.528 4.081 3 3 3 3 3 
Ba  102 n.a. 96.19 n.a. n.a. 62 n.a. n.a. 20.98 73.73 144.4 99.76 220.4 359.3 258.4 n.a. n.a. n.a. n.a. n.a. 
La  5.257 6.2 8.901 6.1 6.1 5.874 6 7.1 1.823 6.142 5.89 5.467 5.86 5.494 5.579 7.1 7.2 11.9 7.4 7.3 
Ce  11.85 13.6 18.21 13.3 13.8 13.08 12.2 15.5 5.146 13.68 13.11 11.91 13.31 12.58 12.98 15 15.3 24.1 15.7 15.4 
Pr  1.581 1.78 2.356  1.72 1.83 1.754 1.51 1.99 0.679 1.831 1.753 1.551 1.783 1.735 1.707 2.02 2.09 3.06 2.15 2.09 
Nd  6.685 8.3 10.09 8.2 8.5 7.911 6.7 9.1 3.142 8.306 7.99 6.83 7.938 7.911 7.822 8.9 8.8 11.8 9.3 8.8 
Sm  1.982 2.3 2.454 2.1 2.2 2.201 1.8 2.5 1.059 2.252 2.213 1.87 2.158 2.149 2.124 2.5 2.5 3 2.7 2.4 
Eu  0.711 0.75 0.935 0.93 0.81 0.774 0.64 0.88 0.279 0.754 0.699 0.625 0.691 0.74 0.704 0.84 0.89 1.07 0.86 0.88 
Gd  2.467 2.79 3.096 2.7 2.79 2.722 2.15 2.98 1.608 2.713 2.701 2.448 2.61 2.547 2.566 3 2.92 3.34 2.97 2.97 
Tb  0.404 0.44 0.473 0.42 0.44 0.43 0.34 0.47 0.302 0.442 0.431 0.419 0.422 0.418 0.408 0.51 0.5 0.55 0.53 0.5 
Dy 2.562 2.78 3.070 2.73 2.81 2.836 2.13 3.2 2.09 2.867 2.864 2.774 2.756 2.71 2.739 3.1 3.01 3.35 3.24 3.02 
Ho  0.517 0.55 0.596 0.57 0.56 0.557 0.42 0.62 0.444 0.576 0.564 0.565 0.553 0.545 0.537 0.66 0.66 0.73 0.69 0.66 
Er  1.504 1.61 1.756 1.69 1.59 1.679 1.32 1.78 1.351 1.682 1.656 1.626 1.604 1.582 1.590 1.71 1.84 1.86 1.8 1.8 
Tm  0.213 0.21 0.241 0.23 0.23 0.226 0.18 0.25 0.202 0.238 0.23 0.23 0.208 0.222 0.218 0.26 0.27 0.3 0.26 0.25 
Yb  1.403 1.5 1.589 1.6 1.5 1.521 1.2 1.6 1.346 1.554 1.542 1.456 1.49 1.466 1.454 1.6 1.7 1.7 1.7 1.6 
Lu  0.218 0.23 0.240 0.23 0.22 0.235 0.2 0.26 0.221 0.242 0.233 0.22 0.23 0.227 0.220 0.26 0.31 0.26 0.27 0.26 
Y 14.30  14.8 16.76 15 14 14.85 10.4 15.6 11.83 16.06 15.21 15.17 14.86 14.8 14.53 16.4 16.3 16.9 17 15.7 
Hf  1.585 2 1.752 1 2 1.551 1 2 1.633 1.521 1.545 1.498 1.524 1.477 1.477 2 2 2 2 2 
Ta  0.197 < 0.5 0.243 < 0.5 < 0.5 0.208 < 0.5 < 0.5 0.19 0.177 0.184 0.188 0.186 0.17 0.224 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 
Pb  5.770 21 4.763 < 5 < 5 9.728 20 5 1.329 3.644 3.483 8.547 3.685 5.248 99.73 175 39 9 14 12 
Th  1.324 1.5 2.283 1.4 1.5 1.529 1.3 1.7 1.479 1.627 1.608 1.525 1.558 1.443 1.469 1.8 1.8 1.8 1.8 1.7 
U  0.730 0.53 0.668 0.46 0.59 0.527 0.59 0.55 1.146 0.463 0.44 0.535 0.362 0.454 0.522 0.55 0.61 4.2 0.67 0.72 

Samples denoted with an asterisk (*) were analysed at the commercial AGAT Laboratories, Toronto (see Whymark 2019 for details); n.a. = not available or not analysed 
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Table 6.2 Summary of whole-rock Nd-Sr-Pb isotope data for tholeiitic quartz diabase, Mackelcan Township 

 143Nd 
144Nd 

±2σ 
147Sm 
144Nd 

ɛNd 

present 
ɛNd 

2220 Ma 
1-stage 

tDM 
2-stage 

tDM 

87Sr 
86Sr  

±2σ 
87Rb 
86Sr 

87Sr 
86Sr2220 

208Pb 
204Pb  

±2σ 
207Pb 
204Pb  

±2σ 
206Pb 
204Pb 

±2σ 

LAU-9 0.512202 12 0.164 –8.50 +0.91 2583 Ma 2011 Ma 0.774637 15 0.263 0.766200 36.8718 24 15.5838 8 17.7143 8 

WO-3 0.512370 14 0.129 –5.23 –7.24 (12000 Ma) (2687 Ma) 0.790641 20 1.389 0.746120 40.6402 32 16.3512 10 27.6867 18 

WO-4 0.512191 16 0.131 –8.72 +0.68 2620 Ma 2150 Ma 0.769090 14 1.174 0.731450 36.9408 29 15.3994 10 17.8616 9 

WO-5 0.512187 12 0.129 –8.81 –0.42 2857 Ma 2224 Ma 0.745824 15 0.446 0.731530 36.8054 25 15.3755 8 17.6779 8 

WO-6 0.512164 9 0.130 –9.24 –0.30 2807 Ma 2216 Ma 0.788928 15 1.707 0.734210 34.8991 24 15.0726 8 15.6141 7 

WO-7 0.512183 11 0.167 –8.87 +0.41 2670 Ma 2168 Ma 0.744625 13 0.699 0.722220 36.5427 22 15.3807 8 17.7606 8 

WO-8 0.512197 13 0.164 –8.61 +0.70 2621 Ma 2148 Ma 0.746419 13 0.508 0.730140 35.7711 29 15.2593 10 16.7232 8 

AK19-35 0.511903 13 0.147 –14.34 –0.13 2611 Ma 2205 Ma 0.751134 12 1.945 0.688790 37.1360 30 15.6176 10 18.3853 9 

AK19-34  0.512210 11 0.179 –8.35 –3.33 3942 Ma 2762 Ma 0.742474 14 0.311 0.732500 36.1961 80 15.4301 10 17.7009  8 
                  

147Sm/144Nd and 87Rb/86Sr ratios were calculated using measured Sm, Nd, Rb and Sr concentrations, which are given in Table 6.1; 

2σ uncertainties of 147Sm/144Nd and 87Rb/86Sr are < 3% based on the propagated analytical error of Sm, Nd, Rb and Sr concentration data;  
143Nd/144Nd ratios are normalised to 146Nd/144Nd = 0.72190; 

2σ uncertainties of 143Nd/144Nd are < 0.004% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 87Sr/86Sr are < 0.007% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 208Pb/204Pb, 207Pb/204Pb and 206Pb/204Pb are < 0.18%, < 0.09% and < 0.5%, respectively, based on the long-term in-house reproducibility of BHVO-2; 

For sake of readability, all listed 2σ absolute errors only refer to the last significant decimal digits of the measured isotope ratios; 

εNd values were calculated relative to CHUR with 147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.512638; 

One-stage Nd model ages (tDM) were calculated according to DePaolo (1981a,b); 

Two-stage Nd model ages (tDM) were calculated according to Liew & Hofmann (1988) using a 147Sm/144Nd = 0.106 for the contaminant, which is the regional average crustal composition 

as approximated by the composition of the Sudbury Igneous Complex (e.g. Prevec et al. 2000) 
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6.6 Interpretation 

Assessment of post-depositional alteration 

The macro- and microscopic appearance of the quartz diabase has already revealed hydrothermal 

alteration to some, in places significant, extent, and regional retrograde metamorphic overprint 

at greenschist-facies conditions. The latter is evident from the pseudomorphic replacement of py-

roxene by actinolite and chlorite, and plagioclase by epidote and albite. While this metamorphism 

is expected to have occurred under isochemical conditions (except for H2O), there is also evidence 

of metasomatism in form a pervasive epidotisation and chloritisation, which is expected to have 

affected the chemical composition of the rock to some degree. Furthermore, sedimentary rocks in 

the vicinity of the dyke were affected by Na-metasomatism in form of a pervasive albitisation (see 

also Gates 1991; Schandl 2002, 2004). Therefore, it is necessary to quantify these potential meta-

somatic changes before interpreting the lithogeochemical data in a petrogenetic context.  

The most straightforward approach to metasomatism is a simple chemical comparison of sample 

pairs, also known as the isocon method (Grant 1986). Contrasting the measured element concen-

trations of one of the freshest samples (AK18-3) with one of the most strongly altered but nearby 

sample (AK19-34) reveals that the concentrations of most elements have remained constant 

within the analytical uncertainty. Elements that are traditionally considered least mobile, such as 

Ti, Zr, Al, Y, are well correlated between the two samples (R2 > 0.99) and define an isocon (a 

straight line through the origin) with a slope of one (Fig. 6.5A). Most elements plot on, or close to, 

this isocon, which implies they have not been significantly mobilised either. The concentrations 

of Si, Ti, Al, Fe, Mg, Na, REE+Y, Zr, Hf, Nb, Ta and Sr are therefore considered representative of the 

magmatic protolith. Some elements, however, do show mobility. The isocon method implies that 

K was effectively leached form the rock (–41%) and lost to the fluid. The same holds true for Rb 

(–46%), Ba (–61%), Pb (–94%), Ca (–13%), Mn (–27%), Cr (–34%) and Ni (–17%). Uranium, in 

contrast, was apparently added to the system (+40%). While the loss of K, Rb, Ba, Pb and Ca is 

easily explained by the secondary breakdown of feldspar, and Mn, Ni and Cr by the replacement 

of pyroxene by amphibole and/or chlorite, the apparent mobility of U is somewhat conspicuous. 

Overall little element mobility (except for U, K, Ca, Rb, Ba, Pb, Sr) is also supported by smooth and 

uniform trace element patterns (Fig. 6.5F), by optimal alteration indices (Nesbitt & Young 1982; 

Large et al. 2001; not shown), and constant inter-element ratios. Consequently, the geochemical 

data obtained on the quartz diabase dyke (Tab. 6.1) should be representative of the protolith.  

In terms of isotopic disturbance, only the measured 87Sr/86Sr ratio shows a strongly positive cor-

relation (R2 = 0.67) with the volatile content of the sample (LOI; Fig. 6.6). Substantiated by the 

established Rb mobility (Fig. 6.5A) and the highly variable Rb/Sr ratio, it is clear that the Rb-Sr 

isotope system must have been open at some time in the history. It is, however, unlikely that the 

high 87Sr/86Sr ratio of almost (sic!) 0.79 was simply due to a metasomatic gain of Sr, because most 

hydrothermal fluids, even those of crustal origin, do not exceed a 87Sr/86Sr ratio of ~0.71 (Rollin-

son 1993). Such an extremely high 87Sr/86Sr ratio requires a significant and non-recent addition 

of Rb to the system (i.e., alkali metasomatism), or loss of Sr. The other isotope ratios, 143Nd/144Nd, 
207Pb/204Pb, 208Pb/204Pb, show no significant correlation with the rock’s volatile content. Instead, 

they show and increase in random scatter with increasing hydration. Samples with a volatile con-

tent of < 3 wt% form tight clusters and should be most representative of the magmatic protolith.  
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Relationship to the Sudbury impact event 

When the dyke was discovered in 2018, it was initially assumed to be another Offset Dyke of the 

Sudbury Igneous Complex. This hypothesis was based on (i) the remarkable continuity of the dyke 

along strike (almost 10 km); (ii) its orientation approximately radial to the Main Mass of the Sud-

bury Igneous Complex; (iii) its close spatial relationship to mega-breccias within the East Range 

Breccia Belt; (iv) its normative and modal quartz content. However, the above observations 

clearly rule out any genetic relationship with the Sudbury impact event for the following reasons. 

Firstly, it has been shown that the tholeiitic quartz diabase dyke must be older than the impact 

event because it is crosscut by pseudotachylitic veins (Fig. 6.4A,B), and because it is found as 

highly altered clasts in Sudbury Breccia. Secondly, the geochemistry of the dyke does not remotely 

resemble the composition of the Offset Dykes, nor any other type of impact melt rock found within 

the Sudbury Structure. This is evident from the geochemical classification diagrams (Fig. 6.5), and 

from a direct comparison of trace element patterns (Fig. 6.7). With 40–60 ppm Zr, the dyke differs 

significantly from the impact melt rocks of Sudbury, which have invariably higher Zr (80–300 

ppm); the Nb-Ta-Ti anomalies are less pronounced in the dyke compared to the typical calc-alka-

line impact melt rock; the REE a depleted in the dyke relative to the impact melt rocks, and their 

normalised abundances have a completely different slope. With < 52 wt% SiO2, the dyke is also 

more basic than any impact-generated lithology from the Sudbury Igneous Complex, including 

norite and quartz gabbro, which are the most primitive units of the Main Mass (e.g. Lightfoot 2016, 

p. 206, 214). Furthermore, the Nd isotope features do not match those of the Offset Dykes, since 

the diabase dyke has a much higher Sm/Nd ratio and a much lower εNd. As discussed before, the 

impact melt rocks of Sudbury have a narrow range in 147Sm/144Nd of ~0.11, whereas the mafic 

dyke in question has a 147Sm/144Nd of 0.13–0.18. Accordingly, the Nd model age of the dyke differs 

significantly from that of the Sudbury Igneous Complex. These differences are not simply ex-

plained by processes such as post-magmatic alteration or contamination, and so they provide ev-

idence that the impact melt rocks and the mafic dyke cannot share a common source. It follows 

that the dyke must be the manifestation of a magmatic event older than the 1.85 Ga Sudbury im-

pact, but younger than the ~2.31 Ga upper Huronian Supergroup into which it was emplaced. 

 
Figure 6.7 Primitive mantle-normalised trace element diagrams for the tholeiitic quartz diabase dyke from 
Mackelcan Township and, for comparison, selected Offset Dykes of the Sudbury Igneous Complex (Parkin, 
Foy, Ministic); normalisation values are from Sun & McDonough (1989); literature data are from Lightfoot 
et al. (1997c). 
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Relationship to the Nipissing Suite 

Cross-cutting field relations constrain the intrusion age of the dyke between 2310 Ma and 1850 

Ma. This already rules out the possibility that the dyke is genetically related to the 0.6 Ga Grenville 

Dyke Swarm, or any other mafic dyke swarm younger than the impact event. It also eliminates the 

possibility that the tholeiitic dyke is part of the ~2480 Ma Matachewan Dyke Swarm (e.g. Heaman 

1997). Although the Matachewan Dykes are, like the diabase of this study, quartz tholeiitic, they 

only occur at the base of the Huronian Supergroup, and never within the Cobalt Group (upper 

Huronian Supergroup). In addition, the Matachewan Dykes have a completely different orienta-

tion (N-NW) than the tholeiitic dyke from Mackelcan Township (NE). It is also clear that the 

tholeiitic quartz diabase dyke cannot be one of the so-called yet ill-defined "trap dykes” (e.g. 

Dressler 1984; Grant & Bite 1984). These trap dykes are so far only known from the immediate 

Sudbury region, where they strike very consistently E-W, and have recently been dated to 1700 

Ma (Bleeker et al. 2015), i.e., they are younger than the Sudbury impact event. All this leaves only 

two options. Either the new dyke is related to the regional 2220 Ma Nipissing Suite, or it is the 

manifestation of a previously unrecognised magmatic event. Unequivocal evidence would require 

an absolute radiometric age, but the rock is very poor in Zr (≤ 60 ppm) and thus expected to be 

poor in zircon and baddeleyite, which compromises its applicability for U-Pb mineral dating. 

In order to test whether the dyke is related to the Nipissing Suite, its geochemical composition has 

been compared to an extensive set of lithogeochemical data (Lightfoot & Naldrett 1996b; Jobin-

Bevans 2016; Davey et al. 2019; Hagen 2020). In the classification plots of Figure 6.5 it was al-

ready shown that the dyke lies well within the compositional field defined by the Nipissing Suite, 

a genetic link to which is also indicated in the scatter plots of Figure 6.8. There, different element 

concentrations are contrasted against the MgO concentration as an index of the degree of mag-

matic differentiation. All these plots reveal geochemical trends interpreted as magmatic differen-

tiation trends emanating from one homogeneous parental magma. Analyses of the tholeiitic 

quartz diabase dyke lie exactly on the magmatic differentiation trend(s) defined by the Nipissing 

Suite, thereby providing first evidence of a genetic relationship. 

The vast majority of intrusions assigned to the Nipissing Suite occur in form of sills concordant 

with the sedimentary bedding, and typically emplaced along the contact between rocks of con-

trasting competency such as, between the Gowganda Formation and the Lorrain Formation. 

Dykes, on the other hand, are very rare for the Nipissing Suite. The few examples of Nipissing Suite 

dykes that do exist have previously been interpreted as magmatic feeders of larger sills (e.g. Light-

foot et al. 1993; Lightfoot & Naldrett 1996a) and they tend to form a continuum with the NE-strik-

ing Senneterre Dyke Swarm in Quebec (e.g. Davey et al. 2019). Lightfoot & Naldrett (1996a) have 

shown that the dykes in the Nipissing Suite possess a very uniform composition that matches the 

composition of the least evolved rocks of the suite, the chilled margins. Dykes should therefore 

represent the best approximation of the parental, unfractionated magma composition. If the stud-

ied tholeiitic dyke was such a feeder dyke too, it would be expected to have the same geochemical 

features as the parental magma of the Nipissing Suite. However, the plots of Figure 6.8 indicate 

that this was not the case. Instead, the composition of the dyke is systematically displaced towards 

a higher degree of magmatic differentiation. For instance, the dyke is lower in MgO, CaO, and Ni 

than the typical feeder or chilled margin, but it is richer in incompatible lithophile elements (e.g. 

Na, Zr, Th). As such, the dyke is more like the average quartz diabase and the orthopyroxene gab-

bro of the Nipissing Suite, suggesting that minor fractional crystallisation presumably occurred. 
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↑ Figure 6.8 Scatter plots used to highlight chemical variations across the Nipissing Suite, with MgO as dif-
ferentiation index; also shown are approximate vectors for fractional crystallisation and crustal assimila-
tion, and the average composition of the parental magma of the Nipissing Suite; literature data are from 
Lightfoot & Naldrett (1996b) and Jobin-Bevans (2016) and were filtered for 47–55 wt% SiO2.  

The similarity between the tholeiitic quartz diabase dyke and the average Nipissing Suite gabbro 

is also demonstrated in Figure 6.9. In this graph, the average trace element pattern of the 

tholeiitic quartz diabase dyke is plotted together with the regional median and average composi-

tion of gabbroic rocks belonging to the Nipissing Suite. The patterns reveal to be almost indistin-

guishable, and they overlap with respect to several geochemical key parameters (e.g. La/SmN, 

La/YbN, Th/UN, Th/NbN, Ti/Ti*). Exceptions are Rb, Ba and Sr, which have arguably been mobilised 

during regional metamorphism and alteration and are not representative of the protolith’s com-

position. In summary, the almost identical trace element patterns provide strong support that the 

tholeiitic diabase dyke is a previously unrecognised member of the Nipissing magmatic suite.  

 
Figure 6.9 Primitive mantle-normalised trace element diagrams for the tholeiitic quartz diabase dyke from 
Mackelcan Township in comparison to gabbroic rocks (47–55 wt% SiO2) of the Nipissing Suite; normalisa-
tion values are from Sun & McDonough (1989); data for the Nipissing Suite are from Lightfoot & Naldrett 
(1996b), Jobin-Bevans (2016), Hagen (2020) and this study (Appendix_1); regional average, median and 
standard deviation were calculated based on more than 500 analyses excluding altered and mineralised 
outliers with < 47 wt% SiO2 as well as differentiated and contaminated outliers with > 55 wt% SiO2. 

A genetic link between the tholeiitic quartz diabase dyke and the Nipissing Suite is additionally 

supported by the same whole-rock Sm-Nd isotope systematics. For example, the dyke has a pre-

sent-day εNd value between –9 and –14. These values overlap, within the analytical uncertainty 

(εNd ± 0.5), with the εNd previously reported for the Nipissing Suite (cf. Lightfoot & Naldrett 

1996a; Davey et al. 2019). The dyke is further characterised by a very high 147Sm/144Nd ratio > 

0.13, which is again similar to the 147Sm/144Nd ratio determined for the Nipissing Suite, and which 

is fundamentally higher than reported for any other known igneous rock in the wider region. Ac-

cordingly, the tholeiitic dyke and the Nipissing Suite have one-stage Nd model ages considerably 

older (2.5–3.5 Ga) than their (assumed) intrusion age of 2.22 Ga. These model ages are, obviously, 

without geological significance, but they indicate that the tholeiitic dyke and the magma of the 

Nipissing Suite evolved at the same time integrated Sm/Nd ratio. Interestingly, the two-stage Nd 

model age for the tholeiitic diabase dyke (Tab. 6.2) is between 2.2 and 2.4 Ga. These values cor-

respond, within the analytical uncertainty (± 50 Ma), to the absolute emplacement and crystalli-

sation age of the 2.22 Ga Nipissing Suite, thus providing further proof for a genetic relationship. 
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Although the above presented geochemical and isotopic data leave very little doubt about a ge-

netic relationship between the tholeiitic diabase dyke and the Nipissing Suite, one feature is not 

entirely consistent with the available reference data for the Nipissing Suite: With an initial εNd2220 

between –1 to +3, the dyke has a more depleted signature than the rest of the Nipissing Suite (Fig. 

6.10A). Theoretically, this discrepancy could be explained by the dyke having experienced lesser 

degrees of crustal contamination compared to the more voluminous Nipissing Suite intrusions 

(e.g. the Triangle Mountain Sill), therefore preserving a more depleted mantle signature (i.e., su-

perchondritic εNdi). This theory is predicated on the fact that narrow mafic dykes, where laminar 

flow prevails, are not capable of assimilating large quantities of country rock (e.g. Campbell 1985; 

Huppert & Sparks 1985), whereas the latent heat and the continuous replenishment of larger mag-

matic bodies enables them to interact with large volumes of country rock (e.g. DePaolo 1981c; 

Lightfoot & Naldrett 1989). Wether crustal contamination was responsible for the apparent iso-

topic variations across the Nipissing Suite can be easily tested by contrasting the εNd2220 against 

geochemical proxies of crustal assimilation (e.g. SiO2, Ce/Pb, Th/Yb, or Th/Nb). As can be seen in 

Figure 6.10B, the available data for the Nipissing Suite exhibit two opposing trends in terms of 

εNd2220 vs. Th/Yb. Some samples show an inverse correlation between εNd2220 and Th/Yb, which 

is indeed consistent with those samples having experienced a higher degree of crustal input. How-

ever, most other samples show a wide range in εNd2220 while maintaining a uniform and relatively 

low Th/Yb ratio. Maybe this reflects variations in the composition of the mantle source, for which 

Lightfoot et al. (1993) suggested it contained minor amounts of recycled crustal material. Alter-

natively, it could be explained by interaction with the subcontinental lithospheric mantle. Be this 

as it may, the isotopic data point to a previously unrecognised isotopic heterogeneity across the 

Nipissing Suite. A more comprehensive dataset, ideally supported by high-precision U-Pb ages, is 

nonetheless required to confirm this hypothesis. If correct, variations in mantle source and/or the 

existence of separate magmatic pulses could explain why some of the Nipissing Suite members 

are strongly mineralised with respect to Cu-Ni-PGE (e.g. Shakespeare) whereas others are barren. 

 

Figure 6.10 Neodymium isotope ratios of the tholeiitic quartz diabase dyke from Mackelcan Township in 
comparison to other members of the Nipissing Suite; A: variations in the initial εNd value for different mem-
bers of the Nipissing Suite and the tholeiitic quartz diabase dyke; depleted mantle calculated according to 
DePaolo (1981a,b); B: the initial εNd value vs. the primitive mantle-normalised Th/Yb ratio; literature data 
are recalculated after Lightfoot & Naldrett (1996a,b) and Davey et al. (2019); data for the Wanapitei Intru-
sion and for xenoliths within the Rathbun Offset Dyke are from this study (Appendix_1; Appendix_2). 
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Relationship to epigenetic Cu-Co-Au mineralisation 

The intention of this subchapter is to explore the close spatial, and thus perhaps even genetic, 

relationship between the tholeiitic diabase dyke (herein identified as a member of the Nipissing 

Suite) and the epigenetic Cu-Co-Au mineralisation of Cobalt Hill and Wolf Lake. As already noted 

by Schandl (2002, 2004), the local presence of pentlandite, millerite, gersdorffite and especially 

Cr-V-mica (fuchsite) in those occurrences, corroborated by elevated whole-rock concentrations 

of Cr, Co, and Ni (e.g. Whymark 2020), indicates that the mineralising fluid was derived from, or 

at least interacted with, mafic-ultramafic rocks. Because of the overall low capacity of most hydro-

thermal fluids to carry significant amounts of Cr, Ni or V (e.g. Humphris & Thompson 1978; Sher-

vais 1982), together with their low background concentrations in the sedimentary rocks of the 

Lorrain Formation (< 15 ppm; e.g. Jobin-Bevans 2016), an extraformational, but still relatively 

proximal, metal source is likely required to explain the local enrichment of Cr, Ni, and V (and by 

association, of Cu, Au, and PGE) in these hydrothermal breccias. So far, studies have not been able 

to identify such mafic-ultramafic source, which led Schandl (2002, 2004) to speculate about the 

existence of a deep-seated intrusion having provided the required heat, fluid, and metals. The dis-

covery of a mafic lithology at Wolf Lake now invites to reassess this hypothesis. 

In Chapter 6.3 it has been shown that the quartz diabase was pervasively sheared and hydrother-

mally altered to almost monomineralic domains of epidote, chlorite, and quartz (Fig. 6.4), and this 

especially in vicinity to the Cobalt Hill and Wolf Lake occurrences, suggesting that alteration was 

most intense in these areas. Of note, the alteration of the diabase seems to have led to a systematic 

depletion of Cu (and other metals) relative to the fresh portions of the same dyke. For example, 

the altered sample WO3 contains 19 ppm Cu, whereas the fresh sample AK19-35 contains 107 

ppm Cu. This translates to a relative loss of 83%. The most likely explanation for the very low Cu 

concentration is that Cu was initially hosted by magmatic sulphide but was subsequently lost to 

whatever fluid had interacted with the rock. The isocon method (Grant 1986) reveals that mobility 

of Cu was also accompanied by a loss of Pb, Rb, Ba, Sr, Ca, K and Eu (elements that are typically 

retained by feldspar), and by a significant loss of Cr and Mn (typically hosted by pyroxene) (Fig. 

6.11A,B). Interestingly, the method also reveals a fractionation of LREE relative to the HREE, 

which is indicative of a high fluid:rock ratio (e.g. Campbell et al. 1984; MacLean 1988; Bau 1991; 

Schandl & Gorton 1991; Valsami & Cann 1992; Lahaye et al. 1995). From the apparent gain of U 

(up to +200%) it may be inferred that the fluid was relatively oxidised (e.g. Langmuir 1978). 

The main implication from this is that metasomatic leaching of the diabase dyke could have pro-

vided at least some of the base metals for the Cobalt Hill and Wolf Lake occurrences. A simple 

mass balance calculation demonstrates that the dyke, although being of small volume, contains 

(and thus, can liberate) a significant amount of base metal. For example, 80%-leaching of a 10 x 

10 x 10 m-large segment of the diabase dyke (density 2.9 g/cm3) containing initially 150 ppm Cu 

(a Nipissing Suite-typical value) would liberate 350 kg of Cu. In case of less effective leaching (e.g. 

15%), a 1,000 x 100 x 10 m-large dyke segment would still provide 65 tons of Cu.  

 

If there was a genetic link between dyke and mineralisation, as indirectly implied by this study, 

this could help guiding future exploration activities in the area. Based on these new findings, it is 

recommended that further exploration should focus primarily on the immediate vicinity of the 

diabase dyke and its extrapolated trend to the northeast and southwest, as this is where the high-

est mineralisation potential would be expected. Fuchsite, due to its prominent appearance, could 
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serve as a vector toward mineralisation, as, besides the local enrichment of Cr, also increased con-

centrations of Cu, Ni, and Co (and possibly PGE, Au, Ag) are to be expected. These observations 

also have wider implications for base metal prospectivity as it is conceivable that epigenetic min-

eralisation similar to that of Cobalt Hill and Wolf Lake could exist in similar setting elsewhere in 

the Huronian Basin. However, it has yet to be shown what exactly was responsible for the intense 

alteration, and questions about the nature and source of the fluids involved remain unanswered. 

It also remains to be shown whether the alteration occurred before, synchronous, or after the 

impact event, and what the nature of the relationship between the hydrothermal breccias and the 

impact-generated breccias really was. 
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Figure 6.11 Effects of metasomatism on the whole-rock geochemical composition of the tholeiitic quartz 
diabase dyke from Wolf Lake; A: diagram contrasting the measured composition of the chloritised sample 
WO3 with that of the freshest sample AK19-35; the isocon was constructed assuming constant concentra-
tions Ti, Al, Si and Zr; B: element gains and losses (in %) calculated relative to the isocon; C: diagram con-
trasting the average composition of  the altered samples with the average composition of the freshest sam-
ples; the isocon also assumes immobility of Ti, Al, Si and Zr; D: calculated gains and losses (in %) relative 
to the isocon; note that all plots imply a fluid-induced loss of Cu, Cr and Pb. 
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Alkaline Diabase 

7.1 Summary* 

Low-grade metamorphic ultrabasic dykes occur both in outcrop (Mackelcan Township) and in a 

deep drill core (Sheppard Township), above and into Temagami Anomaly, respectively. The dykes 

were emplaced into sedimentary rocks of the Cobalt Group and show field evidence of subsequent 

reworking into impact-generated megabreccias (Sudbury Breccia). Consequently, the dyke’s em-

placement must have occurred prior to the 1.85 Ga Sudbury impact event. 

Geochemically, the dykes are ultrabasic, alkaline, Ol- and Ne-normative. They show a pronounced 

enrichment in HFSE, particularly in P2O5 (0.2–0.7 wt%), TiO2 (2.0–3.5 wt%), Nb (20–50 ppm), and 

Zr (100–240 ppm). Their trace element signature is almost identical to that of modern ocean is-

land basalts (OIB), but different from any other igneous rock known in the wider region. The dykes 

show, furthermore, no evidence of crustal contamination (Th/Nb ≤ 0.1). A strong depletion in 

HREE (Tb/YbN 1.8–2.5) is consistent with a deep (residual garnet-bearing) mantle origin, whereas 

a super-chondritic Zr/Hf (37–47), chondritic Nb/Ta (16–22), and negative K-Zr-Hf-Ti anomalies 

indicate derivation from a lithospheric mantle source that had experienced carbonatite metaso-

matism prior to low degrees (3–10%) of partial melt extraction, or alternatively, a hornblende-

rich mantle. LA-ICP-MS dating of magmatic titanite, separated from the least altered non-brecci-

ated part of one of the dykes, yielded a weighted mean 207Pb-corrected 238U/206Pb date of 1872 ± 

3 Ma (2σ; MSWD = 0.92; n=48). This date is interpreted as the magmatic crystallisation age of the 

dyke as it is consistent with a whole-rock Pb-Pb errorchron of 1895 ± 7 Ma, and mantle extraction 

ages deduced from whole-rock Nd isotopes (tDM 1950 Ma; εNdi +2.5). These findings point to the 

existence of a hitherto unrecognised magmatic event having affected the Huronian Basin shortly 

before the Sudbury impact. Based on age, orientation (NW), and geochemistry, the dykes are in-

terpreted as the southeast extension of the 1.88–1.86 Ga Circum-Superior Large Igneous Province, 

and in detail, as possible equivalents to the ~1870 Ma Haig Intrusions in Hudson Bay region.  

The dykes’ geochemistry (Mg# 44–57; 70–360 ppm Cr; 60–210 ppm Ni) suggests they crystallised 

from a relatively evolved magma that underwent fractionation crystallisation at depth. The pres-

ence of such evolved rocks above the Temagami Anomaly opens the possibility of genetically re-

lated ultramafic cumulates at a deeper crustal level. Indirect evidence of this comes from acces-

sory magmatic Ti-Al-rich pargasite in one of the dykes, which records crystallisation at 3.7–4.4 

kbar corresponding to a paleodepth of 15–20 km. This suggests that the pargasitic amphibole was 

likely a phenocryst phase that either crystallised en route during magma ascent, or in a deep-

crustal chamber residing at a current depth of 10–15 km. Curiously, this depth coincides with the 

causative body of the Temagami Anomaly as predicted by independent geophysical models. 

The recognition that rocks of similar age and origin as the well-endowed Raglan Formation and 

the Thompson Nickel Belt are present above the Temagami Anomaly increases the prospectivity 

of the area for magmatic Ni-Cu-PGE sulphide deposits. However, the low degree of partial melting 

calculated for the dykes was likely insufficient to have enriched the melts in chalcophile elements. 

There is also no clear evidence of sulphide segregation based on MgO/Ni and Cu/Zr systematics. 
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7.2 Local Geology 

Mackelcan Township 

Mackelcan Township is located about 45 km northeast of Sudbury, Ontario, and 10 km northeast 

of Lake Wanapitei. It extends across the western, less magnetic part of the Temagami Anomaly 

and occurs close to the gravity peak of this regional geophysical feature. The area can be accessed 

coming from Sudbury along Highway 17 and then following the Kukagami and Bushy Bay roads 

northwards, passing Dewdney and Wolf Lake. From there, gravel and logging roads lead to the 

glacially polished and recently stripped outcrops east of Laundry Lake (46°52 03N 80°36 54W). 

The geology of the study area around Laundry Lake is similar to that of Wolf Lake (see Chapter 

6.2) and has been described before by Dressler (1982). Laundry Lake lies on the axis of a wide 

and open double-plunging syncline dominated by thick (> 1 km) and massive (sub-)arkose, quartz 

wacke and quartzite. These rocks have been stratigraphically assigned to the Lorrain Formation 

of the Cobalt Group (upper Huronian Supergroup). The Lorrain Formation is generally unde-

formed to slightly inclined with sedimentary dips facing west and west-northwest. Minor parasitic 

folding is indicated by multiple reveals of the dip and facing of sedimentary bedding (e.g. near 

Wolf Lake), although this could well be the result of impact-related brecciation (see below). Met-

amorphic grade is sub-greenschist to lower greenschist. Sedimentary rocks underlying Lorrain 

Formation, i.e., siltstone and wacke of the Gowanda Formation, are exposed some 1.5 km east of 

Laundry Lake, at Irish, Wessel, and Island Lake. The Gowganda Formation siltstone in those areas 

shows very well-developed rhythmical bedding typical of the Firstbrook Member (e.g. Rainbird & 

Donaldson 1988), but owing to their softness, these rocks are only rarely exposed. A recent high-

resolution aeromagnetic survey (Easton et al. 2020) revealed that the Gowganda Formation near 

the supposed contact to the Lorrain Formation had been quite extensively folded.  

Laundry, Rathwell, and many other lakes and creeks in the area form part of a regional N-S ori-

ented lineament, previously referred to as the Laundry Lake Structure and interpreted as a fault 

(Dressler 1982) or syncline (Lumbers & Card 1977). This lineament is associated with some of 

the most spectacular examples of pseudotachylitic breccia (Sudbury Breccia) east of the 1.85 Ga 

Sudbury Igneous Complex. The East Range Breccia Belt – so-called in reference to the well-known 

South Range Breccia Belt (see Scott & Spray 2000) – defines a linear and up to 500 m wide array 

of continuously exposed Sudbury Breccia, stretching across 14 km, from Matagamasi Lake in the 

south, to Chiniguchi Lake in the north. Small enclaves of Sudbury Breccia were also noted outside 

the East Range Breccia Belt, for example, at Wolf, Irish, Wessel, and Island Lake. Breccias in and 

around the belt are predominantly monomict and hosted by Lorrain Formation rocks, less fre-

quently polymict and hosted in, or at the contact with, Gowganda Formation siltstone. Both ma-

trix- and clast-supported varieties occur, the former being present as hair-like (<1 cm-thick) den-

dritic fracture systems, the latter as massive, irregular shaped breccia bodies. Individual clasts 

range in size from a few mm up to at least 10 m; their shape is typically subrounded to rounded, 

whilst angular clasts are almost never observed. Contacts to the matrix are generally sharp and 

well-defined. The provenance of clasts within the East Range Breccia Belt is certainly local, alt-

hough some notable exceptions of parautochthonous clasts do occur. These include exotic gab-

broic clasts from Island Lake – likely derived from a now eroded sill of the Nipissing Suite; and 

siltstone clasts at Laundry Lake – possibly derived from the Gowganda Formation. The colour of 
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the clasts can vary significantly within a given outcrop, indicating vigorous mixing of different 

target rocks during breccia formation. Displacement of some metres as well as clast rotation of > 

90° is also evident by the orientation of cross-cutting pre-1.85 Ga quartz veins (Fig. 7.1). Albitised 

clasts of arkose weather dull white in outcrop; clasts affected by quartz-hematite veining weather 

reddish brown; and strongly brecciated and microfractured clasts of any lithology are dark grey, 

almost black, in outcrop. The matrix displays a large variability as well, ranging in colour from 

white, beige, grey, green to black, and locally grading into each other. Rock and mineral clasts 

occur throughout and in places aligned parallel to the breccia margins, although most of the clasts 

exhibit no preferred orientation. Sudbury Breccia matrices with at least some sort of flow-texture 

can be observed in every outcrop, however, best examples are found in breccia outcrops hosted 

in laminated siltstone, possibly due to the inheritance of primary sedimentary structures and a 

breccia emplacement comparable to soft-sediment deformation or fluidisation. Another, well-

known feature of Sudbury Breccia observable within the East Range Breccia Belt are injection 

dykes. These are local, short-distance protrusions of clast-poor breccia matrix into dilational sites 

(e.g. Thompson & Spray 1996, Rousell et al. 2003). Analogues features have been reported before 

in the South Range Breccia Belt, and in the Vredefort Impact Structure, South Africa (e.g. Riller et 

al. 2010). Injection dykes that reach from the main zone of brecciation into the country rock range 

in length from a few cm to 6 m, and in shape from pockets to wedges. Some of these injection dykes 

exhibit u- and o-shaped flow laminations in cross section and are interpreted as sheath folds based 

on similar features documented in pseudotachylite at Vredefort (Berlenbach & Roering 1992). 

 

Figure 7.1 Photograph of a typical outcrop of megaclastic pseudotachylitic breccia (Sudbury Breccia, SUBX) 
within the East Range Breccia Belt; clasts of Lorrain Formation arkose (2.35–2.31 Ga), brecciated to variable 
degrees, are embedded in a fine-grained greyish and flow-textured matrix; displaced and dead-end quartz 
veins indicate the rotation of clasts; the black clasts are also arkose, but they are strongly microfractured 
and rich in aphantic recrystallised pseudotachylite; the outcrop shown here is from the Laundry Lake strip-
ping zone, coordinates 46°51 59N 80°36 57W, ca. 45 km northeast of Sudbury; hammer length = 50 cm. 
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Figure 7.2 Geological map of Mackelcan Township showing the regional geological and lithostrati-
graphic context of the alkaline diabase dyke; in part based on maps of Dressler (1981a, 1982), Why-
mark (2019) and additional mapping by the author in the course of this study. 
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Sheppard Township 

Sheppard Township lies 55 km northeast of Sudbury. Both the gravity and magnetic field of the 

Temagami Anomaly reach their maximum in this area, which prompted Falconbridge Ltd. in 1991 

and subsequently the Wallbridge Mining Company in 2000 to drill the area. A vibroseismic survey 

was conducted 1991, with the results published in Milkereit & Wu (1996). Geologically, however, 

little is known about Sheppard Township due to limited accessibly and a lack of bedrock exposure. 

Apparently, Gowganda Formation wacke and siltstone account for > 99% of the (sub-)outcrop 

(e.g. Dressler 1982; Christopher 1992). These rocks are massive to poorly stratified in outcrop, 

flat lying, and locally carry dropstones of pink granitoid and green metavolcanic rocks. Laminated 

argillite of the Firstbrook Member only occurs in the western corner of the township; gabbro of 

the 2.22 Ga Nipissing Suite has been mapped in the southeast corner. Intrusive mafic rocks typical 

of the Nipissing Suite were also intersected in at least two drill holes in Sheppard Township (e.g. 

Meecham & Truscott 1992; Hagen 2020), indicating that these rocks are more widespread (at 

depth) than their limited outcrop suggests. The youngest rock in the area is a NW-striking olivine 

diabase dyke. A few occurrences of Sudbury Breccia have been reported, but their true extent re-

mains unclear. A prominent NNW-striking fault across Harvey Lake has been mapped by Christo-

pher (1992) as well as numerous minor faults throughout the township, striking N, NW, and NE. 

 

Figure 7.3 Geological map of Sheppard Township showing the regional geological and lithostrati-
graphic context of drill hole M-SH-2; based on maps of Lumbers & Card (1977), Dressler (1981a), 
Christopher (1992), and Whymark (2019). 
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7.3 Field Relations 

In 2018, a dyke-like intrusion of alkaline diabase was discovered, cut by a gravel road in Mac-

kelcan Township (46°52 18N 80°36 36W). The dyke has a distinctive appearance in outcrop com-

pared to the more fine-grained tholeiitic dyke described in Chapter 6, and it has therefore been 

recognised as part of a separate intrusion. It was subsequently possible to trace the dyke for 2 km 

along strike, from Laundry Lake in the northwest, almost as far as Wessel Lake in the southeast. 

The dyke strikes between N40°W and N65°W, and its contour is clearly visible in high-resolution 

aeromagnetic maps, and as a prominent lineament both in the field and in satellite images. Only 

one outcrop could be found west of Laundry Lake (Fig. 7.2). This single outcrop did not permit to 

determine any orientation, so it is not clear if and how the dyke has been displaced by or along 

the East Range Breccia Belt. However, the outcrop west of Laundry Lake is associated with a N-

trending valley, which, provided it reflects the true orientation of the dyke, would indicate clock-

wise rotation of the western block. Conversely, magnetic maps and other lineaments indicate a 

simple lateral displacement of this NW-striking dyke along the breccia belt without rotation. No 

crosscutting relationship between the NW-striking alkaline diabase dyke and the NE-striking 

tholeiitic diabase dyke is evident in the field. The alkaline diabase had intruded into quartzite and 

arkose of the Lorrain Formation to which it shows sharp, curvy planar, fine-grained, and sub-ver-

tically dipping, contacts. No sign of contact metamorphism was observed in the field. At its thickest 

part at the gravel road, the dyke measures 7 m in width. Xenoliths are mostly absent. In a few 

locations, however, rafts of country rock (pebble-rich arkose) do occur, which had apparently 

spawled of the wall rock. A dyke-parallel apophysis into the country rock was noted in at least one 

outcrop. The texture of the dyke is homogeneous along strike; little jointing in general and no 

tectonic fabric other than pseudotachylitic veining was observed. Hematite staining is common at 

the intrusive contact as well as quartz-carbonate-hematite veining throughout.  

Outcrop stripping uncovered additional exposures of alkaline diabase east of Laundry Lake (Fig. 

7.4). In these glacially polished outcrops, the (presumably) same diabase was observed as clasts 

within massive megaclastic Sudbury Breccia, together with clasts of locally derived arkose and 

quartzite. This provides undisputable evidence that the dyke must be older than the 1.85 Ga Sud-

bury impact event. The mafic (diabase) clasts vary considerably in size and shape, ranging from a 

few cm (Fig. 7.4B) to 12 m (Fig. 7.4A) and from subrounded (Fig. 7.4C) to wispy and highly con-

torted (Fig. 7.4B), respectively, but their igneous texture seems, at least in part, preserved. Fur-

thermore, all clasts are internally brecciated and cut by black, locally white-weathering, veins and 

stockworks of pseudotachylite. Although formation of such impact-related breccias is widely con-

sidered an in-situ process (e.g. Lafrance & Kamber 2010; Reimold et al. 2017), clasts of the alkaline 

diabase do occur at a significant distance from the closest outcrop of the dyke. The fact that up to 

10 m-large clasts of the diabase have been found as far as 600 m south of the actual dyke indicates 

either (i) significant lateral and energetic transport was involved during the brecciation, or (ii) a 

more proximal source of the clasts, maybe in form of a second parallel dyke further south. Such 

parallel dyke might be associated with a distinctive NW-trending lineament observed west of 

Laundry Lake (Fig. 7.2), although no additional outcrop of a diabase dyke could be found there. 
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Figure 7.4 Photographs of the alkaline diabase in outcrop near Laundry Lake (Mackelcan Township) show-
ing its intimate spatial relationship to Sudbury Breccia (SUBX); A: stripped and wet outcrop (46°52 05N 
80°36 52W) showing a megaclast of the alkaline diabase embedded in heterolithic Sudbury Breccia together 
with clasts of Lorrain Formation arkose; B: stripped and dry outcrop (46°51 59N 80°36 57W), showing 
contorted clasts of alkaline diabase together with clasts of Lorrain Formation arkose, embedded in beige 
Sudbury Breccia matrix; one of these arkose clasts is strongly albitised; other clasts appear dark grey due 
to the abundance of pseudotachylite; C: stripped and dry outcrop (46°51 59N 80°36 57W) with two clasts 
of the alkaline diabase embedded in Sudbury Breccia; D: same outcrop showing a possible intrusive contact 
between bleached and albitised Lorrain Formation arkose and the alkaline diabase, preserved as a compo-
site clast in Sudbury Breccia; dark veinlets are pseudotachylite; Wesley Whymark and 9-cm card for scale. 
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7.4 Drill Core Stratigraphy 

Hole M-SH-2 (NQ size, diameter 4.76 cm) was drilled by Falconbridge Ltd. in 1991 in Sheppard 

Township, coordinates 46°56 29N 80°30 01W. It was the first drill program directly aimed at tar-

geting the cause of the Temagami Anomaly and was conducted where the anomaly reaches its 

gravity peak. Originally, drilling was performed at an azimuth of 90°, but the drill head was de-

flected within the first few metres, resulting in a total offset of 800 m to the east of the planned 

position at a final depth of 2,200 m. Drill core M-SH-2 was logged by Meecham & Truscott (1992) 

and intersected an almost complete sequence through the Huronian Supergroup as well as rela-

tively thin mafic sill of the Nipissing Suite (Fig. 7.5). The uppermost 960 m of the core are rocks 

of the Gowganda Formation – massive siltstone and wacke with pebbles and dropstones (grey 

tonalites and green mafic metavolcanics) of up to 15 cm in diameter. The Gowganda Formation 

grades downhole into wacke, siltstone, and arenite, which are, according to Meecham & Truscott 

(1992), part of the Serpent Formation. The Serpent Formation is, in turn, underlain by 100 m of 

laminated limestone and calcareous siltstone typical of the Espanola Formation. The remaining 

formations (Bruce, Mississagi, Ramsey Lake, McKim) are each 50–100 m thick (Fig. 7.5). Finally, 

a 200 m-tick interval of the Matinenda Formation was intersected at the bottom of the hole. A 180 

m thick gabbro of the Nipissing Suite had intruded the Gowganda Formation between 961 and 

1,141 m. The sill consists of barren, massive, medium-grained, locally foliated, Nipissing Suite-

typical gabbro; very coarse-grained or even pegmatoidal patches are rare. The gabbro has fine-

grained chilled margins of several metres in thickness (Meecham & Truscott 1992; Hagen 2020). 

Pseudotachylitic breccia (Sudbury Breccia, SUBX) occurs in form of stockworks, veins (mm- and 

cm-scale) and irregular bodies (dm-scale), scattered throughout the drill core. The Sudbury Brec-

cia matrix shows, where hosted by siliciclastic sedimentary rocks, very well-developed flow tex-

tures (Fig. 7.5A), and colours ranging from black, grey to green. In addition to this impact-related 

brecciation, extensive hydrothermal alteration was noted throughout the drill core, including a 

pervasive epidotisation, chloritisation and carbonatisation. For example, numerous quartz-car-

bonate veins occur within the Gowganda Formation wacke/siltstone. The veins are relatively reg-

ular spaced, locally straight, locally curved, up to 3 cm thick, with diffusive bleaching haloes (Fig. 

7.5B). They locally contain traces of pyrite, chalcopyrite, and galena. In addition, visible gold was 

discovered during a recent reassessment of the core (Jacob VanderWal, pers. comm. 2020). Mas-

sive yet barren quartz veins (up to 3 m thick), containing chlorite, zoisite and possibly fuchsite, 

were observed in the Nipissing Suite gabbro at 1,045 m. The gabbro is heavily sheared at ca. 1,030 

m and altered to chlorite. In other places, the gabbro is crosscut by quartz crackle breccia, and by 

up to 10 cm-thick veins of massive milky quartz ± ankerite (Fig. 7.5C). 

During a 2018 re-examination of drill core M-SH-2, a new lithology has been discovered: Fine- to 

medium grained green diabase – presumably a dyke – occurs within the upper part of the inter-

sected Huronian Supergroup sequence, from 1,369 m to 1,377 m. The diabase was originally mis-

identified as Gowganda Formation wacke when the core was first logged (Meecham & Truscott 

1992). The diabase is about 8 m thick, non-magnetic, green in colour, mostly aphantic with mar-

gin-parallel veining and, therefore, difficult to distinguish from the chloritised sedimentary rocks 

in its footwall and hanging wall; contacts on either side to the Gowganda Formation/Serpent For-

mation are gradational over some decimetres. The diabase will be described in more detail below. 
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Figure 7.5 Lithological profile of drill core M-SH-2 with exemplary core photographs (left) and stratigraphic 
interpretation (right); A: flow-banded pseudotachylitic breccia (Sudbury Breccia) in Gowganda Formation 
argillite; B: ankerite vein with bleaching halo in Gowganda Formation diamictite; C: a massive quartz vein 
with marginal ankerite cutting across Nipissing Suite gabbro; D: typical medium-grained Nipissing Suite 
gabbro; E: quartered drill cores of the alkaline diabase dyke; F: laminated Espanola Formation limestone/ 
calcareous siltstone; G: pebbly Bruce Formation wacke with rusty (pyrite/limonite-bearing) matrix; core 
diameter (= the height of each panel) is 4.76 cm; colour code as in Figures 3.1, 4.1, 5.1, 6.1, 7.2, and 7.3. 
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7.5 Petrography 

Macroscopically, the alkaline diabase from Mackelcan Township can be described as a medium- 

grained (1–3 mm), equigranular, texturally uniform, melanocratic (colour index 75), massive and 

non-foliated rock of olive colour. The diabase contains disseminated cubes of pyrite and is mottled 

with 3 mm-large patches of epidote. Veinlets, veins, and irregular-shaped bodies of Sudbury Brec-

cia occur throughout and can be observed not only in outcrop, but also in hand specimen (Fig. 

7.6A) and down to the scale of a thin section (Fig. 7.6B). Sudbury Breccia in the alkaline diabase 

has an aphantic, light green, light grey or dark-grey, non-laminated matrix, sharp breccia margins, 

and contains chloritic rock- and mineral clasts, in places also vesicles and chloritic amygdales. A 

gradual transition was observed from irregular-shaped Sudbury Breccia (up to 5 cm wide; Fig. 

7.6A) toward hair-like dendritic fracture systems (< 1 mm; Fig. 7.6B). The latter resemble, at first 

glance, shear bands or hydrothermal veinlets and are not easily recognised as impact-related fea-

tures in the field nor in hand specimen. They occur in almost every sample from the Laundry Lake 

stripping zones and exhibit a crosscutting relationship with later (post-impact) chlorite ± pyrite 

veins (Fig. 7.6B) and earlier (pre-impact) quartz-carbonate-hematite veins (Fig. 7.1).  

Relatively fresh, non-brecciated samples of the diabase dyke were collected from the road outcrop 

mentioned above and were also used for geochronology. They preserve a relict ophitic texture of 

ca. 60 vol% amphibole and 40 vol% plagioclase. In those samples, two types of amphibole have 

been observed (Fig. 7.6C), which likely represent two different generations: Fibrous amphibole 

with pleochroism from colourless to pale green and blue green, prevails. Sub- to euhedral short 

prismatic amphibole grains with pleochroism from yellow to reddish brown, well-defined crystal 

faces and 124°-cleavage patterns, represents the second type of amphibole. The former type of 

amphibole is likely a replacement product of ferromagnesian minerals (pyroxene), whereas the 

latter could be a primary magmatic mineral. Plagioclase occurs as subhedral 1 mm-large grains 

(aspect ratio 4:1), intergrown with amphibole in an ophitic to decussate texture, in which the in-

terstitial spaces are filled with epidote and apatite. Plagioclase is invariably altered to fine and 

granular epidote/(clino-)zoisite. Preferential saussuritisation of the cores of individual plagio-

clase grains is frequently observed and apparently mimics a primary core-rim zonation. Only in 

rare instances is fresh plagioclase preserved, showing polysynthetic twinning. Leucoxene is a mi-

nor yet ubiquitous constituent of the rock. It occurs as relatively large (< 5 mm) skeletal grains of 

ilmenite enveloped in grey semi-opaque cryptocrystalline selvages.  

In addition to leucoxene, euhedral (wedge-shaped) titanite with grain sizes between 100 µm and 

300 µm was observed, dispersed as an accessory mineral throughout the diabase. Titanite is typ-

ically orange to brown under plane polars, sometimes opaque in thicker sections, with no evi-

dence of it replacing primary minerals, or of titanite being replaced by, for example, ilmenite or 

leucoxene. Another very abundant (ca. 1 vol%) mineral is apatite. Apatite occurs as clear, colour-

less, low-birefringent, and euhedral (hexagonal) crystals with a habit that varies between acicular 

(needle-like) and stubby (short prismatic). Apatite is generally found in clusters poikilitically en-

closed in plagioclase, amphibole, epidote, and in some instances, also enclosed within titanite. Oc-

casionally, clusters of up to 30 apatite crystals were observed across domains of 1 mm². Examples 

of such apatite clusters are shown in Figure 7.6F. The grain size of apatite rarely exceeds 1 mm 

in length and 100 µm in diameter; most grains measure 200 x 50 µm. Quartz is generally absent 

from the diabase, except in and around secondary quartz-carbonate-hematite veins.  
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Samples of the diabase in vicinity to megaclastic Sudbury Breccia have completely lost their pri-

mary igneous texture due to a pervasive hydrothermal alteration. In those samples, ferromagne-

sian minerals have been converted to a chaotic mixture of green chlorite (with golden-brown to 

purple interference colours) and finely dispersed pyrite and ilmenite; saussuritisation is severe 

and porphyroblastic epidote and calcite is common. Sudbury Breccia underwent intense altera-

tion as well. Its groundmass had been converted to a cryptocrystalline mixture of quartz, epidote, 

amphibole, chlorite, and ilmenite. Nonetheless its strong secondary overprint, the breccia resem-

bles pseudotachylitic veins described elsewhere in mafic host rocks (e.g. Kovaleva et al. 2018a). 

Alkaline diabase in drill core M-SH-2 is a fine- to medium-grained (< 2 mm) aphantic to phaneritic, 

equigranular, greyish green, (holo-)melanocratic rock (colour index 80–90). Hydrothermal veins 

are common, but no Sudbury Breccia was observed within, or close to, the diabase. Thin sections 

from the dyke’s margins reveal a very fine-grained groundmass composed of amphibole, chlorite, 

epidote, biotite, and opaque minerals, which likely reflects chilling against the cooler country rock. 

Aligned phenocrysts of plagioclase – pseudomorphically replaced by saussurite (Fig. 7.7B) – oc-

cur at the dyke’s margin and indicate that the magma was likely plagioclase-phyric. The Gowganda 

Formation wacke shows, where in contact with this diabase, porphyroblastic biotite set in a fine-

grained micaceous matrix. This texture (not shown) resembles a biotite hornfels and provides, 

together with chilled margins along both the footwall and hangingwall, supporting evidence for 

an intrusive relationship between diabase dyke and the Gowganda Formation. Alkaline diabase in 

drill hole M-SH-2 is, therefore, not considered an exceptionally large Archaean dropstone, but a 

manifestation of an intrusive event younger than the ~2.31 Ga Cobalt Group. 

The most coarsely grained and freshest samples of the alkaline diabase dyke (samples SH2-12; 

SH2-14) consist of a roughly equal modal proportion of plagioclase and amphibole in an ophitic 

texture (Fig. 7.7C,E). Plagioclase rarely exceeds 1 mm in length and is characterised by an acicular 

habit (aspect ratio 10:1) typical of crystallisation under disequilibrium conditions (e.g. undercool-

ing). Actinolite occurs as fibrous bundles with pleochroism from colourless to pale green, and ev-

idently pseudomorphic after pyroxene. Appreciable amounts (~2 vol%) of leucoxene occur dis-

seminated throughout. Leucoxene is typically 0.3 mm large, of skeletal or dendritic habit, semi-

opaque in thin section, and reddish in polished hand specimens (Fig. 7.7A). Among accessory con-

stituents there is only apatite, occurring as acicular crystals of less than 25 µm in size. Apatite is 

significantly less abundant compared to the alkaline diabase above from Mackelcan Township. 

The alkaline diabase in drill core M-SH-2 shows the most complex subsolidus alteration history of 

any rock described so far. Apart from an extensive metamorphic overprint at greenschist facies 

conditions in virtually all samples of the mafic dyke, manifesting in the typical assemblage albite-

actinolite-chlorite-epidote-biotite, at least three distinct generations of hydrothermal veins have 

been recognised. These include veins of (i) granular (clino-)zoisite together with fibrous green 

amphibole; (ii) pure epidote; (iii) carbonate, quartz, and chlorite. In one thin section, a younger 

vein of type (iii) was found to cut across an older vein of type (i). Veins of type (ii), in turn, cut 

across uralised pyroxene and dissect, but not displace, leucoxene (Fig. 7.7F). In addition, evidence 

of local carbonate metasomatism was found at 1,371.5 m (sample SH2-11). In this part of the dyke, 

the igneous protolith has been completely obliterated. Rhombic neoblasts of calcite and pseudo-

morphic chlorite (with golden-brown interference colours), likely after amphibole or pyroxene, 

make up more than 65 vol% of sample; the remainder is a mixture of sericite and plagioclase.  
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Figure 7.6 Photograph and microphotographs of the alkaline diabase from Mackelcan Township; A: hand 
specimen of a channel cut across the alkaline diabase megaclast from Laundry Lake (as shown in Fig. 7.4A); 
the sample contains anastomosing veins and irregular masses of pseudotachylitic breccia (Sudbury Brec-
cia); B: thin section of the same sample under transmitted light and plane polars showing veinlets of dark 
cryptocrystalline pseudotachylitic breccia, which are in turn cut by later chlorite veins; C: thin section of a 
relatively fresh sample of the alkaline diabase dyke under transmitted light and plane polars, showing green 
and brown amphibole together with stubby apatite, interstitial plagioclase, anhedral epidote, and subhedral 
titanite; D: thin section of a relatively fresh and non-brecciated sample of the alkaline diabase dyke (sample 
AK18-7) under transmitted light and crossed polars, showing a mixture of amphibole, plagioclase, and epi-
dote; E: thin section under transmitted light and plane polars, showing a strongly altered portion of the 
diabase dyke, with prismatic apatite; F: thin section under transmitted light and plane polars, showing an-
other strongly altered sample; note the euhedral apatite crystals with well-defined hexagonal crystal faces, 
enclosed in an epidote poikiloblast. Abbreviations: SUBX = Sudbury Breccia; Ep = epidote; Chl = chlorite; 
Lcx = leucoxene; Ttn = titanite; Am = amphibole; Ap = apatite; Pl = plagioclase.  
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Figure 7.7 Photograph and microphotographs of the alkaline diabase dyke intersected in Falconbridge’s 
1991 deep drill hole M-SH-2, Sheppard Township; A: polished hand specimen of the drill core at 1,373 m 
(sample SH-14, centre of the dyke) showing a relatively coarse-grained interval of the alkaline diabase dyke; 
B: thin section under transmitted light and plane polars (sample SH2-12) showing the chilled plagioclase-
phyric margin of the alkaline diabase; former plagioclase phenocrysts are crudely aligned with their long 
axis about parallel to the intrusive contact and they are pseudomorphically replaced by saussurite; C: thin 
section under transmitted light and crossed polars showing the freshest and most coarsely grained sample 
of the alkaline diabase (sample SH2-14); D: enlargement of the previous microphotograph under slightly 
de-crossed polars; E: same spot but rotated and with polars crossed at 90°; F: thin section under transmitted 
light and plane polars, showing a vein of epidote cutting across pre-existing leucoxene grains. Abbrevia-
tions: Ep = epidote; Chl = chlorite; Am = amphibole; Pl = plagioclase; Lcx = leucoxene.  
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7.6 Amphibole Chemistry 

As already mentioned in the petrography section of this chapter, two different types of amphibole 

have been observed in the freshest samples of the alkaline diabase dyke from Mackelcan Town-

ship, and readily distinguished based on optical criteria: A fibrous green amphibole, and a pris-

matic brown amphibole. The former predominates by far, whereas the latter is only an accessory 

constituent of the rock. In order to verify these observations by objective measures, quantitative 

electron microprobe analyses have been performed on a representative number of amphibole 

grains. The data, which are presented in Table 7.1, reveal indeed a bimodal chemical composition, 

supporting the above notion that two different types of amphibole are present within the same 

sample. These likely represent to different generations, as will be argued below. 

Using the BSE imagery mode of the electron microprobe coupled with quantitative spot analyses, 

it became clear that the fibrous green type of amphibole is, on the micron level, intergrown with 

chlorite, Fe-Ti oxide, and maybe relict pyroxene. Many analyses turned out to be contaminated by 

the ambient matrix, which required extensive filtering of the dataset by criteria such as Al2O3 con-

tent and totals. The few analyses that are considered representative of the fibrous green amphi-

bole (Tab. 7.1) have a Mg# (=100×Mg/[Mg+Fe]) between 50 and 70, an Fe3+/(Fe3++Fe2+) ratio 

between 0.02 and 0.21, SiO2 contents between 50 and 54 wt%, and overall low Al2O3 (≤ 4 wt%), 

TiO2 (≤ 0.1 wt%), and low total alkali contents (≤ 1 wt%). This composition classifies the amphi-

bole as calcic because CaM4 ≥ 1.50; (Na+K)A < 0.50; CaA < 0.5, and more specifically, as (ferro-)ac-

tinolite according to scheme of Leake et al. (1997) (Fig. 7.8). Some analyses were found to ap-

proach the composition of actinolitic hornblende or magnesio hornblende, however, these anal-

yses were likely contaminated by the matrix and are therefore discarded from further discussion. 

Application of the thermometric and barometric equations listed in Chapter 2.2.4 points to a low-

grade metamorphic or hydrothermal (deuteric?) origin of the actinolitic amphibole generation. 

The equation of Ridolfi & Renzulli (2012), for example, yielded temperatures between 430 and 

590°C (510 ± 55°C), which is far below the presumed solidus of the magmatic ultrabasic host rock, 

but above the sub- to lower greenschist-facies metamorphic conditions previously established for 

the area (Card 1978; Dressler 1982; Easton 2000). However, the equation of Ridolfi & Renzulli 

(2012) was only calibrated for the temperature interval 800–1,130°C, and accordingly these re-

sults must be treated with caution. The Ti-in-amphibole thermometer of Liao et al. (2021) gave 

consistently lower temperatures between 290 and 410°C (360 ± 44°C), as can be expected for 

actinolite occurring in equilibrium with a typical greenschist-facies assemblage. None of the linear 

Al-in-amphibole barometers (e.g. Hammarstrom & Zen 1986; Hollister et al. 1987; Johnson & 

Rutherford 1989; Liu & Ernst 1992; Schmidt 1992) gave meaningful results because of the very 

low Al2O3 content of the actinolite in question. Unreasonable results were also obtained from the 

barometer of Anderson & Smith (1995), probably because it is better suited for high-T amphibole 

in granitic systems. The barometer of Mutch et al. (2016), which is suited for Al-poor amphibole, 

yielded pressures between 0.5 and 2 kbar (0.88 ± 0.39 kbar), corresponding to an overload of ca. 

3,500 m when assuming an average rock density of 2,650 kg/m3 for the sedimentary (Huronian) 

overburden. Lower values, between 0.12 and 0.34 kbar (0.22 on average), were obtained using 

Ridolfi & Renzulli’s (2012) barometer, but again, these results are outside the calibrated P-T-range 

and are therefore considered unreliable. 
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Figure 7.8 Chemical classification of the two types of amphibole in the alkaline diabase dyke from Mac-
kelcan Township; nomenclature based on Leake et al. (1997); apfu = atoms per formula unit.  

The short-prismatic brown type of amphibole occurs as rare, very bright grains in BSE images and 

exhibits a pronounced compositional zonation, from dark cores to bright rims. This zonation is 

due to a gradual outward decrease in the Mg# (65–25). The brown amphibole has a significantly 

higher Al2O3 content (8.8–11 wt%) than actinolite in the same sample. Compared to the actinolite 

it is also highly enriched in TiO2 (2.6–4.1 wt%), Na2O (1.5–2.9 wt%) and K2O (1.0–1.6 wt%) at the 

expense of CaO. Consequently, the amphibole belongs to the sodic-calcic amphibole subgroup 

([Na+K]A > 0.5), and it is classified as titaniferous (ferro-)pargasite (Fig. 7.8). Such composition is 

inconsistent with a hydrothermal or low-grade metamorphic origin because of the low capacity 

of most fluids to carry Ti (e.g. van Baalen 1993). Titaniferous alkali amphiboles are, however, typ-

ical intercumulus phases in ultramafic rocks, and they are particularly common phenocrysts or 

mantle xenocrysts in alkaline rocks (e.g. Ridolfi & Renzulli 2012). 

The notion of a magmatic origin of the pargasitic amphibole generation is quantitatively sup-

ported by a high formation temperature of 951 ± 23°C or 972 ± 29°C, as obtained by using the 

thermobarometers of Ridolfi & Renzulli (2012) and Liao et al (2021), respectively. Although the 

composition of the pargasite satisfies the requirement of Fe# ≤ 0.65 for mineral barometry, its 

Fe3+/(Fe3++Fe2+) ratio is lower (0.02–0.22) than the recommended minimum value of 0.25 (An-

derson & Smith 1995). Another, more serious problem, is the lack of evidence of Al-saturation, as 

it is not clear whether the composition of the pargasite was buffered by an appropriate equilib-

rium assemblage. Thus, undersaturation in Al is expected to result in an underestimation of the 

actual crystallisation pressure. The various linear Al-in-hornblende barometers (Hollister et al. 

1987; Johnson & Rutherford 1989; Liu & Ernst 1992; Schmidt 1992) yielded, nevertheless, sur-

prisingly consistent results between 4–6 kbar (3.65 ± 0.45 kbar) corresponding to a minimum 

paleodepth of 17–24 km. Lower pressures of 2.6–4.1 kbar (10–16 km) and 3.6–4.9 kbar (14–19 

km) were obtained from the equation of Ridolfi & Renzulli (2012) and Mutch et al. (2016), respec-

tively. No meaningful values could be obtained from Anderson & Smith’s (1995) equation.  

These data suggest high-pressure crystallisation of the pargasitic amphibole generation prior to 

high-level magma emplacement into the Cobalt Group. This would mean that the pargasite is a 

phenocryst that crystallised at lower/mid crustal depth > 10 km below the present surface, maybe 

during intermittent magma storage within the crust, or en route during magma ascent. 
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Table 7.1 Representative electron microprobe data and calculated structural formulae for amphibole in the alkaline diabase dyke, Mackelcan Township 

SiO2 TiO2 Al2O3 Cr2O3 FeO MgO CaO MnO Na2O K2O Sum 
 

Tetrahedral site M1, M2, M3 sites M4 site A site 

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%  Si Al(IV) Ti(IV) Σ Al(VI) Ti Cr Fe3+ Mg Fe2+ Mn Σ Fe2+ Ca Na Σ Na K Σ 

Titaniferous (ferro-)pargasite 

41.3 3.63 10.9 0.00 17.9 9.7 11.0 0.37 2.58 1.16 98.53  6.20 1.80 0.00 8.00 0.13 0.41 0.00 0.34 2.16 1.91 0.05 5.00 0.00 1.77 0.23 2.00 0.52 0.22 0.74 

41.9 3.39 10.6 0.01 18.2 9.1 10.8 0.35 2.77 1.19 98.30  6.33 1.67 0.00 8.00 0.21 0.39 0.00 0.13 2.05 2.17 0.05 5.00 0.00 1.76 0.24 2.00 0.57 0.23 0.80 

42.5 3.48 10.4 0.00 16.4 10.2 11.0 0.29 2.66 1.16 98.17  6.39 1.61 0.00 8.00 0.23 0.39 0.00 0.06 2.28 2.00 0.04 5.00 0.00 1.77 0.23 2.00 0.55 0.22 0.77 

41.7 2.99 9.2 0.00 24.6 5.9 10.2 0.44 1.59 1.33 97.97  6.41 1.59 0.00 8.00 0.08 0.35 0.00 0.71 1.36 2.45 0.06 5.00 0.00 1.69 0.31 2.00 0.16 0.26 0.42 

40.7 3.47 10.2 0.00 18.1 10.0 11.0 0.36 2.80 1.23 97.97  6.17 1.83 0.00 8.00 0.00 0.39 0.00 0.40 2.27 1.90 0.05 5.00 0.00 1.79 0.21 2.00 0.62 0.24 0.85 

41.2 2.97 9.3 0.03 22.8 6.9 10.9 0.43 2.18 1.22 97.93  6.36 1.64 0.00 8.00 0.05 0.34 0.00 0.42 1.60 2.53 0.06 5.00 0.00 1.80 0.20 2.00 0.45 0.24 0.69 

41.8 3.66 9.8 0.02 18.0 9.3 10.9 0.34 2.80 1.21 97.87  6.37 1.63 0.00 8.00 0.12 0.42 0.00 0.06 2.12 2.23 0.04 5.00 0.00 1.77 0.23 2.00 0.60 0.24 0.83 

38.5 3.07 10.1 0.00 26.4 4.2 10.6 0.51 2.92 1.56 97.85  6.14 1.86 0.00 8.00 0.04 0.37 0.00 0.23 1.01 3.29 0.07 5.00 0.00 1.82 0.18 2.00 0.72 0.32 1.04 

40.4 3.75 10.6 0.02 17.8 9.8 11.3 0.34 2.69 1.24 97.85  6.14 1.86 0.00 8.00 0.05 0.43 0.00 0.22 2.22 2.04 0.04 5.00 0.00 1.85 0.15 2.00 0.64 0.24 0.88 

41.2 3.15 8.8 0.01 26.4 4.5 10.2 0.52 1.58 1.41 97.85  6.44 1.56 0.00 8.00 0.06 0.37 0.00 0.57 1.05 2.88 0.07 5.00 0.00 1.71 0.29 2.00 0.19 0.28 0.47 

42.5 3.19 9.3 0.03 19.8 8.3 10.4 0.39 2.59 1.24 97.82  6.48 1.52 0.00 8.00 0.16 0.37 0.00 0.23 1.89 2.30 0.05 5.00 0.00 1.69 0.31 2.00 0.46 0.24 0.70 

40.3 3.83 10.4 0.01 18.3 9.5 11.1 0.31 2.84 1.19 97.79  6.15 1.85 0.00 8.00 0.03 0.44 0.00 0.23 2.16 2.10 0.04 5.00 0.00 1.82 0.18 2.00 0.66 0.23 0.89 

40.7 3.22 10.3 0.00 19.2 8.9 11.0 0.34 2.82 1.26 97.77  6.23 1.77 0.00 8.00 0.08 0.37 0.00 0.25 2.04 2.21 0.04 5.00 0.00 1.81 0.19 2.00 0.64 0.25 0.89 

40.6 3.63 10.6 0.01 17.1 10.1 11.3 0.31 2.76 1.21 97.66  6.16 1.84 0.00 8.00 0.07 0.41 0.00 0.22 2.30 1.96 0.04 5.00 0.00 1.83 0.17 2.00 0.65 0.23 0.88 

41.6 3.96 10.5 0.02 16.8 9.9 10.7 0.30 2.63 1.11 97.64  6.28 1.72 0.00 8.00 0.15 0.45 0.00 0.23 2.23 1.89 0.04 5.00 0.00 1.72 0.28 2.00 0.49 0.21 0.71 

41.9 3.49 9.6 0.01 20.1 8.2 11.1 0.37 1.53 1.25 97.55  6.40 1.60 0.00 8.00 0.12 0.40 0.00 0.37 1.87 2.20 0.05 5.00 0.00 1.81 0.19 2.00 0.26 0.24 0.51 

40.6 3.76 10.3 0.00 17.7 9.6 11.2 0.36 2.84 1.20 97.53  6.20 1.80 0.00 8.00 0.06 0.43 0.00 0.13 2.19 2.14 0.05 5.00 0.00 1.83 0.17 2.00 0.67 0.23 0.91 

39.2 2.68 10.3 0.04 25.6 4.4 10.7 0.47 2.60 1.52 97.49  6.23 1.77 0.00 8.00 0.16 0.32 0.00 0.23 1.05 3.17 0.06 5.00 0.00 1.82 0.18 2.00 0.62 0.31 0.93 

41.3 3.94 11.0 0.03 15.8 10.6 11.1 0.29 2.39 1.15 97.49  6.21 1.79 0.00 8.00 0.15 0.45 0.00 0.27 2.38 1.71 0.04 5.00 0.00 1.78 0.22 2.00 0.48 0.22 0.70 

42.1 3.04 9.7 0.02 19.0 8.5 10.8 0.41 2.80 0.98 97.43  6.46 1.54 0.00 8.00 0.21 0.35 0.00 0.06 1.95 2.37 0.05 5.00 0.00 1.77 0.23 2.00 0.61 0.19 0.80 

40.7 2.62 9.1 0.01 24.1 6.0 10.4 0.47 2.44 1.37 97.30  6.38 1.62 0.00 8.00 0.06 0.31 0.00 0.44 1.40 2.72 0.06 5.00 0.00 1.74 0.26 2.00 0.48 0.27 0.76 

40.3 3.11 9.1 0.05 24.8 5.6 10.6 0.54 1.94 1.30 97.27  6.31 1.67 0.01 8.00 0.00 0.35 0.01 0.57 1.32 2.69 0.07 5.00 0.00 1.77 0.23 2.00 0.36 0.26 0.62 

41.8 3.77 10.0 0.00 17.6 9.5 11.0 0.33 2.15 1.16 97.24  6.35 1.65 0.00 8.00 0.14 0.43 0.00 0.22 2.15 2.01 0.04 5.00 0.00 1.79 0.21 2.00 0.42 0.22 0.64 

41.9 3.43 10.1 0.00 16.3 10.7 10.9 0.29 2.25 1.08 97.04  6.31 1.69 0.00 8.00 0.11 0.39 0.00 0.40 2.41 1.65 0.04 5.00 0.00 1.76 0.24 2.00 0.42 0.21 0.63 

40.6 4.07 10.8 0.00 16.8 10.1 10.6 0.30 2.63 1.06 97.03  6.16 1.84 0.00 8.00 0.08 0.46 0.00 0.40 2.28 1.74 0.04 5.00 0.00 1.73 0.27 2.00 0.50 0.20 0.71 

Actinolite 

53.8 0.03 1.04 0.01 19.1 11.8 12.3 0.31 0.14 0.04 98.53  7.87 0.13 0.00 8.00 0.05 0.00 0.00 0.15 2.57 2.18 0.04 5.00 0.00 1.93 0.04 1.97 0.00 0.01 0.01 

54.1 0.02 0.96 0.01 17.7 12.7 12.3 0.20 0.21 0.02 98.27  7.89 0.11 0.00 8.00 0.05 0.00 0.00 0.15 2.77 2.00 0.02 5.00 0.00 1.92 0.06 1.98 0.00 0.00 0.00 

53.6 0.04 0.59 0.01 20.4 10.8 12.4 0.19 0.08 0.01 98.09  7.94 0.06 0.00 8.00 0.05 0.00 0.00 0.04 2.39 2.49 0.02 5.00 0.00 1.97 0.02 1.99 0.00 0.00 0.00 

52.4 0.06 1.86 0.00 18.4 12.1 12.4 0.38 0.20 0.10 97.93  7.70 0.30 0.00 8.00 0.02 0.01 0.00 0.27 2.65 2.00 0.05 5.00 0.00 1.96 0.04 2.00 0.02 0.02 0.03 

52.4 0.02 1.59 0.03 18.5 12.3 12.4 0.38 0.28 0.05 97.91  7.72 0.28 0.00 8.00 0.00 0.00 0.00 0.32 2.70 1.96 0.05 5.04 0.00 1.96 0.04 2.00 0.04 0.01 0.05 

54.1 0.04 1.12 0.02 16.3 13.4 12.3 0.32 0.27 0.03 97.90  7.88 0.12 0.00 8.00 0.07 0.00 0.00 0.12 2.90 1.86 0.04 5.00 0.00 1.92 0.08 1.99 0.00 0.01 0.01 

52.2 0.09 3.03 0.00 16.2 13.2 12.0 0.38 0.49 0.12 97.78  7.59 0.41 0.00 8.00 0.11 0.01 0.00 0.37 2.86 1.60 0.05 5.00 0.00 1.87 0.13 2.00 0.01 0.02 0.03 

52.0 0.08 2.99 0.00 16.9 12.8 12.1 0.37 0.46 0.11 97.76  7.59 0.41 0.00 8.00 0.10 0.01 0.00 0.34 2.78 1.72 0.05 5.00 0.00 1.90 0.10 2.00 0.03 0.02 0.05 

50.9 0.06 3.61 0.07 19.4 11.1 11.7 0.39 0.50 0.15 97.75  7.49 0.51 0.00 8.00 0.12 0.01 0.01 0.50 2.43 1.88 0.05 5.00 0.00 1.85 0.14 1.99 0.00 0.03 0.03 

51.3 0.06 2.99 0.01 17.1 12.7 12.6 0.38 0.44 0.13 97.70  7.54 0.46 0.00 8.00 0.06 0.01 0.00 0.26 2.78 1.84 0.05 5.00 0.00 1.99 0.01 2.00 0.11 0.02 0.14 

51.6 0.09 3.37 0.05 16.7 12.5 12.4 0.36 0.50 0.14 97.66  7.57 0.43 0.00 8.00 0.15 0.01 0.01 0.20 2.74 1.84 0.05 5.00 0.00 1.94 0.06 2.00 0.09 0.03 0.11 

53.9 0.02 0.73 0.00 18.1 11.9 12.5 0.25 0.12 0.03 97.62  7.97 0.03 0.00 8.00 0.09 0.00 0.00 0.00 2.63 2.24 0.03 5.00 0.00 1.97 0.03 2.00 0.01 0.01 0.01 

50.0 0.09 3.98 0.14 17.6 12.0 12.5 0.38 0.63 0.17 97.50  7.41 0.59 0.00 8.00 0.10 0.01 0.02 0.29 2.64 1.89 0.05 5.00 0.00 1.98 0.02 2.00 0.16 0.03 0.19 
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7.7 Geochronology 

Due to the limited amount of core material available, no attempt was made to extract accessory 

minerals from the alkaline diabase in drill core M-SH-2. For radiometric age dating of the alkaline 

diabase from Mackelcan Township, a 30-kg whole-rock sample was subject to the heavy mineral 

separation routine described in Chapter 2.2.7. The sample was collected ca. 450 m northeast of 

Laundry Lake (46°52 17N 80°36 35W). This locality was chosen for several reason. Not only 

reaches the dyke its maximum width in this area, but it is also the most accessible, coarsest 

grained and least altered outcrop known so far. There are no xenoliths, breccias or pseudotachy-

lite/ultracataclasite veins at this site, thereby minimising the potential of contamination, inher-

itance, or isotopic disturbance. Although zircon and baddeleyite were the minerals of choice be-

cause of their well-established utility as geochronometers, high closure temperature and high re-

sistance to post-magmatic disturbance, none of these could be separated from the rock despite 

considerable effort and time investment. This might be a result of their small grain sizes or, more 

likely (and in agreement with BSE analyses of thin sections), the total absence of zircon and bad-

deleyite. Lack of discrete Zr minerals is, in fact, not uncommon in silica-poor and -undersaturated 

systems such as lamprophyres and other alkaline rocks, especially in the presence of primary am-

phibole, titanite or other minerals with a high Zr partition coefficient (e.g. Seifert & Kramer 2003; 

Craddock et al. 2007). The separation was nevertheless successful in that it yielded a high amount 

of other heavy minerals including, in decreasing order of abundance, amphibole, epidote, ilmenite, 

pyrite, apatite and titanite. The latter two are likewise suited for U-Pb dating as has been repeat-

ably demonstrated throughout the literature (e.g. Storey et al. 2007; Chew et al. 2011, 2014; Kirk-

land et al. 2017). Consequently, U-Pb dating was performed on apatite and titanite, the results of 

which are presented below following a detailed characterisation of the analysed grains. 

Description of titanite and apatite 

Individual titanite grains are euhedral and exhibit the typical sphenoid habit (Greek sphēn, mean-

ing “wedge”) dominated by the {111} form. The grains are between 50–250 µm in size yet many 

are arguably shards of even larger crystals. Under the stereomicroscope, all titanite grains are 

orange, honey to amber, homogeneous, clear (almost gemmy), with smooth and lustrous crystal 

faces, and mostly free of inclusions. Some larger grains are rimed with epidote and amphibole or 

contain inclusions of apatite. Under plane polarised transmitted light (Fig. 7.9A), titanite is typi-

cally brown to white depending on its thickness. Although homogeneous on first sight, all titanite 

grains show complex grey-scale patterns in BSE images (Fig. 7.9B–D) corresponding to differ-

ences in the mean atomic number. As demonstrated by X-ray maps (Fig. 7.10) much of this zona-

tion is explicable by a non-uniform distribution of major elements (Si, Al, Ti, Ca) across a given 

titanite crystal. Four different styles of compositional zoning could be discerned, all of which have 

been described before in the literature and appear, in combination, typical if not diagnostic of 

magmatic titanite (e.g. Paterson & Stephens 1992; McLeod et al. 2011; Bruand et al. 2014): 

▪ Faint zoning with gradual transitions from light grey to dark grey 

▪ Oscillatory zoning, marked by rhythmical to cyclic recurrence of thin concentric growth rims  

▪ Sector zoning, locally resembling a schematic “fir-tree” (Paterson & Stephens 1992, p. 382) 

▪ Convoluted patchy zoning (possibly another form of sector zoning) 

Most grains display more than one type of zonation at a time, suggesting they are all part of the of 
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the same titanite generation. This is also supported by their uniform optical appearance and the 

lack of mineral inclusions other than apatite. Importantly, no sieve-textured titanite grains, re-

sorption zones, nor a discrete core-rim segmentation was observed, suggesting continuous min-

eral growth. As expected, planar deformation features, mosaicism, or other microstructural prod-

ucts of shock metamorphism (cf. Papapavlou et al. 2018b) are absent; all observed fractures (ra-

dial cracks emanating from apatite inclusions (Fig. 7.9B–D) are considered artefacts of the sample 

preparation. 

 

Figure 7.9 Representative microphotographs of the titanite and apatite picked for U-Pb dating; A: polished 
epoxy mount photographed through a stereomicroscope, showing grains of titanite; B–D: BSE images high-
lighting several features of these titanite grains; note the inclusions of euhedral apatite grains; E: polished 
mount under transmitted light and plane polars, showing multiple apatite grains; F: BSE images of these 
apatite grains demonstrating their compositional homogeneity. Abbreviations: Ttn = titanite; Ap = apatite.  
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Figure 7.10 BSE image of a compositionally zoned titanite grain and three corresponding qualitative X-ray 
maps; intensities of Al (Kα), Fe (Kα) and Ti (Kα) are given in counts per second; pixel size is 0.04 µm. 

Apatite is about two orders of magnitude more abundant than titanite in the least magnetic heavy 

mineral fraction. Under optical microscopes (e.g. Fig. 7.9E), all apatite grains are remarkably uni-

form with respect to length (90–120 µm), diameter (25–35 µm), habit (acicular simple prismatic 

dominated by the {101̅0} form; rare instances of fully developed hexagonal pyramids {1011̅}), and 

general optical appearance (colourless, clear, homogeneous, vitreous lustre), suggesting they all 

are part of one and the same generation. No compositional zoning was observed in BSE images 

(Fig. 7.9F) nor were any inhomogeneities recognised in EMP generated X-ray maps. No doubt, the 

extracted apatite is the same as observed in thin section, and the same as enclosed in titanite.  

U-Pb isotope systematics 

A total of 49 titanite grains were selected for U–Pb geochronology, with one spot having been 

analysed per grain. All of them have relatively low U and high Th concentrations (2.9–8.76 ppm 

U; Th/U 1.58–15.5; Appendix_3). In 238U/206Pb vs. 207Pb/206Pb space, the data define a linear array 

that reflects binary mixing between common Pb and radiogenic Pb (Fig. 7.11A). A raw, unan-

chored regression calculated using 48 data points (excluding one outlier with extremely high com-

mon Pb) yields a lower intercept at 1871.76 ± 8.78 Ma (MSWD = 0.49), and an initial 207Pb/206Pb 

ratio of 0.938 ± 0.015. The latter ratio is slightly lower than that predicted by the Stacey & Kramers 

(1975) crustal evolution model at 1.87 Ga (207Pb/206Pb = 0.98), but similar to the corresponding 

mantle value of Zartman & Doe (1981). The error of the regression can be somewhat improved by 

forcing (“anchoring”) the isochron through a fixed 207Pb/206Pb ratio, in this case a 207Pb/206Pb ratio 

0.938 (Fig. 7.11B). This yielded a lower intercept at 1872 ± 4.02 Ma (MSWD = 0.48), correspond-

ing to a weighted mean 238U/206Pb date of 1871.79 ± 3.45 Ma (MSWD = 0.92) (Fig. 7.11C). 

Additional 69 apatite grains (69 spots) were analysed by means of LA-ICP-MS, with target do-

mains having consistently low U but high Th concentrations (0.1–3.1 ppm U; Th/U 5.50–26.2; Ap-

pendix_3). When plotted on a Tera-Wasserburg diagram, these data also define a linear array due 

to variable contamination with initial common Pb (Fig. 7.11D). A free regression passing through 

all 69 data points yields a lower intercept at 1849.51 ± 6.17 Ma (MSWD = 0.67), which is similar 

to the above titanite date. A y-intercept at 0.9032 ± 0.0050 is, however, lower than obtained on 

the titanite fraction. Excluding the five analyses with the highest common lead (238U/206Pb < 1.5), 

which have typically the largest influence on the slope of the isochron, gave a lower intercept at 

1850.50 ± 9.31 Ma (MSWD = 0.65). A regression anchored by a 207Pb/206Pb ratio of 0.905 (i.e., the 

y-intercept in Fig. 7.11D) yields a lower intercept at 1850.74 ± 5.04 Ma (MSWD = 0.64) (Fig. 

7.11E), and a weighted mean 238U/206Pb date of 1851.43 ± 3.34 Ma (MSWD = 1.56) (Fig. 7.11F). 
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Figure 7.11 Uranium-Pb isotope plots for A–C: titanite; D–F: apatite. Individual analyses are shown as 2σ 
uncertainty ellipses; A and D show Tera-Wasserburg plots with unanchored regressions; B and E show an-
chored (207Pb-corrected) regressions; C and F show weighted mean 207Pb-corrected 206Pb/238U dates. 
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7.8 Geochemistry 

General characteristics 

Major- and trace element concentration data of selected representative samples from the alkaline 

diabase at Mackelcan Township, covering both clasts and the undisturbed dyke, are reported in 

Table 7.2. The rock has a uniform, subaluminous and in terms of SiO2 (41.8–44.7 wt%) ultrabasic 

composition. Fe2O3 (representing total iron) ranges from 14.0 to 16.3 wt%, and MgO ranges from 

5.6 to 7.1 wt% (Mg# 44–50). Relatively low alkali metal concentrations (< 3.5 wt% in total) are 

contrasted by high concentrations of CaO (10–12 wt%). The LOI is typically 2–3 wt% except for a 

few altered outliers with up to 7 wt% volatile content. The most prominent feature of the rock is, 

however, an extreme enrichment in HFSE such as, P2O5 (0.6–0.7 wt%), TiO2 (3.1–3.6 wt%), Nb 

(35–56 ppm), Zr (148–238 ppm) and V (267–326 ppm). Concentrations of Cr (69–358 ppm) and 

Ni (61–214 ppm), on the other hand, are rather typical of most mafic rocks. Thorium and U show 

a moderate enrichment (3.6 and 0.8 ppm on average, respectively), so do the ΣREE+Y (240–300 

ppm in total; La/Yb 22). The rock’s CIPW normative mineralogy is as follows: 53 vol% plagioclase, 

21 vol% diopside, 13 vol% olivine, 6 vol% ilmenite/magnetite, 4 vol% orthoclase, 2 vol% nephe-

line and 1 vol% apatite. Its hypothetical density, according to the CIPW norm, is 3.1 g/cm3. 

Geochemical data for the alkaline diabase in drill core M-SH-2, Sheppard Township, are presented 

in Table 7.3, and reveal broad similarities to the alkaline diabase found in outcrop. The rock also 

has a uniform, subaluminous and ultrabasic composition with equally low concentrations of SiO2 

(40.3–45.9). Fe2O3 ranges from 12.0 to 13.8 wt%, and MgO from 6.6 to 7.8 wt%. The LOI is gener-

ally below 5 wt% except for one chloritised and calcified specimen (sample SH2-11) with 10 wt% 

of volatiles. The rock is slightly less evolved compared to the diabase from Mackelcan Township, 

as evident from higher Mg# (53–57), and overall lower concentrations of incompatible lithophile 

elements, e.g., Zr (65–132 ppm), Th (avg. 2.2 ppm), U (avg. 0.5 ppm) and ΣREE+Y (98–147 ppm; 

La/Yb 12), whilst concentrations of Cr, Ni and V are almost the same. The more primitive charac-

ter of the M-SH-2 diabase compared to its (presumed) equivalent at Mackelcan Township is also 

reflected in its higher modal proportions of mafic minerals according to the CIPW norm: 48 vol% 

plagioclase, 23 vol% diopside, 10 vol% hypersthene, 7 vol% orthoclase, 7 vol% olivine, 5 vol% 

ilmenite and magnetite, and 0.5 vol% apatite. The hypothetical density of the rock is 3.1 g/cm3. 

Igneous rock classification 

In terms of total alkali vs. silica content (not shown), both dykes would be classified as tephrite. 

However, as will be discussed below, concentrations of Na and K are presumably not representa-

tive of the protolith. Using typical fluid-immobile trace elements (Fig. 7.12A,B), the dykes and the 

clasts are consistently classified as alkali basalt/gabbro. This is, for instance, demonstrated in the 

plot Nb/Y vs. Zr/Ti (Fig. 7.12C), where all data form very tight clusters within the field of alkali 

basalts, and corresponding to the composition of a modern ocean island basalt (OIB). An alkaline 

composition similar to modern OIB (and alkaline within plate basalts in general) is further sup-

ported by a range of classification schemes including the Ti/V plot (Fig. 7.12D); the Ti/P plot after 

Floyd & Winchester (1975); the Th/Ti/Hf ternary plot after (Wood 1980); the Zr/Nb/Y ternary 

plot after Meschede (1986), and especially the more commonly used Ta/Yb vs. Th/Yb plot (Fig. 

7.12E) and the similar Nb/Yb vs. Th/Yb plot after Pearce (2008). Also, an OIB-like trace element 

signature is consistent with the normalised trace element patterns shown in Figure 7.12F. 
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Table 7.2 Major element oxide concentrations (wt%) and trace element concentrations (ppm) in alkaline diabase, Mackelcan Township 

 LAU-1 LAU-2 LAU-3 LAU-5 LAU-6 LAU-10 AK18-5 AK18-6 LAU-8 AK18-7 AK19-12   AK19-13   AK19-14   AK19-15   AK19-16   AK19-17   AK19-18   AK19-19   AK19-20   

Lat. 46°52 03 46°52 03 46°52 03 46°52 03 46°52 03 46°52 03 46°52 03 46°52 03 46°52 05 46°52 18 46°52 19 46°52 21 46°52 42 46°52 14 46°52 10 46°52 09 46°51 54 46°51 47 46°51 46 
Long. 80°36 54 80°36 54 80°36 54 80°36 54 80°36 54 80°36 54 80°36 54 80°36 54 80°36 52 80°36 36 80°36 48 80°36 51 80°37 11 80°36 30 80°36 20 80°36 17 80°35 52 80°35 43 80°35 41 

SiO2  43.8 43.9 44.2 43.9 44.6 43.8 44.2 41.8 43.1 43.8 44.6 43.7 44.6 43.9 44.2 43.9 44.7 43.6 43.6 
TiO2 3.37 3.19 3.35 3.38 3.38 3.41 3.08 3.14 3.19 3.41 3.26 3.39 3.29 3.32 3.40 3.36 3.53 3.56 3.47 
Al2O3 13.4 13.7 13.2 13.4 13.2 13.4 13.5 12.6 13.0 13.4 13.6 13.2 13.6 13.4 13.2 13.6 11.8 13.8 13.5 
Fe2O3 15.5 15.2 14.7 15.7 14.0 15.5 15.0 14.4 15.4 15.5 15.1 16.3 15.1 15.5 15.2 15.5 16.2 15.9 15.7 
MgO 6.0 6.0 5.9 6.0 6.3 6.0 6.5 5.7 6.1 6.0 6.3 6.1 5.7 5.9 5.9 6.4 7.1 5.9 5.6 
CaO 10.6 11.1 12.1 10.3 11.1 9.7 10.8 8.5 9.5 11.1 10.1 9.8 5.6 10.6 10.2 10.3 10.7 10.0 10.4 
MnO  0.23 0.22 0.22 0.22 0.22 0.22 0.22 0.15 0.24 0.24 0.22 0.23 0.16 0.23 0.22 0.22 0.22 0.25 0.22 
Na2O 3.0 2.8 2.8 2.9 2.8 3.2 2.7 3.3 2.4 2.9 3.0 3.1 4.0 2.7 3.0 2.9 2.6 2.9 3.1 
K2O 0.35 0.31 0.20 0.39 0.42 0.40 0.75 2.68 0.74 0.44 0.25 0.43 0.41 0.83 0.66 0.41 0.40 0.20 0.47 
P2O5 0.64 0.60 0.66 0.61 0.66 0.66 0.60 0.60 0.60 0.64 0.67 0.60 0.57 0.62 0.63 0.62 0.58 0.64 0.67 
LOI 2.2 2.3 2.1 2.3 2.3 2.4 2.2 7.2 5.9 2.0 2.7 2.5 7.3 2.2 2.6 2.6 2.0 2.8 2.9 
Total 99.11 99.27 99.36 99.12 98.99 98.71 99.41 100.09 100.07 99.42 99.82 99.48 100.34 99.18 99.22 99.77 99.93 99.42 99.55 

V 323.7 290.4 325.8 307.6 317.2 310.3 291.1 289.0 313.2 318.2 267.1 304.3 284.2 296.3 301.4 298.2 312 310.6 299.8 
Cr 110.5 246.3 87 121.2 110.3 358.4 214.3 82.25 100 87.10 173.8 164.5 76.48 72.35 160.3 97.82 99.07 68.60 89.02 
Ni 80.02 159.2 72.69 88.52 80.43 213.9 138.2 62.49 76.75 69.81 112.5 108.1 61.81 63.38 107.2 81.24 74.2 61.33 74.29 
Cu 94.62 69.98 133 61.96 220.8 101.8 101.0 73.91 93.19 87.99 82.24 75.17 79.35 51.33 82.23 69.21 44.34 90.62 76.02 
Rb 14.5 12.71 3.072 15.40 11.61 11.92 40.04 203.2 39.69 17.98 5.505 21.62 5.529 55.34 41.67 14.41 19.33 4.855 23.06 
Sr 950 437.0 1294 803.9 482.1 344.1 446.9 587.7 643.3 342.8 949.1 1057 239.6 860.5 772.2 738.1 836.8 861.1 844.8 
Y 29.79 27.28 28.11 27.81 27.64 29.10 26.85 25.62 26.66 28.20 26.97 27.41 24.94 26.97 27.11 26.49 25.61 29.06 28.36 
Zr 206.5 166.8 185 237.1 163.4 205.8 165.9 185.5 182.5 222.7 197.4 209.9 215.6 209.0 215.3 190.5 148.2 220.2 237.3 
Nb 47.74 50.08 44.18 47.21 43.77 56.17 47.97 42.59 46.02 47.36 51.91 51.66 47.70 49.27 52.36 47.93 35.37 51.23 51.88 
Ba 95.93 83.13 81.02 112.2 164.6 131.8 137.8 245.5 202.5 200.0 169.7 116.2 53.85 171.6 245.3 165.0 166 296.8 352.0 
La 47.97 44.81 45.13 44.56 43.42 48.10 43.18 44.03 43.27 46.45 47.42 47.09 46.03 46.44 44.23 43.51 34.51 50.97 49.12 
Ce 109.6 103.0 103.3 104.4 101.0 110.4 99.37 100.6 97.27 106.9 109.2 108.4 105.2 106.0 104.4 101.4 85.99 113.7 111.5 
Pr 13.9 13.42 13.24 13.54 13.30 14.17 12.96 13.07 13.12 13.77 13.81 13.59 13.07 13.43 13.06 12.86 11.1 14.74 14.02 
Nd 59.65 57.25 57.1 57.68 56.63 60.29 56.35 56.62 55.53 58.64 54.67 53.40 51.60 52.66 51.99 50.70 48.83 57.43 55.27 
Sm 11.21 11.20 10.94 11.04 11.06 11.45 10.82 10.65 10.26 11.21 10.07 10.03 9.511 9.854 9.748 9.644 9.549 10.77 10.28 
Eu 3.499 3.316 3.497 3.444 3.457 3.511 3.334 3.197 3.375 3.481 3.247 3.186 2.879 3.184 3.230 3.133 3.27 3.499 3.348 
Tb 1.238 1.096 1.176 1.172 1.104 1.199 1.107 1.047 1.145 1.182 1.178 1.183 1.114 1.178 1.184 1.151 1.083 1.273 1.183 
Gd 9.68 8.864 9.225 9.185 8.784 9.556 8.761 8.417 8.981 9.413 8.867 8.745 8.285 8.696 8.760 8.585 8.609 9.473 8.815 
Dy 6.585 6.164 6.23 6.319 6.248 6.617 6.204 5.825 6.193 6.484 5.790 5.799 5.434 5.818 5.865 5.793 5.849 6.285 5.832 
Ho 1.137 1.042 1.071 1.086 1.028 1.143 1.041 0.976 1.055 1.111 1.017 1.021 0.940 1.025 1.038 1.014 0.98 1.094 1.021 
Er 2.899 2.623 2.706 2.756 2.621 2.903 2.599 2.499 2.644 2.851 2.676 2.725 2.594 2.721 2.757 2.722 2.502 2.981 2.688 
Tm 0.374 0.329 0.34 0.323 0.325 0.360 0.330 0.324 0.333 0.363 0.324 0.327 0.312 0.329 0.334 0.327 0.299 0.351 0.331 
Yb 2.238 1.981 2.056 2.138 1.927 2.230 1.975 2.018 2.014 2.214 2.000 2.089 1.968 2.071 2.085 2.017 1.801 2.200 2.019 
Lu 0.325 0.274 0.302 0.314 0.271 0.322 0.282 0.285 0.286 0.320 0.300 0.312 0.301 0.306 0.309 0.293 0.255 0.330 0.299 
Hf 5.033 4.240 4.627 5.043 4.258 5.075 4.180 4.553 4.31 5.150 5.069 5.281 5.399 5.240 5.418 4.892 4.068 5.631 5.258 
Ta 2.787 2.628 2.622 2.764 2.581 2.833 2.652 2.551 2.83 2.833 2.698 2.696 2.657 2.733 2.761 2.651 2.154 2.924 2.681 
Pb 6.213 6.352 6.233 6.898 7.228 5.789 6.067 13.11 8.268 9.926 8.648 6.810 17.00 14.71 8.551 6.872 6.58 8.402 10.03 
Th 3.644 3.467 3.3 3.456 3.299 3.966 3.418 3.411 3.532 3.928 3.193 3.158 3.158 3.195 3.154 3.084 2.595 3.483 3.382 
U 0.797 0.791 0.745 0.599 0.778 0.860 0.762 0.880 0.762 0.833 0.742 0.763 0.780 0.740 0.848 0.805 0.914 1.030 0.800 
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Table 7.3 Major element oxide concentrations (wt%) and trace element concentrations (ppm) in alkaline diabase from Falconbridge's 1991 DDH, Sheppard Township 

 
SH2-13 SH2-12 SH2-11 SH2-10 SH2-9 MSH-02A* SH2-14 SH2-8 SH2-7 MSH-02B* SH2-5 SH2-4 SH2-6 MSH-02C* 

Depth [m] 1369.10 m 1370.30 m 1371.45 m 1372.90 m 1373.18 m 1373.18 m 1373.37 m 1373.64 m 1374.52 m 1374.52 m 1375.15 m 1376.00 m 1376.40 m 1376.40 m 
 1369.25 m 1370.48 m 1371.55 m 1373.00 m 1373.30 m 1373.37 m 1373.52 m 1373.80 m 1374.67 m 1374.80 m 1375.40 m 1376.15 m 1376.55 m 1376.70 m 

SiO2 45.4 44.9 40.3 45.9 45.3 44.9 45.9 45.4 44.1 44.5 45.8 45.4 45.1 45.1 
TiO2 1.91 1.98 1.69 2.05 1.96 1.89 2.05 1.98 2.02 2 1.99 2.00 1.98 1.87 
Al2O3 13.4 13.9 15.1 13.6 13.6 13.4 13.9 13.6 14.1 13.9 13.8 13.6 13.7 13.2 
Fe2O3 13.7 13.3 13.8 12.7 13.4 13 13.5 13.1 13.6 13.8 13.1 13.0 12.5 12 
MgO 7.4 7.1 7.8 6.7 6.8 6.63 6.9 6.6 7.0 7.12 7.3 7.2 7.5 6.88 
CaO 11.2 11.5 9.3 12.5 12.9 12.6 11.5 12.9 12.2 10.9 11.4 12.4 11.6 11.8 
MnO 0.23 0.23 0.22 0.20 0.21 0.21 0.21 0.21 0.22 0.22 0.22 0.22 0.22 0.21 
Na2O 1.5 1.2 1.9 1.8 1.6 1.6 1.9 1.5 1.4 1.65 1.5 0.9 0.5 0.28 
K2O 0.69 1.4 0.84 0.64 0.54 0.68 0.55 0.67 0.91 0.91 0.95 1.19 1.9 1.91 
P2O5 0.15 0.18 < 0.02 0.23 0.21 0.25 0.19 0.21 0.18 0.25 0.18 0.20 0.19 0.23 
LOI 4.2 4.3 10.1 3.9 3.5 4.01 2.7 3.3 3.5 3.74 3.3 3.2 4.4 5.97 
Total 99.72 99.94 101.09 100.17 99.93 99.17 99.25 99.39 99.15 98.99 99.63 99.32 99.61 99.45 
V 283.8 334.1 295.4 297.2 279.1 290 311.8 326.3 314.1 299 335.4 305.3 320.5 286 
Cr 258.8 149.2 131.7 364.3 159.9 131 133.5 143 113.8 126 177.7 109.5 164.3 124 
Ni 183.2 127.1 115 183.9 110.1 96 109.3 129.5 100.8 154 145.2 103.0 133.1 102 
Cu 146.4 126.7 16.14 106.6 149.0 169 109.6 152.1 131.8 191 132.7 127.4 200 121 
Rb 31.90 52.6 21.08 24.05 21.69 25.9 20.01 25.08 33.18 34.5 42.25 55.69 72.56 78.6 
Sr 953.0 904.8 500.8 1057 1124 1042 485.6 1041 527.4 1005 956.7 1214 961.4 1018 
Y 18.74 19.7 15.07 20.72 19.33 19.8 19.20 20.16 19.76 19.7 20.49 19.89 20.5 19.2 
Zr 107.8 103.7 64.92 124.6 119.6 130 131.5 101.2 123.4 132 98.39 116.7 95.57 124 
Nb 24.87 22.68 11.58 28.22 22.07 21 21.90 21.98 20.61 21 23.14 20.54 22.13 20 
Ba 116.1 217 233.7 103.4 115.9 130 113.7 136.1 242.8 229 230 255.4 417.4 386 
La 19.14 20.1 15.03 20.57 20.26 21.1 20.67 20.39 19.84 21.5 19.63 19.96 19.77 20.5 
Ce 43.60 43.44 30.82 47.8 45.90 47.2 47.18 43.91 45.40 48.2 43.28 46.26 43.3 45.1 
Pr 5.706 5.956 4.104 6.3 6.013 6.26 6.177 6.011 6.015 6.35 5.951 6.100 5.961 5.85 
Nd 25.03 25.64 17.35 27.36 26.29 27.1 26.86 25.99 26.36 27.5 26.31 26.54 26.28 25.8 
Sm 5.362 5.422 3.684 5.923 5.631 5.7 5.762 5.549 5.713 5.9 5.608 5.654 5.595 5.6 
Eu 1.671 1.728 1.227 1.816 1.742 1.9 1.714 1.82 1.690 1.79 1.857 1.789 1.906 1.88 
Tb 0.680 0.718 0.52 0.728 0.706 0.76 0.722 0.735 0.727 0.78 0.748 0.725 0.745 0.73 
Gd 4.922 5.097 3.648 5.231 5.066 5.32 5.295 5.203 5.317 5.29 5.279 5.249 5.241 5.1 
Dy 3.923 4.11 3.023 4.298 4.051 4.32 4.218 4.189 4.236 4.34 4.266 4.171 4.228 4.04 
Ho 0.719 0.748 0.56 0.788 0.744 0.81 0.744 0.767 0.784 0.82 0.773 0.766 0.766 0.76 
Er 1.925 1.982 1.505 2.138 2.009 2.19 2.037 2.03 2.102 2.15 2.06 2.059 2.052 2.05 
Tm 0.235 0.271 0.204 0.264 0.248 0.3 0.273 0.274 0.278 0.29 0.275 0.252 0.274 0.28 
Yb 1.614 1.619 1.208 1.842 1.727 1.8 1.724 1.652 1.761 1.8 1.674 1.731 1.655 1.7 
Lu 0.239 0.234 0.175 0.281 0.261 0.33 0.259 0.241 0.263 0.33 0.237 0.259 0.238 0.27 
Hf 2.905 2.633 1.834 3.351 3.200 3 3.311 2.58 3.143 4 2.742 3.180 2.352 3 
Ta 1.116 1.261 0.641 1.280 1.215 1.2 1.232 1.29 1.193 1.3 1.27 1.204 1.246 1.2 
Pb 7.129 5.768 3.266 8.851 27.63 23 12.86 14.72 15.39 19 27.3 27.70 52.72 51 
Th 2.089 2.101 2.534 2.460 2.222 2.3 2.342 2.08 2.226 2.4 2.069 2.117 2.076 2.2 
U 0.409 0.537 0.714 0.481 0.426 0.64 0.576 0.552 0.559 0.65 0.533 0.431 0.526 0.58 

Samples denoted with an asterisk (*) were analysed at the commercial AGAT Laboratories, Toronto (see Whymark 2019, for details); n.a. = not available or not analysed 
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Figure 7.12 A selection of plots used to illustrate the effects of metasomatism on, and the geochemical 
classification and magmatic affinity of, the alkaline diabase dykes and related clasts; A: isocon diagram after 
Grant (1986) as a means of testing for secondary element mobility, applied to the diabase from Mackelcan 
Township; B: same diagram for the diabase from Sheppard Township; C: discrimination plot after Winches-
ter & Floyd (1977); D: discrimination plot after Shervais (1982); E: discrimination plot after Pearce (1983); 
F: spidergram with normalisation and OIB values after McDonough & Sun (1995); crustal values from Rud-
nick & Gao (2013); propagated 2σ-error bars are in each panel smaller than the symbol size. 
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Nd-Sr-Pb isotopes 

A summary of whole-rock radioisotope data for the alkaline diabase dyke and associated clasts in 

Sudbury Breccia from Mackelcan Township is presented in Table 7.4. All sample have a narrow 

range in 143Nd/144Nd corresponding to a quite un-radiogenic present-day ɛNd between –17.29 and 

–16.31. The 147Sm/144Nd ratio ranges from 0.113 to 0.118. There is no discernible difference in the 

isotopic composition between the diabase dyke and the clasts. This is aligned with the trace ele-

ment data presented above and provides additional support for a genetic relationship between 

the clasts and the dyke. In 147Sm/144Nd vs. 143Nd/144Nd space, all nine samples define a broadly 

linear array, but without any age significance. One-stage Nd model ages (tDM) are between 1891 

Ma and 1990 Ma, and 1948 Ma on average. Interestingly, these model ages correspond closely the 

U-Pb ages of ca. 1872 ± 3 Ma obtained on titanite. Using the 1872 ± 3 Ma as the best age constraint 

on the intrusion and magmatic crystallisation for both the clasts and the dyke, initial εNd values 

have been calculated. The εNd1872 has a very narrow range, between +2.29 and +3.52. The meas-

ured 87Sr/86Sr ratio for the dyke and the clasts ranges from 0.706 to 0.771, and the calculated 
87Rb/86Sr ratio from 0.245 to 1.150. These data do not permit to calculate any meaningful isochron 

age. The 87Sr/86Sr1872 ranges considerably, from 0.6988 to 0.7421. The 206Pb/204Pb ratio ranges 

from 16.72 to 17.70, 207Pb/204Pb from 15.38 to 15.41, and 208Pb/204Pb from 35.95 to 37.03. In 

terms of uranogenic lead, the samples fall on the Zartman & Doe (1981) isotopic evolution curve 

of the lower crust (µ = 5.9) and the mantle (µ = 8.9). The thorogenic Pb corresponds more to the 

mantle evolution curve (κ = 3.6), rather than to the lower crustal evolution (κ = 5.9). The very 

limited spread in measured Pb isotope ratios is, again, without age significance.  

Table 7.4 also includes radioisotope data for seven samples of the alkaline diabase dyke inter-

sected in the drill core from Sheppard Township. The rock has a uniform 143Nd/144Nd correspond-

ing to an ɛNd between –14.28 and –13.68. The 147Sm/144Nd ratio ranges from 0.113 to 0.118. In 
147Sm/144Nd vs. 143Nd/144Nd space, the samples do not define a linear array, and hence do not per-

mit the calculation of an isochron age. The one-stage Nd model ages (tDM) for the diabase form 

Sheppard Township ranges from 1970 Ma to 2073 Ma (2015 Ma on average). Assuming a crystal-

lisation age of 1872 Ma, the initial εNd1872 ranges from +1.65 to +2.70. These values compare well 

to the data obtained on the alkaline diabase dyke from Mackelcan Township. The measured 
87Sr/86Sr ratio has a narrow range, from 0.713 to 0.717, and the calculated 87Rb/86Sr ratio ranges 

from 0.254 to 0.406; the initial 87Sr/86Sr1872 is between 0.7051 and 0.7069. The 206Pb/204Pb ratio 

ranges from 15.79 to 16.94, 207Pb/204Pb from 15.32 to 15.46, and 208Pb/204Pb from 35.09 to 36.10. 

These values correspond to the Pb isotopic evolution curve of the mantle and of the lower crust 

as defined by Zartman & Doe (1981). The spread in uranogenic Pb isotope ratios is statistically 

significant and can be used to construct a Pb-Pb whole-rock isochron through six analyses (ex-

cluding one outlier). Using a maximum likelihood regression (York et al. 2004; Vermeesch 2018) 

and the 2σ uncertainties as listed in Table. 7.4, the data define an errorchron with a slope of 1895 

± 7 Ma (MSWD = 1,200); an ordinary least square regression gave an errorchron date of 1920 ± 

231 Ma. Both regressions intercept the Stacey & Kramers (1975) evolution curve at ca. 1700 Ma. 

The datum obtained from these errorchrons, although being of questionable geological signifi-

cance, comes close to the U-Pb titanite and apatite dates obtained on the dyke from Mackelcan 

Township, and it is similar to the 1-stage Nd model ages. Further, the good regression helps to 

define an initial Pb isotope ratio (obtained from the intercept of the isochron/errorchron with the 

y-axis), that is, 207Pb/204Pb0 = 13.49, and 207Pb/206Pb0 = 0.11.
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Table 7.4 Summary of whole-rock Nd-Sr-Pb isotope data for the alkaline diabase dykes and related clasts, Mackelcan and Sheppard Township 

 143Nd 
144Nd ±2σ 

147Sm 
144Nd 

ɛNd 
present  

ɛNd 
1872 Ma 

1-stage 
tDM 

87Sr 
86Sr ±2σ 

87Rb 
86Sr 

87Sr 
86Sr1872 

208Pb 
204Pb ±2σ 

207Pb 
204Pb ±2σ 

206Pb 
204Pb ±2σ 

Alkaline diabase (dyke, outcrop), Mackelcan Township 

AK18-6 0.511756 12 0.114 –17.20 +2.79 1948 Ma 0.771227 12 1.150 0.7404 35.8562 24 15.2400 8 16.3634 8 

AK18-7 0.511754 16 0.115 –17.25 +2.29 1990 Ma 0.709878 16 0.342 0.7007 35.9500 23 15.3975 8 16.7208 8 

AK19-14 0.511752 13 0.111 –17.28 +3.25 1911 Ma 0.749397 12 0.274 0.7421 37.2581 26 15.5139 10 17.5768 9 

AK19-18 0.511802 10 0.118 –16.31 +2.59 1968 Ma 0.705808 11 0.262 0.6988 36.2318 24 15.4130 9 17.4149 8 
                 
Alkaline diabase (clast, outcrop), Mackelcan Township 

LAU-1 0.511751 14 0.113 –17.29 +2.71 1954 Ma 0.719008 11 0.245 0.7125 36.8374 31 15.3770 10 17.4611 9 

LAU-3 0.511768 21 0.116 –16.98 +2.49 1974 Ma 0.711799 11 0.253 0.7050 36.6783 30 15.3827 10 17.3860 8 

LAU-5 0.511778 14 0.116 –16.77 +2.74 1955 Ma 0.720681 14 0.269 0.7135 36.5871 19 15.3756 7 17.2698 6 

LAU-8 0.511769 10 0.112 –16.95 +3.52 1891 Ma 0.730441 12 0.373 0.7205 36.2631 29 15.3782 9 16.9302 8 

LAU-10 0.511774 12 0.115 –16.85 +2.87 1943 Ma 0.722837 15 0.298 0.7149 37.0286 23 15.4025 8 17.6995 7 
                 
Alkaline diabase (dyke, drill core), Sheppard Township 

SH2-4 0.511936 13 0.129 –13.70 +2.66 1974 Ma 0.715630 11 0.326 0.7069 35.5311 22 15.3977 8 16.2449 6 

SH2-6 0.511937 10 0.129 –13.68 +2.70 1970 Ma 0.717320 10 0.406 0.7064 35.4308 28 15.3997 8 16.1739 8 

SH2-7 0.511929 13 0.131 –13.83 +2.00 2040 Ma 0.713842 15 0.372 0.7039 35.5389 26 15.3692 8 16.2123 9 

SH2-9 0.511930 13 0.129 –13.82 +2.37 2002 Ma 0.713569 12 0.254 0.7068 35.0852 21 15.3169 8 15.7921 7 

SH2-10 0.511910 11 0.131 –14.20 +1.65 2073 Ma 0.713830 14 0.263 0.7068 35.8908 23 15.4214 7 16.7150 7 

SH2-13 0.511932 15 0.129 –13.77 +2.42 1998 Ma 0.714350 12 0.292 0.7065 36.0982 26 15.4604 9 16.9439 8 

SH2-14 0.511906 13 0.130 –14.28 +1.86 2051 Ma 0.713443 15 0.313 0.7051 35.5427 22 15.3679 8 16.2821 7 
                 

147Sm/144Nd and 87Rb/86Sr ratios were calculated using measured Sm, Nd, Rb and Sr concentrations, which are given in Table 7.2 and Table 7.3; 

2σ uncertainties of 147Sm/144Nd and 87Rb/86Sr are < 3% based on the propagated analytical error of Sm, Nd, Rb and Sr concentration data;  
143Nd/144Nd ratios are normalised to 146Nd/144Nd = 0.72190; 

2σ uncertainties of 143Nd/144Nd are < 0.004% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 87Sr/86Sr are < 0.007% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 208Pb/204Pb, 207Pb/204Pb and 206Pb/204Pb are < 0.18%, < 0.09% and < 0.5%, respectively, based on the long-term in-house reproducibility of BHVO-2; 

For sake of readability, all listed 2σ absolute errors only refer to the last significant decimal digits of the measured isotope ratios; 

εNd values were calculated relative to CHUR with 147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.512638; 

One-stage Nd model ages (tDM) were calculated according to DePaolo (1981a,b)
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7.9 Interpretation 

Assessment of post-depositional alteration 

Both the two alkaline diabase dykes and their supposed clasts within the East Range Breccia Belt 

underwent significant post-magmatic changes as evident from the lack of preservation of primary 

igneous minerals and textures, and the preponderance of hydrous silicates (epidote, actinolite, 

chlorite, biotite). Some of these changes are seemingly the result of retrograde metamorphism at 

greenschist-facies conditions and are expected to have occurred under nearly isochemical condi-

tions (i.e., simple hydration). Others, such as carbonatisation, silicification, hematitisation, and 

chloritisation, are more erratically distributed, only locally pervasive, or cut as veins across litho-

logical contacts, which implies an open system behaviour of certain elements (e.g. Ca, Si, Fe, Mg, 

Al). Before anything else, it is necessary to assess the extent of this secondary element mobility, 

and to identify those immobile elements that are representative of the protolith’s composition.  

Application of the isocon method (Grant 1986) to the dyke from Mackelcan Township (Fig. 7.12A) 

reveals that most elements, the HFSE in particular, are constant and highly correlated between 

the most altered sample (AK19-14) and the least altered sample from a nearby location (AK19-

15). In fact, the elements Ti, Al, REE, Th and Zr are, within the analytical uncertainty, identical 

between the two endmembers such that they define an isocon with a slope of 1.0. Most other ele-

ments plot on, or close to, this isocon, suggesting they have not been significantly mobilised either. 

This is also supported by very constant inter-element ratios (Fig. 7.12C–E) and by uniform and 

parallel trace element patterns (Fig. 7.12F). Some elements, however, plot either above or below 

the isocon. Although primary heterogeneities cannot be ruled out, the systematic displacement of 

certain (typically fluid-mobile) elements is more likely the result of post-magmatic processes, 

such as the alteration of feldspar or biotite. The following elements were identified as having been 

affected by metasomatism (with net concentration changes given in brackets): Ca (–47%), Sr (–

72%), Ba (–69%), K (–51%), Rb (–90%), Pb (+16%), Na (+48%), Cu (+55%), and Mn (–30%).  

The same approach can also be applied to the dyke from Sheppard Township, but the selection of 

the endmember samples requires some clarification. At first glance, sample SH2-11 would be de-

fined as the most-altered endmember, but it is obvious that this sample, being composed of more 

than 50 vol% chlorite and calcite, has completely lost its primary geochemical signature. Sample 

SH2-11 will therefore be omitted from any further discussion. Alternatively, SH2-12 could be de-

fined as an altered endmember, based on the intense chloritisation, biotitisation, and epidotisa-

tion observed in this sample. Contrasting the measured whole-rock composition of SH2-12 with 

that of the freshest sample available (SH2-14; Fig. 7.7A,C–E) reveals overall limited element mo-

bility. Again, the HFSE and the transition metals define an isocon with a slope of one, and most 

other elements plot on or close to this straight line. Overall little mobility is further supported by 

constant Zr-Ti-V-Nb-Ta-Y-Yb ratios (Fig. 7.12C–E), and by smooth trace element patterns (Fig. 

7.12F). In contrast, Na (–38%), K (+155%), Rb (+163%), Sr (+86), Ba (+91), and Pb (–55%), have 

apparently been mobilised to a significant extent. An apparent loss of Zr and Hf is indicated by the 

isocon method. It is, however, more likely that sample SH2-12 (dyke’s margin) was affected by 

wall-rock contamination compared to sample SH2-14 (centre of the dyke), or that the apparent 

mobility of Zr and Hf is an analytical artifact, or simply the result of an inhomogeneous distribu-

tion of primary Zr-bearing phases, rather than the result of secondary Zr-Hf mobility.  
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An assessment if and to what extent fluid-rock interaction led to a disturbance of whole-rock iso-

tope systematics can be achieved, for example, by comparing the isotopic composition of fresh 

and altered endmembers of the same lithology. As can be seen in Figure 7.13A, the measured 
143Nd/144Nd ratio of the dyke from Mackelcan Township is within the analytical uncertainty indis-

tinguishable from the diabase clasts found in Sudbury Breccia, with no resolvable difference be-

tween altered and fresh sample. Also, there is no correlation between the measured Nd isotope 

ratio and the measured whole-rock volatile content (i.e., H2O and CO2), suggesting that hydration 

and carbonatisation did not modify the Nd isotopic composition of the rock. This is consistent with 

the results of the isocon method, which implied immobility of Sm and Nd (Fig. 7.12A), and it is 

entirely consistent with widely held view that neither Sm nor Nd are particularly fluid mobile (e.g. 

Bau 1991) unless a very high fluid:rock ratio or high temperature (DePaolo & Wasserburg 1979). 

The Pb isotope ratios, in contrast, exhibit a wider scatter that is outside the analytical uncertainty 

(Fig. 7.13B,C), although the data show no correlation with the volatile content. Moreover, samples 

containing less than 5 wt% volatiles form a relatively tight cluster with respect to their measured 
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb, with the implication that these samples experienced lit-

tle if any disturbance and could retain the primary isotopic signature of the protolith. The isocon 

method, on the other hand, has indicated that Pb concentrations, and perhaps U concentrations 

as well, had been affected by secondary mobility. Whether the Pb isotope ratios of the alkaline 

diabase from Mackelcan Township have any petrogenetic significance remains therefore unclear, 

especially if U/Pb disturbance did not occur recently. In contrast to the Nd and Pb isotope ratios, 

the measured 87Sr/86Sr ratio shows a strong positive correlation with the volatile content (R2 = 

0.81). The extremely radiogenic ratios obtained for some samples (up to 0.77) indicate either in-

teraction with radiogenic (crustal?) fluid, a metasomatic gain of Rb and/or a loss of Sr (as also 

indicated by the isocon method). Samples with < 2 wt% LOI form tight clusters with respect to 

their measured 87Sr/86Sr and should thus approximate the isotopic signature of the photolith, alt-

hough it cannot be ruled out that Rb-Sr disturbance had occurred even in those samples. When 

initial Sr isotope ratios are plotted against the initial εNd (Fig. 7.13H), the data define a linear 

array toward an unreasonably high 87Sr/86Sr1872 of up to 0.74. Other samples, in contrast, have a, 

for pristine igneous rocks impossible low, 87Sr/86Sr1872 ratio of 0.6988. Such large spread in initial 
87Sr/86Sr ratios at relatively constant initial 143Nd/144Nd ratios is usually interpreted as the result 

of metasomatic decoupling of Sm-Nd and Rb-Sr isotope systematics (e.g. Rollinson 1993, p. 260).  

The alkaline diabase dyke from Sheppard Township (or at least the interval intersected in the drill 

core) has a narrow range in measured Nd, Sr and Pb isotope ratios. The 143Nd/144Nd ratios are for 

all seven samples almost identical within the quoted analytical uncertainty, and they show nor co-

dependency with the volatile content (Fig. 7.13A). Together with constant Sm/Nd ratios, it is sug-

gested that the 143Nd/144Nd isotope ratio is most likely representative of the protolith’s composi-

tion. The Pb isotope ratios show a large random scatter around the mean, but they exhibit no cor-

relation with the LOI (Fig. 7.13B,C). The isocon method, on the other hand, indicates Pb was mo-

bile to a significant extent (+86%). The 87Sr/86Sr is weakly correlated (R2 = 0.29) with the volatile 

content, which is possibly due to interaction with more radiogenic fluid(s), or metasomatic Rb-

gain/Sr-loss (Fig. 7.12A). When the initial 87Sr/86Sr1872 ratio is plotted against the εNd1872, (Fig. 

7.13H), the scatter is significantly reduced, but it persists, nonetheless. The linear array defined 

be the data is, again, indicative of post-magmatic, fluid-induced decoupling of Sm-Nd and Rb-Sr 

isotope systematics. It follows that the Nd isotope signature is likely representative of the proto-

lith, whereas the Sr isotope signature is presumably not.  
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Interpretation of geochronological data 

In the absence of zircon or baddeleyite, which are considered the gold standard when dating Pre-

cambrian mafic dyke swarms, one must rely on alternative geochronometers, in this case, apatite 

and titanite. The interpretation of such mineral dates is, however, not without its pitfalls and lim-

itations owing to a lower precision compared to conventional U-Pb zircon/baddeleyite geochro-

nology, the incorporation of significant amounts of common Pb, ill-defined blocking temperatures, 

and an overall higher susceptibility to post-magmatic disturbance. All of these aspects must be 

considered before it is possible to draw reliable conclusions from the apatite and titanite dates. 

Apatite has a relatively low closure temperature between 350°C and 600°C for the U-Pb decay 

systems at a typical grain size of 10–50 µm and a cooling rate of 2–100°C/Ma (e.g. Cherniak et al. 

1991; Chamberlain & Bowring 2000; Schoene & Bowring 2007; Cochrane et al. 2014), although 

closure temperatures has high as 770–870°C have been suggested in cases of very rapid cooling 

at the order of several degrees per year (e.g. Pochon et al. 2016). Titanite has a lower though 

poorly constrained Pb diffusivity than apatite (e.g. Kohn 2017; Holder et al. 2019; Hartnady et al. 

2019; Kirkland et al. 2020) corresponding to a blocking temperature between 600°C and 800°C 

at a grain size of 0.1 mm and cooling rates of 1–100°C/Ma (e.g. Cherniak 1993; Scott & St-Onge 

1995), which is in fact only slightly below that of zircon (> 900°C; Cherniak & Watson 2001). 

Thermal modelling by Pochon et al. (2016) indicates that a 10 m-wide basaltic dyke (like the one 

dated in this study) would solidify and cool to ambient temperature in less than 100 years, when 

in contact with 300°C hot sandstone (assuming conductive heat loss, and accounting for the latent 

heat that is involved in the crystallisation). Such high cooling rate (5–10°C/year) can be consid-

ered virtually instantaneous in geological timescales, and differences in closure temperature 

would be negligible (Pochon et al. 2016). Therefore, apatite and titanite should be viable alterna-

tives in dating the emplacement (= crystallisation) of small, fast-cooling mafic intrusions, provided 

(i) that the rocks did not experience later reheating above the respective closure temperatures, 

(ii) a proper assumption of the initial 207Pb/206Pb ratio can be made, and (iii) a magmatic origin of 

apatite and titanite can be firmly established. Fortunately, it was possible to extract a large quan-

tity of apatite and titanite grains with variable incorporation of common Pb, and this allows for a 

relatively precise determination of the initial 207Pb/206Pb component by following the approach 

outlined by Chew et al. (2014). Reheating above the closure temperature seems, at first glance, 

unlikely given the diabase dyke was emplaced into a shallow crustal level (< 3 km) and that it 

shows no evidence of prograde metamorphism. A secondary origin of the titanite and apatite, ei-

ther metamorphic or hydrothermal, seems unlikely, as will be detailed below. 

The titanite dated in this study exhibits features typical of a magmatic origin, including a high 

Th/U ratio (Aleinikoff et al. 2002; Fedorowich et al. 2006; Jung & Hellebrand 2007; Gao et al. 2012; 

Rajesh et al. 2013; Li et al. 2021; Zulauf et al. 2021), and complex compositional (oscillatory and 

sector) zoning (Paterson & Stephens 1992; McLeod et al. 2011; Bruand et al. 2014). It also differs 

from typical metamorphic titanite with respect to habit, optical appearance, textural association, 

mineral inclusions or the lack thereof (cf. Corfu & Easton 2001; Gao et al. 2012; Papapavlou et al. 

2017). Consequently, the weighted mean 207Pb-corrected datum of 1872 ± 3 Ma obtained on 48 

titanite grains is considered the best age constraint on their magmatic host rock. This is consistent 

with the relative age relation established in the field, and with the Nd model age obtained on the 

whole-rock samples (1950 Ma). Furthermore, the titanite age is consistent with the whole-rock 
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Pb-Pb errorchron obtained on the alkaline diabase dyke from Sheppard Township (1895 ± 7 Ma).  

Although the dated apatite shows features suggesting a magmatic origin as well (acicular habit, 

high Th/U), its apparent age is lower than that of the supposedly cogenetic titanite. Depending on 

the statistical approach, apatite has either yielded an uncorrected and unfiltered date of 1849.5 ± 

6 Ma (n=69), or a 207Pb-corrected weighted mean of 1851.43 ± 3.34 Ma (MSWD = 0.92; n=64). The 

discrepancy of ~20 Ma between titanite and apatite date is outside the analytical uncertainty, and 

it is not simply explained by later closure to Pb diffusion as this would imply an unrealistically low 

cooling rate (≪ 20°C/Ma) for such a narrow mafic dyke. Theoretically, the discrepancy could be 

an artifact of an inappropriate choice of the initial 207Pb/206Pb used to anchor the regression. If, 

for example, the regression is anchored by a 207Pb/206Pb of 0.935 (the y-intercept of the titanite 

regression), apatite would define a datum of 1872 Ma. However, this would also increase the dis-

persion of the data to a level that is larger than accounted for by the analytical error (MSWD = 

1.2). If the regression is forced through the terrestrial Pb evolution curve at 1870 Ma, the disper-

sion would be even greater (MSWD = 3.1) and thus statistically no longer acceptable (Spencer et 

al. 2016). It therefore appears as if the 1850 Ma date obtained on the apatite must be taken at face 

value. Interestingly, this date coincides with the U-Pb age of the Sudbury impact event (1850 ± 1 

Ma; Krogh et al. 1984; Davis 2008; Bleeker et al. 2015), although field evidence clearly demon-

strated that the host rock of the apatite must be older than the impact. The most likely explanation 

for this paradox is impact-induced isotopic resetting (i.e., Pb-loss) of some of the apatite grains.  

Partial (never complete) isotopic resetting is a phenomenon increasingly recognised in and 

around both lunar and terrestrial impact structures, ranging in size from small and simple craters 

(< 5 km) to complex craters at the size of Sudbury, Chicxulub, and Vredefort (e.g. Nemchin et al. 

2009; Moser et al. 2011; McGregor et al. 2018, 2019, 2020a,b; Timms et al. 2020). At Sudbury, age 

resetting of zircon is known from hornfelsed xenoliths and other footwall units within the thermal 

aureole of the Main Mass (Corfu & Lightfoot 1996; Prevec & Baadsgaard 2005), and it has been 

documented in shocked titanite grains in pseudotachylite from the Creighton Mine (Papapavlou 

et al. 2018b). Although a variety of mechanisms (diffusion, annealing, dissolution-reprecipitation, 

shock unloading) have been proposed to explain impact-induced Pb-loss, consensus exists that 

apatite is always more susceptible to resetting than titanite, and titanite more so than zircon 

(Nemchin et al. 2009; McGregor et al. 2018, 2019, 2020a,b, 2021). This order of susceptibility im-

plies that age resetting is first and foremost controlled by volume diffusion sensu Dodson (1973).  

The exact mechanism and geological process behind the age resetting in the studied apatite grains 

is somewhat elusive given that the sampled outcrop had shown no evidence of disturbance (no 

pseudotachylite, no impact melt), and that the textural position of the dated grains is not known. 

Maybe age resetting was caused by thermal effects imposed by the overlying (now eroded) impact 

melt sheet, or by the intrusion of nearby Offset Dyke. This notion would be consistent with the 

observations made in Chapters 3 and 4, and the study of Spray et al. (2004), who argued that the 

Main Mass was originally much more extensive, causing widespread thermal demagnetisation of 

pre-impact diabase dykes. Alternatively, age resetting could have occurred within a hydrothermal 

system initiated by the impact. This interpretation is particularly appealing because it would ex-

plain the intense alteration observed throughout the township. A similar mechanism of fluid-me-

diated resetting has been suggested before in other contexts to explain age discrepancies between 

cogenetic apatite, titanite, and zircon (e.g. Corfu & Stone 1998; Timms et al. 2020). 
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A distinct magmatic event in the Huronian Basin 

As already reviewed in Chapter 2.1, mafic and ultramafic rocks are not an unusual occurrence 

within the Huronian Basin, for there have been at least four major magmatic episodes. These en-

compass the following: (i) the East Bull Lake Suite, which, together with the Matachewan Dyke 

Swarm, represents a large igneous province (LIP) (Ciborowski et al. 2015); (ii) the Nipissing Suite, 

which is considered a distal expression of the Ungava LIP related to a former mantle plume be-

neath Ungava Bay in northern Quebec (Lightfoot & Naldrett 1996a,b; Davey et al. 2019); (iii) the 

impact-generated Sudbury Igneous Complex (Prevec et al. 2000; Lightfoot et al. 1997c), and (iv) 

the much younger Sudbury Dyke Swarm (Condie et al. 1987; Ketchum & Davidson 2000; Shellnutt 

& MacRae 2012). Theoretically, the dykes discovered here could be related to any of the above, 

however, the lithological, geochemical, and geochronological evidence presented in this study 

clearly shows that these dykes are not related to any of the above but represent a distinct, separate 

magmatic event. The East Bull Lake and Nipissing suites, for example, have a different lithology 

and geochemical signature (Tab. 7.5). The Sudbury Dyke Swarm, though being of similar orienta-

tion and alkaline character, is strongly magnetic, which is in stark contrast to the weakly magnetic 

dykes of this study. The new U-Pb dates of 1850 Ma and 1872 Ma further preclude a genetic rela-

tionship of the dykes with any of these units as the East Bull Lake and Nipissing suites are much 

older, and the Sudbury Dyke Swarm is much younger. The only “magmatic” unit of similar age is 

the Sudbury Igneous Complex. Field evidence alone, however, shows already that the studied al-

kaline diabase dykes must have been older than the impact event because they clearly became 

reworked by the impact into megabreccias (Fig. 7.4). Apart from that, the alkaline ultrabasic na-

ture of the studied dykes contrasts the overall calc-alkaline and siliceous nature of the Sudbury 

Igneous Complex. This leaves only the option of a new, hitherto unrecognised, magmatic event 

having affected the Huronian Basin in the target area of, and shorty before, the Sudbury impact. 

Table 7.5 Comparison of the alkaline ultrabasic diabase dykes of this study with known Proterozoic mafic 
magmatic events in the Huronian Basin (see text above for references) 

 This study 
Matachewan Dykes,  
East Bull Lake Suite 

Nipissing Suite 
Sudbury Igneous 

Complex 
Sudbury Dyke 

Swarm 

Age 1872 ± 3 Ma 2496 – 2450 Ma 2220 Ma 1850 Ma 1235 Ma 
Mode of  
occurrence 

Dykes,  
clasts in impact 

breccia 

Parallel/ radiating 
dyke swarm,  

layered intrusions 

Undulating sills,  
lopoliths,  

rarely dykes 

Stratified complex, 
dykes and breccias 

Parallel/ 
 radiating dyke 

swarm 
Orientation NW N/NW NE Random NW 
Lithology Gabbro,  

diabase 
Qtz diabase, trocto-
lite, gabbro(-norite), 

anorthosite 
 

Qtz diabase, Opx 
gabbro, diorite, 

granophyre,  
aplite 

Qtz diorite,  
Qtz norite,  
Qtz gabbro,  
granophyre 

Ol diabase,  
Ol gabbro, 
troctolite 

 
Metamorphism Greenschist  

facies 
Greenschist to  

amphibolite facies 
Greenschist to 

amphibolite  
facies 

Greenschist to  
amphibolite facies 

None 

Magnetic  
features 

Weakly  
magnetic 

Small but strong 
magnetic anomalies 

Weakly to non-
magnetic 

Moderately magnetic 
depending on lithology 

Strongly  
magnetic linear  

features 
Affinity Alkaline Tholeiitic/boninitic Calc-alkaline Calc-alkaline Alkaline 
CIPW norm Nepheline Quartz Quartz Quartz Nepheline 
SiO2 40 – 45 wt% 45 – 55 wt% > 49 wt% 54 – 70 wt% 39 – 46 wt% 
TiO2 2 – 3.5 wt% 0.2 – 2 wt% < 1 wt% 0.2 – 1.5 wt% 2 – 4 wt% 
P2O5 0.2 – 0.7 wt% < 0.2 wt% < 0.1 wt% 0.1 – 0.5 wt% 0.3 – 0.8 wt% 
Zr 100 – 240 ppm 10 – 200 ppm < 100 ppm 60 – 300 ppm 100 – 400 ppm 
Nb 20 – 50 ppm 1 – 10 ppm 1 – 10 ppm 4 – 15 ppm 7 – 15 ppm 
εNd0 –17 to –14 –20 to –10 –20 to –10 –30 No data 
εNdi +1.7 to +3.5 –4 to +4 –4 to –2 –8 No data 
Model age  1.95 – 2.05 Ga 2.5 – 3.0 Ga 2.8 – 3.5 Ga 2.75 Ga No data 
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Correlation with the Circum-Superior LIP 

A magmatic event just prior to the Sudbury impact has not been recognised before in the Huronian 

Basin, which raises the question what the cause of the intrusion of alkaline ultrabasic magma 

shortly before 1850 Ma into the Huronian Supergroup might have been. Primarily based on the 

titanite age, but also on the location, it is proposed that the alkaline diabase dykes are temporally 

and genetically related to 1.88–1.86 Ga Circum-Superior Large Igneous Province (LIP), a discon-

tinuous magmatic belt that wraps for 3,400 km around the Superior Craton and that has been 

interpreted as the erosional remnant of an originally more widespread LIP (e.g. Ciborowski et al. 

2017) with an inferred plume centre either near Thompson, Manitoba (e.g. Minifie et al. 2013; 

Ernst 2014), or right beneath the keel of the Superior Craton (Ciborowski et al. 2017; Waterton et 

al. 2017). The following units are currently considered part of this LIP (Fig. 7.14): Various mafic-

ultramafic rocks of the Thompson Nickel, Fox River and Winnipegosis belts (Manitoba); volcanic 

and minor plutonic rocks of the Cape Smith Belt (including the Raglan Formation) and the Labra-

dor Through (Quebec); volcanic rocks and minor lamprophyre of the Gunflint Formation and the 

Marquette Range Supergroup/Hemlock Formation (Michigan, Wisconsin); volcanic rocks of the 

Flathery Formation and subvolcanic equivalents known as the Haig Intrusions (Hudson Bay). In 

addition, there are a number of isolated alkaline complexes and mafic dykes located in the interior 

of the craton. These include the Spanish River, Borden, Cargill, Goldray and Argor carbonatites, 

and the Molson, Pickle Crow, Fort Albany and Wabigoon dykes. For a detailed account on the dif-

ferent members of the Circum-Superior LIP, the reader is referred to Ciborowski et al. (2017).  

 

Figure 7.14 Regional geological map showing the distribution of members of the 1.88–1.86 Ga Circum-
Superior Large Igneous Province; after Ernst & Bell (2010) and Ciborowski et al. (2017). 
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The wealth of published high-quality U-Pb dates that exist for the Circum-Superior LIP (Fig. 7.15) 

makes it possible to draw detailed comparisons with the titanite age obtained in this study. As can 

be seen from the compilation below, most of the magmatic activity took place between 1885 and 

1870 Ma, with the earliest pulse (~1883 Ma) represented by (i) the Spanish River, Borden, Cargill 

and Goldray carbonatites; (ii) the various ultramafic rocks in the Cape Smith Belt and Thompson 

Nickel Belt; and (iii) the Molson Dyke Swarm. Apparently younger magmatic products (~1875 

Ma) include the volcanic rocks of the Lake Superior region (Gunflint and Hemlock formations). 

The youngest known magmatic activity of the Circum-Superior LIP was the eruption of komatiites 

in the Winnipegosis Belt (ca. 1870–1860 Ma), and the emplacement of weakly alkaline mafic in-

trusions (Haig sills, Sutton Inlier, Fort Albany dykes) and volcanic rocks (Flathery Formation) in 

the Hudson Bay region (~1870 Ma). The latter group shows the best age overlap with the 1872 ± 

3 Ma alkaline magmatism of the present study, which invites to test for a geochemical correlation. 

 

Figure 7.15 Summary of published radiometric dates for the different members of the Circum-Superior 
LIP; compiled after Minifie (2010), Ciborowski et al. (2017), Bleeker & Kamo (2018) and references therein; 
also included are four previously unpublished dates for the Haig Sills, the Fort Albany Dykes, and the Sutton 
Inlier (M. Hamilton, cited in Minifie 2010); all quoted dates are based on U-Pb TIMS dating of either zircon 
or baddeleyite, except for two Ar-Ar mineral dates for the Little Presque Island Lamprophyre (Craddock et 
al. 2007) and the Pickle Crow Dyke (Buchan et al. 2003); all age bars are displayed as 2σ uncertainty; the 
yellow array shows the 1872 ± 3 Ma U-Pb LA-ICP-MS titanite age of the alkaline diabase of the present study. 
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Aside from the geochronological evidence presented above, the notion of a genetic relationship 

between the 1.88–1.86 Ga Circum-Superior LIP and the alkaline diabase dykes is supported by 

similar whole-rock Sm-Nd isotope systematics. In Figure 7.16, the Nd isotope signature of the 

alkaline diabase dykes is compared to previously published data on other members of the LIP. As 

can be seen in Figure 7.16A, almost all the data define a linear array in terms of 147Sm/144Nd vs. 
143Nd/144Nd corresponding to the slope of the 1880 Ma reference isochron. Such linearity is typical 

of rocks formed in a cogenetic suite at the same time and with the same initial 143Nd/144Nd ratio. 

The fact that the alkaline diabase dykes plot in the lower left corner is simply a reflection of their 

lower time integrated Sm/Nd ratio. Similarly, the initial εNd values compare very well between 

the alkaline diabase dykes and various (other) members of the Circum-Superior LIP (Fig. 7.16B), 

typical of rocks formed by the same, more or less depleted, mantle source at the same time; outli-

ers with a negative initial εNd are explicable by crustal contamination (e.g. Desharnais 2005).  

 

 
Figure 7.16 Neodymium isotope data for the alkaline diabase dykes and for the 1.88–1.86 Ga Circum-Su-
perior Large Igneous Province; A: plot showing the 147Sm/144Nd vs. 143Nd/144Nd isotope ratios for the alka-
line diabase dykes of the present study, compared to published data for different members of the Circum-
Superior LIP; B: histogram comparing the initial εNd values; literature data are from Blichert-Toft & Arndt 
(1999), Vervoort & Blichert-Toft (1999), Desharnais (2005), Ciborowski et al. (2017), and Kastek (2019). 

From Figure 7.17 it is evident that the Circum-Superior LIP exhibits a wide compositional range, 

from very primitive, to highly evolved, trace element-enriched, rocks. Although the data define a 

broad superimposed igneous differentiation trend, Ciborowski et al. (2017) have shown that each 

regional group defines its own distinct differentiation trend, and that no single parental magma 

can account for the observed variations. The alkaline diabase dykes of the present study show 

some overlap with these published geochemical data. A relatively good overlap exists, for exam-

ple, between the dyke from Sheppard Township and the rocks of the Hudson Bay area, which is 

interesting because these have a very similar age (~1870 Ma). It is, however, also clear that espe-

cially the diabase from Mackelcan Township exhibits a trend towards an extreme enrichment in 

incompatible trace elements. Except for lamprophyres from northern Michigan (Craddock et al. 

2007), no other known member Circum-Superior LIP shows a similar HFSE and LILE enrichment. 

The observed mismatch does not necessarily preclude a genetic relationship, but it implies that 

the petrogenesis and magmatic evolution of the alkaline diabase dykes was quite distinct from the 

rest of the Circum-Superior LIP, for example, due to variations in the depth and/or degree of man-

tle melting, or variations in the mantle composition. This will be explored in more detail below.  
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Figure 7.17 Binary scatter plots used to 
illustrate the chemical variations across 
the Circum-Superior LIP, with whole-rock 
Zr concentrations as a magmatic differen-
tiation index; data were compiled from 
Picard et al. (1990), Legault et al. (1994), 
Craddock et al. (2007), St-Onge et al. 
(2007), Buchan & Ernst (2010), Minifie et 
al. (2013), and Ciborowski et al. (2017); 
data for the alkaline diabase dykes (Hu-
ronian Basin) are from this study.  
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Petrogenetic interpretation 

Hot, Mg-rich primitive magmas are, by virtue, prone to assimilation of country rock (e.g. Huppert 

& Sparks 1985; Sparks 1986), and since the continental crust is the largest reservoir of LILE and 

REE (e.g. Rudnick & Gao 2013), even the smallest admixture of crustal material can obscure the 

primary elemental and isotopic signature of a primitive magma (DePaolo 1981c; Lesher & Arndt 

1995), although in alkaline systems these effects would probably be buffered by the trace element 

enriched composition of the magma (e.g. Farmer 2013). The alkaline diabase dykes of the present 

study, despite being rich in LILE, HFSE and REE, show no evidence of such crustal contamination; 

they have OIB-like trace element patterns, a low SiO2 content (≤ 45 wt%), and they are devoid of 

crustal xenoliths, quartz- or zircon xenocrysts. In primitive mantle-normalised trace element pat-

terns, continental crust and contaminated magmatic rocks typically exhibit negative Nb-Ta-Ti 

anomalies (e.g. Taylor & McLennan 1985; Pearce 2008; Rudnick & Gao 2013). These features are 

not seen in the dykes of this study; they have a very low Th/Nb ratio (0.06–0.11) coupled with 

positive Nb-Ta anomalies (Nb/Nb* 1.0–1.5), and only a weakly negative Ti anomaly (Ti/Ti* 0.85–

1.02). Also, the samples have Nb/Ta ratios of 16–22, which is significantly higher than the conti-

nental crust (12–13; Barth et al. 2000; Rudnick & Gao 2013; Hawkesworth & Kemp 2006), but 

typical of uncontaminated within-plate basalts (> 16; Pfänder et al. 2012). Other proxies of crustal 

contamination, such as Nb/U or Ce/Pb (e.g. Haase et al. 2004), are less useful here given the po-

tential of secondary mobilisation of U and/or Pb, and the accumulation of radiogenic Pb during 

the last 1.87 billion years. It should be noted, however, that the Nb/U ratios of the samples (37–

70) do match the typical OIB value (47 ± 10; Hofmann et al. 1986). That said, crustal contamina-

tion can be largely (though not entirely) ruled out on the basis of relatively low, but still mantle-

like, εNdi values (+1.7 to +3.5), and based on the convergence of magmatic emplacement age 

(1872 Ma) and mantle extraction age (tDM 1950–2050 Ma). If the magma had incorporated older 

crustal material, one would expect lower or even negative εNdi values, and model ages signifi-

cantly older than 1872 Ma. In summary, the effects of crustal contamination on the geochemical 

and isotopic composition of the alkaline diabase dykes are considered negligible.  

Another process that can affect the composition of a magma is fractional crystallisation. All sam-

ples are characterised by low MgO (≤ 7 wt%), moderate Mg# (44–57) as well variably low Cr (70–

360 ppm) and Ni (60–210 ppm). These values are relatively low compared to primary magmas 

(MgO: 10–15 wt%; Mg#: ~70; Cr: 1,000 ppm; Ni: 400–500 ppm, e.g. Frey et al. 1978; Hart & Davis 

1978; Hess 1992) in equilibrium with a typical upper mantle mineral assemblage, with the impli-

cation that the magma parental to the dykes underwent fractionation of olivine, pyroxene, and 

possibly Cr-spinel. In SiO2-poor systems, however, fractionation of these minerals should not af-

fect the ratios of HFSE, REE nor LILE because of mineral/melt partition coefficients below unity 

(e.g. Rollinson 1993; Adam & Green 2006), although it does affect their absolute abundances 

through passive enrichment in the residual melt. Lack of a distinct negative Eu anomaly (Eu/Eu* 

0.94–1.1) and the presence of a variably positive Sr anomaly (Sr/Sr* 0.26–2.70, and 1.3 on aver-

age) argue against significant fractionation of plagioclase prior to the dyke’s emplacement. Re-

moval of other phases (apatite, biotite, amphibole, ilmenite) seems unlikely because this would 

have resulted in a depletion in P2O5, Ba and TiO2 (among others) relative to other elements of 

similar compatibility. It is, therefore, concluded that the dykes crystallised from relatively evolved 

second-stage magmas that precipitated olivine + pyroxene ± Cr-spinel (and possibly pargasite) at 

some unconstrained depth, perhaps along the crust-mantle boundary, or at some density barrier 

within crust. Their trace element signature should reflect the composition of the mantle source.  
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In order to better understand the magmatic evolution and internal differentiation of the dykes, 

and to test whether the two dykes crystallised from the same batch of magma, geochemical mod-

elling has been performed using the software PetroLog_v3.1.13 (Danyushevsky & Plechov 2011). 

Sample SH-13 from the chilled margin of the alkaline diabase dyke from Sheppard Township was 

chosen as the starting composition of the hypothetical melt, because it appears to be to most prim-

itive sample (8.0 wt% MgO; 284 ppm Cr; 183 ppm Ni) of this study, and it is most likely to preserve 

the quenched liquid composition of the magma. The major and trace element geochemical trends 

have been modelled at five different fractional crystallisation scenarios: (i) 1 kbar, anhydrous; (ii) 

1 kbar with 0.5 wt% H2O added to the melt (which is a typical value for fresh within plate basalts; 

Hauri 2002); (iii) 5 kbar, anhydrous; (iv) 5 kbar, with 0.5 wt% H2O; and (v) 10 kbar, anhydrous. 

In each scenario, lithostatic pressure was kept constant, initial oxygen fugacity set at the NNO 

(nickel-nickel oxide) buffer, and ideal crystal-liquid fractionation was assumed. The results of this 

modelling in comparison with the measured whole-rock data are shown in Figure 7.18. 

The models predict that, in each scenario, ortho- and/or clinopyroxene will be the first liquidus 

phase; only in the anhydrous scenario at 1 kbar is olivine supposed to crystallise. Plagioclase joins 

the sequence typically after ca. 40% of the crystallisation has commenced, and ilmenite will crys-

tallise with or without magnetite relatively late, once Ti-saturation is reached. These mineral as-

semblages broadly match those observed in thin section (e.g. Fig. 7.7), with the exception of oli-

vine. As can be seen in Figure 7.18, all the samples from Sheppard Township exhibit a significant 

scatter that makes the identification of geochemical trends difficult. Only a few elements, includ-

ing Ti, Ca, Na, P, Zr, La and Nb, define linear trends. All of these elements are negatively correlated 

with MgO, a behaviour that is best predicted by models involving small amounts of H2O, low to 

moderate pressure (1 kbar or 5 kbar), and less than 10% crystallisation. These conditions appear 

realistic and suggest that the observed internal variation within the dyke from Sheppard Town-

ship is explicable by limited fractional crystallisation involving plagioclase and pyroxene, perhaps 

resulting from flow differentiation during the dyke’s emplacement. Conversely, the variations of 

Ni within this dyke are best approximated by the anhydrous model at 1 kbar and 30% crystallisa-

tion, which seems unrealistically high for such a narrow, fast cooling dyke. The anhydrous model 

also requires precipitation of olivine, which was not observed in thin section. 

The above models can also be used to explore the magmatic relationship between the two alkaline 

diabase dykes. If, for example, the dyke from Mackelcan Township resulted from fractionation of 

the same batch of magma as the supposedly cogenetic dyke from Sheppard Township, both should 

lie on the same liquid line of descent. Figure 7.18 shows that the models can broadly reproduce 

the compositional differences between the two dykes, but only for a few elements. The contents 

of SiO2, Al2O3, CaO, and Zr contents of the dyke from Mackelcan Township, for example, are well 

matched by the 10 kbar model after 40–50% crystallisation of clinopyroxene and plagioclase. 

However, none of models provides a unifying solution to all observed differences, and most im-

portantly, no model is able to reproduce the extreme enrichment in TiO2, P2O5, Na2O, and La within 

the dyke from Mackelcan Township. Theoretically, to achieve a melt composition with 3.5 wt% 

TiO2, ilmenite crystallisation needs to be effectively suppressed, and high degrees of crystallisa-

tion (> 60%) would be required. At such high degrees of fractionation, however, the magma would 

no longer be basic, nor would it match the measured Zr content of 200–220 ppm unless this was 

counterbalanced by fractionation of Zr-bearing phases. Similarly, the high P2O5 and Na2O contents 

would only be achieved after implausibly large degrees (> 80%) of crystallisation.  
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Figure 7.18 Bivariate diagrams showing the results of the fractional crystallisation modelling, with the 
most primitive sample (SH-13) from the alkaline diabase dyke from Sheppard Township as a starting melt 
composition; markers indicate increments of 10% crystallisation on the calculated liquid lines of descent; 
all element concentrations were recalculated on a volatile-free basis; modelling was done using PetroLog3 
(Danyushevsky & Plechov 2011) with the implemented melt oxidation state model of Borisov & Shapkin 
(1990); mineral-melt equilibria follow Danyushevsky (2001) for olivine, clinopyroxene and plagioclase, 
Bolikhovskaya et al. (1996) for orthopyroxene and pigeonite, Nielsen (1985) for spinel and ilmenite, Ariskin 
& Barmina (1999) for magnetite; trace element partition coefficients were taken from Zack & Brumm 
(1999) and Villemant et al. (1981); note the extreme enrichment in TiO2, Na2O, P2O5, and La in the alkaline 
diabase dyke from Mackelcan Township, which is not reproduced by any of the models.  
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Failure to reproduce the observed compositional differences between the two dykes via fractional 

crystallisation implies that another process must have been involved, for instance, melting of a 

heterogeneous mantle source, or changes in the depth and/or degree of mantle melting. In the 

absence of crustal contamination, this can be tested using whole-rock REE data. Both dykes have 

strongly fractionated HREE (Tb/YbN 1.8–2.7) and low Lu/Hf ratios (0.06–0.11), which is typical of 

near-solidus melts generated in the garnet stability field deep within the Earth’ mantle (> 75–90 

km; Robinson & Wood 1998) because of the retention of especially Yb and Lu by refractory garnet 

(e.g. Beard & Johnson 1993). In contrast, melts generated in the shallower, spinel-bearing mantle 

facies (or by > 25% melting of any mantle lithology) would exhibit unfractionated HREE ratios 

(Tb/YbN < 1.8) (e.g. Wang et al. 2002) because of uniform bulk partition coefficients < 1 for all 

REE. In addition, a deep melt source corresponding to a pressure of ca. 3 GPa (~100 km) is indi-

cated by whole-rock SiO2/Al2O3 ratios of 3.2–3.8 in conjunction with MgO/CaO ratios of 0.5–1.0 

(cf. Gudfinnsson & Presnall 2005); a pressure of ca. 3.5 GPa (~120 km) is implied by the high 

Nb/Yb vs. TiO2/Yb (Pearce 2008, p. 30). Thus, melting might have occurred within the garnet sta-

bility field of the lithospheric mantle, considering that the lithosphere beneath the southeast Su-

perior Carton was likely 180–190 km thick at that time (e.g. Smit et al. 2014; Snyder et al. 2021). 

The identification of residual garnet in the mantle source of the dykes not only places constraints 

on the minimum depth (> 75 km) and maximum degree of melt generation (< 25%), but it also 

makes it possible to calculate hypothetical melting curves as a function of different mantle com-

positions. For sake of simplicity, and because of the many unknowns pertaining the melting pro-

cess and the nature of the mantle source involved, melt compositions have been modelled assum-

ing instantaneous non-modal batch (equilibrium) melting as defined by Shaw (1970). The results 

of this modelling are presented in Figure 7.19.  

 

Figure 7.19 Results of the trace element melting modelling; the curves show calculated melt compositions 
in increments of 1%, 2%, 3%, 4%, 5%, 10%, 15% and 25% for non-modal batch melting (Shaw 1970) of 
three different mantle types; modal mineral and melt proportions according to Thirlwall et al. (1994), Wal-
ter (1998), Shaw et al. (2003), Peters et al. (2008), and Özdemir & Güleç (2014); mineral/melt partition 
coefficients from McKenzie & O’Nions (1991); modal proportions of the spinel lherzolite were 57.8% Ol, 
27% Opx, 11.9% Cpx, 3.3% Spl, which melts in proportions of 10/27/50/13; modal mineralogy of the garnet 
lherzolite was 59.8% Ol, 21.1% Opx, 7.6% Cpx, 11.5% Grt, which enters the melt in proportions of 
5/20/30/45; composition of the depleted upper mantle (DMM) after Workman & Hart (2005); primitive 
mantle after Sun & McDonough (1989); the hypothetical LREE-enriched mantle source represents the best 
fit curve assuming DMM-like values for Sm and Yb, and an adjusted La value of 1.0 ppm.  
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As can be seen in Figure 7.19, the alkaline diabase samples of the present study define a cryptic 

trend of increasing La/Sm with increasing Sm/Yb, which either reflects different degrees of partial 

melting of a garnet-bearing source, or alternatively, mixing between garnet- and spinel-bearing 

mantle sources or partial melts thereof. However, as also evident from Figure 7.19, melting of a 

REE-depleted (MORB-like) mantle source, whether garnet- or spinel-bearing, cannot produce the 

measured composition of the alkaline diabase dykes, as these have higher La/Sm ratios at a given 

Sm/Yb. Similarly, a primitive mantle-like source composition would result in an underestimation 

of the observed Sm/Yb and La/Sm ratios and would require implausible low degrees of partial 

melting (< 1%). The best fit is achieved assuming depleted mantle-like concentrations of Sm (0.21 

ppm) and Yb (0.348 ppm), and a modelled La concentration of 1.0 ppm. High La concentrations of 

up to 10 ppm appear typical of metasomatically enriched subcontinental lithospheric mantle do-

mains (SCLM) and have been reported before in many mantle-derived xenoliths elsewhere (e.g. 

Stosch & Seck 1980; Hartmann & Wedepohl 1990; McDonough 1990; Rudnick et al. 1993; Downes 

2001; Pearson & Nowell 2002; Ionov et al. 2006; Aulbach et al. 2013; Wyman et al. 2015). 

Unfortunately, the exact thickness, modal mineralogy, and chemical composition of the Palaeo-

proterozoic SCLM beneath the southeast Superior Craton is not known for certain (see: Hunt et al. 

2012; Smit et al. 2014; Wyman et al. 2015), and the above presented melting curves, therefore, 

must be interpreted with caution. Also, the isobaric equilibrium melt model of Shaw (1970) is 

clearly an oversimplification of the natural melting process (e.g. Zou & Reid 2001), and it should 

be born in mind that the results of such calculations can vary to some degree, depending on the 

choice of the partition coefficients. Regardless of all these uncertainties, the model demonstrates 

that the REE signature of the alkaline diabase dyke from Mackelcan Township can be, in principle, 

explained by relatively low degrees (4–5%) of partial melting of a garnet-bearing LREE-enriched 

mantle; the REE signature of the alkaline diabase dyke from Sheppard Township can be explained 

by ~8% partial melting of the same source. These numbers seem realistic and compare well with 

melting degrees calculated for alkaline Na-rich within-plate basalts worldwide (e.g. Fitton & Dun-

lop 1985; Frey et al. 1991; Baker et al. 1997; Jung & Masberg 1998; Jung & Hoernes 2000; Zeng et 

al. 2010). This implies that the observed compositional differences between the two dykes could 

have resulted from different degrees of partial melting, rather than from changes in depth, varia-

tions in the mantle lithology, or involvement of a chemically heterogeneous mantle.  

Distinguishing between differences in the degree of melting on the one hand, and subtle chemical 

mantle heterogeneities on the other hand, can in fact be extremely difficult, even in recent ocean 

island basalts (Willbold & Stracke 2006), let alone metamorphic Precambrian rocks that suffered 

from extensive post-magmatic element mobilisation. However, mantle heterogeneities seem ra-

ther unlikely in this case. First, the samples have uniform εNdi values and uniform initial Pb iso-

tope ratios suggesting the mantle source had identical time integrated Sm/Nd and U/Th/Pb ratios. 

Second, the ratios of equally incompatible element pairs are, within the analytical error, identical 

between the two dykes. This is particular evident from uniform Zr/Hf (40 and 39), Nb/Ta (18 and 

18) and La/Nb (0.94 and 0.92) ratios. Theoretically, these element ratios should only fractionate 

if either the degree of melting was extremely low (≪ 1 %) or the mantle source was heterogene-

ous in the first place (e.g. Willbold & Stracke 2006). Thus, the identical average Zr/Hf, Nb/Ta and 

La/Nb ratios, together with uniform εNdi and a lack of U-series disequilibria, are consistent with 

the above notion that the two dykes were generated from a chemically and mineralogically homo-

geneous mantle reservoir at different degrees of partial melting. 
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Mantle source characteristics 

As already mentioned above, melting of a typical lherzolitic geochemically depleted (i.e., MORB-

like) mantle source cannot explain the extreme enrichment of especially LREE in the alkaline dia-

base dykes, unless the mantle source had experienced some sort of LREE-enrichment as well. This 

is also demonstrated by the trace element patterns in Figure 7.20. As can be seen from this figure, 

non-modal batch melting of an ordinary garnet lherzolite having a DMM-like composition cannot 

reproduce the observed trace element signature of the alkaline diabase dykes. Firstly, the pro-

nounced LREE enrichment can only be achieved by extremely low melt fractions (F ~0.01%). Such 

low fractions of near-solidus melts are, however, unlikely to ever reach the surface (e.g. McKenzie 

1989). Secondly, partial melting of a DMM-like garnet lherzolite (whether depleted or “enriched”, 

Workman & Hart 2005) will inevitably result in positive K-anomalies because the bulk partition 

coefficients for K are far lower than for any other trace element (e.g. McKenzie & O’Nions 1991; 

Salters et al. 2002). Thirdly, melting of a DMM-like garnet lherzolite cannot lead to negative Zr-Hf-

Ti anomalies because the bulk partition coefficient of these elements is similar to that of Sm, Eu, 

and Gd (e.g. McKenzie & O’Nions 1991; Salters et al. 2002). Fourthly, superchondritic Zr/Hf ratios 

(37–47) observed in the alkaline diabase dykes are difficult to reconcile with the above melting 

models unless (a) the high Zr/Hf ratio was inherited from the source region; or (b) some mineral 

phase other than olivine, pyroxene, garnet, or spinel (McKenzie & O’Nions 1991; Green et al. 2000; 

Salters et al. 2002) fractionated Zr from Hf during the melting process. Evidently, some kind of 

source enrichment, or a non-peridotitic mantle lithology, is required to explain the geochemical 

characteristics of the alkaline diabase dykes. This notion is entirely in keeping with the general 

consensus that alkaline Ne-normative intraplate basalts with OIB-like trace element signatures 

cannot be generated by melting of a “dry” and depleted peridotite (e.g. Frey et al. 1978; Hirsch-

mann et al. 2003; Prytulak & Elliott 2007; Pilet et al. 2008, 2011) calling instead for a metasomat-

ically enriched lithospheric mantle as a potential source (e.g. Pilet 2015; Rooney et al. 2017).  

  
Figure 7.20 Primitive mantle-normalised trace element abundances for the alkaline diabase of the present 
study compared to calculated melt compositions obtained from non-modal batch melting models; parame-
ters as defined in Figure 7.19; composition of the “enriched” DMM after Workman & Hart (2005); also 
shown is the average composition of oceanic calcio carbonatites from the Cap Verde Islands (Hoernle et al. 
2002; Doucelance et al. 2010; Murão et al. 2010); normalisation values after Sun & McDonough (1989). 
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An elegant solution to explain the composition of alkaline basalts involves re-melting of a litho-

spheric mantle source that had previously been metasomatised by low-viscosity carbonatite melts 

(Zeng et al 2010; Foley & Fisher 2017; Zhang et al. 2017; Shea & Foley 2019; Liu et al. 2021). The 

hypothesis is based on the fact that carbonatites, which are spatially and genetically often associ-

ated with alkaline intraplate magmatism, typically exhibit an extreme enrichment in LREE, Th, U, 

Nb and Ta of up to 1,000-times the chondritic value, a pronounced depletion in Rb, K, Pb, Zr, Hf 

and Ti relative to elements of similar incompatibility, and super-chondritic Zr/Hf ratios (e.g. 

Dupuy et al. 1992; Hoernle et al. 2002; Bizimis et al. 2003; Fig. 7.20). Studies from xenoliths have 

shown that carbonatite melts infiltrating peridotitic mantle domains will essentially impose their 

distinct trace element signature upon the peridotite, resulting in highly enriched mantle meta-

somes with high LREE/HREE ratios and depletions in K, Pb, Zr, Hf, Ti (e.g. Yaxley et al. 1991, 1998; 

Hauri et al. 1993; Ionov et al. 1993; Coltorti et al. 1999; Rudnick et al. 1993; Gorring & Kay 2000; 

Laurora et al. 2001; Neumann et al. 2002; Rosatellia et al. 2007). Thermal reactivation of such 

carbonated mantle sources, containing as little as 0.1–0.25 wt% CO2, has been shown to be able of 

generating Ti-rich high-CaO/Al2O3 Ne-Di-Ol-normative OIB-like silicate melts at 3 GPa and melting 

degrees of 1–5% (Hirose 1997; Dasgupta et al. 2007) with trace element patterns closely resem-

bling those of at least some natural intraplate Na-rich alkali basalts and basanites (e.g. Dixon et al. 

2008; Zeng et al. 2010; Dai et al. 2017; Gómez-Ulla et al. 2018; Shea & Foley 2019). 

The hypothesis of a carbonated lithospheric mantle beneath the southeast Superior Craton is par-

ticularly appealing considering that the 1.88 Ga Spanish River Carbonatite (Rukhlov & Bell 2010) 

occurs just 100 km west of the study area. The occurrence of additional carbonatite complexes of 

similar age across the Superior Craton (Rukhlov & Bell 2010; Fig. 7.14) testifies that carbonatite 

magmatism (and by implication, mantle metasomatism) was widespread. To assess whether such 

carbonated mantle was also present in the source region of the 1872 Ma alkaline magmatism in 

the Huronian Basin, trace element modelling has been performed following a modified version 

the approach of Dixon et al. (2008) and Zeng et al. (2010), the results of which are illustrated in 

Figure 7.20. The modelling reveals that non-modal batch melting of a slightly carbonated garnet 

lherzolite (DMM + 0.1% carbonatite) can, in theory, produce melt compositions with a weakly 

negative Ti anomaly (Ti/Ti* ~0.8), strongly negative K-Zr-Hf anomalies (K/K* < 0.5, Hf/Hf* < 0.5), 

and moderate LREE enrichment over HREE (La/YbN 4–23), and superchondritic Zr/Hf (35–55), 

all characteristics that are found in the alkaline diabase dykes of the present study. In agreement 

with the modelling results of Figure 7.19, the best match is achieved for a melt degree between 

5% and 8% (followed by fractional crystallisation of olivine or pyroxene). Lower degrees of melt-

ing would result in La/YbN ratios far greater than is observed in the alkaline diabase dykes; higher 

degrees and the “carbonatite fingerprint” would gradually disappear. A carbonated mantle source 

would also account for the relatively high P2O5/TiO2 ratio of up to 0.21 in the alkaline diabase 

dykes. Experimental work (Baker & Wyllie 1992) indicates that P2O5 is highly soluble in carbon-

atite melts, whereas TiO2 has a very low solubility, hence the high P2O5/TiO2 ratio of up to 20 found 

in carbonatites (e.g. Sage 1987; Hoernle et al. 2002; Doucelance et al. 2010; Murão et al. 2010), far 

exceeding the P2O5/TiO2 ratio of the primitive mantle (0.1; Palme & O’Neill 2013).  

In conclusion, low degrees (< 10%) of deep melting (~3 GPa) of a carbonated mantle metasom 

offers a viable explanation for almost all observed major, minor, and trace element features of the 

alkaline diabase dykes (except for the highly fluid-mobile elements Ba, Rb, Sr, Pb), thus implying 

a close genetic association between diabase and previously documented carbonatite magmatism 
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in the region as locally represented by the Spanish River Carbonatite (Rukhlov & Bell 2010). 

As an alternative to carbonated mantle domains, melting of hydrous mineral veins within the lith-

ospheric mantle has been invoked to explain Ne-normative alkaline basalts with OIB-like trace 

element features (e.g. Pilet et al. 2008, 2011; Jung et al. 2012). Such hydrous veins, typically com-

posed of Ti-rich alkali amphibole, have been extensively documented in xenoliths from other parts 

of the world (Wass & Rogers 1980; Dawson & Smith 1982, 1988; Zanetti et al. 1996; Konzett et al. 

2000), and are believed to be stable only in the cold lithospheric mantle, but not in the hot and 

convecting asthenosphere (Foley 1991; Class & Goldstein 1997; Green et al. 2010). How exactly 

such metasomes are formed in the first place is, however, poorly understood. In brief, hornblende-

rich cumulates have been interpreted in terms of percolation of low-degree (near-solidus, hence 

highly enriched) melts within the lithosphere, where these melts are supposed to differentiate, 

react with the ambient mantle (resulting in modal and cryptic metasomatism), and eventually, 

solidify (e.g. Best 1974; Bodinier et al. 1987; Nielson & Noller 1987; Wilshire 1987; Nielson & 

Wilshire 1993; Harte et al. 1993; Pilet et al. 2011). Later reheating of such veined material, e.g. 

during thermal perturbation of the lithospheric mantle by a rising mantle plume (e.g. Foley 1992, 

2008), will preferentially melt these hornblendite-rich domains because of lower solidi than the 

anhydrous lherzolite, resulting in alkaline melts that may reach the surface (e.g. Pilet 2015). 

As illustrated in Figure 7.21, high-pressure melting of a hornblende-bearing mantle satisfies al-

most all geochemical features of the alkaline diabase dykes, including steeply sloping REE pat-

terns, the same negative Zr-Hf anomalies, a Zr/Hf ratio slightly above the chondritic value, and a 

distinct negative K anomaly. Some mismatch exists in terms of Nb, which tends to be enriched in 

hornblendite-derived melts relative to the alkaline diabase. There is also a noteworthy discrep-

ancy with respect to the shape of the Ti anomaly; while the alkaline diabase dykes have a negative 

Ti anomaly, the experimentally generated melts tend towards a positive Ti anomaly. The similar-

ity between the experimental data and the alkaline diabase dykes is, nevertheless, remarkable.  

  
Figure 7.21 Primitive mantle-normalised trace element abundances for the alkaline diabase of the present 
study compared to experimentally generated liquids produced by high-pressure melting (1.5 GPa) of natu-
ral hornblendite and hornblende-rich peridotite; experimental data are from Pilet et al. (2008); normalisa-
tion values after Sun & McDonough (1989). 
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Experimental studies have shown that melts generated from a carbonated peridotite always have 

a whole-rock (Na2O+K2O)/TiO2 > 1 (Dasgupta et al. 2007), whereas melts generated from horn-

blendite have a (Na2O+K2O)/TiO2 = 1 (Pilet et al. 2008). In addition, melts from a carbonated per-

idotite are supposed to exhibit a negative Ti anomaly (Ti/Ti* < 1) (e.g. Zeng et al. 2010), whereas 

melts from a hornblendite source have a weakly positive Ti anomaly (Pilet et al. 2008). In princi-

ple, these subtle differences, although relying on a very limited set of experimental data, should 

make it possible to differentiate between the above presented options – a carbonated mantle 

source, or a hornblende-rich mantle source. In practise, however, the evidence is inconclusive, as 

the alkaline diabase dykes of the present study exhibit geochemical features characteristic of both 

source types. As can be seen in Figure 7.22A, the alkaline diabase dykes have a relatively uniform 

(Na2O+K2O)/TiO2 ≈ 1, which is typical of hornblendite-derived melts. Conversely, the negative Ti 

anomaly of the samples rather points to a carbonated mantle source (Fig. 7.22B). Maybe this ap-

parent contradiction can be resolved by contribution from a mixed source, that is, one that con-

tained both hydrous veins and carbonated portions (e.g. Zeng et al. 2010; Shea & Foley 2019).  

 

Figure 7.22 Element ratio plots used to discriminate between different metasomatic mantle sources for the 
alkaline diabase dykes; A: plot of total alkalis vs. TiO2 to distinguish between melts generated by carbonated 
peridotite, carbonated eclogite/pyroxenite, and hornblendite; after Zeng et al. (2010); B: plot of whole-rock 
Ti/Ti* vs. Hf/Hf* used to distinguish between melts generated by hornblendite and carbonated peridotite. 

Although the above geochemical considerations point to the involvement of a metasomatically 

enriched lithospheric mantle in the petrogenesis of the alkaline diabase dykes, the data alone pro-

vide no explanation as to the cause(s) and the timing of the metasomatism. Potential causes could 

have been slab-derived fluids and/or melts related to subduction in the late Archaean, older 

plume events (Matachewan, Mistassini, Marathon, Nipissing), or the Circum-Superior event itself. 

Some clues as to the timing of the source enrichment can be obtained from whole-rock Sm-Nd 

isotope systematics. The relatively un-radiogenic εNdi (+1.65 to +3.52) of the alkaline diabase 

dykes means that the melt source cannot have been enriched in LREE long before partial melt 

extraction, nor could it have been long-term depleted. This, together with model ages (1950–2050 

Ma) closely resembling the intrusion age of 1872 Ma, indicates that source enrichment must have 

occurred relatively shortly before, or contemporaneously with, the onset of the Circum-Superior 

magmatism. If source enrichment had occurred long before that, decay of 147Sm to 143Nd would 

have resulted in a very radiogenic (very low εNdi) source, and any melt separated from such ra-

diogenic source would be expected to show equally low or even negative εNdi values, and model 

ages far older than 1872 Ma, which is evidently not the case for the alkaline diabase dykes here. 
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Geodynamic implications 

The observations made in the present study, although being based on a limited number of samples 

and outcrops, have the potential of refining existing genetic models for the 1.88–1.86 Ga Circum-

Superior LIP and adding to a more comprehensive understanding of this magmatic event as whole. 

The currently favoured model for the Circum-Superior LIP (Ciborowski et al. 2017; Waterton et 

al. 2017; Bleeker & Kamo 2018) summarises as follows (Fig. 7.23): An upwelling mantle plume 

impinged beneath the Superior Craton and was deflected by the thick (~300 km) cratonic keel 

into areas of thinner lithosphere, specifically the rifted cratonic margins. Only there could signifi-

cant decompression melting occur, and the magmas rise buoyantly through the crust, eventually 

erupting as voluminous komatiites and tholeiitic flood basalts. Ciborowski et al. (2017) suggested 

that large volumes of melt were predominantly generated in areas that had recently been affected 

by lithospheric extension, either through rifting or back-arc basin formation; examples are Raglan 

and Thompson. Other parts of the Superior Craton such as, the Huronian Basin, the Lake Superior 

region, and the Hudson Bay area, had not witnessed any recent extensional event (> 300 Ma before 

the arrival of the plume), hence the low volumes of weakly alkaline magmatic rocks in these areas 

(Haig Sills, Flathery Formation; Minifie 2010). The presence of 1.88 Ga carbonatites in the centre 

of the craton does not contradict the plume model; carbonatite melts would have been able to 

migrate even through the thicker, inner part of the craton because of their exceptional low viscos-

ity and density (Hammouda & Laporte 2000; Kono et al. 2014). If the plume model is correct, then 

the Fort Albany, Molson, and Pickle Crow dykes could be interpreted as part of a radiating dyke 

swarm, the focal point of which should help to locate the plume centre (Minifie et al. 2013). How-

ever, the limited number of dykes previously assigned to the Circum-Superior LIP makes the iden-

tification of geometric dyke swarm patterns difficult and provides, at least in this case, no conclu-

sive evidence as to the location of the plume centre, especially following the recognition that both 

radial and concentric dyke swarms can be associated with one and the same LIP (Buchan & Ernst 

2018, 2021), and that other factors such as inherited basement structures or later deformation 

can define the orientation of dyke swarms as well (e.g. Jourdan et al. 2006; Will & Frimmel 2013). 

While a mantle plume origin of the Circum-Superior LIP seems widely accepted (Ciborowski et al. 

2017, for a list of arguments), there are some aspects still not entirely resolved by the model. 

Heaman et al. (2009), for example, pointed out the lack of evidence of crustal uplift prior to 1.88 

Ga. They also argued against a plume based on the absence of rocks with an OIB-like trace element 

signature. According to Heaman et al. (2009), only OIB-like basalts would provide unequivocal 

evidence of a deep mantle source and thus a plume origin, whereas tholeiitic basalts and ko-

matiites could have been generated in essentially any tectonic setting. Another weakness of the 

plume model was found in the absence of 1.88–1.86 Ga magmatic rocks in the southeast part of 

the Superior Craton, specifically the Huronian and Mistassini-Otish basins. Although these basins 

are located on the rifted margin of the craton and should have been well within the typical diam-

eter of a flattened plume head (~2,500 km; Campbell 2007), there have been no reports of ~1.88 

Ga magmatic rocks in neither the Huronian nor the Mistassini-Otish basins, at least so far.  

As such, the discovery of 1872 Ma alkaline ultrabasic dykes with an OIB-like signature in the 

southeast corner of the Superior Craton fills a crucial gap in the regional magmatic record and 

reinforces the plume model of Ciborowski et al. (2017) and Bleeker & Kamo (2018) for the Cir-

cum-Superior LIP. The new geochronological data confirm the notion of a short lived, remarkbely 

synchronous yet extremely widespread magmatic event that manifested all around the Superior 
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Craton (and maybe even beyond; French et al. 2008). A deep mantle source is now and for the first 

time evidenced by the highly alkaline, OIB-like trace element signature of the newly discovered 

dykes. Furthermore, the geochemical “carbonatite fingerprint” establishes a direct genetic link 

between these dykes and the ~1.88 Ga carbonatites within the carton’s interior. At issue is 

whether these alkaline diabase dykes were part of a larger dyke swarm (like the Molson Dyke 

Swarm, Manitoba), or very localised magmatic products. It also remains to be shown whether the 

dykes were fed vertically from a deep magma chamber, or laterally over longer distances from a 

possible plume centre. Based on circumstantial evidence, the former scenario is considered more 

plausible. Another aspect that remains to be addressed is whether the dykes, considering their 

shallow emplacement level (< 3 km), could have been related to a now eroded volcanic province.  

As mentioned above, the alkaline diabase dykes discovered here differ in some respects from 

other members of the Circum-Superior LIP, which does, however, not contradict their inferred 

plume origin nor contradict their proposed genetic relationship to the Circum-Superior LIP. First, 

the dykes have an alkaline affinity, opposed to the predominantly tholeiitic to komatiitic magmatic 

rocks. Second, the newly discovered alkaline dykes are volumetrically minor compared to the 

magmatic rocks at, say, Thompson or the Cape Smith Belt. Third, the alkaline diabase dykes appear 

slightly younger than most other members of the Circum-Superior LIP. All of this could indicate 

that the dykes were formed in one of the later stages of the plume event by lower degrees of partial 

melting. Lower degrees of melting could be interpreted in terms of a more distal (cooler) plume 

setting, the fading of the plume itself, plate motion away from the steady plume (in the sense of a 

hot spot track), or simply a thicker lithospheric column above the melt source region (Fig. 7.23). 

 

Figure 7.23 Genetic model for the Circum-Superior LIP; A: arrival of hot ascending asthenospheric material, 
likely a plume head, at the base of the Superior Craton (ca. 1890 Ma); this may have resulted in uplift of the 
lithosphere and the exhumation of lower crust, such as it is found in the Kapuskasing Structural Zone in the 
centre of the craton; the arrival of the plume head may have also caused metasomatism of the lithospheric 
mantle by fast rising low-viscosity carbonatite melts, or by low-volume, volatile-rich silicate melts; alterna-
tively, metasomatism of the lithospheric mantle could have occurred during foregoing plume events, or 
during Neoarchaean to Palaeoproterozoic plate subduction; B: impingement and subsequent flattening of 
the plume head beneath the Superior Craton (~1883 Ma); the thick lithospheric keel of the craton caused 
lateral deflection of the plume into areas of thinner lithosphere, facilitating high-volume (garnet-consum-
ing) melting in areas that had recently been affected by rifting, and low-volume (garnet-preserving) melting 
in areas of thicker lithosphere (or in cooler areas that were more distant to the plume); as the plate contin-
ued to migrate above the steady plume, some areas (e.g. the Huronian Basin) were eventually cut off from 
the plume and the heat source, whereas high-volume melt generation was sustained in other areas (e.g. 
Winnipegosis Belt); figures modified after Bleeker & Kamo (2018).  

A B 
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Ni-Cu-PGE potential 

Certain members of the Circum-Superior LIP are host of economically important base metal min-

eralisation. At Raglan (Cape Smith Belt, Quebec), magmatic Ni-Cu-PGE sulphide mineralisation is 

associated with komatiitic lava flows of the so-called Raglan Formation (e.g. Lesher 2007, 2017; 

Mungall 2007). At Thompson, Manitoba, massive to disseminated Ni-Co-PGE sulphide mineralisa-

tion affected strongly deformed and metamorphosed ultramafic bodies of the Ospwagan Group 

(e.g. Peredery et al. 1982; Layton-Matthews et al. 2007). Deposits of the Thompson Nickel Belt are 

in fact among the world’s largest producers of Nickel and in terms of total Canadian production 

rank second after the Sudbury Mining Camp (Mudd 2010; Lightfoot 2016). The Fox River Sill, also 

near Thompson, hosts sub-economic magmatic PGE-Cu-Ni (e.g. Desharnais et al. 2000). Other, 

younger, members of the Circum-Superior LIP, including those in the Lake Superior and Hudson 

Bay areas, are not associated with any known occurrences. Uranium-Pb dating (Bleeker & Kamo 

2018) suggests that the above ore-forming events occurred within a narrow time frame, 1883–

1881 Ma. The present study has identified 1872 ± 3 Ma alkaline ultrabasic dykes in the Huronian 

Basin. Although these dykes seem to be slightly younger than the main ore-forming event at 

Thompson or Raglan, their mere presence raises the question of their metallogenetic significance, 

especially after having provided evidence that these dykes are but a surface manifestation of a 

magmatic plumbing system, and in view of the fact that they conspicuously occur above one of the 

largest unexplained potential field anomalies on the Canadian Shield – the Temagami Anomaly. 

The first factor to consider when assessing the metal fertility of an igneous rock is the degree of 

mantle melting. In the Earth mantle, base- and precious metals are generally believed to reside 

within discrete sulphide minerals (e.g. Lorand & Luguet 2016), and these will effectively withhold 

chalcophile elements, unless the degree of melting was high enough (> 17–25 %) to consume all 

the sulphide (e.g. Keays 1995; Rehkämper et al. 1999). This in turn means that low degrees of 

partial melting should not be able to release large amounts of Cu and PGE, because these elements 

will remain, together with residual sulphide, in the mantle. This theory was empirically tested by 

Jowitt & Ernst (2013), who found that alkaline members of LIPs are almost never associated with 

Ni-Cu-PGE deposits, whereas members formed via high degrees of melting (e.g. komatiites) tend 

to be well endowed, especially if they reached later S-saturation through crustal assimilation. The 

alkaline diabase dykes of the present study show no evidence of such crustal contamination, and 

they were evidently generated by very low degrees of partial melting (< 10%). However, accord-

ing to Mungall et al. (2006) low degrees of melting can still lead to a chalcophile element enrich-

ment under special circumstances. Highly oxidised conditions in the mantle could destabilise sul-

phide in favour of sulphate, thus releasing metals even at melting degrees as low as 5% to produce 

PGE-Cu rich meimechites and alkali picrites (Mungall et al. 2006). Whether such oxidised condi-

tions prevailed in the mantle of the alkaline diabase dykes is, however, purely speculative; the 

high Ti/V ratio of the dykes is rather indicative a low ʄO2 (Shervais 1982). On the other hand, if 

the dykes originated from hornblendite or a carbonated mantle source, as implied by this study, 

it is possible that the metasomatic agent (CO2, H2O) oxidised and fertilised the mantle domain. 

Moreover, a CO2-rich volatile phase may even act as a transport medium for metal-charged sul-

phide liquids from the mantle into the crust (Blanks et al. 2020). In this context it should be noted 

that, contrary to Jowitt & Ernst (2013), there are indeed cases of Ni-Cu-PGE-Au enriched alkaline 

rocks elsewhere (e.g. Graham et al. 2017; Holwell & Blanks 2021), including the Coldwell Alkaline 

Complex, Ontario, or the well-known Phalaborwa Complex, South Africa. Therefore, alkaline mag-

matic affinity and elevated Ni-Cu-PGE potential are not per se mutually exclusive. 
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Another aspect worth considering is the S-saturation history of a magmatic system. Jowitt & Ernst 

(2013) observed that magmas that had experienced early removal of sulphide will deviate from 

the MgO/Ni silicate fractionation trend. This is because, once S-saturation is reached, Ni will 

strongly partition into the sulphide liquid, whereas Mg remains to be controlled solely by olivine. 

In Figure 7.24A, the MgO content of the alkaline diabase dykes is contrasted against their Ni con-

tent. The plot reveals that all samples fall on the silicate fractionation trend typified by (alkaline) 

within plate basalts, meaning there is no evidence of Ni depletion by sulphide removal. This either 

indicates that S-saturation was never achieved, or that the magma reached S-saturation so late 

that any hypothetical sulphide liquid was trapped by the silicates framework to form dissemi-

nated interstitial, and thus likely uneconomic, Ni-Cu-PGE mineralisation (e.g. Arndt et al. 2005). 

  

Figure 7.24 Geochemical plots used to evaluate the metallogenetic potential of the alkaline diabase dykes 
from the Huronian Basin; A: whole-rock MgO content vs. Ni content, showing the typical silicate fractiona-
tion trend defined by (alkaline) within plate basalts; after Keays & Lightfoot (2007); B: whole-rock Cu con-
tent vs. the primitive mantle-normalised Cu/Zr ratio; normalisation values are from Palme & O’Neill (2013). 

According to Jowitt & Ernst (2013) the Cu/Zr ratio is another useful proxy in assessing the fertility 

of a magmatic system. The theory behind this is based on the incompatible behaviour of both Cu 

and Zr in S-undersaturated basic-ultrabasic magmas (Keays 1995). If, however, the magma 

reaches S-saturation, Cu will preferentially partition into the sulphide liquid and thereby fraction-

ate the Cu/Zr ratio. Figure 7.24B shows that the alkaline diabase dykes are strongly depleted in 

chalcophile elements, as these have very low Cu/Zr ratios, far lower than the primitive mantle. 

Interestingly, the Cu/Zr ratio is positively correlated with Cu. There are three possible explana-

tions for this trend. First, Cu could have been affected by secondary element mobility. Although 

the isocon method revealed some mobility of Cu, there is no systematic trend between alteration 

and Cu/Zr ratio. Second, the depletion in Cu could be due to sulphide loss within deeper crustal 

levels, which is, however, inconsistent with the MgO/Ni ratio. Third and favoured, the depletion 

in Cu relative to Zr could be the result of very low degrees of mantle melting. That is, analyses with 

a higher Cu/Zr ratio could simply reflect higher degrees of partial melting, whereas analyses with 

a low Cu/Zr reflect the retention of chalcophile elements in the mantle restite. This would be con-

sistent with the above trace element considerations and would have rather negative implications 

for the Ni-Cu-PGE prospectivity of the alkaline dykes and whatever magmatic plumbing system 

they might have been related to. However, additional work is required to fully explore their Ni-

Cu-PGE potential, ideally through geophysics and PGE+Au assays.  
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Calc-Alkaline Diabase 

8.1 Summary* 

Another diabase dyke has been discontinuously mapped over a length of 5 km in Mackelcan Town-

ship, 45 km northeast of Sudbury. The dyke strikes northeast, cuts across sedimentary rocks of 

the Cobalt Group, and is in turn cut by pseudotachylitic breccia that is arguably product of the 1.85 

Ga Sudbury impact event. This brackets the emplacement age of the dyke between 2.31 and 1.85 

Ga. Petrographically, the dyke is described as a medium-grained aphyric quartz diabase, contain-

ing minor amounts of interstitial granophyric intergrowths between quartz and feldspar. The 

dyke suffered from extensive retrograde metamorphism at lower greenschist-facies conditions, 

resulting in the destruction of primary igneous textures, intense saussuritisation of feldspar, com-

plete pseudomorphic replacement of ferromagnesian minerals by chlorite and actinolite, and al-

teration of ilmenite/magnetite to leucoxene. 

Geochemically, and unlike primary mantle-derived melts, the dyke has a relatively evolved com-

positions (SiO2 53–56 wt%, ≤ 200 ppm Cr, ≤ 100 ppm Ni). Its affinity is transitional between 

tholeiitic and calc-alkaline. Key geochemical features include, moderately high TiO2 contents (1.3–

1.4 wt%); relatively high concentrations of Zr (111–144 ppm); a very high 147Sm/144Nd ratio be-

tween 0.13 and 0.16; model ages between 2523 and 3638 Ma; a high La/Sm ratio (3.7–4.8); high 

Th/Nb ratio (0.3–0.5); and a distinct negative Ti anomaly (Ti/Ti* < 0.7), features that either re-

sulted from the assimilation of large amounts of crustal material, or alternatively, were inherited 

from a mantle source containing a recycled crustal component. The above field, petrographic and 

geochemical features clearly distinguish the dyke from other Palaeoproterozoic diabase dykes of 

the present and of forgoing studies within the Huronian Basin, including igneous rocks of the 2.22 

Ga Nipissing Suite, but also impact melt rocks of the 1.85 Ga Sudbury Igneous Complex. 

Based on relative age relations, orientation, lithology, and geochemistry, the dyke is suggested to 

be a member of the regional 2.17 Ga Biscotasing Dyke Swarm emanating from the Ungava Bay 

region, northern Quebec. Dykes of this swarm were not previously known to occur this far from 

the inferred plume centre. The new data demonstrate that dykes of the Biscotasing Dyke Swarm 

had also intruded into the Huronian Basin and were initially present within the area subsequently 

struck by the Sudbury impact. Thus, these new observations provide evidence of yet another, hith-

erto unrecognised, mafic lithology in the target area of one of the largest impact structures known 

on Earth.  
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8.2 Local Geology 

Mackelcan Township is centred around 46°50N 80°37W some 45 km northeast of the City of Sud-

bury, and 10 km northeast of Wanapitei Lake. It borders McConnell Township to the north, McCar-

thy Township to the east, Rathbun Township to the south, and Aylmer Township to the west. Mac-

kelcan Township covers approximately 90 km2 and extents across the eastern portion of the Te-

magami geophysical anomaly. The magnetic peak of the Temagami Anomaly occurs 20 km, the 

gravity peak 15 km, northeast. Access is provided by the Kukagami Road which joins the Trans-

Canada Highway about 10 km east of the town Wahnapitae. After following the Kukagami Road 

for 25 km north, the Bushy Bay Road and then several unnamed logging and drill roads lead to the 

area of interest. Water access is provided by the north arm of Matagamasi Lake. Field work by the 

author and the company involved was preceded by reconnaissance mapping of Ontario Geological 

Survey (Dressler 1982; Gates 1991). For detailed insights into the local geology, the reader is re-

ferred to these publications; a generalised overview is given in Figure 8.1 and in the text below. 

The entire Mackelcan Township is underlain by Palaeoproterozoic sedimentary rocks of the Co-

balt Group (upper Huronian Supergroup). Sandstone of the Lorrain Formation predominates in 

the western half of the township, pelitic sedimentary rocks of the Gowganda Formation in the east. 

Although the contact between the two units is not directly exposed in the study area, it is thought 

to strike approximately N-S based on geophysical evidence (Easton et al. 2020) and a significant 

change in outcrop abundance and relief across the supposed contact. No igneous rocks of the 2.22 

Ga Nipissing Suite or the 1.23 Ga Sudbury Dyke Swarm are present, at least not at surface. 

The Lorrain Formation is a very thick and relative monotonous unit of fluviatile arenite. Dressler 

(1982) estimated its total preserved thickness at 3,400 m; drilling in the Wolf Lake area revealed 

an apparent thickness of 670 m and a gradual transition to the underlying Gowganda Formation 

(Schandl 2002). In the study area, the Lorrain Formation encompasses quartzofeldspathic rocks 

ranging from quartzite, (sub-)arkose, arkosic arenite and arkosic wacke. A thickly bedded massive 

sub-arkose is by far the most common lithology, and wacke becomes more abundant in the low-

ermost parts of the formation (e.g. Schandl 2002). Sedimentary structures are only really appar-

ent at the outcrop scale and include thick planar bedding, through-cross stratification, and layers 

of quartz pebbles. Colours range in outcrop from dull white, light grey to different shades of green, 

beige, pink and brick red, all of which reflects different styles of post-depositional alteration and 

the presence of different secondary minerals such as hematite, chlorite, carbonate, or albite. Pro-

grade metamorphism is evident by so-called bulging recrystallisation (Stipp et al. 2002) of quartz 

grains that occur in mutual contact with each other, and by the replacement of detrital felspar 

with sericite and saussurite. Lack of biotite, however, indicates that the upper greenschist facies 

(biotite zone) was either not attained or that biotite was replaced by retrograde chlorite. These 

observations constrain the temperature of the regional metamorphic overprint to ca. 280–390°C 

(e.g. Stipp et al. 2002), which is consistent with Card (1978). Rocks of the Lorrain Formation are 

typically cemented with chlorite and quartz, locally also with albite and carbonate. Silicified litho-

types, especially the quartzite from Wolf Mountain and Cobalt Hill, are very resistant to weather-

ing and erosions, resulting locally in a significant relief (> 100 m). 
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Figure 8.1 Geological map of Mackelcan Township showing the regional geological and lithostrati-
graphic context of the calc-alkaline diabase dyke; based on Dressler (1981a) and Whymark (2019) 
and additional mapping by the author in the course of this study. 
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The Gowganda Formation is likewise thick and extensive but less well exposed due to a higher 

susceptibility to erosion. In most general terms, the formation is a heterogeneous sequence of 

wacke, siltstone, and mudstone. The rocks were deposited between ~2.35 and 2.31 Ga in a glaci-

ogenic to pro-deltaic environment (e.g. Young et al. 2001). A two-fold division of the Gowganda 

Formation in the Cobalt Embayment has been proposed (e.g. Rainbird & Donaldson 1988). The 

Coleman Member, which is abundant in the east of the study area, at McCarthy Township, com-

prises massive non-stratified greenish wacke with an occasional matrix-supported conglomerate 

facies (diamictite). Clasts are highly variable in size and shape and they lack any sorting. The most 

common clast lithology is pink granite, which gives the Coleman Formation a very distinctive ap-

pearance in the field. The Firstbrook Member, which conformably overlies the Coleman Member, 

comprises (from bottom to top) thinly and rhythmically bedded siltstone, mudstone, and eventu-

ally sandstone; dropstones are absent (e.g. Rainbird & Donaldson 1988). Argillaceous units of the 

Firstbrook Member display a diagnostic varve-like bedding of alternating light- and dark grey 

laminae and may be organic-rich or magnetite-bearing in places. Unfortunately, these relatively 

soft rocks are rarely exposed within the study area. The Firstbrook Member is more commonly 

observed in the eastern part of Mackelcan Township, near the contact to the overlying Lorrain 

Formation, which confirms an overall younging direction of the Huronian strata from east to west. 

Rocks of the Gowganda Formation were metamorphosed under lower greenschist-facies condi-

tions as evident by the ubiquitous presence of chlorite, sericite, and the replacement of detrital 

plagioclase by epidote. Quartz-carbonate-chlorite veining can be intense and may locally be asso-

ciated with Cu-Au mineralisation. Deformation is restricted to gentle folding and faulting. 

Breccias related to the Sudbury impact event (“Sudbury Breccia”) are widespread, but their iden-

tification strongly depends on the outcrop quality. Sudbury Breccia is typically found as irregular 

masses and dykes in all types of country rock, where it appears preferentially developed along 

contacts between host rocks of varying competence (e.g. arkose–mudstone) or utilising planes of 

prior weakness such as faults, joints, and bedding plains. Veinlets of ultracataclasite and recrys-

tallised pseudotachylite revealed to be ubiquitous in the region but may be macroscopically mis-

taken for hydrothermal chlorite veins. A massive (megaclastic) type of Sudbury Breccia (Fig. 

4.2A) is more easily recognised in the field, with continuous exposure over 14 km along a N-trend-

ing lineament from Matagamasi as far as Chiniguchi Lake, with an additional 15 km of discontin-

uous exposure further north and south. Interestingly, this belt strikes concentrically around the 

Sudbury Igneous Complex. By analogy to the South Range Breccia Belt (Scott & Spray 1999), it will 

be referred to as the East Range Breccia Belt. Sudbury Breccia shows significant petrographic di-

versity. Mono-, bi- and heterolithic, matrix- and clast supported varieties exist; clasts range in di-

ameter from a few mm to at least 12 m and have a fractal grain size distribution. They are typically 

sub-rounded with aspect ratios < 2. Most clasts are of very local derivation and underwent little 

displacement or rotation. Some exceptions of allochthonous or even exotic clasts do, however, 

occur in the centre of the breccia belt. These could not be linked to any lithology in the vicinity, or 

in some cases, are entirely exotic (e.g. Fig. 4.2B). The texture of the breccia matrix ranges from 

homogeneous (Fig. 4.2A) to flow-banded (Fig. 4.2C), cataclastic, devitrified, intersertal, to vesic-

ular and amygdaloidal. Injection dykes of breccia matrix into dilational sites within the ambient 

host rock were also observed (Fig. 4.2C). Locally, these may resemble isoclinal or sheath folds. 
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8.3 Field Relations 

Another mafic dyke, here and in the following referred to as the calc-alkaline (quartz-) diabase, 

was discovered in Mackelcan Township in 2019. The dyke occurs in a remote area between two 

unnamed lakes (46°51 41N 80°35 34W) ca. 1.7 km southwest of Irish Lake. The dyke extends for 

700 m, is non-magnetic, predominantly found in contact with brecciated ± albitised Lorrain For-

mation arkose and only its northeastern-most outcrop (near Bonesteel Lake) in contact with First-

brook Member (Gowganda Formation). As it is rarely exposed, however, its thickness, dip and 

exact contact relation to the host rocks remain uncertain, its orientation can only be inferred (Fig. 

8.1). The overall strike is N40°E, i.e., parallel to the tholeiitic dyke (Chapter 6) and perpendicular 

to the alkaline diabase (Chapter 7), but no intersection between the different intrusion could be 

found. A southern extension of the calc-alkaline diabase was discovered in 2020 north of Island 

Lake, striking for another 800 m continuously N40°E. There, the dyke stands out from its sur-

roundings as a distinct morphological feature, forming ridges and linear valleys. Outcrop condi-

tions are more insightful than in the north, revealing sharp vertically dipping (≥ 80° ESE) chilled 

contacts against the Lorrain Formation, which are in places (e.g. 46°50 33N 80°36 53W; 46°60 

42N 80°36 41W) intensively sheared, brecciated, altered, and mineralised (< 3 vol% Py + Ccp + 

Mal ± Po). The dyke itself, however, is mostly free of sulphide; in no place is it visibly sheared. 

Where the dyke enters the East Range Breccia Belt (Fig. 8.1), it is offset ca. 100 m to the south 

while maintaining its original strike. No outcrop of the dyke could be found west of the breccia 

belt. The exact relation between Sudbury Breccia and the dyke is equivocal in the field, but as will 

be shown below, the calc-alkaline diabase shows clear signs of impact-related brecciation as well. 

 

Figure 8.2 Photographs of the calc-alkaline quartz diabase dyke in outcrop; A: outcrop of the diabase 
showing columnar jointing parallel to the dyke’s margin (46°50 34N 80°36 52W); B–C: freshly broken 
chunks; 10 cm-card for scale; photographs were kindly provided by Jacob VanderWal and Renan Silva.  
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8.4 Petrography 

Macroscopically, the dyke bears all hallmarks of a typical diabase, which makes an in-situ distinc-

tion from the alkaline diabase (Chapter 7) or the regional Nipissing Suite gabbro almost impossi-

ble. It is a medium grained (< 3 mm), massive, non-foliated, melanocratic rock (colour index 50–

60) of dark green colour. Its texture is remarkably uniform along strike and within a given outcrop 

except for aphantic, likely chilled, margins. No xenoliths were observed throughout, either be-

cause of their complete digestion or because of their absence in the first place. A photograph of a 

representative hand specimen of the calc-alkaline quartz diabase is shown in Figure 8.3A. 

In thin section (and in stark contrast to its macroscopic appearance) the dyke barely resembles 

what one would call an igneous rock: Epidote (10–25 vol%), chlorite (10–15 vol%), quartz (10–

30 vol%) and amphibole (20–40 vol%) – all anhedral – are the major rock-forming minerals, and 

the original texture has been altered beyond recognition. In addition, extensive “opaque veining” 

was observed in every thin section even though this is not apparent in hand specimen. These veins 

are variable in thickness, ranging from a few µm to several cm, with sharp and well-defined mar-

gins. They are colourless or green under plane polarised light, micro- to cryptocrystalline and thus 

almost opaque under crossed polars, all of which gives them the appearance of tectonic shear 

bands. In contrast to tectonic (i.e., endogenetic) shears, however, these veins lack a preferred ori-

entation; they form anastomosing (braded), in places orthogonal, mesh-like stockworks. Based on 

analogues features described before (Chapters 6.4 and 7.5) and elsewhere in the literature (e.g. 

Chubb et al. 1994; Kovaleva et al. 2018a), these veins are interpreted as recrystallised pseudotach-

ylite or ultracataclasite, and by implication, as Sudbury Breccia. An example that clearly demon-

strates the brecciated nature of these features is shown in Figure 8.2B. In other places, Sudbury 

Breccia is in sharp contact to the host rock, devoid of refractory clasts, mineralogically indistinct 

from the host rock and thus only identified by its very small grain size (Fig. 8.3C).  

Notwithstanding the pervasive alteration and brecciation, the original magmatic texture of the 

diabase is in very rare instances, though pseudomorphically, preserved (Fig. 8.3D). It may be de-

scribed as holocrystalline, (sub-)equigranular and aphyric. Contours of tabular 1.5 mm-large pla-

gioclase are recognised here and there, and occasionally, even relict polysynthetic twinning and 

rims of albite can be observed. Undeformed monocrystalline quartz occurs as a ubiquitous min-

eral, anhedral and interstitial between former plagioclase and mafic minerals. It is typically 0.25 

mm large and considered a primary constituent of the rock as well. Quartz is often vermicular-

textured (Fig. 8.3E) which is interpreted as relict granophyric intergrowths with feldspar. No py-

roxene is present, and pale green fibrous amphibole is the most abundant mafic mineral in all 

samples. Amphibole occurs as 0.5 mm large aggregates possibly secondary after pyroxene; most 

amphibole is, in turn, replaced by Fe-rich (purple) chlorite. Angular, up to 0.15 mm large, non-

magnetic leucoxene occurs disseminated throughout; apatite was never observed. This, together 

with the abundance of quartz, provides a petrographic criterion to distinguish the rock from the 

apatite-rich quartz-free alkaline diabase dykes introduced in the previous chapter (Chapter 7).  

Hydrous alteration in form of a pervasive chloritisation and epidotisation is omnipresent, and do-

mains of > 50 vol% granular epidote are not uncommon (Fig. 8.3F). Cross-cutting relations indi-

cate that the epidote alteration must have occurred prior to 1.85 Ga. Texturally late quartz-car-

bonate-hematite veining similar to that near Laundry Lake was also observed (Fig. 8.2A,B).  
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Figure 8.3 Photograph and microphotographs of the calc-alkaline quartz diabase dyke from Mackelcan 
Township; A: polished hand specimen representative of the entire dyke; B: thin section under transmitted 
light and plane polars (sample AK19-21), showing pseudotachylitic breccia (Sudbury Breccia) developed 
within the quartz diabase and with abundant refractory quartz-rich clasts; the breccia is crosscut by a later 
calcite-quartz vein; C: same thin section but different spot under crossed polars and with gypsum compen-
sator; note the truncation of the epidote grains by the pseudotachylitic vein; D: thin section under transmit-
ted light and plane polars (sample AK19-29), showing a rare sample in which the original texture of the 
diabase seems remotely preserved; E: thin section under transmitted light and crossed polars (sample 
AK19-24), showing vermicular-textured quartz and plagioclase, possibly representing an altered grano-
phyric intergrowth; D: thin section under transmitted light and crossed polars (sample AK19-21), showing 
large anhedral epidote grains replacing the quartz diabase. Abbreviations: SUBX = Sudbury Breccia; Cc = 
calcite; Qtz = quartz; Ep = epidote; Am = amphibole; Pl = plagioclase; Lcx = leucoxene; Gphy = granophyric 
intergrowth; Chl = chlorite.  
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8.5 Geochemistry 

General characteristics 

Quartz diabase from eastern Mackelcan Township has a uniform, subaluminous, subalkaline, and 

in terms of SiO2 (53–56 wt%) intermediate composition (Tab. 8.1). Fe2O3 ranges from 13 to 15 

wt%, and MgO from 4 to 6 wt%, corresponding to a Mg# (=100×molar MgO/[MgO+FeO]) between 

43 and 48. As already expected from its hydrothermally altered appearance, the rock is rich in 

volatiles (2–6 wt% LOI). Concentrations of TiO2 are typically between 1.3 and 1.4 wt% and P2O5 

is below 0.1 wt%. The rock is furthermore characterised by moderate to high concentrations of 

Cr (60–194 ppm) and Ni (33–100 ppm), and somewhat elevated concentrations of incompatible 

lithophile elements such as, Zr (111–144 ppm), Nb (8–13 ppm), Th (3.9–5.5 ppm), U (1.0–1.3 

ppm), and ΣREE+Y (120–162 ppm). Its average CIPW normative mineralogy is as follows: 45 vol% 

plagioclase, 21 vol% hypersthene, 14 vol% quartz, 9 vol% diopside, 5 vol% orthoclase, and 3 vol% 

ilmenite/magnetite, corresponding to a hypothetical rock density of 3.0 g/cm3. 

Igneous rock classification 

The quartz diabase’s composition conforms to basaltic andesite (intrusive equivalent: gabbroic 

diorite) according to the TAS diagram (Fig. 8.4B). A tholeiitic magmatic affinity is indicated by the 

AFM plot (Fig. 8.4C). Although the isocon method demonstrates little secondary mobility of most 

major elements (Fig. 8.4A), classification plots using typically immobile trace elements (Ti, Nb, Y, 

Zr, Th) are generally preferred. In such diagrams (e.g. Fig. 8.4D), the samples also plot within the 

field of basalt/gabbro. Most classification schemes, including Figure 8.4E and others not shown 

here (e.g. Jensen 1976; Hastie et al. 2007; Ross & Bédard 2009), suggest a calc-alkaline magmatic 

affinity. This classification agrees with mantle-normalised trace element patterns of the rock (Fig. 

8.4F), which exhibit the diagnostic features of (calc-alkaline) arc magmatism namely, the decou-

pling and enrichment of LILE from and over HFSE. This is evident from pronounced negative 

anomalies of Ti, Nb and Ta, and variably positive anomalies of Rb, Ba, Sr and especially of Pb, rel-

ative to the primitive mantle and relative to other elements of similar incompatibility (Fig. 8.4F). 

Potassium is highly variable and produces both negative and positive anomalies. A peculiar fea-

ture of the quartz diabase is its lack of HREE depletion compared to any other rock analysed in 

this study. A negative Eu anomaly, expressed as EuN/(SmN × GdN)0.5, also exists (0.5–0.6). 

Nd-Sr-Pb isotopes 

A summary of whole-rock radioisotope data obtained for the quartz diabase is presented in Table 

8.2. The rock is characterised by a very narrow, within the analytical uncertainty almost identical, 

range in 143Nd/144Nd equivalent to an εNd between –18.51 and –17.23. The 147Sm/144Nd ratio is 

relatively high for a mafic dyke, and ranges from 0.13 to 0.16. Accordingly, one-stage Nd model 

ages are unrealistically old (2523–3638 Ma), indicating the involvement of older crust in the mag-

matic evolution of the dyke. The 206Pb/204Pb ratio ranges from 17.88 to 18.58, 207Pb/204Pb from 

15.54 to 15.59, and 208Pb/204Pb from 37.34 to 38.00. These values fall on the orogen/upper crustal 

Pb isotope evolution curves according to Zartman & Doe (1981) indicative of magma-crust inter-

action. The modelled initial 207Pb/204Pb ratio at 1850 Ma is 15.22–15.30. The 87Sr/86Sr ratio is very 

radiogenic and exhibits a considerable range, from 0.717 to 0.735. The 87Rb/86Sr ratio ranges from 

0.267 to 0.746. None of the above isotope ratios is of any age significance. 
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Table 8.1 Major element oxide concentrations (wt%) and trace element concentrations (ppm) in calc-alkaline quartz diabase, Mackelcan Township 

 AK19
21 

AK19
22 

AK19
23 

AK19
24 

AK19
25 

AK19
26 

AK19
27 

AK19
29 

AK19
30 

ILN20
01 

ILN20
2A 

ILN20
2B 

ILN20
3A 

ILN20
3B 

ILN20
4A 

ILN20
05 

ILN20
06 

ILN20
07 

ILN20
08 

ILN20
9A 

ILN20
9B 

ILN20
9C 

Lat. 46°51 38 46°51 40 46°51 41 46°51 41 46°51 41 46°51 44 46°51 34 46°51 32 46°51 30 46°50 41 46°50 38 46°50 38 46°50 34 46°50 34 46°50 33 46°50 29 46°50 23 46°50 21 46°50 42 46°50 42 46°50 42 46°50 42 
Long. 80°35 32 80°35 30 80°35 29 80°35 29 80°35 29 80°35 22 80°35 38 80°35 42 80°35 45 80°36 45 80°36 48 80°36 48 80°36 52 80°36 52 80°36 53 80°36 57 80°36 58 80°37 01 80°36 42 80°36 41 80°36 41 80°36 41 

SiO2 54.5 53.4 53.2 53.7 52.3 53.9 53.7 54.2 52.2 53.0 52.0 53.0 52.6 51.3 52.4 52.9 52.9 53.1 53.1 52.0 51.9 51.9 
TiO2 1.34 1.35 1.34 1.33 1.35 1.36 1.37 1.35 1.30 1.38 1.28 1.36 1.37 1.31 1.39 1.37 1.29 1.36 1.36 1.35 1.38 1.31 
Al2O3 13.5 13.6 13.4 13.4 13.4 13.5 13.6 13.3 13.4 13.4 13.3 13.5 13.4 12.8 13.4 13.4 13.4 13.5 13.3 12.8 13.5 13.1 
Fe2O3 13.2 14.0 13.9 14.2 13.2 13.9 13.2 13.3 13.9 14.0 14.1 14.0 14.3 13.7 14.3 14.2 13.7 14.4 13.4 14.5 14.3 13.8 
MgO 5.0 4.8 4.9 4.8 4.5 4.8 5.3 4.9 5.1 4.9 5.2 4.9 4.8 4.7 5.4 4.8 4.9 4.8 5.1 6.3 4.8 4.9 
CaO 8.0 8.0 8.2 8.1 8.5 7.8 7.2 7.2 7.5 7.5 8.4 7.4 7.2 7.6 6.5 7.8 8.2 7.5 7.6 2.42 7.8 8.1 
MnO  0.17 0.18 0.18 0.19 0.14 0.17 0.16 0.16 0.18 0.18 0.17 0.18 0.24 0.23 0.24 0.20 0.18 0.19 0.17 0.14 0.17 0.16 
Na2O 1.81 1.97 1.53 1.75 1.15 1.44 2.26 2.04 1.52 2.45 2.14 2.20 2.29 1.79 2.05 1.83 1.90 2.03 2.39 2.17 1.93 2.11 
K2O  0.30 0.32 1.17 0.53 1.07 0.40 0.63 0.81 0.48 0.59 0.33 0.35 0.65 0.90 0.77 0.54 0.97 0.42 0.29 3.42 0.38 0.66 
P2O5 0.07 0.06 0.07 0.04 0.08 0.05 0.07 0.05 0.02 0.02 0.01 0.01 < 0.01 0.03 < 0.01 0.03 0.03 0.02 0.04 < 0.01 0.04 0.04 
LOI 3.3 2.4 2.8 2.1 5.4 3.1 2.6 2.5 4.9 2.4 2.6 2.7 2.4 5.8 2.9 2.6 2.3 2.4 2.6 4.6 2.6 4.3 
Total 101.14 100.06 100.66 100.17 101.08 100.41 99.95 99.76 100.58 99.77 99.50 99.59 99.27 100.17 99.38 99.65 99.80 99.69 99.44 99.72 98.65 100.34 
V 309.1 310.7 308.2 308.5 308.5 306.0 314.3 303.8 302.2 307.3 310.3 321.5 310.6 303.9 319.1 321.7 309.1 313.3 314.7 313.5 332.2 340.5 
Cr 193.8 109.2 84.86 105.0 81.59 95.75 64.72 151.7 70.82 131.4 83.20 122.6 104.3 60.44 69.86 102.0 88.86 99.35 68.55 66.73 108.0 78.74 
Ni 99.47 59.15 47.49 56.98 52.87 53.63 42.98 83.94 38.71 68.68 54.56 65.09 55.32 33.54 42.22 51.06 44.20 52.13 37.43 32.66 54.88 46.90 
Cu 59.05 42.00 41.29 53.24 90.76 31.37 64.34 67.24 64.16 54.83 36.40 61.20 42.43 42.96 58.43 47.07 33.82 35.22 52.60 18.41 28.62 47.84 
Rb 7.179 19.61 53.95 12.03 39.07 9.438 30.96 28.87 27.11 28.77 6.709 7.293 18.86 44.10 28.26 13.45 41.90 20.57 5.569 178.9 11.16 41.21 
Sr 435.8 540.0 430.5 347.5 499.2 549.8 270.2 387.4 248.7 285.7 283.2 299.0 299.9 221.0 334.8 331.1 508.1 668.9 296.8 57.45 392.6 286.4 
Y 28.37 34.20 27.61 28.41 27.71 27.84 29.39 30.52 27.06 31.86 27.16 29.49 35.53 30.65 32.10 30.57 29.61 33.85 30.46 17.15 30.39 31.23 
Zr 123.9 128.8 141.4 125.1 139.8 143.5 126.2 128.9 137.4 126.7 110.7 122.6 127.3 130.5 130.2 127.1 123.4 129.3 127.9 127.8 127.3 129.9 
Nb 12.30 11.51 9.398 11.30 9.306 9.805 9.786 13.13 8.480 12.13 8.777 12.30 11.09 9.859 10.96 11.99 10.50 11.03 10.56 10.46 11.93 10.66 
Ba 78.46 75.76 315.5 152.8 365.8 181.8 145.6 181.1 109.9 135.3 81.25 139.4 209.4 188.5 213.0 158.7 253.7 137.9 221.5 344.5 91.80 110.5 
La 18.11 21.86 17.06 18.50 17.36 17.12 19.85 19.24 16.79 21.93 16.59 20.63 23.86 20.69 20.38 20.37 20.26 22.16 19.78 20.02 22.93 20.25 
Ce 37.94 43.53 36.53 40.72 36.50 35.70 42.72 41.36 35.20 44.24 36.20 43.10 44.01 43.74 42.68 43.98 41.93 45.23 42.89 40.50 47.43 42.38 
Pr 4.705 5.456 4.540 4.907 4.563 4.505 5.125 5.007 4.395 5.660 4.594 5.453 6.046 5.461 5.507 5.802 5.344 5.753 5.699 5.092 5.861 5.312 
Nd 18.10 22.52 17.57 20.53 17.63 17.35 21.30 20.68 17.09 20.99 16.87 20.22 22.16 20.01 20.80 21.49 20.07 21.49 21.19 18.34 21.19 19.97 
Sm 4.390 4.997 4.346 4.600 4.352 4.286 4.690 4.567 4.215 5.270 4.322 5.120 5.530 5.022 5.390 5.458 5.150 5.438 5.393 4.211 5.304 5.022 
Eu 1.338 1.479 1.314 1.400 1.358 1.278 1.520 1.434 1.205 1.501 1.409 1.526 1.613 1.475 1.549 1.494 1.457 1.553 1.554 1.002 1.644 1.519 
Tb 0.765 0.871 0.772 0.811 0.757 0.756 0.823 0.831 0.745 0.939 0.814 0.917 1.010 0.927 0.938 0.949 0.878 0.993 0.947 0.576 0.951 0.904 
Gd 4.845 5.647 4.840 5.267 4.742 4.731 5.372 5.360 4.626 5.701 4.848 5.554 6.198 5.545 5.711 5.726 5.369 6.073 5.705 3.743 5.738 5.640 
Dy 4.740 5.768 4.677 5.264 4.681 4.673 5.372 5.461 4.628 5.652 4.856 5.432 6.060 5.505 5.764 5.618 5.320 5.990 5.596 3.256 5.655 5.496 
Ho 0.974 1.153 0.963 1.049 0.965 0.969 1.072 1.088 0.947 1.207 1.053 1.175 1.298 1.194 1.215 1.218 1.129 1.284 1.213 0.696 1.228 1.152 
Er 2.887 3.549 2.898 3.201 2.872 2.848 3.258 3.338 2.810 3.511 2.982 3.369 3.756 3.351 3.553 3.479 3.301 3.713 3.456 2.179 3.510 3.387 
Tm 0.412 0.501 0.413 0.442 0.412 0.413 0.454 0.467 0.405 0.517 0.445 0.503 0.560 0.507 0.516 0.516 0.477 0.554 0.515 0.363 0.529 0.493 
Yb 2.756 3.394 2.800 2.994 2.743 2.757 3.045 3.161 2.697 3.322 2.863 3.195 3.553 3.191 3.340 3.213 3.106 3.544 3.246 2.533 3.288 3.181 
Lu 0.434 0.520 0.438 0.454 0.437 0.437 0.469 0.480 0.427 0.538 0.428 0.481 0.565 0.477 0.520 0.487 0.488 0.564 0.489 0.410 0.486 0.494 
Hf 3.491 3.528 3.553 3.489 3.554 3.558 3.429 3.500 3.443 3.418 2.858 3.355 3.425 3.351 3.833 3.486 3.648 3.523 3.504 3.490 3.487 3.493 
Ta 0.584 0.660 0.588 0.611 0.582 0.581 0.608 0.628 0.557 0.703 0.607 0.678 0.666 0.692 1.014 0.700 1.274 0.692 0.681 0.677 0.683 0.625 
Pb 7.406 7.956 10.07 7.837 8.414 9.478 6.362 6.031 6.235 6.517 4.375 7.138 10.51 5.766 12.29 28.40 12.55 73.44 5.444 4.567 10.56 4.764 
Th 3.873 5.125 3.971 4.226 3.909 3.900 4.198 4.619 3.883 4.901 3.892 4.631 5.509 4.610 4.727 4.930 4.402 5.171 4.814 4.800 4.949 4.728 
U 1.054 1.045 1.008 1.045 0.968 0.994 1.016 1.107 0.955 1.131 0.978 1.083 1.175 1.144 1.127 1.146 1.079 1.154 1.132 1.243 1.268 1.043 
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Table 8.2 Summary of whole-rock Nd-Sr-Pb isotope data for calc-alkaline quartz diabase, Mackelcan Township 

 

143Nd 
144Nd 

±2σ 
147Sm 
144Nd 

ɛNd 
present 

ɛNd 
2220 Ma 

1-stage 
tDM 

2-stage 
tDM 

87Sr 
86Sr 

±2σ 
87Rb 
86Sr 

87Sr 
86Sr2220 

208Pb 
204Pb 

±2σ 
207Pb 
204Pb 

±2σ 
206Pb 
204Pb 

±2σ 
207Pb 
204Pb1850 

Northeast dyke segment 

AK19-22 0.511695 12 0.134 –18.39 –0.5 2583 2228 0.727794 13 0.304 0.71805 37.3448 22 15.5356 8 17.8841 8 15.26 

AK19-24 0.511712 15 0.135 –18.06 –0.5 2594 2231 0.723650 11 0.298 0.71409 37.4776 25 15.5879 8 17.9856 8 15.30 

AK19-27 0.511706 10 0.133 –18.19 0.0 2528 2194 0.726259 14 0.514 0.70977 37.3569 25 15.5428 8 18.1387 9 15.24 

AK19-29 0.511714 11 0.133 –18.02 +0.1 2523 2190 0.731035 12 0.408 0.71797 37.9927 23 15.5743 8 18.5836 8 15.22 

AK19-30 0.511699 12 0.149 –18.31 –4.71 3222 2868 0.728987 13 0.500 0.71296 38.0837 27 15.6038 9 18.4746 9 15.26 
 

Southwest dyke segment 

ILN20-1 0.511719 17 0.152 –17.92 –5.09 3324 2898 0.728383 12 0.478 0.71308 37.4300 29 15.6236 9 18.2317 9 15.31 

ILN20-2A 0.511755 13 0.155 –17.23 –5.28 3417 2912 0.717355 15 0.267 0.70880 38.0230 29 15.7103 11 19.1429 8 15.29 

ILN20-3A 0.511729 13 0.151 –17.73 –4.63 3242 2863 0.726056 12 0.375 0.71404 36.6068 20 15.5603 7 17.4102 7 15.34 

ILN20-3B 0.511694 10 0.152 –18.42 –5.56 3388 2934 0.735689 14 0.746 0.71178 38.1461 34 15.7249 12 18.9592 12 15.33 

ILN20-4A 0.511723 10 0.156 –17.85 –6.41 3638 3000 0.731868 13 0.435 0.71794 37.7048 30 15.6592 10 18.1185 9 15.36 

ILN20-6 0.511689 10 0.155 –18.51 –6.63 3628 3020 0.725163 10 0.428 0.71146 36.5746 26 15.6682 10 17.3784 9 15.45 

ILN20-7 0.511721 9 0.153 –17.88 –5.38 3389 2920 0.723086 12 0.288 0.71387 35.6459 5 15.5586 8 16.2962 8 15.46 

ILN20-9C 0.511713 11 0.152 –18.05 –5.29 3357 2913 0.726886 12 0.594 0.70786 38.4050 27 15.7557 9 19.2750 9 15.33 
                   

147Sm/144Nd and 87Rb/86Sr ratios were calculated using measured Sm, Nd, Rb and Sr concentrations, which are given in Table 8.1; 

2σ uncertainties of 147Sm/144Nd and 87Rb/86Sr are < 3% based on the propagated analytical error of Sm, Nd, Rb and Sr concentration data;  
143Nd/144Nd ratios are normalised to 146Nd/144Nd = 0.72190; 

2σ uncertainties of 143Nd/144Nd are < 0.004% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 87Sr/86Sr are < 0.007% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 208Pb/204Pb, 207Pb/204Pb and 206Pb/204Pb are < 0.18%, < 0.09% and < 0.5%, respectively, based on the long-term in-house reproducibility of BHVO-2; 

For sake of readability, all listed 2σ absolute errors only refer to the last significant decimal digits of the measured isotope ratios; 

εNd values were calculated relative to CHUR with 147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.512638; 

One-stage Nd model ages (tDM) were calculated according to DePaolo (1981a,b); 

Two-stage Nd model ages (tDM) were calculated according to Liew & Hofmann (1988) using a 147Sm/144Nd = 0.106 for the contaminant, which is the regional average crustal composition 

as approximated by the composition of the Sudbury Igneous Complex (e.g. Prevec et al. 2000) 
207Pb/206Pb1850 was calculated according to Darling et al. (2010a) 
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Figure 8.4 A selection of plots used to illustrate the effects of metasomatism on, and the geochemical clas-
sification and magmatic affinity of, the calc-alkaline quartz diabase from Mackelcan Township; A: isocon 
diagram after Grant (1986); B: TAS classification after Le Bas et al. (1986); C: AFM plot after Irvine & Bara-
gar (1971); D: discrimination plot after Winchester & Floyd (1977); E: discrimination plot after Pearce 
(1983); F: spidergram with normalisation values after McDonough & Sun (1995); Offset Dyke data (exclud-
ing outliers) are mainly from Lightfoot et al. (1997c); data for the Nipissing Suite are from Lightfoot & 
Naldrett (1996b) and Jobin-Bevans (2016); propagated 2σ error bars are smaller than the symbol size. 
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8.6 Interpretation 

Assessment of post-depositional alteration 

Quartz diabase from Mackelcan Township underwent extensive sub-solidus alteration as evident 

from a lack of preservation of primary igneous minerals and textures (e.g. Fig. 8.3), and a prepon-

derance of carbonates and hydrous silicates. Some of these changes are likely related to regional 

greenschist-facies metamorphism and expected to have occurred under isochemical conditions 

(simple hydration), whereas others (e.g. sericitisation, carbonatisation) are more erratic or seem 

to be related to later crosscutting hydrothermal veining and imply an open system behaviour of 

certain elements. Thus, it is first necessary to assess the extent of secondary element mobility, and 

to identify those immobile elements that are representative of the protolith’s composition.  

The isocon method after Grant (1986) offers a straightforward approach to element mobility: Con-

trasting the composition of the freshest sample available (ILN-3A) with that of the most intensely 

altered sample from the same outcrop (ILN-3B) reveals that most elements (esp. HFSE) remained 

constant within the analytical uncertainty, because they plot on, or close to, a straight line (an 

isocon) through the origin (Fig. 8.4A). The slope of this regression line is close to one, indicating 

that – despite volatile gain (LOI +140%) – volume change was negligible. Interestingly, Ca, Al, and 

Si seemingly remained constant as well, indicating that epidotisation and chloritisation were iso-

chemical processes, and are merely a consequence of retrograde metamorphism. Only Sr (–26%), 

Na (–22%), and Pb (–45%) appear mobile possibly due to local metal redistribution following the 

breakdown of magmatic feldspar, and their overall higher solubility. Interestingly, the isocon 

method also implies mobility of Cr (–42%) and Ni (–40%), although it cannot be ruled out that 

this reflects primary inhomogeneities. Sericitisation could explain the apparent gain of K (+39%) 

and Rb (+134%) as well as the large scatter in the TAS diagram (Fig. 8.4B). Relatively low element 

mobility, at least for HFSE, is further supported by constant inter-element ratios (Fig. 8.4D,E), 

uniform trace element patterns (Fig. 8.4F), and optimal alteration indices (not shown).  

The discussion of fluid mobility also applies to radiogenic isotope ratios. Due to the low capacity 

of most fluids to carry trivalent REE (e.g. Bau 1991), it is not expected that either Sm or Nd were 

significantly mobilised during low/medium-grade metamorphism or mild metasomatism, nor 

should have Sm/Nd elemental fractionation taken place unless the fluid:rock ratio was exception-

ally high (e.g. DePaolo & Wasserburg 1979). Immobility of these elements and their isotopes is 

supported by constant Sm/Nd, 143Nd/144Nd, and 147Sm/144Nd ratios. There is no correlation at all 

between the measured 143Nd/144Nd ratio and the whole-rock volatile content, the latter serving as 

an alteration proxy (Fig. 8.5A). Lead isotope ratios are weakly positively correlated with the vol-

atile content (R2 = 0.30), but a significant scatter exists even among the least altered samples. It is 

therefore questionable whether Pb isotope ratios bear any petrogenetic information at all. Fur-

thermore, a decoupling between the U-Pb and Th-Pb decay systems is implied in Figure 8.5F,G, 

because thorogenic Pb defines a linear array typical of a closed system evolution, whereas urano-

genic Pb shows a wide scatter. A large variably also exists with respect to the measured 87Sr/86Sr 

isotope ratios, even though these are not well correlated with the whole-rock volatile content. 

This scatter persists even when Rb/Sr ratios are used to calculate the initial 87Sr/86Sr ratios for 

any arbitrary datum in the Palaeoproterozoic. The observed decoupling of Sr isotope ratios from 

Nd isotope ratios indicates fluid-induced disturbance, at least of the Rb-Sr isotope system. 
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Distinction from Sudbury Offset Dykes and the Nipissing Suite 

Although the quartz diabase from Mackelcan Township petrographically resembles the quartz di-

orite from Afton Township (Chapter 3) or Laura Creek (Chapter 4), the dyke cannot be another 

Offset Dyke of the Sudbury Igneous Complex. Aside from the fact that the dyke is crosscut by 

pseudotachylitic breccia (Sudbury Breccia) (Fig. 8.3B,C), and therefore definitely older than the 

1.85 Ga Sudbury impact event, it also has a distinct trace element signature. This can be seen in 

Figure 8.6, where the trace element pattern of the quartz diabase is contrasted against the aver-

age composition of the Offset Dykes. The graph reveals a large discrepancy that is particular evi-

dent in the slope and the absolute abundance of the REE. Apart from that, the Offset Dykes have 

invariably lower concentrations of TiO2, Nb and Ta compared to the quartz diabase dyke, but 

higher concentrations of Zr, Hf, Th, and alkali metals. Moreover, the quartz diabase has a more 

radiogenic Nd isotope signature relative to the Sudbury Offset Dykes. It follows that the quartz 

diabase dyke from Mackelcan Township, though being similar in modal quartz content, SiO2 con-

centration, and calc-alkaline affinity, cannot be genetically related to the Sudbury impact event. 

 
Figure 8.6 Primitive mantle-normalised trace element abundances for the calc-alkaline quartz diabase dyke 
from Mackelcan Township and, for comparison, selected Offset Dyke averages of the Sudbury Igneous Com-
plex, and the average composition of the tholeiitic quartz diabase dyke found in the same township as well 
as the compositional field as defined by mafic rocks of the Nipissing Suite; normalisation values from Sun & 
McDonough (1989); Offset Dyke literature data are from Lightfoot et al. (1997c); data for the Nipissing Suite 
are from Lightfoot & Naldrett (1996b), Jobin-Bevans (2016), Hagen (2020) and this study (Appendix_1). 

In terms of orientation and whole-rock Nd isotope composition, the quartz diabase is more akin 

to the mafic rocks of the 2.22 Ga Nipissing Suite and the tholeiitic (also Nipissing Suite-related) 

dyke of Chapter 6. All of these have an εNd between –20 and –10, a very high 147Sm/144Nd of > 

0.13, and a tDM > 3 Ga, which, in conjunction with weakly negative Nb-Ta-Ti-P anomalies, suggests 

derivation from a subduction-modified Ti-poor and/or rutile-bearing mantle source (e.g. Light-

foot et al. 1993; Lightfoot & Naldrett 1989, 1996a). However, as evident from Figure 8.6, the 

quartz diabase cannot be genetically related to the Nipissing Suite either, for there exists no over-

lap in trace element composition. Although the quartz diabase and the Nipissing Suite exhibit par-

allel REE patterns, these are outside the compositional range defined by the Nipissing Suite. A 

mismatch also exists in terms of Nb, Ta, Ti, Zr, Th and U concentrations and ratios thereof. Such 

evolved composition is not expected for dykes related to the Nipissing Suite, and it is uncommon 

even in the most differentiated (SiO2-rich) portions of larger sills (Lightfoot & Naldrett 1996a,b). 

1

10

100

1000

Rb Ba Th U Nb Ta K La Ce Pr Nd Sr Sm Hf Zr Ti Eu Gd Tb Dy Ho Y Er Tm Yb Lu

Sa
m

p
le

 /
 P

ri
m

it
iv

e 
M

an
tl

e

  North Range Offset Dykes avgs.

  Calc-alkaline quartz diabase avg.

  Tholeiitic quartz diabase avg.

Field of the
Nipissing Suite

0

1

10

100
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Y Er Tm Yb Lu

Field of the
Nipissing Suite



A. Kawohl, 2022    Calc-Alkaline Diabase 

210 

 

Correlation with the 2.17 Ga Biscotasing Dyke Swarm 

In light of the above considerations and non-correlations, the calc-alkaline quartz diabase dyke 

from Mackelcan Township is most likely related the 2.17 Ga Biscotasing Dyke Swarm (Fig. 8.7). 

Arguments for this will be present below, following a brief overview of this particular dyke swarm.  

 

Figure 8.7 Geological sketch map of the southeast Superior Craton, showing the location of dykes assigned 
to the 2.17 Ga Biscotasing Dyke Swarm; after Halls & Davis (2004); note that the calc-alkaline quartz diabase 
of the present study lies on the same trend as the Biscotasing Dyke Swarm.  

Expect for a few geochronological and palaeomagnetic studies, little work has been done on the 

so-called Biscotasing Dyke Swarm. The dykes have first been recognised as part of distinct swarm 

by Buchan et al. (1993) and Halls & Davis (2004), who obtained U-Pb baddeleyite ages of 2166.7 

± 1.4 Ma, 2167.8 ± 2.2 Ma, 2171.6 ± 1.2 Ma for a number of different localities, including one dyke 

near Cobalt and Noranda (Fig. 8.7). Individual dykes are typically tens of meters wide (e.g. Ernst 

& Buchan 2010) and can be traced for hundreds of kilometres across the Superior Craton, along a 

consistent strike northeast. The dykes seem to be part of a parallel swarm emanating from the 

Ungava Bay region, and have lately been correlated with gabbroic sills of the Otish Basin, and with 

the Payne River Dykes in northern Quebec (Hamilton & Buchan 2016; Milidragovic et al. 2016).  

The hypothesis that the quartz diabase is correlative with the Biscotasing Dyke Swarm is mainly 

based on two arguments. First, the quartz diabase lies exactly on the projected trend of the Bisco-

tasing Dyke Swarm, and it appears to be an extension of one of the dykes that has been mapped 

northeast of the Cobalt Embayment (Fig. 8.7). Second, the quartz diabase has the same trace ele-

ment signature as other members of the Biscotasing Dyke Swarm, as evident from Figure 8.8. 

Minor mismatches exist with respect to Th, U, and Sr, but these are explicable by the dyke of hav-

ing experienced secondary element mobility and/or assimilation of Th-U rich Huronian Super-

group sedimentary rocks. The extremely low Nb/Ta ratio reported previously for the Biscotasing 

Dyke Swarm (Ernst & Buchan 2010, and references therein) is likely an analytical artifact. Apart 

from that, there exists a good overlap in terms of major element concentrations (cf. Ernst & 

Buchan 2010). Unfortunately, no whole-rock Sm-Nd isotope data have been published for the Bis-

cotasing Dyke Swarm therefore preventing correlation on the basis of Nd isotope systematics. 
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Figure 8.8 Primitive mantle-normalised trace element abundances for the calc-alkaline quartz diabase dyke 
from Mackelcan Township and, for comparison, the Biscotasing Dyke Swarm; normalisation values are from 
Sun & McDonough (1989); literature data from Halls & Davis (2004), Hamilton & Stott (2008) and Buchan 
& Ernst (2010). 

If the above hypothesis turns out to be correct, and the quartz diabase dyke does correlate with 

the 2.17 Ga Biscotasing Dyke Swarm, it would be indication of yet another, hitherto unrecognised, 

mafic magmatic event having affected the Huronian Basin and the target area of the 1.85 Ga Sud-

bury impact. Together with the recognition of 1.88–1.86 Ga alkaline ultrabasic dykes in the area 

(Chapter 7), the picture emerges of a more complex, divers, and protracted magmatic history of 

the Huronian Basin than previously assumed. The economic significance of the Biscotasing mag-

matic event, for example with respect to potential Ni-Cu-PGE sulphide mineralisation, remains to 

be demonstrated.  

1

10

100

1000

Rb Ba Th U Nb Ta K La Ce Pr Nd Sr Sm Hf Zr Ti Eu Gd Tb Dy Ho Y Er Tm Yb Lu

Sa
m

p
le

 /
 P

ri
m

it
iv

e 
M

an
tl

e
  Biscotasing Dyke Swarm avg.

  Biscotasing Dyke Swarm 1std.

  Calc-alkaline quartz diabase avg.

Field of the
Biscotasing dykes

Field of the
Biscotasing dykes

0

1

10

100
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Y Er Tm Yb Lu

0.1 



A. Kawohl, 2022    Felsic Dykes 

212 

 

Felsic Dykes 

9.1 Summary* 

Hornblende syenite occurs on an island at Matagamasi Lake, Rathbun Township. The “dyke” has 

a roughly lenticular shape, is about 20–50 cm wide, strikes N20°W, and cuts across gabbro of the 

Nipissing Suite, which seems to have undergone intense metasomatism along the intrusive con-

tact. The syenite is composed primarily of albite (Ab98–Ab99) and Ti-rich magnesio hornblende. 

Albite occurs as fine grains in a polygonal texture, or as larger tabular grains with a distinct chess-

board pattern. All albite, regardless of morphology, contains exsolutions of K-rich feldspar, sug-

gesting crystallisation above the solvus. Hornblende thermobarometry and hornblende-albite ex-

change thermometry reveal a pressure of 0.9–1.7 kbar and a temperature of 600–710°C. All of this 

points to a magmatic origin of the rock, not to metasomatic replacement in the sense of an episy-

enite. The best age constraint available is a three-point mineral-rock Sm-Nd isochron, which 

yielded, however, only an ambiguous date of or 1842 ± 170 Ma. Therefore, the syenite could either 

be genetically related to the 1872 ± 3 Ma alkaline ultrabasic magmatism documented above, in-

cluding the 1881 Ma Spanish River Carbonatite, or the 1750–1700 Ma Killarney Magmatic Belt. 

Whether the syenite pre- or post-dated the 1850 Ma Sudbury impact event is, for a lack of cross-

cutting relations, not known. A genetic relationship to regional Na-metasomatism (albitisation) 

and hydrothermal Cu-Au mineralisation previously documented in the area is possible.  

In addition, aplitic (tonalitic) dykes of random orientation cut across gabbro of the Nipissing Suite 

and across wacke of the Gowganda Formation at Matagamasi Lake, Rathbun Township. The dykes 

are ≤ 2 m wide, ≤ 20 m long, dip subvertical, and occur in sharp, non-chilled, contact with their 

host rocks. One of the aplitic dykes is cut by pseudotachylitic breccia, thus, dyke emplacement is 

constrained between 2220 Ma and 1850 Ma. Petrographically, the aplitic rocks have a fine-grained 

equigranular aphyric texture and are composed of quartz, albite-rich plagioclase, microcline, and 

minor chlorite + ilmenite likely after biotite or amphibole. In terms of lithogeochemistry, the ap-

litic rocks are very siliceous (77 wt% SiO2), sodium-rich, peraluminous, and ambiguously classi-

fied as either I-type or S-type granitoids. They are further characterised by very low REE concen-

trations (0.4–22 ppm La), low P2O5 (≤ 0.01 wt%), and a significant depletion LREE relative to 

HREE suggesting fractionation by allanite, monazite and/or apatite; elevated contents of Cr (34–

456 ppm) and Ni (5–243 ppm) may indicate interaction with, or deviation from, mafic magma. 

Geochemically, the aplitic dykes defy most tectonic/genetic granite classification schemes; whole-

rock Sm-Nd and Pb isotope systematics were likely affected by monazite fractionation and, there-

fore, provide no reliable petrogenetic information either. Based on the shapes and the distribution 

of the aplitic dykes, their aphyric nature and lack of chilled margins, and their pronounced deple-

tion in Sr (12–71 ppm) coupled with distinct negative Eu anomalies, it is proposed that the aplitic 

dykes represent residual, highly fractionated felsic melt extracted from a mafic (plagioclase-py-

roxene ± apatite ±monazite-bearing) crystal mush, for example, through gas-driven filter press-

ing. Thus, the aplitic dykes are interpreted as syn-magmatic with, and genetically related to, the 

2.22 Ga Nipissing Suite. 
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9.2 Local Geology 

Rathbun Township is located 10–15 km northeast of the City of Sudbury. It extends across the 10 

km-large Wanapitei Lake and covers the southwest part of the Temagami Anomaly. It borders the 

1.85 Ga Sudbury Igneous Complex and Norman Township in the west, Aylmer and Mackelcan 

townships to the north, Kelly Township to the east, and Scadding and MacLennan townships to 

the south. Access is provided via Highway 17 coming from Sudbury, then turning into Kukagami 

Road and heading for 30 km north along the Bushy Bay Road until Portage Bay, which is situated 

at the isthmus between Wanapitei Lake and Matagamasi Lake. Some outcrops around Portage Bay 

may be accessed by boat only. In contrast to much of the eastern part of the Temagami Anomaly, 

outcrops in the Portage Bay area are abundant, especially along the shoreline, at roads, and other 

manmade excavations. Black smelter coatings are mostly absent. Relief is significant, in places.  

The oldest rocks in the Matagamasi Lake area are siliciclastic sedimentary rocks of the Cobalt 

Group (upper Huronian Supergroup), deposited between 2.35 and 2.31 Ga in a glaciogenic to flu-

viatile environment. Wacke, silt- and mudstone of the Gowganda Formation prevail; arenites of 

the overlying Lorrain Formation are only exposed in a narrow corridor in the northeast corner of 

the study area, and within an enclave around Bassfin Lake (Fig. 9.1). A greenish grey massive and 

wacke (Coleman Member) is the aerially most extensive lithology of the Gowganda Formation; 

laminated argillite (Firstbrook Member) is locally found north of Rathbun Lake and near Bassfin 

Lake. Typical features observed in the Gowganda Formation include Archaean dropstones (mostly 

pink granitoid), rhythmical bedding and, occasionally, conglomeratic layers. Sedimentary features 

typically observed in the Lorrain Formation include thin layers of quartz pebbles, planar and 

through cross-stratification. The thickness of the Cobalt Group in the area is not reliably known. 

Rocks of the Cobalt Group were, in many places, intruded by tholeiitic magmas of the 2.22 Ga Nip-

issing Suite, forming typically sills of up to 1 km in thickness, which are concordant with the Gow-

ganda-Lorrain contact, rarely dykes. An exceptionally well-studied member of the Nipissing Suite 

is exposed at Portage Bay, stretching across Matagamasi and Kukagami Lake, and extending as far 

as Scadding Bay to the south. The so-called Wanapitei Intrusion (not to be confused with the 1.75 

Ga Wanapitei Complex in the Grenville Province; Prevec 1995) is a lopolith-like body that received 

considerable attention throughout the past as a Cu-Ni-PGE prospect. Dated at 2109 ± 40 Ma using 

the K-Ar method (Edgar 1986) it was confirmed as being a member of the Nipissing Suite (see 

also: Dressler 1982; Lightfoot & Naldrett 1996a). The lopolith could have originally exceeded 8 

km in diameter and 800 m in thickness (Edgar 1986); the three separate lobes of the intrusion 

measure 3 x 1 km in plain view each. Their basal intrusive contacts dip steeply and face a common 

centre at Bassfin Lake (Fig. 9.1). Thermal metamorphism of the country rock is restricted to < 2 

m of baking. A basal unit of fine-grained quartz diabase (< 5 vol% quartz) is typically present, but 

more than 98 vol% of the Wanapitei Intrusion consists of massive, medium-grained, equigranular 

and relatively fresh Nipissing Suite-typical orthopyroxene gabbro without macroscopic evidence 

of igneous layering (see however: Finn et al. 1982; Finn & Edgar 1986). Pegmatoidal segregations 

(with cm-sized augite and/or hornblende crystals) occur here and there, but always > 100 m 

above the basal intrusive contact. Deformation is very limited; chloritic shears may be occasion-

ally observed. The Wanapitei Intrusions hosts, in places, subeconomic Cu-Ni-PGE mineralisation 

in form of disseminated (< 3 vol%) patchy to globular chalcopyrite, pyrrhotite ± pentlandite of 

orthomagmatic origin (Lightfoot & Naldrett 1996a; Jobin-Bevans 2000; Lightfoot 2016, p. 91).  
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Figure 9.1 Geological map of Matagamasi Lake, Rathbun Township, showing the regional geological 
and lithostratigraphic context of the felsic intrusions and their suspicious proximity to hydrothermal 
gold occurrences; based on maps of Dressler (1981a,b, 1982) and Goad & Rowell (1985).  
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The youngest rocks in the area are, once again, dykes of alkaline olivine gabbro related to the 1.23 

Ga Sudbury Dyke Swarm. The dykes are very continuous in suboutcrop and can be – thanks to 

their high magnetite content – traced for many tens of kilometres in aeromagnetic maps. The 

thickest dyke trends across Kukagami Lake and Matagamasi Lake. It is up to 300 m wide and ex-

hibits steeply dipping and chilled contacts (Dressler 1982; Shellnutt & MacRae 2012). The dyke is 

clearly visible in satellite imagery as a sparsely vegetated lineament, and in the field as a promi-

nent ridge. A number of parallel dykes of likely the same age occur to the north and south, for 

instance, around Portage Bay (Fig. 9.1). Olivine gabbro is also found all over Scadding Township, 

including the Scadding Au-Mine. A grab sample collected from there revealed the rock to be com-

posed of fresh plagioclase, augite, olivine, and opaques. Olivine is remarkbely pristine, and only 

surficial weathered to iddingsite. Considering the ease at which olivine would have been altered 

to serpentine, magnesite or chlorite, the fresh mineralogy of the dyke indicates that it must have 

escaped regional metamorphism and alteration, and this provides important constraints as to the 

relative timing of regional deformation, metamorphism, and hydrothermal activity in the area. 

Evidently, the effects of the nearby 1.1–1.0 Ga Grenville Orogen must have been very limited. 

The area around Wanapitei Lake is characterised by a high density of gold occurrences (“Wahnap-

itae Gold Region”; Gates 1991, p. 3). Most of these were discovered in the 1890s and intermittently 

mined for short periods. A detailed account on their history and geology was given by Dressler 

(1982) and Gates (1991). Four gold occurrences are found within a small area of less than 2 km2 

at southern Matagamasi Lake (Fig. 9.1), the most famous of which being the Crystal/Comstock 

property. The name referrers to large grains of native gold associated with extensive quartz vein-

ing (Coleman 1898). Exceptional high Au grades (ca. 300 g/t) for this occurrence were previously 

reported by Blue (1896, as cited in Gates 1991, p. 179), but subsequent exploration failed to re-

produce these impressive values (e.g. Goad & Rowell 1985; Gates 1991). All the Au occurrences in 

the Wanapitei Lake area share similar characteristics suggesting they could have formed by the 

same process, perhaps even during the same event: They are all hosted by massive, up to 15 m 

thick quartz veins, quartz stockworks and/or hydrothermal breccias, with quartz, chlorite, albite, 

carbonate (calcite, ankerite, dolomite ± rhodochrosite), pyrite, chalcopyrite ± galena ± arsenopy-

rite ± bornite ± fuchsite being the typical gangue (Gates 1991); tourmaline was only reported by 

Goad & Rowell (1985); actinolite roses were locally observed by the author. The host rocks can be 

quite variable. Many occurrences are found in the Gowganda and Lorrain formations, some in sed-

imentary rocks of the lower Huronian Supergroup, or in gabbro of the Nipissing Suite. A common 

theme, however, is the proximity (< 1 km) of each occurrence to mafic rocks of the Nipissing Suite. 

This close spatial association could point to a genetic relationship. On a very local scale, the distri-

bution of the mineralisation and the orientation of the ore-hosting veins seems random and with-

out an obvious structural control. On a regional scale, however, all occurrences lie on a structural 

trend coincident with the orientation of the Onaping Fault System. The so-called Garbage Dump 

zone (Gates 1991), for example, is found at the south end of the McLaren Creek Fault, and the 

Crystal, Gordon, Mondoux, Last Chance and Crystal North showings are found on the northern 

extension of the same structure (Fig. 9.1). The Rainy/Telteck occurrences (Aylmer Township) – 

two extensive hydrothermal breccia bodies with marginal Cu-Au sulphide mineralisation and of 

potential use as dimension stone (Gates 1991) – are found directly adjacent to the upper Wanap-

itei River Fault. The Cobalt Hill and Wolf Lake showings are yet another example of Cu-Au miner-

alisation spatially linked to these N-trending structures (i.e., the Laundry Lake structure/fault;  

Dressler 1982; Chapter 6). 



A. Kawohl, 2022    Felsic Dykes 

216 

 

9.3 Field Relations 

Recent field work by Inventus Mining Corp. identified a number of felsic dykes in and around 

Matagamasi Lake, Rathbun Township. Some of these dykes were already recognised by Dressler 

(1982) and Goad & Rowell (1985) but have not been investigated in any detail since. Dressler 

(1982), who tentatively mapped the dykes as part of the Nipissing Suite, distinguished between 

three types: tonalite-granodiorite, fine-grained granitic dykes, and a monzodioritic pegmatite. For 

each lithology, Dressler (1982) provided a very brief description, and whole-rock major element 

analyses obtained on one or two samples, although he did not provide coordinates of the sample 

locations. Due to their exotic nature and suspicious proximity to several hydrothermal gold oc-

currences (Fig. 9.1), the felsic dykes from Matagamasi Lake have been revisited for this study.  

Certainly the most interesting dyke, a pegmatitic hornblende quartz syenite, was observed on an 

island in southern Matagamasi Lake (Fig. 9.2A; corresponding sample MAT20-2B). The syenite at 

this location (i.e., the pegmatite of Dressler 1982, p. 31) is a very irregular-textured, non-magnetic 

lenticular or dyke-like feature, at least 20–50 cm wide, and in sharp contact with gabbro of the 

Nipissing Suite. No decrease in grain size of the syenite was observed near the contact. The syenite 

extends for about 3 m striking N20°W and likely continuous for a few more metres southeast into 

the lake; its exact orientation remains, due to the two-dimensional nature of the outcrop, uncer-

tain. As seen in Figure 9.2A, the syenite is either pegmatoidal or compositionally zoned with an 

inner mafic part (dominated by hornblende) and an outer felsic part (pink feldspar, white quartz). 

The country rock at the syenite-gabbro contact underwent extensive metasomatism as evident by 

an irregular bleaching of the gabbro and its pervasive texturally destructive replacement by epi-

dote, amphibole, and beige, cream-coloured, locally red, feldspar-looking mineral(s) (scapolite?). 

Sharp-walled apophyses and curvy vein-like alteration features, apparently composed of massive 

albite extend from the main syenite dyke outward into the country rock. Some of these apophyses 

show a similar zonation as the syenite; they consist of stretched amphibole fibres, rimmed with, 

what appears to be, albite ± quartz. Although Sudbury Breccia does occur in the area (Fig. 9.1), 

the relationship between syenite, alteration, and the brecciation is not known. Unfortunately, 

channel sampling of the outcrop was not permitted at the time of visiting, thus limiting the number 

of available samples of the hornblende syenite to a few small hand specimens and rock chips. 

All the other felsic dykes from Matagamasi Lake are, as it seems, of the same category: They are 

aplitic, texturally uniform weather light grey, beige, or brick red, and are, without exception, non-

magnetic. The aplitic dykes are relatively resistant and massive, exhibit either rectangular or no 

type of jointing at all, and typically create a positive relief against their soft host rocks. The dykes 

are between 5 cm and 3 m thick, randomly oriented, and can be traced continuously in outcrop 

for as much as 15 m along strike (Fig. 9.2B) or possibly beyond. Where the outcrop conditions 

permit to obtain structural data, the dykes dip (sub-)vertically (Fig. 9.2C). Sharp contacts against 

the country rock (gabbro, wacke) are the norm. One of the aplitic dykes (Fig. 9.2B) was found to 

cut discordantly at a low angle (35°) across the bedding-parallel intrusive contact between fine- 

to medium grained Nipissing Suite gabbro and Gowganda Formation wacke. In contrast to the 

syenite above, the aplitic dykes are not associated with extensive zones of metasomatism, but they 

are themselves locally cut by quartz-chlorite-carbonate-hematite veins. Field relations between 

Sudbury Breccia and the aplitic dykes are equivocal. However, as will be shown below, there is 

clear textural evidence of the aplitic dykes being older than the 1.85 Ga Sudbury Breccia. 



A. Kawohl, 2022    Felsic Dykes 

217 

 

 

Figure 9.2 Photographs of felsic dykes from Matagamasi Lake, Rathbun Township; A: pegmatitic horn-
blende syenite cutting metasomatised Nipissing Suite gabbro, Matagamasi south islands (46°45 06N 80°36 
21W; sample MAT20-2B); B: aplitic dyke cutting Gowganda Formation wacke at the “Matagamasi Y” penin-
sula (46°47 04N 80°36 06W; sample MAT20-4); C: aplitic dyke cutting Nipissing Suite gabbro at “Mataga-
masi Y” peninsula (46°47 07N 80°36 01W; sample MAT20-8); length of the hammer = 50 cm; photographs 
were kindly provided by Jacob VanderWal and Renan Silva.  

A third type of felsic rock was observed at the “Matagamasi Y” peninsula, although not in outcrop. 

At this location (46°46 55N 80°35 57W), subangular boulders of feldspar porphyry were noted, 

several decimetres in size. The rock is composed of ca. 75 vol% euhedral alkali feldspar pheno-

crysts (2–4 cm grain size), set in an aphantic dark green groundmass; phenocrysts exhibit com-

positional zoning and are crudely aligned. The shape and high population of these boulders is in-

consistent with a glacial and/or fluviatile transport, and instead points to a very local origin. How-

ever, as their source outcrop could not be identified, the feldspar porphyry will not be considered 

further in this study. It is, nevertheless, interesting to note that a similar type of porphyric dyke 

was mentioned by Dressler (1982, p. 31) for two locations in northwest Rathbun Township, cut-

ting across gabbro of the Nipissing Suite. Unfortunately, Dressler (1982) did not give any details.  
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9.4 Petrography 

Hornblende syenite 

Syenite from southern Matagamasi Lake is salmon pink on freshly broken surfaces and weathers 

beige to grey. The available samples are non-magnetic, leucocratic with irregular dispersed mafic 

clots, and of granitic to locally pseudo pegmatoidal texture (Fig. 9.3A). The rock exhibits a consid-

erable variation of grain size, even within a single thin section. Examination of thin sections reveal 

a relatively simple mineralogical composition, with hornblende (5–10 vol%) and albite (90–95 

vol%) being identified. Neither nepheline nor quartz was observed in thin section. Accordingly, 

the rock is classified as hornblende alkali feldspar syenite/albitite sensu Streckeisen (1976).  

Albite occurs as two different morphological types. It is predominantly found as 50–300 µm large, 

mostly un-twinned, homogeneous, anhedral grains within monomineralic domains. These do-

mains are characterised by an equigranular polygonal texture and appear cherty due to the rela-

tively fresh and fine-grained nature of the albite they are composed of (Fig. 9.3B). Monomineralic 

albite domains may be easily mistaken for large anhedral flesh-coloured alkali feldspar crystals in 

hand specimen (Fig. 9.3A). Albite is also found within coarse-grained patches together with horn-

blende, forming subhedral angular grains of up to 1.5 mm in size. Coarse-grained albite may be 

with or without polysynthetic twinning and typically exhibits an irregular extinction (Fig. 9.3C). 

Some of the albite (< 10%) also exhibits grid-like “chessboard” twinning (Fig. 9.3D,E) – a specific 

form of albite widely documented but poorly understood (e.g. Becke 1906; Exner 1949; Starkey 

1959; Siemiatkowska & Martin 1975; Schandl 2004). The chessboard pattern of albite can be, on 

first sight, easily mistaken for tartan twinning of microcline, and it required XRD and EMP anal-

yses to identify the mineral as almost pure albite (see Chapter 9.5). 

Hornblende occurs as subhedral to anhedral prismatic or rhombic grains of up to 1 mm in size 

within mafic patches (Fig. 9.3B,C), but also within the more felsic domains together with polygo-

nal albite (Fig. 9.3D–F). The amphibole, whose chemical composition conforms to that of titanif-

erous magnesio hornblende, displays pleochroism from greyish green to brownish green, second-

order interference colours, and shows no optical zonation. In BSE images, however, almost all 

grains exhibit a pronounced yet patchy distributed compositional zonation, from bright cores 

(higher average atomic number) to dark rims (lower average atomic number). Preliminary micro-

probe analyses indicate that this zonation is, at least in part, due to variations in the Fe/Mg ratio. 

Another interesting feature of the rock is the presence of accessory (< 0.01 vol%) calcite without 

any obvious link to hydrothermal alteration. Although one sample does contain calcite-zoisite 

veins of arguably secondary origin, calcite was also observed within entirely fresh samples, where 

it occurs as an anhedral interstitial mineral between amphibole and albite (Fig. 9.3E,F). Thus, 

there is a certain possibility that some of the observed calcite is a primary magmatic phase. Other 

accessory minerals comprise leucoxene and monazite. Ilmenite occurs as amoeboid, vermicular 

or rice grain-shaped opaque grains surrounded by cryptocrystalline semi opaque selvages. Mon-

azite is found as < 50 µm large anhedral grains enclosed in amphibole, and typically surrounded 

by metamict (brown to entirely opaque) halos.  

No pseudotachylitic breccia was observed in any of the available samples. The age of the horn-

blende syenite relative to the 1.85 Ga Sudbury impact event, therefore, remains equivocal.  
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Figure 9.3 Photograph and microphotographs of hornblende syenite from southern Matagamasi Lake, 
Rathbun Township; A: polished hand specimen (sample MAT20-2B); B: thin section of the same specimen 
under transmitted light and crossed polars, showing patches of hornblende together with patches of mas-
sive albite; C–D: thin section under transmitted light and crossed polars, showing “chessboard” albite inter-
grown with hornblende; E: thin section under transmitted light and crossed polars, showing a hornblende 
crystal with a well-developed diagnostic cleavage, set in a groundmass of fine-grained polygonal albite; note 
the calcite interstitial between hornblende and albite; F: thin section under transmitted light and crossed 
polars, showing another example of calcite interstitial between prismatic hornblende and granular polygo-
nal albite. Abbreviations: Ab = albite; Hbl = hornblende; Cc = calcite.  
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Aplitic dykes 

Aplitic rocks from Matagamasi Lake weather beige, white to brick red (Fig. 9.4A,B). The rocks are 

massive, non-magnetic, (holo-)leucocratic, equigranular and texturally uniform at the outcrop 

scale. Textures range from sugary aphantic to phaneritic fine-grained (≤ 1 mm). Mafic minerals, 

which account for less than 5 vol% of the rock, can be occasionally observed, though not identified, 

in hand specimen. In spite of the wide range in colour that is observed in outcrop and in hand 

specimens, thin section microscopy reveals a remarkable uniform mineralogical composition and 

texture. The texture can be described as holocrystalline, aphyric, equigranular and polygonal; the 

principal rock-forming minerals are quartz (35–50 vol%), plagioclase (40–60 vol%), microcline 

(5–10 vol%), chlorite (1–5 vol%), and traces of leucoxene, zircon, and possibly monazite. These 

modal abundances classify the rock as tonalite or granodiorite according to Streckeisen (1976).  

Quartz occurs as clear subangular anhedral and equant grains of < 1.5 mm in size (Fig. 9.4C). 

Brittle deformation prevails; no undulose extinction was observed. Sutured and bulging grain 

boundaries are common where multiple quartz grains are in mutual contact. Granophyric textures 

are absent. Plagioclase occurs as subhedral tabular grains (aspect ratio 1:2 to 1:4). The mineral 

exhibits polysynthetic twinning of the albite law and, in many places, a pronounced core-rim zo-

nation. Plagioclase, while being mostly pristine, is locally replaced by relatively coarse-grained 

sericite fibres (Fig. 9.4D). The cores of plagioclase appear to have been preferentially affected by 

this replacement process. Replacement by epidote, on the other hand, was only observed at one 

locality. K-feldspar is found as angular subhedral grains < 1 mm, forming triple junctions with 

plagioclase and quartz. K-feldspar, like plagioclase, is of dusty appearance under plane polars; al-

teration to sericite or clay is the norm. The mineral is distinguished form plagioclase by its diag-

nostic tartan twinning (Fig. 9.4E,F) and the absence of an optical zonation. Chlorite was found as 

a minor constituent in every sample, interstitial between quartz and feldspar (Fig. 9.4E). Chlorite 

is anhedral or forms bundles, exhibits olive to grey interference colours and abundant metamict 

rims around inclusions of granular monazite (< 50 µm) and zircon (< 20 µm). It appears that chlo-

rite is secondary after primary ferromagnesian minerals, either biotite or amphibole. Another 

ubiquitous mineral is leucoxene, which occurs in accessory amounts (~0.01 vol%) interstitial be-

tween quartz and feldspar, and frequently intergrown with chlorite. Leucoxene is beige, brown, 

grey, or entirely opaque in plane polarised light; the mineral aggregate is most likely another re-

placement product of primary Ti-rich biotite or hornblende. 

Barren veins of quartz > carbonate > chlorite can be observed at most sample localities. With ex-

ception of these hydrothermal veins and minor sericitisation of feldspar, the aplitic rocks are 

fresh. One sample, however, had been affected by pervasive carbonatisation and the alteration of 

feldspar by iron oxide (and possibly clay) along fractures, grain boundaries, twin- and cleavage 

plains. The latter is likely responsible for the brick red staining of the rock (Fig. 9.4B). 

Most of the aplitic rocks, especially from southern Matagamasi Lake, contain microfractures that 

are only apparent in thin section (Fig. 9.4F). The origin of these fractures is unclear, but they could 

represent a variety of Sudbury Breccia, similar to the features documented before in mafic litho-

types (Chapters 5–7). One outcrop provides unequivocal evidence of the aplite being older than 

the 1.85 Ga Sudbury impact, as the aplite there is cut by, and has been reworked as clasts into, 

pseudotachylitic breccia (Fig. 9.5). This breccia sample bears all hallmarks of the typical granite-

hosted Sudbury Breccia elsewhere and, therefore, does not require further elaboration. 
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Figure 9.4 Photographs and microphotographs of aplitic rocks from Matagamasi Lake, Rathbun Township; 
A: hand specimen of a relatively fresh aplite (sample MAT20-5); B: hand specimen of an altered aplite (sam-
ple MAT20-4); the brick red staining is seemingly due to alteration of feldspar associated with a pervasive 
carbonatisation; C: thin section (sample MAT20-6A) under transmitted light and plane polars, showing 
quartz and feldspar in an equigranular texture; D: thin section (sample MAT20-6A) under transmitted light 
and crossed polars, showing slightly altered plagioclase together with quartz; E: thin section (sample 
MAT20-8A) under transmitted light and crossed polars, showing chlorite interstitial to plagioclase, micro-
cline, and quartz; F: thin section (sample MAT20-8B) under transmitted light and crossed polars, showing 
relatively fresh but microfractured microcline, plagioclase, and quartz. Abbreviations: Qtz = quartz; Fsp = 
feldspar; Ser = sericite; Pl = plagioclase; Chl = chlorite; Mc = microcline. 
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Figure 9.5 Photographs and microphotographs of Sudbury Breccia cutting an aplitic dyke from southern 
Matagamasi Lake, Rathbun Township; A: hand specimen (sample MAT20-1A) of pseudotachylitic breccia 
developed in aplite; B: close-up image of the same specimen; C–D: thin section under transmitted light and 
plane polars, showing pseudotachylitic breccia (cryptocrystalline rock flour) with abundant clasts of the 
aplitic host rock; E: thin section under transmitted light, crossed polars, and with gypsum compensator, 
showing the transition between aplite and massive matrix-supported pseudotachylitic breccia; note the off-
shoots of breccia matrix (injection veins) into the aplite, perpendicular to the main zone of brecciation; F: 
thin section under transmitted light and crossed polars, showing a lithic clast of aplite surrounded by a 
cryptocrystalline, almost opaque (glass-bearing?), matrix. Abbreviations: SUBX = Sudbury Breccia.  
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9.5 Mineral Chemistry 

Amphibole  

Representative compositional data for amphibole from the hornblende syenite from Matagamasi 

Lake are presented in Table 9.1 together with structural formulae calculated on the basis of 13 

cations per formula unit (excluding Na, Ka, Ca), and with a stochiometric Fe3+/Fe2+ determination 

following Holland & Blundy (1994). The amphibole grains have a fairly homogeneous composi-

tion, although incipient alteration of the amphibole to chlorite (and Fe-oxide?) occasionally re-

sulted in mixed analyses with totals of less than 97 wt%; these analyses were discarded. Electron 

microprobe analyses further revealed that the amphibole is intergrown, at the micron-level, with 

accessory ilmenite. The SiO2 content of the amphibole is between 50 and 54 wt%, CaO has a nar-

row range between 10 and 11 wt%, and all analyses are low in Al2O3 (2–4 wt%) and alkali metals 

(≤ 1 wt%). This composition classifies the amphibole as calcic, and more specifically, as magnesio 

hornblende according to the nomenclature of Leake et al. (1997). The hornblende has a Mg# (= 

100×Mg/[Mg+Fe]) between 57 and 74, and it exhibits a wide range in the Fe3+/(Fe3++Fe2+) ratio, 

between 0.20 and 0.98, although most samples are between 0.25 and 0.70. The relatively low 

Fe3+/(Fe3++Fe2+) ratio encountered in most of the analyses is indicative of a low oxygen fugacity 

(∆NNO –1; Ridolfi & Renzulli 2012), which is commenced with the presence of ilmenite in the 

sample (magnetite or titanite would indicate oxidised conditions). Of note, the hornblende has 

elevated TiO2 contents between 0.5 and 1.2 wt% (0.81 wt% on average). 

Application of the various thermometric and barometric equations listed in Chapter 2.2.4 re-

vealed a low-pressure high-temperature origin of the magnesio hornblende. For instance, the 

thermometer of Ridolfi & Renzulli (2012) gave an average temperature (± 1 std.) of 604 ± 116°C 

(n=69); the thermometer of Ridolfi et al. (2010) gave 708 ± 20°C. These values are in good agree-

ment with the temperature derived from the Ti-in-amphibole thermometer of Liao et al. (2021), 

which yielded an average of 654 ± 33°C. Using the amphibole data in concert with chemical anal-

yses of the presumably co-genetic albite (Tab. 9.2), the plagioclase-amphibole thermometer of 

Holland & Blundy (1994) gave an average temperature of 601 ± 35°C. Note that all these temper-

atures are within the uncertainty of the different methods and the quoted standard deviations 

almost identical; also note that these temperatures far exceed the peak metamorphic conditions 

previously established for the region (Card 1978; Dressler 1982; Easton 2000).  

None of the linear Al-in-amphibole barometers (e.g. Hammarstrom & Zen 1986; Hollister et al. 

1987; Johnson & Rutherford 1989; Schmidt 1992) gave meaningful results because of the low 

Al2O3 content of the hornblende in question. The equation of Mutch et al. (2016), in combination 

with the results of the thermometry above, yielded an average pressure of 0.93 ± 0.12 kbar equat-

ing to a depth of 3.6 ± 0.5 km at an average overburden density of 2,600 kg/m3. A pressure of 1.73 

± 0.10 kbar equivalent to a crustal depth of 6.8 ± 0.4 km was obtained via Anderson & Smith 

(1995) – excluding (as recommended) those analyses with a Fe3+/(Fe3++Fe2+) ratio ≥ 0.25 and Fe# 

≤ 0.65. An unrealistically low pressure, 0.34 ± 0.09 kbar, was obtained using the barometer of 

Ridolfi & Renzulli (2012). This pressure is below the lower stability limit of amphibole (e.g. Mutch 

et al. 2016) and therefore considered geologically meaningless. The other pressure estimates, 

however, seem reasonable and are consistent with emplacement of the rock and the crystallisa-

tion of the amphibole at a paleodepth of 3–7 km, i.e., at the base of the ~5 km thick Cobalt Group.
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Table 9.1 Representative electron microprobe data and structural formulae for amphibole in the hornblende syenite from Matagamasi Lake, Rathbun Township 

SiO2 TiO2 Al2O3 Cr2O3 FeO MgO CaO MnO Na2O K2O Sum  Tetrahedral site M1, M2, M3 sites M4 site A site 

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%  Si Al(IV) Ti(IV) Σ Al(VI) Ti Cr Fe3+ Mg Fe2+ Mn Σ Fe2+ Ca Na Σ Na K Σ 

                               
53.0 1.24 3.27 0.07 11.9 16.5 10.8 0.12 0.85 0.16 97.79  7.45 0.54 0.01 8.00 0.00 0.12 0.01 0.77 3.46 0.63 0.01 5.00 0.00 1.63 0.23 1.86 0.00 0.03 0.03 

52.9 1.20 3.10 0.03 11.2 17.2 11.1 0.12 0.67 0.14 97.66  7.43 0.51 0.06 8.00 0.00 0.07 0.00 0.83 3.60 0.49 0.01 5.00 0.00 1.67 0.18 1.85 0.00 0.03 0.03 

52.7 1.19 3.05 0.07 11.3 16.6 11.3 0.11 0.78 0.16 97.30  7.48 0.51 0.01 8.00 0.00 0.11 0.01 0.60 3.52 0.75 0.01 5.00 0.00 1.72 0.22 1.93 0.00 0.03 0.03 

53.1 1.18 3.11 0.08 11.0 17.3 11.2 0.09 0.75 0.15 97.94  7.44 0.51 0.04 8.00 0.00 0.08 0.01 0.74 3.61 0.55 0.01 5.00 0.00 1.69 0.20 1.89 0.00 0.03 0.03 

53.6 1.11 3.00 0.14 11.1 16.2 11.3 0.10 0.67 0.15 97.34  7.61 0.39 0.00 8.00 0.11 0.12 0.02 0.39 3.42 0.93 0.01 5.00 0.00 1.71 0.18 1.90 0.00 0.03 0.03 

53.1 1.09 2.76 0.01 11.5 16.6 11.5 0.12 0.64 0.13 97.47  7.53 0.46 0.01 8.00 0.00 0.11 0.00 0.55 3.52 0.81 0.01 5.00 0.00 1.75 0.18 1.93 0.00 0.02 0.02 

50.1 1.06 4.03 0.05 15.7 13.9 10.8 0.23 0.99 0.20 97.06  7.26 0.69 0.05 8.00 0.00 0.07 0.01 0.86 3.00 1.03 0.03 5.00 0.00 1.68 0.28 1.96 0.00 0.04 0.04 

52.9 1.05 2.82 0.06 11.3 17.1 10.9 0.13 0.73 0.12 97.19  7.46 0.47 0.07 8.00 0.00 0.04 0.01 0.86 3.60 0.47 0.02 5.00 0.00 1.65 0.20 1.85 0.00 0.02 0.02 

52.7 1.05 3.10 0.05 12.0 16.7 10.6 0.11 0.87 0.16 97.35  7.43 0.52 0.06 8.00 0.00 0.05 0.01 0.92 3.51 0.50 0.01 5.00 0.00 1.61 0.24 1.85 0.00 0.03 0.03 

52.2 1.04 3.39 0.18 12.2 16.3 11.2 0.16 0.86 0.17 97.66  7.40 0.57 0.04 8.00 0.00 0.07 0.02 0.73 3.45 0.71 0.02 5.00 0.00 1.70 0.24 1.94 0.00 0.03 0.03 

50.4 1.02 4.02 0.09 15.3 13.8 11.1 0.24 0.84 0.19 97.06  7.32 0.68 0.00 8.00 0.00 0.11 0.01 0.71 2.99 1.14 0.03 5.00 0.00 1.73 0.24 1.97 0.00 0.04 0.04 

50.3 0.99 3.94 0.11 16.7 13.3 11.2 0.21 0.95 0.20 97.89  7.29 0.67 0.04 8.00 0.00 0.07 0.01 0.74 2.87 1.28 0.03 5.00 0.00 1.74 0.26 2.00 0.01 0.04 0.04 

53.1 0.93 2.61 0.03 11.4 17.3 11.4 0.10 0.81 0.14 97.87  7.48 0.43 0.09 8.00 0.00 0.01 0.00 0.74 3.63 0.60 0.01 5.00 0.00 1.71 0.22 1.94 0.00 0.02 0.02 

52.0 0.93 3.18 0.17 13.5 15.5 11.0 0.14 0.66 0.17 97.26  7.41 0.53 0.05 8.00 0.00 0.05 0.02 0.84 3.31 0.77 0.02 5.00 0.00 1.68 0.18 1.87 0.00 0.03 0.03 

52.7 0.93 2.99 0.15 11.2 17.0 11.2 0.09 0.71 0.13 97.02  7.46 0.50 0.04 8.00 0.00 0.06 0.02 0.74 3.58 0.59 0.01 5.00 0.00 1.70 0.19 1.89 0.00 0.02 0.02 

51.0 0.93 3.57 0.12 15.1 14.2 11.5 0.22 0.74 0.20 97.61  7.37 0.61 0.02 8.00 0.00 0.08 0.01 0.63 3.06 1.20 0.03 5.00 0.00 1.78 0.21 1.99 0.00 0.04 0.04 

51.6 0.91 3.36 0.15 15.8 13.9 11.0 0.29 0.79 0.18 97.95  7.41 0.57 0.02 8.00 0.00 0.08 0.02 0.76 2.97 1.14 0.04 5.00 0.00 1.69 0.22 1.91 0.00 0.03 0.03 

50.9 0.91 3.59 0.08 15.6 13.8 11.3 0.21 0.78 0.17 97.41  7.38 0.61 0.00 8.00 0.00 0.10 0.01 0.64 2.97 1.25 0.03 5.00 0.00 1.76 0.22 1.98 0.00 0.03 0.03 

53.3 0.90 2.58 0.03 11.6 17.1 11.4 0.11 0.64 0.13 97.86  7.50 0.43 0.07 8.00 0.00 0.02 0.00 0.75 3.60 0.61 0.01 5.00 0.00 1.71 0.18 1.89 0.00 0.02 0.02 

53.0 0.89 2.90 0.04 11.8 16.8 10.8 0.12 0.62 0.12 97.09  7.47 0.48 0.04 8.00 0.00 0.05 0.00 0.91 3.54 0.48 0.01 5.00 0.00 1.64 0.17 1.80 0.00 0.02 0.02 

51.5 0.87 2.95 0.04 16.0 14.2 11.3 0.29 0.77 0.15 97.99  7.53 0.47 0.00 8.00 0.04 0.10 0.00 0.79 3.10 0.97 0.04 5.04 0.20 1.77 0.04 2.00 0.18 0.03 0.21 

53.8 0.86 2.57 0.07 11.0 17.1 11.3 0.10 0.66 0.15 97.57  7.58 0.42 0.00 8.00 0.01 0.09 0.01 0.59 3.58 0.70 0.01 5.00 0.00 1.71 0.18 1.89 0.00 0.03 0.03 

53.1 0.85 2.07 0.03 12.6 16.4 11.4 0.19 0.71 0.13 97.48  7.69 0.31 0.00 8.00 0.04 0.09 0.00 0.67 3.54 0.65 0.02 5.02 0.21 1.77 0.02 2.00 0.17 0.02 0.20 

51.5 0.84 4.01 0.04 15.7 13.4 10.8 0.28 0.86 0.17 97.64  7.41 0.59 0.00 8.00 0.09 0.09 0.00 0.70 2.88 1.20 0.03 5.00 0.00 1.67 0.24 1.91 0.00 0.03 0.03 

52.7 0.84 2.69 0.18 13.0 15.9 11.6 0.12 0.58 0.15 97.77  7.50 0.45 0.05 8.00 0.00 0.04 0.02 0.61 3.37 0.94 0.01 5.00 0.00 1.77 0.16 1.93 0.00 0.03 0.03 

50.9 0.84 3.82 0.14 16.2 13.2 10.8 0.22 0.96 0.16 97.35  7.39 0.61 0.00 8.00 0.04 0.09 0.02 0.71 2.86 1.25 0.03 5.00 0.00 1.68 0.27 1.95 0.00 0.03 0.03 

51.1 0.82 3.24 0.13 15.6 14.0 11.1 0.26 0.82 0.15 97.24  7.41 0.55 0.04 8.00 0.00 0.05 0.02 0.73 3.02 1.15 0.03 5.00 0.00 1.73 0.23 1.96 0.00 0.03 0.03 

51.2 0.82 3.22 0.04 16.1 13.8 11.1 0.27 0.72 0.16 97.47  7.41 0.55 0.04 8.00 0.00 0.05 0.00 0.77 2.98 1.18 0.03 5.00 0.00 1.73 0.20 1.93 0.00 0.03 0.03 

51.7 0.81 3.02 0.05 15.1 14.3 11.4 0.17 0.67 0.17 97.49  7.47 0.51 0.02 8.00 0.00 0.07 0.01 0.62 3.08 1.21 0.02 5.00 0.00 1.77 0.19 1.95 0.00 0.03 0.03 

51.6 0.81 3.41 0.17 16.2 13.2 11.2 0.24 0.69 0.17 97.71  7.47 0.53 0.00 8.00 0.05 0.09 0.02 0.59 2.85 1.37 0.03 5.00 0.00 1.73 0.19 1.93 0.00 0.03 0.03 

51.8 0.81 3.15 0.05 15.4 14.5 11.1 0.23 0.70 0.15 97.80  7.42 0.53 0.05 8.00 0.00 0.04 0.01 0.84 3.09 1.01 0.03 5.00 0.00 1.70 0.19 1.89 0.00 0.03 0.03 

50.7 0.81 3.65 0.06 16.6 13.5 10.5 0.32 0.82 0.14 97.23  7.33 0.62 0.05 8.00 0.00 0.03 0.01 1.03 2.91 0.98 0.04 5.00 0.00 1.63 0.23 1.86 0.00 0.03 0.03 

54.4 0.80 2.17 0.02 10.9 17.5 11.2 0.14 0.53 0.09 97.74  7.61 0.36 0.03 8.00 0.00 0.06 0.00 0.72 3.65 0.56 0.02 5.00 0.00 1.68 0.15 1.83 0.00 0.02 0.02 

51.7 0.79 3.25 0.12 15.1 14.1 11.4 0.23 0.79 0.16 97.64  7.46 0.54 0.00 8.00 0.01 0.09 0.01 0.59 3.04 1.24 0.03 5.00 0.00 1.76 0.22 1.98 0.00 0.03 0.03 

52.1 0.78 2.97 0.14 15.4 14.4 10.7 0.27 0.79 0.12 97.56  7.46 0.50 0.04 8.00 0.00 0.04 0.02 0.89 3.06 0.95 0.03 5.00 0.00 1.63 0.22 1.85 0.00 0.02 0.02 

51.0 0.78 3.86 0.05 17.2 12.9 10.6 0.25 0.69 0.18 97.56  7.36 0.64 0.00 8.00 0.02 0.08 0.01 0.93 2.78 1.14 0.03 5.00 0.00 1.64 0.19 1.84 0.00 0.03 0.03 

50.9 0.77 3.78 0.04 16.7 12.9 11.0 0.26 0.78 0.14 97.27  7.40 0.60 0.00 8.00 0.05 0.08 0.00 0.70 2.80 1.33 0.03 5.00 0.00 1.72 0.22 1.93 0.00 0.03 0.03 

53.3 0.77 2.34 0.06 12.1 16.1 11.5 0.14 0.58 0.12 97.03  7.62 0.38 0.00 8.00 0.02 0.08 0.01 0.48 3.43 0.97 0.02 5.00 0.00 1.76 0.16 1.92 0.00 0.02 0.02 

53.5 0.77 2.53 0.11 11.7 17.1 11.1 0.17 0.71 0.10 97.75  7.52 0.42 0.07 8.00 0.00 0.02 0.01 0.82 3.58 0.55 0.02 5.00 0.00 1.67 0.19 1.86 0.00 0.02 0.02 
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Feldspar  

Representative mineral chemical analyses of feldspar from the hornblende syenite are reported 

in Table 9.2 together with structural formulae calculated on the basis of eight oxygen atoms and 

five cations per formula unit. As can be seen from this table, the composition of the feldspar is 

relatively uniform and conforms to almost pure albite (NaAlSi3O8); the orthoclase component 

(KAlSi3O8) is typically below 6 mol%, and the anorthite component (CaAl2Si2O8) is below 1 mol%. 

The celsian component (BaAl2Si2O8) was found to be close to or below the detection limit of the 

electron microprobe, as were the concentrations of Sr, Mg, Fe, and Ti. Accordingly, the composi-

tion of the feldspar can be described to range from Ab100Or0An0 to Ab93Or6An1, although most 

analyses have a much tighter compositional range, between Ab99Or0.5An0.5 and Ab98Or1An1. No 

compositional difference was noted between the large grains of chessboard albite (Fig. 9.3C) and 

the fine-grained mosaic-like granular type of albite (Fig. 9.3B,E). There was also no core-rim-zo-

nation observed, nor did the feldspar exhibit any alteration to, for example, sericite or saussurite.  

Of note, all albite grains, while appearing optical homogeneous, contain irregular-shaped yet reg-

ular spaced crudely oriented patches of K-rich feldspar (Fig. 9.6). These lamellae constitute ca. 1–

2 area% of their host mineral and are mostly < 5 µm in width. This texture implies initial crystal-

lisation above the alkali feldspar solvus, i.e., above ~400°C at 1 kbar PH2O and at a Na/(Na+K) 

ratio of 0.98 (e.g. Smith & Parsons 1974), and subsequent exsolution of an initially homogeneous 

feldspar solid solution into albite ± K-rich feldspar upon cooling (also referred to as antiperthite). 

 

Figure 9.6 Representative backscattered electron images of albite (antiperthite, dark grey) in the horn-
blende syenite, with exsolution lamellae of K-feldspar (bright). Abbreviations: Ab = albite; Hbl = hornblende.  

Accessory minerals 

Ilmenite was found as a ubiquitous accessory constituent of the rock, preferentially intergrown 

with and enclosed within hornblende. Ilmenite occurs as spherical to amoeboid grains, typically 

5–15 µm in size. An interesting feature of the ilmenite is its invariably high Mn content, ranging 

from 2.0 to 3.5 wt% MnO. Manganese-rich ilmenite appears to be typical, although not exclusively 

restricted to, alkaline rocks including carbonatites, kimberlites, lamprophyres, and nepheline sy-

enites (e.g. Mitchell 1978; Wolff 1987; Kaminsky & Belousova 2009). The composition of the car-

bonate that was locally observed in thin section (Fig. 9.3E,F), interstitial between albite and horn-

blende, corresponds to calcite. Its MgO content ranges from 0.1 to 0.2 wt%, FeO from 0.2 to 0.7 

wt%, and MnO from 0.1 to 0.4 wt%. No zircon or baddeleyite was detected using the EMP.  
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Table 9.2 Representative electron microprobe data and structural formulae for albite in the hornblende 
syenite from Matagamasi Lake, Rathbun Township 

SiO2 Al2O3 FeO CaO Na2O K2O Sum  Si Al Fe Ca Na K Σ  %Or %An %Ab 

wt% wt% wt% wt% wt% wt% wt%  apfu apfu apfu apfu apfu apfu apfu     

                   
68.6 19.3 0.02 0.01 11.7 0.03 99.65  3.00 1.00 0.00 0.00 0.99 0.00 4.99  0.18 0.06 99.76 

67.8 19.5 0.03 0.05 11.6 0.06 99.05  2.99 1.01 0.00 0.00 0.99 0.00 5.00  0.33 0.26 99.41 

69.2 19.4 0.00 0.06 11.3 0.07 99.96  3.01 1.00 0.00 0.00 0.95 0.00 4.97  0.39 0.28 99.33 

68.5 19.6 0.00 0.09 11.4 0.04 99.59  3.00 1.01 0.00 0.00 0.97 0.00 4.98  0.25 0.44 99.31 

68.9 19.5 0.01 0.05 11.3 0.08 99.82  3.01 1.00 0.00 0.00 0.96 0.00 4.97  0.45 0.24 99.31 

68.5 19.0 0.02 0.06 11.4 0.10 99.19  3.01 0.99 0.00 0.00 0.97 0.01 4.98  0.56 0.29 99.15 

68.4 19.4 0.00 0.13 11.4 0.05 99.30  3.00 1.00 0.00 0.01 0.97 0.00 4.98  0.29 0.60 99.11 

68.4 19.4 0.01 0.12 11.6 0.06 99.52  3.00 1.00 0.00 0.01 0.98 0.00 4.99  0.33 0.57 99.10 

68.4 19.7 0.01 0.10 11.0 0.07 99.37  3.00 1.02 0.00 0.00 0.94 0.00 4.96  0.41 0.51 99.08 

68.4 19.5 0.02 0.11 11.7 0.09 99.80  2.99 1.01 0.00 0.01 0.99 0.01 5.00  0.50 0.51 98.99 

68.4 19.1 0.39 0.11 11.3 0.09 99.49  3.00 0.99 0.01 0.01 0.97 0.01 4.99  0.53 0.55 98.93 

68.8 19.5 0.01 0.16 11.3 0.06 99.81  3.00 1.00 0.00 0.01 0.96 0.00 4.98  0.37 0.76 98.88 

68.5 19.7 0.02 0.15 11.3 0.07 99.66  3.00 1.02 0.00 0.01 0.95 0.00 4.98  0.40 0.74 98.86 

68.2 19.4 0.02 0.17 11.2 0.05 99.04  3.00 1.01 0.00 0.01 0.96 0.00 4.97  0.30 0.84 98.86 

68.4 19.6 0.05 0.16 11.3 0.06 99.52  3.00 1.01 0.00 0.01 0.96 0.00 4.98  0.35 0.79 98.86 

68.3 19.5 0.00 0.13 11.0 0.09 99.12  3.00 1.01 0.00 0.01 0.94 0.01 4.96  0.54 0.62 98.84 

68.6 19.3 0.02 0.16 11.6 0.07 99.72  3.00 1.00 0.00 0.01 0.98 0.00 4.99  0.40 0.77 98.83 

68.5 19.4 0.02 0.17 11.5 0.07 99.75  3.00 1.00 0.00 0.01 0.98 0.00 4.99  0.38 0.80 98.82 

69.4 18.6 0.00 0.13 11.5 0.11 99.70  3.03 0.96 0.00 0.01 0.97 0.01 4.98  0.60 0.61 98.79 

68.6 19.2 0.01 0.13 11.5 0.11 99.55  3.01 0.99 0.00 0.01 0.97 0.01 4.99  0.62 0.60 98.79 

68.6 19.4 0.12 0.19 11.2 0.07 99.66  3.00 1.00 0.00 0.01 0.95 0.00 4.98  0.40 0.91 98.69 

68.8 19.7 0.05 0.20 11.1 0.06 99.87  3.00 1.01 0.00 0.01 0.94 0.00 4.96  0.34 0.99 98.67 

68.3 19.3 0.03 0.08 11.2 0.17 99.02  3.01 1.00 0.00 0.00 0.95 0.01 4.97  0.96 0.41 98.63 

68.5 19.1 0.03 0.15 11.3 0.12 99.22  3.01 0.99 0.00 0.01 0.96 0.01 4.98  0.70 0.74 98.56 

68.5 19.6 0.08 0.14 11.2 0.14 99.64  3.00 1.01 0.00 0.01 0.95 0.01 4.98  0.79 0.66 98.55 

69.0 19.6 0.05 0.22 11.0 0.06 99.94  3.01 1.01 0.00 0.01 0.93 0.00 4.95  0.37 1.11 98.52 

68.8 19.4 0.03 0.15 11.2 0.14 99.71  3.01 1.00 0.00 0.01 0.95 0.01 4.97  0.82 0.73 98.45 

68.1 19.4 0.05 0.20 11.2 0.10 99.10  3.00 1.01 0.00 0.01 0.96 0.01 4.98  0.60 0.98 98.42 

68.3 20.4 0.02 0.27 10.6 0.05 99.67  2.98 1.05 0.00 0.01 0.90 0.00 4.95  0.29 1.38 98.33 

68.5 19.7 0.01 0.23 11.3 0.10 99.83  2.99 1.02 0.00 0.01 0.95 0.01 4.98  0.60 1.12 98.28 

68.2 19.3 0.04 0.08 11.3 0.24 99.10  3.00 1.00 0.00 0.00 0.96 0.01 4.98  1.40 0.38 98.22 

68.1 19.3 0.17 0.22 11.2 0.12 99.21  3.00 1.00 0.01 0.01 0.96 0.01 4.98  0.70 1.08 98.22 

68.4 19.6 0.09 0.19 11.4 0.16 99.92  2.99 1.01 0.00 0.01 0.97 0.01 4.99  0.90 0.89 98.21 

68.4 19.1 0.04 0.19 11.2 0.16 99.15  3.01 0.99 0.00 0.01 0.96 0.01 4.98  0.89 0.93 98.18 

68.4 19.7 0.04 0.28 11.1 0.08 99.57  2.99 1.02 0.00 0.01 0.94 0.00 4.97  0.48 1.36 98.16 

68.8 19.4 0.03 0.08 11.3 0.26 99.92  3.01 1.00 0.00 0.00 0.95 0.01 4.98  1.47 0.40 98.14 

68.1 19.6 0.11 0.30 11.2 0.08 99.33  2.99 1.01 0.00 0.01 0.95 0.00 4.98  0.45 1.44 98.11 

68.0 19.8 0.14 0.24 11.0 0.13 99.31  2.99 1.02 0.01 0.01 0.94 0.01 4.97  0.76 1.16 98.07 

68.2 19.6 0.03 0.11 11.4 0.26 99.62  2.99 1.01 0.00 0.01 0.97 0.01 4.99  1.45 0.51 98.03 

68.0 19.4 0.08 0.17 11.4 0.23 99.25  2.99 1.01 0.00 0.01 0.97 0.01 5.00  1.29 0.83 97.89 

68.4 19.7 0.08 0.29 11.0 0.14 99.56  3.00 1.02 0.00 0.01 0.93 0.01 4.97  0.84 1.41 97.75 

68.0 19.9 0.04 0.37 11.0 0.08 99.46  2.98 1.03 0.00 0.02 0.94 0.00 4.97  0.46 1.81 97.73 

68.5 19.3 0.05 0.09 11.2 0.34 99.55  3.00 1.00 0.00 0.00 0.96 0.02 4.98  1.92 0.44 97.65 

68.6 19.6 0.05 0.17 11.1 0.27 99.73  3.00 1.01 0.00 0.01 0.94 0.01 4.97  1.55 0.82 97.63 

69.0 19.3 0.01 0.16 11.1 0.32 99.88  3.01 0.99 0.00 0.01 0.94 0.02 4.97  1.85 0.76 97.39 

68.3 19.2 0.18 0.27 11.2 0.25 99.41  3.00 1.00 0.01 0.01 0.95 0.01 4.98  1.42 1.29 97.29 

68.6 19.5 0.02 0.16 11.3 0.38 99.89  3.00 1.00 0.00 0.01 0.95 0.02 4.99  2.17 0.76 97.07 

68.4 19.1 0.02 0.12 11.0 0.41 99.10  3.01 0.99 0.00 0.01 0.94 0.02 4.98  2.35 0.59 97.06 

68.2 19.4 0.15 0.19 11.1 0.37 99.42  3.00 1.01 0.01 0.01 0.95 0.02 4.98  2.10 0.90 97.00 

68.9 19.2 0.02 0.05 11.2 0.55 99.88  3.01 0.99 0.00 0.00 0.95 0.03 4.98  3.13 0.24 96.63 

68.7 19.9 0.08 0.37 10.5 0.29 99.81  3.00 1.02 0.00 0.02 0.89 0.02 4.95  1.76 1.89 96.35 

68.4 19.5 0.03 0.04 11.0 0.61 99.52  3.00 1.01 0.00 0.00 0.93 0.03 4.98  3.53 0.18 96.29 

68.3 19.4 0.10 0.11 11.0 0.82 99.64  3.00 1.00 0.00 0.01 0.93 0.05 4.99  4.64 0.53 94.83 

68.6 19.6 0.14 0.33 10.6 0.63 99.88  3.00 1.01 0.01 0.02 0.90 0.03 4.96  3.67 1.62 94.71 

67.8 19.7 0.10 0.33 11.0 0.87 99.80  2.98 1.02 0.00 0.02 0.94 0.05 5.00  4.87 1.56 93.57 

68.6 19.3 0.05 0.27 10.6 0.94 99.77  3.01 1.00 0.00 0.01 0.90 0.05 4.97  5.43 1.31 93.26 

68.0 19.1 0.01 0.22 10.8 1.04 99.16  3.00 0.99 0.00 0.01 0.93 0.06 4.99  5.87 1.04 93.08 
                   

Concentrations of Sr, Ba, Ti and Mg were very close to, or below, the detection limit (< 0.01 wt%) and therefore not 

reported; abbreviations: apfu = atoms per formula unit; %Or = percentage of the orthoclase component in the feldspar 

analyses; %An = percentage of the anorthite component; %Ab = percentage of the albite component. 

 



A. Kawohl, 2022    Felsic Dykes 

227 

 

9.6 Geochemistry 

General characteristics  

Major- and trace element data of representative grab samples of the aplitic dykes from Mataga-

masi Lake, Rathbun Township, are presented in Table 9.3, and reveal a subalkaline, peraluminous 

and in terms of SiO2 (69–79 wt%) acidic composition. Concentrations of Fe2O3 and MgO are with 

0.2–2.6 wt% and 0.4–3.1 wt%, respectively, relatively low and uniform; the corresponding Mg# 

ranges from 63 to 79. In agreement with microscopic observations which revealed a high modal 

proportion of albite, the Na2O concentrations are high (5.4–6.8 wt%), whereas K2O is typically 

below 1 wt%. The aplitic dykes are quite poor in TiO2 (0.2–0.5 wt%) and have P2O5 values close 

to, or even below, the detection limit of the EDS-XRF (< 0.01 wt%). The volatile content (expressed 

as LOI) is < 1.5 wt%, which is consistent with the observed lack of hydrous silicates or carbonates; 

exception being a carbonate-bearing sample with 3.1 wt% LOI. Interestingly, all the aplitic dykes 

have variable but high concentrations of Cr (34–456 ppm) and Ni (5–243 ppm). While Zr values 

are comparable to those found in the mafic dykes discussed in previous chapters (79–126 ppm), 

the ΣREE+Y concentrations for the aplitic rocks are extremely low (7–75 ppm) – much lower than 

in any of the mafic rocks analysed in this study. The CIPW normative mineralogy is 50–60 vol% 

plagioclase (mostly albite), 35–40 vol% quartz, 1–6 vol% orthoclase, and 2–7 vol%. Further, all 

the aplitic dykes have 1–2 vol% corundum in their norm. The hypothetical density is ca. 2.7 g/cm3. 

Table 9.3 also includes three analyses of the hornblende syenite found at southern Matagamasi 

Lake. One of these analyses is thought to reflect the whole-rock composition of the dyke, whereas 

the other two analyses were obtained on a feldspar- and a hornblende-rich mineral separate. The 

hornblende syenite can be readily distinguished from the aplitic dykes by its lower SiO2 content 

(63 wt%). The syenite is also characterised by extraordinary high concentrations of Na2O (7.7 – 

10.6 wt%), whereas K2O is below 1 wt%. The hornblende syenite is relatively rich in Zr (213 ppm) 

and Nb (9 ppm). Also note the elevated concentrations of Cr (117 ppm) and Ni (64 ppm). Con-

versely, the ΣREE+Y concentrations are around 100 ppm, which is higher than in the aplitic dykes, 

but still lower than expected for an alkaline felsic igneous rock. The CIPW normative mineralogy 

is as follows: 87 vol% plagioclase (83 vol% albite), 4 vol% K-feldspar, 7 vol% diopside, 1 vol% 

olivine, and 1 vol% nepheline, equating a rock density of 2.7 g/cm3.  

Igneous rock classification 

The aplitic dykes are classified as subalkaline and rhyolitic/granitic in terms of their total alkali 

vs. silica content (Fig. 9.7B); the hornblende syenite as alkaline and trachytic/syenitic. In terms 

of aluminium saturation (Fig. 9.7C), the aplitic dykes are peraluminous throughout (typical of S-

type granitoids); the syenite is metaluminous (typical of I- and A-type granitoids). Using trace el-

ements that are generally regarded as fluid immobile during weathering, low-temperature alter-

ation, and low-/medium grade metamorphism (e.g. Zr, Ti, Nb, Th, REE, Y), the composition of the 

aplitic dykes conforms to rhyodacite (Fig. 9.7D), and that of the syenite conforms to trachyande-

site, which is broadly consistent with the major element classifications. Both the aplitic dykes and 

the syenite are classified as either I-type or S-type according to Whalen et al. (1987) due to their 

low contents of Zr, Nb, Ce, and Y (Fig. 9.7E). Using the Y+Nb vs. Rb classification scheme of Pearce 

et al. (1984) (not shown), both the aplitic dykes and the hornblende syenite are ambiguously clas-

sified as either VAG (volcanic arc granite) or synCOLG (syn-collision granite).  
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Trace element patterns 

Primitive mantle-normalised trace element abundances for the felsic dykes are presented in Fig-

ure 9.7F. The aplitic samples exhibit a wide range of subparallel trace element pattens that are 

characterised by a pronounced enrichment of Th, U, K and especially Pb, and negative anomalies 

of Sr, Nb, Ta, and Ti. An interesting feature of almost all the aplitic dykes is a distinct depletion in 

LREE and MREE relative to HREE, and relative to the primitive mantle. A Eu anomaly is observed 

in most samples but ranges widely from strongly negative (Eu/Eu* = 0.5) to slightly positive 

(Eu/Eu* = 1.3). Another notable feature is the wide range in Nb/TaN (0.5–1.7). The hornblende 

syenite shows a similar trace element pattern, but it lacks the pronounced LREE-MREE depletion 

that characterises most of the aplitic samples. The syenite further shows a near-chondritic Zr/Hf, 

a sub-chondritic Nb/TaN (0.5) ratio, and very distinct negative Eu, Sr, and Ti anomalies.  

Nd-Sr-Pb isotopes 

A summary of whole-rock radioisotope data for the two groups of felsic dykes from Matagamasi 

Lake is presented in Table 9.4. The aplitic dykes exhibit a wide range in 143Nd/144Nd correspond-

ing to a present-day εNd between –25.60 and –11.34 which is, besides, negatively correlated with 

the whole-rock Nd concentration. The 147Sm/144Nd ratios are very high, between 0.138 and 0.226, 

and do not permit the calculation of a realistic model age. The 147Sm/144Nd ratio is positively cor-

related with the 143Nd/144Nd ratio (R2 = 0.85), but without age significance. The 87Sr/86Sr isotope 

ratio varies greatly, from 0.717 to 0.782, and this wide range also persists in the initial 87Sr/86Sr 

ratio (calculated for any arbitrary point in time). The calculated 87Rb/86Sr ratio ranges from 0.4 to 

3.3 and it is highly correlated (R2 = 0.93) with the 87Sr/86Sr ratio (Fig. 9.8H). A York-regression 

(using IsoplotR; Vermeesch 2018) passing through all twelve analyses gave a Rb-Sr errorchron 

date of 1806.5 ± 14 Ma (MSWD = 170) and an initial 87Sr/86Sr of 0.70850 ± 0.00017. Other statis-

tical approaches (e.g. ordinary least square regression) gave comparable results. There is no cor-

relation (R2 = 0.17) between the 206Pb/204Pb and the 208Pb/204Pb isotope ratio; there is, however, 

a very strong correlation (R2 = 0.95) between 206Pb/204Pb and 207Pb/204Pb. This permits the calcu-

lation of an errorchron date (for n=11, excluding one outlier). A York regression gave a datum of 

2010 ± 0.7 Ma (MSWD = 31,000); an ordinary least square regression gave 1945 ± 128 Ma. These 

dates are broadly consistent with the above Rb-Sr errorchron date, and they are consistent with 

the relative age relations established in the field – that the aplitic dykes must be younger than the 

2.22 Ga Nipissing Suite (Fig. 9.2C), but older than the 1.85 Ga Sudbury impact event (Fig. 9.5). 

Table 9.4 additionally includes three analyses obtained on the hornblende syenite. The whole-

rock sample MAT20-2B has a 143Nd/144Nd ratio corresponding to an εNd of –14.3; the 147Sm/144Nd 

ratio of the sample is 0.180. The measured 87Sr/86Sr ratio is 0.721, and the calculated 87Rb/86Sr 

ratio is 0.632. The whole-rock sample in combination with the feldspar- and hornblende-rich min-

eral separates define a three-point Pb-Pb errorchron of 1697 ± 29 Ma (MSWD = 18) or 1938 ± 74 

Ma, depending on the statistical approach (again IsoplotR, Vermeesch 2018). These dates compare 

relatively well with a Sm-Nd isochron date of 1845 ± 300 Ma (MSWD = 0.31), or 1842 ± 170 Ma, 

obtained on the same three samples (whole-rock plus minerals), by assuming a 2σ-error of 3% 

for 147Sm/144Nd based on the maximum analytical error of the ICP-MS trace element analyses for 

Sm and Nd. Unfortunately, these dates do not permit to distinguish whether the hornblende sye-

nite is older or younger than the 1.85 Ga Sudbury impact event, but the approach at least provides 

an estimate for the initial 207Pb/206Pb ratio (ca. 0.11) and the initial 143Nd/144Nd ratio (0.51122).
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Table 9.3 Major element oxide concentrations (wt%) and trace element concentrations (ppm) in felsic dykes, Matagamasi Lake, Rathbun Township 

 Aplitic dykes    Hornblende syenite 

 MAT201A MAT201B MAT201C MAT203 MAT204 MAT205 MAT206A MAT206B MAT207A MAT207B MAT208A MAT208B  MAT202B 
WR 

2B-FSP 2B-AM 
Lat. 46°45 15 46°45 15 46°45 15 46°45 06 46°47 04 46°46 44 46°46 55 46°46 55 46°47 04 46°47 04 46°47 07 46°47 07  46°45 08 46°45 08 46°45 08 

Long. 80°36 32 80°36 32 80°36 32 80°36 21 80°36 06 80°36 09 80°35 57 80°35 57 80°36 06 80°36 06 80°36 01 80°36 01 
 

80°36 21 80°36 21 80°36 21 

SiO2 77.6 74.0 73.9 69.7 69.0 75.0 77.7 76.0 72.1 76.8 74.4 78.9  63.4 65.7 61.9 
TiO2 0.19 0.38 0.41 0.46 0.48 0.34 0.25 0.32 0.43 0.38 0.40 0.34  0.66 0.53 0.81 
Al2O3 12.8 13.5 13.3 12.9 13.0 12.4 12.1 13.3 14.4 12.1 13.1 11.8  17.5 19.3 15.3 
Fe2O3 1.40 2.34 2.41 2.55 2.15 1.70 0.78 0.92 1.66 0.96 1.33 0.22  2.01 0.66 4.83 
MgO 1.53 2.49 2.49 1.99 3.14 1.70 0.70 0.78 2.18 1.09 2.16 0.35  1.63 0.50 3.41 
CaO 0.41 0.51 0.47 3.30 1.54 0.19 0.26 0.25 0.18 0.19 0.22 0.17  2.76 1.30 4.26 
MnO  < 0.01 0.01 0.01 0.05 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01  0.04 0.02 0.07 
Na2O 5.8 5.9 5.6 6.2 5.7 5.4 6.0 6.8 6.7 5.6 6.0 6.3  9.5 10.6 7.7 
K2O  0.20 0.24 0.37 0.36 1.66 0.91 0.67 0.91 0.89 0.89 0.98 0.61  0.60 0.57 0.53 
P2O5 < 0.01 < 0.01 < 0.01 0.12 0.07 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01  0.01 < 0.01 < 0.01 
LOI 0.92 1.33 1.41 1.71 3.12 1.01 0.51 0.56 1.38 0.96 1.19 0.40  1.58 1.07 1.49 
Total 100.81 100.67 100.35 99.40 99.80 98.67 99.02 99.80 99.86 98.96 99.72 99.03  99.73 100.14 100.32 
Cr 61.17 109.5 320.9 93.65 455.7 46.16 71.74 196.6 65.49 56.93 151.0 33.87  116.7 25.39 88.02 
Ni 35.16 59.45 173.8 41.54 242.5 30.19 32.43 98.67 34.23 26.57 84.65 5.164  63.61 6.025 38.92 
Cu 6.954 6.266 6.924 7.175 11.89 6.429 6.666 7.379 8.889 4.269 5.492 6.652  6.304 6.589 4.591 
Rb 1.597 2.091 3.602 5.176 9.888 27.78 8.833 9.209 18.11 17.96 15.68 6.488  8.334 6.691 5.706 
Sr 17.72 12.05 13.88 70.79 22.80 24.06 17.33 18.59 29.10 21.20 37.47 26.16  52.53 45.08 46.96 
Y 6.404 13.33 9.080 26.30 11.09 7.183 4.056 2.706 2.768 2.561 4.620 3.259  29.24 17.85 35.88 
Zr 79.40 104.5 91.11 125.6 117.7 102.2 88.27 104.3 93.13 100.8 105.0 102.5  213.1 248.8 173.3 
Nb 5.029 7.299 15.40 7.862 20.28 5.085 4.998 9.158 5.125 4.952 8.691 3.830  8.816 4.430 6.425 
Ba 10.25 9.833 15.92 97.50 44.65 56.02 38.19 38.41 44.31 47.47 42.95 22.29  63.90 59.83 56.15 
La 3.437 10.82 6.682 22.33 10.95 1.941 1.018 0.441 1.840 0.487 0.904 0.856  10.11 7.293 8.955 
Ce 7.546 25.26 16.89 53.88 24.20 4.712 2.583 2.012 4.047 1.272 2.169 1.943  21.17 14.83 24.34 
Pr 0.911 3.219 2.000 7.334 2.942 0.598 0.320 0.152 0.451 0.156 0.273 0.226  3.064 1.861 3.907 
Nd 3.239 11.39 7.160 27.15 10.56 2.191 1.225 0.599 1.508 0.607 1.079 0.838  12.88 7.604 16.75 
Sm 0.851 2.730 1.771 6.183 2.418 0.683 0.420 0.213 0.364 0.226 0.404 0.277  3.848 2.074 5.245 
Eu 0.216 0.648 0.424 1.237 0.410 0.178 0.190 0.101 0.158 0.083 0.144 0.117  0.749 0.563 0.786 
Tb 0.173 0.395 0.266 0.878 0.348 0.153 0.104 0.058 0.064 0.055 0.105 0.076  0.780 0.455 1.054 
Gd 0.970 2.537 1.638 5.675 2.261 0.847 0.606 0.320 0.391 0.299 0.565 0.407  4.595 2.671 6.019 
Dy 1.124 2.308 1.591 5.036 2.043 1.009 0.650 0.380 0.396 0.381 0.711 0.515  4.951 2.845 6.377 
Ho 0.243 0.488 0.337 1.011 0.431 0.236 0.143 0.094 0.092 0.093 0.160 0.121  1.046 0.628 1.377 
Er 0.757 1.441 1.027 2.910 1.320 0.800 0.457 0.321 0.330 0.315 0.525 0.398  2.996 1.790 3.836 
Tm 0.122 0.215 0.155 0.412 0.207 0.137 0.074 0.060 0.059 0.054 0.087 0.066  0.430 0.259 0.558 
Yb 0.840 1.394 1.054 2.569 1.438 1.046 0.554 0.462 0.476 0.425 0.650 0.489  2.725 1.771 3.456 
Lu 0.141 0.223 0.172 0.387 0.238 0.192 0.099 0.085 0.095 0.079 0.116 0.087  0.421 0.270 0.508 
Hf 2.522 2.952 2.685 3.607 3.322 2.694 2.489 2.478 2.541 2.681 2.651 2.647  5.334 6.223 4.273 
Ta 0.546 0.513 0.569 0.659 0.666 0.571 0.448 0.436 0.586 0.492 0.533 0.435  0.932 0.826 1.003 
Pb 1.507 2.603 2.390 7.232 3.120 4.400 5.388 5.347 6.755 1.587 2.255 3.101  3.428 3.690 2.658 
Th 6.469 7.380 7.665 10.45 5.765 13.00 3.955 1.417 6.146 3.557 7.909 4.274  5.401 4.415 5.674 
U 2.052 1.884 2.029 1.463 1.600 3.040 3.970 1.536 3.762 1.585 1.840 1.293 

 
1.574 1.781 1.711 
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Table 9.4 Summary of whole-rock Nd-Sr-Pb isotope data for felsic dykes from Matagamasi Lake, Rathbun Township 

 

143Nd 
144Nd 

±2σ 
147Sm 
144Nd 

ɛNd 
present 

Assumed 
age 

ɛNd 
initial 

87Sr 
86Sr 

±2σ 
87Rb 
86Sr 

87Sr 
86Sr(i) 

208Pb 
204Pb 

±2σ 
207Pb 
204Pb 

±2σ 
206Pb 
204Pb 

±2σ 
208Pb 
204Pb(i) 

207Pb 
204Pb(i) 

206Pb 
204Pb(i) 

Aplitic dykes     
  

   
 

      
   

MAT 20-1A 0.511390 15 0.159 –24.34 2220 Ma –13.56 0.724070 18 0.448 0.70972 43.3011 37 16.8128 12 29.6131 18 43.30 16.81 29.61 

MAT 20-1B 0.511441 12 0.145 –23.35 2220 Ma –8.57 0.725100 47 0.673 0.70354 40.2481 35 16.3310 10 24.1230 13 40.25 16.33 24.12 

MAT 20-1C 0.511436 10 0.149 –23.45 2220 Ma –10.01 0.730254 17 0.906 0.70121 40.9416 39 16.4255 13 25.0845 16 40.94 16.43 25.08 

MAT 20-3 0.511353 13 0.138 –25.06 2220 Ma –8.22 0.716911 14 0.400 0.70409 44.3336 32 16.1582 10 22.0932 11 44.33 16.16 22.09 

MAT 20-4 0.511326 12 0.138 –25.60 2220 Ma –8.99 0.729827 18 1.375 0.68576 41.0124 25 16.3796 9 23.9901 11 41.01 16.38 23.99 

MAT 20-5 0.511828 22 0.188 –15.81 2220 Ma –13.48 0.781896 23 3.332 0.67512 38.4535 26 16.9784 10 21.5329 10 38.45 16.98 21.53 

MAT 20-6A 0.512057 23 0.207 –11.34 2220 Ma –14.38 0.748319 13 1.585 0.69751 36.6117 21 16.0780 7 22.6297 8 36.61 16.08 22.63 

MAT 20-6B 0.511841 25 0.215 –15.55 2220 Ma –20.81 0.749459 13 1.547 0.69989 35.9158 26 15.8713 9 20.2373 10 35.92 15.87 20.24 

MAT 20-7A 0.511467 38 0.146 –22.84 2220 Ma –8.36 0.748925 26 1.888 0.68841 38.9086 26 16.0317 9 21.4956 10 38.91 16.03 21.50 

MAT 20-7B 0.511777 46 0.225 –16.80 2220 Ma –24.97 0.775815 18 2.502 0.69562 39.5812 31 17.2845 10 30.8600 18 39.58 17.28 30.86 

MAT 20-8A 0.512039 27 0.226 –11.68 2220 Ma –20.19 0.746194 16 1.338 0.70330 40.5778 28 16.6621 10 26.2101 13 40.58 16.66 26.21 

MAT 20-8B 0.511873 20 0.200 –14.92 2220 Ma –15.84 0.732240 13 0.876 0.70418 40.7209 28 16.3232 9 23.4632 10 40.72 16.32 23.46 
                    

Hornblende syenite 

MAT 20-2B AM 0.512038 12 0.189 –11.71 1842 Ma –9.96 0.720861 11 0.531 0.70674 40.7710 34 16.3698 98 23.9084 12 40.77 16.37 23.91 

MAT 20-2B FSP 0.511744 10 0.165 –17.43 1842 Ma –9.90 0.719790 12 0.604 0.70375 39.9696 30 16.2094 8 22.5455 9 39.97 16.21 22.54 

MAT 20-2B WR 0.511904 9 0.180 –14.33 1842 Ma –10.53 0.721557 13 0.632 0.70478 40.2239 30 16.2463 10 22.9107 11 40.22 16.25 22.91 

                    

147Sm/144Nd and 87Rb/86Sr ratios were calculated using measured Sm, Nd, Rb and Sr concentrations, which are given in Table 9.3; 

2σ uncertainties of 147Sm/144Nd and 87Rb/86Sr are < 3% based on the propagated analytical error of Sm, Nd, Rb and Sr concentration data;  
143Nd/144Nd ratios are normalised to 146Nd/144Nd = 0.72190; 

2σ uncertainties of 143Nd/144Nd are < 0.004% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 87Sr/86Sr are < 0.007% based on the long-term in-house reproducibility of BHVO-2; 

2σ uncertainties of 208Pb/204Pb, 207Pb/204Pb and 206Pb/204Pb are < 0.18%, < 0.09% and < 0.5%, respectively, based on the long-term in-house reproducibility of BHVO-2; 

For sake of readability, all listed 2σ absolute errors only refer to the last significant decimal digits of the measured isotope ratios; 

εNd values were calculated relative to CHUR with 147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.512638; 

Initial isotope ratios were calculated using measured Sm, Nd, Rb, Sr, U, Th and Pb concentrations, which are given in Table 9.3;
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Figure 9.7 A selection of plots used to illustrate the effects of metasomatism on, and the geochemical clas-
sification and magmatic affinity of, the felsic dykes from Matagamasi Lake, Rathbun Township; A: alteration 
box plot after Large et al. (2001); B: TAS classification after Le Bas et al. (1986); C: discrimination plot after 
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after Whalen et al. (1987); F: spidergram with normalisation values after McDonough & Sun (1995); litera-
ture data for granitoid rocks that have previously been genetically assigned to the Nipissing Suite are from 
Lightfoot & Naldrett (1996b); 2σ-error bars are typically smaller than the symbol size. 
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9.7 Interpretation 

Assessment of post-depositional alteration 

Microscopic studies of the felsic dykes from Matagamasi Lake revealed the preservation of rela-

tively pristine minerals and rock textures in almost all the samples, with the exception of minor 

sericitisation, chloritisation, and carbonatisation. Although alteration appears marginal in com-

parison to the strongly altered mafic rocks discussed before, it is nonetheless inevitable to con-

sider whether the felsic dykes have remained a closed system with respect to their chemical com-

position. One way of testing for secondary element mobility is the so-called isocon method of 

Grant (1986). This approach is, however, not applicable to the samples in questions for the fol-

lowing reasons. First, the samples are mineralogically and texturally very uniform at the outcrop 

scale, so that it was not possible to obtain or define altered and fresh endmember pairs. Second, 

there is a considerable geochemical heterogeneity among the aplitic dykes from different loca-

tions, which is more likely the result of primary variations, rather than metasomatism. 

Alternatively, the degree to which the felsic dykes were affected by metasomatism can be ad-

dressed semi-quantitatively by plotting the analyses into the so-called alteration box plot after 

Large et al. (2001). The approach has several advantages over the isocon method, including that 

it has been specifically calibrated for igneous rocks, that it includes alteration vectors, and that is 

allows to compare a larger set of samples; a major disadvantage is that trace element concentra-

tions are not considered. Application of the alteration box plot to the felsic dykes from Matagamasi 

Lake reveals that most samples fall into the field of fresh rhyolite/granite, with only a few outliers 

plotting toward normative albite. This is not only in accordance with the petrographic observa-

tions, but it also indicates that elements such as Al, Fe, Mg, Na, K and Ca had not been significantly 

mobilised during whatever post-magmatic process. By association, it may be inferred that those 

elements with a similar geochemical affinity (e.g. Ba, Rb, Sr, Mn) remained relatively immobile as 

well. This can be further evaluated by comparing inter-element ratios (e.g. Rb/Sr, K/Rb, Th/U, 

Ni/Cr) between the different aplitic samples, which revealed to be constant. Little overall element 

mobility is also supported by relatively consistent geochemical classifications (e.g. Fig. 9.7B–E), 

and especially by the parallelism of normalised trace element patterns (Fig. 9.7F). These demon-

strate that the normalised ratios of Rb/Sr, Rb/Ba, Th/U etc. are relatively constant in spite of the 

geochemical heterogeneity recorded by the various samples. It is concluded that the obtained ge-

ochemical data are representative of the protolith’ composition, and that alteration was merely 

an isochemical process (except for H2O and CO2). Unfortunately, only one whole-rock sample of 

the hornblende syenite was available. From its relatively pristine mineralogy and texture, how-

ever, little alteration and secondary element mobility is inferred, although the possibility remains 

that at least Na (and by association, K and Rb) was locally re-redistributed at the outcrop scale.  

At issue is whether the large dispersion in measured isotope ratios reflects primary heterogenei-

ties or later disturbance. However, as most elements, including Rb, Sr, U, Pb, Sm and Nd seemingly 

behaved immobile, it is reasonable to assume that the Nd, Sr and Pb isotopes did as well. There is 

no correlation between the measured isotope ratios and the whole-rock volatile content (Fig. 

9.8A–D), suggesting that hydration and carbonatisation, limited as they were, had no bearing on 

the Sm-Nd, Rb-Sr, or U-Th-Pb isotope systematics. The whole-rock errorchron dates (Fig. 9.8E,F) 

could therefore approximate the initial crystallisation ages of the dykes. 
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Hornblende syenite – magmatic or metasomatic? 

The hornblende syenite from Matagamasi Lake differs strongly, in terms of texture, mineralogy, 

and geochemistry, from any lithology documented so far within the Huronian Basin, including ig-

neous or metasomatic rocks of the Nipissing and East Bull Lake suites, the Matachewan, Sudbury 

and Grenville dyke swarms, and from various types of rocks related to the Sudbury impact event. 

The age of the hornblende syenite could be loosely constrained to 1842 ± 170 Ma based on a three-

point Sm-Nd isochron (Fig. 9.8E). Unfortunately, the large error associated with this date, to-

gether with the absence of pseudotachylitic breccia or shock features in the outcrop, do not permit 

to distinguish whether the hornblende syenite is older or younger than, or coeval with, the 1850 

Ma Sudbury impact event. Theoretically, the rock could be genetically related to the 1883–1864 

Ma alkaline magmatism documented in Chapter 7. Syenitic rocks were, for example, described 

before at the 1881 Spanish River Carbonatite, 70 km west of Matagamasi Lake (Sage 1987; 

Rukhlov & Bell 2010). It is also possible that the hornblende syenite is genetically related to the 

regional albitisation dated by Schandl et al. (1994) between 1916–1700 Ma, or to the 1750–1700 

Ma Killarney Magmatic Belt south of Sudbury. A ~1.7 Ga emplacement age would be consistent 

with the Pb-Pb errorchron date obtained from the hornblende syenite (Fig. 9.8F). However, stud-

ies by Roscoe et al. (1992), Fedo et al. (1997), McLennan et al. (2000), Potter & Taylor (2009) and 

Ono & Fayek (2011) indicated regional isotopic disturbance, especially of the Rb-Sr and U-Pb sys-

tems, in all kinds of Palaeoproterozoic rocks within the Huronian Basin, at sometime between 1.9 

and 1.7 Ga. Similar observations of unreasonably young whole-rock Pb-Pb and Rb-Sr errorchron 

dates were also made throughout the present study (Chapters 3.5, 4.5 and 6.5). Therefore, any 

Rb-Sr and Pb-Pb errorchron obtained on the hornblende syenite must be treated with great sus-

picion; more likely does it reflect later isotopic disturbance rather than the true emplacement age 

of the rock. Theoretically, a genetic relationship between the hornblende syenite and the 1.85 Ga 

Sudbury impact event is also possible, though inconceivable, given that an analogues lithology has 

not been documented before within the Sudbury Impact Structure. Additional geochronological 

work (U-Pb on monazite, Ar-Ar on hornblende) is, therefore, highly desirable. 

At issue is – apart from the emplacement age – whether the hornblende syenite from Matagamasi 

Lake is a magmatic rock at all, or instead a product of regional albitisation. Syenite-like rocks 

formed by alkali metasomatism are also known as episyenite1*(the prefix “epi” stands here for 

epigenetic). In a recent review, Suikkanen & Rämö (2019, p. 861) defined episyenite as a small 

and relatively rare yet economically important type of “sub-solidus quartz-depleted, alkali-feld-

spar-rich rock” that is formed by the metasomatic replacement of granitic, gneissic or migmatitic 

rocks through the dissolution of quartz and the addition of Na ± K. Typical rock-forming minerals 

of episyenite are albite, microcline, chlorite ± epidote; transitions to almost monomineralic al-

bitites do exist. Other features of episyenite include, but are not limited to, (i) a dyke-like or podi-

form geometry; (ii) a close spatial association with sub-vertical faults; (iii) an often vuggy appear-

ance in outcrop; (iv) a common genetic association with Au-, U-, W-, and Sn mineralisation. Suik-

kanen & Rämö (2019) concluded that episyenite forms above the brittle-ductile-transition in shal-

low crustal environments at < 1.3 kbar and < 500°C (typically 300–450°C) along dilational sites 

from weakly saline fluids (magmatic, meteoric, metamorphic, connate, or mixtures thereof) in the 

presence of magmatic heat and at a high fluid:rock ratio. 

 
1 “an igneous-looking rock of syenite composition, displaying rounded cavities produced by hydrothermal 

dissolution of quartz crystals“ (Le Maitre et al. 2002, p. 76). 
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The hornblende syenite from Matagamasi Lake shows indeed some features characteristic of an 

episyenite, including (i) a mono- or bimineralic modal composition; (ii) the absence of typical ig-

neous textures; (iii) the considerable variation in grain size, even within a single thin section (Fig. 

9.3B); (iv) microscopic features (Fig. 9.3E,F) and large quartz aggregates, both resembling infilled 

vuggs; (v) a vein-like appearance in outcrop (Fig. 9.2B); (vi) a location amidst regional albitisation 

and multiple hydrothermal Au occurrences; (vii) a crude spatial relation to faults (e.g. the McLaren 

Creek Fault). Besides, the rock lacks minerals that would be expected in a typical igneous syenite, 

such as, nepheline, cancrinite, leucite, sodalite, pyroxene, biotite, apatite, or zircon (e.g. Mitchell & 

Platt 1981; Sage 1987; Okrusch & Frimmel 2020, p. 268). Another conspicuous feature of the rock 

is the presence of so-called chessboard albite (Fig. 9.3C). The literature seems to indicate that this 

type of albite is widely regarded as a replacement phenomenon resulting from Na-metasomatism 

of quartzofeldspathic rocks (Goldschmidt 1922; Moore & Liou 1979; Hildebrand 1986; Morad 

1988; Morad et al. 1990; Schandl et al. 1994; Engvik et al. 2008; Kaur et al. 2014); it has been 

described within fenite aureoles (e.g. Siemiatkowska & Martin 1975; Kresten & Morogan 1986), 

and in episyenite itself as a replacement product of primary K-rich feldspar (e.g. Charoy & Pollard 

1989; Hecht et al. 1999; Suikkanen & Rämö 2017). Chessboard albite does, however, also occur as 

a primary magmatic mineral without any obvious link to metasomatism (e.g. de Kock et al. 2000; 

Kaur & Mehta 2005). The whole-rock geochemistry of the hornblende syenite is less conclusive of 

its origin since episyenite has no specific composition and differs, by necessity, geochemically 

from its host rocks due to extensive element mobility and authigenic mineral growth (Suikkanen 

& Rämö 2019). In fact, compositional differences between an episyenite and its photolith (e.g. Fig. 

9.9) are to be expected, especially when formed under a high fluid:rock ratio. It is, nevertheless, 

interesting to note that the hornblende syenite has a similar 147Sm/144Nd ratio and Nd as the typ-

ical gabbro of the Nipissing Suite (cf. Lightfoot & Naldrett 1996a; Davey et al. 2019). 

 

Figure 9.9 Primitive mantle-normalised trace element diagrams for the hornblende syenite from Mataga-
masi Lake, Rathbun Township, in comparison to gabbroic rocks of the Nipissing Suite; normalisation values 
are from Sun & McDonough (1989); data for the Nipissing Suite are from Lightfoot & Naldrett (1996b), 
Jobin-Bevans (2016), Hagen (2020) and this study (Appendix_1); regional median and standard deviation 
were calculated based on more than 500 analyses excluding altered and mineralised outliers with < 47 wt% 
SiO2 as well as differentiated and contaminated outliers with > 55 wt% SiO2. 
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Many other features, on the other hand, argue against a metasomatic origin of the hornblende 

syenite. For instance, the hornblende syenite is hosted by gabbro, whereas all known episyenites 

have either granitoid or gneiss as a protolith (Suikkanen & Rämö 2019). Furthermore, the horn-

blende syenite shows no evidence of replacing pre-existing minerals, and it does not exhibit in-

herited textures from the magmatic host rock. Partial preservation of relict textures is, however, 

typical of most episyenites (e.g. López-Moro et al. 2019). There is also no petrographic evidence 

of the albite replacing primary K-feldspar; albitisation of K-feldspar is, however, the main process 

behind the formation of episyenites. Apart from that, the hornblende syenite differs mineralogi-

cally from almost all known episyenite occurrences in that it contains quartz but completely lacks 

chlorite and epidote; hornblende is the only ferromagnesian mineral. As all episyenites are formed 

below 500°C (Suikkanen & Rämö 2019), (anti-)perthitic alkali feldspar has not been documented 

before in most episyenites (with one notable exception: Suikkanen & Rämö 2017). The presence 

of cryptoperthitic K-feldspar exsolutions in the samples implies feldspar crystallisation above the 

alkali feldspar solvus, i.e., at temperatures exceeding those of typical episyenite formation. In ad-

dition, the whole-rock geochemistry reveals a typical magmatic behaviour of all trace elements, 

as evident from near-chondritic Zr/Hf and Y/Ho ratios (Bau 1996), a Nb/Ta ratio ≥ 5 (Ballouard 

et al. 2016), an enrichment of the most incompatible lithophile elements relative to the less in-

compatible lithophile elements (Fig. 9.9), overall smooth REE patterns, including a lack of decou-

pling of fluid-mobile LREE relative to immobile HREE, no oxidative decoupling of Ce3+/Ce4+, as 

well as lack of decoupling of La-Ce-Pr-Nd, Pm-Sm-Eu-Gd, Gd-Tb-Dy-Ho, and Er-Tb-Yb-Lu (referred 

to as the tetrad effect, which, if observed, would be indicative of a high fluid:rock ratio, REE com-

plexation, and/or REE adsorption; Bau 1996; Censi et al. 2007) (Fig. 9.10). The most convincing 

argument for a magmatic and against a metasomatic origin, however, is the abundance of Ti-rich 

magnesio hornblende. As mentioned above, mineral thermometry has shown that this hornblende 

must have crystallised at temperatures as high as 600–650°C, which far exceeds the temperature 

range in which episyenite is generally believed to form (300–450°C) (Suikkanen & Rämö 2019). 

Together with a low crystallisation pressure of 0.9–1.7 kbar (still within the typical range of episy-

enite formation), an extremely high geothermal gradient (~100°C/km) would be required to ex-

plain the origin of the hornblende syenite simply by fluid-rock interaction. The high temperature 

and relatively low pressure are strong indicators of a magmatic origin of the rock.  
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Figure 9.10 Plots used to distinguish between magmatic and hydrothermal influence on selected trace 
element ratios; A: Y/Ho vs. Zr/Hf; after Bau (1996); B: the extent of the REE tetrad effect vs. Nb/Ta; after 
Ballouard et al. (2016); TE1,3 calculated after Irber (1999); deviation from the CHARAC (charge-and-radius-
controlled) array may indicate element fractionation by hydrothermal processes (Bau 1996; Irber 1999). 



A. Kawohl, 2022    Felsic Dykes 

237 

 

Possible origin of the aplitic dykes 

Aplitic dykes are not an unusual, though volumetrically minor, and genetically not very well un-

derstood, occurrence within the Nipissing Suite. Aplitic units occur typically within the upper 

parts of mafic intrusions of the Nipissing Suite, forming narrow veins, dykes, and pods of random 

orientation, 5–100 cm thickness, and up to 50 m length (Miller 1913; Simony 1964; Hriskevich 

1968; Lightfoot & Naldrett 1989; Jobin-Bevans 2004). The contact between aplite and gabbro is 

typically described as sharp and irregular, and only in rare instances, as gradual. According to all 

cited studies, such aplitic rocks seem to be confined exclusively to mafic intrusions of the Nipissing 

Suite and are therefore considered syngenetic with this 2.22 Ga magmatic event. According to 

Miller (1913, p. 104), they “are believed to represent residual, acidic segregations of the diabase 

magma”, whereas Lightfoot & Naldrett (1989) argued, based on trace element and a limited set of 

Nd isotope data, that the aplitic rocks represent anatectic melts generated by in-situ partial melt-

ing of the roof sedimentary rocks above large Nipissing Suite sills. Note, however, that no study 

has ever provided a radiometric age of these aplitic units, thus leaving the (although unlikely) 

possibility of the aplitic dykes being completely unrelated to the Nipissing Suite. 

The observations made in the present study together with the new trace element and isotope data 

invite to test the different hypothesis of aplite formation as well as their supposed genetic rela-

tionship to the Nipissing Suite. First, however, it its necessary to compare the aplitic dykes from 

Matagamasi Lake to those described before in the literature from other locations in the Huronian 

Basin. A mutual characteristic between the aplites from Matagamasi Lake and other places, apart 

from their similar texture, modal mineralogy, and overall mode of appearance, is their high SiO2 

content, high Na2O/K2O ratio, and their peraluminous geochemical affinity (cf. Hriskevich 1968; 

Jobin-Bevans 2016; Lightfoot & Naldrett 1989, 1996b). In stark contrast to the aplitic masses de-

scribed in previous studies, however, the aplitic dykes from Matagamasi Lake are not restricted 

to any stratigraphic level within a given Nipissing Suite sill; they occur near the upper intrusive 

Nipissing-Lorrain contact, close to the basal intrusive Nipissing-Gowganda contact, and appar-

ently also in the central portions of a sill. More significantly, however, the aplitic dykes described 

here differ in their trace element composition significantly from the data provided by Lightfoot & 

Naldrett (1989, 1996b). For example, the aplitic dykes from Matagamasi Lake have extremely low 

concentrations of La and Ce compared to the aplitic units from the literature (unfortunately, Light-

foot & Naldrett (1989, 1996b) only obtained the concentrations of selected trace elements, there-

fore, it is not possible to directly compare REE patterns). Extreme depletion in LREE, as evidenced 

by low a La in combination with a low La/Yb ratio, indicates fractionation by some cryptic phase, 

most likely allanite, monazite, and/or apatite (e.g. Miller & Mittlefehldt 1982; Bea 1996), which 

would also explain the very low P2O5 contents below the detection limit of 0.01 wt% in almost all 

aplitic dyke samples. Fractionation of zircon cannot be excluded at this point and would, in fact, 

explain the low Zr (79–126 ppm) of the aplites. The LREE depletion, however, suggests mona-

zite/apatite fractionation still outweigh any possible zircon (i.e., MREE-, HREE-) fractionation. 

The apparent involvement of LREE-fractionating phases (monazite, allanite, apatite) in the mag-

matic evolution of the aplitic dykes poses a serious problem and compromises the use of whole-

rock Sm-Nd isotope systematics (e.g. McDaniel et al. 1994b; Ayres & Harris 1997). This is because 

Nd is more compatible in these accessory minerals than Sm, thus strongly increasing (in contrast 

to most other rock-forming minerals) the time integrated Sm/Nd of the residual melt. In light of 

this obvious disturbance of whole-rock Sm-Nd isotope systematics (as evidenced by a wide range 
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in Sm/Nd ratios and initial εNd values, and irrational old model ages), the obtained data (Fig. 

9.11) bear, unfortunately, no reliable petrogenetic information. The same discussion also applies 

to the whole-rock Pb isotope systematics, as the above mentioned LREE-fractioning phases will 

influence the U/Th/Pb ratios of the magmatic system (e.g. Bea 1996). 

 

Figure 9.11 Plot of the 147Sm/144Nd ratio vs. the measured present-day 143Nd/144Nd ratio of aplitic dykes 
from Matagamasi Lake compared to previously published data of gabbroic and aplitic rocks of the Nipissing 
Suite, and of siliciclastic sedimentary rocks of the Huronian Supergroup; data for the Nipissing Suite are 
from Lightfoot & Naldrett (1996a); data for the Huronian Supergroup are from McLennan et al. (2000). 

In consideration of the problems discussed above, the data do unfortunately not permit to test the 

widely accepted hypothesis of Lightfoot & Naldrett (1989) according to which aplitic units asso-

ciated with the Nipissing Suite were formed by a combination of assimilation and fractional crys-

tallisation. It is, nevertheless, tempting to point out some weaknesses of this hypothesis and its 

applicability to the aplitic dykes from Matagamasi Lake. For instance, the aplitic dykes of the pre-

sent study as well as those documented before throughout the Huronian Basin have an unusually 

high K2O/Na2O ratio, much higher than expected for melts generated by partial melting of 

quartzofeldspathic rocks (e.g. Holness 1999; Péntek et al. 2011). Whereas differences in LILE, 

HFSE, and Nd-Pb isotope characteristics between these aplites and the Huronian Supergroup 

could theoretically be explained disequilibrium partial melting (e.g. Ayres & Harris 1997), the ap-

litic units also have suspiciously high Cr and Ni concentrations compared to the locally exposed 

sedimentary rocks (Dressler 1982), which is difficult to reconcile with these aplites representing 

pure crustal melts. That said, igneous rocks formed by crustal anatexis would likely contain pri-

mary Al-rich minerals (sillimanite, muscovite, cordierite). The aplitic dykes of the present study, 

although peraluminous and corundum-normative, do not contain such minerals. Moreover, the 

aplitic dykes described here are not confined to intrusive contacts. If these aplites were indeed 

generated by partial melting of the roof (Lightfoot & Naldrett 1989), how can this be reconciled 

with their occurrence throughout the magmatic stratigraphy of the Nipissing Suite? Given the very 

small T-interval of < 50°C between liquidus and solidus of such high-silica melts, coupled with 

their high viscosity (Waters & Lange 2017; Pistone et al. 2020), it seems rather unlikely that they 

would have migrated over larger distances. As a matter of fact, partial melting around even the 

largest mafic intrusions rarely resulted in massive granitic dykes like those at Matagamasi Lake. 

A case study from the Rum Igneous Complex, for example, has shown that partial melting, though 

extensive, occurred mainly in situ and static (Holness & Isherwood 2003). Even in the most ex-

treme case, the aureole of the Sudbury Igneous Complex, partial melt features are distinctly dif-

ferent in texture, mode of occurrence, and volume, compared to the aplitic dykes described here 
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(cf. Péntek et al. 2011). The most significant problem, however, is the complete absence of restite 

material in form of xenoliths, schlieren, or xenocrysts of the sedimentary wall rocks (Clemens 

2003, for a review) from which the aplitic melts were supposed to have emanated. None of such 

features have been observed within or in vicinity to the aplitic dykes from Matagamasi Lake.  

What other process, then, could possibly explain the origin of the aplitic dykes, their aphantic tex-

ture, their lack of chilled margins, and their close spatial association with mafic rocks of the Nip-

issing Suite? By analogy to aplitic dykes found within granodioritic batholites (Eichelberger et al. 

2006; Glazner et al. 2020), and by analogy to crystal-poor high-silica rhyolites (Bachmann & Ber-

gantz 2004, 2008), it is proposed that the aplitic dykes from Matagamasi Lake represent near-

eutectic melts extracted from a crystal mush, that is, a rigid network of crystals and silicate liquid. 

The so-called mush model summarises as follows: Once an intermediate magma reaches a crystal 

content of 50–60 vol%, the system (i.e., the mush) will rheologically lock up, thereby preventing 

chamber-wide convection and crystal settling. The interstitial melt between this rigid semicrys-

talline network will then become increasingly more siliceous, even rhyolitic, upon approaching 

the eutectic as crystallisation progresses at low pressure (e.g. Gualda & Ghiorso 2013). This highly 

evolved interstitial melt may then crystallise to form intercumulus minerals (quartz and feldspar, 

or micrographic intergrowths thereof). Under certain conditions, however, the interstitial melt 

may escape the mush through porous- and channelled flow (Eichelberger et al. 2006), eventually 

forming aplitic pods and dykes, or erupting to form rhyolitic crystal-poor ignimbrites. Although 

initially developed for intermediate and felsic systems, residual melt escape features have also 

been reported in mafic-ultramafic systems (e.g. the Bushveld Complex, Hayes et al. 2018). 

In most of the rocks of the Nipissing Suite, interstitial quartz and granophyric intergrowths be-

tween quartz and feldspar are common (e.g. Hriskevich 1968; Fig. 9.13A), thus lending support 

that the trapped interstitial melt, following the crystallisation of plagioclase and pyroxene, will 

indeed approach leucogranitic/tonalitic composition, possibly in the presence of a volatile phase 

(e.g. Therriault et al. 2002; Morgan & London 2012). This interstitial melt will most likely be de-

pleted in Mg, Fe, V and Ti (all sequestered by pyroxene) as well as depleted in Ca, Sr, Pb and Eu 

(sequestered by plagioclase) – exactly as observed in the aplitic dykes from Matagamasi Lake. In 

detail, fractionation models of Lightfoot & Naldrett (1996a) predict that after 70% of solidification 

of the typical Nipissing Suite magma (as defined by Lightfoot et al. 1993) the Sr concentration of 

the residual melt will drop below 50 ppm (the typical Sr concentration of the aplitic dykes); K-

feldspar and apatite will appear on the liquidus after 75% of crystallisation (Lightfoot & Naldrett 

1996a). The concentrations of REE and HFSE in the interstitial melt, on the other hand, will 

strongly depend on when and which accessory phases enter the sequence. In calc-alkaline sys-

tems, for which the mush model was initially developed, fractionation of titanite has shown to 

result in a strong depletion of MREE in the residual melt/aplitic dykes (e.g. Bachmann & Bergantz 

2008; Glazner et al. 2020). In the Nipissing Suite, titanite is not part of the primary mineral assem-

blage, and other phases like apatite, monazite, or allanite (Hriskevich 1968; Jambor 1971) will 

instead sequester LREE relative to the MREE and HREE. As discussed above, this would explain 

the low LREE and P2O5 of the aplitic dykes as well as their high 147Sm/144Nd ratios (see also: Miller 

& Mittlefehldt 1982); those aplitic dykes without LREE depletion were simply extracted from the 

mush prior to apatite saturation. Thus, the composition of the aplitic dykes is fully consistent with 

a syngenetic origin with the Nipissing Suite, and their origin from a highly evolved interstitial melt, 

expelled from a plagioclase-pyroxene ±apatite ±monazite-bearing residual cumulate. 
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Figure 9.12 Photographs highlighting certain features associated with mafic rocks of the Nipissing Suite;    
A: microphotograph of a thin section of a typical quartz gabbro of the Nipissing Suite under transmitted 
light and crossed polars, showing quartz- and feldspar-rich granophyric intergrowths interstitial between 
plagioclase and altered pyroxene; B: photograph of a comb-textured syn-magmatic pegmatoidal feature, 
possibly related to escaping volatiles, within Nipissing Suite gabbro (46°42 39.12N 80°38 45.32W, Scadding 
Township). Abbreviations: Pl = plagioclase; Qtz = quartz; Gphy = granophyric intergrowths. 

The question remains what process exactly caused the interstitial silica-rich melt (Fig. 9.12A) to 

migrate and to coalesce, eventually forming larger aplitic pods and dykes like those observed at 

Matagamasi Lake. Considering the high degree of solidification (70–75%) required to explain the 

depletion in P2O5, Sr, Eu, and LREE, and all the rheological limitations that come along with this, it 

is unlikely that the interstitial melt would have simply escaped from the mush due to buoyancy, 

gravity-driven settling and -compaction (e.g. McKenzie 1984; Bachmann & Bergantz 2004; Hol-

ness 2018). Alternative mechanism of melt extraction may include the following (Holness 2018): 

▪ Mush rejuvenation by magma replenishment. Some workers have suggested that the heat re-

sulting from new batches of hot, more primitive, magma could lead to an increase in melt pres-

sure and thermal expansion of the mush, thus favouring the escape of interstitial melt along 

dilational fractures (e.g. Huber et al. 2011). However, there is currently little evidence that the 

Nipissing Suite was fed by multiple injections or voluminous magma recharges. 

▪ External forces. Syn-magmatic compressional deformation has been suggested to promote 

crystal-melt separation (tectonic filter pressing/shear pumping, e.g. Berger et al. 2017). New 

age constraints on the Blezardian Orogeny, previously believed to have occurred at 2.4–2.2 Ga 

(Stockwell 1982; Riller & Schwerdtner 1997), indicate that compressional deformation ceased 

already at about 2.34 Ga (Raharimahefa et al. 2014), i.e., long before the emplacement of the 

2.22 Ga Nipissing Suite, plus, there is no reported evidence of syn-magmatic deformation.  

▪ Gas-driven filter pressing. According to Sisson & Bacon (1999), crystallisation of anhydrous 

minerals could release vapor from the residual melt (also known as second boiling). The asso-

ciated increase in pore (melt) pressure would generate a hydraulic gradient within the mush 

or cumulate pile, thereby forcing melt upwards, vertical to the solidification front. The process 

of second boiling is restricted to shallow crustal levels (< 10 km), which is consistent with the 

emplacement depth of the Nipissing Suite of presumably less than 5 km below palaeosurface. 

Gas-driven filter pressing would also explain the very low volatile content of the aplitic dykes 

(< 1.5 wt% LOI) and, meanwhile, their close spatial association with features possibly repre-

senting volatile escape structures (e.g. vertical degassing pipes, miarolitic cavities, comb-tex-

tured pegmatoidal segregations; Fig. 9.12B, see also: Hartung et al. 2017; Pistone et al. 2020). 
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Synthesis 

10.1 Impact-Related Features 

10.1.1 Allochthonous impactites (Offset Dykes) 

One of the principal goals of this study, as outlined in Chapter 1.3, has been to assess the relation-

ship between the recently discovered igneous dykes above the Temagami Anomaly and the 1.85 

Ga Sudbury impact event. By means of petrographic criteria as well as geochemical and isotopic 

fingerprinting it was possible to identify three dykes, each geographically separated by ca. 15 km, 

as genetically related to the Sudbury impact event. These new so-called Offset Dyke are: 

▪ The Afton Offset Dyke (Afton Township), intersected at the bottom of a 2,200 m deep diamond 

drill hole into the Temagami Anomaly, 45 km northeast of the outer margin of the Main Mass 

of the Sudbury Igneous Complex (Chapter 3). 

▪ The Laura Offset Dyke (Mackelcan Township), discovered and mapped along 4 km in outcrop, 

some 25–30 km northeast of the Main Mass of the Sudbury Igneous Complex (Chapter 4). 

▪ The Rathbun Offset Dyke (Rathbun Township), discovered in a single outcrop 15 km east of the 

Main Mass of the Sudbury Igneous Complex (Chapter 5). 

The following criteria have, in combination, been used to argue for an impact origin of the dykes, 

and helped to distinguish them from other magmatic (i.e., endogenic) dyke swarms in the region: 

▪ A high content of lithic clasts, together with textural/chemical evidence of their assimilation. 

▪ A quartz-rich modal composition and the abundance of granophyric intergrowths. 

▪ An arc-like trace element signature and a pronounced crustal affinity, identical to previously 

published data on other Offset Dykes (Lightfoot et al. 1997c) and matching the global average 

composition of the middle/upper continental crust (Rudnick & Gao 2013). 

▪ A Sm-Nd isotope signature matching both the regional average continental crust at Sudbury 

and the isotope signature of the Sudbury Complex (McLennan et al. 2000; Prevec et al. 2000). 

▪ Whole-rock Sm-Nd, Rb-Sr, and Pb-Pb errorchron dates approximating the absolute U-Pb age of 

the 1850 ± 1 Ma Sudbury impact event (Krogh et al. 1984; Davis 2008; Bleeker et al. 2015). 

The most important features of these new Offset Dykes are summarised in Table 10.1. Although 

these dykes have, like all the 17 other previously known Offset Dykes within the Sudbury Impact 

Structure (Lightfoot 2016, for a review), a uniform and almost identical major- and trace element 

geochemistry, they differ in terms of petrography, mode of appearance, metal endowment and 

economic potential, quite significantly from each other, and in part from most of the previously 

described Offset Dykes, which is here attributed to be the result of variable degrees of undercool-

ing, assimilation, post-depositional alteration/ metamorphism, different emplacement levels and 

different current levels of erosion, a function of the proximity to the Main Mass, but also in part a 

reflection of the poor quality of the available outcrops, or in some cases, the complete lack thereof. 

Below follows a more comprehensive summary of the new findings, a discussion of their wider 

implications, and a brief outline of topics for future research.  
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Petrographic characteristics 

Despite having apparently been formed by the same event from the same pool of homogeneous 

impact melt, the Offset Dyke discovered here, in conjunction with the 17 previously known Offset 

Dykes, exhibit a significant petrographic diversity. Compare, for example, the Afton Offset Dyke 

with the Laura Offset Dyke (Tab. 10.1). While the Afton Offset Dyke has a very fine grained 

aphantic texture, exhibits little grain size variation throughout, and is mostly free of lithic clasts, 

the more proximal Laura Offset Dyke is characterised by a large grain size variation and an abun-

dance of lithic clasts; it is also rich in granophyric intergrowths. The Rathbun Offset Dyke, in turn, 

is relatively coarse-grained and phaneritic, rich in mafic xenoliths, and rich in quartz, yet it is free 

of granophyric intergrowths, and it is the only of the three new Offset Dykes that contains appre-

ciable amounts of base metal sulphide. In contrast to the other two Offset Dykes, secondary car-

bonates were not observed in the Rathbun Offset Dyke (except for rare malachite coatings).  

Significant variations in grain size and texture have been documented before, even along within, 

or along the strike of, a single Offset Dyke (Lightfoot 2016, p. 116ff.), and may be a function of local 

temperature fluctuations, the proximity of an Offset Dyke to the ultimate heat source (i.e., the melt 

sheet) or the incorporation of cold lithic clasts and thus may be a mere consequence of undercool-

ing to variable degrees. Granophyric intergrowths, for example, are widely regarded as a product 

of magmatic undercooling (Morgan & London 2012), a notion that is fully consistent with the pres-

ence of granophyric intergrowths in the distal, fine-grained, and apparently rapidly cooled Afton 

and Laura Offset Dykes, but their absence in the more proximal, relatively coarse-grained (i.e., 

slowly cooled) Rathbun Offset. Alternatively the variations in grain size and texture might reflect 

different emplacement levels and, by implication, different levels of erosion; the fine-grained 

granophyre-bearing Offset Dykes could have been emplaced into colder rock, closer to surface, 

whereas the more coarse-grained granophyre-free varieties were emplaced at greater depth.  

In contrast to most other Offset Dykes (e.g. Grant & Bite 1984; French 1998; Pattison 2009; Coulter 

2015), spherulitic textures and well-developed chilled margins have not been observed in either 

the Rathbun, Laura or Afton Offset Dyke. Their absence could have several reasons. For example, 

glassy margins (or other types of quench textures) could have originally been present, but subse-

quently overprinted by sub-solidus alteration. As noted above, all the dykes had been affected by 

regional metamorphism reaching at least the lower greenschist facies, and locally affected by per-

vasive, texturally destructive, metasomatism. Alternatively, the absence of quench textures could 

be the result of a minimal thermal gradient between the impact melt and the host rock, which 

could again be explained by a greater depth of emplacement. Finally, the lack of discrete chilled 

margins could be a direct consequence of the intrusion mechanism of the Offset Dykes. For basal-

tic dykes it is well known that laminar flow favours the development and preservation of marginal 

chills, whereas in thick and/or turbulently flowing dykes a chilled margin may initially form but 

will be subsequently remelted as the thermal front moves outward into the country rock (Huppert 

& Sparks 1989). Interestingly, Huppert & Sparks (1989) further noted that incomplete meltback 

of chilled margins can result in sharp internal contacts within igneous bodies, which are then not 

necessarily the product of multiple magma replenishments. Maybe this would explain the nature 

of the contact between the IQD and the marginal tQD noted within the Laura Offset Dyke as well 

as schlieren observed in the latter facies (Chapter 4) (“cryptic banding” in the sense of Grant & 

Bite 1984, p. 280). In case of the Rathbun Offset Dyke, meltback of a chilled margin (if initially 

present) would have been complete, and the heat supply sufficient to melt the local wall rock.
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Table 10.1 Summary of the key features of the new Offset Dykes discovered northeast of Sudbury 

  Afton Offset Dyke  Laura Offset Dyke  Rathbun Offset Dyke 
       

Township  Afton  Mackelcan  Rathbun 

Discovery site  46°56 31N 80°21 08W  46°49 56.03N 80°34 25.84W  46°45 50.80N 80°39 21.17W 

Mapped surface extent  Drill core intersection (AT-14-01)  4,300 m  Single outcrop 

Thickness/width  ~50 m (apparent thickness)  10 – 15 m (true thickness)  ~5 m (apparent thickness) 

Strike  Unknown  N/S  Unknown 

Dip  Unknown  Subvertical, dip-direction unclear  Unknown 

Vertical extent  2,100 m (assuming surface connection)  > 80 m  Unknown 

Distance to Main Mass  45 km  25 – 30 km  15 km 

Host rock  Neoarchaean banded iron formation, 
Neoarchaean feldspar-quartz porphyry  

 Gowganda Formation argillite  Nipissing Suite gabbro,  
Gowganda Formation wacke 

Nature of contact  Brecciated, sharp but sheared and altered  Brecciated and gradual, indistinct  Indistinct, diffuse, obscured by gossan 

Hosted by SUBX?  Maybe (brecciated iron formation)  Yes (brecciated argillite)  Maybe (thermally overprinted?) 

Mineralogy  Pl–Bt–Ep ±Qtz ±Act ±Chl ±Cc ±Mag ±Py  Qtz–Fsp–Chl–Ser–Cc ±Ep ±Lcx ±Py  Qtz–Pl–Hbl ±Bt ±Lcx ±Chl ±Ep ±Ap 

Texture  Interstitial  Granophyric, interstitial  Ophitic 

Grain size  Fine-grained  Fine- to medium-grained  Medium-grained 

Inclusions, enclaves  Xenoliths of BIF and chlorite schist (rare)  Argillite and diabase xenoliths (abundant); 
possibly autoliths (?); miarolitic cavities 

 Gabbroic xenoliths (very abundant); 
Hornfelsed siltstone xenoliths (rare) 

Magnetic properties  Strongly magnetic where containing inclu-
sions of BIF, otherwise weakly magnetic 

 Weakly to non-magnetic  Strongly magnetic (massive sulphide) to 
weakly/non-magnetic (quartz diorite) 

Deformation  Sheared contacts  Weak foliation in some places  Locally sheared 

Alteration, metamorphism  Greenschist facies +  
carbonate-chlorite-stilpnomelane alteration 
along sheared contacts 

 Greenschist facies + intense quartz-car-
bonate veining, locally pervasive and textur-
ally destructive 

 Greenschist facies + intense quartz-epidote-
chlorite alteration in proximity to sulphide + 
supergene alteration of sulphides 

Mineralisation  None  Auriferous quartz-carbonate veins  Semi-massive Ccp–Py± Pn ±Mag ±PGM 
+ disseminated PGM–Qtz–Ep 

Economic potential  Low  Moderate  Very high 

Geochemical affinity  North Range  South Range  Indistinct (obscured by contamination) 

Interpretation, comments  Offset Dyke (geometry unknown); rapidly 
chilled; emplaced along lithological contact 
acting as a plain of weakness; most distant 
Offset Dyke known so far; maybe impact 
melt outflow/pond outside the crater rim 

 Concentric Offset Dyke; strikes parallel to 
the East Range Breccia Belt; orientation 
likely defined by bedding planes and/or pre-
existing structures; possibly defines a 
second and more distant ring feature 

 Lowermost termination of a deeply eroded 
Offset Dyke (geometry unknown) beneath a 
thick part (3–5 km) of the impact melt sheet; 
host of footwall mineralisation; strongly con-
taminated by local wall rocks; slowly cooled 

Possible equivalent(s)/ 
closest analogue(s) 

 Whistle/Parkin, Foy/Tyrone,  
Cascaden, Ministic, Trill 

 Manchester, Hess (based on geometry); 
Copper Cliff, Worthington (geochemistry) 

 Frood-Stobie, Vermillion, Worthington (New 
Victoria-Totten Segment) 
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Single- vs. multiphase dyke emplacement 

Most of the Offset Dykes within the Sudbury Impact Structure exhibit at least two distinct lithofa-

cies, traditionally referred to as inclusion-rich (“IQD”) and inclusion-free (“QD”) quartz diorite 

(Lightfoot 2016, and references therein). The fact that inclusions (anteliths?) of both QD and IQD 

within IQD can be locally observed in other Offset Dykes (Lightfoot & Farrow 2002; Tuchscherer 

& Spray 2002; Lafrance et al. 2014; Lightfoot 2016; Pilles et al. 2017, 2018b), together with tran-

sitional to sharp contacts between QD and IQD, has prompted a lively debate over the last decades 

as to whether the Offset Dykes were emplaced in one single pulse – through flow differentiation 

(Grant & Bite 1984; Pattison 2009; Pilles et al. 2018b) – or instead by two injections (QD followed 

by IQD), each separated in time by a few days to perhaps thousands of years (Lightfoot & Farrow 

2002; Murphy & Spray 2002; Hecht et al. 2008; Prevec & Büttner 2018). Some workers have even 

alluded to the idea of a three-phase dyke emplacement (e.g. Morris 1982; Klimesch et al. 2008).  

Unfortunately, the limited field data available on the new Offset Dykes in the East Range coupled 

with an omnipresent, locally texturally destructive, metamorphic and/or hydrothermal overprint, 

do not permit to support either emplacement model. Contact relationships between the Offset 

Dykes and their host rocks are equivocal, and the distinction between QD and IQD is arbitrary at 

best. The Afton Offset Dyke, for example, seems to consist solely of QD, although local xenoliths 

are present. The Laura Offset Dyke, by contrast, does contain a variety of different inclusions (in-

cluding strange “ghost clasts” that look like QD but show evidence of contact metasomatism) 

throughout the dyke and along its entire strike length, but these make up less than 1 vol% of the 

rock, raising the question whether it should be classified as IQD or QD. The Rathbun Offset Dyke 

contains very abundant, locally derived, xenoliths, but it lacks inclusions of either QD and IQD, and 

it seems to occur in direct contact with the host rock, i.e., without a marginal QD facies. The obser-

vations on the Rathbun, Laura and Afton Offset Dykes seem confusing at first but they are in keep-

ing with more recent studies (e.g. Pilles et al. 2018a,b; Mathieu et al. 2021; VanderWal 2021) in-

dicating that the relationship between QD and IQD is more complex, and the distinction less abso-

lute, than previously thought (or perhaps acknowledged?). The long-lasting debate as to whether 

the Offset Dykes, and comparable impact melt dykes at Vredefort, South Africa (Huber et al. 2021), 

were formed by a single catastrophic event, or by multiple pulses, will likely continue.  

Geochemical variations across the Offset Dykes 

A secondary but nonetheless interesting observation of the present study is the existence of subtle 

geochemical and isotopic variations between Offset Dykes from different settings around the Main 

Mass, different host rocks, and different dyke geometries. This was first recognised by Lightfoot 

et al. (1997a), who noted that Offset Dykes in the North Range of the Main Mass (all hosted by 

Archaean footwall rocks), have a slightly and yet systematically higher LREE/HREE ratio and 

higher Sr concentrations than those Offset Dykes in the South Range of the Main Mass (all hosted 

by the Huronian Supergroup), which tend to have lower LREE/HREE ratios and lower Sr concen-

trations. The same dichotomy between North Range and South Range was subsequently recog-

nised in terms of Pb isotopes, with North Range Offset Dykes being characterised by a lower µ and 

higher κ, and South Range Offset Dykes being characterised by a higher µ and lower κ (Darling et 

al. 2010b). A similar N/S divide in geochemistry, Pb isotopes, and modal mineralogy, has long 

been known to exist within the Main Mass (Naldrett & Hewins 1984; Lightfoot 2016; McNamara 

et al. 2017). Two hypotheses have been brought forward to explain these regional differences: 
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Either the impact melt sheet from which the Main Mass and the Offset Dykes crystallised was 

never completely homogenised (e.g. Dickin et al. 1996; Darling et al. 2010b; Dickin 2010), or the 

melt sheet was initially homogeneous but subsequently assimilated isotopically distinct footwall 

rocks (e.g. Lightfoot et al. 1997a; Darling et al. 2010a; Kenny et al. 2017; McNamara et al. 2017).  

The new observations made in the present study could provide clarification to this outstanding 

problem. Both the Afton Offset Dyke and Laura Offset Dykes occur in close proximity to each other 

suggesting they were most likely fed by the same pool of impact melt, yet they differ in their Pb 

isotope and trace element composition from each other. The Afton Offset Dyke, which is hosted 

by Archaean basement rocks, has a high Ce/Yb ratio, high Sr, low µ, and high κ (Chapter 3.6), 

whereas the Laura Offset Dyke, which is hosted by sedimentary rocks of the Huronian Supergroup, 

has a lower Ce/Yb ratio, lower Sr, higher µ, and lower κ (Chapter 4.6). These local variations seem 

to mimic the broader, regional differences between North Range and South Range lithologies. 

This, in turn, would imply that the observed compositional variations are not primarily a function 

of the relative position of a dyke to the impact site, but rather a reflection of the different types of 

country rock that locally interacted with the impact melts after the dyke’s emplacement, there-

fore, supporting the hypothesis of an initially homogeneous melt sheet (e.g. Kenny et al. 2017). 

Variable contamination of an initially homogeneous impact melt does, however, not explain why 

there are apparently systematic differences in trace element ratios between radial and concentric 

Offset Dykes that are hosted by the same type of country rock (Lightfoot et al. 1997a,c; Lightfoot 

2016; Pilles et al. 2018a). It also fails to explain why, for example, the concentric Hess Offset Dyke 

in the North Range is geochemically equivalent to the radial South Range Offset Dykes, or why the 

Creighton Offset Dyke is so fundamentally different in composition compared to all the other Off-

set Dykes (Lightfoot et al. 1997a,c). Evidently, some other factor(s) must have influenced the com-

position of the Offset Dyke, in addition to assimilation. A possible solution to this problem was 

offered by Pilles et al. (2017, 2018a), who argued for an episodic emplacement of the Offset Dykes, 

that is, some of the dykes were tapped sooner from the evolving melt sheet than other dykes, thus 

allowing for variable degrees of fractional crystallisation to manifest. The hypothesis, however, 

needs additional testing, ideally through a more comprehensive comparative study that should 

take all Offset Dykes, including those discovered in the distal East Range, into account.  

Evidence of in-situ assimilation of local wall rocks 

Additional insights into the physical and chemical interaction between the Sudbury impact melts 

and their target rocks were given in Chapter 5 for the case of the Rathbun Offset Dyke. The quartz 

there has shown textural and geochemical evidence of assimilation of the local gabbroic wall rocks 

by the arguably superheated impact melt, with geochemical and isotopic mixing calculations 

pointing to a significant extent of in-situ assimilation, but without evidence of significant clast 

transport. These observations conflict with previous studies, having found little or no evidence of 

chemical interaction between the Offset Dykes and their immediate host rocks post emplacement 

(e.g. Hecht et al. 2008). More recent field studies, on the other hand, indicate that the Offset Dykes 

were very well capable of ripping off or even assimilating their local wall rocks, at least in places, 

although not along the entire strike length (e.g. Pilles et al. 2018b; Mathieu et al. 2021; VanderWal 

2021). A possible implication of this is that the emplacement of the Offset Dykes was not a purely 

passive, gravity-driven mechanism involving downward draining of impact into the fractured 

crater floor, but it was facilitated (at least to some extent) through thermomechanical erosion.  
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In general, the capacity of a melt to erode its local wall rock strongly depends on the temperature 

contrast between assimilant and contaminant, and the type of flow regime, with turbulent flow 

favouring assimilation over a laminar flow regime (Huppert & Sparks 1985). In the concrete case 

of the strongly contaminated Rathbun Offset Dyke, this could point to a turbulent flow regime, 

although additional work is needed to backup this conclusion. Alternatively, the extensive assim-

ilation of wall rocks in some places (e.g. at Rathbun), and the development of chilled (or at least 

fine-grained) margins in other places (Afton), could be the result of local temperature fluctuations 

of either the impact melt or the contaminant, variations in the thickness of the Offset Dyke and the 

overlying melt sheet, and/or a function of the local availability of volatiles. Zones of Sudbury Brec-

cia (i.e., local thermal anomalies in the crater footwall) would have been especially prone to as-

similation and, as a matter of fact, such breccia zones seem to have frequently acted as favourable 

sites for the intrusion of Offset Dykes; the Laura Offset Dyke (Chapter 4) being a good example of 

this. According to Thompson & Spray (1996), the friction heat involved in the formation Sudbury 

Breccia may have reached 800–900°C; even greater temperatures (~1,450°C) have been inferred 

for tectonic (endogenic) pseudotachylite elsewhere (Di Toro & Pennacchioni 2004). It is only rea-

sonable to assume that, where the Offset Dykes intruded into such preheated semi-consolidated 

substrate, the temperature contrast was negligible, thus enabling thermomechanical erosion, as-

similation, or giving rise to complex mingling relationships between quartz diorite and Sudbury 

Breccia as documented elsewhere (e.g. Grant & Bite 1984; Mathieu et al. 2021; VanderWal 2021). 

Furthermore, the observations made in this study help to constrain the emplacement temperature 

of the impact melt, thereby providing additional ground truth for what has been predicted before 

in numerical simulations of the impact process (e.g. Ivanov & Deutsch 1999; Prevec & Cawthorn 

2002). Based on the apparent corrosion and assimilation of gabbroic xenoliths at Rathbun Offset 

Dyke (as evidenced by textural features and geochemical mixing considerations), the initial melt 

temperature must have significantly exceeded 1,200°C. Note, however, that this is just a minimum 

estimate; the true temperature must have been far greater in order to facilitate effective resorp-

tion and to sustain a high temperature in spite of all the energy that was consumed for heating 

and melting the cold xenoliths. Incomplete assimilation of quartzite-, chert- and BIF xenoliths in 

the Laura and Afton Offset Dykes, respectively, would in turn place the upper temperature limit 

to ca. 1,700°C (e.g. Swamy et al. 1994). These temperature estimates are in good agreement with 

previous petrological studies (Coulter et al. 2014; Prevec & Büttner 2018, for a review). 

Footwall-type mineralisation in distal Offset Dykes 

Of the three new Offset Dykes, the one at Rathbun Lake is the only one affected by sulphide min-

eralisation, and this to a significant extent, with grab samples reaching up to 23 wt% Cu, 63 g/t 

Pd, and 33 g/t Pt. While a close association between mafic inclusion-bearing quartz diorite and 

Ni-Cu-PGE mineralisation is well known among local geologists and therefore not particularly sur-

prising, the Rathbun Offset Dyke is unusual insofar as it occurs 15 km east of the Main Mass – 

much further away than any other mineralised segment of an Offset Dyke. Offset Dykes at the same 

distance to the Main Mass were previously regarded as barren, and no deposit, whether breccia- 

or Offset Dyke-hosted, was known to occur at a distance greater than 6–7 km from the Main Mass 

(Lightfoot 2016). Consequently, the discovery of high-grade PGE-Cu±Ni sulphide mineralisation 

associated with the Rathbun Offset Dyke (Chapter 5) expands the sphere of potentially mineral-

ised Offset Dykes outward, up to 15 km, thus opening entirely new perspectives in the search for 

unconventional ore deposits within the Sudbury Impact Structure.  
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The reason for the exceptional PGE- and Cu-enrichment at Rathbun is currently not clear. As dis-

cussed earlier in Chapter 5.8, local enrichment within the Rathbun Offset Dyke could be explained 

by structural traps for dense sulphide liquid within a highly dynamic flow regime (e.g. branches, 

bifurcations, kinks, lithological contacts, wall-rock relief, rheological changes, changes in wetting 

properties in response to xenolith incorporation and -assimilation, local S-saturation due to as-

similation of pre-existing sulphide, etc.). Alternatively, and by analogy to footwall embayments 

beneath the Main Mass, the Rathbun Offset Dyke could have been located within a topographic 

low on the undulating crater floor, beneath a relatively thick portion of the impact melt sheet. 

Studies by Morrison (1984), Dreuse et al. (2010), Ripley et al. (2015) and Lightfoot (2016) have 

indicated that such physical depressions (= areas of thicker melt sheet) acted as favourable sites 

to concentrate large masses of Ni-Cu-PGE sulphide. A thick melt sheet above the currently exposed 

Rathbun Offset Dyke is additionally supported by (i) amphibole geobarometry; (ii) the lack of 

chilled margins and lack of granophyric intergrowths, pointing to a limited temperature contrast 

between impact melt and host rock (i.e., greater emplacement depth); and (iii) the mere associa-

tion of the Rathbun Offset Dyke with typical footwall-style Cu-PGE mineralisation, the occurrence 

of which is, by definition, restricted to the deep footwall beneath the SIC (Farrow et al. 2005). 

Constraints on the melt sheet thickness 

Relating to the above notion of crater floor topography, a novelty of this study lies in the first 

successful application of conventional mineral geobarometry in order to reconstruct the depth of 

emplacement (and thus, the level of erosion) of an impact melt rock (Chapter 5.5). To the author’s 

knowledge, this has not been done before on either terrestrial or extra-terrestrial impactite, evi-

dently because of a lack of pressure-sensitive minerals and mineral assemblages. In the present 

study, however, single-phase amphibole barometry (Ridolfi & Renzulli 2012; Mutch et al. 2016) 

could be successfully applied to igneous Ti-rich hornblende occurring in textural equilibrium with 

ilmenite, feldspar, quartz, and biotite in quartz diorite from the Rathbun Offset Dyke. Mineral ba-

rometry revealed a crystallisation pressure of 0.8–1.3 kbar, which equates to an emplacement 

depth of 3–5 km by assuming a magmastatic pressure and average upper crustal density (Card et 

al. 1984) or the average density of a dioritic impact melt (Warren et al. 1996). This depth corre-

sponds surprisingly well to the combined average true thickness of the Main Mass plus Onaping 

Formation (Naldrett & Hewins 1984; Ames et al. 2009) and seems to confirm the deep injection 

hypothesis according to which the Offset Dykes were emplaced at the base of the impact melt 

sheet by draining of undifferentiated melt into the fractured crater floor (e.g. Wichman & Schultz 

1993; Therriault et al. 1996; Tuchscherer & Spray 2002; Kovaleva et al. 2019; Mathieu et al. 2021). 

Primary amphibole is in fact quite abundant in other areas and lithologies of the Sudbury Impact 

Structure, including other Offset Dykes, the Main Mass, and its thermal aureole (e.g. Fleet & Bar-

nett 1978; Lafrance et al. 2014; Lightfoot 2016; Jørgensen et al. 2018), which holds significant 

potential for further studies, and additional work is already in progress to establish the initial 

thickness of the now eroded melt sheet in other areas of the Sudbury Impact Structure. Geobarom-

etry also holds the potential of being applied to other, deeply eroded, terrestrial impact structures 

in which the confining pressure was sufficient to stabilise primary amphibole. For instance, Ko-

valeva et al. (2018b) reported on presumably igneous amphibole in one of the Granophyre Dykes 

from the Vredefort Impact Structure, South Africa. Accepting that these Granophyre Dykes are 

genetically equivalent to the Offset Dykes at Sudbury (e.g. Huber et al. 2020), amphibole barome-

try could be used to reconstruct the thickness of the now eroded impact melt sheet at Vredefort. 
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Quantifying the volatile content of the impact melt 

The preservation of primary igneous hornblende in the Rathbun Offset Dyke (Chapter 5) not only 

provides a means of calculating a crystallisation pressure, but it also makes it possible to quantify 

the equilibrium H2O content of the impact melt from which the hornblende had crystallised, for 

example, by using the mineral chemical approach (“geohygrometer”) of Ridolfi & Renzulli (2012): 

ln H2Omelt [±0.78 wt%] =  –65.907 + 5.0981Si + 3.1308Ti + 4.9211Al + 4.9744Fe + 4.6536Mg 

+ 1.0018Ca – 0.789Na – 0.539K + 0.4642lnP 

(10.1) 

Application of the equation above to hornblende from the Rathbun Offset Dykes reveals an equi-

librium H2O melt content of, on average, 5.6 ± 0.5 wt% (n=74). These values seem unusually high 

for a terrestrial impact melt rock (e.g. Koeberl 2013), although limited data are available on the 

primary volatile content of terrestrial, holocrystalline, impact melt rocks other than obviously dry 

tektites and impact glasses (Koeberl 2013, and references therein). Theoretically, the abundance 

of hornblende in the Rathbun Offset Dyke, and the high H2O content of the melt deduced from this, 

could be a very local phenomenon, having resulted from the assimilation and devolatilisation of 

H2O-rich wall rocks and xenoliths (siltstone, hydrated gabbro) by the intrusion of the impact melt 

at a relatively high confining pressure (≥ 0.8 kbar). However, primary hydrous minerals (biotite, 

amphibole) have been reported before in many other lithologies and areas of the Sudbury Igneous 

Complex (e.g. Therriault et al. 2002; Lightfoot 2016), including presumably primary biotite in the 

Afton Offset Dyke (Chapter 3), and granophyric intergrowths in essentially all lithologies, which 

are generally attributed to magmatic undercooling either due to conductive heat loss or volatile 

exsolution (Therriault et al. 2002; Morgan & London 2012). In addition, supporting evidence of a 

volatile-rich impact melt comes from an elevated LOI (1.8–2.4 wt%) previously obtained on vitric 

samples of quartz diorite from the Trill Offset Dyke (O’Sullivan et al. 2016); a high LOI (≥ 2 wt%) 

reported in distal ejecta related to the Sudbury impact event (Huber et al. 2014); the presence 

miarolitic cavities in the Sudbury Igneous Complex (including the Laura Offset Dyke, Chapter 4), 

the latter suggesting crystallisation at or close to volatile saturation (e.g. Hanley et al. 2011; Stew-

art 2017; Candela 1997); textural, geochronological and isotopic evidence of extensive fluid-melt-

rock interaction within the Main Mass and in the Whitewater Group immediately following the 

impact (e.g. Ames et al. 1998, 2002; Hanley et al. 2011; Stewart 2017; Ubide et al. 2017). 

Altogether, the new observations contribute supporting evidence that H2O-rich conditions per-

sisted throughout the formation and evolution of the Sudbury impact melt system. The new data 

also demonstrate that terrestrial impact melt rocks are not necessarily as dry as they are often 

perceived (e.g. Morgan & London 2012, p. 1260). The big question that emerges from this: Where 

did the volatiles come from? Are they a consequence of the impact having occurred in a shallow 

marine environment, or ingress of seawater afterwards? Devolatilisation of mixed sedimentary-

crystalline target rocks? Perhaps a contribution from the impactor itself (Daly & Schultz 2018), 

for which some workers (e.g. Darling et al. 2010b; Petrus et al. 2015) have suggested it was a 

comet? Also, why are the Granophyre Dykes at Vredefort, South Africa, which have so frequently 

been compared to the Offset Dykes, very low in volatiles (< 0.01–0.83 wt% LOI; Huber et al. 2020), 

and what does this mean for petrologic/thermal modelling and our understanding of late-stage 

devolatilisation and fluid-rock interaction at Sudbury in general? The study of primary volatiles 

in the Sudbury Igneous Complex certainly holds some promising potential for future research. 
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Implications for the multi-ring hypothesis 

Uncertainty still exists regarding the initial diameter of the Sudbury Impact Structure and whether 

it was a peak-ring (e.g. Scott & Benn 2001; Ames et al. 2002; Grieve & Osinski 2020) or a multi-

ring basin (e.g. Deutsch et al. 1995; Spray et al. 2004). The debate is largely based on whether a 

singular or multiple concentric zones of impact-related features existed around the supposed im-

pact centre, currently estimated to have been located just west of the City of Sudbury (e.g. Grieve 

et al. 2008). Specifically Spray et al. (2004), following earlier observations of Butler (1994) and 

Spray & Thompson (1995), have claimed to found evidence of multiple concentric features around 

the Main Mass, outlining four, although not perfectly circular, rings (Spray et al. 2004; Fig. 10.1B): 

▪ Ring 1 (~90 km diameter) was defined by Spray et al. (2004) by the maximum outer extent of 

shock metamorphic features (shatter cones, PDFs) around the Main Mass; the pervasive distri-

bution of pseudotachylitic breccia; the strike of the concentric Hess and Manchester Offset 

Dykes; and the preservation of down-faulted Huronian Supergroup outliers in the North Range. 

▪ Ring 2 (~130 km diameter) corresponds to an enhanced zone of pseudotachylitic breccia de-

velopment and the sphere of thermal demagnetisation of the basement rocks. It also coincides 

with the orientation of roughly circumferential lineaments, and it corresponds the maximum 

radial (lateral) extent of the previously known Offset Dykes. Ring 2 was interpreted as the orig-

inal pre-erosional extent of the coherent impact melt sheet (now preserved as the Main Mass). 

▪ Ring 3 (~180 km diameter) was defined by another zone of enhanced pseudotachylitic breccia 

development in the North Range of the Main Mass. This zone is equidistant to the impact brec-

cias found at Whitefish Falls and East Bull Lake, and it was interpreted as a blind superfault. 

▪ Ring 4 (~260 km) was defined by the outermost confirmed occurrence of pseudotachylitic 

breccia at Temagami Lake; it was interpreted as the manifestation of another concentric su-

perfault and as the final rim-to-rim diameter of the so-defined Sudbury multi-ring basin. 

Spray & Thompson (1995), drawing comparison to multi-ring basins on the Moon (Fig. 10.1A), 

recognised that the spacing of the above rings (especially the breccia belts in the undeformed 

North Range) follows a surprisingly accurate square root-relation (Pike & Spudis 1987) between 

inferred crater diameter and ring spacing, that is, √260 km = 16 km, which was taken as further 

confirmation of the multi-ring hypothesis. Grieve et al. (2008), however, called the existence of 

the circumferential lineaments of Butler (1994) and their interpretation as concentric fault traces 

into question, and instead proposed that the Hess and Manchester Offset Dykes represent a sin-

gular annular through typical of a peak-ring basin. Grieve et al. (2008) further revised the esti-

mated final rim diameter at 130–180 km, although they did agree with Spray et al. (2004) that the 

maximum lateral extent of the Foy Offset Dyke and the sphere of thermal basement demagnetisa-

tion likely defines the maximum pre-erosional extent of an initially coherent impact melt sheet. 

How do the recently discovered Rathbun, Laura, and Afton Offset Dykes fit into this debate? For 

one, they occur far east of the Main Mass, in an area not previously known for Offset Dykes, and in 

case of Afton, much further away from the impact site than previously considered possible, sug-

gesting that the melt sheet was once laterally much more extensive. Moreover, the Rathbun Offset 

occurs 15 km east of the Main Mass; it seems to coincide with the postulated inner ring of Spray 

et al. (2004) (Fig. 10.1B) yet it is not clear whether this Offset Dyke was concentric or radial. 

Interestingly, the Laura Offset Dyke lies exactly on the second ring, and the Afton Offset Dyke 
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broadly coincides with the third ring structure. Even more interesting, the lateral spacing between 

these Offset Dykes measures ~15 km, which is consistent with the above square-root-relation and 

thus reinforces the idea of Sudbury representing a former multi-ring basin. By the same token, the 

apparent spacing of the new Offset Dykes would imply a final crater diameter of 152 km = 225 km, 

which is intermediate between previous, independent, estimates (Grieve et al. 2008, for a review). 

Obviously, these observations must be treated with caution; geological information for the distal 

East Range are still very limited, and the structural geology, specifically with respect to post-im-

pact deformation, is not well understood. Besides, it cannot be fully excluded at this point that the 

orientation of the Laura Offset Dyke, even though it seems to define another concentric Offset 

Dyke, was instead controlled by pre-existing structures (e.g. bedding planes, faults), and after all, 

the possibility still exists to discover additional Offset Dykes in the East Range that defy the above 

square-root-relation. For future research it is therefore recommended to search of additional con-

centric Offset Dykes along the postulated Ring 2 (~130 km) in the North Range (Fig. 10.1B). 

 

 

Figure 10.1 The Offset Dykes of the 1.85 Ga Sudbury Igneous Complex in context of the multi-ring hypoth-
esis; A: image of the lunar impact structure Copernicus (~93 km diameter) as an extra-terrestrial analogue 
to Sudbury multi-ring basin (image source: National Aeronautics and Space Administration (NASA) 2021); 
B: map of the present-day configuration of the Sudbury Igneous Complex (= Main Mass and Offset Dykes), 
highlighting the distribution of the Offset Dykes (including the recently discovered Rathbun, Laura and Af-
ton Offset Dykes) and the previously postulated ring features; redrawn after Spray et al. (2004). 
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10.1.2 Autochthonous impactites (Sudbury Breccia) 

Apart from the discovery of impact melt dykes (= allochthonous impactites), this study has shown 

that pseudotachylitic breccia (= autochthonous impactites) east of the Sudbury Igneous Complex 

is far more abundant than previously perceived. In fact, pseudotachylitic breccia (locally termed 

Sudbury Breccia) revealed to be nearly ubiquitous in the study area, both in outcrop and in drill 

cores. The breccia covers an entire spectrum, from mm-sized hair-like fracture systems that can 

be easily mistaken for hydrothermal veinlets and that are only identifiable in thin section, to meg-

aclastic breccia that is readily identifiable in the field. The perceived abundance of Sudbury Brec-

cia overall seems to decline from Wanapitei Lake in the west to Temagami Lake in the east – the 

most distant confirmed occurrence of Sudbury Breccia (Simony 1964; Rousell et al. 2003). 

As mentioned earlier, Sudbury Breccia east of the Main Mass does not differ from Sudbury Breccia 

described elsewhere within the Sudbury Impact Structure, and, therefore, needs no further elab-

oration; the reader is instead referred to the studies of Parmenter et al. (2002), Rousell et al. 

(2003) or Fedorowich et al. (2009). There are, however, a few aspects that deserve comment: 

▪ Megaclastic Sudbury Breccia, with clasts of up to 12 m in size, revealed to be continuously ex-

posed within a 14 km accurate N-S trending zone or “belt”, referred to here as the East Range 

Breccia Belt (ERBB). This megastructure bears strong resemblance to the well-known South 

Range Breccia Belt (SRBB) (Scott & Spray 1999, 2000). Like the SRBB, the ERBB is a relatively 

linear, well-defined, mappable zone of megaclastic Sudbury Breccia, tens to hundreds of me-

ters wide. Unlike the SRBB, however, the ERBB experienced little tectonic deformation, it was 

emplaced into relatively uniform host rocks, its breccias are mono- or bilithic, the belt occurs 

at a greater distance to the Main Mass (25 km) than the SRBB (0–5 km), and pods of quartz 

diorite (discontinuous Offset Dykes in the sense of Grant & Bite 1984) have yet to be discovered 

in the ERBB. Like the SRBB parallels pre-existing lithological contacts and faults (Murray 

Fault), the ERBB trends parallel to the N/NW-striking Onaping Fault System. By analogy to the 

SRBB (Spray 1997; Scott & Spray 1999, 2000), the ERBB could have been a listric normal cir-

cumferential crater fault that formed during the crater modification stage. 

▪ Sudbury Breccia exhibits a very well-developed flow-banding. This resembles the “clastic type” 

of Sudbury Breccia as defined by Rousell et al. (2003), and it was only observed within, or at 

the contact to, sedimentary host rocks (argillite, wacke). In contrast, a black aphantic type of 

Sudbury Breccia was predominantly, though not exclusively, observed within crystalline/igne-

ous host rocks (both mafic and felsic). Paradoxically, some of the best examples of flow-band-

ing were observed in breccias developed in massive (unstratified) quartzite and arkose (Chap-

ter 6.2). The origin of the flow-banding and its lithological controls remain enigmatic. 

▪ Foreign lithic clasts were observed within exceptionally wide zones of brecciation. The exotic 

clasts comprise gabbro (likely Nipissing Suite), laminated sandy siltstone (uppermost Gow-

ganda Formation), and, in one place, massive pyrite (Chapter 4.2). None of these lithologies 

are exposed in vicinity to the breccia site, suggesting clast transport over 10s to 100s of meters 

and thus calling upon a parautochthonous origin of the breccia, at least in some places.  

▪ This study has possibly identified Sudbury Breccia within Archaean banded iron formation 

(Chapter 3.3). To the author’s knowledge, pseudotachylitic breccia (or endogenic pseudotach-

ylite for that matter) has not been described before in this kind of protolith. 
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10.1.3 Thermal effects related to the impact event 

Although most of the foregoing discussion has concentrated on the discovery of new Offset Dykes, 

the Sudbury impact event does not only manifest in form of discrete, mappable, breccias and melt 

rocks above the Temagami Anomaly, but also as subtle thermal effects imposed upon the target 

rocks. Uranium-Pb geochronology of one of the pre-impact mafic dykes, 25 km northeast of the 

Main Mass, yielded a titanite date of 1872 ± 3 Ma, which is interpreted as the magmatic crystalli-

sation age of the host rock, whereas apatite from the same outcrop yielded 1851 ± 3 Ma, which is 

interpreted to reflect later isotopic re-equilibration during the 1850 ±1 Ma Sudbury impact event 

(Chapter 7.7). Apatite has a higher Pb diffusivity and thus a lower closure temperature than ti-

tanite (Cherniak 2010) and it is consequently more susceptible to isotopic disturbance, whether 

through impact-related processes (e.g. McGregor et al. 2019, 2020b), or hydrothermal processes 

(e.g. Corfu & Stone 1998). So, while the observed age discrepancy between apatite and titanite 

makes perfectly sense from a thermodynamic perspective, the exact mineralogical-geological pro-

cess responsible for the resetting is not clear, as the sampled outcrop did not show any signs of 

thermal metamorphism, brecciation, interaction with impact melts, not even of micro fracturing.  

Shock metamorphism as a cause of age resetting (Deutsch & Schärer 1990; Moser et al. 2011) can 

be excluded a priori, because the sample location occurs more than 15 km outside the zone of 

shatter cones and planar deformation features (Ames et al. 2005; Grieve et al. 2008); none of these 

features have been observed in the study area. More likely, age resetting of apatite occurred 

through protracted heating above the apatite closure temperature (but still below the titanite clo-

sure temperature) allowing for volume-diffusion to take place, with conductive heat transfer from 

the overlying (now eroded) impact melt sheet into the underlying footwall (e.g. Ivanov & Deutsch 

1999). A similar conclusion was reached by Spray et al. (2004), who observed that the 2.45 Ga 

Matachewan Dyke Swarm had apparently lost its remnant magnetic signature within a ~30 km 

radius around the Main Mass, possibly because of heating above the respective Curie temperature. 

This led Spray et al. (2004) to propose that the Main Mass (= the impact melt sheet) was originally 

much more extensive than the currently exposed 60 x 30 km, possibly up to 130 km in diameter. 

A 130 km-diameter impact melt sheet would also explain why Offset Dykes – assuming the down-

ward injection hypothesis is correct – occur as much as 45 km away from the currently exposed 

Main Mass (Chapter 3). Alternatively, isotopic resetting in the outcrop of question could have 

been caused by convective heat transfer through fluid-rock interaction initiated by the impact, or 

through fluid-mediated dissolution-reprecipitation. Evidence of long-lived regional hydrothermal 

activity has been suggested for the Chicxulub, among other, impact structures (e.g. Osinski et al. 

2013; Kring et al. 2020). At Sudbury, no study has so far focused on potential impact-induced hy-

drothermal activity outside the actual Sudbury Basin, in more distal areas of the crater. 

Regardless of the exact mechanism behind the isotopic resetting, the recovery of impact ages from 

distal footwall units alone implies that the Sudbury impact event must have had much more pro-

found and far-reaching effects on the target rocks than the mere outcrop situation and the distri-

bution of macroscopic impact-related features suggests. This demonstrates that U-Pb mineral 

dates of ~1850 Ma obtained on rocks even in the wider Sudbury area cannot be used as a reliable, 

and certainly not as the sole, evidence of an impact origin (see also: Corfu & Lightfoot 1996; Light-

foot et al. 2001; Prevec & Baadsgaard 2005), which underlines the importance of an integrated 

petrographic, lithogeochemical and isotopic approach as adopted in the present study. 
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10.2 Pre-Impact Magmatism 

Apart from the recognition of impact related features east of the Sudbury Igneous Complex, this 

study provided new insights into the magmatic history of the Huronian Basin prior the 1.85 Ga 

Sudbury impact event. Among the known igneous rocks in this area there are mafic metavolcanic 

of the 2.7 Ga Abitibi Subprovince, which are locally exposed as erosional windows or have been 

intersected in deep drill holes into the Temagami Anomaly; and very widespread gabbroic sills of 

the 2.22 Ga Nipissing Suite, which have been encountered in almost every single of the studied 

townships, both in outcrop and drill cores. New igneous rock discoveries include: 

▪ An almost 10 km long NE-striking tholeiitic quartz diabase dyke, likely related to the 2.22 Ga 

Nipissing Suite/Senneterre Dyke Swarm (Chapter 6). 

▪ A more discontinuous, also NE-striking, calc-alkaline quartz diabase dyke, correlative with the 

regional 2.17 Ga Biscotasing Dyke Swarm (Chapter 8). 

▪ NW-striking alkaline ultrabasic dykes, dated at 1872 ± 3 Ma, and correlated with the 1.88–1.86 

Ga Circum-Superior LIP and the 1.88 Ga Spanish River Carbonatite (Chapter 7). 

A pre-impact intrusion age of all the above listed dykes is evident by cross-cutting field relations, 

since all of them are either pervaded by, or have been reworked as megaclasts into, impact-gen-

erated pseudotachylitic breccia (Sudbury Breccia). Maximum emplacement ages are, in turn, con-

strained by the depositional age of host rock, the ~2.3 Ga Cobalt Group (Hill et al. 2018). 

As such, this study not only adds to the existing geochronological record of the Sudbury District 

(Fig. 10.2), but it also provided insights into the target rock diversity and -stratigraphy of one of 

the largest and oldest impact structures known on Earth. Specifically, these mafic rocks could have 

been yet another source of the exceptional Ni-Cu-PGE-enrichment in the Sudbury Igneous Com-

plex, thus maybe providing the missing link between pre-enrichment target rocks (Keays & Light-

foot 2020) and the formation of one of the world’s largest ore provinces. Perhaps the unique metal 

endowment of the Sudbury Complex only became possible because the impacting bolide hit a por-

tion of continental crust in which coincidentally three large igneous provinces overlapped in 

space. Apart from the known rocks of the ore-hosting 2490–2445 Ma Matachewan LIP, and of the 

2229–2199 Ma Ungava LIP (locally represented by sills and dykes of the Nipissing Suite), rocks of 

a third LIP, the ore-hosting 1883–1864 Ma Circum-Superior LIP, are now indicated by this study. 

Furthermore, this study provided first evidence that mafic rocks of another event, the 2173–2166 

Ma Biscotasing Dyke Swarm, were emplaced into the Huronian Basin prior to the impact. 

An interesting follow-up study would be a more detailed comparison of these newly discovered 

dykes with the exotic xenoliths that are found within the Sudbury Igneous Complex. For instance, 

are the exotic (ultra-)mafic xenoliths, specifically the Group IIB and Group III inclusions of Wang 

et al. (2020), perhaps sourced from an unexposed 1.88 Ga ultramafic complex, or from a 2.17 Ga 

Biscotasing Dyke? Dupuis et al. (1982, 1990) reported on exotic clasts of supposedly alkaline gab-

bro in Sudbury Breccia near Ramsey Lake. Could these clasts be related to any of the new discov-

eries? Does the U-Pb zircon date of 1859 ± 13 Ma obtained on the ultramafic Drury Township 

Intrusion (εNdi –4.3 to +2.0) in the footwall of the Sudbury Igneous Complex really reflect isotopic 

resetting, as suggested by Prevec & Baadsgaard (2005), or does the intrusion represent yet an-

other member of the ~1.88 Ga Circum-Superior LIP? Keays & Lightfoot (2020) recently obtained 



A. Kawohl, 2022    Synthesis 

254 

 

a 2168 ± 11 Ma U-Pb zircon age for the so-called Sudbury Gabbro at Totten, adjacent to the 

Worthington Offset Dyke (south of the Main Mass), and based on this, they suggested the gabbro 

to represent “simply a more mafic variant of the Nipissing Diabase” (Keays & Lightfoot 2020, p. 

103435). In light of the new observations (Chapter 8), could the Sudbury Gabbro at Totten in-

stead be genetically related to the 2170 Ma Biscotasing magmatic event? 
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10.3 Temagami Anomaly 

Although not primarily aimed at resolving the deep-seated and thus inaccessible geological cause 

of the Temagami Anomaly, this thesis should not close without at least some qualitative geophys-

ical discussion because the new geological information made available through this study invites 

to reassess the various hypothesis brought forward to explain the Temagami Anomaly and its po-

tential relationship to the Sudbury impact event; for a quantitative and more comprehensive trea-

tise of the topic, the reader is referred to the recent publication by Adetunji et al. (2021).  

Banded iron formation 

As predicted by the geophysical models of Card et al. (1984), drilling into the magnetic peak of the 

Temagami Anomaly at Afton Township (Chapter 3) revealed the presence of a thick succession 

of Neoarchaean Algoma-type banded iron formation (BIF). There is little doubt that the inter-

sected BIF unit is the same as the one cropping out near Emerald Lake, which is in turn an exten-

sion of the well-known BIF of the Temagami Greenstone Belt (Bennett 1978). The BIF recovered 

in drill hole AT-14-01 has a total apparent thickness of ca. 500 m and matches the assumed pro-

portion of 18 vol% magnetite used in the model of Card et al. (1984). It surely contributes to the 

Temagami Anomaly to some degree and could explain why the anomaly is more magnetic and 

shallower in the eastern part than is in the western part. The locally high graphite content of the 

BIF, and the presence of interconnected magnetite and sulphide (pyrite), likely explains some of 

the resistive/conductive features noted in previous magnetotelluric surveys (Craven et al. 1998; 

Adetunji et al. 2021). However, the intersected BIF does not differ in thickness, structural position, 

or mineralogy, from the BIF in the Temagami or Emerald Lake greenstone belts, where it occurs 

as a distinct linear near-surface feature on aeromagnetic maps without an associated regional 

gravity anomaly (Card et al. 1984; Pilkington 1997). It is also unlikely that structural repetition of 

the intersected BIF, for example through isoclinal folding (John Ayer, pers. comm. 2019), is re-

sponsible for the Temagami Anomaly, because the BIF (and the entire greenstone succession) in 

drill core AT-14-01 and in the Emerald Lake and Temagami greenstone belts appears to be rela-

tively undeformed (e.g. Meyn 1977; Bennett 1978). According to Adetunji et al. (2021), a three-

fold stacking of this 500 m-thick BIF would be required to explain the magnetic features of the 

Temagami Anomaly. Besides, BIF alone can presumably not account for the up to +20 mGal gravity 

feature that is associated with the western part of the Temagami Anomaly (Card et al. 1984).  

Gowganda Formation 

Similarly, sedimentary rocks of the Huronian Supergroup cannot explain the Temagami Anomaly 

because their petrophysical properties are insufficient to explain a magnetic and gravity anomaly 

of such size, scale, and magnitude (e.g. Card et al. 1984). Although locally, disseminated, probably 

syn-depositional, magnetite can be concentrated within the Gowganda Formation (e.g. Easton et 

al. 2020), such magnetite-rich facies are volumetrically by far not sufficient to explain the Te-

magami Anomaly as a whole, not to mention the overall thin thickness of intersected Gowganda 

Formation at Afton Township (< 300 m; Chapter 3) or Sheppard Township (< 1,000 m; Chapter 

7). It also appears unlikely for the regional and aerially extensive Gowganda Formation (or the 

Huronian Supergroup in general) to result in a 11,000 nT anomaly only in this part of the Huronian 

Basin. The low average density of the Huronian Supergroup sedimentary rocks (2.65 g/cm3; Card 

et al. 1984) further precludes a causative relationship with the Temagami Anomaly.  
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Sudbury Impact Structure 

Ever since the discovery of the Temagami Anomaly and the recognition of the Sudbury Igneous 

Complex as being impact-related, there have been speculations about a link between the two 

structures (e.g. Card et al. 1984). A genetic connection between the two is, however, neither borne 

out by the evidence, nor in light of our current understanding of the impact crater formation, a 

particularly realistic hypothesis. First, there is no evidence whatsoever for the Temagami Anom-

aly representing a twin crater. Second, there is no reason for such a highly asymmetric geophysical 

signature resulting from an impact. Instead, plenty of evidence exists for the Sudbury Impact 

Structure having originally been circular (e.g. Hirt et al. 1993; Golightly 1994; Roest & Pilkington 

1994), and even in the case of an oblique impact, the structure and the melt sheet (not the ejecta) 

would have still been more or less circular (Melosh 1989; Pierazzo & Melosh 2000a,b), as would 

be any geophysical anomaly resulting from such oblique impact (cf. Schultz & D’Hondt 1996; Col-

lins et al. 2020). It is also difficult to explain the anomaly by the lateral intrusion of impact melt 

into the middle/lower crust, especially considering that the volume of such injection must have 

exceeded that of the current Main Mass. Third, with the availability of high-quality geophysical 

data (Olaniyan et al. 2015; Adetunji et al. 2021) it becomes increasingly evident that the potential 

field anomaly associated with the Sudbury Igneous Complex is, in fact, not that intense, and that 

it differs in many respects from the Temagami Anomaly, including magnitude, susceptibility con-

trast, density contrast, shape and depth of the causative body. For example, the density of the Main 

Mass ranges from 2.70 g/cm3 (granophyre) to 2.88 g/cm3 (gabbro, norite), corresponding to a 

weighted mean of 2.78 g/cm3, which is almost indiscernible from the average density of the target 

rocks (2.65–2.88 g/cm3) (Gupta et al. 1984; McGrath & Broome 1994; Lightfoot & Zotov 2005). 

According to Adetunji et al. (2021), however, a large body with an average density of at least 2.90 

g/cm3 would be required to explain the +20 mGal Temagami Anomaly. The Sudbury Complex has, 

furthermore, a relatively low magnetic susceptibility between 0.001 SI (granophyre) and 0.035 SI 

(norite, gabbro) (Hearst et al. 1994; Lightfoot & Zotov 2005). These values are far lower than the 

0.1–0.2 SI required to explain the deeper source of the Temagami Anomaly (Adetunji et al. 2021). 

It is also important to stress that the main cause of the Temagami Anomaly occurs at a depth of 5–

15 km or beyond, whereas the Sudbury Igneous Complex is a shallow upper-crustal feature that 

does not extend for more than 10 km into subsurface (e.g. Wu et al. 1995; Olaniyan et al. 2014). 

The present study has identified new Offset Dykes and extensive zones of Sudbury Breccia right 

above the Temagami Anomaly. Although it might be tempting to speculate about a genetic rela-

tionship between these new discoveries and the Temagami Anomaly, it should be born in mind 

that all these impact-related features also occur elsewhere around the Sudbury Igneous Complex, 

where they are not associated with any larger geophysical anomaly. The quartz dioritic dykes and 

the pseudotachylitic breccias are, here and elsewhere, weakly magnetic, they are not much denser 

than their surroundings, and they are relatively narrow features of typically less than 100 m in 

width (Lightfoot 2016, p. 524; Mahmoodi et al. 2017). In detail, Offset Dykes have a very low mag-

netic susceptibility of < 0.0005 SI and density of 2.75–2.85 g/cm3 (Mueller et al. 1998; Giroux 

2005; Mahmoodi & Smith 2015; Mahmoodi et al. 2017; Gordon et al. 2018). The density and mag-

netic susceptibility of Sudbury Breccia might be more variable (Scott & Spray 1999; Nakamura & 

Iyeda 2005; Szabó & Halls 2006; Gordon et al. 2018), but by necessity, it cannot diverge too much 

from its host rock (cf. Henkel & Reimold 2002). Consequently, neither dykes nor breccias can be 

a major contributor to the Temagami Anomaly. The author suspects that the discovery of new 

Offset Dykes and impact-generated breccias above the Temagami Anomaly is purely coincidental. 
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Archaean mafic-ultramafic intrusions 

The above considerations only leave the option of a mafic-ultramafic intrusion unrelated to the 

1850 Ma Sudbury impact event as an explanation for the Temagami Anomaly, a conclusion that 

was also arrived in previous studies (Adetunji et al. 2021, and references therein). Theoretically, 

such ultramafic complex could be of Neoarchaean age. While small ultramafic intrusions do occur 

in this part of the Abitibi Subprovince (e.g. Ontario Geological Survey 2011), including in the Te-

magami Greenstone Belt (James & Hawke 1984), these are volumetrically far not sufficient to ex-

plain a regional geophysical anomaly of the size of the Temagami Anomaly. The fact that Archaean 

basement rocks in this part of the Superior Craton are not associated with any broad-scale gravity 

and magnetic anomalies (e.g. Coles et al. 1981; Card et al. 1984; Buchan & Ernst 1994; Ludden & 

Hynes 2000) implies that the cause of the Temagami Anomaly is most likely of post-Archaean age.  

Nipissing Suite 

Mafic rocks of the 2220 Ma Nipissing Suite, although widespread, are an unlikely cause of the Te-

magami Anomaly either, because they are, in general and in the studied drill cores and outcrops, 

weakly magnetic. They are also free of olivine, which means that an increase in magnetic suscep-

tibility due to serpentinisation can be ruled out. Although some sections exhibit higher suscepti-

bility owing to large leucoxene grains (1–5 vol%), and an elevated conductivity due to dissemi-

nated sulphide, the Nipissing Suite gabbro in bore holes AT-14-01 (300 m) and M-SH-2 (150 m) 

is too thin and too shallow to be a major contributor to the Temagami Anomaly. Easton et al. 

(2020) and Adetunji et al. (2021) discussed the possibility of metamorphism, hydrothermal alter-

ation and shearing increasing their magnetic susceptibility and electric conductivity. However, 

these affects are considered miniscule and very local. Also, there is no reason why the Nipissing 

Suite, extending over some 100,000 km2 throughout the entire Huronian Basin, should result only 

in one place in such extreme geophysical signal. According to Lightfoot et al. (1993), gabbroic 

rocks of the Nipissing Suite were emplaced as second-stage melts into the Huronian Supergroup; 

the parental magma underwent fractionation of olivine prior to emplacement. Theoretically, this 

would raise the possibility of genetically related ultramafic cumulates at depth causing the Te-

magami Anomaly. However, as indicated by Buchan et al. (1993, 1998) and Palmer et al. (2007), 

the Nipissing Suite was likely fed laterally (horizontally) from NE to SW into the Huronian Basin 

through the Senneterre Dyke Swarm, emanating from a plume centre in northern Quebec (e.g. 

Davey et al. 2019). If correct, this emplacement mechanism would preclude the existence of deep-

seated ultramafic cumulates beneath the currently outcropping sills of the Nipissing Suite. Also, if 

ultramafic Nipissing Suite-related cumulates existed, these would be expected to occur through-

out the entire Huronian Basin, and not just in the area of the Temagami Anomaly. Thus, a genetic 

relationship between the Nipissing Suite and the Temagami Anomaly seems inconceivable.  

Regional mafic dyke swarms 

Likewise, quartz diabase of the regional 2170 Ma Biscotasing Dyke Swarm (Chapter 8) is volu-

metrically and petrophysically inadequate to explain the Temagami Anomaly. Neither are the 

known dykes of this swarm themselves associated with distinctively positive magnetic and grav-

ity features, nor is the Biscotasing Dyke Swarm linked to any larger mafic-ultramafic complex of 

sufficient size and physical properties to result in a regional geophysical feature at the scale and 

magnitude of the 1,200 km2 Temagami Anomaly. The same holds true for the regional ca. 1238 Ma 

Sudbury Dyke Swarm and the ca. 590 Ma Grenville Dyke Swarm. Even though members of the 
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Sudbury Dyke Swarm do occur in the study area, where they show as strongly magnetic linear 

features, these are very distinct from the Temagami Anomaly and, in fact, seem to cut across (i.e., 

are younger than) the Temagami Anomaly (Easton et al. 2020); they are not associated with any 

gravity feature either. There is currently little evidence that the Sudbury Dyke Swarm was once 

connected to large deep-seated mafic-ultramafic magma chambers (cf. Easton 2002), and even if 

this were the case, such voluminous chambers would be expected to occur more proximal to the 

plume centre near the point of dyke convergence (Ernst et al. 2019), wherever this point might 

have been in light of the conflicting nature of existing data (Ernst 1994; Hou et al. 2010). 

East Bull Lake Suite 

A possible candidate to explain the Temagami Anomaly could be a layered mafic-ultramafic com-

plex of the early Proterozoic (2496–2450 Ma) East Bull Lake Suite. Members of this suite are ex-

posed all around Sudbury, and one of these – the River Valley Intrusion – crops out just 25 km 

south of the Temagami Anomaly. These mafic-ultramafic complexes are not only thick (> 1,000 

m), voluminous and dense, but they also contain abundant titanomagnetite to produce significant 

magnetic anomalies elsewhere (e.g. Mueller et al. 1996). In detail, however, and as correctly 

pointed out by Adetunji et al. (2021), petrophysical properties established for the East Bull Lake 

Suite (Kurtz et al. 1986; Mueller et al. 1996; Legault et al. 2011) do not even closely match the 

requirements to explain the Temagami Anomaly. For instance, even the most primitive portions 

of these intrusions (troctolite units) have a low magnetic susceptibility (≤ 0.045 SI; Mueller et al. 

1996); they lack pervasive serpentinisation; and they contain only sparse disseminated (not in-

terconnected) magnetite (< 5 vol%) and rather erratic disseminated contact-style sulphide min-

eralisation (e.g. Easton et al. 2010; Holwell et al. 2014) – all of which is insufficient to account for 

the magnetic and especially the conductive features of the Temagami Anomaly (Adetunji et al. 

2021). Another complication arises from the exceptionally large size of the Temagami Anomaly 

(1,200 km2), which contrasts the relatively small size of all known members of the East Bull Lake 

Suite. Even the largest member, the 50 km2-large and 2 km-thick Agnew Intrusion west of Sudbury 

(Vogel et al. 1998a), produces a geophysical feature distinctly different from the Temagami Anom-

aly in terms of shape, structure, and magnitude. This notwithstanding, Adetunji et al. (2021) sug-

gested – for lack of an alternative explanation – that the Temagami Anomaly might be caused by 

an intrusive ultramafic complex of the East Bull Lake Suite at the base of the Huronian Supergroup. 

Although this hypothesis may account for some of the observed geophysical features, it is solely 

based on circumstantial argumentation, and it remains almost impossible to test. 

Circum-Superior Large Igneous Province 

A discovery that has the potential of casting the Temagami Anomaly in a completely new light is 

that of 1872 ± 3 Ma alkaline ultrabasic dykes both in outcrop and in a deep exploration drill hole. 

As discussed in Chapter 7, the dykes are likely related to a mantle plume because of their OIB-like 

trace element signature; they are interpreted as part of a regional magmatic event, the 1883–1864 

Ma Circum-Superior Large Igneous Province (LIP). Other well-known members of this LIP include 

the Thompson Nickel Belt, the Fox River Sill, the Raglan Formation/Cape Smith Belt, and a range 

of carbonatite complexes, many of which are themselves associated with large-scale geophysical 

anomalies (e.g. Zurbrigg 1963; Dowsett 1970; Sage 1987; McRitchie 1995; Ferguson et al. 2015). 

Obviously, the alkaline ultrabasic dykes alone cannot explain the Temagami Anomaly. Their close 

spatial association with one of the largest unexplained potential field anomalies on the Canadian 
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Shield (Pilkington 1997) is, however, unlikely to be a pure coincidence; it could well be that there 

is some sort of causative relationship. Such relationship could exist in form of a magmatic plumb-

ing system (e.g. Ernst et al. 2019), in which the dykes represent but a high-level manifestation of 

a larger and more primitive mafic-ultramafic magma chamber – the actual cause of the Temagami 

Anomaly. In this context it might be interesting to point out that a large-scale magmatic plumbing 

system has been suggested for the ~1.88 Ga Cape Smith Belt (Mungall 2007; McKevitt et al. 2019). 

Granted, the above hypothesis is based on a range of assumptions and needs to be tested trough 

additional field work and drilling, but indirect support comes from the following: First, the alka-

line ultrabasic dykes discovered in this study are apparently, and unlike the Matachewan, Bisco-

tasing, Sudbury or Grenville dykes, not part of a regional dyke swarm. This, in turn, excludes lat-

eral dyke emplacement over larger distances and instead points to a more local magma source 

(Ernst et al. 2019). Second, the alkaline diabase dykes have a relatively evolved composition, com-

pared to primary mantle derived melts, suggesting fractional crystallisation occurred before or 

during their emplacement (at depth?). Third, amphibole phenocrysts in one of the dykes record 

crystallisation pressures of 3.7–4.4 kbar equivalent to a current depth of 10–15 km. This corre-

sponds to the same depth as the supposed cause of the Temagami Anomaly (Adetunji et al. 2021). 

Fourth, the petrophysical properties established for (other) members of the Circum-Superior LIP 

do match the requirements better than any other lithology known in the Huronian Basin. The Fox 

River Sill, for example, a layered complex comprising strongly serpentinised peridotite, has an 

average magnetic susceptibility of 0.1–0.2 SI (Ferguson et al. 2015), which is exactly the required 

value for the Temagami Anomaly. Apart from that, the size of the interpreted “Temagami Igneous 

Complex” (~600 km2) compares well with the size of (other) members of the Circum-Superior LIP. 

The Fox River Sill, for example, extends across ~500 km2; ultramafic rocks of the Thompson Nickel 

Belt, although strongly deformed, for at least 1,000 km2; the Expo Intrusive Suite (Cape Smith Belt) 

measures ~100 km2; the Sutton Inlier ~500 km2; the Winnipegosis Komatiite Belt ~4.500 km2. 

Each is associated with a regional gravity and magnetic high of about comparable scale and mag-

nitude as the Temagami Anomaly (e.g. Eaton & Darbyshire 2010). As a matter of fact, some of these 

members and associated ore deposits have only been discovered because of their extreme geo-

physical signature (e.g. Zurbrigg 1963; McRitchie 1995; Hamilton & Stott 2008). A more detailed 

comparison is, unfortunately, beyond the scope of this study and the publicly available data, but 

it is recommended that future work should particularly focus on the geophysical similarities be-

tween the Temagami Anomaly and known members of the of the Circum-Superior LIP. 

Summary 

In summary, it is tentatively suggested, based on the observations made in the present study, that 

the Temagami Anomaly might be caused by a combination of shallow (< 2 km), locally exposed, 

Archaean banded iron formation, and a deep-seated (> 5 km) ultramafic (± serpentinised) intru-

sive complex genetically related to the 1883–1864 Ma Circum-Superior LIP. The interpreted in-

trusive complex would have a dimension of 60 x 10 x 10 km, an average susceptibility of 0.2 SI 

equivalent to a magnetite content of 5 vol%, and it seems to become increasingly denser with 

depth (Adetunji et al. 2021) possibly reflecting internal magmatic differentiation. The complex 

was likely emplaced along the ~1.9 Ga Onaping Fault System (Buchan & Ernst 1994) and along 

the boundary between Archaean basement and Huronian Supergroup having acted as density bar-

rier, causing the intruding magma to stagnate and differentiate. The hypothesis of a genetic rela-

tionship between the Temagami Anomaly and the Sudbury impact event should be discarded. 
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10.4 Recommendations for Mineral Exploration 

Sudbury-type PGE-Au-Cu-Ni sulphide 

Irrespective of what the cause of the Temagami Anomaly might be, the discovery of new Offset 

Dykes – one of the principal ore-hosting lithologies of the world-class Sudbury Mining Camp – has 

significant implications for the future Ni-Cu-PGE prospectivity of the area east/northeast of the 

Sudbury Igneous Complex. Below are some suggestions that one might consider when exploring 

these new Offset Dykes for potential Sudbury-type ore deposits.  

The highest economic potential arises from the so-called Rathbun Lake occurrence, a small but 

high-grade Pd-showing that has been known for at least 130 years, and that has previously been 

genetically ascribed to the regional 2.22 Ga Nipissing Suite. Prior studies have reported exception-

ally high grades of Pd (≤ 53 g/t), Pt (≤ 33 g/t), Au (≤ 6.4 g/t), and Cu (≤ 19.9 wt%) in grab samples 

at surface (Koulomzine 1955; Rowell & Edgar 1986; Lightfoot et al. 1991), which could be con-

firmed in the present study (Chapter 5.7). In fact, new assays returned even greater values of Au 

(≤ 9.6 g/t), Pd (≤ 62.5 g/t), and Cu (≤ 22.8 wt%). Most significantly, however, this study indicated 

that PGE grades at Rathbun do not necessarily correlate with measured sulphur nor visible sul-

phide content; Pd values of up to 13 g/t were found even in sulphide-free samples. This style of 

mineralisation shares many similarities with the so-called low-sulphide high-precious metal min-

eralisation (LSHPM) known from elsewhere within the Sudbury Mining Camp; the semi massive 

Cu-rich style resembles the sharp-walled footwall vein mineralisation (cf. Farrow et al. 2005).  

In spite of these highly encouraging metal grades and a considerable amount of foregoing studies 

at Rathbun, the origin of this occurrence has remained controversial and has been proposed to be 

either epigenetic/hydrothermal (Rowell & Edgar 1986) or syngenetic with the emplacement of 

the Nipissing Suite (Lightfoot & Naldrett 1996a). Subsequent prospectors that have subscribed to 

either model have, however, completely failed to identify any extension of the Rathbun Lake oc-

currence, nor have they discovered comparable high-grade occurrences elsewhere in the Hu-

ronian outcrop belt associated with the Nipissing Suite (Davey et al. 2019, for a review).  

The present study reported on the discovery of a quartz dioritic Offset Dyke at Rathbun Lake and 

made a strong case for the Rathbun Lake occurrence also being impact related (Chapter 5). This 

drastically changes the view on the occurrence and how further exploration should be ap-

proached, that is, Rathbun Lake should be treated as, an explored like, an Offset Dyke/breccia-

hosted mineral system similar to the Frood-Stobie, Totten, Kelly Lake, Vermillion or New Victoria 

deposits. Highest priority should have the tracing of any extension or branch of the Rathbun Offset 

Dyke in (sub-)outcrop as well as an accurate determination of its strike, width, dip, and down-dip 

continuity. Crucial will also be to build a 3D-model of the occurrence, its lateral distribution, and 

its continuation at depth. This should include mechanical stripping, detailed outcrop mapping, 

channel sampling, assaying even of sulphide-poor samples, and diamond drilling. Geophysical ex-

ploration should follow the case studies of other Offset Dykes (e.g. Mueller et al. 1998; Polzer 

2000; Bellefleur & Chouteau 2001; Spicer 2016; Mahmoodi et al. 2017; Smith 2017). For instance, 

quartz diorite could be identified as a local relative gravity low within the Nipissing Suite gabbro, 

or as a relative gravity high within the Gowganda Formation. Ground electric resistivity tomogra-

phy, ground-penetrating radar, borehole vector magnetics, and airborne LiDAR have previously 
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proofed successful in locating Sudbury-type massive sulphide bodies, and in delineating litholog-

ical contacts (see also: Fourie et al. 2019). Furthermore, historic drill cores from Rathbun Lake 

should be re-examined for previously unnoticed impact-related features (quartz diorite, Sudbury 

Breccia, metabreccia) and LSHPM mineralisation. Owing to the S-poor nature of the latter, similar 

occurrences could have been easily overlooked in the past. Therefore, a reassessment of known 

base metal sulphide occurrences in the wider Rathbun Lake/Portage Bay area, especially of those 

occurrences initially and perhaps erroneously attributed to the Nipissing Suite, is suggested.  

Aside from the immediate Rathbun Lake area, focus should be directed towards the wider Wanap-

itei Lake region, especially the under-explored Aylmer Township northwest of Rathbun Lake – 

some 100 km2 of supposedly flat lying Gowganda Formation. Chances are good of finding addi-

tional Offset Dykes (and related mineralisation) not only there but also within Scadding Township 

and elsewhere within Rathbun Township. Recent work by Inventus Mining (VanderWal 2021), for 

example, indicates widespread brecciation and additional quartz diorite exposures in the south-

ern part of Rathbun Township, around Bassfin Lake. If and how these new discoveries are related 

to the Rathbun Offset Dyke (e.g. in form of a parallel dyke or a branch), and whether these are as 

equally endowed, is part of ongoing investigations. Also, given that Offset Dykes and related min-

eral systems tend to be relatively narrow and small-scale geological features, they might have well 

been overlooked in earlier reconnaissance mapping by the OGS, especially in the more poorly ex-

posed areas along the Wanapitei River. The revisiting and geochemical sampling of mafic dyke-, 

granophyre-, and quartz diorite occurrences that have previously (and perhaps erroneously) been 

mapped as members (or differentiated portions) of the Nipissing Suite is, therefore, recom-

mended. A manual on how to identify new Offset Dykes based of geochemical fingerprinting has 

already been outlined in Chapter 3.6. Till geochemistry and indicator mineralogy has lately 

demonstrated to be a valuable greenfield exploration tool in and around the Sudbury Mining Camp 

(e.g. McClenaghan al. 2019; Hashmi et al. 2021) and could help to locate additional occurrences. 

In contrast to the well-endowed Rathbun Offset Dyke (Chapter 5), the two other Offset Dykes at 

Afton Township (Chapter 3) and Mackelcan Township (Chapter 4) are considered being of less 

economic significance, first, because of their distant position relative to the impact site, and sec-

ond, because of their barren appearance, the latter being corroborated by a lack of an anomalous 

Cu, Ni, or PGE enrichment. Their potential should, however, not be entirely dismissed. As work by 

Wallbridge Mining (Smith 2017) has demonstrated, small subeconomic Cu- and PGE-rich sulphide 

occurrences can still be found even in the more distant Offset Dykes (e.g. Trill, Hess, Parkin). 

Therefore, at least some field work should be devoted to (i) trace the Laura Offset Dyke in (sub-

)outcrop further north and south, (ii) find potential splays or branches of the Laura Offset Dyke, 

(iii) locate the surface expression of the Afton Offset Dyke. According to Lightfoot (2016), struc-

tural traps (branches, steps, pre-impact lithological boundaries and faults) likely played an im-

portant role in the formation of Offset Dyke-hosted ore deposits (e.g. the Totten and New Victoria 

deposits associated with the Worthington Offset Dyke). Such structural traps are something that 

should be specifically looked out for when tracing the Afton, Laura, and Rathbun Offset Dykes. 

Another possible scenario that could have potentially led to a local enrichment of Ni-Cu-PGE sul-

phide, even in the more distant Offset Dykes, is the assimilation of S-rich country rock (pyritic 

shale, sulphidic BIF, pyritiferous Mississagi and Matinenda formations, sulphide-bearing Nipis-

sing Suite gabbro) by the impact melt. Thus, an elevated potential to discover Ni-Cu-PGE sulphide 

occurrences might be expected in areas where Offset Dykes had intruded and interacted with 
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those kinds of country rock. Also, the Au potential, the spatial extent, and the structural-lithologi-

cal controls of the quartz-carbonate veins that crosscut the Laura Offset Dyke should be assessed.  

Intrusion-related Ni-Cu-PGE sulphide 

An elevated economic potential does, however, not only arise from the discovery of new Offset 

Dykes, but from some of the pre-impact lithologies as well. In fact, one of the most important find-

ings of the present study is the discovery of 1872 ± 3 Ma alkaline ultrabasic dykes (Chapter 7), 

even though these do not carry any sulphide mineralisation themselves. As demonstrated here 

through age dating and geochemistry, the dykes are part of the same regional magmatic event that 

also formed some of the world’s largest Ni deposits at Thompson, Manitoba, and Raglan, Cape 

Smith (e.g. Bleeker & Kamo 2018). The mere fact that dykes of this 1.88–1.86 Ga magmatic event 

happen to occur right above one of the largest unexplained geophysical anomalies of the Canadian 

Shield sheds completely new light on the Temagami Anomaly and whatever its geological cause 

might be, and it creates a hitherto unknown potential for mafic intrusion-hosted Ni-Cu-PGE sul-

phide mineralisation within the Huronian Basin. Additional drilling and the extension of existing 

bore holes into the Temagami Anomaly is, therefore, probably warranted.  

With the recognition of the Rathbun Lake occurrence being impact related (Chapter 5), the 2220 

Ma Nipissing Suite loses significantly in economic appeal. Although there are many other Cu-Ni-

PGE sulphide occurrences unequivocally genetically related to the Nipissing Suite, these magmatic 

occurrences are (with only one exception) currently regarded as subeconomic (Davey et al. 2019). 

Their genetic and spatial controls are still not well understood. The author considers the proba-

bility of making significant new Cu-Ni-PGE discoveries related to the Nipissing Suite relatively low.  

Hydrothermal Cu-Co-Au sulphide/arsenide 

Further studies should be carried out to understand the timing and cause of the regional Na met-

asomatism (albitisation) that affected large areas of the Scadding, Rathbun, Mackelcan and Aylmer 

townships above the eastern part of the Temagami Anomaly. As already noted by Gates (1991), a 

number of past-producing Au mines and Cu-Co-Au occurrences can be linked to this metasomatic 

event. A particular close spatial connection seems to exist between hydrothermal Cu-Co-Au min-

eralisation, mafic rocks of the Nipissing Suite, and N-trending structures of the Onaping Fault Sys-

tem (Chapter 6 and Chapter 9). Areas that meet those criteria should be prospected for addi-

tional base- and precious metal occurrences. Extensive stream and lake sediment geochemical 

data provided by the OGS (e.g. Dyer et al. 2004) could further help to identify previously unrecog-

nised zones of albitisation and mineralisation by searching for local anomalies of Na, Cu, Co, Au 

and As. Massive hydraulic breccias, like those at Scadding, Aylmer, Cobalt Hill, and Wolf Lake, have 

the best potential to host economic Cu-Co-Au concentrations. Such breccias, together with acces-

sory fuchsite (Cr-rich mica) and authigenic LREE minerals (e.g. Schandl et al. 1994), seem to indi-

cate a high fluid flux and could serve as an exploration vector. Whether a genetic relationship ex-

ists between the albitisation, the Au mineralisation, and the exotic felsic intrusive rocks (aplitic 

dykes, hornblende syenite, albitite) at Matagamasi Lake (Chapter 9) needs be tested, ideally 

through additional field work and radiometric age dating. Finally, and with the availability of more 

field data, the initial classification of this regional metasomatic event as a “modified IOCG-system” 

(Schandl & Gorton 2007) should be reconsidered in light of the more recent definition of the IOCG 

clan (e.g. Groves et al. 2010; Barton 2013). 
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10.5 Concluding Remarks 

The Temagami Anomaly is, and likely continues to be, one of the largest unexplained potential 

field anomalies on the Canadian Shield. Its relationship to the 1.85 Ga impact-generated Sudbury 

Igneous Complex in its immediate vicinity has remained enigmatic, its origin elusive. In an attempt 

to explore the origin of the anomaly and to test for a genetic relationship between impact and 

anomaly, field work and deep drilling has lately provided new insights into the poorly understood 

surface geological makeup of this under-explored area by having revealed the existence of numer-

ous igneous dykes of unknown age and origin above the Temagami Anomaly. These dykes, which 

have not previously been documented in the wider area, range broadly in composition, magmatic 

affinity, potential field characteristics, orientation, the style of mineralisation and alteration or the 

lack thereof. Accordingly, the main objectives of this study were to: 

▪ Provide a first and systematic lithological and lithogeochemical characterisation of the dykes. 

▪ Test if and how the dykes are genetically related to the 1.85 Ga Sudbury impact event. 

▪ Investigate whether the dykes can be correlated with known magmatic units/events within the 

immediate study area or within the wider region. 

▪ Establish their petrogenesis, mode and timing of emplacement, and post-magmatic evolution. 

▪ Test whether the dykes could be a surface manifestation of a deep-seated ultramafic complex. 

▪ Reconstruct their mineralisation history (if applicable) / evaluate their economic potential. 

▪ Gain a better understanding of the geology and magmatic evolution of the area in general. 

Most of the above objectives could be achieved through an integrated approach of field work, pet-

rographic studies, lithogeochemical and Nd-Sr-Pb isotope analyses, and (where possible) U-Pb 

mineral dating, making it possible to draw the following conclusions: Some of the dykes are indeed 

genetically related to the 1.85 Ga Sudbury impact event and identified as so-called Offset Dykes; 

some pre-date the impact event by 20–370 Ma; some are highly prospective targets for PGE-Cu-

Ni exploration; some are entirely exotic and could not be assigned to any known magmatic event 

in the wider area. Therefore, this study has not only provided unexpected insights into one of the 

least understood parts of the Sudbury Impact Structure, but also into the pre-impact magmatic 

history of the area, which reveals to be much more complex, diverse, and protracted than initially 

thought. The actual cause of the Temagami Anomaly remains open to debate.  

Due to the nature of this project and this being the first comprehensive geological study on the 

Temagami Anomaly and the more remote parts of Sudbury’s East Range, there are many topics of 

interest for future studies emerging, and several outstanding problems that should be addressed 

in order to gain a better understanding of regional geology, magmatic history, metallogeny, and 

perhaps even the cause of the Temagami Anomaly itself. Topics for future work may include: 

▪ To precisely date the felsic dykes from Matagamasi Lake, and to explore their spatial and per-

haps genetic relationship to hydrothermal Au-mineralisation in this area. 

▪ To establish the age and origin of the regional and pervasive albitisation, and to test for a ge-

netic link between alkali metasomatism and the newly discovered alkaline magmatic rocks. 

▪ To test whether any of the dykes, and the alkaline ultrabasic dykes in particular, are part of a 

regional swarm, or rather the surface manifestation of a deep-seated ultramafic complex. 

▪ To trace the new Offset Dykes further in outcrop and to establish their mode of emplacement. 

▪ To drill deeper into the Temagami Anomaly and to conduct additional geophysical studies.  
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Appendix 

This thesis contains electronic supplementary material (attached to this pdf file), which may also 

be accessed through the Online Publication Service (OPUS) of the University of Würzburg 

(https://opus.bibiolthek.uni-wuerzburg.de/home). The supplementary material is also available 

on request (alexander.kawohl@uni-wuerzburg.de, hartwig.frimmel@uni-wuerzburg.de). 

Appendix_1 Whole-rock geochemical data.xls 

A Microsoft Excel spreadsheet presenting major, minor and trace element concentration data of 

whole-rock samples collected during this study. It also includes information about the sample 

type, the geographic location (coordinates), and the laboratory that carried out the analyses.  

Appendix_2 Whole-rock Nd-Sr-Pb isotope data.xls 

A Microsoft Excel spreadsheet that contains whole-rock Nd-Sr-Pb isotope data. 

Appendix_3 U-Pb isotope data.xls 

A Microsoft Excel spreadsheet containing U-Pb isotope data for titanite, apatite and zircon. 

Appendix_4 Mineral chemical data.xls 

A Microsoft Excel spreadsheet containing electron microprobe-based mineral chemical analyses 

for amphibole and feldspar for a number of different locations and rock types. 
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