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ABSTRACT 

Lead isotope ratios have been determined by a VG.354 thermal 

ionization mass spectrometer on Sudbury Igneous Complex 

sulphide ores. The isotopic ratios are contrasted with the 

lead isotope profile of selected country rocks in the 

vicinity of the complex. South Range data form a linear 

array whose slope indicates an age of approximately 1.85 Ga. 

the published age of the igneous complex. 

a magmatic origin for lead in the ore. 

describe a parallel isochron. with 

They also indicate 

North Range data 

The South and North Range data are 

similar to the lead-isotope composition of country rocks 

close to them. and indicate rather different crustal-source 

rocks for sulphide ores in these regions of the complex. 

This fact sugoests that the Sudbury Igneous Complex was 

generated by a meteorite impact which occurred at the edge of 

the Huronian succession overlying the Southeast edge of the 

Superior Province. 
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CHAPTER 1 

INTRODUCTION 

1. GENERAL STATEMENT 

The decay of uranium and thorium to stable isotopes of lead 

has proven to be of value in determining the history. 

processes and sources involved in the formation of ore 

deposits. 

In this study, Pb abundance and isotopic ratio 

determinations have been successfully achieved by thermal 

ionization-mass spectrometry for samples analysed for Re/Os 

<Dickin et al., 1992; Beneteau. 1990) and other samples 

collected from the Sudbury Igneous Complex <hereafter 

abbreviated SIC). 

Sm-Nd and Re-Os isotopes provide stronq support for the 

crustal origin of the SIC. However. they cannot resolve 

components from two crustal reservoirs which may be involved 

in the genesis of the complex. namely the Levack gneisses and 

the overlyinq units of the Huronian super group. Firstly, 

the sedimentary strata of the Huronian super group were 

largely derived by erosion of the Superior basement, also, 

were igneous units within the Hurc•nian succession 

contaminated by the Superior basement. The Sm/Nd system is 

not significantly fractionated by such intra-crustal 

differentiation processes, while the preliminary Re/Os data 



available suqqest very variable but overlapping 

ratios in the two crustal reservoirs. 

.-. 

.L. 

isotc•pe 

However. it has been demonstrated that the U/Pb system 

is one isotopic system very sensitive to intra-crustal 

differentiation. This system is fractionated durinq 

hiqh-grade metamorphism to yield uranium-depleted lower 

crustal qneisses. as well as a uranium-enriched upper crust 

of the Huronian super group. Over time these systems should 

generate different lead isotope profiles in the two crustal 

reservoirs which may be involved in the genesis of the SIC. 

The Sudbury iqneous complex was chosen as a test 

because. this complex has been the centre of many qeoloqic 

controversies and its oriqin is still discussed. 

1.1 Th•oretical Background. 

A detailed discussion of the theoretical basis and the 

isotope geochemistry of Pb. Th. and U has been provided in 

detail by Doe (1970). Faure ( 1977. 1986). Lead. atomic 

number 82, is the most metallic of the group IV-B elements. 

Lead forms a divalent ion having a larger radius than uranium 

and thorium and has four naturally occurring isotopes: 204Pb. 

The latter three are radiogenic as 

a result of radioactive decay. 

23su orc•ducinq 207Pb and 232Th qenerating 208Pb. 

has no lonq-lived radioactive parent and is often used as a 

stable reference isotope. The modes of decay are complex. 
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each parent-daughter series involving many relatively 

short-lived radioactive intermediate daughters before the 

stable Pb isotope is reached. Intermediate daughter products 

are not important for this discussion. The relative 

abundance of the three radiogenic isotopes are generally 

expressed as ratios with 204Pb such as 206Pb/204Pb. The rate 

of radioactive decay of the parents given by the half-lives 

tl/2 differ significantly. Abundance. half-lives and decay 

constants of the principal naturally occurring isotopes of 

uranium and thorium are given in Table 1.1). 

Uranium has atomic number 92 and is now known to be the 

third member of the Actinide series of elements. Uranium 

<Z=92> and thorium <Z=90) have similar geochemical 

properties. They both form tetravalent ions with similar 

ionic radii 

substitute for each other. 

geochemical coherence. 

which accounts for their 

The U-Th-Pb isotopic system can potentially yield 

information about the mean ages. as well as information about 

the very early history of the earth. since the half lives in 

this system range from 0.7 Sa to 14 Sa. The first reliable 

age of meteorites <4.5 Ga> was a lead isochron age 

<Patterson. 1956; Murthy & Patterson, 1962>. 
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1.2 Geochemical Behaviour of Uranium, Thorium and Lead. 

Uranium, thorium and lead belong to the group of the 

large-ion lithophiles <while lead has strong chalcophillic 

tendencies) which were accumulated predominantly in the crust 

and f ractionated significantly during the earth's history. 

Their concentration in the mantle is lower. Upper crustal 

rocks are enriched in U compared to lower crustal or mantle 

rocks <Doe, 1970). Uranium is preferentially mobilized from 

the lower continental crust during high-grade metamorphism 

and accumulates in the upper crust. 

become s t ratified in U/Pb ratio. 

This causes the crust to 

According to Armstrong (1968), 68'l. of U, 79'l. of Th, and 

53'l. of Pb are concentrated in the crust. On the other hand, 

when compared to the depleted mantle, Allegre et al. (1988) 

estimated that 80'l. of uranium, 70'l. of lead and 90'l. of thorium 

now reside in the continental crust. 

The most extensive account of the occurrence and 

distribution of lead and uranium in igneous metamorphic and 

sedimentary rocks has been described in detail by Wedepohl 

(1978). The values are given in Table 1.2. The increase of 

lead concentrations from ultrabasic to granitic rocks is 

almost as steep as that of uranium. Therefore, the U/Pb 

ratio of the common magmatic rock units is rather uniform, 

although it decreases slightly from granitic to ultrabasic 
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r-ocks. The aver-age lead content of ar-gillaceous sediment (20 

ppm) and gr-anitic r-ocks (23 ppm) is only slightly higher- than 

that of gr-anulites. 

The upper- continental cr-ust mainly consists of magmatic 

i ntr-usives and metamor-phic r-ocks, and minor- sedimentar-y 

mater-ial bur-ied dur-ing a thr-usting event (Wedepohl, 1978). 

The lower- continental cr-ust consists mainly of high-gr-ade 

metamor-phic r-ocks of inter-mediate chemical composition. 

These r-ocks ar-e r-elatively depleted in U (Lamber-t & Heier-, 

1967>, but pr-obably not in Pb. 

Table 1.1. Abundances, half-lives and decay constants 

ISOTOPE 

238U 
235U 
234U 
232Th 

of the pr-incipal natur-ally occur-r-ing isotopes 
of Ur-anium and Thor-ium (modified fr-om Faur-e, 
1986). 

ABUNDANCE HALF-LIFE DECAY CONSTANT 
('l.) <year-s) (per- year-) 

99.2743 4.468 X 10-Q 1. 55125 X 10-10 
0.7200 0.7038 X 109 9.8485 X 10-10 
0.0057 2.47 X 1015 2.806 X 1o-e. 

100.0000 1. 401 X 109 4.9475 X 10-11 



Table 1.2. Average concentrations of the Pb and U ratio 
in igneous. sedimentary and metamorphic rocks 
<Wedepohl, 1978). 

ROCK TYPE Pb (ppm) U (ppm) 

Ultra basic 3 0.014 

Basic 6 0.4 

Intermediate (calcalkaline) 10 1 

Intermediate (alkaline) 12 6 

Granodiorite 15 2.6 

Granite 23 3.9 

Granulite 18.7 1.4 

Argillaceous sediment 20 4 

Arenaceous sediment 7 0.45 

Calcereous & dolomitic sediments 9 1.95 

Troilite 5.9 0.009 

Ordinary chondrites 0.45 0.01 

Achondrites 0.44 0.07 



7 

1.3. The Geology of the Sudbury Igneous Complex. 

The general qeoloqy of the Sudbury basin is illustrated in 

Figure 1.1. Many of the details can be found in Pye et al. 

<1984). The Sudbury Igneous Complex <SIC> is the world's 

greatest producer of nickel. and is located in the southern 

Canadian Shield between the early Proterozic Huronian supra 

crustal rocks of the Southern province and the Archean 

plutonic rocks of the Superior province. The Sudbury 

structure has an elliptical outcrop pattern, approximately 27 

kilometres on its short axis and about 60 kilometres on its 

long axis. This is due to tectonic shortening in a 

northerly direction durinq the Penokean and subsequent 

orogenies <Rousell. 1984) by Southerly dipping thrusts. 

defined recently in seismic images <Milkereit et al., 

This thrusting event is responsible for several 

1992). 

faults 

(parallel to the strike of rock units within the central 

Sudbury basin) cutting across the SIC from the Southwest to 

the Southeast <Dressler. 1984b). 

The SIC is a differentiated and layered tholeiitic 

intrusion <Naldrett et al •• 1970>. which is overlain by the 

Onapinq Tuff and underlaid by a "contact sublayer" <Naldrett 

et al •• 1984) which is composed of differentiated norite. 

sulphide-bearing ore and brecciated rock. A lower zone of 

norite. a middle zone of quartz qabbro and an upper zone 

qranophyre make up its "main mass". 



Figure 1.1 Geological setting of the Sudbury Intrusive 

Complex relative to the three nearby 

geological provinces. The main mass of the 

complex is hatch~d. (From Pye et al., 1984) 
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The sublayer is the lower-most unit of the Igneous 

Complex and intrudes along the contact between the main mass 

of the Complex and the footwall rocks as discontinuous 

lenses, sheets and embayments referred to as the "contact 

subl ayer" <Naldrett et al., 1984) and forms several dikes 

(quartz-diorite) in the surrounding rocks known as offset 

dikes. Indeed, it hosts many of the nickel-copper ore bodies 

of the Sudbury area. Pattison (1979) described the sublayer 

in general and Naldrett et al. (1984) described the contact 

sublayer in detail. Grant & Bite (1984) have documented the 

field and major element characteristics of the offset dikes. 

They suggested a genetic relationship between the offset 

dikes and the main mass magma. The contact sublayer and the 

offset dikes are composed of gabbro to quartz diorite and 

feature two main groups of inclusions (Naldrett et al .• 

1984). 

Inclusions in the contact sublayer are chiefly derived 

from t h e footwall rocks (felsic gneiss, quartzites, and 

amphibolites) and those composed of mafic and ultramafic 

rocks <Scribbins et al., 1984). Mafic and ultramafic 

inclusi o ns are derived from hidden layered intrusions that 

have fractionated at moderate depths in the crust <Scribbins 

et al • , 1984) • Naldrett (1984) has suggested that these 

hidden intrusions are related genetically to the SIC. 

Geologists are not in agreement about the correct 

geol ogi c al interpretation of the Sudbury Igneous Complex. 



10 

Its ori g in, structure and associated ores have long been a 

subject of controversy <Pye et al., 1 '984). Opinions are 

divided between an endogenic volcanic explosion (Speers, 

1'957 ; Muir, 1'984) and meteorite impact <Dietz, 1'964; French, 

1'968 , 1'970; Peredery & Morrison, 1'984). Various features of 

the SIC, such as the extreme brecciation of country rocks 

around the Cc•mplex, the presence of shock metamorphic 

f eatures in the Onaping formation and in the footwall rocks, 

and over t urned strata at the rim of the structure were argued 

by Diet z (1 '964) to support an origin by meteorite impact. 

Peredery (1'972) developed this model by proposing that the 

Onapinq 

i mpac t. 

formation was a fallback breccia resulting from the 



1.4. Geochemistry and isotope geochemistry of the Sudbury 
Igneous Complex. 

11 

1.4.1. Geochronology. 

The age relationships in the Sudbury structure are 

exceedingly complex, as different events in the past have 

occurred in it, and since it lies at the "junction" of three 

structural provinces of the Canadian Shield. In particular, 

the Superior, Southern and the Grenville provinces were 

affected by Penokean and Grenville orogenies (see Figure 

1 .2) . 

Numerous geochronologic studies have been carried forth 

in the Complex. The first important isotopic age results for 

the Sudbury structure were based on the K-Ar and Rb-Sr 

methods, involving both mineral and whole-rock ages. Later 

studies focused on using U-Pb determinations on zircon 

baddeleyite. Earlier norite biotite analyses by Aldrich et 

al. (1959) give consistent K-Ar and Rb-Sr ages of about 1770 

Myr. Rb-Sr whole-rock analysis by Faure et al. (1964) found 

an age for the norite granophyre of about 1704 ± 19 Myr. 

Fairbairn et al. (1968) obtained an Rb-Sr whole rock age for 

samples of granophyre and norite at about 1705 ± 19 Myr. A 

similar age of 1785 ± 126 Myr was obtained for the felsic 

norite by Hurst & Wetherill (1974). Rb-Sr studies of the SIC 

by Gibbins & McNutt (1975a) yield an age of 1680 ± 30 and 

1956 ± 98 Myr for the granophyre and norite, respectively, 

whereas Hu rst & Farhat (1977) reported a Rb-Sr norite whole 



Figure 1.2 Location of the Sudbury Structure 
with respect to structural province 
boundaries and major fault systems. 
(From Card and Hutchinson, 1972.) 
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rock age of 1883 ± 136 Myr. An age of 1850 ± 1 Myr, obtained 

on U-Pb zircon and baddeleyite separated from the norite and 

granophyre respectively (Krogh et al.~ 1984), is perhaps the 

best age yet determined. U/Pb data are reliable because they 

were anal yzed on abraded zircons <Krogh, 1982). 

1.4.2. I sotopic Geochemistry. 

In the literature there are two main interpretations of the 

isotopic geochemistry. One interpretation is that the 

Comp l ex crystallized primarily from mantle-derived basaltic 

magma that was crustally contaminated (Kuo & Crocket, 1979; 

Naldrett & Hewins, 1984; Naldrett et al., 1986; Naldrett & 

Evenson, 1987; Walker et al., 1991). The other 

interpretation is that the Sudbury Complex i s overwhelmingly 

crustal a nd no direct mantle-derived component was apparently 

involved in its origin (Ding & Schwarcz, 1984; Faggart et 

al., 1985; Deutsch et al., 1990; Dickin et al., 1992). 

However, there have been doubts about the nature of the 

crustal component in the Complex, since it is located between 

the Superior province to the north and northwest and 

overlying sediments <Huronian super group) to the south and 

southeast. 

Faggart et al. (1985) presented Nd isotope data for the 

silicate rocks of the SIC, s howing that they contained 

remar kably strong crustal signature, with an epsilon 

value at 1.85 Ga averaging -7.5. They interpreted this to 
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mean t h at the Complex crystallized from a melt with 

homogeneo us Nd isotopic systematics. Naldrett et al. <1986) 

noted a more heteroqeneous Nd isotope with epsilon values 

ranging from -5 to -9; accordingly, they preferred a "mixing 

model", which indicates a mantle-derived magma mixing with 

"partial" impact melting of crustal lithologies in the 

Superior province of the Sudbury region. 

Dickin et al. (1992) presented a compilation of 

previous Nd isotope data for different Sudbury mines and 

possible country rock sources (see Figure 1. 3). These 

results d emonstrated that the silicate rocks from these mines 

are consistent with a model of 100% crustal derivation of the 

SIC, eit h er from the Levack gneisses in the Superior province 

or a mixture of sedimentary and metavolcanic rocks from the 

Huronian supra crustals of the Southern province. 

Rec e nt Re/Os isotopic studies of sulphide ores from four 

Sudbury mines also indicated a crustal signature (Walker et 

al., 199 1; Dickin et al., 1992). Initial Os isotope data 

f rom thes e mines, along with Levack gneiss and Huronian super 

group dat a at 1.85 Ga are presented in histogram form in 

Figure 1. 4. The data from the Creighton, Levack West and 

Falconbridge mines are consistent with 100% crustal 

sour c e f r om these country rocks. In contrast, the Strathcona 



Figure 1. 3 Histogram of calculated Neodymium (Nd) 
isotopic data for silicate samples from 
sublayer ores and for country rocks at 
1. 85 Ga. 

N=Nipissing diabase, L=Huronian Lavas, 
S=Huronian Sedimentary Formations, 
Stars=depleted mantle composition at 1.85 
Ga. 

(After Dickin et al., 1992) 
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mine is not generally consistent with this model. Dickin et 

al. (199 2) have argued that gross disturbances of Re-Ds 

systems were obvious after 1.85 Ga, and they excluded the 

Strathcon a mine from consideration on these grounds. 

1 . 85 Ga) ratios of the Igneous 

Complex (Gibbins & McNutt, 1975; Hurst & Farhat, 1977; Rao et 

al., 1984) are somewhat higher than the mantle-derived magma 

and implies that the complex-producing magma was a crustal 

melt prior to crystallization. On the basis of their REE 

study, Kuo & Crocket (1979) indicated significant amounts of 

crustal i n teraction. 

Isoto pic and qeochemical studies have indicated that the 

rocks and ores of the SIC have a crustal signature. The 

mechan ism by which this catastrophic event occurred, an 

e ndoge nic 

d i scussed . 

v o lcani c explosion o r meteoritic impact, is still 



Figure 1.4 Histoqram of calculated osmium (0s) 
isotopic data for sulphide ores and 
country rocks at 1.85 Ga. 

Double boxes represent the range of 
values found in replicate analysis of 
ores. Crustal units are as follows: 

Solid boxes= Walker et al •• 1991 

LG = Levack gneiss 

Gow = Gowganda Formation 

Open boxes= Dicken et al •• 1992 

MK = McKim fm 

ST = Stobie formation. 
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CHAPTER :::2 

SUDBURY ORES 

2.1 Introduction 

As mentioned in Chapter 1 and shown in Figure 1.1, the ores 

o f Sudbury are located at the margin of the Sudbury Igneous 

Comp l ex~ whose major faults divide the Complex and its 

environment into the North Range and South Range areas. 

Nal d rett (1984) subdivided the deposits into five 

groups, as follows: 

(1) South Range deposits 

(2) Nc•rth Range depc•si ts 

(3) Offset deposits 

(4) Fault-related deposits, and 

(5) Miscellaneous deposits 

In this study, sulphide ores were analyzed from the Creighton 

mine (a typical example of South Range deposits), from the 

Falconbridge East mines of the South Range which belong to 

the so-called "fault-related deposits" and from the 

Strathcona mine and Whistle Pit of the North Range (see 

Figure 1.1). The col lection and preparation of the samples 

is disc u ssed in Chapt er 3 below, while the analytical results 

may be found below in Table 5.1 and the sample descriptions 

can be f ound in Appendix A. 
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The Sudbury ore deposits are unique and constitute the 

largest 

earth. 

known concentration of nickel-copper sulphides on 

Their genetics have been studied by many authors and 

were thought to be magmatic in origin (e.g., Hawley. 1965; 

Naldr ett et al., 1984) or of hydrothermal origin <Phemister, 

1925 ; Yates. 1938, 1948). Naldrett (1984) advocated a 

ma~matic origin of the mineralization in which sulphide 

prec i pitation was triggered by the contamination of a mafic 

magma through the assimilation of Si02-rich country rock. 

Diet z (1972) suggested that the sulphide ores represent 

meteoritic material. They could alternatively represent an 

aqqreoation of pre-existing su l phide phases from melted 

country rocks, or miqht be derived from small components of a 

mantle-derived melt, generated by decompression melting. 
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2.2.1. Geology. 

Creigton mine is located in the South Range, on the southern 

limb of the SIC (see Figure 1.1). The massive ore body at 

Creighton has the largest number of ore varieties <Souch et 

al .• 1969) and includes a series of individual sheet-like ore 

bodies that extend downward to a depth of approximately 3 

kilometres (Yates. 1948; Souch et al., 1969) and a 

trough-like depression at the base of the Sudbury Igneous 

Comp l e ~; ( S I C) • 

The Creighton ore zone has been described in detail by 

Hewley ( 1962) and Souch et al. ( 196'3). The ore zone is 

shown in detail in Figure 2.1 below and consists of three ore 

types. Quartz-rich norite irregularly comes into contact 

with the underlying ore zone or sublayer, and occasionally 

contains enough minor sulphide to form low-grade ore. In the 

upper par t of the sublayer, disseminated sulphide ores occur, 

but becomes more massive toward the lower contact and is 

intruded into the footwall rocks of Elsie Mountain greenstone 

and Creighton granite. The massive ore deposits contain 

large angular xenoliths of the country rock lithologies and 

norite, along with exotic gabbroic ultramafic inclusions such 

as those described by Scribbins et al. ( 1 '384). Both 

magmatic textures and textures suggestive of assimilation are 

common. The ore is associated with a shear zone in the 
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norite above, which passes into the underlying rocks (all see 

Figure 2.1). 



Figu re 2.1 Geologic setting; Creiqhton mine looking 
west. After Souch et al., 1969. 
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2.2.2. SAmpling. 

Massive and disseminated ores were sampled from both the 4200 

and 7200-foot levels from a variety of different 

environments. This was done in an attempt to test for 

initial osmium <Dickin et al., 1992) and for lead isotope 

heterogeneity of the ore <this study). Sample descriptions 

and localities are given in Appendix A.l. 

2.2.3. Isotopa Geochemistry of the Creighton Ore. 

Db:~~in et al. (1992) presented a compilation of initial 

neodymium-isotope data for the Creighton samples <Figure 

2.2). These are age corrected. It can be seen that the 

silicate rocks associated with the sublayer ores from 

Creighton mine are consistent with a model of 100% crustal 

derivation of the SIC. from a mixture of sedimentary and 

metavolcanic rocks from the Huronian units. 

Re/Os isotope results from the sulphide ores of 

Creighton mine also strongly point to a crustal signature 

<Walker et al •• 1991; Dickin et al •• 19'32). Initial 

Os-isotooe data from the Creiohton mine fall within the range 

of estimated crustal compositions at 1.85 Ga (see Fioure 

2.3). Double-lined boxes reoresent the total 

initial ratios determined by duplicate analyses of the same 

sample. 
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The agreement of the initial ratios 1970s/ 1990s (T = 

1.85 Ga ) 

sampl es 

from disseminated sulphide and contact-sublayer 

from Creighton is good evidence that the main mass 

and t he c ontact sublayer are cogenetic. This agrees with 

previ ous geochemical evidence that the sulphide and silicate 

melts wer e coqenetic (Naldrett. 1984). Initial 

rati o s o f the Creighton mine cluster around 0.6 with a few 

l ower initial ratios (see Fiqure 2.3). This distribution to 

l ower in i tial ratios does n o t correlate with the lithological 

envi r onment. thus Dickin et al. (1992) suggested that the 

l ow rat i os are a c counted for by the loss of radiogenetic 

osmium , probably associ a ted with mid- proterozoic or Grenville 

orogenic events. 



Fioure 2.2 Histogram of calculated neodymium (Ndl 
isotope data for silicate samples from 
Creiohton Mine and for country rocks at 
1.85 Ga. 

N = Nipissino diabase 

L = Huronian lavas 

S = Huronian sedimentary formations 

Stars = depleted mantle composition at 

1.85 Ga (after Dickin et al., 1992) 
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Figure 2.3 Histogram of ca l culated osmium (Qs) 
isotopic data for Creighton sulphide 
ores and country rocks at 1.85 Ga 
(after Di ckin et al •• 1992) 
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2.3.1. GaoloQical setting. 

FalconbYidqe East mine oye deposits occuY at the SoutheasteYn 

maYqin of the Sudbuyy Igneous Complex <SIC) in FalconbYidge 

Township (FiquYe 1.1). The deposits occuy within fault zones 

between the base of the SIC and the metavolcanic and 

sedimentayy Yocks of the Stobie FoYmation in the loweY 

HuYonian gYoup (see Fiquye 2.4). 

The FalconbYidqe East mine deposits have been descYibed 

by Davidson (1948) and Lochhead (1955). Much of the oYe at 

FalconbYidge is emplaced alonq faults, and the oYe zone dips 

steeply noYth to veYtical in the uppeY levels and veYtical to 

70 deqYees in the middle and loweY levels. The oye body is a 

naYYOW sheet of sulphides within the contact between the main 

mass noYite and metavolcanic Yocks of the Stobie FoYmation 

(see Figu Ye 2.5). 

Lochhead (1955) suqgested that the fault was active 

duYing the cyystallization of the SIC. The oYe zone at the 

East mine vaYies in width fYom a few centimeteYs to 28 meteYs 

with an aveyage of about 5 meteYs in width, and is composed 

of PYYYhotite, pentlendite and chalcopyyite (Davidson, 1948). 



Fioure 2.4 Geol O:•c:tY and 
East mine, 
Burrows & 
1990). 

location of the Falo:onbridge 
Falconbridge Township (after 
Rio:kaby . 1934; from Beneteau. 
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F i gure 2.5 Cross-section through the Falconbridge 
East mine showing geoloqical relationships 
and dominant lithologies (after Davison, 
1948; from Beneteau, 1990) 

Also shown is the approximate location of 
the sample transect. 

(See Appendix A.1l 
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2.3.2. SamplinQ. 

Samp l es were collected on a traverse which cross-cut the 

quar t z-rich norite, the sublaver at the Falconbridqe East 

open pit mine and the contact Stobie Formation (see Figure 

2.6) <Beneteau. 1 '390). Sample descriptions are given in 

Appendix A. 1. Selected samples <less disturbed Re/Os 

isochron systematics) were analyzed. Seven sublayer ores 

<F2 , F3 , F4. F5, FE., F24, F28), one disseminated ore in 

norite (F1) and one sample from the Stobie Formation 

are chosen from Fiqure 2.6. 

2.3.3. Isotope Geochemist~y of th• ralconb~idQe Mine. 

(F22), 

Recent studies have postulated that the sulphide ores from 

Falc o nbridge East mine have a large crustal 

Analysis of sulphide ores has yielded initial 1870s/ 1980s 

ratios of about 0.54 for samples interpreted as undisturbed 

since the format ion of the SIC <Beneteau et al, 1'391). Some 

of the sublayer ores have disturbed Re/Os isochron 

systemati c s <Beneteau. 1990; Beneteau et al., 19'31), possibly 

due to the effec t s of the Grenville orogeny (see Figure 2.7). 

Benet eau ( 1'390) has suggested that the Re/Os isotopic 

systemati c s at the Falconbridge East mine recorded at minimum 

three geol ogical processes. First, there was contamination 

of a n u l tramafic magma with crust material to yield a mafic 



magma wi th a 

Secondly , 

sulphides. 

there 

And 

strongly 

was 

finally, 
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r ad i coq en i c crustal sic;mature. 

crystallization of the sublayer 

there was alteration by f 1 ui ds 

during the Grenville oroqeny. He also mentioned that the 

strongly radiogenic initial 1 s 7 0s/ 1 ssos ratio of 0.54 ± 0.10 

rules out principal derivation of the ore from the mantle or 

from meteoritic sources (see Fiqure 2.7). 

Instead, the data have shown that 60-70% of the Os in 

Falconbr i dge East ores is of crustal origin. Similar results 

were obtained by Walker et al. (1991) who proposed that the 

composit i on of the ores suggested a process of mixing between 

mant l e-derived magma and Levack gneiss. However, the 

undisturbed ores fall entirely within the envelope of the 

estimated crustal compositions (Fiqure 2.8). Owing to that, 

Dick i n et al. ( 1992) did not agree with this model and 

arqued instead that the ores could be derived entirely by 

crust al melting. 



Figure 2.6 Schematic diaqram illustrating host litho
logies of the Falconbridge East Mine. 
Diaqram also delineates sample locations 
(from Beneteau, 1990). 
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F i oure 2 .7 1 g 7 0s/ 1 gg0s vs. 1 g 7 Re/ 1 gg0s isochron 
diaqram for Chalcopyrite and magneti c 
(pyrrhotite-pentlandite) separates from 
the Fal conbridge East mine, Sudbury. 
Errors are 2u and plot within the 
symbols. Circled symbols represent 
samples not used 
Beneteau, 1990). 

in regressions (from 
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Fiqure 2.8 Histogram of calculated osmium (Osl 
isotopic data for (Falconbridqel sulphide 
ores and country rocks at 1.85 Ga (from 
Dickin et al •• 1992). 
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2.4. Str athcona min•. 

2.4.1. Geological setting. 

The Stra thcona mine is located in Levack Township on the 

northern margin of the Sudbury Igneous Complex (see Figure 

1. 1). The geology of the deposit has been documented by 

Naldrett & Kullerud (1967), Cowan (1968), and Abel et al. 

(1979). Cowan (1968) has described the ores at Strathcona 

mine and subdivided them into three ma j or ore zones. The 

hangino-wall ores occur in a norite with local xenolith-rich 

ores, and the main zone occurs in a late granite breccia, a 

tectonic breccia containing many footwall gneiss fragments 

and norite. Final ly, the deep ore zone lies well below the 

base of the norite. and is completely emplaced in the 

graniti c gneiss complex by the injection of a sulphide magma 

to form a mass of stream veins which locally make hiqh-orade 

ore. This deep ore zone represents a deposit that has 

remained tectonically undisturbed since the time of its 

original settling <Naldrett & Kullerud, 1967). The deep ore 

zone con tains a higher percentage of chalcopyrites and 

nickelife rous pyrrhotites, pentlandites, magnetites and 

represents different zoning patterns of the nickel in 

sulphides than in the main zone (Naldrett & Kullerud, 1967). 

Fiqu re 2.9 i s a s c hematic showing a vertical section 

thorugh the Strathcona deposit. The sublayer (late granite 



breccia) with its disseminated sulphides (hanginq wall 

breccia) is underlaid by the granitic qneiss complex. 

of the sulphide ore occurs in the deep zone and 

qranite breccia. 

2.4.2. Sampling. 

in 

36 

zone 

Most 

late 

Strathcon a ores examined for this study are chalcopyrite and 

pyrrhotite separates from the deep ore zone. Sample 

descriptions and localities are given in Figure 2.9 and 

Appendix A.2. 



Figure 2.9 Strathcona Mine. Geoloqical Section 
showing location of Dl Stope (from 
Schindler. 1975). 

Dl refers to the stope from which the 
sample was collected (see Figure 2.9). 
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2.4.3. IsotoDe Gaochamistry of the Strathcona samDl••· 

Walker et al. (1991) have presented a model and suggested 

that Re/Os isotopic systematics at the Strathcona mine ores 

indicate open-system behaviour to several tens of millions of 

years followinq magmatic crystallization. Four Strathcona 

samples reoress to qive an age less than the accepted age for 

the Complex. See Figure 2.10. However, this isochron is 

defined by two types of ores. correspond i ng to a shallow ore 

zone and a deep ore zone. Therefore, Walker et al. ( 19'31) 

suggested that the young "aqe" may be the result of combininq 

ores that crystallized with sliqhtly different initial Os 

isotopic compositions. Their modelling suqqested that the 

Strathcona ores are at least 90% crustal in oriqin. 

Dick i n et al. (1992) suggested that the large variation 

of calculated initial osmium isotope ratios in the Strathcona 

mine is due to post-crystallization, open-system behaviour of 

the Re/Os system (see Figure 2.11). They suggested also that 

unradiogenic osmium isotope ratios from the deep ore zone can 

surely be attributed to this process, since their 

geochemistry is not consistent with a direct mantle-derived 

origin. Dickin et al. (1992) also speculated that the Re/Os 

systematics of the shallow ore zone may have been reset. The 

effect of this event on Pb-isotooe systematics will be 

discussed later. 



Fiqure 2.10 1 g70s/ 1g~os versus 1 g7Re/ 1g~os plot 
for Sudbury ores. Data for ores from 
three mines. Levack West, Falconbridqe 
and Strathcona, define isochron apex of 
1840 ± 60 Ma, 1780 ± 110 Ma and 1770 ± 60 
Ma. respectively. Error bars are smaller 
than the size of the symbols. or as 
shown (after Walker et al •• 1991). 
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Figure 2.11 Histogram of calculated osmium (Qs) 
isotopic data for Strathcona sulphides, 
ores and country rocks. 

Solid boxes= Walker et al .• 1991 

Open boxes = Dickin et al .• 1992 

(after Dickin et al •• 1992) 
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2.5. Whistle Pit. 

The Whistle deposit is at the extreme northeast corner of the 

Sudbury Igneous Complex <SIC><Figure 1.1). Pattison (1979) 

has thoroughly documented the geology of this area <Figure 

2.12). Sublaver rocks at Whistle Pit filled a funnel-shaped 

depression in the footwall. The distribution of rock types 

shows an outward zoning toward the main mass of norite. 

Along the deposit the contact sublayer is closely associated 

with rocks that form the different facies of the footwall 

breccia (Figure 2.12). As the footwall contacts are 

approached. the sub layer rock is seen to be 

orthopyroxene-rich and some olivine is present. The Whistle 

deposit is the only area at Sudbury Basin where olivine has 

ever been observed in rocks belonging to the SIC <Naldrett et 

al.. 1984). According to them. xenoliths and sulphide 

minerals occur throughout the contact sublayer from the 

olivine-bearing to the quartz-rich contact sublayer; and 

iron-enrichment is accompanied by an increase in quartz. The 

samples analysed in this study are from the sublaver 

sulphides <See Appendix A.2). There is no established 

information concerning isotopes about the Whistle Pit in the 

literature. 



Fiqure 2.12 Plan of the Whistle property at the 
extreme north-eastern corner of the SIC 
(after Pattison~ 1979). 
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2.6 Main Mass of the Sudbury Igneous Complex <SIC> 

The main mass of the SIC comprises a sequence of a lower unit 

of norite, and an upper unit of qranophyre (formerly called 

micropeqmatite) separated by a transition zone (middle unit) 

of quartz qabbro (Naldrett et al., 1970; Pye et al., 1984; 

Dressler, 1984b; Naldrett & Hewins, 1984). Each of these 

units may further be subdivided and may show differences 

between North and South Ranqe varieties <Naldrett et al., 

1970) as illustrated in Figure 2.13) and as described below. 

The norites of the South Ranqe are different petrologically 

from the norites of the North Range but the chemistry is 

similar <Chai & Eckstrand. 1994). The South Range norite is 

a medium-to-coarse grained black rock containinq plaqioclase 

and hypersthene. as well as quartz. magnetite and augite. 

The quartz-rich norite is fine-grained and contains quartz 

and biotite. On the North Range, felsic norite is the main 

rock type of the lower unit while the mafic norite is at the 

base of the Complex. 

The granophyre of the South Range is very similar to the 

North Range granophyre. Unlike the norite there are only 

slight differences in texture or mineralogy due to the 

generally strong deformation and alteration of the South 

Range. Granophyre, or "micropeqmatite", is characterized by 

a fine-grained interqrowth of quartz and alkali feldspar 

<Barker. 1970>~ minor amounts of augite, green hornblende, 
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biot i te, epidote. chlorite, and opaque oxide minerals. 

Peredery & Naldrett (1975) have described the qranophyre and 

recognized two distinct rock types. the oranophyre-rich 

phase (termed the "granophyric mi cropegmat i te". typical of 

the main mass of the qranophyre) and the rich plagioclase 

(termed the plagioclase-rich phase). 

The quartz gabbro of the North Range (middle unit) is 

very similar to the quartz qabbro of the South Ranoe, except 

that in the former there is more opaque oxide minera l s. The 

other minerals in the unit are plaaioclase, auqite and 

apatite. 



Figure 2.13 Comparison and correlation of partially 
idealized sections through the rocks of 
the North and South Ranqes. The Columns 
indicate variation in modal composition 
of the rocks (after Naldrett et al. 
1970; from Naldrett & Hewins. 1984). 
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2.7. Ona~ina ro~mation 

The Onapinq Formation is a 1.6 kilometre thick fraqmental 

successi o n that consists of breccias and iqneous-textured 

rocks that are divided into three members. From the base 

upward. they are the Basal member. the Grey member and the 

Black member <Muir & Peredery, 1984). The contacts are with 

conformably overlyinq Onwatin slate and 

conformable underlyinq qranophyre. 

the generally 

The Basal member consists of medium to coarse breccias 

consisti n g of fraqments of country rocks. In the North 

The Grey Onapinq Range. the Basal member is discontinuous. 

consists of abundant anqular to round fragments of country 

rock, fluidal qlass in a very fine-grained formation, and 

sulphides. The country rock fragments comprise various types 

derived f rom the Archean (qranitic qnei ss rc•c ks) 

Proterozoic <metavolcanic and metasediments). 

and the 

These 

f raqments account for about 20-30% of the total volume of the 

Grey and Black members <Muir & Peredery, 1984). Some 

f ragments are euhedral to subhedral and appear similar to 

phenocrys ts, while others are composite ranges from a few 

mill i metres to a few metres in diameter and comprise 

comb i nations of breccia, fluidal-textured material and olass 

<Muir & Peredery. 1984). The country rock fragments have 

shock met amorphic features (French. 1968, 1972). 

The transition to Black Onaping is of a gradual increase 
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in the amount of carbonaceous material which imparts a black 

colour to the rock CPerederv, 1972). The Black Onapinq is 

similar to the Grey Onapinq in that the individual units of 

breccia have similar characteri sties. The composite 

fraqments have similar features and the qlasses have similar 

overall characteristics (Muir & Perederv. 1984). 

The orioin of the Onapinq Formation is closely related 

with the oriqin of the Sudbury Basin. There has been 

prolonged controversy as to whether the Onapinq is of 

volcanic oriqin (Thomson. 1957; Will i ams. 1957; Stevenson. 

1972). or represents impact-generated fall-back brec cias and 

melt bodies (French. 1967; Dence. 1972; Peredery. 1972). 
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CHAPTER 3 

A REVIEW 0~ COUNTRY ROCKS ADJACENT TO THE SUDBURY I8NEOUS 
COMPLEX. 

3.1. Huronian volcanism and sedimentation in tha Southern 
Provinces. 

The HuYonian supeYqYoup of the SoutheYn pYovince foYms an 

eayly PYoteyozoic assemblage of volcanics and dominantly 

clastic sediments which lie unconfoymably on AYchean Yocks of 

the SupeYioY pyovince <Stockwell et al •• 1970). The Yesults 

of YadiometYic dating (FaiYbairn et al •• 1960; Lowden et al •• 

1962; Van Schmus, 1965. 1976; Corfu & Andrews. 1986) 

suggested that the deposition of the supergroup occurred 

between 2500 Ma and 2219 Ma. The rocks in the area have been 

affected by orogeny prior to Nipissing magmatism <Pve et al •• 

1984). the lower amphibolite facies metamorphism during the 

Penokean oyogenv at 1.8-1.9 Ga <Card. 1978). the 1.85 Ga 

Sudbury event <Krogh et al •• 1982), the post-Sudbury event 

deformation at 1.6 Ga to 1.3 Ga <Shanks & Schwerdtner, 1989), 

and the 1 Ga - 1.2 Ga Grenville orogeny (Davidson. 1986). 

The Huronian samples were collected between the 

Proterozoic granitoid suite of the Grenville front tectonic 

zone and the mafic Yock of the Sudbury Igneous Complex (SIC) 

<See Figure 3.1). 

The dominant structures of the area are the MuYray fault 

and numerous other faults. and gentle folds. Rocks South of 
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the Murray fault are cut by several faults in parallel with 

the Murray <Thomson, 1961). On the south side. the Stobie 

formation and the Elsie Mountain formation are adjacent to 

the SIC and are followed in turn to the south by the Copper 

Cliff. the McKim. the Ramsey Lake, and the Mississagi 

formations. The Elsie Mountain. Stobie. and Copper Cliff 

formations represent one ma_jor mafic-felsic volcanic cycle. 

A detailed account of the Southern province can be found in 

Card et al. (1972). The sample localities and descriptions 

are shown in Figures 1.1 and 3.1, and in Appendix A.4. 



Fi qure 3. 1 Sample localities from Huronian super 
q r oup and Nipissinq diabase (from Pye et 
al .• 1'384). 
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3.1.1. Elsi• Mount&in &nd Stobie rorm&tion•. 

The volcanic rocks of the Elsie Mountain and Stobie 

formations are lithologically similar to one another, 

consi stinq of massive and foliated fine- to coarse-grained 

mafic metavolcanic and lesser amounts of metasedimentary 

material. 

foliated 

The rocks are black to dark qreen and have a 

texture. The most dominant minerals are 

amph i b•::.l it es (both hornblend and actinol i tel. variable 

amounts of quartz. magnesium-rich chlorite. and calcite. 

Minor constituents include pyrite. magnetite. and sericite 

( See Appendix A. 4). Sulphide minerals occur as 

disseminations. stratiform layers. and concentrations along 

joints and fracture surfaces (Innes. 1972). Accordingly. the 

present mineralogy of the Stobie and Elsie Mountain 

formations are indicative of upper greenschist to amphibolite 

facies associated with 1.9 Ga Penokean orogeny (Card. 1964; 

Zolnai et al • • 1984) and/or the emplacement of the sublayer 

at 1.85 Ga (Krogh et al •• 1984). 

A sample of the Stobie Formation (Hl) was collected near 

the Murray fault and was found to consist of irregular quartz 

qrains. very fine-grained elements of micaeous minerals and 

very small and thin pyrite dykes (See Appendix A.4). 
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3.1.2. Copp•y Cliff ~oymation. 

The Copper Cliff formation conformably overlies the Stobie 

and is conformably overlain by the McKim formation 

formation. Burrows & Rickaby (1934) recoqnized its volcanic 

connection and included it with other volcanics of the area. 

Phemister (1955) described rhyolite of the Copper Cliff 

formation as granite. The normal rhyolite is qrey to pink. 

medium- to fine-qrained. and has a fairly well-developed 

foliation. The felsic metavolcanics of the Copper Cliff 

formation are composed of a fine-qrained feldspar. quartz and 

sericite with minor biotite, chlorite. carbonate. epidote. 

iron oxides and sulphide minerals. mainly pyrite and 

pyrrhotite. 

A sample from the Copper Cliff formation <H2) was 

collected near the Murray fault. This sample consisted 

very fine qrained sericite in 60%. 15% quartz and minor 

constituents are chlorite. muscovite, biotite. magnetite and 

pyrite. Some alterations are observed in the sample that 

biotite altered to chlorite. The flow structures of the 

maqnetite and pyrite are in the same direction. All these 

minerals are the products of metamorphic recrystallization 

under conditions correspondinq to the amphibolite and upper 

green-schist facies of regional metamorphism. 
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3.1.3. McKim ~ormation. 

The McKim formation is a thick accumulation of greywacke, 

siltstone. and aluminous pelite of the uppermost formation in 

the Elliot Lake qroup <Robertson et al •• 1969a, 1969b). In 

the Sudbury area. it conformably overlays the Matinenda and 

Copper Cliff format i ons. The rocks consist mainly of quartz, 

muscovite, potassic feldspar. chlorite. biotite and 

plaqioclase. 

Samp les of the McKim formation <H3 and MKE> were 

c o llec ted near Sudbury and Espanola. respectively. They show 

s i mil a r mineraloqy and are composed of subanqular to 

subrou nded and irreqular quartz in shape. poorly developed 

p l aqi o c l a s e, fine-qra i ned biotite of irregular shape with 

irregular orientations. chlorite. and opaque minerals. There 

are a l so minor amounts of zircon with pleochroic evidence of 

halo i n the biotite. 

3.1.4. Ramsey Lake ~ormation. 

The Ramsey Lake formation (conqlomerate ) is the lower-most 

formation of the Hough Lake Group <Roscoe. 1969) . It 

consists mainly of massive or poorly bedded c ong lomerati c 

roc ks consisting of scattered plutonic roc k fraqments in a 

feldspathic grey wacke matrix. The conglomerate generally 

has much mo re matrix than pebbles. Card ( 1978) interpreted 

the c onqlomerates of the Ramsey Lake formation to be debris 
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flows. Most of the other researchers recommended a qlacial 

oriqin <Roscoe. 1969; Robertson, 1976). 

A sample from the Ramsey Lake formation <H4) is 

collected from southeast of Kelly Lake and consists of an 

approximately 50% quartz matrix which contains very few 

inclusions. very fine-orained potassic feldspar and weakly 

altered and coarse-qrained plaqioclase and lithic fraoments 

are present in about 22% of the sample. Minor constituents 

of the sample are biotite, chlorite, and sulphide. The 

chlorite appears to be of secondary, after the biotite. 

3.1.5. Mississagi Formation. 

The Mississaqi formation forms the uppermost unit of the 

Houqh Lake Group (Thomson, 1962). It consists mainly of 

moderately well sorted, medium-to-coarse grained subarkose 

to arkose (Lono. 1976), composed mainly of quartz with 

variable amounts of plaoioclase, potash feldspar, biotite, 

muscovite. chlorite and rock fraqments. 

Samples of from the Mississaqi formation (H5, H6, H7. 

H8, and H9) were collected between the Sudbury basin and the 

Grenville province <See Fiqure 1.1 and 3.1) and involve 

identical mineraloqy. These consist of fine- to 

coarse-qrained 50% quartz, K-feldspar 10%, trace amounts of 

plaqioclase. sericite and sulphides mainly in the form of 

pyrite and magnetite. Metamorphism has produced biotite and 



has qenerally produced weakly 

l ineations in the samples. 

3.2. 

altered foliations 

== JJ 

and 

Sills, dykes. and core-sheets of tholeiitic qabbro. 

collectively termed the Nipissinq Diabase, are the most 

abundant and widespread iqneous rocks intrudinq into the 

Huronian sequence of the South province (Van Schmus, i '365; 

Fairbairn et al.. 196'3). The Nipissinq oabbro sills from the 

Gowoanda area have yielded a U-Pb baddeleyite aqe of 2219 Ma 

(Corfu & Andrews. 1986). The Diabase is qenerally intruded 

into Huronian metasediments, althouqh some bodies cut the 

Archean basement and are possibly also represented in the 

Northwestern Grenville province (Lumbers, 1'375). Their 

emplacement was controlled by pre-existinq structures such as 

major faults of the Murray and Onaping system ((:ard l-( 

Pattison, 1973). In the Sudbury area the Nipissinq diabases 

have underqone metamorphism from the lower qreenshist to the 

lower almandine-amphibolite facies (Card & Pattison. 1973). 

Three samples from the Nipissinq Diabase (NIP1, NIP3, 

NIP4) were collected from the same road cut near the 

Worthington offset (See Fiqures 1.1 and 3.1). They consist 

of about 35% plaqioclase, feldspars, sulphides (chalcopyrite. 

pyrite and minor pyrrhotite) quartz, amphibole, calcite. 

chlorite and euhedral pyroxene. There is also some 
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plaqioclase altered to clay minerals and calcite and in some 

areas altered to amphiboles and trace amounts of chlorite. 

3.3. Superior Province. 

North and East of the Sudbury Igneous Complex <SIC) is the 

terrain underlain by Archean rocks (a variety of gneisses. 

qranites and diabase dykes) <See Fiqure 1.1). The Superior 

province was formed during the Kenoran orogeny abc•ut 2. 7 Ga 

<Hurst & Farhat. 1977; Krogh et al •• 1984). For a more 

detailed description of the geology of the area see Pye et 

al. < 1984). 

3.3.1. Levack Gn•i•s Compl•x. 

The Levack Gneiss complex constitutes part of the Archean 

basement beneath the northern area of the Sudbury Igneous 

Complex in the immediate area of the contact. Rocks of the 

Levack Gneiss include migmatitic rocks and tonalitic to 

quartz dioritic gneisses. with irregularly shaped zones of 

upper amphibolite and lower granulite facies <Card et al •• 

1984). The Levack Gneiss Complex contains lower crustal 

rocks of pyroxene granulite facies (Grieve et al •• 1991). 

Two samples <LG3.1 and LG4.9) are of relatively 

homogeneous grey Levack gneiss and are composed mainly of 

plagioclase. quartz. pyroxene and minor amounts of opaque 

minerals such as pyrite and magnetite. Sample localities are 



57 

shown in Fioure 1.1. 

3.3.2. Archean Granite. 

In the north. the Sudbury Ioneous Complex intrudes into 

Archean qranitic rocks. oenerally of quartz monzonite 

composition, which occur as discrete enveloped homooeneous 

plutons enveloped by migmatite (Card et al •• 1984). 

In this study a sample (U3C:) of Archean granite is 

represented by a granite formation north of Capreol <Fioure 

1.1), overlain t o the east by basal Huronian units. 

3.3.3. Sudbury Breccias in the North Rance. 

Sudbury Breccias in the North Ranqe occur on the frinqe of 

the Sudbury Ioneous Complex i.n the Archean gneisses and 

qranites of the Superior province. Gabbroic fraqments and 

diabase clasts are very common within these breccias 

<Dressler. 1984a). The matrix of the Sudbury breccia is 

black or qrey (Peredery & Morrison. 1984). Sudbury breccia 

is attributed to the shock-induced melting of crustal rocks. 

and its geochemistry has been shown to characterize the 

average footwall rock in the reqion <Dressler. 1'384a). 

Speers (1957) found some trace elements enriched in the 

breccia relative to the country rock. in particular. lead and 

vanadium. 
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Samples of Sudbury breccias (S84.9. 885.6 . and S88.6l 

were collected from Hiohway 144. The fraqments of these 

samp l es are probably derived from the host rocks. 
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C:HAPTEF-~ 4 

METHODOLOGY 

4. 1. Sample Pyapayations. 

The materials analyzed in this research include ore minerals. 

especially sulphides. and whole rock samples. Detailed sample 

preparation is outlined in Appendix C.l. Sulphide ores were 

analyzed from the Creighton and Falconbridqe East mines rjf 

the South Ranqe (Dickin et al •• 1'3'32; Beneteau. 1'3'30>. and 

from the Strathcona (Schindler. 1'375) and Whistle Pit mines 

of the North Ranqe <Fiqure 1.1) . A norite sample from near 

Creiqhton was also analyzed to assess the relationship 

between the main mass and the sulphide ores. Seven samples 

of the Onaping Tuff were also sampled from the interior of 

the Complex. Eleven country rock samples were collected from 

different formations of the Huronian super qroup. mostly from 

south of the Sudbury Igneous Complex (SIC) ~ al onq with three 

samples o f the Nipissina Diabase from a larqe body near 

Worthington. Two samples of relatively homogeneous qrey 

Levack Gneiss were analyzed from northwest of the SIC . 

However. in view of the qross heterogeneity displayed by the 

Levack gneisses on an outcrop scale. an attempt was made to 

achieve a more representative regional sample by analysis of 

the devitrified qlassy matrix of the so-called "Sudbury 

breccia". This material is attributed to shock-induced 

melting of crustal rocks. and its geochemistry has been shown 
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elsewhere to approximate a reqional averaqe of the wall 

rocks (Dressler. 1'384a). One sample of Superior province 

basement is represented by a qranite taken iust north of 

Capreol, which is overlain to the east by basal Huronian 

units. Sample localities and description are presented in 

Appendices A. i, A.2, A.3, A.4, A.5 and in Fiqures 1.1 and 

3. 1. 

4.2. 

All chemical orocessinq was carried forth in clean 

laboratories of the Department of Geology at McMaster 

University. Columns of samples were prepared for analysis. 

usinq the Dowex Bio-Rad anion-exchanqe resin . by a procedure 

described in Appendix c:.2.1. Spec i f i c a l l y, two sets of 

columns of different volume (small and medium ) were used, 

Appendi ); C.2.2, Table C.2 and C.3. There were two steps in 

the use •::.f the column-anion e:-:chanqe resin. The first 

involved separation of l ead from other elements, while the 

second involved separating the uranium from all elements. 

4 . 3. Mass spectYometYy. 

The isotopes of Pb and U were analyzed on a VG 354 Thermal 

Ionization Mass Spectrometer with 

maqnet sector. It 

adjustable 

detector. 

Faraday 

has one fixed 

collectors and 

a 27 em radius and 90° 

and four e);ternall y 

one Daly multiplier 
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Fourteen samples and two inter nat i anal lead standards 

<NBS SRM 981) or two U natural were loaded simultaneously in 

a "c l ean •; l ami nar-fl ow work-bench station. Loadinq technique 

is presented in Appendix C.3.1. After loadinq. the samples 

are introduced into the solid-source thermal ionization mass 

spectrometer. and normally samples are run only when the 

vacuum is at aoproximately 2 x 10-7 mbars (1.5 x 10-7 Torr). 

Then. isotope ratios were measured 

samples. 

sequentially on the 16 

The qeneral peak jumpinq system was used for lead and 

uranium analysis. Only the main or axial collector was used 

to measure ion beams; to calculate ratios the beam was 

ad _iusted to a l low each of the peaks to strike alternately on 

the coli e c tor . Measurement of the uran i um isotopes was 

achieved by usinq the Daly detector. All analyses were run 

in automat ic mode usinq the HP 9121 computer. 
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4.3.1. Lead Isotope. 

Lead was loaded on sinqle Re filaments CFiqure 4.A. Appendix 

C.3.2) with silica qel and phosphoric acid technique (Cameron 

et al •• 1969). This was thouqht to form a blanket over the 

sample which effectively restrains Pb volatilisation so that 

the fil a ment can be raised to a hiqher temperature. The 

isotopic measurements have been carried between 

with the aid of a pyrometer to monitor 

temperat u re. The proqram used was called the 'Pb Dynamic 

Temp GpJ' and i s listed in Appendix C.3.3. 

The beam size was not controlled. but was allowed to 

find its own level accordino to the size of the Pb sample. 

I n most cases, sample amounts were chosen to yield 100-500 nq 

mass-spectrometer loads. Some of the samples contained 

s ubstantially smaller amounts of lead. resultinq in increased 

measurinq error. Samples were analyzed in duplicate to 

assure reproducibility. 

The two main errors that affect lead isotopes are 

fractionation in the mass spectrometer and the uncertainty in 

measurement of the least abundant isotopic 204Pb. Durinq the 

study, this researcher carried out 50 measurements of 

lead isotope standard NBS SRM 981 to monitor 

reproduc ibility of the workinq conditions . 

the 

the 
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Table 4.1. Lead Isotope Ratios. 

Isotope Mean Standard 
ratio deviation 

~0gPb/~0~Pb 36.539 ± 0.058 

2o7Pb12o~pb 15.443 ± 0.023 

20GPbf20~Pb 16.893 ± 0 . 009 

The mass fractionation level was 0 . 10% oer mass unit. 

Analytical errors are discussed in more detail in Aooendix 

C.3.4. The total processinq blanks use about 1 nq. which is 

neqliqible relative to the s amole size of several microqrams. 



Figure 4.A (Single Re filament Bead) 

Lead was loaded on single Re filaments. 

Figure 4.B (Double filament Bead) 

uranium was loaded on the side of a double 
filament 
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4.3.2. U~anium Isotopes. 

Uranium was loaded on the side of a double filament (Fiqure 

4.B. Appendix C.3.2l . While the side filament is tantalum. 

the centre filament is rhenium (zone-refined). The filaments 

were out-qassed for 15 minutes at 2.7 A under vacuum before 

samples of uranium were loaded. As mentioned previously. 

uranium was analyzed by axial peak .iump to measure ion 

beams. The beam was measured with the hiqh sensitivity Daly 

detector 

detector. 

rather than with the less sensitive Faraday 

Only the uranium ratio of 238U/23~U was taken for 

the purpose of findinq the uranium concentration. The 

program used was called ~uiD Axial Peak Jump' and is listed 

in Appendix C.3.5 . 

Uran i um and lead concentrations were determined by 

isotope d i lution usina a mixed spike. 

spike was used for uranium and a 208Pb spike was used for 

lead. The proqram used is listed in Appendix C.3.6. 
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CHAPTER 5 

RESULTS 

5.1. LEAD ISOTOPIC DETERMINATION. 

5.1.1. Sudbury Ores. 

Twelve sublayer ores from the Falconbridge East mine and the 

Creighton cluster measure close to the 1.85 Ga reference line 

in Figure 5.1. This result suggests that Pb was 

incorporated into these ores at the time of the emplacement 

of the Sudbury Igneous Complex (dated at 1.85 Ga by U/Pb 

zircon analysis. Krogh et al .• 1984). 

Some of the sublayer ores (Table 5.1) have disturbed 

Re/Os isochron systematics <Beneteau. 1990; Beneteau et al •• 

1991; Dickin et al •• 1992). possibly due to the effects of 

the Grenville orogeny. All samples analysed have incoherent 

U/Pb isochron systematics <Table 5.1). but only two samples 

from the Creighton and Falconbridqe mines have disturbed 

Pb/Pb isochron systematics. The sample from Creighton (C9) 

has a texture indicating secondary sulphide replacement and 

represents massive chalcopyrite-rich ore. The other ore 

sample from Falconbridge (F6) is a PGE-rich cross-cutting 

vein. which is obviously not co-genetic with the sublayer. 

while both of them lie off the main array. Falconbridge East 

mine shows higher lead isotopic ratios than the Creighton 

mine but still have the same age. 



Figure 5. 1. Pb - Pb isochron diagram. 

Shows present-day compositions of Sudbury ores 
and Onaping Tuff relative to the 1.85 Ga and 1.0 
Ga reference lines. 

Symbols: (A) Creighton mine 
(T) Falconbridqe East mine 
(•) Strathcona mine 
<+) Whistle pit 
(e) Onaoing Tuff 

Analytical errors are smaller than the size of 
the symbols. 
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Ore samples from the Strathcona and Whistle Pit mines 

lie alono a shorter array . of similar 1 .85 Ga slope aoe. but 

displaced to lower 206Pb/204Pb and 207Pb/204Pb ratios (Fiqure 

5. 1). The Strathcona samples also have lower 

ratios than any other ores. The unradioqenic Pb in these 

samples has probably not been disturbed by the later 

resettinq events whic~1 have opened Re/Os systems in this 

mine (because isotope ratios are more resistant than 

elemental ratios to disturbance). 

5. 1. 2. Main Mass. 

Two samples. one disseminated ore in nc•r i te (from 

Falconbridqe East) ann a norite whole-rock (near Creiqhton), 

also lie in the same Pb/Pb array of the ores. This suqoests 

that Pb in the ores is co-qenetic with the silicate rocks of 

the SIC. Similar results were obtained from the F::e/Os 

analysis of Sudbury ores (Walker et al .• 1991; Dickin et al .• 

1992). Textural evidence also supports a maomatic orioin for 

the sulphide ores. Both samples (Fl disseminated and SR7 

whol e rock) are collected from the South Ranoe. In contrast. 

two samples of qranophyre and three samples of quartz qabbro 

from the South and North Ranges lie off the main array (not 

shown in the diaqram). 

The scatter ljf data points may be due to open system 

metamorphism caused by the same thermal episode that affec ted 
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the granophyric microoegmatite (1680 ± 31 My. Gibbins & 

McNutt. 1975). Another explanation may be that the elemental 

chemistry of the main mass cannot be formed from an 

individual batch of magma by the melting of the crustal 

rocks. but rather that it was the result of a convective 

mixing of components during the prolonged cooling of the 

overlying silicon magma. 

Silicate samples of the Onaping Tuff lie close to a 1 Ga 

Pb/Pb reference line (Figure 5.1). This result suggests that 

the U/Pb systematics in these presumed uranium-rich 

fine-grained rocks were disturbed during the 

orogeny, which was the latest event in the area. 

Grenville 
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Table 5.1 

Pb isotop• data for or• sampl•• and 
silicates from the SIC and country rock 

::;o;.:apb Pb U 
Sample 204 Pb ppm ppm Lithology 

Falcc•nbridqe 
F1 17.700 
F2 1'3.282 
F3 17.267 
F4 18.480 
F5 17.35& 
F·:.·:-, 

F24 
F28 
F6 

Creiqhton 
Cl 
C:2 
C3 
c:·3 
C12P 
C12C 
SR7 

Strathcona 

23.2i3 
20 . 5j4 
16.741 
22.585 

16.458 
18.872 
16 .370 
17.158 
15.8'32 
15. '307 
17.707 

15.636 3"3. 3'37 
15.830 3"3. 814 
l5.538 36.6'33 
15.704 38.722 
15 . 587 37.510 
16.310 
15.'358 
15.557 
16.362 

15.486 
15.765 
15.463 
15.422 
15.453 
15.480 
15.644 

44.008 
41 . 746 
36.637 
45.55'3 

36."327 
3"3. 467 
37.031 
38. 6"34 
35.81'3 
36. 04'3 
38.410 

1.85 13a 

15 . 448 
15.471 
15.372 
15.421 
15.428 
15.517 
15.442 
15.4'34 
15.6'37 

15.437 
15.44'3 
15.420 
15.218 
15. 47'3 
15.524 
15.4"30 

PO 14."301 15.128 35.209 15.152 
CP 14.8'39 15.124 35.184 15.137 

Whistle 
W5 
W9 

14.867 15.027 35.177 14.'325 
15.'336 15.228 35.187 15.126 

Onapinq Tuff 
OT1 41. 1"35 17.773 47.185 

16. 12'3 40 . 023 OT2 23.735 
OT3 
OT6 
OT9 
OT10 
OT11 

21.701 15."354 37."355 
26.137 16.287 40.901 
22.636 16.101 38.451 
22.486 15."392 39.223 
23.350 16.132 38.839 

15.619 
15.551 
15.378 
15.64"3 
15.537 
15.632 

di ssemi na·ted 
9.7 0.24 sublayer 
6 . '3 0.60 sublaver 

sublaver 
6.5 0.32 * sublayer 

33.4 

46.4 

7. r; . .::. 
10.7 
5.6 

14.6 
20.0 

0.28 * sublayer 
* sublaver 
* sublayer 

0.42 

0.23 

vein 

sublayer 
sublayer 

0.24 * sublayer 
0.1"3 * sublaver 
0. 1'3 * subl aver 
0.23 * sublayer 

norite 

deep ore zone 
deep ore zone 

sublaver 
sub laver 

** 
** 
** 
** 
** 
** 
** 
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Tabla ~.1 (continued) 

::;;co&pb ::o~:o7pb ;;;:ogpb ;;o:o7pb Pb u 
Sample 2o4pb :::.::o .... Pb :::.::o4pb :::.::o4pb ppm ppm Litholoqy 

i.85 Ga 

Superior prov. 
LG3.1 13.957 14.692 33.710 14.648 qrey qneiss 
LG4.9 14.563 14.846 34.779 14.769 qrey qneiss 
SB5.6 16.046 15.157 3'3. 747 15.031 matri :>-; 

SB.86 16.037 15.260 39.323 15. 162 matrix 
SB4.'3 14.973 15. 00'3 39. '328 14.950 matrix 
LGC 16.530 15.334 3'3. 01'3 15.174 qranite 

Southern prov. 
Mct<im 20.830 16.091 3'3.060 15.612 """)--... ~ 

.L..L• ,J McKim 
H1 2E .• 040 16.661 47.15'3 15.573 18.5 Stobie 
H2 3 1 " 475 17.306 49 . 4'37 15.615 18.1 Copper c li ff 
H3 20.280 15. '356 3'3. 167 15.4'33 1.-. c::-

L • .....J McKim 
H4 3 2 . 174 17.910 45.672 15.279 16.7 Ramsey Lake 
H5 20.442 15. '387 38.47'3 15.513 Mississagi 
H6 2 1 .044 16.085 38.605 15.514 Mississaqi 
H7 22.086 16.215 41.330 15. 54'3 Mississaqi 
H8 28. '377 17.051 37. 92'3 15. 6'38 Mississaqi 
H'3 22.316 15. 2E.4 41. '384 15. 5'39 Mississaqi 
H12 20.716 16.029 3'3. 25'3 15.518 Elsie Mountain 

NIPl 18 . 105 15.761 36.578 15. ~i74 5.4 diabase 
NIP3 17 .'378 15. 78'3 36.286 15.629 diabase 
NI23 18.174 15.826 36.537 15.656 diabase 

Main mass 
NRA 28.511 16.668 49.872 15.156 granophyre 

SR13 26.510 16. 4E.4 49.590 15.186 granophyre 
SR15 20. 59'3 15.847 40.930 15.259 quartz qabbro 

NRB 23. 01'3 16.131 45.014 15.284 quartz gabbro 
NRC 19.942 15.806 41.123 15.318 quartz gabbro 

* Re/Os- disturbed system 
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~.1.3. CountYy Rocks in th• South•Yn and SupeyioY pyovinces. 

The country rocks to the North and South of the Sudbury 

Complex display markedly different Pb isotope signatures: as 

predicted from- their stratigraphic levels in the crust. 

the matrix Levack gneisses have very unradiogenic Pb, but 

samples of Sudbury breccia are somewhat more radiogenic, and 

approach the Archean granite composition (Figure 5.2). The 

collinearity of Sudbury breccia samples with the country 

rocks s u qqests that they were derived by closed-system 

meltinq of the Superior province crust. Arguably, this 

represents bulk melts of fusible granitic units (Grieve et 

al., 1991), rather than the more tonalitic grey gneisses. 

The samples have Pb-isotope profiles similar to those found 

in the North Range ores (shown by a line in Figure 5.2). 

Huronian super groups have much more radiogenic Pb, and 

most samples, along with the Nipissing diabase, fall close to 

the 1.85 Ga reference line through the South Range ores. The 

shallow slope of the Huronian array may be viewed as rather 

unusual. since these rocks were derived from Superior 

province. Most of these samples are very fine-qrained. 

However, the conglomerate sample CH4l from the Ramsey Lake 

formation 1 ies far above the 1.85 Ga array, suggesting an 

older sample as compared with the other Huronian units. This 

result suqqests that the U/Pb systems in the fine-gY"ained 

samples were largely reset at 1.85 Ga along with the maty-ix 

(but not the clast s) of the Ramsey Lake conglomerate. 
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A combination of possible factors may have caused this 

resettino event: 

(1) Thermal heatinq by the Penokean oroqeny (Gibbins & 

McNutt. 1975: Hu et al •• 1991); 

(2) Heatinq from the postulated impact; 

(3) Fluid migration in the vicinity of the Murray fault. 

This-last factor may explain the more radioqenic Pb in 

samples within 1 kilometre of the fault. 

many alterations. 

These samples show 



Figure Pb - Pb isochron diagram. 

Shows measured (present-day) compositions of 
country rocks relative to reference lines from 
fig. 2. 

Symbols: <+) Huronian units 
<Ol Nipissing diabase 
~ Levack gneiss 
<6) Sudbury breccia cutting levack gneiss 
(~) Archean granite 
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5.2. U/Pb Variation. 

The Pb isotope variations of all the samples and selected 

samples analysed for U and Pb concentrations were listed in 

Table 5.1. The Pb concentrations of the Creiqhton mine found 

the maximum Pb content in the sample C12C and the minimum in 

the sample C9. While the minimum Pb content at Falconbridqe 

East min e are in the samples. F5 and F3. which are from the 

mi ddle o f the sublayer . the maximum in the sample. F6. is 

f rom a cross-cuttinq ve1n. 

Lead concentrations of seJected country rocks <Huronian 

and Nip i ssinq diabase) were also analysed (Table 5.1) and 

found the maximum Pb content In the sample McKim and the 

minimum i n the sample NIP1. 

The few uranium concentration data (Table 5.1). ranqinq 

from 0.19 to 0.60 ppm. are not representative of all 

samples e Uranium and thorium concentrations in most of the 

samples were not measured and no attempt was made to produce 

age-corrected isotopic compositions for the 208Pb data. The 

pronounced correlation (Fiqure 5.3. Table 5.1). but they do 

show the ordered mobility of thorium and uranium in 

near-surface crustal rocks. 



Fiour e 

Symbols~ 

208Pb/ 204Pb versus 206Pb/204Pb ratios ot 
Sudbury ores. silicates and country 
t- C•C ks. 
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( 0 > Clnapino 

( ~ ) Levack 

<. ~J Breccia 
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CHAPTER 6 

DISCUSSION 

6.1. Lead Model. 

For the purpose of providinq a petrooenetic evaluation of the 

Pb isotone data. 

ratio at 1.85 Ga. 

one must estimate the initial Pb isotope 

Unfortunately. the open-system behaviour 

of uranium orevents the direct calculation of these ratios. 

However. couoled 235U-207Pb and 238U-20GPb systems are used 

this study to model the initial Pb isotope ratio by 

pro.Jectinq the data back parallel to the 1.85 Ga reference 

line in Fiqure 5.1. Since all samples were ultimately 

derived from the Superior basement. they should lie. at 1 . 85 

Ga. alono a 2.7 Ga reference line. 

I nitial data at the 1.85 Ga line were 

calculated by oro_jectinq the present-day composition back to 

a chord linkinq the 2.7 Ga and 1.85 Ga compositions of the 

orowth c u rve of Stacey & Kramers (1975). A similar method 

was used by Taylor et al. (19801 to model initial ratios of 

the Nuk qneiss system in Western Greenland. 

6.2. 

at 1.85 Ga are plotted as 

histoqrams in Fioure 6.1. These results confirm observations 

made above that ores from the Strathcona mine and Whistle Pit 
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and from the Falconbridqe East and Creiohton mines have 

distinct lead-isotope siqnatures. resemblino Superior 

province qranitic material and Huronian metasediments, 

respectively. There is no reason to believe that any 

mantle-derived lead component in the Sudbury ores exist. 

require a mantle-derived Osmium-isotope data not 

component <Dickin et al., 1992) desoite the laroer osmium 

content of the mantJe relative to crustal rocks. Since lead 

is more enrtched in the crust than in the mantle. the crustal 

lead comoonent wou l d totally swamp any hypothetical 

mantle-derived component. 

Two samples from the norite (main mass. South Ranqe) 

discussed above also reflect the local Pb isotope composition 

of the Huronian super qroup (alonq with the Nioissino 

diabase). But the other samples from the main mass 

(oranophyre and quartz qabbro) have similar initial ratios. 

on the South and North Ranges <See Fiqure 6.2). As discussed 

previously. this may be due to open-system metamorphism 

caused by the same thermal episode that affected the 

qranophyric micropeqmatite (1580 ± 31 My, Gibbins & McNutt. 

1975). Another theory may be that the elemental chemistry of 

the main mass cannot be formed from an individual batch of 

maqma by meltinq the crustal rocks. but rather that it was 

the resul t of a convective mixinq of components durinq the 

prol o nqed coolinq of the overlyinq silicon maoma. 



FiguYe 5.1. Histoqyam of the calculated 207Pb/20~Pb 
Yatios foy Sudbuyy oYes and foY countYy Yocks at 
the 1.85 Ga SIC. 

Leoend V: vein 
D: dissemi nated oYe 
N: noYite 
Q: distuybed sample (C9) 

CountYy Yocks: 
N: Nipissinq diabase 
L: Levack gneiss 
B: Sudbuyy bYeccia matYix 
G: AYchean gyanite 
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F i gure 6.2. Histogram of the calculated initial 207Pb/204Pb 
ratios for the main mass and for country rocks at 
1. 85 Ga. 

Symbols: 
N Nori te 
G qranophyre 
Q Quartz gabbro 

Country rocks: 
N: Nipissinq diabase 
L: Levack qneiss 
B: Sudbury breccia matrix 
G: Archean granite 
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C:HAF"TER 7 

SUMMARY 

7.1. Model for th• Sudbury IQneous Complex. 

The Pb isotope data are consistent with the impact of a 

meteorite at about 1.85 Ga (evidence from shocked zircons . 

Kroqh et al .• 1984) on the Huronian/sedimentary apron of the 

Superior craton. This sediment thickens to the South. so 

that aft~::>r vaporisinq the uppermost Huronian crust. the 

impact must have oenerated a crater in the Archean basement 

on the North Ranae. but this crater was contained within the 

basal Hu ronian strata on the South F-:anae. This impact would 

also mel t upper crustal materia.ts of different r.:::ocks to 

produce thP. Sudbury maqmas. Such a larqe proportion of 

crustal (sulphide-rich) maqmatic segreqations qenerated the 

ores at the base of the complex as pools dependinq on the 

locality of the ores. 

Ther efore . the ores on the North and South Ranoes 

apparently reflect the local Pb isotope compositions in the 

melted c o untry rocks . Within the same time-frame. material 

e .iected from the complex would beqin to fall. some of it back 

into the complex. and some outside. to form a fall-back 

breccia qenerated by the impact (Peredery. 1972). 
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The silicate main mass (norite. qranophyre. and quartz 

qabbro) may not be formed as an individual batch of maqma by 

in-situ meltinq the crustal rocks: rather. this main mass is 

the result of maqma mi ~-< i no of the North and South Ranqe 

siqnatures and subsequent differentiation. Fiqures 7.1a and 

7.1b show a schematic cross section of the Sudbury complex 

before formation and afterwards. 

Lead contents in the ores are similar to the source 

(country) Yocks and probably reDresent a "frozen in" isotopic 

siqnature acquired durinq early seoreoat ion of sulphide 

liquids from the over lyino imoact-qenerated silicate melt. 

Subsequent mod if ications by orooenesis and erosion produced 

the Sudbury structure seen today. 

7. 2. Conclusions. 

(1) The Pb isotope data are consistent with the impact of a 

meteorite on the Huronian sedimentary apron of the Superior 

These data are also consistent with a 100 percent craton. 

crustal 

units. 

source from either Superior province or Huronian 

(2) Lead isotope compositions reflect the qeooraphic 

distinction between t ~1e opposi nq provinces (Southern and 

Superior). Samples from the Superior province have lower 

206Pb/204Pb ratios than those of Huronian units. 

the North and South Ranoes apparently reflect the local Pb 
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isotope compositions of melted country rocks. In contrast. 

the elemental chemistry of the main mass implies convective 

mixinq of the components durinq the prolonqed coolinq of the 

s1licate maoma. 

(3) Sublayer ores from mines of the Sudbury Ioneous Complex 

cluster close to the 1.85 Ga reference line. This suqqests 

that Pb was i ncorporated into these ores at the time of 

emplacement of the Complex. dated at 1.85 Ga by U/Pb 

analysis <Kroqh et al •. 1984). 

zircon 



F i gure 7.1a & b. Schemati c cross-section of the Sudbury 
structure before and after formation. 
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APPENDICES 

APPENDIX A.1 

Samplino details and descriptions collected from the South 

Ranqe. Sudbury Iqneous Complex. Sudbury. Ontario. 

Abbreviations: 

coy = chalcopyrite 

po = pyrrhotite 

FALCONBRIDGE EAST MINE. SUDBURY. ONTARIO. 

Fl 1.0 M above hanqino wall (quartz-rich noritel 

Disseminated cpy and po in medium-to-coarse qrained 

ouartz-ricn norite. Samole appears more felsic than at 

Murray Mine road cut. Po and coy are disseminated 

interstitiallY as blebs. Sulphides 20%. po 80%. cpy 

20%. Bluish-white quartz comprises 20% of sample. Some 

fractures aopear chloritized. 

F2 0.5 M below hanoino wall <ore) 

Wi s py I-5 em ouartz seoreoations and veinlets of quartz 

and in hanqinq-wall breccia. Feldspar (?) is white and 

oink. Quartz is white to qrey. Cpy-rich ore. cpy 60%. 

PO 40% . Inclusions lmm-5cm in size appear; to be 

stronqly altered hornfels after partially assimilated. 

Coy is usually near inclusion rather than po. 

F3 3.0 M above footwall sublayer Corel 

Massive ore containinq numerous small (0.3mm-3.0cm) 

inclusions of felsic rocks. peqmatitic and quartz-rich 
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material. Sulonides comprise 85%: 95% oo. 5% cpv. 

silicates 15%. Po and cpy occur as lacy interqrowths. 

not blebs. Samole is hiohly oxidized and is from the 

old mine workinqs that are now at the surface. Cpy 

occurs in veins in one inclusion. Laroer inclusions 

have dark rims of cpy. 

~4 RiQht at hanoino wall (oye) 

Sulphides 95%: 95% po. 5% CPY. silicates 5%. Small 

inclusions 1 em from massi ve ore beneath the norite. 

Inclusions apoear to be from both hanoino wall mafic 

metavolcanic rocks and quartz-rich norite. Mafic 

metavolcanic rocks are more assimilated than the 

quartz-rich norite. Cpy occurs nearer to inclusions. 

~5 3.0 M below hanoino wall (ore) 

Massi ve sulohides; 98% oo. 2% silicate blebs . 

visible. Sample is hiqhly oxidized. 

No cpy is 

Silicate 

inclusions are 1-1 5mm in size and are mainly quartz-rich 

norite in composition. 

present. 

Some assimilation textures are 

F6 Vein 1.0 M below hanoino wall <ore) 

Sample was taken from a cpy-r ich zone in hanainq wall of 

pit. Small annular biotite inclusions. rimmed and 

assimilated by 50% cov and 50% po. Sample also contains 

a small 

PGE-rich. 

veinlet of oalena. Sample thouoht to be 
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r22 0.2 M from the contact in r.W. (OY@) 

Br-eccia or-e with 90% sulphides and lO"!. clasts. Clasts 

are quar-tz and chloritized fr-aqments (maf ic metavolcanic 

rocks). ranqe in size from 2mm-50cm. Sulphides 90"1. po. 

10"1. cpy. Cpy tends to be concentrated around clast 

mar-qins and inside clasts. 

F24 1.0 M into sublaver from F.W.-S.L. contact (ore) 

Br-eccia or-e: 85/'. sulphides 15% clasts. C:l asts are 

dominantly chloritized with some beinq quartz. 

Sulphides: 80"1. po. 20"1. cpy. Wispy veins of cpy and PO 

found in clasts. c:l as·ts ranqe in size from 1 mm to 

80cm. Clasts ar-e rounded and have shar-p boundar-y 

contacts. 

F28 Middle of sublaver <ore) 

Clasts in or-e r-anoe from 2mm-50cm. Clasts of quar-tz 

material and mafic metavolcanic r-ock fraqments. Clast 

boundaries shar-p. Some mafic metavolcanic rock clasts 

exhibit r-emnant foliation. Some clasts show 

assimilation by sulphides. Other- clasts contain 

su l phide str-inqer-s. Sulphides 90%: 90"1. po. 10"1. cpy. 

Most cpy occurs in and/or- ar-ound clast mar-oins. 
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CREIGHTON MINE 

Abbrevi ations: 

cpy = c halcopyrite 

po = p yrrhotite 

Cl L4600 13185 N 4100E sub 

Sublayer massive sulphides: 90% po. 10% coy. with small 

anqular hornfels inclusions. Strinoers of coy and oo in 

clasts . Fraqments brecciated and can be visually fit 

back toqetheF. No alteration oF assimilation on the 

mar oi ns . some inclusions rimmed by cpy . 

C2 L4600 1327:JN 41~0E 

Med ium qFainPd exot ic qabb~ro clasts with l aF qe 

disseminated sulohide blebs. Silicates 80% . sulphides 

2 0% (80% po . 2 0% coy). C=coy usually maroinal t() PO 

blebs. Eutecti c textuFes common. 

C3 L4600 132'75N 4150E 

Fine-qrained black disseminated ore (60% po. 40% cpy) 

around silicates (mainly fine-orained noritel. Some 

laroe sulphide blebs. 

C9 L4600 13350N 4200E sub small 

Massive sulphides in sublaver. Small cpy-rich sample 

(50% po. 50% cpy) . Two clasts are present; one is 

partially assimilated by cpy at maroins . 
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C12 CM. Cpy) L7000 6400N 4400E BUb 

Massive sublaver ore. Some blebs of quartz 2mm in 

size. Some assimilated silicates in cpy-rich areas. 

SILICATE CMAIN MASS) 

All kilometre-aoes measured ooina South from intersection of 

NW bypass with Hwv 144 at Chelmsford. 

SR13 Granophyre Cupper zone) 7.7km (near Small Lake on East 

side of road) 

Felsic . more pink. course-to-medium orained (3-4mml 

microoeomatite . massive textured 25% cpy . minor mineral. 

chlorite and quartz. Also fewer auartz ve i ns 

(Peomat i tic seoreqations). 

SR15 Quartz Qabbro <Middle zone) 9.7km 

Massive. medium-orained diorite. no seqreqations. no 

hematite a l terat i on. some of feldspar. pyrite veins , 

minor amount of hematite . sulphide. 



APPENDIX A.2 

STRATHCONA MINF.: 

CDV ChalCODVYlte 

DIC <oo) Pyrrhotite 

Po seoar~te cont~1n1no 2-3 mode! percent oentlandite. 

rr-c•m deen of 

m~nne~Ite cov 15% from Dl stone. 2750 )eve].* 

DIC (COY) ChalcoovrltP 
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WHISTLE PIT 

W.5 

Sublaver sulphide. 60% PO 40% cpy, blebs rounded, 

contains 1-3cm inclusions of Hornfels footwall clasts. 

No sulphides in clasts. 

W.9 

Sublayer fine-qrained. non-porphyritic, ultra mafic 

inclusion 20cm diameter. contains minor disseminated po 

and cpy. Rimmed appears assimilated on marqins by 

oo-rich sublaver (95% oo 5% cpy). 

SILICATE (MAIN MASS) 

NRA Granophvre 

Felsic more oink coarse-to-medium orained. massive 

texture. Essential minerals K-feldspar, plaoioclase. 

hornblende . and minor biotite. No visible sulphides. 

NRB Quartz Qabbro 

Massive structure, with coarse-to-medium orained, 

massive texture, essential 

plaoioclase, pyroxene, hornblende, 

sulphides. 

NRC Quartz aabbro 

minerals K-feldspar, 

minor biotite, and 

Massive structure coarse-to-medium orained, lioht areas 

and plaoioclase, dark areas are Auoite and hypersthene 

(pyroxene). 
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APPENDIX A.3 

ONAPING TUFF 

NORTH RANGE 

OTl Dowlino township 

Laroe samp l e. few sulphides. and aooear to be mostly 

rims. Matrix with heteroqenous texture. an euhedral 

quartz. 

SOUTH RANGE 

OT2 Bl•zard town~hip 

Fine qrained. no apparent sulphide c lasts. 1-4mm po 

occurs as c l asts that can rim quartz qrains. 

OT3 Capreol township 

Fine qrained . c lasts bearino po. matr i ·,~ fi ne-oraj_ ned 

with med i um-ora i ned detai l. I nterorowth of q uart z and 

ootassic feldspar . 

OT6 Cacreol township 

Grey. c6ntains sulphide clasts. anqular to subrounded 

fraqments of several varieties of arkose and quart z . 

OT9, OT10 Creiohton township 

Consistinq mostly of white to cream-coloured quartz. and 

rou nded quartz pebbles . the fraqments of quartz pebbles. 



109 

OT11 Ravside- townwhtp 

Matrix is liqht-to-medium qrev and weakly foliated to 

massive. The fraqments consist of white quartz and 

larqe fraqments are virtually absent. 
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APPENDIX A.4 

SOUTH RANGE COUNTRY ROCKSc HURONIAN SUPER GROUP 

Hl 

Black to dark orey metavolcanic, fine-orained, mainly 

irreqular quartz qrains and very fine-qrained of 

micaceous minerals (sericite), amphibolies. and very 

small and thin pyrite dyke also present. Minor amounts 

of maonetite. chlorite. zircon and eoidite also present. 

H2 

Felsic pvroclast1c rocks . sericite is present as very 

fine to fine arains. Sericite makes up as much as 60%. 

About 15% is quartz. The matr i x surroundinq the 

fraaments consists mainly of chlorite, quartz, muscovite 

and b iotite. Some of the biotite altered to chlorite, 

minor sulphides of maqnetite, and pyrite is also 

present. Flow structure is in same direction. 

H3 Siltstone 

Quartz is subanoular to subrounded and irreqular in 

Plaaioclase (about 1%) poorly developed shape. 

twinn ina. Biotite (about 13%) fine-orained and occurs 

in orains of irreqular shape with irreqular 

orientation. Chlorite (about 10%). Chlorite qrains are 

fine-qrained and blended. and qenerally occur as 

replacement 

the sample. 

of biotite. Matrix makes up nearly 40% of 

It contains silt-sized orains of quartz, 
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feldspa~. muscovite. with mino~ amounts of chlo~ite. 

biotite. and opaque m1ne~als. Mino~ amounts of zi~con 

with pleoch~oic halo in the biotite. 

MK Espanola area 

Contains nea~ly 25-35% oua~tz. which is subanqula~ to 

sub~ounded in shape. Plaoioclase and K-feldspa~s a~e 

p~esent to the extent of about 10%. Mat~ix accounts to~ 

nea~ly 40% of the sample. It contains muscovite. 

chlorite and biotite. with mino~ amounts of opaoue 

minerals. 

H4 ConQ l om~rate 

Contains nea~lv 50% oua~tz. which i s subrounded and ova l 

and contains very few inclusions. About 10% of 

potassium feldspar of tine-to-medium qrained detail and 

weak l y altered. About 3% olaoioclase which is 

f ine-to-coa~se q~ained. Lithic f~aoments account for 

about 22% of the sample. Medium-to-coa~se qrained 

lithic f~aoments are present . and a~e qraded into 

pebble-sized clasts. About 2% is muscovite. and the~e 

a~e mino~ amounts of biotite and chlo~ite. The chlorite 

appears to be secondary afte~ biotite. 

a~e mino~ sulphides. 

Finally, the~e 
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Quartz (about 50%) fine-to-coarse orained, K-feldspar 

(about 11%), 3% plaaioclase, feldspars are fine-coarse 

qrained. and are weakly altered . Minor amounts of 

det r ital biotite and chlorite. The matrix makes nearly 

31% of the wackes. It consists of silt-sized particles 

of muscovite, biotite, quartz. feldspar, and minor 

amounts of sulphides. The chlorite present after the 

biotite . Samples H6 & H9 have more teldsoar and auartz. 

as seric ite. 

H12 Elsie Mountain sample 

Very fine-qrained. mainly irreoular quartz qrains and 

biotite and minor hornblende. Matrix is 9-20% of the 

sample. Mjnor amounts of oarnet. apatite. pyrite. 

maanetite. plaaioclase, and chlorite. 
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APPENDIX A.5 

NORTH RANGE COUNTRY ROCKS 

LG3.1 Levack Qneiss 

Contains ma1nlv plaq1oclase. quartz pyroxene and minor 

amounts of sulohides (pyrite and maqnetitel. 

LG4.9 Grey Levack qneiss 

The fo J lowino Matrix samples were collected alono H1qhway 

144: 

SB4.9 Matri~ of breccia 

Consists orimar1Jv of small stubby plaqioclase laths. 

rou nded auartz qrains. 

SB5.6 Matrix 

Dark orev to black. vesicles make up nearly 25% of 

matrj. x. very fine qrained matrix includes quartz and 

plaoioclase. 

988.6 Mat'l"iX 

About 80% matrix. 

vesicular. 

very fine orained olaqioclase. 

LGC Hutton township Q'l"anite, No'l"th of Cap'l"aol 

Equiqranular. medium-to-coarse grained quartz 

or ani te. 

monzonite 



114 

APPENDIX B 

LEAD MODEL CALCULATION 

8.1 MODEL CALCULATIONS. CONSTANTS AND SYMBOLS USED IN 
LEAD-LEAD AGE 

The interpretation of lead isotope data follows the 

procedures described by Faure (1986). Constants and symbols 

are listed in Table B.l. Constants varv from one lead 

evolution model to another. In this study. the model of 

Stacey & Kramers (1975) was used. fhey suooested that 3.7 x 

t0- 9 years aqo the U/Pb ratio of the source reservoir was 

modified by qeochemic a l differentiation. settinq a new 

startino time and new initial lead isotope ratios for the 

modelino of radiooenic lead. thus establishinq a two-staoe 

evolution . The qenerally accepted values for the isotope 

ratios of primeval lead are those of Tatsumoto et al. (1973) 

who analyzed Pb in troilite from the Canyon Diablo iron 

meteorite which contains lead but neqlioible amounts of U and 

Th. Thus. the isotopic composition has not chanqed since its 

time of formation. 



<: : :: : . . . . . . . . . 

.. ·. ~~ill{ .. 

~1 Decay constant for 238u 1.55125 x 10-10/vear 

K 

T 

T* 

a' 

b ' 

M 

Decay constant for 235u 9.8485 x 1o-10;year 

Present day ratio 238u;235u 137.88 

Primeval 206pbf204pb 9.307 

Primeval 207pbf2040 b 10.294 

Age of the Earth 4.55 x 109 years 

Date of geochemical 3.7 x 109 years 

differ entiation in Stacey's 

and Kr amer's model (1975) 

Initial 206pbf204pb in 11.152 

St acy ' s and Kramer's model 

(1975 ) 

Initi a l 207pbf204pb in 12 . 998 

Stacy's and Kramer's model 

_( 1975) 

Slope of a secondary 

isochron 

j 15 

··_._ •...• -lt~f .· .. 
1 

1 

2 

2 

3 

Table B. 1 Constant and symbols used in the pb-pb age and 

model calculation . Ref !=Steiger and Jager, 1977; 

2=Tatsumoto et al., 1973; 3=Patterson, 1956. 
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Sac:tion 8.2 Calculation of the SecondaYV isochYon fittina 
the distYibution of the lead isotope Yatios of 
the lead isotope yatios of the DYe Samples and 
silicates fyom the SIC: 

Faure ( 1986) qives a detailed discussion of the equations 

which definP- multi-staoe leads. For ~ two-staqe Pb <if a 

samo l e o f Pb is passed throuqh U-bearinq systems characterized 

by 

by: 

different 238U/204Pb ratios [u1 

( 207pb/204pb) = b 0 + (ut/K)(eA2T -e"-2t1) 

+ ( uz/K)(e"-tt-e"-2tz) ~(B. 2) 

and u2J). then the 

Where: T ~oe of the earth and corresoonds to the sinole-

sta.oe mode l and can be exchanqed with T* for 

Stacey's and Kramers~ model (1975). 

tl the time in the past when Pb was removed from 

system 1 and transferred to system 2. 

t ? = the t1me in the past when Pb was removed from 

system 2 after which its isotopic composition 

remained constant. 

Now. t 2 = o. since the Pb isotopic evolution continues to the 

present. when the isotopic composition is determined. 
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Simolifvino the initial first staqe comoonent and equations 

8. 1 and 8 . 2 with A&B respectivelv. Thus we obtain. 

(B.4) 

We then combine both equations to eliminate u2. resultinq in: 

(207pb/204pb)-B 
J...2t1 

1 ( e -1) 

M=-------- >(B-5) 
(206pb/204pb)-A 

This e ouation (8.5) represents a family of straiqht lines 

passina throuan a point with A and B as coordinates. and with 

a slope M qiven by: J...2t1 
1 ( e -1) 

M=----->(B-6) 
K ( e"-lt1_1) 

In other words . the straioht lines are known as secondary 

isochrons which pass throuah (coordinates A and Bl and the 

qrowth curve of system 1 and whose s l ooe depends only on the 

internal of time t 1. t2 durinq which the lead resided in 

system 2 (see Fiaure B.2l. 

In this study. tl - t2 = 1.85 x 10-9 years. The above value 

and equation {B. b) were used to calculate the slope of the 

secondary isochron fittinq the distribution of the lead 

isotopic comoosition from the ores and the country rocks 

(whole rocks) . That slope has a value of 0 . 1131. 



Fioure B.2 Diaoram showino the coordinates of 
ooints A and B . 



207 
----Ph 
204 

~ SlOJle=M 

206 
----Pb 

204 
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APPENDIX C 

C.l. SAMPLING AND CRUSHING 

Previousl y prepared at University usinq standard 

separation techniques. the samples used in this research are 

1 i sted bel ow: 

No. 

1 

2 

4 

LJ)cal i tv 

Falconbridqe 
East mine 

C:rei ohton mi nP. 

Material used 

Sulphide ores 

Strathcona mine Sulohide ores 

Super i 01~ 
orovince 
(Levack qneiss) 

Country rock 
(LG3. 1 ) 

The remainino samoles wPre oreoared 

F-:eferences 

Beneteau. 19'30 

Dickin et al .• 
1 '392 

Schindler. 1'375 

Dtckin et al .• 
1'3'3:£: 

by the a.uthor. The 

samples weiqhino about 5-l(lkq were further refined in the 

rock crushino l aboratory at McMaster Un:t versi tv. The 

weathered material was removed bv a sledqe hammer and no 

visible sions of alteration. such as hvdr-othermal veininq, 

appeared. Some care was exercised in ensurinq that only 

unaltered material was incorporated in samples. Rock samples 

were cleaned with a wire br-ush and then were brc•ken into 

pieces suitable for the .iaw crusher with first a hammer and 

later with a hydraulic splitter. 
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The next step in sample reducti .on was to crush the 

pieces further. usinq a 1aw crusher to achieve chips sizes 

approximately 6mm in diameter. Prior t.:• usi nq the _jaw 

the instrument was first pre-contaminated with some 

of t~1e sample in order to avoid any contamination from 

previous samples. The chips were split several times with a 

table-too divider until one sixteenth of the total whole-rock 

sample remained. This representative aliouot was loaded into 

a tunosten carbide disc m1JJ. whi ct1 was then placed 

shatterbox vibration. A Spex tunosten-carbide shatterbox was 

operated in vibration mode for approximately five minutes. 

Then the entire sample was removed from the disc mill and 

poured onto a clean sheet of white paper. Here the powder 

was split into two equal parts and one oart was reloaded into 

the disc mill while the remaininp part was discarded. The 

shatter box was then operated for another eioht minutes until 

a tine powder of approximately 2 00-300 mesh was oroduced. 

The resultinq powder was stored in 125 ml olass bottles. 

To orevent contamination of the samples. all pieces of 

equipment and workino surfaces were thorouohlv cleaned after 

each oper ation. The cleaninq ooerati c•n was a 

process involvinq first a vacuum cleaner and 

two-phase 

secondly 

disposabl e paper towels. Polyethylene qloves were worn 

before operatino the tunosten-carbide shatter box. All work 

was carried out in an area where incominq air passed throuqh 

a hiqh-q uality particulate filter. 



C.2. Che~mi11trv 

C.2.1. Dissolution 

121 

Approximately 100-400 mo Cmillioramsl of powdered sample were 

weiqhed i nto clean Teflon bombs and containers of knc•wn 

weioht. Two different kinds of samples. silicates and 

sulphides. were analyzed durino this study. In each bomb c•f 

silicates 10 ml Cmillilitres) of concentrated 

HF (48%) was added. The Teflon bombs were then tiohtly 

sealed and placed into Teflon safetv .iackets. The safety 

.i a c kets and bombs were olaced in an oven and and left for 3 

days at 12o~c. After 3 days the bombs were removed. cooled . 

and the HF was evaoorated on not olates enclosed in a laminar 

flow hood. the samples were dry. about 5 ml of 

concentrated HN08 was added to each bomb to remove any 

insoluble flourides. 

Then this solution was evaporated to dryness and 5 ml of 

6N HCl (warm dilute) was added. and then bombs were put back 

into the safety jackets and replaced in the oven overnioht to 

remove any sulohide comoonent. Next day the samples were 

cooled and diluted with approximately 5 ml of Milli-Q-Water 

if there were no undissolved residues remainino. 

All samples of nominally pure sulphides (ores) were 

dissolved in 5 ml o f 7.5N HNO~ and heated for a while. then 

evaoorated to dryness and added 10 ml <6m HCLJ. Each 

solution was subsequently split , into two aliauots. To cone 
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was added isotopically enriched U and Pb from a mixed 

Both the spiked and unsp1ked aliouo~s were 

evaporated to drvness and subsequently taken into solution 

with 2 ml of lm HBr and transferred to plastic test tubes and 

centrifuqed for 10 minutes. Centrifuqation was performed in 

order to prl'?vent undissolved solids. if any. fr-om beino 

loaded into the anion exchanoe columns. 

Dowex Bio-Rad AG 50W. 200-400 mesh. anion exchanqe resin 

in polyethylene columns were used in this study. The 

ion-exchanae resin was washed and rinsed with distilled water 

in a Teflon bottle. The mixture was allowed to stand for a 

few minutes .;~. nd the suspP.nsJ.on •-:ontai ni nq fine particles 

decanted. Then the clean resin 1,.,•as stored J. n water unt 11 

use. 

C.2.2. Column ~nion exchanoe 

Two sets of columns of d1fferent volume (small and medium) 

wer-e used. Medium and small columns wer-e made of 

polyethvlene tubinq with clean cotton wool placed at the 

bottom of the columns to r-etain the r-esin. The r-esin was 

discarded after each use to avoid any pr-oblems of 

inter-sample contamination and in order to obtain hiqh pur-ity 

material for- analysis. 

The first step in column anion E''.(Chanqe 1s the 

separ-ation of lead from other elements. Columns were were 

cleaned with solutions. in order- (See Table c: . 2). The 
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cleanino procedure was repeated. Each sample was loaded into 

the columns. washed in with 1 ml of iM HBr. and eluted with 3 

ml c•f 1M HBr. Then Pb was collected with 6 ml of a b.M HCl 

solution and then evaporated. The columns were then cleaned 

aoain. and the sample was pass throuqh a second 

anion-exchanoe column. in order to obtain hioh-ouritv samples 

for analysis. 

The second step was separation of uranium from thorium. 

Uranium was collected with the elutino HBr uranium rock 

solution and evaporated oentlv. especially near the end of 

the orc•cess. Then 1 ml of 7M HN03 was added. 

The cleanj_nq 

Table c:.3. 

and separation procedures are outlined in 

In this procedure. a medium column was first used. 

followed bv use of a small column. This procedure was 

successful for all the samoles and the total procedure blank 

was i no. which 

several m1croorams. 

is neolioible compared the sample size of 

It was assumed that some of the samples 

had low Pb concentrations. and consequently that more sample 

mioht be needed for further measurement. 



Tabl e c. 2: Quantities used in the Ion-Exchange pb Procedures 

Lenqth 2.2 ern 
Capacity 0.25 
Resinqrade 200-400 

cleari.i ho · · · .: ... .. . 
3rnl 

6M HCL 3rnl 
3rnl 

6M HCL 3rnl 
3rnl 

1M Hbr 3rnl 

Load.irio • • •. · 
1M HBR 1M 

washina .•··· .· 
1M HBR 1M 

Eltition >·.·. . .. · ·.·· 

1M HBR 3M* 

co1lect:i:on > ·· · 

6M HCL 6rnl 

* for urani um separation form Thorium. 



Table C3: Quantities used in the ion exchange uranium 

procedure: 

.... -: .. .· ...... .... · .·: :.<·: .. ){£i(}itllll ·> t:c)i~Dilifi .... : . •. slll~l.J. ! bc>it!nlti~ > .•.. · .. ·.· . . . .... .. 

Lenqth 5.5 em 2.2 em 

Capacity .2 ml 0.25 ml 

Resinqrade 200 - 400 200 400 

Cleaninq 

H20 4 ml 3 ml 

2m HN03 4 ml 3 ml 

0.5n HCL 4 ml 3 ml 

H20 4 ml 3 ml 

If leaving more than 24 hours columns must be brought to 

t his staqe and left in water. 

Conditioning 

7.5 m HN03 4 ml 3 ml 

Loadi nq: Sample is dissolved in the followinq columns of: 

7.5m HN03 1 ml 0.2 ml 

Washinq 

7.5 M HN03 1 ml 0.3 ml 

7.5 M HN03 2 ml 0.5 ml 

Elution 

H20 2 ml 

1m HBR 6 ml 

6m HCL 4 ml (Th) 

Collect 

1m HBR 4 ml (U) 

12 5 
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C.3.1 LoadinQ TechniQue 

The samples were loaded in filtered air 

cabinet. 

in a laminar flow 

(a) Gloves were worn at all times. 

(b) For lead. a sinqle rhenium filament bead was placed on 

t he centre insert of the current power supply. and. 

for uranium. a double filament with side 

t h e bottom was used. 

filament at 

( c) One ul 

filament and was e vaoorated until almost complet e 

dryness. 

( d) For lead Standard~ One ul of silica qel was pipetted 

onto the filament and likewise evaporated to almost 

complete dryness . as the current was very slowly 

increased to a maximum of 1.15 A (amperes). If sample 

starts dryinq. the current is t hen lower ed to 1.00 A. 

(e) One ul of the NBS 981 Standard was loaded and evapor-

a t ed to dryness at a current of 1.5 A. Then the 

c u rrent was very slowly until the filament has a r ed 

qlow or beqins to smoke. so that the surface is smooth 

a nd has n o bubbles. In the case of uranium . a current 

of 1.3 A was used. the observational test tor 

r educi nq current was a small puff of o utqassi nq acid. 

The s amp le was then let drv for about a minute. 
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(f) With test samples the procedure was sliqhtly differ-

These were picked up in H3PO. and loaded onto ent. 

t h e filament (Step Cl. Otherwise. the procedure was 

the same as above. 

C.3.2. ~il ~ments. 

Cathoden Ltd. sinole and double filaments were used. They 

were cleaned in boilinq de-ionized water for about 10 minutes 

prior to use. Different filament confiqurations wey-e used 

for Pb and U analysis . Lead was loaded onto sinole rhenium 

filaments CFiqure 4Al while uranium was loaded onto the s1de 

of a doub le filament. The double filament consists of two 

metallic ribbons. one s1de filaments onto which the sample is 

loaded and one centred filament used tor ionization. A 

rhenium filament was used as the centre and a Tantalum 

filament wa.s used as the side filament (fiqure 4Bl. 

Filaments were outqassed for 15 minutes at a current of 2.7 A 

under vacuum (5 x lQ-& Torr) prior to loadinq. All filament 

ribbons CH.Cross Co.) were measured 25 micrometres thick and 

760 micr o metres wide. For uranium analysis. zone-refined 

Y"henium ribbons (purity 99.9%) were used. 
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C.3.3. Lead dynamic temoerature 

Procedure name: Pb DYNAMIC 1250 C GPJ Type: AXIAL Peak Jump 

Filament 
Currents 

-----ENTER-----
P-h eat Ini t Ma?.:-

------SIDE-----
P-heat Ini t Ma?.; 

0.00 0.00 0.00 

---WARMUP TIMES ( mins)-
Preheat Hold Measure 

0.00 1.70 2.20 00.0 00.0 05.0 

Pyrometer 
1250 c: 

Initial 
values 

Z-bias Z-focus Slit D-focus D-bias Extract Source 
500 500 

Rhenium a i mino current O.OE+OO 

Sequence 
Detector ( F/D ) 

Aimina current 
No. of runs 
No. of cycles 
Sequen•: e type 

1 

F 
i.OE-13 

Oi 
02 
1'3 

l 

2 
F 

. OE-t3 
01 
02 
1 '3 

400 600 700 700 050 

Beam cro~th limit -2.5 to +2.5 % in 10 sec. 

~; 4 c:· 
.J E, 

F D F F 
1 . OE-13 0. OE-00 o. OE-00 0. OE-00 

10 00 00 00 
15 00 00 (H) 

i '3 00 00 00 

Daly bias +O.OOOE+OO Faradav bias +O.OOOE+OO 

Start Grand Totals at Sea. No. 3 

C.3.4. Analytical errors. 

Reproducibility of lead isotope ratios is very qood for all 

samples . Replicate analyses of the standard NBS SRM 981 

obtained in the course of the entire research were comoared 

with the recommended value for NBS SRM 981. See Table C.4. 

The two main errors affectino lead isotope analvsis are 

mass-dependent isotopic fractionation in the mass 

spectrometer and the accuracy of measurement of the smal l 

both errors yield theoretical error lines (Doe et al .• 1966) 

hav i nq slopes of 1.23 for mass fractionation and 0.82 for the 

inaccuracy in the ~04Pb measurement. 
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Fif t y measurements of the lead standard NBS SRM 981 also 

diaoram 

CFioure C:.3). This "error line" has a slope of 1.01. which 

i s intermediate between the two theoretica l error lines. thus 

i ndicatinq both that analytical errors have been affected 

more or less equally in the lead isotopic measurements and 

consequently that they can be explained either by 

physico-chemical fractionation OF by uncertainties in the 

measurement of Ther-efore. all data have 

cor-r-el.=<ted for- mass isotopic fr-action at: ion USlnO 

f ollowinq formula: 

CC = MC I (1 - f Cn/100)) , where 

CC Corrected comoosition 

MC Measur-ed composition 

f Percentaoe fractionation per atomic mass unit. 

n Mass speed of ratio considered in the correction 
procedure. 

been 

the 

For example. a common value for 206Pb/204Pb will be n = 2. 

The percentaqe fractionation per atomic mass unit can be 

deduced bv comparino the measured lead composition the 

Standard NBS SRM '381 with the recommended value. In the 

present studv. the differ-ence between these two values was 

foun d to be about 0.10%. on averaqe. 



Fiour-e C.:3 Exper-Imental error- line defined by 
r-eplicate ana lyses of the NBS Standard SRM 
981. Small black dots: Measur-ement of NBS 
981 in the present study. Ooen star: the 
recommended le~d Jsotooe composition of 
~he StandArd NBS gs1. 
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C.3.5 

~rocedure name: U ID 

~ilament 

: urrent s 

-----ENTER-----
P-h eat I n it Ma x 

0.00 4 .60 6.20 

GPJ 

------SIDE-----
P-heat I n it Max 
0.00 0.80 2 . 80 

131 

Type: AXI AL Peak Jump 

---WARMUP TIMES (mins)-
Preheat Hol d Measure 

0 0. 0 00.0 05.0 

~yrometer 

0000 c 
I ni t ial 

v a l u es 
Z-bias Z-focus Sl it D-focus D-b i as Extract Sourc e 

500 500 4 00 6 00 7 00 700 050 

~henium aim1na c urren t O.OE+OO Beam arowth l i mi t - 9. 5 to +9 . 5 % in 10 sec. 

Seouenc e 1 2 ? 
~ 4 = J 6 

letector <FID) F F F D F F 
\ i mino current 1.0E-14 5 .0E-14 1 . OE-13 0. OE-00 o. OE-00 0. OE- 00 
No. o f r uns 01 01 10 00 00 00 
No. of cycles 10 20 2 0 00 00 00 
Sequence type 30 30 30 0 0 00 00 

>aly b i a s +O.OOOE+OO Faraday bias +O.OOOE+OO 

itart Grand Total s a t Seq . No. 3 
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C.3.6 L•ad and UYanium ConcentYation PYOQYam. 

20 INPUT " SAMPLE NAME".A$ 
21 INPUT "SAMPLE NAME".A$ 
22 LPRINT A$ 
30 LPPINT 
40 INPUT "ENTER wt of: powder".Wl 
50 LPF.:INT W1 
60 INPUT "ENTER wt c•f:beaker empty;beaker+soln:spiked soln. ·' .W3. W4.W5 
70 LPRINT W3.W4.W5 
80 INPUT "ENTER wt of spike".WSI 
'30 LPRINT W'3 
100 I NPUT "ENTER 238/235;' . Rl 
110 LPRINT R1 
120 I NPUT ;'ENTER Pb como. 6/4. 7/4 . 8/4 " ID 6/4".R2. R3. f.t:4.P5 
130 LPRINT R2 .R3.P4 . R5 
140 A 1 =203. ':37 3 
150 A2 =205 . '37 4 
160 A3=206. '376 
170 A4=207. '37 7 
180 A5=235.04 4 
1'30 A6=238.05l 
200 S1=7 .7 
210 8 2 =2 .31 
220 53=.00000 11 
230 84=. 0088:::42 
240 55=.0143054 
250 86=.0000046 
260 W8=Wl*W5/(W4- W3) 
270 R6=(P5-R2l*A2 
280 P7=Al+A2*P2+A3*R3+A4*R4-P6*S3/S4 
290 CONCPB=Sl*R7/PE.*W9/W8 
300 R8=1/R1-1/137 . 88 
310 CONCU=S2 /RB*A6/A5*W'3 / W8/(1+S6/S5l 
330 LPPINT 
340 LPF.:INT "C:onc. U=;l. CONCU. " ppm 
:::~50 LPF.: I NT 
360 LPRINT "C:ONC. PB=" . C:ONC:PB. a ppm 
370 GOTO 20 
380 END 
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Table C. 4 

LI!Ad Isotope Ratios 
of standard NBS98 1 r u n 

durinQ the course of th is rese arch 

2o.s.pb 2o7Pb ;;o:oapb 

Temp 2o4pb s.ci. ::.:o .... Pb s.d. ::.o~:.:. .... pb s.d. 

1250 c 1 E,. '307 0.018 l5.449 0.017 3E..55E, 0.018 
16. '312 0.024 15.458 0.031 36.600 0.02'3 
1 E,. 8'3'3 0.015 15.445 0.01E. 36.523 0.018 
16.'307 0.040 15.445 0.040 36.543 0.043 
16.840 0.028 15.387 0.027 36.385 0.031 
16.900 0.013 15.448 0.016 36.571 0.016 

#14 16.'31'3 0.032 15.475 0.033 36.621 0.028 
16. 8'35 0.037 15.448 o. o:...~8 36.568 0.040 
16.888 0.025 15.445 0.02E, 3E •• ~i60 0.026 
16.'301 0.003 15.442 0.003 36.553 0.003 
16. ':302 0.072 15.447 0.080 36.565 0.085 
16.888 0.081 15.446 0.086 36.562 0. 0'30 
16. 8'35 0. 131 i::'i. 447 0. 1.36 :=.:6. 600 0.037 
1f,. 8'33 0.033 15.444 0.033 36.550 0.031 

1230 c 16. 8'~2 0.080 1 ~5. 4::::;:: 0. 07'?:1 36.520 0.071 
16.882 0.027 15.434 0.027 36.527 0.029 

#4 16. '30l 0.022 1 :=:.. 43'3 0. 0'31 36.545 0.022 
16 . '3<Y3 0.020 15.462 0. 180 ::;6. 60'3 0.021 

1150 c if •. 870 0.011 15.423 0.011 36. 4'36 0.011 
i6. ':306 0.072 15.453 0.073 36. 5'3'3 0. 06'3 

#.-,.-, 
-:JL 16. '317 0.011 15.46'3 0. (H)'3 36.625 0. 00'3 

16.917 0.064 15.430 0"064 36. 50'3 0.068 
16. '304 0.008 15.455 0.008 36.550 0.009 
16.883 0.012 15.443 0.014 36.557 0.015 
16. 88'3 0.028 15.446 0.028 36.566 0.028 
16.885 0.054 15.445 0.058 36.514 0.058 
16. '309 0.038 15. 46'3 0.034 36.624 0.035 
16.'304 o. en '3 15.450 0.015 36.589 0.014 
16.867 0.011 15.411 0.014 3b.465 0.014 
16.866 0.014 15.415 0.015 36.483 0.017 
16.8'33 0.010 15.443 0.010 36.552 0.010 
16.888 0.005 15.433 0.005 36.513 0.007 
16.894 0.013 15.441 0.013 36.53'3 0.011 
16. 88';j 0. (H)'3 15.430 0.008 36.511 0. 00'3 
16.'314 0.018 15.456 0.018 36. 57~i 0.01'3 
16. 8':31 0.0:24 15.443 0.0:26 36.556 0.025 
16.8'32 O.OOE. 15.442 0.008 36.552 0.010 
16. '308 0.005 15.457 0.005 36.580 0.006 



Table C.4 (continued) 

2o&pb 2v7pb 2o8Pb 

Temp 204f'b s. d. ::o::o .... Pb s. d. 204f'b s. d. 

lb. 868 0 . 008 l5. 413 0. OOB 36. 4-65 0.010 
16. '30::::: 0. O!:i8 1 c · ...J. 443 0. 058 36. 540 0 . 080 
16. '334 0 . 0 2 4 15. 500 0.024 36. 733 0. 021 
16. ':11'~ t). 0 :34 15. 465 0. 037 36 .. :=;42 0. 01 1 
16. '327 o. 038 15. 48'3 0. 00':3 :36 .._ 65'3 o. 034 
16. 8'38 0. 008 1 ~i . 441 0. 016 :36. 53'3 0. 019 
16. 846 o. 033 15. 402 0.035 36 . 458 0. 03'3 
16. 8'3'3 0. 020 15. 445 0. 016 36. 545 0. 018 
16. 86~ 0. ()22 15.412 o. 016 36. 460 0. 023 
16. 88:3 0. 00'3 1= -- ,_J. 436 o. 007 36. ~i3(> 0. 008 
16.914 0. 009 15. 467 o. 0'39 36 . 618 0.007 
1E. . 858 0. 02'3 15. 412 o. 027 36. 481 0. 02'3 

s.d. = internal standard deviation 




