RARE EARTH ELEM;:NT‘S\LN{ESUDBURY NICKEL IRRUPTIVE

By

Ha_ia.o—Yu 3{1_10. B;Sc. , .M. Sc.

kS

A Thesis
Submitted to the S’chool of Graduate Studies
"in Partial Fulfilment of the Requirements
‘ - for the Degree

Doctor of Philosophy

McMaster University

September 1975

. _ » . ‘
l .- @ HSIAO-YU KUO 19757 -i




1 E3T X Py

RARE EARTH ELEMENTS IN THE SUDBURY NICKEL IRRUPTIVE

,;:._ _\}.

A £ o
fDSw,ac.A VS o e o

-



e DOCTOR OF PHILOSOPHY (1975)
"(Geology) s _ A : Harmlton. Ontario.

SUPERVISOR: Dr. James H. Crocket

McMASTERU IVERSITY T

Y

TITLE: RARE EARTH ELEMENTS IN THE SUD‘BURY NICKEL

AUTHOR: Hsuao Yu Kuo, B.Sc. (Na.tmna.l Taiwan Umversxty‘
: ¥ M. Sc (McMaster Umvermty}

| N
v

NUMBER OF PAGES: xvii, 242.

SCOPE AND CONTENTS:

Rare earth elements have been determmed by grouy

 separation, radiochemical neutron activation analysisn rocks from

the main Irruptive, the sub-layer and sub-layer inclusions from the

Sudbury Nickel Irruptive, Ontario, Can;da.

Rare earth 5ehavig.ur in lz‘ty.eredir‘itrusi.ons ‘is discussed and
a.pplied rté the Sudbury Nickei Irlrupt':ive.b 'Ifﬂe petrc:ogenea_ais'and mutual
£g1aﬁoqships of the Sudbury ro‘c;ksl dre dis_cuséed in the light of their rare.

earth properties.

ii



ACKNOWLEDGEMENTS  *

.f I wish to exfire,ss my ﬁp_precia.tion to Dr. James H. Crocket
who suggested the ﬁopié.:'.é'up;arvised the resg;u-ch..‘ provided apn_ﬁe of the
.sub-laye.r -sz;mplés. and crit:‘.;':aliy ‘rey.ie'wed. the manus cript. Thanks
are a.'lso-d‘ue 4o the other rhembers ‘of my supe;visory comn;zi.ttee,

Robert H. McNutt a.nd Dr. Mfl.o Corsini.

I am grateful to the Falconbndge Nizk:l Mmes Limited for >
cxtqn.siv.'e access to the Stra.t'hc.on%:_miné underground workinga_ and to the
Interna.tlonal Nickel Company for ;::ermi‘ss.i'on to anaiyzé the Murray Mine
.sa.n;xpl..es. ‘ :

I must also thank Drs Walter A. G1bb1{/and Michael
Marchand who donated some of the sa.mples and offered helpful discussions.

This research was supported by grants from the National

Res-ea.rch Council of Canada.

: 4
'f.“"‘&t'\ Y

e}
L5
[y

t



"J-

CHAPTER ONE:

CHAPTER TWO:!

2-8.

. The Onaping Formation

. Nature of the Sudbury Nickel

TABLE OF CONTENTS.

INTRODUCTION

GEOLOGY .. - o

. Regmnal Geology of the Sudbury Basm

The Main Irruptwe

2-2-1. North Range Rocks.
2-2-2. South Range Rocks .

m\. «

\r

. The Sub-Layer
‘2»3 1. North and South Range Mafm Sub-Layer

~ Rocks .
-2. Leucocratic Sub- Layer Breccias
3. Offset Rocks,

2-3-4. Sub-Layer Inclusions

The Country Rocks

2-5-1. Origin of the Onaping/Formation
ruptive

2-6-1., Folded Differentiated Sill Model,

2-6-2. Ring-Dike Mddel

2-6-3. Differentjated Funnel- Shaped Intt'usmn
Model . SO

. Origin of the Sudbury Structure

2~7-1. The Tectonic Hypothesis
2-7-2. The Meteorite Impact Hypothesis

Model for the History of the Sudbury Nickel
Irruptive .

iv

19

24

27
28
29 .
30

31
32

35
38 .
38
39
40
41

- 41

43

43




' CHAPTER THREE: NEUTRON ACTIVATION ANALYSIS

3-1. Introductmn _
3-2. Sample Preparatlon
3-3. Standard and Carrier Prepa.rat:.ons
3-4. Yttrium Trader Preparation
+ 3-5. Irradiation
N 3-63- 'Chemxcal Prou:edure

K 3’-\'6' 1. Sample Procedure
3%- 2; Standaxd Procedure 3

3-7. Gamma-Ray Acthty Measurement

3-7-1. Instrumentatmn
3-7-2. Counting Procedure and Gamma —Ray
' Spectrometry

3-8. Calculation

3-8-1. Net Peak Area Calculation
' 3-8-2. Chemical Yield Calculation.
Il 3-8-3. Elemental Concentration Calculation

'y

A\

3.9. Precision and Accuracy R
3-10. Sensitivity
.3-11. Analytical Results

46
47
48

- 50

50
51

51
‘56

57
57

58
62
62
'6'3
67
67
68"
72

CHAPTER FOUR: RARE EARTH PATTERNS OF SUDBURY NICKEL '

IRRUPTIVE 'RocKs f

4-1. General Geochemxstxy of Rare Earth Elements
4-2. Rare Earth Patterns in the Mam Irruptlve

4-2-1. North Range Rocks

4-2-2. South Range Rocks ’
4-3. Rare ﬁarth Patterns in the Sub~ ~Layer ) \\\

4-3- 1. ‘Maﬁ.c Sub-Layer and Offset Rocks \

4-3-2. Sub~Layer Inclusions \
4-4. Rare Ea.rt_l_i Patterns of t.},:{e Country Rocks \\

B
4-4-1, Onaping Formation Rocks \

4-4-2. North Range Superior Province Rock

78
78

82
82
85
89

89
93

97
97

A 99



'GHAPTER FIVE: -msctrssxon S . 100
, 5- 1. Ra.re Earth Elements in Igneoua Rock Systems . 100 .
':'__.ﬁ': ‘ : L | , ' 5 1-1. Rare Earth Patterns in Rock Forming I
BE ' ‘ £ .. Minerals 100
\\ 5- 1 2..Rare Earth Patterns in Igneous Rocks .' 104
~ | . 5« 2 Rare Earth Patterns in Differentiated’ Intrusmns - 106
! \\ = 5-2-1. The Skaergaard Intrusion : 106
o 7" 5-2-2. The Stillwater Intrusion 108
5-2-3. The Bushveld and Muskox Intrusmns k11
5-~2-4. The Southern Cah.forma Bat.hoht.h L 115~
5- 3. Rare Earth Beha.vmm' in Layered Basm Intruamns " 115
. . ‘ 5-3-1. Features of Rare Earth Behaviour in R
; ' o : Layered Basic Intrusions 115
5- 3 2. Theoretical Considerations on R.are ‘Earth - \ '
Behaviour in Layered Intruaions 117

o Ra.re Earth Bebaviour in the Sud;bury- Mam Irruptwe 133
| i 7 5-4-1. Comparison of the North and South Range

Rocks ' 133
5-4-2. Border Naorite of the Mam Irruptwe 134
o 5-4-3. Norite _ 141
5-4-4. Oxide-Rich Gabbro . 142
5-4-5. Micropegmatite ) 144
5-4-6. Relation between Norite and Mlcropegmat:tte 151
5-4-7. Shape of the Main Irruptive D : . 153
5-4-8, Assimilation in M:cropegmatlte 159
5-4-9. Main Irruptive Magma ‘ ‘ . 161

-5-5. Significance of Europium Anomalies in Layered

Intrusions . 168
5-5-1. Europium Anomalies in Residual Liquids : 168
5+5-2. Europium Anomalies in Cumulates 168
5~ 5 3. Europium Anomaly Compensation Effects 170 -
5-6. Petrogeneam of the Sub-Layer Rocks as Inferred

" from Rare Earth Data : 175

~ 5-6-1, Mafle Sub-Layer Rocks 175
5-b-2. Offset Rocks . 176

- vi



5 7. Origin of the Sub Layer Inclusmns as Inferred
from Rare Earth. wdence

- 5-7-1. Rare ,ﬁ]arth Patterns in Ultramafic Rocks
- 5-7-2. Origin of the Sub-Layer Inclusions =~

. 5-8. Origin of the Onaping Formation Rocks as
~ Inferred from Rare Earth Evidence

5-8-1. Volcanic Origin of the Oxiaping Formation

5-8-2. Rare Earth Patterns in Rocks frorn
i ' Meteorite Impact Sites
5-8-3. Rare Earth Evidence for an Impact Or1gm
of the Onaping Formation °

5-9. Rare Earth Constraints on the Genesis of the
Sudbury Nickel Irruptive '

CHAPTER SIX: CONCLUSION
REFERENCES

APPENDICES

A o | S T

P‘gge

178
178~
183
192
192

195

199

202
208
212

237



TABLE"

3-1.

3-2.

3-3.

3-4.

3.6,

3-7.

3-8,

5-2.

LIST OF TABLES

Page
Concentrations of Rare Earth Elements in the _
Standard and Carrier Solutions R 49
Counting Procedure and Nuclear Properties -
Pertaining to Actwa.txon Analysis of Rare Earth
Elements . . 61
Comparison of Rare Earth Ab .dan‘ces (ppm) for
USGS Standard Rock BCR-1 Determined by
Different Methods ' 69
Rare Earth Abundances (ppm) of North R,ange Main
Irruptive Rocks 73
. Rare Earth Abundances (ppm} of South Ranée Main
- Irruptive Rocks ‘ ' ) 74
: | ,
Rare Earth Abundances (ppm) of Sub-Layer Rocks 75

Rare Earth Abundances (ppm) of Sub-—Layer Inclusions 76 .-

Rare Earth Abundances {ppm) of Onaping Formation
and Superior. Province Country Rocks 77

’

Physical and Chemical Parameters of Rare Earth
Elements » ' . 79

. Rare Earth Contributions of Varying Amounts of

Inter cumulus Material to Clinopyroxene Cumulates
and the La/Yb Ratios of the Cumulates relatwe
to the Parent Magma - .- 125

Rare Earth.Contributions of Varying Amounts of

. Intercumulus Material to a 1:1 Clinopyroxene-
Plagioclase Cumulate, and the Ratios of La/Yb
Ratios of these Cumulates relative to the 5
Original Magma after Half of the Original Magma :
hag Crystallized as Clinopyroxene . 128

viii



TABLE

-~

5-3, 'C'o_-r.nparisoh of Average Rare Earth Properties‘_ ~

of North and South Range Main Irruptive
Rocks . - 2 '

.1,

—— T —

Page

135



FIGURE

2-1.

2-3.

2-4.

2-5.

2-6.

2.8,

2-9.

'Geologlcal Map of the Sudbury Basin (modlﬁed

. Modal Variation along the South Range Blezard

r .

LIST .OF FIGURES
o Page

~

after Hawley, 1962) ‘ : 7

J Compansbn and Correlation of North and South

Range Sections of the Sudbury Irruptwe (after ‘
Naldrett et al., 1972) . 11

Vertical Cross- Sectmn through the Strathcona Mine .
showmg Contact Relations between Rock Units _
(after Na.ldrett and Kullerud, 1967) 14

Three Horizontal Levels through the Strathcona Mine
showing Contact Relations between Rock Units and
Projected Sub-Iayer Inclusion Sample Locatlons
(geology after Cowan, 1968) ' 15

Modal Variation along Strathcona Core M-9 (after
Naldrett et al., 1970) showmg Sample Locations 17

Blezard Traverse along the South Range of the _
Sudbury Irruptive (after Naldrett etal.; 1970) - 20
showing Sample Locations )

Traverse (after Naldrett et al., 1970) : 21

Distribution of Sub-—Layer and Offsets with ‘
Occurrences samipled in this Study Indicated
(modified after Souch et al., 1969) . 25

Geological Map of the Onaping Formation and Part
of the Upper Micropegmatite in the V1c1n1ty of the
High Falls (after Peredery, 1972) showing Sample
Locations : . _ ' 33

2-10. Model for formation of the Onaping Formation by

Meteorite Impact (after Peredery, 1972) 37

—ar



3

- Page

FIGUR.E 2-11. Recent Versmn of Dietz's Meteont’e Impact Model

-4

. Dietz, 1972) ,

for Forimation of the SudBury Structure (a.fter

2 12. Model for Forma.tlon of the Sudbury Nmkel

Irzuptive accordmg to Naldrett etal, (19 70)

74-1A. Rare Earth Fractionation Patterns of North

.4-2A.. Rare Earth Fractionation Patterns of South

4-1B. Rare Earth Fractionation Pa.tterns of North Range
" Main Irruptive Rocks Felsic Nor:l.tes and Mafic

Range Main Irruptive Rocks:- Micropegmatites
and Oxxde Rich Gabbro /

Norites

Range Main Irruptive Rocks: Micropegrriatiteé
and Upper Gabbro . :

L}

4-2B. Rare Earth Fractionation Pétterns of South

Range Main Irruptive Rocks Norites and Quartz—
rich Norites '

4-3A. Rare Eaxrth Fractlona.txon Patterns ‘of Sub- Layer .

{

Rocks North Range'

4-3B. Rare Earth Fractionation Patterns of Sub-Lavyer

Rocks: South Range

4-4A. Rare Earth Fractionation Patterns of Sub-Layer

Inclusions: Strathcona

-

4-4B. Rare Earth Fractionation Patterns of Sub-Layer

Inclusions: Strathcona and Whistle

4-4C. Rase Earth Fractionation Patterns of Sub-Layer

Inclusions: Murray ‘and Little Stobie Mines

' 4-5. Rare Earth Fra‘ct:l.onatxon_Patterns of Onaping

- Formatjon and Country Rocks

- » 42

45

83

84

T 87

B8
90
91
94
95
96

98



FIGURE

Page
5-1. Rare Earth Distribution Coefficients for Several .
Rock Forming Minerals in Basic Rock Systems y
(after‘Helmke and Haskin, 1973) 103

5-2. Rare Earth Fractionation Patterns in the Skaergaard
Intrusion (from Ha'sk.in and Haskin, 1968)

-‘5-3. Rare Ea.rth Fractmna jon Patterns. m the Stllwater

Intrusion (from f‘/éy etal., 1971 and Kosiewicz,
1973) -

5-4. Rareg, Earth Fractionation Patterns in the Bushveld
Intrusion {from Frey et al ~1968, 1971 and
Huntexr, 1974} .

5-5. Rare Earth Fractionation Patterns in the Muskoi
Intrusion (from Kosiewicz, 1973) :

5.6. Rare Earth Fractionation Patterns in the Southern
California Batholith (after Towell et al., 1965)

5-7. Comparison of Calculated Rare Earth Patterns of
Clinopyroxene Cumulates containing Varying
Amounts of Inter cumulus Material with the Parent
Magma * '

5-8. Comparison of Rare Earth Patterns of Residual
' Liquid L and 1:1 Clinopyroxene= Plagioclase
Cumulates with Original Magma A. Formation of
- Clinopyroxene-Flagioclase Cumulates Begins
After Half the Qriginal Magmia has Crystallized .
as Clinopyroxene Patterns Calculated for Cumulates
containing 5 to 60% Inter cumulus Material.

5-9. Average Rare Earth Fractionation Patterns of
North Range (N.R. )and South Range (5.R.)
Main Irruptive Rocks

5-10. Rare Earth Fractionation Patterns of Average
Sudbury Main Irruptive Rocks

xii

110 .

112
114

116

127

129

136

"137 |



R o . . . Page

'FIGURE 5-11. Calculated Rare Earth Fractionation Patterns of
- Melts Resulting from Direct Non-Modal Melting
, 149

nation Patterns of Average

Norite, Averag Micropegmatite and a 3:1

Norite to Micropegmatite Mixture Normalized .

against Average Bolrder Norite ' 158

5-12.

5-13. Companson of Rare Earth Fractionation Patterns of
Sudbury Border Norite with Chilled Border Facies
o~ of the Skaergaard, Stillwater and Bushveld Intru-

[V

gions . 162

5-14. Rare Earth Fractzonatmn Patterns of Preca.mbnan ‘
T . Canadian Shield D:Labases (after Gates, 1971) . 164

5-15. Comparison of Rare Earth Fractionation Patterns
of the Sudbury Border Norite with Country Rocks,
Continental Tholeiitic Basalts (Herrmann, 1969) ‘
and Ocean-Ridge Tholeiitic Basalts (Frey et al.
1971) 165

3
5-16. Rare Earth Fractionation Patterns of some
Alpine Ultramafic R?&ks {after Frey, 1969 and Frey

etal., 1971) - 179

" :
5-17. Comparison of Rare Earth Fractionation Patterns
of Strathcona Sub-Layetr Pyroxenite with Calculated
Patterns of Cumulates from the Main Irruptive
Border Norite containing Varying Amounts of
Intercurnulus Material = . : " 189

5-18. Rare ‘Earth Fractionatidh Patterns of Impact Glass,
: Suevite Breccia and Country Rocks from the Ries
- ' Crater, Germany (from Bouska et al., 1973) 197

5-19. Rare Earth Fractionation Patterns of I.mpa.cf Glass

- and Country Rocks from the Henbury Crater,
Australia (from Taylor, 1966) ¢ 198

xiii

.-

'
g b e

e m———

[ MR L TR



Page

FIGURE 5-20. Rare.Ea\\ Fractionation Patterns of Impact Glass .
and Country-Rocks from Bosumtwi Crater,

Ghana (from S;hnetzler et al.
\

Saediv

L

, 1967)

200




ABSTRACT .

Radioéhemicél neuti‘r.;n activation anallysis procedures for
rare earth elemé‘nts (REE) are described and applied to t._he determina-
tion of REE in samples of main I.rrupt:.ve. sub—layer, sub-~ ~layer inclusions,
Onapmg Forma.tlon. and basement rock from the Sudbury Nickel Ir- .
ruptive, Ontariq, Canada. |

Rare earth (RE) distributiqn in several layered basic intrusions
are reviewed. Features of RE behaviour in layered infrusions are, in-
general, in accordance witt_l Ra.-_.rleigk; fra.ctioné.tion considerations. The
magnitude of'rllegiltive europium anomaly in final granophyres and europium
compensation effects observed in layered intrusions n;;y have th;ir.

-

petrogenetic significance. - These findings are then comi:a.red with the *
' ' ’ [}

observed RE patterns in Sudbury rocks. .

Compa.reci to other layered basic intrudions, the Sudbury main
Irruptive rocks are characterized by enrichment in total RE abundances
and chondritc; normalized RE p;.tternspshoxlving strong enrichment of light
REE over heavy REE. Corresponding rock units from the no_rth and
south fanges of the rpain Nickel Irruptive have very simj;lar RE fractiona-

tion patterns. The micropegmatite and norite are characterized by

negative and positive Eu anomalies respectively , whereas the border -



¥ - L _.‘ ‘,'
. - )

" norite shows no significant Eu a_nomaly.. " The _ma_i.x;t krupﬁve ._".:oz"der
noﬂteé #re. ccﬂ:rsi'der'le.d t;a 'hgve 'b:een' solidiﬁre‘c'i as a relaﬁveiy,_ c.:lo;ed |

| system v.;i_th respect to REE and é‘hould pre.s.g'r}re tl’(:P:E fract‘u;mation
Bat‘terns-of-th.e ﬁndiff;ere ntiated main Irr.uptive mag;r;a. The mi.rrcbn:-
1mage RE fractionation patterns'of the mxcropegmatth. and norite z;re
con91dered to result from gravxtatloﬁal fractmnal crystalhzatlon of

the nia.in Irruptive rﬁa_gma with njrite representing' cumulgteq ayn;_i micro_—
pegmatite forming from residual liquid. RE fnas*balance ébnsid_era‘.tions;
favour a 'iunnel-.s haped mofiel for the rﬁain-frruptive. _

The RE -fr.acti.on_ation patterns of the sub-layer rocks are
generally similar to thosel'of th_e‘ma&n Irruptive bo-raer norites pointing
to possible genetic-lir;ks._ Howev;er. the wider. range of variation in sub-.
layer RE patterns suggests that several batches of magma were involved

and that their histbry is probably complicated.

The SUS—layer ultramafic and mafic inclusions have RE
fracﬁonation patterns '.genelrally_- 'similaf to tho.s.e of the ‘main Irruptive
border norites and sub-la.yler 1;ocks. although they are somewhat leéelz |
fractionated. After comparing with RE patterns of diffefe‘xxt'fypes of
ultramafic rocks, the sub—layer_iric.lusions are _consiciered to represent

. fragments from pre-existing mafic-ultramafic cumulates, which were

probably in equilibrium with a liquid that had a RE fractionation pattern

xvi



similar to the main Irruptive magma. Varying amounts of inter-y=

' cuﬁmlus material app.ear to be the fac'tﬁr gove ipg éhg R.EE frac_Eti;‘r\xa.g_\

' lﬁog-péttérns'-'in these inclusions. | | |
*The Onaping Forﬁuati_on ro élks _hé.ve total R'E”con'tent;

lower than the main Irrupt:iv.e récka; When comp,ared'with RE f—raé-_

tionation patterns,in rock__s_ from known ash-flows and meteorite impact

' sites, the Onaping Formation rocks favour a.meteorite i.mpact.fa'll'-

back breccia origin in the sense that the RE patterns of the lower

-

Onaping Formation rocks can be represented by -rnechanj.calr mixtures of

L)

countr'y' rocks.

8 a e

A WAN . .,

L TN AU Y P

Sl



L

CHAPTER ONE |
INTRODUCTION

The Sudbury district is distinctive both economically

i e -

and geologically. Econoniically, t.he area hosts. the world's greatest
producer of nickel sﬁfide ore. Geo_logically, the dccur’rence of the 7
Sucibi:.ry basin at the junction of three major tectono-structural provinces
has _i:rovided the‘ focus for genetic interpretation by some authors.. Others
have maintained that the shock metamorphic features ana 1abux_1_dance
and variety of br.eécias in the area point to a largé scale impai:t of an,
_e:-l:trater:restrial body which was 1;he key event in producing the |
Sudb;ry structure. | o _ o - 7. .

Nic.kei-copper ores were discovered at Sudbury«in 1883.

- ~

A close association of these ores with the 'Sud.bury Nickel Irruptive is-
generally accepted. However, during the nearly 100 years sirce discovery,

controversies over the origin of the oxres and Nickel Irruptive itself have

néver subsided. Whether the ma.m Irruptive is a fdlded sill, a ring-

'dike complex, or a funnel-shaped intrusion and whether the norite and

the micropegmatite were emplaéed as a single magma or as sepérate
ekt '

-~

intrusions, have never been fully resolved.

)

PES amend
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- Nﬁmerous mc;dels have béen plrloposed to ac;:ogr'lt for éhe "
l'unusu_a..l feétﬁr;:s observed at Sudbury. ‘Ea.rlly intéfprééatiof;s~\gbn- ,

eiaered the .(.L)ria.p‘in’g ‘Formati.on and‘Niﬁci&el lrfupﬁiré to bel eﬁxtrusi'\re'and
intrusive respect‘wely (Collms 1934; Thomson, 1956 Williams, 1956
Speers. 1957; etc.). Dietz's (1964) suggeahon that;-the Sqdbury- struc-
ture is an astrobleme and the subsequent discoveries of shock meta-
n‘ioréhic features in the country rocks (Dietz and Butler, 1964; Bray
~etal.l, 1966; Fre;xcb, 1967.-19.70) have raised renevﬁéd interest in the
genesis of the Ir-rupﬁl\re. Increasing numbers 6f' geolggists now mamtam
that a meteorii.:e impact mo_del ‘can most qatisfacltorily explain the shock .
rmetam rphic features and abw'.mdant breccias at S‘ﬁdbury. The formation
of the N ckel 'Ii‘ruptive rnagma a.nd its oreé was proba’blir triggered at - )
depth b the impact. Some suggest tha.t the Nickel Irruptwe is formed
directly from the impact mglt (Dence, 1972). One authority (DJ.etz, 1972) ‘

argues t the ores are cosmogenic in origin; thatis, that the copper,

nickel and noble metals are original constituents of the impacted-bolide.
] . . .
Others who disagree with the impact theory point out that the uniqueness

of the-regiona.l' tectonic sefti’ng may be responsible for the Sudbury struc-
ture (Cafd and Hutchinson, 1972). They consider that a r?eteorite‘impa.ct
at the site of the Sudbury basin, which is near the junction of the Superior,

Southern and Grenville structural provinces of the Canadian Shield and

at the intersection of the regional Onaping-Timiskaming and M\irray fault .



2a |

s'ystems‘, requires.a high dcgi;;e o.f coiocid.encel.' I'I‘.‘heyf.consider‘ that
the Su:ibu:r}.,r atructure is just one component of a prolonged series of
gcologxca.l events m which cecbomcs, stratlgraphy. petrogeneaxs c.nd
mineralization are all mterrelated. o | |

Ihe main points ofA current deoate bon Sudbury geolo g;r_
. em'p_hasi.ze'se\{eral questions critica.l to the interphret.a.tion of the geological "
hJstory of the Irruptwe. Some of the more unportant include the follow-
" ing: is the Onapmg Formation a volcanic ash-flow deposit or was it
produced by country rock fall-back after the ;eworibe irnpact? What
are the age relahonshlpl of the various rock units of the Irrupt:we'-"
Did the norite and inicropegcna.tite crystallize ﬁro_m two separate magfnas*
or are they diﬁcfenﬁates“from a single magma? Are the mafic and
ultra‘r_naﬁc inclusions of the sub-layer rocks dcriyed d.ir‘eccly lfr‘or.n the
uppef mantl‘e or fcom somo prc-existing layered rocks, or could they
represent carly cumulates from the Irruptive magma? What are the
petrogenetic relati'o'nships b.etween' the rnain-h-rupti.ve. the sob—la?er.
‘and the Onaping Formation rocks? \

. The Sudbu:ry ﬁickel I.rruptivo hos been carefully mapped and
a numb-er of moda.l and major ;lernent ana.lyses of its constltuent rocks

'«'\ -

and m.merals have been publmhed (Collins, 1934; Naldrett and Kullerud,

1967; Cowan, 1968; Souchg}:_;a_l. , 1969; Naldrett et al., 1970, 1972),

Howeev'ef. few trace element studies on the Irruptive Rocks have been

/



1

.reported except for several studl‘;‘es (mamly Rb-Sr) attempt:.ng to establish
y an emplacement age for the Nlckel Irlruptxve {Fa.lrbalrn et a.l. , 196 0; 1965 :
1968 Faure etal., 1964 Souch etal., 1969; Fullagar etal., 197; Gibbins,
1973; Hurst and Wether:.ll. 1974; Krogb._and Dayw, 9‘?4).
The aixfxilar.ity in.cher.nical ‘proper.ties'a.nd tl'_xe extremely -

qohererf_f: behavio;u- of REE in geqlogical eyatems have long been recog- .
nized (Ra‘.nka.ma'a.hd Saﬁama.. 1950; Gc_»ldschm'idf., 1954). Hovtrefer, recent
developmenfe_in ax;aly-ti.eai techniques have revealed tha.t relative frac-
tionation among indivi&_u.a‘l el‘ex_’qlents‘in thi group _oé?:ﬁ.rs in fa.rious
geoiogical processes. With iﬁcreaeing understanding of the relation-

ships between fhe RE fractionation trends in rocke and the evolutionary
history of magmas, REE have become useful‘toois in petrogeneu’c etudies-..
Their usefulness is self-evident b)‘r the ever increasing number o'f' RE papers
: reported in t1-1e literature dﬁring the past few years.

| Ma.ny recent RE etudies are concerned with deternplnaﬁ.dn of

‘RE distribution.-coeifieients for rock-forming minerals (see. section 5-1)
. and RE patterns in basalts‘(Fre'y;_'gt_:__aL, 1968; Sc'}.Jilli'.ng and Wincheaster, -
1969; Jakes and Gill, 19'1"0;..1(.3‘*{ and Gast, 1973; Condie and Bafager,

1974; etc.). Since partial crystallizatiof of basalt.magma prlicr to

eruption doles not drastically change is RE f.'ra.ctidﬁa.tion pattern, REE |
~are useful guides to possible compositions of source recka and probabiy

mechanisms of partial melting responsible for the generation of basalt magma.



‘(aee section 5—2)'.' The oniy' systematic. discussion IOnLRE behaviour in a

RE studies on plutonic rocks are fewer than those on basalts
and are mainly concerned with establishing RE patterns in ultramafic rocks

of_poséible mantie‘orig'm. (see section 5-7). Determinations of RE abund-
. . ) . . ,.-—7 L

!

ances in severla._l dif.fe_rentia{j.ed intrusions can be found in recent literature.

A

layered intrusion’is that of Haskin and Haskin (1968)’an<‘i Paster itﬂil.

A\

(1974) on the Skaergaard intrusion.

P

The most comrmon techanues used by- geochemlsta fo*r RE

- determ:.natlona are 1sotope dilution mass spectrometry (IDMS) and

neutron activation analysis (NAA) - The main a.dvanta.ge of NA.A is rela-
tive freedom from contamination while IDMS, in general, gives better,

pracisionr and probably better accuracy. Both.methods provide' sufficient.

-sensitivity toqrouti.nely determine REE in a wide variety of rocks including

S

ultramafics.
.In this work, REE in the Sudbury rocks were determined by
a‘.wet ch'errﬁca.l. éroup separation, neﬁtron activation technique. The
objective was to -provide additional const.rainta on the various ﬁetro'— _
géneﬁc models for the Ni.ckel_Irruptive and related 1:ocks. The main
points considered aré: the pletrogenetj.c relaﬁonsﬁips between the.micro:
p;:gmatite and noritg;_the petrogenet;c .r.elationship of the sub-layer to the

main Irruptive; the origin of the sub-layer mafic and ultramafic inclusions
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a.nd"the,i: r_ela.tibnship to the main Irruptive r_oc:ksl; and finally, the
origin of the Ohaping Formation and its relationship to the main

Irruptive. - ‘ . . ‘

e



—— / . CHAPTER TWO

GEOLOGY. -

v

J

Q.?.u-{\ eg:onal Geology of the Sudburi Basi _/

A

\ \

' "I‘he geolog:.cal settmg and rock units of the Sudbury basin

are iliustra.te.d in Fig. 2-1. The Sudburybasm ig located in a unxque'
po:ut:.oin near the Ju.nctzon of the Supenor, Southern and, Grem;llle stl't;c-
tura.l ;Jrovmces of the‘ Canadian Precambrian Shield. The oval shaped
. basin outlined by the Outcrops of the Sudbury Nickel lrrupti.ve is 60 km
long by 27 }qn_;;.crqsé with a long axis oriénted”east—p?r'theast and lies"
__within the Sduthern P.rovince 9 to 16 krm - northwest of the "Gi"f:"rxville
Front"f. - | |
r—\ _ Bmmding the basin on itg northern and easi;.erp .ﬂa‘nks are
' ')}c:heé.n granites and gneisses of the Superior ‘Province. On -the south
a series of apparently conformable, steeply dipping‘, metamorphosed
Huronian volcanic and sedimenﬁarf roc-ks of me;outﬁern Province is in
c:ontar.:-t with .1l:he irrupt'i.v'e . Within the basin is a succegsion of rocks °

known as the Whitewater Series whose lowest unit, the Onaping Forma-

- - tion, lies directly on top of the Nickel Irruptive. The Onaping Formation

$
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Fig. 2-1. Geological Map of the Sudbury Basin

.(modified after Hawley, 1962).
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.grades' upwards into the Onwatin slate which in turn is overlain by a

massive gi‘e’ywé.cke known as the Chelmsford sandstone which occupies

o

thé-center of the basin. ’I‘he members of the Whltewa.ter Series together

" with the NlckeI Irruptive Outcrop in concentric rings’ and d1p inward .

bowa.rds the center of the basm.

Reg:.onally, lthe basin is divided into the nort.h and the Bouth
ranges by the Cameron Creek and Azrport faults .wh1ch result in #n
apparent uplift of the south range of approxuna.tely 5 km relative to'thg
north range. (-Souch et al., 1969): Across the north range betweenl
Levack and Maclen_ri‘an .is a series of northér_ly trendiﬁg, steeply
dipping faults which have‘ an a.'ccﬁmula.ted vertical displacement of
about 1 krn,'west side uﬁ _;elétive to the east. The Maclennan block
on the east range is thu'é the highest én'a'tigraphic segment of thé
Sudbury basin and the south range- is the lowest.

The Sudbury Nickel Irruptive was emplaced 1.7 to 2. 0 billion
years ago (Fairbairn et al. 1968 G1bbms. 1973) along the contact be-
twéen the Whitewater Series and the underlying basement rocks. The
outcrops of the main Irruptive consist of an inner ring of granqphyre‘

(the micropegmatite) and an outer ring of norite with-a transition zone

-

'---'{the—oxide'-r-icH"gabb§o')"between*fhe ‘two. —The-inner-and-outer- qonwcté T

/
( . ' .
of the main Irruptive dip, for the most part, toward the center of the basin



™

sf‘"
N -e,.a-

at rwelghted average angle of 42° on the north range and 65° on the.
south range and defme a bowl- shaped struct:ure
The ma.jority of the Sudbury nickel-copper sulfide ores,

consist‘mg mainly of pyrrhoti‘te, pentla'ndi'te and chalcopyrite} are

LY

a

associated-with the mafic sub-layer which is a sulfide- and inclu sion-

‘rich noritic unit occurring between the main Irruptive and the éount:ry

rocks (Naldrett and Kullerud, 1967; Cow;n. 1968; Souch et al., 1969;
Hewins, 1971). The sulfides are believed to have .béen_. introduced to-
gether with the sub -1ajrer magma. Sulfides and inclusions glso occur in
offsets, which arerdike-like, steeply dii)p'ing bodies of quartz diorite
that project away from the outer perimeter 0;‘. the main Irruptive.
Offsets run for as much as 13 km into the surrounding country rocks.
/ The Nickél‘.h-ruptive has been .v‘ariously interplr'ete.;d as the
surfanqs expression of: (1) a folded, _di.fferentiated sill (Walker, 1897;
quen'.mn, 1905, 1913; Collins, 1934, 1935, 1936, 1937); (2) a ring-dike
complex (Knight, 1917, 1923; Pherni.ater, 1925); (3) a differentiated,

funnel-shaped intrusion (Wilson, 1956; Naldrett et al., 1970).

2-2. The Main Irruptive -

Detailed petrographic studies on rocks collected at

' Strathcapa mine ofthe north range and from five traverses across jthe

main Irruptive have been reported by Naldrett and Kullerud (1967)
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Cowaﬁ-(1968) and Naldrett et al. (1970, 1972). Comparison and correla- |

. tion of partially idealized north and south rahge sections from Naldrett ‘

. (1972) are shown in Fig. 2-2.

Although the north and south range rocks have been ma.pped

as a single stra.tu.graph.lc -group, petrographu: dlfferences between the

north and south range main Irrupt:we rocks have been noted and are

attributed to the uphftlng of the south range by faulting, thereby exposing

a deeper seq.tioh of south range ro cj'.ks (Stevenson and Colgrove, 1968;.
Naldrett et al., 1970).  Naldrett et al. (1970) have demonstrated that
while the micropegmatite and transition zone are very similar on the
north a;ld south ranges. the bulk of the south range norite does not appear
on the north range and the noxrth range felsic norite corresponds only to
the extreme upper part of the south range norite (Flg 2-2).

The presence of cryptic variation in hypersthene, augite,

plagioclase and opaque oxides on both ranges (Naldrett et al., 1970;

Gasparrini and Naldrett, 1972) étrongly suggests that the norites and

gabbros of the main Irruptive have been gravitationally diﬁefentiated °

in situ, Based on their work Naldrett et al. (1970) further interpreted
\ o

the south r_ange quartz-rich ,nofite as a rapidly cooled marginal facies

of the norite and therefore suggest that its composition approximates the

liquid composition of the original main Irruptive mé.gma. A gimilar
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Fig. 2-2. Cor_nparison and Correlation of North and Sout.h'Ran.ge
. Sections of the Sudbury Irruptive {(after Naldrett et al.,

1972).
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marginal facies (the mafic nﬁrilte) at tile.b.'ase.of thé north range '

felsi’c- nbritel'has.been revealed by r'e.cent; undergro'da devélopments.
Eler‘:t_rox;-microprobe studies demonstrate th:;.t crypt_ic va:ria'.tion in
mineréls 'céc;ntinues from felsic norite into mafic .norit.el. This suggésts '
that rthe mafic no'rite may rq:ireaenf the rapidly coblqci borde_i- group of

th;e mam Irruptive m;gma on thé north range analogous to the-: qw.x;rtz-

rich norite on the south range ,(Hewins, 1971). As illustrated in Fig. |

2-2 the transition from mafic norite to felsic norite on the north raﬁgg

is very abrupt, contrasting with the smooth transition from quartz-rich
norite to south range norite on the south. Hewins (1971) attributed this
sharp transition a.nd the localized development of mafic norite at Strathcona
mine to a surge of a large 'v_olu.me‘of. felsic norite magina over the t:opr of .
other units sc-:ou:.‘.'ing away much of the younger, partially ;onsolid\ated

\s

. \-
material.. Remnants of mafic norite were preserved in denward ek

. bayments of the lower contact in relatively sharp contact \lvi-ﬂi,_.tl':e over-

lying felsic norite. His model suggests that the poikiliticimafic norite

is considered a border &group formed by crystallization 'g'fitu

and the hypidiomorphic mafic norite a later gravitational accumulate in a

funnel-shaped\chamber. The felsic norite was formed by a rapid cry-

S TgTIo

stallization-in-a-sill-environment-during-later-resurgence of-the-magma.—- ——
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'I‘he followmg is a summary of the petro graphy of the various
rock uruts of the main Irruptwe basad ma.mly on the deta:.led work of

Na.ldrett and Kullerud (1967) and Naldrett et al. (1970) ‘Their termino_logy

of the rock units will be adopted in this study.

2 2-1. North Range Rocks

The north range geology can beat be represented by the rocks
in the vicinity of the Strathcona mine where much detailed work has been
perforneed (Naldrett and Kullerud, 1967 and Cowan, 1968 for mineralogy
and petrology, Keays and Crocket, 1970 and Chyi, 1972 for noble metal
dmtrlbutmn, Greemnan, 1970 and Hewins, 1971 for petrogenesm of the
sub-layer rocks). Four rock units of the main hrupﬁve are recogn_ized
here mcluchng in descending order, the microp;gma'ﬁte, the oxide-rich
gabbro, the felsic norite and the maﬁc norite. \T'he general r'ela.ltions
of the rock units and the localities of the samples used in this study are
Jllustz'ated in Figs, 2- 3 a.nd 2-4, Fig. 2-3is a verti\cal section °
extending south-east from the Strathconn mine across anrl approximately '
at right angles to the long axis of the main Irruptive. . "Fig. 2-4 shows
horinontal geologicel dections across Strathcone mine at different levels.
In thie study the nor‘tllz range ea.mples were collected from a drill core
- (M-9) through the Strathcona -mine. 'The_modal variation w:.thm core M-9 '>

i



N

Fig. 2-3. Vertical Cross-Section through the Strathcona

Mine showing Contact Relations between Rock Units

(after Naldrett and Kullerud, 1967).

e
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Fig. 2-4. Three Horizontal Levels through the Strathcona Mine .

at different Levels showing Contact Relat’tons.betv.reen‘

Rock Units and Projected Sub-Layer Inclusion Sample

Locations (geology after Cowan, 1968). 7
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‘reported by Naldrett t-al. (1970)' 'is reproduced in 'Fig. 2-‘5. Samples

of core secton ‘used in th:.s Btudy are a.dJacent to the samples of Naldrett
,‘_:3;_1 gso that their reported modal data are a.ppl:.ca.ble to the samples
of this study. . ‘
1) micrepegmatite:

The"rru:';.cropegmat:i.te is -the.upperr.nost unit of the main Irruptive
‘an_d is in direct ccnt:act vrit.h fhe o‘;rerly'ing Onaping 'qumation. It is about -
1500 meters in 'qhicknese a.nd.ia a goarae-greined granitic rock with sub-
hedral sodic plagie clase in a matrh of more than 60 modal percent micro-
graphic i.rr.terhgrow.tl;l of quartz and K-feldsper. The ratio of the plagioclase
to the mi,crogr-aphic intergrowth is about 1 to 3. Mafic miﬁera\lsi{about
15 model percent) include very rare relict augite, green hornblecd-e,' Toe
Bti.lpnornelane and chlorite.
1I) ox1de—r1ch gabbro:.
| - This "trans1txon zone”.rock lies between fels1c norite and

micropegmatite. It is a coarse-grained. hypidiomorphic grenular rock

. cons:.stmg of 45 percentplagmclase, 20 percent mxcrographlc intergrowth

and 30 percent mafic rnmerals Tge sha.rp boundary between the oxide-
rich gabbro and the underly}ng ielﬁlc npnte is mam.fest by an abrupt
) mcrease in the perceﬁtage (up to 8 percent) of opaque oxides and by the

'dmappearance of hyperathene in the oxide~rich gabbro The content of



Fig. 2- 5

-

\Moda.l Varlat:lon along Strathcona Core M 9 (after

IN}a.ldrett et al ) 1970) showmg Sample Locations.
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the opaque ox1des decreases and the m1crograph1c mtergrowth increases

in the upper part of the oxide-rich gabbro and the trans:.t:.on into the

i mlcropegmatxte is gradational.

‘Much of the plagioclase in the oxide-rich gabbro has a

cloudy alteration which giv es the plagioclase laths a cha acteristic white

- appearance in-hand specimen. In the field, this rock often shows a

s

pronounced lamination which ig\{n\k&nced by the alteration of the plagit‘a-- '

élﬁse : [ : ‘ . ‘ ‘@\

2. - . L . '
IIT) f%tuiz_norite: - : ’

The felsic norite is about 600 meters thick in the vicinity
of Strathcona mine. Itis a—;'airly uniform, coarse-grained, hypidio-
morphic granular r'ocic camposed of 50 pércent zoned plégiociase.

25 percent augite and hypersthene in the ratio of about 1 to 2, and 10

percent interstitial micrographic intergrowth with accessory biotite,

apatite, and opaque oxides. In thé lower two-thirds of this unit

hypersthene and plaéio clase occur as subhedral tabular cumulus crystals

with augite moulded about plagioclas_;é as inter cumulus crfgtéis. ‘ In the
uppffr third of tlhe uhit_, hypersthene diéappears and augite ig mors
tai:ula.r.

Iv) ‘1'nafic norite:

L]

at the base of the felsic norite near Strathcona. The mafic norite is

Variable thicknesses of mafic norite (0 to 140 metersm)“c-:véhc_u}\—-

f,y.:'

T e e it e

e a7
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a medium-~grained, granular rock. Its texture varies between hypidic;-

morphic and poikilitic. It is mineralogically similar to the felsic

norite except that it is less altered-and contains more c.;rthopyrbxene.

Its contact with the overlﬁng felsic norite varies between transitional ‘

to abrupt. The mafic norite was originally thought to be ﬁart of the

'younger mafic sub-layer intrusion (Naldrett and Kullerud, ]:967;

- Cowan, }968) but a recent stﬁdy_‘ofAHewins (1971) has shown that cryptic

/

la.yeriné continued from felsic norite into' mafic norite suggesting that

thg mafic no‘rlite is‘not_a sepérate' inj:rusipn but a part of a sequence
continuous. with the felsic norite. - _'I“he increase inwards from the contact
in the amount of orthopyroxene, in the crystal size and a decrease in the
amount of intercumulus material lerd‘ h:Lm to suggest that the mafic norité
is the border group of the main I.rr.uptive-on the north range.

2-2-2. Sduth Range. Rocks

The 'south range samples were collected along or close to
- ¢ |
Highway 69 (the Blezard traverse), cutting the south range approxjmately

perpendicular to the strike of the main Irruptive. Sample locations

‘ and the modal variation along the Blezard traverse are illustrated in

Fige. 2-6 and 2-7.

Four rock units of the south range are recognized. These

are the micropegmatite, the upper gabbro, the south range norite,

and the gquartz :ridh norite.



Fig. 2-6. Blezard Traverse Along the South Range of the
Sudbury Irruptive (after Naldrett et al., 1970)

showing Sample Locations.
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Fig. 2-7. Modal Variation along the South Range Bleza;'d |

Traverse (after Naldrett et al., 1970) ‘
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| . I),mieropeg%ati.te,: | , ) S . v
_On the Blezard traveree, the south range nﬁeropegrnatite
is a granulated rock cons:.stmg rnamly of quartz and plagmclase vn.th rims
_ of a.ntiperthite. Most sarnples are altered and have.a. pronounced gneissic
k foliation, marked by subpa.rallel orientation of biotite, the most commoe
mafic minee-ai of the rock. - | l.
II) upper gabbro . . . - - '

'I‘he south range upper gabbro is stra.t:.graph:.cally equwelent
and ﬁﬁneralogically'simila.r to thé north range oxide-rich gabbro. Its '
principal difference with respect to the north-range is that the high

- opaque oxide eentent of the ga:bbr.o is restricted to the lower half of the
wit |

As on the north raege, the bou.ndary between t.he uppell;‘
gab‘bro and the underlying south range norite is marked by the abrupt -
increase in opaque oxides (ﬂrr;emte and magnetxte) and apat:.te m.'.che
gabbtro. The contact between the upper gabbro and the overlying
micropegmatite is ‘gralda.tional and manifest by a graduai increase in
the confent of quartz plus.micrograp:hic intergrowth from the upper

gabbro into the micropegmatite.
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ITI) south ranéer ﬁoritef
This is a medium- to coarse-grained.rockcontziining 60

pér-cent plagioclase, 25 p‘ercent pyroicenes; 8 };ercent 'Quax:tz and r'h-ino'r.
magnetite an'd‘ilmenite as its mam prii:15;ry miné;‘é.ls.' .’Hypersthéne'

and plagioclase oéc;.ur as subhedral tabular crystals. Augife.occurs as
: a.nhedral.massee, parti;ﬁlly molded about pla'gioc:l.ase and hypersthene.- :
Its main dﬁ’ferences compared to north range fels:.c norite are. leas zc;ned
plagmclase, higher hy'perst'.hene to augite ratio (5 tolin south range
norite and 2 to 1 in north range felsic norite), lower quartz content, and
no micrographic _intexjgrowth. Séco_ndai:y alteration is. extensive in the
soufh ré.rixge nor’it.e. ant:i often imparts a greenish color to the more °
éeverely altere;l norite (the so-called "greeri norite").

IV) quartz-rich norite:

- The thickness of this unit is app;'oximately 400 meters

and it lies at the base of the main Irruptive on the south range. M'meralo-
g1ca11y. 1t is 31m1la.r to the south range norite, but has a higher qu.artz
content. The quartz content increases from 8 percent at the contact with

_ the south range norite to over 20 percent at the ext-reme outer margin of
the main kruptive. Most of the quartz occurs as anhedral 'i.nterstiﬁ_al-

masses OT as aggregates of equant grains. Minor amounts of quartz

occur in the form of micrographic intergrowth.
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At the outer lma;.rgin, the quart‘z-r:';ch-norite is di‘s'tinctly
 finer g:émed. than the south range norite. Na.ldrta.tt et 9._1_ (1970). inter- ‘
' prétg_d this unit as a rapidly,ct:;oléd border group on the south range

Aa.Lnd stressed that t..he-'e"x.u‘eme outer porﬁon of .the quartz-rich norite
shoul.ti closely éppro:;ima:.te"the ‘composition of the liquid portion of -

the.o.riginal. main I.rrupt_ivé rﬁagma..

2-3. The- Sub'-Lé.ver ‘

The sub-layer rocks oc;:ur bet;veen the main I.rruptivre‘
and the footwall country r‘ocks‘. ‘ ‘They carry sulfides and inclusions of
malfic to }dtramafic‘ty'pg unlike any 1-‘0~ck's found in the main Irruptive.
-Frequenﬂy #hey are tectonic brecicias consisting of footwall -gﬁeiss\and
overlyingj,:nﬂite'fragments._ They can be divided into three groups:

the north and south range mafic sub-layer, the leucocratic sub-layer

N - u

breccias', and the oﬁ'sef dikes. 'Recent st_:i;dies_ (Cowan, 1968; Souch
etal., 1969) show that the majority of the sulfide ore at Sudbury is

probably emplaced together with the mafic -éub-la.lyer and the offset

intrusions.
A

The distribution of the sub~layer rocks and their close
association with the existing mines along the perimeter of the main

Irruptive is shown in Fig. 2-8.  The contacts between the sub-layer

(\ ‘
0 '



» . . _
Fig. 2-8. Distribution of Sub-Layer and Offsets.with Occurrences
Sampled in this Study Indicated (modified after Souch » ~ -

etal., 1969).
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o
rocks and the overlying main Irruptive are generally abrupt and the
gsub-layer rocks are considere& to be younger ‘than the 'ma..in Irruptive.

(Greenman. 1970; Hew1ns, 1971). However, the relative ages of

o

individual sub-layer units are not yet clearly established due to their

c;)mpliéated 8 tructu.‘rai relations.

, 'I‘he sulfide content of the sub-layeér rocks range from ~
easentlally gulfide-free to massive sulfide. When the sulfide content
is low it generally occurs as diéseminat_ed pa.tches interstitial to the
silicate minez-'als.‘ When the p::olportion of sulfide ‘increases it forms ’
blebs and -ew:ritually the inclusion massive sulfide type ore (te'rminology.
from,Souch et a.l , 1969). Theré ig generally ani increase in the
sul.fxde&ntent and the mclusmn size towards the footwall (Souche_t al.,

1969). Naldrett and K.ullerud (1967) considered the data on the solubility

&

of sulf1des in silicate magmas and ruled out the possgibility that the bulk

a .
of the sulfides were i.n solution in the noritic magmas during intrusion,

and suggested that ‘the sulf:.des were held in auspensmn in the sub- -layer
magma as droplets of immiscible sulfide - omde 11qu1d .Dietz (1972),
. 3

in his most recent vérsmn of the meteorite 1mpa.ct model, cons1der69, that

both the‘aub-layer rocks and the a.ssociated ores were formed durmg

)
o

the meteorite impact which triggerecf the intrusion of the main Irruptive.

N - Y
i
puy

—
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5_3.1. North and South Range Mafic Sub-Layer Rocks

' Mafic sub-layer roq}c':a on the north and south ranges are

medium- to fine-grained, inclusion- and sulfide-bearing basic rocks.-
r . .

The inclusions cdnqist of angular footwall fragments and a suite of

. _rounded fragments. of qlhamﬁic and mafic rocks including peridotite,

pyroxenite, and gabbro. The silicate mineralogy of the matrix is
~ noritic with vary_ing-p'r_{;po Qof augite and hypersthene (Souchet al.,

'1969). Detailed studies afe found in Greenman (1970) and Hewins (1971),

L

both in the Strathconé,_are.a. ’
e ‘ ¥

Hewins .(1971) reportedyconsiderable modal and textural

-

d 3 - ‘ : ) ’ - - '.
variations withinand .between mafic sub-layer rocks from mine to
“\ - 3 . Fi -

mine on the north range. The mafic sub-layer at Strathcona varies
in thickness from place to place and is best developed in embé.y"ménts
where the main Irruptive protrudes into the footwall rocks. The contact

‘relations,between the sub —lﬁye'r and the main Irruptive at Strathcona

u

° mine are shown in Figs. 2-3 and 2-4.
' s

¢



: ‘ 2-3-2." Leucocratic Sub-Layer Breccias

\

leucocractic sub-layer breccias occur.between the main Irruptive

‘A group of breccias of complicated origin known as

and the footwall rocks. Two ma._j'o'r types are recoénized. They are

I
-~

the Levack breccia and the north range gray breccia. . - S

’#

The Levack breccia is developed extensively around the _

-

i

periphery of the Sudbury basin. Itis a tectoriic breciia composld of S
country rock blo cks éitting_ in a fine-grained daﬂ; matrix. The b;nc '

of the breccia is barreq m sulfide a._nhd believed to Be pre-Irruptive
(Speers; 1957). |

| The north range gray breccia, locally ‘permed laté;_gr'ani::e
breccia, is well developed at St::a.th;:ona mine (see Figs. 2-3 and 2-4), '
and has been studied in detaill by Cowan (1968) and Greepman (1970}.

This breccia is important economically as it is the mqs;t important host
for ore in the north range mines. :It consists of highly brecci:f't\td footwall

rock fragments and, in some cases, ultramafic and mafic rocks in a

matrix of plagioclase and quartz with gne:is sic texture. Greedman (1970)

—_— -

concluded that fime'gray breccia is post-Irruptive and has been intruded
in a fluidized state shortly after the injection of the mafic sub-layer rocks.

{
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»

2-3-3. Offset Rocks

There ar‘e five Qike-liké, steepiy dlppmg, ‘sulﬁclle’-' and
inclusionTbearihg offsets t.ha.j: prbjéct _awﬁy- from the éute‘r contact of
the main I.rruptive- into the surrounding country rock_s. Two occur
a.lﬁng_the north rimy(the Foy offset.and the Milnet mine of'fset)rhand ‘

three along the south rim (the Worthington of.f.set, the Copper Cliff

_offget, and the Frood-Stobie offset) (see- Fig. 2-8). The dominant

e

‘rock type of the offsets id quartz diorite, .2 quartz-plagioclase rock

-

with primary hornblende and'biotite. They are generally finer-grained

than the main Irrupt.we norite. Their inclusions are fragments of

—_—

--'-ccfu/n/t;—;:cks and maMtranm-frmenoﬁfﬁ‘/hs in rnaflc sub-

layer rocks, the sul.fide content in th:e_ offset matrix may range from a
few to one hundred percent: T.he amount of sulfide in the n'1a.trix,
however, does not alter the proportipng of thhe sﬁicate minerals
(Souch etal., 1969).

In the Frood mine dis.semiﬁated sulfides occur as blebs
in quartz diorite, sparsely distributed in thé dpper levels and becoming
increat;l‘i.ngly at?undant doanaz:d where they-gradually grade into,
i.né.luai.ém massive sulfide ore, in the same pattern as in thé mafic
sub-l.ayer ore;sl (Fig. -2-§?. The Copper C_l_iff‘of.fset ore Bqdie's consist

of a core of inclusion-bearing sulfide fringed by a zone of disseminated

L8
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inclusion-bearing quartz diorite: The ore zones gr;de into barren
or weakly mineralifed quartz diorite over distances of several inches

' to a few feet.

2-344. Sub-La;,rer Inclusions
A variety c;f inclt;sions oflexotic rocks, ranging in size
from'min.era”i' grains to ten's of feet in diameter,, invariably occur i_n
sub-layer roéks. They are eit]:%er_a.ngular pr.e-Irruptive country rock
fragments or a suite of shﬁxjouncfecgfrﬁafic to ult:ramafié rocks diﬂ'ering
.

from any ;exposed rocks of the m;i;m Irruptive.

. The\ mafic to ‘ultramafi;c suite includes a wide range of

e . ‘ S

compositions varying from dunite, Pyroxenite, and péridotite to olivine
/ .

gabbro and are generally barren in sulfides. They are commonly
olivine -bearing and often show iaoikilitic texture with large plagioclase
grains enclosing grains of pyroxene and olivine. Naldrett and Kullerud

-~

_(1967‘) hav:e observed that the iron contént c;f mafic mine?als from
S.tra.thcona mafic sub-layer in‘\cltisions has a positive correlation with the
proportion of felsic minéralé in these inclusions. They also cbserved
that pyrox;anes in these inglusions are generally more magnesian than
the pyroxenes of the host rocks and suggested that these inclusions may
have been deriveél from a cryptically layered, well-frai:ﬁ'onated series

of olivine-bearing cumulus rocks.

A
2



31

~ Possible sources of these mafic and ultramafic inclusions
include: (1) the same source as’ the Irruptive magma (i. e. the mantle);
(2} some pre-Irruptive body of mafic and ultra.mafig rocks;and (3) ultra- p

mafic layers within the Irruptive itself.

2-4. The Counfi'v Rocks

Outside the ba‘;ai.n.‘ the Nickel Irruptivé is surrounded by older
rocks. To the north,‘ the basin is bound by Superior Province rocks ’tha.,t
consist essentially of granite and quartz;plagioclase-augité gneiss.

To the south, a succession of metz-rn.orphosed volcanic and sedinientarf
rocks are overlain by Huronian greywackes and-fe.ldspa.thic quartzites. |
They are apparenﬂ.y conformable, facing souti'lward, striking veast-no-rth-
east, and dipping steeply to the north.

Inside the Pa.si.n is the Whitewater Series with the Chelmsiord
sandstone occupying the center of the bas;n.‘ The Chelmsford sandstone,
a carbonaceous sub-greywacke, _gradea downward into the Onwatin_slate.
The Onwatin slate is a fine-grained, carbonaceous; pyritic ai‘gillite

with local thinly laminateci limmestones and cherts. Tbi’s in turn grades
downward into the Onaping Formation which makes up the basal member
of the Whitewater'Series and rests directly on ltop'of tlie'Nickel Irruptive.

The Whitewater rocks show no positive correlation with any rocks outside

of the basin.
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- 2-5, The Onaping Formation
| | The Cnaping Fofmation lie-s at the ba..se of the Whitewater
Series and Ais about 2000 meters in thickne_ss-. It is a maasi*}e volume
of alrﬁost unsorted breccia composed of fragrne.nts of various coﬁntry
_u_x;gcku in a mainly da;.rk, ﬁné -grained matrix characterized by numerous

shard-like fragments of devitrifi?d glassy mate:_:ial. Detailed studies
on the; Onaping Formation can be fouﬁd in Burrows and Rickaby (1929),
Williams (1‘;56)., French (1968, 1970)I_, Stevenson (19725, and PerederyA

(1972). Contact relations between the Onaping Formation and ‘the top r'af

the micropegmatite in the vicinity Of. Dowling towns hip on the north
range have beenmapped in detail by Peredery (1972). The map and the
localities of the sa:mples used in the preseﬂt study are Iahown in Fig.
2-9.
Pereder)'r (1972) subdivided the Cnaping .Formation into
four unitai (1) the lowermost basal breccia, (2) the overlying gray
Onaping, (3) the uppermost black Onra}?ing. and (4) the melt rocks that
occ:ui at the top ofrthe basal bréccia and in the gray and .black Cnaping.
The basal ‘brec‘cia. is in sharp contact with the micropegma-
tite and is intruded by it. It consists of rounded fragments of basement
. rocks, mainly metasedimentary, granitic, or .gneissic, m a mediur_n-

grained variable matrix rich in plagioclase and quartz. The rock frag-

a4

L}



Fig. 2-9. Geological Map of the Onaping Formation and Part of
{ .

the Uppef Micropegmatite in the 'Vicinity of the High Falls

(after Peredery, 1972) showing Sample Locations.
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ments range m size from afraction o.f an inc.h to about 100 metéi'a.' in
_ .cli:nen_sion; 'II_I;heir' abﬁz;dan%ie by area is eatir.nated.to vary between 20 to
4‘0percent. . | "
The gray and black Onaping contain three maJ:;‘r components
country rock fragments, a variety of dev1tr1.f1ed and ;'ecrysta.l.hzed
"Eﬁs_ses, and a matrix rich in qu.'a.rtz, feldspar and glass shards. There
is no ciear evidence of straﬁfication, although the size of ﬂ.l-e country
‘ rock fragments tend to decrease towards the top of the black.anapmg
" "The black Onaping which makes up the rna_]onty of the Onaping Formatzon
is characterized by the black color caused by the abundant carbonaceou_s
material within its matrix. °
'I‘ﬁe mellt x"'ocl';a occur as irregular masses on top of the
basal breccia and projectéd into the overlying grz;Ly and black Ongping.
They commonly show chilled contact rela.tionah‘.ipshwiththe; englos_ing
roc‘k'and contain abundant country rock fragments which a..re similax |
to those in the basal brec;ia. and the gray and black Onaping rocks.
rChernig:al.ly they are relatively mhofnogeﬂeous and their compésition
ranges from rhy’oiite to trachyte.
Shock metam;:phic features, such as planar texture in

quartz and feldspar, can be found in country rock fragments in all of

the above units (French, 1968). ‘ , 3



2-5-1. Ot-i;in of the Cnaping Formation

The ongm of the Onapmg”Formatlon is cnnca.l in mter—
preting the Sudbury structure Untxl rec:ently, the Onapmg Formatmn
has- always been con51dered to be an un‘usua.l pyroclasnc rock a.nd has
been vanously descnbed as welded tuff, agglomerate. .ash- ﬂow, and
igmmbrxte. etc D1etz B (1964) suggestxon that the Sudbury structure
was produced by meteonte 1mpact led to auggeatmns ‘that the Onapmg
.Formatlon is a country rock fallback breccia depomted 1mmed1ate1y
after the meteorite impact.
1) V-oicanic Ash-Flow Model:

Burrow's and Rickaby ('1929). concluded that the basal breccia
of the Onaiping Formation was.a rhyo_l.i;te breccia and suggested that
i fissure-type vetxts suﬁplied the material Secause of the great lateral
e:ttent end ﬁ'emenaous volume of the.Forma.tion. This model was later
' supported by Thomson (1956), Williams (1956), Speers (1957), and
Stevenson (1972). They considered the Onapmg Forrnatmn as rap:.dly
‘accumulated,-welded, ash-flow deposits reaultmg from flowage of
pyroclastic material.as a hot, turbulent mixture of gas and Buspended

particles of viscous pumice and ash glass during the volcanic activity.
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‘ I.I) Meteonte Impact Model

. This s chool (Dietz, 1964; French. 967 Peredery. 19";'? ﬂ_,_ﬂ_ﬁ
sug'éests that the Onaping Formatioﬁ repreeehts the. fallback brecciae B |
followmg a meteonte 1mpact which created the Sudbury structure In
this \fiew, the basa.l brecc:.a repreaents the earlxest fallback, or posslbly'.
‘. brecmated country rock in place. The gray Ompmg&ﬁe tree fa.llback. is as
a rnixture of shocked. country rock and fluidal glass fragments in a matrix \
of'puiverized country rocks. The bla‘_:_k Onaping is a latter 5ta.ge wash-
in deposit derived from the impact fallback and the melt rock ia the
fusi'on:p;rodi.td: of co'untry ro_cks produced durin; the impact.‘ Their: »
endence lies m the fact that large chem1ca1 variability exlsts in both
‘the Onaping glasses and the melt rock and in the presence of sl%\ &
features in the country rock fra.gments associated with the Onagmg |
Fermah.on. The events that produced the Sudbury‘structure and the
Onaping Fq_rm.a.tion during the meteorite impact-are illustrated in Fig..
2-10 (a.ftA;er Peredery, 1972).

| These two models suggest drémtica.lly different mechanisms ~

of formation and imply that different parental materials are involved in
the xlnake-up of the Onaping Formation. The volcanic ash-flow mode.l
would s_uggeei: that the entire Onaping Formation is a mixture of essential-

ly volcanic material and cou.ntr'y rock fragments;, whereas the meteorite



. Fig. 2-10. Model for Formation of the Onaping Formation by
7N ' . ‘ |
N K ™ Meteorite Impact (after Perédery, 1972).
o0 / :
S !
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impact model would suggest the Opaping Formaﬁo;;h ‘mixture

- composed.entirely of brecciated and melted couh_try rocks.

" 2-6. Nature of the Sudbury Nickgl.Ir.ruptive

C f;‘
The main Irruptive has been variously interpreted as the

surface eaq':\ression of (1) a folded, differentiated sill; (2) a ri‘ng-difce

complex; and (3) a diﬁerenﬁateé, funnel-shaped intruaion.

! .

2-6-1. Folded Differentiated Sill Model

This model was first propoaed by Walker (1897) to explam

- the upward gradation from norite to micrope'gmatite and was later

supported by Coleman (1905, 1913}, Collins (1934, 1935, 1936, 1937}, and
: 7
Hawley (1962). They suggested that the original I.rru'ptive' magma was

intruded along the unc¢onformity between the Whitewater Series and the
underlying Archean and Huronian rocks as a single flat-lying sheet

which differentiated into norite and micropegmatite by crystallization

or liquation (Collins) in situ. The associated offsets are considered

to represent fx"“acf:u';'ea formed in the gurrounding country rocks and filled

o

with magma which had acquired a quartz diorite composition. The whole

Irruptive was later folded into the present basin shape:

e

e

.
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- The presence of cryptic variation and phase 1a$re;.fiﬁg in the

mair; Ir:_'upt-ive. tends to slupport. this rfxodel._ "I-I':i)wever,' this ﬁmdél can

not sa.tisfa;:torily;‘é:;plairi the contrast in cietaiié:d petrogr?.pb,y and
mineralogy between the north and south range rocks _a:a well é.s.s. the

' .exceasive volume r'atip of n:_xic;opegmatite to norzte Accordiﬁg’ to f..k.xe
folded-sill modél, the relative proportion of‘n_l.icrope'grn‘&'l'tite to npfite
ix;&;the 8ill as a.wholé s-.hoﬂuld bc; similar to the };roportiona that apﬁear on
the surface, 3:1 on .the'ﬁor.tk} f;nge anci‘:I:l on the south rang‘e. This is -
- much higher th_a.r‘i.\flcuuld h?.v;: been e:gpec?ed from differentiation of an

original gabbroic magma. 58

2-6-2. Ring-Dike Model

- To ex;glain the relatiﬁe'pr_oportion of fnicropegmatite to
nc‘)ri-te. Knight.(l‘?l?. 1923) proposed the.multiple intrusion, ring-dike
model. This was supported by i:’her;x?gter (192;), Yates (1938, 1948),
and Thomson {1956, 1969). They consideréd the Irruptive a multiple
intrusil;:n of firét norite followed ?;uickly by micropegmatite with forma-
tion of a ﬁybrid zone bet;vée‘n the two magmas. | The compqsite Irruptive
was intruded around the edges of a ”ﬂring-graben" following subsidence
of the central basin, initiated by and au'bsequent to the Onaping volcanic
activity. - A genetic rélation between the norite and micropegmatite,
'howéver,was conaicliered‘proba.ble as both may have stemmed from a

layered magma;tic reservoir at depth.
' - a
el



the lower contact of the main Irruptive, however, provided a major problem

s

[

for the ring-dike model.

g
L] .

2-6-3. Di.fferentia:ted Funnel-Shaped Intruhion Model -

. , o ‘Wilson (-1956) first drew attention to sirpiia?itieé between
the Sudbury Nickel Irruptive and the Bushveld complex‘xd other llopoliths.
He poip.ted out that thé'rmassive magnetite layers“oi: éhe Blua‘hveld" have A
their counterpart in a broad but less well-defined magnetite-rich laye;-',
at Sudbury. Their inward dipping surfaces and crystal layeri_ng that
dip inward a.t a more gentle angle-t—ﬁan the footwall suggest a funnel-
rather than a lens-a{naped body. According to the funnel-shaped model,
t.hel presently equse"d proportions‘of ;nicropegmatite to norite are not
necessarily a true representation. o{ their actual rela.tivg volumes.
This _propbaal accofnmodates' the.prob]:.em of the relative proportions of
the major units of 'the ma'_in Irruptive which ‘:a the rn-a.in a‘rgumgnt for
the multiple intrusion modqi. 7 o ~

o
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Wilson (1956) further suﬁgested that laygred ultramafic
members- exist at deeper levels of‘the Nickel Irruptive. The observa-

tion of numerous ultramafic inclusions which/occur\in the sub-layer -

<

tal. (1970) Atudied the

tends to support this proposal. Naldrett

Ll

mostly olivine-bearing, sub-layer ultramafic inclusiqns and concluded

that the siliceous nature of the main Irruptive could not have been

- .

El

directly responsible for these ultramafic inclusions. They suggested

-

that the inclusions may have been derived from some .deep-seated

source chamber, where possibly an initia] basic magma x_mderwént.some

fractionation depositing the ultramafic layers before its siliceous residual .

w

liquid was intruded into the present site of the Irruptive.

2-7. Orig_in of the Sudbury Structure

' The two main hypotheses on the origin of the Sudbury structure

are the tectonic hypothesis and the meteorite impact hypothesis.

-2-7T-1. The Tectonic Hypothesis

This hypo;hesi'é considers the uniqﬁue location of the Nickel
Irruptive relative to fhe :.régiona.lf geologic settiné. ;&ccording to Speeré
(1956, 1957), the Irruptive lies at the aééx zf a broad dome some sixty
miles in diameter i.nvolviqng Huronian and older rocks. Upli..ftuof the dome

occurred in responae to pressure exerted by igneous magma. Successive
' X . . : Y

periods of uplift followed by tensional raleaﬁe gave rise to the numerous

—



- Fig. 2-1l. Recent Version of Dietz's . Meteorite Impact Model
_for Formation of the Sudbury Structure (after
. @

Dietz, 1972).

—



Devclopment of Lhe Sudbury Basin by Jsteroidal impact, & time-sequence diagram,

A Asterowdal impadt 1720 wnllion yeats ago! producing a crater and radial tension cracks.

BrLaying duwn ol the Onaping micrubroceu o a Fallout blanket of wuevite. A pool of nsgmia Is abo guncrated from the targel rocks, .

C. Awenl of the Sudbuary brruptive a1 i impuci-ihggered magma (1om the devp crust. The shock-genetated melt rock 1s iacorpotated into the
mweopegmatile, M lrrupiive didicreniiales wilh micropegoutite sbove and. noriie boluw. Apophyws ol micropagmalile nvade the
wverlying Onaping sueviic. Lmplacenent of Trruplive i accompanied by foundeing,

D. The Whitewater wdnients (Chelimfurd Fufmation) st lakd Juwn as 3 greywucke depost in the Sudbury Basin, Duissked: skeich shows
wilplide depostt emiplaced we #nimpact splash in fuoiwall slong with drevcis and noritic mainy, ! :

E. Gevlogle sitvation wday alicr disturtion by Grenville orogeny and ctosional dedeveling.

app—

— -
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breci;ias in the area and fina.lly; reaultlt_.ed in ca.l.dezl'ao coliapse at the apex '7
of the dome. --Iy!a'gma escaping around the rim of the"caldezfa flowed:
into the cgnt;er of cdll_aps'e to produce th'e bna.ping' Formation. Thé
- Nickel Irruptive was i.ntru‘ded suﬁsquepﬂy along the base of the Oqaping
formtion. | Thus, the Nickel Irruptive is a later pluf:onic manifestation

of the igneous activity that gave rise to the extrusive Onaping Formation. :

-

2-7-2. The Meteorite Impact Hypothesis

Dietz (1964) first proposed that the Sudbury structure is the
result of an explosive mefeorite ’impact. Subéequent dis coferies of
shatter cones in country rocks by Dietz himself and microscopic shock
metamorphic feature_:s in ;l';e On.a.pin'g Formation and footwall rocks by
French (1967, 1968), both features typical of 'meteqrite. impact, add
-strong supporting evidenc;a for this h.ypothesis:. .Thc.a sequence of events
a.‘c.cording to the most recent version of Dietz's meteorite impact

hypothesis (1972) are illustrated in Fig. 2-11.

2-8. Model for the History of the Sudbury Nickel Irruptive
Naldrett et al. (1967, 1970, 1972) combined their detailed
petrographic and mineralogical studies with the meteoritic impact theory

and the funnel-shaped intrusion model to derive a relativelylr complete

emplacement and crystallization history of the Sudbury Nickel Irruptive



44

" in order to explain as mahy- as po'ssible of the characteristica of the /
irruptive Their model is :.lluatrated in Flg. 2-12. A.n outline of the
reg:.ona.l geologlcal history of Sudbury (Brocoum and Dalz:tel 1974)

is listed in Appendix B.



Fig. 2-12. Model for Formation of the Sudbury Nickel Irruptive

According to Naldrett et al. (1970).
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 CHAPTER THREE T a

NEUTRON ACTIVATION ANALYSIS

3-1. Introduction

Neutron activation analyszs for REE in geologmal samples
was first performed by Schmitt et al. (1960), Haskin and Gehl (1962),
and Chase et al. (1963). High accuracy and precisron can be achieved
by IaeI'J_a.ra.tion of the individual REE rrom each other .vi‘a an ion exchange
procedure prior to beta or gamma radicassay (Mosen et al. ., 1961;
Massart and Hoste, 1967; Haskin et al., 1968). This method can yield
results for most or all of the REE. Howeve‘r. the ion- exchange procedure
 is qarte time ‘conaummg The development of h:.gh resolution Ge(Li}
detectors allowed group eeparatmn of the REE from the rock matrix and
radioassay of a single, 'cornposite gaimma-soectrurn. This greatly re‘-
duces the time required for cherxric_a.l processing of the samples.

A number of different prooedures for the aeparatioﬁ of REE
as a group from rock samples have been published recenfly (Tomura
et al., 1968; Morrison et al. .: 1969; Graber et al., 1970;‘ Melsom, 1970;
Denechaud et al., 1970). 'I‘he proceduree used in the present work were

mainly based on those of Denechaud et al. (1970} with some modifications.

46

P T b b e o



47

The coﬁvenﬁpnél hydroxide -fluoride precipitation method was a.db.ptéd'
'to separate and purify the REE as a group. In the final stage the REE

; Were_.pr'ecipitated as a hydfoxide paste rather than oxalates.

_3 -2. Sampie Preparation

For wh.ole rock samphles, sevex;al hundred gra.u-na‘ .of chi;ps.
of repreaenta.tive fresh rock were broken off a large handape ciﬁen and
cleaned with acetone before .crushi.ng.. —For north range main I:rrupf;ive
samples, sections of &iamﬁﬁd drill core about 10 ICx.n long apd 4 can
in diameter were obtained from Strathcona core M-9 at different
intervals. 'i'hese sections were.brokeri into small chips and cleaned. A
with ac;:etone prior to crushing. The cleaned sa;rx"ple chips were pul-
verized by repeated crushixig with a tuhgsten carbide shi#terhox and
finally ground in an agate rﬁortar to pass a 200-mesh nylon bolting
cloth. The powder w';s homogenized and stored in a clean polyethylene
bottle.

_ A number of aub-layér handspecimens contain up to 50
percent disseminated sulfide blebs. In thease cases, rocks ﬁrere broken
into pieces aboutl cm in each dimension, and chips with no visible sulfide
content were handpicked to be pulverized. Altl;ough no analytichl data are

available, sulfida rhinera.lu are beliave& to have RE contents much lower
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than silicate minerals because of the very strong lithophile character

of the REE. The presence of'a.small amount of sulfide in a silicate

sample will cause a diluting factor on the-absolute RE content but will -

have little effect on the normalized RE fractionation pattern of the sample.

The—

3-3, Standard.and ‘Ca;rier Preparations.
Stock solut_io'r}a/“of nitrates of each of thé REE, except Ce,
were made from “specpurg" RE oxides of greater than 99.9 percent

pu.rity (Johnson Matthey and Company). The concentration is approxi-

—

mately 10 mg of‘eachRE ion per ml. Because of the dlfflculty in

dissolving cermm oxide (CeO ), cerium ‘ammonium-nitrate (pruna.ry
. S

sta._ndard. G. F. Srnith Chemical Company) was used to make up the

cerium stock solution. Each stock solution was ata.ndardized'by EDTA

-

titration {Cheng, 1958; Haskin et al., 1968),

Since the majority of the samples analyzed in this study were
basic to ultrabasic igneous rocks. a combined standard aolution'waé
prepared.by mixing appropriat‘ely.di..l}ited solutions so that
the relative abundances of the REE in the standard monitor :bau similar,
to that'of average basic igneous rocks. A cohposite REE carrier solu-
tion was prqpa;'ed in the s.a.me manner as the standard so_lutio-n.

'fha concentrations of'REE in the standard and carrier

solutions are listed in Table 3-1.

. ab— ="



: Table 3-1. -Concehﬁrations of REE in the standard and carrier

solutions.
. Element ) ~ Standard Solution | ' - Carrier Solution
' (ppm) ‘ - (mg/g)
La - : 22.9 C1.08
Ce - ' 55.8 | ©0.462
Pr 8.53 _ | 0.501
Nd - 37 | 0.241 ,
Sm T1.22 | 1.04
Eu 4.22 C1.15
Gd | 7.25 T o346
Tb © 282 1.20
-Dy : 13.9 ’ 0.158
Ho | 232 o 0.423
Er | 471 " 0,605
Tm o ‘ 1.03 | 0.315
Yb 7.26 1.19
Lu I 0.930 | 141

¥ . - \\\--- 0.522

p—
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3-4. Yttnum Tracer Préparation
. ) _ , 8
. In this work 106. 6 day 8 Y was used as a tracer for absalute

chemical yield determinations. 'Y was used because it 18 similar to

.~ mvﬁ*‘ : ’ ‘— -

the REE (especially Dy} in chemical behaviour, has a long half-life, and

w -
Y

photopeaks wh1ch do not interfere with those of the RE nuclides.

BSY 'i‘;r.acer solution was prepared by dilution oi; a -comi‘ncf-
ciaily available 88Y concentrate (Amersham/Sca.rle. catalog No.’ YEY'?—Z)
with d1st111ed water such tha.t a 200 minute cou.nt ona7.6 cmx7.6 cm
well-type Nal detector gave about 15, 000 counts above backg;:ound in

the 1. 836 MeV Y photopeak area.

3-5. Irradiation - <

| About 200 mg of sample were weighed into a labelled

3 mm O.D. x 2 mm I.D. fused quartz a.rr;.p;)ule and heat sealed for ir-
radiations. -Tht': ampoules were precl.ea.necl by boiling in aqua relgia and
rinsing with distilled water. |

The monitor standard was prepared by weighing 30 to 100

.mg of the REE standard solution into a quartz ampoule. The amount

of the standard solution used depends on the estimated RE concentraﬂ.on
level of the samples. It wa-.'s chosen such that the induced RE radio-

activities in the monitor and samples would be of the same order of magni-
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: ’ . ” . v .
mde‘mquaﬁe amount of cleaned, medihm-gra}ned quartz po'wder

/

(prepared by grindirig p'ufe' quartz tubes in an agate mortar and cleaned
thh aqua regia) was added into the ampoule to Just absorb- ‘the solution.

Ampoules were then dried in an oven set at 65°C and heat ‘sealed.

Sr@ to eight samples a.nd two standard ampoules wer
‘together and pladé‘d in an glummum can for each irradiagi / Dependmg '
on the estimated RE concentration lévei in the . ples, ifradi;tion times.
of 5 to 20 hours in a high:ﬂu‘x posit:.ion j e McMaéter Nuclear ﬁeacbr
(neutron flux of-4.5 x 10 ‘3‘ ne ons/'cmzlsec. ) w.ere used, fdllowed by |

2 to 3 days cooling ore chemical processing.

3-6. Chemical Pro ccdﬁre

The irradiated samples were decomposed by a.alkalirie‘fusion
.and the REE wel;d sepé.rated and purified ag a group in thdform of RE
hydroxidea for radicassay with a Ge(La) detector. A non-radioactive
REE carrler was used. The chemical yield of each REE was

. L
determined by re-irradiation of part of the recovered carrier using a

88Y radioactive tracer technique.

3.6-1. Sample Procedure

1.

1) Prior to receiving the irradiated samples, add 3 ml of
, . a . .

the REE carrier solution and 3 ml of the 8Y tracer sclution to a
clean 40 ml zirconium crucible. Add identical amounts of the

carrier and tracer solutions to a 150 ml beaker, which will receive

ward monitor.
. . ] 1
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2) Add about 50 mg of reagent grade NaCl/to the crubible |

‘Evaporate the solution in the crucible to dryness under a heat

lamp and then heat to about 150°C on a hot plate and allow to .cool

about one hour before the start"of_.th.e fusion. Spattafing occurs

during the fusion if water is retained.in the NaCl. The addition

of NaCl helps m_echanical mixing of samplé and ca,.:_'rrier before
fusion.

3) Cover the bottom of'tha.cruéib'le with about 5 g of sodium
i e ’ '
péroxide.,

- s
’

4) W‘ip‘e the outside wall of the quartz ampoule containing

the sample, clean with 2M HCL. Carefully open the ampéul e and .

‘transfer the irradiated sample into the crucible and cover with

another 5 g of sodium peroxide.-'{'

5) Mix the contents of the crucible ‘by. gareful stirring with -

[

Then melt slowly over a Meeker, burner.
3

When complete 'melting is obtained, increase the flame to keep

a nickel steel spatula.

completely molten (cherry red) for about two ‘minutes. Swirl

occasionally to ensure co:"npleté mixing of the melt.

L

cool to near room temperature,

-~

- B
6) Allow the crucible to
then pl#ce&.he crucible on its .s,jide in a 400 ml beaker. FPut the

t . . . . ”
crucible 1id and the spatula in’'the/same beaker.

o

Bt T L ) ) o~ o

Lo T

N



_the vigorous rteaction.

“add conc. NH,OH with constant stirring to adjust the pH'to 9 or

53

7)'Slowly add about 80 ml H,O to the beaker to digest the

e S

fusion cake. Cow_:_i- the beaker quickly with a watch glass to contain

8) When reaction ceasés, slowly add about 30,ml of conc.

HC] to the beaker and cover again with the watch glass: Stir-

occasionally until all the fusion cake is dissolved. Add more conc.
HCl if necessary. L

9) Heat t'he. solution to boilingon a hot piate ﬁntil:\&:lear. '
Remove the' crucible, lid and apatula .from the beaker and rinse
the adhering solution into the beaker with 6M HCl. The final volume
should be a‘rou‘nci 150 ml. |

' 10) Cool the beaker to room temperature b} placing in an
ice bath. Dissolve :bot;t 15 g of solid NH4C]. in the- s.olutioxjx and 1
4

greater to precip_itate the hydroxides. One can usually achieve
thi‘s‘pH by meaburing the volume Of, the sqlution when permaﬁent
traces of the precipitate fir-st appear an& then adding an additional
amoutit of NH—4OH equal to 10 percent of thié volume. |

11} Allowthe contents to age for two minutes and then

. centrifuge thie hydroxides into a 50 ml polycarbonate centrifuge

tubg. Discard the-appernkte into the radioactive waste. .

.

S



12) Wash the precipitate-with 40 ml diluted NH,OH, centri-
: ) - }

fuge and discard the supernate.

13) Dissolve the hydroxida#~4i15 ml 6M HCl and precipitate

the fluorides by adding 5 ml conc. HF. Centrifuge and dis ;:ard,
the s'upernate. | |
) 14) Wash the ﬂuo.ri.des with 20 ml water, centrifuge and
discard the supe_rm;te. _ |

15) Dissolve the fluox"ides in ld ml of @M HCl saturated

with boric acid, Stir<the contents and warm the tube\in a water

bath .to hasten dissolution.

16} Add aufficier;t- 16M NAOH with constant stirring to adjust
the pH to. 10-11 and precipi‘tate the hydroxideé. Centrifuge- out the
_ hydrloxides and d;xs card the supernate which contains mostly Al.

* '17) Wash the precipitate twice with 30 mi water and dis carci'
the washings.

18) Re'p-alat.steps 13, 14, and 15. '

19) Add conc. NH4OH with stirring until the pH is 9 or greater
in order to precipitate the RE hydroxides.

20) Centrifuge and discard the supernate. Wash with 30 ml
N o

water and discard the washing.

A\
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21) Dissolve the RE hydroxides with 5 ml 6M HCl. Pre-

cipitate the RE fluorides by addirig about 10 ml saturated ammonium

fluoride ,sblution and 5 ml conc. HF. ‘Adjust the.pH o.f“t:h.be solut;'.o‘n
to a.bout. 5 by aAd.ding the éqn_'c. HF drop by drop with constant
stirring. This removes most of_ the scandium.'remai:;ing up to
this stage. As m a buffered NH, solution at éH 5, RE fluorides

will precif:itate qua.ntita'tively while most of the Sc will form

SeF, = complex and remains in the solunon (Moeller and K/rem/ru, 1945).

)
22) Centrifuge out the RE fluorides and discard t{ supernate.

23) Repeat steps 14, 15, "19, and 20.

- 24) Transfer t_he RE hydroxides to a 50 ml glass centrifuge

" tube. Wash with 30 ml water, centrifuge and discard the sﬁpernate.

25) Wash the p)ecipitate with 30 ml methyl alcohol. Use a
capillary pipe;‘.te to break up the precipitate, centrifuge and dis cara
the supernatant.'

26) Add’2 ml methyl alcohol. Use a capillary pipette to
hreak up and transfer the preciéitate to ; 4 dr.am glass vial.

27) Cap the vial and carefully transfer to a 50 ml poly-
carbonate centrifuge tube. Use a woo\l plug at the bottom of the tube

to ensure that the vial sits vertically inside the tube.
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‘ 28)lCant:rift..13e for one minute_,-ren{ove the vial from the_fﬁbe |

and carefully remove the superhate in the vial with a capillary

" pipet.

29} Dx-;-f':he- RE hydroxide pr/ecj;':.i\tate under a heat lamp until

the precipitate hardens. Do not overdry, otherwise the hydroxide

_ caké.will easily crack. ,

30) Steps ZS’and 2% should be carefully controlled in order
to achieve ‘identica.l counting geometry for all sa.rnpleé’. |

31) After drying, the vial should be capped and aéal_gd with_‘
maskiﬁg tape to prev,ent.evapdra.‘tion and cracking of the hydroxide

cake over the counting perind.

i
i

3-6-2. Standard .lProcedure
_ 1) Ca.r'afully clean the gutside wall of the standard ampoule
with acetone and 2M HCI. /—\,

2) Open the a.mpoule and tra sfer the contents into a i50 ml
beaker. Break the ampouls m half and add to the beaker.

3.) Add 10 ml 2M HClr. cover the beakér with a u.ratch gla.ss
and wa.rr.n.on a hot plate for about 15 minutes to equilibrate. the
carrier .and tracer solutions with the ata;adard. Occasionally wash

the inside of the ampoule with the carrier and tracer sclutions.



C 3.7, Ge.mma?Ray Activity Measurement

of:

_ step 4. Rinse the filter paper several times with 2M'HCl.

57

4) Filter the solution ina 50 ml glass cent%rifﬁge tube.

5) Repeat step 3. .

6)AFiltei- the contents-‘of the beaker m tl\x\esame tﬁbe as in

7) Add auffjicien;t conc. NH4OH f.o:t.u'i.ng' the pH to 9 or great;zr :
and to precipitate thé RE lhydroxiden.. Centrifuge and discard the
supernate.

8) Usea capﬁlary'pipette to l‘:‘rq'a.'k- u;:;-lthe p:;-e cipitate, .wash fwicé |
with 30.ml water, once witt; 30 ml metﬁyl .alcoho.l. ce.ntr‘ifuge and |
discard the supernate. | : |

| 9) Add 2 m! methyl alcohol. | Usiné a capillary pipetfe to
breal;. up ﬁd transfer the pre cipii::ate to a:4 dram glass vialr.
10).Centrifuge and dry the RE }iyftlroxide precipitate to form
a cake pf uniform thiﬁknes in the same manner aé in steps 27 to 31
of the sample pr'ocedﬁre.

" 3-7-1, Instrumentation

The gamma spectrometer system used in this study consists

1} A Canberra model 7245, 130 gm coaxial Ge(Li) detector with

7.2 cmz active area facing the window; = "
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2)a Ca.’nbérra model 3002 high volta.gg.su'pply for the_detectér; |
'3) a Canberra }nodel.moa_lc.rr-:'r low noise prearhpiifiér; |
4) a Canberra ﬁxodel 1416 specb:oacopy- amplifier;
5)a 1600 cha_.-n.nel RIDL p‘ulsle height afua.lyzer' (anal.og to digital -
converter and rner;mry unit);
\ 6) a“H;wlett-Packard display oscillos coi_ﬁe and a Telex teletype
print-out.
- The energy resolution of the system is 3.4 KeV for the
1. 33-3'M3V phompeak'offe’oc*a at FWHM (Full Wi&th at Half Maximurmn). |
| AT7.6cmx 7.6 cm '-well-type Nal detector connected to the
- above systerﬁ wa.'s used for mea;surihg the 1.836 MeV photopeak activity

of the BSY tracer.

3-7-2. Cou.nting Procedure and Gamma-Ray Spectrometry

Because of the different half-lives of the individual RE
isotopes, three co\_m‘tirlxg pafiods atintervals of 3, 10 and 40 days after
the irradiation aJ;-'e required to ‘oBtain optimum results. The counting
.sequence;  the sta:"ting' tiﬁle_i"ollowinglirradiation, the isotope observe.d.
' "th; energies of the gamma-rays and other information pertaining to radio-
| assay are summarized in Table 3-2. Nuclear pax;a.meters are ta.llcren from

the General Electric Chart 6f the Nuclides, llth editipn. 1973.
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The phc_)tppeaks used m ca.lf:ulation of eiementai .concentra-
tions are underliﬁed in Ta.b}e 3-2. ‘Eaéntially the same photopeaks are
used in chemicai yielél cieterminations_§n thé ré-irra.dia.teid carrii:rs._ They
were chosen on a basis of optimum countin-g.stati.stié.s and/or rpinimufn |
i;ﬁterferénce fr'om qthér :RE nuclides. Mutual ‘iz.xter.ferencéa among indi-
vidual RE pho‘to'p'eaks are not.ed in the cornménts included in Table 3-2.
| The counting vials were placed on a sample holder rack
fnounted above the Ge(Li) detector, a.nd. the diétance between the viﬂ
and the d?ector was adjusted in each count set to optimize. counting
statistics 'and counting time | Uéué.lly, 30 minu.tes at .10‘ cm in cdunf set-l
1 and 1to 3 hours at about 1 cm above the datgctor in cbunt sets Il and II
. w;re satisfactory. ‘Following count éet II samples and standards were
.counted in a 7; 6x 7.6 cm well-type NaI(Tl) detector. ‘forla. sufficient
time to obtain about 15 000 counts above background for the 1.836 MeV

photopeak of 88Y. Uaually, 200 rminutet \*}@ sufficient. The dead time

"D
\JP

for all counting sets was kept below/20%.

| The RE nucl?deé listed in Table -3-2 are those determined in
the majority of samples, 'ax.xd countipg periods at intervals of 3, 10 and 40
days following i;radiation were routinely used in their determinations.

In the initial phases of the study the feasibility of measuring: 2.35 165Dy

and 7.52 hr 1 'Er by counting within half-a-day after the end of irradiation

. was investigated. In the case of Dy thé rather short half-life was un-
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o

ndling of rather

favourable. Rapid processing of samples and the
“high radiation levels were réquired to obtain adequate counting statistics.
In'génerai, the ihtenéity of'lﬁst photopeaks was too low to permit -

quantitative measurement and: Dy was not determined in this study.

.l ' ‘ 7 S . I
“In the case of Er the 0.3084 MeV photopeak of 7.52 hr 1 lEr is observed

by counting within one day after the end of irradiation. However, its

int'enuity is low and it is located on the reiatively-high Compton tail

from 9.3 hr‘.lsz'mEu. The weak intensity, short half-life and high base- -

-line uncertainty rendered the determination of Er too unreliable for routine
measurarhent. | |

In count'set III the 0.08426 MeV p.hotc;peék of 170Trn 'u‘is'ually' :
appears as a 9h‘o_ulder on the 1GOTI:\ peak-at 0. 08679 MeV. An approxi-
mate value for Tm can be obtained by stripi:ing the 16O'I‘b peak. Due to
the high uncertainty involved, Tm is not reported.

It should be noted that other REE appear in the various count

sets in addition to those noted in Table 3-2. In count set II 1_40La.

160Tb and 177L1i are present in addition to 1‘”Nd and J'-‘"':’Yb which are

the two nuclides measured. In count set III 169Yb is also present as

"

v&ell as the four other REE measured. ‘ {
. I

4
:

—
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' 3.8. Calculations

3 3<8-~1. Net Peak Area Calculatmn

The" intenaity of the radioactivity of a nuc.lide can be re-
presenteé_l by the net peak-area corresponding to one of its gamma-ray
‘peaks, where; the net pé;k area.is the wﬁl p-eak-area minus the back-.
| ground area. Ina complex RE a.pe;:trﬁm. the phc;ﬁopeak baseline which
is largely genératcd by tlze‘Co;'rE:tqn éffects frbméanima—rg.ys a.é higher
' energies must I_ae deterrﬁined'.accurately. . |

T.D establish the baae].i.no. a smooth curve was first drawn
through the dafa‘pc‘)ints (counts ;;er channel versus channel number}
from the region of jthe spectrum containing the p.hotopeak of interest.

A stra'?ght line was then drawn b;:tween‘the bottom of the ;alleys o-n either
" aside of thq ;;eak. App.rbxima.t'aly ten cilannels on each side of the
- photopeak were used to define the bott‘om ‘of.th'e valleys. The value

of the baseline at the photopeak maximum was thus determined graphical -

ly.

| The net peak area was calculated by summing a se;ected
number of channels on e;.itk;ar side of the photopeak maximum and sub~
tracting the backg;:'ound.area. calculated as the product of the counts ’m‘
the media.n baseline channel times the number of channels summed.

In most instances, the number of channels inte/)ated was that corres-

ponding to the FWHM. However, if the peak to background ratio was
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low channels lin the full peak area were summpd. Alternatively, if
interferer_:ca.f.rom an g.djacaﬁﬁpho topéak _v;a:; prominent, only a few '

~ channels about the photopeak maximum We_r; summed to ‘min§.mi.ze the
effects of unc;ertainties in the baseline and photopeak overlapping.
Whi.chever method wi.‘u used, samples and utandardi were always treated

in the same manner.

3.8«2. Chemical Yield Calculation

As de’monu-tra.tad by Dv;-m_echaud et al. {1970), the fractionalre-~
covéries of indivi;:lual REE are not always equal. Therefore, ‘chemical yields
for individual REE in all samples and standards w.era detern%ixied. - The
calculation of the absolute chemical yield forA each REE required deter- '
mi.na.ﬁ.on of the r«s{ative chemical yield for the element gnd the 88Y yield
for the sample. -

The relative chemical yields for the REE were determined
by re-irradiation of,a portion of the recovered RE carrier. A£.t5r
completion of all the t;.ounting sets, the recovered carrier was re- _

irradiated according to the following procedure:

e et



1) . Take the RE hydroxide cake into aolution by addition of 5 ml
’

ZM HC1 to ench sample and standard cnuntlng vial.

2) o Transfer an aliquot of.approxlmately 200 myg into a _quai-tz
;nmpoulc,m | |
3). Pla.ce the ampoule in'an oven and ovaporate to drym:u at |
65°C; thon heat seal the a.mpoulo . B ' 4
4) Irradin.te fractions of umple nnd standard cnrrier, prepared u'

above, at a total neutron flux equal to that roceivod by the uamplu
in the original 1r;adiation “The rouidual activities from the first
1rrad1at1§n,wi1.], b.q negligible qompnrcd to the 'rudi_onctivitioa
Lrid'uc.ed inrthe second irradiation. | |
. 5). . After aevéh to oight days docny., transfer the irrn.d-_iatodla_:arrior

| fro.m the ampoule into a ono-dram vial with 2M HC.l. |
6) : Cc;unt on n; Ge(Li) d'ntec-ttjr 'fbr‘about two hours.

The aliquots of carﬁeZ&oluﬁon usod for y.inld doterm@tion

were not'woighad-rhlor wore gﬁoir co@ting geometries made identical,
because the purpose of this re-}rradintion was tlo obtain the relative

activities of individual REE in eacgumpla. The photopeaks used for

the relative chemical yield deteFm: ations are given in Table 3-2,

' .
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+ - K A C . ! . . ( .
The relative ¢hemical yiéld (Y'} for an individual REE
+ .f_‘ ’ i ’ :
(R) is defined 'as:
Y'(R)=A"B/A" - (6 +a './(cwcr ) 3-1
o m N ¢ m c 8 .
o | . - t ) / i
where Al = activity of the re-irradiated R carrior in the sample, _
A'm= activity of the re-irradiated R carrier in the standard monitor
: G'c ='wei/g(£t of R in the carrier added to the sample and standard
e G" = weight of R in the sample
G' = weight 6f R in the standard monitor.

- As long as the weight difference between' R in the sample and in .
thestandard is small, the second ratio in equation 3-1 can be taken as ..

n . ¢

_ u.n.lty Thus, .
lY.'(R) =‘A'!/A’m' o | ) 32
Tﬁo relative chemical vields for L.a. Sm, Eu, Tb, Yb anci Lu
weore obtainod in thia way by corﬁparing thair nctivitiou. in irradiated -
"sample and st.a-ndu.rd cnrr}or nliquo.tu. The rolnti\.m‘ chemical ylelds
for other. REE wero ot;tn.inod'by i;ltorpcs.intion from a graph of rﬁlntivo

chemical yleld versua REE atomic numboer for La, Sm, Eu, Tb, Yb-~

| and L. . | ‘ -
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The absolute chemical yield for cach REE was then
calculated as follows:
1) Assume that the absolute chemical yield for Dy is identical to that
B8, .. s
for the Y tracer of the same sample.
2) Calculate a conversion f_a'ctor by dividing the absolute chemical
vield for Dy by the relative chemical yield for Dy.
3) Calculate the absolute chemical yield for each of the other REE
by multiplying the relative chemical yields by the conversion factor
derived in step‘ (2).
This calculation assumes that the absolute chemical yield
s 88, S .
of Dy is identical to that of the Y tracer becausc the ionic radius of Y
is similar to that of Dy and its chemical behaviour is very close to that
_ : 88 , ex
of the heavy REE.- The use of Y tracer greatly simplifies
the carrier re-irradiation procedure but introduces a systematic un-
certainty of up to one percent for each REE. This uncertainty can be
ignored when relative RE abundances, for example chondrite normalized
abundances, are comparecd from samplé to sample (Denechaud et al., 1970).
If an 8Y tracer technique is not used, one can obtain
absolute chemical yields by weighing the re-dissolved carrier sclution and

the aliquol of solution taken for re-irradiation and applying a simple

algebraic mass conversion.



3-8-3. Elemental Concentzjatibn Célé:ﬁ.]%a;‘tion-"

The activity of an element in the sa:'mple;;li.i_fféf corl‘ectmn '
for counting duration and radioactive decay, was compared withthat 1n R
the standard monitor and the concentration of the*2lement Caléuiated
as follows:
=A AL ) (W /W) (C 3.
Co=a /A ) (W /W) (C_/Y) 3

i
3

where rCs concentration of the element in the sample in ppm

Cm= concentration of the element in the standard monitor in ppm,
As = acti‘:rity ig\c:'ounts per unit time for the sample

Am=activity In counts per unit time for the standard monitor

W;} = weight of the sample in grams

W_=weight of the'standard monitor in grams
m ,

Y = absolute chemical yield for the element.

3-9. Precision and Accuracy

The major factors thataffect the precision and accuracy of
REE activation analysis are variation in neutron flux, counting geometry,
. . . .. . 88 :
sample inhomogeneity, uncertainty in employing Y tracer, and un-
‘certainty in photopeak integration. The first two factors impose similar
