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ABSTRACT

The Saxby and Mt. Angelay Igneous Complexes represent the volatile rich, post ~1530
Ma granitoids of the Williams Batholith, and have been considered to be a possible
source of magmatic-hydrothermal fluids that produced IOCG deposits in Cloncurry
district. The evolution of these igneous complexes is studied in this thesis with the
ultimate aim to understand the chemistry of magmatic fluids and their involvement in ore
genesis. These igneous complexes contain a variety of intrusions including mafic,
intermediate and felsic members and their fluid evolution was examined by several bulk

and micro-analytical techniques.

The distribution of rock units and their contact relations were obtained from field
observations and regional and detailed mapping. The Saxby (SIC) and Mt. Angelay
(MAIC) Igneous Complexes are dominated by metaluminous, potassic, magnetite-
bearing intrusive rocks, which intruded into the calc-silicate rocks of the Mary Kathleen
Group and psammo-pelitic rocks of the Soldiers Cap Group between 1530 and 1500 Ma.
The major rock types in the SIC include granites and a large number of mafic intrusions,
with limited pulses of intermediate magmas, typically observed at the magma
mixing/mingling locations. The MAIC apparently represents a more evolved pluton,
which has limited mafic intrusions with more intermediate rock types and abundant
felsic rocks. Other major rock types and structures include magmatic-hydrothermal
transition veins and ‘brain rocks’ of Mt. Angelay, mixed/mingled rocks and explosive
breccias of the SIC, and late igneous phases of pegmatites and aplites. Intense sodic/
sodic-calcic alteration is abundant in both complexes, complicating geochemical

interpretation.
vii



Petrographic and geochemical studies were used as tools to distinguish various rock
types and magmatic crystallization processes from sub-solidus hydrothermal processes.
The major and trace element studies together with rare earth element (REE) patterns and
field observations suggest different magma sources for the mafic and felsic rocks. The
REE patterns, depletion in Eu, Sr, P and Ti, and Y-undepleted nature of K-rich, abundant
felsic intrusions suggest a crustal source which is more likely depleted in garnet, titanite,
apatite, pyroxenes and/or amphiboles and enriched in plagioclases. In mafic and
intermediate intrusions, the decrease in CaO, Nb, Sr, Sc, V and TiO, with increasing
Si0,, together with negative Eu anomalies, suggested that fractional crystallisation of
plagioclase and amphibole were prominent processes involved in the formation of the
more silicic phases from mafic magmas. REE patterns also suggest that this mafic source
region was enriched in pyroxenes, amphiboles, apatite and titanite and depleted in

garnet.

The volatile evolution of the SIC and MAIC intrusions was particularly estimated from
halogen (F/CI) abundances and ratios of hydrous minerals including biotite, hornblende
and apatite, and from calculated halogen activities of magmatic fluid in equilibrium with
biotite. The F and CI concentrations of ferromagnesian minerals highly depend on Fe and
Mg contents; however, they show variable rates of compatibility with fractionation that
may have influenced the halogen concentration of the final magmatic-hydrothermal
fluid. The halogen contents of both whole rocks and minerals show high F and Cl
contents in mafic rocks and gradual loss in Cl with crystallization. The majority of F
analyses in the whole rocks are below detection, but the minerals show major increase in
F contents from mafic to intermediate rocks. The halogen variability in intrusions
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depends on a number of factors including bulk rock chemistry, wall rock alteration and

Fe-Mg avoidance.

Fluid inclusions were used as a tool to understand the magmatic-hydrothermal evolution
of the SIC and MAIC and the intrusions contain a variety of primary and secondary fluid
inclusions. The primary magmatic fluids of the SIC and MAIC include a common,
abundant CO; rich fluid phase, which may have been sourced from mafic magma. High
salinity, primary, multisolid inclusions of Mt. Angelay brain rocks represent magmatic-
hydrothermal fluids; in which their magmatic origin is also confirmed by PIXE halogen
ratios. The multisolid inclusions show very high salinities (38-60wt% NaCl equivalent)
and high homogenization temperatures ranging from 450-600°C and more. Secondary
inclusions of L+V+S (16-46wt% NaCl equivalent) and L+V (1-30wt% NaCl equivalent)
are present in all the SIC and MAIC rocks including granites, brain rocks and breccias,

and they homogenize in between 140-300°C and 100-250°C respectively.

The field and analytical studies suggest that the Saxby breccia pipes and Mt. Angelay
brain rocks represent the release of magmatic fluids at the final stages of magma
evolution (Chapter 2 & 6). It is suggested that the process of magma mingling and the
variable CO, input from mafic intrusions have played major role in the formation of
breccias and brain rocks. The fluid inclusion P-T estimations from these magmatic-
hydrothermal locations together with geochemical and mineral chemical observations
also provide clues to the overall volatile evolution of the mafic and felsic magma, and

their possible role in IOCG genesis.



The metal and element budget of some Cloncurry ore deposits and SIC and MAIC
intrusions are compared as the fluid inclusions provide a direct correlation. The primary
fluid inclusions assemblage in Mt. Angelay brain rocks (CO, inclusions + multisolid
inclusions) is similar to that found in the most obviously granite-related IOCG deposits
(especially Ernest Henry), and is verified in detail by PIXE and LA-ICP-MS analysis.
The element concentrations, ratios and Fe, Cu, Mn and Zn contents of multisolid
inclusions from these two settings show similarities, which suggest a magmatic
involvement in the IOCG ore genesis of Cloncurry. However, fluid mixing is also

suggested as a major process for the formation of ore deposits.

Although many previous studies supposed that granites were crucial in the magmatic-to-
IOCG connection, the data collected during this study suggest that mafic intrusions
played major roles in the evolution of Saxby and Mt. Angelay Igneous Complexes and in

the formation of some of the Cloncurry ore deposits.



TABLE OF CONTENTS

LI = o T =SS i
SEALEMENT Of ACCESS......eeeeeeeeee et e ettt et e e e ettt et e e e e s sttstaeeaaaeesss st sssssssasaaeesssssssssesasesasssnns ji
SEALCMENT Of SOUICES .....eveeeeeeeeeeeeee e ettt e e e e ettt e e e e e et sttt aaaeeesss e s sssssaeaaaeessssssssnaaaenanas jii
StAtement Of CONTIIDULIONS .........oeeeeeeeeeeeieiie e ee e ettt e e ettt e e et e e e st a e e e e esrtaa e e s ssaaeeessseaaesrees v
Y o Lo [=To Lo [T 1 1= £ 1 TN vi
Y o X 1 e Tor SO PSRRI vii
e o) (=R ) O (T (=T L XU PSRR Xi
L e o [V g =R Xvii
L e e ] o] =X USSR XXi

Chapter 1: Introduction

1.1, ThesSis ratioNale.....ccuiiiieieiie et et re e 1-1
1.2, THESIS @IMIS..eiiiiieiiieetie ettt s et e ettt e e sb e e bt e e mee e sabee s e smbeesaseesabeeesneeesaneesanes 1-3
1.3. THESIS STTUCTUIE ..ttt ettt et s e s ne e s e sbeeesaneesareeeanes 1-4
1.4, LItEratUure FEVIEW .....ciiiiiiiee ettt e s e e s e e e s e smee e e s sneeeesanneeeenans 1-8
1.4.1. I0CG issues 0N a global basis.........ccoccuuiiriiiiiiiccie e e e 1-8
1.4.1.1. Intrusions as fluids/metals and heat SOUICES ........evvvevieevvereeeeeeeeeeeeeeee e 1-9
1.4.1.2. Intrusions as heat source, but not as fluids/metals source..........c.ccoeuverennne.. 1-12
1.4.2. Introduction to Mt. Isa Inlier and Eastern Fold Belt..........ccceeueeriiiiniiiiieeneeene 1-13
0 TR 1 o T Vol ] o A | £y o T USRS 1-17
1.4.3.1. Cloncurry IOCG d@POSItS......cccecuieeeriiiiieceiieeeeetee e e eciee e eeire e e eetee e e e raee e e e eareeas 1-18
1.4.3.2. ClONCUITY INTFUSIONS.....iiiiiiiiieeiiiieteeeeiee e ecte e e e ste e e s be e e e sabeeeesabaee e e s ennbaeesennens 1-20
1.4.3.3. AIeration in CIONCUITY ..oocuiieiiiiiee ettt e e e e e e e e e rre e e e arae e e 1-23

Chapter 2: Field relationships

2.0, INErOTUCTION Lttt e sa e s e s bt e sabe e e b e e e beeesareesareeeanes 2-1
2.2. Study area and SAMPIING.....ccocciiie et e e e e araee s 2-1
2.3. Geology and field relations.........coooiiie i 2-2
2.3.1. Saxby I1gneous COMPIEX (SIC) ..eiiiiriieeeiiiiee ettt e e et e e e e e e e e 2-2
2.3.1.1. MiXing and MINGIING.......uuuiiiiiieiiiieiee e e e e e e e e rrre e e e e se e e e e e nnraees 2-6
2.3.1.2. MaAfiC INEIUSIONS ..eeitieiiieeitee ettt st e s esaree e 2-13

B T B R = T ool I- L3 PSR SP 2-18



2.3.2. Mt. Angelay Igneous Complex (MAIC) .......coccuireeciiieeecriee et e e cree e 2-19

2.3.2.1. Granites, syenodiorites and gabbros.........cccccvvieeiiiicci 2-21
2.3.2.2. BrainN FOCKS ..veeteeieenieeiiee ettt et n e s s s 2-22
2.3.2.3. Z0NEA VEINS ...eentiiiieriieiite ettt ettt et b e b e b e s s s 2-24
2.3.2.4. MagmatiC Breceia ..o iei it s 2-24
2.3.3. Other Saxby and Mt. Angelay granite contact relationships........cccccceveiriinnnennn. 2-25
2.4.SUMMary and diSCUSSION .....ueiieiiiiciiiiiieecee ettt e e et e e e e e e srr e e e e e e e e e e e e e anrraaeeaaeas 2-27

Chapter 3: Petrography

3.0 INTrOTUCTION .ttt st e st sttt eeen e e e 3-1
A Y o4 =T o] o 1 SRR 3-1
3.2.1. Saxby IgNeous COMPIEX (SIC) ....eeiiiriieeeeciiee ettt e et e e eeree e e e eearaeaens 3-3
I I R T S Tl o Yol 4/ o 1R 3-3
3.2.1.2. Intermediate roCK tYPES ..ccccvviieiiiiee et e 35
I B T |V, =1 ol o Yol 4V o =P 3-10
3.2.1.4. Mixed/mMiNgIed rOCKS ......coieirieetieeie ettt et e eere et et e 3-13
3.2.1.5. Magmatic-hydrothermal breccia......ccccceee e 3-14
3.2.2. Mt. Angelay Igneous Complex (MAIC) .......cooeeuieeeciiieeeeciiee et et 3-15
3.2.2.1. FelSiC rOCK tYPES . eeeeeeiiiiiieiie e e e ettt e e e et e e e e e e ee e e e e e e e s eeatsneraeeeeaeeenanns 3-15
3.2.2.2. Intermediate roCK tYPES .....cuvvieieiieee ettt 3-17
I e T |V, - Tol o 1ol AV o =TSRRI 3-19
3.2.2.4. Brain FOCKS ..veeteeiienieeniee ettt et 3-21
3.2.2.5. Magmatic-hydrothermal VEINS ..........eeveiiii oot 3-22
3.2.2.6. Granite BreCCia. ..o ii ittt 3-22
3.2.3. Rock types common in the SIC and MAIC...........cccovee e 3-24
3.2.3. 0. PegMatites .o e 3-24
3.2.3.2. APIIES ettt s 3-25
I B 0o W] o 4V oY &R 3-25
3.2.4.1. Calc SIliCate rOCKS .. ..eieiieeeeee et 3-25
3.2.4.2. IMlICA SCRISES ..eieeiieiiie ettt s e e sre e 3-26
3.2.4.3. AMPIIDOIEES. . uviiiieeee e e e e e e e e e e e e e e e e e e eanns 3-26

3.3. SUMMaAry and CONCIUSIONS......ccuiiiiiiiiee i cciiee et ere e e e etae e e e eate e e e ebreee e eeabaeeeennees 3-27

Xii



Chapter 4: Whole Rock Geochemistry

L A [ oY oo [F Tt i o T3 W ORI PUPUPTROPROP 4-1
By @ (oY Vol U1 VAT ] A U1 o o LTS 4-1
4.3. Samples and MethodOIOZY .....ccocuviiiiiiiiee e e e 4-4
B, RESUIES ...ttt ettt et e b e b e s bt sate s sttt e e b e b e b e neenneen 4-6
4.4.1. Geochemistry Of INtrUSIONS .....ceeiiiiieciiieee e e e e e 4-6
4.4.2. Major and trace element chemistry ........ccccvee i, 4-13
e Y o1 o LY o T o = .4 1P USPRE 4-16
4.5, DISCUSSION ..evviiiiiiiiiiiiiiie ittt bt e s saa s e se s st s e e s sbae e s seabae e s sans 4-16
4.5.1. Variations in major and trace elements .......ccccceeeeecieieciieee e 4-18
4.5.2.Variations in REE Patterns ... 4-21
4.5.3. Variations in multi element patterns.......ccccccee i 4-26
4.5.4. Implications for SOUICE reZIONS .....cccceuiiiiiiieee ettt e e e e e e e e e are e e e e e enns 4-27
4.5.5. Relationship with mineralization..........cccoviiiiiii i, 4-28
4.6, CONCIUSIONS ...ttt et e b e b e e abeesbeesmeesaeesanesane e 4-31

Chapter 5: Halogen chemistry of Cloncurry intrusions

5.1 INErOAUCTION .. sttt s e e sar e e s b e e sbeeesneeesareenas 5-1
5.2. Halogen substitution in MINerals..........ccceeeeeiiiciiiiee e 5-1
5.2.1. Avoidance effects and intercept Values.........cccueeevciieeieciiee e 5-3
5.3. Samples and MethodOlOgY .....cccuveiiiiiiieieee e e 5-6
D8 RESUIES ..t e s st sttt e n e e ens 5-8
5.4.1. Chemistry of MINErals.........coeeii oo ree e e e e e 5-8
R I N o - =4 T Yol = L < SUR 5-8
o A Y 0= 1T 5-10
5.4.1.3. AMPIIDOIE ... e e 5-10
54,14, BIOTITE eveeeieieet ettt st 5-13
54,15, APALITE e e e e s 5-13
5.4.1.6. Other MINEralS.....ccceiiiiieeie et st e 5-16
5.4.2. Halogen variations in minerals of Saxby and Mt. Angelay intrusions ................... 5-19
5.4.3. Halogen variations in coexisting fluid ..o s 5-22
5.4.4. Halogens in Whole FOCKS ......ccuuiiiiiieiee e 5-24
5.5, DISCUSSION w.eviiiiiiiiiiiiiiii ittt e sa e s 5-26



5.5.1. F and Cl volatile evolution in the SIC and MAIC............ueeeeiiiiiiiiiiiieee e 5-26

5.5.2. Possible causes of halogen variation ... 5-32
5.5.3. Magma volatile evolution and IOCG deposits .....ccccveeeriieeeeiiieeecciiee e, 5-37
oI ST 0] o Tol (V1] o] o -3 TR U SRR 5-38

Chapter 6: Fluid chemistry and evolution of Cloncurry intrusions

6.1, INErOAUCTION ..o et s e e sir e s e e e sbeeesaeeesaneeens 6-1
6.2. Fluid inclusion studies in Cloncurry district.........ccceeeeeieecciiieiee e, 6-1
6.3. Sample selection and desCription.........cccccciiei e 6-4
(S \V = d o Yoo [o] [o =V ARSI 6-8
6.4.1. Petrography and microthermometry ........cccoccveiieiiie e 6-8
6.4.2. Estimation of salinity, density and P-T conditions..........cccccceeeiveciieeee e, 6-9
6.5 RESUIES ..ttt s e e e s e s r e nnne s 6-10
6.5.1. Classification of fluid iINCIUSIONS........coocuiriiriieieeee e 6-10
6.5.1.1. Type 1-CO, bearing fluid inClUSIONS ........ccccviiiiriiieie e 6-13
6.5.1.2. Type 2-Two phase (L+V) fluid inclusions..........cccccuveeeeiiieiiiiiee e 6-17
6.5.1.3. Type 3-Halite bearing three phase (L+V+S) fluid inclusions ............cccucc........ 6-21
6.5.1.4. Type 4-Multisolid fluid iNCIUSIONS ......ceeeeiiieecciiiieee e 6-22

6.6, DISCUSSION ...eeeiiiiieiieieee e eeee ettt st e e st e e st e e s sme e e e s s sarere e eemreeessnreeeennnens 6-28
6.6.1. Estimation of pressure and trapping conditions ........cccccceeeevcieeeeciiee e, 6-28
6.6.2. FIUID @VOIULION .eeeieiiiiieiee e e s e 6-32
6.6.2.1. Fluid composition of the SIC and MAIC-A comparison.......ccccceeeveeeeecvveeeennnen. 6-33
6.6.2.2. Fluid evolution in MAIC ......ccceiiiii et 6-34
6.6.2.3. Fluid evolution iN SIC .....cccuiiiiiieiie et 6-35
6.6.3. CO, abundance in CloNcurry iNtruSioNS.......cccuviieeieeeeeecciiiee e e e e e cnreeeeeas 6-37
5.7. CONCIUSIONS ...ttt ettt ettt sttt ettt e b e et e bt e sb e sbeesneesmeesnees 6-39

Chapter 7: Fluid chemistry of Cloncurry intrusions-Micro-analytical study

/28 W [ 914 o T [V 1T ] o H PP PO UPTOPRPUIO 7-1
7.2. Inclusion selection and Methodology .......ccceoeeiiiiiiiii i 7-1
T 2.0 PIXE ettt ettt e e ettt e e e e b ar e e e e e e e e e e s e anreteeee e e e nrraeeas 7-1
7.2 2. LA-ICP-MS .ttt sttt nre e 7.3
7.2.3. Comparison of micro-analytical techniques........cccveeeeiiiiiicciiec e 7-4

Xiv



8 T S TSI U PR 7-6

7.3.1. Chemistry Of flUidS .....ccooeeiiieeeec e e e e e 7-6
7.3.1. 0. Primary FlUIGS ..ceo et e 7-6
7.3.1.2. Secondary flUids.......coouiii i e e e 7-17

74, DISCUSSION w.eviiiiiiiiiiiiiiii ittt s sba e s aba e e s snas e s s sara s 7-23

2 5 W o [0 I eloY 0 o Yo 1Y 1 4 o o Ky UUU 7-23

7.4.2. Halogens and fluid SOUIMCES.....ccciiciiiiiiiiee ettt e e e e e 7-26

7.4.3. Intrusions and 0re dePOSItS ...ceeiiiiicuiiiiiiie e eeccrree e e e crrrr e e e e e e e e e nnraees 7-28

7.4.4.10CG Ore flUid SOUICES .....eeruiiriiiiiieiie ettt s s 7-32

7.5, CONCIUSIONS ...ttt ettt ettt ettt ettt et e st esb e sb e e neenmeesnees 7-34

Chapter 8: Discussion

8.1, INTrOAUCTION ..ottt sttt e s e e sar e e sareesbeeesneeesaneeas 8-1
8.2. Chemistry and source of SIC and MAIC iNtrusions .......cccccceeeviieeeeeciee e e 8-1
8.3. CO, iN ClONCUITY INTIUSIONS ..eiiiiiiiieeeiieee et ee e ree e et e e e sbre e e ebee e e e b ee e e s baee e e e enreeeeennens 8-2
8.4. Evolution of SICand MAIC .......cociiiiiiie ettt nree 8-5
8.4.1. Saxby IZNEOUS COMPIEX ....uuriiieeeeeieciiiiitie e e e e ecctree e e e e e estrrre e e e e e s e nnrrre e e e seaeeeeennnnrenes 8-5
8.4.1.1. Lithology and distribUtioN..........ooiiiiiiiee e 8-5
8.4.1.2. Magma €VOIULION....cccoi e e e e e e e e e e e e e eanes 8-6
8.4.1.3. Genesis Of BreCCia PIPES. ...ttt sttt e e sae e 8-7
8.4.2. Mt. Angelay 12ne0US COMPIEX ...eiiiiiiieiiiiiiie ettt et aee e e e e e e eaeeeas 8-14
8.4.2.1. Lithology and distribution..........ccccuviiiiiiiiii e e 8-14
8.4.2.2. Magma EVOIULION......ccoiiiee et rtr e e e e ate e e e 8-14
8.4.2.3. Genesis Of brain rocks ........cceeiiiiiiiiiieee e 8-15

8.5. Chemistry of magmatic fluids .......coocuiiiieiee e 8-18
8.6. Origin of Sodic-Calcic alteration ...........eeveieei i e 8-20
8.7. Relationship between Cloncurry intrusions and IOCG deposits.......c.ccceeeveeeeecrieeeennnen. 8-21

Chapter 9: Conclusions and Recommendations

9.1, CONCIUSIONS....vieeieieiirt et sttt ettt st ettt s et ss e sas b aresbesenbesasebenes sentesens st sensesaressesenssens 9-1
9.1.1. Key findings on the chemistry & evolution of the SIC & MAIC.........cccceveivevevvevenrenns 9-1
9.1.2. Key findings on the connection between intrusions & ore deposits.......c.cccoeeeeueee.. 9-6

9.2. Recommendations fOr fUtUre WOrK.......cccivee ittt s s 9-7



21 o] [ToT={ 2 o] o 1V URURN B1-B24

Appendices
BT 10 oY o1 [T RS A-1
2. Mineral abbreViatioNnS.......occueiiiiiiiiieriie ettt e se e s st ste e sba e s naae e A-8
3. Whole rock E0ChEMISTIY ......uuiiiieee it e e e e e e e e e aarae e e e e e e as A-9
Y ol oY o] fo] o TSI T g T= | VA L UURRN A-14
LT o [T T T ol [0 1Y T o -SRIt A-51

XVi



LIST OF FIGURES

Chapter: 1
1-1: Map of Mount Isa Inlier showing different tectonic divisions..........ccccccvveeviiieeeiiienennn. 1-15

1-2: Simplified geological map of Eastern fold belt........coooovveeieiiiiiiii e, 1-16

Chapter: 2

2-1: Location map showing the distribution of samples.........cccceeeiiiiiiiiic e, 2-5
2-2:1: 25000 map of selected area inthe SIC .......cuvviiiciiie i 2-5
2-3:1: 100 map of MINgIiNG OULCIOP-1 ....uviiiiiiiiee ettt et e e e e arr e e e e aaee e 2-7
2-4: Photographs showing mingling and mixing between granitic and syenodioritic magma

= L 01U ol 0 o e 2-10
2-5:1: 200 map of MINGIING OULCIOP-2 ...uuviieieeeeecciieiee et e e e e e e e e e e e eanes 2-11
2-6: Photographs of magma mingling and mixing at outcrop-2.......ccceceveeeeciveeeiciveeescnneenn. 2-12
2-7: Photographs of magma mingling and mixing at outcrop-3........cccecvveeeevieeeeiciveeescnneenn, 2-14
2-8: Photographs of magma mingling and mixing at outcrop-4.........cccooveeeeieecciiiieeeeeeccnns 2-15
2-9: Photographs of different gabbro types inthe SIC.........ccoeviiiiieici e, 2-17
2-10: Photographs of magmatic-hydrothermal breccias observed in the SIC....................... 2-20
2-11: Photographs taken from MAIC magmatic-hydrothermal zone........cccccovveveciveeecnneenn. 2-25
2-12: Photographs of various country rocks in the SICand MAIC ..........ccccceevcieeeeeiiee e, 2-27
2-13: Cartoon showing different rock types and structures in the SIC and MAIC................. 2-30

Chapter: 3

3.1-4: Photographs showing various minerals and textural relationships in the intrusive rocks

OF thE SIC ..ttt s sbe e sbe e sbe e s s sabeesateas 3-6, 3-9, 3-12, 3-13
3.5-8: Photographs showing various minerals and textural relationships in the intrusive rocks

Of the MAIC ...t e e ree e st e e te e e aaeerneaee s 3-16, 3-18, 3-20, 3-23
3.9: TeXtures in PEEMATITES ..oooee i e e e e e e aan 3-24

Chapter: 4

4.1: Isocon plots comparing the rate of alteration in intrusive rocks.......ccccccoeeveeeeiiieeeecnnnnen. 4-8
4.2-4.3: Geochemical discrimination plots for SIC and MAIC rocks..........ccccceveeeeeeennns 4-10, 4-12
4.4-4.5: Major and trace element variation in SIC and MAIC rocks..........ccccceeeeeeeeennns 4-14, 4-15

XVii



4.6: Rare earth and multi element spider diagrams normalized to primitive mantle for the

rock units of the SIC aNd MAIC ...t e e e e e eb e brae e e e e e e eearareees 4-17
4.7: Fractionation of Sc, V, K, Rb and Ba with magma crystallization..........ccccceeevcveeeennnn.. 4-23
4.8: Partitioning of rare earth elements with fractional crystallization .........cc.ccccecvveeennen.. 4-24

4.9: Rare Earth Element diagram normalized to primitive mantle for gabbros and spotty
== ] o] o oo 1RSSR 4-26

4.10: Variations in Cu, Zn and Ni with fractional crystallization of SIC and MAIC rocks........ 4-30

Chapter: 5

5.1-5.2: Back scattered electron photomicrograph of plagioclase, hornblende, actinolite,
microcline, biotite, augite and apatite.. ... 5-16

5.3: Compositional variation diagrams for pyroxenes and amphiboles from the SIC and MAIC.

............................................................................................................................................... 5-18
5.4: Fluorine and chlorine variation in primary ferromagnesian minerals of the SIC and MAIC

............................................................................................................................................... 5-20
5.5: Fluorine and chlorine variations in primary apatites. ......ccccceecveeieiiiee e, 5-21
5.6: Fluorine and chlorine variations in apatite grains within the same rock ....................... 5-21

5.7: Variable crystal chemical controls in the halogen concentrations of ferro-magnesian
00T 10Tt = LTSRN 5-23

5.8: Calculated halogen activity ratios of residual fluid in equilibrium with biotite from various
rock types of the SIC and MAIC.........coiiii e e e e e rre e e e e saee e e e eaeeeaeans 5-25

5.9: Halogen variations in Whole roCKS .........eceiiecciiiiiii et e e 5-26

5.10: Variation in chlorine and fluorine vs. whole rock Xy, for amphibole, biotite and apatite
for the SIC and MAIC INTrUSIONS. ..cceviiiriieiieieriee sttt sre e ssbe e e sbe e sbaeesaaeesaneas 5-28

5.11: Variation in chlorine and fluorine activities of residual fluid in equilibrium with biotite
VS. WhOI€ rOCK Xitg, cuvevveimiiiiiiiiiiiiiiiiiic i s s 5-30

5.12: Chlorine and fluorine partitioning between amphibole and biotite in different intrusions

OF the SIC AN IMAIC ...ttt sttt e bt b e b enreens 5-31
5.13: Halogen variation in different minerals within the same intrusion..........ccccccoveeeenneee.. 5-32
5.14: Halogen partitioning between different minerals within the same intrusion.............. 5-33
5.15A: Halogen abundance in different parts of the same amphibole grain ....................... 5-37
5.15B: Halogen contents of felsic intrusions vs country rocks ........cccccovveeeeeiiiiciiiiieeeeeen e, 5-37

XViii



Chapter: 6
6.1 & 6.2. Photographs of SIC and MAIC rocks used for various fluid inclusion analyses....... 6-7
6.3: Microscopic images of type 1a fluid iNclusions ..........ccoeccieiieiiee e e, 6-14
6.4: Histograms of CO2 melting and homogenization temperatures of type 1a inclusions..6-16
6.5, 6.7 & 6.8: Various fluid inclusion assemblages in SIC and MAIC rocks........ 6-18, 6-23, 6-25
6.6: Comparison of CO2 melting and homogenization temperatures in type 1 inclusions...6-19
6.9: Histograms of eutectic temperatures in different fluid inclusions..........cccccovvveeeiennee. 6-25
6.10: Histograms of final ice melting and hydrohalite melting temperatures in inclusions..6-26

6.11: Histograms of vapour homogenization and total homogenization temperatures in

different fluid iINCIUSION TYPES ..veeiieeieiee et e e e e era e e e a e e e e aaaee s 6-27

6.12: P-T diagrams for type 1a inclusions from different SIC and MAIC rock types.............. 6-31

6.13: P-T diagrams for type 3b inclusions from different SIC and MAIC rock types.............. 6-33

6.14: salinity vs ThTOT of SIC and MAIC fluid inClUSIONS.......ccvvveiiiieeeeciee e, 6-37

6.15: T-XCO2 diagrams for high salinity (35 wt% NaCl) brine-CO2 fluids......c..cccceevveerinnennn. 6-39
Chapter: 7

7.1: Representative LA-ICP-MS signal in a multisolid inclusion ...........ccccoveveeiiiiiiiiiieenece e, 7-5

7.2: Elements measured in multisolid inclusions by both PIXE and LA-ICP-MS methods ....... 7-7

7.3: Element ratios in fluid iNCIUSIONS ....cc.eiiiiiiiiiiieeeeeee e 7-8
7.4: Representative PIXE element maps of type 4 inclusions........ccceeeeecieeevciieeccciee e, 7-13
7.5: PIXE results of Cl and elements.......coceeiiiiieieiriieieeeeeeeeeee e e 7-15
7.6: Major and trace element concentrations in type 4 inclusions ..........ccccceeeeecivieeeeeeeeenne, 7-16
7.7: Representative PIXE element maps of type 1¢cinclusions ........ccccccvveeeeeiiiccciiieeeeeeeeeen, 7-18
7.8: Major and trace element concentrations in type 1c inclusions ........ccccceeeecivieeeeeeennnns 7-19
7.9: Representative PIXE element maps of type 3b inclusions........cccceeeveeieccieecccieee e, 7-21
7.10: Major and trace element concentrations in type 3b inclusions........ccccceeevciveeiinnenn. 7-22
7.11A: Representative PIXE element maps of type 2b inclusions .........cccceveeciveeiiciveeeccnneenn. 7-24
7.11B: Major and trace element concentrations in type 2b inclusions..........ccccccvveeeeeennnnns 7-24
7.12: Major cation concentrations in different fluid inclusions...........cccoccveeiiiicciieeee e, 7-27
7.13: Halogen ratios of different fluid inClUSIONS........ccooiiiiiciiiiiiei e, 7-28

7.14: Comparison of element abundance in type 4 inclusions from brain rocks and ore
(o 1=T o Yo 1] 1 £ SR 7-30

7.15: Comparison of K/Ca ratios in type 4 inclusions from brain rocks and ore deposits.....7-30

7.16: Comparison of Cu in type 4 inclusions from brain rocks and ore deposits .................. 7-33

XiX



7.17: Halogen ratios in type 4 inclusions from brain rocks and ore deposits.........ccccceenneeee 7-34

Chapter: 8
8.1: Schematic diagram for the formation of mafic and felsic intrusions in the Cloncurry.....8-3
8.2: Cleverley’s model for the formation of Saxby breccias.......ccccocveeeviiiiiecieiiccee e, 8-11
8.3: Model diagram for the formation of Saxby breccias........ccccovveeeiiiiccciiiiei e, 8-12
8.4: Lithology and magma evolution of the SIC ... 8-13
8.5: Model diagram for the formation of Mt. Angelay brain rocks ..........cccccceeeeiiiiciiiennennnn. 8-17
8.6: Lithology and magma evolution of the MAIC ...........ccciiiiiii e, 8-18
8.7: SIC and MAIC evolution and connection with IOCG deposits.......ccccecveeeeicieeeccieeeeennnen. 8-16

XX



LIST OF TABLES

Chapter: 1

1.1: Characteristics of major IOCG provinces around the world .........ccccceecieeiiiieeecciineeenn. 1-11

1.2: Characteristics of major IOCG deposits in CIONCUITY ........eeveciieeieiieee e 1-19
Chapter: 3

3.1: Representative mineral modes of different rock types from the SIC and MAIC............... 3-3
Chapter: 4

4.1: Representative major and trace element concentrations of altered and unaltered rocks

from the SIC AN MAIC........e ottt beennee s 4-11
Chapter: 5

5.1: Representative microprobe analyses of plagioclase from the SIC and MAIC rocks. ........ 5-9

5.2: Representative microprobe analyses of clinopyroxene from the SIC and MAIC rocks. .5-11
5.3: Representative microprobe analyses of amphibole from the SIC and MAIC rocks........ 5-12

5.4: Representative microprobe analyses of biotite and calculated halogen activity ratios in

the magmatic fluid equilibrium with biotite from the SIC and MAIC rocks........ccccceeeunnnneeen. 5-14

5.5: Representative microprobe analyses of apatite from the SIC and MAIC rocks.............. 5-15

5.6: Representative halogen activities of magmatic fluid with biotites. ........cccccovvveeeiinnnni. 5-24
Chapter: 6

6.1: Samples used for various fluid inclusion aNalyses........cccccueeieciieeiccieee e 6-5

6.2: Summary and classification of different fluid inclusions observed in the SIC and MAIC6-11

6.3: Relative abundances of fluid inclusions in different rock types .......ccccceeeeeeeciiieneeennnnn. 6-12

6.4: Summary of petrographic and microthermometric data for all fluid inclusion types....6-29
Chapter: 7

7.1: The suite of elements detected by PIXE and LA-ICP-MS analyses.......cccoceeevciveeeeiieeennns 7-9

7.2: Minimum, maximum and average concentrations of selected major and trace elements
measured by PIXE in fluid iNCIUSIONS......ccocii it 7-11

7.3: Minimum, maximum and average concentrations of selected major and trace elements
measured by LA-ICP-MS analysis in fluid inClusions. ........cccccvveeiiiie e, 7-11

7.4: Minimum, maximum and average values of selected element ratios measured by PIXE
analysis in FlUid INCIUSIONS .......uviiiii e e e e e e e e e e rrre e e e e e e e nnes 7-12

7.5: Minimum, maximum and average values of selected element ratios measured by LA-ICP-
MS analysis in fluid INCIUSIONS ........ciiiiiiiie e e e e e e e e aaeeeeaes 7-12

XXi



	COVER SHEET
	TITLE PAGE
	STATEMENT OF ACCESS
	STATEMENT OF SOURCES
	ELECTRONIC COPY
	STATEMENT ON THE CONTRIBUTION OF OTHERS
	ACKNOWLEDGEMENTS
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES



