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ABSTRACT

The study © fluid inclusions in this thesis ws used as a research tdol
characterize fluids associated with specific types of depasitirelated hydrothermal
systems and tovestigate ore deposition processes with the ultirasieof addressing
key questions alating to oregenesis.Two magmatiehydrothermal systemswere
investigated The first part of the thesis focuses on the study ofShiide Ridge
Barren Breccia PipéSRBP; ~ 1527 + 4 Ma)pcated in the Snake Creek ar@athe
Cloncurry district, Austilia. The pipeis one of numerous breccia systems that
characterizethe Cloncurry District ands temporally and spatially associated with a
granite that outcrops at its southwestern boundary and wgadcribed to th&Villiams
and Narakumagmatic evenfca 15561500 Ma). The breccia is characterized by clasts
of variable dimensions, degree of rounding and composition that includes dominant
calcsilicate clasts of the Corella Formation that underlie rocks of the Soldiers Cap
Group that host the pipe. Thisdicates a dominant upward transport of the fragments.
Other breccia fragments includeanitebodies characterized kajbite-quartz rocks that
have textures typical of the magmatitydrothermal transitionThese rockslikely
formed in a fractionated capace of a graniteluring the exsolution otWolatiles
associated with the cooling magmBwo dominant types of inclusions have been
identified in these textures and include early primary and pseudosecondanciCcO
and secondargodiccalcic brine inclusins. TheCO,-rich fluid inclusions represent
fluid released from the crystallizing magraad variable homogenization temperatures
in the primary and pseudosecondary inclusions indicate that they were trapped under
different pressure conditionBresuresestimated from the primary CG@luid inclusions

suggest that they were trapped at 4.2 kbateast 1 kbaabovethe inferred lithostatic
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pressure. This likely represents the overpressupmogiuced by release @O,-rich
volatiles during the crystallizath of magma and which ultimately caused the
subsequent brecciatioSodiccalcicfluid inclusions represera later influx of fluidsin

the breccia system that produced widespread albitizaBatk crush leachanalysis
suggests that thearbonicfluid inclusionsin the granite clastdhiave either a magmatic
origin or formed from the dissolution of evaporites (or mixing of the two), whereas the
sodiccalcicinclusionsmay have been sourced frdmtternbrines.

The study also included LA ICP MS analysis afidl inclusions from the SRBP
and the Eloise Gu deposit in order to address the key differences between barren and
mineralized hydrothermal systems in the Cloncurry district. The major difference
between the barren breccia pipe and IOCG deposits isbdenee in the former of
multisolid high salinity, high temperature fluid inclusigssiggesting that theseere
critical for the formation of IOCGdeposits. Fluid mixing was a key deposition
mechanism at Eloisas indicated byhe general abundance of Ba multisolid fluid
inclusions, that possibly suggestg&or fluid, the variable chemistry of fluid inclusions
consistent wittamixing trend and the significant lower of salinity that characterize later
fluids compared to the ore forming fluidat can nbbe attributed to precipitation of Cl
bearing phases. The preferred model for deposition at Eloise is fluid mixing
between hot, ultrasaline €hearing,S-poor fluid, evolving as the result of cooling and
wall rock reaction as it migrated @ northerndirection and a $earing fluid cooler
fluid. Possible sources of sulphur inclutte later halitebearing fluid inclusions and
COg-rich fluid inclusions.

The second part of the study focused loa base metaich, high-temperature,
carbonateaeplacemenBismark deposit in northerMexico. Previous fluid inclusion

studies based on microthermometry and PIXE showed that theclZnPbkpoor
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Bismark deposit formed from a moderate salinity magmatic fluid but the exact
precipitation mechanisms were unclearrtRermore, PIXE data suggested that Pb and
Zn concentrations were comparable and inconsistent with theeEmature of the ore.

In this study LA ICP MS analysis of the same fluid inclusion populations was carried
out to compare with the PIXE data and tieav results were used to model possible ore
deposition mechanismsThe new laser ablation data revealed overall lower
concentrations of Pb in the ore fluid (average value ~336ppm) than previously indicated
by PIXE analysis (average value ~713pp@hemicd modeling using thisnew data
tested the following processes: 1) cooling; 2) flulbck reaction at constant
temperature; 3¢ooling and simultaneous fluigck interactionModeling results show

that the gangue and ore minerals observed at Bismabestreeprodaed by fluidrock
interactionwith simultaneous cooling. Results frothe simulations strongly indicate

that ore deposition was mainly driven by a pH increase due to the neutralization of the

acidic ore fluid (pH= 3.9) throughreaction with thdimestone.
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Chapter 1 - Introduction

1.1.General introduction

The large number of works published each yearfloi inclusion studies
applied toore depositesearchllustratesthe importance othis topic Fluid inclusions
represent a direct sample of ore forming fluids and proside a valuablesource of
information about the chemistry and conditions o$uch fluids and ore forming
processesThe study of fluid inclusiongn this thesiswas used as a research tadol
characterize fluids associated with specific types of depasitirelated hydrothermal
systems and tovestigate ore deposition processes with the ultirasieof addressing
key questions relating to ogenesis. Twosystemswvere investigatedhebarrenSuicide
Ridge Breccia Pipe(SRBP) located in the Snake Credlnticline of the Cloncurry
district, Queensland, Australiand the Bismark Ziskarn deposit, situated in northern
Chihuahua, MexicoThe first @rt of the project focwes on the study of the barren
SRBPR one ofnumerousbreccia occurrences in the Eastern Fold Bdirshall, 2003;
Oliver et al., 2006)and illustrateshow information from a number of differefitid
inclusiontechniques can biategratedin orderto draw conclusions about eferming
processes and® deposit modeldnterest in breccia systesmn the Cloncurry district is
related to their possible linkith iron oxide coppergold deposits.Much of thefluid
inclusion research in the distridtas focused on fluids associated with ore deposits
(Adshead, 1996; Baker, 1998; Rotherham et al., 1998; Williams et al., 2001; Mustard et

al., 2004; Wiliams, personal communicatignyvhile few studies have dealt with
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regional fluids(Fu et al., 2003; Fu et al., 2004a; Fu et al., 20(&ti® in particular
baren breccia system&e Jong and Williams, 1995; Marshall, 2003; Oliver et al.,
2006) Therefore, the aims dhis part of the projecreprimarily to determine the fluid
characteristics associated wihe barrenSRBPandto compare them with fluids linked
to ore deposits in order to understand the key differences between barren and
mineralized systems. Research tools include conventional methodshsas fluid
inclusion petrographyand microthermometry combined with more cutiedpe
techniques suchslLaser Ablation mductively Coupled Plasma Mass Spectrometry (LA
ICP MS).The study hasmportantimplications forthe genesis ofreccia pipein the
Cloncurry district, particularlyn relatian to the role played by fluids during brecciation
and for the nature and origirof fluids that produced widespreasiodic ¢calcic)
alteration in the district. The research atgters new insights into the nature of fluids
associated with IOCGagositsand into processes involved in the formation ofAlu
mineralization in the Cloncurry districthe second part of therojectillustrateshow
data obtainedrom fluid inclusions can bappliedto geochemical modeling simulations
of oreforming pracesses. The system chosen for this applicatiathesZn Bismark
deposit one of several base metath hightemperature, carbonateplacement
deposits hosted in northern Mexicbhe Bismark deposit was chosen becaokés
well constrained geologgndfluid inclusion dataBaker and Lang, 2003; Baker et al.,
2004) Results from the modellingindin particular the close reproduction of ore stage
minerals of the Bismark deposit, support tgplication of flud inclusion data to

modellingin orderto test ore genesisypothesis
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1.2.Thesis aims

1. Define the chemistry of fluids associated with the SRBRusing a
combination of conventional and cuttingedgeanalytical techniques

The thesis reports a detailed stunlfythe physicakchemical properties of the
fluids associated with the SRBP. Information was gathered employing an innovative
approach that combines the application of several analytical techniques. In addition to
conventional fluid inclusion petrography andcrothermometry, the study included
cathodoluminescence analysisser Raman spectroscopy (LR®ulk crushleach,
microprobe analysis andser ablation inductively coupled mass spectrométfyICP
MS). A review offluid inclusion analyticatechniquess reported in Section 1.5.

New fluid chemistry data combined with geological and petrographic evidence
and with the integration of existing published data are used to defimedal for the

genesis of the SRBP.

2. ldentify key differences characterizing barren and mineralized systems
in the Cloncurry district
For this purposevas carried oua detailedcomparisorof fluids associated with
the SRBP and fluids from the Eloi€+ Au deposit. New quantitative microanalysis of
fluids from the Eloise depositsyl A ICP MS has been presented and proditiee
basisof a refined model for the genesis of the depdSamparison of barren and
mineralized hydrothermal fluids was also expanded to major IOCG deposits and

regional barren sgems in the Eastern Fold Belt

=
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3. Application of fluid inclusion data to geochemical modelling of ore
deposition processes

Geochemical modelling is a powerful tool that can be used to quickly test
hypotheses about ore genedeviousgeochemical modellingimulationsof fluid-
rock interactiors utilized a model fluid whose composition was generally estimated
equilibriumreactionwith a model rock prior to entering the systérg. Komninou and
Sverjensky,1995 Komninou and Sverjensky, 1996@ue to the inability of analytical
techniques to accurately determine the ore fluid chemistip. this thesis, new
microanalytical fluid inclusions datprovided the basigor geochemical maalling
simulations of ore forming processésr the modelling, ideally, it would have been
best to utilize the IOCG data from the Eloise-@w deposit. However, IOC@eposits
in the Cloncurrydistrict are very complex systems whose genesis and particularly fluid
nature and orforming processes arsetill subject of debate and controversy. In
particular,fluid inclusions regarded as the dmgming fluid have very high salinity (40
60 wt% NaCl equiv.) and contain several (3 to 5) daughter phases indicating a complex
aqueous systenCurrent thermodynant models are unabléo model such complex
fluids. Therefore, as an alternatittee Znrich Bismark skarn depositas selected for
the modeling test due to itwell constrained geologwnd fluid inclusion data. In
addition, it was felt that the geochemicabdelling section of the thesis represents a
standalone scientific paper. Therefore, it is presented in a journal submission format. It
is, however, an integl part of the thesis as it preserdsnew approach in the
investigation of hydrothermal and mnaéizing processes based on microanalytical fluid

inclusion analysis.
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1.3.Methodology

Geological mappingf the SRBPwas conducted between 2004 and 2608
includedthe documentation othe nature of breccia groundmass asldss, the nature
of the host rok and alteration affecting the pipe(Chapter 3) The fieldwork also
included the collection of samples for petrography and fluid inclusions studies
(Chapters 3, 4, &and Appendix 3.). The composition of the breccend ironstones
were determined throughe observations of hand specimen, polished thin sections and
microprobe analysi€Chapter 3)

A detailed fluid inclusion study wasconducted to characterize the flsid
associated with th&RBP. The research study integrated the usesederal different
techniquesincluding a paragenetic study, microthermometrgathodoluminescence
analysisLA ICP MS, bulk crushleach laser raman analysand microprobe analysis of
apatites (Chapter 4 and 3. additionthe LA ICP MS study includedluid inclusions
from the EloiseCu-Au deposit(Chapter 6)and from tle Zn Bismark skarn deposit
(Chapter §. Details and analytical procedures of edebhniqueare reported in the
appropriate chapters together with the presentation of analytical results.

Geochemical modelling was used to simulate-forening processesor Zn
Bismark deposittilizing datafrom fluid inclusion analysis (Rapter8). Geochemical
modeling simulations were performed using The Geochemists Workh@arB)
software packagéBethke, 1996; Bethke, 2002Jhe thermodynamic datasdor the
simuations wasspecifially created foithis casgCleverley and Bastrakov, 200&hd

details are reported in Chapter
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1.4. Thesisoutline

The thesiss subdivided itmo two partsfor a total of9 chaptersChaptes 1 and 9
aregeneraintroduction and conclusions respectivdbart | includeshaptes 2 to 7and
focuseson the firstof the two systemstudied the SRBP Part Il containsChapter8 and
focuseson the Bismark Zrskarn depositThe structure of the thesis and content of each

chapterareoutlined below.

Chapter 1 zintroduction

This chaptepresents the general aims and structure of the thesis as well as the
methodology applied in theesearch The chapter concludewith a brief review of
previousfluid inclusion researctand geochemical modelling studiepplied toore

deposits

Part |: Geology and genesisof the barren Suicide RidgeBreccia Pipe
Snake Creek Anticline - Implications for IOCG formation in the

Cloncurry district

Chapter 2 - Regional Geologyof the Mt Isa Inlier
This chapternntroduceghe study of th&sRBP, describs the regionabeological
context in whichthe breccia pipéormedandsummarizeprevious research on regional

hydrothermal systenmand I0CGdeposits
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Chapter 3 - Geology and petrography of the Suicide Ridg8reccia Pipe

Chapter3 focuses on the geolognd petraggraphyof the SRBPand associated
rocks. In particular, the chaptgresentdetailed descriptiamof the geometry and the
field relationships of thebreccia pipe the distribution of breccia fragments,
petrographic characteristic$ thebrecciaand ironstondodies foundvithin and around
the breccia pipeThe differenttypes of alteration that affetthe brecciaandhost rocks

are also documentednd their relativéiming.

Chapter 4 - Fluid chemistry and conditions of the Suicide Ridge Brecca Pipe (l):
Fluid inclusion paragenesis, classification and microthermometry

Chapter 4is the first of two chaptserdedicated to the study of fluid inclusions.
This chaptein particula focuses on thelassificationof fluid inclusion types and their
temperature, pressure and denslilough the study of the fluid inclusion paragenesis

microthermometri@and laser Ramaanalysis.

Chapter 5 - Fluid chemistry and conditions ofthe Suicide Ridge Breccia Pip€ll):
microanalytical, bulk and microprobe analysis

This chapter focuses on the investigatioh the chemistry of the fluids
associated th8RBPusing several angiical techniques that includeA ICP MS, bulk

crushleach and microprobe analysis.

Chapter 6 +A comparison of hydrothermal fluids related to the Eloise CuAu
deposit and to theSuicide Ridge BrecciaPipe
In this chapteresults from LA ICP MS analysis of fluid inclusierirom the

Eloise CiAu depositare presented and discussedthisTstudy aims to expand the
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knowledge of the chemistry diuids associated with IOCG depasin the Cloncurry
districtand providenewinsights into oreforming processed.he chapter also addresses
the issue of the formation of barren versus mineralized systethfor this purpose the
fluid inclusions assoctad with the Eloise deposit are compared to fluid inclusions

related to thé&uicide Ridge Barren Breccia Pipe.

Chapter 7 - Discussion

The main results of the study of thiest part of the projecare herepresented
and discussedhe chapter is subdived into three main sections. the first sectiorthe
genesisand evolutionof SRBP are discussed with particular attention to the #uid
involved in the pipe formation and albite alteratibonthesecond sectiothe nature and
origin of fluids from theEloise CyAu deposit are discussedgether with possible
models for the genesis of the deposithe final sectionfocuses ona comparison
between fluids associated with IOCG deposits, intrusgteted hydrothermal systems
and regional barren environments the Cloncurry districtthat aimsto determine

possible differencebetweerbarren and mineralized systems

Part Il

Chapter 8 - Geochemical modelling of a ZAPb skarn: constraints from LA ICP
MS analysis of fluid inclusions

The secondoart of thethesis focuse®n theBismark Znskarn depositThis
study represents an attempt to apply fluid inclusion data obtained from LA ICP MS
analysis to constrain the initial composition of the-fanrening fluid in geochemical

modelling simulations of possibleeforming processes
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Chapter 9 - Conclusions
This chaptersummarizes and highlights the major findings of the research

projectandbroaderimplicationsfor magmatiehydrothermal processes.

1.5.General background

The potentialof fluid inclusion researcfor unveiling the nature of mineralizing
fluids and oreforming processes was first recognized by Sdd8p8)almost 1B years
ago.Since then the study of fluid inclusiomsgeneraland associated to ore deposits in
particulatr has developed significantly thanks to the wodf many researchersn
SDUWLFXODU 5RHGGHU , bBddbenefilikgHespeizllyiR §h2 Rt iew
decades from technologicaladvanes that allowed the development ioinovative
analytical methodsand the improvement of existing techniqu@®oedder, 1967;
Roedder, 1984; Shepherd et al., 1985; Lattanzi, 1991; Boiron and Duld&gsy,
Lattanzi, 1994; Roedder and Bodnar, 1997; Shepherd and Rankin, 1998; Wilkinson,
2001) The information that can be obtained from fluid inclusions includes temperature,
pressire, density and compositiomhis information can be used to improvee
knowledge and understanding of the natmd origin of mineralizing fluids, conditions
of metaltransport asvell as to identify processegarticulaty those that may have led
to ore deposition.Temperature, pressyrdensity salinity as well as mar salt and
volatile compositionare routinely obtained frommicrathermometric measurements
Determination of theletailedchemistry of the fluidsvasfor manyyears restricted to
microthermometry and bulkethodge.g. Shepherd and Rankin, 1998)ich provided

qualitative or at best semuantitative analysidNowadays therarea large number of
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techniques available for fluid inclusions analysis, spanning from the bulk methods to the
recently developed single inclos microanalytical techniquesincluding high
sensitivity analytical methodsich as ICP MS amadicrobeam technologies.

The analytical procedure of bulk methods generally include three steps: opening
the inclusions, releasing the inclusion content and ammagythe extrac{Roedder and
Bodnar, 1997)There are averal variations of the above procedure mainly relating to
the way the inclusion content is released. (crushing, thermal decrepitation) and the
instrument used for the analysis (ilen chromatography, ICPJRoedder, 1990;
Roedder and Bodnar, 1997; Shepherd and Rankin, 1998; Gleeson, P0@3)ajor
advantages of bulk methodsclude the capability of analgzanions,the capacityto
analyze fluid inclusions toemall for single inclusionsanalysis ando generate data
rapidly and cheaply for a large number of inclusig8sepherd and Rankin, 1998;
Gleeson, 2003)On the other hand, bulk methods suffarticularly from problems
related to sample contamination, especially when the material is vergréimeed and
of loss ofmaterial during the preparati@ndextractionof the sampléRoedder, 1990;
Roedder and Bodnar, 1997; Shepherd and Rankin, 1998; Gleeson, R@@®rmore,
since the techniques provide an average composition of the fluid contained in the
sample the analyzedamplesshould contain only one or at least a domirgerteration
of inclusions (Roedder, 199&oedder and Bodnar, 1993hepherd and Rankin, 1998
Gleeson; 2008 In these cases to avoid such inconvenience the usagh snclusion
techniquess more appropriate.

Among the most widely used single imslon methods are the non destructive
laser Raman spectroscopy (LRS), proton induce@dyXemission (PIXE), synchrotron
X-ray fluorescence microanalysis (SXFMA) ashestructivdaser ablation (LA)Details

and overviewsof LRS methodology can be found iecent reviews by Turrell and
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Corset(1996) McCreery(2000) Burke (2001) and Burrusg2003) In fluid inclusion
analysis IRS is particularly used for the determination of gas speciesatsufor the
identification ofcertaindaughtemphasesThe method is based on the inelastic scattering
produced by the vibration of molecular bonds when illuminated with monochromatic
light. The inelastic scattering produces a shiffrequencyof a small portionof the
incident light (10® % of the incident irensity) the Raman scatteringthat is
characteristic of the molecular gpes that cause the scatterif@urke, 2001; Burruss,
2003) One of the weaknesses of this method is the inability to identify +atomic
ions in solutionsbecauseghe Raman scattering is proeuc by molecular vibrations
(Burke, 2001; Burruss, 2003)Detemination of aqueous species is restricted to
polyatomic anionsThe technique iparticularlyuseful for the identification of daughter
minerab characterized by strong oxygen bonds such as oxidebpraes and
sulphates, whereas minerals with ionic b®ie.g., halite, sylvite) are usuallyon
detectablg¢Burke, 2001)

PIXE analysis is nowlestructive and utilizes a proton beam to irradiate the
sample that produces characteristic secondargyX. Quantification of PIXE analysis
requires modelling of the fild inclusion geometry and estimation of depth and
thicknesgRyan et al., 1991; Heinrich et al., 1992; Ryan et al., 1983) mayresult in
significant errors (up t80 %; Heinrich et al., 1992 he estimationof the inclusion
depthis particularly critical influencinghe determination of concentrations of light
elements due to absorption of l@mergy Xrays (K lines for Z < 21 and L lines for Z <
50) producing, forexample, errors of more than 50 percent in Cl concentrations for
depth uncertainty of £1.Bn (Heinrich et al., 1992)Additional sources of error are
related to bterogeneities in the inclusion, such as the presence of vapour and/or

daughter phasedue b variations in Xray absorption and variations in beam intensity
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for different vapour bubble and/or crystal position (Heinrich et al., 1992; Riah,
1991).Detection limits vary significantly depending on the inclusion size, depth, nature
of the matix and atomic mass (Z) of the analyzed elemeRIXE is commonly
combined with protorinduced gammaay emission (PIGEYsedfor the determination

of lighter elements (Z<14).

SXFMA analysis is nomestructive and utilizes an-day beam to irradiate ¢h
sample that generates characteristic secondargyX Detail on the method and
application to fluid inclusion studies can be found in the review by Vanko and
Mavrogeneg1998)and in several other publicatioffsrantz et al., 1988; Rankin et al.,
1992; Vanko et al., 1993; Mavrogenes et al., 1995; Philippot et al., 1998; Buhn and
Rankin, 1999; Philippot et al., 2000; Menez et al., 2001; Philippat., 2001; Menez et
al., 2002; Cauzid et al.,, 2004; Rickers et al., 2004; Cauzid et al., .2006)
quantification of SXFMAanalysis requirefiuorescence adsorption corrections related
to the depth and thickness of the single fluid inclusismmilar to PIXE (Vanko and
Mavrogenes, 1998Detection limits vary significantly depending on the host mineral
analyzed elemeraind geometryelated factors (e.g. size and depth of the inclusion)
(Mavrogenes et al., 1995; Vanko and Mavrogenes, 1988yereral, detection limit
vary from around 2ppm for Mn to around 1000 ppfor ClI (Vanko and Mavrogenes,
1998. Relative error is estimated in the range between 10 and 40% depending on the
analyzed element (Vanko and Mavrogenes, 1998).

Laser ablation is a deuctive technique in which the fluid inclusion is opened
by a laser, the content volatilized and transpodad analyzedn a spectrometer.
Variations of the methods are related to the choice of the employed laseethat! of
detection (ion mass spemtmetry or photon emission spectrometri) this thesis

inductively coupled plasma mass spectrometry (LA ICP MS) was used to analyze fluid
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inclusions from the&SRBP, from the Eloise G-Au deposit and the Bismark ZPb skarn
deposit.Detection limitsvary sgnificantly and must be determined for eaglement in
each inclusiorbeinga function of the mass of the elemetite sizeand shape of the
inclusion andhe number of elements measured from a single inclslemrich et al.,
2003) Standard detection limits for fluid inclusions of & are in the Ry range
Imperfect sampling of inclusions, particularly of inclusions containing daughter
crystals is oneof the primary source of uncertainti@deinrich et al., 2003)LA ICP

MS do not sufferdepthrelatedor inclusion size and geometproblems as much as
PIXE andSXFMA (Heinrich et al., 2003; Allan et al., 28D

Eachmicroanalyticaltechniquehas its own strength and weaknesseshat the
choice of the method to employ depends on the type of problem to solve and the fluid
inclusion material to analyz©ne of the innovations described in this thesis is the use
of combined techniquén order toobtain data analysis as detailed and complete as
possible This approach was applied to characterize the fluids associated with the
Suicide Ridge barren breccigopi focus of the firgbart of the thesis.

A further new development utilized in this thesis is the application of fluid
inclusion data to geochemical modellingatural geological processes are often not
observélle andcomputer simulations of geochemigadocesses offer the undoubted
advantageto test potential modebk of orefforming processes relatively quickly and
inexpensivelyResults from modelling can be readily compared withnieiralsystem
and thus enabléypothesistestingabout ore depositionseochemical modelling has
been inevitably linked to the development of computddsnetheless,the first
geochemical calculati@rin the sixties were computed by hai@arrels and Thompson,
1962; Garrels and Mackenzie, 19@&nd the fist computerized geochemical simulation

was run by Helgeso(i1968) This first code was followed by a number of software
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packages for geochemical modelling such as SOLMNKl@araka and Barnes, 1973)
WATEQ (Truesdell and Jones, 19740OLVEQ and CHILLER (Reed1982) and
EQ3/EQ6(Wolery and Jarek, 2003Nowadays, there is a large number of software
packagedor geochemical modelling availabb®mmercially or that cabe downloaded
directly from the web,including some updated versions ofhe above mentioned
computer softwaréi.e. EQ3/EQ6 Wolery and Jarek, 2003T.he quality of modelling
results depends on the quality and completeness of the data applied hadlafasset
used.

In the pasthe composition of thenodel fluidin geochemical modelling studies
of fluid-rock interactionwas commonly reconstructed assumieguilibrium with a
model rock prior to entering the systd®verjensky, 1987; Heinrich, 1990; Lu et al.,
1992; Komninou and Sverjensky, 1995; Komninou and Sverjensky, .1986)recent
progresses in fluid inclusiomnalysis discussed above now allow the determination of a
large number of eleants with high level of accuracy and precision, providing the basis
for modeling of geochemical processe®wever, there are still very few examples of
this type of application in the literaturéleinrich et al. (2004) and Heinric2005)
utilized LA ICP MS fluid inclusion results tanodel the ascerdand relative chemical
physical changesof hydrothermal fluids froma magmatic source to theearsurface
environment inorder to investigate the conditions for gold transport and deposition in
porphyry and epihermal systemdMark et al. (2004) used LA ICP Mfluid inclusions
results from Ernest Hen§@u-Au depositto predictthe geochemical characteristics of
the outflow zonesf the deposit.

The solution of geochemical problems requires the knowledgkeo$tandard
molal thermodynamic properties all the various species involved in the modelled

process over the temperature and pressamgeof interest. Theories anequations for
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the calculatiorof these properties were develom@dng withexperimental datthrough
the contributions of several researchargluding Helgeson and Kirkham(1974g;
1974b) Helgeson et al(1981) Shock and Helgesori1988; 1990) Tanger and
Helgeson(1988) Shock et al(1989) Johnson and Nortof1991)and Sverjenskgt al.
(1997) In some casethe data wererganized in softwarsuch as SUPCRT9Johnson
et al.,, 1992)and UNITHERM (Shvarov and Bastrakov, 1996apableof staring and
calculatng thermodynamic properties at variousPTconditios In other cases data
were incorporated in datasets accompanyingdeting software packages
Geochemical modelingsimulations in this studywere carried out using The
Geochemists Workbench (GWB) software pack@@gthke, 1996; Bethke, 20085ing
athermodynamic dataset spec#ily created for thisasestudyto fit the T-P conditions
(Cleverley and Bastrakov, 2005; Chapter. 8)he modeling test required a system
characterized by relatively low complexity starting from the ggichl setting, through
to fluid inclusion propertiesto the genesis of the deposit©CG deposits in the
Cloncurry districtare very complex systentharacterized byighly saline complex
fluids (40-60 wt% NaCl equiv.jhat commonlycontain several (3 to 5) daughter plgase
For all of these reasons IOCG deposits weoe chosen for the modeling tedthe
deposit selectedf this application is the Zrich Bismark skarrdepositdue toits well

constrained geologgndfluid inclusiondata(Baker and Lang, 2003; Baker et al., 2004)
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Chapter 2 tRegional Geologyof the Mt Isa Inlier

2.1.Introduct ion

The occurrence of breccia in close association with a wide variety of
hydrothermal ore deposit has been well documented in several s{Gdlgee and
Sawkins, 1971; Meinert, 1982; Scherkenbach et al., 1985; Sillitoe, 1985; Meinert et al.,
2003) Breccia commonly oaos as host for the mineralization, butaiso plays an
important role as pathwayfor mineralizing fluids. In th&loncurry districtbrecciation
Is widespreadparticularly in the proximity of the Cloncurry fault and is developed
predominantly within calsilicate rocksof the Corella Formatior{Marshall, 2003)
These breccia systems are commonly associatedewiénsive regional NaCa) and
later (K-) Fe alteration and have been interpreted as conduithése tmetasomatic
fluids (de Jong and Williams, 1995; Marshall, 2008he aim of his chapter is to
describethe Mt Isalnlier, the regional geological context tife Suicide Ridge Breccia
Pipe (SRBP) and to summarize aritie review previous research on brescia the

Cloncurry district
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2.2.Regional geology

2.2.1.Stratigraphy and structural evolution

The Mount Isa Inliens a large Proterozoic terrain in northwest Queensland,
Australia The Inlier has been subdividedtanthree tectonostratigraphic blocks, the
Western Fold Belt, the Kalkadodreichardt Belt and the Eastern Fold B@EFB)
(Blake, 1987)Foster and Austi2007)recently revised the chrostratigraphic history
of the EFB (Figure 2.1) and identified four major periods of magmatism and
sedimentary accumulation: 189850 Ma, 180aL725 Ma, 17161690 Ma, and 1680
1610 Ma.The older sequenceomprisa sedimentary and volcanic rocks that predate
and were deformed by the Barramundi Oroggr800-1870 Ma;Blake, 1987 andnow
form the basement of the Mt Isa Inli@nd felsic volcanic rocksf Cover Sequence 1 of
Blake (1987) that are restricted KalkadoonLeichardt Belt(Foster and Austin, 2007)

In the B-B basement rocks are representedtiy PlumMountain Gneiss and the
Kurbayia Migmatite(Foster and Austin, 2007)The second period cfedimentation
(18001725 Ma)broadly corresporgto Cover Sequenc2of Blake (1987) In the EFB
the lowest stratigraphic unéscribedto Cover Sequence B the Argylla Formation
1781+3 Ma(1781+3 Ma, Page, 1998W¥hich consists of felsic volcanic rockserrick,
1980; Betts et al., 2006) he ArgyllaFormaton in the Cloncurry districtis overlain by
the mafic volcanics of the Marraba Volcani@hese rocks are overlain by rocks of the
Mary Kathleen Group that includmlcsilicate dominated rocks of the Doherty (1725+
3 Ma; Page and Suri998 and Corella Fonation (1738+2 Ma; Foster and Austin,
2007; Page Geoscience Australia Ozchron databasendstoneand quartzite of the
Mitakoodi Quartzite(Betts et al., 2006; Potma and Betts, 2086y limestone and

argillite of the Overhang Jaspilif¢.oosveld, 1989; Foster and Austin, 200¥he Mary
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Kathleen Groupalso comprise the stratigraphically equivalembcks of the Ballara
Quartzite(1755:3 Ma) andthe Mitakoodi Quartziteccurring in the Cloncurry district
and in the Mary Kathleen Fold Beltespectively(Foster and Austin, 2007)n the
Western Successidhis period corresponds with deposition of rocks oflteehhardt
Superbasin (ca 1790730 Mg (Jackson et al., 2000; Betts et al., 2006; Foster and
Austin, 2007) Between 17141690 Ma sedimentation was mostly restricted to the
Western FoldBelt with the deposition of rocks of the Calvert Superbékickson et al.,
2000; Betts et al., 2006; Foster and Austin, 200he last period ohccumulation is
represented in theFB by rocks of the Soldiers Cap Group, the Young Australia Group
the Tommy Creek BlocK16301610 Ma)and likely the Mount Albert Group that
correspondto Cover Sequence 3 of Blake (198Hoster and Austin, 2007)The
Soldiers Cap Group includecks of theKuridala Formation (<1676 + 5 Mareviously
assigned to the Mary Kathleen Gryupurbitic pelite of the Léwellyn Formation
(<1666 + 14 Ma) psammopelitespelites and metavolcanics of the Mount Norna
Quarzite (1654 + 4 Ma, <1693 + 5 Maand metavolcanics, quartzite, carbonaceous
pelite and iroAformation of the Toole Creek Volcanics (16588 Ma (Page, 1998;
Page and Sun, 1998; Giles and Nutman, 2003; Hatton and Davidson, 2004; Betts et a
2006; Foster and Austin, 2007Mhe Young Australia Groufl6751610 Ma)comprises
rocks of theAnswer Slate, the Staveley Formation, the Marimo Slate and the Agate
Downs Siltstone previously included in the Mary Kathleen Gr@itgster and Austin,
2007. These units correlate wittocks of the Isa Superbasin in the Western Succession

(Scott et al., 2000; Betts et al., 2006; Foster and Austin, 2007)
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Figure 2.1 Simplified geology of the Eastern Fold Belt. Modified after Foster and Austin (2007)
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Depositon was inteapted by theca 16001500 Malsan OrogenyBlake and
Stewart, 1992; Page and Sun, 1998; Foster and Austin,,208ich comprises three
major stage¢Bell, 1983) D; was a nortksouth compression event that produced-east
west thrusting and folding; fivas an eastvest compressive event that generated large
scale upright nortilsouthorientated folds; and Pwas an eastvest compressive event

resulting in NNEtrending faulting and folding.

2.2.2.Metamorphism

The Isan Orogeny was accompanied by I@ressure high temperature
metamorphism with variable metamorphic grade from lower greenschispper
amphibolite facieqFoster and Rubenach, 2008)mphibolite and greemsist facies
form alternate nortsouthoriented beltgFoster and Rubenack006) The amphibolite
faciesbeltsarealsogenerally wider towards the south and abserved in the Sybella
Belt, west of Mt Isa, in the Mary Kathleen Fold Belt and south of Clong&ogter and
Rubenach, 2006)The peak of metamorphisin the Mt Isa Inlieris inferred to have
occurred between 1595 and 1580 &l to have rededP-T conditions between 4 and
5 kbar and 850°C (Foster and Rubenach, 2006; Rubenach et al., 2007)he
Cloncurry districtthe peak of metamorphism reached a maximum of ~ 670°@ &n8
kbar at the Cannington and Osborne miriEsster and Rubenach, 2006; Rubenach et

al., 2007)
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2.2.3.Magmatism

The Mt Isa Inlier exhibits a protracted history of igneous acti{Biyake, 1987;
Wyborn et al., 1988; Pollard et al., 1998; Wyborn, 1998; Mark, 1999; Mark, 2001)
(Figure 2.2) The earliest major episode of magmatism occurred between 1880 and 1840
Ma and generate felsic volcanicand granite emplacemeif?Vyborn et al., 1988)
Additional igneous activity at aund 1780 Ma produced rhyolitic @acitic volcanic
rocks (Blake, 1987).

Between 178 and 1730 Ma the Inlier underwent a period of extension, the
Wonga extensional event, when the Wonga Bathwas emplaced within rocks ttie
Mary Kathleen FoldBelt and of the Kalkadoot#ieichhardt Belt(Pearson et al., 1992;
Page and Sun, 1998)he katholith is composed of tholeiitgabbros and doleritecks
and granites(Pearson et al., 1992; Oliver et al., 1994; Williams, 1998H)e
emplacement of the Wonga batholith produced scapolitization, &adicic) alteration
and formation of skarn@liver et al., 1994; Oliver, 1995¢ranitoids of similar age in
the Cloncurry districtsuch as the Levian granite, ascribed to the Williddasaku event
based on their location, are now inferrec&ongto the Wonga magmatic evebased
on their older ageavis et al., 2001)

The Sybella Btholith was emplaced around T6Ma within rocks of the
basement and dfover Sequence (Wyborn et al., 1988; Hoadjeet al., 2001) These
plutonic rocks are restricted to the Western Successid are dominantly composed of

granodiorite and alkafieldspar granitéWyborn et al., 1988)
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Figure 2.2 Summary of tectonic, metamorphimagmatic, alteration and mineralization events in the
Cloncurrydistrict. The Sybella event is restricted to the Western Succession. References: Oliver (1995);
Little (1997); Rotherham et al. (1998); Twyerould, (1997); Page and Sun (1998); Baker &04), (2
Gauthier et al. (2001); Hoadley et 42001); Rubenach et al. (2001pster and Rubena¢B006); Foster

and Austin (2007); Rubenach et al. (2007)

The latest major magmatic episode occurred duringsae Orogeny aér the
metamorphic peaklominantly within rocks of the EB and produced the Williams
Naraku Batholiths(ca 15501500 Ma) (Page and Sun, 1998; Wyborn, 1998hese
rocks and in particular the youngg<1530 Ma) (Pge and Sun, 1998intrusions
outcropping in the EFBvere subdivided by Pollard et #998)into two groups, the
Cloncurry Supersuite and thEureka Supersuite, based odistinct geochemical
properties.The Cloncurry Supersuite dominantly consists of subalkaline gramtks a
granodiorite and include the Saxby Granite, the Wiley Igneous Coraphkbkikely part
of the Malakoff Granite and Capsize granodiofiBollard et al., 1998)The Eureka
Supersue is characterized by mafic, artnediate and felsic intrusions and include the

Mount Angeley Igneous Compleand likely the Squirrel Hills and Wimberu Granite
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(Pollard et al., 1998)The Eureka Supersuite is spatially and temporally linkesbtbc

(-calcic)alteration in theCloncurry district(Pollard et al., 1998)

2.2.4.Metasomatism

2.2.4.1.Sodic {calcic) metasomatism

The EFB is characterized by several episodes of s@chdcic) alteration,
summarized in Tabl2.1. The ealiest episode of hydrothermalterationoccurred in the
Mary Kathleen Fold Belt andvas related tofluid circulation associated with the
extensional phase related to the emplacement of the Wonga Batholith-1(23®)0
(Oliver et al., 1994, Oliver, 1995Puring extension wic and felsic magmantruded
the sedimentary sequenitgt consistedf carbonateand evaporiteocks of the Corella
Formation(Oliver et al., 1994)The fluid circulation associated with the emplacement
of the intrusionscaused scapitic alteration andformation of skarngOliver et al.,
1994; Oliver, 1995)Alteration is inferred to have formed at high temperature-(BID
°C) from a dominantly magmiatfluid (Oliver et al., 1994; Oliver, 1995)

In the Cloncurry districtearly, pre Williams-Naraku magmatisnalbitization
(16401690 Ma;Rubenach et al., 20Dhas beembsrved in the Snake Creek Anticline
and at the Osborne mirfddshead et al., 1998; Rubenaaid Barker, 1998; Rubenach
et al., 2001; Rubenach and Lewthwaite, 2002; Rubenach et al.,. 20Bifites in the
Snake CreekAnticline are commonly spatially related to mafic sill bodies
(gabbro/dolerite/trondjemite) and local shear zofiagenactet al., 2007) Rubenach
et al. (2007) suggested that the formation tfeseearly albitites is related to fluid

circulation associated with the emplacement of the mafic sill bodies.
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Table 21 Summary ad characteristics of major sodicalcic) alteration events in the Eastern Fold Belt.

Mineral abbreviations after Kretz (1988ppendix 2.). Also Amph = amphibole

T-P Alteration

. References
conditions assemblage

Timing

Cpx-Grt-Scp
skarn, ScpAb
Mary Kathleen 17501730 500- 700 °C  shear zones, Oliver et al., 1994;
Fold Belt Ma 1.5- 2 kbar ScpAmph Oliver, 1995
alteration in
mafic rocks

Adshead et al.,
1998; Rubenach an

Eastern Fold Barker, 1998;

gféte(fgﬁ't‘ii“ne 16401690  500-650°C  Ab-Rt+ QtzBt- Rubenach et al.,
and at the Ma 3-4.5 kbar Kfs-Crd-StGed 2001; Rubenach ani

Lewthwate, 2002;
Rubenach et al.,
2007

Osborne mine)

Mark, 1998; delong
and Williams, 1995;

Eastern Fold 400- 600 °C  Cpx-bt-Ap-Ep- %Ig\;/gr ’N}:ii;mark’

< 1550 Ma
Belt 2 - 4.5 kbar Mag-HemRt- Foster, 2000:

Qtz-Py Marshall, 2003;
Oliver et al., 2004

Ab-Ttn-Amph-

Extensive sodic(-calcic) alterationalso developed in spatial and temporal
association with the emplacement of the Williams Bathdlith Jong and Williams,
1995; Mark, 1998; Pollard et al., 1998; Mark and Foster, 2000; Perring et al., 2000;
Pollard, 2001; Oliver et al., 2004nd isusually found within or close to brittle/ductile
structureqPollard, 2001; Oliver et al., 2004uch adargescale faultsbreccias veins
and shear zonggle Jong and Williams, 1995; Oliver, 1995; Baker and Laing, 1998;
Mark, 1998; Marshall, 2003; Oliver et al., 2004%odic ¢calcic) alteration is
characteded by variablemineralogy (nostly albite with or without actinolite, titanite,

apatite, diopside, quartz, rutile, biotite, magnetite, hematite, pyrite; Oliver et al. 2004
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and references thereitf)at likely reflects local contrdle.g. host rockpn the #eration
mineralogy.Many studies report temperatures of formatiosadic ¢calcic) alteration
mostly between 400 and 600 °@nhd pressures between 2 anf Kbar (de Jong and
Williams, 1995; Oliver, 1995; Mark, 1998; Mark and Foster, 2000; Marshall, 2003;
Oliver et al., 2004) The origin of fluids producingsodic ¢calcic) alteration is
controversial and proposed models includeomiciant magmatisource(Mark, 1998;
Mark and Foster, 2000; Perring et al., 2000; Pollard, 2@ai)a crustalevaporitic
and/or halite dissolutioarigin for the these fluidéBarton and Johnson, 1996; Kendrick
et al., 2007a)

Sodic ¢calcic) alteration haseen describeth host roclks of all major CuAu
occurrences in th€loncurry districtand generally predate the main mineralization
stage(Little, 1997; Rotherham, 1997; Adshead et al., 1998; Bdl@98; Mark et al.,

2000; Wang and Williams, 2001)

2.2.4.2 K-Fe alteration

Sodic(calcic) alteration icommonlyoverprinted by later ke metasomatism

which is usuallymore localizedhan the former albitic alteratigiwVilliams, 1998b) K-

Fe metasomatism produces mineral assemblages of variable composition that in general

include magnetite, hematite, quartzféddspar, biotite amphibole and calcite. In some

cases these assemblages host the mineralifatmprStarra; Rotherham, 1997).
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2.2.5.Mineralization

The B-B hosts several mineral deposits that can be broadly subdivided in three
groups: 1)xCu+AuzAg+Co and; 2xPb+Zn+Ag3) U-REE (Williams, 1998b) The
Cloncurrydistrict is dominated by +Cu+AuxAg+Co occurrences the most significant
including Ernest Henry GAu, Osborne CtAu, Eloise CuAu, Mt Elliott Cu-Au and
Starra AuCu depositgFigure 2.1, Table 2.2)The deposits are characterized by many
common features thanclude evidence of structural control on ore deposition, similar
style and paragenesis of alteration, association witbxite rocks and hot ultrasaline
fluids and generally similar ages of formation that postdated the peak of metamorphism
in the regim and coincided with the emplacement of the Williskasaku Batholiths
(Adshead, 1996; Little, 1997; Rotherham, 1997; Twyerould, 1997; Adshead et al., 1998;
AdsheadBell, 1998; Baker, 1998; Baker and Laing, 1998; Perkm \Wyborn, 1998;
Rotherham et al., 1998; Mark et al., 2000; Williams and Skirrow, 2000; Baker et al.,
2001; Gauthier et al., 2001; Rubenach et al., 2001; Wang and Williams, 2001; Mark et
al., 2006b) The deposits also display some important differennoekiding variable
Cu/Au ratios, host rocks, oxidation state and in the case of Osborne a different age of
formation. Recent Wb dating on titanite from the skarn alteration halo around the ore
and ReOs on molybdenite from the ore at Osborne indicate afjea 16001590 Ma
(Gauthier et al., 2001; Rubenach et al., 2001; Williams and Pollard, #i13uggest
the deposit is older than other IOCG deposits in the district and formed broadly

synchronous with earlalbitization.
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Host rocks for IOCGdepositsin the Cloncurry districtinclude brecciated and
strongly altered felsic to mafic metavolcanics at Ernest HEhmyerould, 1997; Mark
et al., 2000; Mark et al., 2006khnagnetitehematite ironstones at Starf@otherham,
1997) metaarkose, quartbiotite schists and amphibolite of the Soldiers Gapupat
Eloise (Baker, 1998; Baker and Laing, 1998mphibolite and pegmatite at Osborne
(Adshead et al., 1998nd amphibolite and carbonaceous schists at Mt E(lidttie,
1997; Wang and Williams, 200I)he Cu/Au ratio appears to be relateditenature of
Fephase stable during mineralization, which reflects the temperature, oxygen and sulfur
fugacity of the sgtem (Williams and Pollard, 20R1In particular the lowest Cu/Au
ratios occur in hematiterich ores (e.g. Starra; Rotherham, 199%H)ereasthe highest
Cu/Au ratios are associated with pyrrhotiteeh deposits (e.g. Eloise; Baker, 1998)
(Williams and Pollard, 200). Fluid inclusion studies indicate that the -doeming
fluids werehot (>300500°C), hypersaline (280 wt% NaCl equiv.) andCO,-bearing
(Adshead, 1995; Adshead, 1996; Baker, 1998; Rotherham et al., 1998; Mark et al.,
2001; Williams et al., 2001)he genesis ahese deposits is controversial, particularly
in relation to the origin of the mineralizing fluids and the role played by granitoids in
the mineralization process. A magmatic origin for the mineralizing flind$O0CG
depositsin the Cloncurry districthas been favored by many authdsased on the
temporal association with magmatism and on stable isotope, fluid inclusion and
geochemical datéRotherham et al., 1998; Mark et al., 200illiams and Skirrow,
2000; Baker et al., 2001; Pollard, 2001; Mark et al., 2008ajton and Johnsdi1996;
2000)proposed an alternative modet IOCG deposits globallinvoking an evaporitic
source for the mineralizing fluids with igneous rock contributions restricted to alteration
and element abundanc@&cently, the involvement of an external crustal fluid has been

proposedfor the formation of CtAu mineralization at Eloise and Osborne based on
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halogen and noble gas ddfsher et al., 2005; Kendrick et al., 200BRecent genetic
models inferred origimdue to mixingbetween fluidsof different source(Williams et
al., 2001; Mark et al., 2006b; Kendrick et al., 2007b)

PbtZntAg occurrences include Cannington, Dugald Riv@ggmat,
Maramungee and MaronghVilliams, 199&). These deposits, with the exception of
Dugald River, occur in the southestern part of the district within high grade
metamorphosed siliciclastic rocK8Villiams, 1998b) The genesis of these deposits
includesseveral possible models of formatisauch assyngenetic,syndiagenetic and
syntectonic origis (Vaughan and Stanton, 1986; Newberry et al., 1993; Williams and
Heinemann, 1993; Dixon and Davidson, 1996; Xu, 1997; Bodon, 1998; Chapman and
Williams, 1998; Walters and Bailey, 1998; Williams, 1998a; Williams et al., 1998; Xu,
1998)

U-REE mineralization is represented in the district by the Mary Kathlgsrsde
located approximately 50nk west of Cloncurry within calcsilicates and marbles of the
Mary Kathleen Group and in close association with a Waaga granite(Derrick,

1977 Page, 1983; Williams, 1998b)Yhe mineralization is hosted within a garnet
pyroxene skarn that replaced the Mary Kathleen Group r@&sick, 1977; Williams,
1998b) Age dating revealed that the mineralization is considerably younger than the
granite and associated skarn, but synchronous withorralg deformation and
metamorphism(Page, 1983; Maas et al., 198DQ)liver (1995) inferred that the skarn

may have acted as a chemical trap for regional metamorphic. fluids
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2.2.6.Brecciation

Previousresearch on regional breccia in @&ncurry districtincludes studies
by Tunks (1987) Ryburn et al.(1988a; 1988h) Oliver et al.(1990) de Jong and
Williams (1995)andmorerecenty works by Oliver et al(2001; 2006) Marshall(2003)
and Marshall and Olivef2006) Ryburnet al. (1988a 198&) subdivided the breccias
into two categories, the Corella breccias and the Gilded Rose breccias, and proposed for
the latter a hydrothermal intrusive origin associated with the emplacement and
crystallization of magmatic bodies.

Tunks (1987) worked on brecciatedcks of the Corella Formation and
identified two genetically distincigroups of breccias. Thiearly Brecciasare collapse
breccia that formed in response dgssolution of eaporitic horzons, whereashe Late
Brecciasarehydrothermal breccgthat formed in response to second boiling proegss
associated with the emplacement and cooling of granitoids (Tunks,; Mghall
2003.

De Jong and Williams (1995described the distribution dnevolution of
metasomatism in the proximity of the Cloncurry fault and found that the alteration was
associated with breccia systems, providing evidence that the latter actettags and
traps for metasomatituids. De Jong and Williams (1995) alseopided insight into
the chemistry of metasomatic fluid&luid inclusion analysis in altered rocksvealed
the involvement of high salinity fluids in bosiodic ¢calcic)and K-Fe alteration.

Oliver et al. (1990; 2001)attributed the cause of brecciation in the Mary
Kathleen Fold Belt to the heterogeneous nature of the rdtlesdifferent competenc
of strong metagranite bodies ameak calcsilicate rocks of the Corella Fornmat

likely resulted in a localizatiorof the stressat the boundariebetweenthe two
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lithologies with formation of fractures that may have driven large fluid circulation that
in turn may have triggered the brecciat{@liver et al., 2001)

Thecontribution of Marshall (2003) represents the most comprehensive work on
breccias in th&€loncurry districtto date. In his PhD thesise described the distribution
of brecciation and metasomatic alteration within the Corella Formatiatfocused in
particular on mechanical aspsaif breccia formatiorand the role of brecciation in
channeling metasomatic fllsdHe proposed that brecciatiamccurred in part ina
ductile regime, due to retrograde buckle folding, and in part was related to the
emplacemst of granitoids, which generated high fluid pressure and straisthatein
combination with low temperatures during the late stages of deformédiared rock
fracturing. Brecciation wasassociatedvith widespreadsodic ¢calcic) alteration that
formedfrom hot metasomatic fluid (46600°C) of inferred magmatic origifMarshall,
2003; Marshall and Oliver, 2006)

Oliver et al. (2006) proposed a magmdticrothermal origin for breccia dikes
and pipes in th€loncurry districtrelated to fluid overpressuring geated at the top of
magmatic bodies in response to cooling and crystallization. The study suggested that
overpressuringneeded for the brecciation was generaa¢ddepthsof ~ 10 km by
separation and/olume expansion of aCO,-rich phase from the magmajmilar to
processes that leadis formation of kimberlite pipes and diatrem@®gilson and Head,
2004)

Otherresearchon brecciagncluded thoseassociated with ore deposits in the
Cloncurry district(Pollard et al., 1997; Rotherham, 1997; Baker, 1998; Bakel.,et a
2001; Mark et al., 2006b)Brecciation at Eloise developed mainly during the
mineralization stage, when gangue and ore phases replaced and brecciated earlier

alteration(Baker, 1998; Baker et al., 200Botherham (1997) inferred that brecciation
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and slearing associated with feetasomatism of previously Naetasomatised rocks
produced massive ironstoridies, main host of the mineralizationat Starra The
breccias consist of quartbite clasts with a matrix of {ke minerals (biotite
magnetite) and uphides (Rotherham, 1997)A breccia pipe body consisting of
dominant felsic volcanicocks is the main host for GAu mineralization at Ernest

Henry(Mark et al., 2000; Mark et al., 2006a; Mark et al Q&f).
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Chapter 3 £ Geology and petrography of the Suicide Ridge

Breccia Pipe

3.1.Introduction

This chapterfocuses on the geology and peuaply of the Suicide RidgeBreccia
Pipe (SRBP)in the Snake Creek Anticlinend associated rockk particular, thechapter
addresses the following point§l) detaiked description ofthe geometry and the field
relationships of thebreccia pipe (2) descriptionof the distribution andpetrographic
characteristicef the brecciaincluding graniteclastsand ironstor bodiesfoundwithin and
aroundthe breccia pipéthe term ironstone throughout this thesis refers toidferocks)
(3) description of the differertypes of alteration thaffectthe brecciaandhost rocksand

their relativetiming.

3.2.Local Geology& Field Relationships

The area of study idocated in the Snake Creek Anticlinérigure 3.1),
approximately 3&km southeast of Cloncurry. Lithologies in the aceanprise the Mary
Kathleen Group and the Soldiers Cap Grehgt outcrop respectively on the wastand

easern side ofthe Cloncurry fault(Figure 3.1). The Mary Kathleen Group in the Snake
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Creek Anticlinepredominantly consists of extensively brecciatatt-silicate and marbles
of the Corella FormatianCalcsilicate rocks contain calcite, scapolité-feldspar, biotite
magnetiteand titanite (Marshall, 2003)The Soldiers Cap Groupn the Snake Creek
Anticline includestwo lithostatigraphic unitsthe Llewellyn Creek Formation and the
Mount Norna QuartziteThe Uewellyn Creek Formation consists of interbedded layers of
metamorphosedjuartzmica arenites and pelitesSThe Mount Norna Quartzitecontains
metamorphosed arenites and pejitpsartzitesand amphibolites The Saxby granitél527

+ 4 Ma, Rubenach et al., 200a0)tcrops inthe southern part of the Snake Creek Anticline
and was emplaceduring aprotracted period of magmatism thebducedhe Williams and
Naraku Iatholiths The areais characterized by extensive brecciatithrat developed
predominantlywithin the calesilicate rocls of the Corella FormatiorfMarshall, 2003)
Bodies of breccia of different sizes and shaggezommonlywidespreadaround and alag

the Cloncurry Faultand appear to be closely associateth 1550-1500 Ma granitoids
(Oliver et al.,20006.

The SRBP crops outwithin schiss and quartzes of the Mount Norna Quartzite
(Figure 3.2. The breccia forns a pipelike body about 100t long and 2B wide and
strikesSW-NE, cutting the foliation of the schisalmost perpendicularlyThe foliation of
the schist corresponds to the regionala8d the crosscutting relationship implies that
brecciation postlates theD, event. The contact between the breccia and the host rock is
sharp(Plate 3.1A. The pipeis found in close proximityo, and extend from, a granitic
intrusion located aits southwestern end’he intrusion is surrounded by a carapace of
breccia that in its eastern side joins together with the fipe. granite in some cases
displays lobate and truncated margiiRlate 3.1B suggestingthat the brecciation was

broadlysimultaneous with emplacemeof the granitoid.

3.2



Chapter 3

Figure 3.1 Map of the Snake Creek Anticline. The star indicates the location of the sample used by Rubenach
et al. (2007) for the determination of temperature and pressure conditions of the Saxbytlaaaite used

in Chapter 4 aanindependent constraint for the estimate of pressure. Modified after Rubenach et al. (2007).
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Figure 3.2 Map of the breccia locality showing the breccia pipe and its relationship with the Soldiers Cap Group and the graniaidsoinant
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The intrusion is part of the Saxby granite and consists of a megfaimed granite
mainly composed of Keldspar, quartz and plagioclase with less hornblende, biotite and
magnetite and accessory apatite.

The composition of the breccia clasts is dominated by-gsibdate rocksof the
Corella Formation(Plate 3.T). Fragmentof the Soldiers Cap Group, the immediate host
of the breccia, are rar@his observation suggests that brecciation probably toate @a
depth and implies a significant vertical transport of the fragmbetause the Corella
Formation lies structurally and stratigraphically beneath the Soldiers Cap .Grbege
observations are supported by resulfs previous studieson this and othe similar
occurrences in the proximity of the Cloncurry fa{Ntarshall, 2003, Oliver et al.,2006.
Other clast types includgeveralgranitic (up to10min size and rare mafic intrusive bodies
(Figure 3.2 and Plate 3.)DThe granite clast®ccur dominantlyas oval and circular
bodies,and more rarely as irregularly shapeddies. They contain very intense albite
alteration whichaffects brecciahroughout the whole pipand host rocks adjacent to the
pipe

The pipe contains several magnetiemadite-rich rocks th& change in character
throughthe pipe. The souttvestern and central part of the pipe is characterized by massive
magnetitedominatedbodies (Ip to 10m in sizethatare black to brownish reich outcrop
(Figure 32 and Plate 3.1E Towardsthe north-eastern enaf the pipe the ironstones are
hematitedominated and occur astensequartzhematite £ magnetite rich veiguttingthe
breccia(Plate 3.1F. This branch of the pipe is also characterized by quartz veining that
crosscus the quartzhematite + magnetite riokeins Plate 3.1D F). The veins are normally

thin (<3cm) and consistingxclusively of quartz (Plate.1D, F).
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Plate 31

(A) Field picture representing albite alteration developed at the contact between schists of

the Soldiers Cap Group and the breccia.

(B) Granite intruding the breccia and being incorporated in the breccia, suggesting

synchronous breccigranite development.
(C) Field picture of breccia showing the dominant licate nature of the clasts.

(D) Granite clast outcropping in the noshstern branch of the pipe cut by later quartz

veins.
(E) Small outcrop of Fe oxidech rocks in the middle section of tpge.

(F) Hematitequartzrich vein cutting and replacing the breccia at the northeastern end of

the pipe.
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3.3.Samplepetrography

Samples collected to characterize the breccia and magheirtatiterich rocksare
described in this sectioand their locatiors are shown in Figure3.2 (Table 3.1 and
Appendix 3.1) The characteristics of the breccsie described into twseparatesections:
the first focuses on the descriptionlweccia fragmentandgroundmassthe second deals
with the description of the granite breccia clasts and their alterd®igrat attention has
been dedicated to these granite clastshay are interpreted teepresent samples of the
crystallizing magma introduced in the pipe during brecciationand contain abundant
fluid inclusions, unlike the remaining breccia materidData obtained from these fluid
inclusions haverovided valuable information about the composition and@ Bonditions of
hydrothermal fluid related to the formatiohtbe breccia pipéChaptes 4, 5 and 7. Their
origin is diswssed in section 3.d4nd inChapter7. The origin of magnetithiematiterich

rocks is discussed in SectiBrB.1.1and they are described separately from the breccia.

3.3.1.Description of brecciaclasts andgroundmass

Breccia clasts display variable composition and include dominantsitialate of
the Corella Formation (Plate 3.1)Cand lessabundant albite (Plate 3.2A) and granite clasts
(Plate3.1D; Section 3.3.2)Fragments arearely angularand dominantly sukrounded to

rounded in shapwith variable dimensns that range from millimetr® metrescale with
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the most common dimensi@entimetreto tens of centimetescale The clasts do nathow
particular distributios or sorting of size and typeithin the pipe

The groundmass comprisedbite, titanite, actinolitemagnetite and lesser hematite,
quartz, apatitand calcite(Plate 3.2BE) and represents up to 70% of the breccia volume
The term groundmass is preferteerebecausdt is free of genetic implicatioand it useful
in caseswhere it is difficult to establish whether minerals represent matrix, infill or
alteration phaseglbite is ubiquitous and is present in clasts and as the dominant phase in
the groundrass mainly occurring as alteration(Plate 3.2AE). Titanite, actinolite and
magnetite crystals appear extensively altered by later albite and calcite alteration, and it is
difficult to infer if they are matrix or infill materiglPlate 3.2BD). In fact, these phases
may predate the brecciation event amelthe resultof mechanical andhemical alteration
associatedwith the brecciation or theynay postdate the brecciation event and be
precipitated in voidas infill material (in some crystals euhedral shapare still
recognizable}hatwassubsequentlaltered.The sze of these mineralsangesfrom around
1 to 1.5 mmfor actinolite from around 0.5 to 2mrfor titanite and fromaround0.1 to
1.3mmfor magnetite Apatite (Plate 3.2Clandquartz arenterprete as infill due to their
occurrene aseuhedral crystalsAlteration phases include albiteverprinted bylater
calcitehematitequartz alteration (Plate 3.2B-E). Albite alteration typically occurs as
subhedral to anhedrairystals that displayariable dimensions that range from tens of
microns up to a few millimeter€alcite hematitequartzalterationoverprints, and therefore
postdatesactinolitetitanite magnetiteapatite matrix/infill material of the breccia and the
albite alteration(Plate 3.B-E). Calcie crystals are usuallgubhedralto anhedraland
mostly finegrained (<0.5 mm)Quartz is mostly anhedralhereashematite occurs in

euhedral tabulaF U\VWDOV XS WR DURXQG MatdoRE)J DQG P ZL
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Table 31 Summary and description of samples collected for petrographic and fluid inclusion studies

Sample Rock Type Mineralogy
MT11 Clast of granite Albite and quartz with hematimagnetitebiotite
pegmatite alteration
Clast ofgranite Albite and quartz cut by actinolH#anite-apatite
MT13A . . )
pegmatite alteration and altered by later albite
Clast of aranite Albite and quartz with accessory apatite and
MT20 9 zircon cut by hematitenagnetitebiotite-titanite
pegmatite .
alteration
MT22 Clast of.granlte Albite, quartz, magnetite, hematite and apatite
pegmatite
MT12 Ironstone Magnetitequartzhematite
MT19 Ironstone Magnetitequartzhematite
Albite clasts; actinolite, titanite, magnetite,
04Snk02 Breccia apatite, quartz groundmassbite, calcitex
hematitexquartz alteration
Albite clasts; actinolite, titanite, magnetite,
04Snk 04 Breccia apatite, quartz groundmass; albite, calcitex
hematitexquartz alteration
Actinolite, titanite, magnetite, apatite, quartz
04Snk39 Breccia groundmass; albite, calcitex hematitetquartz

alteration

3.1C



Chapter 3

Plate 32 Field and thin section pictures illustrating characterssof the breccia. Sample

04SNK2

(A) Hand specimen of breccia characterized by albite clasts and surrounded by idiomorphic

actinolite; albite is also present as a matix/infill and an alteration phase.

(B) Actinolite, magnetite and titanite crystals overprinted by albite and later ealcite

hematitequartz alteration.
(C) Euhedral apatite crystals.

(D) and (E) Calcitehematite alteration overprinting actinolitmagnetitetitanite

assemblage aralbite alteration. Sample 04SNK2

Mineral abbreviations after Kretz (1983).
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3.3.2.Description of granite and pegmatitebreccia clastsand their alteration

3.3.2.1.Mineralogy and textures

Granite clastamples collecteth this study(Figure 3.2 consistprimarily of albite
and quartan approximately equabroportions Accessory minerals comprise apatted
zircon and more rarely magnetitd'he opaquecontent of these rocks is restricted to
alteration assemblagesvith the exception of sample MT22 which contaipsmary
hematite and magnetit€he granitesdisplay a variety of texturgbatincludeequigranular,
granophyricquartzalbite intergrowtls, graphic granite and layereglartzalbite bodies.
Texturesfor each samplare described in detail &sollows.

Sample MT11 comprises two distinct textural components: 1) egfim@ed(up to
few millimeters) broadly equigranular albkech component; and 2) a finego medium
grained monomineralic quartz component (Plate 33). These two components form
rhythmic alternated layers of different thickness: thetadtich layers are about 2 to52m
thick while the thickness of the quartz layers commonly ranges from 0.1 to OBlat@ (
3.3A). Albite is the dominant mineral of the albiteh layer and normally occuras
anhedral crystals; these layers also contain patches of quartz displayingicdehdps.
The quartz layer is commongubhedrato anhedral with crystal dimensions gamg from
0.5mm to upo a few cenimeters

Sample MT20 displays dominant mediuto fine-grained (crystal diameters up to
few millimeters) equigranular texture amwnsists of euhedral to subhedral albite and
typically anhedral quartz both up a few millimeters in size (Plate 3.3B). The sample also

displaysgranophyricquartzalbite intergrowth similar to sample MT13A.
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Plate 33 Representative pictures of texés and mineralogy of granite clasts

(A) Photographs of hand specimen of sample MT11 showing alternate -goartand

albite-rich layers.

(B) Photomicrograph of sample MT20 displaying medium fine-grained equigranular

texture.

(C) and (D) Thin section scan and photomicrograph (crossed polars) of sample MT13A

showing quartalbite granophyric intergrowth.

(E) Hand specimen of sample MT22 showing graphic granite textures; rods of quartz are

clearly visible in the albit@ost.

(F). Scan of thin section of sample MT22 showing the parallel alignment of quartz rods;
also the association of Fe oxide phases, dominantly hematite and lesser magnetite,

exclusively with the quartz rods.

Mineral abbreviations after Kretz (1983).
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Sample MT13A displays granophyricquartzalbite intergrowtks (Barker, 1970) Quartz
crystals exhibit morphologies that vary from cuneiform to more complex vermicular
shapedapproximately up tdmm long and up to 0.3 mm widend are charcterizedby
optical continuity(Plate 3.3C, I Albite as well forms crystals displaying cuneiform and
more complexirregular intergrowthsvhosedimensons vary froma few mm to up 5mm
(Plate3.3C, D.

Sample MT22has a graphic graniteexture consisting ofintergrown quartz and
albite (cf Barker, 1970Plate 3.3 Quartz rods arecharacteristically cuneifornand
display parallel elongatiorP(ate 3.3 the thickness of the rods variesm 0.5 mm to few
mm. Quartzwithin the rodsis typically euhedral, rarelysubhedral and fineto medium
grained with dimensions of the crystals ranging from 0.5mm up to 3AMimary minerals
alsocomprise abundant hemataed rarer magnetitinat are restricted to theuatz layers
(Plate 3.3F) Hematite occurs asrystalswith a tabular habit, while magnetite occurs in

euhedral crystals that characteristicakhibit martitizationreplacement by hematite

3.3.2.2 Alteration

Observed alteration phases in the granite clasts inétadirecontrolled localized
amphiboletitanite-apatiteemagnetitethematitealteration pervasive albite alteration
magnetitehematitequartz:biotitextitanite alteration and chloritization of actihie and
biotite (Plate 3.4)Albite and magnetitdhematitequartztbiotitettitanitealterationsare the

most volumetrically significant.
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Plate 34

(A) Hand specimen of sample MT13A showing the alteration assemb&agdoped as a

fracture infill; coarse crystals of amphibole are easily recognizable.
(B) Idiomorphic actinolite crystal enclosing apatBample MT13A.

(C) Backscattered electron (BSHEnage of idiomorphic titanite showing replacement by

rutile; localy rutile is replaced by ilmenit&Sample MT13A.

(D) Backscatteredelectron (BSE)image showing secondary albite overprinting actinolite.

Sample MT13A.

(E) Cathodoluminescence image of sample MT13A showing secondary luminescent albite

(Ab 11) cuttingprimary quartz and non luminescent allfitd I).

(F) Photomicrograph of KFe alteration in granite sampl&éhe alteration assemblage
comprises hematite, quartz, biotite and subordinate magnetite and titanite; chlorite is

present as product of alteratiohbiotite. Sample MT20.

Mineral abbreviations after Kretz (1983).
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Amphiboletitanite-apatiteemagnetitethematitealteration was observed in two
samples of granite breccia clasts and is localized in centhvedbr fractures (Pia 3.40).
Actinolite occurs in euhedral to subhedral medigrained crystals with dimensions in the
range of 3 to 4 mm (Plate 3.4BjJitanite is intimately associated with amphibole and
occurs as euhedral crystals whose dimensions vary from 0.5 to (Rtae 3.4°).
Observations in reflective light and back scattered electron imaging (BSE) revealed a series
of rutile-rich fractures in titanite, and that rutile is sometimgglaced by ilmenite (Plate
3.4C). Apatite occurs in subeuhedreal to anhedral crystals ofrdiimies letween 0.1 and
0.6 mm (Plate 3B). Hematite and magnetite are less abundant than the previous minerals
and occur adine-grained crystals. The same assemblage was observed as matrix/infill
mateial in the breccia (Section 313and Plate 3.2)

Albite alteration is pervasivend overprints the primary mineral assemblages and
the amphibolditanite-apatitealteration of the gmate breccia clasts (Plate 8} In hand
specimen the albite alteration is pirdd in colour but it is difficult to recognize
petrographically because it overprints earlier albite and has pdikieitetexture.
Nonetheless, its presence is easily identibgdathodoluminescence analysis because this
second generation of albite is luminescent (700 nm) in contrastthatiprimary albite
which is not luminescent (Platg.4E). Microprobe analysis on the two types of albite
revealedhat the luminescent albite has higher iron content (Figuje 3.3

Magnetitehematitequartztbiotitextitanite alterationwas also observeth granite
breccia sampleas centimeter scale fracture infill dominated by hematité quartz and
lesser magnetite and is part of the alteration pinatiucedat leastsomeof the ironstones
observed within and irlose proximity to the ppe described in Stion 3.33. Hematite

occurs in crystals displaying tabular shep¢S WR ORQJ DQG P ZLGH
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3.4F). Quartz is mostly anhedral. Magnetite occurs in euhedral crystals and is often
replaced by hematite as shown by typical titiaation textures These phases are
sometimes accompanied by biotite and titanite. Biotite is present as crystal aggregates and
appears extensively altered by later chlorite; however, in some areas it is still recognizable
with its distind interference color (Plat3.4). Titanite occurs in rare euhedral crystals.
Chlorite occurs dominantly as replacement of biotite and actinolite, between grain

boundaries and less frequently in thin veirgate3.4F).

3.3.3.Magnetite-hematite-rich rocks

The magnetitdhhematiterich rocks can be subdivided into magnetitd, found in
the middle section of the breccia pipe, and hematte that outcrop towards the
northeagern end of the pipe (Figure 3.5amples MT12 and MT19 were collected inside
and immediately outsidéhe breccia pipeespectively m its middle section (Figure 3.2
Both samples occur imassive ironstonbodies ranging up to ten meters in size (Figu?e 3.
and Plate 3&). In hand specimenhé samples exhibit a black to brownisblour, do not
display any noticeable banding and are cut by later quartz (Riste 3.%2\). Both samples
are finegrained rock primarily composed of quartz and magneftat¢ 3.5BC). In
sample MT19 magnetite occurs in small euhedral crystals (averagemrzeximately

P ZKLOH LQ VDPSOH 07 P D JQ PNt B/SBC). RQudePtY isDJJUH JL
present as subeudral to anhedral crystdisgnetite is frequently replaced by hematite as

shown by typical martitization replacement textuiiaie 3.5D.
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Figure 3.3 The diagram represents microprobe analysis on primary and secondary albite. Primary albite and
secondary luminescent albite are represented by a green and a red line respectively. The two scan differ for
the pronainced peak, that correspond to Fe, displayed by the luminescent albite suggesting that has a higher

Fe content than non luminescent albite.
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Plate 35 Photographs showing key characteristics of Fe emiterocks.

(A) Hand specimens of samples MT12 black in color, but more often typically brownish to

reddish due to weathering of Fe oxide minerals; both samples are cut by latevgqunitz

(B) and (C) photomicrographs illustrating the textures of samples MT12 an® MT1
respectively: in sample MT12 magnetite occurs mostly in aggregates, while in samples

MT19 magnetite occurs in small euhedral crystals.
(D) Replacement martitization textures in magnetite from sample MT12 (reflected light).

(E) Photomicrograph in refleed light of sampleMT19 illustrating pyrite affected by

goethite alteration.

(F) Hand specimen adample MT23 exhibiting a black to reddisblour, the latter due to

Fe-oxide weathering, and cut by later quartz veins

(G) Photomicrograph showing thexture of sample MT23 consisting of euhedral quartz

crystals and idiomorphic tabular crystals of hematite.

Mineral abbreviations after Kretz (1983).
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Minor phasesn MT19 include apatite, actinoliteand rare titanite, while none of
these phases weobservedn sample MT12SampleMT19 also containsmallamountsof
pyrite, the only occurrenceof sulphidewithin rocks of the pipgPlate 35E). Alteration
phases includeabundantchlorite, later crosscutting quartz veirend goethite aslate
weathering product of hematite and magnetite

Sample MT23 comprises hematitequartz veins that cut the brecciat its
northeasern end(Figure 3.2and Plate 3H). The veins are up t@Ocmthick andmainly
composed ofjuartz and hematitend lesser magtite (Plates 3.1F and 3.%). Both quartz
and hematiteoccur as welformed idiomorphic grainsvith quartzsometimesdisplaying
evidentgrowth zoneqPlate 3.%). Alteration phases includediite and chlorite(chlorite
developed as late overprint obiotite) that occurredas fractwe infill and inintergranular
spaces atlater quartz veins (Plate E)1 Goethite is present as a productafatheringof

hematite and magnetite

3.3.3.1.Discussion on the origin of magnetttematiterich rock

Iron-rich rocks may form from a variety of processes that include orthomagmatic,
transitional magmatibydrothermal and hydrothermal. Hydrothermal processes are
responsible at least for the formation of ironstooesurring in the northeasteamd of the
pipe The tydrothermal nature of these ironstongsupported by their occurrence in veins
that cut granitend brecciaandtheir replacement dhe original mineralogy of these rocks.

The origin of Ferich rock in the middle part of the pipelssscertain dueo the lack of
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field relationships similar to thosat the end of the pipe. However, anteomagmatic or
transitional mamatichydrothermal origin for Feich rocks in the middle section of the

pipe is very unlikely due to the lack of typical texturesttbharacterize these two
processes, namely cumuumgercumulus and globulapherulitic texturege.g. Wager et

al., 1960) Alternatively, these rocks may have beent pd the sedimentary sequence and
have been transported upward during the brecciation event. Both the Corella Formation and
the Mt Norna Quartzite contain fieh rocks. The basal units of Corella Formation
reportedly display general iron enrichmenta@metitehematite) and magnettel LFK 3SRGV’
(Stewart, 1994) These Ferich bodies are characterized by the presence of peak
metamorphic minerals, in particular hornblende, intimately associated with magnetite
(Stewart, 1994) The Mt Norna Quartzite contains two distinct levelsFafrich rocks
namely the Mt Norna iroformation at the contact between the Mt Norna Quartzite and the
Llewellyn Formaton and the Weatherly Creek irfarmation whichoccur in the middle of

the Mt Norna QuartzitéHatton and Davidson, 20Q4)he term irorformation is indicative

of the bandedaminated nature of these un{{sross, 1965; Hatton and Davidson, 2004)
The Mt Norna ironformation comprises thinly laminated to massive bodies compafsed
hematitemagnetite+ quartz + garneand hematitenagnetite assemblages, while the
Weatherly Creek irorformation consists of alternating dominant gaimpeartzapatite +
stilpnomelane laminae and magnetiematitequartz = grunerite lamina@Hatton al
Davidson, 2004)The Fe oxideich rocks in the middle section of the pipe are significantly
different from the irorformation describedabove, lacking any type of banding or
orientation of minerals and displaying a much simpler mineralogy consiimghantly of
magnetite, hematite and quartz wahbordinated actinolitand apatite. Furthermore, these

ironstones hostenh the pipe lackalbitic alteration which isvidespread in rock within the
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breccia pipe and the host rockBhese observations sugge that these ironstones are
unrelated to the underlyinige-rich rock of the Corella Formation and Mt Norna Quartzite
and that their formation posfated the widespread albitic alteration. TheriEb rocks are
most likely hydrothermal in origin anthe tansition from magnedg- to hematiterich
ironstones may reflect a vertical variation due to different depths of formation with
magnetite occurring in deeper more reduced envirorsremd hematite dominating in

shallower more oxidizeparts as observed imany IOCG depositéHitzman et al., 1992)

3.4.Summary and discussion

The breccia in this study sharenany characteristecwith breccia described in
previous studies in th€loncurry district(Marshall, 2003; Marshall and Oliver, 2006;
Oliver et al., 2006) In particular, the breccia in this study is similar to the Gilded Rose
breccia described by Marshg&f003) and Marshall and Olivef2006) Both breccia types
arecharacterized by subrounded to rounded fragments, variable fragmeanhgizariable
composition of the clasts, although dominatedtalg silicateof the Corella Formation and
groundmassmaterial consisting of actinoliteéitanite magnetite and albitef-urthermore,
clasts of the Soldiers Cap Group tlaa¢ the host rock tthe pipe and overlithe Corella
Formationare rareindicating a general upward movement of the cléstarshall, 2003;
Oliver et al., 2006) The breccia pipeutcrop within rocks of the Soldiers Cap Group
cutting the Sfoliation of the schistlmost perpendicularlyThe crosscutting relationship

implies that brecciation posiatesthe D, event andemporal and spatial relationships with
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the granite suggest s\ ampla@ment of the WilliamdNaraku Batholith(Figure 3.1). The
genesis of the pipe ithoroughly discusseth Chapter7. However, some points of the
discussion are brieflgescribed in this sectiofhere are severdines of evidencdor a
direct involvement o# crystallizing magma in the formation of the pipe. Firstig, pipe is
spatially and temporally associated with tlgganite thatoutcropsin its southwestern
boundaryOther evidence of the direct involvement of the magma is the prestéreeeral
grantic bodies asbrecciaclasts. he graniteclastslocally disphy fragmentation plus
brecciated and lobate margis also reported dylarshall(2003)andOliver et al.(2006)
This latter observatiosuggesting that the magma was introduced in the pipe when it was
not completely solidified andnfers that the formation of the granitewas broadly
synchronous with the brecciation evefhese granite clasts are characterizedabyery
simple mineralogy that consists almost exclusively of albite and quartz amédpyatie
hydrothermal texturesimilar to other occurrence reported in previous studies in the
Cloncurry district(Tolman, 1998; Mark and Foster, 2000; Perring et al., 2000; Marshall,
2003) These textures can be interpreteceaglenceof a magmacrystallizingin volatile-
saturated conditionand likely indicate accumulation of volatiles towards the top of the
crystallizing magma, as also proposed by Mark and F¢280) These data therefore
support the hypothesis of brecciation inp@sse to fluid overpressuring generatey
cooling and crystallization of the magmatic bady. Burnham, 1985)This hypothesis is
further discussed i€hapter7.

Breccia and host rocks in the proximity of the pipe are commonly intensely altered
by sodic {calcic) alterationAn early actinoliteapatitetitanite assemblage is developed in
granite clasts and is similar to assembédfgend in thebreccia groundmagsgether with

albite. Both these assemblagae overprinted by later albitic alteration. Albite occurs also
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as clasts in the breccia. These observations suggests a prolonged period otalodiy (
alterationwith albite likely developing before brectian as supported by the presence of
albite as clasts and within thiereccia matrix and continuing during and after the
brecciation event as proven by the presencsodlic (calcic) assemblages as infill and
alteration in the breccia.

The ironstoneghange in character throughout the pipe from magretiteinated
in the western and middle section of the pipe to hemaditeinatedn its northern branch.
The ironstones are interpreted to have metasomatic @ngipostdatethe sodic € calcic)
alteration The final stages of the pipe evolution are characterized by the development of
quartz veining.

The paragenetic evolution of the SRBP is illustrated in Figure 3.4.

veining

Figure 3.4 Diagram illustrating th@aragenetic evolution of the SRBP
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Chapter 4 - Fluid chemistry and conditions of the Suicide
Ridge Breccia Pipe (I): Fluid inclusion paragenesis,

classification and microthermometry

4.1 Introduction

A fluid inclusion study was undertaken to characterize thedlagso@ated with
the Suicide RidgeBrecciaPipe (SRBPHescribed inrChapter 3 Samples were selected
to representhe different paragenetic stagestbé evolution of the breccia pip&.he
study inclues paragenesis and classification of the inclusiamscrothermometric
analysisand laser RamarThe chemistry of the fluglassociateavith the barren breccia
pipe is further investigated in Chapterwvihere results are presentedrom several

analytical techniquesicluding LA ICP MS, bulk crusteach and microprabanalysis.

4.2 Sample selection and paragenesis

Samplesselectedor the fluid inclusionare summarized ifable4.1. Samples
of granite found as clasts in the brecciaere selectedto determine the fluid
characteristics of thearly stages of breccia foation. The samples dominantly consist
of albite and quartz and display textures that collectively have been interpreted as

characteristic of the magmatydrothermal transitiogChapter 3)
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Chapter 4

Quartz in these samples caimks severalclusters and trailef fluid inclusiors
that represent different stages of the fluid evolution in the breccia pipe (see.ddiew)
matrix and infill componentf the brecciavere alsoexaminedfor fluid inclusions in
particularinfill minerals such as quartz arapatitethat potentially represesd samples
that trappedfuid circulating during the brecciation evertut fluid inclusions were
scarce and too small to be analyz8dmples ofronstoneinterpreted tdhave formed as
the result ofFe metasomatisniChapter 3)were also selected for the fluid inclusion
study with the aim of determining the nature aoednpositionof fluids related to their
formation Samplesof ironstonesMT12 and MT19 contairtrails of fluid inclusions

hosted in qude.

4.3 Paragenesis and classification of fluid inclusions

Fluid inclusions were classified using the criteria defined by Rogd8&¢#)for
primary, pseudosecoad/ and secondary inclusions. Primary inclusions @atauring
the growth of the host crystahd generally occyparallel to growth zones eandanmly
within the host rmeral assingle inclusios or threedimensional groupof inclusions.
Secondary inclusionformed through thénealing of fractures after the growth of the
host crystal is complete; these inclusions normally crosscut the boundaries of the host
grain. Pseudsecondary inclusionalso formed as result of healing of fractures but
before the growth of the host mineral hadntinated; this typefanclusion does not
crosscut the host crystal boundaribglusions were further subdivided based on the

nature of tle fluid and the phases present at room temperafive. main types of

»
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inclusions have been identified from the study of polished thin sections and fluid

inclusion sections (Table 4ahd Table 4.8

4.3.1Type | xCarbonic fluid inclusions

Type | fluid incluisions are monophase g@chfluid inclusions containing only
liquid at room temperature, with @apour bubble developing uporooling These
inclusions were observed only in granite clast samp&20 and MT1land occur
within quartz related to transitiah magmatiehydrothermal textures (Chapter 3; Plate
4.1A). These inclusions were further subdivided into type la and Ib based on their
origin. Type la inclusions are primary fluid inclusioascuring in three dimensional
clusters normally consisting aflarge number of inclusiomandomly distributed within
the quartz hostPlate 4.B). The clusters generally consist exclusively of type la fluid
inclusions, however, in few cases typarnelusionswere observed associated with type
II. Type Ib inclusionoccur in trails thatlo not crosscut thieost crystaboundarieand
are therefore interpredeas pseudosecondary (PlateG).1Both inclusions types are

normally dL5 Fn and mostly ovoid or squashaped.
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Table 42 Summaryand classification of the types of fluid inclusions observed associated with the barren
pipe. The composition of the C{phase was determined by microthermometric observatensgour
bubble developing upon coolipgDistinction between type Ill and IVhelusions is based on eutectic
temperatures determined from microthermomeingtinction between type lllb, VIb and V is based on
eutectic temperaturesletermined from microthermometryAbbreviations: P = primary; PS =

pseudosecondary; S = secondary; ligquid; V = vapor; H = halite.

Table 43 The table summarizes the relative abundance of each fluid inclusion type in the different

samples.
Type Type

Type la Type Ib ila il Type lll  TypelV TypeV
Pegmatite
clast- aburdant  rare  common rare abundant “9Tmon common
MT11 [ rare / rare
Pegmatite common
clast- ? ? ? ? abundant +
MT13A  rare
Pegmatite
clast- abundant common common rare abundant common common
MT20 / rare / rare
Ironstone
-MT12 * * + + abundant common common
Ironstone bundant common
-MT19 + + + + apbundan + / rare

4.t
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4.3.2Type Il - Mixed brine-carbonic fluid inclusions

Type 1l fluid inclusions are mixebrine-carbonic fluid inclusionsand they can
be further subdivided into type lla and Blased on the presence or absemspectively
of halite as a daughter phagg/pe lla fluid inclusions at room temperature contain an
aqueous phase and liquid €@ vapour bubble of CQdevelops upon cooling)rhey
display variable degree of filling ranging from 0.3 to 0.85. This tgpénclusionis
common and is exclusively observed in pegmatite clast sanyl€0 and MT11
(Chapter 3). They are normally found in association with type la and type llb inclusions
in three dimensional groups of inclusiomscurring in random positi@within the host
quartz crystal{Plate 4AA-C). Most of thesanclusions ared 10n in size and they
display variable shapes including ovoidafjuare and irregular (Plate €2 Their
origin is unclear, although their association with type la may suggeshargrorigin.

Type llb fluid inclusions are rare and, like type lla inclusions, were found
exclusively in granite clast samples MT20 and MT11 (ChapterTBgy occur in
association with fye la and lla fluid inclusions aridrm threedimensional clusterthat
are generallylocated in random positierwithin the quartzhost (Plate 4&-D). At
room temperature these inclusions contain an aqueous phase, liquith @&pour
bubble of CQ develo uponcooling and a smaltaughtersolid phase, identified as
halite (Plate 4.2C and DJhe size of the inclusions varies betweein5and 10fn and
they are mogy irregular in shape. Similao type lla inclusions their origin is unclear,

but their association with type la may suggest a primary origin.
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Plate 4.1

(A) Hand specimen of sample MT11 showing primary transitional magmatic
hydrothermal textures in which primary type la and pseudosecondary type Ib fluid

inclusions were observed.

(B) Photomicrograph showing clusters of prignéype la CQ - rich monophase fluid
inclusions. Sample of pegmatite clast MT20.

(C) Photomicrograph showing pseudosecondary trails of type W @€h monophase

fluid inclusions. Sample of pegmatite clast MT20.
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Primary cluster of type la
fluid inclusions

Primary cluster \
of type Ia fluid
inclu€ions

R g
Pseudosecondary trail™
C of type Ib fluid inclusions

ZSOEm

4.€



Chapter 4

Plate 4.2

(A) and (B) Photomicrograph showing clusters consisting of primary type ja Gh
monophase fluid inclusions, type Ic mixed aquecarbonic fluid inclusions, type I
mixed brine - carbonic fluid inclusions and type Il brine inclusions. Sample of

pegmatite clast MT20.

Enlargement of plates 4.3A and B showing (C) type Ic and Il fluid inclusions and (D)

type la and Il fluid inclusions. Sample of pegmatite clast MT20.
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4.3.3Type lll tLiquid rich zbrine inclusions

Type lll inclusions are the most abuard inclusions and occur in every gaen
consdered in the studylType Il fluid inclusions have been subdividedarype llla,
three phase liquidich inclusions with a vapour bubble and a small halite crystal, and
type lllb, twophase liquierich inclusons without daughter phasé¢Rlate 4.2\-E),
where the two typeeccur togetherype lllais the dominaninclusion.Both inclusion
typesareup to 20Rn in size(Plate 4.2\-E). They were observedas single inclusionsn
groups of several inclusiornsccuring randomly within quartand finally and most
commonlyin trails thatcrosscutthe quartz hos(Plate 4.2\-B). These inclusions are
interpreted to be secondary and in particalalinked to albite alteration that affects
rock within and adjacent tthe pipe (Plate 4.4A-B). This alteration wasecognizedby
cathodoluminescenamnalysis in quartz albite intergrowths of sample MT13&herea
second generation diminescentlbite was observed cuttingonluminescenprimary
albite. Type Il fluid inclusbn trails were observed cutting the quartz and lining up with

the luminescent albit@Plate 4.4.

4.3.4Type IV zLiquid - rich brine inclusions

Type IV inclusions are similar to type Il inclusions and the distinction between
the two types is based on thalifferent eutectic temperaturdébat imply different

compositiors as determinefly microthermometrydee sectiod.4.4 and 4.4)6

411
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Plate 43

(A) Photomicrograph showing trails of type Ill and IV fluid inclusions. Ironstone
sample MT12.

(B) and (C) Secondary trails of type Il haltdearing and liquidich fluid inclusions.

Granite clast sample MT11.

(D) Type llla three phase halite: bearing and lllb two phase liquidrich fluid
inclusions. Granite clast sample MT11.

(E) Type llla halite bearing fluid inclusions. Granite clast sample MT11.
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_ Type 1V Fluid Inclusions

Secondary Trails

Type II'Fluid Inclusions
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Plate 44

(A) Cathodoluminescence image of pegmatite clast MT13A showing secondary
luminescent albite cutting primary quartz and non luminescéitealSecondary fluid
inclusion trails can be traced cutting through the quartz layers and linking to the bands

in the albiterich layers.

(B) Photomicrograph of the area shown in plate 4.1A with secondary fluid inclusions

trails.
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Secondafy Fluid Inelusions Tféﬂ'&- ,
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Type IV inclusions a less abundant than type #hdonly occur n samples
MT11 and MT12 Type IV fluid inclusions have been subdivided in type IVa and IVb
based on the presence or absaespectivelyof halite as a daughter pha$&here he
two types occurtogethertype IVais the dominant type; the inclusions for both types are
up to 20mn in size (Plate 4/8). They were observed in groups of several inclusions
occurring randomly within quartzut mostlyin trails (Plate4.3A). These inclusions are

interpretedo be seconds.

4.3.5 TypeV - Liquid rich fluid inclusions

Type V inclusions arewo phase, liquigich andsmall (<LO Fn) in size.They
are common although not abundant aoccur in trails that crosscut the grain
boundariesThese inclusions are interpreted as secon(l¥ate 4.5AC). Type V fluid
inclusions are commonly smaller than type Illlb and IVb fluid inclusions and are

characterized by lower eutectic temperatures and salinltsse 4.6.
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Plate 4.5

(A) Photomicrograph siwing secondary trails of liquidch type V fluid inclusions.

Ironstone sample MT12.

(B) and (C) Type V fluid inclusions consisting of small vapor bubble and liquid.

Ironstone sample MT12.
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4.4 Microthermometry

Microthermometric angbis of fluid inclusions was undertakem fluid inclusion
wafers using a LinkamMDS600 heatindfreezing stageat the School of Eartland
Environmental Sciences, James Cook Universitgoupled to a BX51 Olympus
polarizing microscope, with liquid nitrogers ghe cooling redium. The stage was
calibrated ging synthetic fluid inclusionstandard consistingof H,O and HO-CO..
Reproducibility of the melting taperatures of both solid G@nd ice below 0°C was
better thanr 0.1°C at heting rates of 0.5°C/minutén total, 149 inclusionsof type FV

were analyzed. Dataatabulated in ppendix 4

4.4.1Thermometric analysisof Type I fluid inclusions

Type lainclusions displayCO, melting temperat@s that vary from57.7 b -
56.7°C (Figure 4.1, Table 4.4and Appendix 4.). The inclusios homogenized by
disappearance of the vapour into the liquid phase and homogenization temperatures
ranged from17.5 to-0.5°C (Figure 4.B, Table 4.4andAppendix 4.).

Type Ib inclusions &ave CQ melting temperatures rangingom -57.3 to -
56.1°C (Figure 4A, Table 4.4and Appendix 4.2. The inclusion homogenized by
disappearance of the vapour into the liquid phassdmst-1.1 and 30.5°C (Figure 481

Table 4.4andAppendix 4.2.
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Figure 4.1 Histograms showing temperatures of Q@elting (A) and C@ homogenization temperatures

(B) of type la and Ib fluid inclusions.
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4.4.2Thermometric analysisof Type Il fluid inclusions

COyin typella fluid inclusionsmeltedbetween57.8 and-56.2°C (Figure 4.2A
Table 4.4and Appendix 4.3. Temperature of first meltingf the aqueouphaseranged
from -57.3 t0-54.1°C.CO,-clathratemelted from-12.9 t0-3.6°C (Figure 4.2A Table
4.4 andApperdix 4.3). CO, homogenized through vapour disappearance into the liquid
phase at temperatures betwe@rl and 25.4°C (Figure 4.28 able4.4 and Appendix
4.3). Most of the inclusions decrepitated befaotal homogenizatiorand onlyone
homogenization tengrature wasrecordedat 276.4C into liquid carbonic phase.
Decrepitaton temperatures ranged between 256 and 462.1°C (Figure Bab 4.4
andAppendix 4.3.

Type IIb fluid inclusions arevery rareand here data are reported forfldid
inclusionsonly. CO, meltedbetween-57.7 and -56.2°C. Temperature of firsmelting
was observedroonly two occasiongnd the recorded valsare-56.6°Cand-32.4°C
tempeatureof CO,-clathratemelting rangd between-12.3and-11.6°C (Figure 4.3\,
Table 4.4and Apperdix 4.4). All the inclusions displayed metastable hydrohalite
melting at temperaturespanning from 11.4 td4.4°C (Figure 4.3\, Table 4.4and
Appendix 4.4. Homogenization of C@occurred via disappearance of the vapour into
the liquid phase andange fran -0.7 to 21.3°C(Figure 4.8, Table 4.4and Appendix
4.4). Halite dissolution temperatigare 186.3, 255.7 and 3079€igure 4.&, Table
4.4 andAppendix 4.4. All the inclusions decrepitated befadal homogenization and
decrepitation temperaturesinged from 250 to 315°C(Figure 4.&, Table 4.4and
Appendix 4.3.

Salinities for type llainclusions were estimated froi@O,-clathrate melting

temperaturesising the software £jBakker, 1997; Bakker and Brown, 20G8} a H,O-
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CO,-NaCl systemusing equations by Duan et @992a; 1992b)However,clathrates
meltedfor most inclusions belowl0°C, a temperature that represents the lower limit of
the clathrate stability field for fluids in the,8-CO,-NaCl system Such low clathrate
melting temperatures may be associated itk presence of saltgdher thanNaCl in

the aqueous phas€he addition of salts to a,@-CO, fluid has the effecbf depresmg

the clathrate stability anthe depression is greatavhen salts of strongly charged
cations such as €a Fe&'and Md* are present(Diamond, 2003) Low eutectic
temperatures observed for these inclusionsatdihe presence of Cagh the aqueous
phase(Shepherd et al., 198F5or those inclusiondisplayingclathrate melting below
10°C only a minimum estimate of the salinity is possilite calculated salinity is 28t

% NaClequivalentthat correspod to a clathratemelting temperature 6fL0°C (Figure
4.4, Table 4.4 andppendix 4.3. Calculated salinitiefor the remaining inclsions are
22.4 and 25.7%t % NaCl equivalent(Figure 4.4, Table 4.4nd Appendix 4.3. The
software @ determinesthe salinities of inclusions based ailathrate melting
tempeatures. For type llb inclusions that contain a halite crystadg Q. would hawe
lead toan underestimate of the salinitiasd thereforevas not usedSalinities of type

lIb fluid inclusionswere @lculated based onalite dissolution temperatures using the
equation of Sterneet al. (1988) The equation is valid foevaluation of salinities of
halite-bearing inclusions in thel,O-NaClsystem Type llb inclusions do not regsent

a simpleH,0O-NacCl fluid since the measured eutectic temperature indicates the presence
of CaCy in the fluid (Shepherd et 311985) Nonetheless, this method provides a guide
to salinity and it is useful for comparing different types of inclusidastimated
salinities are 32, 35 and 38. 7wt % NaCl equivalent (Figure 4.4, Table 4athd

Appendix 4.3.
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Figure 4.2 Histogram showing (A) temperatures of melting ¢Q@elting, first melting and final ice
melting), (B) CQ homogenization temperatures and (C) total and decrepitation temperatures of type lla
fluid inclusions. TmCQ@ = CO, melting temperate; Tfm = temperature of first melting; TmCla =

temperature of clathrate melting; Th = total homogenization temperature; Tdec = decrepitation

temperature.
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Figure 4.3 Histograms displaying (A) temperatures of melting (Gfkelting, first melting, final ice
melting and final hydrohalite melting), (B) temperatures of, B@ogenization and (C) temperatures of
halite dissolution and decrepitation of type Ilb fluid inclusions. TRE®O, melting temperature; Tfm

= temperature of fgt melting; TmCla = temperature of clathrate melting; Thm = temperature of

hydrohalite melting; Tdec = decrepitation temperature; Ts NaCl = halite dissolution temperature.
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Figure 4. 4 Histogram displaying salinity estimatestypes Il, Ill, IV and V fluid inclusions. Values of
salinity for type Il inclusions are reported in NaCl + Ca®t% equivalent. For the remaining inclusion

types values are intended in NaCl wt% equivalent.

The composition of type lla inclugie wasestimated using £Bakker, 1997;
Bakker and Brown, 2003)nd is reported in Table 4aid Appendix 4.3Unfortunately
isochores for theseinclusions could not be calculated since homogenization
temperatures were not aged (all fluid inclusions butone decrepitated before
complete homogenizationpn attempt was made to model type llIb fluid inclusions
with the program BULK(Bakker, 2003; Bakker and Brown, 2008ut these inclusions
exceed the eutectic compositioha H,O-NaCl system The presence dfther salts in
solution (i.e. CaG) is confirmed by the low eutectic temperatures displayed by these
inclusions. The modeling of these inclusianghe HO-NaCl CaClh systemrequires

the knowledge of the Na/Ca ratios that, however, cannot be detesmaoeefinal ice
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melting was not observed (both ice melting and halite dissolution temperatures are
needed for the calculation of Na/Ca ratio; see Section 4.4.3). Therefore no

compositional data is presented for tyfefluid inclusions.

Table 4.5 Bulk fluid properties of type lla fluid inclusions obtained with the software Q, (Bakker,
1997; Bakker and Brown, 2003)

Sample | Ref.No | fiid | p rrsgla) D CO, Di‘r‘]';ty x(H,0) | x(CO,) | x(NaCl)
MT20 | MT20 f3 |3 33 20.0| 0.903| 0912] 0640| 0.199] 0.161
MT20 | MT20 3 |3 34 2900| 0.881] 0905 0.652| 0183 0.165
MT20 | MT20 f3 |3 35 22.4| 0803| 0879] 0655 0228 0117
MT20 | MT20 3 |3 36 25.7| 0.704| 0.848| 0.692| 0.160|  0.148
MT20 | MT20 f3 |3 37 200| 0.883] 00909| 0.697| 0127 0176
MT20 | MT20 3 |3 17 200| 0.795| 0.844| 0520| 0348 0131
MT20 | MT20 f8 |8 2 200| 0962| 0958 0470| 0412] 0.118
MT20 | MT20 f8 |8 3 200| 0.760| 0.893] 0.739| 0075 0.186
MT20 | MT20 f8 |8 4 200| 0.878] 0929| 0.671] 0.160]  0.169
MT20 | MT20 8 |f8 5 200| 0.761] 0.856| 0.645| 0.192]  0.163
MT20 | MT20 8 |f8 6 200| 0.884] 0.897| 0494 0381 0125
MT20 | MT20 f8 |8 8 20.0| 0.978] 00960| 0.398] 0502  0.100

Compositional data of type lla fluid inclusions are interpreted by comparison
with experimental work omsynthetic fluid inclusions in the J@-CO,-Nad systemby
Schmidt and Bodnar (2000h their paper they presented several isoplethic diagrams in
the RT space, for temperatures between 300°C and 800°C and pressures betdeen 10
and 500 bar for a range a fluid inclusion compositio®sT diagrams costructed by
Schmidt and Bodnar (2000) for fluid inclusiaccompositionsclosest to type lla
inclusion compositionare shown in Figure 4.9he diagrams show the higitessure

portions of the solvus anlines of equal homogenization temperatures for cohstan
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composition for fluid inclusions containing 20 wt% NaCl and 20 mol% @ure

4.5A) and 40 wt% NaCl and 10 mol% G®oth relative to watefFigure 4.1). Type

[la fluid inclusions have salinity~ 30 wt% NaCl equiv.) intermediate between the two
compodion studied by Schmidt and Bodnar (2000) and display generally highgr CO
concentrationgTable 4.5). Most of type lla fluid inclusions have £€ncentrations

around 20 mol% but quite a few contain CORQFHQWUDWLRQV - PRO D

mol% (Table 4.5)

Figure 45 (A) High-pressure portions of the solvus, critical points, and lines of equal homogenization
temperature for a fluid containing H20 + 20 wt.% NaCl + 20 ma92 - REXDVH ILHOG -
coexisting liquid and vapor; C = critical point. (B) Liquidi, highessure portions of the solvus, and lines

of equal homogenization temperature for a fluid containing H20 + 40 wt.% NaCl + 10 mol% CO2. L =
liquid field, L(40) = liquid containing 40 wt.% NaCl, L + V = coexisting liquid and vapor field, L + H =
coexisting liquid and halite field, L + V 1+ H = field of coexisting liquid, vapor, and halite. Heavy lines
refer to phase equilibria; thin lines refer to lines of édqumanogenization temperature in the eplease

field, labeled with the corresponding homogenization temperature. The experimental data are from
Schmidt and Bodnar (2000) and reference therein. Modified after Schmidt and Bodnar (2000).

Schmidt and Bodnar ®0) showed that the addition of NaCl or £® both
causes a shifof the critical point and the solvuswards higher temperatures and
pressurs resuling in immiscibility over a wide range of PTX conditionsyen in
deeper crustalocks. For exampldpr fluid compositionshown in Figure 4A (20 wt%
NaCl and 20 mol% C¢ and 4.8 (40 wt% NaCl and 10 mol% Cpimmiscibility

occurs for temperatures and pressures below approximately 450°C and 2500 bar and
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below500°C and 2500 bar respectivelyype lla flud inclusions have higher salinities
and generally higher C&oncentrations than the fluid representedrigure 45A and
lower salinities but consistently higher g€@ontentsthan the fluidshownin Figure
4.9B. Therefore, immiscibility for type lla flai inclusions is expected to occur at higher
temperature and pressure conditions compared to fluids in Figle These
considerations are furér developed Section 7&here the origin of type Il fluid

inclusions is discussed, particularly in relationthte genesis of the SRBP.

4.4.3Thermometric analysisof Type Il fluid inclusions

First melting fortype Ill afluid inclusions spameda wide range of temperatures
from -67.2 t0-44.2C (Figure 4.8\, Table 4.6and Appendix 4.9. These inclusions
displayed brown colour and granulappearanceuring cooling which combinedwith
the low eutectic temperatures indicate the presence of,@a@le fluid (Shepherd et
al., 1985) Ice melting for these inctiions ranged from29.4 t0-21.7C (Figure 4.&\,

Table 4.6and Appendix 4.9. Hydrohalite melting in most cases was metastable and
ranged between.Pand32.2; only two inclusions displayelydrohalite meltingoelow

0°C (-11.6°C and-1.1°C Figure 4.8\, Table 4.6and Appendix 4.9. Upon heating the

vapor bubble normally disappeared before dissolution of halite at temperatures between
106.8 and 198.3°C,while halite dissolved at temperaturesnging from 147.5 and
360°C. One inclusion homogenized via vapor disappearance with halite dissolving at
204.9°C and the vapor bubble disappearing at 238(Eigure 4.@®, Table 4.6and
Appendix 4.5. Total homogenization temperatures rangetiveen 1473 and 360°C

(Figure 4.&, Table 4.6andAppendix 4.5.
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Type lllb have eutectic temperatures betweéf.7 and-50.4°C and displayed
freezng behavior similar to type lll@Figure 4.8\, Table 4.6and Appendix 4.9. Ice
melted between33.7 and-20.0°C (Figure 4.8\, Table 4.6 and Appendix 4.6.
Hydrohalite melted at temperatures ranging frd.4 and-3.7°C, althouglcommonly
the melting was metastable andcurredat temperatures spanning from 2825°C
(Figure 4.8\, Table 4.6and Appendix 4.6. Type llb inclusions homogenize between
109.2 and 183.5°CFigure 4.® and C Table 4.6andAppendix 4.6.

Salinities of these inclusions were estimated using the program Calcicbrine
designed for fluids in thél,O-NaCFCaCl system(Naden, 1996)Salinities for halite
bearing fluid inclusions are calculated using baé& melting and halite dissolution
temperatures. @culation of salinities for twghase fluid inclusions requires both
temperatures of ice and hydrohalite meltiidaden, 1996) Salinities for twephase
fluid inclusions displaying metastable melting of hydrohalite were not determiihed.
program return salinity values as the sum of M&C| and CaGlconcentrationn the
fluid expressed adNaCl + CaC} equivalent.Calculated salinities range from 30.3 to
45.4and from 22.4 to 28.NaCl + CaCL wt% equivalent for type llla and llib fluid
inclusions respectively (Figure 4.4, Table 4.5, Appendix 4.5 and 4.6). The software also
allows the calculation of the NaCl and CaQiontents. Type llla inclusions have
concentrations of NaCl ranging from 20 to 43 wt% equiv. and GefPh 1.5 to 13 wt.

% equiv. with NaCl/NaCl+Cagbetween 0.6 and 1 but consistently around 0.7 for most
of the inclwsions. Type llIb fluid inclusions display variable NaCl and Ga©htent
ranging from 2.1 and 20.7 and from 5.2 to 24.2 wt. % equiv respectively, mirrored by

variable NaCl/NaCl+CaGspanning from 0.1 to 0.@igure 4.7 Appendix 4.6).
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Figure 46 Histograms showing (A) melting temperatures (first melting, final ice melting and final
hydrohalite melting), (B) vapor and solid phase homogenization temperatures and (C) total
homogenization tempexaes of type Il fluid inclusions. Tfm = temperature of first melting; Thm =
temperature of hydrohalite melting; Tm = final melting temperature of ice; Thv = temperature of vapor

disappearance; TsNaCl = halite dissolution temperature; Th = total homatimizmperature.

4.3z



Chapter 4

4.4.4Thermometric analysisof Type IV fluid inclusions

Temperatures ofirlst melting for type IVa fluid inclusionspanfrom -36.6to -

27.1 °C(Figure 4.8\, Table 4.6and Appendix 4.7 andindicate the presence of other
salts (i.e. MgGl and FeC}) in addition to NaCl(Shepherd et al., 1985)ce melted
between-25.1 and-19.1°C, while hydrohalite melting was metastalletween 5.1 and
15°C (Figure 4.8\, Table 4.6 and Appendix 4.7. These inclusions displayed
homogenization behavior similar to type llla inclusions with the vapor bubble
disappearing first upon heating, at temperatures between 118.1 and 255.9°C, followed
by halite dissolution at temperatures between 203.6 and 25¢Fi§are 4.8, Table

4.6 andAppendix 4.7. One inclusion homogenized via vapor disappearance at 256.7°C
with halite dissolving first at 246.3°GFigure 4.8 and Appendix 4.7. Total
homogenizaon occurred at temperatures in the range from 26836.7°C(Figure

4.8C, Table 4.6andAppendix 4.7.

Type IVbdisplayedeutectic temperatures in the range betw&&13 and-29°C,
ice melting from-25.1to -21.6°C and metastable hydrohalite meltimgfween 9 and
14.6°C Figure 4.8\, Table 4.5and Appendix 4.8). The inclusions homogenized at
temperatures spanning from 166@ 184.7°C Figure 4.8 and C Table 4.6and
Appendix 4.8.

Temperatures of first melting indicate a fluid with composition nmameplex
than a HO-NaCl fluid and that likely includes KeMgCl,-FeCL components
(Shepherd et al., 1985%alinities were determéd based on halite dissolution using the
equation of Sterner et a11988) derivedfor evaludion of salinities of halitdbearing
inclusions in theH,O-NaCl system This method was employed despieitectic

temperatureghatindicate the fluid has a more complex composition than a siHyabe
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NacCl fluid for reasons similar to those mentioned fer e¢istimation of salinity dfype Il
inclusions Salinity was not estimated for twghase inclusions due to the metastabilty
of the hydrohalite.However, a salinity estimat®r type Vb can be derived from the
upper stability limit of hydrohalite (0.1°C)The calculatedvalue is 26.3 wt%NacCl
equiv. and representsmmaximumsalinity estimateCalculated salinitiegor type IVa

range from 32.1o 35.1 wt % NaCl equivalenfFigure 4.4, Table 4.6and Appendix

4.7).

Figure 4.7 Ternary diagram for the NaCGl CaCl - H,O system displaying the composition of type Il

fluid inclusions (modified from Vanko et al. 1988).
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Figure 4.8 Histograms showing (A) melting temperatures (first melting, final ice neeléind final
hydrohalite melting), (B) vapor and solid phase homogenization temperatures and (C) total
homogenization temperatures of type IV fluid inclusions. Tfm = temperature of first melting; Thm =
temperature of hydrohalite melting; Tm = final meltiiggmperature of ice; Thv = temperature of vapor

disappearance; TsNaCl = halite dissolution temperature; Th = total homogenization temperature.
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4.4.5Thermometric analysisof Type V fluid inclusions

Eutectic temperatures ranged freBv.2 to-24°C (Figure 4.9\, Table 4.6and
Appendix 4.9. These temperatures are lower than eutectic temperatures for a fluid with
H,O-NaCl and indicate the presence of other salts in the (lied MgCh, FeClh and
KCI). Hydrohalite melted betweet24.9 and-20.5°C and ice betweer9 and-5.7°C
(Figure 4.9\, Table 4.6and Appendix 49). In some cases hydrohalite melting was not
observedThe inclusions homogenize by vapour disappearance into the liquid phase and
homogenization temperatures range from 144°C to 2@85Higure 4.8, Table 4.6and
Appendix 4.9. Salinities were determined based on ice melting temperaigneg the
equation of Bodna1993) although eutectic temperatures may indichgegresence of
other salts in solution. Nonetheless, this method provides a guide to salinity and it is
useful for comparing different types of inclusio@alculated salinities range from 8.8

to 12.8 wt % NaCl equivalelfFigure 4.4 Table 4.6andAppendk 4.9).
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Figure 49 Histograms showing (A) melting temperatures (first melting, final ice melting and final
hydrohalite melting), (B) and total homogenization temperatures of type V fluid inclusions. Tfm =
temperatee of first melting; Thm = temperature of hydrohalite melting; Tm = final melting temperature

of ice.
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4.5 Laser Raman Analysis

Laser Raman Spectroscopic (LRS) analyses were performed on twelve type |
and Il fluid inclusions to identify the composition andatere concentration of the gas
phases. The analysis was carried out at Geoscience Australia in Canberra, Australia,
using a DILOR MICRODIL28® Laser Raman spectrometdnformation about
principles andthe application of LFS to fluid inclusion studiesan be found in a
number of publicationfBurruss, 1981; Roedder, 1984; Pasteris et al., 1988; Dubessy et
al., 1989; Burke, 2001)LRS analyses were conductatd40 mW on a514.5 nm laser
excitation from a Spectra Physics 2020 5 W argserl®nalyzed gas phasesclude
CO,, CO, CH, Ny, H:S, H, and NH. Resultsare reported in Appendix 4.10. The
analysis revealed that the gas phase in all the inclusion types contained erandCO

other gas species were not detected.

4.6 Estimation of Pressureand Trapping Conditions

4.6.1Estimation of Density and Pressure ofype la and Ib +CO;rich inclusions

Densities of type | fluid inclusionwere calculated using the equation of Brown
and Lamb (1989) using FlinCor 1.4 software (Brown, 1989) Primary type lafluid
inclusionshomogenize betweeil7.1 and-0.5°C Section 4.4.1, Figure 4B, Table 4.4
and Appendix 4L) which correspond t€0, densities between 0.931 and 1.021 gicm
Pseudosecondary Ib fluid ihesions homogenizéetween-1.1 and 30.5°C (&tion

4.4.1, Figure 4.1B, Table 4.4 and AppendiR) at temperatures generalljigherthan
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type la fluid inclusionswhich results in densitidswer than type | a inclusiorsetween
0.569 and 0.935 g/cin

Pressurdor type la and type Ib fluid inclusiongas estimated irsg the method
described by Roedder and Bodn&t980) based on the comparison of the
homogenization temperature (Th) with independent geothermandsechores for
type la and Ib were calculated using the software FlinlCéi(Brown, 1989)and the
equation of Brown and Lam{d989) Several independent geothermometeese used
to estimate he pressure of entrapent of type | fluid inclusions. Threpotential
geothermometers were considered to estimate the maximum trapping pressure of type |

fluid inclusions:

i. The temperature defined by mineralogy and texture of the granite clasts
that hosts primarand pseudosecondary fuid inclusions. The mineral
assemblage of the granite clasts consists of quartz and albite and the
textures observed indicatieat the crystallizing melt wasolatile-saturated
(Chapter 3) The solidus temperature forthe system ABQtz 4,0 in
watersaturatecconditions at 3kbar (the estimated pressure for the contact
aureole around the northwestern contact of the Sgsdnyite; Ribenachet
al., 2007 is ~ 740°C (Wen and Nekvasil, 1994However, evidence from
primary fluid inclusions indicatethat the volatile phase comprssether
componerd in addition to water. The effect of G@nd other possible

volatile phases is discussed furthebeiow.

ii. The estimated temperature for the aureole around the northwestern contact

of the Saxby granite(Rubenach et al.,, 2007)which autcrops
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approximately 2 knirom the SRBP (Figure 3.}, that was inferred around
670°C at 3kbar from the observed mineral assemblage that caofskéts

feldspar- sillimanite- andalusite.

iii. The estimated temperature of equilibrium of albite and quattzeimplitic
and pegmatitic componen of albiteactinoliteapatitexich rocks
determined by oxygen isotepstudies(Mark and Foster, 2000)These
rocks form the carapace at the top of a small delike intrusion ofthe
Roxmere plutonlocated at the northern end of the Mount Angelay igneous
complex in he Cloncurry @trict, and are mineralogically and texturally
very similar to the pegmatite clasts described in this study and hosting the
COy-rich fluid inclusions. Te albiteand quartz equilibrium in theocks
described by Mark and Foster (200f8fines temperatures between 510

and 540°C.

The calculated isochores for type la and Ib inclusions are plotted in iylife
4.11 and 4.12where they are compared toetlifferent geothermometers applied.
Isochores of early type la inclusions define a narrower and higher range of pressures
compared to isochores of later pseudosecondary type Ib fluid incluSioasmaximum
pressure for type la fluid inclusions+s6.2kbar at 740°QFigure 4.1, ~ 5.7 kbar at
670°C(Figure 4.1) and ~4.7 kbar at 540°CHigure 4.12. The maximum pressure for
type Ib fluid inclusions is ~ 4.5 kbar at@C (Figure 4.10, ~ 4.9kbar at 740°CKigure
4.11) and ~3.7 kbar at 540°CHjgure 412).

The estimated pressures vary considerably using the diffgeethermometers.

The highest pressurese associated with the geothermometer derived by the solidus
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temperature of the system AQz-H,O in watersaturated conditions at 3 Kkbar.
However,primary and pseudosecondary £@h fluid inclusions and likely primary
mixed aqueousarbonic and brinearbonicfluid inclusions(section 4.3.2)indicate the
presence of a carbonphaseand other solutes in addition kpO. The addition of one
compaent, for example€CO,, to awaterbearing magma has the effect decreasing the
solubility of H,O in the magma and vice verfalank and Brooker, 1994; Lowenstern,
2000; Lowenstern, 2001)rhe addition of C@ to a granitic watebearing magma
results in a reduction of @ activity in the melt andcas a consequengde an increase of
the liquidus and solidus temperature of thagma(Swanson, 1979; Keppler, 1989;
Ebadi and Johannes, 1991; Holtz et al., 1992; Scaillet et al., 1995; Nabelek and Ternes,
1997) Therefore,the solidus emperature form system containing AiQtz-H,O-CGO,
was likely higherthan 740 °C calculated for the Aptz-H,O system.On the other
hand the crystallizing magmalsopotentially contained elements such as Li, B, F, P, as
suggested by the presence of acogsapatite in some samplaad by results of crush
leach analysis (Chapter ,5jhat can significantly lower the liquidus and solidus
temperature of the megltondon, 1992; London, 2005Yhus, thee are severalolatile
componentsthat may have affected thsolidus tempeature of the melt and the
estimated740°Ctemperature value

The second geothermometer is derived from an estimate offheonditions at
the contact aureole of the Saxby Granite in its northwestern section, approximately 2km
from the SRBP (Ruberach et al., 2007)Whilst the pressure is not expected to have
significantly changed over the 2 km distance, the temperature most likely decreased
away from the contact aureole, implying temperatuaknost certainly lower than

670°C in the proximity ofthe breccia pipe and therefore pressures lower than 5.7 kbar.
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The estimated equilibrium temperatft0°C)determined for the albitquartz
assemblage albite-actinoliteapatitexich rocks by oxygen isotope calculatiofMark
and Foster, 2000} considered the best estimate of the maximum temperature for the
formation of type | fluid inclusions because of the similarities (mineralogical, textural
and occurrence) of these rocks with the rocks described in hlig st

The estimate for the minimum temperatB650C) of entrapment of type |
inclusions isobtained from homogenization of type Il inclusiofiie latter are in fact
secondary and therefore postdate the formation of primary and pseudosecondary
inclusions The maximum observed temperature of homogenization for type |l
inclusions is 360°CThe minimum pressure for type la and type Ib fluid inclusiaihs
360°C is ~ 2.6 kbarHigure 4.104.11 and 4.2) and~ 0.9 kbar Figure 4.104.11 and

4.12 respectivey.
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The estimated averagaressure for type la inclusiotmpped in primary growth
zones in the quaralbite layers in the granite claast 540°Cis 4.2 kbar However, his
exceed theindependent pressure estimat#ainedfor the catact aured of the Saxby
granite (3 kbar; Rubenackt al., 200y by approximatelyl.2 kb. This difference may
represent overpressuring produced by release of volatiles during the crystallization of
magma and that ultimately may have been responsiblethiorbrecciation event
(Chapter7). The pressurecalculated from pseudosecondary type Ib inclusions indicate
lower values compadeto primary inclusions and a wideange of pressuredhe
average pressure at 540°C for type Ib fluid inclusions is 2.7, ldwamilar to the
independent pressure estimate obtained for the contact aureole of the Saxby granite, and
1.5 kbar lower than the value recorded by type la fluidusions at the same
temperatureThis indicats that large presure fluctuations are moskély responsible
for the formation of thedransitionalmagmatiehydrothermal textures observed in the
granite clastand theyesultfrom the cyclic accumulation and release of volatiles at the

top of the granite.

4.6.2Type lll *Liquid rich inclusions

Pressure for type Il fluid inclusions was estimated using the method described
by Roedder and Bodnd&f930) for fluid inclusions containing daughter phases. Type
[lla fluid inclusionsdisplayhomogenzation behaviour characterized by vapbubble
disappearance (Thy) at temperatures below tldessolution of halite (Ts > Thy). The

temperature of halitadissolution (Ts) provide a minimum value for the trapping
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temperature of the inclusions, whereas the pressure at Ts along thevéigarsolid
curve represerd a minimum trapping pressur@igure 4.13; Roedder and Bodnar,
1980) The method requires tth@owledge of the slope and position of tieochore the

P-T position of the liquidus curve and its intersection with the appropriate isochore
(Figure 4.13; Bodnar, 1994)sochores were calculated based on Khusing the
software FlinCorl.4 (Brown, 1989) An attempt to calculate the liquidus curve and its
position was carried out using the method provided by Bo(®84) However, the
isochore and the liquidus e for single inclusions intersected attemperature
different from the measuredis. Although the difference was in the order of few
degreestheeffect onthe estimated pressure was dramatproximately twarders of
magnitude higherdueto the step slope of the liquidus curv&he method proposed by
Bodnar(1994)for the calculation of the liquidus curve was intended for a simple NacCl
system while type Il inclusions displayed more complex composits@e (section
4.4.4) and this is likelythe reason for thentersection of the isochores and liquidus
curves atemperatures different froffis. The minimum trappingpressurdor type llla
inclusionswas therefore estimatexsthe pressure at Ts along th&laulated isochores
(Figure 4.13. The estimated minimuntrapping pressures range between 600 and
approximately 2700 bawith average values around 1600 bBeype Il fluid inclusions

are associatedith the albite alterationeventthat affectsrocks within and adjacent to
the SRBPand therefore the estimated ggars represent alsoninimum pressurefor

the albitization event.
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Figure 4. 13 Diagramillustratingthe relationship between theTPformation conditions and the mode of
homogenization of F0-NaCl fluid inclusions wih a salinity of 40 wt%. The inclusion follows the selid
liquid-vapor curve until vapor phase homogenizatibine inclusbnthen follows a path through the liquid

+ halite field (dashed line) until halite dissoluticat higher temperature when the path risgets the
liquidus. Pressure and temperature at Ts represent minimum trapping temperature and pressure. Modified
after Bodnar (1994).

4.4¢



Chapter 4

Figure 4.14 Pressurdemperatures diagram for type llla fluid inclusions. Isochores wadeilated based

on the vapor homogenization temperatures using the software Flincor (Brown, 1983iniimeim

trapping pressure for the single inclusions was estimated as the pressure value at Ts along the calculated
isochores. Symbols in the graph regmet the minimum (blue), average (grey) and maximum (red)
pressure plotted on the corresponding isochore obtained from the inclugienshown isochores do not
represent the minimm, maximum and average isochqriest the isochores along which lie thenimium,

maximum and average pressures calculated for type Il fluid inclus@alsulated pressures vary from

around 600 to approximately 2600 bar.
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4.7 Summary

Five types of fluid inclusions have been identified basedheir origin and
composition,summarized in Table.2, 4.3 and 4.4Type | and type Il alcontainCO..
Temperature®f melting of the CQ phase suggest composition close to pure GO
confirmed by laseRamananalysis Type la and Ib areespectivelyprimary and
pseudosecondary monogse CQ inclusionsand were observed only in granite clast
sampls. Type la fluid inclusions in general homogenizedaater temperaturse than
type b, implyinghigherdensitiedor the primary inclusionsTypella andllb aremixed
carboniebrineinclusions the lattercontaininga halite crystaht roomtemperatureThe
origin of these inclusions is uncertain, although due to their association with type la
primary originis inferred. The dominant type of inclusions asecondargodic ¢calcic)
threephase (type llla) antio phasdiquid-rich (type llib) fluid inclusionsthat display
high to moderate temperature and high salinityese inclusions were found in trails
associted with albite alterationQhapter 3 andection4.2) and therefore they are
interpreted tarepresent the fluid that caused the albitizatibype IV fluid inclusions
are secondary twphaseliquid-rich (type IVb) and three phase (type IYand are
generally similar to type IIl but display lower eutectic temperaturesuggestig a
difference in compositianThey are high to moderate temperature (from 203.6 to
253.7°C) and high salinity (average 33.4 NaCl equiv.) fluid inclusidgpe V fluid
inclusionsare secondaryliquid-rich moderate temperature (144 to 245°C) and salinity
(8.8 and 12.84 wt% NaCl equiv.) fluid inclusions.

Pressurestimated from type lenclusionsexceed the maximum estimate for the
conta¢ aureole for the Saxby granidthe excess likely represarthe overpressuring

generated at the top the granite bysaution of volatile phases during the
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crystallization, as also supported bywagmatiehydrothermal transitional textures
observed in granite clastsCljapter 3) The overpressuringmay ultimately be
responsible for the brecciatiavent. Later pseudosecondy type Ib fluid inclusions
indicate in generallower and wider interval ofpressureghan ype la. This can be
interpreted as a general drop of pressure that is likely responsible for the formation of
the magmatidydrothermal textures observed in thargte clastswhich result from

the cyclic accumulation and release of volatiles at the top of gfamite These
hypothess arefurther discussed in chapter Rressures obtained frosecondarysodic
(-calcic) type llla fluid inclusionsassociated with blte alterationrangefrom 0.6 to
approximately 2.6 lar. Theserepresent minimum pressure estimate for the albitization

event.
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Chapter 5 £Fluid Chemistry and Conditions of the Sucide
Ridge Breccia Pipe (Il): Microanalytical, Bulk and

Microprobe Analysis

5.1 Introduction

In Chapter 4 results are presented from conventional fluid inclusions studies
including paragenesis and classification of fluid inclusions and microthermometric
analysis. This chapter focuses on the investigation of the chemistry of the fluids
associatedhe Suicide RidgeéBreccia Pipe (SRBPYith the aid of several analytical
techniques that include laser Raman, LA ICP MS, bulk elemth and microprobe

analysis.

5.2 LAICP MS analysis of fluid inclusions

5.2.1Methodology

LA ICP MS analysisvas undertaken to termine thechemistry oftype Il and
IV fluid inclusionsandwascarried outat theSchool of Earth and Eimonment at the
University of Leeds. The methodology is described thoroughly in Gunther(¢988B)
and Heinrich et al(2003) details on the instrumentati@md analytical procedures for

the analyses presented in this study can be found in Allan e2@D5) The
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instrumentation employedhcludes a GeoLas Q Plus excimer laser (ArF, 193nm,
Microlas, Gottingen, Germanyd open the inclsion and volatilize its contendandan

Agilent 7500c ICPMS to analyze the ablated mat€Adan et al., 2005)Two separate

suites of analyses were carried out, comprising Na, K, Ca, Mn, Fe and Sr and Na, K,
Cu, Zn, Ba and Pb. For the analysfsttoe first set of data the ICP reaction cell was
pressurized with bito eliminate the interference 8tAr* and*°Ar*®0* (Ar is the carrier

gas)on “°Ca’" and *°Fe" respectively(Allan et al., 2005) However, this setting has the
disadvantage of deicing the sensitivity for element masses with no interferences and
therefore minor elements were analyzed in a separate suite without gas in the reaction
cell (Allan et al., 2005)The concentrations of Na and K were determined in both sets of
andysis, because Na was used as the internal standard (see below) and K was used as a
control on the quality of the analysis. Concentrations of K determined in the two series
of analysis are similar ranging from ~ 1000 ppm to around 60000 ppm for both suites
and displaying average values for all the inclusions of approximately of 20000 and
19000 ppm for the first and second suites of analysis respectively. In the data presented
K values obtained in the first series of analysis were used for their immediate
correlation with other major elements (i.e. Ca, Flation spots and spectra for the

first and the second suite of elements are shown in Figures 5.1 afktetion limits

vary asa complex function of the mass of the elemerihe sizeand shape of the
inclusion andthe number of elements measured from a single inclusioth mustoe
determined for eacklement in each inclusiofHeinrich et al., 2003) The limits of
detection normally decrease with decreasing size of the incl(idnrich et al., 2003)

andin this studythe small inclusions 20 Fn) often resulted in concentrations below
limits of detection for many elements, in particular Mn but &so Zn andPb.In such

instancesthe detection limitcan be used as a maximurastimateof concentration.




Chapter 5

Limits of detection for the analyzed elements were calculated on the basis of 3 times the
standard deviation of the signal containing zero analgtene elementgisplay a
relatively large standard deviatioffhis does notappear to be related tanalytical
problemsor to fluid inclusion leakage or necking dowmyt ratherappear to reflect
variablecompositionf the inclusions evewithin single samplesSignalswith spikes
isolated signal usually higher than the actual sigmale removed as they lead do
overestimate of element concentratiotisese were mainly related to Mg and less
frequently to Fe, Cu, Zn and Ba. Results for Mg wdisgnissedand are not presented
here since all the signals wearensidered tde spikes.

The element ratio®obtainedfrom LA ICP MS analysis were converted to
absolute element concentrations usirajue of Naas an intemal standard (Section
5.2.2. The Na value employed for the conversion was calculated using a -charge
balance method based on the chabgdéance of althe major cations measured to the

chlorine concentration estimated from microthermometry using the following equations:

(1)

(2)

wherem s the molality,ni is the charge of each catioasd nX;/ mNa are molar

ratios that are obtained from laser ablation analysdlan et al., 2005)

o
1)
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Figure 5.1 Picture of type Il fluid inclusions before (A) and after (B) ablation. Sample MT11

Figure 5.2 LA ICP MS signals obtained from ablation of type Il fluid inclusions for the first (A) and the

second (Bxuite of analyzed elements. Fluid inclusions in samples MT12 and MT19.
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5.2.2Sample and fluid inclusion selection

LA ICP MS analysis was undertaken to determine the composition of fluid
inclusions associated with tI@RBP Fluid inclusions analyzed are mgstype 11l due
to their abundance in all samples studied and occurrence as homogeneous populations
of inclusions. In particular, these inclusions were linked to the albitezaglon that
affects rocksn andaroundthe breccia pipe (Chapters 3 and 4)p&}¥l fluid inclusions
were not analyzed due to their small size (mostly) Pn) and occurrence in association
with other types of inclusions, dominantly type | but also type Ill and IV fluid
inclusions, resulting in difficulties in obtaining accurate aodfident analysis of type
Il only inclusions. An attempt was also made to analyze type IV fluid inclusions.
However, their analysis was difficult because of their small size (mostly below),
their scarcity and their occurrence in association witter inclusions, dominantly type
lll. Type IV fluid inclusions were observed and analyzed only in two areas, one in
granite clast sample MT11, and the other in the ironstone sample MT12, which are
labelled as MT11 Z2 and MT12_Z1 respectively.

The Na valie for theconversion fronelement ratioobtained from LA ICP MS
analysis wasalculatedusing the chargealance method described in Section 5.2.1. The
chlorinity was derivedrom the average salinity of typel Hluid inclusions estimated
from microthernometry (Chapter 4)LA ICP MS analysis revealed that Na, K and Ca
are the most abundant cations in thad; therefore the following charge balance

approximation was usddllan, 200):

ICININa+ | K+ 21 Ca
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The calculated Na value was ~ 85000 ppm. Thatuer was usedof the
conversion fromelement ratioobtained from LA ICP MS analysis to absolute element
concentrations for both type Il and fluid inclusions The reason for using the same
Na value for the conversion is due primarily to the unceregnassociated with the
analyses of type IV fluid inclusions, particularly their occurrence in mixed population
wheretype IIl are thedominart inclusionstypes. Using the same Na value to convert
element ratios for both inclusion typesedmot significarly influence the calculated
absolute concentrations. In fact, the Na value calcukatetype IV fluid inclusions(~

88000 ppn) do not differ significantly from the previous calculated value.

5.2.3Results

Results of laser ablation analysis 67 fluid inclusions for the first suite of
elements and on 57 for the second suite of elements are reporiatlen 5.1 and
Appendix 5.1 Average, minimum and maximum concentrations for each sample of the
analyzed elements are also reported in Table 5.1 and plotigdure 5.3In Table 5.2
and Figure 5.4 are summarizegierage, minimum and maximum concentrations for
type Il and IV fluid inclusions. Figure 5.6ompars average valuebetweeneach
sampleand between the different types of samples (granite clast®onstones) the
latter are also reported irable 5.3 Figure 5.6compares fluid inclusioelement ratios
Element ratios are widely used to characterize fluid inclusions and represent an easy
way to comparehe fluid inclusionchemistry The ratios selded here include most of
the commonly ratios used to characterize fluid inclusions (e.g. K/Ca, Mn/Fe) together

with element ratios of specifinterest forlOCG systens (e.g. Ba/Cu, Zn/PBVilliams
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et al., 200). Table5.1reports two different averagese calculated using all the data
including values below detection limit (in these cases the detection limit for the given
element in the given inclusion was used for the calculaga maximum estimate of
concentration Section 5.21), and the other caltated using only data above detection
limits. In the following discussion the average is calculated on the basis \Gladis
including those below detection limihless otherwise stated.

In addition to Na, type Il fluid inclusions are dominated by &@a K with
concentrations from about 9000 ppm to 49000 ppm and from around 7000 ppm to
41000 ppm for Ca and K respectively (Figure 5.4; Tables 5.1 and 5.2). Average
concentrations generally range from around 16000 to approximately 25000 ppm for
both elemats in most samples (Figures 5.3 and 5.5; Tables 5.1 andTB&)verage
K/Ca ratio is close to one for most of the samples, with the exceptisamplevT11
that show a slight enrichmenin Ca compared to K (Figures 5.3, 5.5 and 5.6Able
5.1).

Iron concentrations for type Il fluid inclusions range from around 100 ppm to
8000 ppm (average ~ 2000 ppm) (Figure 5.4; Tables 5.1 and 5.2). However, fluid
inclusions analyzed in different samples display different Fe contents and can be
broadly subdividednto two groups. The first group includes inclusions from granite
clast samples MT11, MT20 and ironstone sample MT19. These have Fe values for
single inclusions spanning from a few hundreds to thousands of ppm and average Fe
concentrations between approxitaly 1000 and 2000 ppm (Figures 5.3A, C, E and 5.5;
Table 5.1). The second group includes fluid inclusions from granite sample MT13A and
ironstone MT12 that display Fe values for single inclusions consistently in the order of
thousands of ppm and averagencentrations around 4500 ppm (Figures 5.3B, D and

5.5; Table 5.1).
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Data for Mn are below limits of detection in the majority of cases and only 4
values above detection limits were obtained. These inclusions are found in granite clast
sample MT20 and ironstone samples MT12, MT19 and indicate Mn concentration
approximatelybetween 400 ppm and 700 ppm and display Mn/Fe ratios between 0.10
and 0.48 (Figure 5.6B and Table 5.1); one remaining value for an inclusion in granite
clast MT11 indicates a Mn content of 8349 ppm with a Mn/Fe ratio of @Rure
5.6B and Table 5.1). Enfact that most of data for Mn are below detection limit
suggests that actual Mn/Fe ratios are expected to be generally lower than values
reported here.

Trace elements analyzed include Sr, Ba, Zn, Pb and Cu. Strontium ranges from ~
100 ppm to a few hundds of ppm with an average between approximately 150 and 220
ppm for type Il fluid inclusions in most samples (Figures 5.3 and 5.5; Table 5.1); type
[l inclusions in two samples, MT11 and MT12, have slightly wider Sr ranges, from
around 100 to 800 ppm dnfrom about 300 to 700 ppm for MT11l and MT12
respectively, and averages, around 500 ppm for both samples (Figures 5.3 and 5.5;
Table 5.1). Type Il fluid inclusions in most samples display variable Ba concentrations
spanning over two orders of magnitugenh few tens of ppm to a few thousand ppm
(Figure 5.3 and Table 5.1). Type lll fluid inclusions in granite clast samples have the
highest Ba concentrations that range from around 50 to 3500 ppm and with average
values higher than 1,000 ppm for sample MT3#11200 ppm) and MT13A (~ 1150
ppm) and only sample MT20 displaying a lower value (~ 500 ppm) (Figures 5.3A, B, C
and 5.5; Table 5.1). Type Il fluid inclusions in ironstones samples have in general a
lower and narrower range of values (mostly below 1Q8@)pand lower average values
than those in granite clast samples; average values for Ba in these samples are around

500 ppm for MT12 and about 300 ppm for MT19 (Figures 5.3D, E, and 5.5; Table 5.1).
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Values obtained for Cu are below limits of detectiorb@% of cases; therefore
Cu concentrations are expected to be generally lower than reported here. The
concentration of Cu in the fluid is below 1000 ppm for most of the inclusions with
average values varying between around 200 ppm and 300 ppm for flludians in
samples MT11, MT12, M12 and MT19 and higher for fluid inclusions in sample
MT13A (~ 500 ppm) (Figures 5.3 and 5.5; Table 5.1). Ba/Cu ratios vary over a wide
range, from ~ 0.1 up to around 23 for most samples with averages spanning from
around 2to about 6 (Figure 5.6C and Table 5.1). Zinc concentrations range from few
hundreds to few thousands of ppm for fluid inclusions in most samples, with average
values between about 600 to around 1000 ppm (Figures 5.3 and 5.5; Table 5.1). Type Il
fluid inclusions in sample MT20 and MT12 display lower Zn content with values
consistently below 1000 ppm and average around 300 and 450 ppm respectively
(Figures 5.3C, D, and 5.5; Table b.Cu/Zn ratios are normally below 1 for most of the
inclusions, but varialel for inclusions in samples M1l and MT13A between
approximately 0.1 and 1.8, whereas the remaining sssngisplay particularly low
Cu/Zn ratios consistently below 1 but dominantly bel6s (Table 5.1) Around 35%
of Pb values obtained from the analysis are below detection limits. However, the range
of values and average concentrations do not appreciably vary considering or excluding
values below detection limité.ead concetrations are typically betvea tens to a few
hundreds of ppm, with average values ranging from around 50 to about 250 ppm
(Figures 5.3, 5.4 and 5.5; Tables 5.1 and 2ZBJPb ratios span over a wide range of

values from around 1.5p to almost 2
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Table 52 Average, maximum and minimum composition of type Ill (samples MT11, MT13A, MT20,
MT12 and MT19) and IV (samples MT11 Z2 and MT12_Z1) fluid inclusions determined L&inGP

MS analysisValues in ppm.

Fluid inclusions type K Ca Mn Fe Sr Ba Cu Zn Pb

Type Il Min 7107 8982 142 108 81 41 20 102 13
Max 41373 49044 36085 7875 825 3467 1048 2036 541
Average 19429 20590 3734 2013 286 782 282 722 121
Average * 18694 20590 2484 2106 286 814 349 772 147

Stdev 7855 8612 5968 1933 201 814 231 529 126
Type IV Min 10141 16087 419 351 115 106 105 484 33
Max 60983 50090 11524 6709 324 6739 3115 9496 261

Average 24125 30481 3548 2315 203 1018 760 2272 111
Average * 26376 30481 419 2315 203 1109 1155 2427 137
Stdev 16431 12759 4653 2547 67 2155 991 2770 77

Average *: averagealculated based only aalues above detection limit

Type IV fluid inclusions have in general higher Ca (average ~ 30000 ppm)
concentrations, ranging from 16000 to 50000 ppm, compared with type Il fluid
inclusions (Figure 5.4 and Table 5.2 Approximately 44% of K values are below
detection limits suggesting than K values are generally lower than reported here. Type
IV fluid inclusions contain K (average ~ 24000) concentrations ranging from around
10000 to 60000 ppnfFigure 5.4 and Table 5.2Type IV fluid inclusions in both
samples are in general more enriched in Ca compared to K (Figures 5.3 ahabfe5;

5.1).
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Figure 5.3 Diagram displaying minimum, maximum araverage concentrations of major and trace
elements of fluid inclusions for each sample determined from LA ICP MS analysis. Bars represent the
range of concentrations of each element in the fluid. MT11 _Z2 and MT12_Z1 refer to wafers of samples
MT11 and MT2 respectively where type IV inclusions were observed. Concentrations of K, Ca, Mn, Fe
and Sr were measured in the first routine of analysis, whereas Ba, Cu, Zn and Pb were determined in the

second routine of analysis.
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Figure 5.4 Diagram displaying minimum, maximum and average concentrations of major and trace
elements otype Ill and IV fluid inclusions determined from LA ICP MS analysis. Bars represent the
range of concentrations of each element in thiel flAverage *:average calculated based only of values

above detection limit

Figure 5.5 Average fluid inclusion compositiolicalculated using all values including those below

detection limits) for each saple determined using LACP-MS.
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Type IV fluid inclusions have Fe concentrations similar to type Il fluids
inclusions. However hie Fe content in type IV fluid inclusions differs greatly between
the inclusions analyzed in the two samples. The only two Fe values obtained from type
IV inclusions in sample MT11 Z2 indicate Fe concentration of 6044 and 6709 ppm
(Table 5.1), whereas typ& linclusions in sampléT12_Z1 display much lower Fe
concentrations ranging from approximately 300 ppm to 1600 ppm for an average Fe
content ~ 950 ppm (Figures 5.3G and 5.5; Table 5.1). Only one Mn value was above the
detection limit in sampl®T12_Z1 TheMn concentration in this inclusion is 419 ppm
and the Mn/Fe ratio is 0.4Zable 5.1).

Strontium ranges from ~ 100 ppm to few hundreds of ppm with an average of
264 ppm and.73 ppm for type IV fluid inclusions in sampléT11 Z2 andMT12_Z1
respectively Figures 5.8,G, and 5.5Tables 5.}, similarto most type Il inclusions.

Type IV fluid inclusions display Ba concentrations mostly below 1000 ppnyging
between approximately 100 ppm to 800 ppm for the majority of the inclusions (average
~ 800 ppm Figures 5.3F, G, and 5.4; Tables 5.1 and Siilar to Ba concentration
obtained for type Il fluid inclusions in ironstone samples and granite clast sample
MT20 (Figures 5.3 and 5.5Table 5.1). Approximately 45% of the Cu values laew
detection linits. The concentration of Cu in the fluid is variable, below 500 ppm for
most of the inclusions and withfew values in the order of thousapgm (Table 5.1).
Average values are around ~ 650 ppm and ~ 800 ppm for inclusions in sample
MT11 Z2 and MT12_Z1 aspectively Figures 5.3 and 5; Table 5.1) Type IV
inclusions displaya narrower and lower range B&a/Cu valuescompared to typelll

fluid inclusions, mostly compriseldetween ~ 0.1 and ~ 2.4 and average ~ 0.9 (Figure
5.5C and Table 5.1)Zinc concenttiors are higher in type IV fluid inclusions

compared to type lllparticularly insample MT12_Zland range from ~ 500 to ~ 9500
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ppm with an average value ~ 2000 pigfgure 5.4 and Table 52). Type IV fluid
inclusions display Cu/Zn ratios mostly betwe&d and 0.6 similar to the majority of
type 11l fluid inclusions (Tablé.1). Around 44% of Pb values are below detection limit.
Lead concentrations vary in a range (from ~ 30 to ~ 250 ppm; average ~ 100 ppm)
similar to tyge Il fluid inclusions (Figure 3l and Tablé.2).

In summarytype IV fluid inclusions differ from type lifluid inclusionsin that
they exhibitor higheraverage concentratierof Zn, in particular and of Baand Ca.

Data for Znare reliable being consistently above 1D0 ppm for all the inclusions
analyzed in sampl®IT12_Z1(Table 5.). The differences between type Il and type IV
inclusions are particularly marked when considering type IV fluid inclusions in sample
MT12_Z1; some differences in composition (e.g., Bayeen type IV fluid inclusions
measurd in the two samples may resfilom the accidental analysis of type Il fluid
inclusions that occurred in a mixed population with type 1V or, alternatively, may be the
result natural compositional variations. Howevbgresults for both types of inclusions

show in general a good agreembatween the different samples; minor differences do

not appear to be related to specific samples and can be explained as natural variations of
composition.

The results also showa good agreement between type Il fluid inclusions
occurring in granite clast and ironstone samples. The only significant difference is the
lower average concentration of Ba in ironstone samples (~ 350 ppm) compared to
granite clasts (~ 1000 ppr{fyigure 57 and Table 5.3). However, the Ba concentrations
vary significantly even within inclusions of the same sample and genezallgover

one order of magnitude for most samples.
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Figure 5.7 Average fluid intusion composition(calculated using all values including those below

detection limits)or granite clast and ironstorsample determined using LACP-MS.

Table 53 Average, maximum and minimum composition of type Il fluid inclusions in granite clast and

ironstone samples determined usity|CP MS analysisValues in ppm.

Tﬁ’lpe K Ca Mn Fe Sr Cu Zn Ba Pb

Granite clast samples

Min 7107 8982 142 108 81 33 102 41 13
Max 35408 41323 36085 7875 825 1048 2036 @ 3467 450
Average 17220 19178 5163 1762 291 317 633 1010 95
Average * 16887 19178 4381 1620 291 421 662 1078 104
Stdev 7619 7892 7186 1815 208 247 475 915 82

Ironstone samples

Min 10311 10321 458 198 90 20 247 62 14
Max 41373 49044 4360 6611 732 590 1992 1031 541
Average 23043 22899 1396 2410 279 205 888 357 178
Average * 22604 22899 587 2040 279 230 1034 357 210
Stdev 6979 9408 1176 2094 193 173 600 273 181

Average *:average calculated based onlyvatues above detection limit
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5.3Crush Leach Analysis

5.3.1Methodology

Crush leach analysis of fluid inclusions was carried out at the University of
Leeds using the bulk crudbach method described by Bottrell and Yard{@988)

Banks and Yardley1992) and Banks et al(2000) The technique is destructive and
provides measurements of concentrations of major and trace elements for the fluid
inclusions analyzed. The crudach method is particularly useful for determination of
anion concentrationsnd of electrolyte composition of small and/or deep inclusions
difficult to analyze by single fluid inclusions techniquémly anions concentrations
were measured from fluids in this study and analyzed elements include CI, Br, F and
SO, Samples in this gty (eg., granite class MT22) that contain very small fluid
inclusions (<5M) on which microthermometry and LA ICP MS analysis could not be
performed were analyzed by crdigachin addition to samples MT11, MT12, MT13A,
MT19 and MT20 Sample MT22v, a cartz vein cutting the granite clast sample MT22,
was also analyzed (Table 4.1).

The methodrequired quartz to be crushed te2 Imm grain size and cleaned
using aqua regia. Contaminating mineral grains were removed and all samples were
then further cleaneldy boiling several times in double distilled water and/or nitric acid.
The samples were allowed to dry and then crushed to a fine powder in an agate pestle
and mortar. The powder was then leached with double distilled Wzecentrations of
anions were ctermined by ion chromatography. Replicate analyses show that the
precision is ~ 10% RSD for the analysis of these san{Blasks and Yardley, 1992)
Contamination i©neof the major problems that affects the quality of the analysis and

therefore the prepatiah of the sample represerttee most important and delicate step
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of the analysis(Bottrell and Yardley, 1988; Banks and Yardley, 1993plid
contamination occurred for granite clast samples in particular sample MT13A, MT20
and MT22. These samplesonsist of albite and quartz intergrowths with crystal
dimensions in the millimeter scale (Chapter 3) and therefore very difficult to separate
and solid albite contamination is therefore likely. Contamination problems were limited
for granite clast samplIT11 in which quartz can reach size up to the centimeter scale
and for ironstone samples (Chapter 3). Other problems may arise from adsorption of
ions on to surfaces eated during the process of crushing can that particularly affect the

measured conceriions of cations.

5.3.2Results

The resultof the crush leach analyses are presented in Table 5.4. The data show
that Cl is the dominant anion but that the fluid also containsa8@F and lesser Bfo
investigate the relationship between the anions a series of bivariate element plots were
constructed (Figuse5.8AD). In Figures 5.8-C, F, SQ and Brrespectively are plotted
against Cl The plots clearly show that the samples form two distinct groufh the
granite breccia samples displaying higher concentrations of F andar®Dlower
concentration of Br and Cl than the ironstone and the quartz vein sammpkeégure
5.8D, F is plotted against S{showing that theyraniteclasts are more enriched F
than SQ (F/SG, ratios > 1) with the exception of sample MT13A, whereas the
ironstones andhe quartz vein sample contain slightly higher concentrations af SO

compared to F.

5.21



Chapter 5

Table 54 Summary of results obtained fro@rush Leach analysis. Values in ppb.

Br/Cl
Samples Cl Br F S04 x10°
(mol)
Granite clast
MT-11 1658 3.4 125 56 0.91
MT -13A 2114 3.2 89 125 0.67
MT -20 2535 2.5 79 67 0.44
MT -22 1289 1.6 158 89 0.55
Ironstones
MT -12 3812 18.6 36 49 2.17
MT -19 4259 29.2 39 52 3.04
Quartz vein
MT -22v 5638 34.8 45 53 2.74

Figure 5.8 Bivariate plots displaying the relationships and relative abundances of anions measured with

crush leach analysis
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Halogens can be used to determine the origin of salinity of fluids based on their
conservative behavior. Such elements are normally not accepted within the lattice of
common minerals and as a consequence their concentrations ardlyeoneraodified
by fluid-wallrock reactiongYardley et al., 2000 Among the halogens CI and Br are
the most widely used to investigate the origin of flu{@®hlke and Irwin, 1992b;
Fontes and Maay, 1993; Banks et al., 2000; Yardley et al., 206@ntes and Matray
(1993)reviewed the conservative behavior of Cl and Br and found that the Br/ Cl ratios
can only be modified by:1) dissolution or precipitation of solid chlorides (i.e.
interaction with evaporites) and (2) mixing of fluids.

The molar Br/Cl ratios are lower for the granite samples than those of the
ironstones and quartein (Table 5.4 and Figure $.Molar Br/Clvalues for the granite
samples range from 0.44 X1 0.91 x16, lower than that of seawatet.$2 x10°
Fontes and Matray, 1993). These Br/Cl ratios are lower than values obtained from
mantle sample€lohnson et al., 200@nd for porphyry copper depositsendrick et al.,

2001) but lie in the same range of values determined for volcanic fumgidédke

and Irwin, 1992h) The reported values are also catilple with water that acquirdts
salinity through dissolution of halit¢Bohlke and Irwin, 1992agnd meteevaporite
horizonsare recognized in @er Sequence f the Mt Isa Inlier. The observed Br/ClI
ratios may also be produced by melting of metamorphic staploatis abundant in the
district and derived by metamorphism of evaporites as recently proposed by Kendrick et
al. (2006) The ironstones and the quartz vein samgisplay Br/Cl values that range
from 2.17 x18to 3.04x10°. The values are compatible with those of a fluid produced
by evaporation  seawater(bittern brines)(Hanor, 1994; Kendrick et al., 2002a;

Kendrick et al., 2002b)
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Figure 5.9 Br/Cl (x10%) mol ratios versus SEC| mol ratios obtained from crush leach data. As a
reference Br/Cl and SECI (x10°) mol ratios of seawater (data from Fontes and Matray, 1993) and
interval of Br/Cl (x18) mol ratios characteristic of fluid from different geological environment are also
showed.

Results from crusteach analysis clearly indicate the presence of two types of
fluids with different corentrations of anions (Table 5ahd Figures BA-D) and
distinct that possibly occurred during the preparation of the samples is a possible
explanaion of the different halogen signature and anion concentrations of fluid

inclusions in granite clast and ironstone samples. Contamination problems were related
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in particular to solid albite contamination in gite clasts samples (Section A3
Alternatively, the observed differences may be related to different populations of
inclusions, to their distribution and to their relative abundance within the different
samples (Table 4.3). The main difference between granite clast samples and ironstones
is that he former contain type | carbonic, type Il mixed braagbonicfluid inclusions
in addition to abundant type IHodic ¢calcic) fluid inclusions (Table 4.3). In granite
clast samples MT20 and MT11 type lla fluid inclusions are common to abundant (Table
4.3) and likely contributed to the fluid halogen signature. In granite clast samples
MT13A and MT22 these types of inclusions were not observed; however these samples
contain common inclusions that were not classified and analyzed with
microthermometry anthser ablation techniques because of their small sizé?{¥ &nd
that could possibly be type Il fluid inclusians

Type Il fluid inclusions are abundant both in granite clast and ironstone
sampls. The dfferent composition of type 11l fluid inclusions between granite clast and
in ironstone samples may explain the different halogen signature and anion
concentrations of the two types of samples. However, this is inconsistent with LA ICP
MS results that dighot reveal significant differences between type 11l fluid inclusions
analyzed in granite clast and in ironstone samples (Sec@d).%5ranite classamples
also contain common tabundant type Irad type lla inclusionswhereaghe ironstone
samples a& dominated almost exclusively by type Il inclusions (Table 4rf) were
thereforelikely the dominant contributor to the halogen signature of the ironstone
samples. Type IV fluid inclusions are not abundant and they dominantly occur in the
ironstone saple MT12 and the granite clast MT11 (Table 4.3), samples that diaplay
different halogen signature and therefore these inclusions are unlikely responsible for

the observed different halogens signature of the fluids in the two groups of samples.

5.2t



Chapter 5

Type V indusions are common, but not abundant, and were observed dominantly in
sample MT12 whereathey are common to rare in ironstone sample MT19, that
displays similar halogen signature and anion composition of fluids in sample MT12
(Table 4.3). hie analysis othe relative abundances of the different fluid inclusion
populations in the different samples suggests tyya lla fluid inclusions are likely
responsible for the halogen signature of fluids in granite clasts, whereas type Il fluid
inclusions are respaible for the halogen compositions of fluids in ironstone and quartz

vein samples.

5.4 Apatite chemistry

5.4.1Introduction and Methodology

The apatite group minerals are the most abundant among the phosphates and
they commonly occur as accessory minerals irragis as well as in sedimentary and

metamorphic rocks. Their formula can be expressed as

Cayo (POy)s (OH, F, Cl}

The structure of apatite allows a large numbesudistitutions in all thresites
by a wide range oélementgPan and Flee002) Due to this propertyapatite is very
sensitive to the environment in which it formed and its analysis offers valuable
information relative to the fluid chemistry at the time of formatidecessory and
secondary apatites in granite breccia slastd ironstones from the SRBP were analyzed

to further define the chemistry of fluids associated with pipe.
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Microprobe analyses were carried out with a JEOL -B2A0 Superprobe at the
Advanced Analytical Centre (AAC), James Cook University, Townsville, iaclude
guantitative analysis using a wavelengdibpersive collector (WDS)Carboncoated
polishedthin sections were analysed Hi kv and 20 nA using 2to 5 P diameter
electron beamThe analyses were undertaken on apatites from both ironstones and
granite breccia clasts, in order to identify possible differences between apatites in the
two host rocks with potential implication for volatile behavior. Analyzed phiastude
primary accessory apatites in granite clast saslE20 and MT22 secondarypatite
related to actinolitepatitetitanite alteration in granite clasts sampIr13A, and

accessory apatite in ironstone sample MT19 (Chapter 3; Table 5.5).

5.4.2Results

Results of microprobe analysis and calculated chemical formulas@oeged in
Appendix 5.2 andsummarized in Table 5.5. The chemical formulas were calculated
from the microprobe analysis on the basis of ten atoms in the cation position. No
attempt was made to calculate the concentration of OH, since the sum of Cl and F
aways exceed the fluoropatite stoichiometry.

All the apatites analyzed are fluoroapatites with average concentration of
fluorine ranging between 3.71 and 3.@%t%, thus slightly lower or exceedintpe
stoichiometric value (3.7Awt%). Chlorine is also abuant displaying average
coneentrations in the range of 0.80d0.75 wt%.

The CaO and P§ concentrations do not vary significantly and range from

~53.2 to ~55.8 wt% and from around 4016to about 41.3 wt% respectively.
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However, the apatites display distinct minor element compositionstetiadedrakite
substitutions of PE¥ by other anionic groups, namely $jCBQ; and AsOs, are very
low for primary and secondary apatit@s granite clasts samples, with measured
corcentrations often below limit of detection (As is below detection limit for apatites
all samples). The average concentration of these anion greepslo/aries from 0.01
to 0.02 wt%, although some values below detection suggest possibly lower
concentations. Apatites in ironstone sample MT19 on the other hbhade a
significantly higher content of all three anionic greupith average concentrations for
SiO,, SG; and AsOs being0.12wt% for SiO, and SO; and 0.2wt% for As,Os, with a
total average commtration of almost 0.5 wt%. Apatites in sample MT19 also have
higher aveage concentrations of Ce (0.4#%), Na (0.17wt%) and Sr (0.09wt%)
compared to primary and secondary apatites initgratast samples (Ce from 0.07 to
0.18 wt%; Na from 0.04 t®.09 wt%; Sr from 0.02 and 0.04t%). The average
concentrations of Fe and Malsovary considerably and generally define two different
set of values Average Fe concentrations are lovweetween 0.06 and 0.0¥t%) for
primary apatites in granite clastngple MT20 andsecondary apatites in granite clast
sampleMT13A and highe(between 0.20 and 0.28%) for primary apatites in granite
clast sampleMT22 andaccessory apatites in ironstone samdi€19. AverageMn
concentrations have simildistributions btwith lowervaluesfor secondary apatites
granite clast sampleIT13A and foraccessory apatites ironstone sampl#T19 (0.03
and 0.09wt% respectively) and higher values fprimary apatitesn granite clast
sampls MT20 and MT22 (0.21 and 0.58t%).

From the calculated formula it appears there is a clear deficiency in the
tetrahedrakite for all the apatites and particularly for primary apatites in samples MT20

and sample MT19. Since this deficiency does not seem to be linked to analytical
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uncertainty, it can be inferred that the missing elem®idare not measurable. Possible
substitutions for P in theetrahedraposition include Sigf ", SO, As >*, which were

all measured and¥ and CQ? which were not measured. The latter hypothesis seems
the more likely considering that several studies have reported an excess of fluorine in
CO.-bearing apatites compared to the stoichiom@mder and Troll, 1989; McClellan

and Van Kauwenbergh, 1991; Veiderma et al., 200B¢ deficiency in théetrahedral

site and the excess of fluorine can be explained involving a coupled substitution

expressed as:

PQ* ECO;* F

in which one carbomeplaces one phosphorus in the phosphate radical and the
charge balance is maintained by the substitutionob® F (Binder and Troll, 1989;
McClellan and Van Kauwenbergh, 199The general formula can be then expressed

as.

Ca&O :éPC)4) 6-x (COS F)X @’ OH! C|>

(Binder and Troll, 1989)

In summary, apatites in granite clasts have similar major and trace composition
suggesting that they have a common origin, although they occur in different paragenetic
stages. Apatites in sampl&T20 and MT22are of primary igneousrigin, whereas
those n sample MT13A are secondary and related #xtinoliteapatitetitanite

alteration.In general, these apatites are different from those in ironstone sample MT19
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which hae different minor elementompositions. All apatites are characterized by a

deficiencyin thetetrahedraskite that possibly indicates the presence 0$.CO

Table 55 Summary of microprobe alysis of apatites from granite clastisd ironstones found within the

breccia pipe.
Rock type Granite breccia clasts Ironstones
Samples MT20 MT13A MT22 MT19
Analyses (n) 14 Stdev 15 Stdev 11 Stdev 7 Stdev
P,Os 41.73 0.26  40.75 0.21 40.71 0.16  40.61 0.30
SG; 0.02 002 001 001 001 001 0.2 0.06
SiO, 0.01 0.02 0.01 0.01  0.00 0.00 0.12 0.04
As,05 0.01 0.01  0.01 0.01  0.00 0.00  0.17 0.22
CaO 55.83 0.49 53.88 0.11 53.42 0.15 54.45 0.25
Ce0s 0.14 0.05 0.18 0.08  0.07 0.05  0.47 0.15
FeO 0.07 0.04  0.06 0.04 0.28 0.07  0.20 0.04
NaO 0.05 0.01  0.09 0.02  0.04 0.01  0.17 0.04
MnO 0.21 0.08  0.03 0.02 055 0.08  0.09 0.03
SrO 0.04 0.02  0.02 0.02  0.02 0.02  0.09 0.05
F 3.94 055 3.71 034  3.77 0.38  3.95 0.70
Cl 0.67 0.09  0.50 0.07 0.54 0.05  0.75 0.17
Total 100.98 0.63 97.56 0.22 97.70 0.28 99.36 0.48
P 5.866 5.944 5.937 5.813
S 0.002 0.001 0.001 0.016
Si 0.002 0.002 0.000 0.020
As 0.001 0.000 0.000 0.015
Ca 9.931 9.946 9.860 9.863
Ce 0.008 0.012 0.004 0.029
Fe 0.010 0.008 0.040 0.028
Na 0.017 0.029 0.014 0.057
Mn 0.030 0.004 0.081 0.013
Sr 0.003 0.002 0.002 0.009
F 2.067 2.125 2.125 2.109
Cl 0.189 0.035 0.035 0.214
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5.5Summary

LA ICP MS analysis of type Il fluid inclusionsevealedthat the fluid contains
similar average concentratiomd K (~19500ppm)and Ca(~20500ppm) but single
inclusionshavevariable K/Ca ratios. The inclusis also contain Ba (average ~ 800
ppm), and Sr (average ~ 300 ppm). Among the nsdtalis the most abundant (average
~2000 ppm), followed byZn (average ~ 800 pprand Pb (~100 ppm). Most of Mn
concentrations are below detection limits. Approximately half of Cu values are below
detection limits and therefore concentrations are expeotdsk tgenerally lower than
reportedhere (average ~0® ppm). Type IV fluid inclusionsgenerally have similar
average concentrations of Fe (~ 2500 ppm), Sr@de @m) and Pb (~ 100 ppmn
compared to type Il fluid inclusions but contain m@a (~ 3090 ppm), Zn (~ 2M0
ppm) and Ba (~ 100 ppm) than type Il fluid inclusions. Only one Mn value (419 ppm)
was above detection limits for these inclusions.

Results ofcrush leach analysis clearly defined two distinct fluids based on anion
concentrations and mold@r/Cl ratios. Fluid inclusions in the granite clasts display
higher concentrations of F and $&hd lower content of Br and ClI; fluid inclusions in
the ironstones and the late quartz vein display lower values of F apndn8igher
content of Br and CIThe Br/Cl ratios obtained for fluid inclusions in the granite clast
samples are compatible witlh magmatic originor with an origin via dissolution of
evaporites(or mixing of the two)or by melting of metamorphic scapolit&he
ironstones and the quartz vein sample display Br/Cl ratios consistent with an origin via
evaporation of seawafétanor, 1994; Kendrick et al., 2002a; Kendrick et al., 2002b)

Apatite analysis neealed that apatites in granite clasts have similar major and

trace composition, but different from those in ironstone sample MT&
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compositional differences ofpatites of ironstone sample MTX®mpared to those in
granite clasts may suggest a diffgreorigin, related to a distinct hydrothermal or
possibly metamorphievent All apatites are characterized by a deficiency in the

tetrahedrasite that is likely related to the presence of,CO
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Chapter 6 £A comparison of hydrothermal fluids related to
the Eloise CuAu deposit and to the Suicide Ridge Breccia

Pipe

6.1.Introduction

A number of fluid inclusions studig®dshead, 1996; Rotherham, 1997; Baker,

1998; Williams et al., 2001; Mark et al., 2004; Mustard et al., 2004; Williams, personal
communication)have been conducted in recent years on fluitkte® toiron oxide
copper gold (IOCGXeposits in the Cloncurryigtrict in Australia with the aim of
determining the chemistry and fluid processes associated witse systems and
ultimately the mechanism that led to their formati@ne of the aims athis chapter is

to expand the knowledge of the chemistry of fladsociated withOCG deposit in the
Cloncurry dstrict by complementinghe existing data witmew results from LA ICP

MS analysis of fluid inclusions from the Eloi§e+Au deposit.The otter main aim of

this chapter is to understand the key differences that led to the formation of mineralized
and barren systems in the Cloncurry arsad for this purposehé fluid inclusions
associated with the Eloiskeposit arecompared tdluid inclusiors related tothe SRBP

(Chaptes 4 ands).
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6.2. The EloiseCu-Au Deposit

6.2.1.Background Geology

The EloiseCu-Au deposit(3.1 Mt @ 5.5 % Cu, 1.4 g/t Au and 16 g/t ARgker,
1998)is located approximately 6dm southeast of Cloncurry and is one of the several
IOCG deposits hosted in the Proterozoic rocks of the Cloncurry district in the Eastern
fold belt (Figure 6.1) The depositcharacteristichave been thoroughly described by
Baker and Laing(1998) Baker (1998) and Baker et al.(2001) and are briefly
summarizedn this and the followingectionthat focugson fluid inclusions studies
The host rocks at Eloise include dominantly matiose, quartbiotite schists and
amphiboliteall ascribedo the Soldiers Cagroup(Figure6.2; Baker and_aing, 1999.
Metamorphic mineral assemblages in amphibolite and in metasedimentary rocks
indicate that the rocks reachemimphibolite faciesmetamorphic conditions with
temperatures between 550°C and 600°C at pressures lower thkbaBssluring D,
regioral deformation (Baker and Laing, 1998)Minerdization and alteration are
localized within andaroundthe Levuka shear zopalarge shear zon¢hat manifestsas
a major nortirending regional magnetic feature, the Levuka trend (Baker and Laing,
1998) The Levuka shear zone can be subdivided in a number of minor shear zones, the
Southern shear zone, the Scrubby Creek shear zondarttdise shear zone, that lie
parallel to the maiis; foliation in the areganddisplaya northsouth strikewith a steep
to subvertical east or west d{{Baker and Laing, 1998)0Other structures at Eloise
include the Median and the Middle fault that locally contain mineralization and are
believed tchavebeenactive during and after the mineralization event (Baker and Laing,
1998).Alteration and mineralizatioare inferred to haaformedsynchronouslyvith D3

ductile-brittle deformation (Baker and Laing, 19989)he mineralized system develops
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along a distance of approximately 2km and is zoned wignetitepyrite-rich
mineralization in the south (MagnetiRyrite Zone, chalcopyite-pyrrhotiterich
mineralization in the central lode zof@€halcopyritePyrrhotite Zong and pyrrhotite
rich mineralization occurring in the north (Pyrrhotdenég (Figure 6.2;Baker, 1998).
The two main lodesthe Elrose and Levuka lodes, form a linditportion of the
mineralized systemmand occur in the entral Chalcopyritd’yrrhotite Zne (Baker,
1998) Baker (1998) recognized and descrilsmyen metasomatic events that include
three main stagestaged, Il and Ill), rare preD, veining, localized postineralizd
veining (stage IV),and two veining events occurring syo late ore(stages V and VI)
The main alteration stages are illaséd in Figure 6.3Stage lalbitization predatgthe
mineralization event ancbmprise mainly albite with minor quartz, apatite, titanite and
rutile. Stage | alteratioms overprinted byStage Il hornblendbiotite-quartz alteration
which is developedrn veins, waHlrock alteration and shear zones. Stagesithe main
ore stageandcommonlyreplacedand veinedearlier maficsilicatealteration. Orestage
minerals include pyrrhotite, chalcopyrite, pyrite and magnetiteije main gangue
phases consist afuartz, calcite, actinolite/hornblende and chlofitar/**Ar dating on
hornblende and micas from pr® post mineralization stages indicates an age for the

mineralizing event between ca 1514 and 1530 Ma (Baker et al. 2001).

o
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Figure 6.1 Regional geological setting of the Eloise deposit. Modified from Baker and Laing. (1998).
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Figure 6.2 Geology and alteration map of the Eloise deposit. Mineral abbreviations after Kretz (1983).
Modified after Baker (1998).
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Figure 6.3 Paragenesis of alteration and veins at the Eloise deposit. Modifie@®aker (1998).

6.2.2.Summary of fluid inclusions studies

Fluid inclusions associated with the Eloise depbaive been described in detail
by Baker(1998) He recognizedour main compositionatypes of fluid inclusios:
multisolid, halitebearing, liquidrich and carbonic fluid inclusions that he further
classified into eight fluid inclusion types basaulcriteria of primary, psailbsecondary
and secondary origirfRoedder, 1984and on the paragenetic stage in which the
inclusions occurredTable 6.1) Type 1, 2 and 4 are multiphase fluid inclusions
observed in samples from préype 1) syn (type 1 and 2)and posimineralization
stage(type 4). These inclusions are usually observed in tHuiegensional groups or as

isolated inclusions commonly occupying the central areas of the quart{Badsr,

6.€
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1998). They contain several different types of daughter phtsssinclude halite and
sylvite, common in all three inclusions types, aMa-Cl-Si phase observed in type 1
fluid inclusiors and, finally, a Fechloride phase common in type 1 and 2 fluid
inclusions(Baker, 1998)Homogenization temperatures range from 277 to 540066
101 to 330°C androm 137 to 258°C for type 1, 2 arddrespectively(Table 6.1) The
inclusions display very high salinities spanning from 32 to 60 wt% NaCl equiv., 30 to
40 wt% NaCl equiv. and 29 to 35 widaCl equiv. for type 1, 2 and #espectively
(Table 6.1; Baker, 1998)ype 3fluid inclusions are rare C&ich fluid inclusions
observed eXasively in mineralized samples (Baker, 1998heseare two or three
phase HO-CGO;, inclusions and generallpccur in isolation or in clusters of few
inclusions No data from microtheromdry wereavailable for type 3 fluid inclusions.
Type 5 andb fluid inclusions are liquigdich fluid inclusionsandthey normally
contain ahalitecrystal Type 5 argpseudosecondasgyn-mineralization fluid inclusions,
whereas type 6 occur as secondary inclustbas formedsyn to post mineralization
(Baker, 98). Homogenizatioretmperatures range from 127 td1€ and from 121 to
315°C for type 5 and 6 respectivelyable 6.1; Baker, 1998Both inclusion types
display high salinities from 30 to 32 wt% NaCl equand 28 to 3t% NaCl equivfor
type 5 and 6respectively (Table 6.1; Baker, 1998)ype 7 are liquietich fluid
inclusions observed in deformed quartz sampled postdatehe mineralization stage
(Baker, 1998). They display homogenization temperatures from 101 to b’ ©w
to moderate saliniéisfrom 4 to 17 wt% NaCl equiy.Table6.1; Baker, 1998)Type 8
are either empty or liquidch inclusions and dmot display any heating or freezing

behaviour (Baker, 1998).
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Table 61 Summary of fluid inclusion characteristics from the Eloise deposit. Modified after Baker
(1998).

6.2.3.Fluid evolution and genetic model for the Eloise CvAu deposit

Baker (1998) interpreted the fluid inclusions observed at Eloise as the result of
evolving fluid history, with type | multiphase highemperature, high salinity fluid
inclusions representing the earliest flughker (998)suggested that thituid possibly
had a magmatic origin based on its ultrasaline naté&taid inclusions related to the
mineralization stagedisplay generally lower salinitiesand a wider range of
homogeiration temperatures compared wipne-mineralization fluid inclusions and

may bethe result of fluid mixing between an early, hot high salinity fluid with a cooler,
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lower slinity fluid (Baker, 1998). This hypothesis is also supported by the presence of
different inclusions types occurring within the same clustetie mineralization stage
(Baker, 1998). Fluid inclusionthat postlatemineralization usually have lower gsaty

and lower homogenization temperatures than inclusibias formedpre- to syn
mineralization(Baker, 1998).

High temperature, high salig fluid inclusions recognized at Eloiseare
interpreted as thituid responsible for mineralization. Their higlsalinenature in fact,
suggest that that they would have been able to carry significant amount of metals
(Baker, 1998)Ductile-brittle shearzones and faults are believed to have played a major
role in channelling the metasomatic fluids, with the ultrasaline fluid interpreted to have
moved from south to north based on minerakonation (Baker, 1998) Decreasing
temperature and salinityikely due to flid mixing and sulfidatiorof Fesilicate are

believed to have plaga major rolan ore depositiofiBaker, 1998; Baker etl., 2001)

6.3.LA ICP MS analysis of fluid inclusions from the Cu-Au Eloise

Deposit

6.3.1.Methodology and sample and fluid inclusion selection

LA ICP MS analysis was undertaken to determine the composition of
multiphase and halitbearing inclusions from thEloise deposit. The characteristics of
the sample selected from fluid inclusion studies are summarized in TableThé.
chemistry of fluid inclusions from the Eloise deposit was determinedwAtlCP MS

analysisundertakerat theSchool of Earttand Enwonmentatthe University of Leeds
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Table 6.2 Summary of samp#eselected for fluid inclusion LA ICP MS analysis.

Sample/Drillhole/Depth Alteration Paragenetic

Sample (m) zone stage Mineralogy
Levuka Hbl-gtz-ccp vein,
48164 END61/588.3 Lode Stage ll/lll  albite alteration in
metaarkose
Hbl-gtz-po-calc in
EWD6 EWD6/285 Eloise NW Stage Il/lll  albitizied meta
arkose
48170  END61/635.3 Levuka  grage iy CAFAtZ-COPPO
Lode vein
48076  END40a/314.4 40Lode  Stage i C3Pyveinin
metaarkose
48178  END35C/311.1 Elrose  stage - Poecpatznbl
Lode vein

The instrumentation and analytical procedures for the anadysesame used for
the analysis of liquidich and halitebearing type Il and IV fluid inclusions associated
with the barren SRBRChapter 5Allan et al., 200k Concentrations of Na, KCa, Mn,
Fe, Cu, Zn, Phb.i, Mg, Rb, Sr, Cs, Ba, Co, NAs, Ag, Au,Cl and Brwere measured in
five distinctanalytical routine. The first comprisedNa, K, Ca, Mn, Fe, Cu, Zn, and Pb,
the second included Na, K, Co, Ni, Cu, Zn, A&sl&b, the third Na, Cu, As, AandAu,
the fourth included Na, Cl and Br affte finalone consisted of Na, Li, K, Belg, RD,
SrandCs In the analysis of the firgtoutine H, was introduced ito the ICP reaction
cell in orderto eliminate the interferendsetween'Ar* and “°Ar'°0O* (Ar is the carrier
gasynd*°Ca" and*®Fe’ respectively(Chapter 5; Allan et al., 2005 his setting was not
employed for the analysis of the remaining suites in which Ca and Fe were not
analyzedThe Na concentrationsere determined iall sets of analysibecauséNa was
used as the internal standard (betow), while K contents were etermined in all but

one serie|s a control on the quality of the analy$tetassium values obtained in the
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first series of analysis were usedtables and plots(unless otherwise statetr its
immediate correlation witlother major elements (i.e. Cablation spots and spectra
for the suites of elements are shown in Figures 6.4 and.itngs of the detection for

the analyzed elements were calculated on the basis of 3 times the standard deviation of
the signal contaimg zero analytdChapter 5; Allan et al., 2005Unfortunately all
valuesfor Li, Co, Ni, As, Agand Brand almost albf Cl valueswere below the limits

of detection and are nabnsidered in the discussioResults for the second sudee
mostly belowdetection limits particularly Zn and Cin one sample analyzed and Zn,
Cu and Pbfor the other sample analyzed (only two samples were analyzed for this
suite) Values for Cu were below detection limits in the majority of cases in all the
series in which they were measur&dr the final results and discussion values for Zn,
Cu and Pb are those measured in the first series of andlgsi€hoice of using Zn, Cu
and Pb from the first series is due to better quality of Zn and Pb measured in this suite
(i.e. Zn valuesmeasured in the first suite are more consistently above detection limit
compared to those obta&id in the second set of analgsandthe combined elerantal

suite enables comparisdretweenmajor and base metal element&alues below the
detection limitwere replaced with the calculated detection limit forgpecificelement

in the given inclusionand used as a maximum concentration estinGatme elenents
display arelatively large standard deviatioiihis does notappear to be related to
analytical problemsr to fluid inclusion leakage or necking dowut ratherappear to
reflect variablecompositions bthe inclusions eve’signalswith spikeswere removed

as they lead to an overestimate of element concentratioese were mainly related to
Mg and less frequently tGa andoccasionally to K, Fe, Cu and PResults for Mg were

dismissedand are not presented here since all the signalscsesidered tde spikes.
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Figure 6.4 Picture of halitebearing fluid inclusion before (A) and after (B) ablation. Sample EWD6.

Figure 6.5 LA ICP MS signak obtained from Eloise fluid inclusions for the first (A) and the fifth (B)
suite of analyzed elements. Fluid inclusions in samples 48178 (A) and 48170 (B).
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The element ratioobtained from LA ICP MS analysis were converted to
absolute element concentrations ushatpe of Naas internal standard calculated using
the chargébalancemethod described in section 5.2The chlorinity was derived from
the average salinitgstimatedirom microthermometry. LA ICP MS analysis revealed
that Na, K Ca Feand Mnare the most abundant catianamultisolid fluid inclusions

therefore the following charge balance approximation was (4sdkzah, 2006:

ICININa+ | K+ 2(ICa+ | Fe+ | Mn)

LA ICP MS analysis also revealed that Na, K and Ca arenthet abundant

cations in halitebearing fluid inclusions and the following charge balance

approximation was usddllan, 2009:

ICI NINa+ K+ 21Ca

The calculatedNa values arearound 90000 ppm and @30 ppm for multisolid

and halitebearing fluid inclusions respectively.
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6.3.2.Resultsand Discussion

Results of laser ablation analysis 88 fluid inclusions(19 multisolid and 19
halite-bearing)for the first suite of elements amh 41 (17 multisolidand 24 halite
bearing for the fifth suite of elements are reported Tiable 6.3 andAppendix 6.1.
Table 6.3reports two differentaveragesone calculated using all the data including
values below detectiolmit (in these cases the detection limit foetgiven element in
the given inclusion was used for the calculation), the other calculated usindada
above detection limitdn the following discussion averagggotedarecalculated using
all the data unless otherwise stated.

Both inclusion types are dominated g, K andCa Multisolid fluid inclusions
have K concentrations ranging from around 3000 to 108000 (aperage~ 28000
ppm) and Caconcentrations betweesround3000 and 8000 ppm(average ~ 37000
ppm) (Figures 6.6 ard 6.7 Table 6.3. Halitebearing fluid inclusions display K
concentrations spanning between about 3000 and 66000 ppm (average ~ 27000 ppm)
andCa concentrations from approximate0® and39000 ppm(average ~ 51000 ppm)
(Figures 6.6and 6.7;Table 6.3) Halite-bearing fluid inclusions in general have higher
Ca concentratismand lower K/Ca ratios comparatith multiphase fluid inclusions
(Figures 6.7and 6.8A;Table 6.3) K/Ca ratios for halitdbearing fluid inclusions are
consistently<1 and range from.07 and 0.8§Figure 6.8Aand Table 6.8 Multisolid
fluid inclusions display a widerange of K/Ca ratioghat vary over one order of
magnitude between 0.29 andRgure 6.8Aand Table 6.3)Multisolid fluid inclusions
are clearly distinct from halitbeaing inclusions based on the Mn and Fe
concentrations. Multiphase fluid inclusions containrFeoncentrationsnostly between

10000 and 5000 ppm(average ~ 27000 ppmandlower Mn concentrationsnostly
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between 1000 anddB00 ppm(average ~ 11000 ppn(Figures 6.6and 6.7;Table 6.3)
Halite-bearing fluid inclusions have both Mn and Fe concentrationstly between
1000 and 10000 pprand similar averages for the two elements around 5300 ppm
(Figures 6.6and 6.7;Table 6.3) Mn/Fe ratios are around 1 ftine majorityof halite
bearing fluid inclusionswhereasmost multiphase fluid inclusions have Mn/Fe ratios
below 1mostlybetweer0.05 and 0.9Figure 6.8 and Table 6.8

Barium concentrations rangeom 50 to 9000 ppnfaverage ~ 3600 ppnipr
multisolid fluid inclusions(Figures 6.66.7and 6.8C Table 6.3) whereaBa valuedor
halite-bearing fluid inclusions are below defiea limits in the 36% of cases
Considering all value®Ba concentrationsangefrom around 20 to 1500 ppm (average ~
400 ppm)for halite-bearing fluidinclusions(Figure 6.6and Table 6.3). These values do
not significantly vary excluding values below detection lifditncentrations of Sr are
similar for the two inclusions types and vary from around 10 to 140€&rgge~ 580
ppm) and fromaround20 to 1600 ppm (gerage~ 450 ppm for multisolid and halite
bearing fluid inclusions respectivellfigures 6.6 and 6.7;Table 6.3.

Multisolid fluid inclusions display Rb concentrations between around 20 and
900 ppm (average ~ 400 ppiiBigures 6.6 and 6.7;Table 6.3. Approximately 55% of
Rb values are below detection limits for halikearing fluid inclusions. Rubidium
concentrations vary between around 10 and 900 ppm (average ~ 300 ppm), similar to

multisolid fluid inclusiongFigures 6.6 and 6.7;Table 6.3.
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Figure 6.6 Diagram displaying minimum, maximum and average concentrations of major and trace
elements for multisolid (A) and hal#eearing (B) fluid inclusions determined from LA ICP MS analysis.

Bars represent the range of concentratiof each element in the fluid. Concentrations of K, Ca, Mn, Fe,

Cu, Zn and Pb were measured in the first routine of analysis, whereas Ba, Sr, Rb and Cs were determined

in the second routine of analysis.
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Figure 6.7 Average compositioticalculated using all values including those below detection limits) of
multisolid and halitebearing fluid inclusions from the Eloise deposit determined using QRAMS
analysis.

Approximately 40% and 70%f Cs values are below detection limits for multisolid and
halite-bearing fluid inclusions respectively. Multisolid fluid inclusions display Cs
concentrations mostly between 10 and 400 ppm (average ~ 150(fpignmes 6.6 and

6.7; Table 6.3. Halitebearng fluid inclusions display similar Cs concentrations
compared to multisolid fluid inclusions spanning mostly from 10 to 300 ppm and with
slightly lower average concentration around 100 (pigures 6.6 and 6.7;Table 6.3.

The range of concentrations aaslerage values do not vary significantly excluding

concentrations below detection limits.
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Figure 6.8 Plots of the concentrations of major and trace elements in fluid inclusions from the Eloise
deposit. Opn symbols refer to values below detection limit and bars indicate that the corresponding

element is below detection limit.
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Zn has the highest concentrations among the base methalyalues ranging
between about 100 and 8000 pfemerage ~ 2100 ppnidr multiphase fluid inclusions,
and from around 100 to 3000 pp(average ~ 1300 ppnipr halitebearing fluid
inclusions(Figures 6.6 and 6.7;Table 6.3. Copper concentrations araostly below
detection limits,around75% andapproximately90% for multisolid and halitebearing
fluid inclusions respectivelyWhen only consideringvalues above detection limits
multiphase fluid inclusions display higher Cu concentrations (two vah@s00 ppm
and one ~ 5500 ppntompared witthalite-bearing fluid inclusios (two values- 1500
ppm and one ~ 400 ppr{iyable 6.3) Cu/Znvalues above detection limits are generally
higher for multisolid (from~ 0.8 to~ 2.1) compared withalite-bearing fluid inclusns
(from ~ 0.5 to~ 1.3) (Table 6.3) Multisolid and halite-bearing fluid inclusions have
35% and 25% of Pb concentrations below detection liméspectively. Lead
concentrations range from around 50 to 4000 ppm and from 100 to gB0AGor
multisolid and halitebearing fluid respectivel{figure 6.6 andTable 6.3. Average Pb
concentrations are1400 ppm for multisolid fluid inclusions and slightly higher around
1600 ppm for halitdearing fluid inclusions (Figure 6.@nd Table 6.8 Excluding
values below detection limitshe range of concentrations footh inclusions types do
not changewhereasPb averages are slightly higher 1600 ppm and 1800 ppm for
multisolid and halitebearing fluid inclusions respective(fable 6.3 and gure 6.6).
Zn/Pb ratios display similar range for both inclusion typesisipg from 0.4 to 4.4 and
from 0.5 to 4.6 for multisolid and halitgearing fluid inclusions respectivel¥igure
6.8D andTable 6.3. However, among the fluid inclusions with Zn/Rb, the majority
has Pbvalues below detection limimplying higher Zn/Plyatiog with theexceptionof
the halite-bearing fluid inclusiongn sample 48178w~hich consistentlydisplay Pb in the

order of thousand of ppffrigure 6.8DandTable 6.3)
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The results indicate that multisolid fluid inclusions have higher absolute
concentrations of akhnalyzedelements compared withalite-bearing fluid inclusions,
with the exception of Ca and Rbigure 6.7) The most significant differences between
the two typs of inclusions are related to the enrichment in Fe, Mn anid Baultisolid
fluid inclusions compared to haliteearing fluid inclusions (Figures 6.6 and 6)7
Multisolid fluid inclusions also have generallpwer Pb and Ca concentrations
compared withhdite-bearing fluidinclusions(Figures 6.6 and 6)7As a consequence
multisolid fluid inclusions display generally high&/Ca and Zn/Pb ratios antbwer
Mn/Feand Ca/Feaatios compared withalite-bearingdluid inclusions (Figure$.8A-E).
Concentrationsof Sr, Rb and Cs vary within similar ranges for the two types of

inclusions(Figures6.6,6.7 and6.8F).

6.4. Comparison of fluids from Eloise deposit with fluids associated to

the Suicide Ridge barren breccia pipe

In this section fluid inclusions from ¢hEloise deposit are compared wiliid
inclusions related to thbarren SRBP The purpose of the comparison is to identify
possible differences in the chemistry of the usabnsthatmay explainthe formation of
barren versus mineralizelydrothermal systems. The main fluid inclusiontypes
associated with the two systemma® compared in Table 6.4 together witeuanmary of
the mainresults frommicrothermometry.

The main difference between Eloise and $®BPis the alsence in the latter of
multisolid, high-temperature, higisalinity fluid inclusions(Table 6.4) Both systems

are characterized lbundant secondary liquiich dominantly halitebearing (L+V+H)
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fluid inclusions. Eutecticemperatures fohalite-bearing fluidinclusions sparover a
wide range inboth system$rom -55 t0-34°C and from69.7 t0-29.1°C for Eloise and
SRBPrespectively. However, the majority of these inclusions botEl@se andn the
SRBPdisplay temperatures of first melting around and befs®?C indicating fluids of
dominantlysodic €calcic) composition.The inclusions display similar homogenization
temperatures, although slightly lower, from 121 to 315°C for Eloise fluid inclusions and
from 109.2 to 360°C for th8RBP Salinities for these inclusions are also comiplara
although theSRBPfluid inclusions display a wider range (22.4 to 4w#%% NaCl +
CaClh equiv.) compared to Hlise fluid inclusions (32 to 49.wt% NaCl + CaG
equiv.). Liquid-rich secondary fluid inclusions are common in both systé&n&loise
liquid-rich fluid inclusions generallyhave higher eutectic temperaturespnsistently
lower homogenization temperatures and a wider range of salinities compared with
liquid-rich fluid inclusions from theéSRBP (Table 6.4) Both systera contain carbonic
inclusions but thesare less commoat Eloise andnore abundant at th&RBP. The
SRBP also locally contasnhigh salinity mixed brine-carbonic (Chapter 4) fluid
inclusions that were not observed at Eloise.

LA ICP MS analysis was carried out on multisolid anditeddearing fluid
inclusions from the Eloise deposit (Section 6.3; Figures6@6 Table 6.3 and
Appendix 6.1) and on type IBodic ¢calcic) fluid inclusions from the SRBP (Section
5.3; Figures 5.5%.6, Tables 5.15.2 and Appendix 5.2and results are summarized in
Table 6.5. Average values for the three types of inclusions analyzed are plotted in

Figure 6.9.
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The results showsignificant differences in term=f absolute element
concentrations between barrand mineralized systemslukds inclusionsrelated b the
SRBPhavein generakonsiderabljjower concentratiosiof all elements compared with
fluid inclusionsfrom Eloise, with the exception of Ba whoaeerageconcentration is
higher than thatn halitebearing fluid inclusions from EloiséFigure 6.9) Fluid
inclusions associated with ti8RBP and multisolidluid inclusions from Eloisealisplay
a similarrange of K/Ca ratios, while haldgearing fluid inclusions from Eloise display
generallylower K/Ca ratiosmostly below 0.§Tables 6.3, 6.5 anéigure 6.10A) Fluid
inclusionsfrom the SRBPhave a very wide range of Mn/Fe ratios with quite a few
Y D O X ® Wwpposed to fluid inclusions from Eloise that generally display narrower
range of Mn/lé values mostly around 1 for halibearing and lower between 0.05 and
0.67 for multisolid fluid inclusions (Figure 6.10B)Mowever, acomparison of Mn/Fe
betweenbarrenand deposit fluid inclusionss difficult since the majorityof fluid
inclusionsfrom the SRBPhave Mn below detection limitmplying generally lower
Mn/Fe ratios The inclusions form three distinct groups in a Fe versus Cavpuilibt,
multisolid inclusions having highdfe and lower Ca/Fe ratios compared to lihbte-
bearingandthe SRBPfluid inclusionsthat display a similar range of Fe contamid
Ca/Fe ratios (Figure 6.10CKluid inclusions from the SRBP have generally lower Ca
concentrations compared to fluid inclusions from El¢isgures 6.9,6.10C Table 6.5.

Ba shows important differences in concentrations between the different inclusions.
Fluid inclusions from the SRBRave higher Ba concentrations than habéaring but
lower than multisolid fluid inclusionsValues of Ba for single inclusionscan be
comparedwith K, which was measured in almost all sets of analydigd inclusions
from the SRBP anddtite-bearing inclusiongrom Eloisedisplay asimilar range of

K/Ba ratics, mostly between 10 and 108lthowgh the latter display a narrowemgeof
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K/Ba valuescompared withthe former (Figure 6.10D)Multisolid fluid inclusions have
lower K/Ba ratios dominantly between 1 and 16ompared witithe other inclusions
due to the relative enrichment in BaFluid inclusionsfrom the SRBPappear more
enrichedin Zn than Cu and Pb compared witluid inclusions from the Eloise deposit,

displaying mostly higher Zn/Cu and ZIRb ratios than the latter (Figsré.9, 6.10Eand

F).

Figure 6.9 Comparison between average fluid inclusions composition of fluid inclusions from the Eloise
deposit and from thERBPdetermined from LAICP-MS analysis.
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Figure 6.10 Plots of the concentrations of major and trace elements in fluid inclusions from the Eloise
deposit and from th8 RBP. Open symbols refer to values below detection limit and bars indicate that the

corresponding element is below detection limit.
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6.5.Summary

Results from LA ICP MS analysis of fluid inclusions from the EloiseADu
deposit have showthat both multisolid and halitebearing fluid inclusiongontain high
concentratios of Na, K, Ca, Fe and Mn. Among the base metals Zn is the most
abundant, followed by Cu and Phlultisolid fluid inclusions generally have higher
absolute element concentrations compared to Hadiéeing fluid inclusions for all
elements with exception of Ca aRt. The most significant differences between the two
types of inclusions are related ttee generaknrichment in Fe, Mn and Band to the
lower Pb concentrationsf multisolid fluid inclusions compared witlhalite-bearing
fluid inclusions. These differees result in generally higher K/Ca ratios and lower
Mn/Fe and Ca/Fe valuesf multisolid compared withalite-bearing fluid inclusions.
Multisolid fluid inclusions are in general more enriched in Zn anda@d depleted in
Pb compared wittnalite-bearing fuid inclusions The high Pb concentration of hatlite
bearing fluid inclusionsesults inlower Zn/Pb ratios for these inclusions compared to
multisolid fluid inclusions, whereas the Cu/Zn ratios are similar for both inclusion
types.

The main difference between fluids associated with the mineralized Eloise
system andavith the SRBPis the absence in the latter of high temperature, high salinity
multisolid fluid inclusions.Halite-bearingfluid inclusions from the two systems display
similar range in salinity and homogenization temperatures. ICP MS analsis show
that fluid inclusionsfrom the SRBPhave lower absolute elenteroncentrations
compared toEloise fluid inclusions, with the expgon of Ba which has lower
concentrations imalite-bearing fluid inclusions from Elois&luid inclusionsfrom the

SRBPdisplay a range K/Ca ratios similar to multisolid fluid inclusions from Eloise,
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generally higher than haldeearing fluid inclusions from Eloise, and a general
enrichment in Zn ampared to Cu and Rllisplaying mostly higher Zn/Cu and Zpb

ratios than fluid inclusions from Eloise.
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Chapter 7 - Part | Discussion

7.1.Introduction

This chapter concludes the first part of thesis that deals with the geology, fluid
characteristis and genesis adthe Suicide Ridge Breccia Pip&RBB. The chapter is
organised irthreemain sections: 1) in the first sectidhe genesigand evolutiorof the
SRBPis discussedn the basis of breccizharacteristicassociated with th8RBPR, 2)
in the second section the characteristics of fluids associated with the Elcisa Cu
deposit araliscused together with possible implications for the genesis of the deposit;
and3) in the final section fluids from thERBPare comparewvith other regional fluids

andwith fluids from IOCGdeposits andranitesin the Cloncurry district.

7.2.Genesisof the Suicide RidgeBreccia Pipe

The breccia in this study is characterized by fragments of variable size, degree of
rounding, although mostly rounded, and composition that includes dominant calc
silicate clasts of the Corella formation that underlie rodkghe Soldiers Cap Group
that host the pipe; rocks of the Soldiers Cap Group are rarely observed as clasts in the
breccia (Chapter 3). Together all these features, and in particular the abundance of calc
silicate clasts of the underlying Corella formatiang indicative of a dominant upward
transport of the fragmeni{®icCallum, 1985; Taylor and Pollard, 1993; Oliver et al.,

2006) which is commonly explained as the result of sudden explosive release of
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expanding high pressure fluide. g. Taylor and Pollard, 1993High fluid pressure
gradients may be generated during the emplacement and crystallization of hydrous
magma in subvolcanic environments by exsolution of an aqueous fluid phase as a
consequencef second boiling process §8-saturatednelt Acrystal + HO vapa) and
subsequent decompressi@urnham, 1985)Alternaively, fluid overpressuring cabe
produced by the interactioof magma and an external source of water, in which the
magma may directly inteca with fluid or solely act aa heat sourcé€Sillitoe, 1985)

The hypothesis of a direct involvement of the magma in the ltercieventat the
SRBPis supported by theccurrence of small volumes of intrusive rocks as breccia
clasts(cf Sillitoe, 1985) Furthemorg the granite locally displays fragmentation and
brecciated and lobate margins, as @aleoumentedy Marshall(2003) andOliver et al.

(2006) suggesting that the magma was introduced the pipe when it was not
completely solidified and thaits formation was broadly synchronous with the
brecciation event.

The granite breccia fragments display mineralogical coitipns and textures
typical of pegmatitesThese rocks areharacterized by &ery simple mineralogy that
consists almost exclusively of albite and quartz, indicative of a highly differentiated
system The granites display a variety of textutiesluding layered bodies, graphic
granite, granophyric quaralbite intergrowth and granitic textures. Similar textures
were described elsewhere in the district in intrusive complé@sian, 1998; Perring
et al., 2000)in brecciagMarshall, 2003and in intrusion carapac¢®lark and Foster,
2000) Alternating nearly monomineralic albiteand quartzich layers have been
interpreted as the result of episodic release of aqueous that causes isothermal
oscillation in the compositional dation of the albitejuartz cotectic,due to

overpressurgJahns and Tuttle, 1963a; London, 1992; London, 20B%perimental
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work on crystal growtliLofgren and Donaldson, 1975; Fenn, 1977; Swanson and Fenn,
1986; London, 1992showed that the shape of quartz and feldspar crystals is strongly
dependent on the degree of undercoolind@)( and cooling rate '(T/ 't). Euhedral
crystals normally develop with a low degree of undercooling and low cooling rate,
while a larger dgree of undercooling and a higloling rate are required to produce
more complex shapes such as dendritic, curved, branching or skeletal crystals.
Undercooled conditions may normally be linked to the rapid cooling following the
emplacement of a agmatic bodyDrever and Johnston, 1957; Lofgren and Donaldson,
1975) Alternatively, such conditions may be induced by imsmeg the liquidus
temperature of a watdrearing magma above its actual temperature either by a change
in the water content or by a change in the confining pre¢dabtms and Tuttle, 1963b;
Jahns and Burnham, 1969; Lofgren and Donaldson, 19YSRBP granite clastshe
pressure variatioh are suggestd by the variable density of primary and
pseudosecondary GGiluid inclusions occurring within thenagmatiehydrothermal
textures Recorded pressure values are variablebioth inclusions types indicating
pressure fluctuatios) and suggest a genernatessure dropnoving from primary to
pseudosecondary fluid inclusions. Volatile solubility in melts is largely dependent on
pressure and in particular a pressure decrease may have caused the magma to become
volatile-saturated and as a consequence to release a fluid pinaskatter would have

had the effect to increase the liquidus temperature of the-ba#eing magma above its
actual temperatur@gaingenerating undercooled conditions. However, the preseénce o
abundant primary C£&nclusions indicates that the magma contai@€¥ in addition to
water. The abundance of COfluid inclusions observed in granite clast samples
contrass with the low CQ solubility in silicate meltgHolloway, 1976) CO, solubility

in magmas depends primarily on their composition, being generally higher for mafic
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magmascompared to felsic magmésowenstern, 2001)The solubility of CQin felsic
magmas is diversely affected by variasoim pressure and temperatuliaecreasing
linearly with pressure and decreasing as the temperature insrékegel and
Rutherford, 1990; Blank and Brooker, 1994; Lowenstern, 2000; Lowenstern,.2001)
However, in general temperature variations eha much smaller impact on @O
solubility compared to pressure and melt compositiBrank and Brooker, 1994;
Lowenstern2000; Lowenstern, 2001 he solubility of CQis alsostronglydependent

on thecomposition of the volatile phastn general the addition of other comporgent
such as b to aCO,-rich melt causes a decrease of,G@lubility (Lowenstern, 2000;
Lowenstern, 2001)CO.-only fluid inclusions at theSRBP are sometimes associated
with CO,-rich brine fluid inclusionsof unclear origin thatmay representater fluids
exsolved from themelt (see below) and indicate that an aqueous phase was present in
addition toCQO,. Futhermore, mixedCO,- brineinclusionsare interpreted as the major
contributor to the halogen and anionic compositiorflaifis in the granite clasts that
crush leach analysievealed beingnriched in FandSQ, (Chapter 5). The presence of
these volati phases mathereforehave contributed to lower the G®olubility in the

melt at the SRBPPressure is a critical factor controlling not only the solubility of the
fluid phase but also the composition and evolution of fluid exsolved from a magma
(Thompson et al., 1999; Bakand Lang, 2001)Baker and Lan@2001)observed that

the compositin of fluid in intrusionrelated gold deposits varied as a function of the
depth of emplacement of the magma with deeper systems containing dominantly low
salinity CQ-rich aqueous inclusions and shallower systems being dominated by
immiscible brine and Cg&rich vapors. They inferred that the depth of emplacement of
the magma controlled the composition of the exsolved fluid due to the lower solubility

of CO, compared with KO in felsic magmasCO; is in fact approximately ten times
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less soluble than # (Webster and Holloway, 1988;0gel and Rutherford, 1990;
Blank et al., 1993%upporting the idea that when a magma regagblatile saturation

the first fluid exsolved must be GNabelek and Ternes, 1997his is consistent with

the formation of early primary C@luid inclusionsobserved at thERBP. However, the
release of C@leaves the nmgma enriched in O with the effect of lowering the
liquidus temperature of the mdNabelek and Ternes, 1997)herefore, undercooling

due to an increase of the liquidus temperature of the magma above its actual
temperature is not supported at least in this phase of the magma evdWaigmas
eventually become satuea in HO and later exsolved fluid will progressively become
more saline and #D-rich (Nabelek and Ternes, 1997; Baker and Lang, 20di¥ed
CO.-rich aqueous and brine inclusioase sometimes associatedth CO,-only fluid
inclusions at thesRBP and may representater fluids exsolved from themelt At this

stage the release of water from the magma would have caused uridgrcoabitions
followed by cyclicrelease of water duto undercooling conditions Therefore, he
observed textures in this study are likely the result of combined variations in pressure
and in volatile content of the melt. Equigranular textdilesdy formed by equilibrium
crystallization of fluid undesaturatedmelts and layered textures, graphic graaibel
granophyric gartzalbite intergrowth formedfrom a fluidsaturated melt due to
pressure variatiscombined with exsolutioof a fluid phase.

This model isin agreement with the model proposed by Burnh@®s5s)
however % X U Q Kidvi§l\ivas developed for shallow systems in subvolcanic
environments while iron oxide copper gold deposits and associated breccia systems
formed deeper in crustabout 10 kmfor some Cloncurry deposi@Villiams et al.,
2005) The SRBP is estimated to have formed at depth exceeding 10 km based on

metamorphic phase relationships within the contact aureole of the Saxby granite
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(Pattison et al., 2002; Oliver et al., 2006; Rubenach et al., 20@7fluid inclusion data
presented herdn shallow systemdbrecciation occurs in response to overpressuring
generated by the release of an aqueousepfiam the crystallizing magma (Burnham,
1985) In deeper systems such as the SRE&Pvolatile phase exsolved from the magma
dominantly consists ofO, at least in the initial phases of magma crystalliza{mg.
Baker and Lang, 20QINabelek and Terne4,997. Evidence provided in this study
strongly indicatesthat high fluid pressure and consequent brecciatiomhis context
was generated by volume expansion of O®@leased from the crystallizing magn#a
similar model was also invoked by Oliver et €006) for the formation of breccia
pipes in theCloncurry districtand is analogous to modgiroposed fokimberlite pipe
formation (Wilson and Head, 2004)Collectively all these observations support an
origin of the breccia pipe due to fluid overpressuring geedr by release of fluids
during the cooling and crystallization of a magmatic body (Figure 7.1)

The estimatedopressurs for primary CQ fluid inclusions vary from 3.6 to 4.7
kbar at 540°C, the estimated temperatfrerapping for primary inclusion€hapter 4,
Figure 4.11) The estimatedpressurefor pseudosecondary G@luid inclusions vary
from 1.3 to 3.7 kbar at 540°C (ChapterHgure 4.11) Pressures indicated by primary
CO; inclusions(~ 4.2 kbar) mostlgxceed the lithostatic independent pressabtained
for the contact aureole of the Saxby Graitite3kbar; Rubenach et al., 200Whereas
the average pressure for pseudosecon@®y fluid inclusionsat 540°Cis 2.7 kbar,
similar to the lithostatic pressure value obtainedhe contact aureoldChapter 4,
Figure 4.11) The pressure cycling recorded in the granite clasts was responsible for the
formation of the observed magmaltigdrothermal textures and at some point the fluid
overpressuring likely initiated the brecciati@figure 7.).

Oliver et al.(2006) suggestedhat CO; in the Cloncurry gtrict may have been
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sourced from mantiderived magmasgcf Touret, 1992; Touret and Huizenga, 1999)
Evidence of mantle activity during the emplacement of the Willidlasaku Batholiths

is provided by theoccurrence ofmafic magmas and its simultaneous emplacement with
felsic intrusions in igneous complexgsoughout the Cloncurry distri¢Blake, 1987;
Mitchell, 1993; Pollard et gl.1998; Mark, 2001) Furthermore, processes suebl
mixing and mingling between mafic and felsic magmas have been indicated as frequent
mechanisms for generating eruptions in felsic magi8parks and Walker, 1977; Folch
and Marti, 1998) Alternatively, CQ may have been sourced by partial meltand
assimilation of carbonatieearing crustal rock@d.owenstern, 2001)In a recent study,
Kendrick et al(Kendrick et al., 2007a) determined halogen and noble gas signature of
fluid inclusions related to regional albitiman (Figure 7.2;Section 7.4.1)CO; fluid
inclusionsdisplay roble gas dat@onsistent with alominantmetamorphic origin for

CO, andwere likely sourced from devolatilization of calcitech calcsilicate rocks
(Kendrick et al., 2007a)

The origin of mixed brineCQO, fluid inclusions is uncertairProblems in the
interpretation of these inclusions arisérom difficulties obtaining good
microthermometric data due to their complex composition, tendency to decrepitate
before complete homogeraition and for halitdbearing CQ-brine fluid inclusions their
rarity. Possible origia for these inclusions include unmixing of an originaiC-CO,-

NaCl fluid (Beardsmore, 1992; Adshead, 1995; Perring et al., 2000; Pollard, 2001; Fu et
al., 2003; Mustard et al. 0R4), fluid mixing (e.g. Fu et al., 2003)f CO, with aqueous

brine fluids and trapping of a heterogeneous fluks above stated, ixed CO,-rich
aqueous and brine inclusioase sometimes associatetth CO,-only fluid inclusions

at theSRBP and mayepresentater fluids exsolved from thenelt. This has important

implications for the genesis of the SRBP e evolution of the exsolving fluids from
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CO.-rich to aqueousich and possibly the unmixing of GArom the aqueas phase
may have provided additional overpressure driving the brecciaoitard (2001)
inferred that unmixing oH,O-CO,-NaCkECaCb-KCI magmaticfluids was the process
dominantly responsible for the formation of sodica{cic) alteration in the Cloncty
district. The high Na concentrations needed for the albitization are provid€Dhy
rich fluids that contain higher Na/(Na + K) ratios compared tebeézring fluids
(liyama, 1965; Pollard, 2001)herefore, when unmixing occurs due to temperature
and/or pressure decrea@®@owers and Helgeson, 198te aqueous fluid has a Na/(Na
+ K) ratio higher than the equilibrium value of an unmixeeb€ring fluid(Pollard,
2001) Consequently, to restablish equilibrium conditions the aqueous fluid needs to
precipitate Na producing albite alterati@®ollard, 2001) ,Q 3ROODUGTV PRGHO W
expansion generatdaly the release and unmixing of magmatic fluid is inferred as a
likely mechanism to cause brecciation, whereas later aqueous fluids generated from the
unmixing of the early magmatic fluids are interpreted to be responsible for the albite
alteration (Pollard2001).

At the SRBP there is evidence of exsolution of magmatig fi@s and of a
later evolution of these fluids to more,®trich compositions and the overpressuring
generated by their release is interpreted as the cause of brecciation. However, these
fluids are unrelated to the latesodic ¢calcic) fluid inclusions responsible for
albitization at the SRBP (Figure 7.1). Petrographic and cathodoluminescence analysis
clearly linked abundant sodiecglcic) fluid inclusions to the later influx of fluidbat
produced widespread pervasive albitic alteration at the SRBP system following the
brecciation event (Chapters 3 and 4hntixing of a H,O-CO,-NaCl fluid would have
produced the contemporaneous trapping of two distinct types of inclusions

characterizedby similar homogenization temperature but contrasting density (e.g. lower
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density vaporrich inclusions and higher density liguigth inclusions) and
homogenization behavior with one type homogenizing into the liquid and the other into
the vapor(Ramboz et al., 1982; Hagemann and Brown, 1986the SRB unmixing
of aH,0O-CO,-NaCl fluid is not supported by the fluid inclusions paragenesspdic
(-calcic)inclusions aresecondaryandclearlypostdate the entrapmentmimary of CO,
and CO,-aqueous fluid inclusiondMoreover, mixed CQ-aqueousand sodc (-calcic)
fluid inclusionsare interpreted as responsible for the halogen signature obtained for
fluids in granite clast samples and ironstone and quartz vein samples respectively, the
former compatiblavith either a magmatic or with halite dissolutiongin (or mixing of
the two), in contrast with thedominant bitternorigin for the fluid that produced
extensive albitizationAn origin via fluid unmixing for the fluid that produced regional
albitization in the district was also excluded Kgndrick etal. (2007a)based on the
distinct noble gas signature dispdaiby CO, (maximum*°Ar/*°Ar value of 60067000)
and aqueous fluid inclusions (maximudfiar/*°Ar value of 2700) (Figure 7.2; Section
7.4.1).Kendrick et al.(20073 proposed that mixed inclusiofermed mostly by fluid
mixing. However, another possibility is that type | and type Ilb fluid inclusions
represent the immiscible emdember fluids resulting from unmixing of an original
H,O-CO,-NaCl, with type lla a mixture of these two fluidsUnfortunaely,
homogenization temperatures for type Il fluid inclusions and densities for type Iib fluid
inclusions were not obtainexhd the lack of these data preclude the verification of this
hypothesis.

A final possibility is that the type 1l fluid inclusiongpresent a heterogeneously
trapped twephase fluid. The comparison of type lla fluid inclusion properties with
experimental data by Schmidt and Bodnar (2000) for the syst€¥NdCICO, suggest

that immiscibility for this fluidin this studyoccurred atdmperatures and pressures
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below 500°C and 2500 bar and possibly even at higher conditions (Chapter 4). In fact,
type lla fluid inclusions contain in general more £4Ran fluid inclusions presented by
Schmidt and Bodnar (2000) and the addition of, @H20-NaCl fluid causes shift of

the critical point and the solvus towards higher temperatures and pressures. These
temperatures and pressures cannot be accurately determined due to the lack of
experimental data for fluids of such compositidherefore, ithot possible to estimate

if at the inferred lithostatic pressure (~3 kbar, the estimated lithostatic pressure by
Rubenach et al., 200@nd temperaturé~ 540°C) the fluid was homogeneous or had
already unmixed.

The limited dataat the SRBRIo not allow acondusive interpretation about the
origin of mixed CO,-aqueousand in particular, abouttheir potential role in the
brecciation proces$lowever,these inclusions are commonly associatéti CO,-only
fluid inclusiors, which may indicate a primary origiand are interpreted as later
evolved fluid exsolved from the magma.

Albitization at the SRBP wawore likely produced by dot externallyderived
fluid that acquired Nand Clfrom the inteaction of evaporitic sequencasdthatwas
heatedoy a magmatisourcethatprovided thenecessaryeatto promoteits circulation.

This model isin agreement with the model proposed by Barton and Joh{i8®®6;
2000) and Kendrick et al 0073 for the formation of albitization associated with

IOCG mineralization.
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Figure 7.2 Simplified map of the Eastern Fold Belt showing sample locations for previous fluid

inclusions studies. See text for references. Modified after Kendrick e2G0.7@.
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7.3.Fluid geochemistry irsights into the evolution and formation of the

Eloise CuAu deposit

The chemistry of multisolidnd liquidrich halitebearing fluid inclusiongrom
the Eloise deposivas determinetdy LA ICP MS analysis (Chapte).6Results indicate
that multisolid fluid inclusions have higher absolute concentrations of all elements
compared to halitbearing fluid inclusions, with the exception of Ca and Rie most
significant differences between the two types of inclusions are related @aribbment
of Fe, Mn andBa in multisolid fluid inclusions comparedvith halite-bearing fluid
inclusions These differences are most likely due to the higher salinitieand
temperature of multisolid fluid inclusions promotingnetal transpor(Hemley et al.,
1992; Yardley et al., 2003; Yardley, 2009)his observation suggests thaultisolid
IOXLG LQFOXVLRQV ZHUH WKH 3FDUULHU® I1OXLG DQG V.
these represent the ei@ming fluids in IOCG system@eardsmore, 1992; Adshead,
1996; Adshead et al., 1998; Baker, 1998; Rotherham et al., 1998; Mark and Foster,
2000; Williams and Skirrow, 200@Baker et al., 2001; Williams et al., 2001; Williams
et al., 2005; Mark et al., 2006a; Mark et al., 2006b; Williams, personal communication)
Multisolid and halitebearing fluid inclusions may represent different ssamge the
evolutionof the hydrothermasystem at Eloiser two distincly different fluids (Baker,

1998)(Figure 7.3.
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Figure 7.3 Schematic diagramalustrating the possible relationships between multisolid and halite
bearing fluid inclugns and implication for ore deposition at Eloise-@wu deposit. (A) In this first
scenariohalite-bearing fluid inclusions form fronthe evolution of hot saline fluidthat precipitate ore

and gangue phaseghile migrating from south to nortim responseo cooling and wall rock reaction,
likely in collaboration with other processes (e.g. sulfidatidm)this contextmultisolid fluid inclusions
UHSUHVHQW WKH 3FD Uhearid) fluid Gni€lusiond § bwacDpeiatwel lower salinity
SVSHQ®RURQIVSHQW ™ IOXLG % ,Q WKH K\SRWKHVLV RI IOXLG PL[LQJ |
SFDUULHU ™ 10 XL che@riqpGluM/ iKdtusims Qdpkbddnt the result of mixing between the hot,
ultrasaline fluid and a later fluid. This hypotheisisupported by the compositional differences displayed
by multisolid and halitdbearing fluid inclusions and by the same inclusion type (Figure 7.5), differences
that are compatible with a mixing trend (Figure 7.6). Fluid mixing would also explain thiicsigt
lower salinity of halitebearing compared to multisolid fluid inclusions that cannot bebatéd to
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precipitation of Clbearing phase at Eloise. Fluid mixing likely promoted ore deposition ianihis
context, cooling would have been importastan ore deposition mechanisms causing decrease in metal
solubility as well as &0, andfS,. The hypothesis of fluid mixing is also supportedtihy Spoor nature
of multisolid fluid inclusions, although the nature of thé&aring fluid is uncertair(C) In this scenario
multisolid and halitebearing fluid inclusions represent two distinct unrelated fluids. In this case ore
deposition may result from the evolution of the carrier fluid similar to the first scenario, buttealitag
fluid inclusions donot represent the evolved, spent fluid but another unrelated fluid. (See text for

discussion).

In the first hypothesigFigure 7.3A)halite-bearing fluid inclusion$ormedfrom
multisolid fluids in response ta@ooling that would have causedikely in conjunction
with other processes (e.gvall rock reaction andsulfidationn see below), the
precipitation of ore and gangue phases. In this perspective -bediteng fluid
inclusionswould represent a lowdgemperature, lower salinitf VSHQW SRIQGLQJ”
fluid (Figure 7.3\). The hot, ultraaline evolving fluids were likely migrating from
south to north as proposed Bwaker (1998)to explain the zonation ddlteration and
mineralizationobserved at Eloisén the caseof an evolving model,the compositional
differencesbetween the two types of inclusions shobkl reflected incorresponding
variation in the host rock geochemistijor example, the general depletion of Fe in
halite-bearing inclusions is compatible with the precipitation of both ore and gangue
phases that are enriched in {&aker, 1998) However, Eloise is characterized by a
rather complex evolution history thebnsisted okeveralalteration stages, ieach of
which different elements werdiversely added or stripped away from the host rocks,
and variably distributed within the depositithin compositional complex host rock
(Baker, 1998) Thereforejt is difficult to directly relate specific fluid types to specific

alteration and comparison betweefluid and host rockchemistry needs a careful

consideration of severahviables.
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Isocon analysis comparirgains and losses of major and minor elements during
the main alteratin stages are shown in Figure 7(ffom Baker, 1996) The
geochemistry of host rock and alteration assemblages shows a Ca logbdrionst
rocks during albitization, followed by Ca enrichment durintpe formation of mafic
silicates(e.g. hornblendein metaarkoserocks, and Ca loss in amphibolite duethe
formation of biotiteat the expense of daearing metamorphic minerals (amphibole and
plagiochse),and finally Ca enrichment during the mineralization stdge to the
formation of abundant calcite (Baker, 1996, 1998)e precipitation of calcite during
the ore staggBaker, 1998)ikely resulted in depletion of Ca in the mineralizithgid,
although Ca may have been sourced directly from the altered rocks aldite c
produced by reaction @O, and hornblende.

Albitization results ina general depletion @&a from the host rock followed by a
substantial Ba enrichment during-F€ alterationdue to biotite precipitatiorand
seriticization of albit§Baker, 1996) The ore stage is characterized by a general loss of
Ba in the host rocks (Baker, 1996). Therefore the lower Ba contéme bélite-beaing
fluid inclusions compared to multisolid fluid inclusionsay in part be due tBa
enrichmentduring precipitaion of biotite bearing K-Fe alteration(Baker, 1996)
Albitization producd a general depletion in Mfiom the host rocksimilar to Ca and
Ba. During K-Fe alteration there is a general Mn enrichment due to mafic silicate
precipitation in altered mafarkoserocks and Mn depletion during biotitization of
amphibolite (Baker, 1996). There is no appreciable variation in thedvitent ofthe
host ock during the ore stage (Baker, 1996). The lower Mn concentsatibhalite
bearingfluid inclusionscompared to multisolidluid inclusionsare possibly related to
the formation of prere mafic silicatesalthough microprobe analysis revedla

generaMn-poor nature of the hornblende (Baker, 1998).
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Figure 7.4 Isocon diagrams illustrating rock geochemistry variations related to the major alteration
stages. (A) and (B) Isocon diagram comparing leastealtamphibolite with albitized amphibolite. (C)
and (D) Isocon diagram comparing least altered amphibolite with bratfteamphibolite. (E) and (F)
Isocon diagram comparing the biotiieh selvage of a quartz biotite vein to the quartz biotite schigt ho
rock from eastern side of the Levuka Lddéer Baker, 1996)
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Trace element geochemistry indicatieat theore contairs more Cu than Zand
Ph, although locallypostore veins contaiminor sphalerite andow Cu (Baker, 1998)
that should be reflected bg general increasen Zn/Cu and Pb/Curatios as Cu
precipitatedfrom the mineralizing fluid.However,a correlationbetween the relative
enrichment anddepletion between the rocks and the fluids is complicated and can be
misleading due tahe Cu databeingmostly below detectiorimits for the majority of
fluid inclusiors (Chapter 6) The main mineralization stage also contains higher
corcentrations compared to PBaker, 1998)and this is consistent with the dominantly
lower Zn/Pb ratios displayed thalite-bearing fluid inclusons compared to multisolid
fluid inclusions The low concentrations of Zn and Pb in the ore phases may suggest
that their contents in the liquid phase, although higher or comparable to Cu content,
were nothigh enough to reach saturation, which is coesistvith the lower solubility
of Cu at higher temperature compared with these two elenfidataley et al., 1992;
Baker, 1998) These observations indicate that significant amount Zn anpaB&ed
through the Eloise system but the conditions were not favourable to their deposition.

The hypothesisof fluid evolution can therefore explain the general lower
absolute element concentrations displayecalte-bearingfluid inclusionscompared
to multisolid fluid inclusions and variations irchemistry between the two types can in
part be attributed to mineral precipitatiddowever,this hypothesis doesot account
for the substantial drop in salinityetween early ultssline brines andhe later high
salinity halitebearing fluid inclusionsThe salinity decrease is a key aspect for ore
deposition since Cl, with temperature, exerts a megoitrol on the metal content that
can be transported by hydrothermal flu{fardley, 2005) The CI concentrations in the
fluid can be reduced by precipitation of-aring minerals. Biotite and hornblende are

commonly observed at Eloise the K-Fe alterabn stage (Baker, 1998), but their ClI
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content is typically low (less than 0.5 wt %) and otheb&ring minerals do not occur
(Baker, 1998; Baker et al., 2001). Baker et al. (2@0ibpested thahedecrease may be
related to a different pulse of magneatiuid characterized by different composition or
alternatively to a distinct fluid derived by different magmatic source. Chlorine
concentrations in the fluid may also decrease in response to dilution. Thefleidre
mixing with a les saline fluid isa possibleexplanationfor the significant salinity drop
between multisolid and haldeearing fluid inclusionss also inferred by Bakét998

and Baker et a{2001).

In the secondhypothesis of mixindFigure 7.3B) the two irtlusion types may
representwo unrelated distincfluids that have mixed to some extenith multisolid
fluid inclusions represeimyg the carrier fluid and the halitbearng fluid inclusions
represenng a product ofmixing between the hot, ultrasaline fluid and a later fluid.
Fluid mixing likely occurred along the evolution path of the-fmening fluid from
south to north (Baker, 1998n this context the composition of fluid inclusioasross
the deposishouldreflect different degreeof mixing For example fluidnclusionsfrom
the south shouldroadlyrepresent the carrier fluid, whereas flindlusionsin the north
should represent a mixgshpent fluid(Figure 7.3B) Samples for fluid inclusioanalysis
were collectedn different areas of the depo¢iigure 6.2) The twosamples containing
multisolid fluid inclusionsare the mossouthery locatedand occurred in the sowdhy
extensionf the Levuka LodeSamples containing halilearing fluid inclusions are
from the 40 Lode (sample 48076), the Elrose Lode (sampleB83&hdfrom Eloise NW
(sample EWD®6)Fluid inclusions in sample EWDére the rost northerly located and
therefore likely represent the most evolved fluid.

To test the hypothesis of fluid mixing the composisionthetwo inferred fluid

endmembers are copared, multisolid fluid inclusions as the carrier fluid and halite
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bearng fluid inclusions in sample D6 as the mixedspent fluid (Figures 75 and
7.6). Fluid inclusions in the remaining sampksoulddisplay elements abundances and
ratios between thavo fluid endmembersFluid inclusions in sampl&WD6 havethe
lowest absolute concentrations af elements, with the exception of Sr, of all fluid
inclusions inall samplesconsistent withD *PL[MSHQW ~ IOXLG WKDW ORV
carried elementg§Figures 7.5 and 7.6A. In a K/Ca versus Mn/Fe plot multisolid fluid
inclusion le atthetop leftcorner displaying the highest K/Ca and lowest Mn/Fe ratios,
whereasfiid inclusions in sample \BZD6 sit on the bottom, right corner, characterized
by the lavest K/Ca and highest Mn/Fe ratios. The remaining hbktring fluid
inclusions display K/Ca and Mn/Fe rationostly betweenthe two endmembers
consistent withan originvia fluid mixing. In Figure 7.6BCaandFe also showhe two
fluid endmembers sithg at opposite side of the diagramwith multisolid fluid
inclusionshaving the highedte andfluid inclusions in sample EWD6 with the lowest
Fe, and the remaining halibearing fluid inclusions in the middi&here isa variation

of over three ordersfanagnitude in FeEoncentrations between th&o fluid inclusion
endmembers, whereas Ca concentrations, alth@egterallylower for multisolid fluid
inclusions compared to haliteearing fluid inclusions, mostly vary within the same
range for all the inlasions.The trend toward Fe depleted fluids with increasing Mn/Fe
is compatible with thé&e-rich nature obre and ganguat Eloise Bais generally higher

in multisolid fluid inclusionscompared to halit®earing fluid inclusions. Iixigure 7.6C
multisolid fluid inclusions display the highest Ba and K concentrations and lowest K/Ba
ratios and halitebearing fluid inclusions in sample EWD6 hatee lowest K and Ba
content.The plot indicates a general trend towards lower K anddd&entrabns that

is corsistent with the hypothesis @tiid mixing an ultrasaline Ba enriched fluid and a

later lower salinityfluid. The high Ba concentrations of the carrier fluid represent a key
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argument supporting the hypothesis of fluid mixiogcausehigh Ba contens in tre
fluid are interpretecs an indicatiomf a S-poor fluid due to the low solubility of Ba in
S-bearing fluids (Williams, 2001Williams, personal communicatignWilliams et al.
(personal communicatiorganalyzed and compared the chgny of fluid inclusions
from Ernest Henry, Osborne and Liging Creek anduggested thahe generallyjow

Zn concentration in the oreompared to its high concentration in tih@&d, may also
reflect a S-poor fluid. This is also observed at Eloise whethe oregforming fluid
contains abundant Zn (average ~ 2000 ppm) yet the mineralization is not significantly
enriched (Baker, 1998Yhese observations suggest that the ore fluid was poter&tally
poor and therefore must have reacted with-ae@ring flud or rock in order for ore
deposition to have occurred@ihe preore stagealterationand host rocks at Eloise are
characterized byan oxidized mineral assemblag8&aker (1998) described textural
evidence indicating progressive sulfidation of -pre silicates during the main
mineralization stage and suggested that this process may have played a significant role
in ore depositin and the observed ore zonation. Baker et(2001) proposed that
sulfidation occurred via reaction ofSabearing solution withi-e oxiderich rocksduring
cooling. However, &-bearing fluid is in contrast to ttebove observatiothat suggests
the ultrasaline fluid nclusions represent a®or fluid. Most likely S was transported

by a second fluid and ore deposition was the result of the mixing betweeethlerich

ore fluid and aS-bearing fluid.In this context, cooling would have been impor@san

ore deposition mechanisoausinga decreas in metal solubility as well asf®, andfS,
variation(Hemley et al., 1992However, the nature of thel&aring fluid is uncertain
due the inabilityto measure S in fluid inclusions using the techniques utilized in this
study. Possible sources of sulphur nde the later halitebearing fluid inclusions and

the CO,-rich fluid inclusions as suggested by Oliver et24104)
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Figure 7.5 Average fluid inclusion composition for each sample determined from LA ICP Ms analysis.

A final hypothesis is that the two fluid inclusion types represent two completely
distinct unrelated fluids (Figure 7.3C). In this case ore deposition may have resulted
from the evolution of the carrier fluid similar to the first scenario or more likely by
mixing with a Sbearing fluid, perhaps represented by,@aid inclusions, due to the
S-poor nature of multisolid fluid inclusion, but haldgearing fluid inclusions do not
represent the evolved, spent fluid but another unrelated fluid. However, the possibility
that the two types of inclusions represent two distinct fluids is in contrast véth th
general mixing trend displayed by fluid inclusions data (Figure @r®) the fluid
inclusion paragenesis at Eloiigat indicates a substantial temporal overlap between

multisolid and halitebearing fluid inclusiongBaker, 1998).
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Figure 7.6 Selected plots comparing the chemistry of multisolid and Riaétring fluid inclusions. Open
symbols refer to values below detection limits and bars inditaethe corresponding elementlow

detection limit Corcentrations in ppm.
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Thefavoured model for ore formation at Eloise is therefore a fluid mixing model
combined with fluidrock interaction, sulphidation and temperature decreBkad
mixing is also consistent with the general variability of absolute atadive element
concentrations observed even between inclusions of the gq@eFor example the
variable K/Ca and Mn/Fe ratidsetween different types of inclusions and between
inclusions of the same type occurring in different sampiayg reflect diffeent degreg
of mixing (Figure 7.5) A possibility of fluid mixing at Eloise was inferred by Baker
(1998)and has been recentbyoposed for other IOCG deposits in the Cloncurry district
(Mark et al., 2000; Williams et al., 2001; Mark et al., 2006b; Kendrick et al., 2007b;
Williams, pasonal communication)

Baker (1998) and Baker et al(2001) inferred a magmatic origin for the early
fluids at Eloise based on their ultrasaline nature and on stabbpésdata. Baker et al.
(2001) inferred a magmatic origin also for the later fluids based on stable isotope data
and proposed that these fluids may represent either a different pulse of magmatic fluid
compared to that responsible for the early fluids ofstindt magmatic hydrothermal
fluid. Kendrick et al.(2006) invoked the involvement of an external fluid with a
possible halite dissolution component in the mineralization event at Eloise based on
halogen and noble gas data for primary multisolid and daughter-pkaseg fluid
inclusions. Br/CI(0.3x10° - 10°) and 1/CI(10° - 5x10°) ratios for these inclusions are
lower than values considered representative of juvenile magmatic flabeson et al.,
2000; Kendrick et al., 2001 plthough Br/ClI ratios fall mostly in the range of values
determined forvolcanic fumarolegBohlke and Irwin, 1992h)and are higher than
values representative of halite dissolution w@Bohlke and Irwin, 1992a; Kendrick et
al., 2006) Kendrick et al. (2006) inferred that such values may be the result of

incomplete halite dissolution, or dissolution of evaporitearais other than halite or
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finally of fluid mixing between halite dissolution water and a magmatic .fluid
Alternatively, the fluid may have acquired its salinity from melting of metamorphic

scapolites abundant throughout thstrict (Kendrick et al., 2006)

7.4.Regional vs IOCG fluids xImplication for formation of IO CG

7.4.1.Comparison of fluids from the Suicide Ridge Breccia Pipewith other

regional fluids

Previous research on regional fluids in the Cloncumgjudes studies by [@
Jong and Williams (1995) and Fu et(2003; 2004a; 2004k}-igure 7.2) De Jong and
Williams (1995) described the distribution and evolution of the metasomatism in large
and extensively altered brecagstems adjacent to the Cloncurry Fault in the Fullarton
River and Maramungee Creek area in the Cloncurry distriet.breccia systems are
dominated by sodic (calcic) alteration that produced albigetinolite
titanitexquartztmagnetitexdiopside assemédagn calcsilicate rocks, metabasites,
metapelites and in felsic igneous rodkie Jong andVilliams, 1995) Albitization is
followed by more localized potassaiterationand silicification (de Jong and Williams,
1995). Research included the study of fluid inclusions associated witldiffexent
alteration stages.

Fu et al. (2003; 2004a; 20b) studiedfluid inclusionsrelated to albitization
occurring in veins and host rocks from several locaticigt include Knobby,
Tribulation, Lime Creek and Sunrise in the Mary Kathleen Fold Belt and from Mt

Avarice, RoxmereMarimo, Snake Creek and GildeRose in the Cloncurry district.
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Samples for fluid inclusion studies were collected from queatzite
pyroxeneramphibole veins associated with albitization in the metamorphosed calc
silicate and dolerite wall rockandfrom breccias in the Mary Kathleen Group (Corella
W\SH DQG 6ROGLHUfV &DS thdtRaxtaireddquartz elaStgbiRet &l., W\ S H
2004a; Fu et al., 2004b)

The geological settings tfiesestudies are similaio the SRBPBoth the studies
of De Jong and Williams (1995) arkl et al. (2003; 2004a; 2004fgcused orfluid
inclusions dominantly related to albitizatiorAnalyzed samplesnostly come from
stronglybrecciated rockspatially and temporally associated with the emplacement of
the WilliamsNaraku batholith andhe deelopment of thebroadly coeval Na-Ca)
metasomatisniMark, 1998; Pollard et al., 1998; Mark and Foster, 2000; Pollard, 2001)

Fluid inclusions described in these studies share msinylarities with
inclusions associated with ti8BRBP. A commonfeature of regional fluid is thecarcity
and in some cases (as case for the barren breccia pipe in this stuthg absence of
multisolid high temperaturdyigh salinity fluid inclusionsThis maybethe main reason
for the absence of mineralizationtimesesystemgBaker et al., 2006)u et al.(2003;
2004a; 2004bjlescribedaremultisolid fluid inclusions containing up to 6 solid phases
including halite, sylvite, carbonate, magnetite and/or hem&IXE analysis revealed
that these inclusions amominated by Na, K, Ca, Fe and Mn with generally high
average K/Ca ratios (~ §Fu et al.,, 2004a; Fu et al., 2004b; Baker, 200d)ese
inclusions also contain Zn (average ~ 2000 ppm), Cu (average ~ 200 ppm), Pb (average
~ 1000 ppm) and significant Ba (average ~ 7000 p(n) et al., 2004a; Fu et al.,
2004b; Baker2006) Fu et al.(2003; 2004a; 2004kglsoreported common pure GO
fluid inclusionssimilar to those assoced with theSRBR although in some cases small

amouns of N, and/or CH were detected. These inclusions have a wide range of
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homogenization temperatures, frot7.0 to +3@R°C, which is also common to GO
fluid inclusions reported in this study

Three phae halitebearing and two phase liquicch fluid inclusions are the
most abundant type of inclusions in all regional syst@Baker et al., 2006)In all the
previous studies first melting temperatures fase inclusions were commonly-50°C
indicating a Caich fluid. De Jong and Williams (1995) documented homogenization
temperatures generally between 100 and 300°C and salinities ranging from 12 to 41
wt% NaCl equiv. forsodic €calcic) fluid inclusions.Fu et al. (2004a and b) reported
homogenization temperatures mostly between 100 and 2f°€imilar liquid-rich
sodic ¢calcic) fluid inclusions Overall, fluid inclusions in these previous studies
display similar eutectic temperatures, homogenizationpézatures and salinities of
type 1l sodic ¢calcic)fluid inclusions reported in this study.

PIXE analysis result§Fu et al., 2004a and b; Baker, 20@8) halite-bearing
sodic ¢calcic) fluid inclusionsindicate that these inclusions are dominated ly K
and Ca, display highlyariable K/Ca ratios and contain significaxancentrations offe
(average ~ 20000 ppm). These inclusions display consistently hagketuteelement
concentrations compared tioe sodic ¢calcic) fluid inclusions in this studyFu et al.,
2004a and b; Baker, 2006). Major differences are related to Fe, Ba and Sr that display
an enrichment of about one order of magnitude in fluid inclusions studied by Fu et al.
(2003, 2004a and b) compared to fluid inclusions associated witBRB& Average
Cu concentrations for inclusions in all the studsge similar The observed difference
between the composition ebdic €calcic)fluid inclusions in the different studies may
represent actual compositional dissimilarities reflecting Ipcatesses (e.g. host rock,
fluid mixing) or may indicate two distinct fluids (see below). Alternatively, the

compositional differences between the two fluid inclusions typag be the result of
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the different quantification processes employed by PIXE aaddP MS techniquesas
also observed and discussed in Chaptek 8urth type of inclusion wasocumented
by Fu et al. (2003; 2004a and b). These sgeondarytwo phase liquierich fluid
inclusions found in annealed microfractures. These inclusiarns characterized by
compositiors close to pure NaC{eutectic temperature -21°C) and homogenization
temperatures between 80 and 200°C (Fu et al.,&0&milarsecondaryateinclusions
with comparable homogenization temperatures were also observede &RBP
although these display higher eutecéimperatures (-30°C).

PIXE analysis by Fu et al. (2004a andshipgestedhat multisolid andsodic ¢
calcic) halite-bearing fluidinclusionsmight have a different sourceowever, these two
inclusion types @play a similar widegange of Br/Cl values that sp&iom 0.35 t05.22
(Fu et al., 2004a; Fu et al., 2004b; Baker, 2006gse values possibly indicate multiple
fluid sources for these fluids or mixing between fluids originated from different sources.
Later liquidrich fluid inclusicns have Br/Cl ratios mostly above the seawater value in
the bittern brine fieldFu et al., 2004a; Fu et al., 2004b; Baker, 208@ndrick et al.
(20073 determined halogen and noble gas signatofefluid inclusions related to
albitization from the same localities of previous regwrstudies byde Jong and
Williams (1995)and Fu etal. (2003; 2004aand 2004) (Figure 7.2) The analyzed
inclusions includeaqueous qodic €calcic) and later lower salinity fluid inclusions),
liquid CO, and mixed aqueowusarbonic. Aqueous fluid inclusis from the Cloncurry
district display “°Ar/*°Ar valueslower than2700for most of the sampleand variable
molar Br/Clvalues(0.3-1.9x10°) and I/Cl valueg0.2-10x10°) that areinterpreted to
represenupper crustal sedimentary fluitisat haveacqured their salinityby dissolving
variable quantities of hig or scapolite(Kendrick et al.,20073. Most fluid inclusions

in samples from the Mary Kathleen Fold Belt have higher B{@G+4x10% and I/Cl
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(3.7-35x10°% values and lower maximuniAr/3°Ar values compared witHluid
inclusionsin samples from the Cloncurryistrict, consistent with a bitterderived
origin (Kendrick et al.,20073. Kendrick et al. 20073 suggested a similar bittern but
distinct origin for fluid inclusions in the twareasbeforethe acquisition of aalite
dissolutioncomponent for fluids in the Cloncurry distridtluid inclusions from the
Snake Creek Anticline display the highe®Ar/*°Ar values (~25,000) and are
interpreted to have a magmatic origiKefdrick et al. 200739. In general, fluids
associated with albitizatiom the Cloncurry district have a dominant origelatedto
halite dissolutionwatersbut also include a magmatierived componensimilar to
fluids associated with IOCG deposits in the Cloncurryridistsuggesting a possible
geneticlink between regionadlbitization and IOCGmineralization in the Cloncurry
district (Fisher et al., 2005; Kendrick et al., 20@%)07a 2007hH. Noble gas data for
CO; fluid inclusions are consistent with @ominant metanorphic origin for CQ
(Kendrick et al, 20073.

The Br/Cl ratios(2.2-3.0x10% obtained forsodic ¢calcic) fluid inclusions
associated with SRBRChapter 5)are higher than Br/Cl ratios obtained for regional
aqueous inclusions in the Cloncurry distacid similar to Br/Cl values of regional fluid
inclusions from the Mary Kathledrold Belt(Kendrick et al. 20073. These values are
consistent with an original bittemdthoughdistinctorigin asinferred by Kendrick et al.
(20073 for regionalfluid inclusionsin the two districts This possibly suggestthat
albitization was the product of multiple hydrothermal alteration events characterized by

fluids with similarorigin but distinct evolution history
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7.4.2.Comparison of fluids associated with IOCG depdss, granites and barren

regional systems

The main differencdoetween fluids associated withet Eloise CtAu deposit
and with the 8BP pipe is the absence in the latter of ultrasaline eghperature
multisolid fluid inclusions. Such fluids are common other IOCGdepositsin the
Cloncurry district(Adshead, 1996; Adshead et al., 1998; Baker, 1998; Rotherham et al.,
1998; Mark et al., 2000pnd fluid inclusionanalysis reveald that they carried
significant amount of metal@Villiams et al., 2001; Baker, 2006; Williams, personal
communication) supporting the generally accepted idea that these represent the ore
forming fluidsin IOCG systemgAdshead, 1996; Adshead et al., 1998; Baker, 1998;
Baker et al., 2001Williams et al., 2001; Williams et al., 2005; Mark et al., 2006b;
Williams, personal communication)heir absence at the SRBfalmost certainly the
reason for the absence of mineralization.

Halite-bearingfluid inclusionsat Eloise andsimilar fluid inclusions associated
with the SRBP display similar homogenization temperatures and salinitieshbue
generally distinct chemistryFluid inclusions from Eloise have generally higher
absolute element concentrations, with the exception paBa lowerZn/Pb andK/Ca
ratios The two types of inclusionalso display distinct Br/Cl valueswith sodic ¢
calcic) fluid inclusions from the SRBP displaying Br/Cl molar ratios ranging from
2.2x10° to 3.0x10° consktent with a bitterrorigin (Chapter 5)In contast lowerBr/Cl
values(0.3x10° to 10°) obtained fromhalite-bearing fluid inclusions at Eloisadicate
a magmatiederivedcomponentconsistent withstable isotope dagaresented byaker
et al. (2001)or with an origin via dissolution of evaporitesvia mixing of a magmatic

fluid with halite dissolution water (Sechdr.3 (Kendrick et al., 2006)
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Fluid inclusion éta fom other IOCG depositsgraniterelated systems and
regionalenvironments in the Cloncurrydtrict largely support the considerations about
the difference between mineralized and barren systesmsed on data from the SRBP
and the Eloise Géu depositpresented in this studylhe absenceor scarcity of
multisolid fluid inclusions,commonly observed in IOC@eposits and granitess a
common éature of regional environments and most likely tresoa forthe lack of
mineralizationin thesesystems.

Fluid inclusions from Eloise share many common features fliitths associated
with other IOCG depositand granitesn the Cloncurry district(Figure 7.2) Multisolid
fluid inclusions in all the systeiare characterized by high temperature (mostly between
200 and 550°C) and salinity (30 to 60 wt% NaCl equiv.) and are typieatiched in K
(averageconcentratiosare 21000 ppm at Ernest Henry, 26000 ppm at Starra and 36000
at Osborne), Ca (average centrations are 12000 ppm, 16000 ppm, 45000 ppm for
Osborne, Ernest Henry and Starra respectiyélg)averageconcentratioa are 18000
ppm at Ernest Henry, 45000 ppm at Starra, 66000 at Osbaand) Mn (average
concentratios are 6000 at Osborne, 11000npmt Starra and 33000 ppm Btnest
Henry) (Adshead, 1995; Rotherham et al., 1998; Williams et al., 2001; Baker,.2006)
K/Ca ratios arenostly >1but variable(Williams et al., 2001; Baker, 2006Jtarra is an
excepton since high temperature, higfalinity fluid inclusions display loer K/Ca
values(~ 0.7)(Williams et al., 2001; Williams et al., 2004; Baker, 2009n/Fe values
vary greatly among the different deposits in the Cloncurryidisbeing low for fluids
from Osborne and Starra (average values between 0.1 and 0.4) and much higher
(average ~ 5.8) for multisolid fluid inclusions from Ernest Hefidgker, 2006) Eloise
multisolid fluid inclusions have aigheraverage Mn/Fe ratio (0.7) compdr® fluid

inclusions at Osborng@verage Mn/Fe value ~ 0.4hd Starrgaverage Mn/Fe value ~
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0.4). Multisolid fluid inclusions from the different depositslso generally contain
significant although variable Ba concentrations. Barium concentrations are particularly
high for multisolid fluid inclusions at Star(a 20000 ppn), and one order of magnitude
less approximately 2000 ppm for inclusions at Osb@Baker, 2006) Multisolid fluid
inclusions from Eloise hae Ba concentration around 3500 ppm similar to Osborne fluid
inclusions. Fluid inclusions at Osborne and Ernest Henry contain Cu concentrations
around 150 ppm, one order of magnitude less than fluid inclusions at Starra (average Cu
~ 1000 ppm). Fluid inckionsfrom Eloisehave Cu valuemostlybelow detection limit

Fluid inclusions in graniteelated systems in the Cloncurry district were
documented by Perring et #2000)and Mark et al(2004) (Figure 7.2) Perring et al.
(2000) studied fluid inclusions froiihe Lighhing Creek prospect hosted in dominant
guartz monzodiorite and monzogranite rocks. Thésest rocks are cut by a setdf
mineralogically and texturally complex sillgarying from equigranularquartz
plagioclaserich rocks to albitemagnetitequartz rocksthat display a range of
magmatiehydrothermal t@nsition textures(Perring etal., 2000) Fluid inclusions
analyzed occurred isamples fromhigh temperaturequartzmagnetite +pyrite + albite
veins and from spheruliticalbite-quartzmagnetite sills(Perring et al., 2000)The Mt
Angelay Igneous compleXMAIC) is located in the centrarea of the Cloncurryistrict
and dominanly consiss of K-rich, magnetitebearingmatfic and felsiantrusive rocks
that were emplaced during the WilliaaMaraku magmatic event into rocks of the
Soldiers Cap Group and caddicate rocks of the Mary Kathleen Grogglark et al.,
1999; Mark, 2001; Mark et al., 2004)he intrusions have composit®marying from
monzodiorite to biotite syenogranite and are cut by ditali pegmatites and Nach
albitites that display balloetextures(Mark et al., 2004)The main phase of the MAIC

hosts a kmrscale magmatitydrothernal brecciavein system characterized by

7.3z



Chapter 7

gradation from composite breccias, filled with synchronously formed magmatic
intrusions and hydrothermalineral precipitatesn the topographic lowdo systemsof
fracturerelated hydrothermal vednin the topograpic highs (Mark et al., 2004)
Samples fofluid inclusionanalysiswere from quartan biotite syenogranitand alkali
pegmatite that respectivelyredate and are synchronous with fieemation of the
kilometrescale magmatic hydrothermal breceein system in the MAIGMark et al.,
2004)

At Lightning Creek and MAICabundanthigh temperature, high salinity
multisolid fluid inclusionswere documentePerring et al., 2000; Mark et al., 2004)
Multisolid fluid inclusions from Lightning Creek homogenize at tempeestin exces
of 420 °C and display salinitieanging from 35 to 50 wt% NaCl equifPerring et al.,
2000) Multisolid fluid inclusions from MAIC have salinities exceeding 50 WtPACI
equiv. and homogenization temperatures are mostly higher than 40@&€ et al.,
2004) Multisolid fluid inclusions from granite systems have similar composition to
multisolid fluid inclusions in the IOCG deposits displaying high concentrations of K, Ca
and Fe and K/Ca ratios consistently >1, although fluid includimms Mount Angelay
Igneous Complex (MAICYisplayvariable K/Ca ratiog~ 0.1 to ~5.0) (Perring et al.,
2000; Mark et al., 209 Baker, 2006)Copperconcentrations in fluid inclusions from
MAIC vary betweerfrom around 50 to 3W with average 400 ppm, higher than Cu
concentrations of fluid inclusions from Osborne and Ernest Henry but lower than
inclusions from Starr@Mark et al., 2004; Baker, 200@jluid inclusions froniightning
Creekare characterized byery high concentrations dfe (90000 to 130000 ppm) and
Cu (10000 to 18900 ppm)(Perring et al., 2000Rare multisolid fluid inclusions from

regional studiesare similar to fluid inclusions associated with I0CG deposits and
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granites with generally high concentrationstadjor elements an metgSection 7.4.1;
Fu et al., 2004a; Fu et al. 2004b; Baker, 2006).

Halite-bearing fluid inclusiondrom I0CG, graniteelated systems and from
barren breccia systengenerally display loweabsoluteelement concentratiordue to
their lower temperaturand salinity(cf Yardley, 2005)butin generalhavelower K/Ca
ratios. Hypotheses for the relationship between hdigaring and multisolid fluid
inclusions are similar to those formulated for the EloiseAQudeposit (Section 7.3).
Halite-bearing flud inclusions may represent a lower temperature, lower salinity
evolution of multisolid fluid inclusions in response dooling and wall rock reaction
that would have caused ore deposition. Alternatively, hhabéting fluid inclusions
may represera lae distinct fluid that hamixed to a certain extent with the ultrasaline
carrier fluid or, finally, a completely unrelated fluid. An origin via fluid mixing was
preferred for halitédbearing fluid inclusions at Eloise based on fluidlirsion salinity
andchemistry deposit geochemistry amdble gas and halogen data (8atf7.3).

There is gidence of fluid mixingn otherlOCG deposits in the districind this
likely explairs the origin of multisolid and halitbearing fluid inclusionsMost of the
fluid inclusions from Osborne display halogen and noble gas values similar to fluid
from Eloise(Secton 7.3) whereas onsampledisplays Br/Cl and I/Cl ratioscompatible
with a magmaticorigin (Kendrick et al., 2006)These data suggest the involvement of
different fluids with differenpriginsfor the formation of the mieralization at Osborne.

Multisolid fluid inclusions from Ernest Henry can be divided into two
populations based on halogen and noble gas sign@enelrick et al., 2007b)The first
population hasalogen and noble gas data compatibith a magmatiederived fluid
whereashe second population of multisolid inclusions is characterizelalygen and

noble gas dataterpretedss halite-dissolutionwater(Kendrick et al., 2007bKendrick
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et al.(2007b)interpreted the observed variability in Ernest Henry noble gas and halogen
data for multisolid fluid inclusions asresult of mixing between two higéalinity fluids
characterized by distinct origghandproposed a model for the formation of -Bu
mineralization at Ernest Henry that include mixing between a magmatic fluids derived
from regionally abundant granites, related to the Williddasaku magmatic event, and

a high salinity halite dissolution upper crustal brine.

An origin of the mineralization due to fluid mixing was also proposed for Starra
by Williams et & (2001) based on the significant Ba enrichmen2@900 ppn of
multisolid fluid inclusions that wa interpreted to suggest Spoor nature of the
mineralizing fluidand implying that S was transported by a different fluid.

Overall the data available suggest multiple fluid sources for the fluid associated
with IOCG depositslt is highly unlikely that nneralization was produced hipne
evolution of a single fluid and morkkely different fluids with different origirs
contributed to mineralizatiorwith fluid mixing playing a major role in the ore

deposition
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Chapter 8- Geochemical modelling of a ZrAPb skam:

constraints from LA -ICP-MS Analysis of Fluid Inclusions

Abstract

The Bismark deposit (northern Chihuahua, Mexisa)ne ofseverabase metal
rich high-temperature, carbonateplacement deposits hosted in northéfexico.
Previous fluid inclusiontsdies based on microthermometry and PIXE have shown that
the Znrich, Pbpoor Bismark deposit formed from a moderate salinity magmatic fluid
(Baker and Lang, 2003; Baker et al., 200Bhe exact precipitation nshanismsare
unclear and mainvolve cooling, salinity decrease and wall rock reaction. Furthermore,
PIXE dataof fluid inclusionssuggested that Pb and Zmcentrations were comparable
which is inconsistent with the Znich nature of the oreln this sty LA ICP MS
analysiswas carried out othe same fluid inclusion populations to compare with the
PIXE dataand the new resuligre usedo model possible ore deposition mechanisms
The new laser ablatiordatareveal overall lower concentratioa of Pb in he ore fluid
(averagevalue ~336ppn) than previouslyindicated by PIXEanalysis(averagevalue
~713ppn). Chemical modeling usinthe new laser ablation datestedthe following
ore depositiorprocessesl) cooling 2) fluid-rock reactionat constant tempature 3)
coolingand simultaneous fluidock interactionModeling results show that the gangue
and ore minerals observed at Bismark lzgst reprodced byfluid-rock interaction and
simultaneous coolingresults fronthe simulations strongly indicate @h ore deposition

was mainly driven by a pH increase due to the neutralization of the acgdiaid (pH
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= 3.9) as the result of the reaction withe limestone. Modelling results alsoggest
that the depositikely formed under cooling conditions, buto not support the

hypothesis of a temperature decreastaprincipal oreforming process.

Keywords: fluid inclusions;LA ICP MS analysisgeochemical modkng; Zn/Pb

ratios.

8.1.Introduction

Ore deposition in hydrothermal systemsth® result ofa conplex interplay
betweerseveral geochemical procességochemicamodellingcan be used to explore
the chemical effectsf a wide range ofprocessesind can aid the determination of the
most likely mechanismresponsible fo ore formation Any geochemicalmodelling
exercise must be approached from an initial conceptual model which is basedl on
constrainedfield observations, data collection aral number ofgeological and
geochemical assumptionBhe validity of the modelis strictly depen@nton thequalty
and quantity othe dataand on the consistency of assumptionswhich themodelis
basedlIn chemical models of geological systems one of the key areas of uncertainty is
the chemical composition of the fluids thateractedwith the rocks Fluid indusions
are a sample of théluids trapped during fluietock reactions but techniques to
determine theidetailed chemicatomposition, such as Proton Induceday Emission
(PIXE, Ryan et al., 1991; Heinrich et al., 1992; Ryan et al., 1993; Ryan et al.,&2@D1)
Laser Ablation Inductively Coupled Plasma Mass SpectrometrylQFAMS (Gunther
et al., 1998; Ulrich et al., 1999; Heich et al., 2003) have only recently been

developed Prior to these developmentgeochemicaimodelling studies of fluidrock
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interaction in geological systenmave relieduponthe assumption that the model fluid
composition is controlled by equilitonin with a model rock prior to entiaig the system
(Sverjensky, 1987; Changsheng Lu et al., 1992; Komninou and Sverjensky, 1995;
Komninou and Sverjensky, 1996Jhe latest progres®f microanalytical technices
now allows in situ determinatioof the composition ofluid inclusions The datafrom
fluid inclusion analysisannow be employedo help constrain the chemical system for
input into geochemical model®.g. Heinrich et al., 2004)n this study results of
numerical simulations of of®rming processesare presengd for the BismarkZn
depositusingnew LA ICP MS analysis of fluid inclusionsotconstrain thecomposition

of the model oreforming fluid. The Bismark deposis a Znrich skarn deposit located
in thenorthern Chihuahua district, Mo, and he paragenesis of the alteration and the
fluid evolution history of thisdeposit have been described in detailthg previous
studiesof Baker and Lan@g2003)and Baker et a[2004) The well constrained geology
together with theluid inclusion datamake this an ideal castudy for geochemical
modelling of an oreforming systemAlthough thee aspects are walbnstrainedt is

not clear whichkey processeseld to ore precipitation. FurthermofelXE analysis of
fluid inclusions indicad a comparable Pb and Zn concentratiorthe ore fluid but the
ore reservesontain8% Zn and only 0.5% Pbn this studynew results from LA ICP
MS anaysis ofore stagdluid inclusionsare presenéd and compare with the existing
PIXE data(Baker et al., 2004)The fluid chemical data arhen used as inputto

geochemical simulations of the potential ore forming processes
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8.2.Background Geology& Summary of Previous Studies

The Bismark deposit is &n-rich skarn located in the northern Chihuahua
district, Mexico (Figure 8.). The depositontainsZn (8%), Pb (0.5%) Cu (0.2%)and
Ag (50g/t) (Haptonstall, 1994; Baker and Lang, 200Bpcks in the Bismarkraa
comprise a sequence of massive to tlyiddedded Cretaceous limestones interbedded
with thin layers of quartzite and shalasdintruded by a suite ofertiaryigneous roks
(~ 42 Ma K4#Ar age on biotite, unpublished internal data of Minera Bismark)3tvat
includethe Bismark stocland several dikes and sil|Bigure 8.). Emplacementf the
Bismark stockwas controlled by taWNW-orientedBismark and the Diana faultBat
border the stock on the south and on the north respec(®aker and Lang, 2003The
intrusioncomprisesa biotiterich quartz monzonit@orphyryand aminor finer-grained
equivalentphasewith lesserbiotite (Baker and Lang, 2003)

The main ore bodiesccur at the contact betweethe Bismark stockand the
carbonate host rocilong the Bismark faultMineralizationis predominany found as
replacement ofjarnetpyroxeneexoskarnand limestone in both the foowall and the
hanging wall of the Bismark faulwhile intrusionhostedmineralizationis rare.The
paragenesis of the alteratiand mineralizatiomt the Bismark deposs summarized in
Figure 8.2 Alteration of the intrusion consists of three stages that comprise early
pervasive potassic (Keldspar, biotite) alteration, later fracturentrolled kaolinite
alterationand a finalstage ofsericitesulphidealteration Alteration of the limestonkas
been subdivided to two main stagesa mostly barrenprograde exoskarthat consis
primarily of greengarnet of andraditgrossular compositioand with quartz, calcite,
fluorite, K-feldspar, pyroxene, vesuvianite and tragmtie the final stages othe

prograde skarn include the precipitation of pyrite, pyrrhotite, chalcopyrite and
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sphalerite. The later ore stage isomposedpredominantly of sphalerite, galena,
pyrrhotite, pyrite, and chalcopyrite, with ganguealcite, lesa quartz, fluorite and
chlorite,

Baker and Lang2003) have recognizedeveral populations of fluid inclusions
at the Bismarldepositcharacterized byiflerent temperatureand compositiongTable
8.1). Theearliest fluid inclusion typesomprisehigh-temperatue 400 to 600°Chalite-
bearing bring32 to 62 wt% NaCl equivalentoexisting withvapourinclusions(>80%
vol. vapour) found within early fluorite and predating the main ore stagA later
population of inclusionsdisplay critical to near critical behdour and havesalinity
estimates ranging between 8.4 and 10.9 wt% NaCl equivalent and homogenization
temperatures between 351 to 438°These inclusions ere found in quartz veins
associated with the mineralizatiamdareinterpretedto besamples othe ore-forming
fluid (Baker et al., 2004)Finally a population of synto postore Iquid-rich fluid
inclusionshavesalinity valuesthat range beteen5.1 to 11.8 wt% NaCl equivalent and
homogenization temperatures betwdd to 336T. PIXE analysis on selected fluid
inclusions from each population revealed that both early and ore stage dheid
charged with metals and showed that at higher terapgme Zn and Pb were
preferentially concentrated in the brine whereas Cu patrtitioned in the coexestiogr
phase(Baker et al., 2004PIXE analwis of ore stage fluid inclusions also highlighted
an apparent difference between the contents of Zn amd tAb fluid and the ore grade
of the depsit. The analyse measured comparable concentrations of Zn anthBbgh
the deposit is very Znich (8% relative to Pb (0.5%)rhe Pb, bwever wascommonly
below the limit of detection for PIXE arttie data presented by Baker et al. (2004)
regarded as the maximum concentrations of Pb in the becduse the detection limits

were used as a maximum iesite New LA ICP MS analysis carried out in this study
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allow for lower detection limits compared to PIXHEyus constrainingthe uncertainty
related tahePb datgTable 8.2.

Baker and Land2003) and Baker et al(2004) inferred acommon magmatic
origin for both early and later fluids and interpreted their diversities as the result of the
evolution of a magmatidluid that underwenthigh tenperaturephase separationf
immiscible brine and vapw, followed by the formation of later lowdemperature,
lower salinity ore formingfluid that formedin response to changes in temperature and
pressure conditionsSimilar modek have been proposddr the formation ofporphyry
copper depositg¢Shinoharaand Hedenquist1997)and more recently also fakarns
(Meinert et al., 2003)However, the process responsible fine deposition is still
unclear.Baker and Lan@2003)and Baker et al2004)proposedhe followingpossible
ore deposition mechanism&mperaturalecreasgesalinity decrease, pressulecrease
andreaction of the ordorming fluid with the host rockThe purpose of this paper
therefore totest ore deposition processes usiggochemical modellingnd new ore
stage fluid inclusiordatato constrain the initial composition of the fluid used in the
simulations.Initial pressure and temperatussof 200 bars and 350°@ere usedn the
modelling basedn results from microthermometric analysi$ the ore stage fluid

inclusions(Baker and Lang, 2003)
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Figure 8.1 Location map and geology of the Bismark deposits, Chihuahua. Modified from Baker & Lang

(2003)
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Figure 8.2 Diagram showing the paragenesis of alteration within the limestone at the Bismark deposit.

Modified from Baker & Lang (2003)

Table 81 Summary of fluid inclgions characteristics of the Bismark deposit. Modified from Baker et

Lang (2003)

Type Phases Y Host Salinity Th (°C)
(vol%)
Pre-ore brine L-V-HalxSyl+n <10 FI, Qtz 32-62 400600
Pre-ore vapaur V-L >80 Fl, Qtz, Cal
Synore critical L-Vzop. 40-60 Qtz 8.410.9 351438
Syn-ore liquid-rich  L-V+op. 1040 FI, Qtz, Cal 5.1-11.8 104-336
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8.3. LAICP MS analysis of fluid inclusions

The chemistry ofore-stagefluid inclusions from the Bismark deposit was
determined by LA ICP MS angis undertaken at th&cilities of Research School of
Earth Science®f the Australian National University. The instrumentation employed
combinesa 193nm excimer laser (Lambda Physik, Germanypen the inclusion and
volatilize its contat, andan Agilent 7500s ICRMS whichanalyzes the ablated material
(Gunther et al.,, 1998; Heinhcet al., 2003) The technique provides mukiement
analysis and quantitative measurement of element rdatles.value of Na determined
from microthermometry3.7 wt% average composition of ore stage fluid inclusiahs
Bismak; Baker and Lang, 20Q3vas useds internal standard to convert the element
ratios to absolute concentratiof@Gunther et al., 1998; Heinrich et al., 2008halytical
precision using Na aaninternal standard is typically within 20¢@unther et al., 1998;
Heinrich et al., 2003)Detection limits are highly variable and must be determined for
eachelemen in each inclusion becausieey area function of the mass of the element,
the sizeand shape of the inclusion atite number of elements measured from a single
inclusion(Heinrich et al., 2003)Standard detection limits for fluid inclusions of &
are in the R range (Heinrich et al., 2003)Uncertainties aregrimarily linked to
imperfect sampling of inclusions, particularlyiotlusions containinglaughter crystals
(Heinrich et al., 2003)

A total of 11 low salinity ore stagéuid inclusions wereanalysedall from the
samesample ofsyn-ore quartavein (Table 8.3) Here resultsare presenéd only for the
elements that we used in our mduhgj simulationskK, Ca, F, Mg, Mn Zn, Cu, Pband
Ag (Table 8.3 Figure 8.3. The datareveal highconcentration®f K and Caranging

from about23000 to approximately DO00ppm and fromaround7000to about56000
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ppm respectively Magnesiumcontentin the fluid varies fromapproximately 40@pm
to around 600 ppm The fluid carries a consideraldencentratiorof metals Feand Zn
are particularly enriched in the fluid, displayimyerageconcentrationshigher than
1000 ppm while Cu, Pb and Agconcentrdions aregenerally lower than 100ppm

Manganese concentratiorange fom 120 to 53%ppm

Figure 8.3 Element concentrations determined by LA ICP MS (represented in black) and PIXE
(represented in greyBars represent the range of concentrations of each element in the fluid; squares and
crosses indicate the average concentrations of each element determined by LA ICP MS and PIXE

respectively.
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8.4.Comparisonof LA ICP MS and PIXE data

In this sectionresults obtained from PIXEnalysis by(Baker et al., 2004are
comparedwith laser ablation analysis of ore stage fluid inclusiomsasured in this
study. The discussion is restricted to elements measured with both techniques. The
range ofcalculated absolutealues and average valués each elementrom each
dataset are plotted ifigure 8.3 The comparison of the two datasets shows that
absolute edment concentrations measuredtbg PIXE methodare consistentlylower
than thee obtained from laser ablatidor all the elements exceptb and Mn The
systematic error between the two datasets (excluding Pb and Mn) likely reflects the
different quantiication processes employed by the two technid®ysn et al., 1991,
Heinrich et al.,, 1992; Ryan et al., 1993; Ryan et al., 2001; Heinrich et al.,.2003)
Quantification ofPIXE analysigequires modelling of the fluid inclusion geometry and
estimation of depth and thicknes of which may result in sigficant errors (up to 30
%; Heinrich et al., 1992). émetry related errorgsultfrom the deviation of theactual
inclusionshape to that o modeled ellipse(Ryan et al., 1991; Heinrich et al., 1992)
Depth in particulaaffectsthe determination of concentrations of light elements due to
absorption of lowenergy Xrays (K lines for Z< 21 and L lines for & 50) producing
for example errors of more than 50 percent in Cl concentrations for depth waingyt
of £1.5Rn (Heinrich et al., 1992)However high-energy Xrays (K linesZ > 25 and L
linesZ > 60) are less sensitive to depth. Uncertainties in the thickness ioicthsiors
create errors in the estimation of the volume that mayproduce an approximate
proportional error in the element concentratiGRgan et al., 1991)Heterogeneitiem
the inclusion, such as the presence of vapouroandAughter phases represent

additional sources of error in the element concentrations due to variationsapy X
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absorption and variations in beam intensity for diffensapour bubble and/acrystal
position(Ryan et al., 1991; Heinrich et al., 1992)

By comparisonLA ICP MS doesnot sufferdepthrelatedor inclusion size and
geometryproblems as much as PIX@Heinrich et al., 2003; Allan et al., 2005)
Detection limitsdo depend on the inclusiosize but the detection limits are typically
significantly lower than PIXE (ppm to ppb compared with tens of ppm respectively;
Ryan et al., 1991; Herich et al., 1992; Ryan et al., 1993; Ryan et al., 2001; Heinrich et
al., 2003 Allan et al., 2005). rhperfect ablation of inclusi@) especially of those
containing daughter phasesgsn be an additional problem, and care also needs to be
taken when setging aninternal standardHeinrich et al., 2003)In this case, Na was
chosen and a value of 37400ppm was applied to convert dleai®s obtained from
the analysis to absolute element concentrations. This corresponds to ~ 9.6 wt % NaCl
equivalent which is the average salinity of the inclusions determined from
microthermometryBaker and Lang, 2003 hetotal salinity rangdor the inclusions
varies from 8.4 to 10.9 wt% NaCl equivalent(~33000 to 43000 ppmNa). The
maximum and minimum Na values were used to recalculateallselute element
concentrationsand resulted in maximum absolute concentration increasing by an
average of~15 % and minimum absolute ogentrations reduced bgn average of
~12% Further explanation for the different concentrations measured by the two
techniquesmay be found inthe natural variability that characterizes fluid inclusions
even within the same populatioiigsbserved by an oett of magnitude variation in
almost the entire suite of element concentrations measured), however, this is unlikely to
result in systematic differences between the two techniques in this case where the same

inclusion populations, and indeed some of theesamalusions, have been analyzed
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In order to remove the affects of the quantification procedures, and assess how
well the two data sets compare, element ratios were calculedbtes 8.2and8.3) and
plotted on XY scatter plots Kigure 8.4. The resuk show excellent correlation
between th@wo datasets for interelemerdtios that include K, Ca, Fe, Zn and to a
lesser extent Cu, however, comparison of ratios that use Mn and Pb aré.gsmbr.
PIXE data are mostly below detection limits (shown in itak in Table 8.2and
considered a maximum concentration estimatdereas Mn PIXE data are mostly near
detection limitsvhen considering the analytical error (Table 8lZherefore seems that
the laser ablation data, with much lower detection limite tABXE, provides a better
estimate of the fluid compositiomterestingly the ore gde ratios for Zn, Pb and Cu
also have a better correlation with the laser ablation data than Pi¥ikd 8.D).

An important purpose of comparing the data was to seleatliable single
analysis to apply to the modelling of eiaming processes for the Bismark deposit.
The LA data were selected for the modelling experiment because of the low detection
limits for Pb and Mn and the fact that all other elements appeag fardportionally
similar between the two analytical methods. In particutaiusion 53was chosen to
constrain the initial fluid composition because of the good overlapping displayed

between the two sets of dakidure 8.4.
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8.5. Geochemicalmodelling

8.5.1.0verview of the method

Thermodynamic calculations were carried out using the program React included
in The Geochemists Workbench (GWB) software pack@@gthke, 1996; Bethke,
2002) React can model equilibrium states and chemical reactions of systems involving
an aqueous phase, minerals and gases. Reastused to determine the initial
composition of the fluidfor the simulationsand to run simulation®f oreforming
processesThe thermodynamic dataset used was spadijicreated for this study case
to fit the T-P conditions (350°C, 200ars) at whichhe deposit is thought to have
formed Theseare higher than the-P working conditions of GWB default datafiles
(temperatures up to 300°C and pressures along the curve of wWidterysource of
thermodynamic data sathe Geoscience Austrafiawersion of te UNITHERM
database(Bastrakov, 2003) a utility database included in HCh softwgpackage
(Shvarov and Bastrakov, 199%onsistent with the fré&s databaséBastrakov et al.,
2004) Within the UNITHERM database, the selected thermodynamic data for the
mgority of aluminosilicates and for carbonates were compiled by Be(i@88) The
rest of the mineral data as well as data for aqueous species were taken from a modified
SUPCRT databasgPokrovskii et al., 1998)The file containing the thermodynamic
datawasthenadapted to the GWB environment using utilities develope@lbyerley
and Bastrakoy2005) Activity coefficients foraqueous speciese calculated based on

methoddescribedy Helgeson(1969)
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8.5.2.Fluid composition

The ae fluid composition used in tregmulations was reconstructed utilizing the
laser ablation data of the low salinity inclusions at Bismark and from phase equilibria
relationshig. It wasassumed that the fluid wan equilibrium wih the late main skarn
mineral assemblageonsisting of quartz, pyrite, fluorite, pyrrhotite, chalcopyrite
muscoviteand minor sphalerit¢Figure 8.2. The pre-ore assemblage also inclusle
calcite which, however, doesot occurthroughout the deposithefluid was not set in
equibrilium withcalcitein the assumption th#te fluid had not reacted enough with the
rock to be in equilibrium with calcite. Hertne stepsfollowed to define the fluid
compositionare summarize@able 8.4
1. Element concentrains of Ca, K, Fe, Zn, Pb, Mg, Mn, and Ag were taken from the

laser ablation dataf fluid inclusion 53 Theconcentration oFe wasset to a slightly
higher value (450@pm) than the one of the inclusion (3268m)to allow for the
coexistence of pyrrhogt and pyritewhich occur together ithe deposit mineral
assemblage.

2. Pyrite, quartz, fluorite, chalcopyrite and-f&ldsparwere usedto constrain the
amount of total sulphur, SiQq, F, Cuand Al respectively. Copper was constrained
by setting chalcopyte in the initial systenin orderto increase the amounf total
sulptur and allow the simultaneous equilibrium of pyrite, chalcopyrite and
pyrrhotite.

3. Temperaturg(350°C) pressureg(200 bar), Na (37000 ppm) and CI(58000 ppm)

contens weredefined by ncrothermometric studigaker and Lang, 2003)
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4. CO, was set equal to 0.01 molality unit, based on previous studies on a skailar
system (Changsheng Lu et al., 1992pecause no data oGO, cortent were
available from Bismark

5. Oxygen fugacitywas calculated based on the assumptiorthefcoexistence of
pyrrhotite and pyritat theconditionsof the model

6. ThepH value was set at #hatprovides equilibrium with muscovite

The equilibrium fluid was saturatedwith quartz, pyrite, sphalerite, pyrite,
pyrrhotite, chalcopyrite, and muscovifEhe concentration of major elemts largely
reflects the element concentrations set injtied canstrain the systenZn concentration
in the final fluid (2000ppm) is slightly lesshan in the fluid inclusion (250ppm).
Copper concentration in the final fluid (p@m) is one order of magnitude less than in
the fluid inclusion (564ppm) However, this latter value was obtainedby setting
chalcopyritefor Cu in the initial systemand not the inclusion contenAttemptsat
setting copper concentrations in the initial systamariably lead to low copper
concentrations in the final fluid, suggesting tat has prohaly low solubility in such
fluid conditions The final oxidation statedgfO, = -31.019 and pH (3.9) of the fluid
does not vary significantly from the input datagfO, = -31.3and pH= 4). Data
relative to the distribution of aqueous spscier Zn, Pb, Cu and Fe show that these

elements ar&ransported mainly as chloridemplexes.
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Table 84 Input data used to constrain the initial fluid composition of the fluid used for simulation-of ore

forming processes.

Elements

Analyzed

K+ from LA analysis 22998
Ca++ 3 21581
Mg++ 3 849
Mn++ 3 353
Fe++ 3 4500
Zn++ 3 2501
Pb++ 3 221
Ag+ 3 3.3
Cl- from microthermometry 58000
Na+ 3 37400

Calculated at 350°C and 2dgar (ppm)

H.S(aq) Equilibrium with pyrrhotite 2952
SiOy(aq) Equilibrium with quartz 618
Al+++ Equilibrium with kfeldspar 18.7
Cu+ Equilibrium with chalcopyrite 34.8
F- Equilibrium with fluorite 111
pH 3.9
logfO, -31.019
COx(aq) 440

8.5.3.Processmodeling

The first model tested sn example o& polythermal path model that our case
consistsof a temperature decreaBem 350°C to 100°Gat a constantate through a

series ofsteps;at the end of eacttepthe program calculates the new equilibrium state
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of the systemThe secondanodel tested thesactionof the ore fluidwith the host rock.

It is an example oé titration model in which a fixed amount of rock is progressively
added to the initial systenThis type of model is useful to identify the seriefs
reactionstaking pla@ when a rock reacts with fluid of a given composition, as well as
recognize the type of alteration produced by the reactlmrsour simulation of fluid

rock interaction waised100g of rock reacting with 1.3 kg of fluid. The composition of
the rockhasbeen reconstructed in order to be representativikeatal conposition of

the host rock aBismark and consists of 3 calcite, 5 %quartz, 3% kaolinite and 26
clinochlore.The final process tested representombination of the previous twae.

fluid-rock interaction and simultaneous cooling.

8.6.Results

8.6.1.Temperature decrease

The predicted mineral assemblaigem the cooling simulationncludes three
main stagegFigure 8.3\): at higher temperature the system comprises quartz, pyrite,
minor muscoviteand fluorite(T = 350-320°C) followed by a pyritequartz stagéT =
320-150°C)and finally at lower temperature the mineral assegés include sphalerite,
pyrite and quartawith minor chalcopyritgalready present for T < 240°C) aadittle
acanthite(T 140-125°C). Changes in the fluid composition comprise a decrease in the
concentrations of SiDng, H2S agy Cu, Znand Fe due to the precipitation of quartz,
chalcopyrite sphalerite, pyrite and acanthite (not showikigure 8.2\ due to the very
low amount precipitated-igure 8.1). Theoxygen fugacityof the system anthe pH
rapidly decrease frornog -31to log -61 and from3.9to 1.1 respectively due to the lack

of any mineral to buffer the systeffaigure 8.%).
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Figure 8.5 Mineral assemblages, composition of the aqueous phase and gases resulting from cooling the
ore fluid from 350°C to 100°C. (A) Alteration and ore mineral assembl@igesacanthiteoncentration
was very low andannot bevisualized); (B) Total element concentrations; (C) pH and oxygen fugacity.

Mineral abbreviation after Kretz (1983): chalcopyrite (ccp), fluorite (fl), muscovite (ms), quartz (qtz),

pyrite (py), sphalerite (sp).
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8.6.2.Host rock reaction

Thefluid-rock interaction at awstant temperaturand pressur€l = 350°C P =
200 bar initially precipitates pyrrhotite, sphalerite, quartz, muscovite and fluorite
(Figures 8.6A and @). As new rock is added to the fluid, quartz and muscovite are
rapidly cnsumed and the initial gfa minerals areeplaced by the simultaneous
precipitation of a sequence of skarn minerals suifides(Figures 8.6A and @). Skarn
minerals predicted include Mchlorite, talc, tremolite, diopside, epidote, and calcite.
Development of skarn alteration sgnchronous with the precipitation ofe minerals
pyrrhotite and sphalerit@recipitateinitially and further progressiorof the reaction
yields a rapidincreasein their amountstogether withthe precipitation of magnetite,
galena and chalcopyritehdcopyrite is among the mineralsat precipitate initially but
is thenredissolvel in the fluid when less tAn 10 grams of rock has reacted and then it
precipitats again along with theother ore minerals Figure 8.@8). The sulfide
precipitation is driverby anincreasen the pH due to the reaction between the acidic
fluid (pH = 3.9) ad the carbonate rockFigure 8.®). The neutralization reaction
consumes hydrogen forcing the pH to rise and consequently reducing the stability of ClI
complexes, leading tosulfide precipitation The pH stops risingwhen calcite
equilibrates with the fluid. Thugnecan consider the reaction completed when calcite
precipitates for 23 grams of rock reactddhe subsequenteaction produces few
changes thamainly consistof variations in theabundance®f minerals However,
epidote is also precipitatezhd continuingreactiors convert tremolite to diopside and
diopside back tdremolite (Figure 8.@). The mineral assemblage when calcite first
appears consists of pyrrhotifé5 %), sphalerite (29.66), magnetite (136), tremolite

(3.3 %), clinochlore (2.9%), calcite (2.8%), fluorite (2.7 %), galena (0.£6) and
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chalcopyrite (0.3%). Changes in the fluid composition reflect the evolution of the
mineral assemblages during treaction(Figure 8.€). The concentrations of Fe, Mg
Al, Zn, F, HxSag, and SiOyq) significanty decrease(more than one order of
magnitude)n the interval 823 grams of rock reacted due to the precipitation of ore and
alteration minerals.The fluid is depletedby lesser amountsn Cu and Pb with
concentrations decreasing ldban one order of magnitude due to the precipitation of
chalcopyrite andjalena respectivel@Figure 8.€). In thisinterval the concentration of
COxyaq) rapidly increasefrom 0.01 to 0.2 moless shown irFigure 8.& as a result of
calcite consumption to neutralize the fluffter calcite equilibrates with the fluid there
are nomajorfurther changes in the fluid composition, except an increaagiminum

due to the disolution of talc and the decrease of chlorite contanti adrop in the
magnesium @ncentration caused by the precipitation of diopgigigures 8.6B and

8.6C).
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8.6.3.Host rock reaction and cooling

The esultsof afluid-host rock reactiomith cooling are showm Figures8.7A-
D. For high fluid/rock ratio the resulting mineral assemblage consists mainly of
pyrrhotite and sphalerite with pyrite, quartz and lesser muscovite and fl(fegtees
8.7A and8.7B). As inthe case of a fluid reacting with the host rock, the initial mineral
assemblage is replaced at lowkend/rock ratio and lower temperature by a series of
skarn minerals andulfides. Skarn minerals includeakc, chlorite, and calcit€rigure
8.7A). Sulide minerals at this stagcomprise abundant pyrrhotite, sphalemtagnetite
and lesser galena and chalcopy(fegure 8.B). Pyrite present in the initial stage is
replaced by pyrrhotit€Figure 8.B). The precipitation okulfideis again controlled by
the increasen pH due to the neutralization of the acidic flgigure 8.D). The pH
stops increasing when calcite precipitagg22 grams ofrock reacted.The mineral
assemblag@ow consists of pyrrhotite (48.%0), sphalerite(28.9 %), magnetite (11.6
%), clinochlore (2.®6), fluorite (2.6%), tremolite (1.8%), talc (1.3%), calcite (1.1%)
and chalcopyrite (0.80). The fluid at this stage idepleted by more than one order of
magnitude in Fe, Al, Zn, Cu, Fl antb$ag)and to a lesser extent in Pbghnd SiQ(aq)
(Figure 8.TC). By further adding rock mass to the fluid and lowg the temperature
the reaction precipitatesarbonates (siderite and dolomite);féddspar, quartz and
graphitethat leaves the fluiddepletedn CO; (ag) SiOzaqy Fe and K(Figures 87A and
8.7C). Ore mineralsn this late stage include abundant pyrite and sphalerite and lesser
galena, chalcopyrite and acanthite. Pyrrhotite is no longer stable at lower temperature

and is replaced by pyrite.
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8.7.Discussionof modeling results and comparison with the Bismark

ore stage minerals assemblage

The simulationof ore formation through justooling processcorrectly predicts
part of the assemblage observed at the Bismark deffogire 8.3\), howeve, the
model does not produce pyrrhotitgalenaand skarn mineralsThe latter is expected,
since there is ngarbonate roclavailable.All these observations suggest that cooling
alone was not responstbfor skarn alteration and swlé deposition, butvas likely a
contributing factor in the formation of the Bismark deposit.

The simulationof fluid-rock reactionreproducesvith good approximatiooth
ore and gangue minerajgresent at the Bismark depofftigures 8.6A and8.6B). The
alteration mineralproduced show a@easonably goodorrespondence with the skarn
assemblaget Bismark the only difference is the presence toémolite instead of
actinolite, but his is probably due to the inability of GWB to model solid solutions
(Bethke, 1996; Bethke, 2002Dn the other hand the model predicts minerals not
presentat Bismark, such as epidote and talc. A complete skarn sequence comprises
early anhydrous skarn followed by the precipitation of hydrous-sibkdates and
sulfide Themodel only predicts the formation of a hydrous skarn with anhydrous skarn
representedyba small amoundf pyroxene. Tieexplanation ignost likelythe relativéy
low temperature (350°Q)sed in the calculation, becauggograde skarmssemblages
usually format temperatures ranging from 650 to 40qEmaudi, 1981)In terms of
ore minerals, théluid-rock simulation correctly predicts pyrrhotite, sphalerite, galena
and chalcopyrite, but magnetite is not observed at the Bismark deposit. Relative
abundances are also consistent to those observed at Bismark witarigphrabre

abundant than galenbpwever the model fails to produce pyrite and silvBulfides
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preciptate during the first phases of the reaction in the interv28 @rams of rock
reacted with the fluid. In this interval the pH increased from 3.9 to 5.3, while the other
parameters that may caus@ precipitation are constant (e.g. temperaoressureand
oxidation statg Figure 8.®). When calcite equilibrates with the fluid the pH stops
increasingresulting in the cessation sfilfide precipitation The abundance of sulfide
does nosignificantly varyasthe reactiorcontinues These observations swagj that the
primary control on ore deposition was the pH increase due to the reaction between the
fluid and the dominantly carbonate host rothis isconfirmedin the result of the last
process tested.

Simulation of fluidrock reaction and simultaneowsoling presents a good
prediction of ore and gangue mineralsd offers the best matches between modelling
results andhe naturakystem(Figures 8.7A and8.7B). All the ore phases observed at
the Bismark deposit are predicted by the model and thetiwvel abundances are
consistent with those of the depodMteration minerals can be subdivided into two
different stages 1) at high temperature and higtuid/rock ratio the alteration
assemblage is very similar to those produced for the simple readtlothe hostrock
(chlorite, talc, fluorite tremolite and calcite)?2) at lower temperature and lower
fluid/rock ratio these minerals are replaced (excluding calditeyetrograde alteration
phases sierite dolomite, quartz, Kkfeldspar and graphiteTalc and graphiteare not
observed at Bismarkyhereas Kfeldspar is present during the rya stages of skarn
developmentFinally, calcite, siderite and dolomitearbonates are present in the final
phase of the ore stag@s in the previous procesuilfide precipitatel during the first
phases of the reaction in the interva2®gramsof rock reacted with the fluid. At this
stage the temperature is still high (342°C), while pH values increase from 3.9 to 4.9

providing further evidence that the primary cositon ore deposition was the reaction
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with the carbonate host ro€kigure 8. D). Further progressing of the reaction leads to
the precipitation of pyritevhich replacegyrrhotite(Figure 8.B). The pyritepyrrhotite
transition is primarily controlled byemperature variations. The equilibrium between
pyrite and pyrrhotite at constant temperature and pressure depends f@», tindth

pyrite and pyrrhotite stable atigher andlower fO, values respectively. As the
temperature decrease, as it is the cagse, ltlee pyrite-pyrrhotite equilibrium shifts
towards lowerfO, values. ThdO, decreases as the reaction progresses but not enough
to stabilize pyrrhotitg(Figure 8.D). This observation indicas that the temperature
decreasevas akey factorin controlling the precipitation of pyrrhotite first and its later

transition to pyrite

8.8.Conclusions

Geochemical modeling simulations allde draw some important conclusions
on thegenesis of the Bismark depoaitd some considerations on the behavior of zinc
andleadin skarn deposits in general.

1. The modelling results indicate thabre deposition was the result of fluid
neutralization caused by the reaction with tihmestone host rock This
hypothesigs supported byhe preipitation of sulfde in correspondere ofthe
sudden increase of the pH in the fisteps of the fluidock reaction A
temperature variation is likely to have contributed to ore deposition, particularly
to the precipitation of pyrite, though simple fluid cooling was not the main

mechanisnthat ledto the formation of the Bismark deposit.

8.3C



Chapter 8

2. Thetrials, together with the analysis of the laser ablation data of ore stage fluid
inclusions also demonstrate that the amount of Zn and Pb precipitating from the
ore fluid are dependent on the init@@ncentrations of Zn and Rib the fluid.

3. Results from the modelling, in particular the close reproduction of ore stage
minerals of the Bismark deposit, support gpplication of fluid inclusion data
to constrain geochemical modelling simulations as lalde method to

investigate geochemical processes.

Microanalytical results show excellent correlation between laser ablation and
PIXE data for most interelementtios, although laser ablation provides a better

estimate of the fluid composition due te higher sensitivity compared to PIXE.
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Chapter 9 - Conclusions

9.1.Genesis of the Suicide Ridge Breccia Pipe and implication for the

formation of sodic (-calcic) alterationin the Cloncurry district

Evidence from field relationships, breccia characteristics, mineralogy and
textures of granite clasts within thepgi and fluid inclusion studiesipport an origin of
the SRBPiIn responseo fluid overpressuringeneratedby the release and expansion of
fluids fromacrystallizing magmdeneath and adjacetat thepipe Whilst this nodel is
in broad in agreement with modelproposed by Burnham (1985)he depth of
formation contrasts greatlybeing up to 4 km for subvolcanic environments
(Burnham, 1985) and in excess of 10 km for the SRBRtison et al., 2002; Oliver et
al., 2M6; Rubenach et al., 2007At this depth high fluid pressusavere most likely
generated by the release of g@m the magma as indicated by the abundant-Qay
fluid inclusions observed in primary magmatic textures in granite breccia dlx34s.
fluid inclusions are generally abundant in deep magmeltited deposits due to the
lower solubility of CQ compared to KD (Webster and Holloway, 198&0gel and
Rutherford, 1990; Thompson et al, 1999; Baker and Lang, 2B@bk et al., 1993),
supporting tle idea that when a magma reeslvolatile saturation the first fluid
exsolved must be CNabelek and Ternes, 19971 O,-only fluid inclusionsrecord
large pressure variations and in particular sigaiftcoverpressurg conditions (> 1
kbar) that areinterpreted as thelriving force that caused brecciation and provide
evidence that large amowsndf potentially catastrophic energy can be released from

felsic magma at significant deptihe CQ was most likely sourced from mafic magmas
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emplaced during the Williaraaraku igneous event, in particularaugh processes of
felsiccmafic magma mixing and mingling commonly observed throughout the Cloncurry
District. Alternatively, CQmay have been sourcém devolatilization of calciteich
calcsilicate rocks Kendrick et al.20073. High fluid pressurg producedoy magmat
bodies in response to cooling and crystallization vimreked to explain the formation

of other breccia pipe occurrences in the Cloncurry dig@titiver et al., 2006)

The evolution of the SRBP system followirtige initiation of brecciation is
characterized by a later influx of fluids that produced widespread pezvabbitic
alteration. Abundant sodic -€alcic) fluid inclusions were clearly linked to albite
alteration by petrographic and cathodoluminescence analysisar@ndhterpreted to
represent the fluithat produced albitic alteration commonly widespre@tiin breccias
and host rock.The origin of fluids responsible for N&a) alterationtemporally
associated with the emplacement of the Williams Bathaiitthe Cloncurry district is
controversial and proposed models include a dominant magmatic $Made 1998;
Mark and Foster, 2000; Perring et al., 2000; Pollard, 2@dt)a dominantcrustal
evaporitc and/or halite dissolutiomrigin for the these fluid¢Barton and Johnson,
1996; Barton and Johnson 2000; Kendrick et al., 200Rayults from this study
indicate halogen signatusecompatible with a dominant bittexerived source of
salinity for thefluid that produced extensive albitizatismmilar to other regional fluids
(Kendrick et al., 2007a)The nmixed CO,-aqueous inclusions are likely responsible for
the halogen signature of fluids in granite breccia samples, consistent with either a
magmaticor halite dissolution origin of the fluidAlbitization at the SRBP was likely
produced by a hot externaltlerived fluid that acquired Nand Clfrom the interaction

of evaporitic sequenceand that was heatedy a magmatic sourcthat provided the
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necesary heatto promoteits circulation. This is consistent witthe model proposed by
Barton and Johnson (1996; 2000) and Kendrick (24073 for the formation of

albitization in terrains that contai®CG mineralization.

9.2.Fluid geochemistry insights iro the evolution and formation of the

Eloise CuAu deposit

Results from LA ICP MS analysis of multisolid and haliearing fluid
inclusions from Eloise together witthost rocks, alteration andnineralization
geochemistry{Baker, 1998)andfluid sourcegKendrick et al., 2006are not consistent
with hypothesisof the evolution of a single magmatierived fluid for thegenesisof
Eloise. Instead the data indicatine presence of at least two flaiavith possibly
different origirs. Several lines of evidence suggest that fluid mixing occurred at Eloise.
These include thsignificant dropin salinity between early ultsaline brines and later
high salinity halitebearing fluid inclusions that cannot be attrdmito precipitation of
Cl-bearing minerals but most likely resulted of fluid mixing between the ultrasatite
a later less saline fluidFluid mixing is also consistent with theariation of fluid
inclusion chemistry across the deposit and the generabbiity of absolute and
relative element concentrations observed even between inclusions of thdypame
Togetherthesedata support an origifor the halite-bearing fluid inclusions by mixing
between a hot, ultrasaline fluid and a later lower saliftityl. Another indication of

fluid mixing is represented byhé Spoor nature of the multisolid fluid inclusions,
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suggested by the generally high Ba concentratitimes, together withthe oxidized
nature of the host rock at Elojssupport the hypothesibat S was introduced in the
system by a second flu{df Williams et al, 2001)However, the nature of thel&aring
fluid is uncertain and gssible sources @& include later halitdoearing fluid inclusions
and CQ-rich fluid inclusions(cf Oliver et al., 2004) Overall, these observations
support an origin for Géu mineralization at Eloise in response fluid mixing
between hot, ultrasaline €hearing,S-poor fluid, evolving as the result of cooling and
wall rock rea&tion as it migrated in northerlglirection and mixed with aS-bearing
cooler fluid. Halogen and noble gagalues for multisolid and hatie-bearing fluid
inclusionsare compatible with halite dissolution origin, or of fluid mixing between

halite dissolution water and a magmatic fl(keendrick et al., 2006)

9.3.Regional vs IOCG fluids xImplication for formation of IOCG

Barren regionalluids werecomparedvith fluids associated with IOCG deposits
in the EasternFold Belt to revealthe key ingredient for the formation of mineralization.
Fluid inclusionsassociated with thiearrenbreccia pipere similarto fluid inclusions in
barrenregionalalbite alteratior(Fu et al., 2003; de Jong and Williams, 29%However,
the key difference between the barren breccia pipe and I0CG deposits is the absence in
the former ofmultisolid high salinity, high temperature fluid inclusipssggesting that
thesewere critical for the formation of IOCGleposits.Chemicalanalysis reported in

this and other studies indicate that these fluids carry significant amount of metals (e.g
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Cu ~ 1000 ppm at Starra; Williams et al., 2001) supporting the generally accepted

hypothesis that they represent the-fanening fluid.

9.4.Testing ore-forming processes for the origin of theZn-Pb Bismark
deposit: constraints from geochemical modelling andLA ICP MS

analysis of fluid inclusions

The geochemical modeling simulations of possitégositionalprocesses for
the formation the Bismark Zrdeposit indicate thabre deposition was the result
primarily of fluid neutralization caused by the reaction with lineestone host rock
This hypothesis is supported by the gypétation of sulfde in correspondence withe
sudden increase of the pH tihe first steps of the fluidock reaction.Cooling likely
contributed toore deposition, particularly in tharecipitation of pyrite, though simple
fluid coolingalonewas not thenain mechanism that led to diemation.Results from

modelling simulatins and laser ablation analy$ ore stage fluid inclusionalso

demonstrate that the amount of Zn and Pb precipitating from the ore fluid are dependent

on the initial concentrations of Zn and Pb of the fluid.

The modeling results, and particulartiie dose reproduction of ore stage
minerals of the Bismark depositalidate the application of fluid inclusioranalytical
data to constrain geochemical modelling simulationsamseffective and relatively
inexpensivemethod toquickly testspecifichypothesesiboutore genesis and in general

to investigate geochemical processétowever, the modelling process relies on
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appropriate thermodynamic data and these are currently unavailabkbefdiuid

chemistry and conditionf®undin hydrothermal systems in ti@&oncurry district.

9.5. Future work

The analysis of mixedCO,-aqueous fluid inclusionsvas challenging and
unfortunatelythe data collected did not allow a full appraisal of their composition.
Further investigation is needed for mix€@,-aqueous fluid inelsionsto clarify their
origin (i.e. homogeneous vs heterogeneous entrapment) and the role played in the
process of pressure builgh. The brecciation model presented here could be further
refined by a detailed study dluids associated with breccia reddt granitesin the
Cloncurry district. The source of G@lso needs further investigation, and this could be
addressed by isotopic analysis of fluid inclusions from the SRBP or similar occurrences
in the Cloncurry district. Detailed fluid inclusion studsould also be carried out in
rocks that potentially sourcegiO, (i.e. mafic andcalciterich calcsilicate rocks.

Recent fluid inclusions research in IOCG deposits has predominantly focused on
brine inclusions, while little attention has been paidCO, fluid inclusions.Further
investigation of these inclusions needed to clarify their role in the mineralization
process, particularlyor their potentialrole in transporing volatiles (i.e. S).Further
work is also needed to constrain the source afd$l associated with 10CG.
Geochemical modelling simulations of potential ore forming processes would be useful
to constrain genetic models for I0GC. However, application of thermodynamic

simulations to model complex, highly saline fluids is still limitegi the scarce
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knowledge of the thermodynamic properties of such fluts.improvement of the
current thermodynamic dafia needed in order to enatda accurate predian of the
variations of aqueous propertiés.g. activities) in response to externabdifications

(e.g. variation in pressutemperature conditions, reaction with a fluid or rock).
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Appendix 2.1- Mineral abbreviations used in the thesigafter Kretz 1983)

Ab
Act
Ap
Bt
Cpx
Cal
Ccp
Chl
Crd
Di
Dol
Ep
FI
Gn
Grt
Ged

Gr

Albite
Actinolite
Apatite
Biotite
Ca clinopyroxene
Calcite
Chalcopyrite
Chlorite
Cordierite
Diopside
Dolomite
Epidote
Fluorite
Galena
Garnet
Gedrite

Graphite

Hem Hematite
Kfs K feldspar
lIm  limenite
Mag Magnetite
Ms  Muscovite
Py Pyrite

Po Pyrrhotite
Qtz Quartz

Rt  Rutile

Scp Scapolite
Sd Siderite
Sp Sphalerite
St Staurolite
Tlc Talc

Ttn Titanite

Tr Tremolite

Al



Appendix 3.1 tSample List

List of abbreviations

TS £Thin sections

MA +Microprobe analisis

FIP +Fluid inclusion paragenesis and classification

M xMicrothermometry

CL zCathodoluminescence analysis

LR zlLaser Raman analysis

LA ICP MS tLaser ablation ion coupled plasmmass spectrometry

BCL zBulk crush leach analysis
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Appendixes 4.14.9

List of abbreviations

TmCGO, CO, melting temperature

Tfm Temperature of first melting

Thm Temperature of hydrohalite melting
TmCla Temperature of clathrate melting
Tm Final melting temperature of ice
ThCO2 CO, honogenization temperature
Thv Temperature of vapor disappearance
TsNaCl Halite dissolution temperature

Th Homogenization temperature
Th_total Total homogenization temperature
TDec Decrepitation temperature

Sal TmCla (wt% Salinity catulated fom CQ - clathrate melting temperature
NaCl eq.) using the software £Bakker, 1997; Bakker and Brown, 2002

Sal Tm (wt% NaCl Salinity calculatedrom final melting temperature of ice using
eq.) the equation of Bodnar (1993)

Sal Ts (wt% NaCl Salinity calcuated from halite dissolution temperature using 1
eq.) equation of Sterner (1998)

Sal NaCl + CaGl  Salinity calculated from final ice meltitgmperaturend halite

(wt% NaCl + CaCl dissolution temperature (haktearing fluid inclusions or from

eq.) final ice melting temperature and hydrohalite melting (two
phase fluid inclusiongemperaturaising the software
Calcicbrine (Naden, 1996)

De Degree of filling
D CO, Densityof the CQ phase

Temperature in degree Celcius
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Appendix 4.1 Thermometric data on Type lafluid inclusions

Appendix 4.1 Thermometric data on Type la fluid inclusions

Sample IT\IGJ' fi_id | Phases| Origin | TmCO, | ThCO, | Mode | Th_total | Density
MT11 MT11-2 | f2_5 | CO,(L) P -57.5 -109 | VA -10.9 0.988
MT11 MT11-2 | f2.6 | CO,(L) P -57.5 -5.9 VA -5.9 0.962
MT11 MT11-2 | f2_7 | CO(L) P -57.3 -3.9 VA -3.9 0.951
MT11 MT11-2 | f2_8 | CO,(L) P -57.3 -9.9 VA -9.9 0.983
MT11 MT11-2 | 2.9 | CO, (L) P -57.5 -9.1 VA -9.1 0.979
MT11 MT11-3 | f3_1 | CO,(L) P -57.3 -3.7 VA -3.7 0.95
MT11 MT11-3 | f3_2 | CO,(L) P -57.3 -14 VA -14 1.004
MT11 MT11-3 | f3_3 | CO, (L) P -57.3 -10.8 V A -10.8 0.988
MT20 MT11-3 | f3_7 | CO, (L) P -57.3 -5.2 VA -5.2 0.958
MT20 MT20-3 | f3_23| CO, (L) P -56.8 129 | VA -12.9 0.998
MT20 MT20-3 | f3_24| CO, (L) P -56.8 -13.1 | VA -13.1 0.999
MT20 MT20-3 | f3_27 | CO, (L) P -56.8 -4.5 VA -4.5 0.954
MT20 MT20-3 | f3_28| CO, (L) P -57 124 | VA -12.4 0.996
MT20 MT20-3 | f3_30| CO, (L) P -56.9 -115 | VA -11.5 0.991
MT20 MT20-3 | f3_38| CO, (L) P -56.7 7.4 VA -7.4 0.97
MT20 MT20-3 | f3_39| CO, (L) P -56.7 -4.2 VA -4.2 0.952
MT20 MT20-4 | f4-1 | CO, (L) P -57.6 -0.5 VA -0.5 0.931
MT20 MT20-4 | f4-2 | CO,(L) P -57.5 -105 | VA -10.5 0.986
MT20 MT20-4 | f4-3 | CO,(L) P -57.5 142 | VA -14.2 1.005
MT20 MT20-4 | f4-4 | CO,(L) P -57.3 2.7 VA 2.7 0.944
MT20 MT20-4 | f4-11 | CO, (L) P -57.5 -9.6 VA -9.6 0.982
MT20 MT20-4 | f4-12 | CO, (L) P -57.5 -175 | VA -17.5 1.021
MT20 MT20-4 | f4-13 | CO, (L) P -57.6 -158 | VA -15.8 1.013
MT20 MT20-4 | f4-14 | CO, (L) P -57.7 -14 VA -14 1.004
Min -57.7 -17.5 -17.5 0.931
Max -56.7 -0.5 -0.5 1.021
Average -57.3 -9.3 -9.3 0.979
Median -57.3 -10.2 -10.2 0.985
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Appendix 4.2 Thermometric data on Type Ibfluid inclusions

Appendix 4.2 Thermometric data on Type Ib fuid inclusions

Sample| Ref. No| fi_id | Phases| Origin | TmCO, | ThCO2 | Mode | Th_total | Density
MT20 | MT20-3 |33 |co) | P° 56.5 165 | VA | 165 0.809
MT20 | MT20-3 |13 4 |co, ) | P° 56.5 242 | VA | 242 0.723
MT20 | MT20-3 |35 |co) | PS 56.5 162 | vAa | 162 0.811
MT20 | MT203 |36 |coL) | ©°° 56.5 15 VA 15 0.822
MT20 | MT20-3 |3 11| co,) | P° 56.5 305 | VA | 305 0.569
MT20 | MT20-3 |13 12| co, L) | PS 56.5 216 | VA | 216 0.756
MT20 | MT203 |13.13|co,) | F° 56.5 19 | va 19 0.785
MT20 | MT20-3 |13 14| co, ) | FS 56.1 19 | va 1.9 0.917
MT20 | MT203 | 21|cow) | ©° 57.3 69 | vAa 6.9 0.884
MT20 | MT20-3 |13 22| co,(L) | PS 57.3 11 | vam | a1 0.935
Min 57.3 11 11 0.569
Max 56.1 30.5 30.5 0.935
Average 56.6 15.1 15.1 0.801
Median 565 | 16.35 16.35 | 0.810
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Appendix 4.3 Thermometric data on Type lla fluid inclusions
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Appendix 4.4 Thermometric data on Type llb fluid inclusions
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Appendix 4.5 Thermometric data on Type llla fluid inclusions
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Appendix 4.6 Thermometric data on Type Illb fluid inclusions
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Appendix 4.7 Thermometric data on Type IVa fluid inclusions
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Appendix 4.8 Thermometric data on Type IVbfluid inclusions
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Appendix 4.9 Thermometric data on Type Vfluid inclusions
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Appendix 4.10 Laser Raman data on Type | and Il fluid inclusions
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Appendix 5.1LA ICP MS data on Type Ill and IV fluid inclusions from the SRBP
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Appendix 5.2 Microprobe analysis of apatite
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Appendix 6.1 LA ICP MS data on L+V+nS and L+V+H fluid inclusions from the

Eloise CuAu deposit

All fluid inclusion samples are from Baker (1996).

JCU
Ref No
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