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ABSTRACT

ThisVolume containstheresultsof aProject, ‘ The Metallogeny of Australian Proterozoic
Granites undertaken by the then Australian Geological Survey Organisation in
collaboration with 20 minerals exploration companies. The project was a data driven
exercisethat asked the ssmple question * Where hydrothermal Au, Cu, Zn, Pb, Sn, W, and
Mo mineralisation occurs within 5 kms of the boundaries of Proterozoic Granites, are
there any specific characteristics of either the granites and/or their host rocks?

The project compiled dataon the mineralogy, geochemistry (~7500 analyses), and age of
Proterozoic granites and felsic volcanics, as well as the age and mineralogical
composition of sediments within 5 kms of Proterozoic granite boundaries for 20
provinces. The project investigated a spatial association only, and hence it was not
considered of major importanceif the metals came from the granite or were leached from
the country rock by processes related to granite emplacement. Further, the compilation
made every effort to focus on factual data. As the determination of the tectonic setting
operating at the time of emplacement of the granites, particularly in rocks as old as
Proterozoic, was considered to be highly interpretative, this parameter was not included,
due to the data-driven approach of the project.

Having compiled the data, a forensic data mining approach was applied. That is, rather
than developing a computer derived ‘ best-fit model’ from the data, or taking an existing
model and finding areas that matched the prescribed model, amore descriptive approach
was tried. Our goal was to investigate the spatial relationship to gain understanding by
uncovering patterns and relationships. Nine mgjor associations were identified based on
granite type and spatially related mineralisation.

Our resultsshowed that overall there areastrong spatial relationship with specific granite
types for many commodities. | or S-type granites designated as unfractionated were
restite-rich and consistently unmineralised. Fractionated |-type granites can be divided
into 2 groups. those that were either F-poor or F-rich throughout most of their
fractionation history. The F-rich granites are often the true rapakivi types and have little
mineralisation presumably because Cl had been partitioned into the granite melt early.
Fractionated F-poor |-type granites can be further divided into 2 classes. Oxidised and
Reduced. The Oxidised granites are most commonly associated with Cu-Au depositsand
crystallised at higher temperatures than the Reduced class. Although it is commonly
stated that Au mineralisation is only associated with oxidised granites, an unequivocal
gpatial association occurs between the Reduced class and Au-dominant mineralisation
which a so has variable amounts of Cu, Sn, W, and Bi. Reductionisdueto several causes
includingincreasing ASl, interaction with country rock and perhapsmagmacooling. Rare
fractionated S-types are commonly associated with Sn mineralisation.

An unexpected pattern emerged within the five larger I-type associations. The lower
temperature granites were always early in the evolution of aprovince and that with time
the temperatures of the magmas increased. As the magma temperatures increased a
pattern emerged of aprogression of early barren granites (e.g. therestite-rich Kalkadoon
Association) followed by the weakly mineralised Nicholson Association where late vein
mineralisation was associated with late fractionationation over a narrow range of silica
content (~72-77 wt %). The next association was the predominantly Au + base metal
endowed Cullen Association. Thissuiteislow in Caand is believed to have formed by
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ABSTRACT

breakdown of biotite in the source region. The Sybella Association generally followed
next and is characterised by high concentrations of high field strength elements and
fluorine. Thisassociation isbelieved to beformed by dehydration melting of hornblende-
and biotite-bearing tonalites and granodiorites at very shallow depths (P £ 4 kbar), andis
only weakly mineralised. The Hiltaba Association was the generally youngest mgjor 1-
type association in this progression. It is characterised by spatially related major Au-Cu
mineralisation and was formed at temperatures of ~1000°C by breakdown of amphibole
in the source region.
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INTRODUCTION

Reviews of geological and geochemical data in several Proterozoic provinces by
Geoscience Australia have shown that Proterozoic granite suites which have
hydrothermal + basemetal mineralisationwithin2to 3 km of the contact havemany easily
determined field, petrographic and geochemical characteristics in common; whilst
unmineralised granite suites also have distinctive features. The mineraogical
composition of the host rock is also considered an important factor controlling
precipitation.

The Metallogenic Potential of Australian Proterozoic Granites project has compiled data
on not only geological and chemical features of all Proterozoic granite suites, but also of
their host rocks, to highlight new areas of potential granite-related Au = base metal
mineralisation.

In essence, our approach hasbeen oneof ‘ forensic datamining’. Datamining wasdefined
by Westphal and Blaxton (1998), and has two end members:. predictive and descriptive.
Predictive methodologies rely on developing a computer derived ‘ best-fit model’ from
thedata, or taking an existing model and finding areasthat matched the prescribed model.
In descriptive data mining, the goal isto gain understanding by discovering patterns and
relationshipswithin the data. Hitzman and Williams (2000) suggested that anew research
paradigm in economic geology could emerge based on work in criminal forensic science.
Hitzman and Williams (2000) suggested that that if ore bodieswere examined like bodies
at the scene of the crime, we would collect datain a systematic and completely objective
fashion. ‘Forensic data mining’ has been the underlying philosophy of the project: to
systematically and objectively compiledataon all granitesand all sedimentswithin5kms
of al Proterozoic granites of all Australian Proterozoic provinces. As the project
progressed, many patterns and relationships were uncovered (and are still being
uncovered from this base data set).

Because of the diversity of findings, the results are presented in several ways. Firstly
Chapter One of this record contains a synthesis on granites and copper-gold
metallogenesis in the Australian Proterozoic. That is the results are synthesised on the
basis of the nine broad associations found Australia-wide. Chapters 2 to 16 contain the
results of the project from each Proterozoic granite province of Australia. These chapters
are summaries of the accompanying CD—ROM which contains the full data set on the
individual granite suites/supersuites and their hosts in al Proterozoic provinces of
Australia, aswell asaGlIS. The GI S contains maps of each province with most of the data
attached as attributes to the individual granite and sediment polygons.

Chapter 17 provides the origina Project proposal whilst Chapter 18 fully describes the
compilation and interpretation methods used by the project. As an indicator of the
additional patterns and relationships that have emerged from the results of this
compilation, several abstracts and papers, which have been published so far on the
findings of thiswork, are included in Chapters 19 to 24.

© Geoscience Australia 2002



INTRODUCTION

References:

Hitzman, H., and Williams, N., 2000. Scene of the Crime — the future forensic science
of sediment-hosted base metal deposits. Geological Society of America, Annual
General Mesting, 32 (7), AS.

Westphal, C., and Blaxton, T., 1998. Data Mining Solutions: Methods and Tools for
Solving Real-World Problems. John Wiley and Sons, New Y ork

4 © Geoscience Australia 2002



1 GRANITES & COPPER GOLD
METALLOGENESIS IN THE AUSTRALIAN
PROTEROZOIC

Lesley A.l. Wyborn

1. INTRODUCTION

These notes focus on some basics of granites, their various types, and the relationship between Proterozoic
granitesand Au + base metal deposits. AGSO and the State and Territory Geological Surveys have built up a
large whole-rock geochemistry granite database as part of their regional mapping programs and some
specialised projects (eg. Champion & MacKenzie, 1994). Recently, all dataon Proterozoic granitesand felsic
volcanicswere complied aspart of anindustry funded project tolook at the metall ogenic potential of Australian
Proterozoic granites (Wyborn et al., 1998a, b). Using GIS techniques, the project investigated spatial
rel ationshi ps between specific granite types, host rock compositions and hydrothermal Au, Cu, Zn, Pb, Sn, W
and Mo mineralisation. Mineral ogical, geochemical (~7500 analyses), and age dataof Proterozoic granitesand
felsic volcanics, as well as the age and mineralogical composition of sediments within 5 kms of granite
boundaries, were collated for 20 provinces. This project highlighted significant spatial relationships between
specific granite and mineral deposit types.

In most Proterozoic orogenic beltsof Australia, regardlessof age, granitesand their comagmatic felsicvolcanic
occupy at least 20% by area and in some provinces, 40%. Because of the large aereal extent and inferred
subsurface volume of granite bodies, defining thefield characteristics, chemical composition, and processes of
crystallisation for any given major granitic event isessential in understanding the metallogenic potential of any
province. Even if the metals do not come from the granite itself, intrusion of hot magmas can cause major
perturbationsin the local geothermal environment. Aswell, the heat generated by radioactive decay has been
considered important in raising the local geothermal gradient long after the emplacement of the granite (eg.
Solomon & Heinrich, 1992; Sandiford & Hand, 1998).

These notes are divided into 6 parts:

Part 1 — Some basics on granites
Part 2 — The Proterozoic granites + base metal mineralising system
Part 3 — Australian Proterozoic Granite Associations

Part 4 — A synthesis of Australian Proterozoic Granites - broad characteristics, sources
and possible mechaisms for derivation and emplacement

Part 5 — Predicting which Australian Proterozoic granites are likely to be associationed
with mineralisation

Part 6 — A synthesis of granites and metallogeny in the Proterozoic - guidelines for
other areas
1.1 WHAT ACTUALLY ARE GRANITES?

One of the earliest referencesto 'granite’ is Pryce (1778). He argued that the name of "granite (formerly called
'moorstone’) isamodern namegiven by theltalianwriters, on account of their being concretedintograins, orina
granulousstructure” (Pryce, 1778, p78). About the only thing that people generally accept about granitesisthat
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GRANITES & COPPER GOLD METALLOGENESIS IN THE AUSTRALIAN PROTEROZOIC

they have been intruded into the crust as magmatic rocks. There is much debate about their sources, their
mechanisms of emplacement and as to whether they have arole in the generation of mineral deposits.

In these notes, the term granite is applied to the broad spectrum of felsic intrusive rocks including tonalites,
granodiorites, monzogranites and syenogranites (Streckeisen, 1973).

1.1.1 FIELD CHARACTERISTICS OF GRANITES

Traditional geological mapping has often resulted in the granite outline being defined, and then the boundary
seen asaclassic 'GO BACK -WRONG WAY' road sign. Very few of the 1:100 000 or 1:250 000 map sheets
document features that are critical to determining mineral potential. Few maps attempt to distinguish internal
mappable units within granite bodies. Some map legends describe textures of the granites (eg, foliated or
massive), but rarely note important mineralogical constituents (eg, hornblende, cordierite, magnetite, etc).
Granitestend to be named on geographical parameters, and superficially similar rocks (eg, leucogranites) from
many different-age intrusive events are commonly shown a single mappable unit. For granitesto be of usein
metallogenic syntheses, individual intrusive units should be distinguished (i.e., plutons) and then distinct
phases within each pluton identified (eg, leucogranites, aplites, tonalites, diorites). Where possible, the main
minerals present in each phase should be indicated on the map legend.

1.1.1.1 Metallogenically important field criteria

For metallogenic studies, it is important that the presence (or absence) of pegmatites, aplites, greisens,
miarolitic cavitiesand other indicators of |ate magmatic segregationsbe observed. Theseare not always present
in granite systems, and they are definitely more common in mineralised granitic systems. The presence of
xenolithsisal so significant: most xenolith-rich granite suitesareunmineralised. Colour can al so beimportant as
thereduced (ilmeniteor pyrite stable) granitesaregrey in colour, whilst oxidised (magnetite or hematite) stable
granites are pink to red.

Other broad scale featuresinclude the size of the plutons (the more significant mineralisation iswith the larger
size suites), the width of the contact aureole and the presence of significant breccia zones within the granite
and/or country rock. Theshapeof theplutonisalsorelevant, whether they arelargeelliptical or circular plutons,
or whether they are amorphous blobs; most of the restite-rich suites do not form regular pluton shapes.

1.1.2 WHAT ISIMPORTANT TO SAMPLE IN GRANITES ?

In geochemical studiesitisimportant to collect unweathered material that istruly representative of the sample
site. Theruleof thumbisthat theindividual sampleshould containonemilliongrains: in coarse-grained granites
thisisoften over 30 kg per sample. The sampling program must al so aimto maximisethe SiO, variation withina
granitepluton, thusin azoned pluton, several samplesneed to betaken. It isfrequently observed that 90% of the
geochemical variation occurs in the outer 10% of the intrusion. Therefore, collecting geographically
representative samples, may not give a true insight into the compositional variation of the intrusion, as the
spatially insignificant, more mafic samples, which are critical to the interpretation of the nature of the source
region, may not be sampled. It isimportant also to collect representative samples of al the more leucocratic
phases in an intrusion, as metallogenically important geochemical distinctions may not be visible in hand
specimen. Often those who are focussing on petrogenetic studies and/or determining the tectonic setting of the
granites sample only the more mafic end members (tonalites, granodiorites etc) and do not touch the
metallogenically important leucogranites.

Geochemical collections should also made of altered granites, regardless of whether the alterationisrelated to
magmatic processes or to younger, magmatically unrelated hydrothermal events. Being relatively rich in
feldspar and ferromagnesian mineral s, granites often show animprint of major regional hydrothermal alteration
events, that are not seen in other rock types (eg, sandstones).

6 © Geoscience Australia 2002



GRANITES & COPPER GOLD METALLOGENESIS IN THE AUSTRALIAN PROTEROZOIC
1.1.3 SUITESAND THEIR RELATIONSHIP TO PLUTONS AND BATHOLITHS.

1.1.3.1 Suites - a definition

In mapping any provincethereisathree-level hierarchy of intrusive classification: pluton, suiteand supersuite.
A plutonisthe smallest definableintrusive unit and isformed by intrusion of a pulse of magmageneratedin a
thermal event. A suiteisformed by grouping together plutons of similar petrographic, chemical and isotopic
composition (Chappell, 1984). Differences between suites are thought to correlate with differences in source
rock composition, rather than processes of crystalisation or solidification (Chappell, 1984) Therefore
individual suitescomprise plutonsthat are both coeval and comagmatic. Super suitescomprisegroupsof similar
suitesthat are not necessarily coeval. Supersuites and suitesare thusthe basic granite unitsin metallogeny (and
also in tectonic reconstructions).

Inview of theregional to national scale datacompilationsthat are now being undertaken by organisationssuch
as AGSO and the Australian National University, it is apparent that there is a higher level in the granite
hierarchy. Theterm Association hasbeenintroduced to group together supersuitesand suiteswith broad overall
chemical similarities. Associations are broadly controlled by parameters such as composition of the source
regions and the PT conditions existing at the time of generation of the melts. Inreality, it isthe abundance and
composition of hydrous phases such as biotite, muscovite, and amphibolein the source region aswell as non-
hydrous phases such as plagioclase and garnet that control the individual chemical characteristics of
associations.

Batholith is a non-genetic, structural term that implies ageographical area of granite. A batholith can contain
granites of many ages and compositions: the term is somewhat uselessin tectonic metall ogenic syntheses and
reconstructions. Complex is also a non-genetic term for areas of granite that show ‘complex’ relationships.
Unfortunately in literature on the Australian Proterozoic the term ‘complex’ has been used for granites that
intrude high-grade metamorphic terrains, and both the granite and the totally unrelated metamorphics are
lumped into the one unit. In other cases, mixed mafic and felsic intrusives have been named a'complex' even
when there is no clear genetic association between the two disparate magmatic types.

1.1.3.2 How extensive can granite suites be?

Two surprising featuresthat major regional granite databases have shown arethat in any province, (a) granites
show systematic compositional changesbothwithtimeand space, and (b) the actual number of different granite
suitesisnormally quitesmall. For instancein the Mount Isalnlier thereareno morethan 7 major granite suites,
each defining aparticular magmatypethat wasintruded into the crust at aspecifictime, and each derivedfroma
different sourceregion. Thegeographical extent of some of these suitescan bequitelarge: upto 9000 kms2. As
granitesaregenerated by partial melting of their sourceregion, thenthe sourceregions must haveamuch larger
volume at depth. Correlations between provinces of similar ages commonly show aremarkable uniformity of
composition of granites and their comagmatic felsic volcanics on a continent-wide scale: such an event,
covering at |east 37 000 km?, hasbeen documented in theearly Proterozoic of northern Australiabetween 1880-
1840 Ma(Wyborn, 1988). The generation of thisgranitic suite requiresacontinent-wide tectonothermal event.
One interesting observation is that suites in the Proterozoic have much larger dimensions than suites in the
Palaeozoic, whilst Archaean suites seem even larger.

1.1.3.3 The importance of recognition of suitesto metallogeny

Distinguishing the extent of plutonic suitesiscritical and may provide cluesto potential areasof mineralisation.
If one pluton in asuite is found to be mineralised then the whole suite, as well as compositionally equival ent
granites in other related provinces, must be considered to have potential for mineralisation. For example, a
particular type of leucogranite in the early Proterozoic Cullen Batholith of the Pine Creek Inlier is associated
with Sn, W, and U deposits and is characterised by high and exponentially increasing values of Rb, U, and Y
with increasing SiO,. These same geochemical features are also found in granites from the Granites-Tanami
Block (Lewis Granite, The Granites Granite, Winnecke Granophyre), unnamed porphyries in the Tennant
Creek area, unnamed granitesin the northwestern Aruntalnlier, and in granites of the Telfer region (GoelInicht
et al., 1991). Another exampleis the high-U Williams Supersuite of the eastern Mount Isa Inlier, which has
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GRANITES & COPPER GOLD METALLOGENESIS IN THE AUSTRALIAN PROTEROZOIC

associated Au, Ag and Cu mineralisation. Compositionally these granites are very similar to granites of the
Hiltaba Suite (Wyborn, 1992).

1.2 CAN GRANITESBE CLASSIFIED METALLOGENICALLY ?
1.21 THE GRANITE ALPHABET: S, I, OR A?

The S and I-type classification is redlly a classification based on the composition of the source regions.
Chappell and White (1974) subdivided granites into Stype (sedimentary) and I-type (igneous): these terms
were later modified to S-(supracrustal) and I-(infracrustal) type (White and Chappell, 1983). The distinction
infers that either granites are S-type, derived from source rocks that have predominantly been affected by
supracrustal processes, as opposed to |-type granites whose sources have not been exposed to surficial crustal
processes.

Mineralogically true S-types are characterised by the presence of cordierite and almandine (Fe-rich) garnet in
more mafic compositions (<70 wt.% SiO,), whilst I-types are characterised by hornblende: bictite can be
commonto both. Notethat fractionated granitesof both S- and I -types can have muscovite and spessartine (Mn-
rich) garnet. The presence of muscovite does not automatically infer that the granites are S-type (See White et
al., 1986; Dickson et al., 1986, Miller et al., 1986) and granites derived from very immature sediments derived
from andesites or basalts may contain hornblende.

1.2.1.1 AS Index

One of theindicatorsfor differentiating more mafic 14
granites into S- or I-type is the alumina saturation
index (ASl; Zen, 1986) (molecular Al,O4/(CaO-
3.3* P,0s+K,0+N&0)) which isgenerally <1.1 for
themoremafic|-typegranites. However, notethat:

1) Mafic magnetite- and hornblende-bearing |-
types become more peraluminous with increasing
SiO,, and the ASl can be > 1.1 (eg, Cullen
Batholith, Stuart-Smith et al., 1993). Therefore
granites suites that only have SiO, values >72
wt.%, which are classified as 'S-type' are under -
suspicion, unless the more mafic granite phases 08, % so 7 80
contain cordierite or almandine garnet; 2

ALO, / (K,0 + Na ,0 +Ca0)

2) The ASl index is very sensitive to both

hydrothermal ateration and weathering; Figure 1.2.1.1a: Changing ASI index with increasing SiO,.
Path A is typical for Stypes, whilst B, C and D are

3) Granites derived from sediments which have  regominantly I-type. High SiO, samplesfrom path B would
undergone little chemical fractionation during  hayve muscovite, but they are not * S-types

weathering can have ASI < 1.1.

A-types are a specific class of granites that have low Al and Ca contents and high HFSE concentrations and
FeO/MgO, Ga/Al and (Na,O+K,0)/Al,0O; ratios compared to normal metaluminous granites (Collins et al.,
1982; Patino Douce, 1997). Originally considered to be derived from granulitic sources that had previously
been depleted in ahydrousfelsic melt, A-typesare now generally considered to be higher temperature meltsin
whichincompatible elements are preferentially enriched due to breakdown of morerefractory phasesat higher
temperatures. On the basis experiments of melting experiments, Patino Douce (1997) emphasised that the so
called 'A-type characteristics signify generation at very low pressures (~4kb), and temperatures of 900°C by
melting of hornblendeand biotite-bearing granites, leaving aresiduerichin plagioclaseand orthopyroxene.

Note also that the discriminant diagrams developed by Eby (1990) on Palaeozoic granites to distinguish
between A and I-type granites do NOT work for Praterozoic granites asthey are universaly more enriched in
elementssuchasZr,Nb, La, Ceand Y relativetotheir Palaeozoic counterparts. Using Eby's 1990 classification,
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~85% of Proterozoic graniteswould be classified as A-type. With time, the A-type classification is gradually
losing prominence.

1.22 METALLOGENICALLY IMPORTANT SUBDIVISIONS OF GRANITES.

1.2.2.1 Magnetite vsilmenite series

The most important classification was devel oped by I shihara g Strongly oxidised
(1977) who defined the magnetite and ilmenite series of sl
granites. He noted that magnetite series granites have I
magnetite (0.1-2 vol %), ilmenite, hematite, pyrite, titanite, 3 E
epidote, high ferric/ferrous (and high Mg/Fe biotite). In 05
contrast the ilmenite series have ilmenite (lessthan 0.1 vol £ [

A "
%), pyrrhotite, graphite, muscovite, low ferric/ferrous (and A Reduced 1
low Mg/Fe) biotite. Hefurther noted that the magnetite series Nm

graniteswere associated with porphyry copper-molybdenum
deposits, whilst the ilmenite series were accompanied by
greisen-typetin-wolframite deposits. Asaruleof thumb (but oot ——t "‘Ws‘m
not always), theilmenite seriescorrespondsto S-types, whilst Total Fe as FeO

the magnetite series corresponds to |-types. As we will see
one of the important findings of the Proterozoic granites
project was the variability of the redox state of the various

plutons within individual suites.

Strongly reduced

Figure 1.2.2.1ac Redox plot of Champion and
Heinemann (1994).

Champion & Heinemann (1994) devel oped aplot to show the changing REDOX with increasing fractionation
(Figure 1.2.2.14). The line between oxidised and reduced is the line between magnetite- and ilmenite-bearing
granites(providedthesystemsarelowin S). Sampleswhich plotinthestrongly oxidised field (Path D) are often
hematitebearing. The Cu-Au systemsseemto plot inthisfield. Samplesthat plot inthe oxidisedfield (Path C) or
crossinto the reduced field (Path B) are generally magnetite to ilmenite stable and can be associated with Au-
dominant mineralisation. S-types are generally reduced and follow path A.

1.2.2.2 M-type vs |-(tonalitic) type vs I-(granodioritic) type

Recent subdivisions of |-types have useful metall ogenic implications. M-typeswere defined by Pitcher (1982)
torefer tosmall quartz-dioriteand gabbrosassociated withisland arc vol canism. Whalen (1985) considered that
M-typeswereprobably generated by the partial melting of subducted oceanic crust or of theoverlying mantlein
subduction zones. Chappell & Stephens (1988) refined the definition of M-typesand further subdivided I-type
granitesinto |-(tonalitic) type and I-(granodioritic) type. Chappell & Stephens (1988) suggested that M-types
which typically consist of mafic diorites, quartz diorites and gabbros are chemically indistinguishable from
andesitic magmas. They haveaverage SiO, contentslessthan 60 wt.%. Thel-(tonalitic) typegranites, whichare
characteristic of the Cordillera of North America and Peru and have an average SiO, content of 65 wt.%, are
dominated by tonalites which were probably derived by partial melting of such M-type rocks which had been
underplated in the lower crust. Gabbros are frequently associated with the I-(tonalitic) type. In turn, the |-
(granodioritic) typerocks, which are so characteristic of Proterozoic and Palaeozoic regions, were produced by
partial melting of older I-(tonalitic) type granites: in the Palaeozoic Lachlan Fold Belt these I-(granodioritic)
types have an average SiO, content of 69 wt %. Porphyry-style mineralisation isusually associated with either
M-types or I-tonalite types, which dominate the early Archaean, late Palaeozoic to Cenozoic, whilst
Proterozoic, early Palaeozoic and Archaean granitesaredominated by |-granodiorites(Wybornet al., 1992).

1.3HOW DO GRANITESFORM ?
Thisis where the greatest controversies over granites occur. However, by accepting a few basics on granite

melting eventsand emplacement mechanisms, it becomesobviouswhy somegranitesaremineralised and some
arent.
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GRANITES & COPPER GOLD METALLOGENESIS IN THE AUSTRALIAN PROTEROZOIC
1.3.1 ARE GRANITE MAGMAS PURE LIQUIDS OR CRYSTAL MUSHES?

They can beeither. Granites are generated by partial melting
at their sources and it is commonly assumed that all granites
crystallise from liquids by a process of crystal fractionation
and gravitional floatation or settling of these crystals.
However, it is now known that just as granites contain
xenoliths, they can also contain abundant xenocrysts or
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restite (White & Chappell, 1977; Chappell et al., 1987). /
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fraction and the restite, and the proportion of the two end- dens. 7
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of the source region and the PT conditions predominating at

the time of melting. Figure 1.3.1a: Dehydration breakdown reactions for

common hydrous minerals.

Asmost Proterozoic granites are I-(granodioritic) type, the sources must be tonalitic in composition (Chappell
& Stephens, 1998; Patio Douce & Beard, 1995; Singh & Johannes, 1996a, b). Melting is more likely to be
dominated with increasing temperature by dehydration reactions involving biotite and hornblende (Fig.
1.3.1a).

1.3.1.1 Mechanisms of granite crystallisation: restite unmixing vs convective fractionation.

Restite

Chappell (1998) has distinguished between granites
that formed at low magmatic temperatures and those
that formed at high temperature. Low temperature
graniteswereformed by partial melting of rocksrichin
quartz and feldspar. In these cases, the melt
compositions were close to those determined by Tuttle
and Bowen (1958) at the|owest magmatic temperatures
(i.e., minimum melt), and the composition of the
granites overall is controlled by the restite which will
comprise minerals such as hornblende, pyroxene,
biotite, cordierite and garnet. Compositional variation
is controlled by the separation of the restite from the
melt. In some cases, if the restite separates out early
therewill be some fractionation of the residual melt. In
contrast, in the higher temperature melts, more
components in the source region melt and become
incorporated in the melt.

Figure 1.3.1.1a. Mé€lts that are restite-rich produce
homogenous plutonsthat areidentical in composition with
phenocryst-rich volcanics
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Figure 1.3.1.1.d: Various major and trace element plots for granites that crystallise from pure melts (based on
Stanton 1990). Dotted lines represent the composition of the residual liquid, whilst solid lines represent the
composition of thecrystallisedrock. InA, theelement ispreferentially concentrated inthecrystallising phases. In
B, initially the element is concentrated in the melt, but then partitions into crystallising phases (Baand Zr very
commonly show thesetrends). In C the element preferentially concentratesin theliquid (eg. Rb, K, and U) whilst
in D the element is not preferentially partitioned into either melt or the crystallising phases.

If a granite magma is full of regtite, then there is very little capacity for the magma to fractionate, and
crystallisation takesplaceby freezing of theinterstitial liquid. Granitesthat arerestite-rich haveahigh viscosity
and arevolatileundersaturated (Wyborn & Chappell, 1986). Comagmatic vol canicsconsist of thesame crystal-
liquid mix, and are oftenimpossibleto di stinguish chemically from their comagmatic granites(Figure 1.3.1.1a).
The volcanics contain abundant phenocrysts (up to 60%) (Wyborn & Chappell, 1986). Geochemically these
volcanics/granites form straight line variation trends with any element vs SiO, (Figure 1.3.1.1b) and their
compositions can be very uniform over 9000 kms?. Because the latent heat of fusion istaken up by the restite
crystals, restite-rich magmasrarely have pronounced contact aureol es, and contact effectsare narrow (<10m).

Granites that intrude as liquids undergo cooling by a method called convective fractionation (Sparks et al.,
1984), aprocessin which themagmacoolsby side-wall accretion. Asthe moremafic mineral phasescrystallise
as cumulates on the sides and base of the magma chamber, the derivativeinterstitial liquid becomeslessdense
than the primary magma and ascends to the top of the magma chamber. Here, because of the large density
difference between the primary liquid and the derivative liquid, the two remain segregated and cannot mix
(Figure1.3.1.1c-A). Periodically thelighter derivativeliquid may moveto the surfaceand extrude asvol canics,
which are usually flow-banded, crystal poor rhyolites. Phenocryst abundancesin these volcanics are generally
less than 20% (Wyborn & Chappell, 1986). The derivative liquid may also crystallise at higher levels as
leucocratic plutons. Asthecompositionsof thecrystallising mineralschange, the composition of themorefelsic
derivative liquids also evolves towards high SiO, members that are enriched in Rb, U and Y and have lower
K/Rb ratios (Figure 1.3.1.1¢c-B). In addition, as cooling proceeds, the density difference between the primary
and derivative liquids decreases, so that convective overturning may take place and homogeneous plutons of
granodiorite to monzogranite composition will be derived (Figure 1.3.1.1c-C) (Mahood, 1991). The final
product is a concentrically zoned pluton, which becomes progressively more felsic towards the centre.

Thus, in contrast to the homogeneity of therestite-rich systems, the end product of granite systemsundergoing
convectivefractionation isaheterogeneous chemical suite consisting of zoned plutons, leucocratic plutonsand
homogeneous plutons of granodioriteto monzogranite composition Figure 1.3.1.1¢-D). Eachindividual pluton
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Stage 1

A. Stage 1. Granite melt is intruded. Denser more mafic
Rhyolite 1 minerals accrete to the sidewalls and form more mafic
tonalites, diorites, gabbros etc. The residua liquid, being
lighter and denser than the original magma risesto the top of
thechamber. Thisliquidishighin Baand can bleed off toform
high-Ba leucogranites or aphyric rhyolites. Some of these
early formed derivative intrusives can form pipe-like bodies
that are relatively enriched in metals in comparison to the
primary magma.

Stage 2

B. Stage2: Provided thereareno significant further additions
Rhyolite 1 Rhyolite 2 to the primary magma, crystallisation proceedsinwards. The
primary magmais evolving and the composition of cumulate
minerals changes. The rocks accreted to the edge of the
chamber now form granodiorites to tonalites. The derivative
liquidisnow moreRb enriched, but still hassufficient density
contrast with respect to the primary melt to pond ontop and to
then bleed off to form more evolved leucogranites and
rhyolites.

Stage 3

C. Stage 3: Again, provided there are no significant further
Rhyolite 1 Rhyolite 2 additions to the primary magma, crystallisation attempts to
(High Bay (High Rb) proceed inwards but the derivative liquid no longer has
” sufficient density contrast wrt the primary melt to pond on
top. The magma chamber convectively overturns and
homogenises and produces more uniform adamellites to
granodiorites. Some of the earlier formed outer zones can be
lost and reincorporated in the melt.

D. The diversity of compositions produced via convective
fractionation. The four broad groupings are A) the early
formed high-Ba leucogranites (rhyolites), B) the more
evolved high-Rb leuocgranites (rhyolites), C) zoned plutons
and D) more homogeneous adamellite to granodioritic
intrusions (which can have narrow more mafic rims).
HIGH Ba LEUCOGRANITE HIGH Rb LEUCOGRANITE Compare and contrast the diversity with Figure 1.3.1.1a
Resitite systems produce broadscal e homogeneousintrusions
and extrusives.

HOMOGENEOUS PLUTON

Granodiorite - adamellite

Granite

Figure 1.3.1.1c. Diversity of rock types produced from a granitic melt that has undergone convective fractionation.
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often has a distinct composition, and the comagmatic vol canics commonly have compositions distinct from
most of the cogenetic intrusions: Harker variation diagrams will not necessarily relate them to the cumulate
derived more mafic end members of the suite (eg, Wyborn et al., 1987). High temperature K-rich mafic melts
usually produce the greatest compositional variation because they have such alarge range of crystallisation
temperatures (Whiteetal ., 1991, Wyborn, D., 1993). Inthefield, these granitesare commonly characterised by
contact aureoles that are several kilometres wide.

Asiillustrated in Figure 1.3.1.1d, granites which crystallise from melts are distinguished by heterogenous
geochemical plots e.g. some plutons (but not all) show exponentially increasing values of Rb, U, Rb/Sr and
decreasing K/Rb with increasing SiO,. For most I-types, Y showsexponentially increasing tends, except for in
the strongly oxidised (magnetite-hematite stable suites). In contrast element such as Ba and Zr can show
increasing then decreasing trends. Comagmatic vol canics where they occur are compositionally distinct.

1.3.2 DO GRANITES SYSTEMATICALLY CHANGE THROUGH TIME?

Althoughthe principlesof uniformitarianismarefundamental to geoscience, thefirst questiontobeaddressedis
asto whether granite compositions changethough time. If we areto use geochemical characteristicsof modern
metallogenic and tectonic settings to interpret the past, then there cannot be any secular variation in the
composition of granites. However, it is clear that there are regular systematic changes in the compositions of
maj or |-typegranite suiteswithtime, which hadimportant implicationsfor metall ogeni c and tectoni c processes
(Wyborn et al., 19883, 1992).

Using mantle normalised element abundance plots (alias spidergrams) granites can be divided into two broad
types: either they are Sr-undepleted and Y -depl eted or they are Sr-depleted and Y -undepl eted. The Y -depleted
type implies derivation from a source that has residual garnet, but not plagioclase, whereas the Sr depletion
suggests derivation from a source with residual plagioclase but not garnet. As most granites have atwo stage
origin, these chemical featuresreflect P-T conditionsat either thetime of melting or during theformation of the
source from the mantle.

In time there are essentially four main groups of 1-type granite (Figure 1.3.2a):

1) Archaean tonalites to granites

2) Proterozoic granodiorites to granites

3) early Palaeozoic granodiorites to granites

4) |ate Palaeozoic, Mesozoic and Cenozoic tonalites to granites

Groups 1 and 4 aredominated by Sr-undepleted, Y -depleted types, i.e. at some stagein their evolution they had
residual garnet in their source region; many in Group 4 are regarded as subduction related. Groups2 and 3 are
dominated by Sr-depleted, Y -undepleted types, i.e. their source region had residual plagioclase.

1.3.2.1 Summary of changes in time in granite compositions. metallogenic implications

It is stressed that within any one of these time divisions only about 85% of |-type granites conform to these
groupings and we accept that there are exceptions. Apart from the Sr depleted vs Y depleted change in
composition with time there are other significant differences, including the relatively high abundance of
eementssuch asK, Th, U and Snin granites from the late Archaean to early Palaeozoic when compared with
early Archaean and post-late Palaeozoic granites. Another difference (asalready noted) isthedominanceinthe
early Archaean and late Palaeozoic to Cenozoic of M-types or I-tonalite types, whilst Proterozoic, early
Palaeozoic and Archaean granites are dominated by I-granodiorites (Wyborn et al., 1992). In compilations on
the distribution of ore deposits throughout time, Meyer (1981) and Hutchinson (1981) noted that porphyry
copper magmas are not common in the Proterozoic. Some suggestions have been made that the absence of this
deposit type is a function of erosion in that the Proterozoic being older, is more deeply eroded, and that all
porphyry-style deposits have been eroded away. The abundance of subareal volcanics mitigates against this.
The absence of compositionally equival ent magmasto those associated with porphyry stylemineralisationisa
more likely cause.
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Figure 1.3.2a. Multi-element primodria-mantle-normalised abundance diagrams for representative granites from the
Australian Continent: normalising values are from Sun & McDonough (1989): in D the dashed line and the solid line are 2
individual samples; in G the dashed lineis an average S-type and the solid line an average |-type granite of the Lachlan Fold
Belt; in all other figuresthe solid lineisthe lowest SiO, content, the dotted line an intermediate SiO, and the dahsed line the
highest SIO, content.
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2. THE PROTEROZOIC Au + BASE METAL GRANITE MINERALISING
SYSTEM.

Itisclear that granite-related mineralisation inthe Proterozoic, requiresnot only aspecific granitetype, but also
aparticular host rock, aswell assuitable structuresto connect the metalsfromtheir sourceto atrap site. Inorder
to examine the spatial relationships between granites and mineralisation in the Proterozoic a mineral systems
concept was used and a GIS built to attempt to understand if there were specific granites that did have a
consistent spatial relationship to mineralisation. The minerals systems concept was chosen because the project
was aiming to find the large scale geological features that are common to areas that contain coeval granite
intrusives and Cu-Au mineralisation.

211 THE MINERAL SYSTEMS CONCEPT

Traditionally ore deposits have been located by either finding out cropping ore or gossans or by following up
geochemical or geophysical anomalies. The source of thefluids carrying the metals or the fluid pathwayswere
rarely considered in exploration programs. The emphasis of exploration is now changing with the greater
acceptance that an ore deposit results from an exceptiona 'coincidence’ of ordinary mechanical and chemical
processes, many of which are quite common inthe geological record. Therelatively rare'coincidence’ in space
and time of the several essential component processes is what makes ore deposits uncommon. Because an ore
deposit rarely exceeds more than several kilometresin length or breadth, it representsavery localised, specific
target for exploration. However the formation of most ore deposits results from the influence of various
associated geological factors many of which can cover tens of kilometres (district scale) if not hundreds of
kilometres (regional scale). The ore deposit is therefore the central point of aregional mineral system. Ore-
forming systemsof these magnitudesarethereforelikely to haveleft observable geological evidencewel | away
from the deposit (eg, Henley & Hoffman, 1987) on a scale comparable with modern regional geoscientific
mapping programs.

2.1.2 MINERAL SYSTEMS- A DEFINITION

For many yearsthe Petroleum industry has followed the concept of the 'Petroleum System’ which was defined
by Magoon & Dow (1991) as'apod of mature sourcerocksand al itsgenerated oil and gas accumul ations, and
includes all the geologic elements and processes necessary for oil and gasto exist'. This principle can also be
applied to mineral deposits, athough it isrecognised that in contrast to petroleum systems, mineral systemsare
both more diverse and more complex. Mineral systems have been defined by Wyborn et al. (1994a) as ‘'all
geological factorsthat control the generation and preservation of mineral deposits, and stress the processes
that areininvolved in mobilising ore components froma sour ce, transporting and accumulating themin more
concentrated form and then preserving them throughout the subsequent geological history'.

Important geological factors defining the characteristics of any hydrothermal system include
(Figure 2.1.2a):

1) sources of the mineralising fluids and transporting ligands,
2) sources of the metals and other ore components;

3) migration pathway, which must include inflow aswell as outflow zonesfor large amounts of fluids
(in contrast to petroleum migration paths);

4) thermal gradient (does the fluid move from hotter to cooler zones or visaversa?);

5) energy sourceto physically mobilise sufficient quantities of fluid to transport economic amounts of
metal;

6) amechanical and structural focusing mechanism at the trap site, and
7) achemical and/or physical cause for enriched mineral precipitation at the trap site.

2.1.2.1 The Proterozoic granite related Au + base metal mineral system - the concept
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Figure 2.1.2a: the components of a mineral system.

Atthestart of theproject, our understanding of the Australian Proterozoic granite-rel ated mineral system (based
mainly onthe Pine Creek and Mt Isalnliers) wasthat specific granitetypesand distinctive host rockstend to be
associated with certaintypesof Au, Cu, Zn, Pb, Snand W mineralisation. Rarely ismineralisation hosted by the
granites: it ismore commonly hosted in the country rock several kmsfrom the granite contact. Using whatever
data were available the aim of the project was to determine 1) which Proterozoic granites have metallogenic
potential, 2) what commaoditiesthey may be associated with and 3) where the better host rocks are located for
potential ore deposits.

2.1.2.2 The GlSconstruction

Toinvestigate potential relationships Australia-wide, three data setswere built. The granite data set comprised
data for 648 plutons for 60 attributes including field criteria (size, shape, mineralogy, breccication, etc) and
chemical criteria(~7500 analyseswere assessed). M ost plutonswere grouped into suites and supersuites. these
were then divided quantitatively into 9 Associations, based on similarities to known mineralised granite
systems (eg, Hiltaba Association, Cullen Association, etc). The second data set focussed on the host rocks and
for 380 unitscompiled information on 40 attributesincluding lithol ogy, the abundance of reactiveminerals(eg,
carbonate, graphite, magnetite) and the commaoditiesthat occur in these units. Both datasetsrecorded the age of
theunit: if not availablearel ativeagewascal cul ated. Theregistered number for each unit fromthe Stratigraphic
Namesdatabasewasincludedto giveauniqueidentifier toall unitsAustralia-wide. Thethird dataset comprised
digital maps of all provinces, at 1:250 000 scale or smaller, highlighting the granite polygons and host rocks
within a5 km buffer from the granite contact. Using GI S techniques, the granite and host rock data sets were
joined to the maps and host units that were of an equivalent age to the granite or older were selected and
integrated with the MINL OC database to determine which commadities occurred within the 5 kms buffersand
whether the mineral occurrences were in preferred host rock types.

In essence, this project was a data-driven, 'bottom-up' exercise in which simple proximity analysis was
undertaken to determine which commodities were related to specific granite types. Advantages of this non-
model driven approach were that interesting and unexpected relationships were uncovered for subsequent
'forensic' analysed to determine a cause. Although the final model of the Proterozoic granite-related mineral
system can beportrayed asasimplecartoon, inreality itisan empirical model built on ascal ethat hasnever been
attempted before in Australia, if not globally.
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3. AUSTRALIAN PROTEROZOIC GRANITE ASSOCIATIONS

Asillustrated in Figure 3.1a, Australian Proterozoic granites were classified into 9 major associations (note
8.3% could not be classified due to limited data).

3.1 AUSTRALIAN PROTEROZOIC STYPES

S-types comprise only 2.9% by area of the Australian Proterozoic and can be divided into 2 associations, the
lower temperature restite-dominated Forsayth Association (2.4%) and the higher temperature fractionated
Allia Association (0.5%).

3.1.1 THE FORSAYTH ASSOCIATION

3.1.1.1 The Forsayth Association - type example.

The type example is the Forsayth Supersuite in the Georgetown Inlier which includes the Aurora, Delany,
Forsayth, Goldsmith, Mistletoe, Ropewalk and Welfern Granites. The Mywyn and M ount Hogan Granites, and
theFig TreeHill Complex al so appear to be part of this Supersuite. Membersof thissupersuite mostly comprise
light to dark grey, biotite granite and granodiorites. Alkali feldspar megacrysts and muscovite are relatively
common congtituents. Cordierite is reported in the Mistletoe Granite, and metasedimentary xenoliths are
common particularly in the Mistletoe, Ropewalk and Forsayth Granites.) U-Pb zircon dates on the Mistletoe
and Forsayth Granitesare 1550+6 Maand 1544+ 7 Marespectively (Black & McCulloch 1990). Because of the
dominance of restitein the melt, the Forsayth Supersuite is not considered to have any metallogenic potential.
Although thereisaspatial association with Au, Ag, Pb, Zn and Cu deposits and occurrencesthe mineralisation
is believed to be Palagozoic in age.

3.1.1.2 Forsayth Association - other examples.

ThePotosi Supersuiteinthe Broken Hill Inlier comprisestheintrusive Almaand Rasp Ridge Gneisses, aswell
as 'Potosi type' gneisses in the Hores Gneiss and Parnell Formation. Most age determinations obtained are
~1690 Maincluding the HoresGneissat 1690+ 5 Ma(Page & Laing, 1992), AlmaGneissat 1691 + 12 Maand
Rasp Ridge Gneissat 1688 + 18 Ma(Nutman & Ehlers, 1998). The Potosi Supersuiteisdividedinto 3 chemical
groups: i) the primary magma, (ii) epiclastic sediments derived from this magma ('Potosi Gneiss), and (iii)
rocksadjacent tothe Broken Hill Main Lode (BHML) that have undergone an alteration overprint. The primary
magmais characterised by theintrusive biotite-rich Almaand Rasp Ridge Gneissesand rare lavas of the Hores
Gneissand Parnell Formation. These componentsresemblenormal granite compositionsand for most elements
on Harker diagrams intersect the SiO, axis near 77 wt.%. The Supersuite is strongly peraluminous, and ASI
values decrease with increasing SiO,. The Supersuite is reduced and has low levels of incompatible elements
(eg, Zr <400 ppm, Nb < 35 ppm). The primary magmaisunfractionated with no evidence of achangein K/Rbor
Rb/Sr ratioswithincreasing SiO,. The Potosi Supersuitehasnodirect relationshiptothe BrokenHill Main Lode
of Pb-Zn-Ag mineralisation.

The Bradshaw SQuite of the Arnhem Block was emplaced around 1860 Maand isapoorly exposed sequence of
paragnei sses, migmatites, granitic gneisses, granites and rare pegmatites that is basement to the McArthur
Basin sediments. The Suite outcrops in two main localities: aong the Arnhem Bay/Gove Peninsula areas
(undivided Bradshaw Complex, Drimmie Head Granite) and the Mitchell Range area (Mirarrmina Complex).
This suite is dominated by restite-rich garnet-bearing S-type granites and migmatites. It is too restite-rich to
have any metallogenic significance, and thereis little evidence of fractionation.

Other exampl es of the Forsayth Association possibly include the Miltalie Gneiss of the Gawler Craton, part of
the Gin Creek Granite (Mount Isa Inlier) and some granites in the northern Gascoyne Province.
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Figure 3.1a: Classification of the various Australian Proterozoi c Granitetypes. Percentagesthat areinitalicsrepresent the
areaof that particul ar association as apercentage of thetotal exposed areas of Australian Proterozoic granites. Subsurface
extents of the individual associations have not been taken into account.

3.1.1.3 The Forsayth Association - key points.

The Forsayth Association is a peraluminous, S-type association that is characterised by a high restite
component. The ASI values decrease with increasing SiO,. The source region was dominated by feldspar-rich
greywackes. Crystallisation was dominated by separation of resited. There is no significant mineralisation
gpatially related to this suite.

3.1.2 ALLIA ASSOCIATION

3.1.2.1 Allia Association - type example.

Thetype exampleisthe Allia Quitein the Litchfield Block of the western Pine Creek Inlier and comprises the
Two Sisters Granite, Mount Litchfield Granite, Murra-Kamangee Granodiorite, Fish Billabong Adamellite,
JamineGranite, AlliaCreek Granite, and Soldiers Creek Granite. Units previously mapped asthe Turnbull Bay
Granite and the Raberts Creek Granite are now mapped as the Two Sisters Granite. The Allia Suite is around
1840 Main age and is clearly S-type, containing peraluminous minerals such as andalusite, cordierite and
muscovite. Some members of the suite are characterised by abundant pegmatites which occur both within the
granite and which extend out into the adjacent country rocks. Alteration is commonly associated with these
phases. Some Sn, Ta with minor Au and W mineralisation is spatially associated with the Allia Suite, in
particular the Two Sisters and Soldiers Creek Granites. Asafractionating, reduced, peraluminous granite, the
AlliaSuite has high potential for further discoveries of Sn given the strong evidence for aamount of late stage
pegmatites and the extent of hydrothermal alteration.

3.1.2.2 Allia Association - other examples.

TheBarrow Creek Suite of the Aruntalnlier, dated at 1713 Ma, isfelsic, fractionated, has abundant pegmatite,
andishost to several Sn-Ta-W mines. It iscomprised of the Bean Tree Granite, and alarge, unnamed pegmatite
body. The suite trends from reduced to oxidised with fractionation.
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The Harverson Quite, also in the Arunta Inlier, was intruded at 1820 Ma. It is comprised of the Harverson
Granite, the Anmatjira Orthogneiss, Y aningidjara Orthogneiss, and Mount Airy Orthogneiss. The suite is
fractionated, felsic, peraluminous, and trends from reduced to oxidised with fractionation. The three
orthognei ssaredescribed ascoarse-grained grey granitic augen gneisses. TheHarverson Graniteisdescribed as
a leucocratic very coarse-grained/megacrystic/porphyritic grey granite, which is extensively deuterically
altered. Pegmatitesand aplitesarefoundinall four units. Several copper minesoccurrence nearby the Suite, but
no tin deposits are known. Thisistaken to downgrade the potential of this suite for Sn-Ta-W.

3.1.2.3 Allia Association - key points.

The Allia Association is a higher temperature S-type than the Forsayth Association. It contains insignificant
amounts of restite and has fractionated extensively. It is associated with Sn mineralisation. AS| values also
decrease with increasing SIO,.

3.2PROTEROZOIC I-TYPE GRANITES
3.21 OVERVIEW

I-types comprise 85.15 % by area of all Australian Proterozoic granites and the mgjority are I-(granodioritic)
types: there are no magjor suites of |-(tondlitic) types. There is a minor suite of high SiO, trondhjemites
(Maramungee Assaciation) which comprise 1.3% by area. By far the greater majority of Proterozoic Granites
arel-(granodioritic) type. Onthe basis of mantle-normalised element plotsthese can be divided into two: those
that are Sr-undepleted and Y -depl eted (garnet-stable source regions) as opposed to those that are Sr-depl eted,
Y -undepleted (plagioclase-stable). As noted, this subdivision is essentially between granites derived from
source regions at pressures > 10kb (garnet-stable source regions) as opposed to those granites that have been
derived from<10kb (plagioclase-stable source regions) (see Singh & Johannes, 1996a, 1996b; Patino Douce &
Beard, 1995).

The Sally Downs Association is the only association of I-(granodioritic) types with Sr-undepleted and Y-
depleted signatures and comprises < 2.4% of the total area of Proterozoic granites.

The remaining associations area al Sr-depleted, Y -undepleted indicating that the bulk (85.1%) of Australian
Proterozoic granites are I-(granodioritic) types that were derived from plagioclase-rich source regions at
pressures< 10 kbar. What thisalso impliesisthat they were derived from sourceregionsthat are at depthsof no
greater than 35 kms (Johannes & Holtz, 1996) and had above average geothermal gradients (>25°C per kms).
The I-(granodioritic) types can be divided into 5 associations, the Kalkadoon, Nicholson, Cullen, Sybellaand
Hiltaba. The differences between each association is believed to be controlled by temperature and pressure
conditions in the source region.

3.2.2 THE MARAMUNGEE ASSOCIATION

3.2.2.1 The Maramungee Association - type example.

Thetype example of the Maramungee A ssociationisthe Maramungee SuiteintheMount Isalnlier. Essentially
atrondhjemite, thesuiteisexposed asasmall plutonintheeastern part of the Eastern Fold Belt which appearsto
appears to have been emplaced syn- or just pre-D,. (Williams & Heinemann, 1993). The Maramungee Suite,
comprising the Maramungee Granite is predominantly trondjhemitic with some tonalitic compositions
preserved and has a Sr-undepleted and Y -depl eted trace element pattern. Although the Maramungee Graniteis
close to the subeconomic Maramungee zinc deposit, there is no evidence that the granite itself played adirect
rolein the mineralisation. The granite itself shows no evidence of fractionation, it is of small volumeanditis
unlikely to play a primary role in any form of mineralisation.

3.2.2.2 The Maramungee Association - other examples.

The Forest Home Super suite comprises the Forest Home and Talbot Creek Trondhjemitesin the Georgetown
Inlier. The Supersuite consistsmostly of grey biotitetrondhjemite, and the Forest Home Trondhjemite hasbeen
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dated at 1550+50Ma (Black & Holmes, citedin Withnall et al., 1988). Thissupersuiteislow in K,O but highin
N&O, and is Sr-undepleted, Y -depleted. It has no known genetically associated mineralisation.

TheAlice Sorings Graniteisanother example of the Maramungee Trondhjemite, emplaced at ~1750 Mainthe
Aruntalnlier.

3.2.2.3 The Maramungee Association - key points.

The Maramungee Association is of limited extent and has no significant mineralisation associated withiit. Itis
characterised by a high SiO, range (generally > 70 wt. %.) and high Na,O/K ;0.

3.2.3THE SALLY DOWNSASSOCIATION

3.2.3.1 The Sally Downs Association - type example.

The type example is the Sally Downs Suite in the east Kimberley region, emplaced between 1830 to 1810 Ma
synchronously with major gabbroic bodies and layered mafic/ultramafics (Sheppard et al., 1996). The Sally
Downs Supersuite, which intrudes all three zones of the Halls Creek Orogen (Tyler et al., 1995), contains the
following plutons: Mabel Downs Tonalite, Sally Downs Tonalite, McHale Granodiorite, Corrara Granite,
Grimpy Monzogranite, Mount Fairbairn Granite, and Shepherds Bore Granite. Many plutons show extensive
interaction with coeval gabbroic intrusions at their margins (Blake & Hoatson, 1993; Sheppard, 1996). The
plutons of the Sally Downs Supersuite wereintruded into awide variety of rock types, many of whichwould be
potential host rocksfor hydrothermal mineralisation. Thelack of significant mineralisation associated with the
Sally Downs Supersuite may be attributed to the lack of evidence of strong fractionation within the granite
system. The relatively more mafic tonalitic plutons show strong evidence of restite, particularly in the most
mafic end-members. Overall, members of the Sally Downs Supersuite only show weak evidence for
fractionation at the high SiO, end members. Only one area of significant leucogranite has been identified and
that is within the Shepperds Bore Granite: there are no strongly zoned plutons. This would suggest that
crystallisation was dominated by restite-unmixing in theinitial phases, with the minor fractionation occurring
later in the residual fluid after total separation of the restite.

Several small Cu and Au shows and prospects occur within and in the vicinity of members of the Sally Downs
Supersuite. The Nicholson Gold mine occursin this supersuite. Their relationship to any of the granitesis not
clear, even for those that are hosted by granite and they may be related to later deformation processes. The
Mount Amherst gold deposits are quartz vein deposits located within the Grimpy Monzogranite some 70 kms
south-southeast of Halls Creek (Jones, 1938). Other gold depositsthat arein the vicinity of the Supersuite may
not necessarily berelated to magmatic processes (eg, Warren, 1994a, b; Pirgjno, et al., 1994). Witt & Saunders
(1996) made an analogy between breccia dykes and hydrothermal alteration described in the McHale
Granodiorite approximately 10 kms southeast of Turkey Creek and mineralised porphyry-copper and
epithermal environments. However, these authors also noted that many of the small copper deposits are
associated with hematite, epidote, and carbonate alteration and appear spatially related to the Halls Creek Fault
and suggested that they may be related to movements on this fault system.

3.2.3.2 The Sally Downs Association - other examples.

TheDougalls Suite outcropsintheeast Kimberley region, mainly ontheeast part of the Dixon Range 1:250 000
Sheet area. The suite was emplaced along the eastern margin of the Central Zone (Griffin & Tyler, 1992) and
includes the Dougalls Granitoid, Corkwood Tonalite, Dead Finish Tonalite, Monkey Y ard Tonalite, and the
Reedy Creek Tonalite. The suite was emplaced as a series of sheetsinto the TickalaraMetamorphicsat ~ 1850
Ma. The suite consists predominantly of tonalite, trondhjemite, and leucogranite. Most samples are strongly
recrystallised and contain mainly plagioclase, quartz, and subordinate mafic minerals. Biotiteis the dominant
ferromagnesian mineral, with edenitic amphiboleand minor clinopyroxene. Chemically thesuite hasvery little
evidence of fractionation and due to the occurrence of these granites as narrow sheets, the metallogenic
potential islikely to be low.

20 © Geoscience Australia 2002



GRANITES & COPPER GOLD METALLOGENESIS IN THE AUSTRALIAN PROTEROZOIC

TheAtnarpa Suiteinthe Aruntalnlier wasemplaced at 1880 Ma. Itisan Sr-undepleted, Y -depleted suitewhich
ranges from tonalite to aplite has unknown potential, due to the difficulty in determining the extent of
fractionation in thissuite. There are numerous Au occurrences nearby and within this suite, and although some
of these deposits have been rel ated to the Palaeozoic Alice Springs Orogeny (Warren et al., 1974), some of the
gold may be sourced from this suite.

The Entia Suite (comprising the Entia Gneiss, and the Huckittaand | nkamulla Granodiorites) was emplaced at
~1760 Main the Arunta Inlier.

The Krackatinny Suite at ~ 1310 Ma (?) is a Sr-undepleted, Y -depleted suite which crops out as scattered
exposuresamongst sand dunesinthefar eastern part of the Paterson Orogen, mainly onthe Tabletop 1:250 000
Sheet area (Bagas et al., 1995; Bagas & Smithies, in prep). Data on this suite are very limited but there does
appear to be minor evidence of fractionation at high SiO, values. Thesuiteappearstointruderocksof the Rudall
Complex and some banded quartz-magnetite-amphibole gneisses occur in the vicinity: these are clearly
potential hostsfor mineralisation. Itisto be stressed that thereisinsufficient datato confidently recommend this
suitefor further exploration, but there are enough sufficiently interesting characteristics both in the granite and
their hosts to argue that further investigations in this area may be profitable.

3.2.3.3 The Sally Downs Association - key points.

The Sally Downs Association is characterised by Sr-undepleted, Y -depleted normalised element patterns
signifying that it hasbeen derived form depths of >10kbar. Itisaminor typein the Proterozoic of Australiaand
has no significant mineralisation associated with it.

3.2.4 THE KALKADOON ASSOCIATION

3.2.4.1 The Kalkadoon Association - type example.

The type exampleis the Kalkadoon Supersuite which was emplaced in the Mount IsaInlier at about 1860 Ma
(Wyborn & Page, 1983) and comprisesthe Kalkadoon Granodiorite, Wills Creek Granite, Woonigan Granite,
One Tree Granite, Hardway Granite, Ewen Granite and the Lecihhardt Volcanics. It is classified as |-
(granodiorite) type and with its comagmatic felsic extrusivesit covers approximately 4600 kms?. The granites
rangefrom bictite+ hornblende bearing tonalite (rare) through granodi orite and monzograniteto syenogranite.
The boundaries between each of the main petrographic types is gradational, and there are no major separate
leucogranite intrusives. Greisens and pegmatites are extremely rare and any dteration is related to later
metamorphic or deformation events. Although the K alkadoon Supersuiteis predominantly overprinted by later
metamorphic events, major contact aureoles have not been documented in the lower grade areas.

Consideringthesize of the system, themembersof theK alkadoon Supersuiteare extremely uniform chemically
and on chemistry aone the intrusive granite samples cannot easily be distinguished from the comagmatic
volcanics. All trendsarelinear on Harker variation diagrams, and theK/Rbratioisflat. It hasbeen proposed that
the magjority of the Kalkadoon Supersuite has crystallised by restite unmixing (Wyborn & Page, 1983) and that
the crystallisation processis one of restite (hornblende, biotite, calcic plagioclase) unmixing from aminimum
melt component which isdominated by quartz, K-feldspar and albite. To the north inthe Dobbyn area, thereis
some evidence for minor fractionation, possibly caused by the magma losing most of its restite and the
remaining melt commencing to fractionate.

There is no significant mineralisation associated with the Kalkadoon Supersuite. Small copper shows are
abundant in the upper greenschist or higher metamorphic grades (above biotite) and predominantly occur
adjacentto doleritedykes. They areprobably related to metamorphic mobility of Cuwithinthedolerites(Ellis&
Wyborn, 1984). Some Cu in the north near Dobbyn, may be related to the minor fractionation in the granite
system. Inthe Ewen Granite, McDonald & Collerson (1998) havenoted fractionation, but unfortunatel y most of
the potential host country rock is covered by later sequences.
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3.2.4.2 The Kalkadoon Association - other examples.

The Nimbuwah Suite comprises the Nimbuwah Complex (Needham, 1982) of the Pine Creek Inlier and was
emplaced at ~1860 Ma (Page et al., 1980). The dominant intrusive rock types are hornblende- and biotite-
bearing tonalites, granodiorites, and granites, which are strongly porphyritic in places with K-feldspar
phenaocrysts. Granitic pegmatites form veins up to 1m wide, commonly interlayered with aplite. These may be
derived during metamorphism rather than as a result of magmatic processes as the Nimbuwah Complex has
itself been metamorphosed to granulitefacies possibly at around 1800 Ma(based on aregional Rb-Srisochron,
Pageet al., 1980). The Nimbuwah Suiteisdominantly arestite suitewithlittleor no evidenceof fractionation. It
has no known mineral deposits associated with it, although it could be argued that exploration in this area has
been minimal. Uranium depositsin thevicinity arerelated to post-intrusive hydrothermal eventsat ~1600 Ma.
Because of the dominance of restite, the Nimbuwah Suite is not considered to have any potential.

The Tennant Creek Supersuite of the Tennant Creek Inlier comprises the Tennant Creek Granite, Mumbilla
Granodiorite, Cabbage Gum Granite, Hill of Leaders Granite, Channinggum Granite as well as various
porphyries and volcanics of the Bernborough and Warramunga Formations, the Epenarra Volcanics and the
Warrego Volcanics (Donnellan et al., 1995; Blake et al., 1987). Ages range from 1872 to 1837 Ma, with the
Supersuite becoming progressively younger towards the southeast (Black, 1984). The Tennant Creek
Supersuite is |-(granodiorite) type and is mainly unfractionated, although there is evidence of weak
fractionationinthemorefe sicend members. Themineral potential of the Tennant Creek Supersuiteisregarded
aslow. The supersuiteisassociated with very minor W mineralisation in the southeast in the Mosquito W field,
where the Supersuiteisweakly fractionated. Although the Supersuite appearsto have no direct relationship to
the Au-Cu-Bi mineralisation it may haveacted asapossible heat sourceto enhancethecircul ation of thebasinal
brines that formed the ironstone hosts to Tennant Creek Au-Cu-Bi mineralisation.

Other examplesinclude the 1880 Ma Narwietooma Suite and the 1660 MaMadderns Y ard Suite of the Aunta
Inlier; the 1700 MaBiranup Supersuite and the 1190 MaNornalup Supersuite of the Albany Fraser Province,
and the ~1880 Ma Gerowie and ~1850 Ma Wagait Suites of the Pine Creek Inlier.

3.2.4.3 The Kalkadoon Association - key points.

The Kakadoon Association is |-(granodioritic) type derived from a plagioclase-stable source at low melting
temperatures. It commonly has phenocryst-rich comagmatic volcanics. Being full of regtite, it has not
fractionated and the association has no significant mineralisation.

3.2.5 THE NICHOLSON ASSOCIATION

3.2.5.1 The Nicholson Association - type example.

The type example of this association is the Nicholson Suite of the Murphy Inlier. The suite is predominantly
felsic and comprises the Nicholson Granite and its comagmatic volcanics, the Cliffdale Volcanics (including
theBillicumidji Rhyolite Member). Therearecoeval basic dykesintruding at the sametimeasthesefelsicrocks
but they arenot extensive. Many sampleshavearegional metamorphic overprint, someupto amphibolitegrade.
The suite has distinct mappable phases present (Gardner, 1978; Ahmad & Wygralak, 1989). The Nicholson
Suite only shows evidence of fractional crystallisation in the high SiO, end members when some trends
increase/decrease exponentially from > 72 wt. % SiO2. In the more mafic end members, the vol canics and the
granites plot very closely together, suggesting that the early stages of this suite were dominated by restite-
unmixing, and that fractionation only started to occur after the restite crystals were lost from the magma. The
fact that the Cliffdal e V ol canics become more phenocryst-poor higher up stratigraphi c sectionswould support
thisview. Asfractionation only begins at relatively high SiO, levels, the potential for forming large tonnage
depositsisrestricted and any oredepositsassociated with thissuitearelikely to be of low tonnage, although they
could be of high grade. In the vicinity of the granitesthere are no significant potential host rocks documented,
although graphitic rocks arelikely to have been present. Potential exist for small Sn, and W depositswithinthe
granite and for more distal smaller Cu and Au deposits.
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3.2.5.2 The Nicholson Association - other examples.

The 1860 Ma Paperbark Supersuite of the Kimberley region is one of the largest felsic granitic eventsin the
Australian Proterozoic. It compriseswhat wasformerly calledthe Hooper Suite(Griffinetal., 1993) of theWest
Kimberley region and the Bow River Batholith of the east Kimberley region aswell asthe aereally extensive
Whitewater Vol canics. Thisstudy arguesthat the potential of the granites of the Kimberley Provinceislimited
by the abundance of restite in the granite suites. For the large volume of granite present in the Kimberley
Province, no regional or district scale alteration zones have been defined, and aplites and pegmatites are very
scarce (Sheppard et al., in prep.). Despite the presence of highly reactive rock types (mafic igneous rocks,
carbonates, iron formations, carbonaceous shales), which in other provinces host significant granite-related
mineralisation, no major Auor base metal depositshavebeen|ocated either withinthegranitesor the associated
country rock. The Paperbark Supersuite is relatively homogeneous over wide areas and there are few major
distinctiveleucocratic plutons devel oped withinit. Thefelsic Whitewater V ol canics are phenocryst rich (up to
50% crystals (Gellatly et al., 1974a, b)) and are compositionally identical to their comagmatic intrusives
(Griffinetal., 1993). These factors support the concept that crystallisation of granites of the Kimberley region
was largely dominated by restite-separation. Late separation of restite resulted in limited fractionation in the
West Kimberleys, particularly inthe Lennard 1:250 000 sheet area. Thereissomeevidencethat hasoccurredin
the east Kimberleysbut more analyses are required of rocks of high SiO, contents (>75 wt. %) to confirm this.
Because of the dominance of restite in the early phases of the crystalisation, it is expected that any
mineralisation would be small.

The ~1850 Ma Donington Suite (Gawler Craton) is another example of this association.
3.2.5.3 The Nicholson Association - key points.

The Nicholson Association iscompositionally in between the Kalkadoon and Cullen Associations. It isrestite-
dominated in the more mafic end members, but the restite separates out to allow for some fractionation over a
limited silicarange. It isassociated with small vein depositsof Sn, Cuand W. Itisnot likely to have significant
mineralisation associated with it.

3.2.6 THE CULLEN ASSOCIATION

3.2.6.1 The Cullen Association - type example.

Thetypeexampleisthe Cullen Supersuite of the Pine Creek Inlier (Stuart-Smith et al., 1993) which crystallised
by aprocessof convectivefractionation. Itisatypical I-(granodioritic) typewithmost SiO, contents> 68 wt. %.
It is a much more complex system than the Kalkadoon or Nicholson Associations. The Cullen Supersuite
consists of three major pluton types:

1) Leucogranites
2) Uniform granodiorite to granite suites
3) Concentrically zoned plutons

Greisens and pegmatites are common in the more fractionated leucogranites. Chemical variation within the
plutonsiscontrolled by the mineral phases present, particul arly hornblende, biotite, muscovite, apatite, zircon
and allaniteand therel ative abundance of these mineral schanges systematically with progressivefractionation.
Each zoned or granite-dominated pluton has its own mineralogical characteristics, which in some cases are
strikingly dissimilar from any other plutonintheBatholith. The Cullen Batholith also hasafairly wideand high
temperature contact aureole, implying that theinitial emplacement temperatureswere relatively high, and that
the granite introduced significant heat into the local environment.

Alteration is common although is not necessarily caused by hydrothermal ateration as a result of magmatic
processes, as many samples that were analysed and/or dated were both highly deformed and metamorphosed.
Deformed samples in the dominant Pine Creek Shear Zone have a definite chlorite grade overprint which is
related to younger deformation, whilst samplesinthenorthwest of thesystem, haveabiotitegradeoverprint.
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Comparedto theuniformity of the K alkadoon A ssociation, the chemistry of the Cullen Supersuiteismuchmore
complex and consists of several groupings.

Group 1) Leucogranite dominated plutons.

The leucogranite dominated plutons are chemically characterised by having >70 wt.% SiO, and can be
subdivided into three suites depending on the degree of fractionation with increasing SiO..

A) Saunders Quite.

The Saunders Suite consists of two plutons, the Saunders and Foel sche L eucogranites. These granites show no
signof decreasing K/Rb, and when compared to the other two leucogranite suiteshaverel atively small increases
inRb (<240 ppm), Li (<28 ppm), U (<13 ppm), and Y (<26 ppm) withincreasing SiO,. For both plutonsthe ASI
is< 1.1 and the F&;O4/(FeO + Fe,O3) is> 0.24. There isno vein mineralisation associated with either of these
plutons, and only one alluvial tin occurrence in the vicinity.

B) Burnside Suite:

Plutonsof the Burnside Suiteincludethe Burnside Granite, DouglasL eucogranite, Frances Creek L eucogranite
and Wandie Granite. These plutons show exponentially increasing Rb (<390 ppm), Li (<102 ppm), U (<35
ppm), and Y (<70 ppm) and decreasing K/Rb withincreasing SiO,. The ASl isstill < 1.1 and the Fe,O4/(FeO +
Fe,Os3) ranges from about 0.3 to 0.1. Although plutons from this group only have one vein molybdenite
occurrence located within granite, the surrounding contact aureoles contain numerousvein Au, Cu, Sn, Ag-Pb
occurrences and deposits.

C) Tennysons Quite.

The Tennysons Suite includes the Tennysons Leucogranite, Wolfram Hill, Fenton Granite and Umbrawarra
Leucogranite and is characterised by exponentially increasing Rb (<392 ppm), U (<20 ppm), Y (<64 ppm), Li
(<90 ppm) and decreasing K/Rbwithincreasing SiO,. The ASl is> 1.1 and the Fe,O5/(FeO + Fe;Os) at < 0.24is
lower than any other pluton or suitein the Cullen Batholith. Thissuitehostsmany vein U, Sn, W, topaz, fluorite
and monazite occurrences.

Group 2) Granite dominated plutons.

The more mafic granite dominated plutons can be subdivided by the dominant mafic mineral (hornblende or
biotite) in the more mafic samples, combined with the wt.% at which hornblende disappears with increasing
SiO,. The two distinct chemical end members are represented by the hornblende-dominated Fingerpost
Granodiorite, which has hornblende present up to 69 wt.% SiO,, and the bi otite-dominated eastern pluton of the
McMinns Bluff Granite, in which hornblende is only present up to 64 wt.% SiO,. At similar SIO, values, the
hornblende-dominated plutons are enriched in MgO, Ca0, NaO, Ni, and Cu, and depleted in K0, total Fe,
TiO, and Al,O4, Li, Zn, and F rel ative to the more biotite enriched plutons. Accessory minerals also affect the
compositions of the plutons. The early hornblende-rich plutonsare low in Zr and P,Os presumably because of
latecrystallisation of zircon and apatiterespectively fromthemet. Laand Cearehighinthose samplesthat have
allanite, which appearsto bemorecommoninthebiotite-rich coarsegranite sampleswhichhave ASI < 1.1.

Group 3) Concentrically zoned transitional granite and leucogranite dominated plutons.

Concentrically zoned transitional granite and leucogranite-dominated plutons include the Allamber Springs,
Driffield, Bonrook, Tabletop and Shoobridge Granites. These granites contain awide range of SiO, contents.
The mafic end members of these zoned plutons show similaritiesto either the hornblende or biotite dominated
suites, whilst the more felsic end members show characteristics of at least one of the leucogranite suites.

With increasing SiO,, the chemical changes can be summarised as follows:

1) The ASl increaseswith fractionation, and therate of increaseis accelerated by the crystallisation of
hornblende, whichhasalow ASl. Thusthehornblende-rich Fingerpost Granodiorite hasthelowest ASl, and the
Tennysons Suite, the most fractionated leucogranite suite, has the highest ASI.

2) Thedecreasein Fe,0O4/(FeO + Fe,Og) with progressive crystal lisation can have at |east two possible
causes. Firstly, some plutons intrude reduced, carbonaceous sediments and interaction with these reduced
sediments may lead to adecreasein Fe,O5/(FeO + Fe,03). However, the plutonswith the lowest Fe,O4/(FeO +
Fe,O3) arealsothosewith someof thehighest AS| values. Dickenson & Hess(1986) argued that theratio of FeO
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to Fe;Os increases with increasing K,O to Al,Os, and thus the transition to more reduced compositions with
increasi ng fractionation may depend onthe chemistry of the crystallising phases, rather than oninteraction with
reduced country rock.

3) The abundance of Ba, Sr, Pb and Rbisin part controlled primarily by feldspar. Batendsto decrease
with increasing fractionation, whilst Rb increases and the K/Rb ratio decreases. With progressive
crystallisation of themagmathe composition of leucogranitesevolves. Initially theleucograniteswill behighin
Baand low in Rb, U, Y and other incompatible elements, and will also have alow ASI and high K/Rb (asis
observed in the Saunders Suite). As crystallisation progresses, Ba will decrease, and Rb, U, Y and ASI will
increase, and K/Rb will decrease (eg, Burnside Suite), with the maximum Rb, U, Y and Li and the highest ASI
and lowest K/Rb being found in the last and most fractionated leucogranites.

Thehighand exponentially increasing valuesof Rb, U, Li and Y and thedecreasing K/Rb ratioswithincreasing
SiO2 shown by the Cullen Batholith is characteristic of |-type granitic suites which have undergone chemical
fractionation. These exponentially increasing trends aswell as the decreasing K/Rb ratios are not found in the
Kalkadoon-Leichhardt Suite or its analogues.

The chemical changes within the Cullen System can be related to metallogeny and there appears to be an
association of mineral deposit types either within or surrounding particular chemical types. The degree of
fractionation within the leucogranite suites controls the associated mineral deposits and occurrences. The
Burnside Suite shows signs of fractionation (decreasing K/Rb, some increase in Rb and U) and has most
mineralisation typesin the nearby contact aureoles. The most fractionated leucogranites group, the Tennysons
Suite(ASI >1.1,Rb, U, Y andlow Fe,04/(FeO + Fe;O3), hasvein mineralisation associated withit, particularly
Sn, W and U. In contrast, the Saunders suite is the least fractionated (high Ba, low Rb, low ASl), showing
virtually no signs of fractionation: this suite is also unmineralised.

There appearsto bean association of mineral deposit typeswith distancefromthegranite contact (Stuart-Smith
etal., 1993). AsCu, Au, Pb, Ag, and Zn depositsare mostly located in the contact aureole, itisdifficult torelate
someof themoredistal depositstoaparticular graniteplutonespecialy asAu, Pband Zn can occur upto 3000 m
fromthe pluton boundary. Precipitation of these metalsappearsto occur by interaction with aspecific host rock
rather than a set distance from the contact aureole. Au deposits are hosted by either reduced carbonaceous
mudstone or pyritic chert-banded dolomitic host rock in the contact aureole (eg, Koolpin Formation, Mount
Bonnie Formation), and recent studies on Burrell Formation in the Mount Todd district, highlights the amount
of graphite in thisunit, and suggest that this unit should be more seriously considered as a prospective host for
Au mineralisation. Pb and Zn are predominantly hosted by carbonate-rich rocks (eg, parts of the Koolpin
Formation). Small Cu deposits are associated with the zoned plutons, particularly those rich in hornblende.
Although hosted by similar lithologies to the Au deposits, they are not spatially related to them and are also
confined to within 1500 m of granite boundaries.

3.2.6.2 The Cullen Association - other examples.

The Treasure Suite occurs in the Tennant Creek Inlier and Davenport Province. It is mainly composed of
volcanics, and shallow leve intrusive granophyres and porphyries of the Wundirgi Formations, Treasure
Volcanics, Arabulja Volcanics, and Newlands Volcanics in the Davenport Province; unnamed diorites to
monzaodiorites in the Tennant Creek Province and felsic to intermediate volcanics of the Hayward Creek
Formation of the Tomkinson Creek Subgroup (Blake et al., 1987; Donnellan et al., 1995). The suite is
fractionated, with the more mafic end members preserved in the northwestern Tennant Creek areaand themore
felsic fractionated members in the southeast. The level of emplacement is also different, with volcanics and
granophyresbeing more commoninthesoutheast. Agesof membersof thissuiterangein agefrom 1829101816
Ma (Blake & Page, 1988). These ages are roughly equivalent to the Ar-Ar ages of muscovite associated with
Au-Cu-Bi mineralisation at Tennant Creek, that is 1830-1825 Ma (Compston & McDougall, 1994). With
regardtomineral potential, the Treasure Suiteisclearly related to theHatches Creek W field. Dunnet & Harding
(1967) suggested a connection between the mafic diorites of the Treasure Suite and the Au mineralisation at
Tennant Creek. Not only is Au mineralisation in the Tennant Creek Province similar in age to the members of
thissuite, thetotal metal budget inthetwo deposit typesissimilar with the Hatches Creek W depositscontaining
Cu, Co, Bi, Mowith minor U and Sn, whilst the associated elementsinthe Au depositsat Tennant Creek are Cu,
Bi, Mo, Se, Pb, Co, with minor W and Sn (Large, 1974; Ferenczi, 1994). Perhaps the dominance of W in the

© Geoscience Australia 2002 25




GRANITES & COPPER GOLD METALLOGENESIS IN THE AUSTRALIAN PROTEROZOIC

Davenport Province may be related to the more felsic compositions and the predominance of extrusive
volcanicsin the southeast.

The O'Callaghan's Supersuite of the Paterson Province, adjacent to the Telfer gold deposit isafractionating |-
(granodioritic) type with obvious potentia for mineralisation. The Supersuite has a variable oxidation state,
with the earlier intrusions being reduced and the later ones being quite oxidised. The subdivision of Goellnicht
et al., (1991) and GodlInicht (1992) into an ilmenite-bearing Mount Crofton type (Mount Crofton Granite,
Hansens Folly Granite, Desert's Revenge Granite) and the Minyari type (Koolyu Granite, Minyari Granite,
O'Callaghan's Granite) has been followed, although it is argued that the main difference between the granite
typesisthat Mount Crofton type is more oxidised and the Minyari type is reduced. The whole Supersuiteis
believed to have originally beenfairly oxidised at its sourceregion, but the earlier phaseswere morereduced by
interaction with reduced basinal brines. Mineralisation is believed to be related to the more reduced granite
types. Although known predominantly as a gold mine, the Telfer mine carries significant Cu, and some base
metal skarns have been described in thevicinity of the O'Callaghans Granite. The O'Callaghans Supersuite has
obvious potential andistill highly prospectivefor further discoveries. The areahasaunique smorgasbord of a
fractionated granite system combined with highly reactive rock types and suitable structures.

The Granites Super suite of the Granites-Tanami Block comprisesthe Winnecke Granophyre and The Granites
Granite. Probable members include the Slatey Creek Granite and the Lewis Granite: on Rb-Sr age
determinationsthese units are much younger, but theinitial Sr¥/Sr® ratios are anomal ously high and may have
possibly been reset by subsequent deformation (Blake et al., 1979). Other potential membersinclude any post-
Tanami Complex unnamed granites in the northern Tanami Block. The supersuite consists predominantly of
non-magnetic, reduced, fractionated, metaluminousrocks. The highly reduced nature of the early phasesof this
suite is anomalous, as gold-bearing granites are usually assumed to be oxidised and magnetic. It is suggested
that the reduced nature of this suite results from the infusion of H, from carbonaceous country rocksinto the
magmaearly inthemagmatic history. Withincreasing evol ution, the Supersuite then becamemoreoxidised due
either the H, ceasing to be abl eto passinto the magmachamber fromthe country rock or because H, hasdiffused
into the atmosphere (Czamanske & Wones, 1973; Wyborn, 1983).

The gold deposits in the Granites-Tanami area are hosted by predominantly iron-rich, graphite-rich or
sericite/chlorite-rich lithologies. All the deposits appear to be devel oped from reduced fluids and seem to have
pyrite-quartz-sericite alteration associated with the mineralising event. Asthe majority of granites within the
area are reduced fractionating |-types, it seems more than likely that fluids derived from these granites are a
component of the mineralising fluids, a suggestion that is supported by fluid inclusion work (eg, Tunks, 1996;
Vaenta& Wall, 1996). Thereisapossibility that some Sn may be found around the Lewis Graniteand thereis
also potentia for W mineralisation. It isalso possible that there may be some mineralisation related to the late
magnetic phases of the granite, although these will probably have hosts of different composition to those
depositsin The Granites-Tanami Block that are associated with reduced fluids. The better known deposits are
located inan areawhereit hasbeeninterpreted that the graniteintrusionsarerel atively deep (Blakeet al ., 1979;
Wall, 1989). In the north, the oxidised Winnecke Granophyre has intruded to a much shallower depth and has
altered and grei seni sed itsown comagmati c vol canicsin the Mount Winnecke Formation. If any mineralisation
existsin thisareait is more likely to be of an epithermal or porphyry style, and hosted within or close to the
volcanics or the granophyre.

It is accepted that the connection to a granite source for the mineralisation could be regarded as tenuous as all
known mineralisation is distal to the granites. Ding (1997) has argued that the Granites Gold Deposit is an
example of astratabound pre-orogenic deposit (pre-1980 Ma) whilst Wall (1989) and Vaenta& Wall (1996)
arguefor agraniterelated model. The point at issue with this study isthat The Granites Supersuite shows clear
evidence of fractionation and isatype of granitethat issimilar to those found in both the Pine Creek and Telfer
areas. Hence, the granites of this Supersuite must be considered as viable componentsin any model trying to
explain at least some of the controls on the distribution of mineralisation in The Granites-Tanami Block.

Other members of this Association include the 1190 Ma Kulgera Super suite of the Musgrave Block; the 1567
Ma Southwark, 1775 Ma Napperby, 1680 Ma Madderns Yard, 1605 Ma lwupataka, 1713 Ma Alarinjela and
1770 MaJennings Suitesof the Aruntalnlier; the 1780 MaKalkan Super suite of the Paterson Province, and the
~1800 MaMinnie Creek Suite of the Gascoyne Province.
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3.2.6.3 The Cullen Association - key points.

Indirect evidence would suggest that this association is derived by melting at ~800-900°C at <10 kbars. The
source was tonalitic and rich in biotite. The amount of restite was minimal, but did include plagioclase and
hornblende. Where the members of this association intruded organic rich rocks, the granites became reduced
and ilmenite stable (Cullen Supersuite, Granites Supersuite, O'Callaghans Supersuite). This association has
only limited comagmatic vol canics possibly because it was more water-rich and crystallised at depth.

Thereissignificant mineralisation associated with this suite, mainly Au, with some Bi, Cu, and W. Where the
granites fractionate and become peraluminous, then Sn becomes prominent. The Cullen Association
suites/supersuites are never as oxidised as those of the Hiltaba Association, and although Cu can locally be
important, it is never as abundant as in mineralisation associated with the Hiltaba Association.

3.2.7 THE SYBELLA ASSOCIATION

3.2.7.1 The Sybella Association - type example.

The type example is the 1670 Ma Sybella Suite of the Mount Isa Inlier which consists of series of elongate
plutonswhich extend meridionally for 180 kmsand cover 1600 km?. Four main phases are recognised: amain
phase, b-quartz phase, microgranites, and pegmatites (Wyborn et al., 1988). The suite also includesthe Caters
Bore Rhyalite.

The Sybella Suite was emplaced some 60 Ma prior to the main deformation and metamorphic events that
affectedthe Western Fold Belt; the suitewasaffected by thisdeformation. Greenschist graderocksoccur only in
the north and northwest whilst most of the remainder of the suite and its country rocks are amphibolite grade.
Despite the metamorphic overprint the original primary rock types can be discerned. The main phase ranges
fromagranodioriteto an alkali-fel spar granite and iseven grained to porphyritic, with coarse K-feldspar augen
upto 30 mminlength. Particularly inthefelsic compositions, rapakivi textures are common with individual K-
feldsparshaving abiteor oligoclaserims. Plagioclase, biotite, hornblende (ferrohastingsite), apatiteandtitanite
are common to both phases: fluorite is ubiquitous. The Sybella Suite is dominantly pink to grey in colour,
reflecting the relatively high oxidation state. Microgranites are most common in the northeastern part of the
Suite where they contain abundant metasedimentary xenoliths. They are hornblende-free and contain more K -
feldspar and less ferro-magnesian minerals than the main phase or the b-quartz phase.

The Sybella Suite has a more restricted silicarange than any of the other Associations, varying from 68 to 78
wt.% SiO,. The main phase and the b-quartz phases can be distinguished in that at the same SiO, levels, the b-
guartz phaseshashigher Ba, Sr, MnO, Nb, La, Ce, Zrand Y, and lower Al,Os, Th, Rb and Pb. Both have higher
TiO,, Fe, K0, P,0s, Th, U, Zr,Nb, Y, La, and Ceand lower Al,O3z and Sr contentsthan the pre-1820 MaMount
Isa granites. Also some elements, eg Th, F, Rb and U show exponentially increasing trends with increasing
SiO,, suggesting that the Sybella Suite evolved by fractionation. Rapakivi textures may have developed as a
result of increasing F in the melt: such an increase would cause the ternary minium during crystalisation to
move towards albite (Manning, 1981; Pichavant & Manning 1984).

From mineralogy and chemistry weinfer that the main and b-quartz phases of the Sybella Suitearefractionated
I-types. The greater chemical variations within the Suite contrast with the more uniform compositions of the
Kalkadoon Supersuite, which is thought to have crystallised by a process involving the separation of restite
fromaminimum-melt liquid. Crystallisation of the phasesof the Sybella Suite on the other hand was dominated
by fractional crystalisation from a predominantly liquid magma. Despite this the only mineralisation
associ ated withthe SybellaSuitearethe Sn and Be pegmatitesintheMicaCreek Area. M ost of thesearethought
to be formed during regional metamorphism and are unrelated to the magmatic processes. However, some of
these granites are believed to have been the source for U mobilised during later deformation events.

3.2.7.2 The Sybella Association - other examples.

The Argylla Quite is mainly extrusive and was emplaced in the Mount IsaInlier from about 1810 to 1746 Ma.
The suitecomprisesvol canicsof the Argyllaand Bottletree Formations, and theintrusive BowlersHole Granite
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and the Mairindi Creek Granite. Thissuiteispredominantly avolcanic suite and the granites contain quartz, K -
feldspar, plagioclase, biotite+ hornblende. Chemically they havearestricted SiO, range and have anomalously
high concentrations of High Field Strength Elements (HFSE) such asZr, Nband Y aswell asF. The Argylla
Suite is probably a genuine A-type suite, is predominantly volcanic, and because of these factors is not
considered to have significant metallogenic potential.

The Wonga Suite is a group of granites and vol canics emplaced into the Kalkadoon-L eichhardt Belt and the
Eastern Fold Belt of theMount Isalnlier (Blake, 1987) during amajor early extensional event between 1760 Ma
and 1720 Ma(Holcombeet al.,1992; Passchier, 1986). Holcombeet al. (1992) and Pearson et al. (1992) divided
the granitic intrusivesin the Mary Kathleen Fold Belt into two types: lower plate and upper plate intrusives.
Holcombe et al. (1992) and Pearson et al. (1992) proposed that the lower plate intrusives were emplaced as
elongate sills in the lower plate of a major midcrustal extensional zone, and the lower plate intrusives are
equivalent to the Wonga Suite whil st the upper plateintrusives are equivalent to the Burstall Suite (see Hiltaba
association section for afull description of these). The Wonga Suite comprisesthe Birds Well Granite, Bushy
Park Gneiss and as yet undefined named units of the Wonga Batholith on the Mary Kathleen, Marraba,
Prospector and Quamby 1:100 000 map sheet area (M ount Maggie Granite, Natalie Granite, Scheelite Granite,
Winston Churchill Granite) which mainly intrudethe ArgyllaFormation. Theindividual graniteintrusionsare
all heterogeneous implying that the melts never homogenised. The more dominant intrusive typeis a coarse-
grained strongly porphyritic granite with minor even-grained granite and leucocratic alkali feldspar granite:
alteration is not all that common. Minerals present are quartz, K-feldspar, plagioclase, biotite + hornblende:
accessory mineralsinclude titanite, apatite, zircon, fluorite, allanite and tourmaline. Pegmatites are common
and contain quartz, feldspar + tourmaline. Plutons of the Wonga Suite are el ongate, heterogeneousand highin F
and they are possibly in part comagmatic with the Argylla Suite. There is no significant mineralisation
associated with this suite. The high F-content of these granites combined with the small size of the intrusions
and the lack of suitable host rocks downgrades the potential of this suite.

The Fiery Supersuite of the western Mount Isa Inlier comprises the Fiery Creek and Peter Creek Volcanics,
unnamed granophyres and the high level 1678 MaWeberra Granite (Wyborn et al., 1988). Theintrusives are
mainly non-porphyritic medium to coarse-grained syenograniteto alkali granite. An alteration overprintisvery
pervasive throughout this supersuite and the primary igneous geochemistry is difficult to ascertain with
confidence. Evenallowingfor theextensivealteration overprint, themembersof thissupersuitedo not appear to
have undergone any significant magmatic fractionation which would alow for the concentration of significant
amounts of Au or base metals.

TheDevils Quite of the Tennant Creek/Davenport Province, intruded at ~1710 M a, isan extremely fractionated,
oxidised, fluorite-bearing I-(granodiorite) type which is associated with minor vein-W mineralisation. The
suitecomprisesthe DevilsMarbles, Elkedraand Warrego Granites. It hasahigh and limited SiO, range and has
abundant evidence of |ate magmatic-hydrothermal alteration, both withinthegraniteand for somedistanceinto
the surrounding country rocks. The Rb and Rb/Sr increaserapidly and exponentially withincreasing SiO,. The
related thermal event has al so caused considerabl e isotopic disturbance of the ore depositsin the northwestern
part of the Tennant Creek Province (Black, 1977; Compston & McDougall, 1995), but no significant
mineralisation events have been attributed to this suite. Although Stoltz & Morrison (1994) considered the
Warrego Granite to be genetically related to the Au-Cu-Bi mineralisation in the Warrego deposit, Wedekind
and Love (1990) showed that the Warrego Granite contact metamorphosed the deposit. Despite the abundant
evidence of release of late magmatic fluid, the suite is only considered to have limited potential for vein W.
Although cassiterite was found in ubiquitous quantities in stream sediments (Hoatson & Cruickshank, 1985)
and alluvial Sn has been extracted from streams draining the Wauchope W field, the highly oxidised nature of
thegranitemeans Snwill probably occur asdisseminated cassiteritewithinthegraniteitself rather thanforming
inlate veins.

TheJimJim Suitewasemplaced inthe Pine Creek Inlier at ~1825 Ma. It comprisesthe Jim Jim, Malone Creek,
Tin Camp, Grace Creek Granite, EvaValley, Y eura baand Nabarlek Granitesand volcanics of the Edith River
and parts of the El Sherana Groups (Gimbat Ignimbrite of Jagodzinski, 1991, 1992). This suite occursin the
eastern part of the Pine Creek Inlier mainly along thewestern border of Arnhem Land. The suite appearscoeval
with the Cullen Supersuite, but has some distinctive characteristics. The Jim Jim Suite contains both granites
and vol canicsand representsasignificant fel sic magmatic episode. All plutonsshow evidenceof ashallow level
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of emplacement, with some grading into volcanics and others showing evidence of faulted contacts that are
filled with quartz breccias. The late fractionated phases have associated greisens and abundant late stage
alteration. Because of the high level of emplacement, only minor hornfelsing has been recorded at the contact.
The suite is dominated by more felsic end-members. Significant fractionation has taken place above about 74
wt.% SiO, and thevaluesof Rb, U, Y and Fincreaseexponentially torelatively highlevel swithincreasing SiO..
Compared with other felsicigneous suitesin the Pine Creek Inlier, the Jim Jim suiteis predominantly oxidised.
Although there is evidence of late stage magmatic fluids, there is little interaction with the adjacent country
rocks. Some mineralisation appearsto be related to | ate stage fractionation, after separation of the restite. The
main commodities associated with this suite are Sn, W and minor Au. Although there is evidence of
fractionation and the presence of late magmatic fluids, thelimited silicarange over which the fractionation has
occurred, combined with the presence of fluorite would lower the potential of this suite and help explain the
limited associated mineralisation.

TheGiddy Suitewasemplaced into Arnhem Block at ~1835 Maand comprisesthe Bukudal, Giddy, Garrthalala
and Dhalinybuy Granites (Madigan et al., in prep). Granites of this suite are unusually high iron, relatively
anhydrous, fayalite-bearing granites, and contain abundant fluorite. Chemically the suite hasahigh and limited
SiO, range and have undergone fractionation to high levels of Rb. The suiteis considered to only have limited
potential for Sn, Mo and W.

The Fagan Suite was emplaced progressively over about 20 Ma from ~1720 to 1700 Ma and is widely
distributed throughout the McArthur Basin from the Murphy Tectonic Ridge to the eastern Pine Creek Inlier.
Thefelsic magmas of this supersuite are predominantly coarse porphyritic quartz-feldspar rhyolites emplaced
as high-aspect ratio lava domes and flows (Hobblechain Rhyolite, West Branch Vol canics, Fagan Vol canics,
Y anungbi Volcanics: Rawlings, 1994) and only has three small granites associated with it (Latram Granite,
Jimbu Granite and Packsaddle Microgranite). The metallogenic potential of this supersuiteisnot rated highly.
The intrusives are mostly small high-level granites that intrude their own comagmatic ejecta. They are not
strongly fractionated, although they do contain high levels of high field strength elements.

The ~1710 Mafelsic igneous rocks from Olary and Broken Hill Domains comprise leucocratic quartz-albite
gneisseswhich include granites, vol canics and rel ated epiclastics. Inthe Olary Domain they occur inthe'lower
albite' unit of the quartzofel dspathic suite and the 'upper abite' unit of the calcsilicate suite. Age determinations
include the Ameroo Hill metagranitoid at 1703 + 6 Ma, afelsic metavol canic near Abminga Station dated at
1699+ 10 Ma(Ashley et al., 1996) and asimilar metavol canic near Weekeroo station dated at ~1710 Ma. Inthe
Broken Hill Domain, this suiteisrepresented by high Zr and Nb 'leucocratic quartz + plagioclase' rocks of the
ThackaringaGroup, Ednas Gneissand Redan Gneiss. The~1710 Marocksareleucocratic, highinsilicaandare
usually albitic, although there are gradationsinto types with appreciable K-feldspar. They have high Zr (326-
640 ppm), Nb (34-93 ppm), and Y (70 - 285 ppm) contents and have been termed 'A-type' by Ashley et al.
(1996). TheRband Rb/Sr increaserapidly and exponentially withincreasing SiO,. Dueto pervasiveal bitisation
most sampl es have Na,O>>K ,O and high Fe,O4/(FeO+Fe,Os) ratios. Thealteration also affects other fel dspar-
bearing metasedimentary unitswithin the host sequences, and hence not all quartz + albiterocksare of igneous
origin. No direct economic significance is attached to these ~1710 Maigneous rocks. However, in the Olary
Domain thereisaspatial association with exhalative iron formations and related barite-rich rocks, aswell as
with epigeneticironstones. Theiron and barium-rich rockslocally host Cu-Au mineralisation: itisequivocal as
to whether Cu-Au was deposited syndiagenetically or whether it is due to an epigenetic event (Ashley et al.,
1996).

The Ennugan Mountains Suite of the Arunta Inlier was emplaced at 1600 Ma, and is enriched in HFSE. It
contains abundant fluorite, and has several tin, tantalum and uranium occurrences associated with it. It has
moderate potential for further tin, molybdenum and tantalum occurrences.

TheJinka Suiteof the Aruntalnlier, emplaced at 1713 Ma, isfe sic, fractionated, enriched inthe heat-producing
elements, showsevidence of afluid phase, isan I-type, and isassociated with known mineralisation. Itisalso a
high fluorine suite, associated with known fluorite and scheelite deposits, and has high potential for further
tungsten, tantalum and molybdenum deposits.

Other possible examples of this suite include the San Sou Suite (Kimberley region), ~1670 Magranites of the
Gascoyne region and the Winburn Suite (Musgave Block).
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3.2.7.3 The Sybella Association - key points.

The SybellaAssociationisenigmatic. Itisclearly fractionated but does not have any significant mineralisation
associated with it, other than small vein Sn and W deposits. It has high concentrations of HFSE and a limited
SiO, range. The exponentialy increasing Rb and Rb/Sr with increasing SiO, contents are usually taken to
indicate fractionation and hence mineral potential. All I-(granodioritic) intrusions that are spatially related to
mineralisation show these exponentially increasing Rb, U and Rb/Sr with increasing SiO, to some extent, but
from the Sybella Association it is quite clear that the converse is not true, that is, not all granites with
exponentialy increasing Rb, U and Rb/Sr are mineralised. Metallogenically itiscritical totry to develop some
empirical criteriato distinguish fractionating barren granite suitesfrom mineralised ones. Asnoted previougly,
Callins et al. (1982) introduced the term 'A-type' for a particular type of granites that had low Al and Ca
contents, high FeO/MgO and (Na,O + K,0)/Al,0O3 and high HFSE concentrations. The SybellaAssociationfit
these criteria, and can be distinguished from the Hiltaba Association by higher HFSE contents and a more
restricted SiO, range which is usually >70 wt.%. Based on experimental work, Patino Douce (1997) has
suggested that these so-called 'A-type' characteristics can be generated shallow (P£ 4 kbar) dehydrating melting
of hornblende- and bi otite-bearing tonalitesand granodiorites. Thisleadsto aresidue dominated by plagioclase
+ orthopyroxene. Given the H,O-poor nature of the proposed source region, and the limited SiO, range of both
the source and the resultant magma, it is perhaps easy to rationalise why these granite systems are not
mineralised (even though it is accepted that distinguishing the members of the Sybella Association from the
more felsic end members of the Hiltaba Association is not easy!!).

Theother important feature of the Sybella Associationisthat although in someregions (in particular the Devils
Suite in the Tennant Creek/Davenport area) the granites have imparted a strong ateration overprint on the
country rock and there is evidence of alate fluid phase emanating from the granites, there is no significant
associated Au or Cumineralisation. For those that arguethat all that is needed isahot graniteto release afluid
phase into the country rock and the metals will be mobilised from the country rock, this may pose aproblem.
Further, these granites are enriched in radiogenic elements such asK, Th and U. Again, for those that propose
circulation of meteoric fluidsdriven by radiogenic heat asamechanism for generating Au mineralisation, there
needs to be an explanation as to why these granites are barren.

3.2.8 THEHILTABA ASSOCIATION

3.2.8.1 The Hiltaba Association - type example.

Thetype exampl e of thisassociation comprisesvol canics and granites of the Hiltaba Suite (Drexel et al., 1993)
which occur throughout the Gawler Craton, and probably extend to the Curnamona Province including the
Olary Domain. The Hiltaba Suite can be divided into two types, the Roxby Downstype and the Kokatha type
(Budd et al., 1998).

TheRoxby Downstypeiscomposed of thefollowing recognised granites- Moontamonzogranite (Drexel et al .,
1993), Charleston Granite, granite at Cultana, Hiltaba Granite, Tickera Granite, Arthurton Granite, granitein
the Olympic Dam area (including the Roxby Downs Granite, and Wirrdaand White Dam subsuite), and granite
inthe Nuyts Archipelago area. The Baltaand Calca Granites have no available geochemical analyses, but they
are probably of this type. The Lower Gawler Range Volcanics ("development” phase of Stewart, 1992) is
comagmatic withthistype. The Roxby Downstypeincludesgranite, syenogranite, quartz monzodiorite, quartz
monzonite, syenite, aplite, monzogranite, and leuco-tonalite. Coarse-grained, porphyritic and megacrystic
varieties are common. In comparison to the Kokathatype, granites of thistype are commonly altered, contain
haematite and magnetite, and are adistinctive brick-red colour. The Roxby Downstypeismoreenrichedin Rb
and the high field strength elements (HFSE), U, Th, Zr, Nb, and Ce, and is more fractionated. It is mostly
metaluminous, and strongly oxidised, evolving to magmatic compositions in which haematite was the stable
ironoxide. TheL ower Gawler RangeV ol canicsis magnetite-stable (Stewart, 1992), and rangesin composition
from basalt and andesite to dacite, rhyodacite and rhyolite with a variable silica gap between the tholeiitic
basalt-andesite series and the felsic series. Felsic lithologies are dominant.

The Kokatha type is composed of the following recognised granites - granite in the Kokatha, Tarcoola,
Kingoonya, Kychering Rockhole, Minnipa, Wudinna and Buckleboo areas. The Upper Gawler Range
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Volcanics ("mature" phase of Stewart, 1992) is comagmatic with this type. The Kokatha type comprises
syenite, granadiorite, monzogranite, and granite (sensu stricto). Grainsize varies from medium to coarse with
porphyritic texturescommon. The granites are whiteto pink, and pyriteisacommon accessory, indicating that
they are more reduced than the Roxby Downstype. The typeisless fractionated (lower Rb, U, Nb and Ce at
equivalent wt.% SiO, than the Roxby Downs type, and mostly peraluminous. The Upper Gawler Range
V olcanics comprises flat-lying sheets of massive porphyritic dacite and rhyodacite, and has more extensive
outcrop than the Lower Gawler Range Volcanics (probably overlies much of the Lower Gawler Range
Volcanics), and is ilmenite- and titanomagnetite-bearing (Stewart, 1992). Both suites of granites contain
common accessory fluorite and apatite.

The more oxidised Roxby Downs type is associated with Fe-oxide Cu-Au deposits such as Olympic Dam
(Johnson & Cross, 1995), Moonta-Wallaroo (Conor, 1996) and the Acropolis, WirrdaWell, Emmie Bluff, Oak
Dam and Murdie deposits described by Gow et al. (1994). The less oxidised Kokathatype is associated with
vein Au(xSn+Ag) depositssuch asat EareaDam (Daly, 1993a), Glenloth (Daly, 1993b), Tarcoola(Daly et al.,
1990), along with recent discoveries on the Y arlbrinda Shear Zone (Martin, 1996).

3.2.8.2 The Hiltaba Association - other examples.

The Williams Supersuite of the eastern Mount Isa Inlier, comprising the major part of Williams and Naraku
Batholiths, was emplaced between 1560-1480 Ma (Wyborn et al., 1988b). The batholiths outcrop over at least
2400 kms® and contain a minimum of two ages of granite intrusions. The Supersuite is extremely
heterogeneous, and three important genetic variables determined mineralogical and chemical variations. (1)
primary magmatic variation, (2) chemical interaction with the adjacent country rocks, and (3) regional
metasomatic alteration. The Williams Supersuite consists of a series of compositionaly distinct |-
(granodioritic) type intrusions, is believed to have crystallised by convective fractionation, and comprises a
composite suite of zoned plutons, mafic plutons, and predominantly high-SiO, fractionated plutons. The more
mafic granites are dominated by biotite + hornblende + magnetite, and most granites tend to be reddish-pink
owing to hematite-dusted K-feldspar.

Inthe higher SiO, parts of the Williams Batholith, K-rich aplite dykes are present: wherethey intrudethe more
mafic phases, they are either associated with massive hematite dykes at the contact, or else there are zones of
granite breccias with hematite and/or quartz as the dominant mineral in the matrix. Where these high-SiO,
plutonsintrude calc-silicates, abitites dykes and pipes are common in the granites, extending into the adjacent
country rock. Regionally devel oped brecciasin both thegraniteand the country rock areal so associated with the
high-SiO, granites. Some of these breccias may bereated to faulting, eg, some of the bodies present along the
Cloncurry Fault Zone on the Selwyn Sheet area. However, most of the breccias on the Mount Angelay and
Cloncurry Sheetsareinterpreted to have devel opedintheroof zoneof thebatholiths. Thesebrecciasextend over
astrike length of 80 kms.

Mineralogical and chemical interactions between the country rock and the granite are widespread. Where the
graniteintrudes calc-silicaterocks, a'skarn-like' assemblageis produced and the graniteiswhite, consisting of
albite + clinopyroxene + red- brown euhedra titanite. In contrast, where the granite intrudes carbonaceous
sediments, particularly those of the K uridalaFormation, thegraniteisgreen, and sul phide, rather than magnetite
becomes the dominant opaque phase.

'Red Rock' alteration iswidespread inthe granites and country rocks, but appears more common at the contacts
between the high-SiO, granites and the breccia zones. The ateration can be of two types: either therocks are
highin K,0 and low in Na,O, or they are highin Na,O and low in K,O. Boundaries between fresh granite and
both alteration types are very sharp. These atered rocks also have more elevated Fe,Os:FeO ratios than the
unaltered granites. There appearsto be aprogression in ateration with early high K alteration (rocks are pale
pink to dull red) overprinted by high-Na,O albitites (rocks are generally white in colour) overprinted by late
very high-K,0 alteration (theserocksare deep brick red and nearly alwayscarry sulphides). Thealteration does
not appear to beapotential indicator of mineralisation, asitiseverywhere(particularly thelate K-rich sulphide-
bearing type). It also appearsto be most intense near areas of calc-silicates, whichin turn are nearly devoid of
any significant mineralisation.
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Au, Ag, Cu and U deposits (Osborne, Ernest Henry etc) are located either within granites of the Williams
Supersuite, or in the adjacent country rocks. Skarn-like (magnetite-rich) rocks are acommon host for Cu-Au
mineralisation, but they replace silicate, rather than carbonate rocks. Units containing pure carbonate or calc-
silicate rocks are relatively barren.

The~1740 MaBurstall Suiteintrudesthe Mary Kathleen Zone of theMount Isalnlier and consists of aseriesof
comparatively small plutons (Mount Godkin Granite, Burstall Granite, Overlander Granite, Mount Erle
Igneous Complex, Revenue Granite, Saint Mungo Granite and possibly the Myubee Igneous Complex). There
isanorth-south zonation of plutontypeswith moremafic plutonsinthenorthern- and southern-most partsof the
Mary Kathleen Zone and the felsic, more fractioned plutons (Overlander and Burstall Granites) in the central
part. Thereisaclear spatial associationwithmembersof the Burstall Suitewith aseriesof small but rich Cu-Au
depositsincluding Duchess (Cu-Au-Ag), Trekalano (Cu-Au-Ag) and Revenue (Cu-Au). With the exception of
the Saint Mungo Granite and the Myubee Igneous Complex, members of the Burstall Suite are oxidised. The
Saint Mungo Granite, which isrelatively reduced, is the closest pluton to the Tick Hill Au deposit. Thereis
further potential for Cu-Au deposits, and although these arelikely to be of low tonnage, they have the potential
to be of high grade. Although speculative, it is possible that epithermal-style Au deposits may befound within
these sediments, related to the fractionating magmatism of the Burstall Suite (particularly as some of these
sediments contain graphitic schist).

The Esmeralda Supersuite of the Georgetown Inlier comprises the Esmeralda, Nonda, Mooremount, Little
Bird, Macartneys, Olsens, Dregger and Bimba Granites, and iscomagmatic with the Croydon V ol canic Group.
The suite comprises granites and monzogranites with lesser granodiorites. A feature of the granites is the
presence of locally abundant graphite inclusions. The supersuite is felsic, fractionated, reduced to oxidised,
weakly peraluminous to peraluminous, and hydrothermally altered in parts. Traditionally, this supersuite has
been classified asaS-typegranite, mostly because of itshigh Aluminium Saturation Index (ASl). Quiteafew of
thesampleshave ASI between 1and 1.1 (i.e., areweakly peral uminous), and show what may be described asan
increasing trend withincreasing SiO.,. Thistrend istypical of that seenin other strongly fractionated Australian
Proterozoic I-type granites (such as the Kokatha type of the Hiltaba Suite). Hornblende was found in two
samples of the Esmeralda Granite by Sheraton & Labonne (1978), which they considered to berelict primary
hornblende. The oxidation state of the granitesisanother factor whichisinconsistent with thegranitesbeing S-
type. S-type granitesare most commonly reduced, and thishasled to the belief that the Esmeralda Supersuiteis
S-type. However, several of the granites and volcanics are oxidised, while the others are reduced. This change
may be the result of an oxidised magma assimilating the locally-abundant graphitic sediments, and becoming
more reduced.

TheEsmeraldaSupersuiteisspatially related to the Sn deposits of the Stanhillsand Mount Cassiteriteareasand
to the Croydon goldfield, although thereis considerabl e debate about the age of the Au mineralisation. Bain et
al. (1990) suggested that Au-bearing quartz vein deposits such asthe Gol den Gatel odeinthe Croydon gol dfield
arelikely to be Proterozoic, asthey are associated with extensive areasof hydrothermal alteration that appear to
berelated to Croydon Group volcanism, and there are no nearby Pal aeozoicigneousrocks. Denaro et al. (1997)
al so support the Proterozoic age and state that the nature of the gold lodes suggeststhat ore deposition was post-
magmatic into fractures and faults within the consolidated Croydon Vol canic Group and Esmeralda Granite.
Thelodes have been classified as plutonic veins by Morrison & Beams (1995). In contrast, someworkers have
interpreted these deposits as Palaeozoi cin age, based onthe structural setting and K-Ar agesof alteration of the
EsmeraldaGraniteand sericitealteration (eg Lawrieet al., 1998). Henderson (1989) considered these agesto be
aCarboniferousto Permianthermal event superimposed on earlier Proterozoic mineralisation and alteration.

The~1590 Ma Regional Suite (Cook et al., 1994, Wyborn et al., 1998) isone of the most extensive suitesinthe
Olary Domain and comprisesthe so-called 'regional S-typesuite'. Age determinationsincludethe Triangle Hill
granite at ~1590 Maand 1570-1580 Mafor granites of the Crockers Well area (Cook et al., 1994; Ludwig &
Cooper, 1984). Inherited zircons are common (Cook et al., 1994), as is typical of peraluminous magmeas.
Igneous rocks of the ~1590 Ma event comprise fractionated, magnetite-bearing magmas. Although the rocks
are peraluminousand muscovite bearing, ASl valuespositively correlatewith SiO,, asismore characteristic of
I-type magmas. The Rb/Sr ratios exponentially increase to high values of 20, indicating significant
fractionation. Although the ~1590 Ma intrusions have intimate relationships with composite gneiss and
migmatite, mineralogically and geochemically they are also very similar to the more fractionated,
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peraluminous muscovite-bearing varieties more reduced Kokatha type of the Hiltaba Suite of the Gawler
Craton. The~1590 Maintrusions are clearly related to U-Th-REE mineralisation at Crockers Well and have a
spatial relationship to deposits such as Walparuta, Kakaroo and Portia. Further work isrequired to confirm if
these~1590 Marocks(or eventhe 1630-1640 Marocks) are magmatically similar tothe Hiltaba Suite, whichis
related to the Olympic Dam Cu-Au-U deposit. In the Olary Domain it is desirable to determineif late plutons
visible in gravity and aeromagnetic images as lows, are more felsic fractionated end-members of the primary
magma or else are more mafic end-members that have reduced from magnetite- to ilmenite/titanomagnetite-
stable assemblages. In the Hiltaba Suite this redox change distinguishes between hematite-stable Cu-Au
systems and less oxidised, more Au-rich systems. The 1590 Ma Suite in the Olary Domain does not seem to
fractionate through to the oxidised hematite-stable granites that occur in the Roxby Downstype of the Hiltaba
Suite. Interestingly Skirrow & Ashley (1998) noted that the deposits of the late Cu-Au deposits of the Olary
region are not as oxidised as the ore-stage conditions at Olympic Dam.

The~1640 MaMount Webb Suite (Wybornet al., 1998 - reproducedin thisvolume) inthewestern AruntaBlock
comprises the Mount Webb Granite, and felsic volcanics of the Pollock Hills Formation and the Kintore
Volcanics. It is a fractionated granite system, which has extensive alteration effects including sodic-calcic,
sericitic and hematite-K-feldspar in the granite and evidence of metallogenically significant hydrothermal
interactionwith the country rock. The M ount Webb Graniteitself isheterogeneous, comprising several typesof
unaltered granite, sodic-calcic-altered granite, sericite-altered granite, and aplite. Essentially unaltered granite
ranges from mafic diorite/tonalite through granodiorite, monzogranite (dominant), and syenogranite, to aplite.
Some late felsic fractionated phases contain fluorite and nodules of tourmaline £ quartz. These rocks have a
typical I-type mineralogy, and are composed of hornblende, biotite, magnetite, plagioclase, K-feldspar, and
quartz. Magnetite, generally with exsolution lamellae of ilmenite, is common in most samples, but is more
abundant inthediorite/tonalite; sulphidesare extremely rare. Rimming of the magnetite by titaniteisone of the
tangible effects of alteration. Sodic-calcic alteration is characterised by the assemblage diopside + epidote +
tremolite (only present in the more deformed samples). Neither sulphides nor anomal ous concentrations of
elementsareapparent inthe samples. Sericitealterationismorerestricted than the sodic-calcic alteration, andis
usually associated with brecciated and fractured granite cut by quartz veins with open spaces. A higher modal
abundance of sulphides accompanies this type of ateration.

Recent exploration results have confirmed that this truly 'greenfields area may have some economic
significance. Semicontinuous rock-chip sampling returned results of 9.1% Cu, 3g/t Ag, and 0.38 g/t Auover a
true width of 4 m, and 0.3% Cu and 8 g/t Ag over atrue width of 10 m. An aircore-drilling program has
confirmed the presence of three Cu-Au-Ag anomalous areas, of which thelargest returned peak valuesof 0.21
ppm Au and 896 ppm Cu on three adjacent 800-m-spaced grid lines (Aurora Gold Ltd, quarterly report,
December 1997).

3.2.8.3 The Hiltaba Association - key points.

TheHiltabaAssociation containsaspectrum of granitetypesfrom oxidised, hematiteto magnetite-stable suites
(Roxby Downs type of the Hiltaba Suite, Williams Supersuite, Burstall Suite, Mount Webb Suite) to more
reduced, magnetiteto ilmenite stabl e suites (K okathatype of the Hiltaba Suite, 1590 MaOlary Regional Suite,
Esmeralda Supersuite). Cu-Au is spatially associated with the more oxidised type, whilst Au-Sn is with the
more reduced type. More than any other Proterozoic granite Association, mineralisation is, in places, found to
occur internal tothegranites. TheHiltabaAssociationisbelieved to bederived at high temperatures (>1000°C)
(Creaser & White, 1991) from breakdown of amphibole in the source region. The members of the Hiltaba
Association always seem to occur late in the history of any terrain that they occur in.

At higher crustal levels the suites can become reduced by either interaction with reduced rocks and/or
fractionation processes. The Kokathatypeisbelieved to become more reduced when the earlier Roxby Downs
type fractionated through to more peraluminous compositions. If this happens whilst the magma is till
crystallising ferromagnesian mineral sitispossiblefor themagmato becomemorereduced dueto theinstability
of Fe*" in peraluminousmelts(Dickenson & Hess, 1986). Itisclear thereforeinthe Australian Proterozoic Cuis
associated with high temperature, oxidised granitic meltsthat are late in the history of any province/terrain.
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4. A SYNTHESISOF AUSTRALIAN PROTEROZOIC GRANITES: BROAD
CHARACTERISTICS, SOURCES AND POSSIBLE MECHANISMSFOR
DERIVATION AND EMPLACEMENT.

The results in the preceding section can be summarised as follows. Most Australian Proterozoic felsic melts
were emplaced between 1880 to 1500 Ma, with minor episodes occurring between 1200 to 1050 Maand at 600-
700 Ma. I-type granites predominate. S-types are aminor component and comprise <3 % of the total area of
granite exposed. Although I-type granites show distinct compositional changes with time, there are 3
characteristics common to most suites:

1) The majority are I-(granodioritic) type in character with a SO, range of 60 to 77 wt.% and there are no
significant suites of |-(tonalitic) type or M-types as defined by Chappell & Stevens (1988).

2) Most Australian Proterozoic granites have high K,O/N&O. Thishigh ratio isuniquein Australian granites:
Archaean granites generally are higher in Na,O contents, whilst Palaeozoic granites have lower K,O values.
Granites from modern subduction zones have higher Na,O and ever lower K,O contents than their Palaeozoic
counterparts.

3) Proterozoic mantle normalised element patterns are characteristically Sr-depleted, Y -undepleted and imply
derivation from source regions in which plagioclase was stable. Thisalso infersthat the granites were derived
from depths of <35 kmsand required geothermal gradientsof >35°C.km™. These high gradientsare compatible
with the High Temperature Low Pressure (HTLP) metamorphism that is endemic to Australian Proterozoic
terrains. The dominance of Sr-depleted typesisalsoin common with lower Palaeozoic granites of the Lachlan
Fold Belt. Sr-undepleted, Y -depl eted granites, implying agarnet residual source, comprise<4.0% of Australian
Proterozoic granites. This contrasts against granites from subduction environments from mid Palaeozoic to
recent times which have a far greater abundance of Sr-undepleted, Y-depleted compositions. Australian
Archaean granites contain roughly 50% of each type (D.C. Champion, pers. comm, 1998).

The dominant Sr-depleted, Y-undepleted I-(granodioritic) types can be further divided into 5 associations
which show atime progression in geochemistry. The oldest groups (K akadoon and Nichol son Associations) at
1870-1820 Ma, consists of restite-rich granite suiteswhich are characterised by phenocryst-rich volcanics. On
Harker variation diagrams the volcanics and granites are chemically indistinguishable, and with increasing
SiO, most major and trace elements show alinear pattern. The Nicholson Association shows an inflection as
about 72 wt.% SO, indicating where restite separation occurred.

The Cullen Association, emplaced at 1840-1800 Ma, shows evidence of magmatic fractionation. There is
increasing heterogeneity between individual plutons and leucogranites can clearly be identified. On Harker
variation diagrams major and trace element patterns increase exponentially for Rb, U, and Rb/Sr with
increasing SiO..

The SybellaAssociation (1800 to 1650 Ma) isthe most enriched inincompatible el ements. It hasanarrow and
high SiO, range (usually > 70 wt % SIO,).

TheHiltabaAssociation emplaced from 1640to 1500 M a, ismore oxidised withawiderangein SiO, valuesand
higher CaO and Na,O contents. This group has lower values of Y, Zr and Nb that the Sybella Association.

Based ontheargument that 'Granitesareimagesof their sourcerocks (Chappell, 1979) thechemical parameters
aboveconstrain source characteristics. Thel-(granodioritic) character arguesagainst adirect mantlederivation,
and implies an |-(tonalitic) source (Chappell & Stephens, 1988; Patino Douce & Beard, 1995; Singh &
Johannes, 19964, b). Asthe exposed Australian Archaean Crust is strongly bimodal, Proterozoic granites are
unlikely to be sourced from Archaean crust asit is either too felsic or too mafic to form the vast quantities of
Proterozoic I-(granodioritic) types. Age constraints on the source region are provided by Sm-Nd model ages
which range from 2600 to 2000 Gafor granites emplaced between 1880 to 1500 Maand 2200 to 1600 Mafor
granites emplaced at 1400 to 700 Ma (Figure 4).
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Figure 4a. Plot of model Sm/Nd age vs zircon age for Australian Proterozoic Granites.
Datafrom OZCHRON, AGSO'’s national geochronological database.

It has been argued that the sources were underplated, evidence for which is seen in seismic refraction data,
which also indicate a plagioclase bearing lower crust (Wyborn et al., 1992; Goncharov et al., 1998) as is
required by the mantle-normalised trace element patterns of the granites. The high K20 contents also require
the presence of K-rich minerals such as K-feldspar, bictite and amphibole in the source region. A simple
explanation for the geochemical evolution with time for each of the major I-(granodioritic) type associations
from about 1880 to 1500 Maisthat asthe temperaturein the source region increases, the magmaproductionis
dominated initially by minium melting of quartz, K-feldspar, albite and some biotite, with calcic plagioclase,
amphibole and some biotite being restite phases (i.e., restite-rich Kalkadoon, Nicholson Associations). Asthe
temperature increases in the source region, melting isinitially dominated by biotite breakdown (Cullen and
Sybella Associations) and is then followed by amphibol e breakdown as source temperatures reach >1000°C,
finally producing the HiltabaAssociation. Inreality thereisacontinuum between thesefiveassociations, which
simply reflectsincreasing temperatureinthesourceregion (notethat ‘ fresh’ material isbeing melted eachtime).

The Sr-depleted, Y -depleted character requires plagioclase to be stable in the source region and that the melts
wereformed at <35 kbars (Johannes & Holtz, 1996). Geothermal gradients must be>25°C.km™ to achievethis.
In addition, according to the experimental work of Patino Douce (1997), the Sybella Association with itshigh
HFSE and restricted SiO, contents may be formed at lower pressures (4kbs at 900°C) than the Cullen and
Hiltaba associations. Thiswould require extremely high geothermal gradients.

However, the high lower crustal temperatures between 1880 to 1500 Ma based on the granite data clashes
strongly with evidence from the mafic igneous rocks which infer atemperature decrease over the same period,
with high Mg-tholeiites dominating before ~1850 Ma and continental tholeliites after ~1850 Ma (with the
exception of high Fe-tholeiites at Broken Hill and Mount Isa at ~1690 to 1670 Ma). Most granite suites,
particularly inthe 1840-1880 Marange, do show some evidence of coeval maficintrusions, but these are never
comagmatic: nor are they present in sufficient quantities to be the 'heat engine' for generating the required
massive crustal melting. Further, recent modelling suggests that temperatures generated by emplacement of
maficintrusionsarenot likely to reach the high temperaturesrequired for the Hiltaba A ssociation (1000°C) and
that the time taken to generate sufficient crustal melting could actually be >30 Ma (Wyborn et al., 1997). In
reality, the tectonic setting in terrains where many of these granites are emplaced are actually characterised by
thermal subsidence phases, inferring that the mantlelithosphereiscooling and thickening (eg, Sandiford et al.,
in press).

Several researchers (eg, Chamberlain & Sonder, 1990; Sandiford & Hand, 1998; Hobbs et al., 1998) have
investigated the consequences of high contents of heat producing elements (K, Th and U) within the crust to
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generate abnormally high geothermal gradients, and ultimately HTL P metamorphism and anatexis. Their work
is highly relevant given that Australian Proterozoic granites are more enriched in K, Th, U than at almost any
other timewith the exception of somelate Archaean granites. | ndependent validation of how highthesehighK,
Th and U values are comes from present day heat flow measurements in the Australian Proterozoic which
average85 mWm2withvalueslocally in excessof 200 mWm? (Sandiford & Hand, 1998; based on Cull, 1982).
Asmodelled by Sandiford et al. (in press) and Hobbs et al.(1998), the end result of these high heat values are
high mid-crustal temperatures that do not necessarily cause melting within the lower crust, but that they are
capable of it, and perhaps even able to cause minor mantle melting at shallow levels.

What is clear is that modelling by these researchers show that it is possible to generate high temperatures at
relatively low pressures without the need for 'active’ mantle-driven processes eg, mantle plumes, mantle
underplating or subduction. The conditions for melting come from within the crust, and as each successive
granite event in the Proterozoic becomes more enriched in the heat producing e ementsit may help to explain
why thetemperaturesof formation of thegranitesareincreasingwithtime, whilst themantleiscooling - infactit
is paradoxically the mantle cooling that is indirectly causing the crustal melting as the more radiogenic heat
sourcesareprogressively buried to deeper level swithinthe crust by theaddition of sedimentsontop of thecrust
during thermal subsidence. Theefficiency of the heating processisin part controlled by the absol ute contents of
radiogenic elementsin the felsic igneous rocks and in sediments derived from them. The thermal conductivity
of the 'burying' sediments also plays an important role in determining the temperatures that are ultimately
reached inthe crust. It is significant that those Proterozoic terrains containing sequences dominated by quartz
sandstones do not have the younger, high temperature granites of the Hiltaba Association. Given the correct
conditions, it ispossi bl eto generate widespread granitic melting events, instead of linear beltsof granitethat are
commonly associated with subduction or extensional environments. In the Proterozoic many granite suitesare
large 'amorphous blobs.

Having created the meltswithout i nvoking subduction or mantle plumes, amechanismisprobably still required
toalow themeltstointrudeinto the upper crust. The shape of the apparent polar wander path (APWP) between
1800 to 1500 Ma, confirmsthat the Australian plate was reasonably mobile at the time of major felsic magma
generation. Magma emplacement was also coincident in time with inflection points on the APWP. These
inflection points are recognised as significant interplate tectonic events with associated intraplate effects that
cause magjor episodic migration of basinal fluids. Similar intraplate tectonic responses distal to plate boundary
tectonic effects may have also allowed granitic melts to migrate into the upper crust (Wyborn et al., 1998c)

It is proposed that crustal heating as a result of high K, Th and U contents within the crust, was possibly
responsible for the generation of Sr-depleted, I-(granodioritic) type magmas which dominate the Australian
crust fromthelate Archaean to the Siluro-Devonian. However, similar Sr-depleted | -(granodioritic) typesfrom
each magjor era are distinct in composition, with the radiogenic and incompatible elements decreasing in
abundance in each type with time. As the I-(granodioritic) types are ultimately derived from distinct major
underplating events, then each successive event must be of adifferent composition, whichispossibly controlled
by mantle characteristics changing with time in response to a cooling earth. As the abundance of radiogenic
elements clearly decreases with time in I-(granodioritic) types after an initia late Archaean peak, then the
ability for radiogenic crustal heating processes to generate significant magma volumes would a so diminish
with time. Thisisreflected in the decrease in dominance of Sr-depleted, I-(granodioritic) types after the lower
Palaeozoic. Subduction-related processes then appear to become a major granite-generating mechanism
resulting in the greater prominence of I-(tonalitic) types (i.e. Cordilleran granites) in Australia from the mid
Palaeozoic onwards.

Hencethegranitetypesdefined asaresult of the Proterozoic granitesproject arelikely to beglobally specfically
related to the Proterozoic and there are unlikely to be precise analogues in the modern environment. In
particular, if it istrue that L ate Archaean to Pal aeoproterozoic granitesare enriched in K, Th and U, then there
may not be sufficient radiogenic heat inthe crust to generateto high temperaturesthat arerequiredtoform melts
of the Hiltaba and Sybella Associations in modern terranes.
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5. PREDICTING WHICH GRANITESARE LIKELY TO BE ASSOCIATIED
WITH MINERALISATION - ARE THERE SYSTEMATIC PATTERNS???

It hasoften beenargued that it ispossibleto predict which graniteshavethe potential to bemineralised and there
are severa important parameters which can provide clues to the mineral potential (eg, White et al., 1991;
Wyborn, D., 1993). These parameters include the abundance of restite in magmas, the temperature range over
which the magmas crystallise, the oxidation state of the magma, the abundance of K and the range in silica
composition. Whiteet al. (1991) and Wyborn (1992) defined agranite classification for the economic geol ogist
and using these parameters subdivided granites into 8 different metallogenic types. Their classification,
devel oped mainly on Palaeozoicand younger systems, hasbroad applicationsto the Proterozoic, althoughinthe
Proterozoic, the composition of the rocks surrounding the granitic intrusions appears to have greater
importance.

5.1 THE ABUNDANCE OF RESTITEIN A MELT.

For metall ogenic syntheses of provincesit is critical to distinguish between granites that are restite-rich and
those that crystallise by convective fractionation. Whalen et al. (1982) argued that restite-rich granites cannot
give a greater concentration of any element than that contained in the initial melt or restite. In contrast,
convective fractionation provides a better mechanism whereby elements, particularly those of economic
importance, can be concentrated. Thisexplainswhy granites such asthose of the Forsayth Association (S-type)
and the Kalkadoon Association (I-type) are not mineralised whilst the Cullen and Hiltaba Associations are.

5.2 THE TEMPERATURE RANGE OVER WHICH CRYSTALLISATION TAKESPLACE.

Graniteswhich havealarge proportion of their liquid crystallising over asmall temperaturerange arerestricted
in their ability to undergo fractional crystallisation. This characteristic is typical of the high NaO, low K,O
continental margin subduction-related tonalitic rocks of the western Americas which, like the restite-rich
granites, alsoformlargehomogeneousplutonswithlittleor no known mineralisation (Wyborn, D., 1993). Their
homogeneity resultsfrom alarge proportion of crystallisation occurring over asmall temperaturerange around
900°C, which effectively locks the derivative liquid into the interstices of the early crystal network and
fractional crystallisation cannot proceed (Wyborn, D., 1993).

In contrast, high temperature potassic liquids, He e
particularly thoserichinvolatilessuchasF, B, e /’\\\W\
Li, are important because firstly they
crystallise over awide temperature range and
have a greater capacity to concentrate
economically important metals, and secondly

therearelargedensity differencesbetweenthe /f N jf N 7
primary liquid andthederivativeliquid sothat ~

the process of convective fractionation is
much  more  effective. Convective
fractionation produces liquids that are
progressively more enriched in volatiles and
important trace metalssuch asLi, Be, Sn, Mo,
Sh, Ta, W, Bi, Pb and U (Wyborn, D., 1993).
Thusthe most prospective granitesfor Cu-Au
mineralisation are the Cullen Association and A
the even higher temperature Hiltaba o —
Association P N

~

~—

Reduced sediments

~— Oxidised fluid

5.3 OXIDATION STATE

) Figure 5.1.3a. Generation of reduced granites by interaction with
As noted by lIshihara (1977) reduced or methane and carbon bearing sequences.

ilmenite-bearing granites (usualy S-types),
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can have associated Sn and some W mineralisation. Graniteswhich are oxidised or magnetite-bearing (usually
I-types), can have associated Cu and Mo mineralisation. Auisusually associated with oxidised granites. Note
that the Cullen system did not develop significant Sn mineralisation until the ASI became > 1.1 and the
Fe,O4/ (FeO+Fe,05) dropped. Noteal so that many of the Cullen Associationintrusivesaswell asthe Esmeralda
Suite (Georgetown Inlier) of the Hiltaba Association have reduced due to interaction with graphitic and
methane-bearing country rock asillustrated in figure 5.1.3 a.

54TEMPERATURE CONTRAST
Higher-temperature granites also have the capacity for greater thermal disequilibrium in the local geothermal
system. Note the greater evidencefor regional scale alteration in the hotter Williams Association (1000 °C) as

opposed to the Cullen Assaciation (800-900 °C). Whalen et al. (1982) argued that a higher temperature meltis
capable of providing a better thermal source for alteration and possibly metal leaching.

5.5SIZE OF THE INTRUSIVE SUITE

Deposits
It is obvious that the larger the granite suite the larger Breccia%_\\ Wb ntrusion
associated mineralising system will be. There are afew suites /@. N i
of granites in the Proterozoic which show evidence of e '

convective fractionation, but are relatively small in area
These are unmineralised or only weakly mineralised,
presumably because they are too smal to concentrate
sufficient metals or volatiles and too small to cause any major
changesin the local geothermal gradient. Note that the small
Burstall Suite(Mount Isalnlier) of theHiltabaAssociation had
only small tonnage (although high-grade) deposits spatially
associated with it.

5.6 DEPTH OF EMPLACEMENT

Empirically it does appear that the majority of Australian
Proterozoic granitesthat are spatially related to mineralisation
have been emplaced at relatively deeper levelsin the crust.
This contrasts against the more shallow porphyry-style
mineralisation in which the deposits are at the margins or
disseminated within the intrusion itself.

Many Proterozoic granites that are spatialy related to
mineralisation do not appear to have any coeval or
comagmatic volcanics. This could be afunction of erosion: it
also could indicate that these Proterozoic mineralisation-
related granite systemswerewater-rich and hencewere unable
to get to shallow levels.

Figure 5.1.6a. The Proterozoic granite-related mineral
system.

Many Proterozoic deposits that are spatially related to granites are focussed in shear zones that appear to be
connected to the granitic intrusions. Therefore, structure becomes a critical ingredient in many Proterozoic
granite-related mineralising systemsand major shear zones operating at thetime of emplacement of thegranites
appear control the localisation of the mineral deposits (Figure 5.1.6a).

5.7HOST ROCKS

There is a spatial association between granites and host rocks. With the more oxidised Hiltaba Association
Suitesand Supersuitesironstonesareanimportant host asaregraphiticrocks: carbonateisnot all that important.
In contrast with the more reduced ilmenite-stable granites carbonate becomes a more important host. In the
lower grade terrains it is possible using some fundamental knowledge of the systematics of evolving
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Figure 5.1.7 a: Relationship mineralisation of the Hiltaba and Cullen granite associations to sedimentary facies.

sedimentary basinsand, given the knowledge of theredox state of thegranite system, to predict where potential
hostswill belocated (Figure 5.1.7a). The hematite-magnetite stable associations will react with different parts
of the stratigraphy to the magnetite-ilmenite sequences.

5.8ISTECTONIC SETTING IMPORTANT IN DIFFERENTIATING GRANITESWITH
MINERAL POTENTIAL??

It is clear that the P and T conditions operating in the source region control the type of granite that is being
produced, which in turn controls the mineral potential. It is also clear that tectonic setting controls the PT
conditions. However, tectonic setting is considered as a second-order control and searching for a particular
mineralising type based on the inferred tectonic setting is not considered as important as understanding the
conditions existing in the source region at the time of melting.

One of the surprising results of this Proterozoic granite synthesiswasthe realisation of just how systematicthe
compositions of the major Australian granite suites are. Given that the most popular tectonic model isthat the
Australian Proterozoic was dominated by aseriesof microplatesand interaction betweenthesemicroplatesina
subduction environment generated many of our major granite bathaoliths, it would have been expected that the
granite compositions would have been more random with time. More importantly, if this tectonic model was
correct, then one would expect to see afar grater abundance of I-(tonalitic) and M-types present, in particular
those which had garnet stable in the source region. Instead, the Australian Proterozoic is dominated by |-
(granodioritic) types which have plagioclase stable in the source region and which therefore require high
geothermal gradients and melting to have take place at < 35 kms.

Discrimination variation diagrams such as those devel oped by Pearce et al. (1984) are supposed to determine
thetectonic setting operating at thetime based on afew trace elements. These diagramsdo not takeinto account
changing compositions of most granite types with time and are therefore of limited use. In addition, there are
plenty of barren granites in subduction zones, thus arguing that a granite has formed in a subduction setting
based on afew trace elements and therefore should have potential for porphyry-style mineraisationislikely to
waste many exploration dollars.
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5.9ISAGE IMPORTANT IN DIFFERENTIATING GRANITESWITH MINERAL
POTENTIAL?

Using ageasaguidetomineral potential isnot effective. Although there are broad time groupingsof thevarious
associations, they are not unique. Primary magmatic variation and the composition of the country rock isafar
better guide to mineral potential.

5.10 FIELD RECOGNITION OF IMPORTANT GRANITES

Although detailed geochemical studies provide better insights into the metallogeny of granites of provinces,
such datais not alwaysavailable. Field observations al one can till provide sufficient cluesto identify granites
withmineral potential. If coeval plutonsvary fromzoned intrusionsthroughtoleucogranites, and thereisawide
variation in the mineralogical composition, then thisisan indication that the pluton crystallised from aliquid.
Observationson mineral ogy such asthe presence of hornblende, bictite, or cordieritewill argue asto whether it
isan S-type (more common for Sn) or an |-type (more commonly Au, or Cuor Mo). Itisimportant to record the
opague phases (eg, ilmenite, magnetite, sulphide). Colour can also be an indicators, as many (but not all)
oxidised, magnetite-rich granites are pink to red in colour. The width and mineralogical composition of the
contact aureol e can giveaninsight into thetemperature of theintruding magma. The presence of pegmatitesetc
can indicate late stage magmatic fractionation and concentration processes.

6. A SYNTHESISOF GRANITESAND METALLOGENY IN THE
PROTEROZOIC - GUIDELINESFOR OTHER AREAS

1) Thereisaspatia relationship, particularly for Auand Cu mineralisation, very few deposits and occurrences
are actually sited with in the granites themselves, but rather are sited in the country rock often up to 5 kms.

2) The Proterozoic granites associated with significant Au + base metal deposits are of two types: the Cullen
Association, and the HiltabaAssociation. Thesetwo distinctive granitetypes are each associ ated with aspecific
typeof mineral district: the Cullen Associationisspatially associated with Au-dominant depositswith minor Cu
+ base metals (eg, Cullen Mineral Field, Granites-Tanami area), whilst the mineral district associated with the
oxidised Hiltaba Association is Cu-dominated with Au + U (eg, Olympic Dam, Ernest Henry, Osborne), in
mineralisation is more likely to be hosted internally to the granite.

3) It is not necessary for the felsic intrusions to be tonalitic or monzonitic in composition, similar to those
intrusive typeswhich are associated with porphyry-style mineralisation: mineralisation can also be associated
with suites which have >60 % SiO2.

4) It is not necessary for granites to be magnetite-bearing to be prospective for Au: many granites spatially
associated with Au deposits in the Proterozoic are Au-bearing.

5) The mineralogy of the country rock was found to play a crucia role not only in determining the site of
mineralisation, but also in affecting the redox state of the granite

6) | or S-type granites designated as unfractionated were restite-rich and consistently unmineralised.

7) The SybellaAssociationisclearly afractionated I -type. Itisbelieved to not be associated with mineralisation
asit hasbeen derived by partial melting of relatively anhydroustonalitesto granodioritesat pressuresof about 4
kbars.

8) Rare fractionated S-types are commonly associated with Sn mineralisation.

9) Thereisevidenceto suggest that the ore bearing solutions, particularly those carrying Au, may moveupto5

kms from the pluton boundary. Thus exploration in these granite-related systems should not just target the
actual intrusions or carbonate bearing contact rocks.
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10) Au-only mineralisation may be hosted in, or near, graphite-rich, but sulphide- and magnetite-poor
sediments. Such a scenario existsin the vicinity of the Cullen Batholith (Stuart-Smith et al., 1993) where Au
dominant deposits are hosted in, or near, graphite-bearing units.

11) Electrical methodsarelikely tobemoresuccessful intargeting favourablehostsfor Au-only mineralisation.
Magnetic methods, in reality, are essentially targeting iron-rich host lithologies. these will inevitably cause
precipitation of Cu aswell as Au.

12) Thesignificance of thiswork isthat the specific granitesthat are spatially associated with mineralisationin
the Proterozoic occur in the Proterozoic only, asthat composition is dictated by the major underplating events
that occurred earlier in the history of the individual provinces.

13) Thatisparametersdefinedinthisstudy areonly likely towork on I-(granodioritic) typesthat are Proterozoic
in age: they will not work on Phanerozoic intrusivesthat areintermediatein composition or are associated with
active subduction zones.

14) In any province it is logical that the lower temperature I-(granodioritic) types will be early in the
evolutionary history of the province and that the temperature of the source region will increase with increasing
age. Provided thelower crust isheated progressively, the pattern of intrusionswill berestite-rich granitesearly,
followed by thosethat are formed by biotite, and then amphibole breakdown. It is possible to specul ate that the
oxidised Cu-Au granitesthat form by amphibole breakdown will belate in the history of the province and will
only occur in those terrains that have a complex history.
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The Albany-Fraser province extends aong the southern and southwestern margin of
theYilgarn Craton. It consistsmainly of orthognei ssand granite but alsoincludeslarge
sheets of metagabbro (including the Fraser Complex), remnants of mafic dykes and
widespread metasedimentary rocks. The orthogneisses are derived from Late
Archaean and Palaeo- and Mesoproterozoic granitic rocks that were deformed and
metamorphosed during Mesoproterozoic orogenic activity.

The province is comprised of Archaean and Proterozoic rocks. Proterozoic intrusive
activity was accompanied by metamorphism and deformation, and occurredin at least
two events. The Biranup Supersuite probably intruded at around 1700 - 1600 Ma, and
is mostly comprised of heterogeneous orthogneisses. The Nornalup Supersuite
appearstoincludegranitesintruded at two ages, approximately 1300 Maand 1190 Ma.
It is dominated by heterogeneous ortho- and paragneisses. There is insufficient
detailed information to divide the Nornalup Supersuite into two suites asisindicated
by these two distinct ages.

Nelson et al., (1995) present a summary of the geological history of the Esperance
region (eastern part of the Albany-Fraser province). Widespread granite emplacement
intheYilgarn Craton occurred at 2620 Ma, followed by emplacement of granitic rocks
in the Albany-Fraser province at 1700-1600 Ma. Arenaceous sediments were
deposited at < ca 1560 Ma. Widespread intrusion of gabbro (Fraser Complex) and
graniteinto thickened crust at a high metamorphic grade occurred between 1300-1280
Ma. Widespread granites were intruded into the southeastern part of the orogen
between 1190-1130 Ma.

Geochronological studies in the western part of the province have not found any
evidence of the ca 1700-1600 Ma granitic rocks. The post-1300 Ma geological
histories of both eastern and western parts of the Albany-Fraser province appear to be
broadly similar.

Granites of both the Biranup and Nornalup Supersuites show similar geochemical
trends. Analyses of the Nornalup Supersuite include mafic enclaves (Clarke, 1995).
The granites show little alkali alteration, have a spread of Th/U ratios, and are mostly
reduced, becoming oxidised in the most felsic samples. They are metaluminous, have
increasing K/Rb (showing that the granites are not K-feldspar fractionated), and only
the most felsic samples show any increasein Rb/Sr. Compositionsrange from tonalite
to granite, and all samples are Sr-depleted, Y-undepleted. Some samples show
moderately high HFSE.

These granites are restite-dominated, as shown by the lack of fractionation and the
presence of mafic enclaves in granites of the Nornalup Supersuite. None of the
Proterozoic granites of the Albany-Fraser province are concluded to have any
significant metallogenic potential.

Further granite geochemistry, petrology and dating will undoubtedly refine the
subdivision of the granitesin this Block, and will possibly alter the understanding of
their metallogenic potential. Thisisnot ahigh priority given the lack of fractionation
and the restitic nature of the granites.

I nformation Sources: The geochronological framework of the Albany-Fraser provinceisnow
quite well constrained, with SHRIMP dating carried out on granites of all ages (Black et al.,
1992; Clark, 1995; Nelson et al, 1995; Nelson, 1995), however the tectonic framework is till
debated. There are difficulties in relating dated rocks back to the 1:250 000 geological

52

© Geoscience Australia 2002



ALBANY-FRASER PROVINCE

25 References

mapsheets used as a base for this project’s GIS. In some instances, a single map unit has two
very different age determinations, meaning that it isdifficult to assign all polygonswith theone
map symbol to one Supersuite. For this reason, and because of limited geochemical data, the
Supersuites to which some map units have been assigned here will possibly be changed with
further work.

Geochemical samples are mostly from Curtin University Honours theses and Nelson et al
(1995). References to other literature used are given below. 1:250 000 geological maps and
commentarieswere al so used. Much of thework carried out in the Albany-Fraser province has
been aimed at understanding the tectonic setting (Nelson et al., 1995; Myersand Barley, 1992;
Myers, 1990). As part of this, mafic xenolith-bearing granites are likely to have been over-
represented in the sample group, and samples of the most felsic endmembers may be under-
represented.

Classification of Granites: In this synthesis, the granites were tentatively grouped using only
limited geochemistry, brief literature articles, good geochronology coverage, and information
from regional-scale mapping (published 1:250 000 mapsheets).

Host Rocks: The metasediments which the granites are presumed to intrude are not well
described in the literature: the data available for this are limited, and possibly incomplete.

Relating Mineralisation: None of Proterozoic age.
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The Arnhem Block/McArthur Basin is best know for its world class sediment hosted
HY C Pb/Zn deposit. Itiscertainly not noted for granite-related Cu-Au deposits. Some
Cu mineralisation occursin the southern McArthur Basin area, and although hosted by
mafic volcanics, is more probably derived from copper- and sulphate-rich basina
brines(Wall and Heinrich, 1990) than from magmaticfluids(c.f. Knutsonetal., 1979).

Theregional geology iswell summarised by Jackson et al. (1987), Plumb and Roberts
(1992), Plumb et al. (1990), Madigan and Rawlings (1994) and Pietsch et al. (1994).
The Arnhem Block occurs in northeast Arnhem Land and consists of high grade
metamorphics which were intruded by a suite of restite-rich S-type garnet- and
cordierite-bearing granites at around ~1850 Ma (Bradshaw Suite). A suite of I-type
younger fayalite bearing granites (Giddy Suite) intruded the basement at ~1835 Ma.
Somewhat similar in composition, the Bickerton Suite of felsic volcanics were
extruded at around 1814 Ma.

A seriesof sedimentary packagesbel onging to the M cArthur Basin wasthen deposited
unconformably on these basement rocks. Throughout thebasinfivemain stratigraphic
sequences were deposited: each are generally separated by regional unconformities.
Thelowermost sequence, the Tawallah Group contains most of theigneoussuites. The
suites are either bimodal, dominantly felsic or dominantly mafic. The volcanics are
mostly related to rift phase sedimentation. Some granite plutons are coeval with these
volcanic units, but all plutons are relatively small in size and have a limited SO
range. Most of the granitesare high level intrusiveswhich grade into their own coeva
volcanic gjecta.

Thereisno known mineralisation associated with the basement suitesin Arnhem Land
(Bradshaw or Giddy Suites). Heavy mineral sand fractions from Cato River and
Wonga Creek were reported as containing 0.25% and 0.27% Sn. Petrological
examinationindicated the presence of ilmenite, rutile, and minor cassiterite. Theactual
location of the samplesis not known and the Bukudal Granite, Bradshaw Granite and
Latram Granite are all exposed in the general area (Masood Ahmad, pers. comm;
Chestnut et al., 1966).

The suites of igneous rocks related to the McArthur Basin are also not considered to
have any economic potential. The suitesareall too felsic and have high concentrations
of high field strength elements, suggesting A-type affinities.

Inview of thelimited potential of thegranitesinthe Arnhem Block/McArthur Basinno
further work isrecommended. The only potential could lieinthe Bukudal Granitewith
Sn, however, thisis considered unlikely to produce significant mineralisation.

Information Sources: 1:250 000 maps and commentaries, 1:100 000 maps and notes where
available, published ages, AGSO ROCKCHEM database supplemented with datafrom NTGS,
BRS/AGSO Minloc database, AGSO magnetics and gravity.

Classification of Granites: Inthisreport the graniteshave been dividedinto suitesbased onthe
age, geographic location, and geochemistry of each pluton. Using thismethod, approximately 3
main suites are recognised (Table 1.1).

Host Rocks. The country rocks which are thought to be intruded by each suite have been
summarised, and classified according to mineralogical characteristics thought to be important
in determining the metallogenic potential of a granite intrusive event.

Relating Mineralisation: There are virtually no deposits within 5 kms of any of the granite
suites from the Arnhem Block or McArthur Basin.
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3.7 Table3.1
Ch| Grouping | Age Potential Confid Pluton
Pt# | (Type) M3 fcy |Au |Poizn [sn | Mow | Leve
2 Bradshaw 1850 | None | None | None | None | None | 320 Mirarrmina Complex
(Forsayth) Bradshaw Granite
Drimmie Head Granite
3 Giddy 1835 | None | None | None | Low | Low | 320 Bukudal Granite
(Sybellq) Giddy Granite
Garrthalaa Granite
Dhalinbuy Granite
4 Fagan 1710 | None | None | None | None | None | 320 Hobblechain Rhyolite
(Sybella) Cato Volcanics

Tanumbirini Rhyolite

West Branch Volcanics

Fagan Volcanics

Latram Granite

Gadabara Volcanics

Jimbu Granite

Packsaddle Microgranite

Y anungbi Volcanics
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4.1 Executive
Summary -
Geology

4.2 Executive
Summary -
M etallogenic
Potential

Compiled by Anthony Budd

The Arunta Inlier has avery limited history of mining and exploration, and although
several mines have been operated, total production islow. The deposits mined include
gold, copper, lead and zinc, tin-tungsten-tantalum, fluorite and mica. Exploration has
beenlimited, partly dueto poor outcrop, isolation, and aperception that thelnlier istoo
highly metamorphosed to host significant deposits.

Theregiona geology of the AruntaInlier wasreviewed in terms of itstectonic setting
intwo papers. Stewart, Shaw and Black, 1984; and Shaw, Stewart and Black, 1984. In
theseworks, the Arunta Block was seen to be made up of apartly fault bounded Central
Tectonic Province of high grade metamorphic rocks and afew granites, flanked by the
Northern and Southern provinces, which contain low grade metamorphic rocks and
numerous granite intrusions. The stratigraphy was broken up into three major
divisions. Division 1 wasinferred to bethe oldest, and was made up of maficandfelsic
granulites, that in part represented a bimodal metavolcanic assemblage interlayered
with minor metasediments. This was most common in the central province, but also
occurred in the northern province. Division 2 rocks are mainly immature
metasediments of turbiditic origin, which cover extensive areas of the northern
province. Division 3 rocks are platform-style sediments comprising quartzite-shale-
carbonate successions that locally unconformably overlie the two other divisions.
More recent work by Collins and Shaw (1995), suggests that no major structural
discontinuity exists between the northern and central tectonic provinces, but that the
Redbank Thrust Zoneis, at least in part, aprovince boundary. Also, these authors state
that rocks originally assigned to divisions are better grouped into alarger number of
lithological assemblages until better stratigraphic and isotopic correlations can be
made. These authors propose a tectonic history nomenclature consisting of several
chronologically constrained tectonic events, orogenies and uplift phases.

Granites were intruded mostly syntectonically during the history of the AruntaInlier.
Theearliest known granitesare dated at ~1880 Ma, and theyoungest at ~1140 Ma. The
largest granite intrusive event is dated at about 1770 Ma. The two most mineralised
graniteeventsaredated at 1713 Ma, and 1570 Ma. Generally, thegranitesinthe Arunta
Inlier wereemplaced at deep crustal levels, and show little sign of extensivealteration.
Most are Sr-depleted, Y -undepleted, indicating a plagioclase-residual source, and an
ensialicrifting environment during emplacement. Most arel-type, withfew S-types.

This compilation has assessed the potential of each granite suite based on the criteria
set out in the Project Proposal. Suites which have been identified as having high
potential for granite-related mineralisation are:

The Atnarpa Suite at 1880 Ma has unknown potential, due to the difficulty in
determining the extent of fractionation in this suite. It shares some similarities with
Phanerozoic magma systems associated with porphyry-style deposits, although it is
more felsic. There are numerous Au occurrences nearby and within this suite, and
although some of these deposits have been related to the Palaeozoic Alice Springs
Orogeny (Warrenet al., 1974), someof thegold may be sourced fromthissuite. Onthis
basis, the suite may have a high potential for further gold occurrences.

The Napperby Suite at 1770 Ma is one of the most extensive suites in the Inlier. It
shows fractionation and evidence of the activity of a fluid phase, however, it was
crystallised over a very narrow silica range, and there are very few known mineral
occurrences nearby this suite. This suite therefore has only moderate potential for
copper, gold and tungsten-molybdenum.
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4.3 Methodology

The Jinka Suite at 1713 Ma is felsic, fractionated, enriched in the heat-producing
elements, shows evidence of afluid phase, isan I-type, and is associated with known
mineralisation. It is also a high fluorine suite, associated with known fluorite and
schedlite deposits, and has high potential for further tungsten, tantalum and
molybdenum deposits.

TheAlarinjelaSuite, thought to beintruded at 1713 Ma, isfractionated, coloured red to
pink, oxidised, shows evidence of afluid phase, intrudes suitable host rocks, and is
possibly associated with mineralisation. It is assigned high potential for copper, lead
and zinc, and moderate potential for gold.

TheBarrow Creek Suiteat 1713 Ma, isoneof only afew S-typegranitesinthelnlier. It
is fractionated, has abundant pegmatites, is host to many small occurrences of tin-
tantalum-tungsten and molybdenum, and its oxidation state increases with
fractionation. Itisconsidered to have ahigh potential for further mineralisation similar
to that already known to be associated with it.

The Ali_Curung Suite at 1713 Ma is metaluminous, oxidised, fractionated, has a
mapped contact aureole, and isnearby to several known mineral deposits. However, it
isvolumetrically small, hasashort fractionation range, and isnot strongly fractionated
or enriched in heat-producing el ements. It is considered to have moderate potential for
copper, gold, lead and zinc mineralisation.

The Mount Webb Suite at 1615 Ma shows evidence of fractionation, brecciation, late
stage fluids and hydrothermal ateration. It has probably been emplaced at shallow
levels and thus epithermal or vein style mineralisation are a possibility. It has high
potential for copper and gold mineralisation. Further, it is apparent that not much
exploration has been conducted in the area, therefore this suite may be considered as
having ‘greenfields' potential.

The Ennugan Mountains Suite at 1600 Ma s enriched, abundant in fluorine, and has
several tin, tantalum and uranium occurrences associated with it. It has moderate
potential for further tin, molybdenum and tantalum occurrences.

The Southwark Suite at 1570 Maisfractionated, has abroad compositional range, has
pegmatite, aplite, microgranite and greisen phases, and is associated with copper,
molybdenum and silver deposits. It is similar to the Cullen Batholith granites, and is
considered to have moderate to high potential for mineralisation of many types.

TheTeapot Suite at 1140 Maisthe youngest Proterozoic graniteinthe Aruntalnlier. It
isfractionated, enriched, oxidised, and ranges from tonalite to granitein composition.
It hasno known mineralisation nearby, but isconsidered to have moderate potential for
copper and gold.

Information Sources: 1:250 000 maps and commentaries, 1:100 000 maps and notes where
available, published ages, AGSO ROCK CHEM database supplemented with datafrom NTGS
and University of Adelaide, BRS/AGSO Minloc database, AGSO magnetics and gravity.

Classification of Granites: Inthisreport the graniteshave been dividedinto suitesbased onthe
age, geographic location, and geochemistry of each pluton. Using this method, approximately
30 suites are recognised (Table 1.1).

Host Rocks: The country rocks which are thought to be intruded by each suite have been
summarised, and classified according to mineralogical characteristics thought to beimportant
in determining the metallogenic potential of a granite intrusive event. This has been alittle
difficult in the Arunta, dueto limited outcrop, and the fact that division of units was based on
tectonostratigraphic packages, rather than lithologies.

Relating Mineralisation: Oneof thegreatest problemsin thiscompilation has been attempting
to relate known mineralisation with asource, beit granite or otherwise. Very little direct dating
of mineralisationisavailableinthe Aruntalnlier. Further, only brief descriptions are available
for most deposits. Therefore, the method used has been to exclude al deposits more than 5 km
from a known outcropping granite, then for those remaining, to make an assessment of the
likelihood that they may be derived from graniteintrusive activity (based on deposit style). The
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45 Table4d.l
Chpt| Grouping | Age Potential Confid BlLton
# (Type) (Ma) lcu |Au |Poizn |Sn | Mow | Leve
2 Atnarpa 1880 | ? ? Low | None | None | 222 Atnarpa | gneous Complex
(Sally Downs)
26 Ngadaruhga 1880 | None | None | None | None | None | 110 Ngadarunga Granite
(Unclassified)
3 Narwietooma | 1880 | None | None | None | None | None | 310 Bunghara Metamorphics
(Unclassified) [1lyabba Metamorphics
Mt Hay Granulite
Mt Chapple Metamorphics
Unnamed unit Pnx
4 Harverson 1820 | None | None | None |Low |Low |321 Harverson Granite
(Forsayth) Anmatjira Orthogneiss
Y aningidjara Orthogneiss
Mount Airy Orthogneiss
5 Warimbi” 1785 |Low |Low |Low |Low |Low |320 Warimbi granite
(Unclassified)
6 Carrington 1780 | Low |Low | Low Low |[Low |210 Carrington Granitic Suite
(Unclassified) Y ulyupunyu Granitic Gneiss
7 Napperby 1775 | Mod |Mod | Low |Low |Mod |321 Napperby Gneiss
(Cullen) Possum Creek Charnockite
Boothby Orthogneiss
Ngalurbindi Orthogneiss
Wangala Granite
Uldirra Porphyry
Y akalibadgi Microgranite
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Chpt| Grouping | Age Potential Confid BlLton
# (Type) M3 fcu |Au |Poizn [sn | Mow | Leve
8 Jennings 1771 | Low | Low | Low None | None | 321 Jennings Granitic Gneiss
(Kalkadoon) Flint Springs gneiss
Georgina Gap granitic gneiss
Randall Peak metamorphics
Oolbra orthogneiss
Charles River gneiss
Mulga Creek granite
Ongeva granulite
Sliding Rock metamorphics
Trephina granitic gneiss
Casey Bore granite
Unnamed unit p€
9 Jervois 1771 | Low |Low |Low |None|None |321 Jervois Granite
(Kalkadoon) Dneiper Granite
Copia Granite
Crooked Hole Granite
Mount Bleechmore Granulite
Queenie Flat Granite
10 | Entia 1767 | Low |Low |Low | None|None |210 Entia Gneiss
(Saly Downs) Inkamulla Granodiorite
Huckitta Granodiorite
11 Atneequa 1762 | None | None | None | None | None | 310 Atneequa Granitic Complex
(Kakadoon)
12 | Mount Zeil 1760 | None | None | None | None | None | 210 Mount Zeil Granite
(Kakadoon) Forty Five Augen Gheiss
13 Alice Springs 1752 | None | None | None | None | None | 320 Alice Springs Granite
(Saly Downs)
14 Jessie Gap 1747 | None | None | None | None | None | 220 Jessie Gap Gneiss
(Sally Downs)
26 | Wuluma 1728 | ? ? ? ? ? 110 Wuluma granite
(Unclassified) Gum Tree Granite
15 | Jinka 1713 | Low | Low | Low None | High | 321 Jinka Granite
(Sybella) Mount Swan Granite
Mount Ida Granite
Mascotte Gneiss
16 | Alarinjela 1713? | High | Mod | High | None | Low | 322 Alarinjela suite
(Cullen) Unca Granite
Marshall Granite
17 | Barrow Creek | 1713 | None | None | None | High | High | 222 Barrow Creek Granite
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Chpt| Grouping | Age Potential Confid BlLton
# (Type) (Ma) lcu |Au | Poizn [sn | Mow | Leve
(Allia) Bean Tree Granite
18 | Ali Curung 1713 | Mod | Mod | Mod | None | None | 322 Ali Curung Granite
(Cullen) Ooralingie Granite
19 | MaddernsYard | 1680 | None | None | None | None | None | 110 Glen Helen Metamorphics
(Cullen) Ellery Granitic Complex
Boggy Hole Gneiss
Spears Metamorphic Complex
20 (A;aldg;i;mg 1635 | Low |Mod |Low | None | None | 110 égrc]iqrs'l\ngoung gneous
21 | Mount Webb | 1615 | High | High | Low |Low |Low | 310 Mount Webb Granite
(Hiltaba) Polloch Hills Formation
Unnamed granites
22 | lwupataka 1605 | Low |Low |Low | None | None | 320 Rungutjirba Gneiss
(Cullen) Burt Bluff Gneiss
Ormiston Pound Granite
Brinkley Bluff Gneiss
Lovely Hills Schist
Ryans Gap Metamorphics
23 | EnnuganMts | 1600 | Low |Low |Low |Low |Low |211 Ennugan Mountains Granite
(Sybella) Unnamed unit Pgp
24 | Southwark 1567 | High | High | Mod | Mod | Mod | 322 Y arunganyi Granite
(Cullen) Southwark Granite Suite
Wabudali Granite
Wakurlpa Granite
Yaoolgarrie Granite
Y umurrpa Granophyre
25 Teapot . 1140 | Mod | Mod | Low |Low |Low |210 Teapot granitoid
(Unclassified)
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5.1 Executive
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5.2 Executive
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M etallogenic
Potential

Compiled by Ledey Wyborn

Theregional geology of the Broken Hill Block issummarised by Stevenset al. (1988),
Stevens (1995) and Willis et al. (1983). The region is dominated by the Willyama
Supergroup which comprises 5 main groups. The lowermost group can be subdivided
into the Redan facies which is interpreted as a thick lacustrine clastic-evaporitic
sequence interspersed with non-volcanic pelites, whilst the Thorndale facies is
interpreted as a sandy to clayey fluvia deltaic system. The overlying Thackaringa
Group contains lacustrine sedimentary rocks, felsic metavolcanic rocks, shallow
granitesillsand severa varietiesof iron formations. The overlying Broken Hill Group
is most likely shallow marine and contains the Hores Gneiss which has been
interpreted asaseries of volcanicsor vol canic massflows and high Fetholeiites of the
Silver King Formation. The Sundown Group represents shallow marine sedimentation
whilst theyoungest group, the Paragon Group wasorganicrichintheinitial phasesand
then progressed to fine-grained turbidites (Stevens, 1995).

In part because of the inference that felsic magmatism had played amgjor rolein the
genesis of the main ore body at Broken Hill, and in part because of its high
metamorphic grade, the Broken Hill Block hasbeen treated somewhat differently from
other provinces in this project. There is reasonable evidence of felsic magmatism
throughout the lower part of the Willyama Supergroup, up to the Sundown Group. All
guartzofeldspathic units which had been considered in the literature to have been
derived from afelsic igneous rock were assessed as outlined in the Project Proposal.
Not one of the suites assessed was considered to have any potential for significant
granite-related mineralisation. Those suites assessed were either too restite rich for
fractionation processes to have occurred, or else had too limited asilicarange for any
significant mineralisation. Most suites are peraluminous (S-type) and the only I-type
suite occurred in the lower most Redan facies.

The Broken Hill Block contains the world class Broken Hill Pb-Zn-Ag deposit which
contains300 milliontonnesaveraging greater than 15% combined metal (Wright etal .,
1993). The main debate in the genesis of this ore body has focused on whether or not
felsic magmatism has played any role in the generation of the rich Pb-Zn-Ag lodes.
Thisreview would suggest that fel sic magmati sm (and hence mafic magmatism) isnot
likely to have played any rolein the genesis of Ph, Zn, Ag and Cu mineralisationinthe
Broken Hill Block.

The only possible relationship of felsic igneous rocks to mineralisation occurs in the
rocks labeled BG1 (‘ Potosi gneiss' rocks) of the Potosi Supersuite. These rocks were
found to have analogous chemical trends to crystal-rich arenites of the EI Sherana
Group of the Coronation Hill Region Northern Territory (Jagodzinski, 1992;
Jagodzinski and Cas, 1992). The chemical trends within the BG1 were considered to
have resulted from awinnowing process whereby the ash component was removed by
phreatic eruptions generated as the ignimbrite entered water: the resultant sediment
was relatively Fe-enriched due to the loss of the high SiO», Fe-poor ash component.
The resultant sediment had high porosity and may have acted subsequently as an
aquifer for highly reduced metalliferous brines along the lines of the model proposed
by Haydon and McConachy (1987) and Wright et al. (1987, 1993). Some support for
thisisfound in the reduced alteration overprint in the BG1 rocksthat have the highest
Pb and Zn values.

In summary, there is little evidence to disagree with the view of King and Thomson
(1953) that ‘there is no secure basis for a genetic association between the ore (at
Broken Hill) and the granite- and pegmatite-producing conditions' (p. 564).
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5.3 FutureWork

54 Methodology

5.5 Acknowledge
ments

5.6 References

In terms of felsicigneous rocks, better sampling could be done on rocks of the younger Mundi
Mundi Suite to further evaluate their potential relationship to Sn deposits. Using the
methodol ogy devel oped by Jagodzinski (1992) all availableanalysesof the BG1 rockscould be
better assessed to define where the greatest amount of ash winnowing had occurred, asnot only
will thishelp to better definethe pal acogeographic setting, it may al so help to definethose parts
of the BG1 stratigraphy which had the greatest porosity.

I nformation Sources. Broken Hill Stratigraphic 1:100 000 scalemap (Willis, 1989), published
papers, published ages, NSW geological survey Broken Hill wholerock geochemical database,
BRS/AGSO Minloc database, AGSO magnetics and gravity.

Classification of Granites: Inthisreport the felsicigneous have been divided into suites based
on position within the stratigraphy. Using this method, two suites and one supersuite have been
recognised (Table5.1). All granitesfrom the northern Broken Hill Block have been placed into
the Mundi Mundi Batholith. This infers an non-genetic grouping of the granites as there was
insufficient geochemistry and geochronology to confidently assign the plutons within this
region to suites. A further grouping was made of the pegmatites and leucogneisses. again these
were difficult to work with due to a paucity of geochemical and geochronological data.

Host Rocks: Because most of the graniteswere considered to havelittle or no potential, the host
rocks were not considered in detail.

Relating Mineralisation: Asmost of the mineralisation isprobably related to sedimentary and
or metamorphic processes, spatial proximity to afelsicigneousrock doesnot mean that thereis
a definite genetic link. Hence, the proximity relationships between the ‘felsic’ igneous rocks
and known occurrences of mineralisation were only considered in general terms.

Thissectionwasprepared with tremendoushel p and assistancefrom Barney Stevensand Kevin
Capnerhurst (NSW Geologica Survey) on whose database thiswhole section isbased. David
Maidment, George Gibson and Dick Haren (AGSO) also provided assistance.
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57 Table5.1
Ch | Grouping | Age Potential Confid BlLton
PL# | (Type) (M& 'cu |Au |Poizn |[Sn  |[Mow | Leve
2 Redan 1820 | None | None | None | None | None | 221 Redan Gneiss - afm
(Kakadoon) Redan Gneiss- BT
Ednas Gneiss- Pl4
Ednas Gneiss- PI3
Mulculca Formation - BT
Mulculca Formation P13
3 Thackaringa 1710 | None | None | None | None | None | 221 Lady Brassey Formation - Pl4
(Maramungee) Lady Brassey Formation - Pl
Cues Formation - Pl
Himalaya Formation - PI2
Himalaya Formation - Pl
4 Potosi 1690 | None | None | None | None | None | 321 Parnell Formation - BG1
(Forsayth) Hores Gneiss- BG1
Cues Formation - BG1
Rasp Ridge Gneiss - Bm, Bc,
BG2
AlmaGneiss- Bm, Bc, BG2
5 Mundi Mundi | 1600 | ? ? ? ? ? 110 Brewery Creek Pluton
(Unclassified) Cusin Creek Pluton
Alberta Pluton
Champion Suite
6 Pegmatites ??? | None | None | None | None | None | 111 Leucogneisses
(Unclassified) Pegmatites
Green Pegmatites
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6 TENNANT CREEK/DAVENPORT

6.1 Executive
Summary -
Geology

6.2 Executive
Summary -
M etallogenic
Potential

Compiled by Ledey Wyborn

Due to its high economic potential, the geology of the Tennant Creek Province has
beenthefocusof many detailed studiesover theyears. The most recent summary of the
whole province was by Le Messurier et al. (1990). The Tennant Creek Province is
currently being remapped at 1:100 000 scale by the NTGS (Donnellan et al., 1994,
1995, in prep.). The Davenport Province was remapped in the early 1980 sas part of a
major 1:100 000 scale geol ogical mapping program by the BMR (Blake et al., 1987).
Inthisreport, the Tennant Creek and Davenport Provincesaretreated asthe oneentity.

The oldest unit in the Tennant Creek and Davenport Provinces is the Warramunga
Formation, a polydeformed succession consisting of lithic, sublithic, arenite, wacke
and siltstone, terrigenous mudstone and hematitic shale. The sediments contain
immature vol canic detritus and are regarded as medium grained turbidites of proximal
to distal fan facies derived apparently as part of a prograding (coarsening upwards)
succession. Magnetiteisubiquitousand locally may formdistinct laminae: itisamajor
component in the hematite shales (Donnellan, 1994; Donnellan et al., 1994; Le
Messurier et al., 1990). Carbonaceous shales are not common (N. Donnellan, pers
comm): one occurrence of hematitic shale with 0.2% C was reported by Reveleigh
(1997). The Warramunga Formati on was deformed and metamorphosed to greenschist
facies and the ironstone hosts to the Au mineralisation appear to haveformed early in
the deformation history (Ding and Giles, 1993). Felsic volcanics, and volcaniclastic
and clastic sediments of the Flynn Subgroup and the Ooradidgee Subgroup were
deposited on deformed Warramunga Formation. The Tennant Creek Supersuite was
emplaced throughout this part of the geological history as volcanics within the
Warramunga Formation (~1870 Ma, mainly in the Davenport Province), as granites
(1858-1940 Ma) which are pre-, syn- and post- deformation, and as bimodal volcanics
in the lower Flynn and Ooradidgee Subgroups (~1840 Ma) (Hussey et al., 1994).
Sedimentation continued through to the Tomkinson Creek, Wauchope and Hanlon
Subgroups and was predominantly orogenic terrigenous and stabl e shelf (Donnellan et
al., in prep.). A compositionaly distinctly different suite of bimodal volcanics and
shallow level intrusions, the Treasure Suitewasemplaced at ~1820 Ma. Sedimentation
continued after this suite, but all known mineral deposits are hosted by rocks
equivalent in age or older than this suite. Post sedimentation afinal magmatic episode
at about 1700 Ma resulted in the intrusion of the Devils suite, a suite of shoshonitic
lamphrophyres and a syenite body.

Synthesis: Sediments of the Tennant Creek and Davenport Provinces are dominated
by clastics, felsic and mafic volcanics. The clastic sequences are relatively oxidised,
contai ning magnetite and hematite. Carbonaceous sediments are extremely rare, and
carbonate rocks arerare. The lack of carbonate rocks within the sequences mean that
skarn mineralisation will be limited (Hoatson and Cruickshank, 1985), and the lack of
carbonaceous sediments would imply that reduction of oxidised magmatic fluids by
interaction with methane bearing connate brines is unlikely. The best hosts are the
secondary ironstone bodies, although fluid mixing may be aviable aternative.

This compilation has assessed the potential of each granite suite based on the criteria
set out inthe Project Proposal . All three suiteshave been identified as having potential
for granite-related mineralisation, but only the Treasure Suite is considered to be
highly significant.

The Tennant Creek Supersuite was emplaced at around 1850 Ma. It isarestite-rich |-
(granodiorite) type which shows limited fractionation in the most felsic end members
due to restite separation. The supersuite is associated with very minor W
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mineralisation. Although of asimilar ageto the proposed timing of theformation of the
ironstones, the supersuite is not believed to have played any role in either their
formation other than to act as a possible heat source to enhance the circulation of the
basinal brines. The supersuite also has no relationship to the Au mineralisation.

The Treasure Suite at ~1820 Ma is mainly expressed as volcanics, intrusive
granophyres and porphyriesin the Davenport and as diorites to monzodioritesin the
Tennant Creek Province. The suite is I-(granodiorite) fractionated, with the more
mafic end members preserved in the NW Tennant Creek area and the more felsic
fractionated membersin the southeast. The suiteis believed to be associated with the
Au, Bi, Cumineralisation at Tennant Creek and with W, Cu, Bi, Mo mineralisationin
the Hatches Creek area. The more significant Au mineralisation associated with this
suite is predominantly hosted by ironstones, but there is potential for quartz vein Au
mineralisation independent of the ironstone bodies.

TheDevilsSuiteat 1700 Maisan extremely fractionated |- (granodiorite) typewhichis
associated with minor vein W-mineralisation. Thegraniteisoxidised and isassociated
with extensive alteration of the country rocks. However, the granite crystallised over a
very narrow and high SiO range and seemsto contain high F. Its potential istherefore
limited to vein W deposits. Although abundant cassiterite has been recorded in stream
sediments from the area, the oxidised nature of the granite means that vein Sn is
unlikely to be well devel oped.

There are two aspects worthy of follow up in the Tennant Creek Province.

1) Thereisaweadlth of ateration datawithinthe AGSO dataset. Many of the members
of the Tennant Creek Supersuite have either aNaor K alteration overprint, whilst the
younger suites have a K overprint only. Much effort has been expended in using
geochemistry to distinguish between barren and mineralised ironstones (e.g.,
McMillan and Debnam, 1961; Dunnet and Harding, 1967; Smith, 1980). Huston and
Cozens (1994) documented mineralisation associated K-rich alteration of a post-
ironstone porphyry. Thisalteration isvery similar to the K-alteration geochemistry as
portrayed in the AGSO data set. Rather than using ironstone geochemistry as a
pathfinder to ore, perhaps a more effective methodology would be to look at the
alteration compositions of the porphyries, granites and quartzofel dspathic sediments
surrounding these ironstones as a means of determining if the mineralisation-related
alteration had affected the environs of the ironstone.

2) More geochemical analyses are required of the more mafic end members of the
Treasure Suite in the northwestern Tennant Creek Province. This may not be all that
easy for, as pointed out by Dunnet and Harding (1967), these more mafic rocks are
poorly exposed, strongly lateritised and difficult to distinguish from lateritised
Cambrian and Warramunga Formation sediments. They may also be confused withthe
abundant tholeiitic gabbros and dol erites that are coeval with both the Tennant Creek
Supersuite and the Treasure Suite.

Information Sources: 1:250 000 maps and commentaries, 1:100 000 maps and notes where
available, published ages, AGSO OZCHRON databases, AGSO ROCKCHEM database
supplemented with data from NTGS, BRS/AGSO Minloc database, AGSO magnetics and
gravity.

Classification of Granites: Inthisreport the granites have been divided into suitesbased onthe
age, geographic location, and geochemistry of each pluton. Using thismethod, approximately 3
suites are recognised (Table 1.1).

Host Rocks: The country rocks which are thought to be intruded by each suite have been
summarised, and classified according to mineralogical characteristics thought to be important
in determining the metallogenic potential of a granite intrusive event.
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6.7 Table6.1
Chpt| Grouping | Age Potential Confid BlLton
# (Type) (M& 'cu |Au |Poizn [Sn  |Mow | Leve
2 Tennant Creek | 1850 | None | None | None |Low |Low | 321 Tennant Creek Granite
(Kakadoon) Red Bluff Granite
Mumbilla Granodiorite
Unnamed intrusive porphyries
Channingum Granite
Hill of Leaders Granite
Gosse River North Granite
3 Treasure 1820 | High | High | Low Mod | High | 323 unnamed granophyres
(Cullen) unnamed porphyries
unnamed diorites
4 Devils 1710 | None | None | None | Low | Mod | 321 Warrego Granite
(Sybellq) Devils Marbles Granite
Elkedra Granite
5 Lamprop_h_yreﬁ 1690 | Low |Low |Low |Low |Low |320 Unnamed lamprophyres
(Unclassified)
Gosse River
5 |Eest 1712 | Low |Low |Low |Low |Low |210 Gosse River East syenite
(Unclassified)
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/7 GASCOYNE PROVINCE

Compiled by Lesdey Wyborn and Carole Hensley

7.1 Executive The Gascoyne Province hasavery limited history of mining and exploration, and there
Summary -  have been no significant mineral discoveries made within it in recent years, although
Geology thereare numerousoccurrencesof gold, copper, lead and zinc, uranium and silver. Like

the Aruntalnlier, exploration has been very limited, partly dueto poor outcrop, aswell
as a perception that the province is too highly metamorphosed to host significant
deposits. Givenitspotential, the Gascoyne Province has been one of the most difficult
to evaluate in thewhole project: thereisonly one report on the regional geology of the
Gascoyne Province (Williams, 1986) and areview paper by Myers (1990): there are
also not many detailed descriptions of the granites of the province.

The Gascoyne Province is highly deformed and metamorphosed and comprises
voluminous granite intrusions, mantled gneiss domes, metamorphosed and
migmatised sedimentary rocks and reworked Archaean gneisses. The ateration plots
on all units show unusually high Th/U values and may reflect as yet unrecognised
regional-scal e alteration, which could be associated with the formation of numerous
small U deposits.

Granites were intruded throughout the province. Although one of the scenarios
presented by Williams (1986) considered the possibility that these granites could be
generated during subduction, the majority of the granites considered to be Proterozoic
areall Sr-depleted, Y -undepleted, which isthe dominant granitetypein the Australian
Proterozoic and the typethat isatypical of modern subduction zones. Someintrusives
that are Sr-undepleted, Y -depleted clearly have Archaean model ages (Fletcher et al .,
1983).

The publicly available age determinations are all either Rb-Sr total rock or mineral
isochrons. As the initial ©'Sr/®sr ratios are very high for the total rock isochrons
(mostly >0.7100), most of the Rb-Sr ages are believed to be reset. The main age of
granite intrusion is believed to be ~1800 Ma (Libby et al., 1986), although there are
intrusives at 1670 Ma (Pearson, 1996) and possibly 2000 Ma. Because of the
uncertainty of the ages and the paucity of descriptive mineralogical information
available the granites have been divided into three supersuites. It is to be emphasised
that these supersuites are broad classifications and that each one is very likely to
contain several different types of granite compositions. Each set of descriptions refer
to what is considered to be the dominant granite type in each supersuite.

7.2 [Executive An attempt was madeto assessthe potential of each Supersuite based onthecriteriaset
Summary - outinthe Project Proposal. Thedominant granitetypeisafractionated |-(granodiorite)
Metallogenic  typewhich showsstrong similaritiesto the ~1800-1820 Magranites of the Pine Creek,
Potential Tanami and Tennant Creek areas, i.e., the Cullen type. Some granites are clearly S-

typesand are probably derived by melting of Morrissey Metamorphics: distinguishing
these genuine S-types from the peraluminous, muscovite-bearing plutons which are
derived by fractionation from the abundant |-(granodiorite) typeintrusionsisdifficult.
Thereisalsoasmall group of ~1600-1670 MaHFSE graniteswhich show similarities
to the Sybella-type (Pearson, 1996).

The greatest potential iswith I-(granodiorite) type Minnie Creek Supersuite whichis
one of the most extensive suites in the Province. By the project definition it
incorporates parts of the Aurilla Creek, Minnie Creek, Landor and Mount Marquis
Batholithsand the Y innetharra, Conndoondoo, and Dal gety Gneissdomesof Williams
(1986, Figure 23). It may aso incorporate parts of the Chararoo and Boolaloo
Supersuites, but the data are not good enough to differentiate this type in these areas.
TheMinnie Creek Supersuiteisboth oxidised and fractionated and isassociated with a
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few small Au and Cu prospectsin the southeast, although nothing significant has been
located in recent years. Although speculative, the limitation to the success of |ocating
major deposits may be because the country rock appears to be a predominantly
oxidising environment, and hence the closest exploration analogy will be the highly
localised, difficult to find, Tennant Creek-style of deposit. Another factor may be the
high metamorphic grade of the country rocks, many of which are migmatites. This
providesalimitation for aleast two reasons. Thefirst isbecause the high metamorphic
grade restricts porosity and permeability. Secondly, the high metamorphic
temperatureswould burn off any organic matter within the host sedimentary sequence,
reducing the chances of finding an organic-rich reductant (fluid and/or rock) for the
fluids emanating from the oxidised fractionating plutons of the Minnie Creek
Supersuite (c.f., Mathai et al., 1996).

Given that there may be some potential, without doubt the database on the granites of
the Gascoyne Provinceisone of theweakest inthe Proterozoic of Australiain termsof
petrographi c descriptions, geochemical analysesand U-Pb zircon dates. Likewisedata
onthemineralogical compositionsof thehost rocksisalsolacking. Thegranitesof this
whole province need systematic sampling and U-Pb zircon dating. In view of the
interesting chemistry that clearly hints there could be some metallogenic potential
associated with these granites, sampling of this province should be ahigh priority.

Information Sources: 1:250 000 maps and commentaries, published ages, AGSO
ROCKCHEM database, BRS/AGSO Minloc database, AGSO magnetics and gravity.

Classification of Granites: In this report the granites have been divided into 3 Supersuites
(Table 1.1).

Host Rocks: An attempt was made to classify the rocks according to mineralogical
characteristics thought to be important in determining the metallogenic potential of a granite
intrusive event. This has been almost impossible in the Gascoyne region, due to limited
outcrop, and lack of adequate descriptive data.

Relating Mineralisation: One of the greatest problemsin thiscompilation has been attempting
to relate known mineralisation with asource, beit granite or otherwise. Very littledirect dating
of the granites or the mineralisation is available in the Gascoyne Province. Thereisamost no
data on the prospects and occurrencesin the Province and therefore, the method used has been
to exclude all deposits more than 5 km from a known outcropping granite, then for those
remaining, to make an assessment of the likelihood that they may be derived from granite
intrusive activity.

This section isindebted to Peter Dunn (formerly GSWA) who located the only paper copy in
existence of the geochemical data base on granites of the Gascoyne Province. Thisdataset had
been collected by the late Steve Williams (GSWA) who died tragically in the 1980 s before he
could complete his Ph.D on the petrogenesis of these rocks. Although we could not do all that
much with the granites of this province, without the efforts of both Peter and Steve, we would
have done even less. Discussions with Johanna Pearson and David Nelson are also gratefully
acknowledged.
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7.7 Table7.1 NB These ratings are extremely tentative.
Chpt| Grouping | Age* Potential Confid
# (Type) (M&) \cu |Au |Pbizn [Sn | Mow | Level Fluton
2 Boolaloo 1800 | Mod | Mod | Low Mod | Mod | 111 Boolaloo Granodiorite
(Cullen) Jundelaya Hill Granodiorite
Kilba Granite
Mount Danvers Granodiorite
Hooley Granite
3 Chararoo 1800 | Low |Low |Low Low | Low 111 Chararoo Granite
(Forsayth?) Pimbyana Granite
Nyang Granite
Joy Helen Granite
Peringee Bore Granite
4 MinnieCreek | 1800 | Mod | High | Low | Mod | Mod | 111 Minnie Creek Granodiorite
(Cullen) Mount Marquis Granite
Y abbat Granite
Lyndon River Granite
Yinnietharra Granite
Y abbat Granite
Landor Granite

*Note: these ages are approximate and believed to date the main granite intrusive event: components of ~2000 Ma and
~1600 Ma suites are also known to be present, but are not considered to be in the majority of these intrusive groupings
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The Gawler Craton underlies the greater part of South Australia. It is defined as that
region of crystalline basement of Archaeanto Mesoproterozoic agethat hasundergone
no substantial deformation except for minor brittle faulting since 1450 Ma. The
Gawler Craton is subdivided into a number of discrete tectonic subdomains based on
structural, metamorphic and stratigraphic character. These include the Christie and
Coulta Subdomains which contain most of the exposed Archaean rocks; the Cleve
Subdomain which is a Palaeoproterozoic fold belt on eastern Eyre Peninsula; the
M oonta Subdomai nwhich, although consi dered an extension of the Cleve Subdomain,
includes dtratigraphically younger rocks; the Mesoproterozoic Gawler Ranges
Volcanic Province; and the Wilgena, Nuyts and Nawa Subdomains of mixed or
complex character.

The Christie and Coulta Subdomains are composed predominantly of Archaean or
earliest Palaeoproterozoic rocks representing the origina protolith on which
subsequent tectonic unitswere superimposed. The Fowler Suture Zoneinthe southern
part of the Christie Subdomain contains voluminous Proterozoic intrusives, whereas
there are no Palaeoproterozoic intrusives known in the Coulta Subdomain. Both were
deformed to some extent during later Palaeoproterozoic events, and neither contains
substantial components of younger Proterozoic metasediments, volcanics or
intrusives.

At ~2000 Ma, along what is now its eastern margin, the Gawler Craton underwent
substantial extension to form a major elongate basin into which a ~1950-1845 Ma
mixed clastic shallow water and chemical sedimentary succession (including iron
formation, carbonates) was deposited. Subsequent deformation of thisbasinduringthe
Kimban Orogeny (1845-1700 Ma), accompanied by intrusion of large volumes of
granite, led to the formation of a broad fold belt or orogen known as the Cleve
Subdomain. The Moonta Subdomain isapproximately parallel to and east of the Cleve
Subdomain, and consists of syn-Kimban orogeny acid volcanics, chemical and clastic
sediments, and earliest M esoproterozoic granitoids.

Unlike older subdomains of the Gawler Craton, the Gawler Ranges Vol canic Province
isrelatively undeformed and moreirregular initsdistribution. It overlies and intrudes
the older Cleve and Coulta Subdomains. The Province is composed of the Gawler
Range Volcanics (GRV) and very restricted contemporaneous sediments (such asthe
Corunna Conglomerate and the Labyrinth Formation), and the Hiltaba Supersuite.

The Stuart Shelf is not strictly a tectonic unit of the Gawler Craton but defines the
region of Neoproterozoic to Cambrian platformal sedimentation devel oped upon the
existing craton (ieunderlain by Gawler Cratonincluding GRV and Hiltabagranites).

The Curnamona Craton cropsout in the Willyama, Mount Painter and M ount Babbage
Inliers, and is located on the eastern and northeastern margins of the Adelaide
Geosyncline. The remainder of the Curnamona Craton is poorly known asitislargely
mantled by platformal sediments. Drill hole dataindicates that the composition of the
Craton is similar to the eastern edge of the Gawler Craton. The Willyama Inliers
include the Olary and Broken Hill Blocks which are separated by the Mundi Mundi
Fault zone.

Three major episodes of granite emplacement occurred during the Proterozoic in the
Gawler and Curnamona Cratons, with several smaller events. Granites emplaced
syntectonically during the Kimban Orogeny have been divided into two supersuites -
those of the Donington Granitoid Supersuite at ~1840-1820, and those emplaced
around 1750-1700 Ma. The Gawler Range Vol cano-Plutonic event at ~1590 Maisone
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of the biggest magmatic events in Australia, and is divided into two geochemical
suites, each suiterelated to aparticular style(s) of mineralisation. Possible correlatives
of the GRV magmatic event exist in the CurnaomonaProvince (including Olary Block
and Mount Painter & Mount Babbagelnliers). Minor but locally important magmatism
also occurred at ~2000 Ma, ~1800 Ma, 1740 Ma, 1700 Ma, ~1625 Ma, 1560 Ma, and
~1530 Ma.

This compilation has assessed the potential of each granite suite within the limitations
of the existing data sets based on the criteria set out in the Project Proposal. Suites
which have been identified as having high potential for granite-related mineralisation
are set out below.

This project has identified the key differences between two suites of granites of the
HiltabaSuiteat 1592 M a, emplaced during the Gawler Rangesvol cano-plutonic event,
and theimplications of these differences on the mineralisation potential for each suite.
The Roxby Downstypeishost to the giant Olympic Dam deposit, and several other Fe-
oxidestyleprospects. TheK okathatypeisprobably host to Au-Sn-Ag depositssuch as
those of the Glenloth Gol dfield. The Roxby Downstypeismorefractionated and more
oxidised, and was emplaced at a shallower level, than the Kokatha type. Both suites
have high potential for further discoveries. It ismost likely that granites of the Hiltaba
Suite extend into the Curnamona Province.

I nformation Sources: Special mention must be made of the Volume 1: The Precambrian, The
Geology of South Australia, Bulletin 54 (Drexel et al, 1993), whichisan excellent summary of
the geology of the Gawler and CurnamonaCratons. In addition, two CD-ROM packages by the
Department of Mines and Energy Resources of South Australiawere also used: the SA State
GIS (March, 1995), and the Olary Region, prepared as part of the Broken Hill Exploration
Initiative. The granitesmap prepared by thisproject used the 1:1,000,000 map of Flint (1986) as
a base map. Published ages are derived predominantly from Bulletin 54 and much of the
goechemistry was sourced from MESA database supplemented with datafrom AGSO and the
University of Adelaide. The BRS/AGSO Minloc database, and AGSO magnetics and gravity
were also used.

Classification of Granites: Inthisreport the granites have been divided into suitesbased onthe
age, geographic location, and geochemistry of each pluton. Using this method, approximately
15 suites are recognised (Table 1.1).

Host Rocks: The country rocks which are thought to be intruded by each suite have been
summarised, and classified according to mineralogical characteristics thought to be important
in determining the metallogenic potential of a graniteintrusive event.

Relating Mineralisation: Quite good descriptions have been found for most of the deposits
thought to be related to Proterozoic granitesin the Gawler Craton.

Daly, S.J., Fanning, C.M., Fairclough, M.C., 1998, Tectonic evolution and exploration
potential of the Gawler Craton, Australian Geological Survey Organisation Journal of
Australian Geology and Geophysics., 17(3), 145-168.

Drexel, J.F, Preiss, W.V., and Parker, A.J., (Editors) 1993. The Geology of South Australia,
Volume 1, the Precambrian, Geological Survey of South Australia, Bulletin 54, 242 pp.

Flint, R.B., 1986, Geological Map, Gawler Craton, 1:1,000,000 scale, Australian Journal of
Earth Science, 33.
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85 Table8.1

Ch | Grouping | Age Potential Confid BlLton

pt# (Type) (M& 'cu |Au |Poizn |[Sn  |[Mow | Leve

2 Miltalie 2015 | None | None | None | None | None | 120 Miltalie Gneiss
(Forsayth)

3 Donington 1840 | Mod | Mod | None |Mod | None | 220 Donington Granitoid Suite
(Kakadoon) Memory Cove Charnockite
Colbert . ? ? ? ? ? ? 110 Cape Colbert hornblende granite
(Unclassified)

4 Minbrie. ) >1800 | None | None | None | None | None | 120 Minbrie Gneiss
(Unclassified)

5 \L(i(:ltér;?ﬁr 1% Mod | Mod | None |Mod |Low | 220 McGregor Volcanics
(Nicholson) Middle Camp Granite

Carpa Granite

Moody Tank granite
Burkitt Granite
Bungalow Granodiorite
Engenina Adamellite
Symons Granite
Carappee Granite

Ifould Lake granite gneiss
Y unta Well Leucogranite
Uranno Microgranite
Wertigo Granite

6 f)slya;);lf;;type 1703 | Low |Low | None | None |None | 111 Xnmd;/ggegiwztg?ggadd’ inc.

7 St Peter 1625 | ? ? ? ? ? 220 St Peter Suite
Hiltaba? Nuyts Volcanics

St Francis Granite

8 Hiltaba 1592 | High | High | Low None | Mod | 323 Roxby Downstype

Roxby Downs Granite
Charleston Granite
Cultana granophyre
Moonta adamellite
Hiltaba granite
Nuyts granite
Tickera Granite
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Chpt| Grouping | Age Potential Confid BlLton
# (Type) (M& cu |Au |Pozn |Sn | Mow | Leve
Mod | High | High |Mod | Mod | 323 Kokatha suite
Kokatha granite
Kychering granite
Kingoonya granite
Tarcoolagranite
Minnipa granite
Wudinna granite
Buckleboo granite
? ? ? ? ? Balta Granite
Calca Granite
Olary 1590 Ma . .
9 _ 1590 | Mod |Mod | Low |Low |Low |212 ‘Regional suite’
(Hiltaba)
‘Gb suite’
10 | Babbage 1560 | High | Mod | Mod | Mod | Mod | 212 Mount Neill Granite
(Hiltaba) Terrapina Granite
Wattleowie Granite
Y erila Granite
Camel Pad Granite
Radium Creek granite
Old Camp Granite
Prospect Hill Granite
White Well Granite
Box Bore Granite
Golden Pole Granite
Con Bore Granite
Lookout Granodiorite
Myola )
11 1791 | ? ? ? ? ? 210 Myola Volcanics
(Sybella)
Oty 16400 S e e
I-type ? 2 2 2 2 - ganil- '
e 164017 17" 2" 10 | Hill-Antro Woolshed-Bimbowrie
(Hiltaba?) region
Spilshy Porphyritic monzograite to
11 _ 1530 | ? ? ? ? ? 110 granodiorite on Spilsby and Sir
(Hiltaba) Joseph Banks Group islands
Tidnamurkuna . .
11 1806 | ? ? ? ? ? 100 Tidnamurkuna Vol canics
(Sybella)
Wirriecurrie . . .
11 ) 1793 | ? ? ? ? ? 110 Wirriecurrie Granite
(Hiltaba)

© Geoscience Australia 2002

75




9 GEORGETOWN INLIER

9.1 Executive

Summary -
Geology

Compiled by Anthony Budd

The Georgetown Inlier in north Queensland occupies about 50 000 km? of the Cairns-
Townsville hinterland. It consists largely of variably metamorphosed and deformed
sedimentary and volcanic rocks of Palaeo- to Mesoproterozoic age, intruded by
M esoproterozoic granitoids. Theeastern marginisinfaulted contact withthe Meso- to
Neoproterozoic Hodgkinson and Broken River provinces of the Tasman Orogen. The
western and central parts are variably overlain by scattered remants of Mesozoic
sedimentary rocks, and the east by Cainozoic basalt (Bain et al., 1990; Bain and
Draper, 1997).

Withnall (1997) has recognised several structural units in the Georgetown ‘ Region’,
including the Etheridge Province and the Croydon Province:

The Palaeoproterozoic Etheridge Province has been divided into the Forsayth and
Y ambo Subprovinces(Bainand Draper, 1997). The Forsayth Subprovinceincludesthe
Etheridge and Langlovale Groups, McDevitt Metamorphics, various mafic intrusives
rocksand M esoproterozoi ¢ granites of the Forsayth and Forest Home Supersuites. The
metasedimentary sequence wasdeposited in anintracratonicrift setting between about
1700 Maand at least as young as 1650 Ma. It underwent a major metamorphism and
deformational event at about 1550 Ma, at which time most of the S-type graniteswere
emplaced (Forsayth, Forest Home, Lighthouse suites). The Palaeoproterozoic Yambo
Subprovince represented by the Dargal ong M etamorphic Group occursin the northern
part of theregion. The rocksthere may be dightly younger than at |east the lower part
of the Etheridge Group, and were possibly deposited after 1640 Ma. |sotopic dating
indicates major granite emplacement at about 1580 Ma, and metamorphism at about
1575 Ma

A Mesoproterozoic ‘ cover sequence’ in the west, assigned to Croydon Province, and
comprising the Croydon Volcanic Group and related granites of the Esmeralda
Supersuite. They were emplaced at about 1550 Ma, probably at the close of the main
deformation event in the Etheridge Province. They areoverlain by the Inorunie Group.
All of these rocks were previously assigned to the Croydon subprovince of the
Georgetown Province (Withnall et al., 1980).

Four suites or supersuites of Proterozoic granites and several ungrouped granites are
known in the Georgetown Inlier (Bain and Draper, 1997). They are the Forest Home
Supersuite, Esmeralda Supersuite, Forsayth Supersuite, the Lighthouse Suite, and
ungrouped granitesin the Yambo Subprovince.

The Forest Home Supersuite consists mostly of grey biotite trondhjemite, and the
Forest Home Trondhjemite has been dated at 1550+50Ma (Black & Holmes, cited in
Withnall et al., 1988). This supersuite is low in K20 but high in Na2O, and is Sr-
undepleted, Y -depleted. Granites of thistype arerarein the Australian Proterozoic, as
they aretheonly onesthat show evidence of garnetinthe sourceregioninthemantle.

The Esmeralda Supersuite comprisesthe Esmeralda, Nonda, Mooremount, LittleBird,
Macartneys, Olsens, Dregger and Bimba Granites, and is comagmatic with the
Croydon Volcanic Group (CVG). These granitoids comprise granites and adamellites
with lesser granodiorites. A feature of the granitesisthe presence of locally abundant
graphiticinclusions. Thesupersuiteisfelsic, fractionated, reduced to oxidised, weakly
peraluminousto peraluminous, and hydrothermally altered in parts. Traditionally, this
supersuite have been classified as a Stype granite, mostly because of its high
Aluminium Saturation Index (ASl), but also because of the presence of garnet and
muscovite. Thisproject questionsthetraditional view that thisisaS-type, and suggests
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that itisan I-typewith genetic associationswith the Croydon Gol dfiel ds. Thefactorsin
contention are outlined below:

o Quite a few of the samples have ASl between 1 and 1.1 (ie are weakly
peraluminous), and show what may be described as an increasing trend with
increasing SiO2. This trend is typical of that seen in other strongly fractionated
Australian Proterozoic I-type granites (such as the Kokatha suite of the Hiltaba
Supersuite).

« Hornblende was found in two samples of the Esmeralda Granite by Sheraton and
Labonne (1978), which they considered to be relict primary hornblende.

o The oxidation state of the granitesis another factor which is inconsistent with the
granites being S-type. S-type granites are most commonly reduced, and thishasled
to the belief that the Esmeralda Supersuite is Stype. However, severa of the
granites and vol canics are oxidised, while the others are reduced. This change may
be the result of an oxidised magma assimilating the locally-abundant graphitic
sediments, and becoming more reduced. Further evidence of the oxidised nature of
the Supersuiteistherelatively high magnetic remnance and susceptibility (Idnurm,
pers comm), which indicates the presence of magnetite.

The Forsayth Supersuiteincludesthe Aurora, Delany, Forsayth, Goldsmith, Mistletoe,
Ropewalk and Welfern Granites. The Mywyn and Mount Hogan Granites, and theFig
TreeHill Complex a so appear to be part of this Supersuite. Members of thissupersuite
mostly comprise light to dark grey, biotite granite and granodiorites. Alkali feldspar
megacrysts and muscovite are relatively common constituents. Cordierite is reported
in the Mistletoe Granite, and metasedimentary xenoliths are common particularly in
the Mistletoe, Ropewalk and Forsayth Granites. Black and McCulloch (1990) U-Pb
zircon dated the Mistletoe and Forsayth Granites at 1550+6 Ma and 1544+7 Ma
respectively. Thisisthe ‘type Australian’ restite S-type suite.

The Lighthouse Suite isrelatively small, outcropping along the eastern margin of the
Forsayth Granite near Georgetown. It isfelsic, and veins and pegmatites are common
suggesting that the granite may be fractionated (despite the narrow silicarange). This
granite shows an affinity to the Silurian ‘I-type’ granites in the region (Champion,
1991). It has not been dated, and may be younger than Proterozoic.

9.2 Executive Of all of the suitesin the Georgetown Inlier, the Esmeralda Supersuiteisconsidered to
Summary - have the greatest potential. This suite is spatially related to the Sn deposits of the
Metallogenic Stanhills and Mount Cassiterite areas and to the Croydon goldfield, although thereis
Potential considerable debate about the age of the Au mineralisation. Bain et al. (1990)

suggested that Au-bearing quartz vein deposits such as the Golden Gate lode in the
Croydon goldfield are likely to be Proterozoic, as they are associated with extensive
areasof hydrothermal alterationthat appear to berelated to Croydon Group vol canism,
and thereareno nearby Palagozoicigneousrocks. Denaro et al. (1997) also support the
Proterozoic age and state that the nature of the gold lodes suggests that ore deposition
was post-magmatic into fractures and faultswithin the consolidated Croydon Vol canic
Group and Esmeralda Granite. The lodes have been classified as plutonic veins by
Morrison and Beams (1995).

In contrast, some workers have interpreted these deposits as Pal aeozoic age, based on
the structural setting and K-Ar ages of ateration of the Esmeralda Granite and sericite
alteration (eg Lawrie et al., 1998). Henderson (1989) considered these ages to be a
Carboniferous to Permian therma event superimposed on earlier Proterozoic
mineralisation and ateration.

Disseminated replacement gold deposits (Carlin-style) occur within thick
predominantly pelitic units containing highly pyritic, carbonaceous and locally
calcareous mudstone, siltstone and sandstone (Candlow and Lane Creek Formations
of the Etheridge Group) (Denaro et al., 1997) within 3 km of thelllewana, Dregger and
Bimba Granites.
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9.3 Methodology

9.4 References

Numerous tin deposits are thought to be definitely associated with the Esmeralda
Supersuite, including the Stanhills, Comet and Mount Cassiterite deposits (Denaro et
al., 1997). The Comet deposit has been Pb-dated at ~1530 Ma (Carr, pers comm).

If the Au mineralisation is shown to be Palaeozoic then a possible model is that
significant Au was disseminated in the pyrite-bearing members of the Esmeralsa
Supersuite during crystallisation and was then remobilised in a later hydrothermal
event. During crystallisation of the pyrite-bearing phases of the Esmeral da Supersuite,
Au was possibly incorporated into an iss (intermediate solid solution - Cygan and
Candela, 1995) forming a protore, which may then have been remobilised during the
Palaeozoic hydrothermal event. This model may be tested by microprobing the gold
content of pyrite in the gold-bearing granites and volcanics.

The Forsayth, Lighthouse and Forest Home Suites/Supersuites are not considered to
have any significant mineralisation potential.

I nformation Sources: Datawas sourced mainly from David Champion’s 1991 PhD thesis, and
work by GSQ and AGSO geologists. Geochemical dataisfrom ROCK CHEM; geochronology
issourced from OZCHRON and published literature. Thedigital map basewas provided by the
North Queensland NGMA project.

Classification of Granites: Champion (1991) and Bain & Draper (1997) a pluton-suite-
supersuite hierarchical classification based on geochemistry, field relations, and limited
geochronology. This classification has been followed here.

Host Rocks: Hoststo the Proterozoic granites of the Georgetown Inlier include the Etheridge,
Langlovale, and Croydon Groups. The Pal aeo- to M esoproterozoi ¢ Etheridge Group consists of
shallow-water, fine-grained, clastic metasedimentary rocks, and minor basatic lavas and
related dolerite intrusions. The Langlovale Group is afluviatile to marine, pro-deltaic facies.
The Croydon Volcanic Group is dominated by subaerial felsic ignimbrites.

Relating Mineralisation: Information on mineralisation was sourced from Bain et al., 1990.

Bain, JH.C. and Draper, J.J (Compilers and Editors), 1997. North Queensland Geology,
Australian Geological Survey Organisation, Bulletin 240/Queensland Department of Mines
and Energy, Queensland Geology 9.

Bain, JH.C., Withnal, 1.W., Oversby, B.S. and Mackenzie, D.E., 1990. North Queensland
Proterozoic inliers and Palaeozoic igneous provinces - regional geology and mineral deposits,
Hughes, FE., (Ed) Geology of the Mineral Deposits of Australia and Papua New Guinea,
Australian Institute of Mining and Metallurgy, 963-978.

Black, L.P.and McCulloch, M. T. 1990. I sotopic evidencefor thedependence of recurrent felsic
magmatism on new crust formation: An example from the Georgetown region of Northeastern
Australia, Geochimica et Cosmochimica Acta, 54, 183-196.

Carr, G., pers commto S.S-Sun, from Ph-dating 6/7/87.

Champion, D.C., 1991. The felsic granites of far north Queensland, PhD thesis, Australian
National University (unpublished).

Cygan, G.L. and Candela, PA., 1995. Preliminary study of gold partitioning among pyrrhotite,
pyrite, magnetite and chal copyrite in gold-saturated chloride solutions at 600 to 700 °C, 140
MPa (1400 bars), in Thompson, J.F.H. (Ed) Magmas, Fluids and Ore Deposits, Mineral ogical
Association of Canada Short Course Series, 23, 129 - 137.

Denaro, T.J., Withnall, |.W. and Bain, J.H.C., 1997. Known mineralisation and resources (of the
Georgetown Region, in Chapter 3 of) Bain, J.H.C. and Draper, J.J (Compilers and Editors),
North Queensland Geology, Australian Geological Survey Organisation, Bulletin
240/Queensland Department of Mines and Energy, Queensland Geology 9.

Henderson, G.A.M., 1989. Notes on Croydon, north Queensland, fieldwork July/August 1988
and results of K/Ar dating of sericitic alteration. Bureau of Mineral Resources, Geology and
Geophysics, Australia, Record 1989/46.

[dnurm, M., perscomm, NRM Intensitiesand Susceptibilitiesof Croydon Vol canics, 27/6/97.
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9.5 FutureWork

9.6 Table9.1

Lawrie, K.C., Jaireth, S., A-lzzeddin, D., and Grace, J., 1998. Goldlocalisationin alateral ramp
within a reactivated mylonite: the Golden Butterfly deposit, Croydon Goldfield, N.Q., 14th
AGC Geological Convention, Townsville, July, Geological Society of Australia, Abstracts, 49,
261.

Morrison, G.W. & Beams, S.D., 1995. Geological setting and mineralisation style of ore
deposits of northeast Queensland. In Beams, S.D. (Editor): Exploring the tropics -- mineral
deposits of northeast Queensland: geology and geochemistry. James Cook University of North
Queensland, Economic Geology Research Unit, Contribution 52, 1--32.

Sheraton, JW. and Labonne, B., 1978. Petrology and geochemistry of acid igneous rocks of
northeast Queensland, Bureau of Mineral Resources, Geology and Geophysics, Australia,
Bulletin 169.

Withnall, 1.W., 1997. Geol ogical Framework (of the Georgetown Region, in Chapter 3 of) Bain,
JH.C. and Draper, JJ (Compilers and Editors), North Queensland Geology, Australian
Geological Survey Organisation, Bulletin 240/Queensland Department of Mines and Energy,
Queensland Geology 9.

Withnall, I.W., Bain, JH.C. and Rubenach, M.J. 1980. The Precambrian geology of
Northeastern Queensland, in Henderson, R.A. and Stephenson, PJ. (Eds), The Geology and
Geophysics of Northeastern Australia, Geological Society of Australia, Queensland Division,
Brisbane, 109-128.

Withnall, 1.W., Bain, JH.C., Draper, JJ.,, Mackenzie, D.E. and Oversby, B.S., 1988,
Proterozoic stratigraphy and tectonic history of the Georgetown Inlier, northeastern
Queensland, Precambrian Research, 40/41, 429-446.

o Test background value of Auin pyritein Esmeralda Granite, to seeif the Au has been taken
into pyrite as the granite becomes sulphur-saturated when being reduced.

o Get fresh samples of hornblende from Esmeralda Granite: thiswill help determine whether
the graniteis |- or Stype.

Chpt
#

Grouping
(Type)

Age Potential Confid

Pluton
(Ma) 'cu |Au |Pozn |sn  |Mow | Level

2

Forsayth
(Forsayth)

1550 | None | None | None | Low |Low | 321 Forsayth Granite

Aurora Granite

Delany Granite

Goldsmiths Granite
Mistletoe Granite

Ropewalk Granite
Welfern Granite

Mywyn Granite

Mount Hogan Granite

Fig Tree Hill Complex?

parts of Digger Creek Granite

Esmeralda
(Hiltaba)

1550 | Low | High | Low | High | Mod | 322 Esmeralda Granite

Nonda Granite

Mooremount Granite
Little Bird Granite

Macartneys Granite
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Chpt| Grouping | Age Potential Confid BlLton
# (Type) M3 fcu |Au |Poizn [sn | Mow | Leve
Olsens Granite
Dregger Granite
Bimba Granite
4 Forest Home 1550 | Low | Low | Low Low |Low |321 Forest Home Trondhjemite
(Maramungee) Talbot Creek Trondhjemite
5 Lighthouse 1550 | Low | Low | Low Low |Low |320 ) )
(Unclassified) Lighthouse Granite
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10 GRANITES-TANAMI BLOCK

Compiled by Ledey Wyborn

10.1 Executive Gold was first discovered in The Granites-Tanami Block in 1900 and was mined
Summary -  intermittently between 1904 and 1961. More recently it has been the focus of
Geology significant exploration efforts with several major new mines operating since 1986.

The area as awhole is poorly exposed and is mostly covered by thick regolith. The
regional geology of the Granites-Tanami Block was described by Blake et al. (1979)
and very little has been published on the regional geology since. More detailed
geological descriptions are available in papers on the gold depositsin theregion (e.g.,
Ireland and Mayer, 1984; Mayer, 1990; Ireland, 1995) and new structura
interpretations are available in Ding (1996, 1997) and Ding and Giles (1996).

Traditionally, the Granites-Tanami Block was believed to consist of 2 major
subdivisions separated by a major unconformity (Blake et al., 1979). The lower
subdivision, the Tanami Complex, was deformed and metamorphosed prior to the
eruption of the volcanics of the Mount Winnecke Formation and deposition of the
overlying Supplejack Sandstone. Thelowermost Tanami Complex rocksare believed
to rest unconformably on Archaean basement (Page and Sun, 1994; Page et al., 1995).
The Tanami Complex comprises the Killi Killi Beds, Mount Charles Beds, Nanny
Goat Creek Beds, Nongra Beds and the Helena Creek Beds. These units consist of
greywacke, siltstone, arenite, chloritic and sericitic shale, as well as carbonaceous
shale, banded iron formation, and mafic and felsic volcanics. Most of the
mineralisation is hosted by the Mount Charles Beds which contains some of the more
reactive rock types of the Tanami Complex including banded iron formations and
carbonaceous shales.

Recently Ding (1997) in an abstract has provided a reinterpretation of the Granites-
Tanami Block in which he identifies 5 major stratigraphic packages ranging in age
from at least 2450 Ma (Tanami Group) to 1815 Ma. Each package is separated by a
major unconformity, and the basal group lies unconformably on basement that is
~2500 Ma (Ding, 1997).

Ding (1997) reports a single crystal zircon age of 2450 Ma on a granite sill which
intrudes the Tanami Group. The earliest known Proterozoic ‘granites dated by
conventional means occur at ~1880 Ma. These are partial melts of late Archaean
gneisses which occur in the Browns Range Dome. Some felsic volcanics have been
identified within the Tanami Complex, but only one has been dated at around ~1800
Ma. The dated rock is presumed not to come from the Tanami Complex, but from
vol canics bel onging to the Granites Supersuite which are dated from about 1825 Mato
1795 Ma. The members of this suite were intruded mostly after the deformation that
affected rocks of the Tanami Complex.

Most felsic igneous rocks in The Granites-Tanami Block are Sr-depleted and Y -
undepleted, indicating a plagioclase-residua source.

10.2 Executive Theonly suitewith recognised metall ogenic potential isthe Granites Supersuitewhich
Summary - consists predominantly of hon-magnetic, reduced, fractionated, metal uminous rocks.
M etallogenic The highly reduced nature of the early phases of this suite is anomalous, as gold-
Potential bearing granites are usually assumed to be oxidised and magnetic. It is suggested that

the reduced nature of this suite results from the infusion of H2 from carbonaceous
country rocks into the magma early in the magmatic history. With increasing
evolution, the Supersuite then became more oxidised due either the H2 ceasing to be
ableto passinto the magmachamber from the country rock or because H2 has diffused
into the atmosphere (Czamanske and Wones, 1973; Wyborn, 1983).
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10.3 Futurework

10.4 Methodology

The gold depositsin the Granites-Tanami area are hosted by predominantly iron-rich,
graphite-rich or sericite/chlorite-rich lithologies. All the deposits appear to be
developed from reduced fluids and seem to have pyrite-quartz-sericite alteration
associated with the mineralising event. Asthe majority of graniteswithinthe areaare
reduced fractionating |-types it seems more than likely that fluids derived from these
granites are acomponent of the mineralising fluids, asuggestion that is supported by
fluidinclusionwork (e.g., Tunks, 1995, Vaentaand Wall, 1996). Thereisapossibility
that some Sn may be found around the Lewis Granite and thereis aso potential for W
mineralisation. It is also possible that there may be some mineralisation related to the
|ate magnetic phasesof thegranite, although thesewill probably have hostsof different
composition to those depositsin The Granites-Tanami Block that are associated with
reduced fluids.

The better known deposits are located in an areawhere it has been interpreted that the
graniteintrusionsarerelatively deep (Blake et al., 1979; Wall, 1989). In the north, the
Winnecke Granophyre has intruded to a much shallower depth and has altered and
greisenised its own comagmatic volcanics in the Mount Winnecke Formation. If any
mineralisation exists in this areait is more likely to be of an epithermal or porphyry
style, and hosted within or closeto thevolcanicsor the granophyre. Thelimiting factor
in this model may be that the magmas in this northern area are also the most
fractionated and may have aready lost metals such as Au or Cu.

It is accepted that the connection to a granite source for the mineralisation could be
regarded as tenuous as all known mineralisation isdistal to the granites. Ding (1997)
hasargued that the Granites Gold Deposit isan exampl e of astratabound pre-orogenic
deposit (pre-1980 Ma) whilst Wall (1989) and Vaenta and Wall (1996) argue for a
graniterelated model. The point at issuewith thisstudy isthat The Granites Supersuite
shows clear evidence of fractionation and is atype of granite that is similar to those
found in both the Pine Creek and Telfer areas. Hence, the granites of this Supersuite
must be considered as viable componentsin any model trying to explain at least some
of the controls on the distribution of mineralisation in The Granites-Tanami Block.

The felsic igneous rocks of The Granites-Tanami Block are poorly defined both in
termsof their chemistry and their ages. Thesinglecrystal agesreported by Ding (1987)
need to be confirmed by more conventional SHRIMP analysesto determine just how
representative these individual zircon ages are not only of the samples dated, but also
of theintrusions that each individual sample istaken from.

A systematic granite sampling program also needs to be carried out, firstly to better
define the metallogenic characteristics of this suite, but secondly and more
importantly, to try to classify the numerous unnamed granite outcrops scattered
throughout the areaand to try to definewhether they are part of the Granites Supersuite
or belong to the 1880 Ma or the Archaean suites.

Information Sources: 1:250 000 maps and commentaries, 1:100 000 maps and notes where
available, published ages, AGSO ROCKCHEM database, BRSYAGSO Minloc database,
AGSO magnetics and gravity.

Classification of Granites: Inthisreport the graniteshave been dividedinto suitesbased onthe
age, geographic location, and geochemistry of each pluton. Only one major suite was
recognised (Table 1.1).

Host Rocks. The country rocks which are thought to be intruded by each suite have been
summarised, and classified according to mineralogical characteristics thought to be important
in determining the metallogenic potential of a granite intrusive event.

Relating Mineralisation: Asthe granitesoccur only as scattered outcrops, it has been difficult
torelatemineralisationto known outcropsof granites, particularly asso few had been sampled.
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10.7 Table10.1
Ch | Grouping | Age Potential Confid Bluton
pt# (Type) (M& lcy |Au |Pozn [Sn  |Mow | Leve
Billabon i
3 g 2514 | None | None | None | None | None | 000 ”””aT“eo' gne1sSes east of The
(Unclassified) Granites Gold mine
Browns Range i
3 . 9 1882 | None | None | None | None | None | 000 unnamed gneisses from the
(Unclassified) Browns Range Dome
2 Granites 1810 | Mod | High | Low Mod |Low | 323 Lewis Granite
(Cullen) The Granites Granite
Slatey Creek Granite
Winnecke Granophyre
Mount Winnecke Formation
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11 KIMBERLEY PROVINCE SYNTHESIS

Compiled by Ledey Wyborn

11.1 Executive Although the Kimberley Province (including the King Leopold and Halls Creek
Summary - Orogens) has many geological elements common to other Proterozoic provinces in
Geology Australia, itisprobably the most poorly endowed with respect to significant economic

deposits of Au, base metals, Sn and W. The only world class deposit within the
province is the Mesoproterozoic Argyle diamond mine. There are some Ni, Cr and
PGE prospects within the layered mafic-ultramafic intrusives (Hoatson, 1993a; 1995;
Hoatson and Tyler, 1993; Trudo and Hoatson, 1996) and a suite of alkaline igneous
rocks hosts a Nb and rare earth elements prospect (Chalmers, 1990): there are also
some VHMS base metal prospects in the Koongie Park area (Rea, 1997; Hoatson,
1993Db). The regional geology of the Kimberley Province has been summarised by
Griffinand Grey (1990), Tyler et al. (1995) and by Plumb (1990). Theregion hasalso
been the focus of detailed mapping as part of arevision of the West Kimberleys by
GSWA and the East Kimberleys as part of the NGMA program by both AGSO and
GSWA.

Like many Palaeoproterozoic provinces, the earliest sediments were deposited
between ~1920-1840 Ma and consisted of several packages that include mafic and
felsic volcanics, clastic sediments, carbonaceous and cal careous sediments, and some
banded iron formations. Some high level granites were also intruded early into the
sequence at ~ 1910 Ma. Theserocks were all deformed and metamorphosed, someto
granulitefacies, before or during theintrusion of most of thegranitesuites(Tyleretal .,
1995).

Most of the granitesin the Kimberley Province wereintruded from about 1865 Mato
1818 Maand thereisagradual shift in the age of the granites during this period from
the west-northwest to the east-southeast. At least eight suites occur in the whole
Kimberley region: all suitesarel-(granodiorite) type, with theexception of theakaline
Butchers Gully Suite. Most granite suites are also interpreted to be predominately
restite-rich with the exception of the Koongie Park Suite. Most of the major granite
eventsare coeval with theintrusion of layered mafic-ultramafic complexes (Hoatson,
19933, 1995).

From a metallogenic point of view, there appears to be only minor evidence of
fractionation processes operating within the magjor 1865 to 1818 Magranite suites of
the Kimberley Province, unlikethe Gawler Craton or the Pine Creek Inlier. Compared
with granites from these two areas, those of the Kimberleys are relatively
homogeneous over wide areas and there are few major distinctive leucocratic plutons
developed. The felsic Whitewater Volcanics are phenocryst rich (up to 50% crystals
(Gellatly et al., 1974Q)) and are compositionally identical to their comagmatic
intrusives (Griffin et al., 1993). These factors support the concept that crystallisation
of granites of the Kimberley region was largely dominated by restite-separation.

In al other Australian provinces dealt with in the Metallogeny of Australian
Proterozoic Igneous Rocks Project, we have not discussed the tectonic setting.
Because of the metalogenic implications, the Kimberley Province will be an
exception as the regional tectonic setting of this has been contentious for many years
with one interpretation considering that the province developed in an intracontinental
setting (e.g. Hancock and Rutland, 1984), whilst others have drawn analogies to
modern continental margins, with the formation of the felsic igneous rocks being
directly related to modern-style subduction processes (e.g., Ogasawara, 1988; Tyler et
al., 1995). Although the chemistry of the felsic melts is interpreted by many (e.g.,
Ogasawara, 1988; Tyler et al., 1995; Sheppard et al., 1995) to indicate derivation from
contemporaneous subduction, there are some argumentsinconsistent with this model.
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11.2

Executive
Summary -
M etallogenic
Potential

Thefirst is that within the comagmatic volcanics in the Kimberley region andesites,
common in regions of subduction-related magmatism, are very rare and second, the
granites are generally more felsic than those found in continental margins. Thirdly,
each magmatic event isbimodal and thereisadistinct gap inthe SiO2 content between
54 and 58 wt. % within the coeval but not comagmatic compositions. Such a gap,
common in extensional regimes, is not usualy found in most continental margin
regionswhereinstead the suitesprogressfrom gabbrosthrough dioriteto quartz diorite
to tonalite to granodiorite to granite, with rocks of tonalitic to granodioritic
compositions being dominant. The presence of coeval, but not comagmatic, layered
mafic/ultramafic intrusionsis also considered by someto beindicative of extensional
conditions (von Gruenewal dt and Harmer, 1992).

An alternativeinterpretation to the contemporaneous subduction model isthat maficto
intermediate igneous material was underplated in the lower crust in the late Archaean
to earliest Proterozoic (Wyborn et al., 1992), and that this material subsequently
became the source for the felsic melts emplaced into the Kimberley Province from
about 1880to 1780 Ma. Thissourcewasemplaced at around 2.3 to 2.5 Gabased on Nd-
Sm data (S.-S. Sun, personal communication, OZCHRON). This underplated source
material wasof two distinct compositions: thefirst composition, derived by melting of
aplagioclase stable region, was emplaced into the lower crust in the West Kimberleys
and in the western part of the East Kimberleys. In contrast, in the eastern part of the
East Kimberleys the material underplated was derived from a garnet-stable source
region. It is calculated that this underplated material would be very similar in
composition to igneous rocks of modern subduction zones. Both types of underplated
material were subsequently remelted during various extensional episodes between
1860 to 1818 Ma to give the two different granite types. Because both are restite
dominated, their chemistry now simply ‘imagestheir sourceregion’ (Chappell, 1979),
rather than the tectonic setting at the time of emplacement of the granite suites.

The argument for contemporaneous subduction versus extension processes during the
emplacement of the granites haslittle relevanceto determining the economic potential
of the granite suites. However, it is worth stressing that, based on the compilation of
magmas associated with modern porphyry systemsin both island arc and continental
margins done by this project, there are some significant major element and
mineralogical differences between these and the granites of the Kimberley Province
and those of modern subduction zones. These differences may explain the apparent
absence of major porphyry systems within the Kimberley Province felsic igneous
rocks themselves.

A fina granite event at around 1800 Ma produced high SiO2 granites which are more
typical of the Sybella-type. These intrusions appear to be chemically different from
granites of similar age in the Granites-Tanami Province, athough data are limited.

This compilation has assessed the potential of each granite suite based on the criteria
set out in the Project Proposal. Eight suites were recognised and only one, the
volumetrically small Koongie Suite, is considered to have major mineral potential
(Table 1.1). For the large volume of granite present in the Kimberley Province, no
regional or district scaleateration zones have been defined, and aplitesand pegmatites
arevery scarce (Sheppard et al., in prep.). Despite the presence of highly reactiverock
types (mafic igneousrocks, carbonates, iron formations, carbonaceous shales), which
in other provinces host significant granite-related mineralisation, no major Au or base
metal deposits have been located either within the granites or the associated country
rock. This study argues that the potential of the granites of the Kimberley Provinceis
limited by the abundance of restitein the granite suites. Some late separation of restite
resulted in limited fractionation in the West Kimberleys, particularly in the Lennard
1:250 000 sheet area. There is some evidence that this could has occurred in the East
Kimberleysbut more analyses are required of rocks of high SiO2 contents (>75 wt %)
to confirm this. Volcanics of the Koongie Park Formation were deposited in a

86

© Geoscience Australia 2002



KIMBERLEY PROVINCE SYNTHESIS

subagueous environment, which may explain their spatial association with small
VHMS prospects. Again, there are insufficient analysed samples, particularly at the
high SO2 end to determine if these volcanics are fractionated, although the
comagmatic felsic volcanics are predominantly aphyric, indicating that the magma
waspredominantly liquid. Thegranitesof theyoungest suite, the Sans Sou Suite, being
a Sybella type, may have some potential for minor Sn and perhaps Mo/W.

11.3 Futurework Becausethemajority of thegranitesinthe Kimberley Provinceareinterpreted asbeing
restite-rich and unfractionated, they are not considered to have potential for significant
mineralisation. However, before completely dismissing their metallogenic potential
outright, further sampling of the more fractionated phases identified from the
radiometric datais required. Some sampling of the altered phases also visiblein both
the magnetic and radiometric data is also warranted. However, it is to be noted that
given the extent of geochemical sampling in thisregion so far, combined with thelack
of significant discoveries, the outlook does not seem to be all that promising.

11.4 Methodology Information Sources: 1:250 000 maps and commentaries, preliminary 1:100 000
maps and notes, published ages, the GSWA whole rock geochemica data,
supplemented with data from AGSO ROCKCHEM data base, BRS/AGSO Minloc
database, AGSO magnetics and gravity.

Classification of Granites: In this report the granites have been divided into suites
essentially as defined by Sheppard et al. (1995) with some modifications (Table 1.1).
Because of thelarge aerial extent of the Paperbark Supersuiteinthe Kimberley region,
for the purpose of this project, the Supersuite has been subdivided into the west and
east Kimberleysand dealt with in two separate chapters so that readerscan moreeasily
relate to the individual granite plutons of the two aress.

Host Rocks: The country rocks which are thought to be intruded by each suite have
been summarised, and classified according to mineralogical characteristicsthought to
be important in determining the metallogenic potentia of a granite intrusive event.

Relating Mineralisation: The method used has been to exclude all deposits morethan
5 km from a known outcropping granite, then for those remaining, to make an
assessment of the likelihood that they may be derived from granite intrusive activity
(based on deposit style).

11.5 Acknowledge Thissection has benefited greatly by help from . Tyler, S. Sheppard, T. Griffin, D.H.
ments Blake, D. Hoatson and S-S Sun.
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11.7 Table11.1

Chpt
#

Grouping
(Type)

Age
(Ma)

Potential

Cu

Au

Pb/Zn

Mo/W

Confid
Level

Pluton

2

Paperbark
(West
Kimberley)
(Kalkadoon)

1860

Low

Low

None

Low

None

321

Mount Amy Granite

Barker Monzogranite

Bickleys Porphyry

Black Rock Granodiorite

Cone Hill Granite

Lerida Granite

Mount Disaster Porphyry

Cascade Bay Monzogranite

Long Hole Granite

Little Gold River
Microgranodiorite

L ouisa Monzogranite

Kongrow Granite

King Granodiorite

Lennard Granite

Mondooma Granite

McSherrys Granodiorite

Nellie Tonalite

Pillara Monzogranite

Square Top Microgranite

Richenda Microgranodiorite

Scrutons Monzogranite

Tarraji Microgranite

Mulkerrins Granite

Swift Monzogranite

Dyasons Granite

Chaneys Granite

Secure Bay Monzogranite

Whitewater Volcanics

Paperbark
(East
Kimberley)

(Nicholson)

1850

Low

Low

None

Low

None

321

Neville Granodiorite

Gnewing Granodiorite

Mussell Creek Granite

Sandy Dam Monzogranite

Togo Monzogranite

Top Water Tonalite

Airfield Granodiorite

Paperbark Granite
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Chpt
#

Grouping
(Type)

Age
(Ma)

Potential

Cu

Au

Pb/Zn

Sn

Mo/W

Confid
Level

Pluton

Pandanus Y ard Monzogranite

Tumagee Granite

Mad Gap Monzogranite

Castlereagh Hill Porphyry

Greenvale Porphyry

Beefwood Yard Granite

Crooked Creek Granite

Dinner Creek Tonalite

Gordons Gorge Granite

Matchbox Granite

Mount Nulasy Granite

Neil Creek Monzogranite

Whitewater Volcanics

Sally Downs

(Nicholson)

1825

Low

Low/
Mod

None

Low

None

321

Grimpy Monzogranite

L oadstone Monzogranite

Violet Valley Tonalite

Dillinger Monzogranite

Mount Christine Granitoid

Mabel Downs Tondlite

Corrara Granite

Sally Downs Tonalite

Mount Fairbairn Monzogranite

McHale Granodiorite

Kevins Dam Monzogranite

Koondooloo Monzogranite

Magotty Springs Monzogranite

Shepherds Bore Granite

Wesley Yard Granite

Koongie Park
(Unclassified)

1840

High

Low

High

Low

Low

221

Koongie Park Formation

Angelo Microgranite

San Sou
(Sybellq)

1800

None

None

None

Low

Low

221

San Sou Monzogranite

Eastman Granite

Sophie Downs
(Unclassified)

1910

None

None

None

None

None

221

Sophie Downs Granite

Esaw Monzogranite

Junda Microgranite

Ding Dong Downs Volcanics

Dougalls
(Sally Downs)

1850

None

None

None

Low

None

221

Dougalls Tonalite

Monkey Yard Tonalite
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Potential

Chpt|  Grouping Age Confid B
uton
# (Type) (M& cu |Au |Pozn |Sn | Mow | Leve
Corkwood Tonalite
Dead Fish Tonalite
Reedy Creek Granodiorite
5 ButchersGully | 1850 | Low | Low | None | None | None | 221 Butchers Gully Member
(Unclassified) Maude Headley Member
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12 MOUNT ISA INLIER

12.1 Executive

Summary -
Geology

12.2 Executive

Summary -
M etallogenic
Potential

Compiled by Ledey Wyborn, Irina Bastrakova, Carole Hendey and Anthony
Budd.

TheMount Isalnlier hasavery long history of miningand exploration. Thelnlier hosts
several magjor Pb-Zn deposits(Mount | sa, Hilton, George Fisher, Century, Cannington)
and the Mount Isa Cu deposit. Although the relationship between Au and Cu deposits
and plutons of the Williams Supersuite wasfirst postulated by Nye and Rayner (1940)
in the eastern Mount Isa Inlier, it is only recently that there has been more genera
acceptance that granites may be related to mineralisation in this part of Inlier (e.g.,
Wyborn and Heinrich, 1993a, 1993b) with the discovery of deposits such as Ernest
Henry, Osborne, Eloise and Starra.

The regional geology of the Mount Inlier was reviewed by Blake (1987). The Mount
Isa Inlier itself can be subdivided into 3 broad tectonic divisions: the Western and
Eastern Fold Belts separated by the older Kalkadoon-Leichhardt Fold Belt. The
Murphy Inlier tothe northwest separatesthe Mount Isalnlier cover sequencesfromthe
McArthur Basin. The oldest sequence, designated by Blake (1987) as basement,
consists of a package of predominantly quartzofeldspathic sediments which were
deformed and metamorphosed by about 1875 Ma. A series of cover sequences were
then deposited from about 1875 Mato 1580 Main the Western and Eastern Fold Belts.
The amount of volcanics within these sequences decreases throughout time, and they
can be either dominantly felsic, dominantly mafic or bimodal.

Granites were intruded throughout the history of the Mount IsaInlier and most are |-
type, with afew S-types. The earliest known granites are dated at ~1860 Ma, and the
youngest at ~1490 Ma. The larger granite intrusive events are at 1860 Ma, 1760 Ma,
1740 Ma, 1670 Maand 1510 Ma. The most mineralised granite event isat ~1510 Ma.
Most granitesare Sr-depleted, Y -undepl eted, indicating aplagiocl ase-residual source.

This compilation has assessed the potential of each granite suite based on the criteria
set out in the Project Proposal. Suites which have been identified as having high
potential for granite-related mineralisation are:

The Williams Supersuite, comprising the post-D2 plutons of the Williams and Naraku
Batholiths, has the greatest potentia for further discoveries of Au and Cu in the
surrounding environments. The magma becomes more oxidised with increasing
fractionation, and Cu valuesdecreasewith increasing SiO2. Thehigh oxidation state of
the late magmatic derivatives means that reduction isthe most likely cause for metal
precipitation and that suitable host rocks will be either carbonaceous rocks or
ironstones. Reduction could also occur by interaction of the magmatically derived
fluid with areduced connate fluid.

The Burstall Suite consists of a series of comparatively small plutons some of which
have potential for Cu-Au deposits, and although these are likely to be of low tonnage,
they have the potential to be of high grade. With the exception of the Saint Mungo
Granite and the Myubee | gneous Complex, members of the Burstall Suite are oxidised
and Cu generally decreases with increasing SiOp. The Saint Mungo Granite, whichis
relatively reduced, is the closest pluton to the Tick Hill Au deposit. New
geochronological information (Page and Sun, 1996; Page et al. 1997) would suggest
that coeval with thisintrusive suiteisaseries of felsic volcanicswhich areinterbedded
with the Ballara Quartzite, Mitakoodi Quartzite and Corella Formation (and may also
includevolcanicsof the Tommy Creek Block). Although speculative, itispossiblethat
epithermal and/or Carlin-style Au deposits may be found within these sediments,
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related to the fractionating magmatism of the Burstall Suite (particularly as some of
these sediments contain graphitic schist).

The Sybella Suite has high HFSE contents and is not regarded as having much
potential for Au or Cu. It has some potential for Sn, Mo and Be.

The Nicholson Suite is dominated by restite in its more mafic end members.
Fractionation has only occurred over avery narrow SiOp range at high SiO2 values.
The only metal potential appears to be in areas surrounding these late fractionated
derivativesinthecentral part of the Murphy Inlier, wherethereis apossibility of small
Cu, Sn or even Au deposits.

The Kalkadoon-L eichhardt Suite, being predominantly a restite suite, isregarded in
general ashaving low economic potential. However, in thenorth near Dobbynand also
near the Ewen Batholith, the suite may have potential for small Cu deposits, as minor
fractionation appears to have taken place.

12.3 Futurework Two areas of further research have been identified.

1) Further sampling of the northern part of the Ewen Granite and the Kakadoon
Granodiorite in the Dobbyn and northern Prospector 1:100 000 sheet areas to
determine if the granite system has undergone fractionation and if so what are the
metallogenic implications.

2) A completedissection of the 1780-1740 Mafelsicigneousrocks of the Eastern Fold
Belt and the Wonga region of the Kalkadoon-Leichhardt Belt. The focus of this
research should try to determine which parts of the WWonga Suite are comagmatic with
the Argylla Suite and which parts are comagmatic with the Burstall Suite. The
geochemical research project should apply to both the intrusives and extrusives given
the economic potential of the Burstall Suite.

12.4 Methodology Information Sources: 1:250 000 maps and commentaries, 1:100 000 maps and notes where
available, published ages, AGSO ROCKCHEM database, BRS/AGSO Minloc database,
AGSO magnetics and gravity.

Classification of Granites: Inthisreport the granites have been divided into suitesbased onthe
age, geographic location, and geochemistry of each pluton. Using this method, approximately
10 suites are recognised (Table 1.1). However, if it can be proven that the older granites of the
Wonga Suite are part of the Argylla Suite and that the Burstall Suite is comagmatic with the
Tommy Creek Suite then the number of suitesis reduced.

Host Rocks: The country rocks which are thought to be intruded by each suite have been
summarised, and classified according to mineralogical characteristics thought to be important
in determining the metallogenic potential of a granite intrusive event.

Relating Mineralisation: Asvery littledirect dating of mineralisationisavailableinthe Mount
Isa Inlier, the method used has been to exclude all deposits more than 5 km from a known
outcropping granite, then for those remaining, to make an assessment of thelikelihood that they
may bederived from graniteintrusive activity (based on deposit styl€). The existence of known
mineralisation thought to be associated with a granite has been a factor in categorising the
metallogenic potential of that granite, however, it is only one criteria of several.

12.5 Acknowledge This section has benefited from helpful discussions with Dave Blake and Shen-Su Sun.
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12.7 Table1.1
Ch | Grouping | Age Potential Confid BlLton
PL# | (Type) M3 fcu |Au |Poizn [sn | Mow | Leve
2 Kalkadoon 1860 | Low |Low |None |Low | None |322 Kalkadoon Granodiorite
(Kakadoon) Wills Creek Granite
Woonigan Granite
One Tree Granite
Hardway Granite
Leichardt Volcanics
Ewen Granite
3 Nicholson 1850 | Mod | Mod |Low |Mod |Low | 322 Nicholson Granite
(Nicholson) Cliffdale Volcanics
4 Argylla 1780 | None | None | None | None | None | 321 Argylla Formation
(Sybellq) Bottletree Formation
Bowlers Hole Granite
Mairindi Creek Granite
5 Wonga 1760 | None | None | None | None | None | 321 Birds Well Granite
(Sybella) Bushy Park Gneiss
Mount Maggie Granite
Natalie Granite
Playboy Granite
Scheelite Granite
Winston Churchill Granite
6 Burstall 1740 | Mod | Mod | None |Low |Low | 322 Burstall Granite
(Hiltaba) Mount Godkin Granite
Overlander Granite
Mount Erle Igneous Complex
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Chpt

Grouping
(Type)

Age
(Ma)

Potential

Cu

Au

Pb/Zn

Sn

Mo/W

Confid
Level

Pluton

Revenue Granite

Saint Mungo Granite

Myubee Granite

Fiery
(Sybella)

1710

None

None

None

None

None

321

Peters Creek Volcanics

Fiery Creek Volcanics

Weberra Granite

Sybella
(Sybella)

1670

None

None

None

Low

Low

321

Annable Granite

Briar Granite

Dingo Granite

Easter Egg Granite

Garden Creek Porphyry

Giddya Granite

Guns Knob Granite

Hay Mill Granite

Kahko Granodiorite

Keithys Granite

Kitty Plain Microgranite (in part)

Queen Elizabeth Granite

Steeles Granite

Widgewarra Granite

Wonomo Granite

Carters Bore Rhyalite

Maramungee
(Maramungee)

1545

None

None

None

None

None

321

Maramungee Granite

10

Williams
(Hiltaba)

1510

High

High

None

None

Low

323

The Mavis Granodiorite

Malakoff Granite

Saxby Granite

Mount Angelay Granite

Squirrel Hills Granite

Y ellow Waterhole Granite

Wimberu Granite

Mount Cobalt Granite

Mount Dore Granite

11

Tommy Creek
(Hiltaba)

1760

Low

Mod

None

None

None

321

Tommy Creek Microgranite

Lalor beds

Milo beds(?)

11

Little Toby
(Sybella)

210

Little Toby Granite
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Ch | Grouping | Age Potential Confid
Pluton

pt# (Type) (M8 'cu |Au |Pozn |[Sn  |Mow | Leve
Monaghans )

11 1804 | None | None | None | None | None | 320 Monaghans Granite
(Forsayth)
Y eldham .

11 1820 | None | None | None | None | None | 220 Y eldham Granite
(Forsayth)

11 | Cowie ? ? ? ? ? ? 220 Cowie Granite
(Unclassified) Blackeye Granite
Levian . .

11 . 1746 | ? ? ? ? ? 321 Levian Granite
(Unclassified)
Mount

11 | Maragret 1530 | ? ? ? ? ? 100 Mount Margaret Granite
(Unclassified)
Gin Creek i i i

11 1740 | 2 5 5 5 5 311 Gin Crgek Granite (muscovite-
(Forsayth) tourmaline phase)
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13 MUSGRAVE BLOCK SYNTHESIS

Compiled by Anthony Budd

13.1 Executive The Musgrave Block is a Palaeo-Mesoproterozoic crystalline basement domain
Summary - extending across the common borders of South Australia, Western Australia, and the
Geology Northern Territory. Exposuresare excellent inthemain ranges (Birksgate, Tomkinson,

Mann, Musgrave and Everard Ranges) but other areas are mostly veneered by sand
dunes and sheets of the Great Victoria Desert. The Musgrave Block is flanked by
Neoproterozoic and Palaeozoic sedimentary basins: Canning Basin to the northwest,
Amadeus Basin to the north, Officer Basin to the south and west, and Warburton Basin
to the east. The Mesozoic Eromanga Basin overstepsthe latter two from the east onto
the Musgrave Block.

The Musgrave Block is subdivided into two tectonic subdomains - the area north of,
and structurally below, the Woodroffe Thrust is the Mulga Park Subdomain, whereas
theregionto the south isthe Fregon Subdomain, whichisstructurally abovethethrust.
A recent compilation by Mgjor and Conor (1993) simplifies the terminology used in
the area. The Olia Gneiss refers to the amphibolite-facies gneisses north of the
Woodroffe Thrust (MulgaPark Subdomain) (notethat recent dating suggeststhat only
gneissin areas around Mulga Park are pre-Musgravian Orogeny in age, and that the
Olia Gneiss in other areas may be deformed equivalents of the Pottoyu Granitic
Complex, i.e. part of the Kulgera Supersuite (Nigel Duncan, NTGS perscomm1996)).
The Musgravian Orogeny includes a~1200 Ma metamorphic event which produced
the Birksgate Complex which refers to all the metamorphic rocks (ie granulite and
amphibolite-faciesgneisses) south of theWoodroffe Thrust (Fregon Subdomain). This
excludes the Giles Complex, Kulgera Supersuite and basic dykes. The Bentley
Supergroup inthewestern Musgravesoverliesearlier gnei ssesand the Giles Complex.
Itincludesthe Tollu Group, which includesthe possibly A-type Smoke Hill volcanics
at 1080 Ma.

Only three age groupings of granites have been recognised at this stage. They are the
regionadly extensive ‘Kulgera Supersuite at ~1185 Ma, a suite of granitoids
informally named the Winburn suitein the area of the Giles Complex - Tollu Group at
~1050 Ma, and an age of ~1550 Ma has been obtained from some zircons in felsic
gheisses. It must be stressed that this division istentative, asit isbased on alimited
geochemical and geochronological dataset, and mapping that was done in pockets
rather than throughout the Block. Further, literature descriptions are difficult to
interpret. Also, Comacho (pers comm) and Sheraton (pers comm) have indicated that
on local scales there is significant variability in the composition of the granites, and
that grouping the granitesinto suitesis difficult. It is considered by the author highly
likely that further work in the Musgraves Block would substantially change the suites
that many of theindividual mapunitsare assigned to. Thismust bebornein mind when
considering the metallogenic potential of any of these areas.

Camacho and Fanning (1995) dated felsic gneisses from both the Fregon and Mulga
Park subdomains containing zircons that were structured with euhedral centres
overgrown by round elongate rims. SHRIM P anal yses of the coresgave agesof 1557 +
24 and 1554 + 28 Marespectively, and wereinterpreted to represent thetime of igneous
crystallisation. Maboko et al. (1992) dated ametagranitoid by the SHRIM P method at
1502 + 14 Ma. Although thisisclear evidencefor an old granite event, thereisno other
data to make an analyses of these granites possible. It is not even clear where these
particular granite samples are located, which units they belong to, or how extensive
they are. They may represent samples of the Birksgate Complex (see later), or may
predate or intrude this Complex. No geochemical analyses are available for these
samples, so the granites of this age unfortunately cannot be considered in any more
detail.
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13.2 Executive
Summary -
M etallogenic
Potential

13.3 Methodology

The Kulgera Supersuite was emplaced during and after high-grade metamorphism of
the Musgravian Orogeny, at ~1185 Ma. It is composed of widespread felsic, mainly
mmonzogranitic and charnockitic plutons emplaced predominantly in the Fregon
Subdomain. They range in composition from alkali granite to diorite, and include
extensive biotite granite gneiss. The hydrous and oxidation states vary so that
orthopyroxene, clinopyroxene, hornblende or bictite may be localy dominant.
Texturaly, the granitoidsare commonly porphyritic and vary fromfoliated to massive.
The Kulgera Supersuite includes granites of the Kulgera Suite in the northeastern part
of the Musgraves Block. It also includes the Pottoyu Granitic Complex and the Olia
Gneiss in the northwestern (Petermann Ranges) part of the Block. Granites in the
southern part of the Block are thought to be part of the Supersuite, and have been
informally grouped as the Southern granites.

The Winburn suite intruded contemporaneously with the Giles Complex and the
SmokeHill Volcanicsat 1080 Ma(Sunet al., 1996). It isrestricted in occurrenceto the
western Musgraves, in the broad areaof the Tomkinson Ranges - Hinkley Ranges. Itis
composed of charnockites, rapakivi granites, megacrystic granites, and biotite
granites. Some of the granites are |-types, typical of intracrustal melts, and they have
marked Y depletion. Other granites are fluorite-bearing (which is consistent with
rapakivi and megacrystic textures), and are suggested to be theintrusive equival ents of
the Smoke Hill Volcanics. Some of the granites of this age have back intrusion
relationships with the Giles Complex, and it is suggested that the Winburn Suite and
Giles Complex are derived during a single magmatic episode.

The Kulgera Supersuite and Winburn Suite intrude the Birksgate Complex. The only
named unit of the complex isthe Wataru Gneissin the Birksgate Range. The Birksgate
Complex iscomprised of morethan 90% acid lithologies, with theremainder including
pelitic, quartzitic, calcsilicate and intermediate paragneisses, and intermediate, basic
and ultrabasic orthogneisses (note that these are common lithol ogies throughout the
Block, meaning that lithological mapping alone cannot provide a stratigraphy). It is
granulitic with hornblende, biotite + orthopyroxene * clinopyroxene. The bulk of the
metamorphic rocks of the Birksgate Complex are suggested to have volcanic
precursors, being dominantly felsic orthogneisses, but also including mafic and
ultramafic bodies. The presence of peraluminous gneiss, magnetite-rich quartzite and
calcsilicate indicate that clastic and chemica sedimentary components are
widespread.

There appearsto be abroad regional pattern in the distribution of metamorphic grade
within the Fregon Subdomain, with the Tomkinson, Mann and Musgrave Ranges
forming a core characterised by granulite-facies rocks. These possibly pass
southwards and eastwards into lower grade amphibolite-facies rocks. Hornblende-
bearing granulites are distributed across the central and southern portions of the
subdomain.

TheKulgeraSupersuiteisstrongly oxidised to oxidised, moderately fractionated, hasa
wide composition range, is strongly metaluminous, and is Sr-depleted, Y -undepleted.
Potential hosts which the suite intrude include mafic and ultramafic units of the
Birksgate Complex, which have Fe?*-rich mineral ogy (pyroxene, hornblende), and
magnetite-rich quartzites. The Kulgera Suiteisthought to have moderate potential for
gold and possibly copper mineralisation.

The Winburn suite is not considered to have any significant mineralisation potential,
because of its A-type character.

Information Sources: Major and Conor (1993) contains a useful summary of the part of the
Musgrave Block occurring in South Australia. The NGMA mapping carried out in the western
part of the Block has also provided useful information and geochemical data and
geochronology (Glikson et al., 1995; Sheraton and Sun, 1995; Sun et al., 1996; Glikson et al.,
1996). However, alarge part of the focus of thiswork was on the mafic and ultramafic units of

98

© Geoscience Australia 2002



MUSGRAVE BLOCK SYNTHESIS

13.4 References

the Giles Complex, with less information available on the felsic intrusives in the area.
Geochemical datais sourced from AGSO’s ROCKCHEM database, and data for the Northern
Territory granites was provided by the NTGS.

Classification of Granites: In this synthesis, the granites were tentatively grouped using only
limited geochemistry, very brief literature articles, and information from relatively small-scale
mapping.

Host Rocks: The country rocks which are thought to be intruded by each suite have been
summarised, and classified according to mineralogical characteristics thought to beimportant
in determining the metall ogenic potential of agraniteintrusive event. Again, the dataavailable
for thisislimited, and possibly incomplete.

Relating Mineralisation: Very little mineralisation (none of it economic to date) has been
foundintheMusgrave Block. Minor primary uranium, copper and gold mineralisation hasbeen
identified within gneiss and granulite of the Fregon Subdomain.
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granulite and upper amphibolite facies terranes in the eastern Musgrave Block, central
Australia, Precambrian Research, 71, 155-181.
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Geological framework and crustal evolution of the Giles mafic-ultramafic complex and
environs, western Musgrave Block, centra Australia, Australian Geological Survey
Organisation, Journal of Australian Geology and Geophysics, 16, 1/2, 41-67.

Glikson, A.Y., Stewart, A.J, Ballhaus, C.G., Clarke, G.L., Feeken, E.H.J.,, Leven, JH.,,
Sheraton, JW., S.-S. Sun, 1996. Geology of the western Musgrave Block, central Australia,
with particular referenceto the mafic-ultramafic Giles Complex, Australian Geological Survey
Organisation, Bulletin 239.

Maboko, M.A.H., McDougall, 1., Zeitler, PK. and Williams, 1.S., 1992. Geochronological
evidence for ~530-550 Ma juxtaposition of two Proterozoic metamorphic terranes in the
Musgrave Ranges, central Australia, Australian Journal of Earth Sciences, 39, 457-471.
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13.5 Table13.1

Chpt| Grouping | Age Potential Confid BlLton

# (Type) (Ma) |cy |Au |Poizn [Sn | Mow | Leve
Unnamed 1550 | ? ? ? ? ? m? 7?
Kulgera .

2 1190 | Mod | Mod | None | None | None | 110 Undivided
(Cullen)
Winburn -

3 1080 | None | None | None | None | None | 110 Undivided
(Sybella)
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14.1 Executive

Summary -
Geology

14.2 Executive

Summary -
M etallogenic
Potential

Compiled by Ledey Wyborn

The Paterson Orogen contains Telfer, one of Australia’ slargest Au deposits hosted by
Proterozoic sediments, aswell asthe Kintyre U deposit and the Nifty Cu deposit. The
regiona geology of the Paterson Orogen was recently reviewed by Hickman et al.
(1994) and substantially modified by Bagaset al. (1995).

The Paterson Orogen consists of 2 major packages of rocks. The older package
comprises the Rudall Complex, which contains two distinguishable units: older
banded orthognei ss (50% of outcrop) and paragneiss, and younger quartziteand schist.
The Rudall Complex contains some highly reactive rock types including graphitic
schists and quartz + magnetite rocks. The Rudall Complex has been highly deformed
and metamorphosed, in some areas up to granulite facies.

The younger package, formerly called the Yeneena Group, has been subdivided into
three groups (Bagas et al., 1995): the Lamil Group in the north, the Throssell Group
and the overlying much younger Tarcunyah Groupinthewest to southwest. The Lamil
Group occurs mainly in the Telfer area and contains what has been informally called
the‘ Telfer Succession’. The Telfer Succession contains highly reactive dolomitesand
calcareous rocks, with quartzites and some carbonaceous and pyritic shales. The
Throssell Group contains the Broadhurst Formation, host to the Nifty Cu
mineralisation.

The earliest know granites were emplaced at around 1910 Ma. Although an older age
has been documented at ~ 2015 Ma, thisis thought to be an inherited age (Bagas and
Smithies, in prep). A major period of granite intrusion, the Kalkan Supersuite,
occurred at around ~ 1780 Ma. A suite of poorly known granites on the Tabletop and
western Rudall 1:250 000 sheet areas was possibly emplaced at between 1490 and
1310 Ma (Smithies and Bagas, in prep.). The most metallogenically important suite,
the O’ Callaghans Supersuite was emplaced at ~ 625 Maand is thought by some (but
not al!) to be related to the Telfer Au deposit.

The assessment of the potential of each granite suitein the Paterson Orogen based on
the criteria set out in the Project Proposa has been hindered by the limited data
available, particularly for the granitesin the southern part. Suitesidentified as having
some potential for granite-related mineralisation are:

The Kakan Supersuite at ~1780 Mawhich shows someindications of fractionation. It
cannot be dismissed outright, but the potential on current informationisequivocal and
hence the areas surrounding this suite may be worth some follow-up exploration.

The Krackatinny Supersuiteat ~ 1310 Ma(?) which cropsout inthe far eastern part of
the Orogen, mainly on the Tabletop 1:250 000 Sheet area. Data on this suite are very
limited, and the rocks appear to intrude rocks of the Rudall Complex. Exposures are
scattered amongst sand dunes. Some banded quartz-magnetite-amphibole gneisses
occur in the vicinity: these are clearly potential hosts for mineralisation. It is to be
stressed that there isinsufficient data to confidently recommend this suite for further
exploration, but there are enough sufficiently interesting characteristics both in the
granite and their hosts to argue that further investigations in this area may be
profitable.

The O’ Callaghans Supersuite at ~ 625 Ma has a proven spatial relationship with
mineralisation. The Supersuite shows fractionation and evidence for the activity of a
fluid phase. It can be divided into two suites: the oxidised Mount Crofton Suite, which
contains magnetite, but very little mineralisation, and the reduced O’ Callaghans Suite
whichisilmenite stable. Any fluids which came off the O’ Callaghans Suite would be
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14.3 FutureWork

14.4 Methodology

14.5 Acknowledge
ments

14.6 References

reduced and have potential to carry gold, copper, tungsten and molybdenum.
Exploration to date has focused on targets similar in composition to the hosts of the
mineralisation at Telfer. However, some mineralisation may be associated with the
more oxidised Mount Crofton Suite. If so then the host rocks could have a different
composition, and the resultant mineralisation may be more Cu-rich.

More sampling isrequired onthegranites, particularly on the Tabletop 1:250 000 area.
The orthogneisses of the Rudall Complex have barely been touched chemically and
need more chemical work to fully assess their potential.

Information Sources: Ph.D theses, 1:250 000 maps and commentaries, 1:100 000 maps and
noteswhere available, published ages, AGSO ROCK CHEM database supplemented with data
from the GSWA, BRSYAGSO Minloc database, AGSO magnetics and gravity.

Classification of Granites: Inthisreport the granites have been divided into suitesbased on the
age, geographic location, and geochemistry of each pluton. Using this method, three
supersuites have been defined. (Table 1.1). They have been given ‘ supersuite’ statusasthereis
insufficient geochemical and geochronological information available to define these units as
suites within the strict definition.

Host Rocks: The country rocks which are thought to be intruded by each suite have been
summarised, and classified according to mineralogical characteristics thought to be important
in determining the metallogenic potential of a granite intrusive event. This has been a little
difficultinthe southern Paterson Orogen, particularly inthe Rudall Complex whereidentifying
potentially reactivehost rockswithin thevicinity of thegranites has proven difficult dueto high
metamorphic grade in some areas combined with limited outcrops.

Relating Mineralisation: Againthishasbeen alittledifficult inthe southern Paterson Orogen,
particularly in the Rudall Complex. Known occurrences of mineralisation are not in the
vicinity of areas where geochemical and petrological data are available.

Thissection has benefited greatly from help provided by Hugh Smithiesand L eon Bagas of the
GSWA who provided data, preliminary notes and much assistance on the telephone. Anyone
interested in following up data on this area should contact these two people. Thanks also to
discussions held over the years to Nicky Netherway (nee Goellnicht) on the granites of the
Telfer regionand special thanksto Newcrest who flew me over tothe Telfer areato enablemeto
see what these granites actually look like in their field context.
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14.7 Table14.1
Ch | Grouping | Age Potential Confid BlLton
pt# | (Type) (M3 |cu |Au |Pbizn |[sn | Mow | Leve
2 Kalkan 1780 | Mod | Mod |Low |Low |Mod |111 PRga
(Unclassified) PRgh
3 Krackatinny 5)1513% Mod | Mod |Low |Low |Mod |110 Krackatinny Tonalite
(Sally Downs) Kutakuta Tonalite
Harbutt L eucogranite
Runton Adamellite
4 O’Callaghans | 625 | High | High |Low |Low |Mod | 323 Mount Crofton Granite
(Cullen) Hansens Folly Gneiss
Desert’s Revenge Granite
O’ Callaghans Granite
Tyama Granite
Minyari Granite
Koolyu Granite
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15 PINE CREEK INLIER

Compiled by Ledey Wyborn, Elizabeth Jagodzinski, Irina Bastrakova and
Anthony Budd.

15.1 Executive The Pine Creek Inlier is one of the major mineral provinces of Australia. The Inlier
Summary - hosts 30% of the world’ s known uranium resources (Ranger, Koongarra, Jabilukaand
Geology Nabarlek) and is a major gold producer with deposits such as Cosmo Howley,

Enterprise, and Mount Todd. Historically, substantial amounts of base metals, silver,
iron, tin and tungsten have a so been mined.

Theregional geology of the Pine Creek Inlier wasreviewed by Needham and de Ross
(1990) and Needham (1988). The main componentsof the Pine Creek Inlier areaseries
of late Archaean basement domes overlain by a Palaeoproterozoic sedimentary
sequence deposited in a shallow intracontinental rift. This predominantly clastic
sequence a so contains some highly reactiverock unitsincluding carbonaceous shales,
bandedironformations, evaporites, carbonates, mafic andfelsic volcanics. Theseunits
were deformed, metamorphosed and intruded by granite at around ~1875 Ma. A
sequence of predominantly rift-related felsic volcanics were extruded unconformably
over the deformed basement at around 1860-1830 Ma. These volcanics were overlain
by platform sandstones of the Katherine River Group.

There are two main episodes of granite intrusion in the Pine Creek Inlier. The first
major event was syn or post the major deformation event and occurred between 1865
and 1850 Ma (Nimbuwah Suite, Allia Suite, Wagait Suite). The next major event was
theintrusion of the Cullen Supersuite and the Jim Jim Suitefrom about 1830-1810 Ma.
Both events were associated with felsic volcanism. All suites are Sr-depleted, Y-
undepleted, indicating a plagioclase-residual source. Most suites are |-(granodiorite)
type, although thereisareasonable proportion of S-typesin the Litchfield Block (the
Allia Suite).

15.2 Executive This compilation has assessed the potential of each granite suite based on the criteria
Summary -  setoutinthe Project Proposal. Suites which have been identified as having potential
M etallogenic for granite-related mineralisation are:

Potential

The Allia Creek Suite at ~1845 Maisafelsic fractionated S-type suite with potential
for Sn. The suite contains pegmatites and greisens.

The Cullen Supersuite at 1825 Mais afelsic fractionated I-(granodioritic) type suite
which has proven Au, Sn and W potential and has some minor Cu and base metal
occurrences.

The Jim Jim Suite at 1825 Maisafractionated |-(granodioritic) suite which may have
some potential for Sn and Au.

15.3 FutureWork Inview of the abundance of datain the Pine Creek Inlier in comparison to some of the
more poorly known Proterozoic Provinces, further sampling in this province is not
regarded as a high priority. Some more focused research could be carried out with
respect to the Pbisotopesto resol vetheissue asto whether the source of the Auisfrom
thegranitesor whether the Auisleached from the adjacent country rocksby interaction
with magmatic fluids.

15.4 Methodology Information Sources: 1:250 000 maps and commentaries, 1:100 000 maps and notes where
available, published ages, AGSO ROCK CHEM database supplemented with datafrom NTGS,
BRS/AGSO Minloc database, AGSO magnetics and gravity.
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15.5 Acknowledge
ments
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15.7 Table15.1

Chpt
#

Grouping
(Type)

Age
(Ma)

Potential

Cu

Au

Pb/Zn

Mo/W

Confid
Level

Pluton

Gerowie
(Kakadoon)

1885

None

None

None

None

None

321

Geworie Tuff

Mount Bonnie Formation

Tollis Formation

Berinka VVolcanics

Warr’'s Volcanic Member

Mulluk Mulluk Volcanic
Member

Burrell Creek Formation

Y arrawonga Vol canic Member

Meeway Volcanics

Nimbuwah
(Kakadoon)

1865

None

None

None

None

None

210

Nimbuwah Complex intrusives

Allia Creek
(Allia)

1845

None

Low

None

High

Low

322

Allia Creek Granite

Two Sisters Granite

Marra-Kamangee Granite

Jammine Granite

Fish Billabong Adamellite

Mount Litchfield Granite

Soldiers Creek Granite

Turnbull Bay Granite

El Sherana
(Kalkadoon)

1865

None

None

None

None

None

221

El Sherana Group

Pul Pul Rhyolite

Coronation Sandstone

Wagait
(Kalkadoon)

1850

None

None

None

None

None

320

Wagait Granite

Peppimenarti Granite

Reynolds River Granite

Koolendong Granite

Cullen
(Cullen)

1825

Mod

High

Low

High

Mod

323

Allamber Springs Granite

Bonrook Granite

McKinlay Granite

Mount Porter Granite

Burnside Granite

Douglas L eucogranite

Frances Creek Leucogranite

Mount Davis Granite

Driffield Granite

Fingerpost Granodiorite

© Geoscience Australia 2002

105




PINE CREEK INLIER

Chpt| Grouping | Age Potential Confid
# (Type) (Ma) ‘cy |Au |Pb/zn |Sn | Mow | Level

Pluton

Fenton Granite

Tennysons L eucogranite

Umbrawarra L eucogranite

Wandie Granite

Wolfram Hill Granite

Y enberrie Leucogranite

Foelsche Leucogranite

Saunders Leucogranite

Mount Bundey Granite

Margaret Granite

McMinns Bluff Granite

Prices Springs Granite

McCarthys Granite

Minglo Granite

Shoobridge Granite

Tabletop Granite

5 JmJm 1825 | None | Mod | None |Low | Low 322 Nabarlek Granite

(Nicholson) Tin Camp Granite

Jim Jim Granite

Malone Creek Granite

Grace Creek Granite

EvaValley Granite

Y euralba Granite

Edith River Volcanics

Plum Tree Creek Volcanics

Big Sunday Formation

Gimbat Formation
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16 OTHER PROVINCES

Compiled by Anthony Budd

Proterozoic granites of Cape Leeuwin, the Northampton Complex and King Iland are
included in this chapter mostly because of their small sizesand lack of data. No dataat
all is available for the Northampton Complex, some age data is available for Cape
L eeuwin, and geochemical and gechronological dataisavailablefor King Island. The
metallogenic potential of each province cannot be adequately quantified with the
available data.

16.1 Kingldand Proterozoic granites on King Island have been called the ‘West Coast granite
(Gresham, 1972). It occupies roughly one quarter of theisland, mostly on the western
and northern parts of theisland. It is a composite body, ranging in composition from
adamellite to granodiorite and is predominantly fine to medium grained with minor
phases of porphyritic granite. The granite consists essentially of quartz, plagioclase,
microcline perthite, orthoclase perthite, with minor biotite, muscovite and chlorite,
and accessory zircon, apatite, sericite, zoisite and opagues. X enoliths of basic material
up to 30 cm in diameter are common throughout the granite mass.

Typical West Coast granite is granodiorite in composition. At the northern end of the
isand two digtinct types of granite have been noted, including an orthoclase-
porphyritic phase and amedium- to fine-grained phase. Most of the West Coast granite
is deformed in some way, being either strongly sheared and foliated, or having
cataclastic texture.

The contacts of the granite with the west coast metasediments are highly variable and
intermixed. The contact near Cape Wickham displays devel opment of migmatitic type
rocks and a variety of quartzose-feldspathic rocks. However, the contacts display a
general conformability between the west coast metasediments and the West Coast
graniteanditisconsideredthegraniteisonly locally intrusiveand largely generatedin
situ. However, Blackney (1982) concludes that the granite is not of minimum melt
composition. A contact between the East Coast metasediments and the granite is
revealed, and appears to be fairly abrupt with some degree of silicification of the
metasediments.

Potassium-argon dating of the micaswithinthe West Coast granitesby McDougall and
Leggo (1965) give an age of 715 Ma. More recent dating by Black (1993) gave a
SHRIMP age of 767+10 Ma, with inheritance of between 1400-1800 Ma and ~2900
Ma. Other dating by Cox (1993) yields dates of 763+12 Ma and 748+2 Ma.

Sixteen samples have been analysed, 15 by Streit (1994) and 1 by Black (the same
sampleaswas SHRIMP dated). The granites sampled are mostly felsic, athough there
is evidence in at least two of the samples of silicification. Some sodic alteration is
present, and the one sampl e that was anal ysed for its stoichiometry isreduced and may
be weathered. The Proterozoic granites appear to form one suite, which is mildly
fractionated, Sr-depleted/Y -undepleted, and is metaluminous to peraluminous and
thereforeisan I-(granodiorite) type. Geochemically, it has compositionsranging from
granodiorite to granite, consistent with field descriptions.

Further Work: It is considered that these granites have low to moderate potential for
Cu-Au mineralisation. In order to quantify the exact potential, further sasmpling of
felsic, possibly fractionated granitesisneeded. Thesmall size of the suiteisprobably a
limiting factor in the mineral potentia of this suite. However, given the global (and
Australian) importance of late Neoproterozoic granite mineralisation, further work on
the Proterozoic granites of King Island may be warranted.
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16.2 Leeuwin

16.3 Northampton

Complex

Complex

The Leeuwin Complex consists of intensely deformed plutonic igneousrocks, mainly
granite, metamorphosed to granulitefacies (Myers, 1990). The graniteiscomposed of
quartz, feldspar, biotite and clinopyroxene with or without hornblende and garnet. It
has a granoblastic texture and contains thin pegmatite veins. Small garnets are
generally abundant, but in some places they are absent. The gneiss is intensely
deformed and subsequently recrystallised in granulitefacieswith granobl astic textures
and blebby partial-melt patches overprinting and replacing older tectonite fabrics.

Porphyritic graniteisalso abundant, and it isstrongly deformed along with the granite
gheiss (above) and remnants of layered-basic intrusions, and is recrystallised in
amphibolite or granulite facies. It is generally less intensely deformed than the other
rocksand hasthuspreserved either porphyritic or even-grained relict igneoustextures.

Although no geochemical samples are available of the Leeuwin Complex granites,
severa SHRIMP analyses have been made (Nelson, 1996).

Hornblende granite gneiss at Cape Leeuwin is described as medium- to coarse-
grained, granoblastic gneiss consisting of perthite/microcline, quartz, and plagioclase
with lesser dark-green hastingsitic hornblende, minor biotite, and accessory opagues,
titanite, apatite, and zircon. Distinctive features are the relatively low quartz content
for agranite, abundant accessory zircons, and abundant accessory titanite. The original
rock was an iron-rich granite, metamorphosed to medium grade or lowest high grade.
The interpreted age of crystallisation is688 + 7 Ma.

Granite gneiss at Cosy Corner is a coarse-grained, strongly foliated granoblastic
granite gneiss, containing indistinct melt patches and intruded by coarse-grained
pegmatite dykesthat post-date the main phase of deformation. The principal minerals
in this sample are perthite, quartz, and abite, with minor opaque oxides and altered
amphibole, and accessory titanite, zircon, calcite and chlorite. The age of granite
crystallisation isinterpreted to be 779 + 23 Ma, with peak metamorphism at 605 + 36
Ma.

Another sample of hornblende granite gneiss from Cape Leeuwin contains a coarse-
grained, moderately oriented granoblastic assemblage of perthite/microcline, quartz
and oligoclase, with lesser hornblende, minor biotite, and accessory opagues, apatite
and zircon. A singlesmall grain of garnet wasnoted. Theoriginal rock wasaniron-rich
granite, metamorphosed to medium grade or lowest high grade. The granite
crystallisation age isinterpreted as 681 + 10 Ma.

Hornblende-biotite monzogranite gneiss at Canal Rocks north consists of medium- to
coarse-grained, moderately foliated, granoblastic gneiss containing perthite, quartz,
hornblende and plagioclase with accessory biotite, opaques, apatite, and zircon. The
original rock was a granite that has since undergone medium-grade metamorphism.
702 £ 7 Mais considered to be the age of crystallisation.

Further Work: Giventheimportance of ~700 Magranites, further work iswarranted on
these granites. Geochemical sampling of the granites should be carried out, as should
some mapping of the units they intrude.

Three main rock units have been distinguished in the Northampton Complex:
granulite, granite and migmatite (Myers, 1990). They form large scale open foldswith
north to northwest axes that plunge steeply towards the southwest. Most rocks are
metamorphosed in granulite facies, or are retrograde from granulite facies. A thick
sheet of porphyritic granite was emplaced into the granulites, and a contact zone of
migmatite developed in rafts of granulite are abundant in garnet-bearing granite. The
main body of graniteisafoliated quartz-microcline-plagioclase-biotite rock, and this
is enclosed by a contaminated marginal zone characterised by garnet, and locally by
cordierite.

Further Work: Very little work has apparently been done on these granites. At least
some sampling for geochemistry, geochronology and petrology should be done.
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16.4 Bridget Suite The Bridget Suite includes small stocks of granite ranging in composition from
hornblende monzogranite to quartz monzonite, and associated hornblende porphyry
dykes (Hickman 1978, Hickman and Lipple 1975, Hickman 1983, Hickman et al.
1983, Collins et al. 1988). The suite forms a north-northwest trending belt in the
Bamboo Creek areaof the Archaean PilbaraBlock of Western Australia. Itintrudesthe
Mosquito Creek Formation, Mount Bruce Supergroup, Warrawoonaand Gorge Creek
Groups. It is the only known Proterozoic granite suite in the Pilbara Block, and has
been dated by the Rb-Sr method at 1731 + 14 Maby Collinset al. (1988).

The Bridget Suite is named after the Bridget Adamellite, and includes the Parnell
Quartz Monzonite and several other unnamed plutons.

The suite is Sr-undepleted, Y-depleted (which is rare for Australian Proterozoic
granites), fractionated, and shows minor alteration. It has a well-developed contact
aureole, and dykes of aplite, granophyre and pegmatite are common. It intrudes
Archaean sediments and mafic to intermediate vol canics, some of which are potential
hosts to mineralisation.

Geochemcially the suite appearsto have some potential, but it must be noted that thisis
based on a small (possibly unrepresentative) sample set. The suite also intrudes host
rocks with some potential for being reactive to an oxidised fluid. There are numerous
guartz-vein gold deposits within the vicinity of the suite, but these appear to be syn-
deformational (and earlier than the Bridget granites) and are also more widespread
than exposures of the granite, suggesting that these granites are not the cause of the
mineralisation.

Further Work: Sampling and analysis is required on both the granites and the nearby
gold deposits; the low potential assigned to the suite is based on inadequate data.

16.5 References Black, L.P, 1993. SHRIMP date on sample 93220008 contained in AGSO’'s OZCHRON
database.

Blackney, P.C.J., 1982. The petrol ogy and conditions of metamorphism of the Fitzmaurice Bay
to StokesPoint area, King Island. BSc Honour sthesis, Univer sity of Tasmania (unpublished).

Collins, W.J.,, Gray, C.M. and Goode, A.D.T. 1988. The Parnell Quartz Monzonite: A
Proterozoic zoned pluton in the Archaean Pilbara Block, Western Australia, Australian
Journal of Earth Sciences, 35, 535-547.
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Thisis an abbreviated copy of the original project proposal of 1995. The following
chapter on methods shows how we adapted the project asit evolved.

EXECUTIVE SUMMARY

Granites are increasingly being seen as important in the development of Australian
Proterozoic hydrothermal Au + basemetal deposits. Thisproject will provide sponsors
with a synthesis of publicly available data on major Australian Proterozoic granite
suites and their associated host rocks. By combining these two data sets, new areas of
potential granite-related Au + base metal and also VMS mineralisation may be
targeted.

Each major Proterozoic plutonwill be assigned to agranite suite, and each suitewill be
attributed according to geological and geochemical parameters considered important
indicators of mineral potential. Each granite suite will also be divided into a broad
classification scheme on the basis of its similarities to eight mgor Australian
Proterozoic granite suites, particularly those known to be associated with
mineralisation. A classification based on the level of heat production will also be
applied. Using GIS, aqualitative assessment will be made of the rock types (e.g., age,
environment of deposition and the mineralogical content) and of the mineral deposits
or accurrences that occur within 5 km of each granite suite.

The results will be presented as:

« anintegrated GI S package and hard-copy atlas based on the new digital 1:2 500 000
geological map of Australia.

o aseries of spreadshests that classify the granites and their host rocks.

e a synthesis report summarising the dominant features of the granites of each
province and their metallogenic potential.

The program will be undertaken by asmall team led by Dr Lesley Wyborn supported
by graduate scientists and technical officers. The project will be carried out in
collaboration with the State and Territory Geological Surveys.

THE METALLOGENIC POTENTIAL OF AUSTRALIAN PROTEROZOIC GRANITES

OBJECTIVES

e To classify mgor Australian Proterozoic granite1 suites according to their
similaritiesto major mineralised and unmineralised granite suites.

o Toidentify compositionally and temporally suitable host rocks adjacent to granite
suites considered to have potential for Au ( base metal mineralisation.

o Toidentify areaswhich havethe combination of appropriate granitesand host rocks
which may host potential mineralisation.

S GNIFICANCE OF RESEARCH

As more exploration in the Proterozoic is focussing on known areas of hydrothermal
Au £ base metal mineralisation, granites are increasingly seen by many to be an
important component of the mineralising system in areas such as Pine Creek, Tdfer,
Granites-Tanami, the eastern Mount Isa Inlier and Olympic Dam. As this style of
mineralisation can occur up to 3 km from the granite body, it is also now recognised

1 For thisproposa the term granite includes diorites, tonalites, granodiorites,
monzogranites (adamellites), and granites (sensu stricto).
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that the mineralogical composition of the country rock plays an important role in
controlling metal precipitation, asmost deposits are hosted by rocksrich in reductants
such as magnetite, graphite and/or sulphide. This Proterozoic style of mineralisation
contrasts considerably with normal conceptual models of granite-related
mineralisation, e.g., porphyry copper deposits, where mineralisation is either hosted
by, or liesabove, the associated intrusive; or skarn-style mineralisation, wherethe ore
isusually hosted by carbonate-rich rocks immediately adjacent to the granite.

The Australian Geological Survey Organisation (AGSO) has built up significant
expertise on Australian Proterozoic granite systems, both mineralised and
unmineralised, in several magjor provinces. AGSO has been approached by two
companies to further develop this work and extend it into some poorly known
provinces. This project proposes to undertake a one-year review not only of major
Proterozoic granites suites, but also of the major mineralogical compositions of the
adjacent country rocks to identify potential new areas for Au + base meta
mineralisationin Proterozoic provincesof Australia. Thisproject will alsotarget areas
of interest which may require more detailed follow-up work.

The research program outlined in this proposal will be led by Dr Lesley Wyborn, in
collaboration with the State and Territory Geological Surveys. Participating
companies will beinvited to send staff to be part of the research team.

BACKGROUND TO THISPROPOSAL

RATIONALE

Reviews of geologica and geochemical data in several Proterozoic provinces by
AGSO (Wyborn, 1994a, b, c, in prep.) have shown that Proterozoic granite suites
which have hydrothermal + base metal mineralisation within 2 to 3 km of the contact
have many easily determined field, petrographic and geochemical characteristicsin
common; whilst unmineralised granite suites also have distinctive features. The
mineralogical composition of the host rock is also considered an important factor
controlling precipitation (Stuart-Smith et al. 1993; Wyborn and Heinrich, 1993;
Wyborn et al. 19943).

Therefore acombined analysis not only of the geologica and chemical features of the
major granite suites, but also of their host rocks, may target new potential areas of
Proterozoic granite-related Au + base metal mineralisation. The same information
gathered by this project can also be used to target potential areasfor VM Sdepositsand
locate high heat-producing granites

PROJECT SCOPE AND TIMING

The proposal involves a one-year review of all easily available AGSO and
State/Territory Proterozoic felsic igneous geochemical and relevant associated
geological datato determine other areas which may have potential for granite-related
Au * base metal mineralisation.

Sponsors must appreciate that this proposal isfor ao-year review of existing publicly
available data. The proposal scope and content will also be limited by the number of
SPONSOrs.

The project will access AGSO, State and Territory digital databases, the Australian
Register of Stratigraphic Names (of which AGSO is custodian), map commentaries
and reports, explanatory notesand the 1:2 500 000 digital geological map of Australia.

At the end of oneyear, areview will be undertaken of the project to consider possible
extensions such as a sampling program on granites from poorly known areas or
expanding the documentation of the mineralogical content of Australian Proterozoic
stratigraphic units.
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PROPOSED RESEARCH PLAN

STAFFING

The research project will be funded jointly by AGSO and industry sponsors. It is
envisaged that the project will be led by Dr Lesley Wyborn and include at least one
graduate scientist and one technical officer. Companies are invited to send staff to
participate so that they can enhance their expertisein granite classification and in GIS

development.

A MODULAR APPROACH

The project will have four modules: Granites, Country Rock, Mineral Deposits and
Synthesis.

THE GRANITESMODULE will utilisethe fact that Australian Proterozoic granite
suites are often uniform over many thousands of kilometres (Wyborn, D., 1988;
Wyborn et al. 1992; Griffin et al. 1994), and hence are more than suitable for
classificationwithin aregional Gl Ssystem. Thegranitesmodulewill be approachedin
three steps:

Step 1 will identify individual plutonsand tag each with therelevant 'number’ from the
Australian Register of Stratigraphic Names.

Step 2 will amalgamate the individual granite plutonsin each province into suites. A
suite is defined as a group of plutons of similar petrographic, chemical and isotopic
composition which have similar source-rock composition (Chappell 1984). A suiteis
the most useful unit in metallogenic analysis, for if one pluton is shown to have a
relationshiptomineralisation, thenall membersmust be consideredto havepotential .

Each Proterozoic granite suite will be tagged within an EXCEL spreadsheset (as
developed by Jagodzinski et al. 19933, b, c; Wyborn et al. 1994b) according to the
following field and geochemical criteria:

A) Field Criteria
o Therelative size of the suite.
« Presence/absence of pegmatite, aplite, greisen, miarolitic cavities.
o Isit arestite or non-restite suite?

« Isthe suite magnetite-bearing (oxidised and usually metaluminousi.e., I-type and Au/Cu
bearing) or isitilmenite only-bearing (reduced and usually peraluminous, i.e., S-typeand Sn
bearing)?

« Isfluorite abundant throughout?

o Isthere asignificant contact aureole?

« Isthere alteration visible within the granite and/or country rock?

« Arethere any significant breccia zones within the granite and/or country rock?

o Age (either relative or absolute; if absolute, by which method?)

B) Chemical Criteria

o At low SiO2 contents does the suite have ASl > 1.1 or < 1.1 (i.e., metaluminous or
peraluminous)?

e Minimum SiOp.

o Maximum SiO.

o Average K20 content of the pluton.

« Average Th content of the pluton.

o Average U content of the pluton.

o Does P2Os increase/decrease with increasing SiO2?
o DoesY increase/decrease with increasing SiO2?

o Does Rb increase/decrease with increasing SiO2?

o Does U increase/decrease with increasing SiO2?

o Does Thincrease/decrease with increasing SiO2?
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o Does K/Rb increase/decrease with increasing SiO2?

o What arethe Baand Sr contents at low SiO2?

o Granitetype (I, A or S) (Chappell & White 1974; White & Chappell 1983).

« Granite subtype (I-granodiorite, I-tonalite, M-type) (Chappell & Stephens 1988).

Step 3: Each suite will then be tagged according to similaritiesto the following major
Australian Proterozoic granite suites already identified (Wyborn 1992; Wyborn et al.
1992; Wyborn 1994b, c):

« Cullen type - metaluminous, moderate-temperature, fractionated, Au-dominant.

« Olympic Dam type - metaluminous, very high-temperature, fractionated, Au + Cu (x U).
« Kalkadoon type - metaluminous, restite-dominated, unmineralised.

« Sybellatype - metaluminous, high F, limited SiO range, unmineralised.

o Argyllatype - metaluminous, A-type, unmineralised.

« Maramungee type - trondhjemitic, high Na, association with mineralisation uncertain.

« AlliaCreek type - peraluminous, fractionated, Sn-bearing.

« Big Toby type - peraluminous, restite-dominated, unmineralised.

In addition, searcheswill be madeto identify metallogenically important granite types of other

ages which have not as yet been identified in the Australian Proterozoic including:

« High temperature silicic andesitic suites associated with some porphyry Cu, Mo (White et
al., 1991; Wyborn, 1993).

« Shoshonite suites such as those associated with Au in the Ordovician of the Lachlan Fold
Belt and Cainozoic volcanic rocks at Lihir, Papua New Guinea (Wyborn, D., 1988).

« Continental margin granites (e.g., Peninsular Ranges Batholith, plus mineralised suites if
dataavailable).

From the average Th, U and K contents, an additional classification will also be applied to
enable sponsorsto i dentify high heat-producing granites, believed by some (e.g., Solomon and
Heinrich 1992) to be an essential ingredient for the generation of giant sediment-hosted Pb-Zn
deposits.

The COUNTRY ROCK M ODUL E will focus on the mineralogy of the host rock, as
this has been shown to exert an important control on the type of commodity
precipitated. In the Proterozoic, empirical compilations have shown that carbonate-
rich, but carbon-poor rocks, commonly host Pb and Zn mineralisation; rarely, if ever,
do they host Au or Cu mineralisation. Au mineralisation is predominantly hosted by
reduced (carbon- or Fe2+-rich) rocks, including banded iron formations, mafic
volcanics, magnetite-bearing felsic volcanics, earlier more mafic magnetite-bearing
phases of the granite itself (rare), carbon-bearing rocks, sulphide-bearing shales and
magnetite-bearing skarnswhich replace silicate, but not carbonate rocks. The cause of
thispreferencefor aparticular host rock ispossibly related to vapour/brine separation,
with Au and Cu carried in a S-enriched vapour phase which precipitates in reductant-
bearing units; Pb and Zn are carried in a Cl-enriched brine, which preferentially
interacts with carbonate hosts (Heinrich et al. 1992a,b, 1993).

Based on information from sources such as the Australian Register of Stratigraphic
Names, geological map commentaries and explanatory notes, this module will
compile a second EXCEL spread sheet which will note the relative abundance of
carbonate, graphite, sul phide and magnetitein unitswithin 5 km of thegranite outcrops
and where easily recognisable, their subsurface boundariesfrom regional geophysical
datasets. Inthismodule, each sedimentary unit will also betagged accordingtoitsage
(where available), and for sediments, the environment of deposition will be broadly
classified into subaerial, shallow and deep water. This latter attribute will enable
sponsors to locate areas of coincident fractionated magmas and deep water
sedimentation, believed to be an important combination for localising VMS deposits
(eg., Cas1992; Large et al. 1994).

The MINERAL DEPOSIT MODULE will briefly assess mineral deposits within 5
km of granites of interest. The module will access digital mineral deposit data bases
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suchasMINLOC (owned by AGSO) and the more detailed, recently released OZMIN
(developed by AGSO).

The SYNTHESIS MODULE will capitalise on recent techniques developed by
AGSO indataintegration and analysis of geological and metallogenic datawithin GIS
(e.g., Jagodzinski et al. 19933, b, ¢; Wyborn et al. 1994b, Champion and Mackenzie
1994). This module will synthesise al of the available data from the other three
modulesinto aGI S package, ahard copy atlas and a synthesisreport. The GISwill be
based on the new 1:2 500 000 scale Geological Map of Australiaasit progressively
becomes available. The base will be prepared at this scale, asit is the only available
digital geological map covering the continent. However, the attribute tables will be
devel oped within EXCEL, and each unit will betagged with the code number from the
Australian Register of Stratigraphic Names. Thiswill give aunique index number to
every geological unit on a continent-wide scale, and will enable clients to merge the
EXCEL spread sheet datawith any digital geological map of any scale which hasthe
stratigraphic units also coded with the same number.

SOFTWARE

o The GISwill utilise ARC/INFO and ARCVIEW?2.

« Databases will be developed in MS EXCEL version 5 spread sheets on IBM-compatible
PC's.

o Geochemical datawill use GDA, AGSO's data processing package.

o All reportswill bewrittenin Microsoft WORD 6 for WINDOWSon |BM-compatible PC's.

OUTPUTS

Theresults will be presented as:

« anintegrated GIS package and hard copy atlas based on the digital 1:2 500 000 geological
map of Australia.

o EXCEL spread sheets classifying the granites and their host rocks.

« asynthesis report summarising the dominant features of the granites of each province and
their metallogenic potential.

Thedigital GIS datawill be available for either workstation or PC versions of ARC/INFO and
ARCVIEW2. Onrequest the GISwill be converted into MAP/INFO or DXF formats, although
potential sponsors are warned that in the translation, some functionality may be lost.

Note: Because most of the raw data to be utilised in this project are sold as part of separate
commercial datapackages, the project will provide only syntheses of data. To obtain raw data,
sponsors will be referred to the survey from which the data originated, unless the data are
available by prior arrangement through AGSO.
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18 METHODS

Overview

The main premise on which this project is based is that the combination of specific
granitetypesand distinctive host rockstendsto be associated with certain typesof Au,
Cu, Zn, Pb, Sn and W mineralisation. Rarely is Proterozoic mineralisation hosted by
granitesthemselves, and for themost part it ishosted in the country rock, often 3km or
more from the nearest known granite. There is an apparent host rock control on the
deposition of metals; this can be both compositional and also controlled by the
competence of the host rocks. This compostional host rock control has been
documented by Stuart-Smith et al. (1993) for the Pine Creek Inlier and noted in the
eastern Mount Isa Inlier by Wyborn and Heinrich (1993).

This project collated data on the Proterozoic granites and their comagmatic vol canics,
the mineralogical composition of the rocks that they intrude, and briefly assessed the
style and type of mineralisation present within 5 km of an outcrop of granite. All data
collated in the reports are built into the accompanying GIS, and essentially each item
listed in the report is converted into a searchable item within the GIS.

Thisproject hasaimedto providethedataand interpretationsto show thefollowing:
1) Which Proterozoic granites have metallogenic potential.
2) What commodities they are likely to be associated with, and

3) Where the better host rocks are located that are likely to host potential
mineralisation.

The‘Audit Trail’ approach

The data have been systematically collated using the ‘Information Life Cycle
Approach’ (Williamson et al.1996) asoutlinedinthe Datab Information Cycle (Fig.
17.1). The main data bases accessed were ROCKCHEM (AGSO’'s whole-rock
geochemical data base), MINLOC (AGSO's data base of the locations and
commodities of Australian mineral deposits, prospects and occurrences) and
OZCHRON (AGSO'’ sgeachronological database). All State and Territory Geol ogical
Surveys contributed relevant available geochemical and geochronological data.

Much of the descriptive data came from reports, map commentaries, datarecords and
bulletins. As a rule we often found the older literature the most suitable as the
descriptionswere more rel evant and often more factual, rather than interpretative. All
State and Territory Geological Surveyscontributed available data, oftenin theform of
very early draft manuscripts.

In the data reports, al features considered significant in differentiating the
metallogenically interesting suites are compiled for each individua pluton, and then
synthesised for the whole suite at the start of each section heading. The datafrom each
suite are then synthesised at the start of the relevant chapter. The important datafrom
each suite are then synthesised into an overall province summary. This approach
essentially leavesan ‘audit trail,” so that any part of the synthesis can betraced back to
the raw information.

The Data Report For mat

18.1 Timing

Thefollowing givesadetailed description of the ‘ questions’ asked in each section and
the reasons why these questions can give insights into the mineral potential of any
Proterozoic granite. The numbering is the same asfor all of the data reports.

Thisisthe average or more common age of the suite as awhole.
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18.2 Individual
Ages

18.3 Regional
Setting

18.4 Summary

18.5 Potential

Confidence Levd

Primary Ages: Thissection listsall of the known absolute ages, e.g.:

1. Unit 1745 + 9 Ma, U-Pb

Sources: Thislists the source of al ages listed in the document.

This section describes the regional setting of the associated province when the felsic
magma was derived. |s the granite suite one of several that were emplaced during a
major tectonic event? Was it extensional? Was the granite generation coeval with a
major metamorphic event? Were the vol canics part of amajor sedimentary sequence,
werethey subaerial ?If they were subagerial werethey coeval with adjacent sedimentary
basins?

This section describes the summary of the main magmatic features of the suite, and
notes any potential host rocks.

This section summarises the style and type of mineralisation expected. For each
commodity typewe have used afour-fold qualitative subdivision: none, low, moderate
and high. These categories are defined as. none - none of the criteria considered
important for oreformation aremet (e.g., wrong granitetype, and unreactive hosts, and
no known mineralisation); low - few of the criteria are met (e.g., granite type is
favourable, but host rocks are not reactive and no mineralisation is known nearby, or
other combinations); moderate - severa but not all of the criteria are met (e.g.,
favourable granites and host types, but little known mineralisation); and high - all
conditions are met (i.e., favourable granites and hosts, with several known deposits
associated ).

Cu:

Au:

Pb/Zn:

Sn:

Mo/W:
Confidenceleve:

The confidence level isarating given in the summary table of the granite grouping in
the introductory chapter of each province. It has been added to give a quick view of
how confident the authors arein their interpretations given the amount and quality of
the data that were available to them. The numbers represent Granite, Host and
Mineralisation, respectively. Three factors are quantified for granite: sufficiency of
datafor chemistry, mineral descriptions, and field descriptions. A well defined granite
grouping hasavalue of 3 meaning that dataon all 3factorswereavailable; 2 meansone
factor wasnot well defined (usually geochemistry); 1 meansthat (generally) only field
data were available. Two factors are quantified for host: sufficiency of mineral
descriptions, and field descriptions. A well defined host has a value of 2; whereas 1
usually means that only field data were available. One factor is quantified for
mineralisation: amount of known mineralisation near the particular granite. A value of
3 meansworld-class ore deposits occur associated with the granite; 2 means mines (of
any size except those in 3); 1 means prospects or occurrences, and zero means no
known mineralisation.

The Williams Suite in Mount Isais an example of a granite suite for which we are
confident in providing a high potential rating for Au and Cu. The granite grouping is
well defined (many geochemical samples, good field and mineralogical data), the host
rocks are well defined (good field and mineralogical descriptions), and several large
ore deposits are (e.g., Ernest Henry, Osborne, Eloise and Starra). We givethissuite a
Confidence Level of 321.
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The granitesin the Albany-Fraser province are a good example of groupings that we
cannot be confident about rating, because of poor data. Only limited geochemical,
geochronological, field and mineral ogical dataare availablefor the granites; only field
descriptionsare availablefor the host rocks; and thereisno known mineralisation. We
haveassigned alow potential rating for all metalsfor thesegranites, but havegiventhis
rating a Confidence Levd of 110.

18.6 Descriptive Field petrographic descriptions are considered vital, particularly if the criteriathat are used to
Data distinguish granite types are to be observed by the average company field geologist. The
particular questions asked are as follows:

Location: A brief summary of where the suite is and the relevant 1:250 000 map sheets.

Dimensions and area: This section lists the length and breadth of the suite, and its area as
calculated from the GIS. How largeisthe suite? Larger suites have the potential to concentrate
moremetalsthan smaller ones, larger ones could al so generate alarger volume of hydrothermal
fluid.

18.7 Intrusives Component plutons: What are the names of the component plutons?

Form: What is the shape of the pluton(s)? Are they elliptical to circular plutons? Are they
“amorphousmasses’ - most of therestite-rich suitesdo not form regular pluton shapes. Arethey
elongate?

Metamorphism and Deformation: Has the suite been affected by later metamorphism and
deformation? This may affect the whole-rock geochemistry.

Dominant intrusive rock types: What are the dominant intrusive rock types (e.g., tonalite,
porphyritic granite, etc.)?

Colour: What is the colour? Thisisimportant, as most highly oxidised suites are pink to red;
reduced granitesare grey. The pink colour isrelated to hematite substitution in the lattice of K-
feldspar. This was often the hardest attribute to get as most modern reports do not describe
colour.

Veins, Pegmatites, Aplites, Greisens. Arethereveins, pegmatites, aplitesand greisens? (These
can indicate evolution of alate magmatic phase.) Are there miaralitic cavities or vugs which
could indicate shallow levels of emplacement?

Distinctive mineralogical characteristics. Are there any distinctive mineraogical
characteristics such asthe presence of hornblende, cordieriteand garnet, isfluorite ubiquitous,
are there rapakivi textures?

Breccias: Aretherebrecciaswithin thegranite? Thisiscommoninthe Williamstype at Mount
Isa

Alteration in the granite: |Is there alteration within the granite? This is not often all that
common, and is more prevalent in the Hiltaba types where it is expressed as K-feldspar-
hematite-albite alteration. In contrast, in the Cullen type it is more subtle chemically and is
expressed as ‘sericite’ alteration.

18.8 Extrusives The next series of questions relates to comagmatic extrusives. These are often the best method
to determine if the granite is a restite-rich and non-fractionating suite. Phenocryst-rich lavas
and ignimbrites are more common with the restite-rich suites; crystal-poor flow-banded
rhyolites are more common in the non-restite suites. Volcanics in close proximity to the
intrusives can aso indicate shallow levels of emplacement.

18.9 Country Contact metamorphism: The width of the contact aureole can sometimes indicate whether a
Rock suite has been emplaced in thermal disequilibriumwithitshost. Although the development of a
contact aureol e can be depth-dependent, awide contact aureol e can indicate alargetemperature

difference between the granite and the host rocks and involve greater meteoric circulation.

Reaction with countryrock: Isthecountry rock chemically altered, istheretourmalinisation or
other indicators of country rock interaction with the granite?

Unitsthe granite intrudes: Which stratigraphic units does the suite intrude?
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Dominant rock types: What are the dominant country rock types?

Potential hosts: Within the country rocks are there any reactive rock types present e.g.,
carbonate-rich rocks, banded iron formations, mafic volcanics, magnetite-bearing felsic
volcanics, carbon-bearing rocks, sul phide-bearing shal es and magentite-bearing skarns? What
isthe connate fluid likely to have consisted of ?

18.10Mineralisation If present, what are the commodities, what are they hosted in? What type of minerals are
present?

18.11Geochemical  For each set of geochemical datawe ask the following questions before starting to process the
Data data. Note: all plots throughout all data reports are drawn on an identical scale, unless
otherwise stated. Thisenablesa broad relative comparison to be made between all suiteson a

national scale.

Data source: Who collected the data, and was the collection part of a specialist or regional
program?

Data quality: Which laboratory analysed the samples? Were the samples all analysed in one
laboratory? What is the analytical quality?

Are the data representative? Are the data biased towards any particular SiO2 values? For
exampl e, samplescollected for Rb-Sr datatend to be biased towardsfelsic end members, whilst
samplescollected for tectonic studiestend to be biased towardsreal tively mafic end members.

Are the data adequate? This is a summary question which gives an overall assessment as to
whether the data are good enough for an effective evaluation of the metallogenic potential.

SiO2 range: A simple SiO2 histogram is drawn for each suite. The questions asked are: isthe
suite relatively restricted in SiO2 range or has it awide range of SiO2 values? Mineralisation
was thought to be associated with suiteswhich fractionate over awide range of SIO2 values so
asto enhancethe capacity to fractionate moreimportant elements (White et al. 1991). However
this was definitely not always the case, e.g., granites at Telfer have arestricted silicarange.

Alteration (Fig. #£.2): This section assesses the degree of ateration of the suite and aso
consideres the possibility that the alteration may be related to a younger metallogenic event.

* SiOy: Isthere any evidence of desilicification or silicification: remembering that most
unaltered granite systems cannot be more felsic than 77 wt.% SiOo.

* K20/NapO: Alterationiscommonin some Proterozoic suites. Thealteration can either be
high in NaxO (abitisation) or K20. K alteration associated with K-feldspar-hematite-
barite tendsto have higher K20 values (8-14 wt.%) than that associated with sericite (5-7
wt.% K20). Sericite alteration is characterised by low NapO values.

* Th/U: Most granites have a Th/U ratio of 2 to 6. Values outside this may indicate
alteration, metamorphism or weathering.

* FepO3/(FeO+Fex0g3): Alteration in Proterozoic granites can involve extremes of
oxidation. Granites which have either no FeO or no FeoO3 must be altered. High Fe2O3
contents can al so indicate weathering.

Fractionation Plots (Fig. #.3): Granites which have undergone feldspar fractionation have
several key changes in element concentrations with increasing SiO2. This section seeks to
determine what the style of fractionation was with increasing SiOp. Please note that these
fractionation plots distinguish fractionation only in highly silicic end members (i.e., usualy
>70 wt.% SiOp) and are not suitable for mafic or intermediate suites.

* Rb: Fractionated | or S-typegraniteshave exponentially increasing valuesfor thiselement
with increasing SiO2. In restite granites, the increase is more linear.

* U: Fractionated | or S-type granites have exponentially increasing valuesfor this element
with increasing SiO2. In restite granites, the increase is more linear.

* V: Relatively reduced fractionated |-types can have exponentialy increasing values for
this element with increasing SiO2.

* P2Os: Fractionated S-types can have exponentialy increasing values for this element
with increasing SiOp, and |-types have decreasing values with SiOo.

* Th: Thand Th/U will decreasein fractionated S-types with increasing SiO.
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K/Rb: Fractionatied | or S-type granites have decreasing values for this element with
increasing SiO2. In restite granites, the trend is usualy flat.

Rb-Ba-Sr: Using the fields in the triangular Rb-Ba-Sr diagram of El Bouseily and El
Sokkary (1975) can aso help to distinguish fractionated suites.

Sr: Usually decreases with increasing SiOp.

Rb/Sr: Fractionated | or S-type granites have exponentialy increasing values for this
element with increasing SiO. Thisratio is more sensitive than the K/Rb ratio.

Ba: Inafractionated suite, Bainitially increasesand then decreaseswithincreasing SiOz.
F: F increases with increasing SiO2 in most fractionated granites. However, in some
granites although F still shows an increase with increasing SiOg, F is high throughout all
SiOy values relative to other members. Most of these high-F granites are unmineralised
with respect to Au and Cu, although some have Mo and W with them. Valuesof 0.07to 1.7
wt % are considered typical of Palaeozoic A-type granites (Eby 1990). Most analysesdid
not have any F values. The presence of rapakivi textures (albite rims around K-feldspars)
can aso indicate high F. High F interrupts the ability of the melt to partition off a Cl-rich
phase; if this happens then the suite is unlikely to concentrate base metals.

Metals (Fig. #.4):

Cu: Thisis assessed qualitatively for the whole data set.
Pb: Asfor Cu.
Zn: Asfor Cu
Sn: Asfor Cu.

Highfield strength elements(Fig. #.5): Theseelementstend to be higher inthe A-typerocks.

Zr: Thisisassessed qualitatively for thewhol e dataset. In aconvectivefractionation suite
Zr, can initially increase and then decrease with increasing SiO2.

Nb: Asabove.
Ce: Asabove.

Classification (Fig. #.6):

The CaO/Nax0/K20 plot of White, quoted in Sheraton and Simons (1992): This plot
enables arelative assessment to be made of the rock types present. Unfortunately as most
Proterozoic granites have high K20 contentsrelative to their Palaeozoic counterparts, the
estimates are not always accurate. For example true tonalites can plot as granodiorites
because the amount of K20 in K-feldspar isover estimated when much of itisin biotite or
hornblende.

Zr/Y vsSr/Sr*: Thisgivesameasure of theamount of Sr depletionina‘ spidergram plot’.
Most of the samples from island arcs or continental margins plot above the value of 1 for
Sr/Sr*, whilst most Proterozoic rocks plot below 1 as they are inherently Sr-depleted.
Spidergram: These are used as outlined by Wyborn et al. (1992).

Oxidation plot of Champion and Heinemann (1994): Thisplot givesan indication of the
initial and final oxidation state of the granite. Most granite suites related to Cu-Au
mineralisation are more oxidised than the Au-dominated suites.

ASI: Values above 1.1 are considered S-type, values below 1.1 are |-type.

A-typeplot of Eby (1990): Attheend of the project most sampleswerefoundto plotinthe
A-typefield of Eby (1990).

Granitetype (Chappell and White, 1974; Chappell and Stephens, 1988): Granitetype(l, A or
S; Chappell and White, 1974; White and Chappell, 1983). Granite subtype (I-granodiorite, |-
tonalite, M-type; Chappell and Stephens, 1988).

Australian Proterozoic granite type: Each suite was tagged according to similarities to the
following major Australian Proterozoic granite suites already identified (Wyborn, 1992;
Wyborn et al. 1992; Wyborn, 1994a, b). Note that these have been revised from the original
project proposal listings. The types are shown in Figure 17.2.

I-types:

Kalkadoon type: |-(granodiorite) type, restite-dominated, unmineralised.

Nicholson type: 1-(granodiorite) type, restite-dominated for much of the crystallisation
history with some fractionation taking place late in the history due to restite separation.
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They are usually weakly mineralised with small vein-style Sn and W deposits, with some
Cu and Au.

¢ Cullen type: I-(granodiorite) type, moderate-temperature, fractionated, low HFSE, Au-
dominant.

* Sybellatype: I-(granodiorite) type, high temperature, fractionated, limited SiO2 range,
high HFSE, W-Mo mineralised.

* Hiltabatype: |-(granodiorite) type, very high-temperature, fractionated, moderate HFSE,
Au+ Cu (x U).

¢ Sally Downstype: I-(granodiorite) type, Y -depleted.

* Maramungee type: |-(trondhjemitic) type, high Na/K, association with mineralisation
uncertain.

Stypes:

¢ Alliatype: S-type (peraluminous), fractionated, Sn associated.
* Forsayth type: S-type, trace fractionation only.

18.12Geophysical  Radiometrics(Fig. #.7): From the database, the average K 20, Thand U valueswere cal cul ated
Signature for all rock typesin the Pine Creek and Mount Isa Inliers. Each pluton within a suite is then
assessed as to whether it plots above or below this regional median. The method gives
approximate relative valuesfor K20, Th and U, and can hel p determine how the pluton and its
fractionated or altered memberswill ‘appear’ in an RGB image. The method isfully explained

in Wyborn (1992b).

Gravity: Each suite was assessed against the AGSO regional gravity data baseto qualitatively
assessits regional gravity signature.

Magnetics: Each suite was assessed against the AGSO regional magnetic data base to
qualitatively assessits regional magnetic signature.
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18.14M etadata for

Gl Stables

Wyborn, L.A.l., 1994a. Exploration criteriato determinewhich Australian Proterozoic granites
may be associated with gold + base metal mineralisation, Geological Society of Australia,
Abstracts, 37, 471-472.
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what? Australian Mineral Foundation, Mount Isa Inlier One Day Seminar, 30-35.
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The GIS includes granite and sediment polygon layers, and the tables Granite.PAT,
Sediment.PAT, Granite.LUT and Sediment.LUT containthedatafor each of these. The
two .PAT tables have the same structure, so are described together. A description of
these tables follows:

GraniteLUT Metadata

Field Field Description
Stratno Stratigraphic index number
Map_symb Map symbol unique within each province
Province Name of geological province
Colcode Colour code number for granite age
Unit_area Calculated area of unit
Med_age Median absolute age for the unit in Ma
Min_age Minimum absolute age for the unitin Ma
Error Error associated with min_agein Ma
Age_method Description of the geochronological method used to determine age of the unit
lg_type Igenous geochemical type: |, S, A or M
Ig_subtype Igneous (granite) subtype: granodiorite or tonalite
Classification Australian Proterozoic granite type
Au Potential for gold: High (H), Medium (M), Low (L) or None (N)
Cu Potential for copper: High (H), Medium (M), Low (L) or None (N)
Pb zn Potential for lead and zinc: High (H), Medium (M), Low (L) or None (N)
Mo w Potential for molybdenum and tungsten: High (H), Medium (M), Low (L) or None (N)
Sn Potential for tin: High (H), Medium (M), Low (L) or None (N)
Pegmatite Abundance of pegmatites: High (H), Medium (M), Low (L) or None (N)
Aplite Abundance of aplites: High (H), Medium (M), Low (L) or None (N)
Greisen Abundance of greisens: High (H), Medium (M), Low (L) or None (N)
Ven Abundance of veins: High (H), Medium (M), Low (L) or None (N)
Miarolite Abundance of miarolites: High (H), Medium (M), Low (L) or None (N)
Restite Restite-dominated (D) or not restite-dominated (N)
Fr_unit Extent of fractionation: Strongly (S), Moderately (M), Weakly (W), Unfractionated (U)
Comagmatic Presence () or absence (N) of comagmatic volcanics
Extent of aureole created by intrusion of granite: High (H), Medium (M), Low (L) or
Aureole None (N)
Grn_alt Extent of ateration in the graniteitself: High (H), Medium (M), Low (L) or None (N)
Grn_brecc Extent of brecciation within the granite: High (H), Medium (M), Low (L) or None (N)
Grn_def Extent of deformation of the granite: High (H), Medium (M), Low (L) or None (N)
Sed At Extent of alteration in the host sediments (caused by the granite): High (H), Medium
- (M), Low (L) or None (N)
Extent of brecciation within the host sediments: High (H), Medium (M), Low (L) or
Sed _brecc None (N)
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Field Field Description
Redox Dominantly Strongly Reduced (HR), Reduced (R) Oxidised (O), Strongly Oxidised (HO)
Fluorite Slope of plot (Figure 17.3)
Asi Metaluminous trend or peraluminous trend (Figure 17.4)
Rb Slope of plot (Figure 17.3)
U Slope of plot (Figure 17.3)
Y Slope of plot (Figure 17.3)
P205 Slope of plot (Figure 17.3)
Th Slope of plot (Figure 17.3)
K/Rb Slope of plot (Figure 17.3)
Rb/Sr Slope of plot (Figure 17.3)
Ba Slope of plot (Figure 17.3)
Min_SiO2 Minimum silica value of samples for unit (%)
Max_SiO2 Maximum silica value of samplesfor unit (%)
Av_K20 Average K20 for unit (%)
Av_Th Average Th for unit (ppm)
Av_U Average U for unit (ppm)
K Average K for unit (ppm)
Calculated Heat Generation Units [HGU] = 0.317r (0.718cy + 0.913cTth + .262¢k: where
HGU r isthe density of the rock [g.cm'3]; cu and cth areinweight ppm; ck isin weight per
cent
Carb Abundance of carbonate in host units: High (H), Medium (M), Low (L) or None (N)
Carbon Abundance of carbon in host units: High (H), Medium (M), Low (L) or None (N)
Hem Abundance of hematite in host units: High (H), Medium (M), Low (L) or None (N)
Mgt Abundance of magnetite in host units: High (H), Medium (M), Low (L) or None (N)
Slph Abundance of sulphidesin host units: High (H), Medium (M), Low (L) or None (N)
Grn_volc Granite (g) or Volcanic (V) unit
Sediment.LUT Metadata
Itemsof the PAT
file Comments
Label_no Unique number for Unit (system use)
Stratno Stratindex humber
Map_symb Map_symbol, used on 250K map
Map_names A list of the map where the unit (group, subgroup) appears.
Med_age Median absolute age for the unit in Ma
Min_age Minimum absolute age for the unit in Ma
Errorl Error associated with min_agein Ma
Max_age Maximum absolute age for the unit in Ma
Error2 Error associated with max_agein Ma
Age_method Description of the geochronological method used to determine age of the unit
Env_of dep Environment at the time of unit (group, subgroup) deposition
Bif Abundance of BIF in the unit: High (H), Medium (M), Low (L) or None (N)
Carbon Abundance of carbonate in the unit: High (H), Medium (M), Low (L) or None (N)
Feld Abundance of feldspar in the unit: High (H), Medium (M), Low (L) or None (N)
Gr Abundance of graphitein the unit: High (H), Medium (M), Low (L) or None (N)
Hem Abundance of hematite in the unit: High (H), Medium (M), Low (L) or None (N)
Mgt Abundance of magnetite in the unit: High (H), Medium (M), Low (L) or None (N)
Serc_ms Abundance of sericite-muscovite in the unit: High (H), Medium (M), Low (L) or None (N)
Slph Abundance of sulphide in the unit: High (H), Medium (M), Low (L) or None (N)
Ag Silver (Y or N)
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Au Gold (Y or N)
Cor Corundum (Y or N)
Cu Copper (Y orN)
Ep Epidote (Y orN)
Fe Iron (Y orN)
Gs Gemstones (Y orN)
Mica Mica (Y or N)
Mn Manganese (Y or N)
Mo Molybdenum (Y or N)
Nb Niobium (Y or N)
Pb Lead (Y orN)
Sn Tin (Y orN)
Tlc Tac (Y orN)
U Uranium (Y orN)
W Tungsten (Y or N)
Zn Zinc (Y or N)
Remark Remarks
Info_from References
Sediment/Granite.PAT Metadata
Items Description
Feature Feature type
Ufi Unique feature identifier
Map_symb Map text identifying the lithology of the rook unit
Stratno Stratigraphic index number
Unitname The name of a stratigraphic unit including rank items that are part of a name

Supergroup/supersuite

An assemblage of related groups, or of formations and groups, having significant
lithological featuresin common

The formal lithostratigraphic unit which includes two or more contiguous or

Group/suite associated formations with significant lithological featuresin common
Subgroup A formally differentiated assemblage of formations within a group
A body of rock stratawhich is unified with respect to adjacent strata by consisting
Formation dominantly of acertain lithological type or combination of types or by possessing
other unifying lithological features
M A lithostratigraphic unit of subordinate rank comprising some specially developed
ember )
part of aformation
Unitage A most precise and known geological time period during which the unit is formed
Agerank A geological age rank
Rocktype Dominant lithological grouping
Lith desc A description of the lithology of the rock unit
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Figure 18.3:
Explanation of trends
S for certain elements
Increasing (see Granite. PAT
slemen metadata table
above).
4
\ 3
2
o 1
Increasing silica ——
Peraluminous Flgure 184
Explanation of

coding for Aluminium
Saturation Index field.
A value of zero shows
that the granite suite
has a metaluminous to
peraluminous trend
with increasing SiO..
1.1 A value of 1 shows
that the granite suite
has a peraluminous to
less peraluminous
trend with increasing
SiO,. Note that at high
SO, levelsit is not
Metaluminous possi bleto
differentiate |-types
from S-types using
InCreasing Silica  m— this criterion aone.

0
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EPISODIC CRUSTAL MAGMATISM IN THE PROTEROZOIC OF
NORTHERN AUSTRALIA - A CONTINUUM CRUSTAL HEATING MODEL
FOR MAGMA GENERATION.

Ledey ALl Wybornl, Alison Ord?, Bruce Hobbs? and Mart Idnurm?

*Australian Geological Survey Organisation, GPO Box 378, Canberra, ACT, 2601
2Austraian Geodynamics Cooperative Research Centre, Nedlands, WA, 6009

Australian Geological Survey Organisation, Record 1997/44, 131-134.

Summary: A proposed conductive heating model of the crust provides an explanation
of the enigmathat in Proterozoic provinces of Australiathe temperature of formation
of the granitic magmasincreaseswith timewhilst that of the mafic magmas appearsto
decrease. Inthismodel aninitial heat pulse applied to the base of the crust inthe early
Proterozoic creates a thermal anomaly that can last for at least 80 million years,
depending on the initial thickness and the thermal conductivity of the crust, the
presence of an underplated layer, the thickness of sediment overburden and the time
constant for heat input from the mantle. The migration and emplacement of magmas
generated by thisheating iscontrolled by intraplate rather than interplate events. M ajor
mineralisation episodes associated with granites are predictable, and metamorphic
deposits are expected to occur only late in the thermal history of a province.

Thefield and labor atory observations:

The Proterozoic shield of Australiacan be subdivided into major magmatic provinces
each of which occurs within major fold belts or orogenic domains. In each of these
provinces magmatic events have been synchronous with basin formation (occurring
either contemporaneoudly with the early rift phase of sedimentation or just prior to
turbidite sedimentation), or they may immediately follow a major compressional
event. On the basis of outcrop characteristics, thin section petrography, SiO2
distribution and multi-element, primordia -mantle-normalised trace-element patterns,
Wyborn et al. (1992) divided the Australian Proterozoic granitesinto 5 main groups.
Group 1, whichisusually the oldest, comprisesrestite-rich I-(granodioritic) typesthat
are Sr-depleted and Y -undepl eted. Typical examples arethe Tennant Creek Granite of
the Tennant Creek Block, the Kalkadoon Granodiorite of the Mount Isalnlier, and the
granitesof theKing Leopold Inlier, all of whichareinthe age range of between 1870to
1850 Ma. Group 2 comprises I-(granodioritic) types which, like Group 1, are Sr-
depleted and Y -undepleted but, unlike the latter, show strong evidence of magmatic
fractionation: they generally have low concentrations of Ca, Sr, and the incompatible
elements. Examplesincludethegranitesof The Granites-Tanami regionandthe Cullen
Suite of the Pine Creek Inlier. Group 2 granite ages are mostly around 1850-1800 Ma.
Group 3 contains |-(granodioritic) types that are Sr-depleted, Y-undepleted and
enriched in incompatible elements. Granites of this group are widely referred to as
“anorogenic’. Wyborn et al. (1992) divided Group 3into three subgroups. Subgroup 31
has very high levels of Zr, Nb and Y and includes felsic volanics of the Argylla
Formation of Mount | saand the Myola Vol canicsof the Gawler Craton, both emplaced
at around 1800-1780 Ma. Subgroup 32 isenriched in F, but the levels of incompatible
eementssuch as, Zr, and Nb vary from high in some membersto low in others. This
group is characterised by anarrow SiO2 range. Examplesinclude the Sybella Granite
of the Mount Isalnlier and the Mount Swan and Ennugan Mountains Granites of the
Arunta Block, which range in age from 1760 Mato 1640 Ma. Subgroup 33 is not as
enriched in F as Subgroup 32 and has a high FexO3/(FeO + FexO3) and awide SiO2
range. Granites of the two other groupsidentified by Wyborn et al. (1992) arerarein
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the Proterozoic of Australia. Group 4 is the rarest of the groups and consists of |-
(granodioritic) types, but is distinctly Sr-undepleted and Y-depleted - a signature
whichismast commonly found in granites associated with subductioninisland arc or
continental margin settings. Group 5 comprisesthe S-typegranites. Itissignificant that
Groups 1, 2 and 3 are all I-(granodioritic) type and are dominated by the Sr-depleted,
Y -undepl eted magmeas.

What isthe significance of the dominance of |-(granodioritic) typesin the Australian
Proterozoic?

As pointed out by Wyborn et al. (1987), igneous events in the Proterozoic are either
predominantly mafic or felsic, or consist of both types. igneous events dominated by
intermediate rocks do not exist. Histograms of the igneous rocks of each province are
bimodal and contrast the more unimodal plots of subduction-related terrainsin which
the SIO2 maximaareat either 52 wt % (island arcs) or ~65 wt % (continental margins).
In agloba review of I-type granites, Chappell and Stephens (1988) classified them
into threetypes:. (1) M-typederived from partial melting of subducted oceanic crust or
of mantle material overlying oceanic dabsinisland arc terrains; (2) 1-(tonalitic) type,
which is characteristic of the Cordillera of South America, and is probably derived
from M-type rocks of basaltic to andesitic composition; and (3) I-(granodioritic) type
which is believed to be formed from I-(tonalitic) type. Proterozoic granites are
predominantly I-(granodioritic) typewhich, by inference, are derived in at least oneif
not two stages of melting. Further, in view of the slica distribution, the I-
(granodioritic) types must be derived by melting of pre-existing crust, rather than from
amantle source. Thisis supported by Sm-Nd data which give Nd Tpm model source
ages that are predominantly in the range 2.1 to 2.8 Ga. However, there are no
significant amounts of |-(tonalitic) type material in the exposed rocks of thisagein
Australia, it has been postulated that the source(s) of the voluminous Proterozoic |-
(granodioritic) types was underplated as a result of Archaean to earliest Proterozoic
mantle events (Wyborn et al. 1992).

What isthe significance of the Sr-depleted, Y-undepleted signature ?

The multi-element, primordial-mantle-normalised abundance diagrams contain two
distinct patterns. These are either Sr-depleted and Y -undepleted or are Sr-undepleted
and Y -depleted, implying that the source has equilibrated with plagioclase and garnet
respectively. As I-(granodioritic) type granites have a multistage history then those
that are Sr-depleted and Y-undepleted could never have equilibrated with garnet
during the melting event(s). Given that Proterozoic crustal thicknessesrange from 30
to 50 Kms (Drummond and Collins, 1986), the geothermal gradients must have been
extremely high during these melting event(s), otherwise a garnet residue would be
expected. Those I-(granodioritic) types with a Y-depleted signature must have
equilibrated with garnet at somestagein their history. However, thissignature may not
necessarily relate to the contemporaneous melting event: it could well bethe signature
of the event that formed the source for that magma. The Y -depletion signatureis often
taken to imply that the magmatism occurred in a contemporaneous subduction zone.
Alternatively, it could also signify alower geothermal gradient or other differencesin
the conditions that operated at the time of forming the source(s).

What do the changesin composition with timetell us?

Within each of these major Australian magmatic provinces the inferred crustal
temperaturesin the source regions of the granites increase with time. The restite-rich
granites of Group 1 areinferred to form early by the break-down of quartz, albite, K-
feldspar and water at the source: biotite and hornblende are restite within these melts
and there are abundant xenoliths. Group 2 consists of the fractionated granitesthat are
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low in incompatible elements. These granites have rare restitic amphiboles and it is
possible that in their source regions dehydration melting of biotite has occurred. The
Subgroup 331 granites are probably formed by dehydration melting of F-enriched
biotites, whilst Subgroups 32 and 33 may involve dehydration melting of amphibole.
Temperatures of formation of some of the Group 3 graniteshave beeninferredto beas
high as 1000°C. The systematic progression through these groupingsindicatesthat the
source region temperature has increased progressively with time.

In contrast there appearsto beagenera decreasein thetemperature of formation of the
mafic igneous rocks with time, with the mafic igneous rocks from 2000 to 1870 Ma
being dominated by high Mg-tholeiites (Woodward Dol erite of the Kimberleysand the
Zamu Dolerite of the Pine Creek Inlier) whilst continental tholeiites dominate after
1870 Ma (Hart Dolerite of the Kimberleys, Oenpelli Dolerite of the Pine Creek Inlier
and the Eastern Creek Volcanics of the Mount Isa Inlier). The exceptions are the
~1700-1650 Ma high Fe-tholeiites of Broken Hill and the Soldiers Cap Group of the
Mount Isalnlier.

What arethe durations of the individual magmatic events ?

Australiawide Palaeoproterozoic to Mesoproterozoic magmatic events have an
episodic distribution with time. Thereisaperiod of quiescencefrom about 2400 Mato
1880 Ma, followed by a series of major magmatic eventsfrom about 1880 Mato 1500
Ma, whichareinturnfollowed by aperiod of inactivity until about 1350 Ma. Although
within any one province the period of magmatism is 70 Ma to 360 Ma, individual
magmatic events are episodic. Each episode is of relatively short duration, generally
less than 20 Ma and some episodes with tight age control are less than 10 Ma.

What role do tectonic processes play in triggering the emplacement of magmas ?

Magmatism is commonly regarded as being caused by major interplate events such as
subduction of a cold oceanic crust in either a continental margin or island arc
environment, or impingement of amantle plume on thelower crust. Other cited causes
are extension (either within a continent or at oceanic ridges) and continent/continent
collison. A significant feature of the Australian Proterozoic is the continent-wide
abundance of magmatic activity. If al of the magmatism occurred at interplate
boundariesthen the sheer number of magmatic eventswould requirealarge number of
small plates. Alternatively many of the magmatic events may be the products of
intraplate activity.

Intraplate events may be caused by changes in the direction or rate of plate motion
(Loutit et al. 1994) rather than by plate collisions or within-plate extensional episodes.
Intraplate events are regarded as the key in the evolution of sedimentary basin
devel opment and deformation (Green et al. 1992) , and have been held responsible for
major episodes of mineralisation and fluid migration. For example, in northern
Australia, asignificant intraplate event at 1640 Ma has been suggested to have been
responsible for major movements of basina brines which produced regionaly
extensive alteration and resulted in the formation of the world class HYC Pb-Zn
deposit (Idnurm et al., 1993; Loutit et al. 1994). Although thisevent resulted in large-
scale fluid migration, it did not produce regionally extensive angular unconformities.
Similarly, intraplate events may provide the clue to the abundance of magmatic
episodes in the Proterozoic of Australia.

Palacomagnetic data have proved useful for determining the time of the mgor
intraplate events. The apparent polar wander path (APWP) for northern Australia
displays two modes of absolute plate motion. Thefirst is characterised by periods of
relative kinematic stability, represented by straight or nearly straight segments on the
APWP. Thesecond modeischaracterised by instabilitiesthat reflect geologically rapid
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changesin plate motion. Thismodeis represented on the APWP by hairpin bends and
pointsof inflection. A detailed APWPisnot availablefor Australiafrom ~2000 Mato
1720 Ma, but the APWP from ~1720 Mato ~1500 Maindicates a series of relatively
long periods when the direction of plate motion remained constant, separated by
intervalsof changesof direction. Asnoted by L outit et al. (1994), most major magnetic
overprintsdueto alteration, several major Pb-Zn deposits, and major magmatic events
coincided in time with the hairpin bends and inflection points on the APWP for
Northern Australia. For example, the HY C 1640 Maevent described above coincides
with amajor 180° bend in the APWP. Loutit et al.(1994) and Green et al. (1992) have
argued that the periods of greatest migration of basinal fluids coincide in time with
these bends. By the same argument, significant volumes of magmas could have also
escaped to the surface at such times. Thus magmatic events may not necessarily result
directly from major interplate interactions, but rather from intraplate tectonism. These
intraplate events may reflect forces acting a large distance from the major plate
boundaries. Palacomagnetism provides insights also into the episodic nature of
magmatism. It appears from the shape of the APWP that magma emplacement
coincided in timewith the hairpin bends or inflection points. However, the melting of
the lower crust/mantle did not necessarily result from the same tectonic processes as
the emplacement of the magmas, as that would not allow sufficient time to heat the
crust to the melting temperature. Instead subsequent intraplate tectonism may have
allowed aready existing melts to migrate into the upper crust. Intraplate tectonism
may have a so enhanced melting by causing decompression.

What alternative causes aretherefor the melting events ?

Recent thermal modelling may provide new insightsinto the mechanism of generating
melts within the lower crust. If heat is applied to the base of the crust asaresult of a
maj or mantle heating event, thenthecrust will heat up by conduction. Thethermal time
constants for crust 25, 30, 40 and 50 km thick are 19, 27, 48 and 76 Ma (Upton et al.
1997) and hence, thetimelag between early mantle magmatic activity and then crustal
metamorphism and major crustal melting is of the order of a minimum of 25 Maand
given Proterozoic crustal thicknesses could be at least 70 Maif not longer. Modelling
has aso shown that the addition of sediments and thickening of the crust will cause
further rises in temperature.

The proposed model shows that it takes considerable time for sufficient heat to be
conducted to the crust to generate the types of magma consistently observed in the
Proterozoic of Australia. Thusthetectonic processesthat helped generatethe melt are
not necessarily the same as those that allowed for its migration into the upper crust.
Intraplate forces acting on the crust can facilitate the escape of magmasto the surface,
with the composition of the melt being simply dependant on the temperatures existing
in the lower crust at the time of the ‘escape’ rather than on the contemporaneous
tectonic setting.

What are the metallogenic implications ?

A consequence of the present model is that, in any province it is predictable that
mineralisation derived from plutonic fluidswill be associated with Group 2 and Group
33. Group 1 granites being restite-rich, cannot give a greater concentration of any
element than that contained in the initial melt or restite and hence are rarely
mineralised. Similarly the fluorine-rich granites (Groups 31 and 32) are rarely
mineralised. In contrast Groups 2 and 33 that have been formed by dehydration melting
of biotite and hornblende respectively appear to have the greatest metallogenic
potential. Granites of type 3z arerarein the Proterozoic of Australiahaving only been
documented in the Gawler and Mount |sa provinces where they are associated with
significant Cu+AuxU mineralisation. The rarity of the granite-types may reflect the
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AUSTRALIAN PROTEROZOIC GRANITE-RELATED ORE SYSTEMS

Ledey A.l. Wyborn', Anthony R. Budd!, and Irina V. Bastrakoval
Australian Geological Survey Organisation, GPO Box 378, Canberra, ACT, 2601

141 AGC, Townsville, July 1998, GSA Abstracts, 49, 481

AGSO, in collaboration with Commonwealth, State and Territory Geoscience
organisations, has completed aproject on the ‘ Metallogeny of Australian Proterozoic
Granites’ (whichwas sponsored by 20 mineral companies). Using Gl Stechniques, the
project investigated spatial relationships between specific granite types, host rock
compositions and hydrothermal Au, Cu, Zn, Pb, Sn, W and Mo mineralisation. Data
were collated on the mineralogy, geochemistry (~7500 analyses), and age of
Proterozoic granites and felsic volcanics, as well as the age and mineralogical
composition of sedimentswithin 5 kms of granite boundaries for 20 provinces.

KEY RESULTSBY GRANITE TYPE

Overall although there is a strong spatial relationship with specific granite types for
many commodities, much of the mineralisation is hosted in the country rocks and
particularly for Au, up to 5 kms from the nearest granite contact. |-(granodioritic)
compositions dominate and these are inevitably Sr-depleted and Y -undepleted which
contrasts with igneous rocks normally found associated with porphyry-style
mineralisation. Some significant differenceswere found between Proterozoic granites
and their Archaean and Phanerozoic counterparts (e.g., Proterozoic granites have
elevated K, Th U, and High Field Strength Elements contents). Hence classifications
for A- and S-types, and some metallogenic indicators developed from Palaeozoic
graniteswere not meaningful. The mineralogy of the country rock wasfoundto play a
crucia role not only in determining the site of mineralisation, but also in affecting the
redox state of the granite. More specific relationships are as follows:

« | or Stype granites designated as unfractionated were restite-rich and consistently
unmineralised.

« Fractionated |-type granites can be divided into 2 groups: those that were either F-
poor or F-rich throughout most of their fractionation history. The F-rich granitesare
often the true rapakivi types and have little mineralisation presumably because Cl
had been partitioned into the granite melt early.

o Fractionated F-poor I-type granites can be further divided into 2 classes. Oxidised
and Reduced. The Oxidised granites are most commonly associated with Cu-Au
depositsand crystallised at higher temperaturesthan the Reduced class. Althoughit
iscommonly stated that Au mineralisationisonly associated with oxidised granites,
an unequivocal spatial association occurs between the Reduced class and Au-
dominant mineralisation which aso has variable amounts of Cu, Sn, W, and Bi.
Reduction is due to several causes including increasing ASI, interaction with
country rock and perhaps magma cooling.

« Rarefractionated S-types are commonly associated with Sn mineralisation.

KEY RESULTSBY REGION

Mount Isa: The most prospective areas for Cu-Au are those surrounding the Williams
Supersuite. The Burstall Suite in the eastern Wonga Belt has some Cu-Au potential
including potential epithermal style deposits.
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Georgetown: The Esmeralda Supersuite has strong similarities to the Hiltaba
Supersuite of the Gawler Craton.

Pine Creek: The AlliaSuite and Cullen Supersuite have proven potential: other suites
are not highly rated.

Kimberleys. Major suites are essentialy unfractionated (restite-rich?) and are not
considered prospective. The small Koongie Park Suite (related to the Koongie Park
VHMS mineralisation) shows evidence of fractionation.

Granites-Tanami: Although data are limited, many granites are reduced, but some
become oxidised at shallower level of emplacement: the two contrasting types may
require different conditions for precipitation.

Tennant Creek/Davenport: Au is most likely to be related to the 1820 Ma Treasure
Suite.

Gawler Craton: The Hiltaba Supersuite comprises the oxidised Roxby Downs Suite
which has Cu-Au-U potential and the more widespread, reduced K okatha Suite which
isassociated with Au _ Sn mineralisation.

Paterson: Granites closest to the Telfer deposit are reduced, in contrast to the oxidised
Mount Crofton Granite.

Gascoyne: 1800 Ma granite suites are fractionated, although the metal potential may
belimited by the high metamorphic grade of many hosts. Prospectivetargetsarelikely
to be small and focussed as at Tennant Creek.

Arunta: Many suites present: the most prospective are the 1710 Ma Alarinjela and
Barrow Creek Suites, the 1640 Ma Mount Webb Suite, and the 1567 Ma Southwark
Suite. High metamorphic grade may be alimitation.

Broken Hill: Dominated by restite-S-typesthat are unlikely to berelated to the Broken
Hill Pb-Zn-Ag deposit.

Olary: If the 1590 Ma suites are true analogues of the Hiltaba Supersuite, then the
potential for Cu/Au is high, although by analogy with the Cloncurry district the
presence of calc-silicate rocks may cause limitations.

Northhampton, Rocky Cape, Albany Fraser, Leewin, Musgrave: Insufficient data
available for confident predictions of metallogenic potential.
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INTERACTIONSBETWEEN CRUST AND MANTLE THROUGH TIME AND
THE RELATIONSHIP TO THE EVOLUTION OF AUSTRALIAN ORE
DEPOSIT TYPES

LeseyA.l Wvbornl, Murray S. Hazelll, LaigeeM. Bell' & SuzanneM. Edgecombel.
tAustralian Geol ogical Survey Organisation, GPO Box 378, Canberra, ACT, 2601

14 ™ AGC, Townsville, July 1998, GSA Abstracts, 49, 482

Compilations of the distribution of ore deposits types in time clearly show them to
form three broad groups that are coincident with the Archaean, Proterozoic and
Phanerozoic eons (e.g., Meyer 1981). As many deposits are related to the intrusion/
extrusion of igneous rocks, the changes in dominant ore deposit types appear to
paralel temporal changesin the dominant type of igneousrocksin responseto mantle
cooling. Some examples are:

o The Archaean mantle was at least 100°C hotter than the present mantle as is
reflected in the abundance of komatiites derived from deeper parts of the mantle.
Hence the Archaean dominance of komatiite-hosted Ni.

o TheArchaeanlacksthesignificant volumesof thehhigh-T, oxidised I-(granodioritic)
typesthat are usually associated with Cu/Aumineralisationinthe Proterozoic. Thus
ironstone hosted Cu-Au deposits are absent.

o Some early Palaeoproterozoic mafic igneous rocks are Mg and Si-enriched,
suggesting that mantle melts remained hotter than at present and were derived from
shallower levels than in the Archaean. These compoasitions would promote the
formation of layered intrusionswithin the crust (with associated deposits of Ni, Cr,
Pt) and would also result in underplating of the crust which is so prevalent in the
Proterozoic.

o Late Archaean/Palaeoproterozoic granites have higher K, Th and U values than
granites of other ages. (However, an oxygenated atmosphere is required to free U
alowing unconformity-style U depositsto form.)

o Widespread underplating in the Proterozoic could result in more effective
conductive heating of the lower crust, whilst the high K, Th and U values would
increase radiogenic heat outputs. Both factors would cause higher crustal
geothermal gradients, and therefore high temperatures at shallow crustal levels,
which in turn would facilitate the generation of the large size of some Proterozoic
hydrothermal deposits.

o Thephysical sizeof igneoussuitesisgenerally larger inthe Precambrianthaninthe
Phanerozoic, suggesting also that the related thermal anomalies that influenced
basin formation were vast. |n the Pal aeoproterozoic some basin formation resulted
in extensive sag phases characterised by evaporitic sequences that were an
important source of ligands (such as CI") for transport of U and base metals.

o Australian Proterozoic VMS arerare as fractionated vol canics rarely coincide with
subaqueous sediments.

« |-(granodioritic) types dominate Australian Proterozoic/early Palaeozoic felsic
melts and the majority are Sr-depleted, Y-undepleted, possibly signifying high
crustal geothermal gradients. Related deposits are mostly hosted in country rock,
possibly because the granites are too felsic and/or intrusions are too deep.

o S-type granites or I-types that fractionate to more peraluminous compositions are
more prominent in the Palaeozoic, this may explain the greater abundance of Sn
mineralisation during this erain Australia.

o Magma types change notably in the Phanerozoic and more are clearly related to
activity at plate margins.
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o Genuine shoshonites with associated Cu/Au mineraisation made their first
appearance in the Ordovician.

o Porphyry-style mineralisation is more common in the Phanerozoic, where it is
hosted within I-(tonalitic) or M-types above subduction zones. Most melts are Sr-
undepleted signifying lower geothermal gradients.

o Ophiolite-related deposits (Cu-pyrite deposits, podiform Cr deposits) are more
common in the Phanerozoic.

Thus the changing thermal regime of the crust and mantle through time exerts a
significant control on the dominance of different magmaand oredeposit typesthrough
time. Although the Archaean was characterised by highest mantle temperatures,
crustal geothermal gradientswere probably lower possibly dueto athicker lithosphere.
Mantletemperatureswereintermediatein the Proterozoic, whereas crustal geothermal
gradients may have been higher perhaps due to lithospheric thinning, thus allowing
mantle melting at shallower levelsthan in the Archaean. Because of the hotter thermal
structure of the continental lithosphere in the Precambrian, deformation was
substantially less partitioned into narrowly defined plate boundaries than at present
(Etheridge and Wall 1994). Henceinthe Precambrianintrapl ate deformation wasmore
widespread resulting in more opportunitiesfor fluid migration (and hence some larger
ore deposits!). The Phanerozoic represents a transition to a dominance of igneous
activity and deformation at plate margins driven by a cooler mantle, explaining the
increase of ore depositsthat characterise the plate margins, viz., porphyry Au/Cu and
ophiolite-related deposits.

Etheridge, M.A. and Wall, V.J. 1994. Tectonic and structural evolution of the
Australian Proterozoic. Geological Society of Australia, Abstracts, 37, 102-103.

Meyer, C. 1981. Ore-forming processesin geologic history. Economic Geology, 75th
Anniversary Volume, 6-41.
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WHAT DO ~10 000 WHOLE ROCK GEOCHEMICAL ANALYSESTELL US
ABOUT AUSTRALIAN PROTEROZOIC INTRAPLATE IGNEOUS
ACTIVITY?

Ledey Al Wvbornl, Mart Idnurml, Anthony R. Buddl, Irina Bastrakoval, Murray S.
Hazell%, and Suzanne M. Edgecombel.

Australian Geological Survey Organisation, GPO Box 378, Canberra, ACT, 2601
141 AGC, Townsville, July 1998, GSA Abstracts, 49, 484

A major compilation of Australian Proterozoic Igneous rocks reveals broad patterns
which provide major constraints on geodynamic reconstructions in the Proterozoic.
The key results show that the Australian Proterozoic can be subdivided into major
magmatic provinces each of which is coincident with one or several major recognised
fold belts/orogenic domains and contains magmatism that is clearly episodic. The
majority of Australian Proterozoic granites are I-(granodioritic) type derived by
melting of pre-existing crust. Proterozoic granitesare also dominantly Sr-depl eted and
Y-undepleted, signifying high geothermal gradients and sources dominated by
plagioclase. Genuine S-type granites with visible cordierite and garnet in the more
mafic compositions are rare, as are intermediate or felsic types that are distinctly Sr-
undepleted, Y-depleted: a signature which is most commonly found in granites
associated with subduction in island arc or continental margin settings, and infersthe
presence of garnet in the source and lower geothermal gradients.

Wyborn et al. (1997) have shown that in most major Proterozoic magmatic provinces
the dominant Sr-depleted, Y -undepleted I-(granodioritic) types can be divided into
three groups which show a time progression in geochemistry. The oldest group
(Group 1) at 1870-1850 Macomprisesrestite-rich suites. Group 2, emplaced at 1840-
1800 Ma is a low-Ca type that shows evidence of magmatic fractionation. The
youngest group (Group 3) is enriched in incompatible elements and comprises three
subgroups. Subgroup 31, dated at around 1800-1780 Ma, has very high values of Zr,
NbandY; Subgroup 32, usually emplaced between 1760 and 1650 Ma, isenriched in F
and has variable amounts of Y, Zr, and Nb; and Subgroup 33, emplaced from 1640 to
1500 Ma, ismore oxidised with awiderangein SiO2 values. A simple explanation for
the geochemical evolution from Groups 1 to 3 isthat asthe temperature in the source
region increases, the magma is dominated first by minimum melt, then by biotite
breakdown and finally by amphibole breakdown, with evidence of source
temperatures of up to 1000°C during the latter phase. The temperature increase of
granite melts contrasts with a general decrease in the temperature of the mafic melts
with time, with high Mg-tholeiites dominating before ~1850 Ma and continental
tholeiites after ~1850 Ma (with the exception of high Fe-tholeiites at Broken Hill and
Mt. Isa).

Itisdifficult fromthegeochemical viewpoint to rel ate these consistent, continent-wide
changes in composition to magmatism at the plate boundaries. Further, given the
abundance of continent-wide magmatic activity, this would require an unlikely large
number of small plates. Likewise. an explanation for melt emplacement in terms of
tectonism, related to coeval mantle heating events is difficult to reconcile with time
constants for heat transfer from the mantle to the crust. For crustal thicknesses of 25,
30, 40 and 50 kms the time lags have been calculated as 19, 27, 48, and 76 Ma
respectively (Upton et al. 1997). Given the likely Proterozoic crustal thicknesses of at
least 30 kms, the time lag between mantle magmatic activity and crustal melting is at
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least 25 Maand may exceed 70 Ma, suggesting that melting of the lower crust and the
emplacement of granitic magmas were due to different tectonic events. The clue to
solving these problems may bein the shape of the apparent polar wander path (APWP)
which, for those parts of the Australian Proterozoic whereit isdefined, confirmsplate
mobility and also shows that magma emplacement was coincident in time with
inflection points on the APWP. The latter are recognised as significant interplate
tectonic events with associated intraplate effects that cause major episodic migration
of basinal fluids. Similar intraplate tectonic responsesto later plate boundary tectonic
events may have also alowed granitic melts to migrate into the upper crust, with the
composition of the melt being simply dependant on thetemperaturesin thelower crust
at thetimeof 'escape’. Thishypothesisisconsistent with (1) theincreaseintemperature
of the felsic melts with decreasing age, (2) the progressive change in chemical
compositions with time in each province, and (3) the related decrease in the
temperature of the mantle melts. Finally, the hypothesis implies that major magma
emplacement in the Proterozoic of Australiamay have occurred in the interior of the
plate rather than along numerous plate boundaries.
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ANEWLY DISCOVERED MAJOR PROTEROZOIC GRANITE-ALTERATION
SYSTEM IN THE MOUNT WEBB REGION, CENTRAL AUSTRALIA, AND
IMPLICATIONSFOR CU-AU MINERALISATION

Ledey Wybornl, Murray Hazelll, Rod Pagel, Mart Idnurml, & Shen-su Sunt
Australian Geological Survey Organisation, GPO Box 378, Canberra, ACT, 2601

AGSO Research Newsdletter, May 1998, 28, 1-6.

The presence of amajor granite-related ateration system has been confirmed in the
western Arunta Block - in the remote Mount Webb region (WA/NT border; Fig. 1).
According to new petrological, geochemical, and geochronological data from the
Mount Webb Granite and its comagmatic felsic volcanics in the Pollock Hills
Formation, this magmatic system has many similaritiesto granitesin other Australian
Proterozoic regions where hydrothermal Cu and or Au deposits have been linked to
magmatic sources (e.g., eastern Mount Isa Inlier, Gawler Craton). Key criteria that
establish this region as prospective are:

« fractionation trends in the granite, clearly evident in the geochemical data;

o magmatic alteration effects (including sodic-calcic, sericitic, and hematite-K-
feldspar) in the granite and country rock; and

« evidence of metallogenically significant hydrothermal interaction with the country
rock.

A preliminary interpretation of the results of 12 analyses recorded in AGSO's
ROCKCHEM database and in Blake et al. (1977: BMR Bulletin 197) suggested that
the Mount Webb Granite and felsic volcanics of the adjacent Pollock Hills Formation
potentially had primary and alteration characteristics similar to granites of the

Western Australia i @D Northern Territory

16/A/426

I:l Proterozoic country rocks at greenschist grade or higher

- Mount Webb Suite
0

Fig. 1. Location of the Mount Webb region, western Arunta Block
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metallogenically important Williams Batholith (eastern Mount Isalnlier) and Hiltaba
Suite (Gawler Craton), both of which are closely associated with Cu-Au
mineralisation (Wyborn 1994: Centre for Ore Deposit & Exploration Studies,
University of Tasmania, Master of Economic Geology Course, Manual 2). Reference
to"... thicker quartz veinscutting highly altered and brecciated granite west of Pollock
Hills' (Blake & Towner 1974: BMR Record 1974/53) further heightened theintrigue.
In May 1996, AGSO staff visited the Mount Webb region to collect a suite of samples
(Fig. 2) for magmatyping, age determination, and alteration mapping and eval uation.

The results described here focus on the Webb 1:250 000 Sheet area, but the granite
system extends westward into the Wilson Sheet area, and eastward into the
Macdonald, Mount Rennie, and possibly Mount Liebig Sheet areas (Fig. 1). Both the
granitesystem andthealteration arelargeby Australian Proterozoic granite standards.
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Fig. 2. Geology of the Mount Webb region (based on Blake 1977: op. cit.).

Petrological data

Country rock In the Webb Sheet area (Blake & Towner 1974 op. cit.; Blake 1977: Webb 1:250 000

Geological Series —explanatory notes, BMR/AGSO), the Mount Webb Granite

intrudes ‘unnamed Archaean? rocks (mainly interbedded quartzite and mica schist,
and some amphiboalite). Near the inferred contact between granite and amphibolite at
the southernmost part of one Archaean? outcrop at Pokali Hills (20 km east of Mount
Wehb), quartz veins and minor ironstones are prominent, and so too is an overprint
(metasomatic?) of quartz, biotite, and magnetite replacing all the primary minerals.

Away from the inferred contact, constituents of the country rock in this outcrop are

mainly amphibole and plagioclase in the centra part, and chlorite, actinolite, and
minor greenish bictite in the north, suggesting that the granite has both contact-
metamorphosed and metasomatically atered the country rock. The country rock

elsewhereinthe Sheet areaisdominated by quartzite and micaschist; late-stage quartz

and quartz-tourmaline veins are abundant, and therock islocally brecciated (Blake &

Towner 1974: op. cit.).
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Mount Webb Granite The Mount Webb Granite is heterogeneous, comprising several types of unatered
granite, sodic—calcic-altered granite, sericite-altered granite, and aplite. Most atered
samples are from near the Mount Webb Shear Zone (Fig. 2). All samples are
recrystallised, and most have a distinct foliation, suggesting that the granite has been
affected by a post-intrusion metamorphic event.

Essentially unaltered granite rangesfrom mafic diorite/tonalite through granodiorite,
monzogranite (dominant), and syenogranite, to aplite. Some late felsic fractionated
phases contain fluorite and nodul es of tourmaline + quartz. Theserocks have atypical
I-typemineral ogy, and are composed of hornblende, bictite, magnetite, plagioclase, K-
feldspar, and quartz. Magnetite, generally with exsolution lamellae of ilmenite, is
common in most samples, but is more abundant in the diorite/tonalite; sulphides are
extremely rare. Rimming of the magnetite by titanite is one of the tangible effects of
alteration.

Sodic—calcic alteration is characterised by the assemblage diopside + epidote +
tremolite (only present in the more deformed samples). This dteration type is
prominent in alinear shear zone trending 310° both to the northwest and southeast of
Mount Webb. Few quartz veins bisect the rocks affected by this alteration type, and
open spaces were not observed. Most samples contain titanite, and have
albite/oligoclase as their only feldspar. Neither sulphides nor anomalous
concentrations of elements are apparent in the samples.

Sericite alteration is more restricted than the sodic—calcic alteration, and is usually
associated with brecciated and fractured granite cut by quartz veinswith open spaces.
A higher modal abundance of sulphides accompanies this type of alteration. In thin
section, thesericiteconsistsmainly of finegrainsconcentrated inveinsaligned parall el
to thefoliation. Opague phases are rare: some samples have magnetite or small pyrite
grains; one has chalcopyrite. Two weathered samples containing visible malachite
have Cu concentrations of 348 and 278 ppm; thin sections show that they consist
mainly of goethite, which was probably formed as a weathering product of primary
sulphides.

Quartzveins carrying sulphidesare more prominent in the areas of sericitic ateration,
where the granite also tends to be more brecciated and bears tourmaline and fluorite.
The sulphidesare mainly pyrite, though gal enawas observed in one samplewith 1800
ppm Pb, and another sample has 145 ppm Mo.

Apliteveins, commoninthemorefelsic granite, are probably the productsof late-stage
magmatiC processes.

Pollock Hills Thefelsicvolcanicsof the Pollock Hills Formation consist mainly of black porphyritic

Formation dacite and rhyodacite overlain by tuffaceous and non-tuffaceous sedimentary rocks
(Blake & Towner 1974: op. cit). Alterationislesspervasiveinthevolcanicsthaninthe
Mount Webb Granite, and two alteration types are evident: hematite and epidote.
Overal, eventheleast altered vol canic samples have amarkedly recrystallised texture
in thin section, suggesting that they are metamorphosed.

The least altered volcanics are mainly porphyritic ignimbrites with phenocrysts of
plagioclase, magnetite, and quartz in decreasing order of abundance. Phenocrysts of
ferromagnesian silicate minerals (altered to epidote and/or biotite) are rare. The
ignimbrites comprise two broad types: those with abundant lithic fragments and
crystals, and those with alower crystal and lithic content. The lithic-poor ignimbrites
contain flattened pumice clasts and abundant spherulitesin the matrix; the spherulites
indicatethat the matrix comprisesdevitrified volcanic ash. Lapilli tuffswere observed
at onelocality. Fine-grained magnetiteis scattered throughout the groundmass, which
iscommonly recrystallised. Although, small grains of pyrite/chal copyrite occur inthe
spherulite-bearing volcanics, most of the volcanics have magnetite as the dominant
opague mineral; primary sulphides are rare, reflecting the high oxidation state of the
magma.
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Mafic dykes

Hematite alteration inthe volcanicsis possibly related to two events. Firstly, as noted
by Blake & Towner (1974: op. cit.), hematite alteration ismore prominent at the top of
the volcanics, near their contact with the sedimentary rocks of the Pollock Hills
Formation. Red hematite-rich layers interspersed with these sedimentary rocks
suggest that oxidising atmospheric conditions prevailed during sedimentation and
extrusion, so the hematite may be related to meteoric fluids rather than to
hydrothermal/magmatic processes. Some of this early hematitic alteration is also cut
by late epidote alteration.

Secondly, hematite alteration is evident in highly sheared volcanics sasmpled away
from the sediment/volcanic interface. At one locality, northwest of Kiwirrkurra, a
hematite-rich, K-feldspar-altered volcanic rock associated with an ironstone cuts a
chlorite/sericite-altered volcanic rock, and is therefore later in the paragenesis. At
another, anisolated volcanic outcrop northwest of Mount Webb, hematitealterationis
also apparent in a sample of K-feldspar-bearing rock containing anomalously high
potassium. Shearing at both localities suggests that this type of hematite alteration is
dueto another event, distinct from that formed at the sediment/water interface early in
the paragenetic history.

Epidote alteration is common in the volcanics. In thin section, it is pervasive and
texturally destructive. It progressively destroys any original igneous textures, and
produces an end-member assemblage of epidote + quartz. Mineralogically and
chemically it closely resemblesthe sodic—cal cic ateration of the Mount Webb Granite,
and both are focused in shear zones trending ca 310°.

Mafic dykes with a prominent north-northwesterly trend are prominent in the area,
particularly in the granite outcrops east of the Pollock Hills, but do not intrude the
Neoproterozoic and younger sequences (Blake 1977: op. cit.). In thin section, most
appear to be pristine, consisting of plagioclase, clinopyroxene, and orthopyroxene;
they also contain sulphides (mostly pyrite, but some chalcopyrite). A few of them
evince pronounced alteration effects, and are probably older, but they all lack
deformational and metamorphic effects, suggesting that they are much younger than
the granite.

Geochemistry results

Geophysical data

Sixty sampleswerecollected for analysis. 28 granites, nineaplitesand quartz veins, 18
volcanic rocks, and five dolerites. The alteration effects in the granites and volcanics
are clearly shown in a plot of NapO vs K20 (Fig. 3A). The sodic—calcic-atered
samplesare depleted in K20, whereasthe more strongly sericite-altered samples have
lost NapO. In contrast, the hematite-altered samples show a marked enrichment in
K20, similar to that in the ~1500-Ma granites in the Cloncurry district (Wyborn in
press: Australian Journal of Earth Sciences).

Theplotsfor Rband Rb/Sr show exponentially increasing valueswithincreasing SiO2
(Figs. 3B and C). On the Fe;O3/FeO vstotal FeasFeO plot (Fig. 3D) of Champion &
Heinemann (AGSO Record 1994/11), most samplesliein the oxidised field. The ASI
values (molecular Al203/[K20 + { CaO — 1/3P20s} + NapQ]) are<1.1, indicating that
the samples are metaluminous to weakly peraluminous. All these features are
characteristic of granitesassociated with Cu—Au mineralisation inthe Proterozoic (see
also Wyborn 1994: Geological Society of Australia, Abstracts, 37, 471-472.)

Parts of the hydrothermal alteration system occur in the Webb and Wilson Sheet areas,
for which no airborne geophysical dataare in the public domain. We recorded ground
magnetic observations on a Geoinstruments susceptibility meter (model JH-8).
Susceptibilities range from 200 to 600 S| units x 10~ for the (dominant)
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Fig. 3. Geochemical variation diagrams for whole-rock geochemical data from the Mount Webb region.

monzogranite, and 2000-5000 S| units X 107 for the tonalite/di orite, reflecting
increasing modal abundance of magnetite with decreasing SiOp. Thefel SI cvolcanics
also have high susceptibilities, generally from 3000-5000 S| units x 10_ mirroring
the abundant magnetite phenocrysts and the ubiquitous fine-grained magnetite in the
groundmass.

Alteration zones in both the granite and the volcanics have much lower magnetic
susceptibilities (generally <40 S| unitsx 10~ ) reflecting the destruction of magnetite
intheareasof sodic—calcic alteration. Although magnetiteisgenerally absent fromthe
sericite-altered areas, some high-susceptibility localities are apparent there.
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The country rock generally has low measured susceptibilities, except amphibolitein
the Pokali Hills area, where susceptibilities are variable and range from 200-5000 SI
units x 10™°. Those rocks with particularly high susceptibilities had metasomatic
biotite and magnetite in thin section. The fresh mafic dykes, including the dated
sample, have high susceptibilities (<4000 S| units x 10 °): altered dykes have low
susceptibilities.

Geochronology results

Page et al. (1976: BMR Journal of Australian Geology & Geophysics, 1, 1-13)
obtained acombined Rb—Sr isochron age of 1494 + 25 Ma(recal culated withthe 1.42 x
107t yr_1 constant for Rb87) and an initial Sr%7/Sr% ratio of 0.7114 + 0.004 for the
Pollock Hills Formation and Mount Webb Granite. Such a high initial ratio for an |-
type granite suggests that the Rb—-Sr data have been reset, so samples (five) were
selected for SHRIMP U—Pb zircon dating (Table 1).

Thethreegranitesamplesyield agesof 1643+ 4, 1639+ 5, and 1639+ 5Ma, indicating
that they all belong to the one magmatic system. Inherited zircon populationsinclude
16801690, 1775-1769, and 1830-1877 Ma. A corollary to these results is that the
anomalously young Rb-Sr age might reflect the ubiquitous late metamorphic
overprint of both the volcanics and granite.

No satisfactory igneous crystallisation age was obtained for the volcanics of the
Pollock Hills Formation, as the zircon populations in the sample studied are
exceedingly complex. This sample is dominated by inherited ~1860-Ma zircon; a
population at ~1680-1690 Ma s also prominent; older inheritance at ~1970 Ma and
2590 Ma is also apparent. These populations are distinctly older than those of the
granite; only one grain analysed from the vol canic sample was close to the age of the
granite (~1640 Ma). The dated sample has abundant lithic fragments, and islikely to
have xenocrystic zircon popul ations derived from these fragments. Jagodzinski (1992
AGSO Record 1992/9; 1998 AGSO Research Newsdletter 28, 23-25) has reported a
similar case in the Coronation Hill region (NT), where an ignimbrite dominated by
lithic fragments yielded mainly xenocrystic zircon populations and only a few
magmatic grains.

Nd isotopic datafrom the samples of the M ount Webb Granite and vol canicsgave eNdi
valuesof —1.5t0—2.1 and single-stage Tom model agesof ~2320Ma(Table 1), similar
to those obtained elsewhere in the Arunta Block (Sun et al. 1995: Precambrian
Research, 71, 301-314). They indicate that thefelsic magmaswere derived from apre-
existing crustal source.

Table 1. Summary of new U-Pb SHRIMP amd Sm-Nd results from the Mount Webb region.

Sanpleno.  Rock unit Rock type S02 Age (Ma) Xenocrysts eNdi  Tpm(Ma)
96496035 Mount Webb Granite monzogranite TAwt% 1643+ 4 1680-1690 Ma (4 grains), ~1775 2327
Ma (2 grains), 1860-1870 Ma (2
grains)
96496028A Mount Webb Granite granodiorite 68wt% 1639+5 1690 Ma (1 grain) 2.0 2322
96496011 Mount Webb Granite sericite-altered granite 77wt % 1639+5 Complex with inheritance
patterns at ~1680, ~1760, and
1830-1877 Ma
96496024 Pollock HillsFormation |jthic-rich ignimbrite 68wt % 1643+13 Complex populations -15 2325
(NB: onegrain 1680-1690, 1862 + 4 (dominant),
only) single grains at 1966, 2590 Ma
96496009 unnamed dolerite  dolerite 48wt 976+3(zircon)  ~1630 Ma 23
972+ 8
(baddelyite)
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Both magmatic zircon and baddelyite were dated from an unmetamorphosed dolerite
dyke. They recorded Neoproterozoic ages of 976 £ 3 and 972 + 8 Ma respectively,
dispelling the notion of any connection between the dykes and the Mount Webb
Granite. These dykes are considerably younger than the Stuart Pass Dolerite, whichis
abundant throughout the Aruntal nlier and hasawell-defined Sm—Nd mineral isochron
age of 1076 + 33 Ma (Zhao & McCulloch 1993: Chemica Geology, 109, 341-354).

I mplications of the 1640-M a age for the Mount Webb Granite

The new age for the Mount Webb Graniteissimilar to the 1640 + 7-Maage of tuffsin
the HY C orebody at McArthur River (Page & Sweet in press. Australian Journal of
Earth Sciences). Although the similarity may be purely coincidental (not all tuffsinthe
north Australian Proterozoic sequences have known Australian sources), it doesraise
the possibility that the HYC tuffs were derived from the Mount Webb region,
especially considering the size of the intrusive event.

It is interesting to note that Loutit et al. (1994: Australasian Ingtitute of Mining &
Metallurgy, Publication Series, 5/94, 123-128) observed that most major granite and
major ore-forming events correspond to major inflections in the Australian apparent
polar wander path (APWP; Fig. 4). However, no mgjor granite event was then known

120°E @ 1590 Ma 180°E
Hiltaba Superstite 1700 Ma

X Olympic Dam Weberra Graritel
OP1,1

3

1560 Ma
Esmeralda S.suite, Alligator Rivers U. o0
X MlisaCu OP3,13

AN

' ~1500 Ma
Williams Supersuite
°® % Osborne, Emest Henry Cu-Au
® { OP4,14
@ \— \
— o
—\
) | § &
20-7/343

@ GRANITE EVENT OP MAGNETIC OVERPRNTEPOCH @ Pralacomagnetic pole
R MINERLDEPOSIT | Inflection point

to correspond to the magjor hairpin bend at ~1640 Ma. The new data from the Mount
Webb Granite provide evidencefor such an event. Loutit et al. (1994: op. cit.) asserted
that APWP inflections correspond to changes in the direction of crustal plate
movement and, therefore, changesin the stressfield within the plate. Such changesin
stress could alow granitic melts to ascend from the lower crust, explaining the
formation of major batholiths at these times.

Mineral potential of the Mount Webb region

© Geoscience Australia 2002 147



ABSTRACT 5 - Mount Webb Granite Alteration System

Acknowledgments

Although the present results are preliminary, the primary and alteration geochemistry
of the felsic magmas of the Mount Webb region resemble those of other Proterozoic
Cu-Au mineralised areas. There is evidence of extensive magmatic alteration
(sodic—calcic and sericitic) at some localities, particularly within the more felsic
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AUSTRALIAN PROTEROZOIC GRANITES - CHARACTERISTICS, SOURCES
AND POSS BLE MECHANISMSFOR DERIVATION AND EMPLACEMENT.

L.ALL Wybornl, |.V. Bastrakova' and Anthony R. Budd®
IAugtralian Geological Survey Organisation, GPO Box 378, Canberra, ACT 2601
AGS0O Record 1998/33, 47-49.

Granites are aprominent component of aimost every Australian Proterozoic orogenic
domain. Exposed outcrops of granites and their comagmatic volcanics cover at least
145 000 kmz, and based on gravity and aeromagnetic data, the subsurface extents of
graniteplutonsarelikely to beat least 3 timesgreater. Aspart of acollaborative project
between AGSO and the State and Territory Geological Surveys, and using techniques
devel oped by Bruce Chappell and hiscoworkersinthe Lachlan Fold Belt, some 10 000
chemical analyseswere compiled of Proterozoic granites and felsic volcanics, aswell
as information on their age, mineralogy, host rocks, and associated mineralisation.
Using thisdatabase and the * suite’ concept (Chappell, 1984), itispossibletoidentify 9
major types, most of which have analogues in lower Palaeozoic granite suites of the
Lachlan Fold Belt.

Most Australian Proterozoic felsic melts were emplaced between 1880 to 1500 Ma,
with minor episodes occurring between 1200 to 1050 Ma and at 600-700 Ma. |-type
granites predominate. S-types are aminor component and comprise <3 % of thetotal
areaof granite exposed. Although | -type granites show distinct compositional changes
with time, there are 3 characteristics common to most suites:

1) The majority are |-(granodioritic) type in character with a SiO2 range of 60 to 77
wt.% and there are no significant suites of I-(tonalitic) type or M-types as defined by
Chappell and Stevens (1988).

2) Most Australian Proterozoic graniteshave high K2O/Na2O which manifestsitself as
ubiquitous K-feldspar phenocrystscommonly upto4 cmindiameter. Thishighratiois
unique in Australian granites: Archaean granites generaly are higher in NapO
contents, whilst Palaeozoic granites have lower K20 values.

3) Proterozoic mantle normalised trace element patterns are characteristically Sr-
depleted, Y -undepleted and imply derivation from sourceregionsinwhich plagioclase
was stable. Thisalso infersthat the granites were derived from depths of <35 km and
required geothermal gradients of >30° km'L. These high gradients are compatiblewith
the High Temperature Low Pressure (HTLP) metamorphism that is endemic to
Australian Proterozoicterrains. The dominance of Sr-depleted typesisalsoin common
with lower Palaeozoic granites of the Lachlan Fold Belt. Sr-undepleted, Y -depleted
granites, implying agarnet residual source, comprise<4.0% of Australian Proterozoic
granites. This contrasts with granites from subduction environments from mid
Palaeozoic to recent times which have a far greater abundance of Sr-undepleted, Y -
depleted compositions. Australian Archaean granites contain roughly 50 % of each
type (D.C. Champion, pers. comm, 1998).

Within the period 1880 to 1500 MaWyhborn et al. (1997) have shown the dominant Sr-
depleted, Y -undepleted |-(granodioritic) types can befurther dividedinto three groups
which show atime progression in geochemistry. The oldest group (Group 1) at 1870-
1850 Ma (~ 31%), consists of restite-rich granite suites which are characterised by
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phenocryst-rich volcanics. On Harker variation diagrams the volcanics and granites
are chemically indistinguishable, and with increasing SiO2 most major and trace
elements show alinear pattern. Group 2, emplaced at 1840-1800 Ma(~ 30%), isalow-
Ca type that shows evidence of magmatic fractionation. There is increasing
heterogeneity between individual plutons and leucogranites can clearly beidentified.
On Harker variation diagrams major and trace element patternsincrease exponentially
for Rb, U, and Rb/Sr withincreasing SiO2. Theyoungest group, Group 3 (~24%) isthe
most enriched inincompatible el ements and compri sesthree subgroups: Subgroup 31,
dated at around 1800-1780 Ma, has very high values of Zr, Nb and Y; Subgroup 32,
usually emplaced between 1760 and 1650 Ma, is enriched in F and has variable
amountsof Y, Zr, and Nb; and Subgroup 33, emplaced from 1640 to 1500 Ma, ismore
oxidised with awide range in SIO2 values and higher CaO and NapO contents. This
group also has the lowest values of Y, Zr and Nb in Group 3.

Based ontheargument that * Granitesareimagesof their sourcerocks (Chappell 1979)
the chemical parameters above constrain source characteristics. The |-(granodioritic)
character argues against adirect mantle derivation, and implies an I-(tonalitic) source
(Chappell and Stephens 1988). Asthe exposed Australian Archaean Crust is strongly
bimodal, Proterozoic granites are unlikely to be sourced from Archaean crust asit is
either toofelsic or too mafic to form the vast quantities of Proterozoic I-(granodioritic)
types. Age constraints on the source region are provided by Sm-Nd model ageswhich
range from 2.0 to 2.6 Ma and it has been argued that the sources were underplated,
evidencefor whichisseenin seismicrefraction data, which alsoindicate aplagioclase-
bearing lower crust (Goncharov et al.1998) asis required by the mantle-normalised
trace element patterns of the granites. The high K20 contentsal so requirethe presence
of K-rich minerals such as K-feldspar, biotite and amphibole in the source region. A
simple explanation for the geochemical evolution from Groups 1 to 3 is that as the
temperature in the source region increases, the magma production is dominated
initially by minimum melting of quartz, K-feldspar, albiteand somebiotite, withcalcic
plagioclase, amphibol e and some bictite being restite phases(i.e., restite-rich Group 1
granites). As the temperature increases in the source region, melting is initially
dominated by biotite breakdown and is then followed by amphibole breakdown as
source temperatures reach >1000° C, progressively producing Group 2 then Group 3
granites. In redlity there is a continuum between the three Groups which ssmply
reflects increasing temperature in the source region.

However, theinferredincreaseinlower crustal temperaturesbetween 1880to 1500 Ma
based on the granite data clashes strongly with evidence from the mafic igneousrocks
which infer a temperature decrease over the same period, with high Mg-tholeiites
dominating before ~1850 Ma and continental tholeiites after ~1850 Ma (with the
exception of high Fe-tholeiites at Broken Hill and Mount Isaat ~1690 to 1670 Ma).
Most granitesuites, particul arly inthe 1840-1880 Marange, do show some evidence of
coeval mafic intrusions, but these are never comagmatic: nor are they present in
sufficient quantitiesto bethe ‘ heat engine’ for generating the required massive crustal
melting. Further, recent modelling suggests that temperatures generated by
emplacement of mafic intrusionsare not likely to reach the high temperaturesrequired
for the Group 33 granites (1000°C) and that thetimetaken to generate sufficient crustal
melting could actually be 30 Ma(Wyborn et al. 1997). Inreality, thetectonic setting in
terrains where many of these granites are emplaced are actually characterised by
thermal subsidence phases, inferring that the mantle lithosphere is cooling and
thickening (e.g., Sandiford et al. in press).

Severa researchers (e.g., Chamberlain and Sonder 1990; Sandiford and Hand 1998;
Hobbs et al. 1998) have investigated the consequences of high contents of heat
producing elements (K, Th and U) within the crust to generate abnormally high
geothermal gradients, and ultimately HTLP metamorphism and anatexis. Their work
is highly relevant given that Australian Proterozoic granites are more enriched in K,
Th, U than at almost any other time with the exception of somelate Archaean granites.
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Independent validation of how high these high K, Th and U values are comes from
present day heat flow measurements in the Australian Proterozoic which average 85
mWm 2 with valueslocal ly inexcessof 100 mwm 2 (Sandiford and Hand 1998 based
on Cull 1982). As modelled by Sandiford et al. (in press) and Hobbs et al.(1998), the
end result of these high heat values are high mid-crustal temperatures that do not
necessarily cause melting within the lower crust, but that they are capable of it, and
perhaps even able to cause minor mantle melting at shallow levels.

What is clear isthat modelling by these researchers show that it ispossibleto generate
high temperatures at relatively low pressures without the need for ‘active’ mantle-
driven processes e.g.,, mantle plumes, mantle underplating or subduction. The
conditionsfor melting comefromwithinthecrust, and aseach successivegranite event
in the Proterozoic becomes more enriched in the heat producing elementsit may help
to explain why the temperatures of formation of the granites are increasing with time,
whilst the mantle is cooling - in fact it is paradoxically the mantle cooling that is
indirectly causing the crustal melting as the more radiogenic heat sources are
progressively buried to deeper levels within the crust by the addition of sedimentson
top of the crust during thermal subsidence. The efficiency of the heating processisin
part controlled by the absolute contents of radiogenic elements in the felsic igneous
rocks and in sediments derived from them. The thermal conductivity of the ‘burying’
sediments also plays an important role in determining the temperatures that are
ultimately reached in the crust. It is significant that those Proterozoic terrains
containing sequences dominated by quartz sandstones do not have the younger, high
temperature granites of Subgroup 33. Given the correct conditions, it is possible to
generate widespread granitic melting events, instead of linear belts of granite that are
commonly associated with subduction or extensional environments. Inthe Proterozoic
many granite suites are large ‘amorphous blobs'.

Having created the meltswithout i nvoking subduction or mantle plumes, amechanism
isprobably still requiredto allow the meltstointrudeinto the upper crust. The shape of
the apparent polar wander path (APWP) between 1800 to 1500 Ma, confirms that the
Australian plate was reasonably mobile at the time of major felsic magma generation.
M agma empl acement was al so coincident in time with inflection points on the APWP.
These inflection points are recognised as significant interplate tectonic events with
associated intraplate effects that cause major episodic migration of basinal fluids.
Similar intraplate tectonic responsesdistal to plate boundary tectonic effectsmay have
also alowed granitic meltsto migrate into the upper crust (Wyborn et al., 1998)

It isproposed that crustal heating as aresult of high K, Th and U contents within the
crust, waspossibly responsiblefor the generation of Sr-depleted, |-(granodioritic) type
magmas which dominate the Australian crust from the late Archaean to the Siluro-
Devonian. However, similar Sr-depleted |-(granodioritic) types from each major era
aredistinct in composition, with the radiogenic and incompatibl e el ements decreasing
in abundance in each type with time. As the |-(granodioritic) types are ultimately
derived from distinct major underplating events, then each successive event must be of
a different composition, which is possibly controlled by mantle characteristics
changing with time in response to a cooling earth. As the abundance of radiogenic
elements clearly decreases with time in |-(granodioritic) types after an initia late
Archaean peak, then the ability for radiogenic crustal heating processes to generate
significant magma volumes would also diminish with time. This is reflected in the
decrease in dominance of Sr-depleted, |-(granodioritic) types after the lower
Palaeozoic. Subduction-related processes then appear to become a major granite-
generating mechanism resulting in the greater prominence of |-(tonalitic) types (ie.
Cordilleran granites) in Australia from the mid Palaeozoic onwards.
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