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Abstract
The Lachlan Orogen of south eastern Australia is a complex orogenic belt that has evolved through
various continental growth mechanisms on the eastern margin of Gondwana. Stepwise accretion,
cordilleran crustal thickening and exotic terrane accretion have all been proposed for the growth of the
Lachlan Orogen through ca 520 to 340 Ma. Felsic volcanism is derived from crustal anatexis and is
commonly associated with continental arc and rifted environments and as such provides important clues
to the tectonic setting active during time of emplacement. Initial onset of felsic volcanism within the
Lachlan Orogen is marked by the eruption of the Canowindra Volcanics at 432 ± 6 Ma coinciding with an
end to compressional deformation of the Late Silurian Benambran Orogenic event. The Mullions Range
Volcanics occur on the western flank of the Hill End Trough and a new age date of 433.5 ± 4.7 Ma is
reported, indicating that both the Canowindra and Mullions Range volcanics erupted coevally during the
Early Silurian. Ages for these two units are coeval with both the Canowindra and Carcoar Granodiorite but
display different geochemistry to the I-type Carcoar intrusive. Anatexis of buried Ordovician turbidites
gives the volcanics distinct S-type geochemical affiliations where CaO, NaO2 and Sr are depleted relative
to I-type rocks due to removal of these components during the weathering processes of the buried mature
sediments. High Ba in the volcanics indicates crystal fractionation during ascent of the genetic magma.
The contrasting geochemistry between the volcanics and the Carcoar Granodiorite are attributed to mid
crustal contributions and residence times of magmas in rocks of the Macquarie Arc compared to buried
Ordovician turbidite sediments. Zircon U/Pb age dates yielded from the main felsic volcanics of the
Dulladerry Volcanics more tightly constrains the termination of felsic volcanism in the Lachlan Orogen to
Middle to Late Devonian (385 ± 5 to 377 ± 5 Ma). Rocks of the Dulladerry volcanics show distinct A-type
geochemistry with high concentrations of silica (~78-80%), Zr, Y, Nb, Ga and Na2O+K2O. Mineralisation
within the felsic volcanics of the region is dominated by volcanogenic massive sulfide deposits within the
Mullions Range Volcanics and bounding units with minor magmatic/orogenic characteristics developed
in the Canowindra Volcanics. Sulfide inclusions trapped within magmatic zircons of all units sampled
indicates mineralisation began, at least in part, in the magmatic phase of the formations. Sulfide
inclusions within zircons of the Canowindra Volcanics contained no native lead, indicating that lead
mineralisation in quartz veins was likely derived from buried sediments. Exploration potential within felsic
volcanics remains high with indications from sulfide inclusions of a fertile source melt and indication of
fractionation inferring that with suitable host rock and fluid migration economic mineralisation is likely. By
building on current understanding of felsic volcanism better constraints on the timing of tectonic settings
in the Lachlan can be made.
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Abstract
The Lachlan Orogen of south eastern Australia is a complex orogenic belt that has
evolved through various continental growth mechanisms on the eastern margin of
Gondwana. Stepwise accretion, cordilleran crustal thickening and exotic terrane
accretion have all been proposed for the growth of the Lachlan Orogen through ca 520
to 340 Ma. Felsic volcanism is derived from crustal anatexis and is commonly associated
with continental arc and rifted environments and as such provides important clues to
the tectonic setting active during time of emplacement. Initial onset of felsic volcanism
within the Lachlan Orogen is marked by the eruption of the Canowindra Volcanics at
432 ± 6 Ma coinciding with an end to compressional deformation of the Late Silurian
Benambran Orogenic event. The Mullions Range Volcanics occur on the western flank of
the Hill End Trough and a new age date of 433.5 ± 4.7 Ma is reported, indicating that
both the Canowindra and Mullions Range volcanics erupted coevally during the Early
Silurian. Ages for these two units are coeval with both the Canowindra and Carcoar
Granodiorite but display different geochemistry to the I-type Carcoar intrusive. Anatexis
of buried Ordovician turbidites gives the volcanics distinct S-type geochemical
affiliations where CaO, NaO2 and Sr are depleted relative to I-type rocks due to removal
of these components during the weathering processes of the buried mature sediments.
High Ba in the volcanics indicates crystal fractionation during ascent of the genetic
magma. The contrasting geochemistry between the volcanics and the Carcoar
Granodiorite are attributed to mid crustal contributions and residence times of magmas
in rocks of the Macquarie Arc compared to buried Ordovician turbidite sediments.
Zircon U/Pb age dates yielded from the main felsic volcanics of the Dulladerry Volcanics
more tightly constrains the termination of felsic volcanism in the Lachlan Orogen to
Middle to Late Devonian (385 ± 5 to 377 ± 5 Ma). Rocks of the Dulladerry volcanics
show distinct A-type geochemistry with high concentrations of silica (~78-80%), Zr, Y,
Nb, Ga and Na2O+K2O. Mineralisation within the felsic volcanics of the region is
dominated by volcanogenic massive sulfide deposits within the Mullions Range
Volcanics and bounding units with minor magmatic/orogenic characteristics developed
in the Canowindra Volcanics. Sulfide inclusions trapped within magmatic zircons of all
units sampled indicates mineralisation began, at least in part, in the magmatic phase of
the formations. Sulfide inclusions within zircons of the Canowindra Volcanics contained
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no native lead, indicating that lead mineralisation in quartz veins was likely derived
from buried sediments. Exploration potential within felsic volcanics remains high with
indications from sulfide inclusions of a fertile source melt and indication of
fractionation inferring that with suitable host rock and fluid migration economic
mineralisation is likely. By building on current understanding of felsic volcanism better
constraints on the timing of tectonic settings in the Lachlan can be made.
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1 INTRODUCTION
Felsic volcanism is strongly linked to collisional plate margins where oceanic plates
subduct under continental plates. Increasing pressure on the subducting plate generates
melts that rise through the continental crust and erupt in volcanic arcs parallel to the
subduction trench. Marginal arcs are often dominated be more silicic/felsic magmas in
contrast with mafic dominated island arcs such as the Macquarie Arc. During
continental collision large numbers of intrusive complexes form in the crust, known as
batholiths, it is these structures that are the root of volcanic arcs in continental crust.
Fractionation and differentiation of more basaltic melts as they travel through the crust,
are thought to be the main process responsible for generating felsic intrusions such as
granites and their extrusive counterparts such as rhyolites (Philpotts & Ague 2009).
Orogen is the term given to the resulting geological deformation structure, usually fold
and fault driven mountain ranges, formed from the collision and subsequent subduction
of tectonic plates. Mountain ranges resulting from orogeny and accompanied by
extensive magmatic activity are termed cordillera, typical cordilleran orogeny is
exemplified by the southern Andes of South America. Long belts of deformation and
extensive magmatism associated with zones of subduction of oceanic plate under
continental crust have been characterised as cordilleran orogenic systems, often
referred to as “Andean-Type” after the Andes orogenic mountain belt of South America
(DeCelles et al. 2009; Russo & Silver 1996). Cordilleran systems are defined by episodes
of magmatism along the margins of the overriding continental plate, voluminous supply
of igneous and eroded material to the trench, accelerated accretion of sediments under
the accretionary wedge and upward migration of material through the wedge driving
high P/T metamorphism in the crust (Tagami & Hasebe 1999). Differing methods of
continental growth other than cordilleran mechanics have been identified or proposed
for the Lachlan Orogen, including, possible exotic terrane accretion, eg; the Macquarie
Arc (“quantum tectonics” of Aitchison & Buckman, 2012) and continued extensional
accretionary orogenesis (Collins 2002b; Collins 2002a). Cordilleran orogenic systems
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are contrast against orogens experiencing tectonic erosion of inner trench accretionary
slopes from the drag down of the subducting plate, (e.g. Peru, Huene & Lallemand
1990). This results in the removal of continental crust via mechanical fracturing and
plucking either periodically or continuously, often referred to as erosion tectonics or
tectonic underplating, as opposed to magmatic underplating (Scholl et al. 1980; Karig
1974; Huene & Lallemand 1990).
Orogeny and resulting cordilleran mechanisms often exhibit four main components;
extensive magmatism, accretionary growth, structural deformation and regional
exhumation of thrusted belts (Tagami & Hasebe 1999).
Orogenic/cordilleran mechanisms have been identified as playing an important role in
the formation of large scale diverse metallogenic provinces (Hough, et al. 2007;
Hronsky, et al. 2012; Sener, et al. 2005) and as such have become important focuses of
regional mineral exploration efforts. Understanding the characteristics, spatial
distribution and timing of emplacement of these diverse mineral deposits and placing
the metallogenic evolution of these orogens into an overall tectonic framework
therefore provides important constraints for the development of plate tectonic models
for tectono-metallogenic evolution (Bierlein et al. 2002; Hough et al. 2007)
The Lachlan Orogen developed throughout the early to middle Palaeozoic (~450-340
Ma) as part of the wider Tasmanides of eastern Australia and Gondwana (Glen, 2005;
Wellman, 1995). The Lachlan Orogen developed in an oceanic setting in response to a
combination of continental crustal building mechanisms including possible exotic
terrain accretion (i.e. Macquarie Arc – Aitchison & Buckman, 2012), Cordilleran or
“Andean-type” crustal growth and additional accretionary growth (DeCelles et al. 2009;
Fergusson 2003). A distinct series of thrust systems, each with their own discernable
lithologies, have developed as a result, forming the western, central and eastern sub
provinces. This project will focus on constraining the onset and termination of
continental felsic volcanism. This will help build an understanding of the orogenic
mechanisms that began in the Silurian and terminated in the Devonian will be further
developed in a broader context of the Lachlan Orogen.
The Lachlan Orogen is a significantly endowed metallogenic province hosting a variety
of small to large scale mineral deposits, some among Australia’s most significant
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deposits (e.g. Cadia Au + Cu), making it a substantial region for metal exploration and
exploitation. Mineralisation in the Lachlan orogen has been identified as being directly
related to a series of igneous and deformational episodes that resulted from several
tectonic events operating off the Gondwanan coast throughout the Palaeozoic (Hough et
al. 2007; Foster & Gray 2008). Tighter focus on constraining age and geochemistry of
widespread felsic volcanism associated with mineralisation (e.g. volcanogenic massive
sulfide deposits such as Lewis Ponds hosted within the Mullions Range Volcanics;
Hilyard, 1981) will help to describe particular volcanic associated ore systems and
provide a set of criteria for future exploration initiatives (Bierlein et al. 2002).
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1.1 AIMS AND OBJECTIVES
The project aims to improve knowledge of felsic volcanism of the Lachlan Orogen by
more tightly constraining the age of volcanism that began in the Early Silurian and
ended in the Middle to Late Devonian and to discuss the tectono-metallogenic evolution
that has characterised these volcanics on the broader context of the Lachlan Orogen.
Investigations will be conducted through:
1. Petrology: classifications of rock type, texture, composition and structural
characteristics
2. Geochemistry: geochemical discrimination to determine tectonic evolution,
chemical characteristics and geological system of the units
3. Chronology: U/Pb zircon dating to constrain age ranges for the representative
volcanics and aid interpretations of tectonic evolution and setting.

1.2 LOCATION
The township of Orange lies west of the town of Bathurst and approximately 200 km
West North West of Sydney in central western New South Wales. The town lies within
the eastern sub province of the Lachlan Fold Belt surrounded by late Ordovician mafic
island arc rocks of the Macquarie Arc through to Middle Devonian sedimentary and
volcanic rocks.
The Orange region has had a long history of mineral exploration and mining with a
number of more recent operations (e.g. the Cadia Valley) highlighting the importance of
the geology and metallogeny of the region and the eastern sub province of the Lachlan
Orogen.
Units investigated for this study (Figure 0-1) provide a wide representation of the felsic
volcanic suites that occur through Early Silurian to Mid Devonian times in the geological
record of the Lachlan Orogen. Rock types vary from porphyritic lavas through to
pyroclastic and sedimentary type units with samples selected to represent this
diversity.

13

Outcrop is often weathered or buried beneath Cainozoic sedimentary cover. The
Silurian to Devonian rocks of the study outcrop to the east and west of Orange in a
number of locations with varying degrees of structural deformation.
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Copperhania Fault

Figure 0-1 Geological Map of the Orange region with rocks of interest to the study, sample locations and
important mineral occurrences/deposits. No colour represents rocks younger than Devonian felsic volcanics
and undifferentiated Quaternary cover. See Appendix 3 for full sample details.
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2 BACKGROUND
2.1 THE LACHLAN FOLD BELT
The Lachlan Fold Belt or Lachlan Orogen (Hough et al. 2007) is a north-south trending
belt that forms part of the composite Tasman Fold Belt System of eastern Gondwana
(Scheibner, 1978) and covers a broad area of approximately 700 km across Victoria and
600 km across New South Wales in an east-west direction(Fergusson & Coney, 1992).
The Lachlan Orogen also extends into Tasmania and possibly Queensland.
One of five Paleozoic orogenic belts that form the Tasmanides (including the
Hodgkinson-Broken River Orogen, Thompson Orogen, New England Orogen and the
Delamerian Orogen)(Wellman 1995; Hough et al. 2007), the Lachlan is subdivided into
the western, central and eastern sub provinces based on the ages and lithologies of the
representative rock facies (Gray et al. 1997). The focus region for this study lies within
the eastern sub province which includes the Molong Volcanic Belt, the Monaro Forearc
Basin and the Narooma Subduction Complex (Fergusson 2010). The Silurian to
Devonian felsic volcanics of this study outcrop either side of the Molong Volcanic Belt
(Figure 2-1) within the eastern sub province which evolved and eventually accreted to
the Australian/Gondwana plate from approximately 430 Ma to 340 Ma (Hough et al.
2007).
The Lachlan Orogen lies to the east of the Cambrian Delamerian Fold Belt and west of
the New England Fold Belt in south eastern Australia and hosts rock assemblages of
Cambrian to Carboniferous age associated with different intervals of evolution
(Fergusson 2003). The eastern subdivision of the Lachlan is defined from the eastern
margin of the Wagga-Omeo Metamorphic Belt (Figure 2-1) to the east coast of New
South Wales (Gray & Foster, 2004). There is no northern coastal expression of the
eastern sub province seen in New South Wales due to burial beneath the younger
sedimentary assemblages of the Sydney Basin. Outcrop of the Narooma Subduction
Complex occurs further to the south.
The Lachlan Fold Belt is made up of several thrust system and volcanic orogenic belts
that were either accreted, obducted or intruded in a stepwise fashion off the eastern
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coast of Gondwana (Atchison & Buckman, 2012; Fergusson & Coney, 1992; Gray et al.
2002; Gray & Foster, 1998) giving rise to the complex mosaic of intense and complex
deformation seen within the belt. Faulting in the Western Lachlan shows a general
easterly younging direction with deformation in the eastern Lachlan sub province being
younger than that in the west (Gray & Foster, 2004). Deformation of Late DevonianEarly Carboniferous overlying sedimentary facies drastically increases eastward toward
the New England Fold Belt (Foster & Gray 2000).

Figure 2-1 Map showing major geological components of NSW with location of Macquarie Arc rocks of the Molong
Volcanic Belt and the Silurian - Devonian felsic volcanics of this study. Modified after Glen et al. (2002)
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Several deformational orogenic events have been identified within the Lachlan Fold Belt
from Ordovician to Late Devonian beginning with the Ordovician-Silurian boundary
Benambran Orogeny, ca. 450-430 Ma (Foster & Gray 2000) followed by the SilurianDevonian boundary Bindian/Bowing event and the early to Middle Devonian
Tabberabberan Orogeny, ending with the Kanimblan Orogeny in the Early
Carboniferous (Gray et al. 1997; VandenBerg 1999). Terminal deformation progressed
eastward, affecting the eastern sub province up until the Early Carboniferous (Hough et
al. 2007). Widespread contractional deformation is common throughout the Lachlan
Fold Belt. Early Silurian deformation is related to the Benambran orogeny with little
evidence for contractional deformation in the Late Silurian and dispersed contractional
deformation in the Early Devonian (Fergusson 2010).
The Lachlan Orogen is host to extensive occurrences of intrusive granitic plutons and
their associated volcanic rocks. Granites make-up between 20-36% of the entire
Lachlan Orogen, with associated volcanic rocks covering a further 5%(Chappell & White
1992; Gray 1997). Granite emplacement occurred primarily within the central and
eastern sub provinces of the Lachlan orogen, with majority of emplacement in the
eastern sub province occurring in the Late Silurian to mid Devonian (Gray 1997). In the
eastern sub province of the Lachlan Orogen granitic magmatism is facilitated by thrust
faulting from syn-tectonic emplacement, parallel to regional structural grain (Foster &
Gray 2000; Gray 1997). Majority of the syn-tectonic granite plutons emplaced in the
eastern Lachlan sub province were emplaced between 430 Ma to 415 Ma and by
approximately 405-390 Ma plutonism in the eastern sub province had migrated
eastward toward the Pacific coast (Foster & Gray 2000). Syn-tectonic large scale granite
emplacement has been argued by Ickert & Williams (2011), from U-Pb zircon ages, to
constrain the timing of the Benambran orogeny that strongly affected the central and
eastern sub provinces around 433 Ma (also see Gray et al. 1997). Fergusson (2010)
states that widespread silicic volcanism is consistent with U-Pb ages of many granitic
intrusions of Early to Late Silurian age in the eastern Lachlan Orogen, coinciding with
the later stages of deformation of the Benambran Orogeny, highlighting the relationship
between granitic intrusions, felsic volcanic suites and their shared genetic orogenic
timing.
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The Paleozoic volcanic and magmatic geology of the Lachlan Fold Belt is dominated by
felsic volcanism and intrusive complexes (Wyborn et al. 1981). These felsic volcanics
represent the highest levels of Phanerozoic magmatic and tectonic development of the
Lachlan Orogen with nearly all of the volcanics falling into the early Late Silurian to
Middle Devonian age bracket (Wyborn et al. 1981). Extensive felsic volcanism began in
the late Early Silurian (Wenlock) with eruption of lavas and pyroclastics onto the
Molong High (e.g. Mullions Range Volcanics) and ceased with intraplate extrusive in the
Middle Devonian (e.g. Dulladerry Volcanics) (Jones et al. 1995). The regional setting of
the eastern Lachlan Orogen at this time was dominated by marine interarc basins such
as the Hill End Trough and marginal regions of shallow marine to sub aerial
emplacement with deposition developing under extensional tectonics (Hilyard 1981;
Jones et al. 1995).
Felsic volcanism of the eastern Lachlan is strongly associated with extensive granitic
magmatism and localised rift basins during extensional episodes (Foster & Gray 2000).
A large proportion of felsic volcanics within the eastern Lachlan Orogen have been
genetically linked to various felsic intrusives, for example the Canowindra Volcanics and
the Cowra Granodiorite (Waight et al. 2001; Chappell et al. 1988; Wyborn et al. 1981;
Wyborn & Chappell 1986). Wyborn (1992) attributes much of the felsic magmatism of
the Silurian to Devonian times to large scale crustal melting of much older crust
generating a high geothermal gradient. Magmatism has also been related to tectonic
deformation in the Late Silurian to Early Devonian where granitic intrusions are
emplaced syn-tectonically over time with major tectonic events such as during the
Benambran and Tabberabberan orogenies (Braun & Pauselli 2004).
Wyborn (1992) argues that all granites of the Lachlan Orogen are derived from
preexisting continental crust, where mantle contributions were minimal and that during
the Benambran orogenic event large scale melting of the lower to middle crust occurred
to produce the Silurian-Devonian granites and associated volcanic assemblages absent
of major subduction contribution. Foster and Gray (2000) make note of the varying
compositions within the granitic plutons being related to various degrees of mixing of
mantle derived mafic magmas with the mafic oceanic/island arc basement and/or the
Ordovician turbidite sequences.
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In contrast to the syn-tectonic occurrences of granites in the eastern and central sub
provinces the western sub province of the Lachlan hosts a number of east-west trending
Late Devonian post-tectonic granites (Gray 1997). Granite intrusions in the central and
eastern sub provinces exhibit a north south trending orientation comparable to major
structural faults and folds of each the sub province systems.
Considerable debate surrounds the complex tectonic evolution of the Lachlan Fold Belt,
but it is widely accepted that formation of the Lachlan is the result of various systems of
convergent margin tectonics (Fergusson 2003). It has been generally accepted that the
cratonisation of eastern Australia is the result of eastward progressing stepwise
accretion beginning with the cessation of deformation and cratonisation of the
Delamerian Orogen and ending with the addition of the Lachlan-Thompson and New
England orogens (Crook 1980; Gray & Foster 2004). Differing models do exist however
in relation to how and in what tectonic environments this continent growth occurred
(Gray & Foster 2004). A number of models for the complex tectonic evolution of the
Lachlan Orogen have been developed to explain the varying geology and metallogeny of
the western, central and eastern provinces within the context of plate tectonic settings
(Hough et al. 2007; Scheibner 1973).
Collins (2002b) defines the Lachlan Orogen as the type example of an extensional
accretionary orogen. The extensional accretionary orogen model envisages the Lachlan
Orogen forming by creation and destruction of large volcanic arc and back arc basin
systems, generated by extension and sediment fill during long periods of slab retreat,
but thickened by basin inversion during short-lived (5-10 million years), orogenic
contraction episodes. In this model emplacement of arc systems (i.e. the Macquarie Arc)
is facilitated by the subduction of oceanic crust, emplacing the arc back onto the
continent from which it originated.
Alternatives to the extensional accretionary model have been argued. Aitchison and
Buckman (2012) for example, debate the continuous accretionary nature of the Lachlan,
noting that the rocks of the Macquarie Arc are never interbedded with the older quartzrich turbidites of the Adaminaby Group and these turbidites do not exhibit typically
lithic dominated compositions associated with convergent plate margins. Instead a
model of quantum tectonics and subduction flip is proposed, whereby east dipping
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subduction occurs under the offshore Macquarie Arc which is obducted onto the
Gondwana continent and subduction flip to a westward dipping system is induced as
the leading edge of the continental margin enters the subduction zone and late jamming
occurs, ending the accretion of the Macquarie arc in the late Ordovician, similar to the
presently active Taiwan arc-continent collision system, with resulting magmatism
generated from collision (S-type) and a west dipping subduction zone melting (I-type).
Hough et al. (and references therein) (2007) identify two prominent schools of thought
on the tectonic evolution of the Lachlan that have become popular. 1) The intraplate
convergence model; episodic deformation resulting from an outboard distant
subduction zone and convergence in the back arc basin against the Australian craton.
VandenBerg (1999) argued for the possible presence of micro-continental fragments in
the backarc basin setting. Braun & Pauselli (2004) support the argument for intraplate
deformation within the Lachlan, attributing it to a single long-lived subduction zone
with relatively stable spatial constraint. 2) Double divergent subduction; this model
envisages a number of complex interactions of multiple accretion/subduction systems
occurring within an oceanic setting to account for the fault and fold systems of the
Lachlan. The theory of double divergent subduction has been supported by the presence
of a number of accretionary wedges present in the southern area of the Lachlan; from
the Stawell zone in western Victoria to the distal fan interbedded sands and muds of
Narooma Accretionary Complex on the coast of southeastern New South Wales. Gray
and Foster (1997) supported multiple subduction zones by noting the elongation of
volcanic belts and belts of migrating deformation of the eastern Lachlan linked to
various subduction zones (Hough et al. 2007; Bierlein et al. 2002; Fergusson 2003; Gray
and Foster 1997). Soesoo et al. (1997) supports a model of double divergent subduction
for the Lachlan by applying the model to extensive long-lived granitoid magmatism and
volcanism that evolves toward rift related bimodalism.
Recent models have suggested the presence of three possible subduction zones (Figure
2-2) off the existing Australian/Gondwanan craton active during Silurian to Devonian
times giving rise to each of the sub provinces of the Lachlan ending with the closure of
the two oceanic basins between the subduction zones in the Devonian – carboniferous
period (Braun & Pauselli 2004; Foster & Gray 2000; Gray et al. 1997). While debate still
exists around the possibility of multiple subduction zones affecting deformation of the
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Lachlan, it is generally accepted that at least one long-lived outboard oceanic
subduction zone was present off the eastern margin of Gondwana against the Macquarie
Arc (Hough et al. 2007).
In contrast to models of accretionary and subduction systems for the evolution of the
Lachlan, Wyborn (1992) suggests that observed features of the Lachlan Orogen are
related to possible sinking of continental crust, rifting and massive crustal heating and
melting from asthenospheric upwelling. Arguments for this are based on the
“overwhelmingly shoshonitic” geochemistry of some of the Ordovician volcanics of the
Macquarie Arc which is now generally seen as most dominantly calc-alkaline
composition, synonymous with an intra-oceanic island arc setting (Blevin, 2002).
While there exists a number of conceptual models for the complex tectonic history of
the Lachlan Orogen, it is considered that plate motions are the primary driver of
deformation and tectonic changes in the Lachlan Fold Belt (Fergusson 2010).
Despite continued contraction throughout the Lachlan Orogens history, previous
workers (Gray & Gregory 2003; Gray 1997; Walshe et al. 1995) have provided argument
that some of the deformational features observed in the eastern sub province are
related to periods of intraplate rifting and extension through the Silurian and Devonian
(Collins, 2002b). Extensional periods were marked by localised development of rift
basins and half grabens accompanied by extensive granitic magmatism and silicic
volcanism (Gray 1997). Rift related structures are present in the Eastern Sub province
which is dominated by a north-south structural grain and east-directed thrusting
associated with inverted extensional basins to the west and an east-verging thrust
system in the east, which supports an accretionary complex model (Gray et al. 2002).

Figure 2-2 Modelled double divergent subduction with possible subduction zones and long-lived west dipping subduction zone to
the east. After Soesoo et al. (1997). WLO: Western Lachlan Orogen, CLO: Central Lachlan Orogen, ELO: Eastern Lachlan Orogen.
Vertically exaggerated. Not to scale.

22

The episodic nature of extension in the Lachlan through the Siluro-Devonian time
period is attributed to a delicate balance between overriding-plate advance and rollback
of the subducting plate (Fergusson 2010). Rollback in the Late Silurian into the Mid
Devonian produced a number of extensional basins throughout the Lachlan Fold Belt,
the Hill End Trough in the east of the study region for example (Fergusson 2010).
Collins (2002) attributes bimodal volcanism within rift basins at this time to an overall
tectonic switching within the Lachlan Orogen between periods of contraction and
extension behind an outboard migrating arc.
Extensional environments characterised the later phase of the Lachlan Orogen, eastern
sub province, throughout the Late Silurian to Early Devonian. Extension in the
continental back arc setting lead to rifting and the formation of extensive sedimentary
basins accompanied by the emplacement of abundant I- and S-type granite provinces
(e.g. The Bega and Bathurst batholiths)(Fergusson 2010). Some granites of the eastern
sub province are found to be coeval with regional deformation, supporting fault and rift
emplacement (Gray & Foster 2004). With the onset of rifting during the Middle to Late
Silurian, widespread volcanism began to occur along a series of north-trending normal
faults in the Eastern Lachlan sub province (Bierlein et al. 2002); observed in the
broader strike of rock units of this study (e.g. Canowindra Volcanics, Mullions Range
Volcanics). Rift basins within the Lachlan Orogen are now preserved as elongate zones
of clastic sedimentary cover sequences and silicic volcanic rocks (Foster & Gray 2000).
The age of sedimentary rocks within these basins constrains the age of the rifting events
from Early Silurian to Early Devonian.
Along with an overall tectonic switching there are distinct changes in magmatic
composition throughout the eastern sub province as deformation and subduction
continued. Exposed early Cambrian to Ordovician crust of the Lachlan Orogen is mafic
oceanic in character with strong calc-alkaline to shoshonitic affiliation of rocks related
to a young island arc setting (i.e. The Macquarie Arc) (Morrison 1980). This mafic
composition suggests a thin crust prior to crustal thickening from deformation. In the
eastern Lachlan there is a distinct change to more silicic magmatism suggesting a
crustal thickening and burial of Ordovician quartz-rich turbidite sequences of the
Adaminaby Group (Collins & Hobbs 2001; Dadd 2011). Mineralogy from a number of
Late Silurian felsic volcanic suites suggest genesis from partial melting of mature
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metasedimentary rocks in the crust supporting a change from mafic dominated to felsic
dominated sequences with age (Wyborn et al. 1981). Post orogenic extension
progressed from mid to Late Devonian (~390-380 Ma) leading to explosive volcanism
and high level plutonism with the final stages of this period (~370-360 Ma; Late
Devonian to Early Carboniferous) being dominated by bimodal volcanism and
continental rift clastic sedimentation (Foster and Gray 2000).
Final stages of the Lachlan Orogen from Late Devonian to Early-Mid Carboniferous were
dominated by sedimentary deposition of transitional tectonic character to the east onto
a continental shelf environment and large volumes of continental detritus were shed to
the west (Gilligan 1978). The early Carboniferous Kanimblan Orogeny marks the
collision of the New England Fold Belt with the eastern Lachlan Orogen resulting in
varying severity of folding of Late Devonian to early Carboniferous sediments (Gray and
Foster 2000; Hough et al. 2007). At the end of the Kanimblan Orogeny some post
kinematic granites and related volcanic sequences along with some basaltic intrusives
were emplaced in the eastern sub province, marking the final termination of orogenic
development of the Lachlan Orogen (Gilligan 1978).

24

2.2 REGIONAL TECTONOSTRATIGRAPHY
The surface geology of the eastern Lachlan Orogen is dominated by two rock types;
Ordovician forearc sediments with quartz-rich turbidite sequences and abundant
Siluro-Devonian syn-tectonic, predominantly I-type granites and volcanic equivalents
(Hough et al. 2007). Volcanic belts within the eastern Lachlan are northerly sub parallel
to the structural trend of the eastern sub province and contain units of Ordovician to
Early Silurian shoshonitic andesites, identified as the intra-oceanic Macquarie Arc, now
fractured apart as a result of thrusting and rifting, as well as a number of Silurian to
Devonian felsic volcanic suites (Glen 1998; Percival & Glen 2007).
The study region lies close to a number of important litho-tectonic units that represent
the various environments and orogenic events affecting the eastern sub province over
time. The study regions lies between the Hill End Trough to the east and the Cowra
Trough to the west with outcrop either side of the Molong Volcanic Belt expression of
Macquarie Arc rocks. Units within the region represent early Ordovician turbidite
deposits of the Adaminaby Group, late Ordovician mafic volcanics of the Macquarie Arc,
Early to Late Silurian volcanics and shallow water sediments and early to mid-Devonian
rift basins, intraplate volcanism and deepening successions (Glen & Wyborn 1997).

2.2.1 ORDOVICIAN – ADAMINABY GROUP
The Adaminaby Group in New South Wales records extensive deep water deposition of
progressively more quartz-rich turbidites derived from northern part of the Cambrian
Ross–Delamerian Orogen at a convergent boundary between Gondwana and part of the
palaeo-Pacific Ocean throughout the mid to late Ordovician (Fergusson & Tye 1999).
The Adaminaby Group in the study region consists of an extensive (greater than 1500 m
thick) sequence of thinly interbedded quartz-rich turbidites and black carbonaceous
shales representing an environment of distal fan deposition in a deep water setting
(Pogson and Watkins 1998). Typically the Adaminaby Group consists of quartz turbidite
and black shale successions dominantly fine to medium grained quartz-rich sandstones
with generally thin beds of siltstone, shale and slate (Pogson and Watkins 1998).
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Rocks of the Adaminaby Group occur toward the south of the study area on either side
of rocks of the Macquarie Arc. The units are highly faulted and folded and in many areas
the Adaminaby Group has been thrust over units of younger age.

2.2.2 ORDOVICIAN – MACQUARIE ARC
The Macquarie Arc is an assemblage of mainly mafic to intermediate volcanic rocks,
abundant volcaniclastic rocks, with minor interbedded limestones and cherts that has
emplaced in central and eastern New South Wales (Fergusson 2009). Glen et al. (2007)
have suggested that the Macquarie Arc developed as four arc wide volcanic phases
throughout the Ordovician into the earliest Silurian. Phase one relates to the initial
emergence of volcanic islands of the arc offshore of the Gondwana margin with little to
no interaction of melt with continental crust, marked by fringing carbonate
assemblages(Crawford et al. 2007), phase two was predominantly submarine volcanic
centres and shallow water carbonates, phase three represents the onset and
emplacement of a number of magmatic intrusives (Copper Hill Suite) associated with
regional uplift and westward progressing carbonate platform formation and the final
fourth phase of magmatism and volcanism is characterised by strong shoshonitic
geochemistry, culminating at the end of the Ordovician before Early Silurian
emplacement of monzonite and monzodiorite intrusives (Percival & Glen 2007).
The Macquarie Arc rocks in the region represent the formation, migration and
emplacement of an exotic island arc terrane into the Lachlan Orogen strata. The final
emplacement of the Macquarie Arc with Gondwana (~443Ma, Crawford et al. 2007)
represents the end of the Benambran Cycle of deformation that affected the whole
Lachlan between ~490 and 440 Ma (Hough et al. 2007). Turbidites of the Adaminaby
Group are found either side of the rocks of the Macquarie Arc either due to deformation
and displacement of the arc in the Early Silurian, Early Devonian and Carboniferous
with the formation of a series of north trending fault systems (Glen et al. 2007) or
because rocks of the Macquarie Arc were initially thrust well over the Adaminaby Group
throughout the collision and accretion of the Macquarie Arc during the Benambran
Orogeny (Aitchison & Buckman 2012)

26

The accretion of the Macquarie Arc represents the end of arc and subduction related
mafic volcanics within the eastern Lachlan. Collins & Hobbs (2001) state that
subduction of turbidite and accretionary prism sediments lead to a change in
geochemical characteristics to S-type rocks, with I-type rocks reflecting the melting
position of buried, underthrust, volcanic arc rocks.

2.2.3 SILURO-DEVONIAN S-TYPE IGNEOUS ROCK
S-type igneous rocks are derived from the anatexis of mature buried sedimentary facies
and are classed based on a significant lower concentration of CaO, Na2O and Sr from the
alteration of feldspars, S-type are Al saturated and as a result are peraluminous
compared to I-type metaluminous rocks (Chappell & White 1992). The classification of
S-type can be extended to volcanic rocks that share chemical compositions with
plutonic equivalents (Wyborn et al. 1981).The S-type chemical composition of felsic
volcanic rocks in the eastern Lachlan is likely derived from mature pelitic, but feldsparbearing, source rocks with more feldspar rich sources producing a less distinct S-type
characteristic (Chappell & Simpson 1984).
During the Early Silurian magmatism in the eastern sub province changed from mafic to
silicic S-type composition. Collins and Hobbs (2001) attributes this to the latest stages
of the Benambran Orogenic Event when deformation occurred along two active
continental margins allowing for the burial and melting of the Ordovician sedimentary
strata which produced the S-type granitic batholiths and associated volcanics of the
region. The I-S line of Chappell and White (2001, 1974) can be attributed to the
boundary between buried and melted Ordovician prism sediments and calcalkaline/shoshonitic arc rocks.

CANOWINDRA VOLCANICS
The S-type Canowindra volcanics are exposed in a broad and structurally complex north
south trending belt up to 20 km wide at some points (Figure 2-1). The majority of this
belt is exposed between the townships of Canowindra through to Cudal. The
Canowindra Volcanics conformably overly the Gospel Oak Shale and are overlain by the
Avoca Valley Shale with some minor disconformities (Pogson & Watkins 1998). The
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Canowindra Volcanics are said to be the co-magmatic volcanic equivalent of the Cowra
Granodiorite which also intrudes the unit at several locations (Collins & Hobbs 2001).
The Canowindra Volcanics host a number of smaller irregularly bedded fine and coarse
grained volcaniclastic sediment beds, at places forming conglomerates and cobbles with
abundant volcanic bombs (Pogson & Watkins 1998). Alteration within the Canowindra
Volcanics is common. Pogson and Watkins (1998) make note of alteration affecting
particularly feldspars and biotite with common replacement minerals of sericite,
chlorite, epidote and sphene present.

MULLIONS RANGE VOLCANICS
The Mullions Range Volcanics (Figure 0-1) forms part of the Northeast portion of the
Mumbil Group and lies to the north-northwest of the township of Orange, in the Mullion
Creek/Kerrs Creek area forming and deriving their nomenclature from the north-south
trending topographic range of the Mullions Range Anticline (Hilyard 1981). The unit is
dismembered by faulting creating some occurrences to the east and west of the
anticline (Pogson and Watkins 1998). The Mullions Range Volcanics conformably
overlie the volcanic and sedimentary units of the Anson Formation and is mostly
conformably overlain by the Barnby Hills Shale with evidence of minor local erosion at
the top of the unit (Pogson and Watkins 1998). Hilyard (1981) identifies a two part
subdivision to the Mullions Range Volcanics where the lower member, A, occurs only
west of the Copperhania Fault (Figure 0-1) and the upper member; B, overlies some of
section A to the west but constitutes all the formation to the east of the fault. Member A
is comprised of fine-grained rhyolite and dacite lavas containing phenocrysts of quartz
and minor albitised plagioclase, interbedded with volcanic lithic breccias, siltstones,
quartz-rich arenites and minor non welded vitric tuff (Hilyard 1981). Member B
comprises slightly more coarse lavas than member A with abundant phenocrysts of
albitised plagioclase and less quartz with minor amounts of coarse volcanic breccia
occur in the north, and minor amounts of very fine- grained silicic lavas and siltstones,
similar to the rocks of member A, occur throughout the member (Hilyard 1981).
Prominent lavas form resistant tor-like outcrop throughout the rise of the Mullions
Range (Figure 2-3).
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The Mullions Range Volcanics host some minor dolerite intrusions and a number of
stratiform sulfide deposits including Lewis Ponds, Mt Bulga, Mt Shorter, Pride of the
Hills and Calula (Hilyard 1981; Pogson and Watkins 1998). The Lewis Ponds
volcanogenic massive sulfide deposit lies approximately 15 km east of the township of
Orange representing a type example of the mineralisation common in this unit. The
Lewis Ponds deposit falls along strike within the Anson Formation of the Mumbil Group
in which the 1 Moz McPhillamys Gold discovery, a possibly reworked volcanogenic
massive sulfide deposit, north of the town of Blayney is hosted.
Associations of the Mullions Range Volcanics and other units of the Mumbil Group
suggests a submarine to sub aerial emplacement for the units. Local stratigraphy
including limestones and sedimentary facies record progressively deepening conditions
for the Mumbil Group through the Late Silurian as the result of basin subsidence
(Agnew et al. 2005). The presence of a number of stratiform sulfide deposits and the
association of VMS deposits with sea floor extrusion of felsic volcanics reinforces a
submarine setting for the Mumbil Group in the Late Silurian with sulfur isotope data
revealing reduced sea water as one source for sulfur in these deposits (Downes &
Seccombe 2004; Hilyard 1981).
The Mullions Range Volcanics are now generally referred to as S-type volcanics (Pogson
and Watkins, 1998), however, it has been cautioned that more felsic rocks can be hard
to assign due to fractionation resulting in chemical data trending toward an overlap
with I-type characteristics(Chappell & Simpson 1984), see section 5.
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Figure 2-3Common form of resistant outcrop of the Mullions Range Volcanics, hammer for scale

THE BAY FORMATION
The Bay Formation, Figure 0-1, of the Devonian Crudine Group outcrops as a long thin
unit along the western margin of the Hill End Trough. It occurs on both sides of the nose
of the Mullions Range Anticline to the north-northwest of Orange, separated from the
Mullions Range Volcanics by the Barnby Hills Shale which it conformably overlies. The
Bay Formation consists of interbedded fine to coarse sandstone, pebbly sandstone,
siltstone, shale, schist, tuff and rare quartz-feldspar porphyry. The sandstone varies
from massive grey-green feldspathic crystal sandstone, which forms tor-like outcrops to
lithic sandstone and pale blocky quartzose sandstone (Pogson and Watkins 1998). The
source materials for the clastic sediments within the Bay Formation are volcanically
derived and represent periods of erosion of nearby volcanic mounds of varying
composition. Fossils found in the underlying Barnby Hills Shale give ages of that unit as
Late Silurian to Early Devonian, constraining the Bay Formation as at least Early
Devonian: Lockhovian (Hilyard, 1981).
Derived material from the Bay Formation rocks varies in composition with rocks
showing felsic rhyolitic to mafic andesitic components. This affects the I- and S-type
characterisation of the unit to some degree, see section 5.4.2.
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2.2.4 SILURO-DEVONIAN I-TYPE IGNEOUS ROCKS
I-type intrusives occur throughout the eastern sub province with the most prominent
being the Bega Batholith complex in the south. I-type intrusives occur within the study
region across rocks of the Macquarie Arc (i.e. Carcoar Granodiorite and Wyangala
Batholith) reflecting the partial melting of mafic basement rocks. Compositions of
Lachlan Fold Belt I-type rocks are dominantly granodioritic (e.g. Carcoar Granodiorite)
and contain on average close to 70% SiO2 and 3.5% K2O (Chappell & White 1992).
I-type (metalluminous) rocks (intrusives and associated volcanics) are derived from the
partial melting of a relatively felsic igneous, depleted mantle protolith component of
intermediate composition with little to no mixing of mature continental components
during emplacement (Blevin & Chappell 1995). Fractional crystallisation and partial
melting are two mechanisms for the production of I-type rocks. I-type rocks of the
Lachlan Orogen are more likely the procedures as a result of a series of partial melting
events of andesitic material, indirect from the mantle (Chappell & White 1992).
The Carcoar Granodiorite (Figure 0-1) is a distinct I-type intrusive within mafic rocks of
the Macquarie Arc; basalts of the Blayney Volcanics. Pogson and Watkins (1998)
describe the Carcoar Granodiorite as a fine to medium grained biotite granodiorite to
tonalite, similar to other I-type granitoids in the district and average SiO2 content is
66%. The intrusive outcrops over an approximate 80 km2 some 30 km south of the
township of Orange. The unit has been dated 434.4+5.5 Ma (U-Pb, SHRIMP, Lennox et al.
2005) in line with the later stages of the Benambran Orogeny in the Early Silurian.

2.2.5 MIDDLE DEVONIAN A-TYPE VOLCANICS
A-type rocks are characterized by high SiO2, Na20 + K20 (the result of early removal of
calcium plagioclase or dry lower crustal melting), Zr, Nb, Ga and Y with low Ba and Sr
and commonly occur within plate away from margins, referred to as “anorogenic”,
intrusives and volcanics which are often contemporaneous (Jinhai & Dezi 1999). The
term anorogenic, when referring to A-type rocks, denotes emplacement of these
formations away from continental margins and typical cordilleran orogenic tectonic
settings, commonly postdating deformation events. The A-type rocks of the Dulladerry
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Volcanics are emplaced with bimodal basalt to andesitic units throughout the formation,
clearly indicating bimodal operation of the volcanics. Bimodal volcanics are often
associated with rift settings.

DULLADERRY VOLCANICS
The Dulladerry Volcanics (Figure 0-1) represent a complex suite of volcanic to
volcaniclastic/volcano-sedimentary rock units that lie in the east of the study zone in a
10 to 20 km wide north-northwest trending belt approximately 90 km long running
north from Murga through the core of the Nangar Anticline to the west of Gumble
(Pogson and Watkins 1998). The Volcanics unconformably overlie the sedimentary and
volcanic sequences of the Late Silurian to Early Devonian Cowra Trough and are folded
beneath the disconformable contact with the Upper Devonian Hervey Group in the
Nangar Anticline. The Dulladerry Volcanics represent a bimodal suite of volcanics
ranging from mafic basalts to intermediate andesites and felsic rhyolite members with
felsic rock types predominating over mafic types (Pogson and Watkins 1998; Bull et al.
2008). The complex stratigraphy of the Dulladerry Volcanics is the result of multiple
volcanic events and local topographic controls on the distribution of the volcanic rock
types (Pogson and Watkins 1998). The main rock types of the Dulladerry Volcanics are
welded, quartz and K-feldspar phyric rhyolitic ignimbrites (e.g. Curumbenya Ignimbrite
Member and Coates Creek Member) with prevalent rhyolite lavas (e.g. the Warraberry
Member), coarse polymictic mass flow breccias, minor basalt flows occurring at various
stratigraphic levels and rare localised andesite lavas and breccias constituting the rest
of the formation (Pogson and Watkins 1998). Basalts in the formation occur as two
main types. Type 1; a less common, heavily altered vesicular basalt (sample R22013)
comprised of 30-40% vesicles, observed in field to average approximately 15 mm
across with a number of much larger vesicles (>40 mm) occurring. Smaller vesicles (~2
mm) are filled with secondary alteration minerals, i.e. chlorite, calcite. Basalt type 2
(samples R22007, R22008) shows minor biotite-chlorite alteration and common glass
with devitrified rims, otherwise predominantly no alteration. These samples are found
north of the type 1 outcrop. Type 2 is not vesicular. Rare andesite outcrops occur in the
core of the Nangar Anticline north of Murga and these are strongly plagioclase phyric
(Pogson and Watkins, 1998)
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2.2.6 DEVONIAN RED BEDS
The mid Devonian cessation of volcanic activity in the eastern Lachlan marked the
beginning of extensive fluvial and floodplain sediment deposition for the orogen.
Predominant sedimentary facies of this period of deposition are comprised of quartzose
clastic units commonly known as “Red Beds”, represented in the study region by the
fluvial Hervey Group which unconformably overlies the last volcanic units of the
Dulladery Volcanics (Direen et al. 2001). These Red Beds also include the shallow
marine Lambie Group and upward fining fluvial and fluvial fan deposited Catombal
Group. The Hervey Group is dominantly comprised of red sandstones with interbedded
muds and siltstones representing extensive meandering fluvial deposition across a delta
plain (Pogson & Watkins 1998).
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2.3 MINERALISATION IN THE LACHLAN OROGEN
Accretionary orogens represent extremely fertile settings for the formation and
preservation of a wide variety of mineral deposit types (Bierlein et al. 2009). Settings
for mineral deposit formation vary from magmatic arc (oceanic or intracontinental)
association to arc flanking environments such as fore-arc and back-arc basins and more
distal foreland basin settings.
The tectonic history of the Lachlan, while complex, displays a number of typical
accretionary orogenic processes that have proved favourable to concentration and
preservation of larger scale mineral deposits. At the orogen scale the formation and
preservation of deposits is controlled by the complex interplay between subduction,
accretion, deformation, crustal thickening, metamorphism, melting, burial and
exhumation (Bierlein et al. 2009) with the Lachlan expressing several examples of each.
The Lachlan Orogen of southeastern Australia represents an accretionary convergent
margin in which various styles of mineralisation have been identified as sensitive and
diagnostic indicators of the prevalent tectonic environment during their formation
(Hough et al. 2007). From west to east the Lachlan Orogen exhibits systematic metal
associations relative to the host environment and litho-tectonic influences on the sub
provinces. Styles of mineralisation include; turbidite hosted orogenic lode Au (±As-Sb),
granite related magmatic Au (±Mo-Sb-Cu-Te), sediment hosted (epigenetic) Cu-Au and
Pb-Zn, granite hosted Sn-W (±skarn-greisen), porphyry Cu-Au (±Au-skarn, manto Pb-Zn
and epithermal Au-Ag) and volcanogenic(-hosted) massive sulfides (Bierlein et al.
2002).
Much of the evidence for the continental growth and structural evolution of the three
sub provinces of the Lachlan Orogen has been derived from various models of
mineralisation and metallogeny. By placing these various styles of mineralisation into
the tectonic framework for the evolution of the Lachlan Orogen, additional constraints
for the development of plate-tectonic models have been identified and developed (Gray
et al. 2002). The ore-forming processes that operated in the Lachlan Orogen have been
argued as similar to those responsible for the formation of ore deposits in present day
analogues such as the volcano-plutonic orogenic belts of the south-west Pacific, Andes
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and North American Cordillera (Bierlein et al. 2009). The diversity of deposit types
within the Lachlan Orogen is primarily a function of the complex geodynamic
framework of the evolving accretionary belt. Each of the three sub provinces present
different aspects of the plate tectonic history of the orogen and exhibit differences in
structural trends, timing and nature of deformation and tectonic vergence (Gray et al.
2002). As such, each of the sub provinces display distinct individual relationships
between tectonics and mineral deposits, reflecting the tectonic mechanisms of
emplacement (i.e. outer-arc, fore arc, intra-arc and backarc settings) (Gray et al. 2002).
The western sub province of the Lachlan is characterised by copious lode gold deposits
hosted in massive quartz turbidites (dominant in the Stawell and Bendigo Zones, i.e. the
“Bendigo gold fields”). The gold mineralisation is related to orogenic chevron folds,
emplacement in gold only quartz veins is unrelated to magmatism (Bierlein et al. 2002;
Hough et al. 2007). The western sub province also hosts less economically important
and less abundant poly metallic magmatic deposits and quartz/carbonate stockwork
gold deposits (dominant in the eastern Melbourne Zone). There is a strong contrast to
the central and eastern sub provinces which exhibit a distinct lack of more prolific lode
gold deposits. Minor orogenic gold and mineral deposits throughout the eastern and
central Lachlan Orogen are genetically related to periods of crustal thickening
deformation and metamorphism. Subduction of hydrated oceanic crust is the likely heat
source for these minor occurrences (Gray et al. 2002).
Metallogenic deposits of the central sub province of the Lachlan Orogen are
characterised by granophile affiliations with north-northwest trending I- and S- type
granitic igneous belts of Early Silurian age (Gray et al. 2002). While mostly dominated
by Sn-W-Mo mineralisation and Sn porphyry systems, the central sub province also
hosts genetically related endogreisens and skarn type deposits associated with highly
fractionated and reduced S-type granites (Bierlein et al. 2002; Gray et al. 2002). The
granites associated with mineralisation in the central sub province are regarded as
being subduction related with I- and S-type geochemistry representing variation in
metasedimentary and crustal component contamination rather than a change in
tectonic environment (Collins, 2007; Gray et al. 2002). Along with the eastern sub
province, the central sub province experienced extension related deformation that
initiated the development of a number of epigenetic, sediment-hosted, Cu-Pb-Zn
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mineral deposits in the short lived rift basins (Gray et al. 2002). Mineralisation in these
basin settings is concentrated in fault localised veins, stockwork systems and massive
sulfide lenses (Bierlein et al. 2002). The best examples of rift/fault related
mineralisation from the central sub province are hosted within the Cobar Basin, where
epigenetic fault mineralisation bounds sedimentary basins and economic deposits occur
in high strain thrust zones (Glen 1995). Extension related volcanism such as that of the
mid Devonian Dulladerry Volcanics of the eastern sub province was also active in the
central Lachlan around the Late Silurian-Early Devonian as a product of intraplate
rifting and regional extension from subduction activity. These periods of rifting also
lead to a number of volcanogenic massive sulfide deposits throughout the central and
eastern Lachlan Orogen.
Granites within the Lachlan Orogen are host to a number of mineral deposits, however
economically significant deposits are sporadic. The mineralisation of granites of the
eastern sub province relates to their geochemical signature, their I- and S-type
geochemistry and the inherent degree of crystal fractionation (Blevin & Chappell 1995).
Tin-tungsten (Sn-W) deposits are the most significant associations with the eastern sub
province granites and are associated with highly chemically evolved and fractionated
granites of both I- and S-type with world class deposits located in the southern Lachlan
Orogen in Tasmania and the Wagga Tin Belt of N.S.W. Molybdenum deposits in the
eastern Lachlan Orogen are associated with potassic oxydised I-type granitoids such as
those of the Bega and Bathurst Batholiths (Blevin & Chappell 1995). Minor Cu and Au
mineralisation occurs within the eastern granites, where; Cu is sub economic and often
associated with sub porphyritic and skarn occurrences along with small Cu-Mo deposits
also occurring. Gold in the granites is an accessory to Cu-Mo, Mo and base metal
deposits and is usually associated with enriched hydrothermal fluid phases generating
sporadic vein assemblages and emplacing into footwall volcanics (Blevin & Chappell
1995). Granite mineralisation within the eastern sub provinve is largely sporadic and
heavily dependent on the oxidation state and fractionation of the intrusive magma.
Metallogeny of the eastern sub province presents a dissimilar dominant style of
mineralisation to the western and central sub provinces. The eastern sub province is
dominated by the presence of several significant Cu-Au porphyries (± associated
skarn/epithermal systems; Cadia, Parkes) which are characteristically associated with
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the Ordovician (to Early Silurian) mafic shoshonitic magmatic systems of the eastern
Lachlan Orogen Macquarie Arc rocks (Holliday et al. 2002; Bierlein et al. 2002). The
eastern porphyry systems represent a globally rare occurrence whereby preservation of
the porphyry and associated epithermal systems was possible due to the steady
accretion of the Lachlan Orogen to a more stable continental block (Bierlein et al. 2009).
In comparison to the western sub province the eastern sub province is characterised by
a striking lack of more developed orogenic lode-gold mineralisation, with the exception
of the Hill End deposits (Gray et al. 2002).
The eastern sub province also hosts a number of well-developed volcanogenic massive
sulfide (VMS) deposits where they occur in Middle to Late Silurian felsic volcanic (e.g.
the Woodlawn and Captains Flat deposits) (Scott et al. 2001; Downes & Seccombe
2004). These VMS deposits are usually associated with rifted arcs, inter-arc rift volcanic
basins and subduction-related back-arc basin extensional environments and hosted
generally in felsic rhyolitic volcanics (e.g. The Mullions Range Volcanics) (Lentz 1998;
Bierlein et al. 2002). A number of examples in the Orange region (McPhillamys, Mt
Bulga, Lewis Ponds) are structurally controlled by intersecting faults and shear zone
structures. In the broader eastern Lachlan individual mineral occurrences have also
been associated with structural controls similar to the Cobar Basin style fault hosted
deposits.
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2.4 MINERAL SYSTEMS OF THE EASTERN SUB PROVINCE
Coinciding with mid Silurian to mid Devonian extension, deformation and
volcanic/sedimentary filled basin formation, two main episodes of metallogenesis occur
in relation to felsic volcanics of the eastern sub province. The mixed
volcanic/sedimentary filled basins host numerous occurrences of volcanogenic massive
sulfide deposits occurring in association with felsic volcanism and structural controls.
Regional examples include the Calula, Lewis Ponds and Mt Bulga occurrences of the
study area with the similar stratiform deposit style Woodlawn and Captains Flat
deposits occurring farther south. Styles of mineralisation can vary with deposits such as
the Lewis Ponds volcanic hosted polymetallic sulfide deposit that also exhibits
carbonate replacement mineralisation where fluids interacted with interbedded
limestones, precipitating mineralisation (Agnew et al. 2005; Agnew et al. 2004).
Woodlawn displays different mineralisation characteristics where in addition to typical
massive sulfide lenses the footwall volcanics host stockwork quartz vein assemblages of
Cu mineralisation (Mckay & Hazeldene 1987). The second occurrence of metallogenesis
relates to an accretionary collisional zone, closing of extensional basins and generation
of “orogenic” mineralisation including metamorphic, hydrothermal and structurally
controlled emplacement throughout the period of deformation of the Middle Devonian
Tabberabberan Orogeny (VandenBerg 1999; Hough et al. 2007). Orogenic deposits are
less abundant in felsic volcanics as these deposit types do not typically share a distinct
genetic link with volcanism. Magmatic related deposits are few within the eastern sub
province and are genetically related to metal bearing fluids of intrusive magmas.

2.4.1 VOLCANOGENIC MASSIVE SULFIDE DEPOSITS: MULLIONS RANGE VOLCANICS
Volcanogenic Massive Sulfide (VMS) refers to a family of deposit types that are >50-60%
sulfide minerals and mainly host Cu-Zn (sometimes Pb and Au) mineralisation. VMS
deposits form as a result of the syn-genetic volcanic exhalation process of metalliferous
hydrothermal fluids into mounds either upon or in stockwork and stringer veins near
the sea floor(Figure 2-4) (Piercey 2011). VMS deposit mineralisation occurs as the
metal carrying capacity of fluids sharply drops closer to the ocean floor, temperature
and pressure change causes precipitation of metals from hydrothermal fluids that
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circulate in active submarine volcanic environments, chemical interaction of fluids with
host rock causes stockwork vein mineralisation (Robb 2005). Major metal affiliation for
VMS ore bodies is largely dictated by tectonic setting and dominant volcanic
assemblage. Forearcs and rifted arcs contain larger percentages of mafic volcanic rocks
which generally host Cu, Cu-Co to Cu + Zn sulfide dominated ore bodies, while more
mature parts of the arc are more felsic volcanic rock dominated, hosting predominantly
Zn-rich massive sulfides with increased contents of Ba, Pb, Au and Ag (Herrington et al.
2005). Deposits commonly form as lenticular to sheet like stratiform massive sulfides
often between the interface of volcanic units or volcanic and sedimentary rock units.
VMS deposits are usually comprised mostly of iron sulfides as pyrite ± pyrrhotite and
are usually underlain by a stockwork assemblage or breccia pipe that acts as a feeder
for mineralising fluids (Figure 2-4). By comparison, sedimentary exhalative (SedEx)
deposits, while also forming as a result of hydrothermal metal rich fluids venting onto
the sea floor, differ from VMS deposits due to there being no obvious or direct link to
volcanism. The eastern Lachlan Orogen hosts a number of significant VMS deposits
within the Hill End Trough and bordering stratigraphy, in what is accepted as an
important metallogenic district coherent with an Early Silurian felsic volcanic event
(Downes & Seccombe 2004), with deposit geology and geochemistry helping to
constrain the tectonic environment at the time of emplacement.
Broadly, VMS deposits occur in a number of host rock suites and mineralisation styles
but appear to share common genetic links to volcanism (Robb, 2005). Specific deposit
type localities have been used to name and characterise the various differences in VMS
mineralisation. A combination of metal association and host rock type has been adopted
to characterise VMS deposits with host rock type broadly defining tectonic setting of
emplacement (Herrington et al. 2005). The most widely accepted classification system
combines lithostratigraphy and geodynamic settings to classify deposits into five main
classes: (1) mafic (i.e., Cyprus type); (2) mafic-siliciclastic (or pelitic-mafic, i.e., Besshi
type); (3) bimodal-mafic (i.e., Noranda type); (4) bimodal-felsic (i.e., Kuroko-type); and
(5) felsic-siliciclastic (or bimodal-siliciclastic, i.e., Iranian Pyrite Belt type) (Piercey,
2011, Franklin, et al. 2005). Herrington et al. (2005) note that while a number of
schemes have been adopted to classify VMS deposits difficulties still arise in classifying
complex ore bodies, with occurrences often developing at different levels in a common
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geological structure with substantial differences in mineral compositions and
geochemistry.
Cyprus style VMS deposits are affiliated with mafic to ultramafic rock types found
predominantly as a result of obducted ophiolite assemblages such as in the type
example in the Troodos Complex in Cyprus (Sillitoe 1973). Cyprus style VMS deposits
are typified by Cu + Zn metal association (Robb, 2005, Sillitoe, 1973) reflecting a
leaching of mafic volcanic source rock.
Kuroko style (after Kuroko, Northeast Japan) VMS deposits are described according to
their Zn-Pb-Cu (some minor Au and Ag) mineralogy and island arc related, felsic
dominated, bimodal volcanism (Robb, 2005). Typically these deposits are related to
dacitic or rhyolitic domes and explosive vents emplaced in the shallow marine
environment with silicified feeder stockwork veining (Sillitoe, 1973). In eastern
Australia the Ordovician-Silurian Captains Flat VMS deposit is characteristic of Kuroko
style as it sits atop a series of calc-alkaline volcanic piles formed as a result of
subduction zones (Sillitoe, 1973).
Besshi style (Besshi, Japan) VMS deposits related to dominant mafic-siliciclastic or
pelitic siliciclastic assemblages, occur in various tectonic settings; back-arc,
intracontinental rifts and rifted continental margins, but are dependent on spreading
ridges as a source of basalt and heat to drive the system, clastic rocks are also present
(Slack, 1993). Dominant mineralisation is characterised by predominant Cu with some
Zn and Ag (Herrington et al. 2005).
Bimodal-mafic VMS deposits, as classified by Franklin et al. (2005), are dominated by
mafic volcanism with up to 25% felsic volcanics present often hosting the deposit. This
style is typified in the Noranda deposit, Canada, and is Cu-Zn dominated with some
minor Au and Ag. These deposits can become Cu rich or Pb-Zn rich depending on the
composition of the footwall volcanic pile and temperature profile during formation
(Large, 1992).
Siliciclastic Felsic VMS deposits, as typified by and occurring in the notable “Iranian
Pyrite Belt” northern district and Bathurst Camp mining area, Canada, are comprised of
mainly siliciclastic rocks, up to 75% felsic volcaniclastic rocks with subordinate
flows/domes and less than 10% mafic rocks overall (Gibson, et al. 2007). The mafic rock
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occurrences show mid ocean ridge and ocean island basalt signatures which represent
arc rifting and back arc spreading (Piercey, 2011). These deposit types are associated
with evolved continental arc to back-arc environments (Piercey, 2011) and host
predominantly Cu-Zn mineralisation with minor Pb-Ag-Au (Herrington, 2005). Minor
stratiform shale units may occur in these deposit types due to the setting and may host
exhalative sulfide mineralisation (Gibson, et al. 2007, Tornos, 2006).
A number of VHMS deposits occur locally to the study region in the Orange/Bathurst
area (Figure 0-1; Mt Bulga, Lewis Ponds) along the margins of the Hill End Trough.
These deposits are significant base metal occurrences and are predominantly associated
with felsic volcanics and associated clastic sedimentary sequences of the Silurian age
Mumbil Group of which the Mullions Range Volcanics is a member (Pogson & Watkins,
1998). Northeast of the township of Orange a number of deposits occur including the
Lewis Ponds VMS-carbonate replacement deposit, the past Mt Bulga shear zone hosted
deposit (Anson Formation/Mullions Range Volcanics) and the Calula deposit (Mullions
Range Volcanics) with some suggestion that the more recent McPhillamys deposit
(hosted in the similar age Anson Formation) may be related to a shear zone reworked
VMS deposit similar to that of Mt Bulga.
During the Silurian to mid Devonian time the eastern sub province underwent
prolonged crustal extension, creating a series of north trending back arc rift basins, such
as the Hill End Trough, critical for the formation of these VMS deposits (Collins 2002;
Glen, 2002; Downes & Seccombe 2004). The Mullions Range Volcanics lie on the
western limb to the north of the Hill End Trough. These deep water trough and
associated felsic volcanism provided ideal environments of formation for VMS
mineralisation.
VMS deposits of the Mullions Range Volcanics are considered felsic S-type
rhyolite/dacitic volcanics with significant sub units consisting of volcaniclastic,
sedimentary and carbonate rocks. S-type igneous assemblages have been considered to
be less favourable to barren of VMS deposits where coeval mafic volcanism is not
present, either as a driving mechanism for heat exchange for leaching of footwall
volcanics or as a source for metal rich hydrothermal fluids driven to the sea floor (Stolz
et al. 1997).

41

Figure 2-4 Typical sulfide arrangement of a sea floor mound style VMS deposit. After Large (1992)

Figure 2-5 Typical settings of formation for various mineral deposit types, after Groves et al. (1998).
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2.4.2 OROGENIC GOLD (MINERAL) DEPOSITS: CANOWINDRA VOLCANICS
Orogenic gold deposits are varied in form and mineralogy with numerous factors that
contribute to and affect mineralisation, making it hard to place all orogenic mineral
occurrences into a single category. Diversity of deposit type results due to the complex
interaction and potential overprinting of processes that are responsible for the
formation of the system, including; age of the deposit, geometry of deposit, structural
controls, host rocks and their metamorphic grades, pressure and temperature of
formation, resulting wall rock alteration, fluid and rock chemistry and metal
associations (Au+ varying amounts of Ag, As, B, Bi, Cu, Pb, Sb, W, and Zn) (Groves et al.
2003).
Past literature has commonly referred to orogenic gold systems as mesothermal or
lode-gold deposits, relating to the fluid driven and fracture/fault/vein hosted nature of
the deposits. The nomenclature of orogenic deposits still presents some difficulties in
characterising individual systems due to the variable nature of deposits, nonetheless
commonly observed processes and lithological associations allow for detailed analyses
and interpretations of particular deposit types.
The term orogenic gold refers to a gold deposit that forms from metamorphic fluids,
typically characterised by near neutral pH, low salinity and H20 / C02 mixed fluid
compositions. Deposits are generally associated with regionally metamorphosed
terranes that result from compression to transpressional deformation at plate margins
with accreted terranes (Figure 2-5)(Groves et al. 1998). The large distributions of
orogenic gold deposits through the accreted terranes of western North America
provides evidence for the association between ore genesis and continental growth
(Goldfarb et al. 1998). Generally these deposits are thought to have developed during or
immediately after the compressive deformation and regional metamorphism of a
terrane from fluids unrelated to intrusive rocks (Sillitoe & Thompson 1998). A high
abundance of gold bearing quartz carbonate veins along the Gondwana continental
margin is evidence for the migration and concentration of large volumes of gold rich
fluids during continental growth (Goldfarb et al. 1998; Bierlein et al. 2006). This general
association of gold deposits and continental growth has become accepted on the basis of
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spatial relationships of subduction-related thermal processes in accretionary orogens
(ocean-continent plate interactions) (Groves et al. 1998).
Despite a difficult classification scheme for the varying systems of orogenic gold
deposits all these systems share a common genetic link in that they all form
synchronously with major accretionary or collisional orogenic episodes along with the
production of metamorphic (sometimes magmatic) fluids and their propagation along
deep seated shear and fault zones (Robb 2005). Thermal gradients driving these
systems are often the result of subduction processes but can be related to the addition
of magmatic and volcanic material driving enriched fluids from hydrated accretionary
sequences into structurally constrained deposits (Groves et al. 1998).
Typically these systems form as a result of gold precipitation at ~300 ⁰C, hosted in
complex large to small array veins or fracture dominated structures around 15-20 km
to near surface depth (Robb 2005; Groves et al. 1998). Chalocphile elements
preferentially form sulfides which are not stable at the high temperatures of igneous
crystallisation and are typically removed from the rising magma in fluid phases,
precipitating into veins within the country rock. Large volumes of fluids and vein
forming melts are released during orogenic heating events related to the dewatering of
silicate mineral phases within accreted marine sedimentary facies or subducting strata
at collisional boundaries (Goldfarb et al. 1998). Fluid sources can vary including
meteoric waters, orthomagmatic/granitic water, metamorphic devolatisation, deep
sourced mantle magmas and granitic/crustal modified ascending mantle fluids (Fu et al.
2012; Goldfarb, Groves & Gardoll 2001; Groves et al. 1998). Heating is required for the
initiation of ore forming processes and may be delivered via a number of sources
including; orogenic compression deformation, melting of lower thickened crust, slab
rollback and associated extension tectonics and subduction of a slab window beneath
the seaward forearc region (Goldfarb et al. 1998).
Mid crustal granitoid bodies may also provide the heat and mineral source necessary to
drive enriched fluids into higher level structurally controlled vein deposits in permeable
or fractured bodies that result from orogenic deformation. Early post orogenic
intrusives allow for fluids to follow fault and fracture paths through suitable host
sequences. These systems may also exhibit less complex vein arrays or disseminated
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concentrations directly related to the intrusive (Groves et al. 1998; Bierlein et al. 2006).
This is exemplified by the Majors Creek deposit of the eastern sub province where mid
crustal emplacement of the Braidwood Granodiorite (Early Devonian) hosts gold quartz
reef and base metal vein mineralisation where temperature was <350°C and fluids were
low salinity CO2 bearing and main vein assemblages occur in the roof zone of the
intrusive with some veining in higher level overlying volcanics (Mcqueen & Perkins
1995; Carr et al. 1995).
Sources of metals in orogenic mineralised systems is attributed to subducted crust,
buried accretionary segments, supracrustal rocks and deep emplaced granitoids or
variable combinations of each (Bierlein et al. 2006; Fu, et al. 2012; Groves et al. 2003).
Some host rock assemblages may already have high element and mineral
concentrations favourable to deposit formation. Deposits such as these result from the
pressure solution of metal-rich metamorphic fluids being produced during
metamorphism of the host rock and concentration of these fluids into vein or fracture
systems (Li et al. 2010; Pitcairn et al. 2006).
Examples of orogenic style mineralisation in the Canowindra Volcanics exhibits Cu-PbAu metal sulfide mineralisation as a result of late stage post volcanic tectono-orogenic
activity resulting in a vein stockwork system. Mineralisation is exclusively hosted within
complex multistage quartz carbonate veins and breccias. Host rock is porphyritic
rhyodacite lavas which shows strong signs of deformation with chlorite dominated
shear zones and faults through the unit. Sulfide mineralisation is more commonly
hosted within veins >10mm in width and barren within a number of smaller vein
assemblages, indicating that mineralisation is predominantly associated with a
particular fluid propagating event.

2.4.3 PORPHYRY INTRUSIVE SYSTEMS: ORDOVICIAN
While porphyry deposits represent the dominant metallogenic deposit and ore body
type within the eastern Lachlan Orogen they are less relevant to this study as deposits
are mainly associated with Ordovician mafic arc rocks rather than this study’s Silurian
to Devonian felsic volcanics. As such only a brief and typical example of a porphyry
model is explained for the significance of the tectonic environment of emplacement and
nearby regional examples to the study.
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A number of large and important porphyry copper deposits occur within the eastern
sub province of the Lachlan Orogen (e.g. Cadia, Ridgeway, Northparks), all sharing the
characteristic of being spatially associated with shoshonitic magmatism in Ordovician
aged rocks of an island arc tectonic setting; the Macquarie Arc (Holliday et al. 2002).
Porphyry intrusive systems are mainly associated with Cu ± Au mineralisation in
moderate to high hydrothermally altered rock. Porphyry systems may also exhibit
skarn, carbonate-replacement, sediment-hosted, and high/intermediate-sulfidation
epithermal base and precious metal mineralization (Sillitoe 2010). These systems are
generated in magmatic and back arc settings, usually with extensive crustal thickening,
highly extensional settings characterised by bimodal basalt-rhyolite assemblages do not
commonly exhibit significant porphyry systems (Sillitoe 2010).
The porphyries of the Macquarie Arc in the eastern sub province of the Lachlan Orogen
suggest that emplacement was not the result of steady state subduction but rather that
these systems occurred as a result of interruptions to magmatism and formed in-arc,
either pre dating accretion or syn-accretionary during in the middle to late stages of the
Benambran Orogeny (Glen, Crawford, & Cooke, 2007).
The extensive porphyry complexes of the eastern Lachlan Orogen exemplify the
economic/metallogenic importance of the region and highlight the importance of
orogenic systems as environments for future focused exploration efforts.
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Figure 2-6Generalised mineralisation assemblage and alteration halos of a typical porphyry intrusive
system. Py; pyrite, gal; galena, sl; sphalerite, mag; magnetite, cp; chalcopyrite, mb; molybdenite, Chl; chlorite,
Epi: epidote, Qtz; quartz, K-feld; K-feldspars, Ser; sericite, Carb; Carbonate, Bi; Biotite VLTS; veinlets, DISS;
disseminate sulfides. From: Lowell & Guilbert (1970)
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2.5 TEMPORAL CONSTRAINTS AND RELATIONSHIPS
Mineralisation occurrences within the study region show strong affiliation with the
timing of major geological events. Large scale mafic island arc associated magmatism in
the late Ordovician to earliest Silurian gave rise to the prominent porphyry Cu-Au
deposits within the calc-alkaline to shoshonitic Macquarie Arc rocks (e.g. Cadia,
Ridgeway). Extensional felsic volcanism associated with the opening of rift basins (i.e.
the Hill End Trough) occurred in the Late Silurian to produce a number of volcanic
hosted massive sulfide deposits (e.g. Lewis Ponds). Deformation events of the Middle
Devonian (Taberabaran orogenic event, 430-380 Ma) produced a number of orogenic
related, often remobilised or reworked, Au and base metal deposits (Pogson and
Watkins, 1998).
The earliest metallogeny of the Lachlan Orogen lies within the western sub province as
predominantly metamorphic lode gold and magmatic gold occurrences were deposited
in the late Ordovician with the onset of the Benambran Orogeny (440-490 Ma) and
deformation driving fluid release form buried silicate phase minerals.
In the eastern sub province the earliest onset of major metallogenesis occurs as large
scale porphyry related Cu-Au systems, synchronous with the later stages of the
Benambran Orogeny and late stage magmatism after accretion of the shoshonitic rocks
of the Macquarie Arc, concentrated in the late Ordovician to earliest Silurian (~470-435
Ma) both pre and syn-accretionary in origin (Glen et al. 2007).
In the eastern sub province a number of Kuroko-style strata bound VMS deposits (e.g.
Woodlawn) developed as a response to periods of extension after the onset of rifting
and associated silicic volcanism along north trending normal faults in the Middle to Late
Silurian (Bierlein et al. 2002). Related to progressive rollback of the underthrust oceanic
slab, this extensional setting provides the perfect environment for syn-volcanic VMS
deposit formation, which in the study area has been later overprinted by deformation,
and to some degree further mineralisation events of the Tabberabberan and Kanimblan
Orogenies (Gray et al. 2002; Glen 1995). Timing of these deposits is Late Silurian to
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Early Devonian coinciding with formation of rift basins, evidence of fault and fold
geometry through strata constrains the age of deposits pre dating Tabberabberan
deformation (Carr et al. 1995; Gray et al. 2002; Gray & Gregory 2003; Hough et al.
2007).
Minor orogenic, epigenetic and epithermal Au ± base metal, deposits were deposited in
the eastern sub province through the Middle to Late Devonian and into the early
Carboniferous (Hough et al. 2007). The Tabberabberan (~430-380Ma) and Kanimblan
(380-320Ma) orogenies are thought to be the deformation events responsible for the
onset of these systems with syn and post tectonic intrusives contributing to further
metallogenic enrichment and thermal gradients in some areas (Andrew et al. 1993;
Downes et al. 2008). Majority of orogenic gold deposits throughout the Lachlan Orogen
are considered to have been generated during or immediately after compressive
tectonic deformation and are unrelated to any intrusive derived fluids (Groves et al.
1998; Sillitoe & Thompson, 1998).
Figure 2-7 displays the relationships between major felsic volcanic packages and
orogenic episodes that affected the eastern Lachlan Orogen to some degree and the
mineralisation associated with each resultant setting. Volcanism occurs predominantly
between episodes of contractional deformation when the eastern sub province is
predominantly an extensional setting. Major episodes of VMS mineralisation coincide
with periods absent of contraction supporting extension of the overriding plate at these
times.
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Figure 2-7 Time/Space diagram showing maximum extent of felsic volcanism within the study region (ages
derived from this study, see section 4 and Pogson and Watkins (1998)), major orogenic events and
significant or related mineralisation of units. Canowindra Volcanics (CV) mineralisation is shown as two
possible generations based on proposed models, see section 6. Mullions Range Volcanics (MRV) VMS includes
Mt Bulga, Lewis Ponds, Calula and recent Macphillamys deposits. Ages of mineralisation after Gray et al.
(2002). Produced using TSCreator 2013 in accordance with dates of Gradstein et al. (2012). Errors for
volcanics are 2 σ, see section 4.
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3 SAMPLE COLLECTION
Two rounds of sampling for the study were conducted on 18-21st January 2013 and 2226th April 2013 with the second round of sampling aided by Gold and Copper Resources
Pty Ltd, Lucknow, NSW. Units were selected for sampling from the Bathurst 1:250000
geological map sheet; SI55-8 1998, Second Edition, targeting known outcrop of rock
units relevant to the study. The majority of samples (excluding those of Gold and Copper
Resources) were collected from public access land where outcrop was accessible (i.e.
roadway cuttings). Samples labelled in field after the Bathurst Geological Map Sheet
were converted to University of Wollongong catalogue numbers for the study, for full
details see Appendix 3. For locations of samples and rock units see Figure 0-1.
All rock unit samples (excluding those of Gold and Copper Resources) were collected
from outcrop with deliberate action taken to avoid weathered surfaces for geochemical
and zircon geochronology age date reliability. Further removal of weathered surfaces
was completed using a fixed whole blade diamond rock cutting saw at the University of
Wollongong.
Units were sampled relative to their purpose in regards to amount of rock collected.
Larger samples (>1kg) were collected for units being dated to increase likelihood of
zircon separation. Medium sized samples were collected of all units for XRF analysis
(larger samples for coarser grained specimens) with small samples collected from a
number of units as hand samples and for thin section preparation.
Location for each sample was recorded using a handheld GPS and correlation with
appropriate regional geological maps. Locations were recorded along with photographs
of outcrop and descriptions of structure, representative lithology, petrology, contacts,
veining and any observed alteration.
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A number of samples were supplied by Gold and Copper Resources for the Canowindra
Volcanics from diamond core drill holes of the Gospel Oak Quarry prospect. Two
diamond drill holes were selected and samples of core taken for the Canowindra
Volcanics. Holes GOQD001 and GOQD002 (sample SCV2, Figure 0-1 for location) were
sampled for use in zircon separation and XRF analysis as well as polished thin sections.
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4 U-PB ZIRCON GEOCHRONOLOGY
4.1 INTRODUCTION
The Sensitive High Resolution Ion Microprobe (SHRIMP) has become an invaluable tool
in the determination of U-Pb radiogenic ages on accessory minerals such as zircon, and
provides effective and reliable data highly suited to complex geological systems. The
reason for this is the high spatial resolution of the data, where precise and accurate ages
can be obtained from a crater ~20µm in diameter, but only 1-2µm deep (Williams
1998).
U-Th-Pb isotopic analysis of zircon crystals was conducted from 29th August to 31st
August 2013 at the Australian National University (ANU) using the SHRIMP RG
instrument, under the guidance of my supervisors and Peter Holden of ANU.
Zircon (ZrSiO4) is reliably used in geochronology as trace amounts of U and Th
(typically <500ppm) are incorporated into the crystal lattice at the time of
crystallisation and Pb is not, indicating that lead present in the crystal structure is the
product of radiogenic decay if the system is undisturbed and undamaged. U-Pb isotopic
analysis of zircons utilises the decay of 238U and 235U which acts as a coupled system.
Radioactive decay occurs at a constant for individual isotopes independent of
conditions such as temperature or the chemical environment. It is by this understanding
that we can determine the absolute age of an element by the ratio of daughter isotopes
(D) to remaining parent isotopes (P) after a period of time (t), were λ is the known
decay constant :
D/P = eλt – 1
For a radiogenic isotope to be useful in geochronology it must have a decay rate, or halflife (T1/2), that is suitably comparable to the ages to be investigated.
Half-life of an isotope is related to the decay constant by:
T1/2 = ln 2/ λ
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Uranium has two radiogenic isotopic systems suitable for use in geochronology:
238U
235U

→ 206Pb where T1/2 = 4.47 x 109 yr

→ 207Pb where T1/2 = 0.704 x 109 yr

These systems are paired and each decay at differing rates, producing two daughter
isotopes of Pb. The use of zircon crystals is therefore deemed highly reliable as there
exists a third independent measure on time, as the isotopic composition of radiogenic
Pb changes over time thus of 207Pb/206Pb ratio provides a further check as to whether
the system has been disturbed. The isotopic ratios 238U/206Pb and 207Pb/206Pb are
plotted on the concordia diagram of Tera and Wasserburg (1972), commonly known as
a TeraWasserburg plot. For further discussion, of U-Pb zircon geochronology utilising
ion microprobe see Williams (1998) and Ickert & Williams (2011).
Zircon is a common igneous accessory mineral that is very resistant to weathering,
transport and metamorphism making it an excellent accessory for assessing age of
crystallisation. Zircons also preserve a features of their history in their crystal structure
that can be readily observed in transmitted and reflected light microscopy along with
cathodoluminescence (CL) imaging. This allows for analysis of individual domains
within the crystals that are related to specific geological events to be targeted with the
~20 µm diameter spot used in analysis with SHRIMP.

4.2 SAMPLING AND FIELD RELATIONSHIPS
4.2.1 CANOWINDRA VOLCANICS
Zircons for the Canowindra Volcanics were extracted from fresh, unaltered and
unweathered drill core approximately 240m deep into unit with, sample SCV2 (R22022)
of Figure 0-1. The unit is predominantly felsic lavas (quartz‐feldspar porphyritic) with
early development of a carbonate‐dominated stringer vein stockwork.
The sample was taken from more southern exposure of the Canowindra Volcanics near
the most northern outcrop of the underlying co-magmatic Cowra Granodiorite with a
drill directed dip of 60 degrees to the west.
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Zircons were preferentially hand-picked for translucent whole crystals with minimal
fracturing and other distortions. Some zircons were selected for inclusions of sulfide,
silicate or phosphate.

4.2.2 MULLIONS RANGE VOLCANICS
Zircons for the Mullions Range Volcanics were extracted from recently exposed fresh
outcrop of a rhyolitic to dacitic lava to the north west of the unit. The unit is dissected
by the high angle reverse Copperhania Fault (Figure 1-1) along the distinct north
plunging Mullions Range anticline with the sample being taken from the eastern side of
the fault. The sample site is lower in the stratigraphy than occurrences to the east of the
fault.
The Mullions Range Volcanics contain rhyolites with thin minor volcaniclastic, breccia
and limestone units throughout. Massive rhyolitic lavas were targeted for dating.

4.2.3 BAY FORMATION
The Bay Formation lies on the western margin of the Hill End Trough and is separated
from the Mullions Range Volcanics by the Barnby Hills Shale. The sample used for dating
came from near to the conformable contact with the underlying Barnby Hills Shale. It
consists of a massively bedded weathering resistant volcaniclastic rock with
approximately 5m thick bedding, outcropping in Lewis Ponds Creek. During hand
picking of the zircons a number of crystals were deliberately selected for sulfide and
other mineral inclusions.

4.2.4 DULLADERRY VOLCANICS
Top and base of the Dulladerry Volcanics were targeted for zircon dating. These
samples are above and below an existing age date for the Curumbenya Ignimbrite
Member. The lower Warraberry Member (samples R22009-10) and the upper Coates
Creek Member (samples R22004-5) were selected as they represent the other most
significant felsic volcanic units within the unit. Both samples were collected from the
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northern exposure of the formation, north of the Nangar Anticline in shallow dipping
outcrop where igneous layering is near horizontal.

4.3 U-PB ZIRCON DATING METHODOLOGY

Samples R22022, R22020, R22016, R22009, and R22003 (See Appendix 2) were
selected for U-Pb dating based on the criteria of suitable zircon content (Zr ppm>100),
initially determined in the field using a Niton handheld XRF analyser and the
observation of zircons in thin section. These were chosen as representative of the major
felsic volcanic rock units from the Early Silurian Canowindra Volcanics through to the
Middle Devonian Dulladerry Volcanics.
Zircon separation was performed by initial rock crushing, heavy liquid separation and
magnetic separation at the Australian National University, Canberra by technician
Shane Paxton. Individual grains were identified and hand-picked under a binocular
microscope at the University of Wollongong with the selection targeting whole crystals
preferentially over crystals displaying obvious signs of radiation damage. Additionally
some crystals were selected on the presence of opaque inclusions (i.e. oxides, sulfides)
for further analysis. For each sample, approximately 150 zircons were selected.
Approximately 700 zircons of the samples and 80 grains of the standard TEMORA (417
Ma, Black & Jagodzinski, 2003) were set in an epoxy resin mount and initially cut down
by hand on 120 grade wet and dry abrasive paper to expose half sections through the
grains. The mount was polished using 1µm diamond paste on a nylon lap with
examination under microscope every 1-2 minutes and later 30 seconds until a largely
scratch free surface was achieved.
Reflected and transmitted light images were acquired at the University of Wollongong
with further cathodoluminescence (CL) imagery taken at the Australian National
University, Canberra, on a JEOL scanning electron microscope, in order to identify
suitable analytical sites within zircons.
Further analysis of sulfide inclusions was initially conducted using a scanning electron
microscope and energy dispersive spectral analysis, at Australian National University,
across the exposed face of the inclusions to determine their composition.
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Analytical sites for zircon crystal analysis were manually targeted using in-built
reflected light optics of the SHRIMP RG after inspection of CL imagery. Oscillatory
magmatic growth zones on the outer edges of the crystals provide ages on the most
recent igneous growth (Figure 4-1). Inner cores and recrystallised zones were also
targeted to reveal ages on inherited (pre magmatic) cores or recrystallised (post
magmatic) component (Figure 4-1).
Temora zircon standards were interspersed between every four analyses of the
unknowns for the purpose of 206Pb/238U data calibration. Zircon SL13, located in a setup mount was used for calibration of U abundance (238 ppm). An approximately 20 µm
diameter area of zircon was targeted to ionise elements for mass spectrometry analysis.
An automated analysis schedule was programmed for the SHRIMP RG instrument. A
routine set of nine species; Zr2O, 204Pb, background, 206Pb, 207Pb, 208Pb, 238U, 232Th16O
and 238U16O were determined six times in each analysis.
Raw data reduction and statistical analysis was conducted at the University of
Wollongong using the software ‘PRAWN’ and ‘Lead’ (Australian National University).
The calibrated data was assessed and plotted using ISOPLOT, the Excel plugin software
of Ludwig (2003).

4.3.1 ZIRCON MORPHOLOGY
Zircons were examined under binocular microscope to determine first order
morphologies, basic crystal structure and characteristics such as colour and fracturing.
Internal structures of zircon crystals were observed using CL imagery including;
oscillatory growth patterns, magmatic growth rims, inherited cores, recrystallised
zones, sulfide and mineral inclusions and homogenous areas.
Zircon morphologies varied between samples. More fresh volcanic samples, R22020,
R22022, displayed larger more whole crystals by proportion with R22020 (Mullions
Range Volcanics) displaying greater variation in crystal shape and size. Ignimbrite and
volcaniclastic samples, R22003 and R22016, R22009, respectively, showed more
variation in crystal size and shape with greater proportions of fragmented crystals and
an overall smaller grain size. Sample R22003 displayed higher proportion of pitting and
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radiation damaged crystals. Sample R22016 hosted the greatest variation in crystal size
and shape of all samples.
Zircons from the Canowindra volcanics were predominantly clear coloured whole
prismatic crystals when examined under binocular microscope. A number of crystals
showed simple twinning (Figure 4-1: 15). Zircons of the Canowindra Volcanics showed
a higher proportion of inherited cores (Figure 4-1: 16, 17) than those of the Mullions
Range Volcanics and also a higher proportion of recrystallisation (Figure 4-1: 2, 7, 18)
with many crystals incorporating mineral inclusions (Figure 4-1: 12, 18) and display
homogeneous zones. Recrystallisation was favoured around mineral inclusions (most
commonly quartz) possibly due to a distortion in the zircon crystal structure. The
majority showed complex oscillatory zoning.
Zircons of the Mullions Range Volcanics share magmatic growth characteristics with
those of the Canowindra Volcanics. Each unit displays relatively common homogeneous
crystal morphologies. This is in contrast to the Dulladerry Volcanics and Bay Formation
ignimbrite and volcaniclastic rocks which show greater morphological variation
between crystals from whole prismatic zircons to small fragments (Figure 4-1: 7,8,9)
with various degrees of recrystallisation.
Zircons of the Mullions Range Volcanics (R22020) were predominantly doubly
pyramidal-terminated prismatic crystals exhibiting typical oscillatory growth zoning
parallel to grain edges (Figure 4-1; 3), a common feature of crustal rocks, with a number
of more elongate grains with high length to width ratios. Zircons were abundant in the
separation concentrate along with a large proportion of pyrite crystals. The grains are
clear to very pale yellow in colour under binocular microscope with some crystals
containing sulfide and other mineral inclusions. Few crystals showed fractures. A
number of crystals in the sample exhibit xenocrystic cores of older inherited zircon
analysed to be Neoproterozoic in age, approximately 614±12 Ma and 554±11 Ma
(Figure 4-1; 1, Figure 4-3). Zircon crystals of the Mullions range volcanics show complex
growth zoning and recrystallisation features, commonly displaying relatively narrow
oscillatory growth zones. Some crystals display complex textures of post magmatic local
recrystallisation with oscillatory zoning being cut off by re-homogenisation domains. A
few grains exhibited simple twinning.
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The zircons of the lower Devonian Bay Formation vary greatly in size and shape from
whole large, doubly terminated prismatic grains to small homogenous or zoned
fragments (Figure 4-1: 11,13). Sulfide and mineral inclusions are common. Oscillatory
zoning varies from weak to strong. Zircons of this unit contain a greater percentage of
inherited cores (Figure 4-1: 11) surrounded by magmatic or recrystallised growth rims.
Crystals with greater length/width ratios display poorer oscillatory zoning.
Zircons of the ignimbritic Coates Creek Member of the Dulladerry Volcanics (sample
R22004) appear maroon to red in plain light under the binocular microscope with the
majority of crystals being fractured and fragmented (Figure 4-1: 8,9,10). Under
secondary electron imagery most grains are heavily fractured and pitted with many
crystals displaying mineral inclusions. A number of grains contain small voids likely the
product of high volatile concentration. A number of cracks within crystals have
concentrated lead and other contaminants.
Similarly to the Coates Creek Member the zircons of the Warraberry Member of the
Dulladerry Volcanics are predominantly fragmented tabular crystals (Figure 4-1: 4, 5,
and 6). The majority of grains are moderately to strongly oscillatory zoned with fewer
cores than other units of the study. Simple twinning is observed for many grains. A
number of crystals display recrystallisation preferentially around quartz and sulfide
inclusions.

Figure 4-1 (Following Page) Cathodoluminescence images detailing examples of zircon morphologies
observed in this study.1-3: Mullions Range Volcanics, 4-6: Warraberry Member, 7-10: Coates Creek Member,
11-14: Bay Formation, 15-19: Canowindra Volcanics. Morphologies shown are not exclusive to rock units and
where referenced within the text, are meant as examples of morphologies only.
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4.3.2 U-PB AGE DETERMINATION
Sample R22022 of the Middle Silurian Canowindra Volcanics yielded abundant
prismatic zircons. Twenty analyses were undertaken on zircons with most emphasis
being on grains with well-preserved magmatic oscillatory zoning (Figure 4-2). These
yielded a spread in 206Pb/238U ages from ~551 to 410 Ma, well beyond analytical error.
Data was inspected with the aid of a probability distribution diagram in which the
skewed distribution (Figure 4-5) suggest that there has been minor loss of radiogenic
Pb since crystallisation. Based upon this model, ages with the youngest apparent ages
were culled and yielded mean weighted 206Pb/238U age was 432±6 Ma (n=9, MSWD =
0.83). Four analyses were targeted on recrystallised domains (Figure 4-2), to establish if
these zones formed in a late magmatic hydrothermal event or a younger tectonothermal event. These analyses yielded a weighted mean 206Pb/238U age of 430.9±9 Ma (n
=4, MSWD = 0.003); indistinguishable from the age of magmatic crystallisation.
Reconnaissance analyses on inherited cores (Figure 4-1, Figure 4-2) yielded 206Pb/238U
ages between ~1000 and 700 Ma indicating Neoproterozoic material within the source
region or a contamination of that age during ascent of the magma.

Figure 4-2 A sample of zircon analysis zone of sample R22022, Canowindra Volcanics. * = poor
analysis due to Pb contamination. Not all analyses shown.
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Twenty three analyses were undertaken on zircons of sample R22020 of the Mullions
Range Volcanics with analyses targeted on zones of well-preserved magmatic
oscillatory zoning (Figure 4-3). Oscillatory zones yielded 206Pb/238U ages from ~406 to
445 Ma, ranging outside of analytical error. Zones of zircon analysis were examined and
a number of analyses were removed from the sample group due to either targeting of
fractures or inclusions or as a result of displaced position of analysis (by < 5 µm) during
automated programming of the SHRIMP instrument for running overnight. Culling was
also aided by a probability distribution diagram (Figure 4-6). After culling of poor
analyses, the weighted mean 206Pb/238U age was 433.5±4.7 Ma (n=15, MSWD = 0.80).
Analysis of recrystallised domains (Figure 4-3) yielded a mean 206Pb/238U age of
421.6±8.7 Ma well within error of the age of magmatic crystallisation, indicating no
separate younger tectono-thermal event. Rare inherited cores were analysed but did
provide useful 206Pb/238U ages as analyses did not fall on concordia.

Figure 4-3 Sample of zircon analyses of R22020 of the Mullions Range Volcanics under
cathodoluminescence. * = poor analysis due to Pb contamination. Not all analyses shown.
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Twenty analyses were undertaken for sample R22016 of the Bay Formation, primarily
targeting magmatic oscillatory zoning of zircon crystals (Figure 4-4). They yielded
206Pb/238U

ages from ~311 to ~431 Ma, outside of analytical error. Data analysis aided

by a probability distribution diagram (Figure 4-7) allowed for the removal of analyses
that indicated some loss of radiogenic Pb or zones of recrystallisation. Zircons for the
Bay Formation yielded a weighted mean 206Pb/238U age of 411.4±5.1 Ma (n=14, MSWD =
0.85). No analyses were made of recrystallised zones as recrystallisation was
uncommon in these zircons. Reliable analyses of inherited cores that fell within error of
the concordia yielded ages of 516±13 Ma and 580±11 Ma, recording CambrianNeoproterozoic material within melt region or in the crust during magma ascent.

Figure 4-4 Sample of zircon analysis zone of R22016, Bay Formation under cathodoluminescence imagery. *
= poor analysis due to Pb contamination. Not all analyses shown.

63

Figure 4-5TeraWasserburg concordia diagram and cumulative distribution plot of the zircon age
dates for the Canowindra Volcanics. Created using the ISOPLOT Excel software of Ludwig (2003).

64

Figure 4-6 TeraWasserburg concordia diagram and cumulative distribution plot for the zircon age dates
of the Mullions Range Volcanics. Created using the ISOPLOT excel software of Ludwig (2003).
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Figure 4-7 TeraWasserburg concordia diagram and cumulative distribution plot of the zircon
age dates for the Bay Formation. Created using the ISOPLOT Excel software of Ludwig (2003).
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Sixteen analyses were conducted on the basal unit of the Dulladerry Volcanics, sample
R22010, the Warraberry Member, with emphasis placed on targeting zones of
oscillatory growth zoning (Figure 4-8). The spread of 206Pb/238U ages was ~351 to 387
Ma. Use of a probability distribution diagram (Figure 4-10) allowed for the inspection of
data to remove analyses outside of analytical error. Four of analyses were rejected for
determining a mean magmatic age due to recrystallisation, incorrect positioning of
analyses and complex zoning of crystals (Figure 4-8). Removal of poor analyses yielded
a weighted mean 206Pb/238U age of 377.3±4.7 Ma (n=12, MSWD = 0.60). No cores or
zones of secondary recrystallisation were analysed.

Figure 4-8 Sample of zircon analysis zones of R22010, Dulladerry Volcanics; Warraberry Member,
under cathodoluminescence. * = poor analysis. Not all analyses shown.
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Twenty zircon analyses were undertaken for the top unit of the Dulladerry volcanics,
sample R22003, the Coates Creek Member, targeting both zones of recrystallisation and
magmatic oscillatory zoning (Figure 4-9). After inspection of a probability distribution
diagram (Figure 4-11), three analyses were rejected due to 206Pb/238U age
measurements being apparently young, as a result of loss of radiogenic lead. From this
model, oscillatory zones yielded a spread of 206Pb/238U ages ranging from ~375 to 398
Ma with a mean weighted 206Pb/238U age of 385.4±5.1 Ma (n=9, MSWD = 0.97). Analyses
that were targeted on recrystallised grains (Figure 4-9) yielded 206Pb/238U ages ranging
from 376 to 412 Ma with a mean weighted age of 387±12 Ma (n=7, MSWD = 1.6),
indicating an indistinguishable age to that of magmatic crystallisation.

Figure 4-9Sample of zircon analysis zones of R22009, Dulladerry Volcanics; Coates Creek Member,
under cathodoluminescence. * = poor analysis due to lead loss or contamination. Not all analyses
shown.

Zircon ages of the Dulladerry Volcanics agreed within error with previously published
age dates with all units. Zircon ages of the Bay formation showed good agreement with
published age dates well within error. The Canowindra Volcanics also showed good
agreement between ages derived from this study and previously published ages. The
Mullions Range were revealed to be much older (~9 million years max.) that previously
published age dates. A summary of published and yielded age dates of units see Table 1.
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Figure 4-10 TeraWasserburg concordia diagram and cumulative distribution plot of zircon ages of the
Warraberry Member; Dulladerry Volcanics. Created using the ISOPLOT Excel software of Ludwig (2003)

69

Figure 4-11 TeraWasserburg concordia diagram and cumulative distribution plot of zircon ages of the
Coates Creek Member; Dulladerry Volcanics. Created using the ISOPLOT Excel software of Ludwig (2003)
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Table 1 Comparison of U-Pb zircon ages previously published and results of this study.
Published ages compiled in Pogson and Watkins (1998) and Scheibner (1998)

4.3.3 SULFIDE INCLUSIONS
Sulfide inclusions were identified within zircons of all the rock units sampled, see Figure
4-12. All sulfide inclusions were incorporated into the magmatic growth rims and/or
bodies of zircon crystals (e.g. Figure 4-1; 18), no inclusions were found in inherited
cores or zones of recrystallisation. Inclusions ranged in size from ~60 µm to ~10 µm
with rounded edges in globular morphologies. Some individual inclusions contain two
phases, with the precursor sulfide melt separating into dominant compositions (e.g.
Chalcopyrite and Pyrite). Sulfide inclusion analysis determined compositions of pyrite,
pyrrhotite and chalcopyrite. Ilmenite, apatite and quartz inclusions are also present.
During SHRIMP U-Pb zircon analysis a number of pyrrhotite inclusions were targeted
with the ion microprobe for reconnaissance analyses to determination of Pb isotopic
abundances. Analyses of sulfide inclusions within the Canowindra Volcanics (n=4)
revealed no 204Pb counts. This indicates that there was likely no native lead in the
source melt at the magmatic stage and that lead mineralisation seen in the later stage
vein works of the volcanics was hosted within buried sedimentary units where clay
minerals trapped lead and hydrothermal source fluids later precipitated metals in veins.
The greater significance of sulfide inclusions in magmatic zircons is yet to be
determined as the phenomenon is entirely unexplored within the literature. The use of
SHRIMP technology provides a tenable tool for Pb isotope investigations, such as in this
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study, during U-Pb-Th isotopic analysis of host zircons. Isotope analysis of Pb in sulfides
trapped in zircon crystals has implications in determining the source and timing first
stages of mineralisation in a system and records the minerals in fluid phases at the time
and temperature of zircon crystallisation.
Compositions of sulfide inclusions were determined with the use of a JOEL scanning
electron microscope. Inclusions were analysed with the aid of energy dispersive
spectrometry (EDS) of which an example analysis is shown in Figure 4-13. EDS allows
for elemental molar percentage to be determined which correlates to mineral
compositions allowing for determination of sulfide and mineral inclusions.

Figure 4-12 Reflected light microscopy images of sulfide inclusions (bright reflective inclusions within crystal) ; A:
Pyrrhotite and chalcopyrite sulfide incluisons of the Bbay Formation (oval shaped pits top of frame are zones of
analyses of SHRIMP ion beam analysis), B: Pyrrhotite within zircon of the Mullions Range Volacnics, C:
Chalcopyire+Pyrrhotite within zircon of the Warraberry Member of the Dulladerry Volcanics, D: Pyrrhotite within
zircon of the Canowindra Volcanics. Cross cutting grooves resulted from abrassive polish post-analysis.
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Figure 4-13 An example analysis of a sulphide inclusion within a zircon crystal of the Canowindra Volcanics. Results
display the zone of analysis, the EDS and resulting elemental abndance observed. This analysis corresponds with the
inclusion displayed in Figure 4-12 D, and reveals near half Fe and S composition for the inclusion which is consistent
with pyrrhotite.
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4.4 INTERPRETATION
The Canowindra Volcanics in the eastern sub province of the Lachlan Orogen represent
an example of the earliest onset of felsic volcanism for the orogen. The timing of
emplacement coincides with later stages of the Benambran orogenic event (ca 433 Ma)
in the eastern Lachlan Orogen. Inherited cores within zircons indicate an ancient
Meso/Neo-Proterozoic crustal component contributing to the ascending magma. The
emplacement of the volcanics and their intrusive equivalent the Cowra Granodiorite
mark the end to the Benambran Orogeny and the beginning of S-type magmatism in the
Lachlan.
Age of recrystallisation of zircons of the Canowindra Volcanics falls close to the mean
age of igneous crystallisation for the unit. This suggests that recrystallisation likely
occurred in a late magmatic hydrothermal stage and not as the result of a later,
unrelated, major tectonic deformation or reheating event. Multiple analyses of sulfide
inclusions in zircons of the Canowindra Volcanics revealed no detectable common lead.
This suggests that any lead mineralization present was derived from the input of metal
enriched fluids as soluble lead from an external source, typified in the later quartzcalcite controlled vein systems of the unit, and was not present at time of crystallisation,
unlike the Cu and Fe sulfides.
New zircon analyses of this study reveal the Mullions Range Volcanics to be of similar
age (~432 Ma) to the Canowindra volcanics (~432 Ma) indicating that they formed
coevaly in the Early Silurian. These ages coincide with the crystallisation age for the
Carcoar Granodiorite (~434 Ma, Lennox et al. 2005), an I-type intrusion that was
emplaced into Ordovician aged Macquarie Arc mafic rocks that outcrop between the
two centres for these felsic volcanics. Together, these age constraints imply that felsic
magmatism occurred across the Molong Volcanic Belt of the Macquarie Arc in the Early
Silurian at the later stages of the Benambran Orogeny. The Carcoar Granodiorite
represents a magmatic body that has stalled and crystallised during assent through the
crust at a depth of 6.0±2.6 km (hornblende crystallisation depth, Müller et al. 2002).
Outcrop of all of these units now suggests that extensive exhumation of material over
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the Macquarie Arc has occurred to reveal the Carcoar Granodiorite intrusion, whereas
the volcanic and sedimentary carapace of the Mullions Range Volcanics and the
Canowindra Volcanics are still present to the east and west respectively.
Zircons of the Bay Formation yielded a mean age of ~411 Ma, constraining the age of
the formation to the very earliest Devonian. A mean age of ~411 Ma for the Bay
Formation is marginally younger than surrounding volcanic formations (~432, Mullions
Range Volcanics) and both are spatially correlated, suggesting these volcanics as a
potential source of material for the formation. The high proportion of fragmented
zircons supports a fluvial to mass flow style of deposition with a number of zircons also
showing pitting and fractures.
Zircons of the Bay Formation contain a high proportion of sulfide inclusions compared
to other units potentially as a result of multiple volcanic sources concentrating sulfide
hosting zircons in the sedimentary units. A number of these sulfide inclusion contained
chalcopyrite globules, indicating the likelihood of a more mafic Cu rich volcanic
contributor to the material of the Bay Formation.
Zircon age dates constrained the age of the Dulladerry Volcanics to between 376±4 Ma
and 385.4±5.1 Ma consistent with a Middle Devonian range for the formation. Earliest
volcanic activity in the Dulladerry began with eruption of volcaniclastics and
ignimbrites of the Warraberry and Curumbenya Ignimbrite Members (377±5 and
376±4 Ma respectively). These members are interpreted as the very last phase of felsic
volcanism in the Lachlan Orogen and constrains the termination of tectonic processes
generating volcanic activity within the Dulladerry rift zone (Collins 2002a; Collins
2002b) before the extensive sedimentation of basins and troughs occurred and
deposition of the overlying Sydney Basin rocks.
The age determinations reveal that, within error, the volcanic packages developed over
~18 million years, spanning the late Middle Devonian and Late Devonian before
deposition of sedimentary Red Beds. The Coates Creek Member for the formation
yielded an age of 385.4±5.1 Ma, contrasting to the relative stratigraphic position of it at
the top of the Dulladerry Volcanics, in contact with overlying Upper Devonian Red Beds
of the Hervey Formation. All ages fall within error of one another (between ~372 to 390
Ma). It is possible that the published date of 376 ± 4 Ma could be up to 1.1% (~3.8 Ma)
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too young relative to calibration against TEMORA 1 standards due to a systematic
relative calibration error from using standard SL13 (Black et al. 2003). If this is the case,
it is suggested that the Curmbenya Ignimbrite Member is older than reported and more
in accordance with ages of this study for the Coates Creek Member of approximately
380 Ma. Regardless of this, all samples of the Dulladerry Volcanics still fall within error
and suggest prolonged volcanism in the Dulladerry Rift Zone (Collins 2002b; Collins
2002a) after onset during the Late Devonian.
The ages of zircon crystallisation from the Canowindra Volcanics through to the
Dulladerry Volcanics reflects the extensive tectonic history of the eastern Lachlan
Orogen through the Early Silurian to the Late Devonian. Periods of volcanic activity are
interrupted by collisional orogenic deformation of the Bowning-Bindian (Early
Devonian) and Tabberabberan Orogenies (Middle Devonian). Indications from the Bay
Formation suggest that volcanism may have continued through the mid Silurian into the
Lower Devonian on the western flank of the Hill End Trough.
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5 PETROLOGY
5.1 INTRODUCTION
The aim of this section is to characterise and describe the main lithologies and
geochemistry of representative felsic volcanics within the region. An understanding of
the petrology of felsic volcanics can allow for the interpretation of environment of
emplacement and tectonic setting i.e. back-arc, slope, shallow marine etc. Petrography
allows for the identification of primary mineral and textural assemblages of rock units
which can indicate processes active at the time of emplacement of during the melt phase
of the rock. Geochemistry can allow for the discrimination of rocks into classification
diagrams. Authors such as Pearce et al. (1984) and Winchester and Floyd (1977) have
used immobile trace elements to classify volcanic rocks and magma series’ using
immobile trace elements. For location of rock units and sample locations, see Figure 1.1

5.1.1 THIN-SECTION PETROGRAPHY
Twenty six polished thin sections were prepared at the University of Wollongong for
petrological description and analysis. No stains were used in the preparation of thin
sections. Analysis of thin sections was conducted using a LEICA DM 2500 petrological
microscope mounted with a LEICA DFC400 camera for thin section micrograph imagery
to identify primary mineral assemblages, textures and zircon crystal abundance.
Specific alternate polished thin sections from sample R22022 of the Canowindra
Volcanics were prepared and analysed for use in ore mineral identification and
micrograph imagery. Thins sections were examined and photographed under; plain
polarised light (PPL), cross polarised light (XPL) and reflected light.

5.1.2 GEOCHEMISTRY
Methodology
Geochemistry of this investigation made use of both major and trace element analyses
(Table 2). Major elements comprise the majority of any rock type with trace elements
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representing those that are concentrated less that 0.01%. Loss on ignition was
measured to account for the volatile content of the rock including H2O, CO2 and S. While
major oxides make up the bulk composition of rock trace elements swapping out for
these elements in minerals allows for interpretation of petrological processes affecting
the melt. Trace element variations are simple to account for and non-essential to phase
relations of magmas and therefore play a passive role in the magma (Philpotts & Ague,
2009).
Twenty six samples of fine powder were prepared for whole rock geochemical analysis
using a TEMA steel-chromium ball mill for initial crushing of rock samples. Further
grinding was done using an agate mortar and pestle to refine samples to very fine
powder for fused glass buttons and major element analysis. Chromium trace element
results were disregarded due to the likely contamination from use of the steel-chrome
ball mill.
Fine powders of rock samples were prepared for trace element analysis. Between 5.255.30 mg of powder was combined with 8-9 ml of dilute PVA alcohol solution and mixed
in a clean disposable cup. Samples were placed into small aluminium cups placed into a
plunger and pressed under 2500 psi pressure to form pressed pellets. Samples were
then placed into an oven at 70 ⁰C for 2 hours to dry and weighed after the scales were
calibrated for aluminium cups. Sample weights were recorded in grams to 2 decimal
places.
Loss on ignition was calculated for each sample with 1 g of powder being weighed out
and dried in moisture free crucibles in a furnace for 2 hours at 1050 ⁰C before final
weighing to determine total loss on ignition.
Fused buttons for major element analysis of rock samples was conducted by combining
approximately 2.4 g of sample with approximately 300 mg Lithium Metaborate flux in
platinum crucibles. Samples were heated slowly (~70 ⁰C/min) until 970 ⁰C and sample
melt was achieved. Ammonium Iodide NH4I pellets were added to each sample. Molten
samples were poured onto clean graphite disk and pressed into flat glass buttons under
aluminium plunger. Glass buttons were then left to anneal on hot plate ~240 ⁰C for 2
hours then lower temperature overnight before cooling, XRF analysis was then
completed.
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Analysis was performed on a SPECTRO XEPOS energy dispersive polarization X-ray
spectrometer with a 50 Watt Pd end-window tube for excitation. A range of polarization
and secondary targets were utilised to optimise excitation conditions for different
elements. A wide range of natural and synthetic standards were used for calibration.

Classification, Nomenclature and Discrimination
Geochemistry has long been used to classify the tectonic setting of granitic and
associated volcanic rocks, using trace element and major oxide compositions. Trace
element relationships have been used effectively to classify, characterise and
discriminate igneous rocks (Pearce et al. 1984; Whalen et al. 1987; Winchester & Floyd
1977). Classification of felsic volcanics of the Lachlan Orogen allows for the
interpretation of tectonic setting via the use of discrimination diagrams. Rocks of the
study (excluding sedimentary units of the Dulladerry Volcanics) are classified using
immobile elements Nb, Y, Zr and the major oxide TiO2 the plot of Winchester and Floyd
(1977) (Figure 5-1). Rocks of the Mullions Range Volcanics and Canowindra Volcanics
plot similarly to one another in the Rhyodacite/Dacite field. The co-magmatic eruption
of the Cowra Granodiorite with the Canowindra Volcanics is emphasised by their close
proximity on the plot. The Bay formation displays a contrasting characteristic in
composition classified as rhyolite/rhyodacite in sample R22014 and R22016 and
andesite in sample R22015.
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Figure 5-1 Plot of Winchester & Floyd (1977)showing basic classification of all rocks of the study.
Volcanic samples of the Dulladerry Volcanics, Coates Creek and Warraberry members (R22004,
R22005, R22009, R22010) plot close to the rhyolite but are driven into the comendite/pantellerite
(Com/Pant) field by their fractinated intraplate A-type geochemistry, see section 5.5.2. Rocks of the
Bay Formation (R22014-16) show contrasting classification between rhyolite-rhyodacite/dacite
field and andesite field. Rocks of the Mullions Range Volcanics (R22017-20), Canowindra Volcanics
(R22021-23) and Cowra Granodiorite (R22024) plot closely together in the rhyodacite/dacite field.
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Table 2 Whole rock XRF geochemistry results for each unit of the study. Trace elements below detection limit were
excluded: Mo, Sb, Te I, Hg, Bi, Se, Br. Total iron expressed as Fe2O3. Catalogue: University of Wollongong catalogue
number.
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Figure 5-2 Multiple plots comparing major oxides and selected trace elements to SiO 2 for all samples of the study. See
Appendix 3 for full sample table explaining samples and formations.
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Investigations into tectonic settings of emplacement are developed by the
interpretations of magma chemical compositions which commonly relate to the
environment of magma formation. Trace element geochemistry has been used
effectively throughout the Lachlan Orogen to characterise the source materials and
magma evolution of granites and associated volcanic rocks (Wyborn & Chappell 1986;
Wyborn et al. 1981; Chappell et al. 1988; McCulloch & Chappell 1982; Chappell & White
1992).
While petrography allows for the major identification of rock type and classification
minor distinctions and variable properties of igneous rock require the investigation of
geochemistry to constrain significant characteristics. Figure 5-2 shows multiple plots of
the major oxides and two trace elements of all samples of this study compare to the
relatively stable SiO2. Major oxides show typical evolving magma trends where Fe and
Mg decrease with silica as mafic crystal phases are removed. Zircon compared to silica
is shown to compare the relative stability of the incompatible element where zircon
remains relatively stable bar a few samples where increase is related to unique evolved
geochemistry, see section 5.5.2.

Rhyolite/Rhyodacite
Rhyolites, rhyodacites and dacites are typically the dominant volcanic products of arc
systems (Mortazavi & Sparks 2004). Most often volcanic rocks are classified using the
total alkali versus silica (TAS) diagram, here after the work of Le Bas et al. (1986) and
modified by Le Maitre et al. (2002). A range of magma compositions are plotted along
the TAS diagram with more evolved magmas plotting from right to left with increasing
silica content. The TAS diagram shown in Figure 5-3 displays all rocks of the study
indicating a range of compositions between the various units.
Rhyolites contain a high SiO2 concentration (~70 wt %) and varying amounts of Na2O +
K2O, they are classified as acid volcanics and are deemed the eruptive equivalent of
granitoid intrusives. Commonly large volatile phases will exsolve during magma/lava
ascent creating highly explosive eruptions. Rhyolites can exhibit a range of textures
from glassy, aphyric to phyric/porphyritic. Based on petrography, preliminary
classification of felsic volcanic units of the Dulladerry Volcanics are deemed to be
rhyolites.
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Rhyodacite volcanics are calc-alkaline, intermediate in composition between dacite and
rhyolite and is the volcanic equivalent of granodiorite. Typically SiO2 content is
relatively lower than rhyolites, approximately 60 wt%, as true dacite magmas are less
evolved and rhyodacite represents the evolution between the two. Rhyodacites can
potentially indicate mixing of more mafic melts within the mantle wedge (Mortazavi &
Sparks 2004).

Adakites
The term adakites was first used by Drummond and Defant (1990) to describe
intermediate felsic volcanic rocks (i.e dacites) which have geochemical signatures that
are derived from the partial melting of basalts subducted in oceanic slabs at convergent
margins. Normally melts will be generated as the subducting slab is subject to
increasing pressure/temperature gradients causing the slab basalts to undergo
metamorphism and initiate the release of fluids from hydrous phases of minerals. Rising
fluids then initiate partial melting of the mantle wedge where magmas are formed and
rise through the wedge into the arc experiencing varying degrees of interaction and
contamination. Drummond and Defant recognised that when young oceanic crust
arrived at subduction zones of convergent margins, thermal gradients were generally
higher when compared to mature oceanic crust away from spreading ridges and that
the higher temperature of the slab initiated partial melting of basalts rather than the
overlying mantle wedge.
The term adakite currently covers a range of rock types from pristine adakite slab melts
through to hybrid adakite-mantle (peridotite) and mantle wedge melts metasomatised
by subducting basalts, meaning that classification is dominantly constrained on
geochemistry. Current classifications of adakites are centred on the use of Sr/Y ratios
and low Y discriminations where distinct fields identify adakite signatures. Castillo
(2006) summarises the main geochemical characteristics of adakite petrogenesis (Table
3) with the processes responsible.
In many arc environments adakites have been associated with mineralisation in
precious and base metal epithermal and porphyry deposits (Thieblemont et al. 1997;
Defant & Kepezhinskas 2001; Wang et al. 2005). This association places further
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significance on adakites and their petrogenesis in terms of their exploration potential
and the possibilities that surround these rocks as exploration targets.
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Characteristic

Links to Subducting Slab

High SiO2 (≥56 wt%)

High P melting of eclogite/garnet amphibolite

High Al2O3 (≥15 wt%)

High P melting of eclogite or amphibolite at ~70 wt% SiO 2

Low MgO (<3 wt%)

Primary melt not derived from mantle peridotite

High Sr (>300 ppm)

Melting of plagioclase or absence of plagioclase in the
residue

No Eu anomaly

Either minor plagioclase residue or source basalt
depleted in Eu

Low Y (< 15 pmm)

Indicates garnet as a residual or liquidous phase

High Sr/Y (>20)

Higher than is produced in normal crystal fractionation;
indicative of garnet and amphibole as a residual or
liquidous phase

Low Yb ( <1.9 ppm)

Low HREE; indicating garnet as a residual or liquidous
phase

High La/Yb (>20)

LREE enriched to relative HREE; indicative of garnet as a
residual or liquidous phase

Low HFSE's (Nb, Ta)

As in most arc lavas; Ti-phase or hornblende in the source

Low 87Sr/86Sr (< 0.0704)

As with normal-MORB signature

Table 3 Geochemical characteristics of adakites
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Figure 5-3 TAS diagram after (Le Bas et al. 1986; Le Maitre et al. 2002). Felsic volcanics predominantly
plot within the rhyolite and border dacite fields.
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5.2 CANOWINDRA VOLCANICS
5.2.1 PETROGRAPHY
Investigations of the Canowindra Volcanics were aided by the current workings of Gold
and Copper Resources, Lucknow. Core through the Canowindra Volcanics was
investigated along with several polished thin section slides. Samples described were
sourced from core approximately 239 m depth in the dominant felsic lava seen
throughout the Canowindra Volcanics. The Canowindra Volcanics are mainly comprised
of rhyolitic to rhyodacitic quartz-feldspar porphyritic lavas. Coarse quartz + feldspar +
biotite felsic flows are most common with few minor volcaniclastics, breccias and
siltstones present. Some lavas of the Canowindra Volcanics contain cordierite and are
sparsely garnetiferous.
Quartz phenocrysts (15-20%) (Figure 5-8) are mostly rounded and resorbed into melt
with majority of crystals displaying embayments and inclusions as a result of
reabsorption or rapid crystal growth trapping silicate melt fluid that has formed
groundmass. Majority of quartz phenocrysts were between 1 and 4mm with few grains
>5 mm across. Extinctions of quartz phenocrysts in thin section is sporadic and
irregular within crystals due to strain. Plagioclase crystals (10-20%) within the
volcanics are all affected by some form of alteration predominantly sericite alteration
focussed around pitting and fractures within the crystals and simple twinning is also
commonly observed (Figure 5-6). Biotite phenocrysts (5-10%) are nearly all affected by
chlorite alteration to varying degrees with majority of crystals being 0.2-2 mm across
(Figure 5-5). Groundmass of the Canowindra Volcanics is predominantly comprised of
fine grained quartz-feldspar intergrowths with a number of glass xenoliths.
Metal mineralisation within the Canowindra Volcanics is almost exclusively hosted
within multi-phase cross cutting quartz + carbonate vein assemblages. Common sulfides
include chalcopyrite, galena and pyrite with some gold occurrences recorded for the
unit. Chalcopyrite blebs are mostly <2 mm with few observed in sample >4 mm. Galena
occurs with and independent of chalcopyrite with strong cubic form and strong
cleavage. Chalcopyrite and galena occurs almost exclusively within veins amongst
coarse quartz crystal and calcite assemblages (Figure 5-7). Well-formed recrystallised
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pyrite forms elongated stringer paths (possibly reworked with unit flow), present
predominantly within the host rock in proximity to stockwork veining. Veins often
display iron staining and iron stained carbonate selvages (Figure 5-4).
Vein systems in the volcanics are common and are developed throughout the unit along
the north-south strike of the unit. Vein systems are dominantly hydraulic breccias
through rhyolitic lavas with almost complete destruction and alteration of host rock at a
number of locations within the unit. Faults through the volcanics are associated with
intense chlorite alteration.

Figure 5-4 Examples of multiple cross cutting vein generations through highly quartz-sericite
altered porphyritic rhyodcaite of the Canowindra Volcanics. . Top image shows iron staining
and selvages of iron stained carbonate around vein edges Porphyritic host rock has been
hydraulically brecciated in bottom image. Scale measures centremeters.
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Ep

Bt
Chl

Ser
Figure 5-5 Heavily chlorite (Chl) + epidote (Ep) altered biotite (Bt), common within the
Canowindra Volcanics. Substantial sericite (Ser) alteration affecting plagioclase phenocryst is
seen in the left of frame. XPL (Sample R22022)

Qtz

Pl

Ser

Figure 5-6 Quartz (Qtz) crystal with large embayment possibly due to gas bubble in the melt
phase. Sericite (Ser) alteration affects plagioclase (Pl) around pits and fractures. Plagioclase
90
shows simple twinning. XPL (Sample R22022)

Qtz
Pl
Qtz

Figure 5-8 Large rounded phenocryst of quartz with strained termination within crystal. Groundmass is
secondary sericite and biotite with quartz and plagioclase. XPL (Sample R22022)

A

C

B

D

Figure 5-7 Mineralisation within the Canowindra Volcanics under reflected light hosted within quartz
carbonate veins assemblages is predominantly chalcopyrite (Ccp) and galena (Gn). A: Chalcopyrite and galena
blebs in contact within vein. B: Distinct Cleavages of galena crystal. C: Disseminate pyrite is common proximal
to veins and shows good cubic structure. D: Typical vein assemblage of quartz (Qtz) and calcite (Cal) under
XPL.

91

5.2.2 GEOCHEMISTRY
SiO2 is relatively immobile in the Canowindra Volcanics and concentration ranges from
65.63 to 70.32 wt%, mildly low for typical rhyolites. SiO2 signatures range into dacite
concentrations (65-69%) giving the classification of rhyodacite. When silica is plotted
against other major oxides Al, Mg and Fe decrease with increased SiO2 content. Sodium
concentration ranges from 1.62 to 2.64 wt% and shows an increase with SiO2
concentration. Ca, Ti, K and P show a scatter of results with no trend indicating various
petrological processes affecting the unit. Al2O3 in the Canowindra Volcanics averaged
14.40 wt%, the highest of all felsic units sampled.
Trace element geochemistry of the Canowindra Volcanics produced a number of trends
and results to be interpreted. Barium concentration increased with that of SiO2 ranging
from 474 to 578 ppm. Zirconia within the Canowindra Volcanics remained stable
despite the various samples selected ranging from 174 to 176 ppm. Rubidium ranged
from 131 to 193 ppm and Sr ranged from 121 to 150 ppm. Sulphur ranged from below
the detection limit (<2 ppm), expected for sample R22021 due to exposure, to 599 ppm
from core proximal to mineralisation which also recorded highest Zn at 102 ppm.
Sample R22023 recorded 215 ppm S. Cu in the samples ranged from 2 ppm (Sample
R22021) to 22 ppm in core (Sample R22022). In CIPW norm the Canowindra Volcanics

recorded corundum (4.54%) as a present mineral.
Silica concentration within the Cowra Granodiorite is 69.56 wt%. Major oxides of Ti, Mn,
Mg and Fe are less concentrated within the Cowra Granodiorite compared to the
Canowindra Volcanics. Slightly above average weight percentages compared to the
Canowindra Volcanics are recorded for Ca, K and P oxides. Trace element
concentrations for the Cowra Granodiorite show correlations and relationships with the
Canowindra Volcanics suggesting co-magmatism. Sulfur in the Cowra Granodiorite is
below detection at <2 ppm suggesting a later contribution of S to the volcanics, possibly
sea water. Waight et al. (2001) have described a number of minor geochemical enclaves
within the Cowra Granodiorite trending towards more andesitic in composition,
speculating that these enclaves represent a hybridised mafic magma that may have
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pooled at the base of the Cowra magma chamber before being injected. The possibility
of a minor mafic contribution to the Cowra Granodiorite and Canowindra Volcanics is a
plausible explanation for marginally lower SiO2 wt% compared to other felsic volcanics
of the study, driving compositions toward rhyodacite to dacite classification (Figure
5-3).

5.2.3 INTERPRETATION
The Canowindra Volcanics represent the volcanic equivalent of an S-type felsic intrusive
likely erupted in a sub-aerial to sub-aqueous environment during the Early Silurian at
around 432 Ma. Submerged setting of emplacement is supported by the inclusion of
limestone units in the bounding units of the formation. The Canowindra Volcanics are co
magmatic with the Cowra Granodiorite supported both, in similarity of petrology
(mineralogy and chemistry) between the units, and stratigraphically where the Cowra
Granodiorite intrudes the volcanics. The volcanics are conformably erupted over a
series of shales and mudstones (Gospel Oak Shale) with a number of minor fossiliferous
limestone units interspersed and are overlain by further shales and mudstones (Avoca
Valley Shale). This stratigraphy suggests the Canowindra volcanics was erupted into a
shallow marine environment with potentially deeper water conditions occurring where
interbedded lithic sandstone mass flow deposits are observed toward the south of the
north trending belt.
Chappell and White (1992) attribute high Ba concentrations to extended crystal
fractionation within S-type granites of the Lachlan Orogen (average= 440 ppm, n=704)
due to its nature as a lithophile element and subsequent concentration in felsic magmas
at the later stages of crystallisation. Ba concentration is high in the Cowra Granodiorite
and higher still in the Canowindra Volcanics suggesting some extended crystal
fractionation has occurred within the units and Ba is concentrated in the melt phase.
The porphyritic nature of the Canowindra Volcanics, observed in thin section where
dominant phenocrysts are rounded and strained quartz crystals, suggests some residual
crystals carried in melt from the co magmatic Cowra Granodiorite adding to the
argument for fractionation.
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The S-type characteristics of the Cowra Granodiorite and Canowindra Volcanics are
emphasised where Rb is concentrated in fractionation liquid phases and late stage
substitution into K-feldspars, Rb is also concentrated in clay minerals indicating a
mature sedimentary source of the met. Sr concentrations are also indicative of source
rock material for S-type granites and associated volcanics, where Sr, along with Ca0 and
Na02, is lost in solutional weathering of feldspars. Ca and Sr are likely incorporated into
limestones such as those interbedded with the volcanics and surrounding shales, Na is
likely dissolved in seawater of the surrounding shallow water environment. Indications
are likely that volcanic rocks depleted in Sr have been sourced from the partial melting
of buried components that have undergone extended weathering. This supports a
buried Ordovician sedimentary source for the Cowra Granodiorite and Canowindra
Volcanics. Al2O3 saturation is the result of low K, Ca and Na concentrations in S-type
rocks and a division is derived between general I-type and S-type compositions in
regards to Al2O3 as >1% normative corundum, where the Canowindra volcanics exhibit
4.54%, indicating a Al2O3 saturated source material and placing the volcanics within the
S-type classification compared to I-type compositions.
Sulphur concentrations correlate with sample type, high sulphur concentration was
recorded in core proximal (~30m) to vein hosted sulfide mineralisation where
accessory pyrite was common (R22022), moderate concentration was detected in fresh
sample (R22023) where cordierite was observed in hand specimen and lithology
reflected that of typical assemblage through the whole volcanics, sulphur below
detection limit was recorded in a sample of float (R22021) and is likely the result of
dissolution due to weathering. Importantly S concentration in the Canowindra Volcanics
is an important indicator for the unit to act as a suitable host rock for mineralisation
and for metal bearing fluids to precipitate economic sulfides. Mineralised vein
assemblages observed throughout the Canowindra Volcanics are strongly indicative of
metal rich fluids precipitating sulfides post migration, likely due to the sulphur
contributions of the host rock porphyry.
The Canowindra Volcanics represent the extrusive equivalent of the Cowra Granodiorite
where the intrusive component has undergone some crystal fractionation and volcanic
components have maintained some restite material, contributing to the porphyritic
nature of the rock. Geochemistry indicates a predominantly mature buried sedimentary
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component for the source rock material of both units, likely Ordovician turbidite
sequences of the Adaminaby Group.
Mineralisation in the Canowindra Volcanics shows more epithermal/orogenic
signatures compared to other regional mineralisation types such as VMS or structurally
controlled deposits like those of the Mullions Range Volcanics. Mineralisation is
exclusive to high quartz/calcite vein assemblages with minor sulfides occurring
proximal to veins indicating that mineralisation was predominantly related to the
injection of metal rich fluids into the porphyritic host rock assemblage. The age of the
Canowindra Volcanics, and other S-type units of the region, correlates well with the late
stages Benambran orogenic event providing a potential tectono-metallogenic reference
for genesis of mineralising fluids via heat influx into the magma chamber. Indications of
more andesitic material into the co-magmatic source pluton suggest a source for Cu
metal enrichment in the melt with Pb likely being inherited from clay rich sedimentary
source in crust. Sulphur contributions to the host rock are likely from sea water but
require the addition of S isotope analysis to confirm a source. Zircon data suggests that
no significantly later stage tectono-thermal event has affected the unit, supporting
interpretations of an epithermal source to mineralisation, potentially from an injection
of hot magma into a cooling magma chamber.
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5.3 MULLIONS RANGE VOLCANICS
5.3.1 PETROGRAPHY
Similar to the Canowindra Volcanics, units of the Mullions Range Volcanics consist
primarily of porphyritic minor flow banded rhyolite to dacitic lava flows with minor
interbedded ashfalls, sandstones, volcanic breccias and volcaniclastics. Samples
analysed, taken from the west of the Copperhania Fault, are coarse plagioclase + quartz
+ biotite porphyries with a fine grained groundmass. Flow patterns are common within
the volcanics (Figure 5-12), obvious in the growth patterns and structure of fine grained
groundmass. Phenocrysts are generally quartz and alkali feldspar.
Quart phenocrysts (20-25%) are predominantly sub rounded with embayments,
resorbed edges, filled fractures, trapped inclusions of silicate groundmass likely the
result of rapid growth and patchy extinction due to strain (Figure 5-9). Crystals range
from 0.05 mm to ~4 mm and average 2 mm across with few larger phenocrysts >4 mm
across. Plagioclase (~25-30%) forms large phenocrysts commonly 0.2-2 mm across
with a number of larger phenocrysts 4-5 mm across. Almost all plagioclase in the
Mullions Range Volcanics is affected by sericite alteration focussed around pitting and
fractures (Figure 5-12). Crystals commonly show simple twinning and are almost all
fractured. Biotite of the Mullions Range Volcanics (~10%) is always affected by some
degree of chlorite alteration and crystals are highly deformed and irregular (Figure
5-10). Average size of crystals is 0.5-2 mm with few to none exceeding 3 mm. most
crystals are fractured and jigsaw fit with flow patterns and groundmass filling voids
between fragments. Pyrite is common within groundmass, crystals are mostly <50 µm
across with majority of crystals appearing reworked or destroyed due to internal flow
(Figure 5-10, Figure 5-11).
Groundmass is predominantly fine grained quartz biotite and plagioclase with some
muscovite present and minor amounts of volcanic glass. Volcanic glass shows minor
devitrified rims and majority of crystal textures have been destroyed by either
recrystallisation, flow patterns or minor welding in some samples.
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Figure 5-9 Fine grained quartz- biotite- sericite groundmass with late flow patterns
around sub rounded, embayed and strained quartz phenocrysts. Fine biotite is
common is groundmass and plagioclase is affected by sericite alteration. XPL
(Sample R22020)

Ep

Bt

Chl

Figure 5-10 Common chlorite and epidote alteration minerals forming
pseudomorphs with biotite within fine quartz groundmass in the Canowindra
Volcanics (sample R220218) XPL
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Figure 5-11 Accessory pyrite is common in the Mullions Range Volcanics (sample R22020)
internal cleavages characterise cubic system of pyrite. Main cubic structure reworked with
flow banding. Reflected light

Pl
Py

Figure 5-12 Flow textures common in Mullions Range Volcanics. Opaque sulfide (pyrite) is
stretch with flow. Minor sericite alteration of plagioclase is focussed in pits. Biotite forms
secondary mineral in groundmass with fine quartz. XPL (Sample R220219)
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5.3.2 GEOCHEMISTRY
SiO2 within the Mullions Range Volcanics ranges from 71.56 to 74.40 wt% averaging
73.5 wt% only marginally below typical rhyolite concentrations (~75%). The major
oxides of Ti, Al and Mg show minor trends; decreasing with increased SiO2
concentration. Other major oxides Na, K, P and Fe show scattering of results against SiO2
indicating various enrichment or depletion processes affecting the melt. Al2O3 in the
Mullions Range Volcanics ranges between ~12 and ~14 wt% averaging 12.87 wt%.
NaO2 is low averaging 2.17 wt% along with CaO averaging 1.48 wt% and K2O averages
5.01 wt%.
Trace element geochemistry for the 4 samples of the Mullions Range Volcanics varies
somewhat with samples having to be interpreted in combination with petrography.
Sulphur ranged from <2 ppm to 110 ppm correlating with relative higher Fe2O3, Zn, Pb
and abundance of pyrite in highest concentration sample. Average Rb was 136 ppm and
average Sr was 196 ppm. Concentrations of Ba were highest in the Mullions Range
Volcanics across all samples, ranging from 724 to 1118ppm, averaging 877ppm.
Zirconium in the Mullions Range Volcanics was relatively stable ranging from 158 to
208 ppm across all samples averaging 179 ppm. CIPW norm for the Mullions Range
Volcanics shows corundum (1.41%), ilmenite (0.97%) and magnetite (1.12%) minerals
present.

5.3.3 INTERPRETATION
Petrological similarities exist between the Mullions Range Volcanics, Canowindra
Volcanics and Cowra Granodiorite suggesting similar mantle crust interaction and
fractionation on assent of the magmas. It is likely that the two units are related to a
single regional crustal heating event that may have also contributed to the genesis of the
Carcoar Granodiorite and similar intrusives during the later stages of the Benambran
Orogeny. Both units display volcanic arc signatures after Pearce et al. (1984) and strong
geochemical affinities to one another (Figure 5-13). Similarly to the Canowindra
Volcanics high Ba concentration is considered an indicator of fractionation affecting a
magma. Ba is concentrated in the Mullions Range Volcanics as a result of fractionation
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from a more intermediate melt to a more felsic composition rising and eventually
erupting with a dominant silicate melt groundmass. More mafic-intermediate
components may be expressed in minor intrusions of more dacitic composition
magmas, identified by Hilyard (1981). S-type characteristics are supported for the
Mullions Range Volcanics with low NaO2 and CaO, high Al2O3 saturation and >1%
normative corundum (Chappell and White 1992) with a mature turbidite source likely
under the eastern margin of the Molong Volcanic Belt.
The Mullions Range Volcanics display a variety of evidence supporting a marine shallow
water, through to deeper water environment of deposition related to an extensional
tectonic setting. Interbedded limestones within the Mullions Range Volcanics and
underlying Anson Formation indicate a temperate shallow water setting grading into
deeper water carbonaceous pyrite rich siltstones and mass flow deposits. Minor
columnar jointing is observed in the unit (Pogson & Watkins 1998) indicating
quenching and deposition in an aqueous environment.
Mineralisation within the Mullions Range Volcanics is dominantly volcanogenic massive
sulfide (VMS) in stratiform lenses with minor reworked, structurally controlled, shear
zone deposits (e.g. Mt Bulga). VMS deposits are typically constrained to spreading and
subduction associated tectonic environments supporting current models for roll-back of
a west directed subducting plate to the east of the Lachlan Orogen. Common in VMS
deposits, syn-volcanic mineralisation has occurred over a large scale mound of rhyolitic
volcanics and volcaniclastic rocks. Metal concentrations within VMS deposits indicate
that the Mullions Range Volcanics likely experienced some degree of bimodal
magmatism as a source of metal and enrichment and heat convection (see Stolz et al.
1997).
VMS mineralisation and a succession of limestones, shales and turbidites provides
evidence that the Mullions Range Volcanics were deposited as a result of an extensional
lithosphere forming a pull apart basin. The stratigraphy and lithologies of the Hill End
Trough attest to the formation of a marine basin.
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Figure 5-13 Plots showing felsic volcanics and intrusive of the study. Plot after Pearce et al. (1984): Mullions
Range Volcanics: R22017, R22018, R22019, R22020, Canowindra Volcanics: R22021, R22022, R22023 and
Cowra Granodiorite: R22024 plot as VAG; Volcanic Arc Granites and syn-COLG; Syn-collisional granites. Felsic
volcanic rocks of the Dulladerry Volcanics: R22004, R22005, R22009, R22010, plot as WPG; Within Plate
Granites
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5.4 BAY FORMATION
The Bay Formation is comprised of a variety of lithological units including coarse
volcanic sandstones, fluvial sandstones, shales, schists with minor porphyritic lavas. The
most extensive, representative and consolidated units were sampled.

5.4.1 PETROGRAPHY
Samples of the Bay Formation (R22014, R22015, R22016) are dominantly felsic
volcanic derived sandstones. Components of the samples are highly variable ranging
from large fractured quartz crystals and felsic lithic fragments to minor sulfides and
mafic volcanic fragments. All samples show signs of recrystallisation with intergrowths
of secondary minerals, most commonly biotite.
Sample R22014 (Figure 5-14) is dominated by a fine grained crystal quartz-feldspar
groundmass suspending highly fractured quartz crystal and lithic fragments. Fragments
range in size from 0.1 mm to 1 mm averaging 0.2 mm. Fragments range in composition
from felsic rhyolitic to mafic (? andesitic) with strained and fractured quartz pieces
common. Iron staining is common and minor pyrite and magnetite were observed.
Sample R22016 is similar to sample R22014 in composition but appears coarser with a
larger component of lithic fragments and a coarser quartz-feldspathic groundmass. All
quartz fragments are angular, strained and fractured and range in size from 0.1 mm to 5
mm across. Plagioclase is light to moderately altered, has zoning in preserved tabular
form in larger crystals and shows simple twinning. Biotite grains are well developed
around the larger quartz grains sometimes growing into fractures and most show
moderate chlorite alteration. Majority of lithic fragments are felsic rhyolitic with a
minor component of plagioclase lath dominated mafic detritus. Groundmass is
dominated by fine grained quartz-biotite secondary crystallisation with minor
plagioclase lath fragments.
Sample R22015 (Figure 5-15) differs from other sample of the Bay Formation with a
much higher overall percentage of plagioclase. Sample R22015 is coarser than other
samples with majority of quartz and plagioclase grains ranging from 0.2 mm to 4 mm
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with most exceeding 1 mm across. Biotite growth (Figure 5-17) is more prominent in
this sample and a larger component of the rock is comprised of mafic detrital material
compared to quartz grains and felsic lithics. Iron staining is stronger in this sample with
pyrite occurring more commonly (Figure 5-16). Fractured to skeletal quartz grains
often have biotite and recrystallised groundmass intergrowths. Feldspars all display
some minor alteration and majority are deformed or destroyed.
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Figure 5-14 Recrystallised quartzose sandstone with felsic lithic fragments (Fr), strained
quartz grains, plagioclase fragments and fine grained groundmass of R22014. XPL
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Figure 5-15 Recrystallised sandstone of R22015 with majority andesitic lithic fragments (Fr)
compared to angular quartz fragments. XPL
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Figure 5-17 Large plagioclase feldspar grain with minor sericite alteration (centre) displaying
twinning at top of frame. Brown to red iron staining (Fe) is common amongst secondary
biotite regrowth between main fragments. Sample R22015. XPL

Py

Figure 5-16 Accessory pyrite has been reworked, likely with recrystallisation in sample
R22004. Reflected light
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5.4.2 GEOCHEMISTRY
Rocks of the Bay formation show distinct variation in SiO2 concentrations with samples
R22014 and R22016 displaying SiO2 concentrations of 74.02 and 74.96 wt%
respectively, approximate to typical rhyolite, contrast with sample R22015, 60.03 wt%
SiO2 typical of andesite abundance (~57-63 wt% SiO2). Sample R22015 shows high
concentrations of Ti, Mn, Mg, Fe and P against SiO2 in comparison with other samples
for the Bay Formation. Samples R22014, R22016 show lower Na2O than R22016 and
Higher K2O at 2.07 and 6.96 wt% respectively. R22015 is 9.41 wt% Fe2O3 compared to
2.67 and 1.90 wt% for R22014 and R22016 respectively.
Trace element comparisons are most contrast between samples R22014, 3 against
R22015. Sulphur is low in R22014, 3 (<2-14 ppm) compared to R22015 (136 ppm). Zn,
As and Ni are marginally more concentrated within R22015. Ba in the Bay formation is
comparatively high compare to other units and records an average of 973 ppm with a
maximum of 1807 ppm in R22016. Zirconium in the Bay Formation is relatively stable
across samples ranging 160 to 217 ppm, averaging 198 ppm. Significant variation and
lack of significant trends within the trace element analyses of the Bay Formation can be
attributed to the various petrological processes acting upon the predominantly
sedimentary rocks

5.4.3 INTERPRETATION
The Bay Formation represents coarse, volcanically derived turbidite deposition along
the western margins of the Hill End Trough in the earliest Silurian. The Bay Formation is
indicative of a movement away from the shallow water environment of the limestones
that are interbedded with the Mullions Range Volcanics into mass flow, less mature,
large sediment load turbidites.
Geochemistry of the Bay Formation displays two contrasting compositions for the main
lithologies of the formation. Samples indicate that likely source of material is rhyolitic
and andesitic volcanic detritus derived from nearby volcanic mounds (the volcanic pile
of the Mullions Range Volcanics) and intrusions. Sediments are dominated by sub
rounded volcanic quartz crystals and angular plagioclase fragments suggesting that
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sediments are relatively immature and have not undergone extensive weathering or
entrainment. This is consistent with previous published age for the Mullions Range
Volcanics (417±4 Ma, Pogson and Watkins 1998) which suggests that the silicic material
contained within the more felsic units of the Bay Formation is likely derived from these
volcanics. Early Silurian zircon ages of this study for the locally associated Mullions
Range Volcanics (433.5±4.7 Ma) conflict with an Early Devonian age date and suggest
that volcanic activity was either extensive or episodic over ~16 million years.
Sediments of the more andesitic composition (R22015) contain a large portion of lithic
fragments indicating relatively short transport time from source to deposition, likely
derived from proximal andesitic intrusives of nearby Ordovician mafic volcanics (e.g.
Byng Volcanics).
The massively bedded sedimentary rocks of the Bay formation reveal Early Devonian,
possibly bimodal, volcanic activity along the western margin of the Hill End Trough
through geochemistry, petrography and zircon dating. The units represent deposition
on a deep water slope environment showing a progressively deeper environment of
deposition to the underlying Mullions Range Volcanics and Anson Formation with
interbedded limestones and shales. This stratigraphy supports an extensional tectonic
setting during the Late Silurian to Early/Mid Devonian as extension continues and
depth of water increases in the Hill End Trough.
These units are important proxy indicators to the tectonic and magmatic environment
adjacent to the Mullions Range Volcanics which host multiple VMS deposits. Zircons
analysed within the Bay Formation had high proportions of Cu and Fe sulfide inclusions
indicating that mineralisation in the source volcanics was present at the magmatic
stage, whether this is highly indicative of the possibility of ore deposits is unclear but
some degree of metal enrichment in the magma can be ascertained.
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5.5 DULLADERRY VOLCANICS
The rocks of the Dulladerry Volcanics are a complex and varied formation representing
an extensive alternating sequence of bimodal basalt-andesite-rhyolite volcanics, lithic
and feldspathic sandstones, shales and ignimbrites. The Dulladerry Volcanics is
comprised of four distinct members and a collection of less extensive discrete
lithological units. The Coates Creek, Curumbenya Ignimbrite, Merriganowry Shale and
Warraberry Members form the major constituents of the Dulladerry Volcanics. The
Coates Creek and Warraberry Members, along with other minor constituent units, were
sampled.

5.5.1 PETROGRAPHY
The Warraberry Member of the Dulladerry Volcanics is comprised mostly of quartzphyric rhyolite lava and coarse volcanic pyroclastics and breccias. The unit varies
greatly in composition and texture throughout the extensive stratigraphy. Samples of
the Warraberry Member occur in two distinct lithologies one as coarse volcaniclastic to
pyroclastic with devitrified glass (R22009) and fine grained ground mass and the other
as flow banded ignimbrites (R22010).
Volcaniclastic/pyroclastic sample R22009 from this unit appears to be a felsic volcanic
coarse polymictic mass flow pyroclastic with flow patterns common in groundmass
with abundant quartz phenocrysts. Quartz crystals are groundmass supported and
range in size from 0.25 mm to 2 mm averaging 0.5 mm (Figure 5-19). Quartz crystals
are sub angular fragments with majority of crystals showing resorbed textures around
the edges and early embayments at contacts with groundmass. Fine crystals are
developed along fractures in quartz (Figure 5-18). Groundmass is dominantly a fine
grained to devitrified glassy texture with recrystallised quartz-albite-pumpellyite +
minor muscovite composition. Flow patterns are common around large quartz crystals
and minor lithic fragments (Figure 5-18) (see Appendix 1).
Ignimbrites of the Warraberry Member (R22010) are commonly flow banded with
cavities filled with tridymite displaying inward growth and twinning in cavities (Figure
5-21). Quartz crystals and lithic fragments are common within a fine grained
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groundmass of aphyric quartz. Textures appear moderately welded with flow banding
obvious and micro enclaves of varying quartz crystals sizes.
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Figure 5-18 Sample R22009 Fine flow banded textures around rounded quartz phenocrysts in
sample R22009. Fine groundmass is glass and minor muscovite (Ms). Fine crystal material is
developed within fractures in quartz (Qtz). XPL

Qtz
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Qtz
Qtz
Figure 5-19 Pyroclastic texture of sample R22009 showing rounded to sub rounded quartz
phenocrysts in fine flow textured groundmass. XPL
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Figure 5-20 Epidote alteration within plagioclase feldspar in R22004. XPL

Trd

Figure 5-21 Flow banded ignimbrite with tridymite (Trd) intergrowth and a fine
predominantly quartz plagioclase groundmass, sample R22010. XPL
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A number of volcanically derived sedimentary units occur within the Dulladerry
volcanics (See Appendix 1). Sample R22006 is a minor volcanic sandstone collected
southwest of the town of Manildra, within the core complex of the Nangar Anticline.
This unit forms the base of the Dulladerry Volcanics along with the Warraberry
Member.
Sample R22006 is predominantly quartz-feldspar with a number of lithic fragments,
clasts of silts, muds and reworked pebbles included in matrix. Clasts range from 5mm
up to 40 mm across and average 10 mm. material within this unit reflects the bimodal
character of the Dulladerry Volcanics as it incorporates substantial amounts of mafic
lithic rounded to sub rounded clasts as well as the dominant felsic material (likely
detritus from nearby rhyolitic volcanics).Thin sections show a definite sedimentary
characteristic with irregular shaped quartz grains, mostly angular, pressed and also
strained in some cases where extinction is irregular (see Appendix 1).
Minor outcrop of a sub unit rhyolite lava of the volcanics is almost completely aphyric
(sample R22011) with no obviously well formed phenocrysts and almost totally
destroyed textures. Sample R22011 shows ghost quartz crystal textures possible very
weakly quartz phyric in character. All remnant crystals have been damaged and altered
particularly plagioclase. No component crystal structure is able to be definitively
observed in this section. Sample is likely a quartz-rich rhyolite ignimbrite of an ash like
nature with homogenous texture throughout (see Appendix 1).
Sample R22012 in not likely derived from the Curumbenya Ignimbrite Member local to
where it was sampled but rather is a sub unit of sedimentary clastic lithology. Sample
R22012 is predominantly coarse fragmented and fractured quartz crystals with
common mafic lithic fragments. Minor biotite recrystallisation is apparent in matrix and
within lithic fragments. Biotite within lithic fragments is almost all altered to epidote.
Few quartz grains display granophyric quartz-plagioclase intergrowth textures (see
Appendix 1).
The Coates Creek Member of the Dulladerry volcanics is comprised of rheomorphic,
thinly flow banded ignimbrites and minor aphyric rhyolite lavas. The Coates Creek
Member (samples R22003, R22004, R22005) represents the stratigraphic top to the
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Dulladerry Volcanics, unconformably overlain by sedimentary rocks of the Upper
Devonian Hervey Group. Along with the Warraberry Member the Coates Creek Member
represent the most typical felsic volcanic facies of the Dulladerry Volcanics amongst the
other more sedimentary units.
Textures vary within the Coates Creek Member from phyric K-feldspar phenocryst
dominated to crystal poor massive rhyolitic lavas. Phenocrysts of K-feldspars within the
crystal dominated samples are commonly 1-4 mm across. Quartz phenocrysts are
commonly 0.5-3 mm across. Both feldspars and quartz grains are rounded with most
showing signs of fracturing. Feldspars are heavily epidote altered (Figure 5-20). A
number of trachytic textured dark coloured fragments occur within the more
phenocryst dominated samples (Figure 5-23). Feldspars of the more massive aphyric
units are heavily altered. Highly strained quartz crystal shadows are observed but
majority of crystal structure is destroyed or partially resorbed into a fine to glassy
groundmass.
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Figure 5-22 Volcanic glass (centre pale green colour) with devitrified rim (surrounding brown
rim) reacting with melt, amongst fine plagioclase laths in basalt (sample R22008) of the
Dulladerry Volcanics.

Figure 5-23 A trachytic plagioclase lath textured lithic fragment in sample R22004.
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A number of andesitic to basaltic units occur within the Dulladerry Volcanics at various
stratigraphic levels, reflecting the bimodal nature of the volcanics. Basalts occur as high
level intrusives and minor flows. Basalts of the project (samples R22008, R22009) are
dominated by trachytic textures (Figure 5-25) of plagioclase laths that comprise some
60% of the rock. Plagioclase crystals show common simple twinning. Plagioclase laths
range in size from 0.05 mm to 0.5 mm, average size range is 0.05-0.1 mm. Volcanic glass
is common with devitrified rims from disequilibrium reactions with the melt (Figure
5-22). The presence of glass and phenocryst material suggests crystallisation began
shortly before eruption. Very few minor calcite crystals occur within the basalts
showing pale pastel interference colours and double twinning against extinction.
Patchy occurrences of highly altered, largely vesicular basalt also occurs as a significant
component of the Dulladerry Volcanics. These vesicular basalts (sample R22013) are
comprised of approximately 30-40% vesicles ranging from 2-40 mm averaging
approximately 3 mm in thin section. Vesicles have become filled with secondary mineral
assemblages of mostly calcite with quartz, epidote, chlorite and minor sericite (Figure
5-24). Plagioclase within these altered samples have all experienced minor to extensive
sericite alteration with majority of crystals being deformed and fractured. Plagioclase
ranges from very fine groundmass material, <0.05 mm to 2 mm laths. Groundmass is
predominantly remnant fine grained plagioclase laths with clinopyroxenes. Texturally
these altered samples are lacking any true structure as alteration is mostly texturally
destructive.
Andesites (sample R22002) within the Dulladerry Volcanics are uncommon and occur
as number of small lava bodies and minor mass flows. Large plagioclase phenocrysts
occur throughout the sample with fine grained laths forming majority of the
groundmass with pyroxenes. The samples comprise a number of detrital fragments of
the parent andesitic material along with minor felsic (rhyolitic) remnants. Quartz
crystals are almost all fractured and strained and range in size from 0.2 mm to 2.5 mm
averaging approximately 0.4 mm across. Rare zircon and biotite occur as accessory
minerals.
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vg

Figure 5-25 Fine plagioclase laths form the groundmass in trachytic texture with significant
amounts of volcanic glass (vg) showing reactive devitrified rims. Texture shown is typical of
whole sample. Sample: R22008

Figure 5-24 Mostly epidote with minor calcite + chlorite alteration has filled amygdales in
highly altered sample R22013. Minor clinopyroxenes and altered plagioclase crystals make
up groundmass.

116

5.5.2 GEOCHEMISTRY
On average SiO2 concentration in the major felsic volcanic units (Coates Creek, R22003,
R22004 and R22005 and Warraberry Member, R22009 and R22010) of the Dulladerry
Volcanics is high ranging from 77.83 to 79.95 wt% SiO2. TiO2 concentration in these
units decreases mildly with increased SiO2 content. Al2O3 within these units is relatively
constant and averages 11.12 wt%. NaO2 of the Coates Creek Member averages 3.46 wt%
contrast to the Warraberry Member which averages 0.24 wt%. Minor contrast also
occurs with K2O concentrations where the Coates Creek Member averages 3.38 wt%
and the Warraberry Member averages 5.29 wt% K2O.
Trace element analyses for samples of the Coates Creek Member and Warraberry
Member varied with rock type and member but allowed for a number of interpretable
characteristics to be discussed. Rb and Sr concentrations within these units contrasted;
75ppm Rb and 121 ppm Sr for Coates Creek and 203 ppm Rb and 58ppm Sr for
Warraberry. Samples of the Coates Creek and Warraberry members record the highest
average Th and U concentrations for the units was between 29.05 and 31 ppm Th and
5.95 and 8.05 ppm U respectively. Zr concentration was relatively high averaging
473ppm overall.
More mafic units of the Dulladerry Volcanics range in SiO2 concentration from 46.27
(R22007, R22008, R22013) to 60.55 wt% (R22002) typically low and ranging from
basaltic to andesitic levels. Major oxides of Ti, Mg and Fe decrease with increased SiO2 in
these units. Al2O3 was relatively high for all mafic rocks sampled in the Dulladerry
Volcanics averaging 15.07 wt%. Oxides of Mg, Mn, Ca, Na and P are all enriched
compared to felsic units of the study.
Basalt and andesite units are highly depleted in S, Zr, U and Nb compared to felsic units
of the Dulladerry Volcanics but show greater concentrations of V, Co, Cu and Ni. Rb is
depleted compared to Sr in these units.
Silica contents of the sedimentary units ranges from 78.37 to 88.40 wt% as expected
with the weathering and removal of other minerals in these units. Major oxides of Ca, Na
and Fe decrease with increased SiO2 compared to other rocks of the Dulladerry
Volcanics, as a result of weathering processes. Sr in these units is highly depleted
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compared to the volcanic rocks of the study, likely the result of weathering and loss in
solution. S concentration in samples R22011 and R22012 is high, 309 ppm and 586ppm
respectively, comparable to the levels seen in mineralised core of the Canowindra
Volcanics.
Felsic volcanic rocks of the Dulladerry Volcanics show undoubtable A-type
geochemistry after the classification of Whelan et al. (1987) (Figure 5-26). Under this
classification the more mafic intraplate basalts and andesitic units remain within I- and
S-type groups, here plotted for comparison. Felsic volcanics of the Dulladerry Volcanics
exhibit typical A-type chemistry with high silica ~78-80%, Zr, Y, Nb, Ga and Na2O+K2O.

5.5.3 INTERPRETATION
Rocks of the Dulladerry Volcanics (and similar rocks of the Eden–Comerong–Yalwal rift
zone) represent a series of volcanic units that have been identified as type equivalents
to A-type intrusives (Figure 5-26) (Bull et al. 2008). Geochemically, rocks of the
Dulladerry Volcanics exhibit high Zr, Y and Nb with low Ba concentrations when
compared to average concentrations in I- and S-type granites and volcanics across the
central and eastern sub provinces of the Lachlan Orogen. The Dulladerry Volcanics also
contain multiple andesitic and basalt units erupted in a bimodal volcanic setting, a
common characteristic of a-type magmatic settings.
The Dulladerry Volcanics represent an extensive (approx. 9 million years) a-type,
bimodal, assemblage of volcanics and sedimentary units that records a thin crust rifted
basin tectonic setting throughout the Middle Devonian, ca 385 to 376 Ma. Collins
(2002a,b) and Raymond (1998) have supported an intra-continental aerial rift setting
for the Dulladerry Volcanics and similar lithologies of the Eden–Comerong–Yalwal rift
zone. Aerial emplacement for the formation is supported by welded textures present in
volcaniclastics and ignimbrites of samples R22009 and R22010. Earliest erupted units
of the formation are represented by the Warraberry Member (377±5 Ma) and the
Curumbenya Ignimbrite Member (376±4 Ma) which form the stratigraphic equal to
volcanic sandstone unit (sample R22006) indicating that volcanism and deposition
were occurring simultaneously for the earliest stages of the formation.
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The A-type geochemistry of the Dulladerry Volcanics is likely the result of a fertile
mantle source melt undergoing rapid ascension through a rifted and thinned crust at
postdating the end of the Tabberabberan Orogeny (430–380 Ma) in a period of orogenic
relaxation and continental extension. The magmas generating the volcanics of the
formation have likely undergone minor to moderate fractionation from their original
mantle-derived basaltic magma source, where CaO concentrations are depleted as early
crystallisation of plagioclase occurs removing Sr and Ca through substitution. Ba levels
also decline with fractionation in highly silicic magmas and high field strength elements
Zr, Nb and Y are greatly concentrated. Ba levels vary between the two main volcanic
members (Warraberry and Coates Creek) suggesting that fractionation was not
constant across the Dulladerry Volcanics. Stratigraphy of the Dulladerry Volcanics does
not display any major faulting and is highly unlikely to be overturned. The Dulladerry
Volcanics are interpreted as a series of volcanics and sedimentary beds marking
extensive periods of volcanism and exhumation with local deposition. Sedimentary
units mark periods of volcanic hiatus where fluvial deposition dominated. Multiple
interbedded basalt and andesite intrusives represent rapid ascending mafic magmas
that do not experience large scale fractionation or contamination from country rock
through which they intrude. A-type geochemistry is facilitated by high heat advection
from deep situated mafic magmas rapidly intruding and partially melting a thickened
continental crust during localised lithospheric extension in which bimodal volcanism is
favoured (Lentz 1998).
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Figure 5-26 A-type geochemical discrimination diagrams for the Dulladerry Volcanics. After Whalen et al.
(1987). Plus and Cross markers represent Warraberry and Coates Creek Members respectively, Star and
circled cross represent a highly fractionated and average geochemistry of 14 analyses of the Dulladerry
Volcanics respectively from Pogson and Watkins, (1998), diamond shapes represent Canowindra Volcanics,
shown here to emphasise the A-type geochemistry of the Dulladerry Volcanics compared to S-type
composition. OGT= Ordinary Domain, FG = Fractionated Domain.
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6 INTERPRETATION AND DISCUSSION
This study more tightly constrains the timing of onset and termination of felsic
volcanism within the Lachlan Orogen between Early Silurian and Middle to Late
Devonian. The onset of felsic volcanism in the Lachlan Orogen closely coincides with the
final stages of collision of the Ordovician Macquarie Arc to the Gondwanan continent at
the end of the Benambran Orogeny. The Late Silurian to Early Devonian is characterised
by periods of tectonic switching between convergent and extensional margin tectonics.
Tectonic setting of the felsic volcanics is continental arc environment where a westward
directed subduction zone is responsible for alternating episodes of extension and
contraction via a balance between overriding plate advance and slab roll back
(Fergusson 2010). The initiation of volcanic activity along the Gondwanan plate
boundary during episodes of extension and contraction is similar in style to that of the
southern Andes, a typical subduction related orogenic setting (Fildani & Hessler, 2005).
Margin aligned magmatism within the overriding plate is a prominent feature of
Cordilleran-type orogenies and is well represented within the tectonically thickened
crust of the Lachlan Orogen.
Zircon U-Pb geochronology of the Canowindra Volcanics yielded an age of 432±6 Ma
denoting an Early Silurian (late Landovery) period of eruption. This coincides closely
with a short lived period of intrusive magmatism in which extensive S-type granites
were emplaced at approximately 433 Ma. Ickert and Williams (2011) propose that the
early emplacement of S-type granites in the Lachlan Orogen constrains the timing of late
Benambran orogenic events. The Cowra Granodiorite shown to be co-magmatic with the
Canowindra Volcanics, records a U/Pb zircon age of 428±4.3 Ma (Ickert and Williams,
2011), supporting S-type granite emplacement at the later stages of the Benambran
orogenic event at the Ordovician-Silurian boundary and further constraining the age of
the Canowindra Volcanics. The felsic Canowindra Volcanics are significant as they
indicate a geochemical change from Late Ordovician/Early Silurian shoshonitic-calcalkaline magmatism of the Macquarie Arc to the felsic, S-type associated, volcanics of
the Early Silurian to Late Devonian and exemplify the onset of felsic volcanism in the
Lachlan Orogen.
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A previous published age for the Mullions Range Volcanics (417±4 Ma, Black 1996)
gives the unit age as Early Devonian whereas current age date analysis on zircons from
fresh outcrop yielded an age of crystallisation of Early Silurian, 433.5 ± 4.7 Ma, in line
with that of the Canowindra Volcanics. The two reported age dates for the Mullions
Range volcanics each carry their own significance. The Early Devonian reported zircon
age is in accordance with young immature turbidite sediments of the overlying Bay
Formation (411.4±5.1 Ma), where sediment composition reflects the surrounding
volcanic lithologies. The reported Early Silurian age of this study (433.5 ± 4.7 Ma)
correlates with the onset of S-type granite emplacement at the end of the Benambran
Orogeny (Ickert and Williams 2011) and crystallisation ages for the Canowindra
Volcanics (432±6 Ma). Both units displayed recrystallisation in zircon that yielded an
age indistinguishable from mean age of initial crystallisation, indicating that the thermal
event responsible occurred relatively soon after emplacement. Significance in the
correlation of age dates between these two units suggests that felsic volcanism initiated
in the Early Silurian on either side of the Molong Volcanic belt. Geochemistry of the two
units presents low CaO, Na2O and Sr concentration, consistent with S-type
characteristics, and suggests that magmas for these two units were derived from partial
melting of buried sedimentary source rocks, with a spatial relationship adhering to the
position of buried, mature, quartz-rich turbidites of the Adaminaby Group either side of
the Macquarie Arc. These Ordovician sediments were buried during early Benambran
deformation (450-440 Ma) but did not experience melting until late Benambran
deformation when a mantle heat source was encountered around ~430 Ma consistent
with the emplacement of Canowindra and Mullions Range Volcanics (Collins & Hobbs
2001).
Geochemistry of the Canowindra Volcanics and Mullions Range Volcanics show
relatively high SiO2 ~66 to 74 wt% between rhyodacitic to rhyolite concentrations.
Concentrations of Al2O3 for both units is <15 wt% and Sr is relatively low; 169 ppm
average. Yttrium is relatively high averaging 35 ppm which results in very low Sr/Y
ratios. These characteristics present a different geochemistry to that determined for
typical adakites associated with partial slab melts, see Figure 6-1 (Drummond & Defant
1990; Drummond et al. 1996; Martin 1999). It is interpreted that early slab melting
played either a very minor role or no role at all in the production of the arc volcanics of
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the eastern Lachlan Orogen sub province in the Early Silurian to Late Devonian. It is
likely that any wet melting of subducting slab has interacted heavily with mantle wedge
material and further interacted with buried crustal material during ascent deriving
rhyolite-rhyodacite compositions compared to typical adakite dacitic compositions.

Figure 6-1 Sr/Y vs. Y binary plot and predefined typical adakite signatures modified after Martin (1999)
with plotted results from samples of this study. Volcanics are outside the ranges typically described for
adakites. Either early slab melts have highly interacted with mantle wedge and lower crust or melts are
derived from melted lower crust. Samples of the Cowra Granodiorite, Canowindra Volcanics and Mullions
Range Volcanics are plotted.
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The coeval emplacement of the S-type felsic volcanics either side of the Macquarie Arc is
interpreted to be the result of large scale partial melting of the lower induced by crustal
thinning toward the end of the Benambran orogenic episode crust, with minimal
evolved contributions from slab melts. The I-type Carcoar Granodiorite intrudes rocks
of the Macquarie Arc between the Canowindra and Mullions Range Volcanics and is
coeval with these two units (434.4±5.5 Ma, Ickert and Williams 2011) indicating that all
three magmatic/volcanic centres were operational toward the end of the Benambran
Orogeny. The current outcrop of the Cowra Granodiorite, Canowindra and Mullions
Range Volcanics and the intrusive Carcoar Granodiorite suggest that cover material over
the rocks of the Macquarie Arc; Molong Volcanic Belt has been exhumed to reveal the
intrusive Carcoar Granodiorite (Figure 6-2). The later stages of the Benambran Orogeny
are characterised by a period of extension in the back arc region induced by rollback of
a westward dipping subduction complex, responsible for crustal thinning, granite
emplacement and formation of the Hill End Trough (Glen 2013; Scheibner 1998). VMS
mineralisation associated with the Mullions Range Volcanics also supports an
extensional tectonics model for the Early Silurian through submarine extrusive
associations and the role of extensional tectonics in formation of these deposits (Lentz
1998).
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Exhumation

Figure 6-2 A proposed generalised model for the study region. Model envisages felsic volcanism either
side of the Molong Volcanic Belt in the Early Silurian with the intrusive Carcoar Granodiorite
emplaced into Macquarie Arc rocks before exhumation reveals current outcrop. Rollback of the
subducting slab is proposed to generate decompression melting under thickened continental crust
and generate melts that produce volcanics. Resulting influx of fresh mantle material into the mantle
wedge causes dry melting at the base of continental crust in a rift setting which generates A-type
Volcanics. Units shown for reference only to show relative positions. Not to temporal or spatial scale.
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It is possible that both age dates are acceptable for the Mullions Range Volcanics as the
unit is quite extensive, upwards of ~2000m (Packham 1968; Hilyard 1981), with
samples of Black (1996) being taken from a unit at the top of the Mullions Range
Volcanics (see Pogson and Watkins 1998) and samples of this study being taken further
from the volcanic centre of Hilyard (1981) and Burns (1976). This may therefore
represent an extended period, maximum ~17 million years, of volcanic activity in the
region throughout the Silurian or the reactivation of volcanic centres on the eastern
flank of the Molong Volcanic Belt against the Hill End Trough (Figure 2-7). Broad
tectonic setting for the early to Middle Silurian is envisaged as a broadly extensional
setting with localised rifting and volcanism followed by sediment deposition into
intervening basins in the Late Silurian-Early Devonian.
An interruption to rift and sediment basin formation and felsic volcanic activity
occurred in the Middle Devonian and is attributed to crustal thickening deformation
events of the Tabberabberan Orogeny (Eifelian, Glen (2005). After the overriding platedriven collisional deformation events of the Tabberabberan Orogeny the tectonic
setting of the eastern Lachlan revert into a period of extension also driven by large scale
slab rollback. This period of time is marked by reactivated terrestrial and marginal
sedimentary basin infill and restricted emplacement of A-type volcanic rocks (Glen
2005).
A-type rocks have been characterised as being emplaced in a rift zone or stable
continental block away from the influences of subduction magmatism (Loiselle & Wones
1979; King et al. 1997). Rocks of the Dulladerry Volcanics occur within a sub aerial
terrestrial rift system as is characteristic of A-type rocks, with lack of marine fossils
cited as evidence for this setting (Raymond 1998). The emplacement of the Dulladerry
Volcanics indicates the influx of fresh mantle material into the mantle wedge region of
the west dipping subduction zone (Figure 6-2). It is proposed that influx of fresh mantle
material combined with decompression melting associated with rollback of the
subducting slab facilitate dry melting of a thinned crust and rapid ascent of dry magmas
into a rift zone west of the Molong Volcanic Belt. Resulting felsic volcanics exhibit A-type
geochemistry as they are derived from buried mature sedimentary facies distant from
the plate margin and contain bimodal basalts and andesites supporting rapid ascent and
rift setting. The geochemistry of the felsic volcanic units of the Dulladerry Volcanics
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shows strong A-type affinity with high concentrations SiO2, total alkalis, Ga, high
concentrations of the high field strength elements Zr, Nb and Y, high concentrations of
the rare earth elements Ce and La and low Al2O3, CaO and SR. Whalen et al. (1987) used
these elements effectively to discriminate A-type granites (and related volcanics) from
I- and S-type rocks. The felsic volcanics conform to these discrimination diagrams well,
as seen in (Figure 5-26).
An existing U-Pb zircon age date for the Curumbenya Ignimbrite Member (Appendix 3)
of the Dulladerry Volcanics places this unit in the Upper Devonian, at 376±4 Ma
(Scheibner 1998). In places the Curumbenya Ignimbrite Member is interbedded with
the Warraberry Member for which current work yielded an age date of 377.3±4.7 Ma
showing good agreement that these two units were emplaced in the Upper Devonian.
The two units form the stratigraphic base of the Dulladerry Volcanics and are
interbedded with a number of sub and minor units throughout the formation,
predominantly lithic clast rich sedimentary units, indicating periods of likely fluvial
exhumation. The two units are overlaid by the Coates Creek Member a phyric to aphyric
quartz-K-feldspar rhyolite to ignimbrite unit thought to for the top of the volcanics.
Current work yielded a zircon U-Pb age date of 385.4±5.1 Ma for the Coates Creek
Member constraining these rocks to around the Middle to Upper Devonian. Age dates
for all units dated for the Dulladerry Volcanics fall within error of each other indicating
a period of bimodal volcanism in a rift setting that lasted within the range of ~ 18
million years. Most significantly current work has yielded zircon age dates constraining
the age of the Dulladerry Volcanics to the later Upper Devonian. The timing of this
volcanic episode is in accordance with the suggested rift setting for the Dulladerry
Volcanics as the eastern Lachlan was experiencing an extension at this time and A-type
geochemistry has been associated with intraplate rifted settings. These volcanics are an
example of the last phases of felsic volcanism within the Lachlan Orogen, away from the
plate margin, as west dipping subduction migrated further to the north east, coinciding
with orogenesis in the New England Orogen and final cratonisation of the central and
eastern sub provinces of the Lachlan Orogen (Gray et al. 2002).
Felsic volcanism within the Lachlan Orogen represents episodes of interaction between
the subducting slab and overriding continental plate. Collisional orogenic events
through the Silurian and Devonian induce shortening of continental crust behind the arc
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where thrusting and folding occur away from the plate margin. Relaxation and rollback
induced extensional thinning of continental crust generates heat flux at the base of the
crust through decompression melting allowing for felsic volcanism within rifted basins.
Sulfide inclusions were trapped within magmatic zircons of all units sampled (Figure
4-12). The obvious indication from this phenomenon is that a liquid sulfide component
was present within the initial melt phase of each unit. The Early Silurian Canowindra
Volcanics display orogenic mineralisation characteristics of an epithermal nature likely
the result of fluid migration from a deep source in the crust for which multiple working
hypotheses are proposed. Mineralisation may be derived from a deep magmatic
component that is metal enriched and propagates multiple vein generations via
inheritance of water from buried turbidite sequences into overlying volcanics. This
model is likened to the very highest vein assemblages of porphyry systems, distal to
main disseminated sulfide bodies, and facilitated by the precipitation of metals on
contact with the host rock. Orogenic deformation associated with the Tabberabberan
Orogeny controlling the propagation of hydrothermal metamorphic fluids is also
proposed as a mechanism for the Cu-Pb-Au mineralisation of the Canowindra Volcanics.
Mineralisation within the Canowindra Volcanics shows more strongly an orogenic
signature with intense chlorite alteration occurring along faults and typical alteration
within host rock occurring as sericite, chlorite and quartz-carbonate from low salinity
fluids. Magmas enriched in metals are likely derived from slab melting that experienced
degrees of mantle wedge and crustal contamination allowing for the inheritance of
metals into more felsic melts. Sulfides trapped in the Canowindra Volcanics were
predominantly pyrite and pyrrhotite and did not record common 204Pb isotope counts
when analysed using the SHRIMP instrument indicating no lead present in the initial
magmatic phase. Galena present within quartz ± calcite vein assemblages is likely
derived from leaching of buried sedimentary crustal components. Pogson and Watkins
(1998; and contributors) make note of several more mafic bodies intruding the
Canowindra volcanics providing a possible source for the Cu ± Au mineralisation seen in
veining.
Mineralisation in the Mullions Range Volcanics is distinctly sea floor VMS associated
(Agnew et al. 2005), with large overlying turbidite sequences of the Bay Formation
indicating a progressively deeper environment. Andesitic compositions of the Bay
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Formation are interpreted as coeval mafic volcanics emplaced coevally with the
Mullions Range Volcanics, providing a source for concentrated metal enrichment.
Sulfide inclusions in zircons of the Bay Formation contained chalcopyrite in separate
phase from pyrrhotite indicating metal sulfides as liquids were present in the magmas
of contributing volcanics and mineralisation began at this early stage. Similarly the
Dulladerry Volcanics also exhibit rift related bimodal volcanism with a number of
chalcopyrite inclusions in zircons indicating source of metals but do not experience the
submergence and sulfide contribution required for VMS style mineralisation.
The Dulladerry Volcanics have not as of yet provided any major mineral deposits but
tectonic setting, bimodal volcanism, fractionation and A-type geochemistry indicate a
high potential for greater mineralisation within the major units. Interbedded basalts
and andesites of the volcanics suggest a suitable source of economic metal
mineralisation with relatively high Cu-Zn-Ni concentrations. Highly altered and
fractionated units within the Dulladerry Volcanics such as samples, of the Coates Creek
Member; R22003, R22004 and highly altered vesicular basalt; R22013, of this study
may provide prospective units for mineralisation should highly fractionated melt
components intrude suitably reactive host rock assemblages.
Sulfide and mineral inclusions in zircon crystals preserve the composition of the melt at
the time of crystal growth. These inclusions may provide a valuable tool for
understanding the magmatic history of potentially mineralized systems. Further work is
needed to characterised environments where the processes necessary for zircon to trap
liquid sulfides are better understood. An accumulation of data and samples regarding
the phenomenon may hold inherent implications for the exploration industry should
data provide useful, where processing and analysis is relatively cheap when compared
to other exploration techniques and may help to characterise the nature of the early
melt phase. Sulfur isotope analysis of sulfide inclusions in zircons may provide a useful
set of data regarding the origins of sulfides in these inclusions. Determining a source, ie
seawater or magmatic, for sulfide inclusions could provide a useful set of criteria for
exploration.
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7 CONCLUSIONS
This project has explored a number of aspects of felsic volcanism within the Lachlan
Orogen of south eastern Australia. Tectonic setting, geochemistry and geochronology
have all been investigated to aid further understanding of the context of felsic
volcanism. The scope of the project is inherently broad and encompassing to provide a
better overview of felsic volcanism within the Lachlan Orogen. While simply a
preliminary investigation into broader felsic volcanism within the Lachlan Orogen the
study has identified particular areas of significance that invite further study and
discussion.
Current work has identified the complexity of processes affecting the tectonic and
metallogenic evolution of felsic volcanism within the eastern sub province of the
Lachlan Orogen. Metallogenesis of felsic volcanism during the Silurian and Devonian is
directly related to the tectonic setting of eruption. A westward dipping subduction
system off the coast of Gondwana experienced periods of extension and contraction
relating to the dominant forces of down going slab roll back and collision of the
overriding plate (Gray & Foster 2004). Mineralisation of felsic volcanics occurred during
periods of tectonic extension.
The timing of onset and termination to felsic volcanism within the Lachlan Orogen is
more tightly constrained between 432±6 Ma Early Silurian-Ordovician boundary and
377.3±4.7 Ma, early Upper Devonian. Onset of felsic volcanism corresponds with final
stages of the late Benambran Orogeny and S-type granitic intrusive complexes of ca 430
Ma. It is envisaged that orogenic relaxation as a result of slab roll back induced an
extensional environment at this time either side of the Molong Volcanic Belt of the
Macquarie Arc in the region. Localised rifting allowed for emplacement for low crustal
residence time felsic volcanics on the eastern flank of the Molong Volcanic Belt in the
eastern flank of the actively forming deep water Hill End Trough. These volcanics are
presently represented by the Mullions Range Volcanics that host VMS mineralisation
that is the result of bimodal volcanism, evident from the mafic composition of units in
the Bay Formation. The Canowindra Volcanics represent the extrusive component of the
intrusive Cowra Granodiorite on the western flank of the Molong Volcanic Belt, derived
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from melting of thickened mature Ordovician turbidite sequences of the Adaminaby
Group evident from the S-type geochemistry of the two co-magmatic units.
Termination of felsic volcanism within the Lachlan Orogen is exemplified by the Late
Devonian Dulladerry Volcanics that were emplaced in an intra-continental sub-aerial
rifted setting in the east away from the Gondwanan plate margin in stable continental
crust. A-type geochemistry of these volcanics an enriched mantle source as roll back of
the subsiding slab drew fresh mantle material into the mantle wedge and supports the
intra-continental setting of emplacement. Deposition of the overlying “Red Beds” of the
mid to late Upper Devonian indicate an end to felsic volcanism in the Dulladerry before
terminal deformation of the Kanimblan Orogeny in the early Carboniferous.
Evolution of mineralisation of felsic volcanics in cordilleran systems is genetically
related to tectonic setting of emplacement and related deep crustal magmatic
contributions. Mineralisation of felsic volcanics within the Lachlan Orogen likely started
at the magmatic phase of evolution as sulfides are trapped in magmatic zircons of all
units of this study. Early melt composition provides a genetic source for mineralisation
observed within units before the time of emplacement. Predominantly, mineralisation
occurring within felsic volcanics of the Lachlan Orogen was constrained to the Silurian
in VMS mineralisation, exemplified by the Mullions Range Volcanics and Lewis Ponds,
Mt Bulga, Calula etc. deposits. Cordilleran mechanisms of crustal thickening and
intrusive emplacement are commonly associated with orogenic mineralisation. Comagmatic phases of intrusives and volcanics such as the Cowra Granodiorite and
Canowindra Volcanics show how hydrothermal orogenic mineralisation may come to
occur in felsic volcanics throughout the Siluro-Devonian time period.
Orogenic/hydrothermal characteristics of the mineralisation present in the Canowindra
Volcanics suggest a high level mesothermal vein system from a more deeply buried
intrusive, e.g. Majors Creek; Braidwood Granodiorite and vein migration into the
overlying felsic Long Flat Volcanics.
Further investigations into the significance of sulfide (and mineral) inclusions in zircons
could have inherent value and improve present understandings of early magmatic
enrichment in mineralised systems associated with felsic volcanism. Sulfur isotope
analysis of zircon inclusions will allow for the determination of the origin of S isotopes
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and may shed light on the nature of veining as to temperature of formation via sulfatesulfide equilibrium or whether fluids are influenced by addition of water to the systems
(i.e. meteoric or sea water) or magmatic in origin (Downes et al. 2008; Thode et al.
1961).
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Appendix 1
Thin Sections
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Sample R22006 in XPL shows prominent lithic fragment (LF) centre frame. Quartz (Qtz) is
angular and shows straining termination in the sample to the left of frame. Primary grains are
angular quartz. Grains indicate sediment is immature and likely not transported far from volcanic
source material in the Dulladerry Volcanics.

Sample R22011 of the Dulladerry Volcanics, under XPL shows a destroyed granular texture.
Glassy groundmass. Ghosts of quartz crystal overlap in termination. Very fine plagioclase also
occurs. Sample is likely volcaniclastic to ash fall distal from volcanic centre.
Image is representative of whole sample.
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MF

FF

Bi

MF

FF

Sample R22012 in XPL, typical assemblage of a sedimentary sub unit of the Dulladerry
Volcanics. Bi modal material of both mafic and felsic fragments (MF and FF respectively).
Biotite (Bi), centre with strong interference pink yellow colours, is uncommon.

Sample R22022, XPL, from the Canowindra Volcanics shows well-formed plagioclase crystal
displaying simple twinning. Crystal is altered to sericite with minor chlorite also occurring.
Large plagioclase phenocrysts are common within the unit along with larger quartz grains and
together make up the dominant mineralogy of this porphyritic rhyodacite.
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Mineralised veins within R22022 under XPL. Common veins are quartz dominated with some
calcite. Shows predominantly quartz crystals with minor calcite (centre) showing high order
interference colours, obvious cleavage plains and simple twinning.

Sample R22010 in XPL, Tridymite silica growth is common into elongated vesicles in
ignimbritic unit within the Dulladerry Volcanics. Rock is dominated by quartz with very minor
biotite, chlorite and plagioclase present. Tridymite shows common simple twinning from
crystal penetrative growth and grows edge perpendicular into vesicle. Indicative of a vapour
phase within the vesicles.

147

Sample R22022 reflected light, shows dominant mineralisation of the Canowindra Volcanics
where chalcopyrite (top, yellow reflectance) grows along with galena (bottom, grey). Calcite
intergrowths can be seen in the rhombic morphology intruding into chalcopyrite.

Bi
Pl

Ser

Ep
Chl

Pl

Typical assemblage of the Cowra Granodiorite, sample R22024, under XPL. Epidote (Ep),
chlorite (Chl) and fine sericite (Ser) alteration is common within the sample. Plagioclase (Pl) is
commonly zoned indicating disequilibrium with melt as the crystal formed, reacted with, and
incorporated elements of fluid phases.
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Sample R22009, typical volcaniclastic/pyroclastic assemblage of the Warraberry Member of
the Dulladerry Volcanics. Top of frame shows a large ~1 mm grain of lithic material that
appears similar to sample R22011. Large dark fragment in centre frame is more mafic and
contains fine plagioclase laths. Sample R22009 may represent explosive volcanism of mixed
volcanic components of a number of units from within the Dulladerry Volcanics. Groundmass
shows minor signs of welding and flow banding.

Sample R22002, typical assemblage of andesitic material from within the Dulladerry Volcanics.
Phenocrysts of quartz and plagioclase are angular and fragmented. Samples of this andesite
unit are strongly plagioclase phyric, observable in hand specimens, obvious in thin section.
Plagioclase is affected by minor sericite alteration. Groundmass contains biotite commonly
affected by chlorite alteration. Minor felsic fragments occur at the top of frame.
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Graphic textured intergrowths of quartz and plagioclase common within the Canowindra
Volcanics sample R22022. Results from simultaneous crystallisation of quartz and alkali
feldspars during a hydrous fluid phase. Indicates fluid within the melt.
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Appendix 2
Zircon Analyses
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9-1 Zircon U-Pb analyses of R22020; Mullions Range Volcanics. osc=oscillatory zone, e=edge, p=prismatic,
c=core, r=rim, rex=recrystallised, *=poor analysis, y=analysis rejected for mean age. Th/U from ppm. MSWD:
0.80 95% conf.

152

9-2 Zircon U-Pb analyses of, R22022; Canowindra Volcanics. osc=oscillatory zone, e=edge, p=prismatic,
c=core, r=rim, rex=recrystallised, *=poor analysis, y=analysis rejected for mean age. Th/U from ppm. MSWD:
0.83 95% Conf.
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9-3 Zircon U-Pb analyses of R22016; Bay Formation. osc=oscillatory zone, e=edge, p=prismatic, c=core, r=rim,
rex=recrystallised, *=poor analysis, y=analysis rejected for mean age. Th/U from ppm. MSWD: 0.85 95% conf.
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9-4 Zircon U-Pb analyses of R22009 Warraberry Member of the Dulladerry Volcanics. osc=oscillatory zone,
e=edge, p=prismatic, c=core, r=rim, rex=recrystallised, *=poor analysis, y=analysis rejected for mean age. Th/U
from ppm. MSWD: 0.60 95% conf.

155

9-5 Zircon U-Pb analyses of R22003; Coates Creek Member of the Dulladerry Volcanics. osc=oscillatory zone,
e=edge, p=prismatic, c=core, r=rim, rex=recrystallised, *=poor analysis, y=analysis rejected for mean age.
Th/U from ppm. MSWD: 0.97 95% conf.
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Appendix 3
Table of Samples

157

158

