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Abstract: The Macquarie Arc is a long-lived volcanic arc terrane which began in the latest Cambrian and con-
tinued until the early Silurian. Early Silurian high-K suites associated with Cu–Au porphyry mineralization are
typically considered shoshonitic; however, comparisons with well-studied examples of shoshonites in continen-
tal arcs and associated settings suggest fewMacquarie Arc rocks would classify as shoshonitic. Notably, the Au-
rich Cadia Intrusive Complex, which is marginally shoshonitic, andmost high-K to ‘shoshonitic’Macquarie Arc
rocks are essentially high-K calc-alkaline, analogous to ‘primitive’ shoshonites generatedwithin intraoceanic arc
settings. Arcmagmatism in theMacquarieArc is consistently primitive andmantle derived prior to an increase in
siliciclastic input and crustal thickening during the Silurian Benambran Orogeny, consistent with prior isotopic
studies.Magma source regions can thus be interpreted as varying spatially and temporally due to variable enrich-
ment from slab and mantle derived components, reflecting a maturing and potentially migrating arc system.

Supplementary material: A summary table of Macquarie Arc deposit characteristics, additional whole rock
classification and tectonic discrimination diagrams, sample details and geochemistry, crustal thickness calcula-
tions, and LA-ICP-MS U–Pb zircon geochronology reports are available at https://doi.org/10.6084/m9.fig-
share.c.7283940

Potassic igneous rocks, both volcanic and intrusive,
have a wide range of compositions from mildly to
highly potassic trachytes and latites; variably K-
enriched shoshonites including primitive shoshon-
ites (Leslie et al. 2009); and ultra potassic leucitites,
kamafugites, lamprophyres and pegmatites (Müller
and Groves 2019). These rocks are typically the
product of low degree partial melts of an often meta-
somatically enriched mantle source region and may
be influenced by the incorporation of incompatible
elements from subducting sediments or assimilation
of crustal material during differentiation (Plank and
Langmuir 1993, 1998; Pearce et al. 2005; Wallace
2005; Langmuir et al. 2006; Davidson et al. 2013;
Krmíc ̌ek and Chalapathi Rao 2022; O’Neill et al.
2024). These rocks occur in a convergent setting
and are often associated with the formation of Cu-
and Au-rich porphyry deposits and skarns (Müller
2002; Mungall 2002; Richards 2009; Müller and
Groves 2019), and may provide insights into
changes in arc magmatism through time and a corre-
sponding relationship with mineralization.

Porphyry Cu–Au deposits are typically associ-
ated with oxidized intermediate or felsic
calc-alkaline magmas (Pettke et al. 2010; Sillitoe
2010; Wilkinson 2013). Porphyry deposits host
about two-thirds of the world’s Cu resources, critical

for the green energy transition (Singer 2017). Miner-
alized porphyritic intrusions occur in oceanic, conti-
nental and post-collisional arc settings associated
with the subduction of oceanic slabs (Sillitoe 1972,
1973; Ishihara 1977). The resultant melts are
hydrous and enriched in incompatible trace ele-
ments, in particular large ion lithophile elements
(LILEs). The enrichment of LILEs adds additional
alkali metals into the magmas, which are then typi-
cally alkaline to highly alkaline, and results in the
known association between potassic arc rocks and
mineralized porphyries.

In theMacquarie Arc of central New SouthWales
(NSW), porphyry Cu–Au deposits are associated
with variably K-enriched igneous suites (Blevin
2002), and various workers have proposed a link
between metal endowment and high-K or shosho-
nitic magmatism (Müller et al. 1994; Holliday
et al. 2002; Cooke et al. 2007; Crawford et al.

2007a). Shoshonites are a group of very high-K
and near-SiO2 saturated rocks that are not typically
classified as alkaline or calc-alkaline (Morrison
1980). They typically occur late in the evolution of
volcanic arcs, after the eruption of lower-K ocean
island tholeiites and calc-alkaline rocks (Müller
and Groves 2019). Because of this, shoshonitic
rocks are an indicator of arc maturity and often
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associated with high-K and oxidized mineralized
porphyries (Burnham and Ohmoto 1980; Carroll
and Rutherford 1987; Mungall 2002; O’Neill et al.
2024).

In this review, we present detailed descriptions of
the potassic mineralized intrusions and mineraliza-
tion in the Macquarie Arc, alongside new whole-
rock geochemical data for porphyry deposits and
associated unmineralized intrusions and volcanic
rocks, and we classify them according to published
trace and major element schema. The best described
of these deposits are the Cadia–Ridgeway porphyries
located 20 km south of Orange, and the Northparkes
porphyries 25 km NW of Parkes in NSW, Australia.
Additionally, we present summary descriptions and
mineralogical data for porphyry mineralization at
Boda–Kaiser, Comobella, Trundle, Copper Hill,
the Temora district and others, including Glendale
and Junction Reefs. This study excludes major
carbonate-base metal epithermal deposits, including
the medium-K Lake Cowal Intrusive Complex asso-
ciated with the E41, E42, E46, Galway and Regal
Au deposits.

Background

Geology, evolution and setting of the

Macquarie Arc

The geology of eastern Australia is dominated by a
series of orogenic belts collectively referred to as
the Tasmanides. These belts record the breakup of
the Mesoproterozoic supercontinent Rodinia and
the establishment of a Late Neoproterozoic passive
margin which developed into a convergent margin
during theMiddle Cambrian (Glen 2005). Sequential
accretion of oceanic terranes onto the Proterozoic
Curnamona craton continued through to the collision
of Gondwana with Laurussia and subsequent frag-
mentation of Pangaea in the Permian and Triassic
(Veevers 2013). The Tasminides are divided into
five discrete orogens consisting of metamorphic ter-
ranes, fold and thrust belts, sedimentary basins and
igneous provinces (for a recent review, the reader
is directed to Rosenbaum 2018). The Tasmanides
have been interpreted as an accretionary orogenic
system, where the main driver of crustal growth
was terrane accretion associated with a continuous,
migratory subduction zone, which may have experi-
enced polarity reversals (Glen 2013; Fergusson
2014).

The Lachlan Orogen centres on the Macquarie
Igneous Province (here termed the Macquarie Arc;
Fig. 1), a latest Cambrian to earliest Silurian oceanic
arc characterized by quartz-rich, medium-K dacites
to quartz-poor, high-K monzonites and an associated
voluminous volcanic package (Crawford et al.

2007a; Glen et al. 2012). The Macquarie Arc is
flanked on either side by extensive Ordovician
fore- and back-arc quartz-rich turbidite sequences
which comprise the bulk of the Lachlan Orogen.
Subsequent extension has dismembered the Mac-
quarie Arc into three longitudinal belts, interspersed
with Silurian to Devonian I- and S-type granites and
sedimentary basins (Glen 2005).

Four phases of orogenic deformation are recog-
nized within the Lachlan Orogen (Fig. 2). These oro-
genic phases occurred during the Silurian
(Benambran Orogeny), Early Devonian (Bindian
Orogeny), Middle Devonian (Tabberabberan Orog-
eny) and Early Carboniferous (Kanimblan Orogeny)
(Glen 2005). Although each orogenic phase has an
extensional and compressional component, the
extension appears to be more predominant. The
Lachlan Orogen represents some of the thickest
crust in the Tasmanides, proposed to be the result
of significant mafic underplating (Kemp et al.
2020; Bello et al. 2021) and crustal thickening dur-
ing deformation (Rosenbaum 2018). Basaltic volca-
nism during the Cenozoic has erupted through the
Lachlan Orogen transporting phlogopite and horn-
blende bearing mantle xenoliths (Simpson and Suth-
erland 2022), indicating a metasomatized and
potentially fertile lithospheric mantle.

The present-day extent of theMacquarie Arc con-
sists of four belts of volcanic-dominated rocks that
range in age from Cambrian to early Silurian.
These comprise calc-alkaline to alkaline volcanic,
shallow intrusive and shallow-marine sedimentary
sequences. Three belts in central NSW host signifi-
cant porphyry-related mineralization: the Junee-
Narromine Volcanic Belt in the west, the Molong
Volcanic Belt in the centre, and the Rockley-
Gulgong Volcanic Belt in the east. The narrow Kian-
dra Volcanic Belt in southeastern NSW hosts only
minor, mostly alluvial mineralization (Greenfield
et al. 2022). The Molong Volcanic Belt and Junee–
Narromine Belt host the porphyry deposits currently
being mined on a large scale (Cadia and North-
parkes), which are associated with rocks several
authors have described as being of shoshonitic affin-
ity (Cooke et al. 2007; Crawford et al. 2007a, b; see
also Blevin 2002).

Regional metamorphism of the Macquarie Arc is
mostly of lower greenschist facies or lower, includ-
ing around major porphyry districts. Higher-grade
facies are mostly restricted to parts of the Kiandra
Volcanic Belt and Rockley Volcanic Belt, and prob-
ably relate to the arc-terminating Benambran Orog-
eny and/or subsequent tectonic events (Collins
1994; Glen et al. 2007a). Based on geochronologi-
cal, stratigraphic and geochemical evidence, Percival
and Glen (2007), Crawford et al. (2007a, b, c) and
Cooke et al. (2007) identified four major episodes
of magmatism for the Macquarie Arc, including

R. Dwyer et al.260

Downloaded from https://www.lyellcollection.org by Guest on Jul 31, 2025



volcanism (Phases 1–4) and intrusions (Groups 1–4).
The latter included the emplacement of porphyries
and related Cu–Au mineralization.

Latest Cambrian to Early Ordovician Phase 1
(∼490–475 Ma) was associated with calc-alkaline
volcanic and shoshonitic volcanic and intrusive
rocks. The basal Nelungaloo Volcanics in the
Junee–Narromine Belt and Mitchell Volcanics of
the Molong Volcanic Belt are among the oldest
known rocks of the Macquarie Arc. They include
plagioclase–augite–Fe–Ti oxide-phyric basaltic
andesites and andesites of calc-alkaline to shosho-
nitic composition (Crawford et al. 2007a, b). This
suggests prior enrichment in LILEs in the magmatic

source(s) of the Macquarie Arc, which may have
been associated with subduction (Glen et al.

2007b; Fergusson 2009). Based on structural evi-
dence, Glen et al. (2002) suggested that Cambrian
crust underlies parts of the Macquarie Arc. This
notion has been strongly supported by Pb–Pb, Hf
and Nd isotopic evidence, along with U–Pb zircon
geochronology (Forster et al. 2011; Kemp et al.
2020; Zhang et al. 2020).

Early to Middle Ordovician Phase 2 (475–
466 Ma; Glen et al. 2011a, b) medium- to high-K
calc-alkaline volcanics and minor intrusions of
Phase 2 followed an inferred hiatus characterized
by the Cargo and Cadia–Forest Reefs areas,

mineralization

Reference

Fig. 1. Location of major Ordovician to early Silurian porphyry and related mineral systems of the Macquarie Arc.
The three main longitudinal belts of Macquarie Arc rocks are shown in green. Background geology is from the NSW
Seamless Geology (Colquhoun et al. 2024). The smaller Kiandra belt is located to the south of the Junee–Narromine
Volcanic Belt and is not shown in this figure.
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Fig. 2. Time–space plots through the northern (top) and southern (bottom) parts of the Macquarie Arc.
Abbreviations: gd, granodiorite; CGL, Cowal conglomerate unit; Volcs, volcanics; LST, limestone; Mbr, member; v,
volcanics; SUBGP, subgroup; NLM, Nulawonga Latite Member; MPBM, Mount Pleasant basalt member. Source:
adapted from Glen and Blevin (2019).
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respectively (Crawford et al. 2007a, b; Kemp et al.
2020). Volcanic and proximal volcanic-derived sedi-
mentary sequences are predominant in the Blaney
area and Cargo areas, whereas the Cadia–Forest
Reefs and Sofala areas are characterized bymore dis-
tal rhythmic feldspathic and variably calcareous
sandstones and siltstones of the Coombing Forma-
tion and Weemalla Formation. Crawford et al.

(2007a, b, c) and Glen et al. (2007b) suggested
that Phase 2 was terminated by a regional uplift
and erosion with a short hiatus.

OverlyingPhase3volcanosedimentary sequences
in the Cadia district are of high-K composition and
are notably more proximal (Squire and Crawford
2007). Middle to Late Ordovician Phase 3 (∼468–
455 Ma) medium-K calc-alkaline intrusions of the
Copper Hill Suite are considered to represent rever-
sion to less potassic, medium-K magmatism in an
otherwise highly potassic maturing arc system, and
related to a tectonic event that led to crustal thicken-
ing of the arc (Crawford et al. 2007b). Group 3 intru-
sions (∼455–445 Ma) occur as isolated medium-K
calc-alkaline rocks in the Junee-Narromine and
Molong Volcanic belts, most notably the Copper
Hill Suite (see Blevin 2002). Crawford et al.
(2007a, b) suggested it was the only intrusive
phase emplaced during a volcanic hiatus that was
associated with a period of uplift and Late Ordovi-
cian carbonate deposition, which is preserved in
the Goonumbla and Cadia districts, prior to Phase
4 and Group 4 magmatism (see Butera et al. 2001;
Forster et al. 2004).

Late Ordovician Phase 4 (∼445–435 Ma) mag-
matism is mostly high-K and was more composition-
ally evolved, including widespread volcanics and
monzodioritic to monzonitic mineralized intrusions.
Phase 4 most notably includes the highly significant
Cadia and Northparkes districts along with the Bod-
angora and Temora districts. Primitive Phase 4 lavas
on the eastern side of the Molong Volcanic Belt
(Byng and Blayney volcanics) are considered evi-
dence of major extension and rifting of the arc setting
(Crawford et al. 2007b). Magma compositional
changes throughout Phase 2 through to Phase 4 are
considered to reflect a shift from ‘typical oceanic arc-
type lavas’ to a setting where crustal input or the
influence of a thickening crust drove compositions
to more evolved levels (Crawford et al. 2007b).
Group 4 porphyry intrusions were probably syn-
accretionary and emplaced at shallow levels into
tilted and deformed volcanic and volcaniclastic
packages during the early Silurian Benambran Orog-
eny (Crawford et al. 2007a, b; Glen et al. 2007c; Fox
et al. 2015; Blevin et al. 2020; Groome et al. 2021).

Group 4 intrusions occur coevally with the termi-
nation of arc magmatism associated with the accre-
tion of the terrane onto Gondwana during the early
Silurian Benambran Orogeny. Collision and

initiation of crustal extension and dismemberment
are thought to have occurred around 438 Ma (Craw-
ford et al. 2007b). Parallels to the Fijian section of the
Vitiaz arc were drawn by Squire and Crawford
(2007), who inferred ‘pre-processing’ of the sub-arc
mantle prior to collision and subsequent extension,
resulting in the late subduction-modified high-K
calc-alkaline to shoshonitic intrusions in the Cadia–
Forest Reefs region. Stratigraphic relationships and
distinctive geochemical signatures were cited to sug-
gest that the late Bushman and Nash Hill volcanics,
and the Fifield Alaskan-type complexes, likely repre-
sented a separate magmatic event unrelated to the
Macquarie Arc (Crawford et al. 2007b).

Kemp et al. (2020) used new isotopic fingerprint-
ing and age dating to extend the age range of mag-
matic activity to c. 503–432 Ma, including Phase 2
(477–455 Ma) and Phase 4 (∼444–432 Ma, youn-
gest ages in the Temora Belt). Those authors also
suggested that Phase 3 magmatism, including Cop-
per Hill, was older than previously thought, thus pre-
dating Late Ordovician carbonate deposition. These
wider age ranges obviously call into question the
intervening magmatic hiatuses.

The metal endowment of the Macquarie Arc is
dominated by alkalic and calc-alkalic porphyry
Au–Cu and related skarn deposits. Porphyry and
related skarn deposits, which are subject to large-
scale modern mining, are all Late Ordovician to
early Silurian in age (Group 4). These deposits are
not distributed equally throughout the volcanic
belts, but typically occur in clusters or districts. Por-
phyry and related skarn deposits of the Macquarie
Arc host over 65 Moz of gold, which is about 89%
of the recoverable gold in the Macquarie Arc, the
remainder hosted by carbonate–base metal (meso-
thermal) and high-sulfidation epithermal deposits.
This represents over 50% of the gold endowment
in NSW. The Macquarie Arc also hosts over 14 Mt
of copper (about 80% of NSW copper endowment),
almost entirely hosted by porphyry and related
skarn deposits.

Summary of existing geochemical studies

Several authors, including Scheibner (1987) and
Packham (1987), suggested that volcanic sequences
of the Macquarie Arc formed in an intraoceanic arc
setting related to west-dipping subduction. Follow-
ing this, Wyborn (1992) proposed that the volcanism
was related to rifting, heating and possibly founder-
ing of the lithospheric mantle, based largely on the
‘overwhelmingly shoshonitic’ geochemical affinity
of the rocks. More recently, Blevin and Morrison
(1997), Blevin (1998) and Glen et al. (1998) have
emphasized the overall calc-alkaline character of
the magmatism, and again supported a contempora-
neous intraoceanic island arc setting. In addition,
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Blevin (2002) demonstrated that intrusions at Goo-
numbla and Copper Hill are largely of K-enriched
calc-alkaline affinity, and that only Cadia intrusions
could be considered shoshonitic by the accepted
defining criteria, given that immobile elements and
light rare earth elements/heavy rare earth elements
(LREEs/HREEs) display only marginal enrichment
and depletion compared with definitive shoshonitic
series rocks (Blevin 2002). Blevin (2002) suggested
that the parental magmas of the mineralizing intru-
sions likely represent mixing between enriched lith-
ospheric mantle and more primitive asthenospheric
sources, and that the source region was progressively
enriched over time.

The most significant large-scale assessment of
the geochemistry of the Macquarie Arc came from
a series of papers included in the Australian Journal
of Earth Sciences special issue ‘Geological Evolu-
tion and Metallogenesis of the Ordovician Mac-
quarie Arc, Lachlan Orogen, New South Wales’
(Barron et al. 2007; Cooke et al. 2007; Crawford
et al. 2007a, b, c; Glen et al. 2007a, b, c, d; Lickfold
et al. 2007; Meffre et al. 2007; Percival and Glen
2007; Simpson et al. 2007; Squire and Crawford
2007; Squire and McPhie 2007), culminating in a
synthesis of the magmatic and isotopic evolution
and broad grouping of the arc in four phases (Craw-
ford et al. 2007b). This synthesis divided the evolu-
tion of the Macquarie Arc into four constituent
phases interspersed by inferred hiatuses in arc volca-
nism as described in the previous section.

Several of these papers presented geochemical
data which included shoshonitic compositions for
numerous volcanic and plutonic suites, including
those associated with Phase 4 and Group 4 magma-
tism such as in the Cadia district, but also for older
rocks such as in the Cowal district and in the
Junee–Narromine Belt (e.g. Crawford et al. 2007b,
c; Percival and Glen 2007; Squire and Crawford
2007). Many of the discrimination plots presented,
which reported shoshonitic compositions, were
based on major element whole-rock data including
K2O v. SiO2, P2O5/Al2O3 v. K2O/Al2O3, etc.
Based on these data, along with some LREE/
HREE discrimination, these papers equated many
regional volcanic samples with K-enriched suites
associated with Phase 4 and Group 4, including in
the Goonumbla and Cadia districts.

Prior to and following the special issue, several
district and regional scale geochemical studies
focused on the petrogenesis, fractionation history,
magmatic state and mineral potential and fertility
of volcanic and intrusive suites generally associated
with mineralization (Heithersay et al. 1990; Müller
et al. 1994; Heithersay and Walshe 1995; Arundell
1998; Lickfold 2002; Lickfold et al. 2003; Wilson
2003; Chhun 2004; Zukowski 2010; Goesch 2011;
Pacey 2016; Wells 2016; Hao et al. 2017, 2021;

Lowczak et al. 2018; Pacey et al. 2019; Zhang
et al. 2019; Wells et al. 2020). These contributions
substantially increased our understanding of mag-
matic processes within individual districts, but
few studies have taken a broader view of Macquarie
Arc magmatism to better understand the large-scale
tectonic implications for the arc as a whole. Much
of the data for the special issue were generated
in the late 1990s and early 2000s, often with a limited
suite of analytes and lower analytical precision than
is achievable with modern instruments. Advances in
characterization and discrimination, and increased
understanding of petrogenesis underpinning pro-
cesses within subduction systems have also outpaced
this early research. New data generated with modern
analytical precision and a more complete suite of
analytes allow a reassessment of these pivotal works.

Summary of existing isotopic studies

Previous radiogenic isotopic studies for the Mac-
quarie Arc include Pb–Pb, Nd and Sm–Nd (Sun
1980;Wyborn and Sun 1993; Carr et al. 1995; Craw-
ford et al. 2007b; Kemp et al. 2009, 2020; Forster
et al. 2011, 2015).

Lead isotope data for mineral deposits and lim-
ited data for rocks from the Macquarie Arc generally
plot close to established mantle growth curves and
are like oceanic basalts (see Sun 1980). Lead
model ages for individual deposits are generally con-
sistent with independent age constraints on mineral-
ization. Intrusions associated with the early Silurian
mineralization at Cadia and Goonumbla have narrow
and distinct Pb isotope signatures that we interpret to
be the result of partial melting of already
LILE-enriched mantle-like sources. The data suggest
that deposits of the Macquarie Arc derived Pb from
one or more long-lived mantle-like Pb isotope reser-
voirs without significant contributions of crustal Pb
prior to the Benambran Orogeny. Only slight enrich-
ment in crustal components is evident for Cadia and
Northparkes, which formed during the Benambran
Orogeny (Glen et al. 2007c; Fox et al. 2015; Harris
et al. 2020). Data for the Trundle Park and Rose Hill
prospects differ markedly in that they contain signif-
icant crustal Pb and have Pb–Pb model ages on
galena younger than Ordovician.

The available data also suggest the presence of
mid-ocean ridge basalt (MORB)-like Pb isotope res-
ervoirs, and that Cambrian–Early Ordovician mate-
rial may be a widespread component of the
Macquarie Arc (Forster et al. 2011; Kemp et al.
2020). Juvenile mantle-like epsilon Hf and U–Pb
Cambrian age constraints for the monzogabbro
within a basal sequence of the Temora Belt suggest
that the early development of the Macquarie Arc
occurred within an oceanic setting and built on
mafic Cambrian crust (Kemp et al. 2020). Epsilon
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Nd isotopes for deposits and associated rocks
become progressively enriched throughout the Ordo-
vician to early Silurian, albeit within a very narrow
range consistent with mantle reservoirs (Forster
et al. 2011; Huston et al. 2017).

The gradual enrichment of epsilon Nd (deter-
mined from bulk rock Sm–Nd) from primitive
depleted mantle-like values of Phase 1 (+8.15 to
+7.3) through to Phase 4 (+6.8 to+4.94)Macquarie
Arc contrasts markedly with inferred post-
subduction shoshonitic volcanics (+3.54 to +2.63)
and subsequent crustal-like negative epsilon Nd of
the S- to I-type granites of the Lachlan Fold Belt.
A general agreement with these trends is observed
in available epsilon Hf (determined from zircon
Lu–Hf) data for the Macquarie Arc, and specifically
for barren and mineralized intrusions (Kemp et al.
2009, 2020). High positive epsilon Nd and Hf sug-
gest generation of magmas initially occurred within
an intraoceanic setting with little to no sedimentary,
supra-subduction zone (SSZ), or (siliciclastic)
crustal inputs (Crawford et al. 2007b; Kemp et al.
2009, 2020; Forster et al. 2015). The trend to moder-
ate to low positive values is interpreted to reflect the
increasing contributions of felsic crust or mature sed-
iments prior to and during accretion and subsequent
orogenesis (Crawford et al. 2007b; Kemp et al.
2009, 2020).

Mineral deposits of the Macquarie Arc

The economic porphyry deposits in the Cadia–
Ridgeway and Northparkes districts are of the Au
(+Ag, Cu) type of Sillitoe (2000), with Au (g t−1)
v. Cu(%) ratios = 1:1 (0.2–0.6 g t−1 Au, 0.2–0.7%
Cu) to 4:1 (Cadia Hill, Ridgeway) (see Sillitoe
1997). Based on combined, pre-mining tonnages
(Table 1), the Cadia district porphyry deposits host
over 1100 t Au (contained) and thus collectively
rank among ‘giant’ Au–Cu porphyry deposits of
Cooke et al. (2005). Individual deposits at Cadia,
including Cadia East, rank among the largest
‘giant’ deposits, containing .1.05 × 106 kg Au
(.37 × 106 Oz). Several deposits, most notably
Ridgeway and Cadia East, may be classified as high-
grade and Au-rich according to Cooke et al. (2005).

Cadia is also distinctly Au-rich in comparison
with other mineralized districts of the Macquarie
Arc. Copper/gold ratios for porphyry mineralization
in the Cadia and Goonumbla districts vary markedly,
being roughly four times greater at Cadia, albeit with
significantly lower grades overall, with Cadia Hill
and Cadia Quarry being the most gold and copper
dominant, respectively. By contrast, lower-K suites
associated with Cu–Au+Mo porphyry mineraliza-
tion including Copper Hill and those in the Cowal
district have Au (g t−1) v. Cu (%) ,1:1.

A selection of intrusive and host rock photo-
graphs from Cadia, Northparkes, Trundle and Kaiser
is shown as a photomontage in Figure 3.

The southern Molong Volcanic Belt

Cadia district

Located about 20 km south of Orange in the Molong
Volcanic Belt, Cadia is the largest porphyry system
in the Macquarie Arc and in Australia, with 2023
contained resources of 45.461 MOz Au and
7610 Kt Cu (Fig. 4). Six individual deposits are
known (Table 1), all of which are genetically related
to porphyry intrusions of the Cadia Intrusive
Complex.

Mining is currently focused on the Cadia East
underground system, which hosts resources of
2900 Mt @ 0.35 g t−1 Au, 0.26% Cu, 0.65 g t−1

Ag, 66 ppm Mo (Table 1). Cadia East is a sheeted
vein-style porphyry system developed above a
major dyke hosted within an east-SE-striking gra-
ben. Cadia Hill and Cadia Quarry mostly occur
within monzonite to quartz monzonite phases of
the main pluton of the Cadia Intrusive Complex,
the former, a wallrock-hosted sheeted vein system,
and Cadia Quarry, breccia and vein hosted (Holliday
et al. 2002; Wilson et al. 2003; Forster et al. 2004).
Ridgeway occurs above several vertically attenuated
apophyses hosted by complex stockwork vein sets,
the entire system being laterally focused within a
tall, box-like fault block (Wilson et al. 2007).

The Cadia system is hosted by Middle to Late
Ordovician sedimentary rocks of the Weemalla For-
mation, and Late Ordovician volcanic and sedimen-
tary rocks of the overlying Forest Reef Volcanics
(Squire and Crawford 2007). Based on limited detri-
tal zircon ages, the maximum deposition age for the
lower Forest Reef Volcanics is 453 Ma, which over-
laps with the protracted deposition history of the
Weemalla Formation from 465 to 450 Ma (Harris
et al. 2014).

Several calcareous feldspathic sandstone units
occur within both the Weemalla Formation and For-
est Reefs Volcanics. The most significant is a 40 m
thick calcareous, feldspathic sandstone horizon
within the Forest Reefs Volcanics containing
allochthonous limestone blocks, which together
host the magnetite and hematite rich Big Cadia and
Little Cadia skarns that were mined historically for
Cu, Fe and Au (Forster et al. 2004). Based on
(Late Ordovician) Eastonian (Ea3) (see also Grad-
stein et al. 2012) conodonts from this unit and
other evidence, Percival et al. (1999) and Forster
et al. (2004) suggested that the major calcareous
horizon may be associated with a regional volcanic
hiatus. The upper part of the sequence above the cal-
careous unit consists of well-bedded volcanic-
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Table 1. Recent resources for the porphyry and epithermal deposits in the Macquarie Arc district

Mine/Project name Style Current resources and reserves (JORC) Contained Au
(KOz)

Contained Cu
(‘000t)

Cadia Valley Operations PorphyryAu–Cu Cadia East: (indicated) 2600 Mt @ 0.35 g/t Au, 0.26% Cu,
0.65 g t−1 Ag, 66 ppm Mo

45 461 7610

Cadia East: (inferred) 500 Mt @ 0.24 g/t Au, 0.17% Cu, 0.47 g t−1

Ag, 25 ppm Mo
Cadia East: (probable) 1200 Mt @ 0.42 g/t Au, 0.29% Cu,

0.7 g t−1 Ag, 82 ppm Mo
Cowal Epithermal Total resources: 305.3 Mt @ 0.98 g/t Au 9619

Total reserves: 138 Mt @ 1.03 g/t Au
Northparkes Porphyry Cu–Au Total resources: 481.52 Mt @ 0.56% Cu, 0.18% g/t Au 2787 2697

Total reserves: 121.17 Mt @ 0.58%, 0.22 g/t Au

Deposit/Project name Project status Current resources and reserves (JORC) Contained Au
(KOz)

Contained Cu
(‘000t)

Boda Porphyry Au–Cu Exploration Inferred: 624 Mt @ 0.26 g/t Au, 0.14% Cu 5200 900
Kaiser Porphyry Au–Cu Exploration Inferred: 270 Mt @ 0.24 g/t Au, 0.18% Cu 2080 486
Bushranger/Racecourse Porphyry Cu–Au Exploration Indicated and inferred: 71 Mt @ 0.44% Cu, 0.064 g/t Au 146 312
Cadia Valley Operations Porphyry Au–Cu Care and maintenance Big Cadia: (inferred) 11 Mt @ 0.52% Cu, 0.7 g/t Au

Ridgeway underground: (indicated) 110 Mt @ 0.57 g/t Au, 0.3%
Cu, 0.74% g t−1 Ag

3973 736

Ridgeway underground: (inferred) 41 Mt @ 0.38 g/t Au, 0.4% Cu,
0.42 g t−1 Ag

Ridgeway underground: (probable) 80 Mt @ 0.54 g/t Au, 0.28%
Cu

Cadia extended underground: (indicated) 80 Mt @ 0.35 g/t Au,
0.19% Cu

Cadia Hill stockpiles: (measured) 32 Mt @ 0.3 g/t Au, 0.13% Cu
Copper Hill Porphyry Cu–Au Exploration Total resource: 190 Mt @ 0.28% Cu, 0.28 g/t Au, 1.3 g t−1 Ag 895 532
Gidginbung Epithermal Exploration Inferred: 8 Mt @ 1.5 g/t Au, 0.09% Cu 386
Marsden Porphyry Au–Cu Exploration Indicated and inferred: 122.97 Mt @ 0.27 g/t Au, 0.46% Cu 1067 566
Peak Hill Epithermal Exploration Proprietary underground: (inferred) 1.02 Mt @ 3.29 g/t Au, 0.15%

Cu
108 2

Sorpresa Epithermal Exploration Total resource: 1.519 Mt @ 1.52 g/t Au, 70 g t−1 Ag 74
Temora Project Porphyry Cu–Au Exploration The Dam: (indicated and inferred) 40 Mt @ 0.30% Cu, 0.41 g/t

Au
2208 721

Cullingerai: (inferred) 24 Mt @ 0.30% Cu, 0.31 g/t Au
Estoril: (inferred) 14 Mt @ 0.21% Cu, 0.35 g/t Au
Mandamah: (inferred) 26 Mt @ 0.34% Cu, 0.38 g/t Au
Yiddah: (inferred) 127 Mt @ 0.32% Cu, 0.14 g/t Au

Yeoval Porphyry Cu–Au Exploration (inferred) 12.8 Mt @ 0.38% Cu, 0.14 g/t Au, 120 g t−1 Mo,
2.2 g t−1 Ag
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derived rocks, including phreatomagmatic ash-fall/
lapilli volcaniclastic rocks, minor mudstone and
thin limestones of early Silurian, which Harris
et al. (2014) suggested as being of Llandovery to
Wenlock age.

The entire sequence is intruded by irregular mafic
and silicic stocks, dykes and sills, including promi-
nent feldspar porphyry dykes of the Cadia Intrusive
Complex which range in composition from diorite
to quartz syenite. Those closely associated with min-
eralization range from monzodiorite at Ridgeway to
quartz monzonite with quartz syenite and pegmatitic
segregations at Cadia Quarry. Key age constrains on
intrusions associated with mineralization are pro-
vided in Supplementary File 1. Together, they sug-
gest that the Cadia Intrusive Complex was

emplaced 443–435 Ma which conforms with an
40Ar/39Ar age of 438.2+ 1.3 Ma (1σ) for mica inti-
mately associated with mineralization at Cadia
Quarry. Conversely, Wilson et al. (2007) provided
Middle to Late Ordovician (∼456–454 Ma) U–Pb
ages on zircons, reportedly from the Cadia Intrusive
Complex. Together, the data suggest that the miner-
alized intrusions were emplaced during the early
Silurian following a possible depositional hiatus
marked by the largest calcareous sandstone unit
(Butera et al. 2001; Forster et al. 2004).

The Cadia intrusions are mineralogically distinct
from those in the Northparkes district in that they are
more pyroxene rich and biotite forms at the expense
of pyroxene with fractionation rather than amphi-
bole. Whole-rock geochemical data provided by
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Fig. 3. Photomontage of intrusive and host rocks from Macquarie Arc deposits. (a) Trundle Park TD002 420.10–
420.13 m. Monzonite porphyry with quartz–calcite–molybdenite vein. Dated by Re–Os method. (b) Northparkes
E22D248. Hematite dusted ‘red rock’ alteration of partly brecciated quartz monzonite. (c) PC179 Cadia Quarry.
Garnet–epidote skarn after feldspathic, calcareous sandstone near quartz monzonite intrusion. (d) Drill hole
Mordialloc prospect CTD006. Feldspar-rich quartz monzonite with mafic basaltic andesite dyke. (e) PC179 Cadia
Quarry. Monzonite. (f ) Modialloc prospect ERE22D248. Quartz monzonite phase – associated with mineralization.
Dated by U–Pb (zircon). (g) PC302 diorite from Cadia–White Engine. (h) EL48D58 Northparkes. Silicified and
slightly brecciated monzonite. (i) Kaiser NKD003. Contact between the K-altered monzodiorite/diorite intrusion and
the host andesite. (j) Kaiser NKD003. Typical biotite-altered porphyritic diorite to monzodiorite comprised of
plagioclase, hornblende and minor quartz. Source: photographers: David Forster, Phillip Blevin and Joel Fitzherbert.
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Fig. 4. Geological map of the Ordovician to early Silurian rocks of the southern Molong Volcanic Belt located south
of Orange in central New South Wales. Notable deposits include Cadia–Ridgeway, Junction Reefs, Glendale and
Cargo. Historic Cu and Au occurrences are shown.
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Blevin (1998) and presented in this study suggest
they are amongst the highest K rocks in the Mac-
quarie Arc.

Metal abundance and zonation at Cadia.
Despite the differences in gold/copper ratios
between deposits at Cadia, (Supplementary File 1),
the system overall is distinctly more Au-rich than
Northparkes. The spatial relationships between min-
eralization, including alteration, and the host rocks in
the Cadia district are shown in Figure 5a.

At Ridgeway, Au and Cu grades are largely coin-
cident, being highest in bornite-rich zones adjacent
to mineralizing quartz monzonite intrusions, with
the extent of copper mineralization .0.2% con-
forming quite well with the extent of biotite-K-feld-
spar bearing calc-potassic alteration with gold
mineralization .0.2 g t−1 extending slightly further
outwards.

Gold and Cu at Cadia Hill correlate well with the
abundance of veins. This wallrock-hosted sheeted
vein system is mainly associated with propylitic
alteration and has considerably higher Au/Cu ratios
than the other deposits (Table 1), most notably Cadia
Quarry, which is characterized by steeply dipping
biotite-K-feldspar-rich breccia zones tens of metres
wide, which probably reflect innermost high-
temperature calc-potassic alteration zones (Holliday
et al. 2002; Forster et al. 2004).

Gold- and Cu-mineralization at Cadia East is
associated with sub-parallel sheeted veins developed
around and above monzodiorite to quartz-monzonite
dykes and stocks, most notably a dyke-like monzo-
nite to quartz-monzonite body at depth. Mineraliza-
tion occurs in two broad overlapping zones: an
upper Cu-dominant disseminated zone, and a deeper,
centrally located Au-rich zone associated with
sheeted veins which extends to shallower depths to
the west. The Au-rich zone, developed broadly
around the monzonite dyke, is localized around a
core of steeply dipping sheeted quartz–calcite–born-
ite–chalcopyrite–molybdenite+ covellite+ mag-
netite veins, with the highest Au grades associated
with the widest zones of bornite-bearing veins (Hol-
liday et al. 2002). Competency contrasts, including
lithological boundaries in the host sequence, also
have localized mineralized veins (Greenfield et al.

2022).
Oxidized magnetite-rich skarn deposits are asso-

ciated with the porphyry mineralization at Cadia.
The Big Cadia and Little Cadia skarns together
host about 150 000 t of copper and 14.4 KOz of
Au.While dwarfed by their parent porphyry deposits
(Cadia Quarry and Cadia East), they are nonetheless
important parts of the systems, having been signifi-
cant historical producers in the nineteenth century,
and were also key to discovering and understanding
the larger porphyry deposits (Forster et al. 2004; For-
ster 2009).

Glendale and Junction Reefs

The Junction Reefs district located 39 km SSW of
Orange lies within the Late Ordovician Molong Vol-
canic Belt. The area hosts significant Au and minor
Cu mineralization associated with Late Ordovician
dioritic to monzonitic intrusions.

An interbedded sequence of siltstone, shale,
minor carbonate units and volcanic sandstone of
the late Middle to Late Ordovician Weemalla For-
mation dominates the geology of the Junction
Reefs area. This sequence was part of a proximal
wedge of shallow marine volcanic debris on the
slopes of a possibly emergent volcanic edifice
(Wyborn 1997). Conformably overlying the Wee-
malla Formation are mafic volcanics of the Late
Ordovician Forest Reefs Volcanics that outcrop
to the NE of the Glendale deposit. Early Silurian
intermediate igneous rocks, including the Tetten-
hall Monzodiorite, Junction Reefs Monzodiorite
and Glendale Quartz Monzonite, intrude the
older sequences.

Three different mineralization styles are present.
These are distal Au–skarn mineralization (Shea-
han–Grants, Frenchmans and Cornishmens), aurif-
erous sheeted quartz arsenopyrite veins (Glendale)
and intrusive breccia pipes (Prince of Wales). The
deposits, including some derived alluvial Au,
were mined in the nineteenth century, producing
over 48 KOz Au. The geology and mineralization
in these zones have been described by Overton
(1990), Mandyczewsky et al. (1991), Perkins
et al. (1992) and Gray et al. (1995). Both the Glen-
dale deposit and the skarns are pyrrhotite-bearing,
indicating relatively reduced oxidative conditions
of formation for the Macquarie Arc.

A classic spatial skarn zonation is developed con-
centrically around the shoshonitic plugs. Calc-
silicate mineralogy and parageneses are typical for
gold skarns, including prograde skarn assemblages
and hydrous retrograde assemblages (Gray et al.

1995). The calc-silicate (garnet/pyroxene ,2:1)
and sulfide ore mineralogy (Au-bearing, pyrrho-
tite–pyrite–chalcopyrite–arsenopyrite) are features
characteristic of the category of reduced Au skarns
(Meinert 1992, 1995).

The northern Molong Volcanic Belt

Bodangora district

Hosted by the northern Molong Volcanic Arc, the
Bodangora district is located about 15–20 km NE
of Wellington and includes numerous historic
mines and modern porphyry and skarn prospects,
some of which have been faulted and sheared
(Fig. 6). Historic mines include the Bodangora
Creek, Dicks Reward and Mitchells Creek
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mines, which produced 7.1 t Au, mainly between
1869 and World War I (c. 1914–18), with minor
production in the 1930s and 1980s, along with

the Kaiser mine that produced 30–40 kg of Au
and minor Cu during the 1860–70s and 1930s,
respectively.

mineralization

mineralization

Fig. 5. Schematic cross-sections of the Cadia district (top) and Goonumbla district (bottom) deposits. Source:
reproduced from Blevin et al. (2020).
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Fig. 6. Geological map of the Ordovician to early Silurian rocks of the northern Molong Volcanic Belt located north
of Orange in central New South Wales. Notable deposits include Copper Hill, Boda–Kaiser and Comobella. Historic
Cu and Au occurrences are shown.
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There has been concerted recent exploration for
porphyry and skarn-related Cu–Au mineralization
in the Bodangora district, which has identified the
Comobella, Finns Creek, Driell Creek and Kaiser
prospects, and most notably, the large Boda system
(Alkane Resources 2019, 2020, 2021).

Comobella. The Comobella area is located about
6 km NW of Kaiser. MacKenzie (1993) described
several skarn, breccia and intrusive related Cu–Au
occurrences over a 1.5 by 2.4 km area hosted by
andesitic lavas, latites and reworked volcanic units
of the Late Ordovician Oakdale Formation, which
have been intruded by a series of poorly outcropping
monzonitic and syenitic intrusive stocks of Late
Ordovician age (447.9+ 2.1 and 447.6+ 2.1 Ma;
Supplementary File 1; Jones et al. 2023). The area
is interpreted to be proximal to an Ordovician intru-
sive complex or volcanic centre. Mineralization is
preferentially developed along the margins of the
intrusions and includes chalcopyrite, bornite and
minor covellite with magnetite. Two alteration
assemblages have been identified. These are the rim-
ming by K-feldspar of both the clasts and the matrix
and an epidote–actinolite–garnet overprint in the
matrix that is part of a calc-silicate skarn assemblage
(MacKenzie 1993). Prominent magnetite-rich skarns
several hundred metres long occur around the area.

Boda and Kaiser. The Boda and Kaiser deposits
occur within a north–south-trending structural corri-
dor which extends for over 2.5 km including the
Boda Two prospect.

Boda is by far the largest deposit in the Bodan-
gora district and represents the most significant
new discovery of the twenty-first century in the Mac-
quarie Arc, including an intercept of 1167 m @
0.55 g t−1 Au, 0.25% Cu (from 75 m). The Boda–
Kaiser copper–gold deposit hosts resources of
5.2 MOz of gold and 873 Kt of copper (Supplemen-
tary File 1; Alkane Resources 2021).

Intrusive phases include various dykes and
intrusive breccias, mainlymonzodiorites andmonzo-
nites, which are cut by late-mineral, equigranular
monzonite dykes (Greenfield et al. 2022). The
magmatic breccias are near-vertical and transition
to intensely altered hydrothermal breccias which
form the highest-grade core of the Boda deposit.
Chalcopyrite-rich mineralization grades outward to
chalcopyrite–bornite–chalcocite-bearing mineraliza-
tion over about 150 m. This is atypical of many Llan-
doverian porphyry systems of the Macquarie Arc,
which have central, bornite-rich cores.

Distinct alteration zonation is evident, including:

• An inner calc-potassic zone consisting of fine-
grained biotite–actinolite–epidote–magnetite
with interfingering of a lesser potassic assemblage
dominated by biotite.

• Plagioclase at the margins of this alteration is
pinkish due to hematite dusting. This zone extends
for over 1.5 km.

• More distal and deeper alteration consists of
zoned propylitic alteration with typical mineral
assemblages of epidote–chlorite–calcite–hema-
tite–pyrite (Supplementary File 1).

• Phyllic alteration with up to 10% pyrite overprints
eastern parts of the Boda system, with mineraliza-
tion copper depleted and gold enriched (Green-
field et al. 2022).

The late mainly equigranular monzonite dykes are
weakly mineralized with chalcopyrite occurring in
quartz veins (Alkane Resources 2021; Greenfield
et al. 2022). Various post-mineral dykes and sills
are prominent.

Kaiser. Located about 500 m north–NW of Boda
within the mineralized corridor, the Kaiser Mine
was a minor historical producer of Au and Cu. Dio-
rite, monzodiorite and monzonite dykes and sills
(constrained to 437.9+ 2.1; Jones et al. 2023)
intrude the sequence, with the more felsic phases
being intensely altered. Two major faults have
locally cataclastically affected and upgraded
mineralization. Feldspar–quartz episyenite ‘finger’
dykes have been observed, some of which contain
chalcopyrite, mainly after altered ferromagnesian
minerals.

The mineralization has been described by Pagen
(1998) and Greenfield et al. (2022) as consisting of
vein-controlled and disseminated pyrite, chalcopy-
rite, magnetite, bornite, covellite, chalcocite and
gold with pyrrhotite molybdenite and rare sphalerite
and galena.

Early magnetite K-feldspar veins are overprinted
by a potassic assemblage which also includes biotite
and actinolite (Greenfield et al. 2022). These are
overprinted by epidote–carbonate–albite–chlorite–
sulfide (chalcopyrite) veins.

Other general observations include:

• The intensity of both the hydrothermal alteration
and the sulfide mineralization generally decreases
outwards.

• Higher-grade Cu–Au mineralization also occurs
in narrow shear zones where the sulfide-rich
potassic zones have undergone post-alteration cat-
aclasis, foliation and recrystallization.

• A late, low-temperature stage is represented by the
presence of thin fracture-controlled native copper
bearing carbonate veins.

Boda and Kaiser have upper zones enriched in cop-
per and gold, respectively. These zones are notable
for containing adularia–clay alteration.

While multiple zones of alteration and minerali-
zation occur in the immediate district, the many anal-
ogous features of Kaiser and Boda and their
proximity within a north–south-striking zone
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together suggest they probably belong to the same,
or a very closely related, mineralized system.

Copper Hill

Porphyry-style mineralization in the Copper Hill dis-
trict (not to be confused with the Copper Hill/Trun-
dle Park prospect at Trundle, NSW) is hosted by the
Copper Hill Intrusive Complex, which intrudes
andesitic volcanics and minor limestones of the Mid-
dle Ordovician Fairbridge Volcanics (Blevin and
Morrison 1997). Skarn mineralization related to the
porphyries also occurs, most notably at the Little
Copper Hill prospect. Current total resources stand
at 190 Mt @ 0.28% Cu, 0.28 g t−1 Au, 1.3 g t−1

Ag (Supplementary File 1).
The Copper Hill Intrusive Complex is dominated

by dacites and tonalites. Blevin and Morrison (1997)
and Blevin (2002) recognized two intrusive phases: a
quartz diorite with gradational boundaries to micro-
tonalite (equivalent to the early quartz diorite phase
of Chivas and Nutter (1975), and a dacite porphyry
that occurs as an intrusive body and as dykes (Blevin
and Morrison 1997). Those authors also recognized
three distinct dacite porphyry bodies based on phe-
nocryst and matrix differences.

The geochemistry of the Copper Hill district is
distinct from the other, higher-K suites that are the
focus of this chapter. The district is dominated by
dacites and tonalites which are of medium-K
calc-alkaline affinity. This is a relatively low-K
suite for the Macquarie Arc generally when com-
pared to slightly older intrusive suites (Blevin 2002;
Crawford et al. 2007b; Kemp et al. 2020). Numerous
attempts have been made to date the Copper Hill
Intrusive Complex and the mineralization, including
449.1+ 1 Ma (40Ar/39Ar) and 450+ 6 Ma (U–Pb
sensitive high-resolution ionmicroprobe (SHRIMP))
by Perkins et al. (1995; see also Crawford et al.
2007b; Glen et al. 2011a). Kemp et al. (2020)
obtained a slightly older U–Pb age based on a simple
age distribution yielded by rims of zircon crystals
from the medium-K Copper Hill tonalite of 458+
2 Ma along with two Re–Os ages on molybdenite
of 455+ 2 and 454+ 2 Ma.

Scott (1978) observed a zoned alteration system at
Copper Hill, including a quartz–magnetite–chlorite
central stockwork zone that is surrounded by a seri-
cite–quartz–pyrite inner zone with associated chlo-
rite–calcite–rutile–illite (sericitic) alteration, and an
outer chlorite dominated zone with associated propy-
litic (epidote–pyrite–illite–quartz–calcite) alteration.
Sulfide mineralogy is also zoned, with a sulfide-rich
central core dominated by pyrite, grading outwards
to chalcopyrite–pyrite, with an outer zone of sphaler-
ite, galena and tetrahedrite.chalcopyrite. Associated
with this alteration are two assemblages that infill
shears and fractures. These are a quartz–carbonate–

pyrite–chalcopyrite–sphalerite–galena assemblage
that occurs with the deeper alteration, and a silica–
pyrite–chalcocite+ base metals assemblage in
shallower parts.

The northern Junee–Narromine Volcanic

Belt

The Goonumbla district: Northparkes

The Goonumbla porphyry Cu–Au district, which
hosts the current Northparkes, Endeavour (E)
26 mine, is located about 25 km NW of Parkes
(Fig. 7) within the Junee–Narromine Belt. The area
has been the subject of much research in recent
decades, including studies by Jones (1985), Heither-
say (1986) Heithersay et al. (1990), Heithersay and
Walshe (1995), Hooper et al. (1996), Lickfold
(2002), Lickfold et al. (2003), Müller and Groves
(2019), Pacey et al. (2019) and Hao et al. (2021).

The district hosts four economic porphyry cop-
per–gold deposits, E22, E26 North (the current
Northparkes mine), E27 and E48. The district also
includes several smaller porphyry Cu–Au (Wells
et al. 2021) and skarn-type deposits, including
Endeavour 44, Endeavour 6 and Endeavour 7. Cur-
rent resources are listed in Table 1. The mineraliza-
tion is hosted by the Late Ordovician Goonumbla
Volcanic Complex, which is located within the cen-
tral portion of the Early Ordovician to Late Ordovi-
cian/early Silurian Junee–Narromine Volcanic
Belt.

Three major cycles of Ordovician volcanic rocks
and associated intrusive complexes have been iden-
tified at Goonumbla. These are the Nelungaloo, Goo-
numbla and Wombin volcanics, which have been
described in detail by Krynan et al. (1990), Simpson
et al. (2005) and Pacey et al. (2019).

The Nelungaloo Volcanics are 650 to 1500 m
thick and are the oldest in the district and among
the oldest reliably dated sequence of rocks in the
Macquarie Arc, except for parts of the Temora Belt
(Kemp et al. 2020). The Nelungaloo Volcanics are
constrained by cross-cutting monzodiorites (‘Nettle-
becks Lane Monzodiorite’) constrained to 477+ 2
and 477+ 4 Ma (Kemp et al. 2020). The volcanics
comprise a subaqueous distal apron facies suite of
volcaniclastic sedimentary rocks and syn-
sedimentary andesitic lavas and sills (Butera et al.
2001; Simpson et al. 2005). The Yarrimbah Forma-
tion directly overlies the Nelungaloo Volcanics
(Sherwin 1976, 1996, 2000). It is described by
Glen et al. (2007b) as a 400–600 m thick, broadly
fining upwards sequence of volcaniclastic sand-
stones, siltstones and bedded mudstones.

The Goonumbla Volcanics are a Middle to Late
Ordovician sequence up to 4000 m thick. Shallow
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Fig. 7. Geological map of the Ordovician to early Silurian rocks of the northern Junee–Narromine Volcanic Belt
located NW of Parkes in central-west New South Wales. Notable deposits include Trundle (Mordialloc and Trundle
Park), Northparkes and Peak Hill.
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water, bedded volcaniclastic sandstone, siltstone,
minor intercalated limestones and volcanic breccia
are overlain by thick volcanic conglomerate and a
coeval sequence of coherent basaltic andesitic to tra-
chyandesitic volcanic rocks, including lavas and
shallow sills. The Billabong Creek Limestone and
Gunningbland Formation are probably laterally
equivalent to the Goonumbla Volcanics. The lower
Goonumbla Volcanics are constrained by a cross-
cutting monzonite dyke 450.8+ 4.2 Ma (Butera
et al. 2001; Lickfold et al. 2007).

The Late Ordovician to early Silurian Wombin
Volcanics (lower constraint of 433.8+ 3.1 Ma)
(Hao et al. 2021; Zhen and Percival 2023) are an
up to 1 km thick sequence which represents a volca-
niclastic apron facies of polymict volcanic breccias
intercalated with turbiditic crystal-rich sandstone
and less abundant syn-sedimentary trachyandesitic
sills, porphyritic trachyandesitic and flow banded
trachytic lavas, which conformably overlie the Goo-
numbla Volcanics. Simpson et al. (2005) interpreted
the Goonumbla and Wombin volcanics as a subaqu-
eous volcaniclastic apron that formed on the flanks
of a shallow marine to subaerial stratovolcano.

In the Northparkes district, at least nine intrusive
phases have been identified, with the main stage of
mineralization being associated with K-feldspar
quartz monzonite porphyry pipes and dykes,
and, to a lesser extent, late-mineral augite–biotite–
K-feldspar quartz monzonite porphyry intrusions
and their associated K-feldspar and sericite–
hematite-bearing alteration assemblages (Lickfold
et al. 2003).

Mainly ‘pencil like’ subvertical intrusions associ-
ated with mineralization include groups of pre, early,
syn and post-mineralization phases (Fig. 5b). Pre-
mineralization intrusions include equigranular mon-
zodiorites, including beneath E26–26 North. Early
mineralization intrusions are typically biotite-
bearing, medium- to coarse-grained and equigranu-
lar to semi-porphyritic. Intrusions associated with
the main stage of mineralization constrained to
441.8+ 3.7 and 441.1+ 2.5 Ma (Hao et al.
2021) are dominated by K-feldspar quartz monzonite
porphyries with 30 to 40% phenocrysts of plagio-
clase, K-feldspar and minor magnetite, biotite and
hornblende (Blevin 2002). Various late mineraliza-
tion intrusions with clear cross-cutting relationships,
including xenoliths of earlier phases, include plagio-
clase, K-feldspar and minor augite–biotite–horn-
blende phenocrysts with magnetite with a
groundmass containing 10–50% quartz. Post-
mineralization intrusions include dykes of basaltic
trachyandesite, mafic monzonite porphyry and
basalt. The most significant and visually striking
are feldspar-dominant, mostly aphanitic ‘zero’
dykes so named since they are altogether barren
(Lickfold et al. 2003; Blevin et al. 2020).

The porphyry-type mineralization in the district
consists of sub-vertical pipe-like intrusions of quartz
monzonite porphyry. Up to 11 stages of alteration
have been identified by numerous workers (see Lick-
fold 2002), however, they can clearly be grouped
according to the series of intrusive phases described
above. Themain stage of mineralization is associated
with K-feldspar quartz monzonite porphyry pipes
and dykes, and, to a lesser extent, late-mineral
augite–biotite–K-feldspar quartz monzonite por-
phyry intrusions and their associated K-feldspar
and sericite–hematite alteration assemblages (Lick-
fold et al. 2003). The mineralization generally occurs
as disseminations, and within fractures and veins
within both the intrusion and the surrounding volca-
nic rocks, with the strongest mineralization being
associated with quartz stockwork veining within a
central potassic alteration zone (Heithersay et al.

1990). A mineral zonation has been identified with
a poorly defined outer pyritic zone surrounding a
chalcopyrite-dominant zone which, in turn, sur-
rounds an inner, higher-grade, central bornite and
chalcocite-dominated oxidized zone (Heithersay
et al. 1990). Pervasive sericitic alteration is relatively
restricted (see Harris and Golding 2002), and wide-
spread propylitic alteration is present.

Trundle district

The Trundle district is hosted by a roughly triangular
15 by 5 km block of Ordovician andesitic to tra-
chyandesitic lavas, tuffs and volcaniclastic breccias
of the Raggatt Volcanics (Fig. 7). The block is
fault bounded on the eastern side. Sparse fossilifer-
ous limestones within the sequence contain Late
Ordovician corals and conodonts which correlate
with carbonate units of the Goonumbla Volcanics
(Pickett and Ingpen 1990).

Minor copper, gold and iron were mined during
the 1930s and World War II (c. 1939–45), mainly
from skarn mineralization. Modern exploration
has included several prospects, most notably Trun-
dle Park/Copper Hill, Mordialloc, Bayleys and
Bloomfield, which are developed around diorite to
quartz monzonite and rare syenite intrusions.
Much of the early phase modern exploration
focused on skarn mineralization developed after
reactive host rocks including carbonates (e.g. Trun-
dle Park), using skarn mineralogy and zonation to
attempt vectoring toward porphyry mineralization
(see Forster 2009). Alteration associated with min-
eralization extends up to about 800 m from intru-
sive stocks and dykes, but narrower, definable
zones of alteration are evident around porphyritic
intrusions.

Mineralization is centred on various diorite to
quartz monzonite and minor syenite stocks and
dykes. These post-date very coarsely porphyritic
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plutons, including one dated at Mordialloc (443.6+
3.6 Ma by U–Pb on zircon; Supplementary File
6) where Cu–Au mineralization is associated with
near-vertical quartz porphyritic quartz monzonite
stocks.

Porphyry-style mineralization and associated
alteration at Trundle generally occurred in three
main stages: (i) pre-mineral halos of vein-like K-
feldspar + quartz dykes with weak Cu mineraliza-
tion; (ii) early-mineralization K-silicate (both i and
ii apparently related to amphibole–biotite–quartz
monzonite intrusions); and (iii) late-stage fault and
fracture-controlled and lesser veins containing phyl-
lic assemblages (sericite–carbonate–quartz–pyrite +
anhydrite). The porphyry deposits generally have a
high grade bornite (and lesser chalcocite) core,
which passes outwards into a chalcopyrite dominant
zone to an outer patchy pyritic (up to 3%) halo.
Intense mineral destructive alteration is generally
absent, with the potassic core being present as
pink–red K-feldspar along fractures and vein sel-
vages. Thin, commonly seamed quartz–carbonate
veins are also associated with Cu and Au mineraliza-
tion. Cu–Au bearing magnetite-rich skarn and calc-
silicate skarn is present and abundant at the Trundle
Park prospect, developed in at least three major car-
bonate units (e.g. drill hole TD002). Some late-stage
zones are notably base metal-rich. In such zones, the
sulfide minerals mainly consist of pyrite–chalcopy-
rite+ sphalerite+ galena and vary widely in rela-
tive abundance. Molybdenite may be associated
with the late-stage mineralization, including at Trun-
dle Park, with Mo anomalism being largely coinci-
dent with Cu hosted by late-stage monzonite
intrusions, and forming a .20 ppm Mo halo in the
adjacent skarn (Kincora Copper Ltd 2020). Gold
occurs in these Cu- and Mo-bearing zones, but
broader Au-dominant zones mainly appear to
occur peripherally.

Forster et al. (2015) reported a Re–Os age on
molybdenite of 418+ 2.0 Ma from a ∼30 m wide
quartz–monzonite dyke-like intrusion at Trundle
Park, which is indistinguishable from a U–Pb zircon
age on the same rock (418.4+ 1.35; Supplementary
File 6). These significantly younger ages may be
related to younger magmatism near the eastern mar-
gin of the Trundle Block, near major thrust faults
which juxtapose the mid-Silurian Campbells Group
and Ordovician Raggatt Volcanics. These thrust
faults may have partly reactivated older, possible
rift-related faults which were contemporaneous
with Early Devonian magmatism.

While these quartz–monzonite intrusions share
mineralogical similarities to monzonites dated as
Ordovician in age, they differ primarily in texture.
The monzonites typically exhibit crowded feldspars
in a porphyritic texture, whereas these intrusions lack
such a prominent porphyritic texture. Geochemical

and isotopic data further distinguish them (see Dis-
cussion section).

The southern Junee–Narromine Volcanic

Belt

Temora district

The Temora district includes several porphyry Cu–
Au deposits along with the Gidginbung Mine,
which is of epithermal style (Fig. 8). They are hosted
by a 50 km long, north–NW-striking linear belt of
volcanic rocks of the Late Ordovician to early Silu-
rian Gidginbung Volcanics, which mostly lie under
shallow cover (Perkins et al. 1995; Lawrie et al.

2007). The volcanic rocks consist of andesitic volca-
niclastics intruded by hornblende gabbro, diorite to
tonalite and late-stage monzodiorite dykes and
sills. Intrusions, including those associated with min-
eralization, comprise porphyritic monzodiorite
dykes and gabbroic, dioritic to monzodioritic por-
phyrytic sills and stocks. Until recently, all available
age constraints indicated that the rocks associated
with mineralization in the Temora Belt were of
Late Ordovician to early Silurian age, but recent dat-
ing by Kemp et al. (2020) suggests intrusions of sim-
ilar geochemical affinity were emplaced as early as
the Late Cambrian.

Significant porphyry deposits in the district
include Cullingerai, The Dam, Estoril, Mandamah
and Yiddah. Combined resources for the district
exceed 2.2 MOz Au and 720 Kt Cu with only a
few small historical workings present, mainly around
Yiddah. The age of the Yiddah porphyry is con-
strained to the early Silurian (433.8+ 6.4, 438.3
+ 3.5 Ma), indistinguishable from spatially associ-
ated amphibole–feldspar porphyritic monzodiorite
stocks dated to 439.2+ 6.4 Ma (Goesch 2011;
Kemp et al. 2020).

Ore mineralogy consists of quartz–magnetite–
pyrite and chalcopyrite veins with molybdenite as a
weak sulfide halo to several deposits. Three major
mineralization stages with corresponding alteration
assemblages are described as common to all the
deposits by Cronin et al. (2017), including an
early generation of high-temperature quartz–magne-
tite+ feldspar+ pyrite+ chalcopyrite associated
with seamed quartz veins with selvages of magne-
tite–quartz–carbonate–chlorite–chalcopyrite–hema-
tite+ K-feldspar, followed by a crystalline to
clotty quartz–carbonate–chlorite+ chalcopyrite
stage. These are overprinted by weakly mineralized
quartz–white mica–pyrite alteration. These vein
and alteration paragenetic relationships are charac-
teristic of many single-phase porphyry deposits (Ble-
vin et al. 2020). Of the deposits in the district, The
Dam is distinct in having significant bornite as part
of the porphyry-style vein assemblage and a
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Reference

Fig. 8. Geological map of the Ordovician to early Silurian rocks of the southern Junee–Narromine Volcanic Belt
located SE of West Wyalong in central-west New South Wales. Notable deposits include the Temora district (Yiddah,
Rain Hill, Gidginbung) and Currumburrama district (Imola and Silverstone).
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prominent late-stage, white mica–clay–sulfide–bar-
ite alteration assemblage, interpreted as being of epi-
thermal style by Downes et al. (2004).

The Rain Hill Cu–Au–Mo prospect is hosted by
the Rain HillMonzodiorite of the GidginbungVolca-
nics, which consists of subequigranular, amphibole-
bearingmonzodiorite tomonzonitewithminor quartz
(,6%). The Rain Hill prospect is associated with a
circular geophysical anomaly about 4 km in diameter
which includes several quartz monzonite to monzog-
ranite intrusions, composed of up to 30%quartz, 25%
K-feldspar, 20% plagioclase and 5% chlorite with
accessory apatite, titanite and magnetite (Cyprus
Amax Australia Corporation 1998). Various porphy-
ritic mafic dykes are also present which contain relict
chromite, Cr-bearing magnetite and pyroxene (Ble-
vin and Morrison 1997), and elevated Pt and Pd con-
centrations (Wyborn 1996). The intrusion has an
40Ar/39Ar age on hornblende of 434.9+ 2.3 Ma
(Wormald 1993). This conforms with the 435 +
5 Ma zircon age for the host andesite from the Gidg-
inbung Volcanics obtained by Perkins et al. (1990).
Mineralization is both disseminated and within
veins, hosted within and around the margins of the
intrusions, comprising chalcopyrite, bornite and
pyrite. Cuprite, chalcocite and covellite occur in
weathered zones with Au grades of 3–5 g t−1 over
intervals of up to 50 m – about a ten-fold enrichment
over typical intersections in fresh rock. Alteration
associated with mineralization includes potassic
(K-feldspar–plagioclase–quartz–magnetite+ biotite),
propylitic (albite–chlorite–carbonate–illite/musco-
vite+ actinolite–magnetite–hematite) and phyllic
(illite–muscovite–quartz–pyrite) assemblages.

Currumburrama district

The Currumburrama district is hosted by a separate
block of Ordovician to early Silurian volcanic Cur-
rumburrama latite of the Currumburrama Volcanics
(Fig. 8), which has been constrained to late Sand-
bian to earliest Katian age based on faunal assem-
blages in limestones (Zhen and Percival 2023).
The Late Ordovician conodonts were observed to
be similar to an equivalent or slightly younger
assemblage obtained in drill core from the Marsden
prospect within the Lake Cowal Igneous Complex,
and together comprise the only Late Ordovician
biostratigraphical constraints in the southern
Junee–Narromine Volcanic Belt (Zhen and Percival
2023).

The district hosts the Silverstone and Imola por-
phyry Cu–Au prospects drilled in the early 2000s.
Intrusions associated with mineralization include
quartz–magnetite–chalcopyrite veins and K-
feldspar–biotite–magnetite–chalcopyrite veins in
intrusions reminiscent of those described above in
the Temora Belt.

The Rockley–Gulgong Volcanic Belt

Racecourse/Bushranger

The Racecourse or Racecourse Creek prospect is
hosted by the Rockley–Gulgong Volcanic Belt. It
occurs near the locality of Black Springs, SSW of
Oberon, hosting a resource of (indicated and
inferred) 71 Mt @ 0.44% Cu, 0.064 g t−1 Au. Pri-
mary igneous rocks include massive equigranular
diorites and monzonites, and massive to flow-
foliated monzonite porphyries and micro-monzonite
porphyries. The diorites contain minor or no primary
K-feldspar, whereas the monzonites have abundant
K-feldspar enclosing primary plagioclase prisms.
The earliest hydrothermal reaction in mineralizing
intrusions is biotite–quartz (potassic) replacement
of ferromagnesian minerals (Mason 2014).

Three main styles of hydrothermal alteration
were identified by Mason (2014): (1) early brittle
fracturing and infiltration by silica–CO2–S–Fe–Cu–
(Mo) bearing hydrothermal fluid; (2) sodic–calcic
alteration with sulfides (pyrite–chalcopyrite–pyrrho-
tite–molybdenite)+ albite+ rutile; and (3) late
fracturing/shearing and infiltration by fluid under
compressive structural conditions, producing sub-
parallel or variably oriented thin fractures and
through-going shears sealed by assemblages of seri-
cite, chlorite, calcite, quartz and sulfides (pyrrhotite,
pyrite, chalcopyrite, ?tennantite–tetrahedrite). The
system is relatively reduced for a porphyry-system
of the Macquarie Arc, demonstrated by the abun-
dance of pyrrhotite.

Results

Trace element classification and shoshonite

classification criteria

Whole-rock classification

Interpretation of new and existing whole-rock
geochemical data for theMacquarie Arc provides key
constraints on the character and classification of host
volcanics and pre-, syn- and post-mineralization
intrusions. Due to the mobility of alkali metals in
hydrothermal systems, typical classification based
on total alkalis v. silica is not broadly appropriate
for rocks in the Macquarie Arc. Major element clas-
sification diagrams after Le Maitre et al. (1989) and
Middlemost (1994) are presented in Supplementary
File 2. A full list of sample locations, lithologies,
stratigraphic attributions and whole-rock geochemis-
try is included in Supplementary File 3.

Utilizing the trace element classification scheme
after Pearce (1996), most samples in this study
cluster with intermediate andesitic compositions
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(Figs 9a, 10a & 11a), and are typically described in
hand sample as monzodiorite, monzonite and quartz
monzonite or extrusive equivalents (Lickfold et al.

2003, 2007; Wilson et al. 2003, 2007; Pacey et al.
2019; Wells et al. 2021). The general composition
and evolutionary trends of mineralized intrusive
resemble those of the regional volcanic host rocks
(Supplementary File 2). Within all districts and
regions described below, there are examples of vol-
canic and plutonic rocks (e.g. Nelungaloo, Fair-
bridge and Gidginbung volcanics basalts, and the
Stokefield Metagabbro) that are more primitive and
depleted, as indicated by below average Nb/Y
(Figs 9a, 10a & 11a).

Porphyries, including syn-mineralization intru-
sions, show awider compositional range and become
consistently more evolved and more alkaline with
time, whilst post-mineralization intrusions, includ-
ing pyroxene bearing ‘mafic’ monzonites, typically
become more primitive (e.g. Goonumbla ‘mafic
monzodiorites’; Fig. 9a). Syn- to post-mineralization
volcanics (e.g. Wombin Volcanics) trend towards
more evolved compositions, whereas volcanic
rocks of late-stage post-Benambran age (e.g. Bush-
man Volcanics) tend to be more alkaline than older
Macquarie Arc sensu stricto sequences.

Hydrothermal alteration of analysed samples

Feldspar Na–K GER (general element ratio) alter-
ation diagrams (K/Al v. Na/Al) after Madeisky
and Stanley (1993) indicate that many samples
used in our study have experienced significant alter-
ation and mobilization of mobile major elements,
including K2O and Na2O (Figs 9b, 10b & 11b).
Despite this, a general grouping representative of
potassic calc-alkaline volcanics is evident for
most districts.

Trends of decreasing K with increasing Na are
suggestive of K-loss and Na-gain. Such trends are
typified by data from two basaltic NelungalooVolca-
nics (Fig. 9b) and two Cadia Hill Monzonite samples
(Fig. 10b) which have extremely low-K and high-Na.
Yiddah (Rain Hill) and Gidginbung volcanics sam-
ples notably fall along this trend (Fig. 11b). Disloca-
tion of these data away from the average basalt
composition (Cox 1980) on a trend to the albite
node of the feldspar Na–K control diagram suggests
significant alteration andK-loss likely due to albitiza-
tion. A few samples, most notably of the K-feldspar
quartz monzonite porphyry (K–QMP), K-feldspar–
augite quartz monzonite porphyry (KA–QMP) and
mineralized samples from the Two-Thirty prospect
Northparkes Intrusive Complex (Fig. 9b), show evi-
dence of potassic alteration, displaying an increase
in K relative to average unaltered composition.
More intense alteration and loss of both K and Na
are observed for a limited number of samples, for

example, one result from each of theWombin, Bush-
man and Fairbridge volcanics, as well as some Cop-
per Hill Intrusive Complex volcanic rocks.

K-series classification

To effectively discriminate between variably K-
enriched magma series, we discuss our data in the
context of shoshonite discrimination diagrams after
Hastie et al. (2007) (see Figs 9–11) and Pearce
(1982) (Supplementary File 2). In this classification
scheme, Th is used as a proxy for K2O due to similar
mobility to K in subduction systems, whereas Co
shows an inverse correlation to SiO2 during differen-
tiation and is thus considered an appropriate ana-
logue. Both diagrams rely in large part on the
behaviour of Th as being mobilized during subduc-
tion, similarly to other LILEs. Additional K can be
mobilized into the system from two main subduction
components: fluids derived from altered oceanic
crust (slab flux), and secondly from silicate melts
derived from melting of mainly sedimentary mate-
rial. Thorium may be mobilized in the sedimentary
component, but is potentially less mobile in the aque-
ous fluids driven off the subducting slab (Bryant
et al. 2003; Elliott 2003; Hastie et al. 2007). Depth
and temperature of derivation appear to be the
main controls on Th mobility in the liberated aque-
ous fluids (Hastie et al. 2007).

Whilst Th is considered to behave like K across a
range of magmatic suites derived from different
depths, within modern subduction systems, it may
undergo partial decoupling under some conditions
(Hastie et al. 2007). Due to the mobility of Th at
upper amphibolite facies, a large proportion of Th
may be transmitted to the mantle wedge prior to sub-
ductingmaterial descending to sub-arc depths. Partial
decoupling may occur during partial melting due to
the less incompatible behaviour of Kwhich partitions
more strongly into magmas derived by smaller
degrees of partial melting. Potassium is also more
readily mobilized by hydrothermal fluids (Leitch
and Lentz 1994; Hastie et al. 2007). Despite these
limitations, the classification scheme after Hastie
et al. (2007) gives reasonable results and has good
agreement with other shoshonite classification crite-
ria (e.g. LREEv.HREEenrichment;Morrison 1980).

Due to the observed alteration, subdivision and
classification of Macquarie Arc rocks into K-series
using the K2O–SiO2 diagram of Peccerillo and Tay-
lor (1976) is problematic. Samples from most dis-
tricts cluster in the high-K and shoshonite fields
(Figs 9c, 10c & 11c). Intrusive phases associated
with mineralization are generally highly potassic
and classify as shoshonitic. A smaller proportion of
samples plot within the medium-K and low-K fields,
and often reflect K-loss. Examples of lower-K sam-
ples appear present within all districts (e.g.
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Nelungaloo basalts, Stokefield Metagabbro and
Coombing Formation). Copper Hill intrusive and
Fairbridge volcanic samples are notable examples
whose average composition is likely
medium-K. Medium- to high-K results for the Yid-
dah (Rain Hill) and Gidginbung volcanic samples
reflect probable K-loss (Fig. 11b), and composition
is likely high-K to shoshonitic. This is supported
by petrographic descriptions and immobile element
classification schemes (Fig. 11d; Supplementary
File 2; Goesch 2011).

When plotted on Hastie et al.’s (2007) Th–Co
(Figs 9d, 10d & 11d) and Pearce’s (1982) Ta/Yb–
Th/Yb (Supplementary File 2) trace element classi-
fication schemes, samples from most districts clas-
sify as calc-alkaline. Only a small number of
samples (e.g. Cadia and Kaiser-Dubbo) plot transi-
tionally into the high-K and shoshonitic field of Has-
tie et al. (2007). Yiddah (Rain Hill), Gidgibung
Volcanics,Mothershiptonmonzodiorite and late vol-
canics such as the Nash Hill Volcanics plot into the
high-K and shoshonitic fields of Hastie et al.
(2007) and Pearce (1982). Lower-K sequences
such as the Copper Hill Intrusive Complex and the
Nelungaloo basalts plot with low Th and Th/Yb–
Ta/Yb transitional to the island arc tholeiite fields
(Figs 9d, 10d & 11d; Supplementary File 2).

Discrimination between oceanic and

continental arc settings

In addition to bulk rock classification, we utilize
trace element discrimination diagrams to investigate
the nature and any observable variation in magma
source region. Here, we present a selection of these
diagrams with additional diagrams and supporting
text in Supplementary File 4.

The data presented here are consistent with an
arc setting having high Th/Yb relative to Nb/Yb,

which moves the data off the ‘mantle array’ on
the diagram of Pearce (2014). The main cluster of
results for basaltic samples plots within the overlap
of the ‘continental’ and ‘oceanic’ arc fields (Figs
9e, 10e & 11e). Data from many suites which
plot within this overlap also have data which plot
in the ‘continental’ field only (e.g. Ridgeway, Goo-
numbla volcanics and intrusions, Cheesemans
Creek Formation). Data from the Nash Hill Volca-
nics and the Yiddah (Rain Hill) sit exclusively
within the continental arc field. Some data do not
plot within either continental or oceanic arc fields
(e.g. one sample from an intrusion in the Trundle
Block, as well as some data from the Gidginbung
and Bushman volcanics).

Müller and Groves (2019) proposed the use of a
hierarchical set of discrimination diagrams and
compositional criteria to satisfactorily discriminate
the tectonic setting of potassic igneous rocks. The
initial step of Müller and Groves’s (2019) hierar-
chical discrimination approach uses compositional
criteria (TiO2, Hf and Zr contents) to determine
if samples have within-plate affinity. All analyses
have TiO2 (,1.5 wt%), Hf (,10 ppm) and Zr
(,350 ppm) contents, which suggests they were
not generated in a within-plate setting (Müller
and Groves 2019). When plotted on the TiO2/
Al2O3–Zr/Al2O3 discrimination diagram of Müller
and Groves (2019) (Figs 9f, 10f & 11f), most anal-
yses plot within the oceanic arc field (initial oce-
anic arc (IOP), late oceanic arc (LOP))
transitional to and into the continental arc (CAP)
and post-collisional arc (PAP) field. Intermediate
samples, from the Cadia Hill Monzonite and the
Northparkes Intrusive Complex, plot within the
CAP + PAP field close to the field boundary,
whereas more alkaline samples (e.g. Yiddah
(Rain Hill), Trundle Park and Nash Hill Volcanics)
all plot within this field.

Fig. 9. Classification and discrimination diagrams of Forbes–Parkes regional and Northparkes district volcanic,
intrusive and mineralizing porphyry samples. (a) Zr/Ti v. Nb/Y trace element classification scheme using volcanic
nomenclature after Pearce (1996). (b) Feldspar Na–K GER diagram. Molar ratios of Na/Al v. K/Al are used to infer
mobility of alkali metals in or out of the system. The B, A and R points refer to the expected composition for a basalt,
andesite and rhyolite, respectively. (c) K2O v. SiO2 major element shoshonite affinity classification scheme. (d) Th–
Co–K trace element potassium affinity classification. In some cases, Co is absent from historical data and cannot be
plotted on this diagram. (e) Th/Yb v. Nb/Yb tectonic setting discrimination scheme. (f) Zr/Al2O3 v. TiO2/Al2O3

volcanic arc setting discrimination diagram for basaltic and basaltic–andesite composition samples. (g) Ba/Nb v. La/
Sm trace element source component classification scheme, which indicates degrees of arc v. OIB input. (h) Dy/Yb
v. Dy/Dy* trace element source component classification scheme. Dy/Dy* serves as a proxy for MREE–HREE slope
and allows inference for amphibole, clinopyroxene or garnet source input during partial melting and subsequent
fractionation. Abbreviations: GER, general element ratio; OIB, ocean island basalt; LREE, light rare earth elements;
MREE, middle rare earth elements; HREE, heavy rare earth elements; MORB, mid-ocean ridge basalt; Cont.,
continental; DM, depleted mantle; PM, primitive mantle; amph., amphibole; cpx, clinopyroxene; Volcs., volcanics;
BQM, biotite quartz monzonite; QMP, quartz monzonite porphyry; AFG, alkaline feldspar granite. Source: data not
generated as a part of this study for the Northparkes Intrusive Complex (a–h) is sourced from Lickfold (2002) (a–c,
e–h), Pacey (2016) (a–h), and Wells et al. (2020) (a–c, e–h). Regional data for the Forbes–Parkes area sourced from
Crawford et al. (2007b) (a–c, e–h).
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Fig. 10. Classification and discrimination diagrams of the Forest Reef regional and Cadia district and regional volcanic
host and syn-mineralization intrusive rocks. Monzodiorite and quartz monzonite samples of the Junction Reefs and
Glendale prospects are located within the Forest Reef region. (a) through (h) are described in the caption of Figure 9.
Abbreviations: GER, general element ratio; OIB, ocean island basalt; LREE, light rare earth elements; MREE, middle
rare earth elements; HREE, heavy rare earth elements; MORB, mid-ocean ridge basalt; Cont., continental; DM,
depleted mantle; PM, primitive mantle; amph., amphibole; cpx, clinopyroxene; Volcs., volcanics; BQM, biotite quartz
monzonite; QMP, quartz monzonite porphyry; AFG, alkaline feldspar granite; CIC, Cadia Intrusive Complex. Source:
data not generated as a part of this study for Tunbridge Wells (a–c, f) from Wilson (2003) and Ridgeway samples (a–h)
from Chhun (2004). Additional Coombing samples (a–c, e–h) from Crawford et al. (2007b).
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Fig. 11. Classification and discrimination diagrams of several mineralized districts including Bodangora, Trundle
Block, Rainhill Intrusive Complex and Copper Hill Intrusive Complex are compared alongside stratigraphically
associated regional volcanics Cheesemans Creek Volcanics, Gidginbung Volcanics and Fairfield Volcanics,
respectively. Probable Raggatt Volcanic host rocks are included within Trundle Block samples. The shoshonitic
Mother Shipton Monzodiorite of unknown age outcrops within the Silurian Temora Volcanics and is located south–SE
of the Gidgibung Volcanics. Cadia Hill Monzonite and Nelungaloo Volcanic samples are included for comparison and
later discussion. (a) through (h) are described in the caption of Figure 9. Abbreviations: GER, general element ratio;
OIB, ocean island basalt; LREE, light rare earth elements; MREE, middle rare earth elements; HREE, heavy rare earth
elements; MORB, mid-ocean ridge basalt; Cont., continental; DM, depleted mantle; PM, primitive mantle; amph.,
amphibole; cpx, clinopyroxene; Volcs., volcanics; BQM, biotite quartz monzonite; QMP, quartz monzonite porphyry;
AFG, alkaline feldspar granite. Source: data not generated as a part of this study for Rainhill Intrusive Complex (a–h)
is sourced from Goesch (2011) and Copper Hill Intrusive Complex (a–h) from Chhun (2004). Existing regional data
for Fairbridge and Cheesemans Creek samples is sourced from Crawford et al. (2007b) (a–c, e–h) and historic
GSNSW databases (Geological Survey of NSW 2024) (a–h). Bogandora and Mother Shipton samples (a–h) from
recent GSNSW studies analysed and located with Geoscience Australia's Data Portal (Geoscience Australia 2024).
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Magma source regions

In the following sections, we present Ba/Nb v. La/
Sm trace element discrimination diagrams (Figs 9g,
10g & 11g) after Langmuir et al. (2006), alongside
Dy/Dy* v. Dy/Yb diagrams (Figs 9h, 10h & 11h)
after Davidson et al. (2013) to elucidate the possible
magma source components and fractionation history
of the main districts of the Macquarie Arc.

The Ba/Nb–La/Sm diagram of Langmuir et al.
(2006) identifies subduction and supra-subduction
zone-related source components. High La/Sm and
low Ba/Nb represents the ocean island basalt
(OIB) or alkaline end-member, whereas the inverse
represents the arc component. End-member compo-
nents and mixing trends can be inferred by the distri-
bution of samples between these element pairs.
Strong enrichment in fluid mobile elements such as
Ba relative to conservative elements (Nb, Zr, Y,
Yb) typifies the arc or slab flux component, whereas
a high La/Sm ratio identifies the steep LREE
enriched REE patterns typical of OIB-like compo-
nents (Langmuir et al. 2006). Barium behaves in a
similar way to K during subduction and is fluxed
off the subducting slab at similar depths (Becker
et al. 2000; Savov et al. 2005; Hastie et al. 2007).

A general progression from low to moderate Ba/
Nb–La/Sm through to high Ba/Nb–La/Sm is
observed in most districts (Figs 9g, 10g & 11g).
The significantly lower Ba/Nb and lower La/Sm
cluster of low Nb/Yb samples typified by the basal-
tic Nelungaloo Volcanics contrasts with the moder-
ate La/Sm and high Ba/Nb for most volcanic and
intrusive samples. Mineralized and zero porphyries
of the North Parkes and Cadia intrusive complexes
plot with the high Ba/Na and La/Sm. Data from
the Yiddah (Rain Hill) and Trundle Park plot with
high to extremely high La/Sm.

Additionally, Dy/Dy* uses the measured value
of the middle rare earth element (MREE) Dy com-
pared with the interpolated value of La and Yb to
quantify the ‘concavity’ or shape of the REE value
represented by Dy* (Davidson et al. 2013). When
plotted against Dy/Yb, REEs can effectively be clas-
sified by shape. Trends of differentiation of coge-
netic samples can be defined by sympathetic
decreasing Dy/Yb with Dy/Dy* with preferential
partitioning of MREE, controlled by fractionating
phases such as amphibole or clinopyroxene. Con-
cave up curves reflect partitioning of MREE over
HREE and LREE into amphibole and, to a lesser
extent, clinopyroxene.

The terms N-MORB, E-MORB and OIB/alka-
line have inherent tectonic associations but are
used here as a measure of enrichment with
N-MORB beingmore depleted than primitive mantle
derived magmas, and E-MORB being more enriched
(Gale et al. 2013). ‘OIB influenced’ or ‘alkaline’ is

used to imply the input of an enriched deeper
asthenosphere mantle source. OIB/alkaline or
‘OIB influenced’ samples plot with increasing to
high Dy/Yb, suggesting a significant control by sub-
stitution into garnet due to the retention of Yb over
Dy. Additionally, LREE depletion to enrichment
can be inferred by a broad negative correlation
with decreasing Dy/Dy* reflecting the ‘concavity’
of corresponding REE patterns. Known composi-
tions of global average subduction-related sediments
and the influence on REE patterns can also provide
insight into sedimentary contributions to source
compositions. Dy/Dy* and its use on the Dy/Yb–
Dy/Dy* allow a clearer understanding of petroge-
netic processes which are often obscured by the tra-
ditional use of REE multi-element diagrams.

When plotted on the Dy/Yb–Dy/Dy* diagram
of Davidson et al. (2013), most data plot first within
the ‘MORB’ field and progress along the ‘amphi-
bole/clinopyroxene’ differentiation trend (Figs 9h,
10h & 11h). Notably, data from the Cadia Hill Mon-
zonite have a higher Dy/Dy* and first plot towards
the ‘OIB’ field consistent with the ‘garnet’ differen-
tiation trend before progressing through the ‘MORB’
field and along the ‘amphibole/clinopyroxene’ trend
(Fig. 9h). Data from some samples in the Temora
district (Yiddah (Rain Hill), Gidginbung Volcanics,
Mother ShiptonMonzodiorite; Fig. 11h) and the For-
bes–Parkes region (Nash Hill and Bushman volca-
nics; Fig. 10h) have distinctly high Dy/Dy* and
low Dy/Yb, consistent with the inferred ‘sediment
melts?’ trend used to indicate potential crustal con-
tamination (Davidson et al. 2013).

Discussion

Geochemical character, subduction setting

and tectonic assessment of potassic igneous

suites in the Macquarie Arc

Occurrence of high-K calc-alkaline and

shoshonitic rocks in the Macquarie Arc

Macquarie Arc rocks, including mineralized intru-
sive hosts, are often referred to as high-K to shosho-
nitic (Arundell 1998; Blevin 2002; Holliday et al.
2002; Lickfold 2002; Lickfold et al. 2003, 2007;
Wilson et al. 2003; Wilson 2003; Forster et al.
2004; Simpson et al. 2005; Crawford et al. 2007a,
b; Glen et al. 2007a, d; Percival and Glen 2007;
Simpson et al. 2007; Squire and Crawford 2007;
Goesch 2011; Pacey et al. 2019; Harris et al. 2020;
Wells et al. 2020, 2021), but few terrane-wide clas-
sifications, or detailed immobile trace element stud-
ies, of these economically significant rocks have
been undertaken. Utilizing simple K2O abundance,
most Macquarie Arc samples in this study should
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be classified as high-K or shoshonitic (Figs 9c, 10c&
11c). Despite this, Blevin (2002) suggested that the
various intrusive and volcanic suites of the Mac-
quarie Arc, including the Cu-rich Northparkes Intru-
sive Complex, are not truly shoshonitic but more
accurately highly potassic calc-alkaline rocks (Figs
9d, 10d & 11d). Only rare examples of shoshonites
exist within the Macquarie Arc, for example, the
Mother Shipton Monzodiorite and the Yiddah por-
phyry associated with the Rain Hill Monzodiorite
(Fig. 11d; Goesch 2011). Whilst typically consid-
ered a shoshonite, the Au-rich Cadia Intrusive Com-
plex is only marginally classifiable as shoshonitic
(Blevin 2002). By most classification criteria, this
assessment is fundamentally valid. Broadly, Mac-
quarie Arc rocks are undeniably potassic and
calc-alkaline but classification as shoshonitic using
immobile elements such as Th (Hastie et al. 2007),
Th/Yb (Pearce 1982), LREE/HREE and average
elemental abundances (Morrison 1980; Blevin
2002; Scarrow et al. 2008; Torabi 2011; Müller
and Groves 2019; Amaral et al. 2022) suggest
most are only marginally shoshonitic (Figs 9–11
and Supplementary File 2).

Despite the similarities between these modern
shoshonites, comparisons to well-known examples
generated from deep and potentially phlogopite-
bearing mantle source regions such as Bingham
(Maughan et al. 2002; Grondahl and Zajacz 2017),
Tibet (Turner et al. 1996; Campbell et al. 2014),
Iran (Torabi 2011; Nayebi et al. 2024) or the Sunda
rear-arc (Edwards et al. 1994; Kirchenbaur et al.
2022) are difficult to make. Published whole-rock
analyses for samples from these arc terranes have
comparatively high Th, pronounced LREE/HREE
enrichment and high Dy/Yb (as compared to Mac-
quarie Arc samples; Fig. 12a, b), indicating low
degree partial melt generation at mantle depths
above phlogopite stability and often recording the
influence of crustal contamination (Morrison 1980;
Sun and Stern 2001; Scarrow et al. 2008; Torabi
2011; Li et al. 2013). Instead, we propose that a
more apt comparison for themost potassicMacquarie
Arc ‘shoshonites’ is that of ‘primitive’ shoshonites
generated in intraoceanic settings with minor to
absent sedimentary or crustal influence, with limited
evidence for truly deep melt generation (Sun and
Stern 2001; Leslie et al. 2009; Ishizuka et al. 2010;
Clarke et al. 2022; Yutani et al. 2023). Examples
frompost-subduction shoshonites include Fiji (Leslie
et al. 2009; Clarke et al. 2022), rear-arc shoshonites
of the Izu–Bonin–Mariana arc (Sun and Stern 2001;
Ishizuka et al. 2007, 2010), Baguio from the complex
western Luzon arc (Hollings et al. 2011) and intrao-
ceanic shoshonites of Nemuro (Yutani et al. 2023),
which share geochemical and isotopic systematics
most similar to data presented in this study, including
the well-studied mineralized districts.

Results from the Trundle Park and Bayley pros-
pects and for Mother Shipton differ notably com-
pared to most suites within the arc (e.g. Cadia
Intrusive Complex, Northparkes Intrusive Complex
and other low Th Trundle (Mordialloc) samples;
Figs 9–11). We present three new U–Pb zircon
ages for the Trundle district. Two Late Ordovician
to early Silurian ages (440.9+ 1.76 Ma for
DBF23-3-4A and 443.4+ 1.81 for DBF23-4-12;
Supplementary File 6) for the medium-K to high-K
Mordialloc samples suggest emplacement coeval
with the highly mineralized suites at Northparkes.
Geochemical similarities between Trundle (Mordial-
loc) and mineralized porphyries of Northparkes sug-
gest similar processes and source components
contributed to mineralization between both districts
during the Late Ordovician to early Silurian. We
also present a new U–Pb zircon concordia age of
418.4+ 1.35 Ma (lower intercept age of 417.7+
2.1 Ma; Supplementary File 6) sampled from shosh-
onitic rocks at Trundle Park. This suggests the high
Th shoshonitic intrusions and related units with
this geochemical composition intruded post-
subduction in a probable rift setting. Prior work for
Trundle Park revealed evidence of crustal contami-
nation (Pb–Pb isotopes; Forster and Maas 2015)
and Devonian Re–Os ages (418.6 Ma+ 2 Ma; For-
ster et al. 2015) from rocks we now classify as shosh-
onites. Although further work to better constrain the
geological relationships in this area is warranted, this
implies the high Th shoshonite samples at Trundle
post-date the Benambran Orogeny and are consistent
with emplacement during Tabberabberan extension
(Glen 2005).

Prolonged arc volcanism, subduction setting

and tectonic assessment

The Macquarie Arc is a long-lived volcanic arc ter-
rane which was active for up to 70 Myr with proba-
ble but poorly defined hiatuses in volcanic activity.
As a result, the variable composition and character
of arc rocks in the terrane are difficult to understand
without due consideration of the spatial and temporal
variations in magma geochemistry and isotopic fin-
gerprints. The enriched and high-K characteristics
of volcanic and intrusive suites across the Macquarie
Arc, in particular the Early Ordovician Nelungaloo
Volcanics, raise questions about the tectonic setting
and evolution of the arc over time. The Nelungaloo
Volcanics are considered to represent some of the
earliest magmatic activity within the arc (Wyborn
1992; Butera et al. 2001; Blevin 2002; Simpson
et al. 2005; Crawford et al. 2007b; Glen et al.
2007b; Percival and Glen 2007). This is at odds
with the traditional view of a relationship between
K enrichment, time and distance from the trench
(i.e. K-series zonation over time) (Morrison 1980;
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Tatsumi and Eggins 1995; Winter 2014; Kirchen-
baur et al. 2022). It should be noted that the relation-
ship between K zonation through time is well defined
in continental settings but is only observed in some
island arc settings (Morrison 1980). There are exam-
ples of intraoceanic arcs where a spatial relationship
to K enrichment is not always apparent (Morrison
1980; Müller and Groves 2019; Yutani et al. 2023).

Whilst various researchers disagree on the
details, the generally accepted interpretation is that
the Macquarie Arc formed in an intraoceanic arc set-
ting which was subsequently accreted with

Gondwana and deformed during the Benambran
Orogeny (Crawford et al. 2007b; Glen et al.

2007d, 2012; Meffre et al. 2007; Kemp et al. 2009,
2020). Tectonic discrimination after Müller and
Groves (2019) suggests most sequences were gener-
ated in a late intraoceanic setting that transitions to a
post-collisional arc and provides support for this
interpretation (Figs 9f, 10f & 11f). District scale
structural and geochronological evidence suggests
economic porphyry mineralization occurred during
terrane accretion and orogenesis (Crawford et al.
2007b; Fox et al. 2015; Harris et al. 2014, 2020).

(a)

(c) (d)

(b)

Location

Fig. 12. Data of the Macquarie Arc contrasted against data from modern arc systems (Izu–Bonin–Mariana, Sunda,
Bingham and Fiji arcs). (a) Ba/Nb v. La/Sm trace element source component classification. (b) Dy/Yb v. Dy/Dy*
trace element source component classification scheme. (c) and (d) Sm/Yb–La/Sm diagrams for potential analogues
(12c) compared with select Macquarie Arc data (12d). The dashed and solid lines are the non-modal batch melting
trajectories for the depleted MORB mantle (DMM) and enriched mid-ocean ridge basalt mantle (E-MORB)
respectively, after Aldanmaz et al. (2000). Degrees of partial melting are shown as thick marks on the melt
trajectories. All data utilized are of basalt or basaltic andesite composition. Refer to Aldanmaz et al. (2000) for full
methodology. N-MORB: normal mid-ocean ridge basalt; PM: primitive mantle; gnt–lhz: garnet–lherzolite; 50:50:
50% garnet–lherzolite, 50% spinel–lherzolite; spl–lhz: spinel lherzolite. Source: (a) Langmuir et al. (2006); (b)
Davidson et al. (2013); (c–d) Aldanmaz et al. (2000).
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Enrichment of the sub-arc mantle via subduction
related processes may have occurred prior to accre-
tion and has implications for metal endowment
(see later Discussion sub-sections).

All geochemical systematics explored as part of
this study support an intraoceanic setting with little
to absent subduction or crustal derived sedimentary
components prior to terrane accretion. Isotopic sys-
tematics of primitive mantle-like Sm–Nd, Lu–Hf
and Pb–Pb isotopes for most arc sequences support
this (Wyborn and Sun 1993; Kemp et al. 2009,
2020; Forster et al. 2011, 2015; Hao et al. 2021).
A trend to more crustal isotope values does occur
during the terminal phase coeval with mineralization
and accretion, and it is observed with late volcanics
such as the Nash Hill and Bushman volcanics. This
can be attributed to either a sediment starved setting
or limited melting of subducted sediments (Stern and
Arima 1998; Ishizuka et al. 2010).

Distribution of most data between values
expected for a purely oceanic and continental setting
on the Th/Yb–Nb/Yb (Pearce 2014) (Figs 9e, 10e &
11e) tectonic discrimination diagram is typical of a
mature intraoceanic/volcanic arc setting with a
thicker and more developed arc crust. Saccani
(2015) refers to this as ‘polygenetic crust–island
arc’ (Supplementary File 4). Trends of increasing
Th/Ybwith increasing Nb/Yb suggest coupled frac-
tional crystallization, ‘OIB’-type enrichment and
lower extent of melting (Pearce 2014; Saccani 2015).

Whilst our data broadly support an intraoceanic
arc setting, there is evidence for varied contributions
of slab flux across the igneous suites sampled in this
study. Some results for intrusive suites frommineral-
ized districts (e.g. Goonumbla, Trundle, Copper Hill
and results for the regional Fairbridge volcanics)
form a trend with lower Th/Yb, which may reflect
a waning or reduced subduction influence. Lower
Th/Yb and Nb/Yb for samples including the basal-
tic Nelungaloo samples and the Stokefield Metagab-
bro distinguish them from the main cluster and
suggest a more depleted source composition, with
higher degrees of partial melting potentially gener-
ated in a more juvenile arc setting. Steep vertical dis-
locations of Th/Yb and significant increases in Th
observed in more alkaline samples (i.e. Nash Hill,
Gidginbung, Yiddah (Rain Hill) and alkaline Trun-
dle Park) are suggestive of crustal contamination.
Of this group, Yiddah (Rain Hill) is the only miner-
alized district with noticeable crustal influence iden-
tifiable from the bulk rock geochemistry (Fig. 11e, h)
constrained to the Late Ordovician (Goesch 2011;
Harris et al. 2014; Kemp et al. 2020). Its position
within the southern extant of the Junee–Narromine
Volcanic Belt places it apart from most other exam-
ples and may speak to previously unrecognized var-
iations in crustal architecture and thickening along
arc. Notably, this was contemporaneous with the

eruption and emplacement of the high-K Cadia dis-
trict (see Harris et al. 2014).

Data presented in this study alongside existing
data for known Macquarie Arc intrusive and volca-
nic suites are primarily derived from an E-MORB
mantle source (Supplementary File 4), are typically
calc-alkaline (Figs 9d, 10d & 11d and Supplemen-
tary File 4) and have isotopic character consistent
with derivation from depleted mantle reservoirs
(Sun 1980; Wyborn and Sun 1993; McDonough
and Sun 1995; Kemp et al. 2009, 2020; Hao et al.
2021). A likely analogue is an intraoceanic rear-arc
setting (Ishizuka et al. 2010; Tani et al. 2011; John-
son et al. 2021). The LILE and LREE enrichment
and high-field strength element (HFSE) depletion
suggest the sub-arc/lithospheric mantle has been
previously enriched by fluid mobile elements, poten-
tially in frontal-arc chains or segments (Ishizuka
et al. 2010; Tani et al. 2011). High La/Sm, Dy/Yb
and a generally E-MORB composition (Figs 9g, h,
10g, h, 11g& h; Supplementary File 4) suggest influ-
ence from garnet-lherzolite source, decreasing
degrees of melting and provide evidence of a thick-
ening arc crust (Fig. 12d; Pearce 2008; Saccani
2015). Crustal thickness calculations (Supplemen-
tary File 5) suggest a progressive thickening over
time prior to accretion. Crustal thickness progression
corelates well to Th and, by proxy, K (and other
LILEs) for most sequences and supports the sugges-
tion of a thickening and progressively more enriched
arc crust.

The general E-MORB composition contrasts
distinctly with many frontal-arc sequences. Most
frontal-arc sequences include low-K, depleted
N-MORB and tholeiite sequences with more sub-
dued LILE and LREE enrichment and HFSE deple-
tion (Fig. 12), which are generated with higher
degrees of melting at shallower depths from
MORB-type asthenosphere prior to subduction-
related metasomatism (Ishizuka et al. 2010; Tani
et al. 2011).

A reasonable analogue can be found in the Izu–
Bonin–Mariana (IBM) medium- to high-K to shosh-
onitic rear-arc sequences (Fig. 12). The rifted rear-
arc Western Mariana Ridge contains analogous low
to moderate Th isotopically primitive potassic to
shoshonitic lavas whose geochemical systematics
parallel those of the Macquarie Arc lavas (Ishizuka
et al. 2007, 2010; Tamura et al. 2015) and are consis-
tent with a westward thickening crustal model for the
Lachlan Orogen identified by Musgrave (2022). In
detail, the IBM lavas are a partial analogue for the
older, pre-accretionary sequences of the Macquarie
Arc. Nonetheless, they provide reasonable context
in order to better understand the general geochemical
and isotopic systematics. Parallels have also been
made to post-subduction high-K to shoshonitic
rocks of Fiji (Crawford et al. 2007b; Squire and
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Crawford 2007; Leslie et al. 2009; Clarke et al.
2022). Placing the Nelungaloo Volcanics within
this setting during the Early Ordovician does
remain problematic.

Occurrences of K-rich sequences with no appar-
ent spatial or arc maturation relationship do exist
(Müller and Groves 2019; Yutani et al. 2023). Mül-
ler and Groves (2019) suggest early frontal-arc
K-rich magmatism can be generated due to dehydra-
tion melting of chlorite in cool subduction settings
(Till et al. 2012). Further work is required to deter-
mine if this is a plausible suggestion for the genera-
tion of the shoshonitic rocks within the Macquarie
Arc, and specifically of the Nelungaloo Volcanics
early in the evolution of the terrane.

Compositional differences between the

Junee–Narromine and Molong belts:

implications for arc maturation

A changing arc terrane in space and time

Progressive enrichment during arc maturation pro-
duces porphyry-related magmas which are geochem-
ically more evolved and more hydrous than
preceding volcanic rocks (Richards et al. 2012;
Loucks 2014; Jamali and Mehrabi 2015; Müller
and Groves 2019; Park et al. 2021). Richards et al.
(2012) suggest this process reflects maturation over
tens of millions of years and is an important factor
influencing mineralization potential of porphyry sys-
tems. The thickening of the arc crust, progressive
fluid-induced enrichments or metasomatism and
increased contributions from varied mantle sources
are controls on the depths where melts are generated
within the sub-arc mantle. As a result, the composi-
tion and character of arc volcanism and related sub-
volcanic intrusions have an intrinsic relationship
with arc maturation through time.

Broadly, this is consistent with the large-scale
early Silurian mineralization within the Cadia and
Northparkes porphyry districts. However, districts
within the Junee–Narromine Volcanic Belt have
internally similar geochemical characteristics and
are somewhat distinct from districts within the
Molong Volcanic Belt, which has implications for
magmatic fertility (Figs 9 & 10). Broad composi-
tional evolution is observed across all districts and
regions, with the most evolved and transitionally
alkaline to alkaline samples noted within mineral-
ized intrusive complexes (Figs 9–11; Supplementary
File 2). This compositional evolution is accompa-
nied by enrichment of LILEs and LREEs and OIB
(alkaline) influence (Figs 9g, 10g & 11g).

Most measures of enrichment are higher within
the Cadia Intrusive Complex (Fig. 10) when com-
pared with key mineralized districts within the

Junee–Narromine Volcanic Belt, and specifically to
Northparkes Intrusive Complex samples. A notable
observation is that the Cadia samples have higher
La/Sm,Dy/Yb, Sm/Yb and LREE/HREE that indi-
cate a greater contribution from a relatively deeper,
garnet–lherzolite mantle source (Figs 10g, h & 12).

The porphyry districts in the Molong Belt (e.g.
Bodangora (Boda–Kaiser) and associated Cheese-
mans Creek samples) appear most like the Cadia
Intrusive Complex and regional Forest Reefs sam-
ples (Figs 10, 11 & 12d). A spatially continuous
set of samples from Comobella and the Cheesemans
Creek Formation along the upper Molong Belt and
within the Bodangora district show a greater slab
flux and residual garnet signature that includes K–
Th enrichment characteristic of the Cadia Intrusive
Complex. A probable example of K enrichment
over time is observed within the Molong Volcanic
Belt (Figs 10 & 11). The Middle to Late Ordovician
medium-K Copper Hill Intrusive Complex and Fair-
bridge sequence are compositionally distinct, and
less K-enriched when compared to the younger
Late Ordovician to Silurian Forest Reefs volcanics
and Cadia Intrusive Complex, as well as the Cheese-
mans Creek and Bodangora sequence. As a result,
we propose that the Copper Hill Intrusive Complex
is an end-member along a continuum of variably K-
enriched suites of fundamentally medium- to high-K
calc-alkaline series affinity (Figs 10d, e, 11d & e and
Supplementary File 2).

The Copper Hill Intrusive Complex and Fair-
bridge sequence are comparatively depleted in
LILE, LREE and LREE/HREE, and record less
input from garnet–lherzolite mantle reservoirs
when compared to the Cadia Igneous Complex
(Figs 10, 11 & 12d). This distinction could suggest
progressive enrichment has occurred over time and
could be reasonably attributed to arc maturation
(Fig. 11; Richards et al. 2012; Winter 2014; Saccani
2015). It is important to highlight the possibility that
the differences seen in the Copper Hill Intrusive
Complex could be attributed to heterogenous mantle
sources (Sun and Stern 2001). Coeval medium-K
and high-K shoshonites can be generated within
the same setting but within different arc segments
(Peate et al. 1997; Sun and Stern 2001; Ishizuka
et al. 2010; Clarke et al. 2022), as seen in the
co-eruption of lower-K districts within the Junee–
Narromine Volcanic Belt coeval with higher-K
sequences within the Molong Volcanic Belt (e.g.
the medium-K Late Ordovician to early Silurian
Trundle ‘Mordialloc’ intrusions and the shoshonitic
Cadia Intrusive Complex).

Within the Junee–Narromine Belt, the geochem-
ical systematics suggest Trundle (Mordialloc) is
most like the Northparkes Intrusive Complex. Data
fromMordialloc samples support magma generation
from a dominantly spinel–lherzolite mantle source
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and K–Th enrichment comparable to Northparkes
Intrusive Complex samples (Figs 9 & 11). Late
Ordovician to early Silurian age constraints for
both districts and spatial proximity may suggest gen-
eration from similar mantle sources at a similar time.
High Th and LREE/HREE crustal influenced shosh-
onites only occur in the Junee–Narromine Volcanic
Belt (Figs 9 & 11) both syn-Benambran accretion
(e.g. Yiddah and Mother Shipton Monzodiroite)
and post-subduction rifting (e.g. Trundle Park).
This does suggest distinctive source components
and a comparable but distinct setting contributed to
magmatism within each volcanic belt.

Enrichment of the sub-arc crust by fluid

mobile elements

In addition to variations in magma source regions
during arc maturation, metasomatism of the arc
crust by subduction fluids results in enrichment of
fluid mobile elements in the arc crust. Parental
melts of arc basalts are typically hydrous (2–6%
H2O; Plank et al. 2013) and record complex mixing
of elements derived from the subducting slab, overly-
ing mantle wedge and oceanic sediments (Plank and
Langmuir 1993, 1998; Pearce et al. 2005; Langmuir
et al. 2006; Davidson et al. 2013). As a result, these
magmas are rich in LILE, includingK and Ba, aswell
as volatiles such as Cl and S and metals (Wallace
2005). Base and precious metals are soluble in hot,
saline fluids derived from the down-going slab, and
are strongly influenced by oxidation state and sulfur
fugacity (Blevin 2002; Mungall 2002; Richards
2009; Blevin et al. 2020). Copper-rich deposits are
more often related to more typical arc-related mag-
mas, whereas Au-rich deposits more often relate to
atypical subduction or collisional settings (Richards
2009). Therefore, understanding the enrichment of
LILE such as K within subduction systems may be
important to understand themineral potential and fer-
tility of porphyry deposits.

Measures of fluid-induced enrichments (i.e. Ba/
Nb) and of LREE enrichment (i.e. La/Sm) are asso-
ciated with more alkaline magmas or source regions
(Langmuir et al. 2006). A progressive increase in
Ba/Nb tracked through host sequences to mineraliz-
ing intrusions supports the suggestion that fluid-
induced enrichment occurred during arc maturation
and strongly influenced the observed enrichments
(i.e. LILE) (Figs 9g, 10g, 11g, 12a & b). Localized,
district and regional scale variations of these
observed enrichments (Cadia Intrusive Complex
and Northparkes Intrusive Complex) are likely due
to sub-arc mantle heterogeneity related to subduction
derived fluxes and melts. Different degrees of partial
melting, varied residual phases (influenced by bulk
composition, i.e. highly potassic magmas delaying

crystallization of amphibole in favour of biotite)
and magmatic oxidation state also exerted a strong
influence on elemental systematics and likely influ-
enced the fertility of ore forming fluids.

Within the Macquarie Arc, evidence of this pro-
cess can be inferred. The sequence of Goonumbla–
Wombin–Northparkes Intrusive Complex illustrates
a clear enrichment and maturation trend over time of
a compositional similar sequence (Fig. 9g). A similar
trend can be seen in Cadia Intrusive Complex and
regional Forest Reefs samples. Basalts within the
lowermost Forest Reefs Volcanics, which intercalate
with the Weemalla Formation, are distinctly less
enriched than the upper Forest Reefs and Cadia
Intrusive Complex sequences (Fig. 10g). Similar
occurrences are noted within other districts and
regions, including volcanics within Trundle, Gidgin-
bung and Yiddah (Rain Hill), and Bodangora
(Fig. 11g). An intriguing example includes the
Nelungaloo Volcanics basaltic samples. These sam-
ples have lower K, lower Th and are distinctly more
depleted and MORB-like (lower Nb/Yb, La/Sm
and Dy/Yb) than the Nelungaloo shoshonitic andes-
itic volcanics and Early Ordovician intrusions
(Fig. 9). This example suggests a cyclicity of this
maturation process and may provide evidence of an
older mature arc segment underlying the North-
parkes Intrusive Complex and more regional For-
bes–Parkes district sequence.

Source components and metallogeny of the

Northparkes and Cadia district deposits

Mantle source components and degree of partial
melting can be estimated using the diagram of
Aldanmaz et al. (2000). On this diagram, Macquarie
Arc rocks are displaced from the mantle array repre-
sented by the spinel–lherzolite melting trend to
higher Sm/Yb ratios (Fig. 12d). Data plot between
the melting trajectories for an inferred E-MORB
source composition drawn for garnet– and spinel–
lherzolite. Distribution of data forms three broad
groupings. Data from Northparkes and Copper Hill
plot between melting trajectories for 50:50 garnet–
lhezeroite and spinel–lherzolite, and the spinel–lher-
zolite end-member. Cadia Intrusive Complex,
Nelungaloo intrusives and Cheesemans Creek data
plot between garnet– and spinel–lherzolite along
the 50:50 garnet–lherzolite and spinel–lherzolite
melt trajectory. Yiddah (Rain Hill) and Bushman
Volcanics data plot between similar trajectories but
with lower degrees of partial melting. Mother Ship-
ton Monzodiorite plots on the garnet–lherzolite
melt trajectory alongside continental shoshonite
examples from the Bingham district and Sunda arc.
Greater contributions of the garnet–lherzolite source
component between these groupings roughly corre-
spond to decreasing extent of melting, and likely
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reflect generation from thickening arc crust and
changing conditions as well as extent of melt gener-
ation (Langmuir et al. 2006; Turner and Langmuir
2015; Guo et al. 2020; Niu 2021; Balqis Mazuir
and Niu 2023).

A direct comparison between the Cadia and
Northparkes intrusive complexes can be made and
has implications for the contrasting metal endow-
ments observed in these two porphyry systems. Mea-
sures of subduction flux are noticeably enriched in
the Cadia Intrusive Complex when compared with
Northparkes. Greater contributions of garnet–lherzo-
lite source component, lower extent of melting and
the SiO2 near-saturated more alkaline composition
of Cadia samples suggest generation beneath a
thicker more developed arc crust. Crustal thickness
calculations suggest the thickest crust within any
studied districts occurred beneath the Cadia district
(Supplementary File 5). Generation of melts below
this thickened arc crust changed conditions of melt
generation (Turner et al. 1996; Langmuir et al.
2006; Turner and Langmuir 2015; Guo et al. 2020;
Niu 2021; Balqis Mazuir and Niu 2023), whereas
development of this arc crust potentially led to
greater enrichment of source regions.

A fundamental observation by Blevin (2002)
about the silica undersaturated composition of
Cadia when compared with the Northparkes Intru-
sive Complex is supported by the suggestion herein
of greater contributions of the garnet–lherzolite com-
ponent to melt generation. The contributions of
deeply derived alkaline (?garnet influenced) melts
to a subduction modified and enriched lithospheric
mantle and lower crust may be significant when
assessing fertility and metal endowments.

Chiaradia (2020, 2022) suggests a link between
alkaline magmas and the high Au endowment and
Au/Cu ratios in deposits such as Bingham and
Cadia, whereas Sillitoe (2012) speaks of the impor-
tance of primitive mantle contributions to generating
deposits. The distinctive geochemistry and metal
endowment of the Cadia district deposits suggest a
different source and processes to those of the North-
parkes Intrusive Complex, despite coeval emplace-
ment. The influence of a garnet–lherzolite source is
consistent with the geochemical characteristics of
Cadia, whereas proposed links between alkaline
magmas and Au endowment (Chiaradia 2020,
2022) might suggest this source directly influenced
the fertility of the district.

A general comparative model for the genesis of

medium-K and shoshonitic magmas in the

Copper Hill and Cadia intrusive complexes

The available geochemical, isotopic and geochrono-
logical evidence along with previous detailed studies

of the deposit (e.g. Blevin and Morrison 1997; Holli-
day et al. 2002; Wilson et al. 2003, 2007; Forster
et al. 2004; Harris et al. 2020) is synthesized as a
general model for the Middle Ordovician medium-K
sequences (e.g. Copper Hill) and for Cadia, an early
Silurian high-K to shoshonitic intrusive complex in
the Molong Volcanic Belt (Fig. 13). The Copper
Hill and Cadia intrusive complexes are, respectively,
the most K/LILE poor and richly mineralized suites
of the pre-synBenambranMacquarieArc and formed
approximately 20 Ma apart. At Cadia and Goonum-
bla, Ni and Cr are strongly depleted, whereas Cr, Ni
and Pd are relatively less depleted at Copper Hill
(Blevin and Morrison 1997; Blevin 2002). The
enrichment ofNi, Cr and, to a lesser extent, Sc atCop-
perHill, as comparedwith several other suites such as
Cadia, suggests that the Copper Hill Intrusive Com-
plex is compositionally variable, possibly due to het-
erogeneity of magma sources. Clots of amphibole,
pyroxene and opaques texturally reminiscent of sym-
plectites after either olivine or a high-temperature
pyroxene support this notion (Blevin and Morrison
1997) (Fig. 13), as does mixing of more and less
radiogenic Pb sources (Forster et al. 2011).

This model is underpinned by the transition from
an ocean arc subduction system to an accretionary
terrane absent of any input from mature sediments
(as indicated by multiple isotopic systems; Crawford
et al. 2007b; Kemp et al. 2009, 2020; Forster et al.
2011, 2015; Huston et al. 2016, 2017). We also sug-
gest that this prior subduction event was important in
contributing LILE, including the Phase 1 Nelunga-
loo Volcanics, and may have also been an important
event for enrichment of the sub-arc mantle. As a
result, heterogeneity of sub-arc mantle sources was
likely the primary control on generation of lower-K
sequences such as Copper Hill. Cyclic enrichment
and maturation trends are observed from Early Ordo-
vician Phase 1 rocks through to the most evolved and
enriched Phase 4 mineralized intrusions. Copper Hill
and other medium-K sequences appear as exceptions
to this trend (Crawford et al. 2007b).

The enrichment of the sub-arc mantle in Pt, Pd,
Au and Fe during prior partial melting was key for
enrichment of Cu and Au during the latest Cam-
brian–Early Ordovician. Based on recent drilling
and geochronological and isotopic evidence, such
substrate has proven more widespread than previ-
ously recognized (e.g. see Leslie 2021), confirming
previous suggestions by Forster et al. (2011, 2015)
and Kemp et al. (2020). Evidence for such a primi-
tive, refractory source component (attributed to the
latest Cambrian–Early Ordovician substrate)
includes amphibole-olivine–pyroxene cumulates
(e.g. simplectites) which contain sequestered Pt
and Pd and are observed at Copper Hill (Blevin
and Morrison 1997, 2002). Repeated subduction-
related melting and the formation of sulfide-rich
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cumulates resulted in the enrichment of the sub-arc
mantle in Au and platinum group elements (PGEs)
(see Hamlyn et al. 1985). Nickel, Sc and Fe are typ-
ically retained in the mantle within cumulates as
solid phases within sulfide and bulk rock silicate
minerals e.g. olivine, spinel, orthopyroxene and cli-
nopyroxene (Wilson 1989).

During the Middle Ordovician, the sub-arc man-
tle, including these cumulates, was then subject to
increasing temperature with episodic melt extraction
at about approximately ∼1100–1200°C at approxi-
mately 12–15 Kbar, which produced the parental

magmas for the Copper Hill Intrusive Complex
(Supplementary File 5). In this model (Fig. 13a),
we propose that Middle Ordovician (470–455 Ma)
magmatism at Copper Hill was generated due to
subduction-related dehydration melting of the
weakly enriched sub-arc mantle beneath layered
MORB-like Cambrian crust (Forster et al. 2011;
Kemp et al. 2020). Magmas responsible for fluid
exsolution and porphyry mineralization ponded
above the brittle–ductile transition at this stage. Cop-
per and Au-bearing sulfides preferentially parti-
tioned into a sulfide-rich liquid during melting and

Fig. 13. General genetic model for medium-K to high-K calc-alkaline type Ordovician-aged porphyry deposits within
the Molong Volcanic Belt. The diagram has a scale change from the lower crust and upper mantle to mid-upper crust
near the brittle -ductile transition where complexes associated with porphyry mineralization assemble (Sillitoe 1973).
(a) Melting in the Middle Ordovician (prior to emplacement of Copper Hill district) generates residual cumulate
which sequester Ni, Cr, Fe, PGEs and Au in sulfides and silicate minerals. Remelting of these cumulates produces a
moderately large ion lithophile Elements (LILE), platinum group elements (PGE) and Cu-rich magma which is
emplaced in the crust (e.g. Copper Hill Intrusive Complex). Repeated tapping of this source depletes the sub-arc
mantle of Ni, Cr and PGE. (b) An enriched mafic substrate continues to accrue under the Lachlan Orogen (see text
for discussion of this). Later melting of the sub-arc mantle (here referred to as ‘second remelting’) during the earliest
Silurian produces Cu–Au-rich magmas (e.g. the Cadia Intrusive Complex) during terrane accretion, and crustal
thickening during the Benambran Orogeny. These magmas are more enriched in LILE due to greater ocean island
basalt (OIB) magmatic input as well as Cl, S, Fe, Au and Cu with minor Pt and Pd.
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were an important source for the fertile magmas
which produce porphyry mineralization at mid-
crustal levels (Holwell et al. 2022).

Early Silurian magmas (445–435 Ma) were
emplaced within a regionally compressive regime
during the Benambran Orogeny (Fig. 13b). Note
that the compression is oblique to the 2D section
depicted in Fig. 13b. During the intervening period
(post 455 Ma – Figure 13) thickening of the crust
and lithospheric mantle occurred via continued
underplating and evolution at the base of the crust
with ongoing subduction prior to the peak compres-
sional event at ∼443 Ma (Glen 1998; Glen et al.
2007a; Harris et al. 2014; Kemp et al. 2020). During
accretion, intrusions of high-K to shoshonitic affinity
of diorite to quartz monzodiorite composition (Ble-
vin 2002), such as those at Cadia, were emplaced.
Low-percentage partial melts (compared with the
pre-Benambran event) were accommodated by local-
ized tearing and extension of the ductile lower crust
(Richards 2009). Evidence for relatively low degree
partial melts is evident from the enrichment in LILE
and the high Dy/Yb in the Cadia Intrusive Complex,
which suggests that rifting facilitated melting of
OIB-type mantle (Davidson et al. 2013). This melt-
ing tapped a deeper, garnet bearing mantle source
due to crustal thickening, and generated hydrous,
more oxidized, and critically sulfur undersaturated
melts which were favourable for mobilizing Au
and Cu into the mid-crust.

Parental magmas then ponded in the competent
mid-crust and underwent extensive fractional crys-
tallization. The emplacement style of these fluid-
and metal-bearing, more fractionated magmas
was dependent on the host geology and local-
structural regime, including a dyke at Cadia
East, a plutonic suite around Cadia Hill and pipe-
like intrusions at Ridgeway (Fig. 13b). Generally,
the host rocks to these intrusions behaved very
competently (Harris et al. 2014). Weakly mineral-
ized and barren intrusions are features of the
Cadia Intrusive Complex, where mineralization
was inhibited by non-ideal fractionation v. fluid
exsolution and/or oxidation histories.

In detail, the heterogeneity of mantle and lower-
crustal sources may account for the medium-K
affinity of Copper Hill and possible variability in
enrichment within other suites (e.g. the Goonumbla
district). The Copper Hill and Cadia intrusive com-
plexes represent the evolution of a volcanic arc sys-
tem and provide insight into the transition from an
intraoceanic island arc terrane to continental accre-
tion. The transition in orogenic setting is accompa-
nied by thickening crust and significant mafic
underplating, which is broadly applicable to the
evolution of the Macquarie Arc from at least the
Middle Ordovician. Our results strongly suggest
that most high-K to shoshonitic rocks within the

Macquarie Arc are analogous to ‘primitive’ shosh-
onites generated within intraoceanic arc settings
(e.g. the Izu–Bonin–Mariana Arc), and further sup-
port the role of subduction throughout much of
its development.

Conclusion

New and existing geochemistry for potassic rocks of
the Macquarie Arc suggests that it was enriched epi-
sodically from the Ordovician until the onset of
Benambran orogenic collapse. Potassium enriched
magmatism also occurred during the Late Silurian
to Early Devonian, post accretion onto Gondwana,
but should be considered distinct from theMacquarie
Arc (sensu stricto). The general geochemical charac-
ter is consistent with primitive high-K calc-alkaline
rocks and shoshonites in a rear island arc setting.
Most suites of pre- to syn-Benambran age may none-
theless be classified as fundamentally calc-alkaline.
We consider the shoshonites in the Macquarie Arc,
including notable examples in the Cadia Intrusive
Complex, to be analogous to the ‘primitive’ shosh-
onites observed in other interoceanic arcs. Yiddah
(Rain Hill) represents the only mineralized syn-
Benambran aged district which can be satisfactorily
classified as ‘shoshonitic’ in a typical sense, with
geochemical characteristics more like well-described
shoshonites in continental arcs and continental set-
tings. Its presence in the southern extent of the Mac-
quarie Arc may provide evidence of previously
unrecognized variation in crustal architecture during
accretion. Data for suspected post-Benambran suites
also notably classify as shoshonitic. New U–Pb zir-
con ages suggest emplacement occurred post-
subduction in a probable rift setting. This is strongly
supported by Pb, Sm–Nd and Lu–Hf isotope data.

New geochemical data presented suggest that
progressive enrichment of source regions occurred
during arc maturation and development. Develop-
ment and thickening of arc crust potentially led to
greater enrichment of source regions but also
changed conditions of melt generation. As a result
of variation in crustal thickening, some early Silurian
magmas within the Macquarie Arc show evidence of
a higher degree of deeper garnet–lherzolite derived
melts (e.g. Cadia Intrusive Complex), whilst others
are dominated by spinel–lherzolite signatures reflect-
ing along and across arc variability. The contribu-
tions of deeply derived garnet–lherzolite melts to
enriched source regions may have influenced the fer-
tility and metal endowment of mineralized districts.

Middle to Late Ordovician rocks were generated
in an oceanic island arc setting during active subduc-
tion from a shallow E-MORB mantle reservoir. Crit-
ically, whilst the Macquarie Arc evolved, a mafic
underplate continued to pool under the Lachlan
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Orogen, providing a metal-rich substrate and thick-
ening the crust. Significant porphyry Cu–Au miner-
alization, subject to modern mining operations,
occurred in the early Silurian during accretion of
the terrane during the Benambran Orogeny. Based
on well-constrained models for the Lachlan Orogen
published in the literature and the data from our
study, pre- to syn-Benambran mineralized suites
are fundamentally calc-alkaline and occurred within
an oceanic arc setting synchronous with crustal
thickening during terrane accretion.
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