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ABSTRACT 
In the past few decades, it has become evident that fertile, porphyry Cu-ore, arc magmas 

have distinct geochemical signatures linked to specific petrogenetic processes. Fertile magmas 
associated with porphyry systems are usually water-rich (> 2.5 wt%, typically ≥ 4 wt%), highly 
oxidized (≥ ∆NNO+2) and they are controlled by significant crystal fractionation of 
amphibole±titanite. The geology of the major part of the eastern Australian margin is made up 
of the Paleozoic New England Orogen formed in a convergent continental margin setting above 
a west-dipping subduction zone. The Connors – Auburn Province represents an Andean-type 
continental magmatic arc within the subduction zone, the Yarrol Province corresponds to a 
fore-arc, and its back-arc sector is the Bowen Basin. The Connors – Auburn Province and the 
Bowen Basin host a variety of Au-Cu mineral occurrences, including epithermal, porphyry and 
mesothermal deposits. This study is a regional scale Au-Cu fertility assessment of arc-related 
volcanic suites through whole-rock and zircon trace element geochemistry. Here we present; 
(1) a comparative study of the whole rock geochemical signature of fertile/prospective vs 
infertile/unprospective Pennsylvanian – early Permian volcanic suits of the northern Bowen 
Basin (Lizzie Creek Volcanic Group at Mt. Carlton district and Collinsville), and; (2) a regional 
scale fertility assessment of Pennsylvanian – early Permian volcanic suits of the Townsville – 
Mackay region, including parts of the New England Orogen and of the Kennedy Igneous 
Association, based on whole rock and zircon trace element geochemistry. Fertile volcanic rocks 
of the Mt. Carlton district have generally low to high Sr/Y ratios (5 – 261) and somewhat “nike-
shaped” REE patterns (La/Yb = 7 – 40; Dy/Yb = 1.5 – 2.3). On the contrary, infertile volcanic 
rocks of the Collinsville area have generally lower Sr/Y ratios (2 – 100), and gently sloped and 
less depleted REE patterns (La/Yb= 6 – 18; Dy/Yb = 1.4 – 2.1). Radiogenic Nd isotopes have 
a range close to CHUR (ɛNd280 = -1.05 – 3.16), overlapping with plutonic basement rocks of 
the Bowen Basin. Fertile samples have slightly negative ɛNd280 values (-0.40 - -1.05), and 
barren samples have slightly more primitive ɛNd280 values (0.14 – 3.16). The overall 
geochemistry for fertile volcanic rocks suggests a likely origin involving consecutive crystal 
fractionation of hydrous parental melts, and they were not modified by extensive crustal 
assimilation. These characteristics are not evident in infertile volcanic rocks suggesting crystal 
fractionation under less pronounced or even anhydrous conditions. The characteristics of Au-
Cu fertile and infertile volcanic rocks observed in the Bowen Basin, have also been observed 
at a regional scale. In terms of zircon trace element geochemistry, fertile magmatic suites have 
generally higher zircon Eu/Eu* (>0.3), 10,000*(Eu/Eu*)/Y (>1), and (Ce/Nd)/Y (>0.01) values 
than infertile suites. In fertile suites, zircon (Eu/Eu*)/Y ratios are positively correlated with 
(Ce/Nd)/Y ratios, but this relationship is lacking in infertile suites. Based on the Yb/Gd vs. 
Th/U plot, fertile suites show that magma evolution leading to volcanic rocks generally 
involved crystal fractionation of hornblende, titanite and apatite. Zircon trace element 
geochemistry mirrors whole-rock geochemistry, pointing towards an oxidized magma with 



   
 

3 
 

high water content encouraging early precipitation of hornblende. Overall, the study area 
contains a Pennsylvanian – early Permian continental magmatic arc segment with ideal 
geochemical conditions for the generation of porphyry systems. A combination of geochemical 
tools (whole-rock and zircon trace elements) helps to narrow down the exploration area, 
defining smaller and more prospective areas for Au-Cu mineralization in the Paluma Range, 
near Mt. Stuart, Mt. Dillon, Mt. Ossa areas, and locally in the western margin of the Bowen 
Basin. 
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1. INTRODUCTION 
Over the past few decades, it has become evident that fertile, porphyry Cu-ore productive 

arc magmas have distinct geochemical signatures which can be linked to specific petrogenetic 
processes. Various whole-rock element ratios, based on relative oxidation and hydration state 
of arc intrusions and associated volcanics, have been utilized to semi-quantitatively 
differentiate between barren and fertile magmas (e.g. Baldwin and Pearce, 1982; Blevin et al., 
1996; Thiéblemont et al., 1997; Lang and Titley, 1998; Rohrlach and Loucks, 2005; Richards 
and Kerrich, 2007; Richards, 2011a; Loucks, 2014). It is commonly understood that fertile 
parental magmas of large porphyry deposits are necessarily water-rich (> 2.5 wt.%, typically ≥ 
4 wt.%), highly oxidized (often ≥ ∆NNO+2) and significant crystal fractionation of amphibole 
± titanite has been suggested to be a major controlling process for fertile magma evolution (e.g. 
Cline and Bodnar, 1991; Rohrlach and Loucks, 2005; Candela and Piccoli, 2005; Richards, 
2011a, b). 

The importance of high water contents in generating geochemical features typical for fertile 
porphyry intrusions and hydrous arc magmas has been advocated by several studies (Seedorff 
et al., 2005; Richards and Kerrich, 2007; Chiaradia, 2009; Richards, 2011a; Richards et al., 
2012; Loucks, 2014). Baldwin and Pearce (1982) were the first to recognize geochemical 
differences in Y and MnO between Chilean fertile and barren porphyry intrusions and 
suggested early crystallization of hornblende to cause low Y and Mn in ore-productive 
porphyry intrusions. The relationship between hydrous parental magmas, early crystallization 
of hornblende and suppression of plagioclase crystallization was interpreted by Rohrlach and 
Loucks (2005), Richards and Kerrich (2007), Richards (2011a) and Loucks (2014) to result in 
the commonly observed high Sr/Y (Sr/Y > 35) ratios of fertile arc magmas. Redox sensitive 
proxies, such as whole-rock Fe2O3/FeO (Blevin et al., 1996), and V/Sc (Loucks, 2014) have 
also been utilized to infer oxidizing conditions where Fe-Ti oxides are not present and/or 
preserved. Further, the absence of significantly negative or the presence of slightly positive 
Europium anomalies (Eu/Eu*) may be related to a combination of the suppression of 
plagioclase in favour of amphibole crystallization, absence of significant shallow level 
plagioclase fractionation and more oxidizing melt conditions (where Eu3+ >>Eu2+ in more 
oxidized melts; Frey et al., 1978; Hanson, 1980; Green and Pearson, 1985; Rohrlach and 
Loucks, 2005). 

Kay and Mpodozis, (2001), Richards and Kerrich (2007), Glazner et al. (2008) and 
Bachmann and Bergantz (2008) demonstrated that the presence of amphibole (± titanite) can 
greatly impact the high field strength element (HFSE) and rare earth element (REE) budgets of 
differentiating melts, which is in agreement with the observation of fertile ore-productive 
magmas being highly fractionated (La/Yb >20), medium rare earth element depleted (MREE) 
and showing ‘nike-shaped’ shaped chondrite-normalized REE concentration patterns. 
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Davidson et al. (2007), however, noted that magmatic arc andesites, although having a whole-
rock geochemical profile indicative of amphibole (± clinopyroxene ± titanite) fractionation 
(increasing La/Yb and decreasing Dy/Yb ratios with increasing SiO2), commonly lack 
abundant amphibole in their mineral assemblage. These authors used the term ‘cryptic’ 
fractionation, suggesting a water-rich amphibole ± clinopyroxene ± titanite cumulus/restite 
(‘amphibole-sponge’) should be present at low to mid crustal depth. 

These distinctive whole-rock geochemical signatures can be used as ore fertility indicators 
and are attributed to high magmatic water and sulfur contents and high oxidation states of the 
melts (Streck and Dilles, 1998; Richards et al., 2001, 2012; Rohrlach and Loucks, 2005; 
Richards and Kerrich, 2007; Chambefort et al., 2008; Richards, 2011; Chiaradia et al., 2012; 
Chiaradia, 2013; Loucks, 2014; Wang et al., 2014a, b; Lu et al., 2015). However, weathering 
or hydrothermal alteration can affect whole-rock Sr/Y and Eu/Eu* ratios, rendering their use 
suspect under such conditions. 

Zircon is ubiquitous in intermediate to felsic igneous rocks and records the compositional 
evolution and varying conditions of the parent melt, controlled by the relevant zircon/melt 
partition coefficients of each element (Ballard et al., 2002; Rohrlach and Loucks, 2005; 
Claiborne et al., 2010; Kemp et al., 2011; Dilles et al., 2015). Zircon also survives intense 
hydrothermal alteration and weathering, and long-distance detrital transport. 

According to Lu et al., (2016), zircon trace element composition can distinguish fertile from 
infertile magmatic suites. The best fertility indicators are Eu/Eu* (>0.3) and 
10,000*(Eu/Eu*)/Y (>1) ratios, whereas (Ce/Nd)/Y (>0.01) and Dy/Yb (<0.3) ratios are 
moderately useful. These distinct zircon trace element ratios are interpreted to indicate high 
magmatic water contents and oxidizing conditions of the magma, which is a prerequisite for 
magmatic-hydrothermal (porphyry systems) ore formation. 

Combination of whole rock and zircon trace element geochemistry provides a powerful tool 
to discriminate fertile and infertile magmatic suits as well as to narrow down exploration areas 
in order to target smaller and more prospective areas. 

In this study we applied the current state of knowledge to volcanic rocks instead of plutonic 
rocks. This approach is based on; A) the occurrence of ore-productive plutonic rocks cropping 
out implies significant erosional exhumation with the removal of any related volcanic pile and 
hypabyssal  porphyry intrusions; and B) the retention of a volcanic pile (limited erosional 
influence), enhances the likelihood of preservation of porphyry intrusions as part of the 
magmatic system. 

This report presents both a comparative study of the whole rock geochemical signature of 
fertile/prospective vs infertile/unprospective Pennsylvanian – early Permian volcanic suits 
(Lizzie Creek Volcanic Group) of the Northern Bowen Basin (Figure 1), and a regional scale 
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fertility assessment of Pennsylvanian – early Permian volcanic suits of the Townsville – 
Mackay region (Figure 1) based on whole rock and zircon trace element geochemistry. 

 

 

 

 

 

Figure 1. Geology of NE Queensland showing the location of the region examined in this report (modified 
from Kositcin et al., 2015)   
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2. GEOLOGICAL BACKGROUND 
The geology of the eastern Australian margin is dominated by late Paleozoic rocks of the 

New England Orogen that formed in a convergent continental margin setting above a west-
dipping subduction zone during Late Devonian to Permian time (e.g., Day et al., 1978; Glen, 
2005). 

Under the scheme proposed by Donchak et al. (2013) the basic east to west 
tectonostratigraphic framework of the northern New England Orogen developed in Queensland 
embraces a Late Devonian to Carboniferous subduction complex (Wandilla Province), a Late 
Devonian – Permian forearc basinal complex (Yarrol Province), and a Permian – Middle 
Triassic composite back arc to foreland basin (Bowen Basin). A magmatic arc of Carboniferous 
to early Triassic age (Connors – Auburn Province) is expansively developed, dominating 
upland of the Connors Arch to the east of the Bowen Basin but also overlapping the other three 
provinces. 

 

 

Figure 2: Map of eastern Australian orogenic zones and subdivisions of the northern extremity of the New England 
Orogen. Left side: Subdivisions of the Tasman Orogenic Zone (Glen, 2013). Right side: Map of major 
tectonostratigraphic elements of the northern New England Orogen and distribution of Pennsylvanian to Mesozoic 
igneous rocks (modified from Allen, 2000); dashed red lines mark the boundaries between Bowen Basin, Connors-
Auburn Province (Connors Arch) and Yarrol Province (see Donchak et al., 2013). 
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The Carmila Beds, assigned to the Connors-Auburn Province, extend from north of Mackay 
to the St Lawrence district (Malone et al., 1969; Withnall et al., 2009). In the Mackay area, 
they are faulted against the Urannah Batholith, intruded by numerous Mesozoic granitic plutons 
and overlain by Permian Calen Coal Measures (Donchak et al., 2013). This unit dominantly 
consists of sedimentary rocks, including widespread fine-grained volcaniclastic rocks but also 
embraces large areas of ignimbrite and mafic volcanic rocks. Fielding et al. (1997) interpreted 
the tectonic setting and depositional environments of the Carmila Beds as arc-related alluvial 
channel, high-energy alluvial and fluvio-lacustrine. They suggested deposition in rapidly 
subsiding tectonically and volcanically active basins linked to extension of the Proto-Bowen 
Basin. The basal volcanic unit of the Carmila Beds was dated to 294±3 Ma (Allen et al., 1998) 
and 292.8 ± 2.8 Ma (Fanning et al., 2009). 

In the Connors Arch, the oldest igneous rocks are Mississipian (>330 Ma) mafic to felsic 
volcanics and minor plutonic rocks. Above these are ca 320-310 Ma widespread ignimbrites 
and granites, unconformably overlain by ca 300-290 Ma volcanics and intruded by the gabbro 
to granite of the Urannah Batholith (Glen, 2013 and references therein). Allen et al. (1994, 
1998), Holcombe et al. (1997a, 1997b) and Withnall et al. (2009) confirmed that volcanism 
was continuous into the early Permian. The northern New England Orogen was later intruded 
by Triassic and Cretaceous plutons and Cretaceous volcanic rocks are exposed in the 
Whitsunday Province along the coast (Ewart et al., 1992; Allen et al., 1997; Holcombe et al., 
1997b). 

The Urannah Batholith intrusions range in composition from gabbro to granite, with 
intermediate–mafic compositions dominant. They are mostly of high-temperature I-type with 
similar geochemistry to well-known continental margin-arc batholiths (Allen et al., 1998; 
Allen, 2000; Murray, 2003). The intrusions have juvenile isotopic signatures, indicating that 
old continental crust was not involved to any significant extent in their formation (Webb and 
McDougall 1968; Allen et al. 1994, 1997; Allen 2000). The age range of the Urannah Batholith 
is 341 to 279 Ma (Webb and McDougall, 1968; Allen et al., 1994, 1998; Cross et al., 2012).  

The Bowen Basin is the northern part of an elongate, north-south trending, asymmetrical 
coal-bearing basin extending from northern New South Wales through central Queensland 
covering an area of approximately 200,000 km2 (1,200 km long, 350 km wide and 8 km deep; 
O’Neil and Danis, 2013; Figure. 2). It is best considered part of the New England Orogen 
(Donchak et al., 2013), although its geological relationship has been a long matter of debate. 
The formation of the Bowen Basin has been proposed to result from transcurrent faulting or 
shearing (Evans and Roberts, 1980), pull-apart origin (Harrington, 1982), strike-slip extension 
(Korsch et al., 1989), and a foreland basin origin (Flood et al., 1983; Jones et al., 1984; Murray, 
1985). A subduction related, arc magmatism relationship was suggested by Henderson (1980) 
and Fielding et al. (1990), with arc volcanism accompanying early Permian continental back- 
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arc extension (Fielding et al., 2000; Korsch and Totterdell, 2009a, b; Korsch et al., 2009). A 
subsequent thermal relaxation basinal phase has been suggested as beginning in the Kungurian 
(~280 Ma; Allen and Fielding, 2007; Korsch and Totterdell, 2009b) followed by thrust-related 
flexural loading due to orogenic contraction to the east, resulting in a foreland phase of basin 
formation in the late Permian to Middle Triassic (Fergusson, 1990, 1991; Holcombe et al, 
1997a, 1997b; Korsch et al., 1997, 2009). 

The basal unit of the Bowen Basin sequence, which locally overlies the Urannah Batholith, 
comprises the Lizzie Creek Volcanic Group (Malone et al., 1964, 1966, 1969; Figure. 2 and 3). 
It consists of early Permian basaltic to rhyolitic volcanic rocks (Malone et al., 1964, 1966, 
1969; Hutton et al., 1991; Oversby et al., 1994), locally interbedded with sandstones and 
siltstones and minor coal seams, unconformably overlying granitic basement in some areas. 
The Lizzie Creek Volcanic Group is confined to the Bowen Basin. The western margin of its 
distribution is the Millaroo Fault Zone along which it abuts Carboniferous to early Permian 
granitoid intrusions and volcanic rocks of the southern Kennedy Igneous Province. The eastern 
contact with the Urannah Batholith exposed along the Connors Arch is largely defined by the 
Almoola Fault Zone.  

Pennsylvanian to early Permian magmatism and volcanism is proposed to mark the early 
stages of basin formation and is interpreted to record the onset of back-arc extension (Allen et 
al., 1998; Korsch et al, 2009; Withnall et al., 2009). Previously reported SHRIMP and LA-ICP-
MS U-Pb zircon ages of the Lizzie Creek Volcanic Group range from 297 to 283 Ma (Allen et 
al., 1998; Burch, 1999; Fanning et al., 2009; Withnall et al., 2009; Cross et al., 2012; Donchak 
et al., 2013). Recent LA-ICP-MS U-Pb zircon ages of Corral et al., (Report #1) however, 
demonstrate that major silicic volcanic episodes occurred episodically from 288-256 Ma, most 
likely in response to shifts in the tectonic regime. 

The Lizzie Creek Volcanic group on the northern edge of the Bowen Basin hosts several 
mineral deposits of various types, including epithermal mineralization (e.g., the Mt. Carlton 
deposit, Boundary prospect, Ortiz prospect and Crush Creek prospects), and porphyry copper 
mineralization (e.g., Capsize porphyry and Mt Vista porphyry prospects), whereas the Urannah 
Batholith on the eastern margin of the Bowen Basin hosts mesothermal quartz vein deposits 
(e.g., Marengo Goldfield, Normanby Goldfield and Mt. Hector Goldfield; Figure. 3). 

The Townsville area is included in the Charters Towers Province which extends from the 
coast around Townsville inland to Pentland, 150 km west of Charters Towers (Withnall et al., 
2013; Figure. 4). Its rock assemblages are largely of Neoproterozoic – early Paleozoic age. The 
province is elongate in an east–west direction and is bound to the east by the northernmost New 
England Orogen and to the north by the Mossman Orogen. To the south, the Charters Towers 
Province is overlain unconformably by the mid-Carboniferous – mid Triassic Galilee Basin, 
the Late Devonian – Mississipian Drummond Basin and late Paleozoic volcanic rocks. 
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Figure 3. Geology of the northern Bowen Basin showing the location of the ore deposits and 
mineral occurrences inspected during the current project (modified from Donchak et al., 
2013.) 
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The rocks cropping out in the Townsville area are interpreted to be part of the Kennedy 
Igneous Association (Withnall and Henderson 2012) comprising intrusive and volcanic rocks 
of Mississippian to early Permian age (Champion and Bultitude, 2013). In the Paluma Range 
adjacent to, and including the Owenee Batholith (Figure. 4), an assemblage of granites and 
rhyolites crop out. These rocks belong to the Oweenee Supersuite (Wyatt, 1972; Scott, 1988; 

Figure 4. Principal geological units from the Townsville - Paluma area (from Hutton et al., 1997.) 
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Gunther and Withnall, 1992). Crystal-rich rhyolitic ignimbrites cropping out to the west and 
east of the Oweenee Batholith are referred to the Owenee and Paluma Rhyolites, respectively 
(Figure. 4).  

Due to geochemical similarities, the Oweenee and Paluma rhyolites are interpreted to be co-
magmatic with the Oweenee Supersuite granites (Gunther and Withnall, 1992; Hutton et al., 
1997). The age of the Oweenee Batholith is 340-330 Ma (Webb, 1969; Gunther and Withnall, 
1995). Volcanic rocks cropping out near Townsville have been grouped as the Julago Volcanics 
(Wyatt et al., 1970; Stephenson, 1970; Stephenson and Patrick, 1978; Trezise et al., 1989). This 
sequence comprises a basal sedimentary sequence overlain by andesitic to rhyolitic lavas and 
volcaniclastic rocks intruded by early Permian granites. These rocks are therefore broadly 
equivalent to the Lizzie Creek Volcanic Group that form the basal unit of the northern Bowen 
Basin. They may therefore represent an extension of the Bowen Basin (Hutton et al., 1997) 
rather than being part of the Kennedy Igneous Association, extensively developed in the 
northeastern Queensland, according to the assignment of Champion and Bultitude (2013). 
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3. INVESTIGATIONS COMPLETED  

3.1. Field work 
Several field campaigns were performed in the last 2.5 years to accomplish the objectives 

of this subproject. The work performed, location, dates and field assistants are as follows (see 
Figures. 3 and 4 for reference): 

1- From 25th to 26th January 2015 (2 days). Location: Mt. Carlton district. Geologists: 
Isaac Corral, Zhaoshan Chang, Carl Spandler and Helge Behnsen 

o Drill hole inspection and collection of relatively fresh rocks for whole rock 
geochemistry (20 samples). 

o Surface geology inspection and collection of the main lithostratigraphic units 
(10 samples). 

2- From 13th to 17th April 2015 (5 days). Location: Collinsville area and Parrot Creek area 
(SW Collinsville). Geologists: Isaac Corral and Helge Behnsen 

o Surface geology inspection of the main lithostratigrapic units. 
o Sampling of least altered volcanic rocks for whole rock geochemistry and U-Pb 

zircon dating (26 samples). 
3- From 22nd to 30th April 2015 (9 days). Location: Mt. Carlton district. Geologists: Isaac 

Corral.  
o Surface recognition and sampling of the main lithostratigraphic units.  
o 2 diamond drill holes were reviewed and sampled; the holes were located in the 

V2 pit and Strathmoore prospect. 
4- From 17th to 29th June 2015 (13 days). Location: Mt. Carlton district. Geologist: Isaac 

Corral.  
o 7 Diamond Drill Holes were logged, totalling 2,150 m (Capsize Porphyry). 
o Among the 206 collected samples, 20 were specifically collected for magma 

fertility purposes. 
5- From 9th to 20th September 2015 (13 days). Location: Mt. Carlton district. Geologists: 

Isaac Corral, Fredrik Sahlström, Mark Stokes, Zhaoshan Chang (4 days) and Paul Dirks 
(2 days).  

o 2 diamond drill holes were logged, totalling 850 m (Capsize Porphyry). 
o Among the 60 collected samples, 5 were specifically collected for magma 

fertility purposes. 
6- From 14th to 21st October 2015 (8 days). Location: Mt. Carlton district. Geologists: 

Isaac Corral, Fredrik Sahlström 
o 3 diamond drill holes were logged, totalling 1,100 m (Capsize Porphyry and 

Capsize Lithocap). 
o Among the 57 collected samples, 7 were specifically collected for magma 

fertility purposes. 
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7- From 16th to 23rd December 2015 (8 days). Location: Mt. Carlton district. Geologist: 
Isaac Corral 

o 2 Diamond Drill Holes were logged, totalling 900 m (Capsize Porphyry-Capsize 
Lithocap). 

o 2 Diamond Drill Holes were logged, totalling 630 m (Powerline Low 
Sulfidation prospect). 

o Among the 45 collected samples, 5 were specifically collected for magma 
fertility purposes. 

8- 29th February 2016 (1 day). Location: Townsville area. Geologists: Isaac Corral, 
Fredrik Sahlström. 

o Mt. Stuart was visited 
o 7 samples were collected (Whole rock geochemistry, U-Pb zircon dating and 

thermochronology) 
9- From 1st April to 27th April 2016 (8 days). Location: Townsville area. Geologists: Isaac 

Corral, Fredrik Sahlström and Helge Behnsen. 
o A total of 70 samples were collected for whole rock geochemistry and U-Pb 

zircon dating. 
10- From 30th April to 13th May 2016 (14 days). Location: Northern Bowen Basin (from 

Collinsville to Proserpine). Geologists: Isaac Corral, Fredrik Sahlström, Matthew 
Horsfall. 

o Inspection of the Crush Creek low sulfidation prospects area 
o 5 reverse circulation holes were logged, totalling 671 m (Delta prospect) 
o 1 diamond drill hole was logged, totalling 92 m (BV7 prospect) 
o 3 samples were collected (geochemistry, alteration, dating) 
o Re-inspection of the Mt. Toussaint and Bowhunters prospects 
o Among the 83 surface samples collected in this campaign, 24 were specifically 

collected for magma fertility purposes. 
11- From 1st to 5th August 2016 (5 days). Location: Townsville – Paluma area. Geologists: 

Isaac Corral, Fredrik Sahlström. 
o Inspection of the Alligator Creek igneous complex. 
o Inspection of the Herveys Range volcanic and plutonic rocks. 
o Inspection of the Paluma Range volcanic and plutonic rocks. 
o Inspection of the Oweenee supersuite volcanic rocks. 
o 71 samples were collected for whole rock geochemistry. Representative 

samples for each location were selected for U-Pb zircon dating. 
12- 11th November 2016 (1 day). Location: Mt. Success/Golden Valley deposit. Geologists: 

Isaac Corral and Fredrik Sahlström. 
o Inspection of the volcanic sequence in the deposit area 
o Collection of samples for whole-rock geochemistry and U-Pb zircon dating 
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13- From 11th to 15th November 2016 (5 days). Location: Charters Towers area, Drummond 
Basin and Northern Bowen Basin. Geologists: Isaac Corral, Fredrik Sahlström 

o Inspection of the Charters Towers volcanic rocks. 
o Identification and sampling of the main lithostratigraphic units of the 

Drummond Basin 
o Inspection of the northernmost volcanic rocks of the Bowen Basin. 
o Among the 92 samples collected in this field campaign, 80 samples were 

selected for whole rock geochemical analysis. Representative sample sets of 
each location were selected for U-Pb zircon dating. 

14- From 21st to 23rd November 2016 (3 days). Location: Western Bowen Basin, Carmila 
Beds, Mackay – Eungela area. Geologist: Isaac Corral, Fredrik Sahlström. 

o Identification and sample collection of the different volcanic and plutonic rocks 
of the western and Eastern Bowen Basin as well as of the Connors Arch 
(Carmila Beds). 

o A total of 40 samples were collected for whole rock geochemical analysis. 
o Among the collected samples, representative volcanic rocks of each location 

were selected for U-Pb zircon dating. 
 

3.2. Laboratory work 
Laboratory work included a number of tasks aimed at meeting the objectives of this 

subproject. The work carried out is as follows: 

- Compilation of data acquisition on the geochemistry, geochronology of all the areas 
sampled during this project (e.g., northern Bowen Basin, from Collinsville to 
Proserpine). Continuous compilation and updating the existing database. 

- Short Wave Infrared Reflectance measurements with a Primary Infrared Mineral 
Analyzer (PIMA; EGRU). Performed to determine presence of whole rock alteration in 
sampled lithologies. >2,000 measurements. 

- Interpretation of PIMA measurements with TSG software. Spectra interpretation and 
IC calculations. 

- Whole rock geochemistry. Over 400 samples of fresh volcanic and plutonic rocks were 
submitted to ACME (Canada) for whole rock geochemistry to apply magma fertility 
concepts and determine their prospectivity. 

- Polished thin sections of the different high sulfidation, low sulfidation and porphyry 
copper deposits and prospects have been prepared and examined. More samples are 
being prepared. 

- Petrography: identification of mineral phases and mineral assemblages by optical 
microscopy. 
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- U-Pb zircon dating: over 50 volcanic/plutonic rocks have been dated, involving rock 
crushing, zircon separation and picking, mount preparation and zircon petrography. 

- Cathodoluminescence (CL) of mounted zircons prior U-Pb isotopic analysis for all the 
samples, to assist in the selection of the most suitable zircons to be dated. 

- Data reduction of zircon U-Pb isotopic analysis: Glitter and Isoplot were used to 
determine the zircon ages. 

- Zircon LA-ICP-MS trace element composition: 440 zircons (40 samples) were analysed 
to determine petrogenetic processes as well as magma fertility parameters using this 
dataset. 

- Zircon LA-ICP-MS trace element data reduction: Software Sills was used to determine 
the geochemical composition of zircons. 

- LA-MC-ICP-MS Hf isotope geochemistry on zircon: Zircons used for geochronology 
were later analysed to determine their Hf isotope composition. 

- Data reduction of Hf isotope geochemistry: In house customised spreadsheets were 
used to obtain the isotopic values. 

- Electron microprobe EDS analysis and BSE imaging of several samples ranging in 
composition form basalt to rhyolite to investigate amphibole, feldspar and pyroxene 

- Mineral chemistry: Microprobe analysis EMPA/WDS of pyroxenes and feldspars. 
- Pyroxene LA-ICP-MS trace element analysis to apply magma fertility parameters. 
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4. CU-AU FERTILITY OF ARC VOLCANIC ROCKS – A 
CASE STUDY FROM THE EARLY PERMIAN LIZZIE 
CREEK VOLCANIC GROUP, NE QUEENSLAND, 
AUSTRALIA 

4.1  Sampling strategy and whole-rock Sm-Nd radiogenic methodology 
The sampling strategy applied here was designed to collect and compare fresh and least 

altered volcanic rocks of the Lizzie Creek Volcanic group assigned as proximal (‘Au-Cu-
productive’, fertile), and as distal (‘ore-unproductive’, barren) on the basis of their 
association/lack of association with known porphyry-epithermal-related Au-Cu mineralization. 
Sampling localities are illustrated in Figure 5. 

For this study, a total of 63 Lizzie Creek Volcanic Group samples were collected for whole-
rock geochemical analyses from exploration drill cores, open pit exposure at Mt. Carlton and 
outcrop around Collinsville and the western margin of the Bowen Basin, south of Collinsville 
(referred to as the Collinsville area). The mineralization-associated, data set consists of 37 
samples collected from exploration drill core from the Mt. Carlton district, subdivided into Mt. 
Carlton district and surrounding epithermal prospects (MTC; n = 24) and the Capsize porphyry 
prospect (CS; n = 13). The ore-unproductive, distal to mineralization, samples (n = 26) were 
collected from and south-west of Collinsville. Collinsville is approximately 40 km south of the 
Mt. Carlton deposit and the sampled area extends to about 75 km south-south west of the Mt. 
Carlton deposit. Figure 5 shows that some mineral occurrences are known from close to 
Collinsville including the Crushed Creek prospects of low-sulfidation type owned and 
currently explored by Basin Gold Pty Ltd. These occurrences however are not expected to bias 
a fertility comparison between porphyry-epithermal-associated and non-associated samples 
because low-sulfidation mineralization is not related to a magmatic source (e.g. Hedenquist 
and Lowenstern, 1994; Hedenquist et al., 2000). 

Sm-Nd bulk rock isotope analyses of 12 samples were carried out by the University of 
Adelaide, using an Isotopx Phoenix thermal ionization mass spectrometer (TIMS). 
Approximately 60-200 mg of rock powder was digested together with a 147Sm+150Nd mixed 
spike and Sm-Nd separation was obtained by two-step column chromatography. A first column 
pass through 2 ml AGW X8 200-400 mesh resin in Polyprep columns, was followed by a 
second column pass through 1 ml Leichrom 50-100 mesh Ln resin SPS in quartz glass columns, 
to separate Sm from Nd. Nd isotopic abundance measurements were carried out in 
multidynamic mode using at least 5 blocks of 20 cycles (100 rations). Analyses were corrected 
for mass bias by normalizing to 146Nd/144Nd = 0.7219 (Wasserburg et al., 1981) using 
exponential mass fractionation correction. Neodymium concentrations were corrected for a 100 
pg blank Samarium isotopic abundances were analyzed in static mode using 5 blocks of 20 
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cycles (100 ratios). Sm concentrations were corrected for 50 pg blanks. External reproducibility 
(2σ) for Nd isotope standard measurements (JNdi-1 standard; Tanaka et al., 2000) is 5 ppm for 
143Nd/144Nd. 

 

 

 

4.2. Results 
Combined whole-rock, major and trace element compositions of the complete data set are 

given in the Electronic Appendix (Subproject 3B). Samples are grouped according to sampling 
localities as indicated in Figure 5 (Zone 1: Mt. Carlton, including Capsize Porphyry samples; 
Zone 2 and 3: Collinsville area). Whole-rock geochemistry of the samples are compared based 
on their respective locality and fertile-barren association (see sampling strategy). In the 
following descriptions and discussion, fertile rocks from the Mt. Carlton District, including Mt. 

Figure 5. Geology of the northern Bowen Basin showing the location of the ore deposits and 
mineral occurrences inspected during this year. (Map modified from Donchak et al., 2013) 
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Carlton Mine and surrounding high-sulfidation epithermal prospects will be referred to as 
‘MTC’, porphyry-epithermal-related Capsize samples as ‘CS’ and barren reference samples 
from the Collinsville area as ‘CV’.  

4.2.1. Petrography 
Petrographically, the Lizzie Creek Volcanic Group comprises a predominantly volcanic 

sequence of seriate porphyritic plagioclase-augite basalt to andesite, and plagioclase-quartz 
phyric dacite to rhyolite. Phenocryst abundances are highly variable and can range from 5 to 
60 % with typical sizes of 0.1 to 3 mm. Larger quartz and K-feldspar megacrysts >5 mm can 
be found in dacites and rhyolite lavas and ignimbrites. Groundmass (gm) grainsizes are 
variably fine (0.02 – 0.05 mm) to coarse (0.05 – 0.5 mm) and aplitic. Plagioclase is commonly 
albitized to various degrees. Photomicrographs of typical lithologies are given in Figure 6.  

Lizzie Creek Volcanic Group basalts-andesites are locally amygdoidal with a bulk 
mineralogy predominantly consisting of plagioclase, augite and magnetite with accessory 
apatite. Plagioclase and augite phenocrysts (mostly plag > augite) commonly occur as single 
or multi-phase glomerocrysts. Plagioclase is commonly present as seriate euhedral to subhedral 
phenocrysts. Skeletal augite has been observed in basalt. Augite grains in basaltic andesite 
commonly have resorption rims or chlorite coronas and embayment features indicative of 
disequilibrium crystallization, possibly occurring during adiabatic magma ascent and eruption. 
Normal core-rim zonation is evident from BSE imaging. Fresh amphibole is rare (< 2 %) and 
has been found as xenocrystic skeletal grains in MTC andesite. Biotite has been observed in 
the groundmass of one basaltic andesite of the CV sample set. However, a secondary opaque 
phase (Fe-Ti oxides?) and chlorite are commonly found as pseudomorphs after unknown mafic 
precursor minerals, likely to have been orthopyroxene, amphibole or titanite.  

Lizzie Creek Volcanic Group dacites and rhyolites occur as feldspar-quartz porphyritic lava 
flows and ignimbrites (Collinsville area) and as feldspar-quartz porphyritic subvolcanic 
intrusions in the Mt. Carlton district (MTC and CS). Porphyritic CV dacite can be crystal-poor 
or rich (30 – 60% phenocrysts), with sodic and minor potassic feldspar phenocrysts (~15%; 0.5 
– 1 mm) and augite + amphibole phenocrysts (commonly with resorbed rims and embayments; 
~5%, usually <0.5 mm) in a medium to fine aplitic (<0.2 mm) feldspar-qtz groundmass. 
Secondary opaque pseudomorphs after mafic precursor are common. Accerssory minerals are 
usually magnetite, apatite and zircon. Dacitic and rhyolitic ignimbrites and lava flows of the 
Crushed Creek prospect (northern Collinsville, see Corral et al., report #1) are flow-banded 
and can contain up to 10 % potassic feldspar and minor quartz phenocrysts. 

Quartz phenocrysts in MTC-CS subvolcanic porphyritic quartz-feldspar dacites and 
rhyolites occur as angular or subrounded grains and commonly show embayment textures. 
Feldspar phenocrysts are strongly albitized and sericitic, and secondary biotite±apatite±titanite 
wrappings around feldspar phenocrysts have been observed in Capsize porphyry dacites. In 
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some quartz-feldspar dacites, opacitized amphibole phenocryst relics can be identified by Fe 
oxides preserving grain boundaries and cleavage planes (Figure 6B), and the former presence 
of microphenocryst relicts of unknown mafic minerals is indicated by skeletal prismatic oxide 
rims. Subvolcanic CS porphyry dacites are commonly auto-brecciated, with amoeboid-shaped 
clasts of the same rock type. In hand specimen, these samples contain reddish feldspar 
phenocrysts in a greyish-green groundmass with subordinate quartz, whereas rhyolitic quartz-
feldspar samples commonly contain vesicles and are distinguished by abundant quartz and 
feldspar phenocrysts in a reddish-brown, clay altered matrix. 

Among all Lizzie Creek Volcanic Group samples feldspars are strongly affected by 
albitization and sericitization and patchy calcite can commonly be found replacing feldspar and 
pyroxene. Chlorite commonly replaces an unknown mafic precursor and can be found as 
coronas around augite phenocrysts in basaltic andesites, andesites and dacites. Quartz, prehnite, 
epidote, clinozoisite, albite and possibly chlorite have been described by Hutton et al. (1991) 
as a secondary hydrothermal mineralogy of Lizzie Creek Volcanic Group basaltic andesites 
and andesites from the western margin of the Bowen Basin. This alteration assemblage has also 
been observed in our samples inclusive of basalts, dacites and rhyolites/rhyolitic ignimbrites. 

4.2.2. Hydrothermal alteration and its effects on major and trace elements 
Given the pervasive nature of magmatic hydrothermal alteration, samples in the periphery 

of epithermal-style mineralization are almost always affected by some degree of hydrothermal 
overprint. Geochemically, this is commonly expressed through high loss on ignition (LOI) of 
samples, and effects on the composition of more mobile elements is to be expected. For the 
purpose of this study, however, we aim to demonstrate the powerful potential of commonly 
immobile trace elements, in particular rare earth elements (REE) to draw conclusions on 
magma fertility, and processes resulting from different magmatic evolutionary paths. Thus, 
samples with higher LOI and minor alteration assemblages are included in the data set. In 
consequence, the behavior of more mobile major and trace elements like Ca, Na, K, Ba and Sr 
has to be interpreted with caution.  

About 95% of the samples considered here fall within the unaltered field of the Advanced 
Argillic Alteration Index (AAAI) vs Ishikawa Alteration Index (AI) box plot (Figure 8; Large 
et al., 2001; Williams and Davidson, 2004). The Ishikawa Alteration Index (AI = molar 
100*[K2O+MgO]/[K2O+MgO+Na2O+CaO] of Ishikawa et al. (1976) reflects the abundance 
of chlorite and sericite and depletion of CaO and Na2O associated with feldspar destruction. 
An increase in AAAI represents strong SiO2 enrichment and destruction of chlorite, carbonate 
and feldspar, mineralogical changes also seen in advance argillic alteration zones of high-
sulfidation epithermal systems (Stoffregen, 1987). The unaltered field is defined in the AAAI 
by the spread of least altered (propylitic) samples as defined in the source paper and in the AI 
by the least altered box of the Alteration Box Plot by Large et al. (2001).  
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Figure 6: Photomicrographs of typical Mt. Carlton samples. (A) Lower MTC andesite with equigranular 
augite and altered (albitized and sericitic) plagioclase phenocrysts; chlorite replacing an unknown mafic 
precursor mineral. (B) Resorbed magnesio-hasingsite xenocryst in augite-plagioclase phyric andesite. (C) 
Amphibole (xenocryst?) skeleton in Qtz-Fsp rhyodacite from the Capsize porphyry prospect. Note the typical 
cleavage angles highlighted by Fe-oxide trains. (D) Typical embayment of quartz eyes. (E) Upper porphyritic 
MTC andesite lava with typical augite-plagioclase glomerocryt in a fsp-cpx groundmass. (F) Qtz-Fsp 
porphyritic rhyolite. Groundmass is dominantly clay alteration. 
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Figure 7: Representative microphotographs of barren CV samples. (A) Augite-plagioclase phyric, phenocryst-
poor basalt with trachytic texture. (B) Backscatter electron image of normally zoned augite phenocryst (rounded 
core). Prismatic plagioclase intergrowth with the phenocryst rim suggests contemporary crystallization of 
groundmass and phenocryst rim. (C) Phenocryst-rich plagioclase-augite phyric basaltic andesite. The groundmass 
contains plag+cpx+mgt. Note the sericitic core of subrounded plagioclase in the centre, with a bright white albite 
corona. Augite phenocrysts typically display chlorite coronas. (D-E) Dacite lava flow from Mt. Touissant, 
Collinsville. Phenocrysts of oscillatory zoned plagioclase and anhedral microphenocrysts of augite in Qtz-Fsp 
groundmass (D) and microphenocrysts of amphibole in (E). (F) Rhyolitic ignimbrite. Feldspar phenocrysts are 
dominantly potassic. Skeletal opaque clearly pseudomorphs an unknown mafic precursor. 
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Loss on ignition (LOI) of the samples investigated samples ranges from low very high (LOI 
= 0.4 to 8 wt.-%), but variations are not linked to the respective whole-rock compositions of 
the samples (Figure 8). Samples proximal to mineralization (MTC and CS) generally show 
higher LOI (LOI = 4 to 8 wt.-%) compared to distal samples (CV; LOI = 0.4 to 4 wt.-%). 
Exemptions are CV samples collected from the low-sulfidation epithermal Crushed Creek 
prospect (LOI = 4.5 to 8 wt.-%). Higher LOIs of basaltic andesite samples can usually be 
related to the presence of amygdales. When comparing individual elements against LOI (Figure 
8), outliers can easily be picked out and compared to their petrography (e.g. samples with Sr > 
1000 ppm commonly show extensive secondary calcite replacement or calcite veins).  

Alteration assemblages of chlorite ± calcite ± epidote ± prehnite/pumpellyite ± zeolite have 
been reported from Lizzie Creek Volcanic Group basalts and andesites from the eastern margin 
of the Bowen Basin (Eungella Dam area, Hutton et al., 1991). These authors noted that such 
assemblages could reflect hydrothermal alteration and/or low-grade burial metamorphism 
during basin subsidence.  

In either case, magmatic hydrothermal mineralization-related alteration or low-grade burial 
metamorphism, conditions apply under which some large ion lithophile elements (LILE: e.g. 
Ba, Cs, Rb) and the alkali major elements (K, Na and Ca (?)) may be mobilised. Major elements 
such as Fe or Mg, certain trace elements (e.g. V, Sc, Zr, Ti, Th, U), as well as the rare earth 
elements including Y (REY) are commonly considered to be less mobile or immobile under 
such conditions and are unlikely to be significantly affected. In addition, potentially fluid-
mobile elements, such as Sr, do not show significant variations with respect to LOI (Figure 8). 
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Figure 8: A: Alteration Box Plot: Advanced Argillic Alteration Index (AAAI) vs Ishikawa Alteration Index (AI) 
of Williams and Davidson (2004). Dashed arrow indicates the typical trend from least altered (propylitic) towards 
pyrophilite alteration zones. B-F: Bivariate plots of selected elements against loss on ignition. 
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 4.2.3. Major and trace element geochemistry 
The Lizzie Creek Volcanic Group rocks geochemically classify as dominantly basaltic 

andesites to rhyolites (SiO2 ~51 to 77 wt.%; normalized on a volatile-free basis), with variable 
intermediate to high total alkali contents (K2O + Na2O of ~3 to 10 wt.%). The TAS diagram 
(Le Maitre et al., 1989) shows significant scatter in alkali elements which is linked to either 
weak hydrothermal alteration and/or low-grade burial metamorphism (see 4.2.2.). Using less 
mobile element ratios of Zr/Ti vs. Nb/Yb (Winchester and Floyd, 1977) shifts most of the more 
mafic CV samples from basaltic andesitic towards andesitic composition (Figure 9). 

 

Figure 9: A Total alkali vs silica plot (Le Maitre et al., 1989). Dashed line is the alkaline-subalkaline division of 
Irvine and Baragar (1971). B Zr/Ti vs Nb/Yb after Winchester and Floyd (1977). A classification based on 
immobile trace element ratios is more attractive for rocks from altered environments where the accuracy of the 
TAS plot might potentially be compromised by alteration-induced mobility of Na and K. Note however, that the 
classification of MTC-CS samples collected from an hydrothermal environment do not significantly shift, 
whereas CV sample classifications are slightly pushed from basaltic andesitic towards andesitic compositions. 
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In general, basalts and basaltic andesites display a calc-alkaline affiliation, and shift towards 
high-K calc-alkaline compositions (see Ewart et al., 1982) for intermediate to more evolved 
SiO2 contents. Harker variation diagrams (Figure 10; Figure 11) show that both sample suites 
follow similar trends with increasing SiO2 contents. MgO, FeO* (as total FeO), Al2O3, CaO, 
TiO2 and P2O5 decrease, and K2O compositions increase, with increasing SiO2. Sodium 
contents significantly scatter across SiO2 compositions. Mg# (not shown) are generally low 
and range from 10 – 51 in the MTC and CS, and 4 – 41 in the CV suite. CV basaltic andesites 
define two geochemical subgroups: high TiO2 (~1.5 – 2 wt.%) samples with low Ni (2.8 – 28 
ppm) and low Cr (2.4 – 16.7 ppm) concentrations, and low TiO2 (< 1.5 wt.%), high Ni (9.1 – 
43.9 ppm) and Cr (19.4 – 27.7 ppm). Notable differences in the major element compositions 

Figure 10: Harker diagrams of major elements vs. SiO2. Low-K, medium-K and high-K subdivision as defined 
by Ewart (1982). 
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between the MTC, CS and CV suites include slightly higher MgO (and Mg#) and continuously 
decreasing TiO2 and P2O5 contents with increasing SiO2 in MTC and CS samples, whereas 
TiO2 in evolved CV samples (SiO2 = 66 to 77 wt.%) shows little change (0.69 to 0.83 wt.%), 
a behavior also observed in P2O5 (0.18 to 0.23 wt.%). It is noteworthy, that one rhyolite of the 
CV suite (BB15_031) follows the MTC-CS trend with increasing SiO2. 

 

 

 

Trace element variations reveal distinct differences between the MTC-CS and CV suite 
when plotted against SiO2, particularly for middle (MREE) to heavy rare earth element (HREE) 
enrichment. Weak negative Eu anomalies (Eu/Eu*) are only present in dacites and rhyolites 
(MTC-CS = 0.64 – 0.97; CV = 0.53 – 0.91) (Figure 11). MTC-CS samples, with the exemption 
of two rhyolitic lava flow samples collected from surface outcrops proximal to mineralization, 
are commonly more depleted in MREE and HREE compared to those distal to mineralization 
(CV suite). CV samples follow distinct enrichment trends of individual REY elements (e.g. Y) 
with increasing SiO2, whereas MREE and HREE of MTC samples follow convex-shaped 
decreasing patterns (Figure 11). An additional major difference is apparent from zirconium 
contents of the sample suites. Andesites and dacites of MTC-CS have relatively low, 
unchanging Zr contents (~60 – 160 ppm) with increasing SiO2, which decrease at SiO2 >70 
wt.%. In comparison, basalts and basaltic andesites of the CV suite have Zr contents of ~125 
to 170 ppm, strongly increasing towards more evolved compositions (212 to 281 ppm) 

Figure 11: Harker diagrams of selected trace element vs. SiO2. 
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Extended trace element abundance patterns show characteristic subduction-related 
signatures with relative enrichment of large ion lithophile elements (e.g. Cs, Rb, Ba, Pb), Th, 

Figure 12: Primitive mantle normalized trace element abundance and chondrite-normalized REY plots of Lizzie 
Creek Volcanic Group basaltic and basaltic andesitic (A), andesitic (B), dacitic (C) and rhyolitic (D) volcanic 
rocks. Normalizing values are those of Sun and McDonough (1989). Lizzie Creek Volcanic Group samples 
collectively show very consistent patterns but CS samples are generally more enriched in HFSE and REE 
compared to MTC-CS samples. 
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U and Sr, and depletion in Nb, Ta and Ti (Figure 12). All samples have LREE-enriched 
chondrite-normalized (Sun & McDonough, 1989), slightly convex-shaped REE patterns. 

As demonstrated in Figure 13, MTC-CS samples plot into the adakite-like fields of Richard 
and Kerrich (2007) in Sr/Y vs Y and La/Yb vs Yb plots, whereas CV samples plot in the normal 
arc magmatic andesite-dacite-rhyolite field of Castillo et al. (1999). MTC-CS samples have 
low to high Sr/Y ratios (5 – 261). In comparison, Lizzie Creek Volcanic Group samples 
collected distal to known mineralization, where andesitic compositions are absent or not 
exposed, have generally lower Sr/Y ratios (2 – 100) at similar SiO2 contents.  

 

Fractionation between LREE and HREE (Figure 13) expressed by La/Yb ratios is higher for 
MTC-CS samples (7.1 – 39.3) compared to CV samples (5.7 to 11.5) and strongly increases 

Figure 13: Plots of (A) Sr/Y vs. Y (Defant and Drummond, 1990), (B) La/Yb vs Yb (Castillo et al. (1999), 
showing fields for adakite and island arc andesite-dacite-rhyolite (ADR) lavas. Adakite-like fields in (A) and (B) 
are based on the adakite definition of Richard and Kerrich (2007) for Sr/Y >20 and Y < 18 ppm, and La/Yb > 20 
with Yb ≤ 1.9 ppm. Black arrows schematically indicate typical differentiation paths resulting from crystal 
fractionation of various minerals (Castillo et al., 1999; Richards and Kerrich, 2007). (C) and (D) La/Yb and 
Dy/Yb vs. SiO2 with schematic, expected geochemical trends resulting from crystal fractionation of garnet or 
amphibole (Davidson et al., 2007). Grey field in (D) represents Dy/Yb ratios of 1.6 – 2.4, values expected for 
primitive arc magmas before amphibole fractionation (Davidson et al., 2007). 
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with increasing SiO2. CV samples show a slight increase from ~51 – 55 wt.% SiO2 but decrease 
with SiO2 > ~66 wt.%. MTC-CS Dy/Yb ratios (1.5 – 2.3) are similar to CV (1.5 – 2.1) and both 
suites feature decreasing values with increasing SiO2 (discussed below). 

 

 

In Figure 14A-B, Lizzie Creek Volcanic Group samples are plotted according to magma 
fertility concepts developed from a global assessment of porphyry Cu intrusions and directly 

Figure 14: Samples plotted according to the magma fertility indicators of Loucks (2014). Grey fields by Loucks 
(2014) are based on a global compilation of porphyry intrusions and associated volcanics. Dashed line in (B) 
defined by Loucks (2014) as y = 32.5 – 0.385*wt.-% SiO2; dashed lines in (C) and (D) based on western-Pacific 
Paleozoic to Mesozoic basement (Loucks, 2012): (A) Sr/Y vs SiO2 where high magmatic water content, 
suppression of plagioclase fractionation in favour of early amphibole saturation generates high Sr/Y (>35). (B) 
V/Sc as a redox proxy to demonstrate the suppression of (Fe-Ti)-magnetite crystallization. (C) and (D) shows 
Nb/Y and Ba/Zr vs SiO2 after Loucks (2012) for Au-Cu ore fertility generated during the partial melting of fertile, 
subcontinental lithospheric mantle (SCLM) related to continental extension. Note the large scatter in Ba/Zr which 
reflects the influence of alteration on Ba concentration. 
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associated volcanic rocks. MTC-CS samples associated with high-sulfidation epithermal-style 
mineralization agree with the indicators of Loucks (2014), showing Sr/Y >35 and V/Sc within 
a favorable compositional range of 55 – 70 wt.% SiO2. Nb/Y and Ba/Zr vs SiO2 plots (Figure 
14C-D; Loucks, 2012), are suggestive of Au-Cu ore-productive fertility derived from partial 
melting of previously enriched subcontinental lithospheric mantle (SCLM), MTC-CS samples 
classify as fertile and CV samples as barren for Nb/Y. Ba/Zr values of both MTC-CS and CV 
samples are compromised by hydrothermal alteration and/or weathering influencing Ba 
concentrations. 

Figure 10, Figure 11, Figure 12 and Figure 13 show that individual samples collected from 
the MTC-CS fertile environment show major and trace element patterns and element behavior 
observed in barren samples and vice-versa. A suite of samples is needed to support such 
assessment. 

4.2.4. Mineral chemistry 
Major element compositions of feldspar and pyroxene phenocrysts and groundmass across 

available whole-rock compositions of MTC-CS (lower and upper andesite, upper rhyodacite) 
and CS (basalt, basaltic andesite, dacite and rhyolitic ignimbrite) samples were subjected to 
electron microprobe analysis (Appendix 3B_X). 

As noted from petrography, feldspar phenocrysts and matrix feldspars are generally altered 
by pervasive albitization and sericitization to a various extent, making it difficult to find 
representative crystal domains to obtain reliable magmatic feldspar compositions. Back scatter 
electron imaging was used to assist in recognising relict magmatic plagioclase for analysis to 
test for compositional differences between fertile and barren samples. Results are shown in 
Figure 15. Both fertile and barren samples, and thus the Lizzie Creek Volcanic Group as a 
whole, shows similar plagioclase compositions evolving from more calcic plagioclase (An50-
85) in basaltic andesites and andesites to more sodic plagioclase compositions (An30-50) in 
CV dacite and MTC rhyolite. Albite compositions with Ab >90 are considered to be secondary 
rather than magmatic compositions. Potassic feldspar compositions were analyzed in 
phenocrysts of a rhyolitic ignimbrite from the Collinsville area, but even with the help of BSE 
images, it cannot be determined if these are of primary or secondary compositions. 

Results from pyroxene phenocrysts and groundmass pyroxenes of basaltic to dacitic Lizzie 
Creek Volcanic Group samples are shown in Figure 16. All clinopyroxene phenocrysts and 
fine-grained groundmass grains classify as low-Ti augite following the classification of 
Morimoto (1988), with Al2O3 and TiO2 contents between 0.8 to 5.4 wt.% and 0.08 to 1.33 
wt.%, respectively. Cr2O3 contents are generally <0.03 wt.%. Augite phenocrysts in basalts and 
andesites can be Al-rich (up to 0.23 Al cations per formula unit) compared to 0.09-0.18 Al 
cations observed in most augites (Deer et al., 1992) but do not necessarily correlate with high 
Ti contents. 
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LA-ICP-MS trace element analyses were conducted to test for geochemical differences 
linked to magma fertility. Both, MTC upper andesite and basaltic andesite of CV show very 
consistent REE patterns, with no significant Eu anomaly (Figure 16). Augite phenocrysts 
analyzed from MTC lower andesite however, are more enriched and have a significantly Eu 
anomaly, likely to be linked to the timing of crystallization for augite and plagioclase. 

Compositional zoning in augite phenocrysts is recorded by variations in TiO2 contents, with 
cores generally having lower TiO2 compared to rims in basalts, whereas basaltic andesite and 
dacites show higher Ticore compared to Tirim. Core-rim variations in Mg# range from 68 to 
53 but are negligible across different bulk rock compositions and correspond to higher MgO 
and lower FeO in pyroxene cores compared to rims. Normal core-to-rim compositional zoning, 
consisting of a homogenous, often rounded core with a single, distinct growth rim with higher 
TiO2 and lower Mg# is typical, but reverse zoning has been observed in some smaller 
phenocrysts in basaltic andesites. Rims of basaltic andesites are commonly intergrown with 
euhedral, prismatic groundmass plagioclase, suggesting contemporary crystallization. Some 
phenocrysts display multiple continuous normal zoning (decreasing Mg#, increasing TiO2) 
extending outwards from the pyroxene core. Groundmass pyroxene grains generally have more 
evolved compositions with slightly lower Mg# (62 to 54) compared to phenocrysts. 

In the thin sections examined, only two fresh amphibole grains were found in a MTC 
andesite (0409_111.0; Figure 6B) and analyzed. They classify as magnesio-hastingsite and 
magnesio-hornblende following the classification of Leake et al. (1997). 

Figure 15: Feldspar ternary discrimination plot. Ab compositions > 90 are not considered to be primary magmatic 
signatures. Potassic feldspars from the Collinsville area were analysed in a rhyolitic ignimbrite (BB15_019). 
Plagioclase from the Lizzie Creek Volcanic Group follows a typical magmatic fractionation trend from more 
calcic plagioclase (An50-85) in basaltic andesites and andesites towards sodic plagioclase compositions in dacites 
(An30-50). 
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4.2.5. Radiogenic Sm-Nd isotope compositions 
In total, 12 samples (6 MTC and 6 CV samples) of the whole compositional range of Lizzie 

Creek Volcanic Group were analyzed for bulk-rock Sm-Nd isotope compositions. Radiogenic 
ɛNd isotope compositions of the investigated samples were calculated to an initial age of 280 
Ma as average of the Lizzie Creek Volcanic Group age range (Figure 17). Our samples show a 
restricted compositional range close to CHUR (ɛNd280 = -1.05 – 3.16) which overlap with 
plutonic basement rocks of the northern New England Orogen (ɛNd = -1.48 – 6.5; Champion, 
2013 and references therein). Fertile samples have slightly negative ɛNd280 (-0.40 - -1.05), 
and barren samples have slightly more primitive ɛNd280 (0.14 – 3.16) values. When plotted 
against SiO2 as measure of magmatic evolution, there is no major scatter within the sample 
suites, indicating no significant contamination with underlying older crust. 

Figure 16: Pyroxene ternary classification plot: all analysed pyroxenes, independent of grainsize, core-rim or 
whole-rock geochemical composition classify as augite after Morimoto et al. (1988). Fertile MTC samples, 
however, show slightly higher Mg, leaning towards more diopsidic compositions compared to barren CV Lizzie 
Creek Volcanic Group. LA-ICP-MS REE patterns of selected MTC andesites and CV basaltic andesite 
normalized to chondrite values of Sun & McDonough (1989). Analyzed samples show almost no variation and 
only modest Europium anomalies. Lower MTC andesite sample 022_317.3 however, displays a more substantial 
negative Eu anomaly, likely to be linked to the timing of plagioclase and clinopyroxene crystallization. 
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4.3. Discussion  
The early to mid Permian Lizzie Creek Volcanic Group as a whole, forms a calc-alkaline to 

high-K calc-alkaline volcanic suite, interpreted to have erupted in a back-arc, inboard sector of 
the northern New England Orogen, NE Queensland, Australia. Major, and in particular trace 
element compositions support a subduction-related origin. In a comparison between 
mineralization-associated fertile and putatively barren, contemporary, but regionally separated 
localities, Lizzie Creek Volcanic Group rocks clearly show distinct whole-rock geochemical 
differences. These differences allow an exploration of the underlying petrogenetic processes, 
and test the applicability of whole-rock element proxies (e.g. Sr/Y, V/Sc, La/Yb) suggested as 
indicative of fertile arc magmas.  

The petrogenetic relationship to timing of fertile and barren Lizzie Creek Volcanic Group 
rocks is not yet fully understood and subject to extensive work by Corral et al. (report #1). For 
the fertile MTC-CS samples, the earliest end member is andesitic volcanics (~288 Ma), 
followed by continuing near surface magmatism with the formation of dacitic and rhyolitic 
subvolcanic intrusions, and basaltic andesitic, dacitic and rhyolitic lava flows (~277 Ma). 
Basaltic andesites from the MTC are geochemically similar to barren basalts and basaltic 
andesites collected from Collinsville and the western margin of the Bowen Basin, and thus 
might suggest a similar timing. A SHRIMP U-Pb age of porphyritic dacite from Collinsville 
(283.1 +4.5/-2.8 Ma; Cross et al., 2012) falls within the relative timing of fertile volcanism in 
the Mt. Carlton district, and thus we assume contemporary fertile and barren magmatism.  

Figure 17: ɛNd versus time plot of analyzed MTC-CV Lizzie Creek Volcanic Group samples. Values fall well 
within the field reported for Permian northern New England Orogen (NEO) intrusions and associated volcanic 
rocks. Data to define NEO (north, central, south; Cret. = Cretaceous intrusions) fields are compiled in Champion 
(2013). ɛNd (t= 280 Ma) vs. SiO2 to demonstrate that values do not significantly change during crystal 
fractionation, indicating no major crustal contamination during this process. 
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The most primitive Lizzie Creek Volcanic Group rocks are calc-alkaline basalts and 
differentiated basaltic andesites and andesites which commonly show disequilibrium 
crystallization textures (e.g. oscillatory zonation in plagioclase or augite), and basaltic 
lithoclasts in basaltic andesites have been observed. These rocks likely derived by hybridization 
of mantle-derived and lower crustal melts (Hildreth and Moorbath, 1988; Annen et al., 2006). 
Hybridization is further supported by moderately radiogenic Nd isotope compositions 
(143Nd/144Ndi = 0.512401 – 0.512701; ɛNd280Ma = -1.-5 – 3.16) and inherited zircon 
populations from the underlying Pennsylvanian to early Permian basement (Corral et al., report 
#1). 

‘Wet’ vs. ‘dry’ fractionation – The role of amphibole in generating Cu-Au fertile 
geochemistry 

Early Permian Lizzie Creek Volcanic Group volcanics distal to known mineralization 
(barren) show geochemical trace element behaviour that is typical for normal andesitic-dacitic-
rhyolitic arc volcanic rocks (Figure 9A, B). Whole-rock geochemistry and petrographic 
observations agree well with a simple crystal fractionation model of plagioclase + augite + 
magnetite (± apatite ± zircon) phyric, hybridized basaltic andesites to plagioclase ± augite ± 
amphibole/biotite phyric dacites and rhyolites (‘dry’ fractionation). In contrast, early Permian 
Lizzie Creek Volcanic Group rocks hosting, and in close periphery to high-sulfidation 
epithermal Au-Ag-Cu mineralization from the Mt. Carlton District have a larger range of 
La/Yb and Sr/Y ratios (La/Yb = 7-39; Sr/Y = 5-261), and are generally more depleted in HFSE, 
MREE and HREE, when compared to volcanic rocks of same SiO2 composition further south, 
distal to known magmatic-hydrothermal mineralization. Sr/Y ratios and La/Yb ratios of early 
Permian fertile volcanic rocks overlap the adakite-like field, whereas barren rocks plot as 
normal andesite-dacite-rhyolite (Figure 13A-B; Castillo et al., 1999; Richards and Kerrich, 
2007). Despite major differences between MTC-CS and CV samples in La/Yb behavior with 
increasing SiO2 (Figure 13C; MTC-CS = increasing; CV = relatively consistent as flat), Dy/Yb 
ratios are similar (MTC-CS Dy/Yb = 1.5 -2.3; CV Dy/Yb = 1.5 – 2.1), and decrease with 
increasing SiO2 content (Figure 13D). Kay and Mpodozis (2001) suggested an important role 
of residual garnet or garnet fractionation during crustal thickening in generating high La/Yb 
and Sr/Y ratios of arc magmas. The involvement of garnet in the source, however would 
increase the Dy/Yb ratios as well, as garnet strongly partitions heavy REE. This is clearly not 
evident in our samples, and thus a different explanation is needed.  

The Lizzie Creek Volcanic Group shows La/Yb, Dy/Yb and chondrite-normalized REE 
trends consistent with syn-extensional volcanic arc magmatism developed in relatively thin 
crust (<30 km) and fertile intermediate to felsic MTC-CS samples follow trends suggestive for 
amphibole ± titanite ± clinopyroxene fractionation (Figure 13C,D; Davidson et al., 2007). The 
important role of abundant crystal fractionation of amphibole (± titanite) in generating hydrous, 
highly oxidized, fertile porphyry Cu-Au-productive arc magmas has been evoked by numerous 
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authors (Seedorff et al., 2005; Richards and Kerrich, 2007; Chiaradia, 2009; Richards, 2011a; 
Richards et al., 2012; Loucks, 2014). Many authors have presented models where crystal 
fractionation of amphibole ± titanite from hydrous parental intermediate melts can generate 
dacitic to rhyolitic compositions with the typically observed La/Yb, Sr/Y and Dy/Yb ratios 
(e.g. Davidson et al., 2007; Richards and Kerrich, 2007; Schuette et al., 2010; Richards, 2011a; 
Loucks, 2014; Olson et al., 2017). Experiments of Moore and Carmichael (1998) demonstrated 
that in order to achieve early saturation of amphibole and suppression of plagioclase and Fe-Ti 
magnetite crystallization, the presence of >3.5 wt.% dissolved magmatic H2O is required 
(Rohrlach and Loucks, 2005 reported up to 8 wt.% from the Tampakan igneous complex, 
Philippines). A second possible scenario has been experimentally shown by Ulmer (1989) and 
Kaegi et al. (2005) from the Adamello igneous complex, Italian Alps. The authors 
demonstrated that increasing crustal pressure up to about 1 GPa (crustal thickness ~30 km) can 
generate the same effect on the relative stabilities of plagioclase, hornblende and Ti-magnetite 
as increasing the dissolved H2O contents of magmas. 

Geochemically, early fractionation of amphibole can readily explain the trends of MTC-CS 
samples in the La/Yb vs Yb diagram, HFSE (e.g. Zr, Y) and REE (La/Yb, Dy/Yb, Eu/Eu*, 
‘nike’-shaped chondrite-nomalized patterns) behavior, but such a pattern is less evident in the 
Sr/Y vs Y diagram, possibly due to alteration affecting Sr (Figure 13A,B). The suppression of 
plagioclase fractionation is further supported by weakly negative to absent Eu anomalies 
(Eu/Eu* = 0.64 – 0.93), and only highly involved samples (>70 wt.% SiO2) have moderately 
negative Eu/Eu* indicating some degree of shallow crustal plagioclase fractionation. 
Interestingly, this feature is shared by barren samples (Eu/Eu* = 0.53 – 0.91 for SiO2 <70 
wt.%), as well.  

The geochemical trends described here, however, generate one significant problem: whereas 
the geochemistry of fertile samples clearly indicates early amphibole (± titanite) fractionation, 
hydrous minerals like amphibole (or biotite) are rare to completely absent in MTC-CS andesites 
and dacites. A pyroxene-rich and amphibole poor to lacking mineral assemblage in andesitic 
to dacitic rocks is shared with the observations of Hildreth and Moorbath (1988) for the 
unmineralized Southern Volcanic Zone of Chile (SVZ). As shown in Figure 6, xenocrystic, 
resorbed amphibole is present in andesite and opacitized relics are present in fertile subvolcanic 
dacites, but also occur in supposedly barren dacites. However, low-Ti augite is the dominant 
Fe-Mg silicate across the Lizzie Creek Volcanic Group as a whole, and generally has elevated 
Al contents (see mineral chemistry). The presence of elevated Al in clinopyroxene suggests a 
significant proportion of Ca (Tschermak’s component, CaAl[AlSiO6]), a substitution 
connected to high crystallization pressures and temperatures (e.g. Morimoto, 1988; Deer et al., 
1992). For the fertile MTC-CS samples, high temperature and pressure crystallization of 
clinopyroxene would be in agreement with the generation of hydrous hybridized andesitic 
melts, where dissolved magmatic H2O contents periodically increase due to replenishment-
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mixing cycles of primitive, mantle-derived basaltic melts at or near the crust-mantle boundary 
(mixing, assimilation, storage and homogenization (MASH) zone, Hildreth and Moorbath, 
1988) or similar processes occurring in more locally confined hot zones (Annen et al., 2006). 
Subsequent removal of amphibole by crystal fractionation of such hybridized melts could have 
generated a hydrous, amphibole ± titanite rich cumulus. This cumulus or restite could have 
served as a source for fluid and metals from which more evolved MTC-CS dacites and rhyolites 
later originated. 

The term ‘cryptic’ amphibole fractionation was coined by Davidson et al. (2007) who noted 
the absence of abundant hydrous phases in arc andesites, despite exhibiting geochemistry 
indicative for the presence of hydrous minerals. We adopt this description and propose a similar 
genetic model were geochemical signatures of fertile arc volcanic rocks are inherited signals 
of early amphibole ± titanite fractionation under hydrous, oxidizing conditions (‘wet’ 
fractionation), generated during early stages of magma evolution, following the idea of Annen 
et al. (2006) that geochemical characteristics of magmas are generated in ‘hot zones’ in the 
lower to mid crust. Textural characteristics however, derive from magma ascent and/or upper 
crustal storage (e.g. prior to eruption). If this is true, then a hydrous, potentially metal-rich 
reservoir likely exists in form of a lower crustal amphibolite or gabbro, a great potential source 
for porphyry Cu deposits. 

Testing the concept: Inherited “porphyry Cu-Au” fertility indicators or how to identify 
potentially hidden, fertile volcanic terranes 

The access to an arc volcanic sequence hosting a magmatic-hydrothermal mineralized 
district and regionally distal rocks of same age, offers a great opportunity to compare whole-
rock magma fertility concepts for convergent margin Cu-Au mineralization (Rohrlach and 
Loucks, 2005; Richards and Kerrich, 2007; Richards, 2011; Loucks, 2012; Loucks, 2014). It is 
important to note, that most of the proposed magma fertility ratios are derived either directly 
from porphyry intrusions and/or from volcanic rocks with a known genetic link to porphyry 
intrusions. In our case study, we blind test a volcanic sequence potentially linked to a major 
porphyry Cu deposit. This blind test is possible due to the presence of high-sulfidation 
epithermal mineralization, a deposit type which has been shown to almost always have a 
genetically linked porphyry deposit (however of unknown economic value) at depth (e.g. 
Hedenquist et al., 1998; Sillitoe, 2010; Chang et al., 2011). 

A common prerequisite in the selection criteria for rock assemblages subject to study is the 
provision of samples lacking hydrothermal alteration and high loss on ignition (LOI). We 
accept and embrace weak hydrothermal alteration and high LOI (up to 8 wt.%) and demonstrate 
that immobile or less mobile trace element contents, such as the REE, still provide a valuable 
discriminator. REE ratios in particular (e.g. La/Yb, Dy/Yb or Yb/Gd) can be utilized to 
recognize broad, systematic trends within arc volcanic terranes indicative for the petrogenetic 
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processes discussed above. Our data and samples show that major and trace element variations, 
with some exceptions, e.g. Ba, cannot be readily explained by alteration or simply linked to 
strongly elevated loss on ignition characteristics. Although opacitized amphibole, opaque 
pseudomorphs after clinopyroxene, amphibole or titanite and chlorite alteration is evident, 
there seems to be no major variations in elements regarded as fluid immobile, such as the REE 
or transition metals (V, Sc, Ti). Extensive albitization, clay and patchy calcite alteration of 
feldspar phenocrysts and groundmass, can readily be used to quantitatively explain the major 
scatter observed in Ca, Na, K and LILE (Cs, Rb, Sr, Ba) compositions. 

As pointed out in the discussion above, volcanic rocks associated with, and hosting, high-
sulfidation epithermal mineralization are characterized by inherited whole-rock geochemistry 
likely derived from cryptic abundant amphibole ± titanite fractionation of hydrous, strongly 
oxidized parental melts at depth. Various authors have recognized geochemical differences 
between fertile (ore-productive) and barren (sub-economic or ore-unproductive) intrusions and 
volcanics in convergent margin settings (e.g. Baldwin and Pearce, 1982; Blevin et al., 1996; 
Rohrlach and Loucks, 2005; Richards and Kerrich, 2007; Richards, 2011a; Loucks, 2014). 
Proposed element ratios commonly reflect petrogenetic processes, and provide useful 
geochemical signatures. Baldwin and Pearce (1982) recognized differences in Y and MnO 
contents between barren and porphyry Cu-fertile Andean magmas and evoked amphibole 
fractionation as the causative process. Amphibole fractionation and subsequent suppression of 
plagioclase saturation, generated by high dissolved magmatic H2O contents, is also the key 
explanation proposed by Rohrlach and Loucks (2005), Richards and Kerrich (2007), Richards 
(2011) and Loucks (2014) for generating high Sr/Y (>35) and La/Yb (>20) ratios. Such 
characteristics can easily be linked to the absence of strongly negative Europium anomalies 
(Eu/Eu*) and are also supported by Dy/Yb ratios (see prior discussion). Loucks (2014) 
proposed V/Sc as a redox sensitive whole-rock proxy reflecting titanomagnetite suppression in 
favor of early amphibole saturation.  

Whereas Cu-Au fertility is mainly interpreted as a function of high magmatic water content 
and oxidizing conditions (Richards, 2011a; Richards et al., 2012; Loucks, 2014), Au fertility 
in arc magmas is thought to be a primary, mantle-derived property (e.g. Richards, 2009; 
2011b). Thus, an independent origin, and different lithophile element indicators (Nb/Y, Ba/Zr), 
are evoked to discriminate between Au-ore-productive and unproductive magmas (Loucks, 
2012). Richards (2009, 2011b) suggested that magmas with primary Au fertility can have “Cu-
forming fertility” added if Au-fertile magmas pond near the MOHO and undergo repeated 
replenishment-mixing cycles, resulting in higher dissolved H2O- and SO3-contents as 
suggested for Cu-Au productive suites (Loucks, 2012; 2014; Richards, 2011b). In non- or 
weakly compressive stress regimes including rifting environments, these magmas are thought 
to simply ascend and form Cu poor, low-sulfidation Au ores (Richards, 2011b). Loucks (2012) 
suggested the use of lithophile elements with high partition coefficients into melt (e.g. Ba, Nb, 
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Th) ratioed to elements having modest partition coefficients into melt during mantle melting 
(e.g. Zr, Y, Yb) in the assessment of fertility. 

The systematics of samples presented for this study are shown in Figure 14A-D. In case of 
Sr/Y vs. SiO2, samples from close to mineralization plot within the global reference field for 
intermediate SiO2 compositions (55-68 wt.-%). More mafic and felsic compositions (<55 wt.-
%; >68 wt.-%) plot outside the scope of the global dataset used to assess fertility. CV samples 
generally plot within the barren field. However, although samples close to mineralization agree 
with the proposed scheme, many MTC-CS Sr/Y ratios are slightly lower than the proposed 
fertile ratio of Sr/Y > 35. Widespread alteration (albitization and sericitization) of plagioclase 
is evident in our samples which can easily affects whole-rock Sr concentrations and result in 
concentrations lower than what might have been the initial magmatic composition during 
emplacement. Thus, interpretation and the application of Sr/Y ratios is most likely 
compromised. The V/Sc vs SiO2 plot (Loucks, 2014) depicts a clearer fertile-barren 
discrimination: MTC-CS samples classify as fertile, and CV samples as barren. The sub-
parallel trend of MTC-CS samples would be in agreement with the suppression of 
titanomagnetite fractionation under more oxidizing conditions, as has been suggested by 
Loucks (2014). 

In the Au-fertility indicative Nb/Y and Ba/Zr against SiO2 plots, samples distal to and 
proximal to mineralization straddle the boundary or plot in the Au(+Cu) prospective field. The 
strong variability in MTC-CS samples in the Ba/Zr plot, derives from highly variable Ba 
concentrations, again most likely related to feldspar alteration. Compared to Cu fertility 
schemes, CV samples also plot within the fertile field. However, we can only speculate if this 
observation simply is an effect of elevated Zr concentrations (Figure 9) compared to MTC-CS 
samples, or related to the tectono-magmatic setting and processes influencing increased Au 
fertility. In particular, Nb/Y ratios show slightly different trends between the two sample suites. 
The dividing line between fertile and infertile rock types as defined by Loucks (2012) based 
on global data might need to be redefined in the case of volcanic rocks of North Queensland. 

4.4. Conclusions  
With this study, we present a new data set on the geochemical and isotopic compositional 

differences between Au-Cu fertile and barren magmatism of the back-arc associated early 
Permian Lizzie Creek Volcanic Group. Our data allows us to investigate and explore magmatic 
Cu-Au fertility and magmatic controls resulting in fundamental geochemical regional 
differences within a contemporary volcanic episode. Further our findings may be utilized as a 
regional exploration aid to narrow down areas potentially hosting hidden deposits within 
volcanic terranes, and characterized by inherited porphyry-epithermal-fertile geochemical 
characteristics. 
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Early to mid Permian volcanic rocks proximal and distal to known porphyry-epithermal Au-
Cu mineralization, compositionally define two major petrogenetic groups, resulting from 
distinctly different paths of magmatic evolution. We can demonstrate that intermediate to more 
evolved early Permian volcanic rocks of the Au-Cu hosting Mt. Carlton district, show broadly 
systematic major and trace element patterns indicative of increased Cu-Au fertility based on 
the parameters suggested by Loucks (2014). Trace element ratios, in particular La/Yb, Dy/Yb, 
Sr/Y, V/Sc ratios, are indicative of early amphibole fractionation under oxidizing, high 
magmatic H2O-contents.  

The widespread presence of augite, and absence of abundant modal proportions of hydrous 
minerals (e.g. hornblende and/or biotite) in intermediate rocks from the Mt Carlton district are 
commonly associated with fractional crystallization under H2O-poor or anhydrous and high-T 
conditions, contradicting our inferences on magmatic character derived from geochemistry as 
discussed above. However, this contradiction may be explained if trace element systematics 
are inherited from an earlier phase of magmatic evolution, whereby potentially fertile, H2O-
rich, amphibole (± titanite ± zircon) residues are left behind at mid or lower crustal levels. 
Barren, bimodal volcanic rocks from the Collinsville area broadly define major and trace 
element trends consistent with fractional crystallization under less hydrous and high-T 
conditions. Genuinely higher enrichment of MREE and HREE do not suggest crustal magma 
differentiation involving amphibole ± titanite fractionation or restite equilibration compared to 
MTC-CS samples. 

In general, we conclude that proposed magma fertility concepts can be applied to weakly 
altered volcanic rocks. While for V/Sc a retained fertility signature is relatively clear, Sr/Y 
ratios may be affected by alteration and/or weathering and are thus a less effective barren-
fertile discriminator. We strongly recommend a combination of Sr/Y and V/Sc ratios with REE 
ratios as the most useful indicators of petrogenetic processes (high water content, early 
amphibole saturation, suppression of plagioclase etc.) that favour fertility. A combination of 
whole-rock trace element ratios is likely to provide a powerful tool to separate barren from 
fertile rock suites/districts within the same volcanic terrane.  

The value of Au fertility indicators in the case we describe is not fully understood. The ratios 
involved relate to an extensional magmatic setting, a tectonic regime which applied during 
early Permian magma generation and emplacement of Lizzie Creel Volcanic Group. A scenario 
as proposed by Hou et al. (2015), whereby Tibetian Jurassic porphyries were generated from 
Permo-Carboniferous fertile subcontinental lithospheric mantle, could be allied to Cretaceous 
magmatic-hydrothermal deposits and occurrences in the northern New England Orogen. The 
discovery by Corral et al. (report #1) of hornblende-rich andesites intruding the Lizzie Creek 
Volcanic Group at Mt. Carlton, suggests the occurrence of highly hydrous Cretaceous magmas 
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derived from an unknown reservoir. This newly recognised intrusive association and its 
potential for mineralisation is highly recommended for further investigation. 
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5. FERTILITY ASSESSMENT FOR AU-CU 
MINERALISATION OF PENNSYLVANIAN – EARLY 
PERMIAN VOLCANIC ROCKS OF THE TOWNSVILLE – 
MACKAY REGION (NE QUEENSLAND, AUSTRALIA): A 
WHOLE ROCK AND ZIRCON TRACE ELEMENT 
GEOCHEMICAL APPROACH 

5.1. Sampling Strategy and Methodology 
A sampling strategy was planned to assess, at regional scale, Au-Cu fertility of 

Pennsylvanian – early Permian volcanic rocks exposed in the northern extremity of the New 
England Orogen and of the Kennedy Igneous Association developed in the adjacent eastern 
part of the Charters Towers Province. The assessment extends that applied to the northern 
Bowen Basin.  It includes representative sampling of all the known volcanic rock occurrences 
of this age range in the Townsville – Mackay region, irrespective of association with known 
mineralisation occurrences (Figure 18). 

Based on geological setting, samples for whole-rock geochemistry have been divided in 
three groups (Figure 18): 

- Bowen Basin: Early Permian volcanic rocks of the Lizzie Creek Volcanic Group 
(Corral et al., report #1) of back-arc association. 

- Northern section of the Connors – Auburn Province of magmatic arc association 
hosting the Carmila Beds and other broadly coeval volcanics 

- Townsville – Paluma area: Volcanic rocks of the Paluma Range, Herveys Range and 
the Townsville area assigned as part of the Kennedy Igneous Association and best 
interpreted as a northern continuation of magmatic arc of the New England Orogen. 

In this study a total of >250 volcanic rock samples were collected from outcrop and drill 
core for whole-rock geochemical analysis. An assessment of the rock alteration employing the 
Shortwave Infrared (SWIR) technique was undertaken. At least three measurements per sample 
were performed with a Primary Infrared Mineral Analyzer (PIMA) with the results interpreted 
using The Spectral Geologist (TSG) software. Additionally, petrographic observations were 
completed for >100 thin sections. Based on these assessments, a total of 210 volcanic rocks 
considered to be little affected by alteration were analyzed at ACME Laboratories in Canada 
for major and trace elements (code AALitho). 
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Figure 18: Maps of the Townsville – Mackay region showing the distribution of Pennsylvanian – early Permian 
volcanic and plutonic rocks (upper) and the location of samples collected for whole-rock geochemical analysis. 
Known mineral occurrences are also shown. 
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Zircon trace element geochemistry have been performed on samples similarly divided into 
three groups based on geological setting: (Figure 19): 

- Bowen Basin: Early Permian volcanic rocks from the Mt. Carlton district as well as 
from the Crush Creek prospects. 

- Connors-Auburn Province: Early Permian volcanic rocks from the Mt. Hector 
Goldfield area and from the Conway Beach area. 

- Kennedy Igneous Association: Early Permian volcanic rocks from the Townsville area 
(e.g., Mt. Stuart, Pallarenda and Magnetic Island). 

Fifty representative samples were selected for LA-ICP-MS zircon trace element 
geochemistry after CL imaging and U-Pb zircon dating. A total of 440 zircons have been 
analyzed for Si, P, Ca, Sc, Ti, V, Cu, Sr, Y, Zr, Nb, Mo, Sn, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, 
Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Pb, Th and U at the Advanced Analytical Centre (AAC) 
at James Cook University. This study used the Sills software for data reduction, and IoGas 
software for data interpretation. 

 

 
Figure 19: Map of the Townsville – Mackay area showing the distribution of Pennsylvanian – early Permian 
volcanic and plutonic rocks and the location of samples used for zircon trace element analysis. 
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5.2. Results 

5.2.1. Whole-Rock Geochemistry 
The degree of alteration apparent from whole-rock geochemistry has been assessed by the 

Advanced Argillic Alteration Index (AAAI) vs Ishikawa Alteration Index (AI) box plot (Figure 
20; Large et al., 2001; Williams and Davidson, 2004). Most of the samples used in this regional 
scale study plot inside or nearby the unaltered field, indicating that the degree of alteration is 
very low to modest. However, samples from the Townsville – Paluma area (especially those 
from Herveys Range), show a trend towards muscovite alteration, indicating incipient 
sericitization. Only a small group of samples plot as distant from the unaltered field, trending 
towards the albite-paragonite zone, indicating that they may be affected by weathering. 

  

 

The TAS diagram (Figure 21) is used to classify the sampled volcanic rocks based on 
geochemical composition (normalized on volatile-free basis). Rocks of the Bowen Basin range 
from basalt to rhyolite (SiO2 ~ 47 to 77 wt%), similar to the rocks of the Connors – Auburn 
Province (SiO2 ~49 to 73 wt%). In contrast, the Townsville – Paluma  rocks are mostly rhyolitic 
in composition with minor intermediate to mafic rocks. Volcanic rocks plotted in the TAS 
diagram show scatter in their Na+K content due to incipient alteration. Therefore, a 
discrimination diagram using immobile elements less affected by alteration, the Th vs. Co 
diagram of Hastie et al., (2007) has been used for comparison (Figure 21). Although there is 
less scatter, it shows no significant differences in rock classification from the TAS diagram. In 
addition, the Th vs. Co plot shows the Bowen Basin and Connors-Auburn samples to be of 
calc-alkaline series, bordering on high-K affiliation. Mafic to intermediate rocks of the 

Figure 20: A: Alteration Box Plot: Advanced Argillic Alteration Index (AAAI) vs Ishikawa Alteration Index (AI) 
of Large et al. (2001), and Williams and Davidson (2004).  
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Kennedy Igneous Province (Townsville – Paluma area) plot in the same field as those from  the 
Bowen Basin whereas the felsic rocks (rhyolites) plot in the high-K calc-alkaline series field. 
A more potassic character for the Kennedy Igneous Association across its full distribution, 
relative to coeval igneous rocks of the New England Orogen, was demonstrated by Champion 
and Bultitude (2013b). For continental magmatic arcs in general, a more inboard location 
relative to a consuming plate boundary, and deepening of the subducted plate, is commonly 
associated with rock assemblages of high-K calc-alkaline affiliation (Gill, 1981; Tatsumi and 
Eggins, 1995). 

     

 

 

Figure 21: Left: Total alkalis vs. silica (TAS) diagram after Le Maitre, (1989). Right: Th vs. Co discrimination 
diagram for classifying altered volcanic island arc rocks after Hastie et al. (2007). Legend as of Figure 20.  

Figure 22: Primitive mantle normalized trace elements plots. Normalizing values of Sun and McDonough (1989).  
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The trace element content of the volcanic rocks (Figure 22) shows variable enrichment of 
large ion lithophile elements (e.g., Rb, Ba, Cs, Pb), Th, U and Sr, and a strong depletion in Nb-
Ta-P-Ti. Trace element abundance patterns show a characteristic subduction-related signature. 
No significant differences between samples from the Bowen Basin, Connors-Arburn Province 
or Kennedy Igneous Association (Townsville – Paluma area) are apparent; they all represent 
continental arc volcanic rocks.  

   5.2.1.1. Cu-Au fertility 
As explained in sections 1 and 4.2.3., in this study we are applying Loucks (2014) fertility 

concepts whereby Cu-Au fertile magmas generally have Sr/Y>35 for a range of SiO2 >57 wt.%. 
Such magmas are generally derived from fractional crystallization at high pressure in slow 
cooling, long-lived magma chambers. These processes produce accumulation of H2O in 
residual melt, favouring early crystallization of hornblende (prior to plagioclase). Values of 
V/Sc > 10 indicate that magmas were oxidized, with elevated contents of H2O. Such attributes 
are conducive to producing hornblende in advance of titanomagnetite in the crystallization 
sequence. 

In the Sr/Y vs. SiO2 plot (Figure 23), several rocks of the Bowen Basin, particularly lie 
within the field of Cu-Au fertile rocks as proposed by Loucks (2014). However, most of the 
samples from the Kennedy Igneous Association and Connors – Auburn Province (Figure 24) 
plot in the barren field. Many of the volcanic rocks assessed as fertile by this ratio coincide 
with the known porphyry and epithermal occurrences of Mt Carlton, and the Mt Vista – Mt 
Poole prospects. However, some areas with fertile volcanic rocks lacking known occurrences 
of mineralisation also occur in the Townsville – Paluma area, the northern Bowen Basin and at 
Mt Ossa (Figure 24; red arrows). 

According to Loucks (2012), gold-ore-forming magmas are derived by partial melting of 
lithospheric mantle to a greater degree than gold-infertile magmas. This process can be tracked 
by the ratios of elements with high partition coefficient over elements with moderate partition 
coefficient (e.g., Nb/Y). Figure 27 shows the results of this Au-fertility ratio applied to the 
sampled volcanic rocks. Only few analyses of samples of the Bowen Basin area, two from the 
Townsville – Paluma area and two of the Connors-Auburn Province plot in the Au-fertile field. 
All the other analyses plot in the barren field. The Nb/Y ratio is very sensitive to the age of 
basement sitting below volcanic assemblages subject to study. The younger the basement is, 
the lower the cut off line is positioned (Loucks 2012), enhancing the potential for analyses to 
fall within the fertile field. 
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Figure 23: Sr/Y vs. SiO2 Cu-Au fertility plot (after Loucks , 2014)  

Figure 24: Location of Cu-Au fertile and barren volcanic rocks based on their Sr/Y ratios. Blue squares indicate 
known mineral occurrences generalised from Figure 18. Red arrows indicate areas with Cu-Au fertile volcanic 
rocks. 
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Figure 25: V/Sc vs. SiO2 Cu-(Au) fertility plot (after Loucks, 2014).  

Figure 26: Location of Cu-(Au) fertile and barren volcanic rocks according to their V/Sc ratio. Blue squares 
indicate known mineral occurrences as of Figure 18. Red arrows indicate areas with Cu-(Au) fertile volcanic 
rocks. 
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The age of basement beneath the volcanics studied in this project is uncertain.  However, 
those of the Townsville-Paluma area lie within the Charters Towers Province for which deep 
crustal profiling suggests an upper crust generated as part of the Thomson Orogen 
(Neoproterozooic-Cambrian) above lower crust of perhaps Mesoproterozoic age (Korsch et al., 
2012). That crust with a substantial Neoproterozoic-Early Paleozoic component may lie 
beneath the inboard, northern part of the New England Orogen, in which many of the volcanics 
considered here were developed is supported by model ages generated from Nd-Sm analyses 
of late Paleozoic plutonic rocks (Champion, 2013).  Even with an adjustment made for crust of 
this age, most of the samples considered here remain within the barren field and most that 
clearly plot as fertile are from Bowen Basin samples associated with mineralisation. However, 
three samples assessed as fertile are from volcanics with no known mineralisation associated 
(Figure 28) and therefore are of interest, and may warrant follow-up work. Nonetheless, we 
stress that the geochemical parameters of single samples within a district should not be 
considered as robust magma fertility indicators; rather these results may indicate regions where 
more thorough investigation of the petrology and geochemistry of volcanic suites in specific 
areas may be beneficial to evaluating magma fertility.    

 

  

 

 

 

 

Figure 27: Nb/Y vs. SiO2 Au fertility parameters Loucks (2012).  
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5.2.2. Zircon Trace Element Geochemistry 
Zircon is a common accessory mineral of felsic to intermediate igneous rocks. Zircon can 

survive intense hydrothermal alteration and weathering, and long-distance detrital transport, 
and can record aspects of the compositional evolution and conditions of the parental melt 
(Ballard et al., 2002; Rohrlach and Loucks, 2005; Claiborne et al., 2010; Kemp et al., 2011; 
Dilles et al., 2015).  

Chondrite-normalized (Sun & McDonough, 1989) REE patterns across the dataset are 
characterized by positive Ce anomalies, moderate to high negative Eu anomalies, and depletion 
of light REE relative to heavy REE (Figure 29). Although some variability in REE content is 
apparent, the profiles are consistent with those of magmatic zircons in general. 

Figure 28: Location of (Au) fertile and barren volcanic rocks according to their Nb/Y ratio. Blue squares indicate 
known mineral occurrences generalised from Figure 18. Red arrows indicate areas with Au fertile volcanic rocks 
not associated with known mineralisation. 
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Figure 29: Chondrite-normalized (Sun & McDonough, 1989) REE patterns of the 440 zircons analyzed in this 
study.  

Figure 30: Trace element “fertility” ratio plots for the 440 zircons analyzed in this study.  
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It has also been proposed that multivalent Ce and Eu values are a sensitive indicator of 
magmatic oxidation state (e.g., Ballard et al., 2002; Burnham and Berry, 2012; Dilles et al., 
2015). Ballard et al. (2002) employed the Ce4+/Ce3+ ratio from zircon analyses as an indicator 
of magmatic oxidation state, recognised as a factor influencing magma fertility for porphyry 
Cu formation (Burnham, 1979; Candela, 1992). However, due to the difficulties in measuring 
Ce4+ and Ce3+, an alternative Ce/Nd ratio was proposed by Lu et al., (2016) as proxy for Ce 
oxidation state behaviour.  

Figure 30 shows zircon trace element compositions of the studied samples. Most of the 
zircons from the Bowen Basin, Connors-Auburn Province and Townsville - Paluma area plot 
in the field associated with porphyry Cu-Mo-Au systems. Generally, fertile magmatic suites 
have higher zircon Eu/Eu* ratios (>0.3), 10,000*(Eu/Eu*)/Y (>1), (Ce/Nd)/Y (>0.01) ratios 
than infertile suites. In fertile suites, zircon (Eu/Eu*)/Y ratios are positively correlated with 
(Ce/Nd)/Y ratios, but this correlation is lacking in the infertile suites. The analysed zircons 
therefore, crystallised from relatively oxidized magmas, as characteristic of magmas related to 
mineralised porphyry systems. Additionally, Figure 31 shows that the overall trend of zircons 
in the Yb/Gd vs. Th/U plot agrees with crystal fractionation processes involving hornblende, 
titanite and apatite (Lee et al., 2017). 

 

 

Zircon trace element geochemistry mirrors the results obtained from whole-rock 
geochemistry, pointing towards an oxidized hydrous magma with early precipitation of 
hornblende for the volcanics sampled in this project. 

Figure 31: Th/U vs. Yb/Gd trace element plot from individual zircon grains of the Bowen Basin, Connors-Auburn 
Province and Townsville-Paluma area. 
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5.3. Summary 
Copper-gold fertile magmas are generally characterized by (1) high water content, (2) 

oxidizing conditions and (3) early hornblende crystallization preceding plagioclase 
crystallization. These attributes will apply to magmas forming both intrusive and volcanic 
igneous assemblages as their distinction simply relates to the level of emplacement rather than 
magmatic character. 

Zircon trace element analyses with the determination of Eu/Eu* vs. (Ce/Nd)/Y and 
10000*(Eu/Eu*)/Y vs (Ce/Nd)/Y ratios across samples of Pennsylvanian – early Permian 
volcanics from the northern Bowen Basin, northern Connors-Auburn Province and Townsville-
Paluma area shows that oxidizing magma conditions generally applied to parent magmas.  
Additionally, the Yb/Gd vs. Th/U ratio shows that volcanic rocks sampled reflect magma 
evolution involving crystal fractionation of hornblende, titanite and apatite. These attributes 
place the sampled volcanics as broadly conducive to an association with porphyry-style Cu-
Mo-Au mineralisation.  

Whole-rock geochemistry permits a distinction between fertile and barren volcanic rocks 
through the Sr/Y vs. SiO2 and V/Sc vs. SiO2 ratios which also facilitate recognition of hydrous 
and oxidizing conditions of the precursor magma with early hornblende crystallization. Based 
on the application of this test of fertility, samples of volcanics known to be associated with 
mineralisation (Mt Carlton and Crush Creek districts) show as fertile. Most analysed samples 
show as infertile. However, several samples identify fertile volcanic assemblages for which no 
associated mineralisation has been documented. These assemblages may be prospective and 
deserve further examination. 
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