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Abstract 
Recognizing the potential fertility of igneous rocks prior to extensive exploration is 

important in reducing exploration risk. Whole rock geochemistry, zircon U-Pb age dating and 
zircon trace element composition studies have been conducted for volcanic rock samples from 
the North Queensland Sn-W-Mo province, in order to identify relationships between the 
volcanics and mineralization. The sample set were collected from the Bamford Hill, Wolfram 
Camp and Ollera W-Mo deposits, and the Atherton, Herberton, Ingham, Kangaroo Hills, 
Kirrama, Mt Garnet, Ravenshoe and Georgetown areas. LA-ICP-MS zircon U-Pb dating results 
reveal these extrusive rocks formed between ~400 and ~280 Ma with a clear temporal-spatial 
distribution pattern. Bulk rock geochemistry demonstrates that these volcanic rocks exhibit 
many similarities, such as a metaluminous affinity and affiliation with high calc-alkaline series 
magmatic rock, and some differences, such as large variations of SiO2 content.  The clear linear 
trend in the Harker diagrams may indicate that these volcanic rocks have experienced crystal 
fractionation before formation. All the examined samples have similar trace element spider 
diagram and REE pattern with clear Eu anomalies. A group of magma fertility parameters has 
been developed from previous studies and from new understanding gained during this project, 
and a series of criteria for evaluating magma fertility of Sn-W-Mo mineralization has been 
produced. The volcanic rock samples from the North Queensland Sn-W-Mo province exhibit 
similar features to the ore-associated granitic rocks, which indicates there is good potential for 
W-Mo mineralization in this region. Another significant result from this study is that the whole 
rock geochemistry and zircon trace element compositions of the volcanic rocks can be 
effectively used as magma fertility indicators for regional Sn-W-Mo exploration. 
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1.  INTRODUCTION 
There are huge volumes of magmatic rock bodies in nature, but only a very limited portion 

of them are capable of producing economic mineralization. Therefore, a well-reasoned 
speculation is that there should be some special but decisive differences between a “normal 
magma” and a “fertile magma” that is capable of producing high-grade ore deposits. 
Recognizing the potential fertility of igneous rocks prior to extensive exploration is important 
in reducing exploration risk. For hydrothermal ore deposits, magma fertility relates to the 
geodynamic setting, crustal architecture, oxidation state, volatile components, volatile 
exsolution and interactions between magmas, hydrothermal fluids and country rocks (Cooke et 
al., 2009). In addition, metal and associated element concentrations, and the fractionation and 
water content of causative intrusions are also significant controls on generating mineral 
resources. 

There has been substantial progress made in determining magma fertility parameters in 
relation to porphyry Cu±Au mineralization in recent years. The new insights have been 
efficiently used as exploration tools and have promoted greater understanding of mineralization 
processes. The approach has found wide application both in industry and amongst researchers. 
It has been recognized that porphyry Cu±Au deposits are most commonly formed by 
hydrothermal fluids exsolved from water-rich oxidized calc-alkaline magmas in arc settings 
(Sillitoe, 1972, 2010; Hedenquist and Lowenstern, 1994; Cooke et al., 2005; Richards, 2009; 
Wilkinson, 2013; Wilkinson et al., 2015). Loucks (2014) compared geochemical data for a very 
large sample of subduction associated igneous rocks hosting Cu and Au ores in the circum-
Pacific belt, and recognized linkages between magma geochemical characteristics and ore 
generation. Specifically, several parameters have been developed to define magma fertility.  
For example, magmas with an elevated CeIV / CeIII ratio (a proxy of redox state) are likely to 
be favourable for the formation of porphyry Cu±Au deposits (Ballard et al., 2002; Liang et al., 
2006; Qiu et al., 2013; Wang et al., 2014; Shen et al., 2015). 

Compared to porphyry Cu±Au deposits, research on magma fertility of granites associated 
with Sn±W mineralization has an even longer history, and a series of pronounced 
characteristics has been recognized. Compositionally, Sn±W associated granites are rich in 
SiO2 and alkali (normally K2O > Na2O), and B, F, Cl, Li, Rb, Nb, Ta, Ga, Cs, U, Th, REE, but 
poor in Fe2O3, MgO, TiO2, CaO, Ni, Cr, Co, V, Sr, Ba and Eu (Stemprok, 1963; Hosking, 1967; 
Hesp and Rigby, 1975; Tischendorf, 1977; Taylor, 1978; Plimer and Elliott, 1979). In addition, 
the redox state of ore associated granitic magma is recognized as a crucial factor significantly 
impacting the Sn±W endowment. Relatively reduced melt is favorable to the formation of 
Sn±W deposits, the converse to magmas of porphyry Cu±Au association. Mineralogical and 
geochemical parameters of granitic rocks have been developed to demonstrate their redox state, 
such as the occurrence of ilmenite series versus magnetite series minerals (Ishihara et al., 1979), 
and the Fe2O3/(Fe2O3+FeO) ratio (0.4 is the oxidized and reduced boundary) (Meinert, 1995). 
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Fractional crystallization is another fundamental petrogenetic process that controls the 
evolution of Sn±W associated granites. Ore-forming Sn±W magmas always display an extreme 
degree of differentiation, another point of difference from porphyry Cu±Au magmas. Rb/Sr 
ratios (Lehmann and Mahawatt, 1989; Blevin and Chappell, 1992; Blevin et al., 1996), Rb/Sc 
ratios (Meinert, 1995), and K/Rb ratios (Blevin, 2004) are used as indicators of fractionation. 
However, in contrast to recent significant progress in understanding the relationship of Cu±Au 
mineralisation to magma geochemistry, there has been little progress in recent years with 
respect to Sn±W mineralisation. The slump of the international Sn and W markets since the 
early 1990’s has not encouraged exploration or research activity.  

The identification of links between the geochemistry of volcanic rocks and associated 
porphyry Cu±Au mineralization has led to the identification of potential fertile volcanic rocks 
in some areas.  For example, the HS epithermal Au-Cu mineralization associated arc volcanic 
rocks in south Ecuador (Schutte et al., 2010), and the porphyry Cu-Mo deposits associated 
high-K calc-alkaline to shoshonitic volcanic rocks in the western and eastern Gangdese belt of 
Tibet (Wang et al., 2015). With respect to Sn±W magma fertility, most previous studies have 
focused on ore associated with granite. However, the potential of geochemical signals of 
fertility in volcanic rocks associated with W-Sn mineralization has been unexplored. 

The magma fertility studies in this project have focussed on volcanic rocks rather than 
intrusive rocks.  In part, this is because mineralization associated with an intrusion exposed at 
the current surface may have been partially to completely eroded. In contrast, if there is 
mineralization related to a volcanic rock it is likely to still be preserved, which makes magma 
fertility discriminators in volcanic rocks useful in exploration. The characterization of fertility 
features of volcanic rocks is of particular importance for North Queensland Sn-W-Mo porphyry 
exploration. In northern Queensland, many Sn-W-Mo mineralized systems occur within or 
around the edges of large granitic batholiths, and have a close genetic connection with volcanic 
rocks of the Kennedy Igneous Association. These combined features make North Queensland 
an exceptional locality to test and utilize such Sn-W-Mo associated volcanic rock fertility 
indicators. 

    In this study, we examine both volcanic rocks and granites from the North Queensland Sn-
W-Mo mineral province, aiming to explore and test magma fertility parameters from volcanic 
rocks more broadly with respect to magmatic activity. The results will be used to test the 
magma fertility of other Sn-W-Mo associated volcanic rocks in northern Queensland. 
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2.  REGIONAL GEOLOGICAL SETTING 
The North Queensland region, which consists of Paleoproterozoic to Mesoproterozoic 

continental basement, represents the northern part of the largely Paleozoic Tasman Orogen. 
The Tasman Orogen dominates eastern Australia and is generally thought to have been 
produced by a long-lived accretionary convergent margin (Cawood, 2005; Glen, 2005; Collins 
and Richards, 2008). Rocks of Late Neoproterozoic to Early Cambrian age in North 
Queensland are best represented in the Greenvale, Charters Towers, Georgetown and Coen 
region, and the tectonic environment for this period is typically interpreted as a passive margin, 
related to (and post-dating) Rodinian breakup (Cawood, 2005). The Early to Middle Cambrian 
Delamerian Orogeny is poorly represented in North Queensland; it may be represented in the 
Georgetown and Coen regions but geochronological control is absent. The North Queensland 
region at Middle Cambrian to earliest Silurian time has long been interpreted as a dismembered 
continental margin (Henderson, 1987). Many of the North Queensland rocks were deformed in 
the Early Silurian by a shortening event coupled with low-P high-T metamorphism (greenschist 
to amphibolite-facies), which has been referred to as the Benambran Orogeny by Fergusson et 
al. (2007). During Middle Silurian to Middle-early Late Devonian (Post-Benambran to 
Tabberabberan Orogeny), North Queensland underwent extensive marine sedimentation in the 
Hodgkinson region; the metasedimentary rocks of the Hodgkinson Province are the dominant 
outcropping group in the study area. 

The Hodgkinson Province consists of early to middle Paleozoic turbiditic sedimentary rocks 
with subordinate limestone, chert and basic volcanic rocks. The Province extends for about 500 
km from south of Innisfail to Cape Melville in the north, and inland for around 150 km from 
the coast to the Palmerville Fault. The dominant rock types are quartz-feldspar arenite and 
mudstone, which represent deep-water density current deposits, interlayered with subordinate 
conglomerate, chert, metabasalt and minor shallow-water limestone. Older siliciclastic rocks 
of probable early Ordovician age are preserved in fault-bounded lenses adjacent to the 
Palmerville Fault along the western margin of the Province. Within the Hodgkinson Province, 
the rocks are strongly folded and are disrupted into north-trending fault-bounded belts, each of 
which is extensively disrupted by numerous thrust faults. The Province has typically undergone 
sub-greenschist facies metamorphism, with localised higher-grade zones associated with 
contact aureoles around late Paleozoic intrusions. The Hodgkinson Province has been affected 
by several significant deformational events of both regional and local extent. The tectonic 
setting for the Hodgkinson Province remains controversial. Researchers (e.g., Henderson, 1980) 
have interpreted the Hodgkinson Province succession as having accumulated in a fore-arc 
accretionary wedge setting to the east of an active continental magmatic arc. More recent work 
by the Geological Survey of Queensland, however, favours an extensional rather than 
compressional regime, with a possible rifted continental margin or back-arc basin setting 
(Garrad and Bultitude, 1999). 
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During the Late Devonian to Early Carboniferous (Post-Tabberabberan to Kanimblan 
Orogeny), North Queensland produced terrestrial and lesser amounts of marine sedimentation 
across all regions, accompanied with widespread deposition of volcanolithic sediments in 
association with lavas and pyroclastics, and minor andesitic volcanism (Withnall et al., 1997). 
Felsic, and lesser amounts of intermediate and mafic, magmatism accompanied extension 
episodically throughout this period, which largely predates the widespread Kennedy Igneous 
Association magmatism. 

From the Late Carboniferous to Early Permian, eastern Australia was dominated by 
extension and rifting, which initiated extensive intracratonic basin formation (Korsch et al., 
1998; Korsch et al., 2009), as well as extensive magmatism. In the area discussed in this paper, 
the rocks are concentrated in the Paluma-Cooktown region (Figure 1), cropping out in a W-
NW-trending band (500 x 300 km). As documented by a number of authors, this magmatism 
is crudely diachronous, and also accompanying changes in geochemistry. Magmatism in the 
mid to Late Carboniferous is almost exclusively I-type in nature, with some mantle-derived 
magmatism. In the Early Permian, magmatism switched to A- and I-type in the Georgetown 
and western Hodgkinson regions, and to S- and I-type in the central and eastern Hodgkinson. 
Magmatism in the Kennedy magmatic association spans the period from 340 to 260 Ma, with 
an apparent younging in ages from west to east, possibly associated with the eastward retreat 
of the related subduction zone. Although dominated by crustal input, the Kennedy Igneous 
Association is generally thought to be the result of crustal melting in an extensional (or 
transtensional), possibly back-arc, tectonic environment (Mackenzie and Wellman, 1997; 
Champion and Bultitude, 2013). The Kennedy Igneous Association is extensively mineralised, 
with the age of mineralisation decreasing from west to east like the associated granites. Three 
styles of intrusion-related deposits are associated with the granites: (1) skarn, greisen and vein-
hosted Sn and W deposits, e.g., Herberton mineral field; (2) IRG-style vein and breccia-pipe 
hosted Au deposits, e.g., Kidston deposit; and (3) porphyry-skarn hosted Cu±Mo±Au and 
related deposits, Chillagoe mineral field. 

3.  SAMPLES, ANALYTICAL METHODS AND RESULTS 

3.1 Samples 
In this study, we analysed 22 intrusive and 103 volcanic rock samples from northern 

Queensland for whole rock geochemistry, zircon U-Pb age dating, and zircon trace element 
composition, in order to discern relationships to mineralization. The sample set included 3 
samples from the Atherton area (volcanic rocks), 4 from the Bamford Hill W-Mo deposit (2 
granitoids and 2 volcanic rocks), 36 from the Georgetown region (5 granitoids and 31 volcanic 
rocks), 43 from the Herberton area (1 granitoid and 42 volcanic rocks), 3 from the Ingham area 
(volcanic rocks), 1 from the Kangaroo Hills area (volcanic rock), 3 from the Kirrama area 
(volcanic rocks), 6 from the Mt Garnet area (1 granitoid and 5 volcanic rocks), 5 from the 
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Ollera W-Mo deposit (3 granitoids and 2 volcanic rocks), 8 from the Ravenshoe area (volcanic 
rocks), and 14 from the Wolfram Camp W-Mo deposit (10 granitoids and 4 volcanic rocks).   

Figure 1 Simplified geological map and distribution of major individual Sn-W-Mo deposits 
and samples (yellow circles) of this study in North Queensland  

 



8 
 

Most of samples analysed for bulk rock geochemistry were fresh, without obvious 
weathering and hydrothermal alteration. The intrusive rock samples were mostly felsic 
granitoids collected from representative Sn and W districts in the study area. These granitoids 
were mostly medium- to fine-grained equigranular rocks. Major phases included quartz, K-
feldspar, biotite and plagioclase, with local muscovite.  Accessory minerals included apatite, 
allanite, xenotime and zircon.  

The volcanic rock samples are grey, dark grey or pale to pinkish grey rhyolite, andesite, 
dacite and rhyolitic ignimbrite, with minor amount of rhyodacitic ignimbrite and porphyritic 
rhyolite. Locally, the presence of porphyritic “pods” or “blebs” that have the texture of 
porphyritic microgranite or microgranodiorite was observed in the Herberton Young 
Featherbed volcanic unit. Flow banding is commonly developed in the volcanic rocks.   

3.2 LA-ICP-MS U-Pb dating of zircon 
Analytical Methods 
All laser ablation ICP-MS analyses were conducted at the JCU Advanced Analytical Centre, 

using a Coherent GeolasPro 193 nm ArF Excimer laser ablation system connected to a Bruker 
820-MS (formerly Varian 820-MS). The ablation cell was connected to the Bruker 820-MS via 
Tygon tubing and a Y-piece. The standard cylindrical sample cell was used throughout the 
study, but with a custom-designed polycarbonate insert to reduce the effective volume to 4 cm3. 
This insert provides rapid signal washout of about 1.2 s. The ICP-MS was tuned to ensure 
robust plasma conditions (U/Th sensitivity ratio ~1) while maintaining low oxide production 
rate (ThO/Th >0.5 %). The laser beam size diameter and repetition rate were set 60 µm, and 
10 Hz, respectively and laser energy density at the sample site was set to 6 J/cm2. NIST 612 
glass standard was used as the bracketing external standard, using the reference values of 
Spandler et al. (2011). More details about LA-ICP-MS set-up for zircon dating have been 
described by Tucker et al. (2013). Data reduction was carried out using the Glitter software 
(Van Achterbergh et al., 2001). All time-resolved single isotope signals from standards and 
samples were filtered for signal spikes or perturbations related to inclusions and fractures. 
Subsequently, the most stable and representative isotopic ratios were selected taking into 
account possible mixing of different age domains and zoning. Drift in instrumental 
measurements was corrected following analysis of drift trends in the raw data using measured 
values for the GJ1 primary zircon standard. Analyses of Temora zircons were used for 
verification of GJ1 following drift correction. Background corrected analytical count rates, 
calculated isotopic ratios and 1σ uncertainties were exported for further processing and data 
reduction. More details about processing the dating results have been described by Holm et al. 
(2013). 

Results 
Details of the zircon U–Pb dating results for the volcanic rocks in this study are presented in 

Figure 2. Combining the dating results shown in the early part of this chapter with results from 
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the #7 subproject (Deposits north of Paluma), showed the analytical results for zircon grains 
from rhyolite samples cluster into five groups with weighted mean 206Pb/238U ages of > 400 
Ma, 350-335 Ma, 325-317 Ma, 310-300 Ma and 285-275 Ma (Figure 2). It is worth noting that 
there are similarly aged plutonic and volcanic rocks in this district. These dating results are 
interpreted to be the crystallization ages of these magmatic rocks. 

3.3 LA-ICP-MS in-situ trace element analyses of zircon 
Analytical Methods 
Trace element concentrations in zircons from volcanic rocks or granite samples were 

determined by LA-ICP-MS at James Cook University, Townsville, Australia, using a GeoLas 
193 nm ArF excimer laser coupled to a Varian 820 quadrupole IC mass spectrometer with He 
as the carrier gas in the ablation chamber. All analyses were performed in spot mode using 
laser beams of 32 μm on the same spots that were analyzed for U-Pb dating, using a repetition 
rate of 10 Hz and a laser energy of ~6 J/cm2. Analytical techniques are following a similar 
methodology to that of Holm et al. (2013). All analyses were quantified against the GSD basalt, 
91500 zircon and NIST 610 standards using Si as the internal standard. The Glitter software 
package (van Achterbergh et al., 2001) was used for data processing.  

Results 
Trace element data for all analysed zircons are available on request from the authors. All 

zircons define a single group in terms of their REE contents and normalized REE patterns. REE 
abundances (231 to 7253 ppm) for the volcanic rocks are consistent with the values reported 
for crustal zircons (~250- 5000 ppm). Chondrite-normalized REE patterns are characterized by 
a steep increase from LaN to LuN, with a positive Ce-anomaly and a negative Eu-anomaly, as 
is typical of igneous zircon (ref. Hoskin and Schaltegger, 2003). Calculated zircon Ce/Ce* 
ratios, which are expected to vary systematically with the oxidation state of the magma (Trail 
et al., 2012), show a range of values between 0.4 and 322. The REE contents of the zircon from 
the Sn-W associated granites are systematically higher than those from the volcanic rocks. 

3.4 Whole rock geochemistry 
Analytical Methods 
Samples of volcanic and granitic rocks for whole rock geochemistry were mixed with LiBO2 

/ Li2B4O7 flux and fused in a furnace. The cooled beads were dissolved in ACS grade nitric 
acid and analysed by ICP and/or ICP-MS.  Samples for ultra-trace element analysis were 
digested with a modified Aqua Regia solution of equal parts concentrated HCl, HNO3 and DI 
H2O for one hour in a heating block or hot water bath. Samples were then made up to volume 
with dilute HCl.   
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Loss on ignition (LOI) was determined by igniting a sample split then measuring the weight 
loss.  LOI was calculated as follows: LOI % = (A‐B) / C x 100 (where A = mass of crucible 
+ sample; B = mass of crucible + sample after ignition; C = mass of sample).   

 

 

Figure 2.  Part of the LA-ICP-MS zircon U-Pb dating results of Sn-W associated volcanic rocks. 
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FeO concentrations were determined by a titration method. Samples were first digested with 
sulfuric acid (H2SO4). Solutions were allowed to cool and then digested with hydrofluoric acid 
(HF).  An indicator solution consisting of distilled water, sulfuric acid, phosphoric acid, boric 
acid and diphenylamine sulfonate was added to every sample solution. Solutions were then 
titrated using a standard dichromate (K2Cr2O7) solution. The end point of the titration is 
determined when a purple colour persists in the sample solution for 30 seconds.  

Fluorine concentrations were determined with NaOH fusion. Samples were decomposed by 
fusion with NaOH and the melts digested in water. The resultant solutions were acidified with 
citric acid and ultimately buffered with ammonium citrate solution. Fluoride was determined 
using an electrode composed of a lanthanum fluoride crystal membrane that is an ionic 
conductor selective for un-complexed fluoride ions. The electrode is placed in the sample 
solution and its ionic strength is adjusted to pH 6.5; the potential is measured using a mV/pH 
meter. Fluorine concentrations were derived from a standard graph of potential vs. 
concentration of fluorine.   

Results 
Whole rock geochemistry of the volcanic rocks from this region shows them to be mainly 

rhyolite, with a small group of dacite and one andesite unit also present in the sample set. In 
terms of chemical composition, samples of these volcanic units exhibit many similarities, such 
as a metaluminous affinity and affiliation with high-K calc-alkaline series magmatic rocks, and 
some differences, such as SiO2 contents ranging from 46 to 87 wt.%, (Figure 3). These volcanic 
rocks demonstrate a clear linear trend in the Harker diagrams, but the normalized trace element 
spider diagrams of the volcanic rocks exhibit substantial differences between these volcanic 
groups (Figure 4).  
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The geochemical trends for the volcanic rocks show no obvious correlations. It is noteworthy 
that the rhyolites from all sampling areas experienced extensive fractionation, although some 
of the Georgetown samples are less felsic than the volcanic rocks of the Herberton field (Figure 
4). In general, the Georgetown rhyolites have more elevated Zr and Ba contents than the 
rhyolites from other sampling sites (Figure 5). Other high field strength elements, such as Nb, 
Ta and Hf, tend to also decrease systematically from the Georgetown volcanic rocks. There is 
an overall rise in Zr with fractionation within the individual suites, but a depletion in the more 
felsic samples, which consistent with Zr reaching saturation and precipitating out as a 
fractionating phase (Watson and Harrison, 1983). No obvious correlation was observed in Rb, 

Figure 3. Classification and affinity of volcanic rock samples from NE Queensland. 
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Sr and Th with the variation of SiO2 contents in all examined samples (Figure 5), and clear 
linear correlations between zirconium versus hafnium, and niobium versus tantalum are shown  
in Figure 6. All the examined samples have similar trace element spider diagrams and REE 
patterns with clear Eu anomalies (Figure 7). 

 

Figure 4. Major element concentrations of volcanic rocks samples from NE Queensland. 

 

Figure 5. Plots of SiO2 versus selected high field strength elements (HFS or HFSE) and the large ion 
lithophile elements (LIL or LILE) of volcanic rock samples from NE Queensland. 
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4.  DISCUSSION 
4.1 Criteria for discriminating Sn-W-Mo fertile and barren magmas  

Magma composition, evolution and redox state are the major parameters that have been used 
to assess magma metallogenic fertility. An oxidation parameter (ΔOx) for granitoid suites was 
developed by Blevin (2004) to assess redox state: log10 (Fe2O3/FeO) + 0.3 + 0.03×FeOtot (FeO* 
= 0.9×Fe2O3 + FeO). The dividing line between oxidised and reduced rocks occurs at a value 
of ΔOx = 0, and intrusions associated with porphyry Cu-Au deposits have ΔOx values in the 
range 0.5–0.8.  Compositionally, Sn and W are associated with silica-rich granitoids while Cu 
tends to be associated with granitoids of more intermediate silica contents. Both Rb/Sr and 
K/Rb ratios are considered useful in defining the degree of magma evolution. For example, 
magnetite-series granitoids have K/Rb ratios of 250–500 and ilmenite-series granitoids have 
K/Rb ratios of 250–140 (Ishihara and Terashima, 1992). The K/Rb ratios of eastern Australian 
granitoids can be divided into three main groups:   

- Granitoids with K/Rb ratios greater than 400 which are regarded as compositionally 
unevolved;  

- Granitoids with K/Rb ratios between 400 and 200 which are regarded as moderately 
evolved; and 

- Granitoids with K/Rb values less than 200, which includes most S-type granitoids in 
eastern Australia, and I-type granitoids that are considered to be highly evolved (Blevin, 
2004). 

Moreover, previous studies on granites from eastern Australia and other parts of the world 
have suggested that a series of criteria can be used to distinguish magmatic rocks fertile for Sn-
W-Mo mineralization from ore-barren igneous rocks. Overall, granite-related Mo deposits are 
associated with I-type intrusions, whereas W and Sn deposits are associated with both S- and 
I-type granites. Mo deposits occur with fractionated granites (Rb/Sr = 0.1 to 10) of moderate 
to high oxidation state (similar to Cu associated granites), whereas granites related to W 

Figure 6. Binary plots of Hf versus Zr and Nb versus Ta as geochemical indicators of magma fractionation 
(symbols as for Figures 4 & 5). 
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deposits are associated with fractionated intrusions (Rb/Sr = 0.1 to 10) of intermediate 
oxidation state (Fe2O3/FeO = 0.1 to 2.0). Tin deposits, however, are associated with the most 
fractionated (Rb/Sr = 1 to 100) and reduced (Fe2O3/FeO = 0.01 to 0.5) granite types (Blevin 
and Chappell, 1992, 1995; Baker et al., 2005).  

  

Figure 7. Trace element spider diagram (C1 Chondrite normalised) and REE pattern (primitive mantle 
normalised) of volcanic rocks samples from NE Queensland (Sun & McDonough, 1988). 
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    This project has produced new understandings about the magma fertility of Sn-W-Mo 
associated volcanic rocks that have been tested. To discern differences between “fertile” and 
“non-fertile” igneous rocks associated with Sn, and with W + Mo mineralization, synchronous 
plutonic and volcanic rocks from the world-class Herberton Mineral Field of north Queensland 
have been studied in detail. The studies revealed that intrusive rocks and associated intra-
plutonic W-Mo mineralization formed from relatively oxidized magmas via moderate degrees 
of crystal fractionation. The geochemical and isotopic features of the coeval volcanic 
succession can be best reconciled utilizing a volcanic-plutonic connection model whereby the 
volcanic rocks represent fractionated derivatives of the intrusive rocks. In contrast, the Sn-
associated intrusions formed from relatively low fO2 magmas that strongly fractionated to 
produce late-stage differentiates from which hydrothermal fluids enriched in Sn were released. 
Moreover, the distinctive high Sn, F and incompatible element signature of the Sn-bearing 
granites at Herberton is not shared by the contemporaneous volcanic rocks, so volcanic rock 
geochemistry appears to be ill-suited to magma fertility assessment in this case.  

We consider the absence of contemporaneous highly-fractionated F-rich rhyolites to be an 
important criteria for forming granite-hosted Sn mineralization, as volatiles and associated ore 
metals were not removed from the plutonic environment via eruption of highly fractionated 
magmas. Therefore, magmatic provinces that contain Sn-rich fractionated rhyolites may be less 
prospective for granite-hosted Sn mineralization. 

4.2 Regional magma fertility of volcanic rocks from North Queensland 
Geochemistry     
The volcanic rocks studied in this project are moderately fractionated and relatively oxidized, 

as shown in Figures 8 and 9.  In Figure 8, the plots of SiO2 versus Fe2O3/FeO and Rb/Sr versus 
Fe2O3/FeO indicate most of the samples occur within the Mo and W fields.  However, the plots 
of Rb/Sr versus Fe2O3 and Rb/Sr versus SiO2 indicate most of the study samples occur within 
the Sn-W-Mo and W-Sn fields.   

The Rb/Sr versus Sr plot in Figure 9 shows most of the samples lie in the Sn-barren range. 
The K/Rb ratios indicate the majority of the examined samples are within the transition zone 
of moderately evolved to highly evolved granite. The plot of SiO2 concentrations (wt.%) versus 
Fe2O3/FeO ratios indicates most of the samples exhibit a magnetite series granite signature, 
and most show high similarity to the signature of porphyry Mo mineralisation. In the Fe2O3 
versus log10 (Fe2O3/FeO) plot, almost no samples occur in the strongly or moderately reduced 
fields, but in the fields of different levels of oxidized magma.  

In summary, the volcanic rocks from north Queensland exhibit variable characteristics, 
including metal and associated element concentrations (Sn, U, W, Mo, Cu, Au and F), 
fractionation degree (e.g. anomalies in spider and REE pattern, Rb/Sr ratios) and redox state 
(Fe2O3/FeO ratios). Previous studies have pointed out that granites associated with Sn, W and 
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Mo mineralisation have different fractionation degrees and redox states, i.e., Sn granite is very 
reduced and fractionated, Mo mineralization is always associated with less fractionated and 
moderately-strongly oxidized intrusion, and the causative intrusions of W mineralization can 
be either reduced or moderately oxidized but are always highly fractionated (Blevin et al., 1996; 
Thompson et al., 1999; Baker et al., 2005). Based on these understandings and the selected 
criteria of outlined in the previous section, the samples examined in this study do not tend to 
be from Sn mineralized rocks, but are more closely affiliated to granites associated with W or 
Mo mineralization of Eastern Australia. 

 

Zircons 
A number of elements exist in multiple oxidation states over the terrestrial range of oxygen 

fugacity (fO2), several of which can be incorporated into zircon during crystallization, include 
Eu and Ce. Both Ce and Eu in the trivalent state are expected behave the same as the other 
REEs, however, the favoured partitioning of Ce4+ and the exclusion of Eu2+ relative to their 
trivalent counterparts make Ce anomalies and negative Eu anomalies a common observation 
in zircons. Recent studies have confirmed that the partitioning of Ce and Eu into zircon is 

Figure 8. Plots of SiO2 (wt.%) versus Fe2O3/FeO ratios, SiO2 (wt.%) versus Rb/Sr ratios, Fe2O3 (wt.%) versus 
Rb/Sr ratios, and Rb/Sr ratios versus Fe2O3/FeO ratios, of volcanic rocks samples from NE Queensland (the 
fields for Cu, Mo, W and Sn are according to Blevin et al., 1992, 1995, 1996, and based on granitoids in 
eastern Australia).  
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sensitive to the redox state of the system (Trail et al., 2011b; Trail et al., 2012; Burnham and 
Berry, 2012).  

Most of the zircon samples investigated in this study are from Sn-W-Mo mineralized areas 
(Figures 10 and 11).  The Ce/Ce* and Eu/Eu* ratios in zircons from granite samples with 
different metal associations were: 

Sn-dominant deposits:  Ce/Ce* 0.8-321.7 and Eu/Eu* 0-2.3 

W-dominant deposits: Ce/Ce* 1.8-7.9 and Eu/Eu* 0.04-0.46 

W-Mo deposits:  Ce/Ce* 0.5-46.0 and Eu/Eu* 0.01-0.63 

The volcanic rocks in this study have Ce/Ce* ratios from 0.4-184.1 and Eu/Eu* ratios from 
0.01 to 1.75, which are consistent with results from intrusive rocks. Therefore, zircon trace 
element ratios can be used as a magma fertility indicator for Sn-W exploration in volcanic 
rocks. 

  

Figure 9. Plots of Rb/Sr ratios versus Sr (ppm), SiO2 (wt.%) versus K/Rb ratios, SiO2 (wt.%) versus 
Fe2O3/FeO ratios, and Fe2O3 (wt.%) versus log10 (Fe2O3/FeO) of volcanic rock samples from NE 
Queensland. (Modified from Lehmann, 1990; Blevin, 2004; Romer & Kroner, 2016.) 
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Figure 10. Eu/Eu* ratios of the major Sn-W mineralized fields of NE Queensland 
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Figure 11. Ce/Ce* ratios of the major Sn-W mineralized fields of NE Queensland 
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4.3 Significance to regional exploration 
Distinguishing metal-fertile from barren plutons continues to be a significant challenge for 

geologists exploring for mineral deposits. Information that contributes such a priori knowledge 
provides guidance early in the exploration process, assists in effective decision making, and 
leads to more efficient exploration that focusses resources on the most prospective targets.  

North Queensland is a Sn-W-Mo-Au polymetallic province. Tin-tungsten deposits are 
largely localised in the east, particularly associated with granites that intrude metasedimentary 
rocks of the Hodgkinson Province. Intrusion-related gold deposits, in contrast, are distributed 
in the northern and western side (the Cape York Peninsula and Georgetown regions). Therefore, 
the potential for these deposits may not be uniform across the Kennedy Igneous Association. 
In this study, through comparisons with Sn, W, Mo, and Cu-Au mineralization from the Siluro-
Devonian and Carboniferous granites of eastern Australia, the association of W, Mo and Au 
with oxidised and less fractionated magma, and the association of Sn with reduced and highly 
fractionated magmas, have been confirmed. These associations that had been established by 
previous workers (Ishihara 1981; Blevin et al., 1996). This study as also highlighted the 
importance of the fractional crystallisation of magmas for enrichment of Sn, W and Mo metallic 
elements, demonstrated here by the direct comparison of granite and volcanic rocks suites. 
Other more general factors, such as differing volatile (e.g., F) contents may also be important, 
particularly in the relative behaviour of the chalcophile elements. 

Although the tectonomagmatic settings for the generation of these deposits (e.g., subduction, 
tensional transition) are outside the scope of this study, they are, to some extent, the basic 
determining processes that produce and enrich the ore-element assemblages (Blevin et al., 
1996). These assemblages are the result of general magmatic processes whose controlling 
factors are largely determined by the physical conditions and the litho-types at the source of 
the magma. Ore-element assemblages and associations should therefore be interpreted as a 
logical extension and product of magmatic sources and processes.  

In summary, the Kennedy Igneous Association in north Queensland has significant potential 
for further discoveries of Sn-dominant, W-dominant and W-Mo deposits, but much lower 
potential for porphyry Cu and related deposits. Porphyry Cu and related deposit types are more 
closely associated with oxidised, intermediate intrusions, which are not abundant in the 
Kennedy Igneous Association. The simplest explanation for this distribution of deposit types 
is the oxidation states of the ore related granites. As demonstrated by Blevin and Chappell 
(1995), Sn-W mineralisation is related to reduced to strongly reduced granites, and their 
predominance in the Hodgkinson Province suggests that either the magma sources, or the local 
sedimentary rocks, are under intrinsically reduced condition. 
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CONCLUSIONS 
This project has developed criteria for discriminating Sn-W-Mo fertile and barren magmatic 

rocks. The criteria were developed through the integration of previously determined magma 
fertility parameters for igneous rocks associated with Sn-W-Mo mineralization, with the new 
understandings about the volcanic-plutonic connections and metal fertility of highly evolved 
magma systems that were developed in this project. The criteria can be applied in future 
research and in exploration.   

The application of currently popular magma fertility parameters, particularly those related 
to magma fractionation and oxidation states, has shown that volcanic rock samples from the 
north Queensland Sn-W-Mo province exhibit similar features to the coeval ore-associated 
granitic rocks.  This means that the whole rock geochemistry and zircon trace element 
compositions of volcanic rocks can be effectively used as magma fertility indicators for Sn-W-
Mo exploration. Overall, the Kennedy Igneous Association in north Queensland has significant 
potential for further discoveries of the Sn-dominant, W-dominant and W-Mo deposits, but 
much lower potential for discovery of porphyry Cu and related deposits.  
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