
1 
 

Geological Survey of Queensland project 
Characterising and assessing prospectivity of intrusion-related 

hydrothermal mineral systems in north-east Queensland 
 
 

 

Section 6: 

Zircon trace element compositions as indicators of metal 

endowments in granitoid-associated mineral deposits 
 
 
 
 
 
 
 
 
Yanbo Cheng 1, Zhaoshan Chang 1, Carl J. Spandler 1, Jingwen Mao 2, Shiwei Song 2, Chunli 

Guo 2, Wei Hong 3, Hui Wang 2 , Yi Hu 4 

 
 
 

1 Economic Geology Research Centre (EGRU), College of Science and Engineering, James 
Cook University, Townsville, Queensland 4811, Australia 

2 Chinese Academy of Geological Sciences, Beijing 100037, China 
3 CODES, University of Tasmania, Private Bag 79, Hobart 7001, Australia 

4 Advanced Analytical Centre (AAC), James Cook University, Townsville, QLD 4811, Australia 

    
 
          

August 2017   
                                                                      

      
  



2 
 

Abstract 
The nature of magmas has a significant impact on the metal endowments of associated 

mineral deposits. Intrusive rocks associated with porphyry Cu-Au mineralization are more 
oxidized and less evolved than intrusions associated with Sn and W mineralization.  Cu and 
Au are compatible with sulphides, which can precipitate during the early stages of magma 
evolution, while Sn and W deposits generally occur in more reduced and highly evolved 
magmatic environments, as fractional crystallization is the main process that concentrates 
these incompatible metallic elements. In this study, the trace element compositions of zircons 
from granites are employed to study the metal endowment of related mineral deposits. 
Differences between granites associated with Sn-dominant and W-dominant deposits have 
been identified using zircon trace element chemistry, and are consistent with the distinct 
differences in their whole rock geochemical compositions.  The zircon chemistry has been 
effective in highlighting a decreasing trend in oxidation state from porphyry Cu-Au±Mo, via 
porphyry Mo, Mo-W, W-dominant, to Sn-dominant systems.  The results suggest that the 
Ce/Ce* and EuN/EuN* ratios of zircons are useful magma fertility discriminators for the 
above full spectrum of intrusion-related hydrothermal mineral deposits. When combined with 
Mo/W tonnage ratios, the CeN/CeN* ratio of zircons is also a good indicator of the oxygen 
fugacity of W-Mo deposits, which can be further employed to determine the style of Mo-W 
mineralization, i.e., porphyry or granite-related mineralization.  
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1. INTRODUCTION 

Magmas with different metal endowments have different chemical compositions, 
magmatic genesis and evolutional pathways. These factors exert different fundamental 
controls on the development of metal-fertile magmas that result in magmatic-hydrothermal 
mineral deposits. Evidence supports the association of Cu-Au mineralization with the more 
mafic end of the granite spectrum (Hedenquist and Lowenstern, 1994), and Sn-W 
mineralization with felsic and fractionated granites (Lehmann, 1990). In addition, different 
types of mineralization have been linked to the prevailing redox conditions of ore-associated 
intrusions, which is another critical control on the potential of granitoids to be metal-fertile, 
e.g., Cu-Au mineralization is associated with oxidized rocks and Sn-W with reduced rocks 
(Blevin et al., 1996; Thompson et al., 1999).  The redox state of the ore associated intrusions 
is typically measured using the whole rock Fe2O3/FeO ratio, however, in weathered and/or 
altered rocks the whole rock Fe2O3/FeO ratio is not reliable and can provide misleading data 
(Figure 1). In reality, in many parts of the world, and especially in highly mineralised areas, 
fresh representative whole rock samples are difficult to obtain. 

There has been increasing interest in using the in-situ elemental/isotopic compositions of 
accessory minerals to evaluate the metal endowment of magmatic systems over the past two 
decades. As zircon has a robust nature of resistant to chemical-physical disturbances (high 
U/Pb closure temperature: >1000°C; Flowers et al., 2005), the use of zircon trace elements as 
thermometers and oxy-barometers is widely accepted (Ballard et al., 2002; Harrison et al., 
2005).  In economic geology research, zircon trace elements have mainly been applied in 
studies of porphyry Cu-Au (-Mo) deposits (Wang et al., 2014; Shen et al., 2015; Lu et al., 
2016).  

Although models for the development of Cu-Au and Sn-W mineralized systems are 
different, both styles of mineralization are primarily associated with magmatic rocks and, in 
the case of Sn-W mineralization, with highly fractionated granites.  However, in contrast to 
porphyry Cu-Au (-Mo) deposits, Sn-W mineralization systems have not been the subject of 
significant study in recent years.  In general, it has long been considered that Sn and W 
mineralizing systems are similar and their related intrusions are also similar. Recent 
geochemical data has shown, however, that while Sn and W associated granites have some 
overlapping characteristics, other characteristics are distinctive and hence the granites may 
have differing formation conditions (Mao et al., 2017). This study investigates the redox 
characteristics of granites related to W and Sn mineralization, and further discusses the 
magmatic controls leading to Sn, W, porphyry Cu-Au, porphyry Mo and granite-related W-
Mo deposits. 
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2.  FUNDAMENTAL THEORIES 
There are many limitations when measuring the oxygen fugacity of igneous rocks.  As 

mentioned above, the most common method (whole rock Fe2O3/FeO ratio) is problematic for 
samples from hydrothermally mineralized fields, therefore it is preferable, where possible, to 
apply other equilibria that effectively constrain the oxygen fugacity. Recent advances on 
zircon trace element chemistry shed light on determination of the redox state of a magma, 
which point towards fresh way of monitoring ore-forming processes through the igneous 
record.  

Zircon (ZrSiO4) is a tetragonal orthosilicate, and the substitution: REE3+ + P5+→ Zr4+ + 
Si4+ is the main mechanism for the incorporation of REEs into zircon (Hoskin and 

Figure 1.  Whole rock SiO2 (wt.%) versus Fe2O3/FeO (wt.%) of granites from tin- and 
tungsten-dominant deposits (the range of magnetite- and ilmenite-series granites is after 
Ishihara et al. (2000);  data sources are included in Appendix 2). The red squares represent 
tin-related granites and green circles refer granites associated with tungsten 
mineralization. Tin and tungsten mineralization are both considered to form under reduced 
magmatic conditions, therefore all the samples should plot within the ilmenite series field.  
However, ~50% the data points are outside the ilmenite field. This may be a result of 
pervasive metasomatism by post-magmatic hydrothermal fluids (a common occurrence in 
hydrothermal systems), as changes in whole-rock geochemistry can result from water-
rock interactions.  
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Schaltegger 2003), with the exception of Ce and Eu.  In addition to occurring in its usual 
trivalent state (Ce3+), Ce may be present in magma in a tetravalent state (Ce4+); Ce4+ (0.97 Å) 
can readily substitute for Zr4+ (0.84 Å) in zircon, which means Ce is usually present in 
excessive amounts relative to its neighbour REE (La and Pr).  For this reason Ce exhibits a 
positive anomaly in chondrite normalized REE patterns.  The opposite trend occurs with Eu 
concentrations in zircon.  Eu can occur as a reduced species with a valence state of +2, in 
addition to the normal REE valence of +3.  Eu2+ has a relatively large ionic radius (1.25 Å), 
making Eu incompatible into the Zr4+ (0.84 Å) site.  It thus forms a negative anomaly relative 
to its neighbours (Sm and Gd) in chondrite normalized REE patterns. 

The cerium anomaly (CeN/CeN*) and europium anomaly (EuN/EuN*) in zircon have been 
considered to be proxies for the redox state of the parent magmas (Trail et al., 2011, 2015; 
Burnham and Berry, 2012; Smythe and Brenan, 2016), although some researchers have 
recently questioned the credibility of this method (Dillers et al., 2015; Loucks et al., 2017). 
This study will not get into this debate, but will use the trace element compositions, cerium 
anomaly (CeN/CeN*) and europium anomaly (EuN/EuN*) to demonstrate that the trace 
element compositions of zircons in igneous rocks can be used to indicate the metal 
endowment of related mineral deposits. 

 

3.  SELECTED SAMPLES AND RESULTS  
    In order to determine the compositions of zircons from Sn-W associated granites and their 
relationships to mineralization, in this study we analyzed 760 zircon from 40 granite samples. 
The samples were collected from the largest and best understood Sn-dominated, W-
dominated and W-Mo deposits in northern Queensland, western Tasmania, and southern 
China – three of the most representative Sn-W provinces in the world.   The deposits sampled 
were: 

- Sn–dominated deposits: Herberton, Australia; Collingwood, Australia; Pinnacle, 
Australia; Gejiu, China; Renison Bell, Australia. 

- W–dominated deposits: Xihuashan, China; Dahutang, China; Zhuxi, China; Shizhuyuan, 
China. 

- W-Mo deposits: Wolfram Camp, Australia; Bamford Hill, Australia. 
Descriptions of the analytical protocols are presented in Appendix 1. In addition to the Sn-

W associated granites, intrusions with oxidized magmatic affinities that are associated with 
Cu-Au-Mo mineralization were also included in this study.  In total, we analysed and 
compiled the trace element characteristics of zircons from porphyry Cu-Au deposits (1015 
zircon analyses), Sn-dominant deposits (196 analyses), porphyry Mo deposits (158 analyses), 
W-dominant deposits (75 analyses) and W-Mo deposits (61 analyses) (sources of the data are 
included in Appendix 2). Strict criteria were applied to avoid contamination by small mineral 
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inclusions (e.g., La <1 ppm, Fe <5,000 ppm, Ti <50 ppm and Sr <5 ppm). The zircon trace 
element data were used to assess the redox state of various granitoids types. 

 

4.  REDOX CHARACTERISTICS OF Sn AND W ASSOCIATED 
GRANITES  

Tin and tungsten mineralized granites exhibit many geochemical similarities.  They 
typically have an elevated crustal position, a reduced magmatic environment, extensive 
fractional crystallization, and are rich in volatile components.  The associated Sn-W 
mineralization has been tacitly viewed as part of an integrated system (Robb, 2005; Černy et 
al., 2005). Researchers have demonstrated that the protolith of granitoids is one critical factor 
controlling tungsten and tin mineralization, and S-type or ilmenite series granites are usually 
regarded as the source of Sn-W ore deposits (Ishihara, 1981; Romer and Kroner, 2016).  
Economically, the most important Sn-W deposits occur in reduced magmatic-hydrothermal 
environments (Blevin et al., 1996; Thompson et al., 1999), probably because the W-Sn fertile 
magma is generated by the partial melting of metasediments, which may contains 
carbonaceous material as a reducing reagent (Sato, 2012).  In addition, a high degree of 
fractionation has been considered a characteristic feature of granitic rocks associated with tin 
and tungsten mineralization (Lehmann, 1990; Blevin et al., 1992).  

However, substantial geochemical differences between Sn- and W-mineralization 
associated granitoids have been identified in the published literature (Blevin et al., 1996; Mao 
et al., 2017), which may indicate the granitoids formed in different geological circumstances.  
In general, the aluminium saturation index (ASI) values of granitoids associated with W-
dominant deposits are higher than the ASI values of granitoids associated with Sn-dominant 
deposits, suggesting that the source protoliths for W-mineralization associated granitoids are 
more enriched in aluminum. Previous work has indicated that Sn-bearing granitoids are 
reduced while W-bearing mineralization is related to either reduced or intermediately 
oxidized granitoids (Blevin et al., 1996). This is because in high fO2 silica melts, tin occurs 
mainly as Sn4+ (Linnen et al. 1995; Farges et al., 2006), which can substitute for Ti4+ in 
minerals such as magnetite, hornblende, biotite, ilmenite and titanite (Linnen and Cuney, 
2005; Farges et al., 2006). This substitution results in the depletion of Sn in the residual 
magma. Although the ionic radius of W4+ is similar to Ti4+, very little W occurs as W4+ in 
granitic magmas because W4+ occurs only at very low fO2 conditions (O'Neill et al., 2008; 
Wade et al., 2012, 2013).  Instead, W predominantly exists as W6+ in silicic magmas (Blevin 
and Chappell, 1992), which aggravates the compatibility of W during the magma evolution. 
This is consistent with the Ce anomalies (CeN/CeN*) and the Ti-in-zircon temperature and 
oxygen fugacity results from zircons analysed for this study (Figure 2).  The Ce anomalies 
indicate that although both Sn and W mineralization form in reduced environments, Sn 
mineralization forms under more reduced and lower temperature magmatic environments 
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than tungsten mineralization. This may be an additional indication that there is a substantial 
difference in their parental sources.  

It is recognized that protoliths have different partial-melting temperatures, e.g., the lowest 
temperature for the dehydration-melting of muscovite-bearing metasedimentary rocks is 
around 650°C (Hyndman, 1981), while the dehydration-melting temperature of amphibole-
bearing meta-igneous rocks is over 900°C (Farina and Stevens, 2011).  The titanium content 
in zircons is sensitive to temperature, so Ti-in-zircon thermometry is a simple but robust 
mean of estimating the temperature difference between Sn- and W-mineralization associated 
granites (Ferry and Watson, 2007).  Consequently, the different zircon saturation 
temperatures in Figure 2 also indicate that the sources of the granitoids associated with 
tungsten and tin mineralization are different. 

5. CONTRASTING Sn, W, Mo, AND Cu MINERALIZATION 
CONDITIONS 

The Ce anomaly (CeN/CeN*) and Eu anomaly (EuN/EuN*) of zircons and their average 
values for intrusions associated with Sn-dominant, W-dominant, W-Mo, porphyry Mo and 
porphyry Cu-Au±Mo deposits have been presented in Figure 3 and Appendix 2. As proxies 

Figure 2.   (A)  Ce anomalies (CeN/CeN*) in zircons from granites associated with Sn-
dominant deposits and W-dominant deposits. Although there is overlap in the anomalies, 
there is a significant difference between these two deposit types, indicating zircon trace 
element data can be used to discriminate different redox states in Sn and W associated 
granites.  (B)  Ti-in-zircon temperature versus oxygen fugacity of granites from Sn-
dominant deposits and W-dominant deposits (data sources are included in Appendix 2).  
There are two key observations: (1) tungsten associated granites form at higher 
temperatures (based on Ti-in-zircon thermometry from Ferry and Watson, 2007); (2) the 
oxygen fugacity of most Sn granites is under FMQ buffer, whereas most W granites have 
oxygen fugacity values between the FMQ and NNO buffers.  (The water content is 
assumed to be 5 wt.% for both types of granites, and the log values of oxygen fugacity 
were calculated using the method of Smythe and Brenan, 2016). 
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for oxygen fugacity, both Ce (CeN/CeN*) and Eu (EuN/EuN*) anomalies in zircons have 
different values for granites with different metal endowments. The values, as shown in Table 
1, show a clear increase from Sn-dominant, via W-dominant, W-Mo, porphyry Mo, to 
porphyry Cu-Au±Mo deposits, indicating the oxidation state of the granitoids increases from 
Sn-dominant to porphyry Cu-Au±Mo deposits.   

 
Table 1.  Values for Ce and Eu anomalies in zircons from granitoids with different metal 
endowments 

Deposit Type CeN/CeN* ratios in zircons  EuN/EuN* ratios in zircons  

Sn–dominant 0.4–28.2 (average 11.8) 0.003–0.39 (average 0.1) 

W–dominant 4.3–218.8 (average 39.6) 0.01–0.30 (average 0.14) 

W–Mo deposits 2.6–963.2 (average 51.8) 0.02–0.78 (average 0.28) 

Porphyry Mo 3.7–439.8 (average 89.8) 0.03–1.22 (average 0.55) 

Porphyry Cu-Au 13.9–3457.9 (average 235.4) 0.13–1.13 (average 0.58) 

 
 

 
As shown in Figure 3 and Appendix 2, there are two groups of data within the Mo-W 

associated samples. The zircon CeN/CeN* and EuN/EuN* ratios from porphyry type W-Mo 
deposits are 21.5-963.3 (average value 200.4) and 0.19-0.55 (average value 0.38), 

Figure 3.  (A) Ce anomaly (CeN/CeN*) versus Eu anomaly (EuN/EuN*) of zircons from 
intrusions associated with Sn-dominant, W-dominant, W-Mo, porphyry Mo and porphyry 
Cu-Au±Mo deposits. (B) Mo/W tonnage ratio versus Ce anomaly (CeN/CeN*) of zircon 
from intrusions associated with porphyry type Mo-W deposits and granite-related Mo-W 
deposits (data sources are included in Appendix 2). 
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respectively, which are clearly higher than the ratios from the samples of granite-related W-
Mo deposits, which are 2.6-75.3 (average value 12.3) and 0.02-0.78 (average value 0.25), 
respectively. The Mo/W tonnage ratios of these two types of deposits are different too, which 
are 2.48 and 0.08, respectively. This is consistent with the observation that the positive 
correlation of oxidation state of granite and the W/Mo ratio for the W-Mo deposits in Lachlan 
Fold Belt, Australia (Blevin and Chappell, 1992). It is noteworthy that oxygen fugacity plays 
an important role in determining the Mo/W ratio in hydrothermal mineralized systems, with 
increasing Mo/W ratios corresponding to higher fO2 conditions (Candela, 1992). For Mo to 
be concentrated in residual magmas, the magma needs to be at relatively oxidized state, 
otherwise Mo4+ may substitute for Ti4+ in crystallising phases and be dispersed in crystallized 
rocks.  

Overall, we suggest magma redox state greatly influences mineralization potential, with 
the most reduced magmas related to Sn-dominant mineralization, followed by W-dominant 
mineralization, then W-Mo deposits, and lastly porphyry Cu-Au-Mo deposits as the most 
oxidized mineralization style.   

 

6.  SIGNIFICANCE AND LIMITATIONS 
There are three interrelated magma fertility assessment tools that can be applied in 

exploration:  
- Metal Indicators (MI):  to evaluate the potential for greenfields project on a district-scale, 

and used to determine if a magma mineralized or barren. One example of this type of 
assessment tool is the whole rock Sr/Y ratio of Loucks (2014).  

- Metal Discriminators (MD): mainly for brownfields project evaluation on a camp-scale, 
and used to identify the main economic metal (or metals).  As shown by the results from 
this study, the CeN/CeN* and EuN/EuN* ratios of zircon are effective assessment tools for 
discriminating a full spectrum of intrusion-associated hydrothermal Cu, Au, Mo, W, Sn 
deposits. 

- Metal Vectors (MV): to vector towards the more highly mineralised parts of a deposit 
and assist in targeting drill holes on a deposit-scale. An example of this type of 
assessment tool is the Ti/Sr ratio in alteration chlorite associated with porphyry Cu-Au-
Mo mineralisation (Wilkinson et al., 2015). 

The limitation in applying the Metal Discriminators (MD) discussed in this study is the 
lack of distinct boundaries between various metals in different deposit types, as there are 
overlaps between Sn- and W-associated intrusives, W-Mo intrusives, porphyry Mo and 
porphyry Cu-Au intrusives in their zircon CeN/CeN* and EuN/EuN* ratios. Consequently, a 
large dataset is needed to reduce the ambiguity of the results.  
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7.  CONCLUSIONS 
Our data demonstrate that zircon compositions can be used to discriminate magmatic suites 

with different metal fertile affinities. This study shows that: 
(1) Differences between granites associated with Sn-dominant and W-dominant deposits, 

consistent with variations whole rock geochemistry, can be discerned using zircon trace 
element chemistry.  

(2) Zircon chemistry shows a decreasing trend in magma oxidation state from porphyry 
Cu-Au±Mo, via porphyry Mo, Mo-W, W-dominant, to Sn-dominant systems, which suggests 
that CeN/CeN* and EuN/EuN* ratios of zircon are useful magma fertility discriminators for the 
above full spectrum of intrusion-related hydrothermal mineral deposits. 

(3) When combined Mo/W tonnage ratios, the CeN/CeN* ratio of zircons is a good 
indicator of the oxygen fugacity of W-Mo deposits, which can be further employed to 
determine the style of Mo-W mineralization, i.e., porphyry or granite-related mineralization.  
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Appendix 1: methodology 
 

All zircon trace element analyses were completed by laser ablation ICP-MS at the 

Advanced Analytical Centre, James Cook University, using a Coherent GeolasPro 193 nm 

ArF Excimer laser ablation system connected to a Bruker 820-MS (formerly Varian 820-

MS). The zircon grains were ablated in a large volume cell (Fricker et al., 2011), using a spot 

size of between 24 and 60 µm, laser repetition rate of 10 Hz, and surface energy density 

(measured at the site of ablation) of 6 J/cm2. The ablated material was carried in high purity 

He gas then mixed with Ar before being introduced to the ICP-MS. The rate of oxide 

production and plasma fractionation was monitored by keeping ThO/Th at or below 0.5%, 

and 238U/232Th sensitivity ≈ 1 (Pettke 2008), respectively. The synthetic glasses NIST SRM 

610 and 612 were used as the primary and secondary standards, respectively, with reference 

values taken from Spandler et al. (2011).  29Si contents was used as the internal standard 

assuming perfect zircon stoiciometry Data were processed using the GLITTER software (van 

Achterberg et al., 1999). 
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Appendix 2: trace element data for zircons 
In order to determine the compositions of zircons from Sn-W associated  granites and 

their relationships to mineralization, in this study we collected samples from the largest and 

best understood Sn-dominated, W-dominated and W-Mo deposits in northern Queensland, 

western Tasmania and southern China – three of the most representative Sn-W provinces in 

the world.  

 

The deposits sampled were: 

- Sn–dominated deposits: Herberton, Australia; Collingwood, Australia; Pinnacles, 

Australia; Gejiu, China; Renison Bell, Australia. 

- W–dominated deposits: Xihuashan, China; Dahutang, China; Zhuxi, China; 

Shizhuyuan, China. 

- W-Mo deposits: Wolfram Camp and Bamford Hill deposits, Australia. 

 

In total, we analysed (239 analyses) and compiled (1241 analyses) trace element 

compositions of zircons from porphyry Cu-Au deposits (1015 zircon analyses), Sn-dominant 

deposits (193 analyses), porphyry Mo deposits (136 analyses), W-dominant deposits (75 

analyses) and W-Mo deposits (61 analyses). 

 

Details of data are contained in the attached excel file named “Section 6_Appendix 2”. 
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