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ABSTRACT 

 

The study presented in this thesis is an economic geology research focusing on tungsten, 

including a comprehensive geological characterization and genesis study of the Wolfram Camp 

tungsten-molybdenum (W-Mo) deposit in Queensland, Australia, and mineral trace-element 

geochemical studies of tungsten ore minerals including scheelite and wolframite. 

The Wolfram Camp deposit is a pegmatite-greisen type W-Mo deposit. The host rock is 

the Carboniferous James Creek granite, which intruded the Devonian Hodgkinson Formation 

sandstone and subordinate Carboniferous Beapeo Rhyolite. The orebodies occur as pipe-like 

bodies or pockets of quartz ± K-feldspar in the roof zone of the intrusion, with progressively 

weaker greisen alteration in the granite away from the pipes and pockets. All the alteration and 

mineralization are confined in the intrusion, which suggests that the magma chamber was not 

broken during the main stage of mineralization, and the magmatic hydrothermal fluids did not 

leave the magma chamber. Oxygen and hydrogen isotope data indicate the ore-forming fluids 

have a magmatic source and no meteoric waters were involved at the time of main 

mineralization. Sulfur isotope composition is also compatible with a magmatic source. 

Geochronology data, including zircon U-Pb ages of the granite, Ar-Ar dates of muscovite from 

greisens, and molybdenite Re-Os ages, suggest that the greisen alteration and mineralization 

occurred about 4 m.y. after zircon crystallization in the James Creek granite. Fluid-inclusion 

micro-thermometric measurements and granite solidus modeling suggest the Stage 1 

unidirectional solidification texture (UST) quartz formed at minimum 660°C and 3,300 bars (12 

km depth). Stage 2-1 syn-mineralization quartz is constrained to have formed at temperatures 

between 425 and 660°C, and a maximum pressure of 1,510 bar, with a large depressurization 

���û�3�!1,700 bar) from Stage 1. Stage 2-2 post-mineralization quartz formed between 225 and 

320°C. It is concluded that the hydrothermal system of Wolfram Camp has a long lifetime, 

synchronous with the cooling of the large granite pluton, and the deposit was formed during a 

period of rapid uplift and exhumation (~1.6 mm/year), which caused the significant 

depressurization. 

Scheelite occurs in both magmatic hydrothermal and metamorphic hydrothermal systems. 

In this study, I propose a method to use scheelite trace-element compositions to distinguish the 
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two major types of deposits. By analyzing scheelite from six magmatic hydrothermal deposits 

and eight metamorphic hydrothermal deposits and collecting data from literature, a database 

including 85 deposits and 2,946 Laser Ablation – Inductively Coupled Plasma – Mass 

Spectrometry (LA-ICP-MS) analyses has been established. With this database, it is found that 

generally, magmatic hydrothermal scheelite has higher concentrations of Mo (10-10,000 ppm), 

Nb (1-2,000 ppm) and Ta (0.02-1,000 ppm), less Sr (<1,000 ppm) and has lower calculated Eu 

anomaly values (EuA=(Eu/Eu*)N=EuN/(SmN*GdN)1/2, 0.1-10). In contrast, metamorphic 

hydrothermal scheelite has lower concentrations of Mo (<100 ppm), Nb (<30 ppm) and Ta (<5 

ppm), more Sr (200-10,000 ppm), and its REE contents exhibit higher Eu anomalies (EuA 1-

100). Based on these differences, a discriminant diagram is designed to distinguish the fluid 

source: Mo*(Nb+Ta) vs. Sr*EuA. The diagram has a discriminating effectiveness of ~90%. 

Trace elements of wolframite from 13 deposits were analyzed by LA-ICP-MS in this 

study, with 649 analyses in total. The 13 deposits include six proximal magmatic deposits (Type 

1), two distal magmatic hydrothermal deposits (Type 2) and five non-magmatic hydrothermal 

deposits (Type 3). Wolframite in Type 1 deposits contains more Nb (75-15,304 ppm) and Ta 

(0.6-2,147 ppm) and has lower Ti/Zr ratios (0.9-12) than Type 2 wolframite (Nb, 9-4,202 ppm; 

Ta, 2.0-145 ppm; Ti/Zr, 1-115). In addition, wolframite in Type 1 deposits has much stronger 

negative Eu anomaly (lower EuA values) than in Type 2 deposits. These parameters may indicate 

proximal vs. distal positions of a deposit relative to the causative intrusions. Compared with the 

magmatic hydrothermal deposits (Types 1 and 2), non-magmatic hydrothermal deposits have 

wolframite containing lower Nb (<98 ppm) and Ta (<4 ppm), and higher V (4-1,241 ppm) and 

Ti/Zr (1-4,015). Plots of EuA vs. V and EuA vs. Nb+Ta are designed to distinguish proximal 

magmatic, distal magmatic, and non-magmatic hydrothermal deposits, whereas Ti/Zr vs. V and 

Ti/Zr vs. Nb+Ta plots can distinguish magmatic and non-magmatic hydrothermal fluids. 

Two major mechanisms causing intra-crystal geochemical variations in wolframite of 

Wolfram Camp have been revealed in this study. The wolframite adjacent to the later-formed 

scheelite is relatively depleted in Co, Gd, Hf, Lu, Mg, Fe, Mn, Mo, Nb, Sc, Rb, Ta, Y and Zr, 

enriched in In and has lower Fe/Mn ratio and relatively higher Eu anomaly values compared with 

wolframite non-adjacent to scheelite. These geochemical patterns are the results of the 

interaction with later hydrothermal fluids. The scheelite has been altered without mineralogical 

change. Some trace elements in wolframite also change along with concentric zoning and sector 
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zoning. These elements are Sc, In, V, Rb, Sr, Y, Zr, Nb, Hf, Ta, Th, U and REEs. In patches 

where the concentric zones and sector zones overlap, these trace elements achieve the highest or 

the lowest values. 
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CHAPTER 1  

INTRODUCTION 

 

Tungsten has the highest melting point of all metals, one of the highest densities, and 

when combined with carbon, is almost as hard as diamond. These and other properties make it 

useful in a wide variety of important commercial, industrial, and military applications (Shedd, 

2001). The U.S. Geological Survey published a list of 35 mineral commodities considered 

critical to the economic and national security of the United States, and tungsten is in the list due 

to its significant application on superalloys (Schulz et al., 2018).  

For the supplies of W to the global market, China has a strong control. China, which has 

been the primary tungsten producer, accounted for 82% of the total production in 2020 (Fig. 1.1; 

U.S. Geological Survey, 2021). Similar to the production status, China currently has the world’s 

largest tungsten reserve, which is estimated at some 1.9 million metric tons, 55.9% of the 

world’s total, some 3.4 million metric tons (U.S. Geological Survey, 2021). 

 
Figure 1.1 Tungsten production for the last decade (data source: U.S. Geological Survey, 2021). 
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Global demand for processed tungsten was projected to advance 4.2% annually (Leal-

Ayala, 2015). During 2020, tungsten price averaged USD 270 per metric ton WO3, a 48% 

increase over the price a decade before (U.S. Geological Survey, 2021). As China touted strong 

environmental safeguards and began to put limitations on tungsten mining and exports in recent 

years (Li and Shapiro, 2020), it is predictable that tungsten supply will be potentially short, and 

the price will keep increasing. Therefore, research about tungsten geology is desirable nowadays 

to increase the global tungsten resources. 

The study presented in this thesis is an economic geology research focusing on tungsten, 

including a comprehensive geological characterization and genesis study of a tungsten-

molybdenum (W-Mo) deposit in Queensland, Australia, and mineral trace-element geochemical 

studies of tungsten ore minerals including scheelite and wolframite. The objectives of this study 

include: 

1) Carry out a thorough geologic investigation and a comprehensive geochemical study of the 

Wolfram Camp W-Mo deposit, study the origin and evolution history of the ore-forming 

fluids, and then generate a genesis model for the deposit (Chapter 2). 

2) Study the geochemistry of scheelite of magmatic-hydrothermal deposits and metamorphic-

hydrothermal deposits and propose an effective discrimination diagram using scheelite 

composition to fingerprint the source of ore-forming hydrothermal fluids (Chapter 3). 

3) Study the geochemistry of wolframite of various geologic settings, document the 

geochemical features and study the application of using wolframite composition to 

predict the proximities to intrusion in magmatic-hydrothermal systems (Chapter 4). 

4) Study the geochemical variations inside single wolframite grains in the Wolfram Camp 

deposit and understand the causative mechanisms (Chapter 5). 

 

1.1 Research history about tungsten mineralization 

Geologic investigation about tungsten has been widely conducted in the U.S. since 1900s 

(e.g., Bancroft, 1910; Lindgren, 1907). Hess (1917) published the first review book about 

geology of tungsten mineralization and summarized that “tungsten deposits seem to be invariably 

in or associated with granitoid rocks.” In 1930s and 1940s, geologic research about tungsten 

deposits began to spread out of the U.S., and the studies about tungsten mineralization in New 

Zealand (Williams, 1934), China (Hsu, 1943), Bolivia (Ahlfeld, 1945), Morocca (Heck, 1946), 
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South Korea (Klepper, 1947), Egypt (Amin, 1947) and Chile (McAllister and Ruiz, 1948) have 

been published successively. Afterwards, the number of studies about tungsten mineralization 

increased progressively with the increasing demand of tungsten from 1950 to 1990 (Fig. 1.2).  

Compared with studies about other commodities (e.g., Au, Cu, Ni, Mo), the heat of 

tungsten research declined sharply in the early 1990s (Fig. 1.3). The heat of research is related to 

the price of tungsten in the global market. Tungsten price was $67 per ton in 1991, then fell to 

$28 in 1993. This price decline was attributed to continued exports of tungsten from China 

during a period of reduced demand as a result of the worldwide economic recession (Shedd, 

2001).  

In the recent years, since China reduced productions and exports of tungsten, the supply 

of tungsten raised concern (Leal-Ayala, 2015), and tungsten research started to recover. 

However, in the last five years, the number of publications only recovered to the level of the 

early 1990s; among which, about one third of the studies were on Chinese deposits, mostly done 

in China (Fig. 1.2). This is in a broad background when the publications on other metals (e.g., 

Au, Cu, Ni and Mo) have nearly doubled to quadrupled (Fig. 1.3). Given now tungsten is a 

critical metal in western countries, a lot more research about tungsten is needed.  

 

Figure 1.2 The number of publications on tungsten mineralization research in every five years 
since 1930 (data from the GeoRef database). 
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Figure 1.3 The number of publications on of the geologic research of Au, Cu, W, Ni and Mo 
mineralization in every five years since 1930 (data from the GeoRef database). 

 

1.2 Tungsten deposits 

Tungsten deposits occur world-wide, as shown in Fig. 1.4. There are some noticeable 

clusters, where deposits of similar age and type are concentrated, such as the scheelite skarn 

deposits in northwest Canada (Hart et al., 2004), wolframite quartz vein deposits in Bolivia 

(Kelly and Turneaure, 1970) and Peru (Landis and Rye, 1974), the Herzynian skarn and vein 

deposits of the western Iberian Peninsula (Kelly and Rye, 1979) and skarn and greisen deposits 

in northeast Queensland (Chang et al., 2017). The world’s largest accumulation of tungsten 

deposits is found in Eastern Asia, extending from Korea and China into Vietnam (Farrar et al., 

1978; Liu and Ma, 1993; Richards et al., 2003). This includes the countless, in part giant 

tungsten deposits of the Jiangxi and Hunan provinces in China (Liu and Ma, 1993).  

Tungsten deposits occur in different geodynamic settings and are of many types. They 

occur in practically all Phanerozoic fold belts, convergent plate margins, as well as ancient 

structures (Rundquist and Denisenko, 1986). The most common occurrences of tungsten deposits 

are skarn deposits and greisen deposits in the contact aureoles of granitic intrusions. A less 

common occurrence is disseminated scheelite in orogenic gold systems (Goldfarb et al., 2005).
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Figure 1.4 World-�F�O�D�V�V���W�X�Q�J�V�W�H�Q���G�H�S�R�V�L�W�V�����!���������������W�R�Q�H�V���F�R�Q�W�D�L�Q�H�G���P�H�W�D�O; data from Sinclair et al., 2011). 
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Tungsten deposits are mostly formed by magmatic-hydrothermal processes in relation to 

granitic intrusions. These tungsten deposits are often associated with Mo or Sn mineralization 

(Fig. 1.4). The associations are probably because W, Mo and Sn all can be incompatible under 

the right conditions (reduced magmas for Mo and oxidized for Sn; Chang et al., 2019), and all 

have low crustal abundances (W: 1.5 ppm, Mo: 1.5 ppm, Sn: 2 ppm; Taylor, 1964), which 

requires significant enrichment before forming an economic deposit. Therefore, they are 

typically related to moderately to highly fractionated granites. The common requirement of 

fractionation probably explains the association.   

Scheelite in orogenic gold systems is a minor tungsten resource. The association between 

gold and scheelite in orogenic deposits has long been recognized (Goldfarb et al., 2005), and two 

well-known districts are the Xuefengshan district in China (Li, 1987) and the Otago district in 

New Zealand (Cave et al., 2017). Metamorphic-hydrothermal fluids are responsible for the 

mineralization in these deposits. Breeding and Argue (2002) and Pitcairn et al. (2006) found that 

there is a systematic decrease in W concentration with metamorphic grade in the 

metasedimentary rocks and suggested that metasedimentary rocks can be the source rocks for W 

mineralization. 

 

1.3 Wolfram Camp W-Mo deposit 

Tungsten deposits are widespread in northeast Queensland, Australia, and this area used 

to be one of the major sources of W in Australia. According to the Geology Survey of 

Queensland compilation, the past production and current resource of tungsten in northeast 

Queensland are ~172,000t WO3. The three largest tungsten deposits in the region are Mt 

Carbine, Watershed and Wolfram Camp (Chang et al., 2017). 

The Wolfram Camp deposit is located 90km west of Cairns and approximately 18km 

outside the township of Dimbulah in northeast Queensland (17°05’S, 144°58’E, Fig. 1.5). The 

Wolfram Camp W-Mo deposit was discovered in 1894 and previous mining operations have 

been either surface eluvial mining of residual wolframite grains or underground extraction of 

high-grade pipes of erratic shape and lateral dimensions. A recent NI43-101 report documented 

2.7 Mt resources averaging 0.29% WO3 and 0.08% MoS2 (Wheeler, 2015), which makes the 

Wolfram Camp deposit an important tungsten source out of China. 
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Figure 1.5 The location of the Wolfram Camp deposit: 90km west of Cairns and approximately 
18km outside the township of Dimbulah in northern Queensland. 

 

Previous geologic research about the Wolfram Camp deposits includes Morton and 

Ridgeway (1944), Blanchard (1947), Keyser and Wolf (1964) and Plimer (1974). There has been 

no other geologic study after the 1970s. To date, the origin and evolution history of the ore-

forming fluids and deposit formation P-T conditions have not been studied yet. 

The Wolfram Camp deposit is a pegmatite-greisen type deposit. The host rock is the 

Carboniferous James Creek Granite, which intruded the Devonian Hodgkinson Formation 

sandstone and subordinate Carboniferous Beapeo Rhyolite. The orebodies occur as vertical to 

near horizontal pipe-like bodies or pockets of quartz ± K-feldspar in the top part of the intrusion. 

Unlike typical porphyry systems, there are no quartz stockworks or abundant veins in the 

intrusion and its immediate wallrocks, despite that the deposit is also intrusion related. The 

granitic intrusion presents no porphyritic texture but equigranular texture. Most alteration and 

mineralization minerals are coarse-�J�U�D�L�Q�H�G�����P�D�L�Q�O�\���!�����P�P���D�F�U�R�V�V�����Z�L�W�K���V�R�P�H���F�U�\�V�W�D�O�V���R�I���T�X�D�U�W�]��

up to 40 cm long, wolframite up to 50 cm across, molybdenite up to 20 cm across, and native 

bismuth up to 2 cm across. These unusual features indicate that the genesis and hydrothermal 

fluid evolution history of the deposit are extraordinary. 
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1.4 Mineral geochemistry of tungsten ore minerals 

Laser Ablation – Inductively Coupled Plasma – Mass Spectrometry (LA-ICP-MS) 

analyses have low detection limits and high spatial resolution to avoid micron-size inclusions to 

improve the accuracy. This technique revealed much weaker trace-element compositional 

signatures and distribution patterns in a single crystal, which helps to detect more distal 

signatures of hydrothermal systems and to improve understanding of ore forming processes. 

Mineral trace elements geochemistry has been widely used in mineral exploration. Previous 

studies on chlorite, epidote and alunite suggest geochemistry of these minerals can be used to 

detect proximity to mineralized hydrothermal systems (Chang et al., 2011; Cooke et al., 2014; 

Wilkinson et al., 2015). In some cases, trace-element chemistry of some minerals has been 

evaluated as ore-process discriminators, including magnetite (Dupuis and Beaudoin, 2011; 

Boutroy et al., 2014; Dare et al., 2014), pyrite (Large et al., 2009, Duran et al., 2015), rutile 

(Meinhold et al., 2008; Újvári et al., 2013), chromite (Griffin and Ryan, 1995; Locmelis et al., 

2013), tourmaline (Henry and Guidotti, 1985; van Hinsberg and Schumacher, 2011), garnet 

(Griffin and Ryan, 1995; Heimann et al., 2011), apatite (Belousova et al. 2002, Sell and Samson, 

2011, Mao et al., 2016) and titanite (Che et al., 2013, Celis, 2015, Xu et al., 2015). Furthermore, 

the trace-element composition of single pyrite crystals has been shown to trace a protracted 

paragenesis, providing insight into ore formation processes (e.g., Large et al., 2009; Thomas et 

al., 2011; Agangi et al., 2015; Steadman et al., 2015). However, none of such studies have been 

conducted on tungsten deposits. 

Tungsten occurs in nature only in the form of chemical compounds. Although more than 

thirty tungsten bearing minerals are known, only two of them are important, namely wolframite 

and scheelite. Wolframite (iron-manganese tungstate, (Fe,Mn)WO4) is a solid solution of the two 

minerals (ferberite FeWO4, and hübnerite MnWO4), and scheelite is a calcium tungstate mineral 

(CaWO4). The potential application of geochemistry of wolframite and scheelite on mineral 

exploration has been barely studied. 

Scheelite is a common and economically important ore mineral in skarn and greisen 

deposits (�1�H�Z�E�H�U�U�\�����������������ý�H�U�Q�ê���H�W���D�O��������������). In addition, it is also found in orogenic gold and 

intrusion-related gold deposits (Goldfarb et al., 2005; Hart, 2007). In other words, scheelite 

occurs in both magmatic hydrothermal and metamorphic hydrothermal mineralization systems, 

which makes scheelite a potential discriminator for fluid origins (metamorphic vs. magmatic 
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hydrothermal). Scheelite trace-element compositions have been widely reported, and the 

representative two studies are Poulin et al. (2018) on scheelite from 37 deposits of various types 

including skarn, greisen, porphyry, volcanogenic massive sulfide and orogenic gold deposits; and 

Sciuba et al. (2019) on scheelite from 25 orogenic gold deposits. They concluded that Sr, Mo, As 

and Eu anomalies are important to deposit type classification. However, the significances of Nb 

and Ta were not discussed, and effective discrimination criteria have not been proposed. 

Most wolframite occurs within alternated granitic intrusions (e.g., the Wolfram Camp 

deposit, Plimer, 1974) or in quartz veins in country rocks (e.g., the Xihuashan deposit and the 

Dajishan deposit; McKee et al., 1987; Wu et al., 2017). Whereas in some atypical systems, the 

wolframite mineralization is not necessarily genetically linked to felsic magmatism (e.g., the 

Woxi deposit, Hunan, China, Zhu et al., 2014; Sunnyside Mine, Colorado, U.S., Casadevall and 

Ohmoto, 1977; Sultan Mountain Mine, Colorado, U.S., Musgrave and Thompson, 1991). 

Wolframite trace-element geochemistry studies have been widely conducted in magmatic 

hydrothermal deposits. To date, all the studies have only focused on one single deposit or several 

deposits in a specific region, but not in a global scale, and wolframite not genetically related to 

intrusions has barely been studied.  

Previous studies on intra-crystal compositional variations of wolframite were mostly 

focused on Mn/Fe ratio and oscillatory zoning, and wolframite compositions were only 

determined with an electron microprobe (e.g., Moore and Howie, 1978; Amosse, 1978; 

Sakamoto, 1985; Campell and Petersen, 1988). So far, the trace elements intra-grain variations of 

wolframite have barely been reported. 

 

1.5 Thesis layout and analytical workload 

This chapter provides a brief introduction to the thesis and reviews some of the key 

characteristics of tungsten deposits. 

Chapter 2 outlines the comprehensive genesis study of the Wolfram Camp W-Mo 

deposit. This chapter involves a detailed geology investigation, bulk-rock geochemical analyses 

on five granite samples, four rhyolite samples and 12 sandstone samples, automated mineralogy 

analyses on four altered granite and greisen samples, electron microprobe analyses of feldspars, 

zircon U-Pb geochronology studies, fluid inclusion studies on the pre- and syn-mineralization 

quartz, five O isotopic analyses on wolframite, 11 H-O isotopic analyses on muscovite, 18 S 
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isotope analyses on sulfide minerals (pyrite, molybdenite, arsenopyrite and pyrrhotite), and 12 C-

O isotopic analyses on calcite.  

Chapter 3 is a mineral trace-elements geochemical study on scheelite. I used LA-ICP-MS 

to analyze trace-element compositions of scheelite from six magmatic hydrothermal deposits, 

including scheelite from Wolfram Camp, and eight metamorphic hydrothermal deposits. 354 

valid analytical results were obtained.  

Chapter 4 is a study about geochemical features of wolframite of various geologic 

settings. Geochemical compositions of wolframite from 15 deposits worldwide including 

proximal magmatic-hydrothermal systems, distal magmatic-hydrothermal systems and non-

magmatic-hydrothermal systems have been analyzed via LA-ICP-MS, and 649 valid analytical 

results were obtained.  

Chapter 5 is a study about inter-crystal trace-element variations of wolframite from 

Wolfram Camp. Micro-X-ray fluorescence spectrometer analysis has been performed on the 

surface of a wolframite-bearing drill core sample, and LA-ICP-MS mapping analysis was 

performed on two different regions of the sample surface.  

Chapter 6 summarizes the key findings of this research, and several recommendations for 

future research are made. 
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CHAPTER 2  

GEOLOGY AND GENESIS OF THE WOLFRAM CAMP W-MO  

DEPOSIT, QUEENSLAND, AUSTRALIA 

 

2.1 Abstract 

The Wolfram Camp deposit is a pegmatite-greisen type tungsten-molybdenum (W-Mo) 

deposit. The host rock is the Carboniferous highly fractionated and moderately oxidized James 

Creek Granite, which intruded the Devonian Hodgkinson Formation sandstone and subordinate 

Carboniferous Beapeo Rhyolite. The orebodies occur as vertical to near horizontal pipe-like 

bodies or pockets of quartz ± K-feldspar in the roof zone of the intrusion. All the mineralization 

and nearly all the alterations are confined in the intrusion. The orebody distribution suggests that 

the magma chamber was not broken, and the hydrothermal fluids did not leave the magma 

chamber at the time of the main mineralization. 

The alteration and mineralization are divided into four paragenesis stages. Stage 1 is 

composed of unidirectional solidification texture (UST) quartz and K-feldspar-quartz pegmatite. 

The major ore minerals, wolframite and molybdenite, formed in Stage 2 associated with the 

greisen alteration. Cassiterite, hydrothermal amphibole and minor muscovite formed as bands in 

quartz crystals along the growth zoning in this stage, separating this stage into two sub-stages. 

The early generation quartz is syn-mineralization and contains wolframite inclusions (Stage 2-1), 

and the late generation is post-mineralization (Stage 2-2). Stage 3 is composed of minor 

arsenopyrite, pyrite, pyrrhotite, chalcopyrite, sphalerite, galena, bismuthinite, native bismuth and 

minor quartz, which is followed by trace Stage 4 calcite veins and scheelite replacing wolframite. 

Greisen alteration is the dominant alteration type, mainly composed of quartz and 

muscovite with minor fluorite and topaz. The alteration intensity in the granite decreases away 

from the pipes and pockets, and thus the quartz pipes/pockets are considered as the conduits and 

reservoir of the hydrothermal fluids. The alteration is zoned; from quartz pipes outwards, there 

are typically quartz-�U�L�F�K���J�U�H�L�V�H�Q�����T�X�D�U�W�]���!�������Y�R�O���������P�X�V�F�R�Y�L�W�H-�U�L�F�K���J�U�H�L�V�H�Q�����P�X�V�F�R�Y�L�W�H���!������

vol%) and greisenized granite transitioning to fresh granite. Most of the W and Mo 

mineralization occurs in the quartz pipes/pockets and occurs in the greisens in lesser amount. 

The ore grades decrease away from quartz pipes. No mineralization occurs in the fresh granite. 
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Fluid-inclusion studies were conducted on the UST quartz in the intrusion of Stage 1 and 

the quartz of Stages 2-1 and 2-2. No primary fluid inclusions were found in Stage 1 pegmatite 

quartz, Stage 2 wolframite nor Stage 4 calcite. Coupled with the modelling of the granite solidus, 

the UST quartz fluid inclusions reveal that the UST quartz formed at minimum 660°C and 3,300 

bar (~12 km depth). The formation of Stage 2-1 syn-mineralization quartz is constrained between 

425 °C (homogenization temperature - Th) and 660°C, with a formation pressure less than 1,510 

bar (~5.5 km in depth). Stage 2-2 post-mineralization quartz formed at a temperature between 

225°C (Th) and 300°C (assuming 5.5 km in depth). 

Oxygen-hydrogen isotope compositions of muscovite indicate that the Stage 2 fluids are 

magmatic. The S isotope compositions of Stage 3 sulfides range from -0.34 to +5.89‰, 

compatible with a magmatic origin. C-O isotopic ratios of the Stage 4 calcite have mixed 

signature of marine carbonate, groundwater and organic carbon, indicating that a trace amount of 

fluid of Stage 4 was affected by the Hodgkinson formation sedimentary rocks. The magma 

chamber was eventually broken at the last paragenesis stage. 

Three granite samples are dated at 310±3, 310±3, and 315±3 Ma (uncertainty at 95% 

confidence level - CL) with the zircon U-Pb LA-ICP-MS method. These ages are about four 

million years older than the alteration (muscovite Ar-Ar, 305±3 and 308±3 Ma; 95% CL) and 

mineralization (molybdenite Re-Os, 306±3 and 306±2 Ma; 95% CL).  

Since the Wolfram Camp hydrothermal system was mostly confined in the magma 

chamber in most of its lifetime, the depressurization recorded by fluid inclusions was not caused 

by the transition from lithostatic to hydrostatic pressures. It was all under lithostatic pressure; 

therefore, �W�K�H���I�R�U�P�D�W�L�R�Q���G�H�S�W�K���I�U�R�P���6�W�D�J�H�������W�R���6�W�D�J�H�������P�X�V�W���K�D�Y�H���F�K�D�Q�J�H�G���I�U�R�P���!������km to <5.5 

km, indicating an exhumation of at least 6.5 km during this period. This is possible because the 

tectonic setting of the region was an active tectonic margin evidenced by the extensive water-rich 

magmatism that caused the voluminous igneous rocks and extensive Sn-W-base metal-Au 

mineralization in the region. Uplift rates of such setting can be up to 8 mm/year. At Wolfram 

Camp, the uplift rate is estimated at ~1.6 mm/year, which is among the typical uplift rates. The 

four-million-year period is also consistent with the typically slow cooling rates of granitic 

batholith. 
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2.2 Introduction  

Tungsten deposits are widespread in northeast Queensland (Fig. 2.1), and this area is one 

of the major sources of tungsten in Australia with more than 172,000 metric tones WO3 of past 

production and current resources (Chang et al., 2017). The three largest tungsten deposits in the 

region are Mt Carbine, Watershed and Wolfram Camp (Chang et al., 2017). 

The Wolfram Camp deposit is located 90 km west of Cairns and approximately 18 km 

outside the township of Dimbulah in northeast Queensland (17°05’S, 144°58’E; Fig. 2.1). A 

similar W-Mo deposit named Bamford Hill is located 30 km to its south (Fig. 2.1). The deposit 

was discovered in 1894. Previous mining activities include the collection of wolframite crystals 

on the surface and underground extraction of high-grade wolframite ores. A recent NI43-101 

report documented 2.7 Mt inferred and indicated resources averaging 0.29% WO3 and 0.08% 

MoS2 (Wheeler, 2015). 

Morton and Ridgeway (1944), Blanchard (1947) and Keyser and Wolf (1964) studied the 

geology of the Wolfram Camp deposit. Plimer (1974) investigated the petrology and the 

mineralization of the deposit and noted that most of the ore minerals, wolframite and 

molybdenite were contained in the quartz pipes occurring within the greisenized margin in the 

apical portion of the James Creek Granite. No more research has been done on the deposit since 

then. To date, the origin and evolution history of the ore-forming fluids have not been studied 

yet, as well as the formation pressure-temperature conditions of the deposit. 

The Wolfram Camp deposit has several unusual features. The mineralization and 

alteration are confined within the James Creek Granite with the wallrocks free of hydrothermal 

alteration, indicating that the granite is the causative intrusion. However, the geochronology 

studies show that the zircon (LA-ICP-MS U-Pb age ca. 310-315 Ma; this study) is older than the 

alteration age (muscovite Ar-Ar 308±3 Ma and 305±3 Ma) and the mineralization age 

(molybdenite Re-Os 306±2 Ma and 306±3 Ma; Cheng et al., 2018). Unlike typical porphyry 

systems, there is no quartz stockworks or veins in the intrusion and its immediate wallrocks, 

despite that the deposit is also intrusion related. The granitic intrusion presents no porphyritic 

texture but coarse-grained equigranular texture. Most alteration and mineralization minerals are 

coarse-�J�U�D�L�Q�H�G�����P�D�L�Q�O�\���!�����P�P���D�F�U�R�V�V�����Z�L�W�K���V�R�P�H���F�U�\�V�W�D�O�V���R�I���T�X�D�U�W�]���X�S���W�R������ cm long, wolframite 

up to 50 cm long, molybdenite up to 20 cm across, and native bismuth up to 2 cm. These unusual 

features indicate that the genesis and hydrothermal fluid evolution history of the deposit are 
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extraordinary. This study will elucidate its formation processes and conditions based on a 

combination of petrologic, mineralogical, geochronology, fluid inclusion, and stable isotope 

studies.  

 

2.3 Regional geology 

The first order tectonic units in north Queensland consist of the Paleoproterozoic–

Mesoproterozoic Northern Australia Craton (NAC) and the late Neoproterozoic-Paleozoic 

orogenic zone, Tasmanides, also known as Tasman Orogenic Zone (Fig. 2.1; Withnall and 

Henderson, 2012). The two units are separated by the Palmerville Fault – Lynd Mylonite Zone 

(Fig. 2.1). The northeast part of the Tasmanides is composed of the Silurian–Devonian Mossman 

Orogen, in which the Wolfram Camp deposit is hosted (Fig. 2.1). 

The Mossman Orogen occupies much of the northern Queensland coastal area and is 

divided into the Hodgkinson Province in the north and the Broken River Province in the south; 

the boundary between them is believed to have been masked by later igneous rocks of the 

Kennedy Igneous Association (KIA, Fig. 2.1). The Hodgkinson Province is mostly composed of 

the Early Silurian – Early Devonian Chillagoe Formation and the Late Silurian – Late Devonian 

Hodgkinson Formation (Fig. 2.1). The Chillagoe Formation and its equivalent occurs as a narrow 

strip along the west margin of the Mossman Orogen. It comprises fossiliferous limestone, 

calcareous sediments, chert, basalt and siliciclastic units, and is interpreted to be a shallow 

marine sedimentary package (Jell, 2013). The Hodgkinson Formation, together with its 

equivalent, composes the major body of the Mossman Orogen and consists of deep marine 

turbidite sequences that includes sandstone, siltstone and mudstone with minor amounts of 

interlayered chert, basalt, conglomerate, and limestone. These rocks are believed to represent 

either a forearc basin setting (Henderson, 1980) or a back-arc basin setting (Garrad and 

Bultitude, 1999). The sedimentary rocks underwent the Tabberrabberan orogenesis spanning the 

Devonian-Carboniferous boundary, which caused extensive contractional deformation and low-

grade regional metamorphism (zeolite and greenschist facies; Henderson et al., 2013). Devonian-

Carboniferous extensional basins covered older rocks in the southern part of the region, whereas 

Jurassic-Cretaceous cover sequences occur in the north and west (Fig. 2.1). 
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Figure 2.1 Geology of the Mossman Orogen (after Jell, 2013).
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The magmatic rocks in this region include the Silurian – Devonian Pama Igneous 

Association and the Carboniferous – Permian KIA  (Fig. 2.1), plus minor Cenozoic volcanic 

rocks (~35 to 0.01 Ma) speculated to be related to a plume (not shown in Fig. 1; Cook and Jell, 

2013). The Pama Igneous Association consists of batholiths and plutons intruding into the NAC 

and the Thompson Orogen, with ages of ~434-382 Ma (Henderson et al., 2013). KIA extensively 

overprinted the Mossman Orogen (Fig. 2.1). Rocks of KIA are predominantly felsic intrusive and 

extrusive rocks that compose major batholiths and volcanic fields. Their ages are 345-260 Ma, 

and they occur in large cauldron subsidence structures (Henderson et al., 2013; Champion and 

Bultitude, 2013).  

Many magmatic-hydrothermal ore deposits occur in the Mossman Orogen and are 

associated with the intrusive rocks of KIA, including porphyry, skarn-carbonate replacement and 

epithermal Au-Cu-Zn-Pb deposits (Denaro et al., 2013) and skarn, greisen and pegmatite W 

and/or Sn deposits (e.g., Chang et al., 2017). In addition, there are orogenic Au and W deposits 

(e.g., Lisitsin et al., 2014; Poblete et al., 2021). The Hodgkinson Formation and its equivalent are 

common hosts of the above mineralization (Fig. 2.1). 

 

2.4 Deposit geology 

The Wolfram Camp area is dominated by the James Creek Granite which has intruded 

Hodgkinson Formation sandstone and Beapeo Rhyolite (Figs. 2.2 and 2.3). A small diorite unit 

called Pepper diorite occurs in the area. It is not relevant to the mineralization system and thus 

will not be further mentioned. 

 

2.4.1 Hodgkinson Formation sandstone 

The Hodgkinson Formation in the region consists mainly of siliciclastic sediments of 

Middle to Late Devonian age (Henderson et al., 2013). Outcropping rocks of the Hodgkinson 

Formation in the area are predominantly dark grey sandstone, with minor interlayered chert and 

limestone to the north of Wolfram Camp (Keyser and Lucas, 1968). The dark color suggests 

organic carbon in the sandstone. The sandstone has a detrital matrix, and the grains are 

subangular and consist of dominantly quartz (50-70%) and subordinate feldspars (~10%). Lithic 

grains are minor, generally <10%. Detrital muscovite and biotite are ubiquitous, but generally 

less 5%. The bulk-rock geochemistry data show that the sandstone contains 66.5-80.5 wt. % 
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SiO2, 9.5-16.7 wt. % Al2O3, and 3.2 to 5.4 wt. % alkaline contents. The CaO contents are 

limited, mostly below 1 wt. % (Table 2.1). Trace-elements data are in Appendix 2A. 

 

2.4.2 Beapeo Rhyolite 

The Beapeo Rhyolite overlays the Hodgkinson sandstone. It is part of the Boonmoo 

Volcanic Subgroup of KIA, consisting of pale- to medium grey, lithics-poor, crystal-rich, 

rhyolitic ignimbrite (Mackenzie, 1993). Previous zircon dating conducted by Cheng et al. (2018) 

suggested the rhyolite is Carboniferous, with an age of 324±4 Ma. The phenocrysts of the 

ignimbrite typically consist of 10-15% quartz, 5-10% K-feldspar, ~5% plagioclase and ~1% 

biotite. The bulk-rock geochemistry data of three fresh rhyolite samples are shown in Table 2.2. 

It contains ~74% SiO2, 13.3 % Al2O3, 7.0-8.7 wt. % alkaline contents and 1.1-1.5 wt. % CaO. 

Trace elements data are in Appendix 2A. 

No extensive alteration occurred in this rhyolitic unit, despite that one outcrop adjacent to 

the James Creek Granite contains a ~1.2-meter-wide skarn zone composed of ~85% wollastonite 

and ~15% garnet and cement fragments of rhyolite. 

 

2.4.3 James Creek Granite 

The host rock of the Wolfram Camp deposit is the James Creek Granite of the Ootan 

Supersuite. The Ootann Supersuite is the most extensive igneous supergroup in Queensland and 

extends west to the Palmerville Fault. It comprises multiple intermediate to felsic intrusions and 

contains mineralization in places (Donchak and Bultitude, 1998).  

�7�K�H���-�D�P�H�V���&�U�H�H�N���*�U�D�Q�L�W�H���R�X�W�F�U�R�S�V���D�U�H���!�������N�P2 in the area and may be larger below the 

surface. Its contact with wallrocks runs roughly southeast to northwest and dips towards the 

�Q�R�U�W�K�H�D�V�W���D�W���D�Q���D�Q�J�O�H���E�H�W�Z�H�H�Q�������Û��and �����Û�����E�H�F�R�P�L�Q�J���V�W�H�H�S�H�U���Z�L�W�K���G�H�S�W�K�����:�K�H�H�O�H�U���������������� 

The James Creek Granite is an I-type leucocratic granite (Blevin and Chappell, 1992), 

and in the study area it is an equigranular biotite monzogranite. The fresh granite is pinkish and 

mainly consists of K-feldspar (40.48%), quartz (32.47%), plagioclase (25.60%) and minor biotite 

(1.45%; Plimer, 1974). Perthite and myrmekitic textures intergrowth are common in the K-

feldspar grains. Accessory minerals in the granite include apatite and zircon. 
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Figure 2.2 Geologic map of the Wolfram Camp area (after Wheeler, 2015). 
 

 

Figure 2.3 Cross section with alteration zones of the main pit of the Wolfram Camp deposit 
(location shown in Figure 2.2). 
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Table 2.1 Compositions of major elements and mineralization-related metal elements of the Hodgkinson sandstone samples collected 
from proximal to distal locations from the granite contact 

Sample 
number 

Distance 
to the 
contact 

SiO2 TiO2 Al 2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 LOI Sum Sn W Mo Cu Ag Bi 

Meter % % % % % % % % % % % % % ppm ppm ppm ppm ppb ppm 

WCM16-
034 

0 76.88 0.45 10.36 0.51 3.55 0.07 1.29 0.69 1.50 2.66 0.06 1.4 99.90 48 28.8 0.68 87.24 284 1.68 

WCM16-
035 63 74.86 0.09 12.74 1.85 0.50 0.04 0.06 0.07 1.83 6.51 0.01 1.3 99.96 12 24.6 9.34 6.11 118 0.77 

WCM16-
036 121 75.31 0.56 11.40 1.69 2.14 0.06 1.06 0.62 1.63 3.07 0.05 2.0 99.87 23 16.4 3.83 60.11 170 1.80 

WCM16-
037 192 66.54 0.56 16.66 3.29 2.19 0.12 1.57 0.19 0.55 4.37 0.09 3.4 99.89 26 17.5 6.21 24.38 72 1.60 

WCM16-
038 234 79.71 0.48 9.53 0.91 2.32 0.05 0.93 1.06 1.44 1.79 0.08 1.3 99.90 10 13.6 0.33 61.61 142 0.49 

WCM16-
039 318 73.16 0.53 12.48 0.42 4.08 0.06 1.47 1.70 1.54 2.43 0.15 1.3 99.89 8 21.7 1.22 42.77 131 0.56 

WCM16-
040 386 80.52 0.42 9.86 1.09 1.31 0.02 0.73 0.48 1.18 2.54 0.07 1.5 99.93 13 8.0 0.32 47.69 85 0.91 

WCM16-
041 422 70.96 0.55 14.24 2.09 2.47 0.05 1.61 0.54 0.88 4.03 0.09 2.0 99.90 7 7.4 1.35 11.94 33 0.40 

WCM16-
042 444 79.28 0.50 10.03 1.46 1.80 0.04 0.91 0.17 0.54 2.79 0.09 2.1 99.92 10 7.5 0.24 37.83 83 0.47 

WCM16-
043 473 68.06 0.57 16.1 1.49 3.15 0.05 1.53 0.60 0.72 4.67 0.11 2.4 99.90 13 7.8 0.58 9.05 28 0.31 

WCM16-
044 503 71.51 0.57 14.71 1.87 2.15 0.04 1.32 0.27 0.41 4.40 0.11 2.2 99.91 7 5.1 0.21 12.11 24 0.55 

WCM16-
045 534 78.86 0.57 10.59 1.34 1.55 0.05 0.93 0.44 0.94 2.59 0.09 1.7 99.92 6 7.0 0.22 10.44 28 0.20 

WCM16-
046 574 72.41 0.56 13.26 1.43 3.00 0.06 1.56 0.61 1.07 3.86 0.10 1.6 99.91 5 4.5 0.14 11.97 18 0.17 
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Table 2.2 Bulk-rock geochemistry (selected elements) of the James Creek Granite and the Beapeo Rhyolite (the full dataset is in 
Appendix 2A) 

Sample 
number Rock type 

SiO2 TiO2 Al 2O3 FeO Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Sum Y Nb Yb Ta Rb Sr Rb 
/Sr 

Fe2O3 

/FeO 

% % % % % % % % % % % % % ppm ppm ppm ppm ppm ppm Mass 
ratio 

Mass 
ratio 

WCM1
5-025 

James 
Creek 
Granite 

76.49 0.05 12.74 0.88 0.31 0.05 0.07 0.48 3.28 5 <0.01 0.5 99.98 40.7 10.3 4.65 1.2 320 19.2 16.7 0.35 

WCM1
5-025 

James 
Creek 
Granite 

76.28 0.06 12.65 0.91 0.34 0.05 0.08 0.67 3.37 4.81 <0.01 0.6 99.95 39.8 9.8 4.84 0.9 308.4 20.9 14.8 0.37 

WCM1
5-026 

James 
Creek 
Granite 

76.56 0.05 12.18 0.94 0.23 0.06 0.07 0.6 3.17 4.84 <0.01 1.2 99.95 43.7 9.6 5.42 1.6 325.8 18 18.1 0.24 

WCM1
5-016 

Beapeo 
Rhyolite 74.19 0.2 13.34 1.38 0.36 0.02 0.3 1.18 2.92 5.22 0.03 0.6 99.9 38.8 7.9 4.57 1 239.8 119.3 2.0 0.26 

WCM1
5-017 

Beapeo 
Rhyolite 73.36 0.22 13.38 1.49 0.6 0.04 0.38 1.5 3.21 4.68 0.03 0.8 99.89 39.3 8.1 5.04 1.2 227.4 120.4 1.9 0.41 

WCM1
5-019 

Beapeo 
Rhyolite 73.93 0.19 13.21 1.37 0.39 0.03 0.33 1.1 2.96 5.7 0.03 0.5 99.89 36.1 8.2 4.53 1.2 283.9 99.1 2.9 0.28 
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Bulk-rock geochemistry analysis results of three fresh James Creek Granite samples are 

shown in Table 2.1. The geochemistry of the granite is characterized by high SiO2 contents 

(76.28-76.56 wt. %) and high alkali contents (8.01-8.28 wt. %). The data fall into the field of 

granite on the total alkalis vs. SiO2 diagram (Fig. 2.4a). The granite is rich in K2O (4.81-5.00 wt. 

%) and is a high-K granite (Fig. 2.4b). The molar ratios of Al 2O3/(CaO+Na2O+K2O) are in the 

range of 1.06-1.09, indicating the granite is peraluminous (Fig. 2.4c). The oxidation and 

fractionation states of the granite are respectively indicated by the Fe2O3/FeO ratios (0.24-0.35) 

and Rb/Sr ratios (14.76-18.10). As shown in Fig. 2.4d, based on ~3500 geochemistry analyses of 

granites from eastern Australia and their relationship with metal types (Blevin et al., 1996), the 

James Creek Granite is moderately oxidized and highly fractionated, and favorable for W-Mo 

mineralization. On the Nb-Y (Fig. 2.4e) and Ta-Yb (Fig. 2.4f) discrimination diagrams for syn-

collision granites, volcanic arc granites, within plate granites and ocean ridge granites (Pearce et 

al., 1984), the James Creek Granite samples are plotted at or close to the junctions and the 

discrimination is inconclusive. 

 

2.5 Alteration and mineralization 

Alteration and mineralization in the study area are dominantly confined in the granite 

intrusion. The contact between the altered granite and the unaltered wallrocks is sharp and clear 

(Figs. 2.3 and 2.5a).  

The sandstone adjacent to the James Creek Granite contains low concentrations of 

metals, with up to 48 ppm Sn, 29 ppm W, 6.2 ppm Mo, 87 ppm Cu, 0.284 ppm Ag, and 1.8 ppm 

Bi. These metals do show a decreasing trend to background levels in a few hundred meters from 

the intrusion (Table 2.1 and Fig. 2.6). Mo fluctuates but in general drops to ~0.5 ppm at ~200 m 

away. Ag drops to ~50 ppb and Cu to ~10 ppm at ~400 m away, and Bi down to ~0.2 ppm at 

~500 m away. Both Sn and W decrease to ~5 ppm at ~570 m away, the farthest end of the 

sampling, but are still slightly higher than their background levels (~3 ppm Sn and ~2 ppm W). 

The locations of the sandstone samples are shown in Figure 2.2. This suggests that minor 

hydrothermal activities occur in the adjacent wallrocks, although there are no alteration minerals 

visible.  
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Figure 2.4 Plots of the James Creek Granite. a. SiO2 (wt. %) vs. total alkali (Na2O+K2O) (after 
Irvine and Baragar, 1971); b. SiO2 vs. K2O (after Peccerillo and Taylor, 1976); c. A/CNK vs. 
A/NK (after Maniar and Piccoli, 1989); d. Rb/Sr vs. Fe2O3/FeO of intrusions and related metal 
types (after Belvin et al., 1996). e. Nb vs. Y to discriminate granites of different tectonic settings 
(after Pearce et al., 1987); f. Ta vs. Yb to discriminate granites of different tectonic settings (after 
Pearce et al., 1987). The red dots represent the three fresh James Creek Granite samples (Table 
2.1). 
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The high-grade orebodies occur as pipes and discontinuous pockets consisting of coarse-

grained minerals, such as up to 40 cm long quartz, up to 50 cm long wolframite, up to 20 cm 

across molybdenite, and up to 2 cm native bismuth crystals, plus minor fluorite and calcite. 

Locally there are K-feldspar crystals up to ~5 cm large along the margins of pockets (Figs. 2.5c 

and 2.5d). The pipes and pockets are in the roof zone and the upper side margin of the intrusion. 

The ore-bearing pipes vary in diameter from 1 m to �!�������P�����L�Q���O�H�Q�J�W�K���I�U�R�P�������W�R���!���������P�����D�Q�G���D�U�H��

elliptical in cross sections, bulbous, and branching (Blanchard, 1947). The pipes and pockets 

commonly have vugs in the middle and euhedral quartz crystals that commonly have C axes 

approximately normal to the margins of pipes and pockets (Fig. 2.5b). Locally, there are a few 

�P�L�F�D���S�L�S�H�V���P�D�L�Q�O�\���F�R�P�S�R�V�H�G���R�I���P�X�V�F�R�Y�L�W�H�����!�������������7�K�H���T�X�D�U�W�]���D�Q�G���P�L�F�D���S�L�S�H�V���D�[�H�V���J�H�Q�H�U�D�O�O�\��

parallel to intrusion margin that roughly flat in the roof zone and inclined to NE and SW on the 

sides as revealed by old workings and drilling (Plimer, 1974; Chang et al., 2017). 

The dominant alteration around the pipes and the pockets is greisen. The alteration and 

ore grades decrease away from the pipes (Fig. 2.3). The greisen alteration mainly comprises 

hydrothermal quartz and muscovite, with minor fluorite and trace calcite. The major W mineral 

is wolframite with minor scheelite replacing wolframite, and molybdenite is the major Mo 

mineral that weathered to ferromolybdenite in places on surface. There are also minor cassiterite, 

bismuth, bismuthinite, pyrrhotite, arsenopyrite, pyrite, chalcopyrite, galena and sphalerite. The 

mineralization and alteration minerals in the Wolfram Camp deposit are divided into 4 stages and 

the paragenesis sequence is summarized in Figure 2.7. The alteration is zoned outwards from the 

pipes-pockets, with proximal quartz-�U�L�F�K���J�U�H�L�V�H�Q�����!���������T�X�D�U�W�]�������W�U�D�Q�V�L�W�L�R�Q�L�Q�J���W�R���P�X�V�F�R�Y�L�W�H-rich 

�J�U�H�L�V�H�Q�����!���������P�X�V�F�R�Y�L�W�H�������W�K�H�Q���D�O�W�H�U�H�G���J�U�D�Q�L�W�H���D�Q�G���G�L�V�W�D�O���I�U�H�V�K���J�U�D�Q�L�W�H�����)�L�J�V���������������������T���D�Q�G���������S���� 

Stage 1: This stage features UST quartz (Fig. 2.5c) outside of pipes-pockets in the roof 

zone of the intrusion, and quartz-K-feldspar pegmatite at the margin of some ore-bearing pipes 

and pockets (Figs. 2.5d).  

Stage 2: This is the main alteration and mineralization stage. Big euhedral quartz (up to 

40 cm in size), muscovite and minor fluorite crystalized in the quartz pipes-pockets. The quartz 

crystals are composed of two generations: the core of Stages 2-1 and the overgrowth of Stage 2-

2. The core and overgrowth are separated by a band of cassiterite, amphibole and minor 

muscovite, which is also revealed by cathodoluminescence images (Fig. 2.8). K-feldspar crystals 

of Stage 1 was replaced by patches of muscovite in this stage (Fig. 2.5c). Outside of the pipes-
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pockets, the granite is mainly altered by quartz, muscovite, albite, and minor chlorite, fluorite 

and topaz. Muscovite replaces feldspars and chlorite replaces magmatic biotite, but where the 

alteration intensity is high, quartz replaces all magmatic minerals. Massive wolframite and 

molybdenite occur in the pipes (Fig. 2.5e). Molybdenite intergrows with wolframite and is thus 

assumed to have formed contemporaneously with the wolframite. Wolframite and molybdenite 

are also disseminated in the greisen and altered granite, but with lower concentrations and 

smaller sizes (Fig. 2.5f). Minor cassiterite crystals (up to 1 mm in size) occur on the surface of 

wolframite and between sheets of wolframite crystals (Fig. 2.5g); therefore, cassiterite is 

interpreted to be later than wolframite. Wolframite inclusions have been only found in the Stage 

2-1 quartz cores, suggesting that it is of Stage 2-1. Cassiterite occurs at the interface of quartz 

core and overgrowth (Fig. 2.5h), which also indicates that it is later than wolframite and 

molybdenite. The quartz overgrowth is post-main mineralization (Stage 2-2). 

Stage 3: This stage is minor and characterized by bismuth, bismuthinite, arsenopyrite, 

pyrrhotite, chalcopyrite, pyrite and minor galena and sphalerite. This assemblage fills the vugs 

and fractures between quartz grains, and some cut across wolframite and molybdenite (Fig. 2.9a-

2.9c). Locally there is pyrite pseudomorphing muscovite (Fig. 2.5i), which also indicates that the 

sulfides were later than Stage 2. Earlier large euhedral quartz crystals of Stage 2 locally are 

surrounded by base metal sulfide minerals (Fig. 2.5j). Arsenopyrite, pyrrhotite and chalcopyrite 

formed slightly earlier than galena, sphalerite, bismuth and bismuthinite, suggested by cross-

cutting relationship (Fig. 2.9d-2.9g). No alteration minerals are identified in this stage. 

Stage 4: This stage is very minor and characterized by calcite and scheelite, both 

containing calcium. Scheelite also formed in this stage by replacing wolframite along the mineral 

margins or as veins in wolframite grains (Figs. 2.5k-2.5n and 2.9h). Calcite occurs in vugs and 

fractures, fills open spaces, and cuts across almost all the minerals in the intrusion as veins. 

Narrow calcite veins (averaging 1 mm in width) also cut across the contact between the James 

Creek Granite and the wallrock sandstone (Fig. 2.5o). Fragments of Stage 2 quartz and Stage 3 

base metal sulfides were locally found as fragments in calcite cements (Fig. 2.9i).  
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Figure 2.5 a. James Creek Granite and Hodgkinson sandstone contact; b. an ore-bearing pocket 
containing vugs, euhedral quartz, and wolframite; c. pegmatite comprising coarse-grained K-
feldspar and quartz at the margin of a pipe, and the K-feldspar has been partially altered by 
muscovite; d. UST quartz in granite; e. coarse-grained molybdenite and wolframite in a quartz 
pipe; f. wolframite and molybdenite occur in greisenized granite; g. cassiterite occurs on 
wolframite crystal surface; h. cassiterite occurs along a growth zone of a hydrothermal quartz 
crystal; i. pyrite pseudomorphed muscovite; j. euhedral quartz crystal surrounded by arsenopyrite 
and pyrrhotite; k. scheelite replaced wolframite; l. scheelite replaced wolframite under UV light; 
m. scheelite occurs between calcite and wolframite; n. scheelite occurs between calcite and 
wolframite under UV light; o. calcite vein cuts across the contact between granite and sandstone; 
p. transitions of muscovite-rich greisen to altered granite; q. transitions of quartz pipe and quartz-
rich greisen. 
Apy: Arsenopyrite; Cal: calcite; Cst: cassiterite; Mo: molybdenite; Po: pyrrhotite; Py: pyrite; 
Qtz: quartz; Sch: Scheelite; Wf: Wolframite. 
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Figure 2.6 Metal contents of sandstone samples at various distance from the granite contact. The 
background compositions (indicated by the shadows) of the elements in sandstones are compiled 
from previous publications (Taylor, 1964; Turekian and Wedepohl, 1961; Yaroshevsky, 2006). 
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Figure 2.7 Alteration and mineralization paragenesis of the Wolfram Camp deposit. 
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Figure 2.8 Cathodoluminescence image (left) and transmitted plan polarized photomicrograph (right) shows two distinctive phases of 
the hydrothermal quartz at Wolfram Camp, and a band of amphibole, muscovite, and cassiterite occurs along the interface. 
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Figure 2.9 Back-Scattered Electron images. a. Native bismuth and arsenopyrite cut across 
wolframite; b. native bismuth and bismuthinite cut across molybdenite; c. native bismuth and 
bismuthinite fill the interstices between wolframite grains; d. native bismuth and bismuthinite 
cuts across arsenopyrite; e. native bismuth and bismuthinite crosscut arsenopyrite; f. native 
bismuth and galena cut across arsenopyrite; g. galena and sphalerite cut across base metal 
sulfides; h. fragments of quartz and arsenopyrite cemented by calcite; i. scheelite replaced 
wolframite along the grain margin. 
Apy: arsenopyrite; Bi: bismuth; Bis: bismuthinite; Cal: calcite; Ccp: chalcopyrite; Gn: galena; 
Mo: molybdenite; Po: pyrrhotite; Qtz: quartz; Sch: scheelite; Sp: sphalerite; Wf: wolframite. 
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Table 2.3 Quantitative mineralogy analysis results (mineral volume percentage) 

Minerals 
WCM15-024  WCD075-7.7  WCD075-32  WCM15-001  
Slightly altered 
granite 

Greisenized 
granite 

Muscovite-rich 
greisen 

Quartz-rich greisen 

Quartz 37.43 57.71 61.35 91.41 

Albite 16.45 7.2 0.06 0.02 

Oligiolcase 11.81 0.32 0.05 0.01 

Orthoclase 29.85 20.1 1.4 0.11 

Muscovite 0.27 8.01 28.97 5.58 

Biotite 0.06 0.07 0.12 0 

Fe-(Mg) oxides 0.03 0.64 2.41 0 

Chlorite 1.6 0.85 1.19 0.01 

Sphalerite 0 0.13 0 0 

Pyrrhotite (Pyrite) 0 0 0.37 0 

Calcite 0.09 0.02 0.14 0 

Fluorite 0.07 0.18 1.55 0 

Rutile 0.04 0.04 0.04 0.06 

Kaolinite 0.37 0.71 0.66 0.06 

Molybdenite 0 1.23 0.01 0 

Bismuth 0 0.02 0 0 

Accessory minerals 0.03 0.02 0.01 0.01 

Others 0.85 1.67 1.26 1.31 

Total 98.96 98.93 99.58 98.6 
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Quantitative mineralogy of greisen alterations 

TESCAN Integrated Mineral Analyzer (TIMA) quantitative mineralogy scanning 

analysis has been conducted on four thin sections representing slightly altered granite (WCM15-

012), greisenized granite (WCD075-7.7), muscovite-rich greisen (WCD075-32) and quartz-rich 

greisen (WCM15-01). The results are shown in Table 2.3 and Figure 2.10. The chemical 

compositions of the plagioclase in the altered samples have been analyzed by electron 

microprobe, and the analytical results are shown in Table 2.4.  

Sample WCM15-012 is a slightly altered granite sample that has the lowest alteration 

intensity among the four samples. It is a relatively fresh pinkish color granite sample found 

adjacent to the greisenized granite zone. Most of the feldspars are unaltered. Compared with the 

mineral composition in the fresh granite (Plimer, 1974), K-feldspar (30.6%) is about 10% lower, 

whereas quartz (38.4%) and plagioclase (29.0%) compositions are slightly higher. The alteration 

at this low level mainly consists of albite (16%, An1-5, Table 2.4), quartz and minor muscovite 

(0.28%) replacing K-feldspar and primary plagioclase (12% remaining, An9-13, Table 2.4). The 

TIMA image (Fig. 2.10) shows that the albitization occurs extensively in the primary plagioclase 

(oligoclase) and K-feldspar. The core of some oligoclase has been replaced by coarse-grained 

rosettes of albite, muscovite, quartz and kaolinite (Fig. 2.10a). The kaolinite was probably 

formed during a later supergene process. Magmatic biotite is replaced by chlorite (2%). No 

sulfides are present.  

In the greisenized granite zone (WCD075-7.7), both K-feldspar and plagioclase have 

been partially altered to muscovite with intergrown quartz and clay minerals, whereas the 

granitic texture is partly preserved in this zone. Compared with the slightly altered granite, less 

K-feldspar (20%) and plagioclase (8%) are preserved, while quartz (58%) hydrothermal 

muscovite (8%) contents are increased. The magmatic oligoclase and K-feldspar has been 

partially replaced by hydrothermal albite (7%; An1-5, Table 2.4, Fig. 2.10b) or largely replaced 

by quartz and muscovite (Fig. 2.10c). There is minor chlorite (1%), molybdenite (1%), and trace 

sphalerite and native bismuth in the sample. 

The muscovite-rich greisen zone represented by sample WCD075-32 that has an even 

higher alteration intensity. This zone occurs closer to the pipes and grades into quartz-rich 

greisen zone. It is a feldspar-free zone that composed of mainly quartz (~60%) and muscovite 

(~30%) with a small amount of interstitial fluorite (~2%). The original feldspars are totally 
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replaced by an assemblage of muscovite, fluorite and quartz. There are also trace pyrite and 

molybdenite. There are wolframite and more molybdenite in this zone but not in this specific 

sample. The Fe oxides in this sample (~2%) are the product of later weathering based on 

microscopic observations.  

Quartz-rich greisen zone occurs adjacent to the ore-bearing quartz pipes as rims up to 5 m 

�Z�L�G�H���D�Q�G���P�D�L�Q�O�\���F�R�Q�V�L�V�W�V���R�I���G�U�X�V�\���P�L�O�N�\���T�X�D�U�W�]�����!�������������P�L�Q�R�U���L�Q�W�H�U�V�W�L�W�L�D�O���P�X�V�F�R�Y�L�W�H, fluorite and 

ore minerals. The quartz grains, averaging 4 mm in size, are extensively fractured and healed by 

later quartz, leaving many fluid inclusions trails. The rocks barely have relict granitic texture. 

The quartz-rich greisen sample WCM15-01 is a core sample about one meter away from an ore-

bearing quartz pipe. It contains 92% quartz, and the rest is mostly muscovite (6%). At such a 

high alteration intensity, hydrothermal fluid altered most of the minerals including feldspar and 

muscovite, with only quartz left. This suggests that the hydrothermal fluid has a high silica 

content as the greisen-related fluids commonly do (Shcherba, 1970; Rakovan, 2007). 

The altered rocks are not uniform, particularly the metallic minerals. The above four 

samples may not fully demonstrate the alteration but show a general trend of mineralogical 

change along with the alteration intensity. 

 

2.6 Geochronology 

Zircon U-Pb dating using Laser Ablation - Inductively Coupled Plasma - Mass 

Spectrometry (LA-ICP-MS) is a reliable method to determine intrusive ages even rocks have 

undergone some alteration and weathering (e.g., Chang et al., 2006; Paton et al., 2010; 

Horstwood et al., 2016). In this study, LA-ICP-MS U-Pb dating has been conducted on zircons 

from three granite samples (WCM15-07, WCM15-18, and WCM15-24) to constrain the 

emplacement age of the intrusion. The analytical details are in Appendix 2B. 

.
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Figure 2.10 Quantitative mineralogy images of four thin sections with increasing degrees of alteration plus volume proportions of 
major minerals. a. The core of an oligoclase replaced by rosettes of albite, muscovite, quartz and kaolinite; b. magmatic K-feldspar 
partially replaced by hydrothermal albite; c. magmatic K-feldspar largely replaced by quartz and muscovite. 
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Table 2.4 Microprobe data of plagioclase (oligoclase and albite) in altered granite 
Sample 
NO. 

Oxides (wt%)  Chemical Formula End member 

SiO2 TiO2 Al 2O3 FeO MnO MgO CaO Na2O K2O SUM Si Ti Al  Fe2+ Mn Mg Ca Na K An Ab Or 

WCD15-
025 Olg-1 

63.65 0 20.66 0.09 0 0 2.31 10 0.62 97.33 2.89 0 1.1 0 0 0 0.11 0.88 0.04 10.8 85.6 3.5 

WCD15-
025 Olg-1 

62.2 0 20.44 0.08 0 0 2.15 9.96 0.55 95.38 2.88 0 1.11 0 0 0 0.11 0.89 0.03 10.3 86.5 3.1 

WCD15-
025 Olg-1 

63.16 0 20.96 0.07 0 0 2.57 10.16 0.25 97.17 2.87 0 1.12 0 0 0 0.13 0.89 0.01 12.1 86.5 1.4 

WCD15-
025 Olg-2 

66.24 0 21.04 0.06 0.03 0 2.07 10.52 0.39 100.35 2.91 0 1.09 0 0 0 0.1 0.89 0.02 9.6 88.3 2.2 

WCD15-
025 Olg-2 

66.71 0 20.86 0.04 0 0 2.03 10.51 0.36 100.51 2.92 0 1.08 0 0 0 0.1 0.89 0.02 9.5 88.6 2.0 

WCD15-
025 Olg-3 

66.44 0 21.09 0.07 0 0 2.37 10.15 0.4 100.52 2.91 0 1.09 0 0 0 0.11 0.86 0.02 11.2 86.6 2.2 

WCD15-
025 Olg-3 

66.13 0 20.91 0.08 0 0 2.32 10.45 0.41 100.3 2.9 0 1.08 0 0 0 0.11 0.89 0.02 10.7 87.1 2.2 

WCD15-
025 Olg-3 

66.16 0 21.18 0.09 0 0 2.3 9.92 0.73 100.38 2.9 0 1.1 0 0 0 0.11 0.84 0.04 10.9 85.0 4.1 

WCD15-
025 Olg-3 

65.85 0 20.48 0.06 0 0 1.96 10.32 0.61 99.28 2.92 0 1.07 0 0 0 0.09 0.89 0.03 9.2 87.4 3.4 

WCD15-
025 Olg-3 

66.4 0 20.83 0.07 0 0 2.21 10.16 0.85 100.52 2.91 0 1.08 0 0 0 0.1 0.86 0.05 10.2 85.1 4.7 

WCD15-
025 Olg-4 

63.01 0 19.81 0.09 0 0 2.31 10.14 0.75 96.11 2.9 0 1.07 0 0 0 0.11 0.9 0.04 10.7 85.1 4.1 

WCD15-
025 Olg-4 

62.42 0 19.92 0.1 0 0 2.45 10.09 0.32 95.3 2.89 0 1.09 0 0 0 0.12 0.91 0.02 11.6 86.6 1.8 

WCD15-
025 Olg-4 

63.21 0 19.93 0.09 0 0 2.39 10.06 0.6 96.28 2.9 0 1.08 0 0 0 0.12 0.89 0.04 11.2 85.4 3.4 

WCD15-
025 Olg-5 

66.24 0 20.93 0.05 0 0 2.1 10.61 0.25 100.18 2.91 0 1.08 0 0 0 0.1 0.9 0.01 9.7 88.9 1.4 

WCD075-
7.7 Ab-1 

68.74 0 19.43 0.28 0 0 0.17 11.87 0.06 100.55 2.99 0 1 0.01 0 0 0.01 1 0 0.8 98.9 0.3 

WCD075-
7.7 Ab-1 

69.29 0 19.31 0.07 0 0 0.09 11.87 0.07 100.7 3.01 0 0.99 0 0 0 0 1 0 0.4 99.2 0.4 

WCD075-
7.7 Ab-2 

68.03 0 19.28 0.16 0 0 0.04 11.75 0.05 99.31 2.99 0 1 0.01 0 0 0 1 0 0.2 99.5 0.3 

WCD075-
7.7 Ab-2 

69.88 0 18.17 0.24 0 0 0.14 11.4 0.06 99.89 3.05 0 0.93 0.01 0 0 0.01 0.96 0 0.7 99.0 0.3 

WCD075-
7.7 Ab-3 

68.85 0 19.55 0.09 0 0 0.25 11.65 0.08 100.47 2.99 0 1 0 0 0 0.01 0.98 0 1.2 98.4 0.4 

WCD075-
7.7 Ab-4 

68.83 0 19.5 0.04 0 0 0.22 11.88 0.08 100.55 2.99 0 1 0 0 0 0.01 1 0 1.0 98.6 0.4 
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Table 2.4 Continued 
WCD15-
024 Ab-1 

64.4 0 19.94 0.13 0 0.01 0.61 10.8 0.41 96.3 2.93 0 1.07 0.01 0 0 0.03 0.95 0.02 3.0 94.7 2.4 

WCD15-
024 Ab-1 

64.03 0 19.96 0.24 0 0.02 0.84 10.65 0.43 96.17 2.93 0 1.08 0.01 0 0 0.04 0.94 0.03 4.1 93.4 2.5 

WCD15-
024 Ab-1 

63.8 0 19.18 0.06 0 0 0.44 10.85 0.47 94.8 2.95 0 1.05 0 0 0 0.02 0.97 0.03 2.1 95.2 2.7 

WCD15-
024 Ab-2 

68.6 0 19.69 0 0 0 0.45 11.55 0.15 100.44 2.99 0 1.01 0 0 0 0.02 0.97 0.01 2.1 97.1 0.8 

WCD15-
024 Ab-2 

69.2 0 19.36 0 0 0 0.11 11.91 0.18 100.76 3 0 0.99 0 0 0 0.01 1 0.01 0.5 98.5 1.0 

WCD15-
024 Ab-2 

68.81 0 19.41 0.02 0 0 0.27 11.56 0.05 100.12 3 0 1 0 0 0 0.01 0.98 0 1.3 98.4 0.3 

WCD15-
024 Ab-2 

69.3 0 19.55 0 0 0 0.26 11.81 0.04 100.96 3 0 1 0 0 0 0.01 0.99 0 1.2 98.6 0.2 

WCD15-
024 Ab-3 

68.14 0 19.77 0 0 0 0.65 11.64 0.14 100.34 2.97 0 1.02 0 0 0 0.03 0.99 0.01 3.0 96.3 0.8 

WCD15-
024 Ab-3 

67.68 0 19.94 0 0 0 1.01 11.14 0.21 99.98 2.96 0 1.03 0 0 0 0.05 0.95 0.01 4.7 94.1 1.2 

WCD15-
024 Ab-3 

67.45 0 19.73 0.02 0 0 0.86 11.26 0.13 99.45 2.97 0 1.02 0 0 0 0.04 0.96 0.01 4.0 95.3 0.7 

WCD15-
024 Ab-3 

68.23 0 19.32 0 0 0 0.47 11.63 0.08 99.73 2.99 0 1 0 0 0 0.02 0.99 0 2.2 97.4 0.4 

WCD15-
024 Ab-3 

68.71 0 19.19 0.1 0 0 0.26 11.85 0.06 100.17 3 0 0.99 0 0 0 0.01 1 0 1.2 98.5 0.3 

WCD15-
024 Ab-3 

68.41 0 19.97 0 0 0 0.74 11.14 0.18 100.44 2.98 0 1.02 0 0 0 0.03 0.94 0.01 3.5 95.5 1.0 

WCD15-
024 Ab-3 

68.41 0 19.23 0.03 0 0 0.27 11.65 0.15 99.74 3 0 0.99 0 0 0 0.01 0.99 0.01 1.3 97.9 0.8 

WCD15-
024 Ab-3 

68.25 0 19.54 0 0 0 0.6 11.57 0.16 100.12 2.98 0 1.01 0 0 0 0.03 0.98 0.01 2.9 96.4 0.9 

WCD15-
024 Ab-3 

68.35 0 19.17 0 0 0 0.34 11.73 0.19 99.78 3 0 0.99 0 0 0 0.02 1 0.01 1.6 97.4 1.0 

WCD15-
024 Ab-4 

64.29 0 18.62 0 0 0 0.58 11.61 0.15 95.25 2.96 0 1.01 0 0 0 0.03 1.04 0.01 2.7 96.5 0.8 

WCD15-
024 Ab-4 

65.01 0 18.89 0 0 0 0.8 11.16 0.15 96.01 2.97 0 1.02 0 0 0 0.04 0.99 0.01 3.8 95.4 0.8 

WCD15-
024 Ab-4 

65.01 0 18.59 0 0 0 0.64 11.31 0.15 95.7 2.98 0 1 0 0 0 0.03 1 0.01 3.0 96.2 0.8 

WCD15-
024 Ab-5 

68.51 0 17.05 0.02 0 0 0.58 11.21 0.05 97.42 2.95 0 1.01 0 0 0 0.03 1.1 0 2.8 96.9 0.3 

WCD15-
024 Ab-5 

69.06 0 17.24 0.05 0 0 0.56 11.38 0.11 98.4 2.95 0 1.01 0 0 0 0.03 1.1 0.01 2.6 96.8 0.6 

Note: The formula is based on total O=8. All Fe is assumed to be Fe2+. 
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All three samples were the James Creek Granite from the surface. WCM15-07 was from 

the open pit, ~3 m away from a quartz pocket. WCM15-18 was ~1 km WNW of WCM15-07, 

close to the contact between granite and rhyolite wallrocks, and the margin of the altered granite 

zone. WCM15-24 is ~1.4 km WNW of WCM15-07, with no alteration based on Short 

Wavelength Infra-Red (SWIR) spectral analysis and petrography. The locations of the three 

samples are noted in Figure 2.2. Fifty zircon grains were dated for WCM15-07, 50 for WCM15-

18, and 52 for WCM15-24. Common Pb was corrected based on the 207Pb method and the Stacey 

and Kramer (1975) model. Concordance was calculated as (206Pb-238U age/207Pb-206Pb age) *100 

following Horstwood et al. (2016). The weighted mean age of Temora 2 was 420.7±3.8 Ma 

(95% confidence interval; MSWD = 1.8) and the GJ-1 607.0±5.9 Ma (95% confidence interval; 

MSWD = 0.64). Both ages overlap with their accepted ages (416.8±1.3 Ma for Temora 2; Black 

et al, 2004; and 602.0±0.4 Ma for GJ-1; Horstwood et al., 2016), indicating the accuracy of the 

dating is acceptable. 

For each sample, a Terra-Wasserburg plot showing all the zircon grains, a plot showing 

only the concordant zircons used for age determination, and a weighted mean plot of the 207Pb-

corrected 206Pb/238U ages of the concordant analyses are shown in Figure 2.11. If a spot analysis 

�K�D�V���W�K�H�����1���H�U�U�R�U���F�U�R�V�V���W�R�X�F�K�L�Q�J���W�K�H���F�R�Q�F�R�U�G�L�D���O�L�Q�H�����H���J�������)�L�J�������������������L�W���L�V���U�H�J�D�U�G�H�G���D�V���D���F�R�Q�F�R�U�G�D�Q�W��

analysis. The ages are determined by starting with the youngest cluster consisting of three 

�F�R�Q�F�R�U�G�D�Q�W���D�Q�D�O�\�V�H�V���Z�L�W�K���W�K�H�L�U�����1���H�U�U�R�U��cross overlapping with each other, then incorporating 

progressively older 207Pb corrected 206Pb/238U concordant ages until the MSWD reaches 1.5. If 

the next older age is the same as the last age, it is also included even the MSWD is slightly 

increased (e.g., sample WCM15-007). The determined ages for the three samples are: WCM15-

007, 310±3 Ma (MSWD = 1.7); WCM15-018, 310±3 Ma (MSWD = 0.9); and WCM15-024, 

315±3 Ma (MSWD = 1.5). The uncertainties are all at 95% confidence level. All the samples 

have many zircons with common Pb (or older components) and/or Pb loss, as indicated by the 

data points away from the concordia (Fig. 2.11). All the samples also have small proportions of 

older concordant zircons, ~10-25 Ma older in WCM15-007, ~20 Ma older in WCM15-018, and 

~20-150 Ma older in WCM15-024. 

As shown in Figure 2.2, the granite samples close to the altered intrusion margin, 

WCM15-007 and WCM15-018, are slightly younger than the sample inside the intrusion 

(WCM15-024). This is probably because this part of the margin is in the roof zone and the 
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magma here contained more water, and the solidus temperature was lower than the inner part of 

the magma chamber. This in turn caused the slightly younger age of the granite in the altered 

margin. 

The mineralization and alteration ages of the Wolfram Camp deposits have been 

previously dated by Cheng et al. (2018). Re-Os dating has been conducted on two molybdenite 

samples hosted in quartz pipes, and the ages are 306±3 Ma and 306±2 Ma, with the uncertainties 

at 95% confidence level. Hydrothermal muscovite from two greisenized granite samples were 

dated using the Ar-Ar method, and the ages are 305±3 Ma and 308±3 Ma (95% confidence 

level). As shown in Figure 2.12, even though there are minor overlaps between the dates as 

limited by the dating techniques, the zircon U-Pb dating results suggest that the intrusion was 

emplaced ~4 million years earlier than the greisen alteration and W-Mo mineralization. 

 

2.7 Fluid-inclusion studies and deposit formation P-T conditions 

Petrography studies and micro-thermometric measurements of the fluid inclusions have 

been carried out on Stage 1 UST quartz (Fig. 2.5e) in the intrusion and Stage 2 hydrothermal 

quartz crystals from ore-bearing quartz pipes. No fluid inclusions were found in Stage 2 

wolframite and Stage 4 calcite and scheelite. The results are shown in the histogram in Figure 

2.13 and in Appendix 2C.  

The Stage 2 quartz samples contain two generations of quartz (Stage 2-1 and Stage 2-2), 

and a band of cassiterite, amphibole and minor muscovite at the interface (Figs. 2.5i and 2.8). 

The fluid inclusions in the Stage 2-2 overgrowth milky quartz are much more abundant than that 

in the Stage 2-1 smoky quartz core. The micro-thermometric measurements were conducted on 

75 fluid inclusions assemblages (FIA), and the salinities of fluid were calculated using the 

equations for NaCl-H2O system given by Bodnar (1993). 
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Figure 2.11 Terra-Wasserberg and weighted average plots showing the results of zircon U-Pb dating of the James Creek 
G�U�D�Q�L�W�H�����(�U�U�R�U���F�U�R�V�V�H�V���D�Q�G���E�D�U�V���V�K�R�Z�Q���D�W�����1���O�H�Y�H�O�� 
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Figure 2.12 Summary of dating results on granite emplacement, hydrothermal alteration and 
mineralization of the Wolfram Camp deposit. Molybdenite Re-Os and muscovite Ar-Ar dating 
results from Cheng et al. (2018). 

 

Fluid inclusions in the Stage 2-2 quartz are all liquid-vapor type, and mostly primary 

inclusions in parallel trails generally formed along the quartz’s growth zoning (Fig. 2.14a and 

2.14b). These inclusions are maximum 20 µm across, and the vapor bubbles are in average 20 

vol% of the inclusions. The eutectic temperatures were measured on 8 FIAs and are in the range 

of -24.5 to -23.5°C, indicating that the fluids are of H2O-NaCl-KCl system (Shepherd et al., 

1985). The last ice melting temperatures of 26 FIAs are -4.1 to -2.7°C, based on which the 

salinities are calculated to be 4.5-6.6 wt. % NaClequiv with a mode of 5.1 wt. %. The FIAs 

homogenized to liquid, and the Th are 215- 240°C with a mode of ~225°C (Fig. 2.13).  

In Stage 2-1 quartz core there are two types of fluid inclusions. Type I inclusions are 

bigger (up to 80 µm across), with hexagonal negative crystal shape, and are mostly distributed in 

�F�O�X�V�W�H�U�V�����7�K�H�V�H���L�Q�F�O�X�V�L�R�Q�V���K�D�Y�H���U�H�O�D�W�L�Y�H�O�\���E�L�J���E�X�E�E�O�H�V���W�K�D�W���P�D�N�H���X�S���!���������R�I���W�K�H�L�U���W�R�W�D�O���Y�R�O�X�P�H��

(Fig. 2.14d). The eutectic temperatures were measured on 16 FIAs and range from -24.7 to -

21.1°C. Twenty-one FIAs were measured. The last ice melting temperatures are -4.2 to -2.7°C 

and the mode is -3.3°C. The salinity calculated based on this mode salinity is ~5.5 wt. % 

NaClequiv. The Th are 390-435°C with a mode of 425°C (Fig. 2.13). Type II inclusions are liquid-

rich liquid-vapor secondary inclusions occurring in trails cutting across the growth zones of the 

quartz. Their shapes are irregular, and the sizes are up to 15 µm (Fig. 2.14c). The liquid/vapor 

ratio in the inclusions are similar to those in Stage 2-2 overgrowth quartz. The micro-

thermometric measurements have been conducted on 18 FIAs. The eutectic temperatures range 

from -24.5 to -23.5°C. Two FIAs have very low Th (~100°C). Other FIAs have similar last ice 
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melting and homogenization temperatures as those in Stage 2-2 quartz: -4.0 to -2.3°C (mode: -

3.1°C) and 175 to 225°C (mode: 223°C), respectively (Fig. 2.13). 

In Stage 1 UST quartz, there are secondary fluid inclusions with very similar properties 

as those in Stage 2-1 quartz. The primary fluid inclusions are along growth zones. The FIAs in 

parallel chains contain fluid, fluid and mineral crystals (e.g., mica, Fig. 2.14e and 2.14f). The 

crystallization of the minerals in the inclusions may significantly change the volume of the 

inclusions, therefore the ones containing solid minerals are not used. The eutectic temperatures 

were measured on 3 FIAs and range from -24.5 to -21.7°C. The last ice melting temperature and 

Th measurements were only conducted on 12 inclusions within the growth zoning that 

containing only fluids (Fig. 2.14f). Their Th are 322 to 328°C, with last ice melting temperatures 

of -3.8°C, and salinities of ~6.2 wt.% NaClequiv (Fig. 2.13). 

To obtain the formation (or trapping) temperatures of the various fluid inclusions, 

formation pressures are needed. UST quartz typically form in the magmatic-hydrothermal 

transitional stage right before the adjacent melts solidifies (Lowenstern and Sinclair, 1996; 

Kirwi n, 2005). In Wolfram Camp, the solidus line of the water-saturated James Creek Granite 

has been calculated to constrain the formation pressure of the earliest primary fluid inclusions in 

State 1 UST quartz based on the whole rock composition of the granite. The method is described 

in Appendix 2D. The solidus line is plotted on the Temperature-Pressure phase diagram of the 

H2O-NaCl system with a salinity of 5.5 wt% NaClequiv, together with the Th and isochore of FIAs 

in Stage 1 UST quartz, Stage 2-1 syn-mineralization quartz and Stage 2-2 post-mineralization 

quartz (Fig. 2.15), based on the mode Ths and fluid densities of each stage. It is reasonable to use 

the 5.5 wt% NaClequiv system, as all the fluids had mode salinities close to this value (State 1, 6.2 

wt% NaClequiv; Stage 2-1 primary, 5.5 wt% NaClequiv, and Stage 2-2, 5.1 wt% NaClequiv). The 

positions of the phase boundaries and the isochore positions are from Steele-Maclnnis et al. 

(2012) and Bodnar (1993).  
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Figure 2.13 Frequency distribution of homogenization temperatures and salinities of fluid inclusions hosted by the UST quartz, Stage 
2-1 quartz and Stage 2-2 quartz.
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Figure 2.14 Photomicrographs of typical fluid inclusions in this study. a and b. Primary liquid-
rich fluid inclusions in the Stage 2-2 overgrowth quartz; c, secondary liquid-rich inclusions 
hosted by the Stage 2-1 ore-bearing quartz core; d. fluid inclusi�R�Q�V���Z�L�W�K���!�������Y�R�O�����Y�D�S�R�U�����K�R�V�W�H�G��
in Stage 2-1 ore-bearing quartz core; e. growth zoning of Stage 1 UST quartz; f. fluid inclusions 
in growth zones of Stage 1 UST quartz.  
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Figure 2.15 Estimation of trapping temperatures and pressures of fluids based on thermometric 
data, phase diagram of H2O-NaCl system with 5.5 wt% NaCl (Bodnar, 1993), and the solidus 
line of the James Creek Granite (see Appendix 2D). The red isochore represents the fluid 
inclusions in Stage 1 UST quartz; the purple isochore represents Stage 2-1 quartz, and the blue 
isochore represents Stage 2-2 quartz.  
H: halite; L: liquid; V: vapor.  
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Since the UST quartz grew just before the magma solidified, the intersection of the Stage 

1 fluid isochore and the solidus is the minimum but approximate formation temperature of UST 

quartz, or the trapping temperature of the fluid inclusions in the UST quartz. This temperature is 

660°C. The formation/trapping pressure is also estimated from the phase diagram to be ~3,300 

bar (Fig. 2.15). These conditions are typical for early hydrothermal fluids in pegmatites 

worldwide, summarized in Appendix 2E (~400-670°C and 2.1-5.6 kbar). For fluid inclusions in 

the Stage 2-1 syn-mineralization, their trapping temperature should be lower than that of the 

Stage 1 UST quartz (660°C) but higher than their homogenization temperatures with a mode of 

425°C. The formation pressures range from the homogenization pressure of 350 bar to the 

maximum of 1,510 bar (Fig. 2.15). From Stage 1 to Stage 2-1, the formation pressure dropped 

significantly. Similar with Stage 2-1 to Stage 2-2, the formation pressure will likely drop too; 

therefore, 1,510 bar will also be the maximum pressure for Stage 2-2 fluids. Based on the phase 

diagram, it would be inferred that the maximum formation temperature of Stage 2-2 fluids is 

320°C (Fig. 2.15). Their minimum formation temperatures are their Ths with a mode of 225°C. 

Stage 3 and 4 fluids can be inferred to be progressively lower even no fluid inclusion studies 

have been done due to the lack of fluid inclusions. 

 

2.8 Stable isotope studies and the fluid sources 

Stable isotopes of O, H, S and C are used in this study to infer the sources of 

hydrothermal fluids, sulfur in sulfides, and carbon in calcite. Oxygen-hydrogen isotope 

compositions of muscovite and the O isotopes of wolframite were measured at the laboratories of 

the USGS Crustal Geophysics and Geochemistry Science Center in Denver (USA). The S 

isotopes of arsenopyrite, pyrrhotite and pyrite were analyzed at Central Science Laboratory at 

University of Tasmania. The C-O isotopes of hydrothermal calcite and the C isotopes of organic 

C in sandstone samples were analyzed at the Advanced Analytical Centre’s Environmental 

Isotope Laboratory at James Cook University, Cairns, Australia. The analytical details are 

documented in Appendix 2F. All results are reported in per mil relative to the following 

standards: Standard Mean Ocean Water (SMOW) for hydrogen and oxygen, Cation Diablo 

Troilite (CDT) for sulfur, and Pee Dee Belemnite (PDB) for carbon. 
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2.8.1 Hydrogen and oxygen isotopes 

The H-O isotopic ratios of 12 greisen muscovite samples, and the oxygen isotopic 

compositions of eight wolframite samples were measured. The results are shown in Tables 2.5 

�D�Q�G�������������7�K�H���P�X�V�F�R�Y�L�W�H���/18�2���Y�D�O�X�H�V���D�U�H�������������W�R�����������Å���Z�L�W�K���D�Q���D�Y�H�U�D�J�H���R�I�����������Å�����D�Q�G���W�K�H���/�'��

values -61.5 to -66.1‰ with an average of -���������Å�����7�K�H���/18O values of wolframite vary from 

+1.5 to +3.1‰ with an average of +2.1‰. The �/18�2���D�Q�G���/�'���Y�D�O�X�H�V���R�I���+2O in equilibrium with 

muscovite and wolframite (no H isotopes) were calculated using the equations below:  

� ̃ 1000In�== 
F22.1

k�5�4�2
o

�X�. + 19.1 = �ADmuscovite
F�ADH2O (applicable temperature range: 

400~800°C, Suzuoki and Epstein, 1976) 

� ̃ 1000In�== 2.38

k�5�4�2
o

�X�. 
F3.89= �A18Omuscovite
F�A18OH2O (applicable temperature range: 

400~650°C, O’Neil and Taylor, 1969) 

� ̃ 1000In�== 3

k�5�4�2
o

�X�. 
F9.9 = �A18Owolframite
F�A18OH2O (applicable temperature range is not 

provided, Landis and Rye, 1974) 

The temperature used is from fluid inclusion studies. The formation temperatures of 

Stage 2-1 syn-mineralization quartz are constrained between 425°C and 660°C; therefore, the 

calculations were conducted at both temperatures. At 425 °C, the calculated water �/18O value is 

�����������W�R�����������Å���D�Q�G���/�'���Y�D�O�X�H -39.7 to -34.1‰. Asuming 660°C, the �/18O values range from +9.4 

to +10.6‰ and �/�'���Y�D�O�X�H�V���U�D�Q�J�H�V���I�U�R�P -59.8 to -54.1‰. For the whole 425-660 °C range, the 

water isotopic compositions range from -34‰ to -60‰ for hydrogen and +7.3‰ to +10.6‰ in 

oxygen, and the wolframite calculated water oxygen isotopic ratios are +5.2 to +9.6‰. These 

values are mostly within the magmatic wa�W�H�U���U�D�Q�J�H�����/�'����-40 to -�����Å���D�Q�G���/18O: 5-10‰; Taylor, 

1997) as shown in Figure 2.16 regardless the temperatures used for the calculations. These data 

indicate that the hydrothermal fluids of Stage 2 were magmatic in origin. 
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Table 2.5 Oxygen isotopic compositions of wolframite and the water in equilibrium with them 
(fractionation parameters from Landis and Rye, 1974) 

Sample ID Delta 18O (‰) 18�2�����Å�����H�T�X�L�O�L�E�U�L�X�P���W�R���Z�D�W�H�U���D�W�����������Û�& 18O (‰) �H�T�X�L�O�L�E�U�L�X�P���W�R���Z�D�W�H�U���D�W�����������Û�& 
WCD073-8.5 3.1 6.8 9.6 
WCM15-009 1.5 5.2 8.0 
DRD06-112 2.4 6.1 8.9 
WCM17-010 2.0 5.7 8.5 
WCM15-020 1.6 5.3 8.1 
WCM15-014 2.2 5.9 8.7 

 

 

 

 

 

Table 2.6 �/18O and �/D of muscovite in greisen and the water in equilibrium with them 
(fractionation parameters from Suzuoki and Epstein, 1976, and O’Neil and Taylor, 1969) 

Sample ID  �/D (‰) �/ 18O (‰) �/D (‰) of water 
�����������Û�&�� 

�/D (‰) of water 
�����������Û�&�� 

�/18O (‰) of water 
�����������Û�&�� 

�/18O (‰) of water 
�����������Û�&�� 

WCM15-008 -64.6 8.6 -38.3 -58.3 7.7 9.8 
WCM15-002 -65.1 8.4 -38.8 -58.8 7.5 9.6 
WCM15-010 -60.4 8.2 -34.1 -54.1 7.3 9.4 
WCM15-014 -65.2 9.4 -38.9 -58.9 8.5 10.6 
WCM15-020 -63 9.3 -36.7 -56.7 8.4 10.5 
WCM15-021 -66 8.4 -39.7 -59.7 7.5 9.6 
DRD014-103 -66.1 9.3 -39.8 -59.8 8.4 10.5 
WCMGT03-21 -62.6 8.4 -36.3 -56.3 7.5 9.6 
DRD05-68 -61.5 8.8 -35.2 -55.2 7.9 10.0 
WCD021-44 -63.9 9.3 -37.6 -57.6 8.4 10.5 
WCM073-021 -62.5 8.6 -36.2 -56.2 7.7 9.8 
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Figure 2.16 �:�D�W�H�U���L�V�R�W�R�S�L�F���F�R�P�S�R�V�L�W�L�R�Q�V�����/�'���D�Q�G���/18O) calculated from wolframite O isotopic 
ratios and muscovite H-O isotope compositions. 

 

 

Figure 2.17 S isotopic compositions of H2S in equilibrium with sulfide minerals at Wolfram 
Camp. 
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2.8.2 Sulfur isotope 

The sulfur isotope study focused on Stage 2 molybdenite and Stage 3 arsenopyrite, 

pyrrhotite and pyrite. Eighteen samples have been analyzed and the data are shown in Table 2.7 

and Figure 2.17. The data are in a narrow range of -0.55 to +5.89‰ with an average of +3.04‰. 

Based on the fluid inclusion studies, the formation temperatures of Stage 2 are 425 to 

660°C. The �/34S values of H2S in equilibrium with the molybdenite are calculated to be -1.45 to 

+4.03‰ with the above temperature range and the following equation: 

� ̃ 1000In�== 0.450

k�5�4�2
o

�X�. = �A18O(molybdenite) - �A18O(H2S) (the applicable temperature range 

is not provided; Ohmoto and Rye, 1979) 

The �/34S values of H2S in equilibrium with the sulfide minerals of Stage 3 (i.e., 

arsenopyrite, pyrite and pyrrhotite) are calculated to be -0.30 to +4.69‰ with an estimated 

temperature range of 200 to 300°C and the following equations: 

� ̃ 1000In�== 0.400

k�5�4�2
o

�X�. = �A18O(pyrite) - �A18O(H2S) (applicable temperature range: 200-

700°C; Ohmoto and Rye, 1979) 

� ̃ 1000In�== 0.100

k�5�4�2
o

�X�. = �A18O(pyrrhotite) - �A18O(H2S) (applicable temperature range: 200-

600°C; Ohmoto and Rye, 1979) 

There is no �/ 34S equation for arsenopyrite-H2S fractionation, so the �/34S values of H2S in 

equilibrium with the arsenopyrite was calculated based on the pyrite-H2S equation above. 

Typical magmatic sulfur isotopic values of H2S are about 0‰ and usually in the range of 

-2 to +2‰, while when the igneous unit is relative oxidized, the isotopic values in the magmatic 

exsolved fluid may range up to +5‰ (Ohmoto, 1972; Rolllinson, 1993). At Wolfram Camp, the 

calculated S isotopic values of the H2S are all in a small range of -1.45 to +4.69‰ (Fig. 2.17). 

These values match magmatic sulfur isotopic values discussed above, indicating that the S was 

derived from magma. Although Hodgkinson Formation sedimentary rocks of Devonian age may 

contain pyrite with similar S isotope compositions (Chang et al., 2008; Poblete, 2019), the 

alteration and mineralization of Wolfram Camp is dominantly hosted inside the intrusion with 

little external water involvement; therefore, the possibility of sedimentary S getting inside the 

intrusion is low. 
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Table 2.7 �/34S of sulfides at Wolfram Camp and H2S in equilibrium with them (fractionation 
parameters from Ohomoto and Rye, 1979) 
Sample ID Mineral �/34S (‰) �/34S (‰) of 

H2S (200°C) 
�/34S (‰) of 
H2S (300°C) 

�/34S (‰) of 
H2S (425°C) 

�/34S (‰) of 
H2S (660°C) 

WCM15-008 Molybdenite 3.25 - - 2.35 2.75 

WCM15-014-1 Molybdenite 3.78 - - 2.88 3.28 

WCM15-014-2 Molybdenite 3.69 - - 2.79 3.19 

WCM15-020 Molybdenite 3.21 - - 2.31 2.71 

WCM15-023 Molybdenite 4.53 - - 3.63 4.03 

DRD05-68 Molybdenite 3.37 - - 2.47 2.87 

DRD05-150 Molybdenite -0.55 - - -1.45 -1.05 

WCM17-010-Mo Molybdenite 2.07 - - 1.17 1.57 

WCM15-20-1 Arsenopyrite 2.66 0.86 1.46 - - 

WCM15-20-2 Arsenopyrite 5.89 4.09 4.69 - - 

WCD022-23.4 Arsenopyrite 5.04 3.24 3.84 - - 

WCM17-010-Aspy Arsenopyrite 3.2 1.40 2.00 - - 

DRD04-103 Pyrite 2.33 0.53 1.13 - - 

DRD06-112 Pyrite 1.5 -0.30 0.30 - - 

WCM17-010-Po-1 Pyrrhotite 1.78 1.38 1.48 - - 

WCM17-010-Po-2 Pyrrhotite 2.3 1.90 2.00 - - 

WCM17-010-Po-3 Pyrrhotite 2.25 1.85 1.95 - - 

WCM17-010-Po-4 Pyrrhotite 4.35 3.95 4.05 - - 

 

 

Table 2.8 �/13�&���D�Q�G���/18O values of hydrothermal calcite and H2O and CO3
2- in equilibrium with 

them (fractionation parameters from Kim and O’Neil, 1997, and Ohmoto and Rye, 1979) 
Sample ID �/13C(‰)VPBD �/18O(‰)VPBD �/18O(‰)SMOW �/18O(‰) of water in 

equilibrium with calcite 
at 200°C 

�/13C(‰) of to CO3
2- in 

water in equilibrium 
with calcite at 200°C 

DRD02-44 -5.08 -18.18 12.2 6.5 -7.4 
DRD04-144 -10.24 -17.61 12.8 7.1 -12.5 
DRD05-105 -5.51 -18.19 12.2 6.5 -7.8 
DRD05-125A -9.9 -19.1 11.2 5.5 -12.2 
DRD05-125B -11.68 -20.33 10.0 4.3 -14.0 
DRD05-190 -6.3 -16.5 13.9 8.2 -8.6 
DRD06-105 -5.5 -15.6 14.8 9.1 -7.8 
WCM15-008 -0.87 -17.25 13.1 7.4 -3.2 
WCD015-020 3.8 -14 16.5 10.8 1.5 
WCD021-38A 0.9 -15 15.4 9.7 -1.4 
WCD021-38B 3.13 -15.21 15.2 9.5 0.8 
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2.8.3 Carbon and oxygen isotope 

The C-O isotopic compositions of Stage 4 hydrothermal calcite were analyzed in 11 

samples taken from inside the intrusion. �7�K�H�U�H���D�U�H���O�D�U�J�H���Y�D�U�L�D�W�L�R�Q�V�����W�K�H���/18O values range from 

�����������Å���W�R���������������Å�����D�Q�G���W�K�H���/13C values -11.7 to +3.8‰ (Table 2.8). Three black Hodgkinson 

Formation sandstone wallrock samples containing organic carbon were sent for C isotopic 

analysis of the organic matter. Only one sample contains more than 0.02% organic carbon, the 

�P�L�Q�L�P�D�O���U�H�T�X�L�U�H�P�H�Q�W���R�I���W�K�L�V���W�\�S�H���R�I���D�Q�D�O�\�V�L�V�����,�W�V���/13C value is -28.33‰.  

The calcite in Wolfram Camp formed simultaneously with scheelite, and the formation 

temperatures of scheelite are mostly no lower than 200°C (Wood and Samson, 2000). The 

primary fluid inclusions in an earlier Stage 2-2 quartz were homogenized at around 225°C. 

�+�H�Q�F�H�����W�K�H���F�D�O�F�L�W�H���I�R�U�P�D�W�L�R�Q���L�V���H�V�W�L�P�D�W�H�G���D�W���������ƒ�&�����7�K�H���/18O of H2�2���D�Q�G���W�K�H���/13C of CO3
2-

 in 

water that was in equilibrium with the calcite samples are respectively calculated to be +4.3 to 

+10.8 ‰ and -14.0‰ to +1.5‰ with this estimated temperature and the following equations: 

� ̃ 1000In�== 18.030

k�5�4�/ 
o

�X

F32.42 = �A18O(calcite) - �A18O(H2O) (applicable temperature 

range: 25~350°C, Kim and O’Neil, 1997) 

� ̃ 1000In�== 
F0.8910

k�5�4�5
o

�X�/ + 8.557

k�5�4�2
o

�X�. 
F18.110

k�5�4�/ 
o

�X
+ 8.27 = �A13C(calcite)
F�A13C (CO2) 

(applicable temperature range: <600°C, Ohmoto and Rye, 1979) 

� ̃ 1000In�== 
F0.8360

k�5�4�5
o

�X�/ + 8.196

k�5�4�2
o

�X�. 
F17.660

k�5�4�/ 
o

�X
+ 6.140 = �A13C(CO3

2-)
F�A13C(CO2) 

(applicable temperature range: <100°C, Ohmoto and Rye, 1979) 

So far there is no valid �A13C equation for CO2-CO3
2- fractionation at temperature higher 

than 100°C, so extrapolating the temperature range of the equation of Ohmoto and Rye (1979) to 

200°C produces the most reasonable results in this case. 

The calculated �/18�2���D�Q�G���/13C values of hydrothermal fluids in equilibrium with the 

calcite samples are +4.3 to +10.8‰ and -14.0 to +1.5‰, respectively. These values are plotted in 

Figure 2.18. Also plotted are the various possible sources of O and C for the hydrothermal fluids: 

magmatic hydrothermal fluids, meteoric waters, and minor marine carbonate layers and organic 

matters in the Devonian Hodgkinson Formation. The magmatic hydrothermal fluids have �/13C of 

-8‰ to -4‰, and �/18O of +5 to +10‰ (Taylor et al., 1967; Barnes et al., 1978). It has to be 

assumed that the CO3
2- in water has the same C isotope compositions as that of magmatic CO2 at 

�K�L�J�K���W�H�P�S�H�U�D�W�X�U�H�V�����!������°C according to fluid inclusion constraints reported above), as no 
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fractionation e�T�X�D�W�L�R�Q���I�R�U���!������°C is available. Regarding the meteoric water source, northeast 

Queensland was at about 45°S when the deposit formed at ~306 Ma (Zhao et al., 2018), and the 

�/18O values of meteoric waters at this latitude are generally below -5‰ (Fricke and O’Neil, 

1999). The measured �/13C of organic carbon at Wolfram Camp is -28.33‰, consistent with that 

of sedimentary organic matter (-25‰ to -30‰) reported by Rollinson (2014). There is no 

fractionation when solid organic matter is converted to CO2 gas that consequently dissolves in 

groundwater to form CO32-, the direct C species in water to form calcite, therefore �/13C values of 

CO3
2- in groundwater are taken as -25‰ to -30‰. Regarding the marine carbonates, Sheilds and 

Veizer (2002) reported that the carbon and oxygen isotopic compositions of Devonian marine 

carbonates are -4 to +9‰ and +17 to +38‰, respectively. 

 

Figure 2.18 Plots �R�I���F�D�O�F�X�O�D�W�H�G���/13C (aqueous CO32-�����D�Q�G���/18O (H2O) values based on the 
hydrothermal calcite samples in the Wolfram Camp deposit (yellow dots). For the O and C 
sources (red and grey boxes), please see text. 

 

As shown in Figure �������������W�K�H���S�O�R�W�V���R�I���W�K�H���F�D�O�F�X�O�D�W�H�G���/13C (aqueous CO32-�����D�Q�G���/18O (H2O) 

values fall in a line between groundwater and marine carbonates, with pure magmatic source 

located in the middle of the line. Two hypotheses can be proposed to explain this pattern. First, 

the fluids were groundwater that dissolved various amount of carbonate in the sandstone, and the 

linear pattern is a mixing line between the two endmembers. This is consistent with the low CO2 

contents of felsic magmas (Lowenstern, 2001). The second hypothesis is that the fluids were 



 57 

originally magmatic, then their isotopic compositions were modified by interacting with the 

groundwater and the carbonates in the surrounding sandstone. The groundwater decreased the 

�/13C and �/18O values of some magmatic waters whereas the interlayered limestone increased the 

�/13C and �/18O values of some other magmatic waters. The two types of waters then had to get 

into the intrusion separately and each precipitated calcite. Nevertheless, the C-O isotopic data 

suggest the compositions of the Stage 4 fluids have been largely affected by the local 

Hodgkinson Formation, which is consistent with the geologic observation that calcite veins cut 

across the contact between the James Creek Granite and the wallrock. 

 

2.9 Discussion 

 

2.9.1 Causative intrusion 

The causative intrusion for the Wolfram Camp deposit is the James Creek Granite. This 

is revealed by several lines of evidence. Geologically, the greisen alteration and mineralization 

are all confined in the roof zone of the James Creek Granite. Unlike porphyry style 

mineralization, the mineralization of Wolfram Camp does not occur in veinlets but in pipes and 

pockets. The large grain sizes of the quartz, K-feldspar, wolframite, molybdenite, native bismuth 

and other minerals in the pipes and pockets make it a pegmatite. This also proved by the 

muscovite O-H isotope compositions with the water in equilibrium with muscovite plotted in the 

�P�D�J�P�D�W�L�F���Z�D�W�H�U���E�R�[���L�Q���W�K�H���/18O - �/�'���S�O�R�W���I�R�U���D�O�O���W�K�H���S�R�V�V�L�E�O�H���W�H�P�S�H�U�D�W�X�U�H�V����������-660°C) (Fig. 

���������������:�D�W�H�U���L�Q���H�T�X�L�O�L�E�U�L�X�P���Z�L�W�K���Z�R�O�I�U�D�P�L�W�H���K�D�V���/18O values of 5.2-9.6‰, which is also in the 

magmatic water range of 5-�����Å�����7�K�H���/34S values of -0.55 to +5.89‰ for Stage 3 sulfides are 

also compatible with a magmatic sulfur source. In addition, the moderately oxidized and highly 

fractionated nature of the James Creek Granite is consistent with the W-Mo mineralization (Fig. 

2.4d; Blevin and Chappell, 1992). All these suggest that the host rock of the deposit, the James 

Creek Granite, is also the causative intrusion. 

 

2.9.2 Lifetime of the ore-forming magmatic-hydrothermal system of Wolfram Camp 

There are a few unusual features of the deposits. The three zircon U-Pb ages of the James 

Creek Granite (310±3Ma, 310±3Ma, 315±3 Ma) are about 4 m.y. older than the muscovite Ar-Ar 

ages (308±3 Ma and 305±3 Ma) and the molybdenite Re-Os ages (306±2 Ma and 306±3 Ma) 
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reported by Cheng et al. (2018), which appears to be contradictory to the geological and 

geochemical evidence that show the granite being the causative intrusion. The formation 

pressure of Stage 1 UST quartz (~3,300 bar) is much higher than the formation pressure of Stage 

2-1 quartz and mineralization (maximum 1,510 bar). Assuming lithostatic pressures for both 

stages and a rock density of 2.75 g/cm3, the pressure difference would mean a depth difference of 

~6.5 km. These seemingly surprising features are explained by the fact that the magma chamber 

of the James Creek Granite was not broken. This is supported by the following observations: 1) 

There is no mineralization, apparent hydrothermal alteration or veins/veinlets in the sedimentary 

rocks surrounding the intrusion. 2) No porphyritic texture has been found in the James Creek 

Granite. If magmatic water had left the magma chamber, it would have taken away a lot of heat 

and caused pressure quenching to produce porphyritic textures (Burnham, 1997). 3) The stable 

isotopic ratios of the hydrothermal minerals indicate that the pre/syn-mineralization 

hydrothermal fluids were purely magmatic without mixing with any meteoric water. The non-

breaching of the magma chamber could have been caused by insufficient water exsolution from 

the melt (Burnham, 1997). The granite contains magmatic biotite, which indicates that the melt 

�F�R�Q�W�D�L�Q�H�G���!���������Z�W�����+2O (Burnham, 1997), so there is no shortage of water in the melt. 

Therefore, the only possible reason is that the water solubility in the melt was too high, which 

causes less water to exsolve and a later exsolution timing (Burnham, 1997). Water solubility in 

melt is mainly controlled by pressure with a positive correlation (Burnham, 1997), and the high-

water solubility indicates high pressure and greater depth. This indeed is consistent with the 

depth estimation of the Stage 1 UST quartz (~12 km), and the W-Mo mineralization which 

requires a late water exsolution timing (Burnham, 1997). This also explains the small size of the 

deposit compared with W deposits associated with shallow intrusions (e.g., Zhuxi, China ~2.7 

Mt W; Pan et al., 2018a; Chang et al., 2019), as only a small amount of water exsolved from the 

magma. 

With the hydrothermal fluids confined in the large intrusion (James Creek Granite) 

located at great depth (12 km) where the geothermal gradient (assuming 35°C/km for an active 

tectonic setting as evidenced by the voluminous igneous rocks in the region) would make the 

ambient rock 420°C, the cooling rate is much smaller. The ore-forming pegmatite-greisen system 

may have a much longer lifetime compared with porphyry systems typically occurring at shallow 

depths (e.g., ~50,000 year for one single deposit and ~200,000 year for the whole OK Tedi 



 59 

district, PNG; Pollard et al., 2021), in which the ambient rocks are cold and brittle, and magmatic 

water leaves the magma chamber and takes away a lot of heat. 

The zircon U-Pb age of the James Creek Granite is about 4 m.y. older than the muscovite 

Ar-Ar ages and the Re-Os ages of molybdenite reported by Cheng et al. (2018). The closure 

temperature of the Re-Os system for molybdenite is typically about 500°C (Suzuki et al., 1996), 

and the Ar-Ar system in muscovite closes at about 380°C (Hames and Bowring, 1994; Parrish, 

2001). U-Pb isotopic system in natural zircon typically have a higher closure temperature greater 

than 950°C (Lee et al., 1997; Flowers et al., 2005). Previous geochronology studies suggested 

some magma chambers of granitoid batholiths can take more than 15 m.y. to cool down to mica 

Ar-Ar blocking temperature after emplacement (Tilling et al., 1968; Shi et al., 2006; Scharer et 

al., 1990; Weinberg and Dunlap, 2000; Parrish, 2001). By studying the magma behavior and 

batholith emplacement processes, Pitcher (1975) concluded that the construction of a composite 

batholith takes up to 70 m.y. Therefore, the age difference between the muscovite, molybdenite 

and zircons suggests the James Creek Granite cooling through the closure temperature of Re-Os 

system for molybdenite and Ar-Ar system for muscovite occurred ~4 m.y. after the emplacement 

of the intrusion. This suggests the magmatic-hydrothermal system in the James Creek Granite 

had a long lifetime. 

 

2.9.3 Uplift  

The fluid inclusion studies suggest the formation pressure of the syn-mineralization 

quartz (Stage 2-1; ~1,510 bar) is much lower than that of the Stage 1 UST quartz (~3,300 bar) 

(Figure 2.15). Pressure decrease in a magmatic hydrothermal deposit could be caused by the 

change from lithostatic pressure to near hydrostatic pressure when the magma chamber is broken 

and magmatic fluids initially confined in the magma chamber get connected to the fracture 

system in the surrounding rocks (e.g., the Baiyinnuo’er skarn deposit, Shu et al., 2017; and the 

Haobugao skarn deposit, Shu et al., 2021), but this is not the case at Wolfram Camp. At this 

deposit, the magma chamber was not broken, and the magmatic hydrothermal fluids was 

confined in the chamber; therefore, they were all under lithostatic pressure. Such a pressure drop 

recorded by fluid inclusions in pegmatites is commonly an indicator of the uplift of whole 

magma chamber (Taylor et al., 1979; Chakoumakos and Lumpkin, 1990; Lu and Lottermoser, 

1997; Smerkekanicz and Dudas, 1999).  
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In the Wolfram Camp deposit, the depth of the Stage 1 quartz is estimated formed at 12 

km and, for the Stage 2-1 quartz, ~5.5 km. This indicates a ~6.5 km uplift during the lifetime of 

the Wolfram Camp deposit. This may appear unusual but considering the long life of the system 

(~4 m.y.), the uplift rate of ~1.6 mm/year is normal for an active tectonic zone. 

Active tectonic zones are expected to have high uplift and exhumation rates, due to the 

generation of voluminous magma. The ascending of large volume of magmas will push up the 

crust. The high topography caused by the uplift and intensive volcanism in turn facilitates 

erosion. To find out the quantitative uplift rates of active tectonic zones, an extensive literature 

search has been conducted and the findings are shown in Table 2.9. In summary, the uplift rates 

range from 1.0 to 27 mm/year (mostly 1-8 mm/year) at various locations. Among the 

quantification of uplift rates, Braxton et al. (2012) studied the the Philippine Mobile Belt. By 

using [U-Th]/He apatite age-elevation spectrum, the study concluded that there was a period of 

rapid uplift and exhumation in northeast Mindanao during early-middle Pleistocene and the uplift 

rate was about 2.5 mm/year. For the Central Southern Alps, New Zealand, Little et al (2005) 

reported uplift rates of 6-9 mm/year based on 40Ar/39Ar and K-Ar geochronology of biotite, 

muscovite and hornblende. In a relative short period of time (e.g., <10,000 years), the uplift rate 

could reach 27 mm/year (e.g., at the Seaward side of the Amotapes block, Peru; Bourgois et al. 

2007). In summary, the uplift rate for Wolfram Camp is in the typical range for active tectonic 

zones. 

The last paragenesis stage of Wolfram Camp consists of very minor amount of calcite 

and scheelite, as veinlets or locally breccia cement. The C-O isotope compositions of the calcite 

indicate that the fluids were interacted with the wallrocks. This indicates that by this time, the 

intrusion had reached a shallow position with brittle deformation. The magma chamber was 

broken at this time, which caused subtle geochemical anomalies of some metals in the wallrocks, 

with no higher than 48 ppm Sn, 29 ppm W, 6 ppm Mo, 87 ppm Cu, 0.28 ppm Ag, and 1.8 ppm 

Bi. Such weak anomalies only occur a few to several hundred meters from the granite margin. 

The hydrothermal activity was so weak that no alteration minerals are present.
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Table 2.9 Summary of uplift rates of active tectonic margins 
Locations Time period Uplift rate (mm/ 

year) 
Analytical methodology References 

The Northwestern Andes Late Pleistocene 1.0-2.4 10Be TCN dating of boulders on a faulted alluvial fan along the 
northwestern range front  

Wesnousky et al., 
2012 

Mérida Andes, Venezuela Miocene 2.6-5.0 Geochronology of sedimentary growth wedges in the flanking 
flexural basins and apatite fission track dating 

Audemard, 2003 

Northeast Mindanao, 
Philippines 

Pleistocene ~2.5 SHRIMP U-Pb zircon dating & apatite (U-Th)/He age-
elevation spectrum 

Braxton et al., 2012 

Neah Bay, Washington, US Present day 1.2-3.2 Repeated leveling surveys and tide gauge record Mitchell et al., 
1994 

East New Britain, Papua 
New Guinea 

Holocene 1.2-2.0 Studying relative sea-level, present sample elevations, and 
estimates of paleo-water depth of four in-situ Holocene corals 

�5�L�N�H�U�(�&�R�O�H�P�D�Q���H�W��
al., 2006 

Seaward side of the 
Amotapes block, Peru 

22.1 to 14.4 ka 20 to 27 Integrating studies of geodetic, seismologic and 
geochronologic data 

Bourgois st al., 
2007 

New Hebrides and Solomon 
arcs 

Late Quaternary ~8 Dating of corals Taylor et al., 2005 

Himalaya region  Present day ~1.7 3-D velocity field inferred from combined GPS datasets Pan et al., 2018b 

Central Southern Alps, New 
Zealand 

Late Cenozoic 6.0-9.0 40Ar/39Ar and K-Ar geochronology of biotite, muscovite and 
hornblende 

Little et al., 2005 

Western Alps 36-31 Ma 1.6-3.4 U-Pb in situ dating of titanite in eclogite   Rubatto and 
Hermann, 2001 

Penglai Orogeny, Taiwan The last 4 m.y. 2.5-4.6 Fission track dating of zircon and apatite  Liu, et al., 2000 
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CHAPTER 3  

MAGMATIC VS. METAMORPHIC HYDROTHERMAL FLUIDS: SCHEELITE TRACE 

ELEMENT SIGNATURES 

 
3.1 Abstract 

Quartz-dominant vein style deposits could form by metamorphic hydrothermal fluids 

(e.g., orogenic Au deposits) and magmatic hydrothermal fluids (e.g., porphyry deposits, greisen 

deposits). Some skarns may also form by metamorphic fluids, although most of them are 

magmatic hydrothermal. Such possibilities may cause difficulties in classifying deposits, 

understanding their origins and exploration, especially when quartz veins are hosted in intrusions 

and skarns are hosted in metamorphic rocks. In this study, scheelite trace elements are used to 

distinguish the two major types of magmatic and metamorphic hydrothermal deposits. I used 

laser ablation - inductively coupled plasma - mass spectrometry (LA-ICP-MS) to analyze 

scheelite from seven magmatic hydrothermal deposits (five skarns from Australia, China and 

South Korea, and two greisens from Australia and China) and eight metamorphic hydrothermal 

deposits (orogenic Au and/or Sb deposits from Alaska and China). I also collected scheelite 

trace-element data from all previous publications I could find on deposits with unequivocal 

genesis classification. Together, a database with LA-ICP-MS analyses from 85 deposits are 

established. It has been found that generally, magmatic-hydrothermal scheelite has higher 

concentrations of Mo (10-10,000 ppm), Nb (1-2,000 ppm) and Ta (0.02-1,000 ppm), less Sr 

(<1,000 ppm), and has lower calculated Eu anomaly values (EuA=(Eu/Eu*)N=EuN/(SmN*GdN)1/2, 

0.1-10). By contrast, metamorphic-hydrothermal scheelite has lower concentrations of Mo (<100 

ppm), Nb (<30 ppm) and Ta (<5 ppm), more Sr (200-10,000 ppm), and its Eu anomaly values 

are higher (1<EuA<100). Based on these differences, a discriminant diagram is designed to 

distinguish the fluid source: Mo*(Nb+Ta) vs. Sr*EuA. The diagram has a discriminating 

effectiveness of 89.8%. Only six magmatic-hydrothermal deposits are plotted on both sides of 

the boundary, which is speculated to be caused by the magmatic-hydrothermal fluids changing 

through temperature decrease, mixing with groundwater and/or interacting with the wallrocks. 

Overall, scheelite geochemistry is an effective new tool to distinguish magmatic vs. metamorphic 

hydrothermal deposits. 
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3.2 Introduction  

Scheelite is one of the most common W ore minerals. It occurs in a wide variety of 

deposit types including skarns (e.g., Newberry, 1998; Meinert et al., 2005; Chang et al., 2019), 

greisen/quartz vein deposits (e.g., Mao et al., 2019), greisen/pegmatite deposits (e.g., Wolfram 

Camp, Australia; Plimer, 1974; and Bamford Hill, Australia; Blevin, 1989; Chang et al., 2017), 

porphyry deposits (e.g., Logtung, Canada; Noble et al., 1984), intrusion-related gold systems 

(IRGS; e.g., Lang and Baker, 2001; Hart, 2005 and 2007; Hart and Goldfarb, 2005; Thompson et 

al., 1999) and orogenic Au deposits (e.g., Goldfarb et al., 2005, 2019). Scheelite in skarn, 

greisen, and porphyry deposits is mostly related to magmatic hydrothermal fluids, although some 

W skarns may be related to metamorphic fluids (e.g., Watershed, Australia; Poblete et al., 2020). 

In contrast, all the scheelite in IRGS and orogenic Au deposits is related to metamorphic 

hydrothermal fluids. Many magmatic hydrothermal and metamorphic hydrothermal deposits are 

easy to distinguish, but in other cases it may be difficult. For example, when Au and/or W occurs 

in skarns or quartz vein hosted in metamorphic rocks next to intrusive rocks (e.g., Watershed and 

Mt Carbine deposits, Australia; De Roo, 1988; Poblete et al., 2021), or in quartz veins hosted in 

intrusive rocks. In such cases, whether the deposits are related to intrusions or metamorphism is 

typically under hot debates (e.g., Goldfarb and Groves, 2015 and references therein). This study 

attempts to use scheelite geochemistry to distinguish magmatic vs. metamorphic hydrothermal 

deposits, as a new way to address this problem. 

Scheelite (CaWO4) is tetragonal with two unique cation sites in its crystal structure: an 

[8]-coordinated site occupied predominantly by Ca2+ and a [4]-coordinated site dominated by 

W6+ (Poulin, 2016; Poulin et al., 2018 and references therein). Elemental substitution in minerals 

is expected to follow the Goldschmidt rules of substitution and Ringwood’s modification 

(Goldschmidt, 1937; Ringwood, 1955), that are, in general, elements substituting a major 

element in a mineral should have similar ionic radius (<15% difference) and charge (equal or ±1 

charge) with the major element. Thus, the [8]-coordinated site (Ca2+, effective ionic radius =100 

pm) can incorporate rare-earth elements (REE3+; 86.1 to 103.2 pm) and Sr2+ (132 pm), and the 

[4]-coordinated site (W6+, 60 pm) can incorporate Mo6+ (59 pm), Nb5+ (64 pm) and Ta5+ (64 pm), 

plus other elements (Fig. 3.1). The effective ionic radii are from Shannon (1976). The capacity of 

scheelite to incorporate large number of elements in its lattice makes it a potential candidate to 

be used as a discriminator. 
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Figure 3.1 Effective ionic radius vs. charge diagram showing potential substitutions for major 
and trace elements in scheelite. The shadows represent the ranges of ±15% ionic radius and ±1 
charge for Ca2+ and W6+. The red symbols represent trace elements with fourfold coordination 
that may substitute for W6+. The ionic radii data are from Shannon (1976). 

 

Scheelite trace element compositions have been widely reported, as summarized in 

Appendix 3A. Most of the studies only focused on one single deposit or several deposits in a 

specific region, except that Poulin et al. (2018) examined scheelite from 37 deposits of various 

types including skarn, greisen, porphyry, volcanogenic massive sulfide, and orogenic gold 

deposits, and Sciuba et al. (2019) analyzed scheelite from 25 orogenic gold deposits. They 

concluded that Sr, Mo, As and Eu anomalies are important to deposit type classification. 

However, the significances of Nb and Ta were not discussed, and effective discrimination 

criteria has not been proposed. 

In this study, scheelite samples from 15 deposits of three types were analyzed for trace-

element chemistry using LA-ICP-MS. I also collected data from previous publications (35 papers 

on 74 deposits). The scheelite of Sangdong and Shizhuyuan has been analyzed in this study and 

has also been studied by Choi et al., (2020a) and Wu et al., (2019). Together I assembled a 

database of 2946 analyses from 87 deposits located all over the world. Based on this extensive 

database, I propose a discrimination diagram using scheelite trace element composition to check 

whether the ore-forming fluids are magmatic or metamorphic. 
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3.3 Sample background 

This study analyzes scheelite samples from five skarn deposit (Dachang Sn-Zn-Pb and 

Shizhuyuan W-Sn skarns, China; King Island W-Mo and Mt Lindsay Sn skarns, Australia; and 

Sangdong W-Mo skarn, South Korea), one pegmatite greisen deposit (Wolfram Camp W-Mo 

deposit, Australia), one quartz vein greisen deposit (Dajishan W-Ta-Nb deposit, China), and 

seven orogenic deposits (El Nido, Kensington, Port Wells, and Valdez deposits in Alaska, USA, 

and Woxi, Zaozigou, and Zhazixi deposits in China; Table 3.1). The orogenic deposits are 

dominated by Au mineralization except for the Zhazixi deposit in which the mineralization is Sb-

W. The deposit information is summarized in Table 3.1. 

The skarn and greisen deposits are mainly related to magmatic hydrothermal fluids. The 

Dachang Sn-Zn-Pb skarn deposit is hosted by Devonian carbonate-rich sedimentary rocks near 

the contact of the Longxianggei granite. The zonation of skarn minerals and metal ratios suggest 

the ore-formed fluids were released from the adjacent Longxianggei granite (Fu et al., 1991). 

The Shizhuyuan W-Sn-Mo deposit is hosted by Devonian limestone near the Qianlishan granite 

complex. The fluid inclusions in the skarn minerals contain daughter minerals (e.g., halite) and 

homogenized at 360-535°C, with salinities from 26 to 41 wt. % NaClequiv, without CO2, which 

suggests the ore-forming fluid is dominantly high-temperature, high-salinity magmatic waters 

(Lu et al., .2003). The King Island W-Mo and Mt Lindsay Sn deposits are two skarn deposits in 

Tasmania, occurring as replacement of local carbonate rocks, and Kwak and Tan (1981) and 

Kwak (1983) studied the zonation of the two skarns, based on which concluded that the ore-

forming fluids in both deposits originated from the fractionated intrusions adjacent to the skarns. 

The Sangdong W-Mo skarn deposit is hosted in the Pungchon limestone and limestone interbeds 

in the Myobong Formation slate of Cambrian age. Isotope geothermometry yields temperatures 

of 670°C for the pyroxene-garnet skarn zone, 630°C for the amphibole-mica skarn zone (Kim et 

al., 1988), and the calculated �/�' H2O �Y�D�O�X�H�V���D�Q�G���/18OH2O values of the hydrothermal minerals 

(hornblende, muscovite and biotite) are in the range of -27.6‰ to -102.2‰ and +7.1‰ to 

+11.4‰ and are plotted in or near the range of magmatic fluids, which suggests that Sangdong is 

a magmatic hydrothermal deposit (Kim et al., 1988). In the Wolfram Camp W-Mo deposit, the 

mineralization is fully hosted in pegmatitic quartz ± K-feldspar pipes and pockets in the roof 

zone of a granite, with no mineralization in the directly adjacent wallrocks (Plimer, 1974), and 

�W�K�H���F�D�O�F�X�O�D�W�H�G���/�'H2O �Y�D�O�X�H�V���D�Q�G���/18OH2O values of the ore-forming fluids are in the ranges of -
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34‰ to -60‰ and +7.29‰ to +10.56‰ respectively, indicating a magmatic fluid origin (Chapter 

2). The Dajishan W-Ta-Nb deposit has two mineralization stages with two generations of 

scheelite based on the crosscutting textures (Zhang et al., 1997). The ore-bearing veins are 

commonly hosted by a granite and its metamorphosed Cambrian sandstone wallrock. The 

alteration is greisen in the granite and generally weak in the sandstone, characterized by the 

mineral assemblage silica–tourmaline–biotite (Sun, 1989). The early main stage consists of veins 

of quartz, muscovite, biotite, wolframite and scheelite, and the later carbonate stage consists of 

scheelite and calcite (Zhang et al., 1997). The scheelite of the early stage precipitated from 

primary magmatic fluids, as revealed by the hydrogen and oxygen isotopic compositions of the 

water (�/�' H2O: -51‰ to -85‰, �/18OH2O: +6.1‰ to +9.0‰; Zhang et al., 1997). The calculated 

�/18OH2O values of the later stage scheelite are -9.8 to -10.1‰, indicating the carbonate stage 

scheelite was formed from mixed magmatic and meteoric water (Zhang et al., 1997). 

The samples from the seven orogenic deposits formed from metamorphic hydrothermal 

fluids. The Woxi Au–Sb–W deposit, hosted by the Neoproterozoic low-grade metamorphic 

clastic rocks, is located in a brittle-ductile shear zone within the Xuefengshan Range, south 

China. Zhu and Peng (2015) conducted micro-thermometric and laser Raman analysis on fluid 

inclusions. The data show that the ore-forming fluids had low salinities (<7.0 wt.% NaClequiv) 

and were CO2-rich and N2-bearing, which is of metamorphic characteristics. The Huangjindong 

Au deposit is hosted in Neoproterozoic slates along the Chang-Ping Fault in the Jiangnan 

Orogen, south China (Zhang et al., 2018a). The ore-forming fluids are of low salinity (<10.98 

wt.% NaClequiv), medium temperatures (336-339 °C) and CO2-rich, which features a 

metamorphic fluid source (Li et al., 2011). The Zaozigou Au-Sb deposit is in the southwestern 

domain of the West Qinling Orogen and hosted by Triassic slates and, to a lesser degree, dacite 

porphyry dikes (McIntire et al., 2019). The age of the hydrothermal monazite is 27 m.y. younger 

than the intrusive rocks in the vicinity, and the n�H�J�D�W�L�Y�H���/34S values of sulfide minerals (-12.0 to -

5.5‰) indicate that the S was not magmatic; therefore, Zaozigou was classified as a 

metamorphic orogenic deposit (Qiu et al., 2020). The Zhazixi Sb–W deposit in the Xuefengshan 

Range, south China, is mostly hosted by metamorphosed clastic rocks. The ore-forming fluids of 

Zhazixi are characterized by the presence of CO2 and low salinities (<7.0 wt.% NaClequiv), which 

indicate that they are metamorphic hydrothermal fluids (Zeng et al., 2017a and 2017b). The 

natures of ore-forming fluids of the orogenic gold deposits in Alaska have been comprehensively 
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studied by Goldfarb et al. (1988, 1991 and 1993) and Miller et al. (1995). The fluids are rich in 

CO2 (±N2, H2S, CH4), with low-salinity (<7.0 wt.% NaClequiv) and have trapping temperatures of 

���������W�R���������ƒ�&���D�Q�G���S�U�H�V�V�X�U�H�V���R�I���!��-���������N�E�D�U�����7�K�H���Z�D�W�H�U���/18O values are between +8 to +12‰ and 

�/�'���Y�D�O�X�H�V��-15 to -35‰. These features indicate that the fluids are typical metamorphic fluids.  

Scheelite in all the deposits formed in the same paragenesis stage, except for the Dajishan 

deposit. The samples from Dajishan contain two generations of scheelite, corresponding to the 

two mineralization stages in Zhang et al. (1997), as revealed by cathodoluminescence imaging. 

The early-stage scheelite (scheelite I) is dark blue and is cut across by veins of the late-stage 

scheelite (scheelite II) with light blue fluorescence color (Figs. 3.2a and 3.2b). 

 

 

Figure 3.2 a) and b) Cathodoluminescence images showing two generations of scheelite 
in the Dajishan deposit. The early-stage scheelite is dark blue and the late-stage scheelite 
is light blue. c) BSE (Back-Scattered Electron) image of tiny mineral inclusions in 
Shizhuyuan scheelite samples, up to 3 µm. The mineral inclusions compositions were 
examined by EDX (Energy-Dispersive X-ray). d) BSE image of a native bismuth 
inclusion in a Shizhuyuan scheelite grain. 
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Table 3.1 Summary of geologic information for the scheelite samples analyzed in this study 
Deposit/Ore Field Location Fluid Source Major metals Deposit Type Host rocks References  
King Island Tasmania, 

Australia 
Magma W Skarn Limestone and granite Kwak and Tan, 1981 

Mt Lindsay  Tasmania, 
Australia 

Magma Sn-W Skarn Limestone and granite Kwak, 1983 

Sangdong South Korea Magma W-Mo Skarn Limestone, granite, and minor 
slate 

Kim et al., 1988; Moon, 
1983; Farrar et al., 1978 

Dachang Guangxi, China Magma Sn–Pb–Zn  Skarn Limestone, granite, and minor 
black shale 

Fan et al., 2004 

Shizhuyuan Hunan, China Magma W-Sn Skarn; greisen  Limestone and granite 
 

Lu et al., 2004 

Dajishan Jiangxi, China Magma W-Ta-Nb Greisen; 
quartz vein 

Graphitic slate and granite Wu et al., 2017; Zhang et 
al., 1997 

Wolfram Camp Queensland, 
Australia 

Magma W-Mo-Bi Greisen; 
pegmatite 

Granite Plimer, 1974; Chen et al., 
2017; Liu et al., 2021 

El Nido Alaska, USA Metamorphism Au-W Orogenic Greenschist facies; turbidite 
and diorite 

Rossman, 1949; 
Haeussler et al., 1995  

Kensington Alaska, USA Metamorphism Au Orogenic Greenschist facies; diorite Miller et al., 1994 and 
1995 

Port Wells Alaska, USA Metamorphism Au Orogenic Greenschist facies; turbidite Stuwe, 1986; Haeussler et 
al., 1995 

Valdez Creek Alaska, USA Metamorphism Au Orogenic Greenschist facies; shale, and 
minor igneous dykes 

Adams et al., 1992; 
Goldfarb et al., 1993 

Huangjindong Hunan, China Metamorphism Au Orogenic Greenschist facies; turbidite Zhang et al., 2018 and 
2020a 

Woxi Hunan, China Metamorphism Au-Sb-W Orogenic Greenschist facies; slate and 
phyllite 

Peng et al., 2003; Zhu and 
Peng, 2015 

Zaozigou Gansu, China Metamorphism Au-Sb Orogenic Amphibolite-facies; slate and 
dacite  

Qiu et al., 2020; Mclntire 
et al., 2019 

Zhazixi Hunan, China Metamorphism Sb-W Orogenic Greenschist facies; sandstone, 
greywacke, and black shale 

Zeng et al., 2017a; Zeng 
et al., 2017b 
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3.4 Methodology 

The analysis of trace element concentrations in scheelite was performed at the LA-ICP-

MS Laboratory at the Department of Geology and Geological Engineering, Colorado School of 

Mines, USA. The instruments are an Applied Spectra RESOlution-SE 193 nm ArF excimer laser 

ablation system equipped with a S155 sample cell, and a triple quadrupole Agilent 8900 ICP-MS 

QQQ (or ICP-MS/MS). The two instruments were connected using a signal smoothing SQUID 

device. Samples were made into thick sections (90 µm thickness). Petrography studies were 

conducted before the analysis. Ablation of the scheelite was carried out using a laser beam of 18 

to 50 microns diameter, laser energy of 5 J/cm2 and a repetition rate of 5 Hz. The ablated 

material was carried by the He gas, then mixed with Ar in a funnel immediately above the 

sample cell, before being introduced to the ICP-MS. The analysis was conducted in a single 

quadrupole and no cell gas mode. The analyzed isotopes were 7Li, 11B, 23Na, 24Mg, 27Al, 28Si, 
34S, 39K, 45Sc, 47Ti, 51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 71Ga, 72Ge, 75As, 85Rb, 88Sr, 89Y, 
90Zr, 93Nb, 95Mo, 107Ag, 115In, 120Sn, 121Sb, 125Te, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 
157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 183W, 185Re, 197Au, 205Tl, 
208Pb, 209Bi and 238U (56 isotopes). A dwell time of 10 milliseconds was used for all isotopes 

except for 88Sr, 93Nb, 95Mo, 147Sm, 153Eu, 157Gd and 181Ta (20 milliseconds). Among these 

isotopes, 27Al, 28Si, 34S, 39K, 57Fe and 209Bi were used to monitor inclusion of clay minerals and 

sulfide minerals, and the laser drilling through scheelite grains into surrounding minerals of 

quartz and wolframite. Each spot was cleaned with one laser shot, followed by 15 seconds of 

waiting time for the aerosol to pass through the system. Then a gas blank was collected for 30 

seconds, followed by 60 seconds of sample signal collection. The external standard was NIST 

610 standard reference material (SRM) glass. NIST 612 SRM glass was analyzed to monitor the 

quality of the analyses. A set of two NIST 610 and two NIST 612 SRMs were analyzed at the 

beginning of the session and then every 15-30 sample analyses, with shorter intervals at the 

beginning and gradually longer intervals over time. Data reduction including concentration, 

uncertainty, and detection limit calculations was performed using the Iolite v4 program (Paton et 

al., 2011). The internal standard was Ca, with its stoichiometric concentration (13.93 wt.%) used 

for data reduction. At least 10 spot analyses in five or more circles were conducted on each 

sample to cover the possible composition variations. In total 382 spot analyses on 35 samples 

were conducted. Among them, 28 analyses were rejected because there were too many inclusions 
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in a spot analysis. The full results of 354 valid analyses are shown in Appendix 3B and the 

representative statistics are shown in Tables 3.2 and 3.3.  

 

3.5 Data compilation 

An exhaustive compilation of scheelite trace element data from the literature has been 

conducted in this study. The compilation includes literature up to October 2020. In total 48 

publications were found to have reported scheelite trace element data from 92 deposits. 

However, I only incorporated the data of 73 deposits from 35 publications into the database after 

examining the data suitability and quality. The reasons for the exclusion of some data are 

explained below. 

The existing data of deposits with ambiguous genesis and fluid source are excluded. For 

instance, the Nevoria gold deposit in Western Australia has been argued to be an orogenic gold 

deposit by several authors (Eilu et al., 1999; Goldfarb et al., 2005), whereas others called it a 

skarn deposit (Mueller, 1997; Mueller et al., 2004).The data of the Canadian Malartic gold 

deposit in Quebec (Sciuba et al., 2019) and the Crusader gold deposits in western Australia 

(Sciuba et al., 2019) are also excluded for the same reason (Jowitt et al., 2014; Helt et al., 2014; 

Beaudoin and Raskevicius, 2014; De Souza et al., 2019).  

The data collected via methods other than LA-ICP-MS are excluded. Some scheelite 

compositions were analyzed by dissolving mineral grains in solutions and then analyzed by ICP-

MS or inductively coupled plasma - atomic emission spectroscopy (ICP-AES; e.g., Liu et al., 

2007; Peng et al., 2005; Ye et al., 2018; Xiong et al., 2006; Zeng et al., 1998; Ren et al., 2010; 

Nevin and Pandalai, 2020). Detailed petrography and LA-ICP-MS traces typically found tiny 

minerals inclusions in scheelite and some of them are smaller than 2 µm (e.g., scheelite of 

Shizhuyuan; Figs. 3.2c, 3.2d, 3.3c, and 3.3d). Traditional hand-picking mineral separation cannot 

separate out such small mineral inclusions from scheelite; therefore, the data collected involving 

bulk grain dissolution are possibly affected by the existence of the inclusions and are not 

representative of the scheelite composition. 

The database only included deposits with more than five analytical results. Nine deposits 

�K�D�Y�H���”�����G�D�W�D���S�R�L�Q�W�V���R�E�W�D�L�Q�H�G���I�U�R�P���V�L�Q�J�O�H���V�D�P�S�O�H�V�����'�H�O�Q�L�W�H�����.�D�O�]�D�V�����&�U�D�Q�H�����*�X�D�G�D�O�X�S�D�Q�D���D�Q�G��

Jardine (Poulin, 2016), and Meliadine, Dome, Lamaque and Cuiaba (Sciuba et al., 2019). The 
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small number of analysis may not be representative of the deposits; therefore, these data are 

excluded. 

Data of the Nuri deposit reported by Chen et al. (2020) are excluded. The electron 

microprobe results show that the scheelite mostly contains more than 1 wt.% MoO3, but Mo was 

barely detected by LA-ICP-MS (less than 0.01 ppm in most samples). The two sets of data are 

contradictory, so none of them are used.  

Data of the Guilinzheng “scheelite” reported by Nie et al. (2020) are excluded because 

the microprobe analysis indicates that there are <20 wt.% WO3 in the mineral, and the LA-ICP-

MS analysis found that the Mo contents are generally over 35 wt%. The mineral is probably not 

scheelite but a scheelite-powellite solid solution with mostly powellite component. 

After the above filtering, 2592 data from literature are admitted into the database. 

Information about the deposits is summarized in Appendix 3A. Together with the 354 valid 

analytical results of this study, the database contains 2946 data from 87 deposits. Among them, 

2070 data are from 50 magmatic hydrothermal deposits (porphyry, pegmatite, skarn, and greisen 

deposits), and 876 data are from 37 metamorphic hydrothermal deposits (orogenic Au and/or Sb 

deposits). The full dataset is shown in Appendix 3C.
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Table 3.2 Trace element analytical results (ppm) of scheelite in magmatic hydrothermal deposits 
 Dachang (n=15) Dajishan (stage I) (n=36) Dajishan (stage II) (n=14) King Island (n=10) 
 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 

Na  BDL BDL BDL BDL BDL 3.9 BDL 0.9 2.4 23.6 24.2 24.7 

Mg  2.9 3.0 3.5 2.5 3.5 5.6 8.3 10.2 10.6 1.03 1.20 1.24 

Mn  1.21 1.28 1.34 0.15 0.35 0.59 4.26 5.51 6.10 12.0 13.0 13.7 

As  2.5 3.0 3.4 BDL BDL 0.1 BDL BDL BDL 12.5 12.9 15.0 

Sr  27.2 27.4 28.4 29.6 38.4 49.8 102 126 150 96 99 102 

Y  12.2 12.8 15.0 59.2 101.9 157.1 32.7 37.9 47.9 0.07 0.09 0.13 

Nb  1.73 1.74 1.81 16.7 19.1 25.6 6.2 6.8 8.3 35.2 37.3 40.3 

Mo  452 487 599 139 156 215 4.73 5.23 6.46 6250 6402 6578 

Ta  0.93 0.94 0.95 4.49 4.62 4.72 4.34 4.41 4.47 3.29 3.33 3.37 

Re 3.96 4.01 4.09 8.45 12.9 14.2 11.6 13.4 14.1 25.56 26.21 26.49 

Pb 0.13 0.14 0.15 0.049 0.11 0.30 BDL 0.055 0.064 8.26 8.83 9.53 

U  BDL BDL BDL BDL 0.004 0.042 0.092 0.105 0.117 0.031 0.037 0.053 

�™�5�(�(���< 18.1 18.3 21.6 251.1 493.5 783.7 40.0 48.2 68.0 181 193 198 

EuA 1.10 1.95 2.27 0.56 0.81 1.32 0.82 0.87 1.09 1.34 1.52 1.65 
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Table 3.2 Continued 
 Mount Lindsay (n=17) Sangdong (n=19) 

Shizhuyuan (n=1) 
Wolfram Camp (n=37) 

 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 

Na  BDL BDL BDL 121.1 133.1 216.3 251 7.4 13.5 24.3 

Mg  4.0 6.2 8.3 32.0 35.8 44.8 55.9 3.6 4.8 6.2 

Mn  2.78 3.03 3.79 71.8 81.8 102.5 201 20.3 23.6 26.0 

As  1.1 1.4 1.8 1.0 1.4 1.7 18.8 BDL 0.3 0.5 

Sr  27.4 28.9 36.0 53.8 63.9 73.0 267 17.6 25.8 35.7 

Y  0.36 0.55 1.42 196 253 418 483 515 844 1141 

Nb  64 142 402 49 68 108 1061 73 140 259 

Mo  697 762 887 258 328 435 438 2.75 4.19 27.8 

Ta  3.12 3.23 3.47 1.13 1.27 1.67 16.8 7.5 8.6 11.3 

Re 16.9 18.9 23.1 3.99 4.01 4.07 34.0 13.4 24.8 26.5 

Pb 0.21 0.24 0.34 4.76 6.13 6.85 17.3 3.50 4.78 5.77 

U  BDL BDL BDL 0.071 0.13 0.16 1.90 0.014 0.056 0.13 

�™�5�(�(���< 1.02 1.88 4.45 1021 1633 2376 2899 945 1655 2005 

EuA 0.29 0.24 0.22 0.87 0.66 0.59 0.01 0.12 0.20 0.31 

BDL: below detection limit; Q25: The first quartile value (lower quartile value); Q75: The third quartile value (upper quartile value); 
EuA = (Eu/Eu*)N = EuN/(SmN*GdN)1/2. 
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Table 3.3 Trace element analytical results (ppm) of scheelite in metamorphic hydrothermal deposits 
 El Nido (n=30) Huangjindong (n=32) Kensington (n=30) Port Wells (n=34) 
 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 

Na  0.5 3.1 7.4 25.9 31.8 37.2 2.9 4.8 6.9 4.5 17.1 62.0 

Mg  1.67 1.78 1.87 1.33 1.54 2.01 1.94 2.06 2.13 1.22 1.42 1.77 

Mn  1.81 1.92 2.97 1.83 2.82 3.37 6.56 6.82 7.29 0.78 0.87 1.04 

As  BDL BDL 0.3 BDL BDL BDL 0.9 2.0 4.4 0.1 1.1 2.3 

Sr  440 472 536 2714 3454 4056 341 394 420 1440 1893 2179 

Y  12 22 57 8 19 27 3.9 7.5 13.1 1.20 42.4 208.4 

Nb  1.54 1.59 1.63 2.41 2.45 2.49 1.75 1.93 2.07 1.76 2.51 3.66 

Mo  0.05 0.06 0.08 BDL BDL BDL 1368 1483 1521 0.05 0.07 0.10 

Ta  3.38 3.51 3.59 4.28 4.38 4.44 2.20 2.41 2.70 3.04 3.20 3.63 

Re 10.7 11.2 15.8 BDL 20.5 28.7 10.6 11.5 12.9 12.8 17.5 27.4 

Pb 13.0 14.7 19.4 22.6 33.7 59.9 1.20 1.34 1.44 8.98 13.1 18.3 

U  0.423 0.617 1.333 1.949 2.685 3.275 0.074 0.198 0.761 0.040 6.857 21.434 

�™�5�(�(���< 117 191 297 14.6 35.8 52.8 58.6 93.7 142 187 451 913 

EuA 43.6 150.4 349.8 4.25 5.66 7.96 30.2 18.2 20.0 2.02 29.0 989.1 

  



 83 

 

 
Table 3.3 Continued 
 Valdez Creek (n=10) Woxi (n=18) Zaozigou (n=23) Zhazixi (n=29) 
 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 

Na  17.6 29.0 43.4 BDL 2.2 7.5 BDL BDL BDL BDL 1.4 5.7 

Mg  2.42 2.57 2.69 5.6 6.3 7.2 1.33 2.39 3.32 1.40 1.43 1.49 

Mn  2.71 3.26 4.46 0.05 0.27 0.91 BDL BDL BDL 0.18 0.32 0.83 

As  2.3 3.3 6.1 0.1 2.3 10.6 BDL BDL BDL 0.4 0.8 1.0 

Sr  1843 2391 2841 337 370 459 1325 2097 2322 3686 5344 7933 

Y  12.4 16.4 64.4 80 106 239 41 64 98 13 20 29 

Nb  2.56 4.38 6.70 1.50 1.54 1.60 1.34 1.49 1.57 1.37 1.40 1.42 

Mo  0.08 0.11 0.15 12.0 22.3 26.8 BDL BDL BDL 0.10 0.13 0.17 

Ta  1.73 1.80 1.86 4.27 4.34 4.36 0.74 0.79 0.84 0.87 0.88 0.90 

Re 9.84 9.89 10.1 12.1 12.4 12.8 3.05 3.60 3.84 3.93 3.97 4.01 

Pb 14.5 17.3 26.5 2.27 3.11 4.39 BDL BDL BDL 0.065 0.70 4.91 

U  2.085 2.643 3.006 0.274 0.311 0.553 0.422 0.913 1.152 0.082 0.112 0.226 

�™�5�(�(���< 56.4 92.5 248 119 145 334 109 149 321 26.2 38.4 59.9 

EuA 7.69 9.82 12.7 0.66 0.69 0.83 3.02 4.12 5.02 1.57 1.60 1.69 

BDL: below detection limit; Q25: The first quartile value (lower quartile value); Q75: The third quartile value (upper quartile value); 
EuA = (Eu/Eu*)N = EuN/(SmN*GdN)1/2. 
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Figure 3.3 LA-ICP-MS analytical signals of scheelite. The signals in the shadow were used for 
data reductions. a) An example of signals obtained from magmatic-hydrothermal scheelite; b) 
an example of signals obtained from metamorphic-hydrothermal scheelite; c) the only useable 
analysis of scheelite from Shizuyuan, in which the uneven abundances of Al, Mo, Sc and Zr 
suggest the scheelite contains certain inclusions; d) LA-ICP-MS traces of a scheelite in 
Shizuyuan shows a big inclusion, which makes the remaining trace too short for scheelite data 
reduction. 
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3.6 Results 

For the samples analyzed in this study, at least ten valid results have been obtained from 

each deposit. The LA-ICP-MS analytical signals are mostly stable (i.e., Figs. 3.3a and 3.3b). One 

exception is the Shizhuyuan deposit; only one valid result has been obtained (Fig. 3.3c), because 

there are many inclusions in the scheelite, as revealed by both backscattered electron imaging 

(e.g., Figs. 3.2c and 3.2d) and humps in LA-ICP-MS traces (e.g., Figs. 3.3c and 3.3d). Most laser 

traces are too short to make meaningful data integration after excluding inclusions and thus must 

be discarded.  

The data acquired during this study, including the detection limits and analytical 

uncertainties (expressed as two standard error, 2SE), are presented in Appendix 3B. The statistics 

of the results are shown in Tables 3.2 and 3.3. Among the 56 elements analyzed in this study, the 

common trace elements are Mo and Sr that typically in the 1-10,000 ppm range, total REE, Y 

and Nb in the 1-3000 ppm range, and Na, Mg, Mn, As, Ta, Re, Pb, U in the 0.01-100 ppm range. 

Elements Ag, B, Bi, Cr, Co, Cu, Hf, Ge, In, Li, Ni, Sc, Sb, Sn, Te, Ti, Tl, V and Zn (18 

elements) in scheelite are mostly below the detection limits. These elements plus the six 

elements used to monitor inclusions (Al, Fe, K, Fe, S, and Si) will not be further discussed. The 

analytical results of this study and the data from previous publications are put together into one 

database, which shows except that Re contents in scheelite have not been reported in the 

previous publications, the data of this study and the data from the literature have similar ranges, 

as shown in Figure 3.4. 

The trace element compositions of scheelite from metamorphic and magmatic 

hydrothermal deposits show some differences. The statistics of these two sets of data are shown 

in Table 3.4. The Mo contents of magmatic hydrothermal scheelite are mostly in the range of 100 

to 10,000 ppm with a median of 974 ppm. The Mo contents of metamorphic hydrothermal 

scheelite are mostly below 10 ppm with a median of 0.5 ppm, generally three to four orders of 

magnitude lower than that of magmatic hydrothermal scheelite (Fig. 3.5). Most of scheelite of 

magmatic fluid origin contains less than 500 ppm Sr, while Sr contents of the scheelite 

precipitated from metamorphic fluids are mostly 500 to 3,000 ppm with a median of 1,055 ppm, 

significantly higher than that of magmatic hydrothermal scheelite (Fig. 3.6). Magmatic 

hydrothermal scheelite contains 10 to 200 ppm Nb and 0.2 to 10 ppm Ta, and the medians are 39 

and 1.4 ppm, respectively. The Nb and Ta contents of scheelite from metamorphic settings are 
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both below 5 ppm, and the medians are 1.7 and 0.6 ppm, respectively (Fig. 3.7). The Eu 

anomalies (EuA) have been calculated as EuA = (Eu)cn/[(Sm)cn*(Gd)cn]0.5 (McLennan, 1989). The 

magmatic hydrothermal scheelite mostly exhibits negative Eu anomalies, and the median of the 

values is 0.57. The scheelite of metamorphic hydrothermal origin mostly exhibits positive Eu 

anomalies, and the median Eu anomaly value is 3.23 (Fig. 3.8). Previous studies (Poulin et al., 

2018; Scuiba et al., 2019) suggested that the contents of As in scheelite of metamorphic and 

magmatic settings are also distinctively different, while in the dataset they are generally similar, 

both in the range of 0.1-100 ppm (Fig. 3.9). There are no apparent differences in other elements 

between scheelite from magmatic and metamorphic hydrothermal deposits. In summary, 

magmatic hydrothermal scheelite has in general higher concentrations of Mo, Nb and Ta, 

whereas metamorphic hydrothermal scheelite has higher Sr contents. The REE in scheelite from 

each deposit exhibits various patterns; however, the calculated Eu anomaly values of the 

metamorphic hydrothermal scheelite are generally larger than those of magmatic hydrothermal 

scheelite.
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Table 3.4 Compositions of magmatic hydrothermal and metamorphic hydrothermal scheelite, including data from this study and 
literature (2946 data) 
 Magmatic hydrothermal (n=1952) Metamorphic hydrothermal (n=854) 
 

Minimum Q25 Median Q75 Maximum Minimum Q25 Median Q75 Maximum 

Sr (ppm) 5.48 60.4 108 258 7300 121 552 1042 2977 13354 

Mo (ppm) BLD 130 837 6100 177815 BLD 0.10 0.56 4.44 2180 

Nb (ppm) 0.23 8.45 32.5 118 4682 BLD 0.65 1.68 4.50 446 

Ta (ppm) BLD 0.19 1.45 6.20 2570 BLD 0.03 0.46 2.68 76.5 

EuA 0.01 0.31 0.59 1.42 87 0.15 1.38 3.20 7.16 3471 

BDL: below detection limit; Q25: The first quartile value (lower quartile value); Q75: The third quartile value (upper quartile value); 
EuA = (Eu/Eu*)N = EuN/(SmN*GdN)1/2. 
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Figure 3.4 Comparison of scheelite trace elements of this study and that from literature. Generally, the data are in similar ranges. The 
references of the existing data are summarized in Appendix 3A. 
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Figure 3.5 Mo contents in scheelite. The red boxes represent scheelite from magmatic hydrothermal deposits and the blue ones 
scheelite from metamorphic hydrothermal deposits. The dark red and dark blue data are collected in this study, and the rest are data 
from previous publications. The references for the existing data are summarized in Appendix 3A. 
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Figure 3.6 Nb and Ta contents in scheelite. The red boxes represent scheelite from magmatic hydrothermal deposits and the blue ones 
scheelite from metamorphic hydrothermal deposits. The dark red and dark blue data are collected in this study, and the rest are data 
from previous publications. The references for the existing data are summarized in Appendix 3A. 
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Figure 3.7 Sr contents in scheelite. The red boxes represent scheelite from magmatic hydrothermal deposits and the blue ones 
scheelite from metamorphic hydrothermal deposits. The dark red and dark blue data are collected in this study, and the rest are data 
from previous publications. The references for the existing data are summarized in Appendix 3A. 
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Figure 3.8 Calculated Eu anomaly values of scheelite. The red boxes represent scheelite from magmatic hydrothermal deposits and the 
blue ones scheelite from metamorphic hydrothermal deposits. The dark red and dark blue data are collected in this study, and the rest 
are data from previous publications. The references for the existing data are summarized in Appendix 3A. 
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Figure 3.9 As contents in scheelite. The red boxes represent scheelite from magmatic hydrothermal deposits and the blue ones 
scheelite from metamorphic hydrothermal deposits. The dark red and dark blue data are collected in this study, and the rest are data 
from previous publications. The references for the existing data are summarized in Appendix 3A. 
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3.7 Discrimination diagram 

Although Mo, Nb+Ta, Sr and EuA show major differences between magmatic and 

metamorphic hydrothermal deposits, there are still overlaps (Figs. 3.5-3.8) which makes them 

less effective in distinguishing these two types of deposits. Binary plots of Sr vs. Mo, Sr vs. 

Nb+Ta, EuA vs. Mo, and EuA vs. Nb+Ta were made (Fig. 3.10) but also exhibit significant 

overlap of the two types of scheelite.  

We designed another diagram using all the five elements: Mo*(Nb+Ta) vs. Sr*EuA (Fig. 

3.11). In this diagram, the scheelite data from all the 31 orogenic deposits in this database plot in 

the metamorphic fluids domain with low Mo*(Nb+Ta) and high Sr*EuA, whereas scheelite data 

from 22 out of the 28 skarns and greisens plot in the magmatic fluids domain with higher 

Mo*(Nb+Ta) and lower Sr*EuA. Six other magmatic hydrothermal deposits, namely Xiangdong, 

Shimensi, Tongshankou, Dabaoshan, Muguayuan and Dajishan, have data overlapping with 

metamorphic-hydrothermal scheelite. Overall, among 59 scheelite-bearing deposits covered in 

this study, 53 deposits are clearly separated, demonstrating an effectiveness of ~90%. Other 

deposits are not plotted because scheelite from them was not analyzed for Nb and/or Ta. 

Individual deposits are plotted in this diagram to examine the internal trends inside each 

deposit. Some of the magmatic hydrothermal deposit show a linear trend from high Mo*(Nb+Ta) 

low Sr*EuA to low Mo*(Nb+Ta) high Sr*EuA. In deposits where scheelite was reported to have 

formed in more than one stage, the trend is that the earliest scheelite has the highest 

Mo*(Nb+Ta), whereas the latest scheelite has the lowest Mo*(Nb+Ta) and highest Sr*EuA 

values (Fig. 3.12). Despite this linear trend, most of the magmatic hydrothermal deposits are 

plotted in the magmatic hydrothermal domain, except for six deposits that with the earliest 

scheelite in the magmatic hydrothermal domain but the later scheelite crossing the boundary and 

plotted in the ‘metamorphic hydrothermal’ domain (Fig. 3.12). 
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Figure 3.10 Binary plots of trace elements in scheelite. The references of the existing data are summarized in Appendix 3A. The Mo 
contents of scheelite from Huangjingdong and Zaozigou are mostly below the detection limits, and the values were replaced with 0.01 
ppm when generating these diagrams.  
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Figure 3.11 Mo*(Nb+Ta) vs. Sr*EuA plot of trace elements to discriminate magmatic vs. metamorphic scheelite. The references of the 
existing data are summarized in Appendix 3A. The Mo contents of scheelite from Huangjingdong and Zaozigou are mostly below the 
detection limits, and the values were replaced with 0.01 ppm when generating this diagram. 
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Figure 3.12 The composition comparison of multiple types of scheelite in Dajishan, Baoshan, 
Shimensi, Xiangdong, Dabaoshan and Muguayuan. The blue and red dash lines correspond to 
the boundary of different fluid sources in Figure 3.11. 
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3.8 Discussion 

 

3.8.1 Elemental partition in scheelite: predictions vs. measured values 

The Goldschmidt rule predicts that scheelite may contain trace elements of Na, V, Y, Nb, 

Mo, Ta, Bi and REEs based on the ionic radius and charge. The measured values of Na, Y, Nb, 

Mo, Ta and REEs elements show that the prediction is basically right in that element Mo (up to 

10,000 ppm), Y (up to 1,000 ppm) and Nb (up to 1,000 ppm) truly have the highest 

concentrations, consistent with the prediction that they readily substitute for W or Ca in 

scheelite. Elements Li, B, Mg, Sc, Ti, Cr, Mn, Co, Ni, Zn, Ga, Ge, As, Rb, Zr, Ag, In, Re, Sn, 

Sb, Te, Ba, Hf, Au are predicted to be unfavorable elements to get in the scheelite lattice, and 

most the measured values are indeed relatively lower (0.01-10 ppm for Ga, Zr, Re and Ba, 0.01-1 

ppm for Rb and Au, and mostly below detection limits for Ag, B, Cr, Co, Cu, Hf, Ge, In, Li, Ni, 

Sc, Sb, Sn, Te, Ti, Tl, V and Zn).  

There are some exceptions. The effective ionic radius of Sr, Pb, Mn and U are slightly 

more than 15% different from either W or Ca, but they are abundant in scheelite, with up to 

13,354 ppm Sr (the second most abundant trace element in scheelite) and up to ~1,000 ppm Pb, 

Mn and U. This suggests the rule of ±15% ionic radius accommodation is too narrow for 

scheelite, and the elemental abundance in ppm is not directly related to how close the trace 

element ionic radii are to that of major elements. Furthermore, as shown in Figure 3.1, the ionic 

radii of Tl3+ (88.5 pm) and Bi3+ (103 ppm) are within 15% of that of Ca2+ (100 ppm) but their 

concentrations are mostly below 10 ppm or below the detection limits. In contrast, Mg and Re 

contents in scheelite may be as high as 100 ppm, even though they do not share similar ionic 

radius or charge with Ca2+ or W6+. The unexpected high Mg content and low Tl and Bi content 

may be explained by their abundances in the crust: Mg (13,510 ppm) is very abundant whereas 

Tl (0.75 ppm) and Bi (0.123 ppm) are very low (Wedepohl, 1995). The unexpected high Re 

concentration is so far not clear. It is noted that Re content in scheelite has barely been analyzed 

before. 
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3.8.2 Geochemical features of scheelite of different fluid origins 

Molybdenum 

Molybdenum is generally higher in concentration in magmatic hydrothermal scheelite. 

This is likely related to the redox state of scheelite formation. In nature, Mo occurs as Mo4+ 

under reduced conditions and as Mo6+ under oxidized conditions, whereas W presents only as 

W6+ even under moderately reducing conditions (Che et al. 2013). Therefore, oxidized 

conditions are needed for Mo to substitutes W6+ to have higher concentrations in scheelite. For a 

magmatic-hydrothermal system, the magmas have to be oxidized for Mo to be concentrated in 

the residual melt and eventually get in magmatic hydrothermal fluids, as Mo4+ is compatible and 

will be taken away by magmatic minerals, thus, Mo in initial magmatic hydrothermal fluids 

mostly occurs as Mo6+, which facilitates the enrichment of Mo in scheelite. In contrast, 

metamorphic hydrothermal systems are typically reduced, largely affected by organic matters in 

sedimentary rocks (Colvine, 1989; Groves, 1993; Mikucki and Ridley, 1993; Goldfarb et al., 

2005). The reduced fluid states inhibit the incorporation of Mo into metamorphic-hydrothermal 

scheelite and result in the deletion of Mo. 

Niobium and Tantalum 

Scheelite from magmatic hydrothermal deposits generally contains higher Nb and Ta 

than scheelite from metamorphic-hydrothermal deposits. This is probably because fluids of 

intrusion-related W deposits are typically derived from moderately to highly fractionated granite 

(Blevin and Chappell, 1995; Lang and Baker, 2001; Cerny et al., 2005), and these fluids tend to 

contain elevated concentrations of Nb and Ta since these two elements are incompatible and are 

enriched in evolved magmas along with crystal fractionation. The early-stage magmatic 

�K�\�G�U�R�W�K�H�U�P�D�O���I�O�X�L�G�V���W�\�S�L�F�D�O�O�\���K�D�Y�H���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H�V�����!��������°C in skarns, e.g., Chang and 

Meinert, 2008; up to 660 °C in greisen deposits; Chapter 2) and thus have the capacity to 

dissolve and transport these two high fields strength elements (HFSE). In addition, the aqueous 

activities of F are high in fluids exsolved from evolved magmas, and they can significantly 

increase the solubility of Si, Al, and HFSE in fluids (e.g., Webster et al., 1997; Breiter, 2002; 

Chang and Meinert., 2004, 2008) Therefore, scheelite precipitated from magmatic-hydrothermal 

fluids may contain higher concentrations of Nb and Ta. The average contents of Nb and Ta in 

sedimentary rocks and metasedimentary rocks are limited (Nb, <11 ppm; Ta, <0.8 ppm) 

compared with those in evolved igneous rocks (Nb, 20-35 ppm; Ta, 2.1-3.6 ppm; Turekian and 
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Wedepohl, 1961). Metamorphic hydrothermal systems are relatively low in temperature, mostly 

<350°C, compared with magmatic-hydrothermal systems (Groves, 1993; Goldfarb et al., 2005). 

The aqueous activity of F and P are also lower, as neither F- nor P-bearing minerals are common 

in metamorphic hydrothermal systems except minor phosphate minerals (e.g., monazite and 

xenotime). Hence, Nb and Ta normally show limited concentrations in metamorphic 

hydrothermal fluids. 

The scheelite of Beaver Dam, Moose River, Indian Path, Pleasant River and Waverly is 

relatively enriched in both Nb (median of 172 ppm) and Ta (median of 1.44 ppm) among the 

deposits formed by metamorphic fluids, according to Dostal et al. (2009). The reason of the 

unusual enrichment of Nb and Ta in these 5 deposits is unclear. These 5 deposits are all in the 

Meguma Terrane, Nova Scotia, Canada. Poulin (2016) analyzed the scheelite of another orogenic 

gold deposit in the Meguma Terrane, the Ovens, and reported Nb contents with the median being 

only 1 ppm, two orders of magnitude lower than that of the 5 deposits reported by Dostal et al. 

(2009).  

Strontium 

The Sr contents in metamorphic hydrothermal scheelite (median = 1,042 ppm) are 

roughly one magnitude higher than those of magmatic hydrothermal systems (median = 108 

ppm). The reason is likely that the intrusions of W-dominated magmatic hydrothermal systems 

are moderately to highly evolved (Blevin et al., 1996; Thompson et al., 1999). The fluids 

emanated from evolved magmas contain little Sr because of the Sr depletion caused by the 

fractionation of early calcium plagioclase that takes away significant amount of Sr from the melt. 

For metamorphic systems, the Sr in the fluids is probably from the alteration of Sr-rich 

sedimentary rocks (e.g., carbonates and plagioclase-bearing siliciclastic rocks) and relatively 

mafic igneous rocks (Appendix 3A), as these rocks probably contain plagioclase crystals. The 

white mica alteration common in orogenic deposits generally involves the decomposition of 

plagioclase that releases Sr to the fluids. Therefore, the scheelite from metamorphic 

environments, as well as other environments involving the replacement of plagioclase, is likely 

to be enriched in Sr relative to that scheelite from magmatic hydrothermal fluids. 

Rare earth elements and Eu anomalies 

The REE concentration variations among deposits are large (0.1-5,000 pm), and the data 

suggest neither the total REE nor the contents of a single REE appear to correlate with fluid 
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types, which is consistent with Poulin (2018). However, the Eu anomaly (EuA= (Eu/Eu*)N= 

EuN/(SmN*GdN)1/2) is a general indicator of the natures of fluids. The Eu anomaly values of 

magmatic-hydrothermal scheelite (median = 3.20) are generally lower than the ones of 

metamorphic hydrothermal scheelite (median = 0.59), although not all the magmatic 

hydrothermal scheelite exhibits negative anomalies. This is likely related to the redox state of the 

fluids and the fractionation of W-related magmas.  

While all REEs form trivalent ions, Eu and Ce have additional valences. Europium also 

occurs as a bivalent cation, and Ce as a tetravalent cation. Both Eu2+ and Eu3+ can be 

accommodated at the Ca2+ site in scheelite, while Eu2+ has a higher compatibility over Eu3+ due 

to charge-balance constraints (Blundy and Wood, 1994). At reduced conditions, which are 

common for metamorphic fluids as the host rocks are typically carbonaceous (Appendix 3A), 

Eu2+ is relatively more abundant, giving rise to positive Eu anomalies in Ca-bearing minerals 

(Bau, 1991). For magmatic hydrothermal fluids, the Eu contents are typically low as the related 

moderately to highly fractionated intrusions are depleted in Eu. It is because the crystallization of 

calcic plagioclase depletes residual magmas of Eu relative to the other rare earth elements as 

Eu2+ substitutes for calcium in plagioclase largely. Thus, the scheelite precipitated from the 

hydrothermal fluids with fractionated-magma origins tend to have smaller calculated Eu anomaly 

values than the metamorphic hydrothermal counterparts. 

Arsenic 

Poulin et al. (2018) and Scuiba et al. (2019) suggested that the contents of As in scheelite 

can be used to discriminate fluids sources. They proposed that As concentration in scheelite is 

lower in orogenic deposits. The explanation was that As occurs as As5+, As3+ or As2- in nature, 

and only As5+ can get in scheelite lattice as a substitute for W6+ (Poulin et al., 2018). The 

reducing conditions of metamorphic fluids would limit the incorporation of As into scheelite.  

However, the much larger database of this study does not show clear difference between 

magmatic and metamorphic hydrothermal deposits (Fig. 3.9). This is probably because the As 

contents are low in scheelite, generally below 10 ppm. The radius of As5+ is 46 pm, 23% smaller 

than W6+, and thus the substitution is limited. Another possible reason is that the redox state of 

As stays similar in hydrothermal fluids. Even in oxidizing hydrothermal environment, As mostly 

occurs as As3+ while being transported in aqueous and vapor phases (Rothbaum and Anderton, 

1975; Robertson et al., 1978; Ballantyne and Moore, 1988; Akinfiyev et al., 1992; Pokrovski et 
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al., 1996, 2002; Aiuppa et al., 2003; James-Smith et al., 2010). Hence, the As content in scheelite 

is not a good indicator of redox state or fluid origin. 

 

3.8.3 Discrimination diagram: why does it work? 

Despite that Mo, Nb+Ta, Sr and EuA have major differences between metamorphic and 

magmatic hydrothermal scheelite, those single elements and binary plots of these elements are 

not effective in distinguishing the fluid types. This is because the contents of one or two 

elements can be strongly affected by some specific geologic conditions. For instance, among the 

metamorphic-hydrothermal systems, the scheelite of deposits hosted by felsic igneous rock 

�F�R�P�P�R�Q�O�\���K�D�V���K�L�J�K���0�R���F�R�Q�W�H�Q�W�V�����!���������S�S�P�����H���J�������.�H�Q�V�L�Q�J�W�R�Q���K�R�V�W�H�G���E�\���P�R�Q�]�R�Q�L�W�L�F-

monzodioritic pluton and Kochkar hosted by granite-gneiss complexes; Fig. 3.5), which overlaps 

with magmatic-hydrothermal scheelite. However, the five elements are not likely to be severely 

affected at the same time, and thus the newly designed Mo*(Nb+Ta) vs. Sr*EuA diagram is more 

robust and effective in the discrimination, with a successful rate of ~90%. 

 

3.8.4 Potential reasons for the overlap in the discrimination diagram 

There are six magmatic hydrothermal deposits that have some of the data points plotted 

in the metamorphic hydrothermal domain. Scheelite in all of them is found to have formed in 

multi-generations, and only the late generations of scheelite and/or distal scheelite overlap with 

metamorphic hydrothermal scheelite. The possible reasons may include fluid mixing and fluid 

interaction with wallrocks rich in high Ca minerals. 

As shown in Fig. 3.12, scheelite of multiple generations or mineralization styles has been 

identified in these deposits and various generations are distinctively different in geochemical 

compositions. Among the six deposits, the Dajishan data were obtained in this study, and the 

data of Xiangdong, Shimensi, Tongshankou, Dabaoshan and Muguayuan are from Li et al. 

(2018), Su et al. (2020), Sun and Chen (2017), Han et al. (2020) and Liu et al. (2019), 

respectively; therefore, the situation is likely real and not caused by analytical problems of a 

research group. As mentioned above, two generations of scheelite have been identified in the 

sample of Dajishan scheelite by cathodoluminescence, with the early generation (scheelite I) 

being CL-dark and the late generation (scheelite II) CL-bright. The two generations are distinctly 

different in trace-element compositions, and only the scheelite II causes the overlap. The 
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scheelite in Muguayuan was classified into two generations: scheelite I is disseminated or 

present as veinlets, and was associated with greisenization; whereas scheelite II was mainly in 

veinlets cutting across scheelite I veinlets (Li et al., 2018). Only the scheelite II in Muguayuan 

overlaps with metamorphic scheelite. At Dabaoshan, three generations of scheelite were 

identified: scheelite I is CL-dark and occurs as disseminated grains in the porphyry rocks with 

greisen alteration; scheelite II is CL-bright and in general rims scheelite I or occurs as single 

grains in quartz-pyrite-scheelite veins; and scheelite III occurs as euhedral grains (0.1–0.6 mm) 

and commonly coexists with apatite in quartz-pyrite-chalcopyrite-scheelite veins (Su et al., 

2019). The scheelite II and scheelite III overlap with scheelite of metamorphic fluid origins. At 

Shimensi, Sun and Chen (2017) analyzed both granite-hosted scheelite and quartz vein-hosted 

scheelite. The cores of the granite-hosted scheelite (scheelite I) exhibit different geochemical 

features with the rims (scheelite II) and the quartz vein-hosted scheelite (scheelite III; Sun and 

Chen, 2017). The data of scheelite II and III plot in the metamorphic hydrothermal scheelite 

domain in the discrimination diagram (Fig. 3.12). The Tongshankou deposit contains three types 

of scheelite: scheelite I coexists with calcite and chalcopyrite, scheelite II occurs with sericite 

and chalcopyrite, and scheelite III occurs with quartz in distal quartz veins hosted by limestones 

(Han et al., 2020). Only the distal scheelite III overlap with metamorphic-hydrothermal scheelite. 

The Xiangdong deposit features two types of scheelite: scheelite I hosted by the causative 

intrusion, a late Jurassic granite, and scheelite II hosted by quartz veins mainly distributed in the 

fracture zone above the concealed causative granite (Liu et al., 2019). Only the distal scheelite II 

is plotted in the metamorphic hydrothermal scheelite domain (Fig. 3.12). Generally, the overlaps 

are caused by later generation(s) and/or distally located scheelite. 

The reasons of overlapping of the above six deposits could be fluid mixing and fluid-rock 

interaction. Mixing with meteoric fluids is inevitable for magmatic hydrothermal fluids after they 

leave the magma chambers. Mixing can cool down hydrothermal systems rapidly and 

significantly dilute the salinity, which significantly reduce the solubility of most metals including 

W, Mo, Nb, Ta and base metals (e.g., Wood and Samson, 1998; Shu et al., 2017, 2021). The 

circulating meteoric fluids could function similarly as metamorphic fluids in acquiring Sr and 

possibly REE signatures from wallrocks rich in high Ca plagioclase before mixing with 

magmatic hydrothermal fluids. The degree of mixing is typically higher in later stages and at 
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distal locations from the causative intrusions; therefore, such scheelite may have high Sr and 

EuA, like metamorphic fluids. 

Another possible mechanism to change the natures of fluids is fluid-rock interaction. 

Carbonate sedimentary rocks are enriched in Sr (610-2,000 ppm, Turekian and Wedepohl, 1961), 

and thus interacting with carbonate rocks could increase the Sr contents in hydrothermal systems.  

The reasons of overlapping provide guidelines when using the discrimination diagram: 

earlier stage scheelite is more reliable. The proximity to the causative intrusion is also favorable, 

but when applying this discriminating diagram, it is not known whether a deposit in question is 

magmatic hydrothermal or not, let alone a sample’s position relative to the causative intrusion. In 

reality, samples should be collected over as large an area as possible, rather than focusing in a 

small area, so as not to miss the possible proximal samples of a magmatic hydrothermal as much 

as possible. 

Despite the possible reasons for magmatic hydrothermal scheelite to be plotted in the 

metamorphic hydrothermal domain, the large quantity of data in this research in terms of both 

the number of deposits and number of analyses demonstrates that the effectiveness of this 

diagram is ~90%, and the chance of this misidentification is low. By following the above 

guidelines, the success rate could be higher than 90%. 
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CHAPTER 4  

GEOCHEMICAL VARIATIONS OF WOLFRAMITE AMONG DEPOSITS: AN INDICATOR 

OF FLUID ORIGIN AND RELATIVE DISTANCE TO CAUSATIVE INTRUSIONS 

 

4.1 Abstract 

Wolframite trace element compositions from 13 deposits have been analyzed with Laser 

Ablation – Inductively Coupled Plasma – Mass Spectrometry (LA-ICP-MS). These deposits 

include six deposits representing the proximal magmatic deposits (Type 1; Climax from 

Colorado, Taoxikeng, Kuimeishan, Dajishan, and Hukeng from China, and Wolfram Camp from 

Australia), two deposits representing distal magmatic hydrothermal deposits (Type 2; Dongping, 

China, and Sweet Home, Colorado) and five non-magmatic hydrothermal deposits (Type 3; 

Woxi from China, and Adams, Little Dora, Sunnyside and Yukon Tunnel from Colorado). In 

addition, data from the Piaotang deposit (both Types 1 and 2) and Xingluokeng deposit (both 

Types 1 and 2), south China, were collected from literature. Among the 56 elements analyzed in 

this study, Nb concentration in wolframite can be up to ~15,000 ppm; Mg, Mo, total REE, Sc, 

Ta, Ti, V and Y up to 1000s of ppm; Re, Sn, U, and Zr up to 100s of ppm, Hf, In, and Th up to 

10s of ppm, and the rest are typically below the detection limits.  

Wolframite in Type 1 deposits contains more Nb (75-15,304 ppm) and Ta (0.6-2,147 

ppm) and has lower Ti/Zr ratios (0.9-12) than Type 2 wolframite (Nb, 9-4,202 ppm; Ta, 2.0-145 

ppm; Ti/Zr, 1-115). In addition, wolframite in Type 1 deposits has much stronger negative Eu 

anomaly (lower EuA values) than that in Type 2 deposits. These parameters may indicate 

proximal vs. distal positions of a deposit relative to the causative intrusions. Compared with the 

magmatic hydrothermal deposits (Types 1 and 2), non-magmatic hydrothermal deposits have 

wolframite containing lower Nb (<98 ppm) and Ta (<4 ppm), and higher V (4-1,241 ppm) and 

Ti/Zr (1-4,015). The EuA vs. V and EuA vs. Nb+Ta plots can distinguish proximal magmatic, 

distal magmatic, and non-magmatic hydrothermal deposits, whereas the Ti/Zr vs. V and Ti/Zr vs. 

Nb+Ta plots can distinguish magmatic and non-magmatic hydrothermal fluids. 
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4.2 Introduction  

Tungsten is nowadays considered as a critical mental in the United States due to its 

significant applications and limited supply sources (Schulz et al., 2018). The most important W 

resources are found in the Southeast China and the Southeast Asian belt (e.g., Hu and Zhou, 

2012; Chen et al., 2013; Gao et al., 2014; Mao et al., 2020) with also significant resources in the 

Central Andean belt (e.g., Lehmann et al., 2000; Mlynarczyk and Williams-Jones, 2005; Romer 

and Kroner, 2016), the East Australian belt (e.g., Audétat et al., 2000; Bierlein et al., 2002; 

Chang et al., 2017), the Mesoproterozoic Karagwe-Ankole belt (e.g., Dewaele et al., 2016; 

Hulsbosch et al., 2016) and the European Variscan belt (e.g., Kelly and Rye, 1979; Breiter et al., 

1999; Harlaux, 2016). 

Wolframite is an iron-manganese tungstate mineral, a solid solution between ferberite 

(FeWO4), and huebnerite (MnWO4), and is an important tungsten ore mineral. Wolframite is 

tetragonal with two unique cation sites in its crystal structure: an [8]-coordinated site occupied 

predominantly by Fe2+ and/or Mn2+, and a [4]-coordinated site dominated by W6+. The 

Goldschmidt rules of substitution and Ringwood’s modification (Goldschmidt, 1937; Ringwood, 

1955) state that elements substituting major elements in mineral lattices should share similar 

ionic radius (±15%) and charge (equal or ±1 charge) with the major elements. Thus, the [8]-

coordinated site (Fe2+ and Mn2+, effective ionic radii = 0.78 and 0.83 Å; Shannon, 1976) can 

incorporate Li1+ with an ionic radius of 0.76 Å, Zn2+ (0.74 Å), Co2+ (0.745 Å), Mg2+ (0.72 Å), 

Ni2+ (0.69 Å), In3+ (0.8 Å), Sc3+ (0.745 Å), Sb3+(0.76 Å) and heavy rare-earth elements (HREE3+; 

0.861 to 0.923 Å). The [4]-coordinated site (W6+, 0.6 Å) can incorporate Mo6+ (0.59 Å), Nb5+ 

(0.64 Å) and Ta5+ (0.64 Å), plus other elements (Fig. 4.1). The effective ionic radii are from 

Shannon (1976).  

Wolframite may occur within altered granitic intrusions (e.g., the Wolfram Camp deposit, 

Plimer, 1974) and quartz veins in the proximal to distal country rocks (e.g., the Xihuashan 

deposit and the Dajishan deposit; McKee et al., 1987; Wu et al., 2017). It commonly coexists 

with scheelite, molybdenite and/or cassiterite. The ore-forming fluids mostly originate from 

highly fractionated granitic intrusions ���:�R�R�G���D�Q�G���6�D�P�V�R�Q�����������������ý�H�U�Q�ê���H�W���D�O���������������������+�R�Z�H�Y�H�U����

in some atypical systems, the wolframite mineralization is not necessarily genetically linked to 

magmatism (e.g., the Woxi Au-W-Sb deposit in Hunan, China, Zhu and Peng, 2015). 
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Figure 4.4.1 Ionic radius vs. charge diagram for major and trace elements in wolframite. The 
shadows represent the ±15% ionic radius and ±1 charge different with W6+, Fe2+ and Mn2+. Ionic 
radii data are from Shannon (1976). 

 
The low detection limits of LA-ICP-MS analyses have revolutionized the understanding 

of trace-element patterns and concentrations in a variety of ore deposit systems. Trace element 

composition analyses of wolframite have been widely studied (e.g., Goldmann et al., 2013; 

Xiong et al., 2017 and 2020; Zhang et al., 2018; Harlaux et al., 2018; Deng et al., 2019; Yang et 

al., 2019a and 2019b; Chen et al., 2020; Zhang et al., 2020). However, all the studies only 

focused on one single deposit or several deposits in a specific region, instead of in a global scale, 

and the geochemistry of wolframite not genetically relevant to intrusions has been barely studied.  

In this study, geochemical compositions of wolframite from 13 deposits worldwide 

including proximal magmatic-hydrothermal systems, distal magmatic-hydrothermal systems, and 

non-magmatic-hydrothermal systems have been analyzed via LA-ICP-MS. By combining the 

analytical results with existing data, the objectives of the paper are to study: 1) the application of 

wolframite geochemical composition to predict the proximities to intrusion in magmatic-

hydrothermal systems; and 2) the geochemical features of non-magmatic-hydrothermal 

wolframite. 
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4.3 Geologic background of the wolframite-bearing samples 

This study analyzed wolframite samples from six deposits in south China (Woxi, 

Taoxikeng, Kuimeishan, Dongping, Dajishan and Hukeng), one deposit in Queensland, Australia 

(Wolfram Camp) and six deposits in Colorado (Climax, Sweet Home, Adams, Yukon Tunnel, 

Little Dora and Sunnyside). 

Samples of Climax, Taoxikeng, Kuimeishan, Dajishan, Hukeng and Wolfram Camp 

represent wolframite precipitated proximal to intrusions in magmatic-hydrothermal systems. 

Climax is a porphyry Mo deposit in Colorado, where the tungsten mineralization occurs in a 

high-silica alteration zone in the porphyritic granitic intrusion (Hall et al., 1974). Taoxikeng, 

Kuimeishan, Dajishan and Hukeng are all in southern Jiangxi, China, and the geologic contexts 

are very similar: wolframite occurs in quartz veins associated with greisen alteration, and the 

adjacent granitic intrusions have been proved to be the origins of the ore-forming fluids (Chen et 

al., 2006; Li et al., 2014; Wu et al., 2017; Liu et al., 2011). Tungsten is the major economic 

component in these deposits. In addition, Dajishan also contains economic amounts of Ta and Nb 

(2,000 tons Ta2O5 and 1,300 tons Nb2O5, Liu et al., 2019). The Wolfram Camp deposit is a 

pegmatite-greisen type W-Mo deposit in northeast Queensland, Australia. The orebodies occur 

as vertical to near horizontal pipe-like bodies or pockets of quartz ± K-feldspar in the roof zone 

of the causative intrusion, and the major ore minerals are wolframite and molybdenite (Plimer et 

al., 1974). The wolframite-bearing samples from Wolfram Camp and Climax are hosted by the 

altered causative granitic intrusions, and the samples of Taoxikeng, Dajishan, Kuimeishan and 

Hukeng were collected in the host metasedimentary rocks but all within 100 meters from the 

causative intrusions.  

Samples of Dongping and Sweet Home represent distal wolframite mineralization in 

magmatic-hydrothermal systems. The Dongping tungsten deposit is located in Wuning County of 

northern Jiangxi. The outcropping rocks in the Dongping mining area are slate and metapelite, 

which host wolframite-bearing quartz veins exposed at surface, and no igneous rock has been 

found on the surface of the mining district (Li and Li, 2018). A granitic unit in Dongping was 

only found in four drill holes at depths more than 800 m (Hu et al., 2018), and its genetic 

relationship with the mineralization at the surface is uncertain, and thus the causative intrusion 

for the Dongping mineralization is at least 800 m away. The Sweet Home mine is located in the 

Alma mining district on the eastern slope of central Colorado’s Mosquito Range. The Sweet 
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Home Mine is characterized by a mineral paragenesis that includes base metal sulfides and 

sulfosalt assemblages typically occurring in veins, as well as minor quartz–molybdenite 

mineralization, and hübnerite ore pockets (Lüders et al., 2009). The mineralization in the Sweet 

Home deposit have been interpreted as a distal variant of the Climax porphyry system, based on 

previous fluid-inclusion (Reynolds, 1998; Lüders et al., 2009), geochronology (Misantoni et al., 

1998) and stable isotope (Lüders et al., 2009; Misantoni et al., 1998) studies plus similarities in 

mineral assemblages (Bartos et al., 2007). The ore-forming fluids are magmatic in origin and 

were diluted by meteoric water and cooled towards the mineralization in the Sweet Home deposit 

(Bartos et al., 2007; Lüders et al., 2009). 

Other deposits are of atypical wolframite-bearing mineralization system, and the 

mineralization is not genetically linked to felsic magmatism. The Woxi Au–Sb–W deposit, 

hosted by the Neoproterozoic low-grade metamorphic clastic rocks, is located in a brittle-ductile 

shear zone within the Xuefengshan Range, south China. Zhu and Peng (2015) conducted micro-

thermometric and laser Raman analysis on fluid inclusions in the Woxi Au-Sb-W deposit. The 

fluids have low salinity (<7.0 wt.% NaClequiv) and are CO2-rich and N2-bearing. They have 

metamorphic characteristics, and the deposit is identified as an atypical orogenic Au deposit. In 

the San Juan district, Colorado, the wolframite-bearing quartz veins fill vertical to steeply 

�G�L�S�S�L�Q�J�����!�����ƒ�����I�D�X�O�W�V���D�Q�G���I�L�V�V�X�U�H�V���L�Q���W�K�H���6�Xltan Mountain quartz monzonite, the Tertiary volcanic 

rocks, the Paleozoic sedimentary rocks, and the Precambrian metamorphic rocks (Musgrave and 

Thompson, 1991). Previous geologic and geochemical studies (Casadevall and Ohmoto, 1977; 

Musgrave and Thompson, 1991) suggest the ore-forming fluids of the wolframite mineralization 

in the San Juan county, Colorado, including Adams, Yukon Tunnel, Little Dora, and Sunnyside 

were composed largely of meteoric water. The fluids acquired salts and sulfur by dissolving 

evaporitic sedimentary rocks, then leached metals from the Tertiary volcanic rocks and 

Precambrian basement. The hydrogen and oxygen isotopic ratios of the ore-forming fluids are in 

the ranges of -6.8 to -8.8‰ and -96.4 to -134.6‰, respectively (Casadevall and Ohmoto, 1977; 

Musgrave and Thompson, 1991). 

 

4.4 Methodology 

The analysis of trace element concentrations in wolframite was performed at the LA-ICP-

MS Laboratory at the Department of Geology and Geological Engineering, Colorado School of 
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Mines, USA. The instruments are an Applied Spectra RESOlution-SE 193 nm ArF excimer laser 

ablation system equipped with a S155 sample cell and a triple quadrupole Agilent 8900 ICP-MS 

QQQ (or ICP-MS/MS). The two instruments were connected using a signal smoothing SQUID 

device. Samples were made into thick sections (90 microns thickness) for LA-ICP-MS analysis 

and petrography studies were conducted before the analysis. Ablation of the scheelite was carried 

out using a laser beam of 18 to 50 microns, with a laser energy of 5 J/cm2 and a repetition rate of 

5 pulses/sec (5 Hz). The ablated material was carried by He gas, and then mixed with Ar in a 

funnel immediately above the sample cell, before being introduced to the ICP-MS. The analysis 

was conducted in the single quadrupole and no cell gas mode. The analyzed isotopes are 7Li, 
9Be, 23Na, 26Mg, 27Al, 29Si, 34S, 39K, 45Sc, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 69Ga, 
72Ge, 75As, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95Mo, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 137Ba, 139La, 140Ce, 
141Pr, 146Nd, 147Sm, 151Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 
185Re, 205Tl, 208Pb, 209Bi, 232Th and 238U (55 isotopes). A dwell time of 10 millisecond was used 

for all isotopes except for 93Nb, 95Mo, 147Sm, 153Eu, 157Gd, 178Hf and 181Ta (20 millisecond). 

Among these isotopes, 28Si, 34S, 39K and 209Bi were used to monitor mineral inclusions (e.g., 

bismuthinite) and wolframite grains being drilled through into surrounding minerals of quartz 

and other minerals. Each spot was cleaned with one laser shot, followed by 15 seconds of 

waiting time for the waste aerosol to pass through the system. Then a gas blank was collected for 

30 seconds, followed by 60 seconds of sample signal collection. The external standard was NIST 

610 standard reference material (SRM) glass. NIST 612 SRM glass was analyzed to monitor the 

quality of the analyses. A set of SRMs (two NIST 610 and two NIST 612) were analyzed at the 

beginning of the session and then every 15-30 sample analyses, with shorter intervals at the 

beginning and gradually longer intervals over time. Data reduction including concentration, 

uncertainties (2 standard error, 2SE) and detection limit calculations was performed using the 

Iolite V4 software (Paton et al., 2011). The internal standard was W, with its stoichiometric 

concentration (60.63 wt.%) used for data reduction. In total 655 spot analyses on 51 samples 

have been conducted. Among them, six analyses were rejected because there are too many 

inclusions in a spot analysis. The full results of 649 valid analyses are in Appendix 4A. 
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Table 4.1 Trace element compositions (in ppm) of wolframite determined by LA-ICP-MS (uncertainties and detection limits are 
reported in Appendix 4A) 

 Climax (Type 1) 
n = 36 

Dajishan (Type 1) 
n = 45 

Hukeng (Type 1) 
n = 54 

Kuimeishan (Type 1) 
n = 25 

Taoxikeng (Type 1) 
n = 25 

 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 

Mg 13.9 15.3 21.7 210 254 302 39.0 72.2 123.0 278 286 380 30.5 31.6 34.0 

Sc 955 1187 1677 0.87 1.44 2.89 7.0 11.8 20.9 92.0 116.0 152.6 354 426 498 

Ti 173 242 298 41.7 72.7 132.7 23.3 43.8 87.7 48.4 73.2 134.3 33.6 49.5 66.1 

V 2.9 3.9 10.2 1.09 1.37 2.06 0.28 0.40 0.58 4.97 7.08 8.84 1.21 1.33 1.45 

Cr BDL BDL 0.74 1.87 2.06 2.35 BDL BDL 0.63 1.15 1.22 1.31 0.71 0.79 0.88 

Co 0.29 2.25 3.49 0.45 0.54 0.70 BDL BDL 0.02 1.25 4.05 4.24 1.00 1.03 1.05 

Zn 56.6 84.4 88.4 170.8 180.4 184.7 81.9 92.6 115.4 61.1 212.3 235.5 162.9 164.2 168.3 

Ga 0.27 0.45 0.51 0.02 0.04 0.05 BDL BDL 0.04 BDL 0.03 0.05 0.16 0.21 0.24 

Sr 0.10 0.11 0.18 BDL BDL BDL 0.05 0.08 0.11 0.03 0.04 0.06 0.09 0.11 0.13 

Y 25.5 61.1 91.9 56.8 88.0 138.7 185 244 431 45.5 57.4 88.7 315 352 441 

Zr 40.0 74.5 100.9 2.67 4.88 11.74 7.1 11.2 17.3 7.8 18.8 34.0 54.7 73.2 92.5 

Nb 5697 7828 10354 696 1153 2004 1039 1489 1910 1283 1565 1771 5516 7009 8051 

Mo 51.3 227.5 247.7 23.6 27.1 28.6 3.78 4.58 5.09 0.80 2.55 4.14 21.2 22.2 23.2 

In 7.96 11.20 21.99 4.27 5.06 6.91 0.83 1.22 1.73 1.55 2.26 3.03 16.7 18.5 21.5 

Sn 164 304 490 4.98 11.78 21.43 14.0 26.3 60.3 8.3 18.8 41.5 50.1 83.0 110.3 

Hf 3.77 4.86 6.30 0.32 0.63 1.63 0.58 0.95 1.62 0.37 0.95 2.09 4.2 6.3 8.0 

Ta 34.6 69.2 193.3 104 183 275 25.8 71.4 101.1 28.3 35.6 63.5 140 200 294 

Re 6.98 7.45 8.94 9.1 14.4 17.1 2.91 3.07 12.98 10.5 11.2 11.4 3.54 3.60 3.63 

Pb BDL 0.06 0.33 BDL BDL BDL BDL 0.06 0.10 BDL BDL 0.31 BDL 0.02 0.03 

Th 1.70 2.26 5.11 0.17 0.20 0.27 0.27 0.40 0.57 0.11 0.14 0.17 0.52 0.93 1.10 

U 32.0 57.6 113.0 1.76 2.71 8.37 5.68 9.44 17.34 1.26 2.06 2.98 16.7 28.9 37.3 
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Table 4.1 Continued 

 Wolfram Camp (Type 1) 
n = 260 

Dongping (Type 2) 
n = 19 

Sweet Home (Type 2) 
n = 35 

Adams (San Juan; Type 3) 
n = 20 

Little Dora (San Juan; Type 3) 
n = 22 

 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 

Mg 43 171 192 258 290 392 13.2 17.6 21.3 13.9 15.3 21.7 38.0 42.3 49.8 

Sc 116 276 413 23.0 40.3 46.8 31.5 47.4 66.8 2.6 7.0 10.6 52.3 75.1 120.8 

Ti 6.2 25.6 39.7 38 92 249 66 205 439 7.0 38.5 53.2 7.3 19.8 183.6 

V 0.06 0.30 0.51 3.2 5.7 14.9 0.41 0.68 1.53 5.59 6.34 8.87 23.7 34.1 45.6 

Cr BDL BDL 2.39 1.01 1.25 1.51 BDL BDL BDL BDL BDL BDL BDL 1.13 2.20 

Co 0.82 1.50 1.68 2.0 11.6 16.1 BDL BDL BDL BDL BDL BDL BDL BDL BDL 

Zn 55.3 66.5 76.3 77.0 89.5 230.6 5.6 9.6 17.2 1.77 2.33 4.40 0.75 1.18 1.66 

Ga BDL 0.04 0.06 BDL BDL 0.03 BDL BDL 0.010 0.19 0.26 0.94 1.32 1.94 2.51 

Sr 0.30 0.46 0.64 0.02 0.02 0.06 BDL 0.09 0.14 1.02 1.50 13.23 0.36 0.54 1.40 

Y 234 627 1033 1.9 18.7 23.1 2.27 5.40 9.70 24.3 76.1 542.1 9.2 21.8 166.4 

Zr 4.8 10.8 28.8 1.6 5.0 16.4 2.4 9.5 27.4 0.04 0.18 0.36 0.04 0.10 0.29 

Nb 1765 3921 6073 31.1 94.9 182.9 1088 1766 2889 2.64 3.99 5.39 2.26 4.61 6.82 

Mo 53 1829 2147 0.35 0.38 0.62 2.34 3.84 4.69 5.02 6.06 10.22 0.91 1.33 1.69 

In 1.39 1.99 3.27 0.48 0.55 0.80 0.25 0.44 1.38 0.02 0.06 0.08 0.01 0.02 0.03 

Sn 1.13 2.94 8.39 1.8 4.9 14.0 1.0 2.8 20.6 0.18 0.41 0.56 BDL BDL BDL 

Hf 0.42 0.78 1.63 0.05 0.13 0.68 0.07 0.33 0.92 BDL BDL 0.02 BDL 0.01 0.01 

Ta 78 209 369 2.17 3.13 5.06 12.5 48.5 103.2 2.49 3.03 3.56 2.38 3.46 3.55 

Re 3.0 12.5 12.8 9.4 13.1 13.6 10.2 11.1 16.0 10.9 12.8 13.0 12.8 13.0 13.3 

Pb BDL BDL 0.04 BDL BDL 0.08 BDL BDL 0.06 0.4 2.1 220.2 0.25 0.50 1.20 

Th 0.23 0.31 0.68 0.13 0.14 0.15 0.13 0.36 0.55 0.25 0.31 0.41 0.26 0.82 4.43 

U 1.10 3.39 7.44 0.20 0.45 2.49 3.7 12.6 120.2 0.11 3.09 6.76 0.37 1.20 17.37 
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Table 4.1 Continued 

 Sunnyside (San Juan; Type 3) 
n = 29 

Yukon Tunnel (San Juan; Type 3) 
n = 21 

Woxi (Type 3) 
n = 58 

 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 

Mg 29.9 31.7 34.0 16.8 18.4 19.3 919 942 977 

Sc 4.53 5.72 6.59 2.91 3.21 5.14 21.7 54.6 110.0 

Ti 44.1 100.4 116.3 11.0 27.4 60.1 177 347 507 

V 14.6 22.5 34.3 75.4 120.4 165.7 49.8 65.2 101.4 

Cr BDL BDL BDL BDL BDL BDL 8.0 10.8 12.7 

Co BDL BDL BDL BDL BDL BDL BDL 0.02 0.05 

Zn 1.20 2.32 3.15 BDL 0.42 0.54 56.5 61.5 68.4 

Ga 0.10 0.17 0.41 0.23 0.61 1.30 0.04 0.06 0.10 

Sr 0.23 0.91 1.07 0.13 0.40 0.67 0.07 0.17 0.39 

Y 52.9 74.9 146.5 4.5 5.9 71.3 0.12 0.30 0.40 

Zr 0.06 0.08 0.13 0.02 0.02 0.04 1.80 2.80 5.82 

Nb 1.76 2.05 2.32 1.89 2.04 2.39 8.3 14.9 23.2 

Mo 6.1 10.9 13.6 24.9 29.9 36.4 0.69 0.90 1.11 

In 0.02 0.03 0.04 0.00 0.01 0.02 0.11 0.18 0.32 

Sn BDL BDL 0.27 BDL BDL 0.25 0.76 1.06 1.75 

Hf BDL BDL BDL BDL BDL BDL 0.04 0.08 0.15 

Ta 2.44 2.50 2.56 2.49 2.55 2.57 2.62 3.16 3.71 

Re 14.4 20.6 27.1 19.3 28.9 36.8 4.7 10.1 12.3 

Pb 0.42 0.76 1.39 BDL BDL BDL 0.04 0.10 0.21 

Th 0.13 0.23 0.29 0.30 0.33 0.45 0.19 0.23 0.29 

U 0.77 1.77 3.94 0.08 0.46 1.37 0.06 0.12 0.25 

Note:  BDL: below detection limit;  
Q25: The first quartile value (lower quartile value); Q75: The third quartile value (upper quartile value).
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Table 4.2 REEs compositions (in ppm) of wolframite determined by LA-ICP-MS (uncertainties and detection limits are reported in 
Appendix 4A) 

 Climax (Type 1) 
n = 36 

Dajishan (Type 1) 
n = 45 

Hukeng (Type 1) 
n = 54 

Kuimeishan (Type 1) 
n = 25 

Taoxikeng (Type 1) 
n = 25 

 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 
La 0.003 0.008 0.046 BDL 0.004 0.011 0.007 0.020 0.062 BDL 0.005 0.013 0.009 0.013 0.016 

Ce 0.046 0.073 0.132 0.041 0.068 0.117 0.079 0.234 0.362 0.015 0.021 0.042 0.160 0.206 0.269 

Pr 0.018 0.027 0.044 0.020 0.029 0.059 0.043 0.079 0.161 0.004 0.009 0.015 0.093 0.125 0.159 

Nd 0.189 0.263 0.338 0.192 0.301 0.806 0.578 1.173 1.929 0.061 0.132 0.225 1.409 1.787 2.212 

Sm 0.386 0.539 0.778 0.849 1.408 4.161 3.847 6.523 8.613 0.352 0.470 0.621 6.303 7.379 9.031 

Eu 0.036 0.062 0.089 0.060 0.089 0.182 0.482 0.602 0.717 0.033 0.056 0.088 0.010 0.011 0.015 

Gd 0.86 1.69 2.63 3.04 5.98 13.09 15.49 25.89 35.37 1.66 2.05 2.89 17.28 19.78 25.16 

Tb 0.38 0.79 1.20 1.20 2.31 3.92 5.50 9.01 12.31 0.71 0.89 1.23 6.97 7.88 9.90 

Dy 4.23 11.17 15.81 6.99 10.99 20.06 42.97 72.86 99.23 9.54 11.61 17.27 69.47 79.31 98.30 

Ho 1.43 3.27 5.03 0.89 1.21 2.05 6.73 12.76 17.57 2.28 2.88 4.87 15.58 17.98 21.84 

Er 7.98 18.49 28.02 2.47 3.34 5.18 20.32 38.51 50.67 12.56 15.33 26.99 64.95 74.80 91.19 

Tm 2.59 5.70 8.51 0.41 0.58 0.81 3.43 6.09 7.63 2.63 3.28 5.86 15.77 17.84 21.82 

Yb 30.83 75.47 107.40 3.05 4.27 6.15 28.04 43.84 55.92 33.02 42.32 75.96 170.33 188.33 231.31 

Lu 6.45 13.44 20.27 0.42 0.60 0.85 3.59 5.46 7.06 5.36 6.33 12.36 27.35 30.10 37.27 

LREE 0.79 1.09 1.33 1.09 1.75 5.21 4.70 8.24 11.49 0.52 0.63 0.96 8.02 9.38 11.54 

HREE 55.53 130.53 186.50 19.44 31.29 48.90 134.05 208.89 280.29 69.42 83.92 153.00 385.78 436.02 537.21 

REE 57.02 131.39 188.06 20.35 35.16 53.32 141.73 219.66 291.95 70.25 84.52 154.46 393.35 445.41 549.60 

EuA 0.17 0.19 0.20 0.07 0.09 0.12 0.10 0.15 0.22 0.10 0.14 0.19 0.002 0.003 0.003 
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Table 4.2 Continued 

 Wolfram Camp (Type 1) 
n = 260 

Dongping (Type 2) 
n = 19 

Sweet Home (Type 2) 
n = 35 

Adams (San Juan; Type 3) 
n = 20 

Little Dora (San Juan; 
Type 3) 
n = 22 

 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 
La 0.002 0.028 0.066 BDL BDL 0.007 BDL BDL 0.008 1.20 1.95 3.53 0.33 0.75 3.37 

Ce 0.047 0.408 0.921 BDL 0.006 0.017 0.003 0.010 0.023 5.84 12.02 18.69 0.67 1.91 15.78 

Pr 0.026 0.208 0.432 BDL BDL 0.003 BDL 0.002 0.006 0.98 3.58 6.07 0.10 0.35 3.56 

Nd 0.439 2.746 5.062 BDL 0.014 0.023 0.018 0.042 0.085 5.17 26.76 40.96 0.64 2.19 24.97 

Sm 1.426 7.086 12.043 BDL 0.077 0.113 0.075 0.140 0.263 3.79 19.52 62.76 0.69 2.46 19.87 

Eu 0.014 0.027 0.058 0.006 0.032 0.057 0.037 0.073 0.126 2.37 11.23 40.95 0.42 1.53 14.85 

Gd 7.01 26.85 44.28 0.02 0.60 0.71 0.33 0.70 1.19 6.90 26.39 143.44 1.64 5.14 42.12 

Tb 3.19 11.39 18.81 0.03 0.32 0.36 0.15 0.28 0.56 1.67 5.99 30.62 0.58 1.40 9.39 

Dy 44.68 143.30 247.18 0.71 4.92 6.02 2.24 3.62 7.56 15.16 38.24 235.31 6.12 12.99 66.04 

Ho 14.24 42.85 73.10 0.25 1.32 1.72 0.54 1.05 2.09 2.33 4.00 35.49 1.29 2.67 7.96 

Er 76.58 216.90 366.71 1.85 7.33 8.96 2.77 5.30 9.96 5.41 9.53 86.50 5.50 10.12 21.88 

Tm 20.36 54.35 85.52 0.52 1.43 1.69 0.54 1.19 2.15 0.64 1.33 8.30 1.06 1.81 2.96 

Yb 261.84 633.74 975.76 7.71 14.15 17.39 5.74 12.42 20.83 4.26 9.50 44.67 9.85 18.43 25.53 

Lu 53.29 112.70 174.26 1.27 1.66 2.33 0.96 2.25 3.44 0.34 0.90 4.04 1.55 2.88 3.86 

LREE 2.06 10.61 18.52 0.02 0.10 0.19 0.11 0.23 0.42 17.59 84.99 122.45 2.43 7.93 66.54 

HREE 487.10 1238.12 1958.72 12.39 33.95 40.09 13.31 26.56 48.32 45.72 140.86 626.51 34.38 57.85 276.20 

REE 489.43 1248.34 1977.79 12.40 34.11 40.26 13.64 26.67 48.57 58.35 212.12 853.31 42.46 63.61 463.06 

EuA 0.003 0.004 0.022 0.40 0.54 1.14 0.63 0.69 0.79 1.20 1.30 1.35 1.22 1.31 1.59 
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Table 4.2 Continued 
 Sunnyside (San Juan; Type 3) 

n = 29 
Yukon Tunnel (San Juan; Type 3) 

n = 21 
Woxi (Type 3) 

n = 58 
 Q25 Median Q75 Q25 Median Q75 Q25 Median Q75 

La 0.23 1.11 2.21 0.08 0.55 1.10 BDL BDL BDL 

Ce 1.67 4.19 8.48 0.26 2.25 3.68 BDL BDL BDL 

Pr 0.48 1.00 1.84 0.07 0.33 0.69 BDL BDL BDL 

Nd 4.63 6.15 13.95 0.59 1.76 3.57 BDL BDL BDL 

Sm 4.19 6.35 9.94 0.30 1.69 4.43 BDL BDL BDL 

Eu 2.53 4.19 6.88 0.18 0.72 2.26 BDL BDL BDL 

Gd 7.79 12.49 22.20 0.99 2.29 14.05 BDL BDL 0.039 

Tb 2.13 3.41 6.33 0.28 0.47 3.43 0.003 0.012 0.020 

Dy 17.71 28.55 51.09 2.12 3.00 26.65 0.05 0.11 0.19 

Ho 3.44 5.06 9.00 0.34 0.49 5.98 0.01 0.03 0.04 

Er 8.48 12.76 21.52 0.95 1.28 18.53 0.05 0.11 0.16 

Tm 1.02 1.43 2.32 0.14 0.20 2.52 0.01 0.03 0.04 

Yb 6.34 9.38 11.62 1.12 1.48 15.41 0.17 0.31 0.45 

Lu 0.64 0.90 1.31 0.12 0.21 1.61 0.03 0.06 0.09 

LREE 14.18 18.15 40.25 2.64 6.17 11.24 BDL BDL BDL 

HREE 54.99 77.75 142.67 6.16 10.25 84.34 0.34 0.67 0.95 

REE 73.14 108.68 174.46 7.21 19.39 105.14 0.34 0.67 0.95 

EuA 1.37 1.42 1.53 0.99 1.05 1.12 0.88 1.35 1.52 

Note:  BDL: below detection limit;   
Q25: The first quartile value (lower quartile value); Q75: The third quartile value (upper quartile value); 
LREE = �����/�D�����&�H�����3�U�����1�G�����3�P�����6�P�������+�5�(�(��� �������(�X�����*�G�����7�E�����'�\�����+�R�����(�U�����7�P�����<�E�����/�X�� 
EuA = (Eu/Eu*)N = EuN/(SmN*GdN)1/2. 
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Figure 4.2 REE spider diagrams of analytical results on wolframite normalized to the chondrite 
(chondrite from McDonough and Sun, 1995). The red, purple and blue colors represent Type 1, 
2, and 3 deposits, respectively. Data of Piaotang and Xingluokeng are from Zhang et al. (2018) 
and Zhang et al. (2020).  
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4.5 Analytical results  

More than ten analytical results have been produced on wolframite from each deposit. 

The complete data sets of trace element LA-ICP-MS analytical results, together with the 

detection limitations and analytical uncertainties (expressed as two standard error), are presented 

in Appendix 4A, and the representative results are shown in Tables 4.1 and 4.2. 

In the reporting below, the deposits are classified into Type 1 proximal magmatic 

hydrothermal deposits (Climax, Dajishan, Hukeng, Kuimeishan, Taoxikeng and Wolfram 

Camp), Type 2 distal magmatic hydrothermal deposits (Dongping and Sweet Home), and Type 3 

non-magmatic hydrothermal deposits (Woxi and the San Juan County deposits - Adams, Yukon 

Tunnel, Little Dora, and Sunnyside). As shown in Table 4.1 and Figure 4.2, the wolframite in 

Type 1 deposits contains high concentrations of Nb (75 to 12,787 ppm) and Ta (0.6 to 622 ppm). 

The Nb and Ta contents are low in the Type 2 deposits (Nb: 8.9 to 4,202 ppm, Ta: 2.0 to 145 

ppm) and are even lower in Type 3 deposits (Nb: 1.3 to 98 ppm, Ta: 2.1 to 4.2 ppm). The Ti/Zr 

ratios are very low in Type 1 deposits (0.09 to 12 ppm), higher in Type 2 deposits (1.3 to 115 

ppm), and even higher in Type 3 deposits (1.2 to 4,015 ppm). There is also some systematic 

change in V content in wolframite. The wolframites of magmatic hydrothermal deposits (Type 1 

and Type 2) have similarly lower V (0.04 to 12 ppm) than non-magmatic hydrothermal deposits 

(Type 3; 4.7 to 1,241 ppm). The REE contents of the wolframites are shown in Table 4.2 and 

Figure 4.3. The wolframite REE patterns of magmatic-hydrothermal deposits (Types 1 and 2) 

show common preferential enrichment of HREE relative to LREE, while only the Type 1 

wolframite REE exhibits distinctive negative Eu anomalies (Figs. 4.2 and 4.3). The wolframite 

REE contents of Type 3 deposits do not have HREE enrichment and negative Eu anomalies (Fig. 

4.3). The Eu anomaly is also calculated as EuA = (Eu/Eu*)N = EuN/(SmN*GdN)1/2. Type 1 

deposits have EuA of 0.001-0.49, all below 0.5, indicating stronger negative Eu anomalies, 

whereas Type 2 and Type 3 deposits have higher EuA of 0.8-3.2, indicating much weaker to no 

negative Eu anomalies.  

In both the Piaotang deposit and the Xingluokeng deposit, wolframite occurs in two 

mineralization types: proximally hosted by the causative intrusions (Type 1) and distally hosted 

by metasedimentary rocks (Type 2). The trace-element geochemistry of both Type 1 and Type 2 

wolframite in the two deposits have been studied by Zhang et al. (2018) and Zhang et al. (2020), 

and the data are consistent with the analytical results of this study (Fig. 4.2 and 4.3). 
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Figure 4.3 Box plots of wolframite trace element composition. The red, purple and blue colors 
represent Type 1, 2, and 3 deposits, respectively. The data of the Piaotang deposit and the 
Xingluokeng deposit are from Zhang et al. (2018) and Zhang et al. (2020), respectively. 

 

Based on the above findings, binary plots of EuA and Ti/Zr vs. V and Nb+Ta are designed 

to distinguish the three types of deposits (Fig. 4.4). The EuA vs. V and EuA vs. Nb+Ta plots 

separate the three types clearly and with the least amount of overlap (Fig. 4.4). The Ti/Zr-V and 

Ti/Zr vs. Nb+Ta plots are effective in distinguishing magmatic hydrothermal (Types 1 and 2) 

deposits from non-magmatic hydrothermal deposits (Type 3), but there is significant overlap 

between Type 1 and Type 2 deposits, in particular the Ti/Zr vs. V plot (Fig. 4.4). 

 
4.6 Discussion 

 

4.6.1 Wolframite geochemistry as a vector to causative intrusions 

Our data suggest that the REE contents of the proximal precipitated wolframite exhibit 

distinctive negative Eu anomalies, while the distal wolframite does not. Moreover, the 

wolframite proximal to intrusions contains more Nb and Ta and has lower Ti/Zr ratios than the 

distal precipitated wolframite. These geochemical features can be used as vectors toward the 

causative intrusions.  
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Figure 4.4 Binary plots of the wolframite compositional data, which includes the analytical 
results of this study and data of Piaotang (Zhang et al., 2018) and Xingluokeng (Zhang et al., 
2020). The red, purple and blue colors represent Type 1, 2, and 3 deposits, respectively. 

 

The Eu contents in the fluids derived from evolved intrusions are typically depleted. This 

is because the crystallization of calcic plagioclase depletes residual magmas of Eu relative to 

other REE as the Eu2+ has a stronger preference to substitute for calcium in plagioclase. Proximal 

wolframite samples (Type 1) are genetically correlated with highly evolved and Eu-depleted 

granites and inherit the negative Eu anomalies from the intrusions. The change in Eu anomaly 

values in the distal wolframite is probably a result of the hydrothermal alteration, fluid mixing, 

and REE deposition. Greisen alteration is commonly associated with wolframite-bearing quartz 

veins in magmatic-hydrothermal deposits (e.g., Legros et al., 2018; Wu et al., 2017; Wang et al., 

2021; Lüders et al., 2009; Chang et al., 2017), and the alteration decomposes plagioclase and 

liberate significant quantities of Eu into fluids (Hemley and Jones, 1964), neutralizing the 

negative Eu anomalies in distal wolframite in Type 2 deposits. Increasing circulation of meteoric 

water at locations distal to causative intrusions is common (e.g., Choi, 2007; Cao et al., 2015; 

Zhao et al., 2015). The addition of meteoric water would increase the oxygen fugacity of 

hydrothermal systems, resulting in elevated Eu3+/Eu2+ in fluids. Compared with Eu2+ (1.17 Å), 

the ionic radius of Eu3+ (0.95 Å) is much closer to those of Fe2+ (0.78 Å) and Mn2+ (0.83 Å) 
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(Shannon, 1976), so that partition coefficient of Eu3+between wolframite and fluids is much 

higher than that of Eu2+. The lower temperature at distal locations reduces the solubility of REE; 

the deposition of REE from fluids has also contributed to the weakening of the Eu anomalies at 

proximal locations. 

Nb and Ta contents are enriched in evolved felsic intrusions largely because of crystal 

fractionation as they are highly incompatible elements (Pollard, 1989), and these two elements 

also prefer aqueous fluids over silicate melts when magmatic water exsolves from a melt. Their 

higher concentrations in proximal fluids and the resultant wolframite probably inherited the 

signatures from the magmatic waters, probably facilitated by high F that also derives from the 

evolved melt, as F forms strong bonds with Si, Al, and high-field-strength elements (HFSE) 

including Nb and Ta (e.g., Chang and Meinert, 2004, 2008, and references therein). As the fluids 

migrate away from the intrusions, both cooling and the crystallization of F-bearing minerals 

decrease the solubility of Nb and Ta; therefore, their contents decline in Type 2 deposits. 

A decreasing trend has been found in Ti/Zr ratios from distal to proximal wolframite, 

which is contrary to a previous study on cassiterite geochemistry (Cheng et al., 2019). 

Experimental studies have shown that Zr and Ti solubilities are both enhanced with increasing 

pressure, temperature and pH (Ayers and Watson, 1991, 1993; Aja et al., 1997; Veyland et al., 

2000), and closely associate with the activities of boron, fluorine, phosphate and sulfate (Jiang et 

al., 2005 and reference therein). Both elements are HFSE and behave similarly in terms of 

solubility. Thus, the variation of Ti/Zr ratios is unlikely to be a result of solubility change. I 

propose that it is likely related to the wolframite lattice stability that is affected by temperatures. 

The ionic radius of Ti4+ (0.605 Å) is very similar with W6+ (0.60 Å), whereas Zr4+ (0.72 Å) is not 

(Shannon, 1976). High temperatures enhance the atomic thermal motions in minerals, which 

makes the crystal lattice more accommodating; therefore, at proximal locations where the 

temperatures are higher, more Zr can be incorporated into wolframite lattice. With the Ti content 

in wolframite not significantly affected by temperatures, the Ti/Zr ratio decreases from cooler 

distal locations to hotter proximal locations. 
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4.6.2 Using wolframite composition to distinguish magmatic proximal, magmatic distal, 

and non-magmatic hydrothermal systems 

Compared with wolframite from magmatic hydrothermal systems, the wolframite from 

non-magmatic hydrothermal systems such as Woxi and the deposits in San Juan County has low 

Ti/Zr ratios, is depleted in Nb and Ta, but contains more V. The REE contents exhibit no 

distinctive negative Eu. The combinations of these factors, in the form of binary plots of the 

above four parameters, can be used as effective discriminators of the deposit types, especially the 

EuA vs. V and EuA vs. Nb+Ta plots (Fig. 4.4). The reasons are explained below. 

The source of the ore-forming fluid plays a critical role for the wolframite’s chemical 

composition. As discussed above, the enrichment of Nb and Ta and the negative Eu anomalies in 

the magmatic-hydrothermal wolframite are inherited from the fractionated magmas, particularly 

at proximal locations to the causative intrusions. In contrast, non-magmatic hydrothermal 

deposits form at lower temperatures. Therefore, the solubilities of Nb and Ta are low, and the 

lower Zr contents in wolframite crystals lead to higher Ti/Zr ratios. The REE in non-magmatic 

hydrothermal fluids are from the alteration and leaching of sedimentary rocks that contain 

plagioclase, and thus there is only weak to no Eu anomalies and the EuA values are higher. By 

contrast, the concentration of V is low in granites (average 20 ppm) relative to the crustal 

average (135 ppm, Taylor, 1964), and thus the contents of V in magmatic-hydrothermal fluids 

are relatively limited compared with the non-magmatic hydrothermal fluids that leach and 

acquire V from sedimentary wallrocks.  

 

4.7 Concluding remarks 

With wolframite trace-element data from 15 deposits worldwide of various geologic 

settings, plus existing data from previous publications, this study demonstrates that wolframite 

geochemistry is related to hydrothermal fluid sources and fluid temperatures. Such relationships 

make it possible for wolframite trace-element compositions to function as discriminators and 

vectors:  

1) The EuA vs. V and EuA vs. Nb+Ta plots can distinguish proximal magmatic, distal 

magmatic, and non-magmatic hydrothermal deposits, whereas the Ti/Zr vs. V and Ti/Zr 

vs. Nb+Ta plots can distinguish magmatic and non-magmatic hydrothermal fluids.  
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2) In magmatic hydrothermal systems, the wolframite at proximal location relative to the 

causative intrusions contains more Nb and Ta and has lower Ti/Zr ratios and EuA values 

(stronger Eu anomalies) than distal wolframite.  
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CHAPTER 5  

COMPOSITION VARIATIONS IN WOLFRAMITE OF THE WOLFRAM CAMP W-MO 

DEPOSIT REVEALED BY µXRF AND LA-ICP-MS MAPPING 

 

5.1 Abstract 

The Wolfram Camp W-Mo deposit is a pegmatite-greisen type deposit located in 

northeast Queensland, Australia. Large geochemical variations have been found in the 

wolframite from Wolfram Camp even only one generation of wolframite has been found in the 

deposit. In this study, I use micro-X-Ray-Fluorescence (µXRF) and Laser Ablation – Inductively 

Coupled Plasma – Mass Spectrometry (LA-ICP-MS) to map the elemental distribution in a 

representative wolframite crystal. It has been found that the margin of the wolframite adjacent to 

later scheelite veins cutting across wolframite is depleted in Co, Gd, Hf, Lu, Mg, Mo, Nb, Sc, 

Rb, Ta, Y, and Zr, enriched in In, and has lower Fe/Mn ratios and high Eu anomaly values, 

compared with wolframite not adjacent to scheelite. These geochemical patterns are inferred to 

be the results of interactions with later hydrothermal fluids. Inside the wolframite, both 

concentric oscillatory and sector zoning are shown by the concentrations of Hf, In, Nb, Rb, Sc, 

Sn, Sr, Ta, Th, U, V, Y, Zr and REEs. The intersections of the two sets of zoning have the 

highest or lowest concentrations of these elements inside the wolframite. The concentric zoning 

is speculated to be caused by the fluctuation of fluid compositions or the speed of crystal growth. 

The sector zoning is more likely caused by crystallographic reasons rather than external fluids. 

 

5.2 Introduction  

Wolframite is a solid solution between ferberite (FeWO4) and huebnerite (MnWO4) and 

is an important tungsten ore mineral. Wolframite occurs mostly as long prismatic crystals, 

columnar groups, blocky and chisel-shaped crystals, and flattened tabular crystals. Crystals are 

often striated lengthwise and may be zoned as repeated twins with a V-shaped notch in the 

center. Concentric oscillatory zoning in wolframite has previously been found consisting of 

crystalline arrangement of successive compositional layers of various Fe/Mn ratios (Takla et al., 

1976; Moore and Howie, 1978; Bird and Gait, 1976; Moore and Howie, 1978; Amosse, 1978, 

Groves and Baker, 1972; Campell and Petersen, 1988; �3�D�þ�H�Y�V�N�L���H�W���D�O������������������ 
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The geology and genesis of the Wolfram Camp deposit has been studied in Chapter 2. 

The Wolfram Camp deposit is a pegmatite-greisen type tungsten-molybdenum deposit, and the 

main ore minerals are wolframite and molybdenite. 260 in situ LA-ICP-MS trace-element 

analyses have been conducted on the wolframite of the Wolfram Camp deposit (Chapter 4). It 

has been found that the contents of some elements in the wolframite have large variations, even 

in the same samples. These elements include: Mg (10-200 ppm), Sc (100-1,000 ppm), Ti (10-200 

ppm), Y (200-2,000 ppm), Zr (5-100 ppm), Nb (1,000-10,000 ppm), Mo (10-5,000 ppm), In (1-

20 ppm), REEs (500-5,000 ppm), Ta (100-2,000 ppm) and U (1-50 ppm). 

Most of the previous investigations on wolframite intra-crystal compositional variations 

are focused on the Mn/Fe ratios and the oscillatory zoning, and the wolframite composition were 

mostly determined with an electron microprobe (e.g., Takla et al., 1976; Moore and Howie, 

1978; Bird and Gait, 1976). Initially, many geologists argued that the Mn/Fe ratio in wolframite 

is a function of temperature (Moore and Howie, 1978). Later, Amosse (1978), Groves and Baker 

(1972) and Campell and Petersen (1988) stated that the composition cannot be related directly to 

temperature and suggested that the Fe/Mn ratio was controlled by the compositions of the 

mineralizing solutions. 

In recent years, lower concentrations of trace elements and their distribution patterns in a 

single crystal have been widely studied, which helps to improve the understanding of ore 

forming processes. Previous studies on wolframite trace elements were mostly making 

comparisons between different deposits or mineralization styles to study the genesis of tungsten 

deposits and/or the evolution of hydrothermal systems (e.g., Goldmann et al., 2013; Xiong et al., 

2017 and 2020; Zhang et al., 2018; Harlaux et al., 2018; Deng et al., 2019; Yang et al., 2019a 

and 2019b; Chen et al., 2020; Zhang et al., 2020), whereas the trace-element variations inside a 

crystal has been barely studied. 

In order to understand the trace element variations in single crystals, this study conducted 

µXRF and LA-ICP-MS mapping on one representative wolframite crystal. Combined with the in 

situ LA-ICP-MS trace elements analytical results from Chapter 4, this paper investigates the 

trace-element distribution patterns and the major mechanisms causing the patterns.  
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5.3 Geologic setting 

 

5.3.1 Regional geology 

The northern tip of the late Neoproterozoic-Paleozoic orogenic zone, Tasmanides, also 

known as Tasman Orogenic Zone, exposed in north Queensland forms a narrow belt of 

tectonized rock assemblages abutting Paleoproterozoic–Mesoproterozoic rocks of the North 

Australian Craton (Withnall and Henderson, 2012). The northeast part of the Tasmanides is 

composed of the Silurian–Devonian Mossman Orogen, which hosts the Wolfram Camp deposit. 

The Mossman Orogen occupies much of the northern Queensland coastal area and is 

mostly composed of Hodgkinson Formation, Chillagoe Formation, and their equivalents (Fig. 

5.1). The Chillagoe Formation comprises fossiliferous limestone, calcareous sediments, chert, 

basalt, and siliciclastic units, while the Hodgkinson Formation is composed of deep marine 

turbidite sequences that include sandstone, siltstone and mudstone with minor amount of 

interlayered chert, basalt, conglomerate and limestone (Henderson et al., 2013). These rocks are 

believed to represent either a forearc basin setting (Henderson et al., 2011) or a back-arc basin 

setting (Garrad and Bultitude, 1999). 

The Kennedy Igneous Association (KIA) extensively overprinted the Mossman Orogen 

(Fig. 5.2) and is thought to have developed as part of an active continental margin with a west 

dipping subduction zone (Withnall and Henderson, 2012). The rocks of KIA are predominantly 

felsic intrusive and extrusive rocks of Carboniferous and Permian ages (Henderson et al., 2013). 

A large diverse group of magmatic-hydrothermal ore deposits occurr throughout the Mossman 

Orogen and are associated with the intrusive rocks of KIA (Denaro et al., 2013).  
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Figure 5.1 Geology of the Mossman Orogen, northeast Queensland, Australia (after Jell, 2013). 
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Figure 5.2 Geologic map of the Wolfram Camp area (after Wheeler, 2015). 
 

 

Figure 5.3 Cross section with alteration zones of the main pit of the Wolfram Camp deposit 
(location is shown in Fig. 5.2). 
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5.3.2 Deposit geology 

The Wolfram Camp deposit is a pegmatite-greisen type W-Mo deposit located in the 

northeast Queensland (Fig. 5.1). The host rock of the deposit is the Carboniferous James Creek 

Granite of the KIA. The granite intrudes the Hodgkinson Formation sandstone and the 

subordinate Beapeo Rhyolite (Fig. 5.2). The alteration and mineralization both occur in the roof 

zone of the intrusion. The mineralization occurs in pipe-like and pocket-like bodies of 

dominantly quartz and in lesser amount in greisens surrounding the pipes-pockets (Fig. 5.3).  

The tungsten mineral in the deposit is mainly wolframite that occurred as big crystals (up 

to 20 cm long) in the pipes and pockets. Minor muscovite, fluorite, topaz also occur as local 

gangue minerals in the pipes besides quartz. The wolframite also locally occurred smaller grain 

disseminated in the altered granite. Molybdenite is the Mo ore mineral. Sulfides (arsenopyrite, 

pyrite, pyrrhotite, chalcopyrite, sphalerite, galena) and bismuthinite and native Bi formed after 

wolframite. The latest paragenesis stage features minor calcite veins and scheelite. The scheelite 

formed by replacing the wolframite or occurs as narrow veins (<1 mm) cutting across wolframite 

grains.  

The geochemical data of Chapter 2 suggest the deposit is a magmatic-hydrothermal 

deposit, and the host rock of the mineralization, the James Creek Granite, is also the causative 

intrusion. 

 

5.4 Sample description 

The wolframite-bearing sample (WCD073-8.5) used for studying the trace element intra-

crystal distribution was collected from drill hole WCD073 at the depth of 8.5 meters, in the 

altered roof zone of the James Creek Granite (Fig. 5.3). The sample is composed of a large 

wolframite grain and altered granite (Fig. 5.4). The altered granite consists of about 70% quartz, 

25% plagioclase, 5% muscovite and minor biotite. The wolframite grain in the sample is partly 

replaced by scheelite along the margin, and a few narrow scheelite veins cut across the 

wolframite. The vug in the sample was originally filled with scheelite, but the scheelite grain 

dropped off during the polishing, which exposed the pyrite beneath it (Fig. 5.4). The sample 

(WCD073-8.5) has been cut into a thin section size billet and well-polished with 1µm grit. 
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Figure 5.4 Scanned image of the sample WCD073-8.5, with the positions of LA-ICP-MS 
mapping. 

 

5.5 Methodology 

 

5.5.1 µXRF mapping 

�7�K�H���V�D�P�S�O�H���Z�D�V���P�D�S�S�H�G���Z�L�W�K���W�K�H���%�U�X�N�H�U���0�����7�R�U�Q�D�G�R�����;�5�) spectrometer at the Mineral 

and Materials Characterization Facility at the Colorado School of Mines. Element maps were 

collected on the entire sample surface (23.25mm*32.50mm, Fig. 5.4). The instrument was 

equipped with dual 30 mm2 silicon drift energy dispersive detectors and Rh X-ray tube with 

polycapillary optics achieving a spot size of ~30 µm. Measurements were made under vacuum 

(~20 mbars) at 50 keV and 600 µA, with no primary beam filter. Maps were produced with a 

pixel size of 30 µm, and a dwell time of 20 ms/pixel. 

 

5.5.2 LA -ICP-MS trace element mapping 

The LA-ICP-MS wolframite trace-element mapping was performed at the LA-ICP-MS 

Laboratory of the Department of Geology and Geological Engineering, Colorado School of 

Mines, using a RESOlution SE 193 nm ArF excimer laser ablation system equipped with a S155 

sample chamber, and an Agilent 8900 triple quadrupole ICP-MS (Agilent 8900 ICP-QQQ). A set 

of parallel lines were ablated over the sample, using laser energy fluence of 5 J/cm2 and 
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repetition rate of 10 Hz. The mapping was conducted in two areas, shown in Fig. 5.4. A laser 

beam of 30 µm, line spacing of 22 µm and scanning speed of 30 µm/s were used for area #1 

(about 1.35mm*4.72 mm), whereas a laser beam of 100 µm, line spacing of 75 µm, scanning 

speed of 100 µm/s were used for area #2 (about 11mm*15mm). The ablated material was carried 

by He gas and then mixed with Ar gas in a funnel sitting right above the sample cell, and then 

introduced to the ICP-MS. The analyzed isotopes are 24Mg, 43Ca, 45Sc, 55Mn, 57Fe, 59Co, 60Ni, 

66Zn, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 98Mo, 115In, 139La, 147Sm, 153Eu, 157Gd, 175Lu, 178Hf, 181Ta, 182W 

and 238U. A dwell time of 10 milliseconds was used for all the isotopes except for Ni and Hf, for 

which 20 milliseconds were used. Each line was pre-ablated to eliminate possible surface 

contamination. That was followed by 5 seconds of washing time for the aerosol to pass through 

the ICP-MS. A gas blank was collected for 20 seconds. The sample collection time for laser 

mapping varies depending on the line length and the scan speed. The primary external standard 

was NIST610. The internal standard was W assuming a stoichiometric concentration of 60 

weight percent. Data reduction was performed using the software Iolite v4 (Paton et al., 2011).  

  

5.6 Results 

 

5.6.1 µXRF mapping 

The heat maps of single element abundance (Ca, Fe, Mn, Mo, Nb and W) obtained by 

µXRF analysis are shown in Fig. 5.5. These maps do not have concentration scale bars, but 

progressively warmer colors represent higher and higher concentrations. The two LA-ICP-MS 

trace-element mapping areas are also shown in the diagram. Some notable patterns are: 

1) The heat maps of Ca and W together exhibit the distribution of scheelite in the sample, and 

the heat maps of Fe, Mn, W together exhibit the distribution of wolframite. 

2) Fe and Mo are depleted in the wolframite along the contact margin with later scheelite, 

whereas Mn is elevated along the margin in contact with scheelite. 

3) The oscillatory zoning of the wolframite is shown in the heat map of Nb, but not in the 

other five elements. 

4) Sector zoning is shown in the maps of W, Fe, and Mn, but not in the other three elements. 
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Figure 5.5 µXRF elemental heat maps of the sample WCD073-8.5. 
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5.6.2 LA -ICP-MS trace-element mapping 

The singe element maps of Area#1 and Area#2 obtained by LA-ICP-MS are shown in 

Figures 5.6 and 5.8, which includes elements of Ca, Co, Eu, Fe, Gd, Hf, In, La, Lu, Mn, Mo, Nb, 

Ni, Sc, Sm, Ta, U, Y, Zn and Zr. Similar to the µXRF maps, the abundance of Ca, Fe and Mn 

indicates the distribution of wolframite and scheelite in the mapped areas. 

In Area#1, the contents of Co, Fe, Gd, Hf, Lu, Mg, Mo, Nb, Sc, Sm, Ta, Y and Zr are 

depleted in the wolframite along the contact margin with scheelite, while the contents of In, Eu, 

Mn are relatively enriched along the margin. Compared with the ���;�5�)���W�H�F�K�L�Q�L�T�X�H, more 

elements showing trends are revealed by LA-ICP-MS mapping. At a further distance to the 

contact margin, a band of depletion of Gd, Hf, Lu, Nb, Sc, Sm, Ta, Y and Zr is present; this is 

part of the original concentric oscillatory zoning shown Area #2. In scheelite, a band with 

elevated La is also shown in Figure 5.6, which is probably part of the concentric zoning in 

scheelite. This will not be discussed later, since this paper focuses on the wolframite. Inside 

Area#1, the average concentrations of two smaller subareas, both 175µm*175µm, with one 

adjacent to scheelite and one distal, are calculated and shown in Figure 5.7, which also shows the 

trace-element changing trends described above with numerical values. Contents of Mg and Mo 

and the calculated Eu anomaly values (EuA=(Eu/Eu*)N=EuN/(SmN*GdN)1/2) are of the largest 

variations. The subarea closer to the contact with scheelite contains 37 ppm Mg, 245 ppm Mo, 

and 11 ppm Sm, and the EuA is 0.16, whereas the subarea away from the contact contains 204 

ppm Mg, 1,990 ppm Mo, and 1.1 ppm Sm, and the EuA is 0.0044. A transact line based on the 

map is also generated in Iolite v4 and shown in Figure 5.7. It shows the same trends in another 

way. 

In mapping area#2 in the interior part of the wolframite crystal, some elements do not 

show any systematic variations (e.g., Ca, Co, Fe, La, Mg, Mn, Mo, Ni, Sr, U, and Zn). Some 

elements shown both concentric zoning and sector zoning (nearly parallel bands but are wedge-

shaped) including Gd, Hf, In, Lu, Nb, Rb, Sc, Sm, Ta, Y and Zr. Among these elements, the 

zoning in Rb is vaguely visible; the highest concentrations (only up to ~0.9 ppm) are mainly in 

veinlets and small patches. In addition, Eu only shows a broad concentric zoning; its 

concentration in the wolframite grain is fairly low, mostly below 0.08 ppm. The highest 

concentrations of Eu in the map are in the scheelite veinlet. The concentric zoning is shown in 

the µXRF map of Nb, and the sector zoning is visible in the µXRF maps of Fe, Mn and W. 
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Where the high concentration bands in concentric zoning “intersect” or “overlap” the high 

concentration strips in the sector zoning, the elemental concentrations reach the highest levels. 

Similarly, where the low concentration bands in concentric zoning “intersect” or “overlap” the 

low concentration strips in the sector zoning, the elemental concentrations drop to the highest 

level. The “mixture” of high and low zones of the two sets of zoning corresponds to moderate 

final concentrations. This is shown in the schematic diagram in Figure. 5.9, and is similar to two 

sets of waves enhancing and cancelling each other at specific positions. The average 

concentrations of three subareas (all 450µm*450µm) representing the three combinations, high-

high, high-low, and low-low, are also shown in Figure 5.9. Among the elements analyzed, the 

contents of Sc (291-472 ppm), Y (698-1301), Zr (9-29 ppm) and Hf (0.3-1.24 ppm) have the 

largest variation. Despite the clear zoning patterns, the variations in concentrations are only at a 

few times level (up to ~4, for Hf), and are much smaller compared with the variations near the 

early wolframite – late scheelite contact, up to 10 times (Sm) as revealed in Area#1 (Fig. 5.7). A 

transact showing LA-ICP-MS signals of some representative elements is also provided in Figure 

5.9, which also shows the limited variations. 

Even though the intra-grain geochemical variations exist, the lowest contents of Nb+Ta 

in this magmatic hydrothermal wolframite are still of ~4,000 ppm and the REE contents 

constantly exhibit negative Eu anomalies, which suggest the variations do not affect the 

effectiveness of the conclusions of Chapter 4. 

 

5.7 Discussion 

 

5.7.1 Altered wolframite halo adjacent to scheelite 

Scheelite in the Wolfram Camp deposit was formed by replacing the wolframite along 

the margin or as narrow veins (<1 mm) crosscutting the wolframite. Stable isotope studies in 

Chapter 2 suggest that the wolframite precipitated from magmatic hydrothermal fluids, and the 

later fluids responsible for the formation of scheelite were probably groundwater. The 

compositional change of wolframite adjacent to scheelite was likely caused by later 

hydrothermal fluids.  
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Figure 5.6 LA-ICP-MS maps of Area#1 of sample WCD073-8.5. The scale bars are in ppm. 
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Figure 5.6 Continued 
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Figure 5.7 a. A schematic diagram of Area #1, showing the distribution of wolframite and 
scheelite; b. the LA-ICP-MS signals of Gd, In, Lu, Sc and Ta along the line noted in the 
schematic diagram, which shows the changing trends of these trace elements relative to the 
wolframite-scheelite contact. The average chemical contents of two representative subareas 
shown in a panel are listed on the right side. EuA = (Eu/Eu*)N = EuN/(SmN*GdN)1/2. 

 

Co, Gd, Hf, Lu, Mg, Mo, Nb, Sc, Sm, Ta, Rb, Y and Zr have been found relatively 

depleted along the contact margin with scheelite. Groundwater has low temperatures and thus 

should have low solubilities of these elements (Wood, 1990a and 1990b; Wood and Samson, 

1998; Jiang et al., 2015; Timofeev et al., 2015, 2017). It is mysterious how such fluids leached 

out these elements, particularly the HFSE elements (REE+Y, Nb, Ta, and Zr). High F could help 

leaching these elements from wolframite, but there is no evidence that the groundwater was rich 

in F. Another probability is that scheelite prefers to take in these elements in its lattice (e.g., Y); 

therefore, the formation process of scheelite could have extracted these elements with the water 

as a media. In such a scenario, the solubilities of these metals in water are not critical. 

The Fe/Mn ratios of wolframite is relatively low along the wolframite margin that 

contacts scheelite. This is likely related to lower temperature groundwaters typically containing 

low concentrations of Fe but can contain higher concentrations of Mn. 
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Figure 5.8 LA-ICP-MS maps of Area#2 of sample WCD073-8.5. The scale bars are in ppm. The 
strips in Fe and Mn maps are artefacts. 
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Figure 5.8 Continued.
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Figure 5.9 a. A schematic diagram of compositional zonings in Area#2. Darker shades indicate 
higher concentrations; b. the LA-ICP-MS signals of Gd, Hf, In, Sm and Zr along the line noted 
in the schematic diagram, which shows the synchronous trace-element changing pattern. The 
average chemical contents of three regions representing different trace-element enrichment levels 
are noted on the right side. EuA = (Eu/Eu*)N = EuN/(SmN*GdN)1/2. 

 
 

5.7.2 Compositional zoning in the wolframite 

The trace-element composition of the Wolfram Camp wolframite displays two types of 

intrinsic compositional zoning, concentric oscillatory zoning and sectoral zoning. Concentric 

oscillatory zoning is defined by the presence of compositional bands parallel to the growth 

surface that recorded the position and morphology of the advancing growth front at successive 

stages during growth (Paquette et al., 1993). Explanations proposed for the zoning in 

hydrothermal minerals are classified into extrinsic (e.g., change in pressure and/or temperatures 

and compositions of the solution) and intrinsic mechanisms (e.g., adsorption of growth inhibitor 

and mineral growth rate; Shore and Fowler, 1996). The wolframite in Wolfram Camp formed in 

an early paragenesis stage and the ore-forming fluids were purely magmatic-hydrothermal fluids 

released from the James Creek Granite without mixing with external fluids (Chapter 2). Hence, 

the hydrothermal system was relatively stable throughout the period of mineralization. The 

extrinsic conditions of the hydrothermal system are likely to vary in a monotonic manner, which 

is unlikely the reason for the oscillatory zoning in wolframite. Therefore, the intrinsic self-

organized processes may have played a more significant role than extrinsic mechanisms. 
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Previous studies attributed mineral oscillatory compositional zoning to the periodic fluctuation in 

fluid compositions and mineral growth rates (Reeder et al., 1990; Ortoleva, 1990), which may be 

the reason of the concentric zoning in wolframite of Wolfram Camp. 

Sectoral zoning was formed by intrinsic crystallographic reason (Reeder and Rakovan, 

1999; Bosze and Rakovan, 2002). Sectoral zoning refers to the compositional differences 

between the sectors that grew simultaneously on the adjacent crystal faces, and the compositional 

interface is coincident with the growth-sector boundaries (Paquette et al., 1993). Even though the 

arrangements of atoms are generally the same throughout any crystal, when the crystals are 

truncated by the crystal faces, the arrangements of atoms on the surfaces will be different on 

symmetrically nonequivalent crystal faces (Rakovan, 2009). Such differences in the atomic 

structures between nonequivalent crystal faces can lead to different affinities for the 

incorporation of substituting trace elements, resulting in sectoral zoning during growth (Reeder 

and Rakovan, 1999; Bosze and Rakovan, 2002). The trace-element variations of sectoral zoning 

have been widely studied in calcite (e.g., Paquette et al., 1993; Paquette and Reeder, 1995), 

apatite (e.g., Rakovan and Reeder, 1994 and 1996; Rakovan et al., 1997) and fluorite (e.g., Bosze 

and Rakovan, 2002; Singh and Tiwari, 2010). This study reveals that wolframite also has this 

crystalline feature.  

 

5.7.3 Geochemical variations revealed by the in situ analytical results 

Two hundred sixty in situ LA-ICP-MS trace-element analyses have been conducted on 

the wolframite of the Wolfram Camp deposit and reported in Chapter 4, and the data suggest 

similar geochemical patterns of the intra-crystal geochemical variations as this study (Figs. 5.10 

and 5.11). 

Among the 260 in situ analytical results, 102 analyses were conducted on scheelite-

adjacent wolframite, whereas 158 analyses were performed on wolframite samples containing no 

scheelite. The Mo and Mg is of the most remarkable difference between the two groups. The Mo 

and Mg contents in scheelite-adjacent wolframite are mostly below 300 ppm and 100 ppm, 

whereas the contents in the other wolframite are much higher (Mo: 1,317-2,909 ppm, Mg: 155-

211 ppm). Besides Mo and Mg, the contents of Co, Gd, Hf, Lu, Mg, Fe, Mn, Mo, Nb, Sc, Rb, Ta, 

Y, Zr, In and REEs show a similar geochemical pattern with the LA-ICP-MS mapping result of 

Area#1 (Figs. 5.6 and 5.7). Wolframite away from scheelite contains more La, Ti, V, Zn, Sr, Hf, 
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Th and U than the altered wolframite (Fig. 5.10), even though the pattern of La, Sr and U are not 

revealed by the LA-ICP-MS mapping. The relatively high Eu anomalies values are consistent 

with the LA-ICP-MS mapping results of the relative Eu enrichment and the relative depletion of 

other REEs along the mineral margin. 

Elements showing the same zoning patterns have positive correlations. As shown in 

Figure 5.11, the contents of In, Nb, Rb, Ta, Y, Zr, and REEs, elements show the same zoning 

pattern in LA-ICP-MS maps (Fig. 5.7), all have positive correlation with Sc. This is likely 

because these elements were taken into the wolframite lattice at the same time. The LA-ICP-MS 

mapping results of Fe, Mn, Mg, Mo and Zn do not reveal the compositional zoning, which is 

consistent with the previous in situ analytical results that these elements’ contents are relatively 

homogeneous (Fig. 5.11). Like V and Th, other elements whose contents are also proportional 

contents with Sc but not analyzed by LA-ICP-MS mapping are also likely to show the zoning 

patterns. 
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Figure 5.10 The in situ LA-ICP-MS geochemical analyses result of Chapter 4. The red color represents wolframite adjacent to 
scheelite and blue color away from scheelite. 
Note: EuA = (Eu/Eu*)N = EuN/(SmN*GdN)1/2. 
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Figure 5.11 The in situ LA-ICP-MS geochemical analytical results of wolframite not adjacent to scheelite of Chapter 4.  
Note:  EuA = (Eu/Eu*)N = EuN/(SmN*GdN)1/2. 

REE � �������/�D�����&�H�����3�U�����1�G�����3�P�����6�P�����(�X�����*�G�����7�E�����'�\�����+�R�����(�U�����7�P�����<�E�����/�X�� 
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CHAPTER 6  

CONCLUSIONS AND RECOMMENDATIONS 

 

A comprehensive geologic investigation has been carried out on the Wolfram Camp W-

Mo deposit, and trace-element geochemical studies have been conducted on scheelite and 

wolframite from mineral deposits worldwide. A combination of analytical techniques, including 

stable isotopes analyses, fluid inclusion petrography, optical cathodoluminescence microscopy, 

scanning electron microscopy, automated mineralogy, electron microprobe analysis, and laser 

ablation-inductively-coupled-plasma-mass-spectrometry were used. This chapter summarizes the 

main findings of this study and presents the recommendations for future works. 

 

6.1 Research findings 

The key findings of the research are summarized as followings: 

1) This thesis developed a genetic model for the Wolfram Camp W-Mo deposit. The deposit 

is a magmatic-hydrothermal deposit, but unlike the typical porphyry systems, the magma 

chamber of the causative intrusion was not broken at the time of mineralization, and 

meteoric water was not involved in the deposit’s formation. The origin of the ore-forming 

is the mineralization-hosted intrusion, the James Creek Granite. The geochronology data 

suggest the deposit formed in late Carboniferous at 305 – 315 Ma, and the hydrothermal 

system had a long lifetime, which lasted about four million years. The deposit formed 

during a rapid crustal uplift (about 6.5 km uplift), which caused the depressurization 

recorded by the fluid inclusions in the hydrothermal quartz. 

2) The scheelite in magmatic hydrothermal systems and metamorphic hydrothermal systems 

has distinctively different geochemical features. The magmatic-hydrothermal scheelite is 

relatively enriched in Mo (10-10,000 ppm), Nb (1-2,000 ppm) and Ta (0.02-1,000 ppm), 

depleted in Sr (<1,000 ppm), and has lower calculated Eu anomaly values (0.1-10). By 

contrast, metamorphic-hydrothermal scheelite is depleted in Mo (<100 ppm), Nb (<30 

ppm) and Ta (<5 ppm) and contains abundant Sr (200-10,000 ppm), and its REE contents 

exhibit positive Eu anomalies (1<EuA<100). These observed chemical differences in 
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scheelite were used to construct a discriminant diagram to distinguish the fluid source: 

Mo*(Nb+Ta) vs. Sr*EuA. 

3) Geochemical features of wolframite from various geologic settings have been well 

documented. In magmatic-hydrothermal systems, the wolframite proximal to intrusions 

contains more Nb and Ta and has lower Ti/Zr ratios than the distal precipitated 

wolframite. The REE contents of the proximal wolframite exhibit distinctive negative Eu 

anomalies, while the contents of distal wolframite do not or probably exhibit less 

distinctive ones. Compared with magmatic-hydrothermal mineralization systems, the 

wolframite precipitated from non-magmatic-hydrothermal fluids contains less Nb and Ta, 

but more V, and has high Ti/Zr ratios. 

4) Two major mechanisms caused the intra-crystalline geochemical variations in the 

wolframite of the Wolfram Camp deposit: i) The wolframite adjacent to the later-formed 

scheelite has lower Fe/Mn ratios, higher Eu anomaly values and lower contents of Co, 

Gd, Hf, Lu, Mg, Fe, Mn, Mo, Nb, Sc, Rb, Ta, Y and Zr than the wolframite non-adjacent 

to scheelite. These geochemical patterns are the results of the interaction with the later 

hydrothermal fluids. ii ) The trace-element composition of the Wolfram Camp wolframite 

displays two types of intrinsic compositional zoning (i.e., concentric oscillatory zoning 

and sectoral zoning) that can be distinguished by the synchronous enrichments of Sc, In, 

V, Y, Zr, Nb, Hf, Ta, Th and REEs.  

 

6.2 Recommendations for future work  

Based on the results of this thesis, the following recommendations for future studies are 

made: 

1) Northeast Queensland has historically been one of the major tungsten sources in 

Australia, and the past production and current resources in the region are ~172,000t WO3 

(Chang et al., 2017). However, the deposits in the region are generally small compared to 

the giant tungsten deposits in China (e.g., the Dahutang deposit, 1.31Mt WO3; and Zhuxi 

tungsten deposit, 3.44Mt WO3; Song et al., 2018; Zhang et al., 2018). The studies about 

the potential reasons for significant difference in the tonnages of the deposits in the two 

regions are so far lacking. It is recommended to conduct a comparison study about the 

natures of the metallogenic granites. 
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2) Application of the Re-Os isotopic system has revolutionized ore deposit research since 

the 1990s, and conventional dating of molybdenite (187Re-187Os) provides one of few 

options for direct dating of mineralization events. This study revealed that scheelite 

contains notable amounts of Re (generally 0.1-100 ppm), which implies scheelite is 

possibly a target mineral for future Re-Os geochronology study.   

3) Geology investigations on non-magmatic-hydrothermal wolframite deposits are very 

limited. The Boulder County tungsten district has extraordinary geologic features as the 

wolframite mineralization has no spatial relationship with any felsic intrusive rocks and it 

is associated with gold mineralization. So far, the fluid origin and deposit formation P-T 

conditions are still unclear. It is recommended to conduct a comprehensive geologic 

study on the tungsten mineralization systems in Boulder as there has been no relevant 

research in the district in last the two decades.  
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APPENDIX A 

SUPPLEMENTAL ELECTRONIC FILES 

 

File Names  Files contain: 

Appendix 2A 
2A_WCM_bulk_rock_geochemistry.xlsx 

Excel file containing all bulk rock geochemical data, 
including data of the James Creek Granite, Beapeo 
Rhyolite and Hodgkinson Formation sandstone 

Appendix 2B 
2B_WCM_U-Pb_geochronology.xlsx 

Excel file containing all data of zircon U-Pb 
geochronological analyses of the James Creek Granite 

Appendix 2C 
2C_WCM_F-I_results.xlsx 

Excel file containing all results of fluid-inclusion 
micro-thermometric measurements 

Appendix 2D 
2D_WCM_solidus_modelling.docx  

Word file containing the method details of H2O-
saturated James Creek Granite solidus P-T condition 
modelling 

Appendix 2E 
2E_Pegmatite_P-T_condition.xlsx 

Excel file summarizing the P-T conditions of early 
hydrothermal fluids in pegmatite revealed by previous 
fluid inclusion studies 

Appendix 2F 
2F_Methodology.docx 

Word file summarizing the analyzing methodology of 
the Chapter 2 

Appendix 3A 
3A_Scheelite_backgounds.xlsx 

Excel file containing information of existing scheelite 
data used in the database of Chapter 3 

Appendix 3B 
3B_Scheelite_results.xlsx 

Excel file containing all LA-ICP-MS analytical results 
of scheelite compositions obtained in this study, 
including the detection limits and analytical 
uncertainties (expressed as two standard error, 2SE) 

Appendix 3C 
3C_Scheelite_full_database.xlsx 

Excel file containing the full data base of scheelite 
geochemical compositions, including analytical results 
of this study and existing data 

Appendix 4A 
4A_Wolframite_results.xlsx 

Excel file containing all LA-ICP-MS analytical results 
of wolframite compositions obtained in this study, 
including the detection limits and analytical 
uncertainties (expressed as two standard error, 2SE) 
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