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Abstract 

The Mt Carbine quartz-wolframite-scheelite sheeted vein deposit is the largest vein type W 

deposit in Australia. The deposit is hosted in Ordovician to Devonian Hodgkinson Formation 

metasedimentary rocks. Field observation and drill core logging have provided evidence for a 

five stage paragenetic sequence of mineralization and veining, with two of the stages having 

significant W mineralization.  Wolframite is typically euhedral and occurs in quartz veins, 

while scheelite occurs as (1) euhedral grains in quartz vein and, (2) pseudomorphing 

wolframite grains or cutting across wolframite grains as veinlets. This observation is consistent 

with the scheelite CL images and in-situ composition variation. The LA-ICP-MS zircon U-Pb 

ages of a porphyritic biotite granite and felsic dyke occurring in the Mt Carbine area are 298 ± 

3 Ma and 261 ± 7 Ma, respectively.  A molybdenite Re-Os age from a mineralized quartz vein 

is 284 ± 1 Ma, and two muscovite 40Ar-39Ar ages of different veins are 282-277 (±1-2) Ma. 

There is no overlap between the two muscovite 40Ar-39Ar ages, which probably indicates there 

was some post-mineralization tectono-thermal activities.  Fluid inclusion studies reveal that 

most of the inclusion are primary and distributed in assemblages or isolated, with 

homogenization temperatures ranging from 210C to 290°C.  Laser Raman analysis identified 

CH4 in vapour bubbles. The δ34S values of sulphides in the mineralized veins range from -9.1 

to -6.0 per mil, which deviate from the magmatic range, and O-H isotopes have significant 

overlap with metamorphic water. 

  



3 

 

1.  INTRODUCTION 

The study area for this project is located in the Kennedy Igneous Belt in northeast 

Queensland.  The area of W-Sn mineralization in northeast Queensland stretches from the 

Kangaroo Hills Sn district (~50 km north of Townsville) to the Cooktown Sn district (~160 km 

north of Cairns; Figure 1).  The Mt Carbine quartz-wolframite-scheelite sheeted vein deposit 

is located around 80 km NW of Cairns.  It is the largest known vein type W deposit in Australia 

and accounted for 43% of Australia’s annual W production in 1986, before it closed following 

the international Sn-W market crash. The current hard rock resources at Mt Carbine include an 

indicated resource of 18 Mt at 0.14% WO3 and an inferred resource of 29.3 Mt at 0.12% WO3 

(Carbine Tungsten Limited Annual Report 2014).  

The aims of this three year subproject were: 

1) Review and compile existing data;  

2) Collect geochemical and geochronological data for stratigraphic units, intrusive rocks, 

mineralization and alteration;  

3) Characterize the mineralogy and geochemistry of mineralization and alteration, 

including paragenesis and zonation;  

4) Produce regional and prospect-scale maps, and construct geochronology, geochemistry 

interpretation databases;  

5) Update regional metallogenic map and prospect-scale maps. 
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2.  REGIONAL GEOLOGY AND METALLOGENY 

Tin and tungsten deposits in Australia are mainly distributed along the eastern margin of the 

continent, from Tasmania in the south to Queensland in the north (Figure 1). The Sn-W deposits 

in these states formed at different epochs, in the Triassic, the Permian-Carboniferous and 

Devonian, and the Silurian. The Sn-W deposits in northeast Queensland occur in four major 

ore belts.  From south to north they are the Kangaroo Hills Sn polymetallic belt, the Herberton 

Sn-W belt, the Mt Carbine-Watershed W-Sn belt and the Cooktown Sn-W belt (Figure 1).  

2.1 Regional tectonic evolution 

Paleozoic sedimentary rocks of the Hodgkinson Province, within the Mossman Orogen, host 

most of the mineralisation related to the Kennedy Igneous Association. There is no consensus 

on the tectonic origin of the Hodgkinson Province during the Cambrian to Devonian, and two 

models are currently under discussion. Both relate to the early Paleozoic transformation of the 

East Gondwana borderland facing the Paleo-pacific Ocean from a passive to an active margin. 

The back-arc model is based on the development of mafic magmatism, and its geochemical 

characteristics, during the Ordovician to Silurian in the northern (Hodgkinson Province) part 

of the Orogen (Vos et al., 2006). In this model, sediments and associated mafic volcanics were 

deposited in a back-arc basin behind a magmatic arc no longer in evidence, originating from 

westward directed subduction of oceanic crust below the eastern margin of Gondwana. 

Figure 1. Distribution of tin and tungsten deposits in Eastern Australia (left)  

and northern Queensland (right). 
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    The fore-arc model, which is mainly based on observations in the Broken River Province in 

the south of the Orogen (Henderson, 1987, Henderson et al. 2011), involves westward directed 

subduction of oceanic crust below the eastern rim of Gondwana, with the bulk of the Broken 

River and Hodgkinson Province sediments deposited and deformed in front of the magmatic 

arc as a subduction complex assemblage The fore-arc model is also supported by Murgulov et 

al. (2013), who investigated the Hf isotopic compositions of relict zircons in Carboniferous and 

Permian I- and S-type granites. 

Recent seismic studies by Korsch et al. (2012) suggest that the Mossman Orogen formed 

largely as fore-arc accretionary subduction complex, which was subsequently heavily 

deformed following deposition and thrust westwards to be now underlain by older rocks that 

are probably equivalent to those in the Greenvale and Charters Towers Provinces to the south 

(Champion and Bultitude, 2013).  Again, the Hf isotopic studies by Murgulov et al. (2013) 

support such a model. 

2.2 Stratigraphy of the Hodgkinson Formation 

The Hodgkinson Province comprises Ordovician to Devonian sediments that were deposited 

in shallow to deep marine environments (Murray, 1986; Bultitude et al., 1997). The two main 

units are the Chillagoe Formation, restricted to the western part of the province, and the 

Hodgkinson Formation, which has the largest distribution and volume in the Province. 

The Chillagoe Formation comprises interlayered clastic sediments, basalt, chert and 

limestone.  The Formation has been disrupted by thrust faulting to the extent that its sequence 

is unresolved.  Characteristics of limestone within the Formation indicate it was, in part, 

deposited in shallow water, but deep water deposition has been interpreted for at least some of 

the siliciclastic intervals (Bultitude et al. 2002), and also for chert and basalt units. 

Conglomerate units, some composed exclusively of limestone clasts, attest to substantial 

syndepositional gradients and downslope transport.   

The Hodgkinson Formation, which hosts most of the Sn-W-Mo deposits in the studied area, 

is a thick succession of turbiditic sediments composed mainly of thinly bedded greywacke, 

siltstone-shale, and slate, with interlayered discontinuous bodies of basalt, and chert. 

Limestone and calcareous rocks are very rare, although limestone clasts and boulders occur in 

some conglomerates (Murray, 1986). The Hodgkinson Formation contains abundant and 

extensive zones of mélange, chaotically mixed rock units.  

2.3 Regional deformation  

The deformation history of the Hodgkinson Province is complex.  The current consensus is 

that four main deformation events can be identified and correlated throughout most of the 

Province. On a local scale, additional events can be recognised in some areas. 

The D1 event is most prominent in the western part of the Province in the form of a bedding 

parallel slaty cleavage which was produced during a phase of E-W shortening (Davis et al., 
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2002). According to Lisitsin et al. (2013), melange zones, local slaty cleavage and tight 

mesoscopic folding are all attributed to D1. The timing of this deformation is placed early in 

the lithification history of Hodgkinson Formation sediments, but Peters (1993) and Davis et al. 

(2002) noted that melange formation also occurred in later stages of the structural development 

of the Province. 

The major D2 deformation is also linked to E-W shortening, and is characteristic of the 

whole Hodgkinson Province. The D2 event produced tight to isoclinal folds at all scales (Davis 

et al., 2002; Lisitsin et al., 2013).  The timing of D2 is provided by the age of syndeformational 

granite stocks of the Mount Formantine Supersuite near Cairns, which have ages of 375 – 378 

Ma.   

The D3 event is only locally developed in the Hodgkinson Province, mostly within the 

contact aureoles of Permian intrusions. D3 structures appear in the form of flat lying 

mesoscopic folds and flat to gently dipping foliations (Davis and Henderson 1999; Lisitsin et 

al. 2013). This event is attributed to local NE-SW to E-W oriented extension, although there 

may have been some subvertical shortening (Davis et al., 2002). Structural analysis by Davis 

and Henderson (1999) suggests the D3 event immediately preceded the onset of Whypalla 

Supersuite granite emplacement, and that the D4 event, which is linked to the bulk of Permian 

magmatism in the Hodgkinson Province, followed shortly afterward. 

The D4 event represents another phase of E-W shortening during the Permian Hunter-Bowen 

Orogeny. This event reactivated previous structural features, especially favourably oriented D2 

structures, folds and foliations with N-S orientation (Davis et al., 2002).   

Locally developed D5 structures occur in the form of reactivated, N-S trending faults and 

kink zones which typically overprint D4 structures (Davis et al., 2002). 

2.4 Regional granitoids  

The Hodgkinson Province hosts a large number of granitic intrusions, which encompass a 

surface area of about 3,400 km2. The majority of the granitoids were intruded during the 

Permian Hunter-Bowen Orogeny.  Bultitude and Champion (1992) grouped them into several 

suites and supersuites based on their whole rock geochemistry and mineralogy. Several 

subsequent studies have shed more light on the details of granite characteristics, their timing, 

origin and relationship to the deformation events in the Hodgkinson Province (Davis, 1994, 

1997; Davis et al., 1998; Champion and Bultitude, 2003, 2013; Murgulov et al., 2013). 

Both S and I-type granites occur in the Hodgkinson Province, with S-type suites making up 

the largest portion of outcropping plutons (about 2,500 km2). The mostly Carboniferous I-type 

granites are located in the southern part of the Hodgkinson Province, while the mostly Permian 

S-type granites cover the central and western parts (Champion and Bultitude, 2013).  Only S- 

type granites of the Whypalla Supersuite occur in the vicinity of the Watershed W deposit, 

which locates in ~30 km northwest of Mt Carbine deposit. Granites adjacent to the Mt Carbine 

deposit belong to the small Mt Alto Supersuite.   
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The major granitoid bodies of the Hodgkinson Province, including those of the Whypalla 

Supersuite, are commonly cut by steeply to subvertical dipping aplite veins, and subhorizontal 

sheets of micro-granites are also common. They typically have a similar mineralogy as their 

parent granitoid bodies, but with the minerals occurring in different proportions (Bultitude and 

Champion, 1992). Granitoids of the Whypalla Supersuite have been dated using different 

methods over the years.  Most U-Pb zircon ages (SHRIMP and LA-ICP-MS) for Whypalla 

granitoids fall between 268 Ma and 280 Ma (Champion and Bultitude, 2013; Murgulov et al., 

2013). K-Ar and Rb-Sr ages show a wider spread towards younger ages, which, according to 

Champion and Bultitude (2013) is related to resetting due to the Permian to Triassic Hunter-

Bowen Orogeny. 

Based on Hf isotope data of zircons from granites, Murgulov et al. (2013) suggested that 

melting of more radiogenic Neoproterozoic and / or mafic crustal domains as well as less 

radiogenic Mesoproterozoic crust was needed to produce the observed isotopic signatures in 

Whypalla Supersuite granites. Hodgkinson metasediments probably contributed to magma 

formation, but not as a major component.  

2.5 Previous fluid inclusion and isotope studies  

A review of previous fluid inclusion studies of the major Sn-W ore deposits in this region 

indicate that the older Sn deposits exposed at the current surface formed at higher temperatures 

than the younger deposits, which may indicate the older deposits have been eroded to greater 

depths.  The results from previous fluid inclusion studies are summarised below. 

Bamford Hill W-Mo deposit 

1) Potassic alteration ~500 °C to 550 °C;  

2) Greisen ~400 °C to 450 °C;  

3) Pipe-like ores formed at high temperatures, >450 °C;  

4) Infilling quartz and ore minerals ~420 °C to 320 °C in response to fluid boiling;  

5) Replacement of wolframite by scheelite, and the precipitation of chlorite and sulfide 

occurred at <320 °C with low to moderate salinities (<14 wt. % NaCl equiv.) (Blevin, 

1989).  

    Herberton Sn District 

1) 600 °C to 650 °C for many saline inclusions, salinity up to 70 wt. %;  

2) Greisen fluid ~450 °C to 525 °C;  

3) Meteoric fluids homogenize between 100 °C to 400 °C, and salinities as low as 2 equiv. 

wt. % (boiling occurred between 300 °C and 400 °C during cooling) (Witt, 1988).  

Emuford Sn District: two types of fluids,  

1) High-salinity fluid (30-50 equiv wt. % NaCl) with temperatures up to 428°C;  
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2) Lower salinity fluid (5-15 equiv wt. % NaCl) with temperatures between 160 °C and 

420 °C. Magmatic fluid boiling or magmatic and meteoric fluids mixing (Charoy and 

Pollard, 1989).  

Mt Carbine W Deposit  

1)  Stage I veins ~350 °C;  

2)  Stage II veins ~200 °C (Higgins et al., 1987). 

 

The results from previous isotope studies of W-Sn mineralization in northeast Queensland 

are summarised in Table 1.  The review of fluid inclusion and isotope results has highlighted 

two clear trends: (1) From Herberton to Mt Carbine, the W-Sn ore forming temperatures are 

decreasing, probably because the distance between the orebodies and granite is increasing. (2) 

Ore minerals in the Bamford Hill W-Mo deposit, Emuford Sn deposit and Mt Carbine W 

deposit are sourced from magma and the ore-forming fluids that have undergone 

boiling/mixing, with minor contributions from local country rocks. 

 

Table 1.  Results from previous isotope studies of Sn-W mineralization 

Isotopes Bamford Hill W-Mo 

Deposit  

(Blevin, 1989) 

Emuford Sn  

Deposit 

(Pollard, 1984) 

Mt Carbine W 

Deposit 

(Higgins et al., 1987) 

Oxygen unaltered granite 

8.0 ‰ (WR) 8.8 ‰ (quartz) 

altered granite 

9.2 ‰ (qtz in pegmatite) 

7.9 ‰ (muscovite) 

greisen 

4.6 – 6.6 ‰ (qtz) 

3.0 – 3.6 ‰ (wolframite) 

Quartz vein stage  

1.1 to 5.0 ‰ (qtz)  

13.5 to 26.0 ‰ (calcite) 

biotite granite 

7.8 to 9.8 ‰  

quartz from pegmatite 

9.7 to 10.3‰  

albitised zone 

6.1 to 7.4 ‰  

quartz from greisen 

8.9 to 11.8 ‰  

quartz from quartz-

tourmaline vein 

8.7 to 12.6 ‰  

quartz from quartz-

chlorite vein 

 4.5 to 8.2 

Early stage  

0.2 to 14.2 ‰ (quartz)  

5.3 ‰ (wolframite) 

6.2 ‰ (biotite)  

9.6 to 11.0 ‰ (muscovite) 

2.4 to 6.7 ‰ (K-feldspar) 

Middle stage  

2.7 to 7.3 ‰ (albite) 

4.8 ‰ (scheelite) 

-3.6 ‰ (chlorite)  

-0.2 to 7.3 ‰ (calcite)  

Late stage  

6.6 to 11.2 (calcite) 

Hydrogen chloritized biotite 

D=-125  

greisen muscovite 

D=-117 to -137  

  

Sulphur molybdenite 

1.9 to 2.1  

chalcopyrite, pyrite, galena  
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2.9 to -1.85  

Carbon calcite in pipe 

-2.2 to -0.7  

stage 3 calcite 

-15.5 to 8.0  

 Middle stage 

-7.8 to -15.1 ‰  

Late stage  

-10.1 to 2.9 ‰ 

 

3.  DEPOSIT GEOLOGY 

The W-bearing quartz sheeted vein system at Mt Carbine is hosted in Ordovician to 

Devonian Hodgkinson Formation metasedimentary rocks (Figure 2). Sedimentary rocks in the 

Mt Carbine area mainly comprise Hodgkinson Formation laminate, sandstone, siltstone, 

psammite, pelite and greywacke, with lesser metabasalt, quartzite and chert.  The main igneous 

rocks are the Mossman, Mt Alto and Little Alto granites, and local felsic and mafic-

intermediate dykes in the west of the Mossman granite.  There are two main faults associated 

with the W mineralization at Mt Carbine: the South Wall fault in the west of the Mt Carbine 

open pit and the Central fault in the southeast.   

The Mt Carbine tungsten deposit is hosted by sub-vertical, coarse to fine grained turbidites, 

which may be the oldest sedimentary package in the district (Carbine Tungsten Limited Annual 

Report 2014). They are mostly distal laminates consisting of fine grained sandstone and 

siltstone layers a few centimetre thick, interbedded with coarse grained greywacke beds of 

more than a metre thick.  Based on relict textures in lithic fragments, and the quartz, feldspar 

and lithic components, the turbidites have sedimentary, granitic and intermediate (andesitic to 

dacitic) volcanic provenances.  

In the east of the open pit (Figure 2), a more than 4 km long northwest-southeast trending 

package of black shale, very fine-grained siltstone layers, quartzite, fine grained sandstone, 

pillowed basalt and chert. The siltstone and sandstone units, occurring between the quartzite 

and overlying basalt, are highly deformed with strong foliation development. The basalt has 

pillow textures and at the surface appears to be in discontinuous lenses. The adjacent chert is 

pale coloured and strongly banded, and the basalt-chert interval averages around 20 metres 

thick at the surface.  

The main structural feature of the district is the South Wall Fault zone, which is 1-1.5 metre 

wide and hades northwest in the open pit. The orebody which occupies the hanging wall is cut 

off on the fault, and slickensides on the fault surface plunge south east at around 30. The 

sedimentary rocks are isoclinally folded, and one fold axis plunge was measure as 80 to 180. 

Bedding generally strikes around 310-330.  

There are multiple stages of deformation occurred in the Mt Carbine deposit (De Roo, 1988). 

The earliest deformation (D1) refers regional east-west compression, while the D2 is 

represented by a regional north-south compression, whereas D3 defines an extension event. A 

late reverse faults with strike-slip movement happened after these 3 sequences of deformation. 

Upright folds with a vertical axial plane cleavage formed during the first deformation (D1), 
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which was followed by conjugate kinking (D2), where this cleavage is strongly developed, and 

by granitic intrusion. Contact metamorphic assemblage is the granite aureole were established 

before D3. At late stages of this latter event, vein mineralization developed along D2 kink 

planes in sites of high D1 strain, where capped by domains of D3 folding.  
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The two main intrusive rocks in the district are the Mount Carbine granite, which is a quartz-

feldspar porphyritic monzonite, with minor quartz-muscovite-biotite porphyritic leucogranite 

phase on the eastern side of the district, and the Mt Alto granite, which outcrops as a series of 

aplite and micromonzonite intrusives along the western side of the district. Several continuous 

Figure 2. Sketch geological map of Mt Carbine W deposit and cross 

section (Based on Forsythe and Higgins, 1990). 
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felsic dykes including one exposed in the north western corner of the open pit have been 

discovered (Figure 2). 

 

4.  ALTERATION, VEINS AND PARAGENESIS 

The Mt Carbine sheeted quartz vein deposit is hosted by turbidites and the ore mineralogy 

is dominated by wolframite. Scheelite is less abundant than wolframite, and occurs as veins, 

veinlets, clots and replacement selvages around earlier formed wolframite crystals, associated 

with minor molybdenite, fluorite and muscovite. The mineralized sheeted veins are vertical 

and strike sub-parallel to the South Wall Fault zone. Recent geological mapping has shown a 

sheeted quartz vein system occurs 2.9 km southeast of the open pit (Carbine Tungsten Limited 

Annual Report 2014), hosted in turbidites, and in the footwall of the interpreted continuation 

of the South Wall Fault zone.  

Quartz vein stockworking is common in the chert and near the contact of the uppermost 

siltstone/sandstone with the cordierite hornfels metamorphic aureole along the Mount Carbine 

granite contact. The sedimentary sequence has been metamorphosed to lower greenschist grade 

with chlorite and sericite. Except these contact metamorphic and regional metamorphic effects, 

hydrothermal alteration also been observed. Tourmaline/biotite alteration of clastic rocks has 

been observed in this metamorphic aureole. The basalts are locally altered to garnet-diopside-

quartz skarn. Numerous quartz veins occur in the open pit of the Mt Carbine W deposit (Figure 

2).  Within the pit there are four 30-40 m wide vein zones with varying orientations:  

Zones 1 & 2:  Strike 300, dip 80 towards 210 

Zone 3:  Strike 300, dip 80 towards 20 

Zone 4:  Strike 270, dip 65 towards 180 – 185.  

A cross-section of the Mt Carbine deposit shows the distribution of the high grade W ores, 

and also the relationships between the ore-grade, the vein density and other controlling factors, 

such as the lithology of the host rocks (Figure 3).  

Based on field and microscope observations, a five stage mineralization paragenetic 

sequence has been established (Table 2), from the pre-mineralization stage (stage 0) to the very 

late low temperature stage (stage IV).  Evidence to support this paragenesis is shown in Figures 

4, 5 and 6, which document the cross-cutting and/or replacement relationships of different 

minerals and their relative timing.  Further insights into the paragenetic relationships and 

mineral characteristics were obtained using optical and electron microscopy and 

cathodeluminescence (CL) imaging.  

Of the five paragenetic stages of veining that have been recognised at Mt Carbine, only 

stages I and II contain significant W mineralisation.  Wolframite typically occurs as euhedral 

crystals in the quartz veins, while scheelite occurs as euhedral grains, or pseudomorphing 

wolframite, or in veinlets cross-cutting wolframite.  The five stages of veining are summarised 

in Table 2 and are described in further detail below. 
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Table 2.  Mineralisation paragenetic sequence in the Mt Carbine W deposit 

 Mineral assemblage Vein morphology W mineralization 

Stage 0 Quartz 
Deformed, curvy and 

discontinuous  
No mineralization 

Stage I 

Quartz ± wolframite ± 

scheelite ± K-feldspar ± biotite 

± tourmaline ± apatite 

Straight and continuous  Wolframite ± scheelite 

Stage II 
Quartz ± chlorite ± scheelite ± 

muscovite 
Straight and continuous  Scheelite 

Stage III 

Quartz ± chlorite ± muscovite 

± molybdenite ±  arsenopyrite 

± chalcopyrite ± pyrite ± 

pyrrhotite ± sphalerite ± 

cassiterite 

Straight and continuous  No mineralization 

Stage IV Quartz ± calcite ± fluorite Straight and continuous  No mineralization 

 

 

Figure 3. Representative cross-section of the Mt Carbine W deposit. 
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Stage 0 

This stage refers to deformed, curvy and discontinuous quartz-dominant veins hosted by 

Hodgkinson Formation metasediments (Figure 4-1).  Very little W mineralization has been 

observed in this type of quartz vein.  The veins are characteristically folded or deformed, which 

distinguishes them from later vein types.  The deformed nature of the veins indicates Stage 0 

veins are earlier that the other vein types observed, and also earlier than the main W 

mineralization event int he Mt Carbine district.  

Stage I 

These quartz veins are characteristically straight and continuous and have sharp, clear 

contacts with the host Hodgkinson Formation sediments. The veins contain euhedral 

wolframite and scheelite crystals ± K-feldspar ± biotite ± tourmaline ± apatite.  The contacts 

between the two W minerals are sharp and suggest both minerals were precipitated 

contemporaneously within the quartz veins (Figure 4-2??).  

Stage II 

Stage II veins are straight and continuous with sharp boundaries and have a vein mineralogy 

dominated by quartz, along with chlorite ± scheelite ± wolframite ± cassiterite ± muscovite. 

Wolframite crystals in Stage II veins maintain their macroscopic euhedral shape but have 

been significantly replaced by scheelite that occupies fractures and crystallographic planes of 

weakness within the wolframite.  The crystals still look like wolframite with the naked eye, but 

scheelite can be clearly seen under UV light (Figure 4-3, 4-4).  As the scheelite in this stage 

may replace wolframite of Stage 1, it is reasonable to classify it as a later generation. 

Stage III 

Stage III veins are undeformed, straight and continuous.  The vein mineralogy typically 

comprises quartz ± chlorite ± muscovite ± sulphides ± cassiterite, with no W mineralisation.  

The sulphides cross-cut, and are therefore later than, the Stage II scheelite (Figure 4-5, 4-6, 4-

7, 4-8).  

Stage IV 

The last stage of veining in the Mt Carbine deposit is the calcite – fluorite ± quartz stage with 

no W mineralization (Figure 4-9, 4-10, 4-11).  No clear evidence of the timing relationships of 

this stage relative to other stages of veining has been observed.  However, calcite and fluorite 

normally form at relatively late stages and low temperatures in hydrothermal systems and it is 

reasonable to assume this is the latest generation of veining at Mt Carbine.   

Extensive post-mineralization deformation has been identified from both field investigations 

and SEM-CL images of quartz, chalcopyrite and cassiterite.  Quartz veins are commonly cut 

by intensively developed small fractures, and there is almost no observable growth zoning in 

quartz.  Rather, it is full of fractures. In addition, some ore minerals, such as chalcopyrite and 

cassiterite, are fractured into small pieces with fracture infilling by late stage minerals (fluorite 

and calcite). 
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Figure 4. Examples of paragenetic relationships at the Mt Carbine deposit  

(See text for descriptions) 
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Figure 5.  Back scattered electron (BSE) and cathodeluminescence (CL) images of scheelite 

replacing / pseudomorphing wolframite. 

Figure 6.  BSE and CL images of scheelite with zoning features 

 

BSE 

BSE

E 
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5.  ANALYTICAL TECHNIQUES  

5.1 Whole rock geochemistry  

Samples for whole rock geochemistry were mixed with LiBO2 / Li2B4O7 flux and fused in a 

furnace. The cooled beads were dissolved in ACS grade nitric acid and analysed by ICP and / 

or ICP-MS.  Samples for ultra-trace element analysis were digested with a modified Aqua 

Regia solution of equal parts concentrated HCl, HNO3 and DI H2O for one hour in a heating 

block or hot water bath. Samples were then made up to volume with dilute HCl.   

Loss on ignition (LOI) was determined by igniting a sample split then measuring the weight 

loss.  LOI was calculated as follows: LOI % = (A‐B) / C x 100 (where A = mass of crucible 

+ sample; B = mass of crucible + sample after ignition; C = mass of sample).   

FeO concentrations were determined by a titration method. Samples were first digested with 

sulfuric acid (H2SO4). Solutions were allowed to cool and then digested with hydrofluoric acid 

(HF).  An indicator solution consisting of distilled water, sulfuric acid, phosphoric acid, boric 

acid and diphenylamine sulfonate was added to every sample solution. Solutions were then 

titrated using a standard dichromate (K2Cr2O7) solution. The end point of the titration was 

determined when a purple colour persists in the sample solution for 30 seconds.  

Fluorine concentrations were determined with NaOH fusion. Samples were decomposed by 

fusion with NaOH and the melts digested in water. The resultant solutions were acidified with 

citric acid and ultimately buffered with ammonium citrate solution. Fluoride was determined 

using an electrode composed of a lanthanum fluoride crystal membrane that is an ionic 

conductor selective for un-complexed fluoride ions. The electrode is placed in the sample 

solution and its ionic strength is adjusted to pH 6.5; the potential is measured using a mV/pH 

meter. Fluorine concentrations were derived from a standard graph of potential vs. 

concentration of fluorine.   

5.2 Microprobe analysis  

Quantitative major element analyses of all silicate minerals were carried out at the Advanced 

Analytical Centre at James Cook University, using a JEOL JXA 8200 superprobe in 

wavelength dispersive spectrometry (WDS) mode.  Instrument conditions were: 15 [kV] 

acceleration voltage, a 5 [μm] beam and 20 [nA] beam current, with typical counting of 20 [s] 

on peak and 10 [s] on background for each element. The data were processed using the 

Armstrong/Love-Scott Phi-Rho-Z (φρz) method for matrix correction. Primary standards used 

were: albite for Na, orthoclase for K, fosterite for Mg, rutile for Ti, spessartine for Mn, 

wollastonite for Ca, synthetic SrO for F, and scapolite for Cl. The standards used for Al, Si and 

Fe varied depending on the analyzed silicate. 

5.3 BSE-CL imaging and LA-ICP-MS zircon U-Pb dating   

Cathodoluminescence (CL) images of zircons were obtained from polished epoxy resin 

mounts using a JEOL JSM5410LV scanning electron microscope (SEM) at the Advanced 
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Analytical Centre in James Cook University (JCU), Australia. The SEM is fitted with a 

secondary electron (SEI) detector, backscatter electron (BSE) detector and a Robinson CL 

detector. Back-scattered electron and CL images were acquired at 20 kV acceleration voltage, 

with a focused electron beam using the JEOL Semafore digital image acquisition software. 

All laser ablation ICP-MS analyses were conducted at the Advanced Analytical Centre of 

JCU, using a Coherent GeolasPro 193 nm ArF Excimer laser ablation system connected to a 

Bruker 820-MS (formerly Varian 820-MS). The ablation cell was connected to the Bruker 820-

MS via Tygon tubing and a Y-piece. The standard cylindrical sample cell was used throughout 

the study, but with a custom-designed polycarbonate insert to reduce the effective volume to 4 

cm3. This insert provides rapid signal washout of about 1.2 s. The ICP-MS was tuned to ensure 

robust plasma conditions (U/Th sensitivity ratio ~1) while maintaining low oxide production 

rate (ThO/Th >0.5 %). The laser beam size diameter and repetition rate were set 60 µm, and 

10 Hz, respectively and laser energy density at the sample site was set to 6 J/cm2. NIST 612 

glass standard was used as the bracketing external standard, using the reference values of 

Spandler et al. (2011). More details about LA-ICP-MS set-up for zircon dating have been 

described by Tucker et al. (2013). 

Data reduction was carried out using Glitter software (Van Achterbergh et al., 2001). All 

time-resolved single isotope signals from standards and samples were filtered for signal spikes 

or perturbations related to inclusions and fractures. Subsequently, the most stable and 

representative isotopic ratios were selected taking into account possible mixing of different age 

domains and zoning. Drift in instrumental measurements was corrected following analysis of 

drift trends in the raw data using measured values for the GJ1 primary zircon standard. 

Analyses of Temora zircons were used for verification of GJ1 following drift correction (see 

Supplementary material). Background corrected analytical count rates, calculated isotopic 

ratios and 1σ uncertainties were exported for further processing and data reduction. More 

details about processing the dating results have been described by Holm et al. (2013). 

5.4 Mica 40Ar-39Ar dating 

Samples were wrapped in pure Al foil and irradiated for 90 MWhr hr at location 8B at the 

McMaster Nuclear Reactor at McMaster University in Hamilton, Ontario, in irradiation 

package mc50.  Standard hornblende MMhb-1 was used as a neutron fluence monitor with an 

assumed age of 520.4 Ma (Samson and Alexander, 1987). All samples were incrementally 

heated with a Coherent Innova 5 W continuous argon-ion laser until complete fusion was 

achieved. Samples were loaded into 3 adjacent 2mm diameter wells and degassed each laser 

power setting for 30 seconds. 

Argon isotopes were measured using a VG1200S mass spectrometer with a source operating 

at 150 A total emission and equipped with a Daly detector operating in analog mode. Mass 

discrimination was monitored daily using ~4x10-9 ccSTP of atmospheric Ar. Fusion system 

blanks were run every five fusion steps and blank levels from argon masses 36 through 40 (~2 
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x 10-14, ~3 x 10-14, ~1 x 10-14, ~3 x 10-14, and 2 x 10-12 ccSTP respectively) were subtracted 

from sample gas fractions.  Corrections were also made for the decay of 37Ar and 39Ar, as well 

as interfering nucleogenic reactions from K, Ca and Cl as well as the production of 36Ar from 

the decay of 36Cl. 

5.5 Molybednite Re-Os dating  

Molybdenite mineral separates were made by metal-free crushing followed by gravity and 

magnetic concentration methods, as described in detail by Selby & Creaser (2004). The 187Re 

and 187Os concentrations in molybdenite were determined by isotope dilution mass 

spectrometry using Carius-tube, solvent extraction, anion chromatography and negative 

thermal ionization mass spectrometry techniques. A mixed double spike containing known 

amounts of isotopically enriched 185Re, 190Os, and 188Os analysis was used (Markey et al. 2007). 

Isotopic analyses were carried out using a ThermoScientific Triton mass spectrometer with 

Faraday collector. Total blanks for Re and Os are less than <3 picograms and 2 picograms, 

respectively, which are insignificant for the Re and Os concentrations in molybdenite. The 

molybdenite powder HLP-5 (Markey et al., 1998), was analyzed as a standard, and over a 

period of one year an average Re-Os date of 220.6 ± 0.2 Ma (1SD uncertainty, n=5) was 

obtained. This Re-Os age date is identical to that reported by Markey et al. (1998) of 221.0 ± 

1.0 Ma. 

5.5 Sulphur isotope analysis of sulphides 

Mineral separation of pyrite, chalcopyrite and pyrrhotite was done at James Cook University. 

Samples were crushed to appropriate grain size followed by cleaning in an ultrasonic bath, 

sieving (300 and 125 µm filter papers), and drying. Final picking was done under a 

stereomicroscope.  Isotopic analyses were conducted at the USGS stable isotope lab in Denver, 

Colorado. The mineral separates were reacted in solution and precipitated as BaSO4 using 

methods described by Carmody et al. (1998). Precipitates and whole mineral samples were 

weighed into tin capsules and both sulphates and sulphides included the addition of vanadium 

pentoxide powder to act as a catalyst for combustion.  Samples were combusted and analysed 

for δ34S by continuous mass spectrometry following pyrolysis of the sample to SO2 gas by 

methods modified from Giesemann et al. (1994).   Instrumentation for δ34S analyses included 

using a CE Elantech Inc. Flash 2000 Elemental Analyzer interfaced with a Conflo III coupled 

to a ThermoFinnigan Delta Plus XP ™ continuous flow mass spectrometer, where instrument 

precision is reported as 0.2 ‰. All sulphide samples were analysed alongside internationally 

accepted standards. These were NBS127 (+21.1 ‰) and IAEA-SO-6 (-34.05 ± 0.08 ‰) for 

sulphates and NBS123 (+17.44 ‰) and IAEA-S-3 (-32.55 ± 0.12 ‰) for sulphides (Coplen, et 

al. 2002). Stable isotope compositions are expressed in delta (δ) notation:

   10001)‰(  standardRRsample . Where: R refers to 34S/32S.  Values of δ34S are expressed 

relative to Vienna Cañon Diablo Troilite (VCDT) with a precision of 0.2 ‰.    
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5.6 Hydrogen-oxygen isotopes 

Precipitates and mineral samples were weighed into silver boats and analysed for δ18O 

(muscovite) and δD (muscovite) by continuous flow isotope ratio mass spectrometry methods 

described by Sharps et al., 2001. The USGS stable Isotope Laboratory used a ThermoFinnigan 

High Temperature Conversion Elemental Analyser TC/EA pyrolysis device interfaced with a 

Conflo II coupled to a ThermoFinnigan Delta Plus XL masspectrometer. Isotopic compositions 

were reported relative to Vienna Standard Mean Ocean Water (VSMOW) in conventional δ 

notation. Reproducibility was generally ± 4 ‰ or better for δD and ± 1 ‰ for δ18O.  Samples 

were analysed alongside internationally accepted standards; IAEA-CH-7(PE) (-100.33 ± 

2.05 ‰) for δD and IAEA SO-5 (12.0 ± 0.2 ‰) and IAEA SO-6 (-11.0 ± 0.2 ‰) for δ18O 

(Coplen et al., 2001).  

5.7 Fluid inclusion microthermometry and laser raman micro-spectrometry 

    Doubly polished samples (~200 m thick) were used for microthermometric 

measurements at James Cook University, using a motorised Linkam MDS-600 heating-

freezing stage, with a temperature range between –196 and +600°C. The stage is attached to 

an Olympus BX51 microscope with a maximum objective magnification of 50. The stage is 

controlled by Linksys32 software, which allows heating and cooling rates between 0.1°C and 

90°C per minute. An infrared filter is used to avoid the effect of light intensity on the 

measurements. Pure CO2 and H2O inclusions in quartz were used for calibration at the triple 

points of CO2 (-56.6°C) and H2O (0.0°C). Critical homogenisation temperatures of synthetic 

H2O inclusions in quartz were used for calibration at 374°C. Calibration samples were provided 

by FluidInc. Phase transitions below room temperature are estimated to have a precision of 

0.3°C, homogenisation measurements (> room temperature) of aqueous inclusions have a 

precision of 5°C. The following phase transitions were measured during heating: (1) initial 

melting of ice and hydrohalite: hydrohalite (hh) + ice + vapour (vap) = liquid (liq) + ice + vap. 

(2) Final melting of ice: ice + liq + vap = liq + vap; (3) Homogenisation by the disappearance 

of the vapour bubble into the liquid phase: liq + vap = liq.  

    Raman analyses were conducted with a WITec Alpha Access 300 at the Advanced 

Analytical Centre at James Cook University. The Raman is equipped with a green laser with 

an excitation wavelength of 532 nm. Data processing was done with WITec Project Data 

Analysis Software 4.1. 

5.8 LA-ICP-MS scheelite trace element analysis  

Trace element concentrations in scheelite from the Mt Carbine deposit were determined by 

LA-ICP-MS at James Cook University, Townsville, Australia, using a GeoLas 193 nm ArF 

excimer laser coupled to a Varian 820 quadrupole IC mass spectrometer with He as the carrier 

gas in the ablation chamber. All analyses were performed in spot mode using laser beams of 

44 μm, using a repetition rate of 10 Hz and a laser energy of ~6 J/cm2. Analytical techniques 
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followed a similar methodology to that of Holm et al. (2013). All analyses were quantified 

against the GSD basalt, and NIST 610 standards using CaO as the internal standard. The Glitter 

software package (Van Achterbergh et al., 2001) was used for data processing.  

 

6.  ANALYTICAL RESULTS 

6.1 Whole rock geochemistry of ore host protolith 

In order to identify useful signals or parameters for future prospecting and exploration in 

this region, the whole rock geochemistry of the host rocks at Mt Carbine has been studied to 

detect geochemical gradients at different scales. The aims of the study were to determine: 

(1) geochemical signals in strongly mineralized/altered rocks compared to samples of fresh 

rocks distal to the mineralization; and 

(2) the spatial extent of the geochemical signals. 

 

The results of the trial are presented in in Figures 7, 8 and 9.  On a hand specimen scale (e.g. 

in drill core) Cu, Ag, Sn and W values vary significantly over a distance of ~50 centimetres. 

The concentrations of these metallic elements decrease by around 50% to less than 10%, 

depending on the element, with increasing distance from the ore-bearing quartz vein (Figure 

7). There are also significant chemical gradients at the scale of tens of metres to hundreds of 

metres (e.g. cross section / deposit scale; Figure 8), however, these may not have significant 

exploration significance, as the sheeted quartz vein systems in the deposit are irregularly 

Figure 7.  Decreasing metal concentrations in metasedimentary wall rocks with increasing 

distance from a mineralized quartz vein. Drill Hole CB060, 84.2 m downhole in the  

Mt Carbine deposit. 
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distributed, and the geochemical variations may just reflect the distance between sampling sites 

and the ore-bearing vein systems. It is not surprising to find there are also geochemical 

variations in the metasediments on a district scale (Figure 9). However, these do not appear to 

correlate with variations observed at the hand specimen scale, and may be due to one or more 

different hydrothermal events.  

 

 

 

6.2 Stable isotopes 

The 18O isotope values for muscovite samples from Mt Carbine are between 10.7 to 14.8 per 

mil, and the δD isotopic compositions are from -109.2 to -99.9 per mil. These are different 

from the range of meteoric water and have little overlap with the magmatic water, but are within 

the range of metamorphic water (Figure 10).  

The δ34S values of sulphides from Mt Carbine deposit range from -9.1 to -6.0 ‰ (Figure 11), 

which does not correlate with the signature of a deep magmatic source. One possible 

interpretation of these δ34S values could be the incorporation of sulphur from the country rocks 

(Rollinson, 2006; Large, 1992), through the processes of metamorphism (Chang et al., 2008). 

Figure 8. Chemical gradients of Sn, W, Ag and Cu in the Mt Carbine deposit in cross section scale. 
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6.3 Fluid inclusions 

Preliminary fluid inclusion studies reveal that most of the inclusions are primary and 

distributed in assemblages or isolated, with sizes generally around 12×8 μm up to 26×20 μm. 

The homogenization temperatures range from 210 to 290 °C (Figure 12), the overcooled 

freezing temperatures were between -44 to -39 °C, and the last ice-melting temperatures were 

between 0.8 and −3.7 °C. The calculated salinity of the fluid is between 0.7 and 4.3 wt% NaCl 

eq.. The temperature and salinity ranges observed are in good agreement with the experimental 

results of Wood and Samson (2000) and the compilation of Bodnar et al. (2014) for scheelite 

and wolframite deposition. Laser Raman spectrum analysis was conducted for fluid inclusions 

in quartz coexisting with scheelite as shown in Figure 13, which identified CH4 in the vapour 

bubble. The spectrum reveals that CH4 is common in the inclusions, and a reduced fluid is 

inferred for the tungsten mineralization.  

 

Figure 9. Indicative geochemical gradients for Sn, W, Ag and Cu in meta-sediments around the Mt 

Carbine deposit. 
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Figure 10.  Oxygen-hydrogen isotopic values for muscovite from the Mt Carbine deposit. Also 

shown are the known ranges for the δ18O and δD isotopic compositions in meteoric, sea, magmatic 

and metamorphic waters, adapted from data in Rollinson (2006).  

 

Figure 11. Sulphur isotope composition of sulphides from the Mt Carbine deposit. 
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Although Heinrich (1990) reviewed the potential of boiling, mixing, fluid–rock interaction, 

temperature decrease, and pressure decrease as the precipitation mechanism in Sn–W deposits, 

the fluid inclusion and stable isotopes data from this study support fluid mixing as the likely 

trigger mechanism for wolframite and scheelite precipitation in the Mt Carbine deposit. This 

conclusion is also consistent with Bodnar (2014), in that mixing with groundwater (which 

results in a pH increase) best explains the tonnage and grades found in the deposits, and boiling, 

fluid–rock interaction, and pressure or temperature decrease contribute to a lesser degree to the 

formation of Sn–W deposits.  

 

 

 

Figure 12. Histogram of fluid inclusion homogenization temperatures 

Figure 13.  Methane (CH4) detected in the fluid inclusions from the Mt Carbine deposit. 
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7.  DISCUSSION 

7.1 Timing of igneous rocks, hydrothermal alteration and mineralization 

Systematic geochronological analyses have been conducted on the igneous rocks, 

hydrothermally altered rocks and ore minerals from the Mt Carbine W deposit (Figures 14 and 

15). Three groups of magmatic ages have been identified from a felsic dyke and a number of 

granitic rocks using LA-ICP-MS zircon U-Pb dating methods: ~265 Ma, ~285 Ma and ~300 

Ma.  Molybdenite normally occurs with muscovite along the margin of quartz veins. A Re-Os 

molybdenite age of ~284 Ma was obtained, which is slightly younger that the ~285 Ma granite. 

Two hydrothermal alteration ages, of 282 ± 2.0 Ma and 277 ± 1.4 Ma, were obtained from 

muscovite using the Ar-Ar dating method. 

 

There are at least three types of felsic igneous rocks in the mining district:  porphyritic biotite 

granite, equigranular coarse-grained biotite granite and a fine-grained felsic dyke that cuts 

across the ore body.  There are no observable contacts between granite and the W veins, thus 

their relationship is unclear.  Mineralized quartz veins and chlorite alteration occur in the 

porphyritic biotite granite, whereas no quartz veins and alteration have been observed in the 

fine-grained felsic dyke, indicating that the porphyritic biotite granite was earlier than 

mineralization and the felsic dyke later than mineralization. This observation is consistent with 

the latest dating results: the LA-ICP-MS zircon U-Pb age of the porphyritic biotite granite is 

298 ± 3 Ma and the felsic dyke 261 ± 7 Ma, whereas the molybdenite Re-Os age from the 

mineralized quartz vein is 284 ± 1 Ma, and the muscovite 40Ar-39Ar ages are 282-277 (±1-2) 

Figure 14.  LA-ICP-MS zircon U-Pb dating results for intrusive rocks from the environs of the Mt 

Carbine deposit. 
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Ma. There is no overlap between the two muscovite 40Ar-39Ar ages, which probably indicates 

there was some post-mineralization tectono-thermal activities. 

 

 

7.2  Sources, fluid evolution and W deposition 

Tungsten deposits are typically associated with magma that formed by melting of 

sedimentary rocks that may have been enriched in W via weathering (Romer and Kroner, 2014, 

2016).  Magmatic fractionation in the resulting reduced melts causes selective enrichment of 

tungsten into the residual silicate melt (Candela, 1992). Saturation with alkali-rich magmatic 

volatiles results in tungsten transfer to a hydrothermal fluid phase (Manning and Henderson, 

1984; Zajacz et al., 2008), and finally precipitation of tungsten-rich minerals in sedimentary 

host rocks surrounding the granites can produce economic W grades. 

The δ34S data collected during this project has values for sulphides range from -9.1 to -6.0 

per mil.  The O-H isotopes have significant overlap with metamorphic water. Oxygen, 

hydrogen and sulphur isotopes indicate metamorphic water may have a significant involved in 

the formation the W mineralization in the Mt Carbine deposit (Figures 12 and 13). The oxygen 

isotope values are between 10 and 16, and generally mostly higher than the range of values 

attributed to magmatic waters. The O-H isotopic compositions of the hydrothermal fluid at 

200-300 °C, with which the muscovite was equilibrated, is fairly close to the meteoric water 

line. Sulphur isotope values for pyrite, chalcopyrite and arsenopyrite are between -10 to -6, 

which is too negative for magmatic fluids or mantle fluids, but within the range of metamorphic 

Figure 15.  Results from muscovite Ar-Ar dating and molybdenite Re-Os dating of samples from the 

Mt Carbine deposit 
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fluids.  It is worth noting that the δ34S values of arsenopyrite is obviously higher than 

chalcopyrite and pyrite, and arsenopyrite is formed earlier than the latter two in the paragenetic 

sequence (Table 1, Figure 4). Therefore there is a decreasing trend in sulphur isotope values 

from early to late during mineralization. In other words, the sulphur isotopes deviate from the 

range of magmatic source and transition to metamorphic source, which is consistent with the 

indications from H-O isotopes. 

 

Scheelite is one of the main W ore minerals in the Mt Carbine deposits. The composition of , 

the scheelite from Mt Carbine was investigated using LA-ICP-MS in-situ compositional 

analysis to study the ore-fluid evolution process and W deposition conditions.  Field and 

Figure 16. Trace element composition of two types of scheelite from Mt Carbine W deposit. 
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microscopic observations suggest there are two types of scheelite occurrences.  Type 1 

scheelite is  pure scheelite crystals without visible mineral inclusions or contaminants;  Type 2 

scheelite formed by replacing wolframite (Figures 4 and 5). The compositional difference 

between Type 1 and Type 2 scheelite can be seen in Figure 16.  The REE content of Type 1 

scheelite ranges from 77 ppm to 1332 ppm, with an average of 525 ppm.  The REE content of 

Type 2 scheelite ranges from 12 ppm to 738 ppm, with an average of 96 ppm.  The Nb, Ta, Ti, 

Cu and many other elements also exhibit clear concentration differences, which demonstrate 

the different substitution mechanisms for elements incorporated into the scheelite and 

wolframite crystals, i.e., chalcophile elements (e.g., Ti, Fe, Cu, Ni, V), Sr, Nb and Ta are more 

readily incorporated into wolframite, whereas scheelite is preferred by REE elements and Y 

(Figure 16).  

Scheelite (CaWO4) can incorporate significant amounts of REEs as the elements can 

substitute for Ca2+ (Brugger et al. 2002).  One of the major mechanisms of REE3+ substitution 

for Ca2+ in scheelite is:   3Ca2+ = 2REE3+ + □Ca, where □Ca is a Ca-site vacancy (Ghaderi et 

al., 1999). The presence of the vacant Ca site adjacent to the REE sites provides flexibility so 

the mineral can incorporate REE of any size (Ghaderi et al., 1999).   As there is no preferred 

REE that substitutes for Ca in scheelite, the mineral can reflect the REE characteristics and Eu 

anomalies of the ore-forming fluids (Sun and Chen, 2017).   Eu anomalies (δEu) may be 

inherited from the parent hydrothermal fluids or arise from a change in oxidation state (Eu2+ 

vs. Eu3+) of the dissolved Eu. The scheelite samples examined in this study exhibit negative 

europium anomalies in the chondrite-normalized REE patterns (Figure 16), suggesting the 

dominance of Eu2+ in the ore-forming fluid (Sun and Chen, 2017). Since Eu2+ is commonly 

thought to more readily substitute for Ca in scheelite than Eu3+, a positive Eu anomaly is 

expected when Eu2+ >> Eu3+ in the fluid. If Eu3+ is dominant in the fluid, it behaves like other 

REE3+, resulting in no change in the size of Eu anomaly (Ghaderi et al., 1999). 

The concentration of Mo in scheelite may provide another redox indicator.  Mo enters the 

scheelite lattice as Mo6+ by substituting for W6+ under oxidizing conditions. Under reduced 

conditions the Mo precipitates in molybdenite and the Mo contents of scheelite are low. As 

shown in Figure 16, molybdenum concentrations in scheelite from all of our analysed spots are 

very low (less than 3 ppm), suggesting the scheelite precipitated from strongly reduced fluids.  

 

7.3 Role of water-rock interaction during mineralization processes  

    Most recent work on the formation conditions of W deposits suggest that metamorphism 

plays a significant role in the enrichment and deposition of wolframite and scheelite. Through 

comprehensive studies of fluid inclusions and host rock composition of the giant Panasqueira 

wolframite deposit in Portugal, Lecumberri-Sanchez et al. (2017) demonstrated quantitatively 

that magmatic fluids provide tungsten in solution, whereas the host rocks contributes the iron 

required to precipitate wolframite. The combination of special source conditions with specific 
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reactive host rocks explains why major wolframite deposits are rare and confined to a few ore 

provinces globally. Cave et al. (2017) systematically examined the origin of scheelite from the 

orogenic gold deposits of the Otago Schist, New Zealand, and suggested that the prograde 

metamorphic recrystallization of diagenetic or detrital metal rich mineral phases (e.g. the 

alteration of rutile to titanate) releases significant amounts of W into the concurrently 

developing metamorphic fluids.  This W can be subsequently focussed into regional structures 

and form significant amount of scheelite. 

Based on the data presented in Figures 7, 8 and 9, the footprint of hydrothermal fluid-wall 

rock interaction can be evaluated. The footprint is substantial at chemical gradients microscale 

(tens of centimetres) and mesoscale (tens to hundreds meters), but lacking at macroscale 

(thousands meters). It is also possible that wall rock lithology influences chemical preference. 

The hydrogen and oxygen isotope signatures of muscovite, and the sulphur isotope signatures 

of sulphides, confirm the important role of metamorphic water during the formation of the Mt 

Carbine W deposit.  The signature of the early ore-formation fluid, however, tends towards a 

magmatic origin, which is consistent with the conclusions of Lecumberri-Sanchez et al. (2017). 

Our data also suggest that the ore-forming fluids are mainly derived from the exsolution of 

magmatic fluids, but are compositionally modified during late-stage fluid-rock interaction. 

When the ore-forming fluids moved upward into fractures in the Hodgkinson Formation meta-

sediments, with increasing fluid/rock ratios, it is possible that more and more plagioclase in the 

meta-sediments was altered to sericite, providing significant amounts of Ca, Eu and Sr for the 

hydrothermal fluids to form scheelite.   Thus, we attribute the variation of REE (and other trace 

elements) and the Eu anomalies in the Mt Carbine scheelite to possible interaction of the 

magmatic fluids with country rocks during fluid evolution, from the primary fluids exsolved 

from the granitic magma to the late-stage fluids in fractures in the Hodgkinson Formation meta-

sediments. 

 

7.4 Implications for future exploration 

South China has the largest known Sn-W endowment in the world and contains over 40% of 

the Sn resources and 80% of W resources in the world.  The Gejiu Sn polymetallic district is 

the largest primary Sn accumulation in the world, with a Sn resource of over 3 Mt.  While the 

Gejiu district is a similar size to the Herberton district, it has 10 times the Sn resource of the 

whole of Queensland (Cheng et al., 2012; Chang et al., 2017).  Of a similar order of magnitude, 

the Dahutang W deposit contains around 7 times the W resource of Queensland.  Dahutang 

contains more than 1.1 Mt WO3 (Mao et al., 2013), while the state of Queensland contains 

about 0.15 Mt of WO3 (Chang et al., 2017) – based on currently recognised mineralization.  

The huge differences in the metal endowments between the two regions raises the question:  is 

it possible to find deposits like Gejiu and Dahutang in northeast Queensland? If yes, then where 

do we look?  A summary review of the characteristics of Sn-W mineralization in South China 
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is included below, with the aim of identifying factors controlling mineralisation. It has 

highlighted the similarities and differences with mineralization in NE Queensland to assist in 

evaluating the prospectivity of NE Queensland for further exploration.  

In south China, the Late Jurassic is the most important time for the formation of W–dominant 

polymetallic ore deposits, which are mainly distributed in the Nanling and adjacent areas (Mao 

et al., 2013). From west to east, the size of the W resources tends to decrease, while deposit 

types change from skarn to quartz vein type. This is largely due to the fact that host rocks on 

western side are dominantly carbonate rocks, whereas in eastern side there are dominantly 

meta-clastic rocks. Granitic rocks with which the W–Sn mineralization is associated consist of 

biotite granite, two mica granite, and muscovite granite with metaluminous and peraluminous 

signatures. The W–dominant ore deposits are mostly developed at the intersection of NE- and 

EW-trending regional faults.  Skarn and quartz veins are the dominant W deposit types, 

although there are a few greisen deposits.  The mineralization exhibits a distinct metal zoning, 

characterized by proximal skarn–greisen W–Sn mineralization at/near granite contacts and 

distal hydrothermal Pb–Zn vein deposits. This type of mineralization has been explained by a 

genetic model called the “five-floor model of W–Sn mineralization”, defined by a zoning of 

vein density and thickness, from veins and/or tabular greisen ores to thick ore veins, moderate 

ore veins, thin ore veins, and veinlets (mica–fluorite veinlets) from the granite pluton outward 

(Gu 1981; Wu et al. 1987).  Although the mica–fluorite veinlets are not economic, they provide 

important clues for locating buried W–Sn ore veins. This model has been further developed 

based on the exploration discoveries in recent years, as it has been found that the ore-bearing 

veins may become bigger with depth and eventually transition to skarn or massive greisen 

alteration at still greater depths, which has led to the so-called “five floor plus basement model” 

(Xu et al, 2008).  

The tungsten-dominant deposits of northeast Queensland are represented by the Mt Carbine 

and Watershed deposits located north-west of Cairns. Both are hosted in siliciclastic rocks of 

the Hodgkinson Formation. Mineralisation in both deposits is mostly hosted in sheeted quartz 

± feldspar ± muscovite veins. The mineralisation in both deposits is characterised by earlier W 

mineralisation followed by a reduced sulphide assemblage of pyrrhotite and arsenopyrite, plus 

pyrite and chalcopyrite ± molybdenite. Tungsten mineralisation at Mt Carbine is dominantly 

wolframite with minor later scheelite, whereas at Watershed only scheelite occurs. The wall 

rock alteration at Watershed is of skarn type, whereas at Mt Carbine the vein haloes are 

dominated by chlorite-illite alteration. Nevertheless, causative intrusion(s) have not been 

intercepted in either deposits, in other words, the current drilling and previous mining are fairly 

shallow in the Mt Carbine and Watershed deposits.  

In North Queensland, the various types of alteration-mineralisation have been speculated to 

be related, with the pipe/vein-style mineralisation in Hodgkinson Formation wall rocks 

extending downwards and the alteration haloes transitioning from silicification to chlorite then 

to tourmaline, and eventually to lodes in granitic intrusions with sericite greisen and felspathic 
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alteration. This seems to be reasonable as some deposits in China such as those in the 

Xihuashan-Piaotang District, have been discovered via drilling and mining to have veins in 

wallrocks extending down into granitic batholiths (e.g., Elliott, 1992; Xu et al., 2008). However 

it is noteworthy that in NE Queensland, none of the Hodgkinson Formation hosted lodes have 

been observed to have this transition pattern yet, due to the absence of deep drilling and the 

lack of mine development down to sufficient depths. 

 

CONCLUSIONS 

Field observation and drill core logging have provided evidence for a five stage paragenestic 

sequence of mineralization and vein development, with two of the stages containing significant 

W mineralization. Ore minerals are wolframite and scheelite. Wolframite is typically euhedral 

and occurs in quartz veins, while the occurrences of scheelite are: (1) e1uhedral grains in quartz 

vein and, (2) pseudomorphing wolframite grains or cutting across wolframite grains as veinlets. 

This observation is consistent with the scheelite CL images and in-situ composition variation. 

Systematic geochronological results reveal that the igneous rocks, hydrothermal alteration 

and sulphide precipitation in the Mt Carbine W deposit occurred during 300-265 Ma, 282-277 

Ma and ~284 Ma, respectively. There is an obvious temporal gap between the two muscovite 
40Ar-39Ar ages, which indicates there was some post-mineralization tectono-thermal activities.  

The compositional variations of the two types of scheelite samples suggest that the Mt Carbine 

W deposit formed from a strongly reduced fluid. New data from fluid inclusion, H-O-S stable 

isotopes, and the precipitation of W-bearing minerals (wolframite and scheelite), indicate the 

formation of the Mt Carbine deposit involved the interaction of magmatic fluids with water 

derived from country rocks (Hodgkinson Formation meta-sediments) during the process of 

fluid evolution, which is spatially and temporally consistent with the regional geological 

deformation history.  

Preliminary comparisons reveal that, based on current knowledge, there are significant 

differences between the Sn-W mineralization in South China and NE Queensland, although 

many similarities exist. It is likely that drilling deeper (to even moderate depths) will lead to 

the discovery of more W and Sn mineralisation in the future. 
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