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Abstract 

Tasmania is the most important tin province in Australia, being endowed with > 0.65 Mt Sn. Some 

granitic intrusions in western Tasmania have distinctive tourmaline- and quartz-rich magmatic-

hydrothermal features, whether they are mineralized (e.g., Heemskirk Granite) or barren (Pieman 

Heads Granite). The Devonian Heemskirk and Pieman Heads plutons crop out on the western coast 

of Tasmania and are characterized by similar mineralogical and geochemical compositions, and ages. 

The magmatic-hydrothermal textural features include tourmaline patches, tourmaline orbicules, and 

tourmaline-muscovite veins, as well as miarolitic cavities and quartz-fluorite-sulfide veins in the 

Heemskirk Granite. Cathodoluminescence (CL) imaging, LA-ICP-MS, and microthermometric 
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analyses of quartz have revealed the physicochemical evolution of the magmatic-hydrothermal fluids 

from which these tourmaline- and quartz-bearing assemblages precipitated. High Ti quartz (20–28 

ppm) in tourmaline patches, orbicules and cavities typically has homogeneous CL-bright intensity, 

whereas CL-dark fractures have cut and/or offset the CL-bright and -gray domains that characterize 

low Ti quartz (3.4–8.5 ppm) from the tourmaline veins. The earliest fluid inclusion assemblages in 

the quartz-tourmaline orbicules and cavities have a salinity range from 3 to 14 wt % NaCl equiv. 

with intermediate density that were probably trapped at lithostatic pressures of 1.57 ± 0.2 kbar and 

temperatures of 550–570°C, suggesting a depth of 5.9 ± 0.8 km. Prolonged depressurization and 

cooling may have led to the evolution of a brine (~39 wt % NaCl equiv. salinity) from the primary 

magmatic liquid, which formed halite-bearing hypersaline inclusions in the tourmaline orbicules. 

Continuous pressure decrease explains the intense brittle failure and fluid migration outward from 

the apical portions of the pluton where magmatic fluids partially mixed with and were cooled by 

external meteoric water. These mechanisms triggered the formation of tourmaline-muscovite-quartz 

veins and local cassiterite-bearing greisens from a moderate-salinity fluid (~12 wt % NaCl equiv.) at 

temperatures of ~300°C and hydrostatic pressures of 120 bars. Retrograde dissolution textures 

evident from CL-bright quartz cores surrounded by oscillatory growth zones with gray CL response 

characterize the low Ti (< 1 ppm) and high Al (500–1,000 ppm) quartz from the fluorite-sulfide veins 

that precipitated from a low-salinity (5.7 wt % NaCl equiv.) acidic fluid at temperatures of 200 ± 

25°C and hydrostatic pressures of < 50 bars. High Sb concentrations (up to 80 ppm) in quartz may be 

an indicator of low temperature base metal mineralization related to granitic intrusions. Abundant 

fluid percolation, protracted fractional crystallization and high tin concentrations in exsolved 

hydrothermal fluids may explain why the Heemskirk Granite is well endowed in Sn and base metal 

deposits, whereas the Pieman Heads Granite is barren.  
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Introduction 

Large volumes of aqueous fluids can exsolve from crystallizing magmas emplaced into the 

shallow crust (Burnham, 1979). This process is essential to the formation of magmatic-hydrothermal 

mineral deposits (Hedenquist and Lowenstern, 1994; Cooke et al., 2009), which commonly takes 

place during the final stages of fractional crystallization in felsic magmas. Evidence for fluid 

exsolution and volatile accumulation in the apical regions of granitoids can be found in magmatic-

hydrothermal transition textures (e.g., unidirectional solidification textures, miarolitic cavities and 

vein dikes1) and hydrothermal alteration. Such textures have been documented from a wide spectrum 

of magmatic-hydrothermal ore deposits, including porphyry Cu-Mo-Au, granite-related Sn-W, and 

even barren granitic systems (e.g., Carten et al., 1988; Candela, 1997; Wilson et al., 2003; Harris et 

al., 2004; Breiter et al., 2005; Rusk et al., 2008; Müller et al., 2010; Maydagán et al., 2015; Drivenes 

et al., 2016; Hong et al., 2017a). Detailed textural and geochemical analyses of magmatic-

hydrothermal features can help to unravel the histories of magmatic-hydrothermal fluids evolved 

from felsic intrusions. They have the potential to help determine why some granitoids are fertile (i.e., 

having produced economic ore deposits), whereas others are barren, exsolving fluids and producing 

hydrothermal alteration but not causing mineralization. 

Multiple hydrothermal events in magmatic-hydrothermal systems can create challenges in 

constraining the evolution of pressure, temperature, and fluid conditions (e.g., Rusk and Reed, 2002; 

Wilson et al., 2003; Rusk et al., 2008; Müller et al., 2010; Maydagán et al., 2015). Scanning electron 

microscope-cathodoluminescence (SEM-CL) analysis can reveal cryptic textures in quartz that are 

not observed via transmitted light or backscattered electron imaging (Rusk and Reed, 2002; Götze, 

2009). Trace element compositions of quartz analyzed by laser ablation inductively coupled plasma 

 
1 Carten et al. (1988) defined  “vein dikes” as commonly displaying symmetrical quartz-rich 

margins with euhedral crystals of quartz ± biotite ± molybdenite that project inward into a center of 

aplite porphyry ± molybdenite in the Henderson porphyry Mo deposit.  
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mass spectrometry (LA-ICP-MS), when coupled with SEM-CL images can help to track the 

chemical evolution of magmatic-hydrothermal systems (Rusk and Reed, 2002; Rusk et al., 2008; 

Müller et al., 2010; Rusk et al., 2011; Tanner et al., 2013; Maydagán et al., 2015). 

Western Tasmania is the most important Australian Sn province (Seymour et al., 2007; Corbett et 

al., 2014). The Heemskirk Granite produced numerous Sn deposits and Ag-Pb-Zn veins, and an 

unusual Ni deposit. In contrast, the Pieman Head Granite, an isolated intrusion ca. 20 km north of the 

Heemskirk Granite, is not associated with any known mineralization. The two plutons have similar 

mineralogical and chemical compositions and intruded coevally (365–360 Ma) in a post-orogenic 

environment (Hong et al., 2017b). Furthermore, both granitic intrusions are characterized by 

magmatic-hydrothermal textural features, including tourmaline-quartz orbicules and tourmaline-

quartz-muscovite veins (Hong et al., 2017a). In addition to the recognition of these magmatic-

hydrothermal features and their paragenetic sequences, Hong et al. (2017a) also revealed that 

tourmaline from the Heemskirk Granite contains lower Zn/Nb, Co/Nb, Sr/Ta, and Co/La ratios and 

higher Sn contents than from the Pieman Heads Granite, and therefore proposed that these element 

ratios in tourmaline can distinguish Sn-mineralized granite from barren intrusions. However, the 

physicochemical properties, depositional mechanisms, and related controls on mineralization are not 

well constrained for the magmatic-hydrothermal features associated with the Tasmanian plutons. In 

this study, quartz samples from tourmaline- and quartz-rich textural features in the granitic intrusions 

have been analyzed by SEM-CL, LA-ICP-MS and fluid inclusion microthermometry to highlight 

fluid evolution processes and exploration significance, and to interpret the origins of Sn-base metal 

mineralization.  

Regional Geology 

Geological background 
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Tasmania is divided into the eastern and western Tasmanian terranes by the Tamar Fracture (Fig. 

1). Widespread Ordovician to Lower Devonian marine quartz-wacke turbidite sequences characterize 

the eastern terrane (Corbett et al., 2014). The western terrane is composed of a broad spectrum of 

sedimentary-volcanic sequences that range from Mesoproterozoic to Quaternary (Fig. 1A; Seymour 

et al., 2007). 

Extensive granitic magmatism occurred in eastern and western Tasmania during the Late 

Paleozoic (405–350 Ma; Black et al., 2005; Hong et al., 2017b). Granitoids that intruded the eastern 

Tasmanian terrane range in composition from unfractionated granodiorite (ca. 405 Ma) to highly 

fractionated I- and S-type leucogranite (ca. 377 Ma; Black et al., 2005; Hong et al., 2017b). The 

western Tasmanian plutons have smaller exposures than their eastern Tasmanian counterparts (Fig. 

1A), and are all highly fractionated, felsic I- and S-type intrusions with zircon U-Pb ages of 374 to 

360 Ma (Black et al., 2005; Hong et al., 2017b).  

Tasmanian Sn-W deposits are spatially and genetically related to moderately and highly 

fractionated felsic Devonian granitic intrusions (Fig. 1A; Hong et al., 2017b). Tin-tungsten deposits 

in eastern Tasmania, such as Anchor and Aberfoyle, are associated with the Lottah and Ben Lomond 

plutons (Seymour et al., 2007). Most of the western Tasmanian granitic intrusions, including Pine 

Hill, Meredith, Heemskirk, Dolcoath, and Grassy (King Island), are endowed with economic Sn-W 

deposits (Fig. 1A; Seymour et al., 2007; Hong et al., 2017a). 

Heemskirk and Pieman Heads plutons 

Abundant Sn skarns, greisens, and vein-type Ag-Pb-Zn deposits are spatially associated with the 

Heemskirk Granite (Fig. 1A; Table 1). Significant deposits include Federation, Sweeney’s, Severn, 

Queen Hill, Montana, and St Dizier Sn deposits, Avebury Ni, and numerous Ag-Pb-Zn deposits in 

the Zeehan mineral field (Seymour et al., 2007; Table 1). These deposits are estimated to contain at 

least 1.07 Mt of Sn at 0.98 to 1.91 % (Purvis, 1989; Seymour et al., 2007; Callaghan, pers. commun. 
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2013; Table 1), 29.3 Mt at 0.9 % Ni (Seymour et al., 2007), and approximately 0.2 million tons of 

Pb, 826 tons of Ag and 2,700 tons of Zn (Both and Williams, 1968; Table 1).  

The Heemskirk Granite is a large, composite batholith exposed on the western Tasmanian coast 

(Fig. 1A). Based on the color of K-feldspar, the batholith is divided into white and red phases 

(Hajitaheri, 1985; Fig. 1B). Both the White and Red Heemskirk plutons consist of quartz, K-feldspar, 

plagioclase, minor biotite ± muscovite ± tourmaline, and accessory zircon, monazite-(Ce), and 

titanite ± allanite-(Ce) ± apatite. The Red Heemskirk Granite is an I-type, weakly peraluminous 

intrusion with an aluminum saturation index [Al2O3/(CaO + Na2O + K2O), ASI] of 1.0–1.1. It was 

intruded by, and overlies the highly peraluminous S-type White Heemskirk Granite with ASI > 1.2 

(Hong et al., 2017b). Both granitic units are strongly fractionated (e.g., Rb/Sr >10), have high 

aluminosilicate and low ferromagnesian contents, and were emplaced coevally around 361 Ma 

(Black et al., 2005; Hong et al., 2017b). The Heemskirk Granite intruded the Neoproterozoic Oonah 

Formation to the north and east, and Cambrian volcanic units, gabbro, serpentinized dunite, and 

Silurian-Devonian sedimentary rocks to the south (Fig. 1B). 

The Pieman Heads Granite crops out 20 km north of the Heemskirk Granite (Fig. 1C). This 

pluton has a small surface area < 8 km2, and intruded Neoproterozoic marine shelf successions 

(Rocky Cape Group). It is partly overlain by Tertiary and Quaternary sequences (Fig. 1C; Vicary, 

2004). The granite has mineralogical and geochemical compositions similar to those of the White 

Heemskirk Granite (Hong et al., 2017a). Its zircon U-Pb age of 365 ± 4 Ma (Hong et al., 2017b) 

overlaps the age of the White Heemskirk Granite within error (361 ± 2 Ma; Black et al., 2005). No 

mineralization has been discovered within or near the Pieman Heads Granite. 

Magmatic-Hydrothermal Features 

Distinctive magmatic-hydrothermal textures dominated by quartz and tourmaline have 

developed in the carapaces of the White Heemskirk and Pieman Heads plutons, and near their 
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contacts with local country rocks (Hong et al., 2017a; Figs. 3-4). These textures are classified as (1) 

tourmaline-quartz patches (Fig. 3A), (2) tourmaline-quartz orbicules (Figs. 3B-D and Fig. 4 B), (3) 

tourmaline-filled cavities (Figs. 3E-F), (4) tourmaline-quartz-muscovite veins (Figs. 4A-C), and (5) 

quartz-fluorite-sulfide veins (Figs.4D-E). Tourmaline-quartz cavities, USTs and quartz-fluorite-

sulfide veins were not observed in the Pieman Heads Granite. The main features of these magmatic-

hydrothermal textures are summarized in Table 2 and are described briefly below. 

Dendritic tourmaline-quartz patches (0.5-3 cm in diameter) are mostly disseminated at deeper 

levels within the equigranular phase of the White Heemskirk Granite, and also occur in the Pieman 

Heads Granite (Fig. 2B). At Trial Harbor, a sub-vertical aplite dike (20 cm wide) has cut the 

equigranular, tourmaline patch-hosted Heemskirk Granite, and fed an overlying granitic sill that is > 

3 m thick (Fig. 3B). Both the aplitic dike and sill contains abundant rounded tourmaline-quartz 

orbicules (3-15 cm in diameter). This sill underlies an aplitic sill that contains multiple quartz-rich 

unidirectional solidification textures (UST; Figs. 2B and 3B). Crosscutting relationships between the 

dikes and aplites show that the orbicules formed after the tourmaline-quartz patches. Tourmaline-

quartz orbicules also crop out at Granville Harbor (Heemskirk Granite) and at Ahrberg Bay (Pieman 

Heads Granite), where they are hosted by equigranular or porphyritic units (e.g., Fig. 3D). 

Tourmaline-quartz-filled miarolitic cavities are generally 2 to 10 cm in diameter. They are 

defined by prismatic tourmaline crystals together with rare quartz that project inwards from cavities’ 

margins to centers (Figs. 3E-F). Miarolitic cavities commonly underlie the quartz-rich USTs and 

overlie the tourmaline-quartz orbicules in a high-level granitic sill at Trial Harbor of the Heemskirk 

Granite (Fig. 2B). The rims around the miarolitic cavities have undergone more intense quartz-

muscovite alteration than those around the tourmaline orbicules. 

Tourmaline-quartz-muscovite veins are widely distributed in the apical portions of the 

Heemskirk and Pieman Heads plutons (Figs. 4A-C). They have sub-vertical orientations and extend 
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upwards for hundreds of meters from the lowest to uppermost domain of the exposed plutons (Fig. 

4A). These veins have locally cut tourmaline-quartz patches, orbicules, cavities and/or USTs (Figs. 

4B-C). 

Quartz-fluorite-sulfide veins are intensely developed around Cumberland Lake within the Red 

Heemskirk Granite (Fig. 1B), where large volumes of low-grade cassiterite lodes were prospected in 

the late 1970s (Hajitaheri, 1985). The veins consist of sphalerite, galena, pyrrhotite, pyrite, purple 

fluorite, green-blue chlorite, siderite, muscovite, and quartz (Figs. 4D-E), with minor chalcopyrite, 

stannite and/or cassiterite. The quartz-fluorite-sulfide veins locally cut tourmaline-quartz veins in the 

south Heemskirk Granite. 

Analytical Methods 

SEM-CL imaging 

A Cameca cathodoluminescence (CL) detector attached to a FEI Quanta 600 environmental 

scanning electron microscope (SEM) in the Central Science Laboratory at the University of 

Tasmania (UTAS) was used to generate CL images. These images highlight internal textures in 

quartz grains from tourmaline patches, tourmaline orbicules, tourmaline cavities, and tourmaline-

quartz veins, as well as Pb-Zn sulfide veins from the south of the Heemskirk Granite (Fig. 1B). A 

total of 40 carbon-coated, polished thin sections and mounts were examined using an accelerating 

voltage of 20 kV and beam current of ~ 3nA. 

LA-ICP-MS 

Trace elements of quartz were analyzed using an ASI Resolution S155 laser ablation system that 

utilizes a Coherent Compex Pro 110 ArF excimer laser operating at 193 nm wavelength and a 20 ns 

pulse width. The laser is coupled to an Agilent 7900cs quadrupole ICP-MS housed at CODES 

Analytical Laboratories, UTAS. These quartz crystals were ablated on 43 µm spots firing the laser at 

10 Hz and laser fluence of 13.67 J/cm2. The elements analyzed were 7Li, 23Na, 23Mg, 27 Al, 29Si, 31P, 
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39K, 43Ca, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 65Cu, 66Zn, 72Ge, 73Ge, 74Ge, 75As, 85Rb, 88Sr, 90Zr, 93Nb, 107Ag, 

109Ag 118Sn, 121Sb, 133Cs, 146Nd, 157Gd, 178Hf, 181Ta, 197Au, 208Pb, 209Bi, and 238U. The NIST612 glass 

was used as a primary calibration standard measured at 74 µm spots (10 Hz, 3.53 J/cm2). A 

secondary standard correction using reference glasses GSD-1g and BCR-2g measured at the same 

spot size as the unknowns (10Hz, 3.53 J/cm2) was applied using GeoReM preferred values. Pure 

silica glass and a tertiary reference quartz from Audétat et al. (2015) were analyzed at the same spot 

size, laser fluence, and repetition rate as the unknowns to monitor ablation blanks, Si-based 

polyatomic interferences and/or quality control. The concentrations of all measured elements are 

within the range of published values for those which were characterized in the quartz standard 

(Appendix Table A1). 

An in-house Excel-spreadsheet laser template (CODES, UTAS) was employed for data reduction. 

A theoretical silicon value of 467,400 ppm was used as the internal standard element for quartz. The 

LA-ICP-MS spectral curves of quartz were generally chosen to start at 40s and end at 85s. All LA-

ICP-MS analyses of quartz attempted to avoid solid or fluid inclusions, and anomalous spikes within 

the spectra were removed during data processing. A total of 265 analyses were retained after culling 

any contaminated or mixed LA-ICP-MS spectra, with only 15 analyses rejected. Detection limits for 

most trace elements were in the range of 0.001 to 1 ppm (Appendix Table A1). According to results 

from different LA-ICP-MS and solution ICP-MS laboratories by Audétat et al. (2015), Al, Ti, Li, Fe, 

Mn, Ge, and Ga contents in quartz can be reliably acquired by LA-ICP-MS, whereas concentrations 

of Be, B, Na, Cu, Ca, Zr, Sn, and Pb are susceptible to polyatomic interferences during LA-ICP-MS 

measurements. 

Microthermometric measurements 

According to the definition of Goldstein (2003), fluid inclusion assemblages are a group of fluid 

inclusions (typically n ≥ 5) that have similar shapes, vapor/liquid ratios, and compositions trapped 
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along a growth zone or making up an isolated three-dimensional group. They are were identified 

using thin section petrography coupled with CL imaging of quartz. Fluid inclusions were classified 

as primary or secondary using the criteria of Roedder (1984). Temperatures of liquid and vapor 

homogenization, dissolution of halite, and final ice melting were measured on a Linkam MD 600 

heating/freezing stage at CODES, UTAS. The Linkam stage has a temperature range from -196° to 

600°C. Synthetic fluid inclusions supplied by Synflinc Inc. were used to calibrate the Linkam stage 

prior to measurement, with precisions of ± 1.0°C for heating and ± 0.3°C for freezing. Eutectic 

temperatures were not measured for fluid inclusions in this study due to difficulties in observing first 

ice melting temperatures. Melt inclusions hosted in quartz from the tourmaline orbicules and aplite 

were not analyzed microthermometrically, as their homogenization temperatures are beyond 

temperature range of the Linkam stage. 

The salinity of undersaturated and halite-saturated fluid inclusions, reported as weight percent 

NaCl equivalent (wt % NaCl equiv.), was calculated based on final ice melting and halite dissolution 

temperatures, respectively, using the equations from Bodnar and Vityk (1994). A total of 174 

homogenization temperatures and salinity estimates were acquired through collection of the freezing 

point depression and halite dissolution temperatures. The microthermometric results are presented in 

Appendix Table A2. 

SEM-CL Textures of Quartz 

More than 500 SEM-CL images of quartz grains were collected from various assemblages in the 

Heemskirk and Pieman Heads plutons. Representative CL images are present in Figure 5 and 6. 

Quartz grains in tourmaline patches (Qtz-I) from the Tasmanian intrusions are characterized by CL-

bright intensities with homogeneous luminescence (Qtz-Ia; Figs. 5A and 6A). Multiple sets of healed 

CL-dark fractures (Qtz-Ib) locally cut and/or offset the bright CL intensity of the main Qtz-Ia grains 

(e.g., Fig. 6A). These healed fractures are generally distributed sparsely, being sub-parallel or 
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intersecting obliquely (Fig. 5A). Irregular CL-dark patches (Qtz-Ib) may be connected by 

anastomosing thin bands and/or cracks, forming splatter and cobweb textures (Figs. 6A).  

Quartz grains in tourmaline orbicules (Qtz-II) are commonly characterized by massive, bright 

CL intensity (Qtz-IIa) and have been cut by numerous bifurcated CL-dark cracks (Qtz-IIb; Figs. 5B 

and 6B). Quartz-IIa from the Heemskirk Granite typically contains euhedral concentric growth zones 

(bright to gray CL intensities) parallel to grain boundaries (Fig. 5B). Abundant CL-dark patches 

(Qtz-IIb) occur in the interior of some CL-bright Qtz-IIa (Figs. 5C and 6B), whereas dark 

luminescent streaks (tens of µm wide) are parallel to the edges (Fig. 5B). Some Qtz-IIa grains have 

irregular CL-gray sectors within the CL-bright matrix, in which mosaics of CL-bright grains are cut 

by intensely developed anastomosing streaks and cracks (Qtz-IIb; e.g., Fig. 5C).  

A few CL-dark patches, healed fractures, and cobweb networks also occur in CL-bright quartz 

grains (Qtz-IIIa) from the tourmaline-filled cavities of the Heemskirk Granite (Fig. 5D). Some of the 

miarolitic quartz grains are characterized by thick streaks (up to hundreds of µm) with intermediate 

CL intensity that extend from the rim to the center of individual quartz crystals (Qtz-IIIb; Fig. 5D).  

Cathodoluminescence-gray streaks (Qtz-IIIb) contain irregular CL-dark patches and embayed CL-

bright domains, which are optically continuous with the massive CL-bright Qtz-IIIa when viewed 

under plane polarized light. The CL-gray Qtz-IIIb band is interpreted to represent a later paragenetic 

stage, postdating the CL-bright main Qtz-IIIa (Fig. 5D). 

Quartz grains in tourmaline-muscovite veins (Qtz-IV) have complex SEM-CL textures from 

both the Heemskirk and Pieman Heads plutons (Figs. 5E and 6C). Euhedral CL-bright quartz is 

characterized by fine-scale growth zones (several to tens µm wide) parallel to grain boundaries. The 

CL-bright and CL-gray Qtz-IV veins are typically embayed, and have been truncated by dark 

luminescent patches, cracks, and bands (Figs. 5E and 6C). CL-dark patches are commonly connected 

by thin, elongated non-luminescent cracks and streaks, producing a cobweb-like network appearance. 
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Jigsaw puzzle-like textures with gray-dark CL intensity occur in places where the quartz has been 

strongly fractured and offset (Figs. 5E and 6C). 

SEM-CL textures of quartz from Pb-Zn veins at Sweeney’s Mine (Heemskirk Granite; Fig. 1B) 

are typically characterized by euhedral oscillatory growth zones that are parallel to grain boundaries 

(Qtz-Vb; Figs. 6D-E). Fine laminations (one to tens of µm wide) are dominated by subtle to distinct 

variations in CL intensity. Quartz cores mostly have the CL intensity of the oscillatory rims (Qtz-

Vb), but CL-bright sectors (Qtz-Va) and/or small CL-dark patches (Qtz-Vc) have been observed 

locally in the central zones (Fig. 6D). Some quartz grains from the Pb-Zn sulfide veins have 

distinctive irregular CL-bright cores (Qtz-Va) overprinted by oscillatory zoned CL-gray rims (Qtz-

Vb; Fig. 6E). These features cannot be discerned in polarized light images (Fig. 6E vs. Fig. 11I). The 

CL-bright Qtz-Va cores contain irregular patches and thin fractures with weak or no CL intensity 

(Qtz-Vc), and have been subsequently embayed and overprinted by the oscillatory CL-gray Qtz-Vb 

overgrowths (Fig. 6E). These features provide evidence for two stages of quartz precipitation: an 

early-stage CL-bright quartz (Qtz-Va) and a late-stage CL-gray quartz (Qtz-Vb). 

Trace Elements in Quartz 

LA-ICP-MS results 

Based on the CL textures, quartz domains that have bright and/or gray luminescence (Qtz-Ia, IIa, 

IIIa, IVa, Va, and Vb) were analyzed by LA-ICP-MS for each assemblage from the two granitic 

intrusions, with minor CL-dark patches analyzed (e.g., Qtz-Ib, IIb, IIIb, and IVb). A few CL-dark 

thin fractures and cracks within the massive CL-bright quartz may have been accidently ablated. 

Aluminum concentrations in quartz from western Tasmanian plutons range from tens to thousands of 

ppm (Fig. 7; Table 3), whereas the concentrations of Li, Ca, Ti, and Fe commonly vary from one to 

hundreds ppm (Fig. 7). Sodium, K, and Ge have mean concentrations of several ppm, and Mg, Mn, 

Zn, Rb, and Cs have mean concentrations below 1 ppm. Strontium and Sb typically have 
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concentrations up to several ppm (medians < 0.01 ppm), whereas Sn abundances in quartz range 

from below detection limit to 0.39 ppm. Other trace elements have concentrations < 0.1 ppm, i.e., 

below the detection limits of the instrument (Appendix Table A1).  

The Al, Li, Ti, and Mg concentrations in quartz decrease systematically from early-stage 

tourmaline patches to late-stage tourmaline veins (Figs. 7A-C and Table 5). This trend is disabled by 

Qtz-V in the later-stage fluorite-sulfide veins, which contain the highest values and widest ranges in 

Al (40–1,077 ppm, median 268 ppm) and Li (1.6–159 ppm, median 38 ppm; Fig. 7). Qtz-V has much 

lower Ti, Na, Mg, Ge, Zn, Sr, and Sn but higher Sb concentrations than the quartz intergrown with 

tourmaline (Qtz-I to Qtz IV) from the Tasmanian granites (Fig. 7). In addition, the Qtz-IVa in 

tourmaline-muscovite veins has the highest Sn content (0.39 ppm; Fig. 7) in the Heemskirk Granite, 

whereas Sn in quartz of the Pieman Heads Granite decreases from the tourmaline patches (median 

0.2 ppm) to the veins (median 0.07 ppm; Fig. 7).  

Quartz from the tourmaline patches, orbicules, and cavities in the Heemskirk Granite has median 

values of Al from 240 to 280 ppm (Table 3; Fig. 7), which is higher than that of the quartz from 

tourmaline veins (median = 107 ppm). Concentrations of Al in quartz from the Pieman Heads 

Granite are slightly lower than their counterparts from the Heemskirk Granite, with median values of 

200 to 240 ppm (Fig. 7A). Quartz from the Pb-Zn sulfide veins has the broadest range of Al 

concentrations, from 40.1 to 1,076 ppm (Fig. 7A). 

Median values of Li in quartz from the Heemskirk Granite decrease from tourmaline patches 

(46.8 ppm) to tourmaline cavities (34.6 ppm), and to tourmaline veins (10.2 ppm; Table 3; Fig. 7B). 

Quartz from Pb-Zn sulfide veins range widely, from 1.6 to 158 ppm (median = 38 ppm; Fig. 7B).  

Titanium concentrations in quartz decrease from early tourmaline patches, to tourmaline 

orbicules, and to late tourmaline veins in both granitic intrusions (Fig. 7C). However, quartz in 

tourmaline veins from the Pieman Heads Granite has a much higher Ti content (median 35 ppm) than 



 

14 

in tourmaline veins from the Heemskirk Granite (median 3.4 ppm). Titanium in quartz from the 

fluorite-sulfide veins has the lowest median concentration (2.3 ppm). 

The median concentrations of Na in quartz increase from tourmaline patches (4.94 ppm), to 

orbicules (10.1 ppm), cavities (9.12 ppm), and veins (21.2 ppm; Fig. 7D). However, Na 

concentrations in quartz are higher in tourmaline patches than in tourmaline veins in the Pieman 

Heads Granite (Fig. 7D). Quartz grains in the tourmaline veins typically have lower Mg contents 

than other tourmaline-rich features (Fig. 7E). Germanium in quartz-tourmaline features has a 

restricted range, mostly from 0.7 to 2.7 ppm in the tourmaline-rich features (Table 3; Fig. 7F). The 

average concentrations are higher than for quartz in the Pb-Zn sulfide veins of the Heemskirk 

Granite (0.07–3.8 ppm; Fig. 7F). 

Although the Qtz-IV in the tourmaline-muscovite veins from the Heemskirk Granite has much 

lower Al, Li and Ti contents than those in the tourmaline patches, orbicules, and cavities (Figs. 7A-

C), the highest Sn concentrations are detected in the low-temperature Qtz-IV (bdl to 0.39 ppm, 

median 0.174 ppm; Fig. 7I). In contrast, the median concentration of Sn in quartz in the Pieman 

Heads Granite decreases from tourmaline patches (0.199 ppm), to orbicules (0.075 ppm), and to 

veins (0.065 ppm).  

Many trace elements in quartz, including Sr, Rb, Sb, Cs, Nb, Ta, and Pb, have lower 

concentrations in the Pb-Zn sulfide veins than in the tourmaline-rich magmatic-hydrothermal 

features (Fig. 7). However, Sb concentrations in quartz from the Pb-Zn veins have a broad range, 

from 0.03 to 80.6 ppm with a median value of 2.73 ppm, and are on average much higher than those 

in the tourmaline-rich features (medians < 0.1 ppm; Fig. 7J). 

Fluid/mineral inclusion contamination 

All LA-ICP-MS analyses of quartz attempted to avoid sub-grain mineral and fluid inclusions 

based on CL images, and anomalous spikes within the LA-ICP-MS spectra were removed during 



 

15 

data processing. However, micro- to nano-scale mineral and/or fluid inclusions homogenously 

distributed in quartz may produce homogenous LA-ICP-MS spectra (cf. Götze, 2009; Rusk et al., 

2011). Figure 8A shows that Na does not linearly correlate with Al, likely indicating that most of the 

Na in quartz does not provide charge compensation for Al (cf. Götze et al., 2004). Approximately 12 

% of the data for K in quartz deviate from the linear trend (r2 = 0.16) defined by Al and K (Fig. 8B), 

whereas 15 % of the data for Rb in quartz deviate from the linear trend (r2 = 0.21) defined by Al and 

Rb (Fig. 8C). Most of the K (up to 500 ppm) and Rb (up to 6 ppm) correlate positively with Na (up 

to 500 ppm) in quartz (Figs. 8D and 8F). Calcium in quartz also increases with increasing Na content 

(Fig. 8E). Therefore, these elements are probably the main components of sub-grain mineral 

inclusions (e.g., K-feldspar and muscovite) and/or fluid inclusions hosted in quartz that were 

accidentally ablated (e.g., Götze et al., 2004; Götze, 2009; Rusk et al., 2011). Anomalously high 

concentrations of other elements, including Mg, Mn, Fe, Pb, and Cs etc. (Fig. 7), may be also due to 

accidental ablation of micro- to nano-scale inclusions within quartz that did not create obvious spikes 

in the LA-ICP-MS spectra. Therefore, it is prudent to treat Na, K, Ca, Mn, Fe, Pb, Rb, and Cs data 

that have large uncertainties as being due to micro-inclusions in quartz. 

Elemental variations across individual grains 

Combined SEM-CL images and in-situ LA-ICP-MS analyses show trace element variations 

between different zones in individual quartz grains from the Heemskirk and Pieman Heads plutons 

(Fig. 9). The concentrations of most trace elements, such as Al, Ti, Li, Ge and Sn, do not change 

significantly in quartz domains that have CL-bright responses (e.g., Figs. 9A-D). Spiked high 

contents of Na, K, Rb, and Cs in the CL-bright sectors (e.g., Figs. 9A and D) are likely due to 

accidental ablation of micro- and nano-scale fluid/mineral inclusions within quartz crystals (cf. 

Götze et al., 2004; Rusk et al., 2011). Titanium shows prominent compositional variations between 

CL-bright and CL-dark quartz domains: high Ti values in the CL-bright and low Ti values in the CL-

dark zones (Fig. 9). This indicates that the CL-bright and CL-dark quartz precipitated at high and low 
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temperature conditions, respectively, as Ti contents in quartz correlate positively with temperature 

(Rusk et al. 2006; Müller et al. 2010; Huang and Audétat 2012), given that titanite and/or rutile 

aggregates (Ti activity ≈1) have been observed in these magmatic-hydrothermal features. In addition, 

the quartz sectors with high CL response commonly have higher Al and Li concentrations than those 

with low CL response from the tourmaline patches, orbicules, cavities, and veins (Figs. 9A-F). 

Generally, Al concentrations correlate positively with Li in quartz (Fig. 9), implying a coupled 

[Al3+O4Li][Si4+]-1 substitution (cf. Götze et al., 2004). The low-Ti (0.7–2.4 ppm) CL-dark quartz 

(Qtz-Vb) from the fluorite-sulfide veins can contain high Al concentrations (> 200 ppm) similar to 

those of the CL-bright quartz with high Ti values (Qtz-Va, 43–56 ppm; Figs. 9G-H). Germanium 

does not display consistent compositional behavior between CL-dark and CL-bright quartz zones 

(Fig. 9). In most cases, CL-dark quartz has a higher Sb concentration than CL-bright quartz from the 

tourmaline veins and fluorite-sulfide veins (Figs. 9E and H). However, some CL-gray quartz of the 

fluorite-sulfide veins has high Sn concentrations up to 10 ppm (Fig. 9G). Tin contents only show 

apparent compositional variations across individual quartz grains from the fluorite-sulfide veins, in 

which the CL-dark domain has Sn concentrations at least an order of magnitude lower than the CL-

bright zone (e.g., Fig. 9H). 

Fluid Inclusions 

Fluid inclusion petrography 

A total of 36 doubly polished sections (200–300 µm) that contain quartz and fluorite were 

prepared for fluid inclusion analyses. The quartz crystals chosen for analysis are intergrown with 

tourmaline patches, orbicules, and/or cavities, and tourmaline-muscovite veins from the Heemskirk 

and Pieman Heads plutons, and sulfide-fluorite veins from the Sweeney’s Mine (Heemskirk Granite). 

All quartz grains were analyzed by SEM-CL prior to microthermometry. CL-bright quartz 

crystals in the tourmaline patches, orbicules, and the aplite sill of the Heemskirk Granite contain a 
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few silicate melt inclusions (Figs. 10A-B) that have features comparable to crystallized silicate melt 

inclusions of Audétat and Lowenstern (2014). Some crystallized melt inclusions coexist locally with 

liquid-rich and halite-bearing fluid inclusions (Fig. 10B). Crystallized melt inclusions are rare in 

equigranular quartz from tourmaline patches and orbicules of the Pieman Heads Granite.  

Representative CL images have been combined with normal photomicrographs to determine the 

origin of fluid inclusions hosted by quartz (e.g., Figs. 5B, 5E and 6E, and 11A, 11F and 11I). Fluid 

inclusions that are aligned along growth zones in the CL-bright or CL-grey quartz (Qtz-IIa, IIIa, IVa, 

Va, and Vb) were classified as primary (e.g., Fig. 5B and 11A-C). Fluid inclusions that are isolated, 

randomly distributed and occur in trails associated with CL-dark microfractures in quartz (Qtz-IIb, 

IIIb, IVb, and Vc) were classified as secondary, and were not subjected to microthermometric 

analyses.  

The primary fluid inclusions hosted by quartz (Qtz-IIa, IIIa, IVa, Va, and Vb) and fluorite have 

been classified into three types at room temperature (Table 4). Type I fluid inclusions are hosted in 

all the quartz generations analyzed above, and have two main phases, liquid and vapor with a V/L 

ratio from 5 to 40 volume %. Some of the Type I fluid inclusions contain opaque minerals (e.g., Figs. 

11C and 11K). Type I fluid inclusions are commonly elongate, subround, elliptical, tabular, or 

negative in shape, ranging from < 5 to 40 µm in diameter. The fluid phases homogenize to liquid 

during heating experiments; the opaque phases do not dissolve. 

Type II fluid inclusions are observed in Qtz-IIa, IIIa, and IVa, and contain liquid and vapor, and 

are vapor-dominated with V/L ratio ranging from 55 to 90 volume %; they homogenize to vapor. 

They mostly have equant shapes (Fig. 11D), but may be elongate, elliptical, and negative crystal 

shaped, and range from 5 to 35 µm in size. 

Type III fluid inclusions are commonly hosted in in Qtz-IIa, IVa, Va, and Vb, and contain liquid, 

vapor, and one or more solids (Table 4; Figs. 11C and 11E). They vary from < 5 to 25 µm in 
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diameter, and typically have elliptical, elongate, negative crystal or subround shapes. These fluid 

inclusions are subdivided into three categories (Table 4), depending on the types of solids and 

homogenization behavior. Type IIIa and IIIb fluid inclusions contain liquid + vapor + halite. Type 

IIIa inclusions homogenized to liquid by vapor disappearance, whereas type IIIb inclusions 

homogenized to liquid by halite dissolution (e.g., Fig. 11C). These two subtypes are the most 

common halite-bearing inclusions in quartz. Type IIIc fluid inclusions contain liquid + vapor + halite 

+ sylvite ± unknown solids (Fig. 11E). They commonly homogenized to liquid, but only the cubic 

halite crystal dissolved, and the second rounded solid shrank or did not dissolve up to 550°C. 

Microthermometry 

Based on petrographic and microthermometric results, fluid inclusions in quartz from tourmaline 

orbicules of the Heemskirk Granite define three types of fluid inclusions assemblages: FIA-IIa, FIA-

IIb, and FIA-IIc using the definition of Goldstein (2003). The FIA-IIa has vapor-rich and liquid-rich 

fluid inclusions coexisting in a single trail in the tourmaline orbicules (Fig. 11D), and is interpreted 

as a boiling assemblage based on the criteria of Roedder (1984). The vapor-rich FIA-IIa group has 

vapor/liquid ratios of 60 to 70 volume % (vol.%), and homogenized to vapor with an average 

temperature of 458 ± 43°C (n= 5; Fig. 12A). Limited measurements of final ice melting behavior 

imply that the FIA-IIa has an intermediate salinity of about 14.8 wt % NaCl equiv. The liquid-rich 

type I inclusions in the FIA-IIa have average homogenization temperatures of 391 ± 10°C (n=4; 

Table 5). The average final ice melting temperatures of the FIA-IIa yield a mean salinity of 13.4 ± 

2.1 wt % NaCl equiv. (n=4; Table 5; Fig. 12A). The hypersaline FIA-IIb consists of type IIIa, IIIb 

and/or IIIc inclusions, which have average homogenization temperatures of 335° ± 123°C (n=7; 

Table 5). Halite dissolution temperatures reveal that this fluid inclusion assemblage has high salinity 

averaging at 39.1 ± 7.2 wt % NaCl equiv. (n=7; Table 5). The liquid-rich FIA-IIc in tourmaline 

orbicules has homogenization temperatures to liquid of 298° ± 38°C (n=16) and salinity of 9.4 ± 4.6 

wt % (n=16; Table 5; Fig. 12A). 
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Three fluid inclusion assemblage types, FIA-IIIa, FIA-IIIb, and FIA-IIIc were observed in quartz 

from tourmaline-filled cavities (Table 5). The coexisting liquid-rich and vapor-rich fluid inclusions 

(FIA-IIIa) are rare and limited measurements show that they have homogenization temperatures from 

461° to > 550°C; their salinity is not well constrained due to observation difficulties. The FIA-IIIb 

assemblage has homogenization temperatures of 356° ± 6°C and a salinity of 3.0 ± 0.3 wt % NaCl 

equiv. (n= 2; Table 5; Fig. 12A). The FIA-IIIc assemblage in the miarolitic quartz homogenized to 

liquid at temperatures of 196° ± 20°C and has an average salinity of 7.9 ± 1.2 wt % NaCl equiv. (n= 

8; Table 5; Fig. 12A).  

Only one fluid inclusion assemblage (FIA-IV) was observed in tourmaline veins from the 

Heemskirk Granite. This group of fluid inclusions has V/L ratios typically varying from 10 to 20 

vol.% (Fig. 11G). Although a few fluid inclusions (ca. 10%) in this assemblage have V/L ratios up to 

30 vol.%, their homogenization temperatures largely overlap those with V/L ratios of 10 to 20 vol.%. 

The FIA-IV fluid inclusions have homogenization temperatures of 262° ± 39°C (n=19) to liquid, and 

their final ice melting temperatures are -8.6° ± 2.0°C (n=19), yielding a moderate salinity range of 

12.4 ± 2.4 wt % NaCl equiv. (Table 5; Fig. 12A). 

Quartz from tourmaline veins of the Pieman Heads Granite contains three fluid inclusion 

assemblage types: FIA-Va, FIA-Vb, and FIA-Vc. The FIA-Va assemblage (Fig. 11H) consists of type 

IIIa and IIIb inclusions and homogenized at temperatures of 246° ± 52°C (n=11; Table 5; Fig. 12A). 

Their halite dissolution temperatures average at 190° ± 15°C, corresponding to a salinity range of 

31.4 ± 0.7 wt % NaCl equiv. (n=11; Table 5). The FIA-Vb assemblage only contains liquid-rich fluid 

inclusions that are the most common in quartz veins from the Pieman Heads Granite. Their 

homogenization temperatures average at 222° ± 27°C (n=21; Table 5). Based on their final ice 

melting temperatures, they have a calculated salinity range of 11.3 ± 3.6 wt % NaCl equiv. (n = 21; 

Table 5). Low homogenization temperatures (183° ± 2°C) were detected in the rare FIA-Vc 
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assemblage from the Pieman Heads quartz veins, and their salinity is calculated to be 22.8 ± 0.7 

wt % NaCl equiv. (n= 3; Table 5; Fig. 12A).  

Quartz in fluorite-sulfides veins from the Sweeney’s Mine contains at least two fluid inclusion 

assemblage types: FIA-VIa and FIA-VIb (Table 5). The FIA-VIa assemblage is characterized by the 

presence of halite crystals (Fig. 11K), and has a homogenization temperature range of 194° ± 16°C 

(n= 12; Table 5; Fig. 12B). Halite dissolution temperatures averaged 239° ± 58°C, yielding a salinity 

range of 34.0 ± 4.5 wt % NaCl equiv. (n=12; Fig. 12B). In addition, most of the FIA-VIa fluid 

inclusions have halite dissolution temperatures higher than their vapor disappearance temperatures 

(Fig. 13). The more common type I-only FIA-VIb inclusions (Fig. 11J) homogenized to liquid at 

temperatures of 194° ± 16°C (Table 5; Fig. 12B), and have final ice melting temperatures of -3.5° ± 

0.9°C that indicate a low salinity of 5.7 ± 1.2 wt % NaCl equiv. (n=46). The fluid inclusions in 

fluorite within sulfide-quartz veins are dominated by liquid-rich FIA-VIc (Fig. 11L). They 

homogenized to liquid at temperatures of 169° ± 14°C (n=17), with a low to moderate salinity of 9.6 

± 1.4 wt % NaCl equiv. (Table 5; Fig. 12B). Solid-bearing fluid inclusions (Fig. 11M; FIA-VId) were 

rarely observed in fluorite, and the solid crystals did not dissolve after heating to 500°C; 

consequently, their microthermometric data are not reported. 

Discussion 

Quartz chemistry evolution and tin enrichment 

Numerous studies have shown that Al/Ti and Ge/Ti ratios in quartz can be applied to estimate the 

degree of crystal fractionation in felsic melts (e.g., Jacamon and Larsen, 2009; Breiter et al., 2013; 

Drivenes et al., 2016), because Al and Ge typically behave incompatibly in quartz (Larsen et al., 2004). 

Previous studies of natural and synthetic quartz have shown that Ti content in quartz is independent of 

the contents of other trace elements (Rusk et al., 2006; Huang and Audétat, 2012). Plots of Ge/Ti 

against Al and Al/Ti in quartz show remarkable variations in tourmaline patches, orbicules and/or 
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cavities, and tourmaline veins, particularly for samples from the Heemskirk Granite in which Ge/Ti 

and Al/Ti ratios of quartz range from 0.01 to 10, and from 3 to 1000, respectively (Figs. 14A-B). Quartz 

in tourmaline patches has the lowest Ge/Ti and Al/Ti ratios (Figs. 14A-B), mostly overlapping those 

from fractionated S-type plutons of the Bohemian Massif, Czech (Table 6; Breiter et al., 2013; Fig. 

14B) and the Land’s End Granite, SW England (Table 6; Drivenes et al., 2016; Fig. 14B), implying 

that the Heemskirk Granite may have experienced comparable degrees of crystal fractionation to these 

S-type plutons. The quartz in the Pieman Heads Granite has Ge/Ti and Al/Ti ratios more restricted than 

their respective counterparts in the Heemskirk Granite (Fig. 14B), probably due to the Pieman Heads 

Granite having undergone a lower degree of fractional crystallization (cf. Breiter et al., 2013; Drivenes 

et al., 2016). This may be one of the important factors that led to the association of abundant Sn (-W) 

mineralization with the Heemskirk Granite but not the Pieman Heads Granite, as protracted 

fractionation of granitic magmas can cause progressive enrichment of Sn in residual liquids (Lehmann, 

1982; Blevin and Chappell, 1995). 

The Sn concentration in quartz from the Heemskirk Granite increases from the early-stage 

tourmaline patches to the late-stage tourmaline veins (Fig. 14C), consistent with the trend of Sn content 

detected in the associated tourmaline (Hong et al., 2017a). These results agree with that expected for 

prolonged fractionation of granitic magmas, which promotes Sn enrichment in late-stage magmatic-

hydrothermal fluids (Lehmann, 1982; Blevin and Chappell, 1995). This may be why most of the high-

grade Sn(-W) greisens and skarn mineralization within the south Heemskirk Granite are associated 

with tourmaline-quartz veins (Hajitaheri, 1985). At Pieman Heads, a decreasing Sn content in quartz 

was detected from tourmaline patches, to orbicules, to veins (Fig. 14C). Surprisingly, quartz grains 

from tourmaline patches in this granite have higher Sn concentrations than their counterparts in the 

Heemskirk Granite (Table 3; Fig. 14C). This may be because Sn was trapped in the tourmaline-quartz 

patches of the Pieman Heads Granite, preventing Sn from partitioning into the late stage fluids that 

produced muscovite-quartz-tourmaline veins at this locality. Tin concentrations in quartz analyzed by 
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LA-ICP-MS can potentially be strongly affected by analytical difficulties (e.g., polyatomic 

interferences; Audétat et al., 2015), and the accuracies of Sn values in quartz might be compromised. 

Lead and Zn concentrations in quartz from the sulfide-fluorite veins are generally lower than those 

of quartz from tourmaline-rich features (Table 3 and Fig. 7), possibly because the quartz in sulfide-

fluorite veins precipitated at lower temperatures than quartz in the tourmaline-rich features (Table 5 

and Fig. 12) and thus the uptake of these metals by the quartz associated with fluorite and sulfides was 

correspondingly lower. Their chemical variations in quartz are less noteworthy than that of Sb among 

the magmatic-hydrothermal features (Fig. 7J). Quartz from tourmaline-rich assemblages has Sb 

contents comparable with magmatic quartz from pegmatite and porphyry deposits (< 0.1 ppm; Götze 

et al., 2004; Rusk et al., 2011; Tanner et al., 2013; Maydagán et al., 2015; Table 6). Low-Ti, CL-gray 

hydrothermal quartz crystals are typically characterized by high Sb concentrations (up to 80 ppm; Fig. 

7J), which distinguishes them from the quartz intergrown with tourmaline-rich features (Fig. 14D). 

The Sb contents of quartz in sulfide-fluorite veins from the Heemskirk Granite overlap those from high 

sulfidation epithermal Au-Ag lodes (Table 6; Rusk et al., 2011; Tanner et al., 2013; Maydagán et al., 

2015). Plotting Sb against Ti or Al/Ti (e.g., Fig. 14D) in quartz may therefore be a useful tool to explore 

for low-temperature base metal mineralization related to granitic magmas (cf. Rusk et al., 2011; Tanner 

et al., 2013; Maydagán et al., 2015). 

Fluid evolution 

The physicochemical properties of the magmatic-hydrothermal fluids that were responsible for 

quartz-tourmaline textural features and associated Sn-base metal mineralization within and around the 

Heemskirk Granite were reconstructed on the basis of SEM-CL imaging, fluid inclusion petrography, 

and microthermometry (Figs. 15). The vapor-rich inclusions in FIA-IIa generally have higher 

homogenization temperatures (median 458°C) than the coexisting liquid-rich inclusions in the FIA-IIa 

(median 391°C; Table 5) in quartz from the tourmaline-filled orbicules at Heemskirk (e.g., Fig. 11D). 
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This phenomenon was also noted by Hajitaheri (1985) for fluid inclusions in tourmaline-quartz 

assemblages from this batholith. This implies that either the coexisting vapor-rich and liquid-rich 

inclusions in the FIA-IIa assemblage were not simultaneously trapped during boiling (cf. Wilkinson, 

2001), or that they experienced post-entrapment modification that changed their homogenization 

behavior (cf. Goldstein, 2003). The vapor-rich FIA-IIa assemblage has a salinity (14.8 wt % NaCl 

equiv.) that falls into the range (5–15 wt% NaCl equiv.) for moderate-density aqueous fluids exsolved 

from crystallizing felsic magmas that are commonly reported to occur in magmatic–hydrothermal 

porphyry Cu-Mo-Au and granite-related Sn-W deposits (Bodnar et al., 1985; Audétat et al., 2000; 

Wilson et al., 2003; Audétat et al., 2008; Rusk et al., 2008; Maydagán et al., 2015). These two-phase 

fluid inclusions in the FIA-IIa assemblage probably record the earlier primary fluid input from the 

associated Heemskirk Granite. However, this kind of magmatic fluid did not directly cross the fluid 

immiscibility field for H2O–NaCl curves (Fig. 15A), because coexisting vapor-rich and hypersaline 

fluid inclusions assemblages are not observed in the tourmaline orbicules and cavities. The liquid-rich 

inclusions in the FIA-IIa assemblage have a similar salinity (13.2 ± 2.1 wt% NaCl equiv.) to the vapor-

rich FIA-IIa inclusions, and likely represent a fluid that evolved from the early magmatic fluid due to 

prolonged depressurization and cooling (Figs. 15A and B), if the liquid- and vapor-rich inclusions were 

not contemporaneous products of boiling (cf. Wilkinson, 2001).  

The halite-bearing FIA-IIb inclusions are characterized by a homogenization temperature of 335° 

± 123°C (Fig. 12A), and no vapor-rich two phase inclusions were observed to coexist with them. The 

FIA-IIb brine inclusions might have been exsolved directly from a crystallizing felsic melt under 

lithostatic pressure (e.g., Cline and Bodnar, 1994). However, their minimum entrapment pressure was 

calculated to be 94–10 bars, which is much lower than that for the FIA-IIa assemblage (668–235 bars; 

Fig. 15). It is more likely that these hypersaline inclusions resulted from phase separation of the 

aqueous magmatic–hydrothermal saline fluid (e.g., liquid-rich FIA-IIa inclusions), but the coupled 

high-enthalpy vapor phase was lost during a rapid decrease from lithostatic to subhydrostatic pressure 
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(Korges et al., 2018). The liquid-rich FIA-IIc inclusions have a minimum entrapment pressure of 78 ± 

40 bars, and were precipitated from the saline hydrothermal fluid following a continuous cooling trend 

(Fig. 15).  

 Limited microthermometric data reveal that the coexisting liquid-rich and vapor-rich inclusions 

(FIA-IIIa) from the miarolitic cavities may define a boiling assemblage trapped at temperatures up to 

550°C. This group of fluid inclusions is assumed to have a similar granite-originated fluid input to 

the FIA-IIa inclusions (Fig. 15). The liquid-rich FIA-IIIb inclusions have a slightly lower minimum 

pressure (183–164 bars) and much lower salinity (average 3.0 wt% NaCl equiv.) than the liquid-rich 

FIA-IIa inclusions (Fig. 15). The FIA-IIIc inclusions have significantly lower homogenization 

temperatures (average 196°C) and pressures (average 13 bars) than the FIA-IIIb inclusions (Fig. 15), 

and record either a sharp cooling and pressure drop or strong modification by post-entrapment 

events.  

The FIA-IV inclusions in quartz from the tourmaline veins at Heemskirk define a decreasing 

pressure-temperature trend and increasing salinity through the two-phase coexistence field (Fig. 15). 

The entrapment of these inclusions may record a transition from lithostatic pressure for the 

tourmaline orbicules and cavities to hydrostatic pressure for the tourmaline veins. A large number of 

halite-bearing fluid inclusions (FIA-VIa) in quartz of the sulfide-fluorite veins are characterized by 

homogenization via halite dissolution (Fig. 13). Such a fluid inclusion assemblage may be the 

product of a high trapping pressure (cf. Becker et al., 2008), or may have resulted either from halite 

crystals being heterogeneously entrapped in halite-saturated fluids, or from post-entrapment 

modification (e.g., Audétat and Günther, 1999; Wilson et al., 2003). The liquid-rich FIA-VIb and 

FIA-VIc assemblages in the sulfide-fluorite veins record much lower temperature and salinity than 

fluid inclusions from the earlier tourmaline-quartz veins (Fig. 15). Both of them were likely 

entrapped in a cooling hydrothermal fluid that was strongly diluted by low-salinity external fluid 
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(e.g., meteoric water) at a minimum hydrostatic pressure of 30–10 bars during vein opening (Fig. 

15). 

The two-phase FIA-Vb inclusions in tourmaline veins from the Pieman Heads Granite have 

similar intermediate salinity (average 11.3 wt% NaCl equiv.) and are estimated to have been trapped 

at a similar minimum pressure (40–15 bars) to the FIA-IV inclusions in the Heemskirk Granite (Fig. 

15), indicating that this saline fluid also experienced cooling and pressure decrease relative to the 

magmatic fluid exsolved from the Pieman Heads Granite. The FIA-Va brine inclusions do not coexist 

with vapor-rich inclusions, and they might have been directly trapped from a crystallizing felsic melt 

under lithostatic pressure (e.g., Cline and Bodnar, 1994), or were more likely the products of 

immiscibility of a high temperature parent fluid, accompanying depressurization during episodic 

fracture opening (Korges et al., 2018). The low-temperature FIA-Vc inclusions are characterized by 

moderate salinity (average 22.8 wt% NaCl equiv.), which is interpreted to have resulted from mixing 

of the brine with low-salinity external fluid under low hydrostatic pressure (< 10 bars). 

Pressure and depth constraints 

Isochores of typical fluid inclusion assemblages for each stage were combined with Ti-in-quartz 

geothermobarometry from the same quartz generation to constrain the trapping pressures and 

temperatures of magmatic-hydrothermal fluids (Fig. 16). Isochores of average compositions for each 

fluid inclusion assemblage were calculated using the equations of Steele-MacInnis et al. (2012), and 

the median values of the Ti-in-quartz data of tourmaline orbicules and cavities were used to depict 

their Ti-in-quartz isopleths (Huang and Audétat, 2012; Fig. 16). For the tourmaline-quartz and fluorite-

quartz-sulfide veins from the Heemskirk Granite, only the Ti-in-quartz isopleths calculated by the 

lowest Ti-in-quartz concentrations intersect their respective isochores of the corresponding fluid 

inclusion assemblage data (Fig. 16). The TiO2 activity was assumed to equal 1.0 for all the Ti-in-quartz 
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geothermometric calculations, as titanite and/or rutile aggregates occur in both the tourmaline-rich 

features and the Pb-Zn sulfide veins (Table 2).  

Plastic deformation of a rock leads to fractures sealed rapidly under lithostatic pressures, whereas 

at hydrostatic conditions an open fracture network can develop downward from the surface and 

produce conduits for hydrothermal fluid flow. The brittle-ductile transition is mostly inferred to take 

place at approximately 400°C, but may increase with elevated strain rate (Fournier, 1999). We 

therefore assume that the pressure is lithostatic if temperatures are higher than 400°C and a rock 

deforms plastically, whereas the pressure is hydrostatic at temperatures < 400°C (Fournier, 1999). 

 For the tourmaline orbicules in the Heemskirk Granite, only the liquid-rich FIA-IIa isochore 

intersects the Ti-in-quartz isopleth of the median value for CL-bright quartz (Qtz-IIa) for which the 

trapping temperature is 567 ± 10°C and the lithostatic pressure is 1.57 ± 0.22 kbar (Fig. 16), 

corresponding to a depth of 5.9 ± 0.8 km (assuming a granite density of ~2.7 g/cm3). The isochore of 

FIA-IIIb inclusions in homogeneous CL-bright quartz (Qtz-IIIa) from tourmaline cavities intersects 

the average 18 ppm Ti isopleth. This implies a temperature of 540 ± 8°C and a lithostatic pressure of 

1.57 ± 0.2 kbar, corresponding to a depth of 5.9 ± 0.8 km (Fig. 16). This suggests that the tourmaline 

orbicules and cavities formed at similar lithostatic pressure and depth conditions. The average isochore 

of FIA-IV inclusions only intersects the lowest Ti isopleth (1.3 ppm) for the CL-bright Qtz-IVa from 

the tourmaline veins, corresponding to a trapping temperature of 270 ± 30°C and a hydrostatic pressure 

of 120 ± 50 bars (Fig. 16). The calculated hydrostatic pressure of ~120 bars equates to a depth of ca. 

1.2 km, and has been estimated for the tourmaline-quartz veins based on an assumed water density of 

1 g/cm3. The CL-gray, oscillatory zoned Qtz-Vb has the lowest Ti value of 0.2 ppm in the Pb-Zn 

sulfide-fluorite veins. The isochore of liquid-rich FIA-VIb inclusions intersects the 0.2 ppm Ti isopleth, 

suggesting a trapping temperature of 200 ± 25°C, a hydrostatic pressure < 50 bars, and a depth of 

approximately 0.4 km (Fig. 16). 
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The isochore of the FIA-Vb inclusions in CL-gray quartz from the tourmaline veins in the Pieman 

Heads Granite intersects the 7.8 ppm Ti isopleth, indicating a trapping temperature of 410 ± 15°C, and 

a pressure of 0.31 to 0.33 kbar (Fig. 16). The latter corresponds to a depth of 0.8 to 1.6 km under 

lithostatic pressure, or 3.2 to 3.4 km under hydrostatic pressure. 

No microthermometric data are available for tourmaline patches from the Heemskirk Granite, and 

tourmaline patches and orbicules from the Pieman Heads Granite. A minimum pressure of 1.57 kbar 

that was estimated from fluid inclusion isochores and Ti-in quartz geothermobarometry for tourmaline 

orbicules in the Heemskirk Granite (Fig. 16) is assumed for these tourmaline patches and/or orbicules, 

corresponding to a minimum depth of 6 km under lithostatic pressure. Minimum trapping temperatures 

of 576°, 620°, and 625°C were calculated for tourmaline orbicules at Heemskirk, and tourmaline 

patches and orbicules at Pieman Heads, respectively, using the Ti-in-Quartz geothermometer of Huang 

and Audétat (2012). 

Depositional processes and related mineralization 

The western Tasmanian Devonian intrusions are part of an extensive, westward-directed 

subduction-related magmatic belt (>3000 km in length) that was active along the eastern Gondwana 

margin, with the plutons emplaced in a post-orogenic extensional back-arc setting (Black et al., 2005; 

Corbett et al., 2014; Hong et al., 2017b). These felsic magmas assimilated significant amounts of 

upper-crust sedimentary rocks (e.g., metapelite) and experienced protracted fractional crystallization 

before giving rise to metaluminous I-type and peraluminous S-type plutons and associated Sn-W 

mineralization (Corbett et al., 2014; Hong et al., 2017b). When such an aluminosilicate-rich hydrous 

melt intrudes the shallow crust, a B-Fe-Na-rich aqueous phase can exsolve from the initial melt due to 

liquid immiscibility (cf. Veksler and Thomas, 2002). Incompatible boron can be transported 

preferentially in vapor bubbles, as the Fe-Na-rich brine and coexisting vapor ascends to the cupolas of 

intrusion (Candela, 1991; Veksler and Thomas, 2002; Schatz et al., 2004; Fig. 17A). A hypersaline 
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fluid exsolved from a granitic melt has the potential to transport significant concentrations of Fe, Mg 

and Na (cf. Audétat et al., 2000), and Al can be highly soluble, if the brine is acidic or alkaline 

(Pokrovskii and Helgeson, 1995). As the boron-rich granitic magmas was emplaced in a shallow crust 

(~6 km) at 600°–550°C, continuous decompression and cooling may have led to volatile-rich aqueous 

fluids accumulating in the roof zones of the magma chamber, producing tourmaline patches and 

orbicules along with quartz-rich USTs (Fig. 17B; Hong et al., 2017a). The wide ranges of 

homogenization temperatures (150° to > 550°C; Table 5) and salinity (2 to 16 wt %, and 31 to 56 wt % 

NaCl equiv.; Table 5) of the different types of fluid inclusion assemblages indicate that the tourmaline 

orbicules and cavities experienced a prolonged history of depressurization (e.g., Wilkinson, 2001; Fig. 

15). The entrapment of low to moderate saline fluids (3–12 wt % NaCl equiv.) in the tourmaline 

orbicules and cavities is interpreted to have been due to fluctuating temperature and pressure at near-

critical conditions after exsolution, whereas the brine with a salinity up to 56 wt % NaCl equiv. might 

have been exsolved directly from a crystallizing felsic melt under lithostatic pressures (e.g., Cline and 

Bodnar, 1994; Becker et al., 2008) or  could have been the product of unmixing from supercritical 

fluids after vapor loss and depressurization (Bodnar et al., 1985; Korges et al., 2018).  

The pressure decrease from 1.5 (lithostatic) to 0.3 (hydrostatic) kbar, and temperature decrease 

from 550° to 400°C or 300°C (Fig. 16) may have caused intense brittle failure and fluid exsolution 

from cupolas on the granite sills (Fig. 17C), providing focus for the precipitation of tourmaline-

muscovite-quartz veins within the Heemskirk Granite (Fig. 1B). The calculated decrease in formation 

depth from > 5 km to ~1 km (Fig. 15) implies that the host plutons experienced degrees of uplift and/or 

exhumation during the lifespan of magmatic–hydrothermal activity. Systematic decreases in 

temperature and salinity (Fig. 15A), and low δ18O values (δ18OH2O = +3.6 to +9.0 ‰; Hong et al., 2020) 

in quartz and tourmaline provide evidence that small amounts of external water (e.g., meteoric water) 

interacted with the magmatic-hydrothermal fluids from which the tourmaline-quartz veins precipitated 

(Fig. 17C). The tourmaline-quartz veins locally host economic cassiterite ores within the Heemskirk 
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Granite (e.g., Sweeney’s Mine and St Dizier; Hajitaheri, 1985), which are mainly attributed to intense 

alteration of feldspars to quartz, muscovite, and/or tourmaline by magmatic–hydrothermal fluids. 

Mixing of magmatic fluids evolved from the causative granite with local meteoric water may have 

played an important role in triggering the deposition of stanniferous ores due to increase in fO2 and pH 

(cf., Audétat et al., 2000; Wagner et al., 2009; Korges et al., 2018). 

Continuous decrease in the pressure (~0.04 kbar) and temperature (200°–250°C) of the 

magmatic-hydrothermal fluids and their dilution by a large amount of low-salinity, cool surface 

water are recorded in the fluid inclusions hosted in quartz and fluorite from the Sweeney’s Mine at 

South Heemskirk (Fig. 15). Typical CL-bright quartz cores overgrown by CL-gray quartz with 

euhedral oscillatory growths are commonly developed in porphyry Cu-Mo-Au deposits (Rusk and 

Reed, 2002; Rusk et al., 2006; Müller et al., 2010; Maydagán et al., 2015) that is also detected in 

quartz from the sulfide-quartz-fluorite veins (e.g., Fig. 6E). This dissolution-reprecipitation texture of 

quartz accounts for the cooling of hydrothermal fluids that pass through the domain of retrograde 

quartz solubility under decreasing pressure (Müller et al., 2010; Maydagán et al., 2015). Abrupt 

increase of Al concentration from tens of ppm in CL-bright quartz to hundreds of ppm in CL-gray 

oscillatory quartz were detected in the sulfide-fluorite veins (Fig. 9H). This is consistent with the 

precipitation of low-temperature CL-gray quartz from acidic Al-rich fluids, given that the quartz is 

associated with muscovite, fluorite, and sulfides, and that Al solubility in hydrothermal systems is 

strongly pH-dependent, with acidic conditions promoting Al transport (Pokrovskii and Helgeson 

1995; Rusk et al., 2006; Müller et al., 2010). The cooling path and mixing with low-salinity 

groundwater ultimately drove the precipitation of quartz-fluorite veins associated with sulfides at 

Sweeney’s Mine in the Heemskirk Granite (Fig. 17D).  
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Conclusions 

Magmatic-hydrothermal textural features, including tourmaline-quartz patches, orbicules, and 

tourmaline-muscovite veins typically occur in the roof of the Heemskirk and Pieman Heads plutons. 

Tourmaline-filled cavities, fluorite-quartz sulfide veins, and USTs have only been observed in the 

Heemskirk Granite that is associated with abundant Sn (-W) skarns, greisens, and Ag-Pb-Zn lodes. 

Quartz from tourmaline patches, orbicules and cavities typically has an intense luminescent response 

and high Ti concentrations (up to 47 ppm), whereas CL-dark fractured streaks and/or CL-gray 

oscillatory growth zones with low Ti values (0.2–3.4 ppm) characterize the quartz from tourmaline-

muscovite and quartz-fluorite veins associated with mineralization. Prolonged decompression (1.5 to 

< 0.1 kbar), decreasing temperature (580° to 200°C), and mixing with external water may have led to 

these magmatic-hydrothermal textures and mineralization. A high degree of fractional crystallization 

(e.g., high Ge/Ti and Al/Ti), abundant evidence for volatile exsolution (e.g., miarolitic cavities and 

USTs) and Sn enrichment in hydrothermal fluids (e.g., a high Sn content in the quartz of tourmaline 

veins) characterize the Heemskirk Granite. These key features, coupled with the strongly reduced 

state of the granitic magmas (Hong et al., 2017b), are considered to have caused the Heemskirk 

Granite to be highly fertile relative to the barren Pieman Heads Granite. Analyses of magmatic-

hydrothermal transition textures and trace elements in quartz can therefore provide useful tools to 

evaluate magma fertility with respect to potential mineralization and to understand the evolution of 

mineralizing fluids. 
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Figure captures: 

FIG. 1. (A) Simplified geological map of northwest Tasmania and major Sn-W deposits (Black et al., 

2005; Hong et al., 2017a). (B) Geological map showing principal features of the Heemskirk Granite 

and associated Sn–W deposits (Hong et al., 2017a). (C) Simplified geological map of the Pieman 

Heads Granite (Vicary, 2004). 

FIG. 2. (A) Simplified cross-section A-Aʹ describing the geological outcrop at Trial Harbor of the 

Heemskirk Granite, where quartz-tourmaline-rich features occur around the contacts between the 

white and red phases of the granite (Hong et al., 2017a). (B) Sketched profile showing spatial 

distributions of quartz-tourmaline patches, orbicules, cavities, and veins that are developed in the 

white phase of the Heemskirk Granite (Hong et al., 2017a). 

FIG. 3. Photographs and photomicrographs showing quartz ± tourmaline-rich features in the 

Heemskirk Granite. (A) Tourmaline-quartz patches in the Pieman Heads Granite. (B) Tourmaline 

orbicule-rich aplitic sill overlying the White Heemskirk Granite hosting tourmaline patches. (C) 

Clusters of tourmaline orbicules in the White Heemskirk Granite. (D) Rounded tourmaline orbicule 

consisting of a quartz-tourmaline core and a leucocratic rim at Pieman Heads. (E, F) Tourmaline-rich 

cavities consisting of radiating tourmaline centers and quartz rims in the White Heemskirk Granite.  

FIG. 4. Photographs and photomicrographs showing quartz ± tourmaline-rich features in the 

Heemskirk and Pieman Heads plutons. (A) Sub-vertical veins extending up from the White granite 

towards the Red granite, over tens of meters in the Heemskirk Granite. (B) Multiple tourmaline veins 

associated with tourmaline orbicules in the White granite. Upper left: tourmaline-filled veins cut 

across the orbicules. (C) A tourmaline orbicule cut by a 2-3 cm wide tourmaline-filled vein at Pieman 

Heads. (D) Fluorite crystals within sphalerite. (E) Pyrite intergrown with euhedral quartz grains from 

a Pb-Zn sulfide vein at Sweeney’s Mine within the Heemskirk Granite. Flu = fluorite, Py = pyrite, 

Qtz = quartz, Sph = sphalerite, Tur = tourmaline. Sample location: E144°55ʹ40.01ʹʹ, S41°43ʹ15.00ʹʹ; 

E145°09ʹ23.93ʹʹ, S41°55ʹ20.64ʹʹ, Elevation = 3 to 30 m. 

FIG. 5. Representative images showing SEM-CL textures of quartz types from the White Heemskirk 

Granite. (A) Tourmaline patch. (B-C) Tourmaline orbicules. (D) Tourmaline cavity. (E) Tourmaline 

vein from the White Heemskirk Granite.  

FIG. 6. Representative images showing SEM-CL textures of quartz types from Pieman Heads 

Granite. (A) Tourmaline patch. (B) Tourmaline orbicule. (C) Tourmaline vein in the Pieman Heads 

Granite. (D-E) Pb-Zn sulfide veins at Sweeney’, southern Heemskirk Granite. Kfs = K-feldspar, Qtz 

= quartz, Tur = tourmaline. 

FIG. 7. Percentile box and whisker plots showing ranges and averages of representative trace 

elements in different quartz types. (A) Al, (B) Li, (C) Ti, (D) Na, (E) Mg, (F) Ge, (G) Zn, (H) Sr, (I) 

Sn, (J) Sb, and (J) Pb. Tur = tourmaline, Heem = Heemskirk Granite, PH = Pieman Heads Granite. 

All data presented in Appendix Table A1. 
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FIG. 8. Trace-element plots showing potential contamination of mineral-fluid inclusions on quartz 

compositions. (A) Al versus Na. (B) Al versus K. (C) Al versus Rb. (D) Na versus K. (E) Na versus 

Ca. (F) Na versus Rb. Tur = tourmaline, Heem = Heemskirk, PH = Pieman Heads. 

FIG. 9. Combined SEM-CL images and LA-ICP-MS analysis profiles showing representative trace 

element variations across individual quartz grains. (A) Tourmaline patch, (B-C) Tourmaline 

orbicules, (D) Tourmaline cavity, and (E) Tourmaline vein from the White Heemskirk Granite. (F) 

Tourmaline vein in the Pieman Heads Granite. (G-H) Pb-Zn sulfide veins at Sweeney’, southern 

Heemskirk Granite. Shaded columns represent CL-dark or gray quartz portion. Corresponding 

analytical sample numbers and locations are annotated in Figs. 5 and 6.   

FIG. 10. (A) Crystallized silicate melt inclusions in quartz from an aplitic sill in the Heemskirk 

Granite. (B) Crystallized silicate melt inclusions coexisting with liquid-rich fluid inclusions in quartz 

from tourmaline orbicules in the Heemskirk Granite. The silicate melt inclusion (A) are surrounded 

by clusters of fluid inclusions and may have decrepitated. FIs = fluid inclusions. 

FIG. 11. Representative photomicrographs showing distributions of fluid inclusions (FIs) from the 

Heemskirk and Pieman Heads plutons. (A) Quartz containing FIs in tourmaline orbicules from the 

Heemskirk Granite. (B) Liquid-rich FIs (FIA-IIc) in tourmaline orbicules. (C) Halite-bearing FIs 

(FIA-IIb) and a trail of liquid-rich FIA-IIc in tourmaline orbicules. (D) Coexisting vapor-rich and 

liquid-rich FIA-IIa in tourmaline orbicules. (E) Multi-solid-bearing FIs (FIA-IIb) in tourmaline 

orbicules. (F) Photomicrograph mapping FIs in tourmaline veins. (G) Liquid-rich FIA-IV in 

tourmaline veins. (H) Trails of halite-bearing FIs (FIA-Va) in tourmaline veins at Pieman Heads. 

FIG. 11 (continued). (I) Photomicrograph showing distributions of FIs in Pb-Zn sulfide veins at 

Sweeney’s. (J) Liquid-rich FIA-VIb in CL-gray quartz with oscillatory zones. (K) Halite-bearing 

FIA-VIa in the CL-bright quartz. (L) Liquid-rich FIA-VIc in growth zones in fluorite. (M) FIA-VIc 

and halite-bearing FIA-VId in a fluorite grain from Sweeney’s. Photomicrographs of (A), (F), and (I) 

correspond to CL images of Figs. 5B, 5E, and 6E, respectively. 

FIG. 12. Salinity (wt % NaCl equiv.) versus homogenization temperature diagrams for fluid 

inclusion assemblages from tourmaline-rich features (A) and Pb-Zn sulfide veins (B). Inset plot 

showing fluid evolution trend after Wilkinson (2001). TH= Trial Harbor, Heemskirk Granite, PH = 

Pieman Heads Granite, Qtz = quartz, Flu = fluorite. 

FIG. 13. Halite dissolution temperature versus liquid-vapor homogenization temperature for brine 

inclusions from tourmaline-rich features and Pb-Zn sulfide veins. TH= Trial Harbor, Heemskirk 

Granite. PH = Pieman Heads Granite. 

FIG. 14. Representative plots showing elemental variations in quartz from different magmatic-

hydrothermal assemblages. (A) Ge/Ti versus Al. (B) Ge/Ti versus Al/Ti. (C) Ti versus Sn. (D) Ti 

versus Sb. Arrows indicate chemical evolution trends among different quartz generations. Tur = 

tourmaline, Heem = Heemskirk, PH = Pieman Heads. 
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FIG. 15. Salinity-pressure (A) and liquid side temperature-pressure (B) projections of the three 

dimensional H2O-NaCl phase diagram after Driesner and Heinrich (2007). Colored dash-lines with 

arrow indicate potential evolutionary paths in P-T-X space for different fluid inclusion assemblages 

from western Tasmanian plutons. TH= Trial Harbor, Heemskirk Granite, PH = Pieman Heads 

Granite, Qtz = quartz, Flu = fluorite. 

FIG. 16. Pressure-temperature plot showing estimated formation conditions of tourmaline-rich 

features and Pb-Zn sulfide veins. The isochores are calculated based on average microthermometric 

data of each fluid inclusion assemblage, using the equation from Steele-MacInnis et al. (2012). The 

intersections of fluid inclusion isochores with isopleths of median Ti-in-quartz concentrations 

(Huang and Audétat, 2012) represent estimated temperature and pressure ranges for corresponding 

quartz-rich assemblages. Note: fluid inclusion isochores intersect only with the lowest Ti 

concentrations in quartz from the tourmaline quartz veins and Pb-Zn veins at Heemskirk. The NaCl-

H2O critical and V-L-H coexistence curves from Driesner and Heinrich (2007). Tur = Tourmaline, 

TH= Trial Harbor, Heemskirk Granite, PH = Pieman Heads Granite.  

FIG. 17. Schematic model showing the formation of tourmaline-rich features and related 

mineralization in western Tasmanian granitic intrusions. (A) S-type magmas emplacing into the 

shallow crust produced spanning clusters of volatile bubbles (enriched in B, Fe, Na etc.) that 

ascended and accumulated in the roof of the crystallizing granite. (B) Continuous decompression and 

crystallization caused the precipitation of USTs, tourmaline-quartz patches, and orbicules in the 

White Heemskirk and/or Pieman Heads plutons (600°–550°C and 1.57 kbar). (C) At the final stage 

of granite emplacement, B-rich aqueous fluids migrated upwards along the brittle fractures and 

hydrothermally altered the host rocks, probably mixed with minor meteoric water, forming 

widespread tourmaline-quartz veins at temperature 300°–400°C and pressure 0.12 kbar; locally, these 

tourmaline-quartz veins host cassiterite ores in the Heemskirk Granite. (D) As the Heemskirk Granite 

experienced degrees of erosion or uplift, magmatic-hydrothermal fluids derived from the intrusion 

that were mixed with external waters precipitated fluorite-quartz Pb-Zn sulfide veins at temperature 

200°–250°C and pressure 0.04 kbar, locally overprinting the cassiterite-tourmaline-quartz veins. 





 



 













 



 









 



 

  



 

 

  



 

 



 

 

Table 1 Sn, W, Fe, Ni and Ag-Pb deposits associated with the Heemskirk Granite, western Tasmania 

Field Deposit Commodity Tonnage (Mt) Grade Reference 

North 
Heemskirk 

St. Dizer Sn-W-Fe ~2.6 
0.5 % Sn, 

0.05 % WO3 

Seymour et al. 
(2007) 

South 
Heemskirk 

Tenth Legion Sn-Fe 
0.9 0.4-0.5 % Sn 

Purvis et al. (1989) 

6.0 60 % Fe 

Colemans Sn 0.5 0.2 % Sn 

Sweeneys Sn 0.5 0.6 % Sn 

Federation 
Sn > 1.5 0.5 - 0.6 % Sn 

Globe 

Avebury Ni 29.3 0.9 % Ni 
Seymour et al. 

(2007) 

Zeehan 

Severn Sn 4.17 0.98 % Sn 
Callaghan (2013) 

Montana Sn 0.51 1.91 % Sn 

Queen Hill Sn 3.6 1.2 % Sn 
Seymour et al. 

(2007) 

Oonah Sn 1.0 0.7- 1 % Sn Purvis et al. (1989) 

Argent, Oceana, 
Sunrise, Sylvester 
etc. > 40 deposits 

Pb > 0.2 Mt Pb not available 
Both and Williams 

(1968) 
Ag  > 750 t Ag  not available 

 

 



 

 

Table 2 Magmatic-hydrothermal features in the Heemskirk and Pieman Heads granites 

Type Host granite Mineral association Description Alteration CL textures 

Tourmaline- 
quartz 
patches 

Heemskirk 
Granite, 
Pieman 
Heads 
Granite  

Quartz, 
tourmaline, K-
feldspar, biotite, 
muscovite, titanite, 
or apatite 

Irregular, dendritic, 0.5-2 cm in diameter; 
disseminated in the carapace of the host 
granites; no mineral zones; beneath the orbicule-
rich aplitic and/or equigranular sill or UST layers 

Weak to moderate 
muscovite 
alteration; no 
mineralization 

Mostly characterized by massive CL-bright 
luminescence (Qtz-Ia); Healed CL-dark fractures (Qtz-Ib) 
are weakly to intermediately developed that cut and/or 
offset the CL-bright Qtz-Ia 

Tourmaline- 
quartz 
orbicules 

Heemskirk 
Granite, 
Pieman 
Heads 
Granite  

Quartz, 
tourmaline, K-
feldspar, biotite, 
muscovite, titanite, 
or apatite 

Rounded to subround, 3-15 cm in diameter; 
locally comprising 15-20 % by volume of the local 
granitic cupolas; internal tourmaline-rich rimed 
by tourmaline-quartz intergrowths; commonly 
occur in aplitic sills and feeder dykes at Trial 
Harbor (Heemskirk), or in the equigranular phase 
of both granites 

Weak to 
intermediate 
muscovite and K-
feldspar alteration; 
no mineralization 

Massive CL-bright luminescence quartz (Qtz-IIa) cut by 
numerous bifurcated CL-dark cracks and patches (Qtz-
IIb); Euhedral growth zones of Qtz-IIa typically parallel 
to grain boundaries in quartz from the Heemskirk 
Granite, but uncommon in the Pieman Heads Granite 

Tourmaline- 
quartz 
cavities 

Heemskirk 
Granite 

Quartz, 
tourmaline, 
muscovite, zircon, 
monazite, titanite 

Spherical to subround, 2 cm up to 2 m in 
diameter; typically having a central tourmaline-
rich zone and a quartz-rich rim; occur in high 
levels of the orbicule-rich equigranular and/or 
porphyritic granite, or aplitic sill at Trial Harbor 
(Heemskirk) 

Intensive 
muscovite-quartz 
alteration halo; no 
mineralization 

Homogenously CL-bright quartz cores (Qtz-IIIa) are 
embayed by thick streak quartz (> 100 µm) with 
intermediate CL intensities and contain irregular CL-dark 
patches (Qtz-IIIb). Intermediately developed CL-dark 
fractures (Qtz-IIIb) commonly cut the Qtz-IIIa  

Tourmaline- 
quartz-
muscovite 
vein 

Heemskirk 
Granite, 
Pieman 
Heads 
Granite  

Quartz, 
tourmaline, 
muscovite, titanite, 
xenotime, or 
apatite 

Discrete chains, several cm to m wide; central 
tourmaline-quartz zone rimed by quartz and 
muscovite halo; occur in all exposed levels of the 
two granites subvertically for hundreds of 
meters; cut the orbicules, USTs and/or cavities 
locally 

Intense muscovite-
quartz alteration; 
locally host low-
grade tin 
mineralization 

CL-bright quartz (Qtz-IVa) is intensely cut, separated, 
and offset by CL-dark to -gray patches and cracks (Qtz-
IVb). Fine-scale (several to tens µm) growth zones are 
commonly developed, parallel to grain boundaries (Qtz-
IVa). Abundant thin, elongated CL dark cracked and 
streaks intensely developed, and connect the CL-dark 
patches (Qtz-IVb), forming cobweb networks 

Quartz-
fluorite- 
sulfide 
veins 

Heemskirk 
Granite at 
Cumberland 
Lake, 
Sweeney’s 
Mine 

Quartz, fluorite, 
sphalerite, galena, 
pyrrhotite, pyrite, 
chlorite, muscovite  

Minor chalcopyrite, stannite and/or cassiterite 
occur along boundaries, cracks, and cleavages 
between coarse sphalerite, fluorite, and quartz 
grains; these Pb-Zn fluorite-quartz veins in some 
places overprinted on the tourmaline-quartz 
veins in southern part of the Heemskirk Granite 

Intermediate to 
strong quartz-
fluorite-muscovite 
alteration; locally 
host low-grade tin 
and Pb-Zn 
mineralization 

Minor CL-bright quartz cores (Qtz-Va) overprinted by 
euhedral, oscillatory CL-gray rims (Qtz-Vb). The massive, 
CL-gray Qtz-Vb is intensely developed euhedral 
oscillatory growth zones. Lesser CL-dark patches and 
thin fractures (Qtz-Vc) occur locally, and they cut the CL-
bright Qtz-Va, overprinted by the Qtz-Vb overgrowths 



 

 

Table 3 Representative trace elements of quartz from the Heemskirk and Pieman Heads granites analyzed by LA-ICP-MS 

Elements (ppm) Al Li Ti Na K Ge Pb Zn Sr Sn Sb 

Tur 
patch-TH 
(n=30) 

Range 67.1 - 726 10.8 - 53.3 1.29 - 67.9 0.426 - 
513.8 

1.11 - 31.0 0.703 - 2.32  bdl - 0.103 bdl - 0.438 bdl - 0.411 bdl - 0.168 bdl - 0.433 

Median 283.6 46.8 27.9 4.94 4.57 1.23 0.006 0.262 0.013 0.115 0.039 

% bdl  0 0 0 0 0 0 43 3 7 7 73 

Tur 
orbicule-
TH (n=57) 

Range 52.4 - 987.9 3.85 - 50.9 1.25 - 42.5 bdl- 91.2 1.96 - 507.1 0.915 - 3.02 bdl - 2.18 bdl - 1.14 bdl - 0.364 bdl - 0.220 bdl - 0.320 

Median 281.1 38.7 24.9 10.1 9.67 1.32 0.022 0.320 0.029 0.126 0.047 

% bdl  0 0 0 2 0 0 12 5 11 18 33 

Tur 
cavity-TH 
(n=33) 

Range 56.3 - 785.1 6.74 - 45.3 0.711 - 31.9 bdl - 151.6 bdl - 305.5 0.812 - 1.98 bdl - 1.31 bdl - 1.72 bdl - 0.383 bdl - 0.300 bdl - 0.336 

Median 248.3 34.6 19.9 9.12 8.57 1.63 0.028 0.406 0.046 0.118 0.059 

% bdl  0 0 0 9 12 0 24 12 9 18 52 

Tur vein-
TH (n=30) 

Range 59.8 - 419.5 1.19 - 46.7 1.29 - 27.4 bdl - 84.2 bdl - 33.0 0.708 - 2.21 bdl - 0.300 bdl - 2.49 bdl - 0.206 bdl - 0.389 bdl - 0.168 

Median 107.0 10.2 3.35 21.2 4.49 1.14 0.058 0.206 0.039 0.174 0.066 

% bdl  0 0 0 3 7 0 13 27 13 13 13 

Tur 
patch-PH 
(n=20) 

Range 160.7 - 
345.9 

25.6 - 49.2 14.3 to 78.4 bdl - 14.2 bdl - 24.7 0.659 - 2.23 bdl - 0.061 bdl - 0.357 0.007 - 1.94 bdl - 0.295 bdl - 0.041 

Median 197.6 34.4 44.9 14.2 1.63 0.926 0.010 0.175 0.087 0.199 0.021 

% bdl  0 0 0 5 5 0 25 5 0 20 70 

Tur 
orbicule-
PH (n=19) 

Range 113.4 - 
276.1 

21.9 - 44.8 12.4 - 56.5 bdl - 31.5 bdl - 5.18 0.696 - 2.66 bdl - 0.037 bdl - 0.322 bdl - 0.278 bdl - 0.176 bdl - 0.034 

Median 230.1 38.3 47.2 3.91 1.72 1.03 0.007 0.220 0.015 0.075 0.020 

% bdl  0 0 0 11 32 0 37 11 16 16 74 

Tur vein-
PH (n=33) 

Range 122.3 - 
1079 

16.2 - 146.3 bdl - 48.7 0.813 - 
103.3 

bdl - 12.0 0.997 - 5.82 bdl - 0.502 bdl - 3.16 bdl - 0.262 bdl - 0.116 bdl - 1.02 

Median 239.8 35.9 35.1 5.15 3.88 1.75 0.006 0.193 0.036 0.065 0.025 

% bdl  0 0 9 0 30 0 33 18 3 9 39 

Pb-Zn 
vein 
(n=43) 

Range 40.1- 1077 1.59 - 158.4 0.193 - 56.6 0.356 - 27.6 bdl - 5.68 0.077 - 3.79 bdl - 0.733 bdl - 0.718 bdl - 0.317 bdl - 0.262 0.032 - 80.6 

Median 268.0 37.9 2.27 2.36 1.76 0.699 0.006 0.056 0.004 0.072 2.73 

% bdl  0 0 0 0 79 0 47 47 7 7 0 

Abbreviation: Tur = tourmaline, Heem = Heemskirk Granite, PH = Pieman Heads Granite, bdl = below detection limit.  



 

 

Table 4 Summary of fluid inclusion types in tourmaline-quartz features 

Type Morphology Size 
Phase (at 

25°C) 
Dominant Homogenization behavior 

I 

Elongate, subround, elliptical, 

tabular negative, triangular, 

rhombic or irregular 

< 5 to 40 µm 
Liquid + vapor 

± opaque 
Liquid Vapor disappearance 

II Elongate, elliptical, negative 5 to 35 µm Liquid + vapor Vapor Liquid disappearance 

IIIa 
subround, elliptical, elongate, 

negative 
< 5 to 25 µm 

Liquid + vapor 

+ halite 
Liquid Vapor disappearance 

IIIb subround, elliptical, negative < 5 to 20 µm 
Liquid + vapor 

+ halite 
Liquid Halite dissolution 

IIIc subround, elliptical < 5 to 20 µm 

Liquid + vapor 

+ halite + 

unknown 

Liquid 

Only halite dissolved, 

unknown crystals (sylvite?) 

shrunk or did not homogenize 

by 550 °C  

 



 

 

Table 5 Summary of fluid inclusion populations in quartz and fluorite from the Heemskirk and Pieman Heads granites 

Mineral textures 
Mineral 

assemblages 

Fluid inclusion 
assemblage 

(FIA) 

Inclusion 
types 

Th (v→l) 
range (C°) 

Th (v→l) 

median (C°) 

Th (l→v) 
range (C°) 

Th (l→v) 
median (C°) 

Tm range 
(C°) 

Tm mean 
(C°) 

Tsd range 
(C°) 

Tsd mean 
(C°) 

Salinity range 
(wt % NaCl 

equiv) 

Salinity 
median (wt % 

NaCl equiv) 

Tourmaline 
orbicules, Trial 

Harbor 

Qtz, Kfs, Pl, 
Tur, Bi, Ms 

FIA-IIa 

II – – 414 to > 550 458 ± 43 
(n=5) 

 -10.8 (n=1) – – 14.8 14.8 (n=1) 

I 384 to 401 391 ± 10 
(n=4) 

  -11.9 to -6.8 -9.5 ± 1.9 
(n=4) 

– – 10.2 to 15.9 13.4 ± 2.1 
(n=4) 

FIA-IIb IIIa ± IIIb ± 
IIIc 

172 to > 536 335 ± 123 
(n=7) 

– – – – 195 to 471 312 ± 79 
(n=7) 

31.6 to 55.9 39.1 ± 7.2 
(n=7) 

FIA-IIc I 226 to 368 298 ± 38 
(n=16) 

– – -11.8 to -1.2 -6.2 ± 3.5 
(n=16) 

– – 2.1 to 15.8 9.4 ± 4.6 
(n=16) 

Tourmaline 
cavities, Trial 

Harbor 
Qtz, Tur, Ms 

FIA-IIIa I + II 461 to > 550 461 > 550 – – – – – – – 

FIA-IIIb I 351 to 360 356 ± 6 
(n=2) 

– – -1.9 to -1.6 -1.8 ± 0. 2 
(n=2) 

– – 2.7 to 3.2 3.0 ± 0.3 (n=2) 

FIA-IIIc I 156 to 214 196 ± 20 
(n=8) 

– – -7.1 to -4.2 -5.1 ± 0.9 
(n=8) 

– – 6.7 to 10.6 7.9 ± 1.2 (n=8) 

Tourmaline veins, 
Trial Harbor 

Qtz, Tur, Ms FIA-IV I 204 to 322 262 ± 39 
(n=19) 

– – -10.4 to -4.1 -8.6 ± 2.0 
(n=19) 

– – 6.6 to 14.4 12.4 ± 2.4 
(n=19) 

Tourmaline veins, 
Pieman Heads 

Qtz, Tur, Ms 

FIA-Va IIIa + IIIb 172 to 324 246 ± 52 
(n=11) 

– – – – 158 to 205 190 ± 15 
(n=11) 

30.0 to 32.1 31.4 ± 0.7 
(n=11) 

FIA-Vb I 203 to > 400 222 ± 27 
(n=21) 

– – -8.4 to -1.5 -7.7 ± 2.6 
(n=21) 

– – 2.6 to 12.2 11.3 ± 3.6 
(n=21) 

FIA-Vc I 181 to 186 183 ± 2 
(n=3) 

– – -22.4 to -
20.6 

-20.7 ± 1.0 
(n=3) 

– – 22.8 to 24.0 22.8 ± 0.7 
(n=3) 

Pb-Zn veins, 
Quartz 

Qtz, Sph, Ga, 
Py 

FIA-VIa IIIa ± IIIb ± 
IIIc 

181 to > 450 220 ± 110 
(n=12) 

– – – – 220 to > 
400 

239 ± 58 
(n=12) 

32.9 to > 
47.2 

34.0 ± 4.5 
(n=12) 

FIA-VIb I 186 to 246 194 ± 16 
(n=46) 

– – -5.3 to -0.9 -3.5 ± 0.9 
(n=46) 

– – 1.6 to 8.3 5.7 ± 1.2 
(n=46) 

Pb-Zn veins, 
Fluorite 

Flu, Sph, Ga FIA-VIc I 149 to 206 169 ± 14 
(n=17) 

– – -8.9 to -4.7 -6.3 ± 1.1 
(n=17) 

– – 7.4 to 12.7 9.6 ± 1.4 
(n=17) 

Note: Th = homogenization temperature, Tsd = salt dissolution temperature. Bi = biotite, Flu = fluorite, Kfs = alkali feldspar, Pl = plagioclase, Qtz = quartz, Ms = 

muscovite, Tur = tourmaline, Ga = galena, Sph = sphalerite, Py = pyrite. Boiling fluid inclusion assemblage is bold.



 

 

Table 6 Representative trace elements in quartz from granites, pegmatites and related magmatic-hydrothermal deposits 

Location Type 

Al (ppm) Li (ppm) Ti (ppm) Ge (ppm) Sb (ppm) 

References 

Range  Median  Range  Median  Range Median  Range  Median  Range Median  

Land’s End, SW England Granite 227-942 361 9.6-98.7 49.0 2.8-136 16.6 0.2-2.7 1.9 – – Drivenes et al. 
(2016) 

Bohemian Massif, Czech 
Republic 

Granite 10-1246 131 bdl-35.0 13.5 0.69-159 55.0 0.26-3.40 0.60 – – Breiter et al. 
(2013) 

Drag, Evje-Iveland, 
Norway 

Pegmatite 64-262 134 2.09-
24.1 

6.81 4.55-
25.2 

14.5 0.97-3.44 1.89 0.003-
0.084 

0.009 
Götze et al. 
(2004) Evje-Iveland, Norway; 

Rubicon, Nambia 
Pegmatite related Nb-
Ta, REE ores 

36-636 118 2.96-166 17.3 0.34-
4.45 

4.45 1.24-7.12 4.20 0.012-
0.114 

0.038 

Creede, Colorado, USA Epithermal Ag deposit 100-
3000 

– < 5-1000 – <10 – – – < 5-120 – 

Rusk et al. (2011) 
Comstock Lode, Nevada, 
USA 

Epithermal Ag deposit 100-
2400 

– < 5-2000 – < 10 – – – < 5-80 – 

El Indio, Chile-Argentinia High sulfidation Au-Ag-
Cu deposit 

211-
3503 

1149 24.8-333 101 bdl-11.6 11.3 bdl-6.3 4.1 bdl-9.01 3.30 
Tanner et al. 
(2013) Summitville, Colorado, 

USA 
High sulfidation Au-Ag-
Cu deposit 

80.3-663 117 bdl-6.34 0.76 bdl-82.6 74.1 bdl-5.6 2.54 bdl-2.33 0.28 

Alter, San Juan, Argentina High sulfidation Au-Ag-
Cu deposit 

254-
2487 

1298 4.1-214 18.9 0.10-
14.0 

4.35 2.30-9.70 4.6 1.2-116 23.6 
Maydagán et al. 
(2015) 

Alter, San Juan, Argentina Porphyry Cu- (Au-Mo) 
deposit 

40-1672 169 1.3-29 3.9 4.60-159 27 0.40-7.70 1.1 < 0.03-
3.1 

0.1 

El Teniente, Chile Porphyry Cu-Mo 
deposit 

100-300 – < 5-100 – <10-200 – – – bdl (< 5) – Rusk et al. (2011) 

North Parkes, NSW, 
Australia 

Porphyry Cu-Au 
deposit 

56.3-600 282 1.11-
19.2 

6.76 56.6-254 160 2.26-3.27 2.71 bdl (< 
0.116) 

– 
Tanner et al. 
(2013) 

Kingsgate, NSW, Australia Granite-hosted Mo-Bi-
W deposit 

30.4-219 119 1.23-
20.7 

8.97 bdl-15.8 13.8 bdl-4.91 3.01 bdl-66.3 19.1 

Note: bdl = below detection limit, “–” = no data. 
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