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Abstract The Devonian Sn-mineralized Heemskirk and barren Pieman Heads granites of 1 

western Tasmania (southeast Australia) contain abundant tourmaline-rich features, including 2 

orbicules, patches, cavities, and veins within their roof zones. The δ11B and δ18O compositions of 3 

tourmaline from these texturally different features range from –21.7 to +4.1‰ (average –4.7 ± 4 

4.0‰, n = 127), and from +6.5 to +14.9‰ (average +10.7 ± 1.8‰, n = 38), respectively. These 5 

data suggest that the tourmaline-rich assemblages precipitated mostly from magmatic-6 

hydrothermal fluids derived from their host plutons, mixed with minor external components 7 

sourced from metasedimentary, meta-ultramafic rocks, and/or meteoric water. The B-isotopic 8 

values increase sequentially from tourmaline patches to orbicules and/or cavities in both granites, 9 

probably caused by progressive volatile exsolution and systematic fluxing of aqueous boron-rich 10 

fluids from the S-type magmas during emplacement into the shallow crust. High degrees of 11 

fractional crystallization of the melt may have caused the exsolution of boron-rich hypersaline 12 

fluids from which the tourmaline orbicules and cavities formed. Bimodal δ11B populations (–13 

21.7 to –12.7‰ and –3.9 to +4.0‰) imply that the granitic melts were mostly sourced from 10B-14 

rich metapelitic rocks. The granites underwent fluid exsolution during the late magmatic stage 15 

that contributed to the widespread development of tourmaline-rich features and also to the 16 

formation of tin deposits associated with the Heemskirk Granite. 17 
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Introduction 20 

Aqueous fluids exsolved from crystallizing granitic melts during emplacement into the shallow 21 

crust (Burnham 1979) can lead to a broad range of geological phenomena, including the 22 

formation of magmatic-hydrothermal mineral deposits (e.g., Hedenquist and Lowenstern 1994). 23 

Post-orogenic Paleozoic granites in western Tasmania, including the Heemskirk and Pieman 24 

Heads granites, contain abundant tourmaline-rich textural features such as tourmaline orbicules, 25 

miarolitic cavities, and tourmaline-quartz veins within their apical regions (Hong et al. 2017a). 26 

Tourmaline-quartz orbicules (or nodules) are distinctive textural features that occur mostly in S-27 

type granitic rocks (Sinclair and Richardson 1992; Trumbull et al. 2008; Drivenes et al. 2015). 28 

At least two hypotheses have been proposed for their origin: (1) post-magmatic metasomatism 29 

by boron-rich aqueous fluids (Rozendaal and Bruwer 1995); and (2) precipitation from aqueous, 30 

boron-rich fluids that unmixed from granitic melt (Sinclair and Richardson 1992; Trumbull et al. 31 

2008; Drivenes et al. 2015; Hong et al. 2017a). Tourmaline associated with the Heemskirk and 32 

Pieman Heads granites provides excellent opportunities to unravel processes of volatile 33 

exsolution during the late-stage evolution of felsic magmas.  34 

Economic Sn-W mineralization is associated with some granites that contain tourmaline-35 

quartz orbicules (Hajitaheri 1985; Rozendaal and Bruwer 1995; Drivenes et al. 2015), including 36 

the Heemskirk Granite that hosts several of the Australia’s largest and richest tin and base-metal 37 

deposits (e.g., Severn, Queen Hill, and Montana Sn; Hong et al. 2017a). Hong et al. (2017a) 38 

documented magmatic-hydrothermal, tourmaline-rich features in the Heemskirk and Pieman 39 

Heads granites, and reported laser ablation-inductively coupled plasma-mass spectrometry (LA-40 

ICP-MS) data on tourmaline, supporting a model in which these features were produced by 41 

magmatic-hydrothermal volatile exsolution of boron-rich aqueous fluids that evolved from 42 
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crystallizing granitic magmas. The tourmaline from the Sn-mineralized Heemskirk Granite has 43 

higher Zn/Nb, Co/Nb, Sr/Ta, Co/La ratios, and higher Sn contents, than those from the barren 44 

Pieman Heads Granite, which are proposed to distinguish Sn-mineralized granites from barren 45 

intrusions (Hong et al. 2017a). Here we report a new study that combines major-element 46 

compositional mapping integrated with in situ B- and O-isotopic analyses of tourmaline from 47 

two western Tasmanian granites. These data are used to further investigate the role of volatile 48 

exsolution in the late crystallization stage of felsic magmas, evaluate the origin of tourmaline-49 

quartz orbicules, and elucidate their relationship with tin mineralization. 50 

 51 

Regional geology 52 

The island of Tasmania (southeastern Australia) consists of two distinctive geological domains: 53 

the East and West Tasmanian terranes (Fig. 1a). The East Tasmanian terrane comprises an 54 

Ordovician to Lower Devonian marine quartzwacke turbidite sequence (Mathinna Supergroup) 55 

that has been intruded by numerous Devonian granitoids (Seymour et al. 2007; Fig. 1a). The 56 

western two-thirds of Tasmania consist of a marine sedimentary and volcanic successions 57 

ranging in age from Mesoproterozoic to Devonian (~1,450–410 Ma), which were intruded by a 58 

series of late Devonian granite batholiths (375–360 Ma; Seymour et al. 2007; Corbett et al. 2014; 59 

Fig. 1a). 60 

The Heemskirk (Fig. 1b) and Pieman Heads (Fig. 1c) granites intruded Neoproterozoic 61 

marine metasedimentary and/or ultramafic rocks between 365 and 360 Ma in western Tasmania 62 

(Black et al. 2005; Hong et al. 2017b). The Heemskirk Granite is a composite batholith that has 63 

been divided into a major White and a minor Red phase, based largely on the distinctive color of 64 

orthoclase feldspar in both units (Hajitaheri 1985; Fig. 1b). Mineralogical and geochemical 65 
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analyses indicate that the White Heemskirk and Red Heemskirk are S-type and I-type granites, 66 

respectively (Hajitaheri 1985l; Black et al. 2005; Hong et al. 2017b). Both the White Heemskirk 67 

and Pieman Heads granites are leucocratic, strongly peraluminous (A/CNK >1.1), and highly 68 

fractionated (Hong et al. 2017b).  69 

The Heemskirk and Pieman Heads intrusions contain similar magmatic-hydrothermal 70 

tourmaline-rich features that typically crop out within their apical regions (Fig. 2a). These 71 

tourmaline-rich features have been grouped into (1) tourmaline patches, (2) tourmaline-quartz 72 

orbicules, (3) tourmaline-filled cavities, and (4) tourmaline-quartz veins, based on morphology, 73 

size, mineral assemblages, and contact relationships (Hong et al. 2017a). Dendritic tourmaline (+ 74 

quartz + K-feldspar ± muscovite) patches are concentrated beneath orbicule-rich sills in both the 75 

White Heemskirk and Pieman Heads granites (Fig. 2b). At Trial Harbor (Fig. 1b), the Heemskirk 76 

Granite contains abundant tourmaline-quartz orbicules (Fig. 2c) that typically underlie an aplitic 77 

layer containing numerous, crenulate, quartz-dominant (+ K-feldspar + biotite ± tourmaline ± 78 

magnetite) unidirectional solidification textures (USTs; Hong et al. 2019), similar to those 79 

described by Shannon et al. (1982). Tourmaline-filled miarolitic cavities (Fig. 2d) developed in 80 

the upper part of the White Heemskirk Granite, and occur locally between several to tens of 81 

meters below the UST layers, but above the tourmaline orbicules (Fig. 2). At each locality 82 

studied, tourmaline-quartz veins (Fig. 2e) extend throughout all exposure levels of the granites, 83 

and locally cut the tourmaline orbicules, USTs, and/or tourmaline cavities, implying a later 84 

timing (Hong et al. 2017a).  85 

The White Heemskirk Granite is genetically related to abundant Sn-W-Fe skarns and 86 

greisens, Ag-Pb-Zn veins (>750 t Ag), and an unusual hydrothermal Ni deposit (Avebury, 29.3 87 

Mt at 0.9% Ni; Seymour et al. 2007; Fig. 1b). More than 35 Sn-W deposits and occurrences were 88 
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discovered within the White Heemskirk Granite (Fig. 1b). The large Sn-W deposits include 89 

Federation, Globe, Sweeneys, Colemans, Tenth Legion, and St. Dizier, with an estimated 90 

resource of >0.03 Mt Sn (Hong et al. 2017a). Significant Sn-W deposits (e.g., Severn, Queen 91 

Hill, Montana, and Oonah) have been found in the Zeehan mineral field, which overlies the 92 

subsurface eastern flank of the Heemskirk Granite, yielding more than 0.104 Mt Sn (Seymour et 93 

al. 2007; Callaghan personal communication 2013). The tourmaline-quartz veins in places host 94 

cassiterite and base-metal mineralization within the White Heemskirk Granite, whereas the 95 

tourmaline patches, orbicules, and cavities have not been observed to contain cassiterite or other 96 

stanniferous minerals (Hong et al. 2017a). Tourmaline-filled miarolitic textures and USTs were 97 

not observed within the Pieman Heads Granite, which is not associated with any known 98 

mineralization (Fig. 1c). 99 

 100 

Analytical methods 101 

Tourmaline- and quartz-bearing patches, orbicules, cavities, and veins were sampled from both 102 

the Heemskirk Granite (Trial Harbor and Granville Harbor; Fig. 1b) and Pieman Heads Granite 103 

(Fig. 1c). Subsamples of key mineralogical and textural features were cut and mounted in epoxy 104 

resin, and polished for microanalysis. Most of the polished planes were oriented perpendicular or 105 

parallel to the long (c) axis of the tourmaline grains. Back-scattered electron images of selected 106 

tourmaline grains were obtained using an FEI Quanta 600 environmental scanning electron 107 

microscope (SEM), whereas qualitative element mapping was performed using a Hitachi SU-70 108 

UHR field emission-scanning electron microscope (FE-SEM), both at the Central Science 109 

Laboratory, University of Tasmania. 110 
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Boron and oxygen isotopic compositions of tourmaline and quartz samples were 111 

measured using a CAMECA ims7f secondary ion mass spectrometer (SIMS) at the Department 112 

of Geological Sciences, University of Manitoba, Canada. Gold-coated samples and standard 113 

mounts were placed in stainless steel sample holders, and the whole assembly was loaded into 114 

the SIMS sample chamber airlock and held at high vacuum for a minimum of eight hours prior to 115 

the start of analysis, in order to reduce interference and increase accuracy. The B-isotopic ratios 116 

were measured using a ~5nA primary beam of O-ions accelerated at 12.5 kV with a spot size of 117 

~30µm, following a procedure similar to those described by Shabaga et al. (2010) and Belley et 118 

al. (2014). Sample-accelerating voltage and electrostatic analyzer in the secondary column were 119 

both configured to +10 kV; an energy window of ± 50 volts was used without application of a 120 

voltage offset. A 60-second pre-sputter was applied. The mass spectrometer was operated at a 121 

mass resolving power of 800, and each spot analysis lasted 5 minutes. 11B+ and 10B+ were 122 

detected using a Balzers SEV 1217 electron multiplier coupled with an ion-counting system by 123 

switching the magnetic field. The ion-counting system had an overall dead time of 25 ns. An 124 

elbaite standard with 11B/10B ratio of 4.001162 (No. 98114; Dyar et al. 2001) was used to 125 

calibrate for instrumental mass fractionation (IMF). During the analytical period from 30 126 

September to 4 October, 2013, daily external precision for analyzing the elbaite standard was 127 

0.2, 0.2, 0.1, 0.2, and 0.3‰ (1σ), respectively. The B-isotopic composition is expressed in delta 128 

notation, as a per mil deviation from the boric acid standard NIST SRM 951 (11B/10B = 4.0437 ± 129 

0.0033, Catanzaro et al. 1970), as follows: 130 

δ11B = ([11B/10B]sample/[
11B/10B]SRM951 – 1)*1000                       (Equation 1)  131 

Operating conditions and correction methods for the oxygen isotopic measurement were 132 

similar to those described in Fayek et al. (2002). A ~2 nA primary ion beam of Cs+ accelerated at 133 
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10 kV was focused to a 15-20 µm spot size. The sample-accelerating voltage and electrostatic 134 

analyzer in the secondary column were set to –8.75 kV and –9 kV, respectively. A Balzers SEV 135 

1217 electron multiplier coupled with an ion-counting system was used to detect 18O- and 16O-. 136 

The ion counting system had an overall dead time of 20 ns. One cycle of analysis consisted of 1 137 

second of detection of 16O- and 5 seconds of detection of 18O-, each analysis comprised 70 cycles. 138 

A ± 25 volts energy window was used with a 250 sample voltage offset. The entrance slit was set 139 

at 247 µm with a mass resolving power of 347. An electron gun was used for charge 140 

compensation. A quartz standard with 18O/16O ratio of 2.0299 x 10-3 (UWQ1; Kelly et al. 2007) 141 

and an elbaite standard with 18O/16O ratio of 2.0331 x 10-3 (No. 98114; Dyar et al. 2001) were 142 

used to calibrate for IMF. External precisions for individual spot reproducibility on the quartz 143 

standard were 0.1, 0.3, and 0.2‰ (1σ) from 7 to 9 January, 2014, and 0.5 and 0.4‰ (1σ) on 10 144 

and 13 January, 2014, on the elbaite standard. The oxygen isotopic data (δ18O) are reported in ‰ 145 

units relative to Vienna-Standard Mean Ocean Water (V-SMOW). 146 

  147 

Analytical results 148 

Compositional zoning in tourmaline 149 

Readers are referred to Hong et al. (2017a) for a detailed description of tourmaline compositions. 150 

Briefly, the study showed that tourmaline from the Heemskirk and Pieman Heads granites has 151 

high Na and K (Na + K > 0.5 apfu) and low Ca (<0.1 apfu) contents. More than 94% of the 152 

tourmaline belongs to the alkali group with 6% in the vacancy group (Fig. 3a). The tourmaline 153 

has high Al (6.4 to 7.8 apfu), high Fe (1.07 to 2.5 apfu), relatively low Mg (0.03 to 0.86 apfu) 154 

components (Hong et al., 2017a), and is mostly classified as schorl with minor foitite (Fig. 3b). 155 

Generally, the tourmaline from the Heemskirk Granite has higher Fe and Na, and lower Mg 156 
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contents than that from the Pieman Heads Granite, and defines a much more restricted range in a 157 

Mg/(Mg+Fe) versus X
□
/(Na+K+X

□
) plot (Fig. 3b). Furthermore, Mg in tourmaline appears to 158 

decrease consistently, and Fe increases gradually from the patches, via orbicules (and cavities), 159 

to veins within the two granites (Fig. 3b). 160 

Combined backscattered electron, qualitative X-ray element maps, and electron 161 

microprobe analyses reveal three categories of major-element distribution in planes oriented 162 

perpendicular or parallel to the c-crystallographic axis (Fig. 4). Tourmaline cores are mostly 163 

enriched in Al, whereas the rims are generally dominated by oscillatory zones rich in Fe, Mg, 164 

Na, and Ti concentrations (Figs. 4a-d). In contrast, several tourmaline grains from tourmaline-165 

quartz veins within the Pieman Heads Granite have Fe (-Al)-rich cores and Mg (-Na-Ti)-rich 166 

rims (Figs. 4e). A distinctive tourmaline crystal from a tourmaline vein in the Pieman Heads 167 

Granite has a core extremely enriched in Al (>7.5 apfu) and Mn (Fig. 4f), and shows diffuse 168 

boundary zoning to a Fe-rich mantle. An anhedral apatite inclusion occurs between these two 169 

zones (Fig. 4f). The rim contains alternating Mg- and Fe-rich oscillatory bands (Fig. 4f).  170 

 171 

Boron isotope results 172 

Boron isotopic results for individual samples are included in Electronic Supplementary Material 173 

1A. The B-isotopic compositions of tourmaline (δ11B) associated with the Heemskirk Granite 174 

range between –21.7 and +4.1‰ (n = 75; Table 1; Fig. 5). The highest and lowest δ11B values 175 

were obtained in the Heemskirk Granite at Trial Harbor (Fig. 1b) from tourmaline cavities and 176 

patches, respectively. One grain from the Trial Harbor tourmaline patches has a bimodal δ11B 177 

distribution: all of the low δ11B values are from a tourmaline core (–21.7 to –16.2‰; average = –178 

19.6‰, n = 4), whereas the tourmaline rim has δ11B values between –8.8 and –0.6‰, averaging 179 



 

10 

–3.5‰ (n = 9; Fig. 5a). The δ11B ratios of tourmaline from the orbicules display a narrower 180 

range from –7.3 to –1.6‰ (n = 15; Fig. 6a), with an average of –4.5‰. Tourmaline in 181 

tourmaline-quartz veins that cut other tourmaline-rich features has δ11B values of –7.5 to –0.3‰, 182 

with an average of –3.8‰ (n = 10). The tourmalines in miarolitic cavities have a higher average 183 

δ11B value (–2.3‰, n = 22; Table 1), and more variable compositions than those in the 184 

tourmaline orbicules (Fig. 5a). Tourmalines in orbicules from the Heemskirk Granite at Granville 185 

Harbor (Fig. 1b) show a range of δ11B values from –13.9 to –8.9‰ (average = –11.4‰, n = 7; 186 

Table 1), whereas δ11B values for tourmalines in miarolitic cavities at this locality are higher and 187 

have a narrow distribution from –2.4 to +0.6‰ (average = –0.8‰, n = 8; Fig. 5b). 188 

The B-isotope compositions of tourmaline associated with the Pieman Heads Granite 189 

range between –10.3 and –0.3‰ (n = 52), and have a more restricted isotopic range than those 190 

from the Heemskirk Granite. More than 75% of the δ11B data for the Pieman Heads Granite fall 191 

into the range of –6 to –2‰ (Table 1; Fig. 5c). Tourmaline patches show a broad range of δ11B 192 

values from –10.3 to –1.1‰, and a tourmaline rim has higher δ11B values (–3.6 to –1.1‰) than 193 

those of a tourmaline core of the same grain (–10.3 to –6.4‰; Fig. 5c). In contrast, the δ11B 194 

range is narrow for tourmaline orbicules from this granite, varying between –6.6 and –1.1‰ with 195 

an average of –4.4‰ (n = 6). Tourmaline veins in the Pieman Heads Granite display a boron 196 

isotopic range between –9.2 and –0.3‰ (n = 39). One tourmaline grain has two low δ11B values 197 

(–9.2 and –9.0‰), and four tourmaline crystals from the veins have δ11B compositions of –7.6 to 198 

–0.3‰ (Fig. 5c). In general, the average δ11B compositions increase sequentially from 199 

tourmaline patches, to orbicules, cavities, and veins in both the Heemskirk and Pieman Heads 200 

intrusions (Table 1; Fig. 5c). 201 

  202 
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Oxygen isotope results 203 

Details of oxygen isotopic results on individual samples are presented in Electronic 204 

Supplementary Material 1B. The δ18O values of tourmaline from the Heemskirk and Pieman 205 

Heads granites range from +6.5 to +14.9‰ (n = 38; Table 2; Fig. 6). For the Heemskirk Granite, 206 

tourmaline from the patches has a narrow measured δ18O range from +9.8 to +11.3‰ (Table 2), 207 

and δ18O values of the tourmaline orbicules vary from +8.9 to +14.9‰ (Fig. 6a). The tourmaline 208 

from the cavities and veins has δ18O values of +9.7 to +13.3‰ and +10.4 and +11.5‰, 209 

respectively (Table 2; Fig. 6a). For the Pieman Heads Granite, tourmaline from patches has δ18O 210 

values of +8.6 to +13.3‰ (average = +10.8‰; Fig. 6b), whereas that from the orbicules averages 211 

+9.7 ± 0.4‰ (n = 4; Table 2). Tourmaline in the veins has a δ18O average (+9.4‰) similar to that 212 

of the orbicules, but ranges widely from +6.5 to +11.9‰ (Table 2; Fig. 6b).  213 

Quartz shows a wider range of δ18O compositions (+5.0 to +16.1‰, n = 33) than 214 

associated tourmaline from the two granites (Table 2; Figs. 6c-d). For the Heemskirk Granite, 215 

δ18O values of quartz in the patches have a restricted range from +10.0 to +12.0‰, whereas those 216 

from the orbicules fluctuate between +7.2 and +11.6‰ (Table 2; Fig. 6c). Quartz from the 217 

tourmaline-filled cavities has higher δ18O values of +13.5 to +16.1‰ than those from the veins at 218 

Heemskirk (+10.5 to +10.8‰; Table 2). For the Pieman Heads Granite, quartz from the 219 

tourmaline-rich veins has relatively high δ18O values of +11.4 to 12.7‰, whereas the orbicule-220 

hosted quartz shows a narrow δ18O range of +5.0 to +8.8‰ (Table 2; Fig. 6d). δ18O signatures of 221 

quartz from the patches vary between +5.7 and +11.0‰ at Pieman Heads (Table 2; Fig. 6d).  222 

 223 
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Isotopic variations across tourmaline growth zones 224 

In situ SIMS isotope analyses show that δ11B variations range from less than 1‰ up to 19‰ 225 

across growth zones within a single tourmaline grain, with δ18O variations up to 6‰ (Fig. 7; Fig. 226 

2 in Online Resource 2). For most analyzed grains, δ11B and δ18O values generally increase from 227 

cores to rims (Fig. 7). For example, a tourmaline core from a patch at Trial Harbor (Heemskirk 228 

Granite) has the lowest δ11B value (–21 ± 0.3‰), and an δ18O value of +10.5 ± 0.5‰. The rim of 229 

this grain has a much higher δ11B (–0.6 ± 0.3‰) than the core (Fig. 7a), and δ18O of +11.3‰, 230 

within analytical error (± 0.5‰), overlapping the O-isotopic ratio for the core (Fig. 7a). Similar 231 

boron and oxygen isotopic variations are observed in tourmaline grains from other tourmaline-232 

rich features (Online Resource 1A and 1B and Fig. 2 in Online Resource 2), such as tourmaline-233 

filled orbicules and cavities from the Heemskirk Granite (e.g., Fig. 7b), and tourmaline patches 234 

and veins from the Pieman Heads Granite (e.g., Figs. 7c-d). 235 

 236 

Discussion 237 

Potential fluid sources 238 

Petrographic evidence shows that the granular quartz and associated prismatic tourmaline 239 

observed in this study lack mutual crosscutting or replacement features (Hong et al., 2017a). The 240 

two minerals are interpreted to have precipitated at similar times in each tourmaline-rich domain. 241 

Oxygen isotopic fractionation factors of quartz-tourmaline pairs analyzed in this study are listed 242 

in Table 3. The ∆18O(Qtz-Tur) ratios for a tourmaline patch (Heemskirk; 0.5‰), cavity (Heemskirk; 243 

3.5‰), and vein (Pieman Heads; 2.4‰) yield positive values. Only the latter two ∆18O(Qtz-Tur) 244 

ratios can be used to calculate equilibrium temperatures, which are 293° and 425°C, respectively 245 

(Kotzer et al., 1993); the 0.5‰ value for the tourmaline patch yields an unreasonable 246 
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temperature of 3115°C. Five of a total of eight quartz-tourmaline pairs have negative values (–247 

3.0 to –0.5‰; Table 3), implying that most of the coexisting quartz and tourmaline present in the 248 

two Tasmanian granites did not achieve O-isotopic equilibrium. It is possible that all of these 249 

quartz-tourmaline pairs could not be used for isotopic geothermometric study. Alternatively, 250 

based on Ti-in-quartz geothermometry and microthermometric data for fluid inclusions (Hong 251 

2016), tourmaline-quartz patches, orbicules, and cavities from the Heemskirk and Pieman Heads 252 

granites are estimated to have formed at temperatures of 600° to 500°C, under pressures of 1.3 to 253 

0.6 kbar (Table 4; Hong 2016). The late-stage tourmaline-quartz veins formed at lower 254 

temperatures of 400° to 310°C and pressures of 0.3 to 0.1 kbar. Using these estimated 255 

temperatures, B- and O-isotopic compositions for the fluids were calculated according to the 256 

fractionation equations of Meyer et al. (2008; tourmaline, δ11B) and Clayton et al. (1972; quartz, 257 

δ18O), and Kotzer et al. (1993; tourmaline, δ18O); results are listed in Table 4 and shown in 258 

Figures 8 and 9. The δ18O values of quartz were not used to calculate those of equilibrated fluids, 259 

because some quartz grains analyzed for O isotopes have CL-dark features and contain 260 

secondary fluid inclusion trails, implying that O isotope exchange occurred during formation of 261 

the quartz grains and trapping of the secondary fluid inclusions. 262 

The calculated δ11B and δ18O compositions of the fluids from which tourmaline 263 

precipitated range mainly from –12 to +2‰ and from +8 to +13‰, respectively (Table 4). The 264 

14‰ range in B-isotopes imply that these results cannot simply be explained by a magmatic-265 

hydrothermal fluid derived from the host granites (Taylor 1974; Jiang and Palmer 1998; 266 

Wittenbrink et al. 2009; Marschall and Jiang 2011; Marks et al. 2013; Trumbull and Slack 2018; 267 

Figs. 8 and 9). An apparent deviation from the isotopic range is the strongly negative δ11B value 268 

(–21.7 to –21.3‰) obtained for tourmaline patches in the White Heemskirk Granite that are 269 
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unlikely to have originated from a non-marine evaporitic source (the major reservoir of 10B; 270 

Marschall and Jiang 2011), owing to the apparent absence of evaporite-bearing sequences known 271 

in the western Tasmanian stratigraphy (Corbett et al. 2014). Instead, a 10B-rich fluid for the 272 

tourmaline patches having δ11B < –21‰ could reflect a residual liquid produced after extensive 273 

volatile exsolution of the initial felsic melt (Fig. 8). 274 

The positive δ11B values for tourmaline from quartz-filled cavities and veins in the 275 

Heemskirk Granite (Fig. 5) are at the upper end of values reported for magmatic-hydrothermal 276 

fluids derived from granitoids (Fig. 8; Jiang and Palmer 1998; Trumbull and Slack 2018). Higher 277 

δ11B values in tourmaline can only relate to fluid exsolution if the tourmaline crystallized from 278 

the fluid, and not the melt. Volatile exsolution during late stage granite crystallization could have 279 

driven the δ11B values in tourmaline from the cavities and quartz veins towards more positive 280 

values (Jiang and Palmer 1998). However, it is also possible that minor, externally derived 11B-281 

rich fluids from the marine meta-ultramafic and/or meta-sedimentary rocks on the southern 282 

contact of the Heemskirk Granite contributed to the formation of these tourmaline-rich veins 283 

(Fig. 1b), because these rocks are potential sources of 11B-enriched material (Marschall and Jiang 284 

2011). The δ18O values of the fluid associated with vein tourmaline (+5.9 to +7.0‰ at 310°C; 285 

Fig. 9) are lower than those of the host granites (+10 to +11‰; Hajitaheri 1985), and of the 286 

surrounding metasedimentary rocks (+14.3 to +15.0 ‰; Hajitaheri 1985), but overlap the typical 287 

δ18O range of magmatic waters (+5.5 to +10 ‰; Taylor 1974). These results suggest that the 288 

tourmaline-quartz veins are predominantly magmatic-hydrothermal in origin. Given a minor 289 

contribution of a high-δ18O fluid probably sourced from the country rocks (cf. δ11B values), 290 

small volumes of a relatively low-δ18O meteoric water (e.g., Taylor 1974) are reasonably 291 

expected to have been mixed with the dominant magmatic fluid component, shifting the δ18O 292 
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values to +5.9 to +7.0‰ for the hydrothermal fluids from which the tourmaline veins 293 

precipitated. The high δ18O values detected in the tourmaline rims relative to the cores (Fig. 7 294 

and Fig. 2 in Online Resource 2) may relate to the contribution of a high-δ18O source from the 295 

country rocks. 296 

 297 

Isotopic fractionation due to volatile exsolution 298 

Tourmaline orbicules in the Heemskirk Granite at Trial Harbor are interpreted to have developed 299 

in a 20-cm-wide aplitic dike that fed a small tourmaline orbicule-bearing sill (at least 20 m long 300 

× 10 m wide) below contact of the the Red and White Heemskirk granites (Hong et al. 2017a). 301 

Tourmaline orbicules and associated miarolitic cavities are cut by tourmaline-quartz veins (Fig. 302 

2; Hong et al. 2017a). The tourmaline veins therefore did not act as conduits transporting boron-303 

rich fluids to form the tourmaline orbicules and cavities. The tourmaline patches and orbicules 304 

formed at high temperatures (550°–600°C; Table 4; Hong 2016) and have lower δ11B values 305 

overlapping those of magmatic tourmaline (–21.7 to –16.2‰ and –13.9 to –1.1‰; Fig. 8), and 306 

higher δ18O values (+7 to +13‰; Fig. 9) that are more consistent with a granitic melt than with 307 

the tourmaline veins (Figs. 8 and 9). Our isotopic results and field observations of Hong et al. 308 

(2017a) are consistent with deposition of the tourmaline nodules by aqueous boron-rich fluids 309 

exsolved from granitic melts (Trumbull et al. 2008; Drivenes et al. 2015), and do not support a 310 

post-magmatic metasomatic model in which the tourmaline orbicules are products of boron-rich 311 

fluids that were transported along fractures and replaced the granitic rocks (cf. Rozendaal and 312 

Bruwer 1995).  313 

Peraluminous, volatile-rich (e.g., H2O, B, and F) S-type granitic magmas can be produced 314 

through partial melting and/or assimilation of pre-existing metapelitic sedimentary rocks 315 
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(London et al. 1996; Trumbull et al. 2008; Drivenes et al. 2015). With progressive fractional 316 

crystallization of this type of magma, an immiscible B-F-Na-rich hydrous liquid has been shown 317 

experimentally to separate from the aluminosilicate-rich melt (Veksler et al. 2002). The B-rich 318 

aqueous phase can ascend buoyantly as a bubble-laden plume (Candela 1991, 1997) interstitially 319 

between grain boundaries within the siliceous melt due to its low viscosity and density (Dingwell 320 

et al. 1996). The B-Fe-Na-rich brine and coexisting vapor were locally trapped together as 321 

pockets in the granitic melts during ascent (Candela 1997). Salt-bearing fluid inclusions 322 

coexisting with liquid-rich fluid inclusions are found in quartz from the tourmaline orbicules 323 

(Hong 2016). Additional microthermometric data (Hong 2016) show that a hypersaline fluid 324 

(salinities up to 56 wt % NaCl equiv) exsolved from the granitic melt. This fluid has the potential 325 

to scavenge significant amounts of Fe, Mg, Na, and Al (e.g., Audétat et al. 2000; Seedorff et al. 326 

2005), whereas incompatible boron (and possibly F, Cl) are preferentially transported in vapor 327 

bubbles. 11B would partition preferentially into the hydrous B-bearing volatile-rich fluids 328 

compared to the felsic melt, which would be enriched in 10B (Palmer and Swihart 1996; Hervig 329 

et al. 2002). Volatile exsolution during the late crystallization stage of felsic magmas at 330 

temperatures of 600° to 500°C is interpreted to have resulted in the observed systematic increase 331 

of B-isotopic values from tourmaline patches (average –7.0‰), to tourmaline orbicules (average 332 

–4.5‰), to cavities (average –1.9‰) for the Heemskirk and Pieman Heads granites (Fig. 8). In 333 

contrast, the tourmaline core within the patches with δ11B values as low as –20‰ (Fig. 8) might 334 

have precipitated from a 10B-rich residual melt. Hydrogen isotopic analyses of tourmaline are 335 

recommended to further evaluate this hypothesis (cf. Kotzer et al. 1993). 336 

However, the tourmaline grains in late-stage cavities and veins from the two studied 337 

Tasmanian granites have δ11B ranges of –2 to +6‰, which may also be products of mixing with 338 



 

17 

minor external fluids sourced from 11B-rich submarine meta-ultramafic and/or meta-sedimentary 339 

rocks (Marschall and Jiang 2011). The low δ18O values calculated for fluids (+3.6–+5.9‰; Table 340 

4) from which tourmaline-quartz veins formed suggest minor externally meteoric water was 341 

probably contributed to deposition of the late-stage tourmaline-rich assemblages. Abrupt 342 

variations of δ11B and δ18O compositions between different tourmaline growth zones (3.4 to 343 

5.1‰) coincide with distinctive textural and compositional differences across individual zones 344 

(e.g., Al(-Mn)-rich core vs. Mg-Fe-rich rim; Figs. 7c-d). The distinct and coincident isotopic and 345 

compositional variations between tourmaline growth zones provide additional evidence for the 346 

external fluids circulated into the hydrothermal fluid of magmatic origin. 347 

 348 

Implications for tin mineralization 349 

δ11B values of the paragenetically early tourmaline patches and orbicules from the Tasmanian Sn 350 

granites mostly range from –20.2 to –2‰, largely overlapping those from Bolivian porphyry Sn 351 

deposits (–16 to –7‰; Wittenbrink et al. 2009) and the Sn-mineralized Cornubian Batholith of 352 

Southwest England (–12.6 to –1.9‰; Drivenes et al. 2015). The high δ11B values (up to –1.9‰) 353 

of the Cornubian Batholith were interpreted as a result of fluid-tourmaline fractionation 354 

modelling at 550°C (Drivenes et al. 2015), consistent to our volatile exsolution hypothesis 355 

above. The 11B-depleted composition of the tourmaline reveals that the Sn-mineralized intrusions 356 

were likely produced by partial melting of continental (non-marine) sedimentary rocks (e.g., 357 

pelitic sources; Marschall and Jiang 2011; Romer et al. 2014; Fig. 8), which is consistent with 358 

radiogenic isotopic data for the western Tasmanian granites including initial 206Pb/204Pb, 359 

207Pb/204Pb, and 208Pb/204Pb ratios of 18.79–20.7, 15.62–15.74, and 37.9–38.9 (Hong et al. 360 

2017b). The δ11B signatures are consistent with the Sn-mineralized magmas lacking any 361 
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involvement with seawater-derived slab fluids, in contrast to oxidized porphyry Cu and iron 362 

oxide-copper-gold systems (cf. Wittenbrink et al. 2009; Tornos et al. 2012). 363 

Geochemical and mineralogical data indicate that both studied Tasmanian granites are 364 

leucocratic and ilmenite-series (reduced), but that the White Heemskirk Granite (Rb/Sr 12–76) 365 

experienced more extensive crystal fractionation than the Pieman Heads Granite (Rb/Sr 5–7; 366 

Corbett et al. 2014; Hong et al. 2017b). LA-ICP-MS analyses have shown that tourmaline from 367 

the Sn-mineralized White Heemskirk Granite contain higher Zn/Nb, Co/Nb, Sr/Ta, and Co/La 368 

ratios, and have higher Sn contents, than those from the barren Pieman Heads Granite (Hong et 369 

al. 2017a). Boron isotopic data for tourmaline from this study also show prominent isotopic 370 

variations between the White Heemskirk and Pieman Heads granites (Figs. 5 and 8). The early-371 

stage tourmaline patches and orbiclues from the White Heemskirk Granite have a wider range of 372 

low δ11B values (–21.7 to –1.6‰) than those from the Pieman Heads Granite (–10.3 to –1.1‰; 373 

Fig. 8). This difference suggest that the White Heemskirk Granite incorporated a larger 374 

component of 10B-rich metapelitic material than the Pieman Heads Granite. Furthermore, higher 375 

δ11B values were obtained from the late-stage tourmaline cavities and veins of the White 376 

Heemskirk Granite (–7.5 to +4.1‰) than those from the Pieman Heads Granite (–9.2 to –0.3‰), 377 

implying that the Sn-mineralized Heemskirk magmas experienced higher degree of fluid 378 

exsolution, and interacted with minor 11B-rich fluids derived from a marine meta-ultramafic or 379 

sedimentary source. All of these factors may have played a role in determining why abundant Sn 380 

and base-metal deposits are associated with the White Heemskirk Granite but not with the 381 

unmineralized Pieman Heads Granite. 382 

 383 

Conclusions 384 
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Tourmaline grains in magmatic-hydrothermal features from western Tasmanian granites have 385 

distinctive compositional and isotopic zoning. The tourmaline and/or quartz from the Heemskirk 386 

and Pieman Heads granites show average δ11B of –4.7 ± 4.0‰ and average δ18O V-SMOW of +10.7 387 

± 1.8‰, and coexisting fluids are calculated to have δ11B compositions of –20.2 to +6‰ and 388 

δ18O V-SMOW of +3.6 to +13.2‰. These results indicate that tourmaline-rich assemblages formed 389 

predominantly by magmatic-hydrothermal fluids sourced from their host intrusions, mixed with 390 

minor external sources derived from metasedimentary, meta-ultramafic rocks, and/or meteoric 391 

water. The systematic increase observed in B-isotopic compositions from tourmaline patches (–392 

7.0‰) to orbicules (–4.5‰) and cavities (–1.9 ‰) in both the Heemskirk and Pieman Heads 393 

granites, is consistent with progressive magmatic-hydrothermal volatile exsolution during final 394 

crystallization stages of the granitic intrusions. The Sn-mineralized Heemskirk Granite has a 395 

wide range of B-isotopic signatures (–21.7 to +4.0‰), supporting a model in which the 396 

fractionated felsic magmas were generated by assimilation of substantial volumes of continental 397 

(non-marine) pelitic sedimentary rocks. Such fluid exsolution, as proposed here for the 398 

Heemskirk Granite, has the potential to produce significant economic tin mineralization. 399 
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 552 

Figure captions 553 

Fig. 1 a Simplified geological map of northern Tasmania (modified from Seymour et al. 2007). b 554 

Geological map showing Heemskirk Granite and associated Sn-W deposits (modified from 555 

Hajitaheri 1985; Hong et al. 2017a). c Geological map of Pieman Heads Granite (modified from 556 

Corbett et al. 2014). 557 

Fig. 2 a Schematic cross-section showing tourmaline-rich textural features in the Heemskirk 558 

Granite at Trial Harbor, western Tasmania. b Tourmaline patches consist of dendritic tourmaline 559 

interstitial to quartz and feldspar at lower levels within the granite. c Tourmaline-quartz orbicules 560 

(3 to 15 cm) are commonly located near granitic carapaces, immediately below a sill containing 561 

quartz-rich unidirectional solidification textures. d Tourmaline cavities commonly occur in 562 

upper-level granitic sills, characterized by radial tourmaline crystals at the center of the cavities. 563 

e Tourmaline veins extend hundreds of meters from lowest to uppermost domains of exposed 564 

intrusions. Abbreviations: Tur = tourmaline, Qtz = quartz, USTs = unidirectional solidification 565 

textures. 566 

Fig. 3 a Ternary diagram of tourmaline groups based on X-site occupancy. b Binary diagram of 567 

Mg/(Mg+Fe) versus X
□
/(Na+K+X

□
). Data from Hong et al. (2017a). Abbreviations: Tur = 568 

tourmaline, X
□
 = vacancy at X-site. 569 
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Fig. 4 Representative qualitative element maps of tourmaline grains showing typical core-rim 570 

compositional patterns in (a) patches, (b, c) tourmaline-filled miarolitic textures from Trial 571 

Harbor of the Heemskirk Batholith, and (d, e and f) in veins from the Pieman Heads Granite. 572 

Most tourmaline grains are sectioned perpendicular to c-axis; grain in (f) is parallel to c-axis. 573 

Brighter areas represent higher concentration of each element. Scale for each series of element 574 

maps is same as that shown for related BSE image. 575 

Fig. 5 Histograms showing boron isotopic composition of tourmaline in different textural 576 

assemblages from (a) Trial Harbor, (b) Granville Harbor, Heemskirk Granite, and (c) the Pieman 577 

Heads Granite. 578 

Fig. 6 Histograms showing oxygen isotopic compositions of minerals from the Heemskirk and 579 

Pieman Heads granites. a and b O-isotope values of tourmaline, c and d O-isotope values of 580 

quartz associated with tourmaline. 581 

Fig. 7 B- and O-isotope profiles across zoned tourmaline grains. a Tourmaline patch and b 582 

tourmaline cavity from Trial Harbor of the Heemskirk Granite. c Tourmaline patch and d 583 

tourmaline vein from the Pieman Heads Granite. 584 

Fig. 8 a Major boron reservoirs. b Ranges of B-isotopic compositions of tourmaline from 585 

different environments (Marschall and Jiang 2011; Romer et al. 2014). c Comparison of 586 

measured and temperature-calibrated δ11B compositions for tourmaline (Tur) and fluid, 587 

respectively, from this study. Abbreviations: TH = Trial Harbor, GH = Granville Harbor. 588 

Fig. 9 O-isotopic compositions of tourmaline from different host rocks and ore deposits, and O-589 

isotope ratios for tourmaline (Tur) and related fluids for samples from the Heemskirk Granite at 590 

Trial Harbor (TH), and Pieman Heads Granite. 591 



 

 



 













 



Table 1 The measured δ11B ranges and averages of tourmaline from the western 

Tasmanian granites 

Sample  Area Type Range (‰) Average (‰) 1σ (‰) Number 

WT12WH20 TH, Heemskirk Patch −21.7 to −0.6 −8.4 7.7 13 

WT12WH28 TH, Heemskirk Orbicule −7.3 to −1.6 −4.5 1.7 15 

WT12WH24 TH, Heemskirk Cavity −6.5 to +4.1 −2.3 2.4 22 

WT12WH23 TH, Heemskirk Vein −7.5 to −0.3 −3.8 2.9 10 

WT12WH35 GH, Heemskirk Orbicule −13.9 to −8.9 −11.4 1.0 7 

WT12WH33 GH, Heemskirk Cavity −2.4 to + 0.6 −0.8 1.8 8 

WT12WH04 Pieman Heads Patch −10.3 to −1.1 −5.7 3.0 7 

WT12WH07 Pieman Heads Orbicule −6.6 to −1.1 −4.4 1.7 6 

WT12WH13 Pieman Heads Vein −9.2 to −0.3 −4.5 1.9 39 

Abbreviation: TH = Trial Harbor, GH = Granville Harbor 

Table 2 The measured δ18OV-SMOW ranges and averages of tourmaline and quartz 

Sample Area Type Mineral Range (‰) Average (‰) 1σ (‰) Number 

WT12WH20-3 TH, Heemskirk Patch Tourmaline  +9.8 to +11.3 10.5 0.6 4 

WT12WH28-3-1 TH, Heemskirk Orbicule Tourmaline  +10.3 to +13.4 12.2 1.3 4 

WT12WH28-3-2 TH, Heemskirk Orbicule Tourmaline  +8.9 to +14.9 11.3 2.2 4 

WT12WH24-3 TH, Heemskirk Cavity Tourmaline  +9.7 to +13.3  11.6 1.3 5 

WT12WH23-1 TH, Heemskirk Vein Tourmaline  +10.4 to +11.5 11.2 0.4 4 

WT12WH04-1 Pieman Heads Patch Tourmaline  +8.6 to +13.3  10.8 1.7 4 

WT12WH07-2 Pieman Heads Orbicule Tourmaline  +9.1 to +10.2 9.7 0.4 4 

WT12WH13-1 Pieman Heads Vein Tourmaline  +6.5 to +11.9  9.4 1.8 9 

WT12WH20-3 TH, Heemskirk Patch Quartz  +10.0 to +12.0 11.0 0.8 3 

WT12WH28-3-1 TH, Heemskirk Orbicule Quartz  +7.9 to +11.6 10.0 1.3 5 

WT12WH28-3-2 TH, Heemskirk Orbicule Quartz  +7.2 to +10.3 8.4 1.4 3 

WT12WH24-3 TH, Heemskirk Cavity Quartz  +13.5 to +16.1 15.1 1.0 6 

WT12WH23-1 TH, Heemskirk Vein Quartz  +10.5 to +10.8 10.6 0.1 4 

WT12WH04-1 Pieman Heads Patch Quartz  +5.7 to +11.0 8.4 1.9 4 

WT12WH07-2 Pieman Heads Orbicule Quartz  +5.0 to +8.8 7 1.8 4 

WT12WH13-1 Pieman Heads Vein Quartz  +11.4 to 12.7  11.9 0.5 4 

Abbreviation: TH = Trial Harbor, GH = Granville Harbor 

  



Table 3 O-isotope fractionation of quartz-tourmaline pairs 

Sample Area Type 
Qtz 

(‰) 

Tur 

(‰) 

Δ=Qtz-T

ur (‰) 
T (°C) 

WT12WH20 TH, Heemskirk Patch 11.0 10.5 0.5 na. 

WT12WH28-3-1 TH, Heemskirk Orbicule 10.0 12.2 -2.2 na. 

WT12WH28-3-2 TH, Heemskirk Orbicule 8.4 11.3 -3.0 na. 

WT12WH24 TH, Heemskirk Cavity 15.1 11.6 3.5 293 

WT12WH23 TH, Heemskirk Vein 10.6 11.2 -0.5 na.  

WT12WH04 Pieman Heads Patch 8.4 10.8 -2.4 na. 

WT12WH07 Pieman Heads Orbicule 7.0 9.7 -2.7 na. 

WT12WH13 Pieman Heads Vein 11.9 9.4 2.4 425 

Note: Equilibrium temperatures (T) are calculated based on O-isotopic fractionation factor 

from Kotzer et al. (1993). Abbreviation: TH =Trial Harbor, Qtz = quartz, Tur = tourmaline, 

na. = not available 

 

Table 4 Temperature-calibrated B- and O-isotopic compositions 

Sample Area Type 
§Temper- 

ature (°C) 
δ11B (H2O, ‰) δ18OV-SMOW (H2O, ‰) 

WT12WH20 TH, Heemskirk Patch 565 −20.2 to +0.8 +8.1 to +9.6 

WT12WH28 TH, Heemskirk Orbicule 550 −5.8 to −0.1 +7.2 to +13.2 

WT12WH24 TH, Heemskirk Cavity 500 −4.6 to +6.0 +7.7 to +11.3 

WT12WH23 TH, Heemskirk Vein 310 −3.9 to +4.0 +5.9 to +7.0 

WT12WH35 GH, Heemskirk Orbicule 550 −12.3 to −7.3 None 

WT12WH33 GH, Heemskirk Cavity 500 −0.5 to +2.5 None 

WT12WH04 Pieman Heads Patch 600 −9.0 to +0.1 +7.0 to +11.7 

WT12WH07 Pieman Heads Orbicule 600 −5.3 to +0.2 +7.5 to +8.6 

WT12WH13 Pieman Heads Vein 400 −6.5 to +2.4 +3.6 to +9.0 

Note: §Temperatures are estimated based on Ti-in-quartz geothermometry and 

microthermometric results of fluid inclusions (Hong, 2016); B- and O-isotopes for fluids are 

calibrated by the equations from Meyer et al. (2008) and Kotzer et al. (1993), respectively. 

Abbreviation: TH =Trial Harbor, GH = Granville Harbor 
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