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ABSTRACT 
Mt Carlton is a Paleozoic high-sulfidation epithermal deposit located in the northern segment 

of the Bowen Basin in NE Queensland, Australia. The deposit is hosted in volcanic and 
sedimentary rocks of the Lizzie Creek Volcanic Group, the base of an Early Permian backarc 
rift sequence. Mt Carlton is currently mined in an open pit operation, which includes the Au-
rich V2 pit in the NE and the Ag-rich A39 pit in the SW. The mineralizing hydrothermal event 
at Mt Carlton occurred during active rifting, partly contemporaneously with the deposition of 
volcanic sediments in localized half-graben and graben basins. Steep normal faults and fracture 
networks related to the rifting acted as fluid conduits, and they are enveloped by inner cores of 
silicic alteration. The silicic cores transition outwards into a zone of quartz-alunite alteration, 
which in turn is enveloped by a zone of quartz-dickite-kaolinite alteration. This zoned alteration 
halo was produced by low-temperature (generally < 250°C) and oxidized (H2S/SO4 = 0.18) 
acidic vapor condensates, extensively mixed with meteoric fluids (50-85% meteoric 
component), which were progressively neutralized away from the upflow conduits. Proximal 
Au-Cu mineralization in the V2 pit occur in steep veins and hydrothermal breccias in a 
rhyodacite porphyry, and three distinct ore zones (Eastern, Western and Link) are aligned en 
echelon along a broadly E-W trending corridor. The Western ore zone continues to the SW 
along ~600 m strike length into the A39 pit. From proximal to distal, the Western ore zone 
shows a metal zonation of Au-Cu  Cu-Zn-Pb-Ag  Ag-Pb-(Cu)  Ag. Distal Ag 
mineralization in the A39 pit occurs in an overlying volcano-lacustrine sedimentary sequence, 
in a stratiform position parallel to primary sedimentary layering. Epithermal mineralization at 
Mt Carlton developed in three stages: Cu-Au-Ag mineralization dominated by enargite  Zn-
Pb-Au-Ag mineralization dominated by sphalerite  Cu-Au-Ag mineralization dominated by 
tennantite. In addition to their precious and base metal contents the ores at Mt Carlton are 
enriched in several so-called critical metals, including germanium, gallium and indium. 
Hydrothermal mineralization at Mt Carlton is overprinted by veins and void fill made up of 
massive dickite and pyrite, which formed from increasingly diluted fluids (85-95% meteoric 
component) expelled from a progressively degassing intrusion. 40Ar/39Ar dating of 
hydrothermal alunite yielded an age range of 284-277 ± 7 Ma, which links the formation of the 
Mt Carlton deposit to the Early Permian backarc rifting stage in the Bowen Basin. Prolonged 
extension provided rapid burial of the deposit beneath a post-mineralization volcano-
sedimentary cover, which was essential for the exceptional preservation of Mt Carlton. The 
same extension caused displacement of the rock pile across a series of shallowly dipping 
detachment faults. This has rotated and segmented the ore zones, and should have displaced 
potential linked porphyry mineralization relative to the existing Mt Carlton deposit.   
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1. INTRODUCTION 
High-sulfidation epithermal (HS) deposits are typically found in calc-alkaline, andesitic to 

dacitic volcanic arcs related to subduction zones (Sillitoe, 1993; Cooke and Simmons, 2000; 
Sillitoe and Hedenquist, 2003; Sillitoe, 2010). They are a major source of gold, silver and 
copper globally, and mineralization styles include hydrothermal breccias, veins, stockworks 
and disseminations or replacements (Arribas, 1995a). High-sulfidation epithermal 
mineralization occur within lithocaps, which are laterally extensive, subhorizontal blankets of 
residual quartz and advanced argillic alteration that overlie porphyry intrusions that may be 
enriched in copper-gold (e.g. Arribas et al., 1995b; Hedenquist et al., 1998; Sillitoe, 2000; 
2010; Chang et al., 2011).  

The northern Bowen Basin is a major metallogenic province related to Permo-Carboniferous 
magmatism in NE Queensland, Australia. It contains a variety of porphyry and epithermal gold-
copper deposits and prospects, which are hosted in Early Permian volcanic rocks deposited in 
a backarc rift environment (Figure 1). The largest deposit in this area, and the only one currently 
in production, is the Mt Carlton HS deposit. Mt Carlton was discovered in 2006, and has 
estimated resources (indicated + inferred) of 10.42 Mt at 2.92 g/t gold, 30.60 g/t silver and 0.47 
% copper (as of December 2016; Evolution Mining). An open pit mining operation commenced 
in 2013, and includes the larger and gold-rich V2 pit in the NE, and the smaller and silver-rich 
A39 pit in the SW (Figures 3, 5).  

There have been few recent deposit discoveries in NE Queensland, and exploration activity 
is currently very limited outside of a few major projects. The presence of economic HS 
mineralization and a well-developed lithocap at Mt Carlton is indicative of extensive 
hydrothermal activity, and it represents a highly prospective area for porphyry-related 
mineralization. The purpose of this subproject is to characterize the geologic, geochemical and 
genetic framework of the Mt Carlton deposit, and to develop criteria to assist in exploration in 
this district. In this report we will summarize the main findings of this work to date. 
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2. REGIONAL GEOLOGY 
The Bowen Basin is a NE-trending elongate basin covering an area of ~200,000 km2 in 

eastern Queensland (O’Neil & Danis 2013). The Bowen Basin formed as part of the New 
England Orogen during the Early Permian to Middle Triassic, and it comprises the northern 
part of a much larger basin system that also includes the Gunnedah and Sydney basins in New 
South Wales (Donchak et al., 2013). The Bowen Basin shows evidence of a complex tectonic 
evolution, which can be summarized as backarc extension, thermal relaxation and foreland 
basin phases. Rifting in the Bowen Basin was initiated in the Early Permian, due to extension 
of the backarc continental crust inland of the Connors Arc  (Hutton et al., 1999; Korsch et al., 
2009). This resulted in a series of isolated graben and half-graben basins, which were infilled 
with volcanic and sedimentary rocks (Esterle et al., 2002). The Lizzie Creek Volcanic Group 
was deposited during this time (288-275 Ma; Corral et al., this volume), and it is the principal 
host of mineralization in the northern Bowen Basin. The rifting stage was followed by a period 
of thermal relaxation, transgression and deposition of marine sediments in the Middle Permian 
(Malone et al., 1969; Allen and Fielding, 2007; Korsch and Totterdell, 2009). A series of 
westward-stepping orogenic fronts during the ~265-235 Ma Hunter-Bowen Orogeny caused 
tectonic inversion and the development of a foreland basin (Donchak et al., 2013). Progressive 
filling with terrestrial sediments and coal measures in the foreland basin occurred until the 
Bowen Basin closed in the Middle Triassic (Fielding et al., 1990; Fergusson, 1991; Holcombe 
et al., 1997; Esterle et al., 2002). 

Figure 1.  A) Location of the northern Bowen Basin (red rectangle) in NE Queensland, Australia. B) 
Geologic map of the northern Bowen Basin, showing the location of known mineral deposits and 
prospects. Grid – UTM zone 55; datum – GDA94. 
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3. GEOLOGY OF MT CARLTON 

3.1. Stratigraphy 
The basement unit at Mt Carlton is a granite belonging to the Urannah Batholith (297-294 

Ma; Corral et al., this volume), which comprises high-temperature I-type granites which also 
crop out along the eastern margin of the basin (Allen et al., 1998; Donchak et al., 2013). It can 
be classified as a fine to medium grained monzogranite, containing equigranular quartz, alkali 
feldspar, plagioclase, biotite and hornblende (Unit 1; Figures 2, 4A). The granite basement unit 
is overlain by a volcano-sedimentary sequence belonging to the Lizzie Creek Volcanic Group 
(Units 2 to 8; Figure 2).  

The basal unit of the Lizzie Creek sequence is a ~300 m thick andesite unit (Unit 2; Figures 
2, 4B, 6). The rocks comprise fine grained plagioclase-pyroxene ± hornblende phyric andesite, 
and minor monomict autoclastic andesite breccia.  

Overlying Unit 2 is an up to 200 m thick unit of massive and locally flowbanded quartz-
feldspar phyric rhyodacite, and minor monomict autoclastic quartz-feldspar phyric rhyodacite 
breccia (Unit 3; Figures 2, 3, 6). Unit 3 exhibits silicic and quartz-alunite alteration and hosts 
mineralization in the V2 pit. 

An up to 100 m thick unit of dacitic to rhyodacitic tuffs and sediments (Unit 4; Figures 2, 3, 
6) overlies Unit 3. Unit 4 has been subdivided into a lower unit (Unit 4A) and an upper unit 
(Unit 4B). Unit 4A comprises well-bedded, fragmental rhyodacite lapilli tuffs with interbedded 
carbonaceous lacustrine sediments, locally containing fossilized wood (Figures 2, 3, 4D, 6). 
This unit occurs in both pits and hosts mineralization in the A39 pit. Unit 4B overlies Unit 4A 
in the V2 pit and comprises massively bedded dacitic tuffs (Figures 2, 3, 6).  

Overlying Unit 4 is an up to 150 m thick unit containing volcaniclastic dacites and andesites 
(Unit 5; Figures 2, 3, 6). These rocks show variable facies throughout the two pits, and include 
ignimbritic dacite (Unit 5A), coarse volcanic conglomerate (Unit 5B), and fragmental to 
agglomeritic dacite (Unit 5C; Figure 4E). 

Unit 5 is overlain by an up to 50 m thick unit of fragmental to agglomeritic andesite locally 
containing large rounded boulders (Unit 6A; Figures 2, 3, 6). An isolated unit of andesite lavas 
occurs in the NW wall of the A39 pit (Unit 6B; Figures 2, 3, 6). 

Unit 7 comprises an up to 50 m thick sequence of terrestrial, water-laid sedimentary rocks 
which overlie Unit 6 (Figures 2, 3, 4C, 6). The rocks consist of graded sandstone-siltstone beds, 
laminated mudstones with coal beds, and moderately to well-sorted, monomict to polymict 
conglomerates which locally contain clasts of hydrothermally altered granite and volcanic 
rocks.  
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The youngest stratigraphic unit in the Mt Carlton area, Unit 8, comprises flowbanded 
rhyolites that conformably overlie Units 1-7 throughout the district. The rocks contain parallel 
aligned phenocrysts of lath-shaped plagioclase and alkali feldspar, and minor quartz, occurring 
within an aphanitic, burgundy red matrix (Unit 8; Figure 2). Unit 8 is exposed as a semi-
horizontal sheet along the hilltops to the south of the open pits. 

Unit 3 is crosscut by a younger dacitic to rhyodacitic volcanic vent in the northern wall of 
the V2 pit (~25m wide; Figures 3, 4C). This unit, here called Unit 9, exhibits at least two 
distinct vent facies, including porphyritic rhyodacitic lava with well-developed columnar 
jointing in the center, and weakly layered boulder-rich dacitic tuffaceous rocks in the margins. 

3.2. Deformation sequence 
The Mt Carlton deposit has experienced five stages of extensional deformation and dyke 

emplacement (herein called D1-D5), while no evidence for compressional deformation has been 
observed. The spatial distribution of stratigraphic units, hydrothermal alteration and 
mineralization at Mt Carlton is intimately linked to this deformation sequence, which can be 
summarized as follows: 

D1 - Rifting and associated high-angle normal faulting in response to both E-W and N-S 
extension. Units 2 and 3 were deposited prior to D1, while Units 4-8 were deposited during D1. 
The D1 normal faults exposed in the pits facilitated displacements in the order of tens of meters, 
and include syn-sedimentary growth faults that were active during the deposition of volcanic 
sediments in localized half-graben and graben basins. Locally, such half-grabens infilled with 
Lizzie Creek volcanic rocks are bounded by D1 faults that also host mineralization (Figure 7). 
Hydrothermal alteration and epithermal mineralization, thus, occurred partly 
contemporaneously with rifting and deposition of volcanic sediments during the earlier stages 
of D1, with the rifting and sedimentation outlasting mineralization. 

D2 - Within the pit area, continued E-W extension resulted in the development of 1-5 m 
wide, low-angle (and locally layer-parallel) fault zones and associated, high-angle antithetic 
normal faults (Figures 3, 4F, 6). These faults affect Units 1 to 8 and accommodated a top-to-
the-E displacement along a broadly E-W axis. On a regional scale, the low-angle D2 faults 
exposed in the pits are subsidiary structures to steep NW-trending normal faults, one of which 
cuts across between the two open pits (Figure 3). The overall effects of the D2 deformation 
event has resulted in the rotation and dismemberment of the stratigraphy, the hydrothermal 
alteration halo and the ore zones at Mt Carlton. Unit 9 is younger and crosscuts the D2 faults in 
the V2 pit. 

D3 - High-angle normal faulting in response to N-S extension, and emplacement of E-W 
trending basaltic dykes (Figure 4H). Based on the regional distribution of lithological units in 
the area (with basement granite to the N and a progressively thicker volcano-sedimentary pile 
to the S), the overall sense of movement related to D3 faults is probably S-down, resulting in 
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an overall southerly tilt of the layering. The D3 dykes contain fine grained plagioclase and 
hornblende phenocrysts in a tan to dark green matrix, showing a distinct “salt and pepper” 
texture.  

D4 - Strike slip faulting along the margins of D3 dykes (Figure 4H). The movement was 
dominantly dextral, but sinistral movement has also been observed, indicating a long and multi-
staged history. The amount of displacement in the pit area during D4 events was minor (less 
than 20 m).  

D5 - Emplacement of WNW-trending basaltic dykes. D5 dykes exhibit a black aphanitic 
matrix containing medium grained plagioclase phenocrysts and quartz amygdales.  

 

Figure 2. Stratigraphic column for the Mt Carlton deposit. 
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Figure 3. A) Aerial photograph showing the V2 and A39 open pits at Mt Carlton (as of September 2016).  
B) Geologic map of the open pits. The lithological classification and legend is the same as in Figure 2. 
Also shown are the major D1-D2 faults (red lines) and the surface traces of the cross sections in Figure 6 
(black lines). 
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Figure 4. Photographs of selected stratigraphic units and structures at Mt Carlton. A) Monzogranite basement 
(Unit 1) showing a strong shear fabric related to D2 deformation. B) Fresh quartz-feldspar phyric rhyodacite 
(Unit 3), the host of mineralization in the V2 pit. C) A dacite-rhyodacite vent (Unit 9) crosscuts the 
mineralized rhyodacite porphyry (Unit 3) as well as D2 faults in the N wall of the V2 pit. The vent locally has 
kaolinite-pyrite alteration in its core and illite-montmorillonite alteration in its margins. D) Laminated 
volcano-lacustrine sediments (Unit 4A), the host of mineralization in the A39 pit. E) Fragmental dacite (Unit 
5C) from the A39 pit. F) Contact between a highly sheared agglomeritic andesite (Unit 6A) and water-laid 
sediments (Unit 7) in the E wall of the V2 pit. Unit 6A constitutes a major layer-parallel D2 normal fault. Note 
the large-scale rotational block faulting of the overlying sedimentary layers. G) Polymict conglomerate from 
the sedimentary unit (Unit 7) in the V2 pit, containing clasts of hydrothermally altered rocks. H) E-W trending 
D3 basaltic dykes crosscutting massive rhyodacite porphyry (Unit 3) in the E wall of the V2 pit. The dykes 
have minor displacements along their margins related to D4 deformation.   
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3.3. Alteration zones 

3.3.1. Silicic alteration zone 
Silicic alteration occurs as multiple inner cores (~10-100 m wide) which are developed 

around the controlling high-angle D1 structures in Unit 3 and Unit 4A (Figure 6). The silicic 
alteration zones are characterized by almost complete replacement of the original rock by 
microcrystalline quartz. The texture of silicic alteration is dominantly massive, but vuggy 
textures and silicic hydrothermal breccias are developed locally. The silicic alteration zones 
contain variable amounts of alunite, pyrite, dickite, kaolinite, aluminium-phosphate-sulphate 
(APS) minerals and pyrophyllite. Pyrite occur as disseminations, while the sulfate and clay 
minerals are mainly developed in vugs or as infill in hydrothermal breccias (Figure 9A). The 

 

Figure 5. 3D model of the Mt Carlton ore zones, showing the metal zonation of Au, Ag, Cu, Zn and Pb across 
the deposit. The grade shells were created in Leapfrog software using drill core assay data provided by 
Evolution Mining (> 3500 drill holes), and are fitted to a NE-SW trend.  
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silicic alteration zones locally contain aggregates of tabular anhydrite developed in fractures 
(Figure 9B), which when dissolved leaves behind prominent casts in the rock (Figure 9C). The 
silicic alteration zones also locally contain veins made up of banded plumose alunite (Stage 
1B; Figures 8, 9D).  

3.3.2. Quartz-alunite alteration zone 
A quartz-alunite alteration zone occurs as a ~100-300 m wide envelope to the silicic 

alteration zones in Unit 3 and Unit 4A (Figure 6). Quartz-alunite alteration generally preserves 
primary rock textures. A matrix of microcrystalline quartz contains disseminated alunite and 
locally pyrite, dickite, kaolinite, and more rarely rutile. Alunite and clay minerals also replace 
pre-existing feldspar crystals (Figure 9E). 

3.3.3. Quartz-dickite-kaolinite alteration zone 
A quartz-dickite-kaolinite alteration zone occurs as a laterally extensive (> 1 km wide) 

envelope to the silicic and quartz-alunite alteration zones in Unit 3 and Unit 4A (Figure 6). 
This alteration produces a whitish to grey rock which typically preserves primary volcanic and 
sedimentary textures. It consists of a matrix of microcrystalline quartz which contains 
disseminated dickite, kaolinite and locally pyrite. The dickite and kaolinite also replace pre-
existing feldspars (Figure 9F). Kaolinite-pyrite alteration is also locally present within Unit 9. 

3.3.4. Illite-montmorillonite alteration zone 
The zoned alteration halo developed in Unit 3 and Unit 4A (silicic  quartz-alunite  

quartz-dickite-kaolinite) shows sharp transitions with respect to mineralogy across the D2 
sheared contacts to the units above (Units 5, 6 and parts of Unit 4) and below (Unit 2; Figures 
6, 9G), which all exhibit pervasive illite-montmorillonite ± red hematite alteration. Syn-
tectonic gypsum veins with well-developed shear fabrics occur near the major D2 shears. 

3.3.5. Chlorite-illite alteration zone 
The illite-montmorillonite alteration zone transitions into a chlorite-illite alteration zone with 

depth (Figure 6A). This transition is again controlled by a D2 fault along the contact between 
Unit 2 and the granite basement. Chlorite-illite alteration occurs as green veinlets that crosscut 
the primary granitic texture (Figure 9H). Chlorite and illite also replace pre-existing feldspar, 
hornblende and biotite crystals. 

3.3.6. Timing of the alteration assemblages 
The zoned alteration halo present within Unit 3 and Unit 4A (silicic  quartz-alunite  

quartz-dickite-kaolinite) is interpreted to be directly linked to hydrothermal activity at Mt 
Carlton, based on its close relationship with mineralization and comparisons to other HS 
deposits (e.g., Steven and Ratté, 1960; Stoffregen, 1987; Arribas, 1995a; Hedenquist et al., 
2000). The illite-montmorillonite alteration, on the other hand, shows no zonation and is 
developed partly in units which were deposited after mineralization (Figures 6, 7). Therefore, 
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we interpret that this alteration developed regionally during the D2 deformation event. The 
chlorite-illite alteration developed in the granite basement is most likely related to the 
mineralizing hydrothermal event. This can be inferred from the presence of chlorite-illite 
altered granite clasts in conglomerates within Unit 7, which pre-dates D2 deformation. The 
alteration assemblage of pyrite and kaolinite within Unit 9 (which post-dates D2 deformation) 
is interpreted to be of hypogene origin, and most likely formed penecontemporaneously with 
the emplacement of the volcanic vent itself. 

  

Figure 6. Interpreted cross sections through the Mt Carlton deposit, showing the distribution of 
stratigraphic units, major D1-D2 structures, alteration assemblages and mineralization. The sections are 
drawn based on drill core logging, open pit mapping, SWIR measurements and Leapfrog modelling.  
A) Long section from NE to SW along the Western ore zone, corresponding to line A-A′ in Figure 4.  
B) Cross section from NW to SE through the central V2 pit, corresponding to line B-B′ in Figure 4.  
Figure 6 continued on the following page. 
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Figure 6. (continued from the previous page) Interpreted cross sections through the Mt Carlton deposit, 
showing the distribution of stratigraphic units, major D1-D2 structures, alteration assemblages and 
mineralization. The sections are drawn based on drill core logging, open pit mapping, SWIR 
measurements and Leapfrog modelling.  
C) Cross section from NW to SE through the SW V2 pit, corresponding to line C-C′ in Figure 4.  
D) Cross section from NW to SE through the central A39 pit, corresponding to line D-D′ in Figure 4. 
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Figure 7. Outcrop from the SW wall of the V2 pit, illustrating the partial overlap between rifting, 
mineralization, alteration and sedimentation during the D1 deformation event. A NNE trending steeply 
W dipping D1 fracture zone (drawn in red) is mineralized and merges with the mineralized fracture 
system within the silicic and quartz-alunite altered Unit 3 in the lower bench. A half-graben structure is 
bounded to the SE by this fracture zone, and the half-graben is infilled with slightly younger, post-
mineralization rhyodacitic volcanic sediments (Unit 4A). These rocks exhibit illite-montmorillonite 
alteration, indicating that this alteration (unlike the silicic and quartz-alunite alteration in Unit 3) formed 
after mineralization. The outcrop is crosscut by E-W trending basaltic dykes emplaced during D3. 
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3.3.7. Alunite chemistry, origin and implications for exploration 
Disseminated alunite at Mt Carlton (Stage 1A; Figure 8) occurs as up to ~300 μm long 

euhedral and platy crystals, often in aggregates (Figures 10A-C). In BSE images the alunite 
crystals are generally homogenous (Figure 10A) or have a patchy to oscillatory zonation mainly 
related to variations in Na and K content (Figures 10B-C). Locally this alunite contains cores 
of APS minerals (Figure 10A). The vein alunites (Stage 1B; Figure 8) show a distinct 
compositional banding in BSE images (Figure 10D), again mainly due to variations in Na and 
K content. Both disseminated and vein alunite exhibit compositions within the alunite-
natroalunite solid solution (trigonal KAl3(SO4)2(OH)6 - NaAl3(SO4)2(OH)6), and they are low 

Figure 8. Paragenetic sequence of alteration and ore minerals at Mt Carlton. See text for discussion of 
Stage 1 alteration within Units 3 and 4A, which host the Mt Carlton hydrothermal mineralization and 
void fill (Stages 2 and 3 above), versus Stage 4 alteration within Units 2, 4, 5 and 6, which occur above 
or below mineralization. 
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in Ca (Ca/(K+Na +Ca) < 0.1) (Figure 10E). The majority of analyses show K-dominated 
compositions, with only a minority of analyses plotting in the natroalunite field. The 
compositions shown in Figure 10F represent mixed analyses of alunite and APS minerals. The 
analyses indicate a trend from alunite/natroalunite towards a composition within the 
woodhouseite-svanbergite solid solution (trigonal CaAl3(SO4)(PO4)(OH)6 - 
SrAl3(SO4)(PO4)(OH)6), with woodhouseite dominating over svanbergite. 

Analysis of the SWIR spectra of alunite provides an alternative method to estimate the 
composition of the mineral (Chang et al., 2011). Specifically, the wavelength position of the 
absorption peak at ~1480 nm (range 1478-1495 nm) in the alunite SWIR spectra will vary 
depending on the Na/(Ka+Na) mole ratio. An increasing Na/(Ka+Na) ratio in alunite will shift 
the peak to the higher wavelength positions (Chang et al., 2011). The SWIR data from Mt 
Carlton show that the ~1480 nm absorption peak in alunite spectra occur in the wavelength 
range of 1478 to 1485 nm for the vast majority of the data (Figure 11). This suggests that the 
alunite has K-dominated compositions, which corroborates the results from the WDS analyses. 
Furthermore, the SWIR data of alunite shows a spatial zonation across the area around the open 
pits. The ~1480 nm peak is shifted to the higher wavelength positions, i.e., the alunite is 
increasingly Na-rich, to the NE (Figure 11). 

For exploration purposes it is important to determine the origin of advanced argillic 
alteration in epithermal deposits, as the spatial relationship between precious and base metal 
mineralization and advanced argillic assemblages varies with the origin of the alteration 
(Hedenquist et al., 2000). As the key mineral for understanding the origin of advanced argillic 
alteration, a distinction should be made between alunite formed from hypogene vapors and 
vapor condensates (magmatic-steam alunite and magmatic-hydrothermal alunite, respectively) 
and alunite formed from near-surface geothermal and secondary oxidation processes (steam-
heated alunite and supergene alunite, respectively). 

The coarse and bladed crystal habit, local Na-enrichment and presence of inner cores of APS 
minerals observed in disseminated alunite at Mt Carlton all point toward a magmatic-
hydrothermal origin for the mineral (Stoffregen and Alpers, 1987; Rye et al., 1992; Aoki et al., 
1993; Arribas et al., 1995a; Itaya et al., 1996; Rye, 2005). The coarse-grained, plumose, 
monomineralic and compositionally banded alunite present in veins show a close resemblance 
to the type-example of magmatic-steam alunite from Marysvale, Utah (Cunningham et al., 
1984; Rye et al., 1992; Rye, 2005). The sulfur isotope systematics of disseminated alunite and 
alunite veins (see Section 6) further support the identification of magmatic-hydrothermal and 
magmatic-steam origins, respectively. 

The Na-content in magmatic-hydrothermal alunite may locally be dependent on variability 
in the Na-content of the host rocks that are being altered (Deyell and Dipple, 2005). However, 
in most cases where the host rocks are compositionally similar, an increasing Na-content in 
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alunite can be linked to higher temperatures of deposition (Deyell and Dipple, 2005; Chang et 
al., 2011). In the lithocap environment, the presence of near-endmember natroalunite as well 
as huangite (Ca0.5Al3(SO4)2(OH)6) generally suggests high formation temperatures and close 
proximity to the causative intrusion (Chang et al., 2011). The mostly K-dominated 
compositions of Mt Carlton alunite (Figure 10E), therefore, could indicate relatively low 
formation temperatures and that the Mt Carlton lithocap formed distal to the causative 
intrusion. This is further supported by the S-O-H stable isotope systematics of magmatic-
hydrothermal alunite (see Section 6.1). At Mt Carlton, magmatic-steam alunite is largely 
confined to the high-grade D1 feeder structures. Magmatic-steam alunite has only been 
documented in a limited number of HS deposits globally (Rye, 2005). However, when present, 
this alteration feature could be a good exploration indicator in the field for close proximity to 
potential high-sulfidation mineralization.  
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Figure 9. Photographs of selected hydrothermal alteration assemblages at Mt Carlton. A) Silicic alteration with 
a vuggy texture, reflecting leaching effects of highly acidic fluids. The vugs are partly infilled with dickite, 
kaolinite and pyrophyllite. B) Silicic alteration containing aggregates of tabular anhydrite formed within small 
fractures. Pre-existing feldspar crystals are replaced by dickite. C) Similar alteration as in B) but with the 
anhydrite having been completely dissolved, leaving behind a prominent cast texture in the rock. D) Alunite 
vein developed within a silicic alteration zone. After deposition of alunite, the vein was re-opened along the 
central line to form a Stage 2A enargite vein. The composite vein was then overprinted by Stage 3 dickite. E) 
Quartz-alunite-pyrite alteration developed in a quartz-feldspar phyric rhyodacite (Unit 3). Alunite is mainly 
replacing pre-existing feldspar while the pyrite occurs as disseminations. F) Quartz-dickite-kaolinite alteration 
in quartz-feldspar phyric rhyodacite (Unit 3). The clay minerals replace pre-existing feldspars. G) Illite-
montmorillonite alteration developed in a dacite tuff (Unit 4B). H) Veinlets of chlorite-illite crosscutting the 
granite basement rocks (Unit 1).  
Abbreviations used (Kretz, 1983): Alu – alunite; Anh – anhydrite; Chl – chlorite; Dck – dickite; Eng – enargite; 
Ill – illite; Kln – kaolinite; Mnt – Montmorillonite; Prl – pyrophyllite; Qtz – quartz. 
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Figure 10. Images and compositional plots of alunite and APS-minerals from Mt Carlton. A) Disseminated 
alunite from V2, locally exhibiting cores of APS minerals, coexisting with dickite and pyrite (BSE image). 
B) Disseminated alunite from V2, showing a patchy zoning related to Na and K content (BSE image). C) 
Disseminated alunite from A39, showing an oscillatory zoning related to Na and K content (BSE image). D) 
Alunite vein from V2, showing a saw-tooth compositional banding related to Na and K content (BSE image). 
E) Compositional plot of alunite from Mt Carlton. F) Compositional plot of mixed analyses of alunite and 
APS minerals. The trend line indicates increasing PO4-content (i.e., increasing proportion of APS).  
Mineral abbreviations used (Kretz, 1983): Alu – alunite; APS – APS minerals; Dck – dickite; Py – pyrite; Qtz 
– quartz. 
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3.4. Mineralization  

3.4.1. Ore geometry and metal zonation 
On a local scale (1-10 m), proximal Au-Cu mineralization occurs in moderately to steeply 

(~60-90°) dipping D1 veins and fracture networks within Unit 3 in the V2 pit. Hydrothermal 
breccias infilled with ore minerals are locally developed along intersection lines between 
mineralized fractures or between fractures and veins. On a 100 m scale, three distinct ore zones 
can be identified in the V2 pit (Western, Eastern and Link ore zones; Figure 5). These ore zones 
line up in an en echelon fashion along a broadly E-W trending corridor, and all have grade 
envelopes which trend NE-SW. The Eastern and Link ore zones terminate in the V2 pit while 
the Western ore zone extends to the SW, into the A39 pit. Along strike of the ~600 meters of 
known mineralization, the Western ore zone shows a metal zonation (from proximal to distal) 
of: Au-Cu  Cu-Zn-Pb-Ag  Ag-Pb-(Cu)  Ag (Figures 5, 6). Distal Ag-mineralization in 

 

Figure 11. 3D model showing the wavelength positions of the ~1480 nm absorption peak in SWIR spectra of 
alunite across the Mt Carlton deposit. The figure was created in Leapfrog software using drill core SWIR data 
provided by Evolution Mining. The data does not differentiate between disseminated alunite and vein alunite. 
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A39 occurs within the overlying volcano-lacustrine sedimentary sequence (Unit 4A), in a 
stratiform position parallel to primary sedimentary layering. The high-grade ore (and the 
associated hydrothermal alteration halo) within the Western ore zone has been dismembered 
by a D2 fault located between the two pits (Figure 6). Furthermore, the ore zones have been 
rotated above the low-angle D2 normal faults which bound the lithological units hosting 
mineralization. Due to this rotation the Ag-rich ore in A39, which originally formed in a sub-
horizontal position parallel to the sedimentary bedding, now plunges to the SW (Figure 6). The 
rotation of the feeder system in V2 appears to be less, most likely due to the orientation of the 
rotation axis being near-perpendicular to the orientation of the feeders. 

3.4.2. Mineralization sequence 
The zoned hydrothermal alteration assemblages in Units 3 and 4A (Stage 1) are crosscut by 

three stages of epithermal mineralization (Stages 2A-C; Figure 8). The initial Stage 2A Cu-Au-
Ag mineralization is the most voluminous event and comprises a high-sulfidation state mineral 
assemblage dominated by enargite (Figure 12A). The assemblage also contains variable 
amounts of pyrite, luzonite, tennantite-tetrahedrite, goldfieldite, electrum, chalcopyrite, 
bornite, sphalerite, galena, argyrodite, pearceite-polybasite group minerals, a yet 
uncharacterized analogue to aguilarite and cervelleite (Ag4TeSe), and barite. Stage 2A 
mineralization is associated with silicic alteration of the wall rock. 

Stage 2A mineralization is crosscut by a younger stage of Zn-Pb-Au-Ag mineralization 
dominated by Fe-poor sphalerite (Stage 2B; Figures 8, 12B). Stage 2B also contains variable 
amounts of galena, pyrite, electrum, fahlores of variable tennantite-tetrahedrite-goldfieldite 
compositions, chalcopyrite, bornite and barite.  

Stage 2C is a minor stage of Cu-Au-Ag mineralization which overprints Stage 2B 
mineralization. This stage has only been observed at the microscopic scale, and comprises a 
mineral assemblage dominated by tennantite. The tennantite forms anhedral masses which 
contain variable amounts of luzonite, chalcopyrite, galena, electrum and aggregates of 
intergrown hessite and petzite (Figure 8). 

A late stage of dickite and pyrite (Stage 3; Figures 8, 12C) is prevalent at Mt Carlton and 
occurs as veins and void fill which overprint Stage 2 mineralization.  

Following D2 deformation and alteration (Stage 4; Figure 8), minor degrees of supergene 
oxidation has caused local development of secondary covellite, chalcocite and malachite on 
copper-bearing minerals such as enargite, luzonite and bornite in the upper ~50 m of the deposit 
oxidation (Stage 5; Figures 8, 12D). However, supergene oxidation is limited at Mt Carlton 
(~1-5 % of total ore), and the vast majority of the metals are hosted in primary and refractory 
ore. 
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Figure 12. Photographs of mineralization stages at Mt Carlton. A) Silicic hydrothermal breccia cemented with 
Stage 2A enargite-pyrite ore (from the V2 pit). B) Silicic altered rhyodacite porphyry crosscut by a fine 
hydrothermal breccia infilled with Stage 2A enargite ore. The Stage 2A breccia is cut by a Stage 2B sphalerite-
galena-pyrite vein containing specules of electrum. The Stage 2B vein is in turn overprinted by Stage 2C 
tennantite (from the V2 pit). C) Disseminated Stage 2A enargite mineralization crosscut by a Stage 3 dickite-
pyrite vein (from the A39 pit). D) Supergene malachite (Stage 5) developed on Stage 2A enargite ore (from 
the V2 pit).  
Mineral abbreviations used (Kretz, 1983): Elc – electrum; Eng – enargite; Gn – galena; Mal – malachite; Py 
– pyrite; Sp – sphalerite. 
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3.4.3. Sedimentary ore textures in the A39 pit, and their significance 
The structurally controlled veins and hydrothermal breccias which host proximal Au-Cu 

mineralization in V2 (Figures 12A-B) are texturally very different from the distal and stratiform 
Ag mineralization in A39. The four samples shown in Figure 13 highlight how metal deposition 
in A39 occurred partly contemporaneously with sedimentation. These mineralized sediments 
are, in part, made up of finely laminated amorphous silica (Figures 13A, 13C), which is a type 
of chemical sediment that is known to accumulate from hydrothermal solutions in the acidic 
crater lake environment (Sillitoe, 2015). The sedimentary ore textures at Mt Carlton show close 
similarities to those previously described from other HS deposits, including Rodalquilar in 
Spain (Arribas et al., 1995a), Martabe in Indonesia (Sutopo, 2013), Akaiwa in Japan (Arribas, 
1995b) and Los Porfirios in Chile (A. Arribas, unpub. data). At these deposits, the mineralized 
sediments have been interpreted to have been deposited into open spaces at shallow levels. In 
the case of Akaiwa, these open spaces were interpreted as pipes which comprised the roots of 
overlying crater lakes (Arribas, 1995b).  

At Mt Carlton much of the mineralized sediments indeed occur as infill within open spaces, 
but they have also been observed directly within the volcano-lacustrine sequence (Unit 4A) 
extending on the scale of the A39 pit. Based on the rift-related tectono-stratigraphic setting 
identified at Mt Carlton, combined with the ore textures observed, a potential environment of 
mineralization includes a structurally controlled feeder zone of veins and hydrothermal 
breccias developed within the deeper rhyodacite porphyry rocks (represented by the V2 pit). 
The feeder zone focussed ore fluids into an overlying volcano-lacustrine sedimentary sequence, 
which most likely was deposited in small lakes developed within local rift basins (represented 
by the A39 pit). In this interpretation, the fluids could have breached the paleosurface and 
discharged into the lakes at the same time as the volcano-lacustrine sediments were deposited, 
producing the observed stratiform mineralization, chemical sediments and associated syn-
sedimentary ore textures. Sediments could have sporadically been slumped into the structural 
roots of the lakes, where interaction with the ascending ore fluids produced similar textures 
within open spaces at depth. 
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Figure 13: Photographs of sedimentary ore textures from the A39 pit at Mt Carlton. A) A fracture 
developed within a silicic altered rhyodacite tuff (Unit 4A) has been infilled by hydrothermal sediments 
made up of finely laminated amorphous silica, which are interlayered with Stage 3 dickite and pyrite. Note 
the soft-sediment deformation textures caused by wall rock clasts dropped into the sediments as the fracture 
was infilled. B) Texture interpreted to represent partly contemporaneous deposition of pyrite and laminated 
siltstone sediments within a fracture. C) Texture showing disseminated Stage 2A enargite mineralization 
that has been covered by and remobilized into laminated amorphous silica sediments, prior to being 
crosscut by Stage 3 dickite-pyrite veinlets. D) Spherules made up of Stage 3 pyrite and dickite occurring 
as discrete layers within a volcano-lacustrine sediment (Unit 4A).  
Mineral abbreviations used (Kretz, 1983): Dck – dickite; Eng – enargite; Py – pyrite. 



25 
 

4. AR-AR GEOCHRONOLOGY 
Disseminated alunite and vein alunite that formed during hydrothermal alteration at Mt 

Carlton (Stage 1; Figure 10) were dated using 40Ar/39Ar geochronology. Optically pure alunite 
mineral separates (110-300 μm big crystals) were irradiated with fast neutrons at the McMaster 
Nuclear Reactor at McMaster University, Canada. The irradiated samples were subsequently 
analysed for 40Ar/39Ar at the Argon Geochronology Laboratory at the University of Michigan, 
USA. The samples were step heated using a continuous 5W Ar-ion laser and Ar isotopes were 
measured in a VG-1200S mass spectrometer, following the procedure described in Frey et al. 
(2007) and Rooney et al. (2009). 

Calculated final ages from 40Ar/39Ar spectra of disseminated alunite (n=4, using 2σ for error) 
are 277.4 ± 5.8 Ma for sample HC07RCD300-136, 276.9 ± 6.5 Ma for sample HC09DD023-
112, 279.3 ± 6.9 Ma for sample HC14DD1133-178, and 265.1 ± 6.6 for sample MCR024D-
177 (Table 1). Calculated final ages for vein alunite (n=2) are 284.3 ± 6.0 for sample 
MCR024D-148, and 284.2 ± 7.0 for sample HC09DD037-34 (Table 1). 

The U-Pb zircon ages of the volcanic rocks that host mineralization (Unit 3, 277 ± 3 Ma; 
Corral et al., this volume), and of those that crosscut mineralization (Unit 9; 266 ± 3; Corral et 
al., this volume), provide upper and lower constraints on the age of the Mt Carlton deposit. The 
age range yielded from 40Ar/39Ar spectra of five out of the six dated alunites (~284-277 ± 7 
Ma) overlaps within error with the U-Pb zircon age of Unit 3. These results suggests that 
hydrothermal alteration and epithermal mineralization at Mt Carlton occurred shortly (no more 
than 7 Ma) after the formation of the volcanic host rocks. This is a common feature in most 
known HS deposits (Arribas, 1995a), and confirms the geologic observations that link the 
formation of the Mt Carlton deposit to the Early Permian backarc rifting stage in the Bowen 
Basin. The youngest, outlier alunite age at ~265 Ma in turn overlaps within error with the U-
Pb zircon age of Unit 9, and these two dated samples occurred in close proximity to each other 
(< 100 m apart). This may suggest that the emplacement of Unit 9 represents a later heating 
event that formed or reset alunite locally, possibly along veinlets that are not visible in the 
strongly altered rocks (c.f., Arribas et al., 2011). 
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Table 1: Summary of 39Ar/40Ar step heating results of alunite from Mt Carlton. For each sample a 1 % error is 
added to the final error to account for uncertainties in decay constants, the ages of the standards and 40K/K. 

Sample ID Location Type Final age 
(Ma) 

2σ 
(Ma)      

HC07RCD300-136 V2 pit Disseminated alunite 277.4 5.8 
     

HC09DD023-112 A39 pit Disseminated alunite 276.9 6.5 
     

HC14DD1133-178 A39 pit Disseminated alunite 279.3 6.9 
     

MCR024D-177 V2 pit Disseminated alunite 265.1 6.6 
     

MCR024D-148 V2 pit Vein alunite 284.3 6.0 
     

HC09DD037-34 A39 pit Vein alunite 284.2 7.0 

          



27 
 

5. FLUID INCLUSIONS 
Microthermometric measurements of fluid inclusions from the Mt Carlton deposit were done 

at the fluid inclusion laboratory at EGRU, JCU. The studied inclusion types include secondary 
fluid inclusions in igneous quartz phenocrysts within silicic alteration zones, and primary fluid 
inclusions in barite related to Stage 2A mineralization. In both cases, measurements were done 
on samples from the proximal (V2 pit) and distal (A39 pit) parts of the deposit, respectively. 
The low-salinity aqueous inclusions were observed for final melting (Tm; ice + liqaq + vap  
liqaq + vap) and homogenization (Th; liqaq + vap  liqaq), respectively. 

For secondary fluid inclusions in igneous quartz phenocrysts, proximal sample (024D-177) 
yielded a Th range between 163 and 264°C (average 222°C), based on measurements of 57 
individual inclusions. The Tm range was -0.9 to 0.0°C (average -0.5°C), corresponding to 
salinities between 0.0 and 1.6 wt% NaCl eq. The distal sample (DD1133-178) yielded an 
overlapping but generally lower Th range of 137 to 231°C (average 192°C), based on 
measurements of 72 inclusions. The Tm range was -0.7 to 0.0°C (average -0.2°C), equivalent 
to salinities between 0.0 and 1.2 wt% NaCl eq. 

For primary fluid inclusions in Stage 2A barite, the sample from the proximal parts of the 
deposit (V2-ORE-2) is a high-grade massive enargite vein with intergrown barite, while the 
sample from the distal parts of the deposit (RCD935-168) is an enargite veinlet with barite in 
its halo. The proximal sample (V2-ORE-2) yielded a Th range between 157 and 233°C (average 
195°C), based on measurements of 38 inclusions. Measurements of Tm were in the range -1.0 
to -0.2°C (average -0.7°C), corresponding to salinities between 0.4 to 1.7 wt% NaCl eq. The 
distal sample (RCD935-168) had a Th range of 116 to 183°C (average 150°C) and a distinctly 
lower Tm range of -0.2 to 0.0°C (average -0.1°C), based on measurements of 32 inclusions. 
The corresponding salinities are 0.0 to 0.4 wt% NaCl eq. 

The two principal physical processes occurring in the epithermal environment are fluid 
boiling and fluid mixing (Giggenbach and Stewart, 1982). In a Tm vs. Th plot, boiling can be 
expected to shift the fluid inclusion data toward lower Tm and Th values (due to partitioning 
of salts into the remaining liquid, and cooling by adiabatic expansion, respectively), while 
mixing with a cooler and less saline fluid will produce a shift toward higher Tm and lower Th 
values (Wilkinson, 2001). Significant salinity variations are typically controlled by fluid 
mixing, unless there is evidence for continuous boiling within restricted fractures or dissolution 
of evaporites (Wilkinson, 2001). Data from secondary fluid inclusions in quartz phenocrysts 
(Figure 14A) and primary fluid inclusions in barite (Figure 14B) both show a general trend of: 
higher Th and lower Tm  lower Th and higher Tm. This trend is consistent with mixing of a 
hotter, NaCl-bearing fluid with a cooler fluid with nil salinity. Based on Figure 14, the diluent 
at Mt Carlton was most likely variably steam-heated groundwater (~ 116-213°C, nil salinity). 
Similar trends in fluid inclusion data to those observed at Mt Carlton have been documented in 
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other HS deposits worldwide, and may be interpreted to primarily reflect progressive mixing 
of a deeper magmatic-derived fluid with meteoric waters away from the causative intrusion 
(e.g., Arribas, 1995a, and references therein; Mancano and Campbell, 1995; Hedenquist et al., 
1998). The observed increase in the abundance of barite toward the margins of Mt Carlton and 
other HS deposits (e.g., Lepanto, Philippines; Gonzalez, 1959) is a further indication of such 
mixing processes taking place, as barite generally precipitates in neutralized environments 
where vapor condensates or brines mix with surface waters (Holland and Malinin, 1979; Rye, 
2005). Some of the scatter observed in Figure 14 could reflect variable degrees of boiling of 
the fluids during ascent. Direct fluid inclusion evidence for boiling (e.g., coeval liquid-rich and 
vapor-rich inclusions) was not observed. However, the presence of well-developed 
hydrothermal (explosion) breccias in the feeder zones (e.g., Figure 12A) suggest that some 
boiling is likely to have taken place. 
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Figure 14: Homogenization temperature (Th) vs. ice melting temperature (Tm) plots 
of fluid inclusions from the Mt Carlton deposit. A) Secondary fluid inclusions in 
quartz. B) Primary fluid inclusions in barite. 
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6. STABLE ISOTOPES 
Stable isotope (S-O-H) analyses of samples from the Mt Carlton deposit were performed at 

the USGS stable isotope laboratories in Denver (sulphides and sulfates), at the GNS stable 
isotope laboratories in New Zealand (dickite), and at the Advanced Analytical Centre at JCU 
Cairns (groundwater). The studied minerals include Stage 1A magmatic-hydrothermal 
alteration (alunite, pyrite and anhydrite), Stage 1B veins (alunite), Stage 2A mineralization 
(pyrite, enargite and barite), Stage 2B mineralization (pyrite, sphalerite, galena), Stage 2C 
mineralization (tennantite), Stage 3 void fill (dickite) and Stage 4 syn-tectonic veins (gypsum). 
The main conclusions of this study are summarized and discussed below in the context of the 
hydrothermal evolution of the Mt Carlton deposit.  

6.1. Early acid sulfate alteration 
Isotope data were collected for magmatic-hydrothermal (disseminated) alunite (δ34S = 6.3 to 

29.2 ‰; δ18OSO4 = -0.1 to 9.8 ‰, δ18OOH -15.3 to -3.4; δD = -102 to -79‰), anhydrite (δ34S = 
17.2 to 19.2; δ18OSO4 = 1.8 to 5.7 ‰) and pyrite (δ34S = -2.7 and -8.8 ‰). Temperatures 
calculated, based on alunite-pyrite sulfur isotope fractionation, are in the range of 130 to 250°C, 
with no obvious zonation across the deposit. The total sulfur (δ34SΣS) composition is estimated 
to -1.3 ‰ (Figure 15A). This value suggests a magmatic source of the sulfur, and is in 
agreement with sulfur compositions reported from high-sulfidation epithermal and porphyry 
Cu systems related to I-type granites (Ohmoto and Rye 1979; Hedenquist and Lowenstern 
1994; Arribas 1995a). The H2S/SO4 ratio is estimated to 0.18 (Figure 14B), which is evidence 
of an oxidized fluid. Along strike from proximal to distal, magmatic-hydrothermal alunite at 
Mt Carlton shows a trend of progressively lighter δ34S values (29.2 ‰ NE of V2 pit  27.0-
18.7 ‰ in the V2 pit 14.0-6.3 ‰ in the A39 pit). Along the same trend the amount of pyrite 
co-existing with alunite is visibly decreasing. The sample with the lowest δ34Salunite value 
(DD1133-178 from the SW A39 pit; δ34S = 6.3 ‰) lacked co-existing pyrite altogether. The 
trend of δ34Salunite progressively approaching the total sulfur composition, and a gradual 
disappearance of pyrite, suggest that the fluid became increasingly oxidized toward the distal 
and shallow parts of the deposit. Modelling of the O-H isotopic composition of hydrothermal 
fluids in equilibrium with alunite was done based on average temperatures inferred from δ34S 
thermometry and fluid inclusions (190 to 225°C). The results suggest that the alunite forming 
fluids were made up of a mixture of magmatic vapor condensates and meteoric fluids, with the 
meteoric component being dominant (50 to 85 %; Figure 15C). The overall stable isotope data 
suggest the following genetic environment for Mt Carlton alteration: A slowly ascending vapor 
plume cooled to produce a highly acidic (pH ≈ 1; Stoffregen, 1987) condensate that mixed 
extensively with meteoric waters whilst retaining a magmatic δ34SΣS signature. The resulting 
fluid was oxidized, and became increasingly so toward the surface. Progressive neutralization 
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of laterally migrating acid fluids away from the fluid conduits produced the silicic  quartz-
alunite  quartz-dickite-kaolinite alteration halo surrounding the Mt Carlton deposit. 

6.2. Magmatic steam alunite 
Unlike magmatic-hydrothermal alunite which forms from slowly rising and condensing 

columns of magmatic steam, magmatic-steam alunite forms from rapidly ascending vapor 
plumes (Rye et al., 1992; Rye, 2005; Fifarek and Rye, 2005). Therefore, magmatic-steam 
alunite is expected to have δ34S values similar to that of the total sulfur, magmatic δD values, 
δ18OSO4 similar to those of magmatic-hydrothermal alunite, and δ18OOH values in equilibrium 
with the hydrothermal fluids, unless the OH radical has undergone retrograde modification 
(Rye et al., 1992; Rye, 2005; Fifarek and Rye, 2005). Magmatic-steam alunite from Mt Carlton 
has higher δ34S (0.4 to 7.0 ‰) and lower δ18OSO4 (2.3 to 6.0 ‰), δ18OOH (-10.3 to -2.9 ‰) and 
δD (-106 to -93 ‰) than predicted on the basis of data from similar occurrences (Rye et al., 
1992; Rye, 2005; Fifarek and Rye, 2005). By comparison with previously published case 
studies (e.g., the Pierina HS deposit in Peru; Fifarek and Rye. 2005), this is most easily 
explained by a scenario involving a slowing down and dispersal of the steam column as it 
encountered the volcano-lacustrine sediments (Unit 4A) which cap the structurally controlled 
feeder zone in the footwall rhyodacite porphyry (Unit 3) at Mt Carlton. This would have 
allowed for partial SO4-H2S exchange and uptake of groundwater to occur, which produced the 
observed isotopic signatures in magmatic-steam alunite. 

6.3. Mineralization 
Sulfides and sulfosalts formed during hydrothermal mineralization (Stages 2A-C; Figure 8) 

show consistently negative δ34S compositions. This includes -8.0 to -5.0 ‰ for Stage 2A pyrite, 
-9.9 to -3.0 ‰ for Stage 2A enargite, -4.9 to -4.4 ‰ for Stage 2B pyrite, -15.0 to -6.8 ‰ for 
Stage 2B galena, -6.8 to -4.5 ‰ for Stage 2B sphalerite and -9.1 ‰ for Stage 2C tennantite. 
Barite co-crystallized with Stage 2A enargite has δ34S values of 22.3 to 23.8 ‰ and δ18OSO4 

values of -0.2 to 1.3 ‰. The observed isotopic compositions of these minerals are consistent 
with a magmatic-hydrothermal origin (e.g., Rye et al., 1992; Arribas, 1995a; Cooke and 
Simmons, 2000; Rye, 2005). 

Thermometric calculations based on sulfur isotope fractionation between enargite and barite 
yielded a temperature of 211°C for one mineral pair from V2, while four pairs from A39 
showed temperatures between 150 and 178°C. These temperatures correspond well with 
homogenization temperatures of primary fluid inclusions measured in barite. The overall data 
is consistent with high-sulfidation mineralization being deposited from a low-temperature, 
low-salinity, H2S-rich aqueous liquid which evolved to a high-sulfidation state upon entering 
the unbuffered lithocap environment. With time the fluid evolved back to a lower sulfidation 
state and a higher pH, which is reflected in the overprinting of intermediate-sulfidation state 
ore mineral assemblages (Stage 2B and 2C) on the high-sulfidation mineralization.  
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6.4. Hydrothermal void fill 
Stage 3 dickite exhibits δ18O values between -1.1 and 2.1 ‰ and δD values between -103 

and -121 ‰. Modelled hydrothermal fluids in equilibrium with this dickite have a component 
of meteoric water which is distinctly higher (85-95 %; Figure 14C) than the fluid which 
produced early alunite. This is consistent with an increasing dilution of the fluid with time. 
Throughout the paragenetic sequence (magmatic-hydrothermal alunite  magmatic-steam 
alunite  dickite) there is a progressive depletion in δD (Figure 15C). This trend may partly 
or dominantly reflect a continuous degassing of the mineralizing magma throughout the life of 
the hydrothermal system (c.f., Taylor, 1988; Hedenquist et al., 1998). 

6.5. D2 deformation and alteration 
Extensive shearing and circulation of fluids during D2 deformation led to the development 

of pervasive illite-montmorillonite alteration within specific rock units at Mt Carlton (Figure 
6). The gypsum present in syn-tectonic veins near the main fault zones has isotopic signatures 
(δ34S = 11.4 to 19.2 ‰ and δ18OSO4 = 0.5 to 3.4 ‰) which are not consistent with a supergene 
origin of the sulfur (e.g., from the oxidation of pyrite; Figure 15B). Rather, the heavy δ34S 
composition of the gypsum is similar to that of magmatic-hydrothermal sulfates at Mt Carlton. 
A potential scenario is that this sulfate was produced by leaching of hypogene anhydrite (Figure 
9B) within the Mt Carlton lithocap, a process which is directly indicated by textural 
observations (Figure 9C). The sulfate could then have been redeposited as gypsum in veins, 
which maintained the original δ34S composition of the anhydrite. 
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Figure 15. A) Plot of δ34Salunite and δ34Spyrite vs. Δ34Ssulfate-sulfide for alunite-pyrite pairs related to Stage 
1A alteration. The point of convergence of the two regression lines on the y-axis defines the total sulfur 
(δ34SΣS), while the slopes of the two lines indicate the proportions of oxidized and reduced sulfur species 
(XSO4

 and XH2S), respectively. B) Plot of δ34S vs. δ18O in sulfate minerals from the Mt Carlton deposit.   
(Figure 15C is included on the following page.) 
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Figure 15. C) Plot of δ18O vs. δD in Stage 1A alunite, Stage 1B alunite, Stage 3 dickite and present day 
meteoric waters from the Mt Carlton deposit. The colored fields represent the calculated compositions 
of waters in equilibrium with Stage 1A alunite and Stage 3 dickite, respectively. Calculated fluids plot 
along a mixing line between a magmatic endmember (water dissolved from felsic melts; Taylor 1992, 
and discharged from high-temperature fumaroles; Giggenbach 1992), and a hypothesized meteoric 
endmember. The hydrothermal fluids at Mt Carlton exhibit meteoric water dominant compositions, 
which stands in some contrast to typical acidic fluids in HS deposits (Arribas, 1995a, and references 
therein). The gradual decrease in δD in steam precipitates with time is consistent with continuous 
degassing of the mineralizing magma (see text for explanation). (Figures 15A,B on previous page.) 
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7. CRITICAL METALS AT MT CARLTON 
In addition to their enrichment in precious and base metals, ores from the Mt Carlton deposit 

contain anomalous concentrations of several critical metals, including germanium (Ge), 
gallium (Ga) and indium (In) (Table 1). To better understand the mineralogical distribution of 
these metals, we conducted microchemical analyses on key minerals from Mt Carlton using 
electron probe microanalyzer (EPMA) and laser ablation inductively coupled plasma mass 
spectrometry (LA-ICP-MS). Parageneses from which selected minerals were analyzed include: 
Stage 1) early acid sulfate alteration (alunite), Stage 2A) high-sulfidation enargite 
mineralization (enargite, argyrodite, sphalerite, pyrite, barite), Stage 2B) intermediate-
sulfidation sphalerite mineralization (sphalerite, pyrite, galena) and Stage 3) late hydrothermal 
void fill (dickite). This resulted in the identification of three main mineral associations of 
critical metal enrichment.  

7.1. Ga enrichment in Al-bearing hydrothermal sulfates and silicates 
Enrichment in Ga was observed in Al-bearing sulfates and silicates at Mt Carlton. This 

includes Stage 1A magmatic-hydrothermal alunite (up to 109 ppm Ga), Stage 1B magmatic-
steam alunite (up to 339 ppm Ga) and Stage 3 dickite (up to 150 ppm Ga). In both minerals, 
Ga is interpreted to be incorporated via the simple substitution Al3+ ↔ Ga3+. 

7.2. Ge ± In-Ga enrichment in high-sulfidation enargite ores 
The Stage 2A high-sulfidation enargite ores locally contain the independent Ge-Ag sulfide 

mineral argyrodite (ideally Ag8GeS6). Argyrodite at Mt Carlton shows a compositional range 
of (Ag7.03-7.80Cu0.11-0.67Pb0.00-0.01)(Ge0.86-1.06As0.00-0.08Sb0.00-0.05Bi0.00-0.01)(S4.36-5.62Se0.61-1.44Te0.03-

0.46), based on WDS spot analyses. Enargite, the principal ore mineral in Stage 2A 
mineralization, showed average Ge concentrations of 612 ppm in samples from A39 (up to 
2189 ppm) and 86 ppm in samples from V2 (up to 330 ppm). Germanium correlates with Zn 
in enargite, suggesting it is in part incorporated via the coupled substitution As5+ + Cu+ ↔ Ge4+ 
+ Zn2+.  Gallium and In were mostly low in enargite, however anomalous concentrations were 
observed locally (up to 155 ppm In and 38 ppm Ga). Sphalerite in Stage 2A had comparatively 
low Ge concentrations (up to 143 ppm), while the concentrations of Ga (up to 1181 ppm) and 
In (up to 571 ppm) were higher. Pyrite and barite in were found to be poor hosts of Ge, Ga and 
In in these ores, with concentrations consistently below 10 ppm.  

7.3. In-Ga ± Ge enrichment in Cu-rich intermediate-sulfidation  
sphalerite ores 

Sphalerite in the Stage 2B ores at Mt Carlton locally contain discrete colloform bands (~1 
μm thick) of a mineral with compositions close to CuZn2(In,Ga)S4 (Figure 16A). This mineral 
corresponds to a Ga-rich variety of the Zn-In mineral (ideally CuZn2InS4) first described from 
the Toyoha deposit in Japan (Ohta, 1989). The sphalerite itself is also enriched in Ge (up to 
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611 ppm), Ga (up to 2829 ppm) and In (up to 2169 ppm). Indium and Ga correlate with Cu and 
Ag in sphalerite, suggesting incorporation of these metals via the coupled substitution 2Zn2+ 
↔ (Cu,Ag)+ + (In,Ga)3+. Both pyrite and galena in Stage 2B were found to play a negligible 
role as carriers of Ge, Ga and In (all < 5 ppm).   

7.4. Characterization of cathodoluminescence features in indium-bearing 
sphalerite at Mt Carlton 

We performed a study on the cathodoluminescence (CL) properties of indium-bearing 
sphalerite from Mt Carlton. This was done using a combination of hyperspectral CL mapping, 
WDS element mapping and WDS spot analyses on an electron microprobe. The mapping was 
done across a colloform band of the Zn-In mineral (Figure 15A), where the concentrations of 
In (up to 19.59 wt%), Cu (up to 14.55 wt%) and Ga (up to 1.48 wt%) are highly elevated. 
Hyperspectral CL mapping reveals a high-intensity CL emission directly related to the presence 
of In, Cu and to a lesser degree Ga, in the sphalerite lattice. The CL peak is centred at 
wavelengths between ~500 and ~600 nm (Figures 16C-D). This peak is shifted to the higher-
wavelength positions (550-600 nm) when the proportion of indium relative to copper increases 
(Figures 16E-F). Overall the study shows that hyperspectral CL mapping is a powerful and 
efficient technique to study the distribution of indium, and potentially other trace elements of 
scientific and/or economic interest, in sphalerite. 
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Figure 16. X-ray element maps and hyperspectral CL maps of indium-bearing sphalerite from Mt Carlton 
A) BSE image of the mapped sphalerite. B) Element map of indium. Indium shows much higher 
concentrations within the thin BSE-bright colloform band. C) False colour hyperspectral CL map of the 
same area as shown in A-B. The map shows the distribution of the lower-wavelength emissions (500-550 
nm; red) related to indium-rich sphalerite. The signal at 825-950 nm (light blue) delineates a colloform 
growth zone in the sphalerite, and is interpreted as an intrinsic CL emission. D) False colour CL map 
showing the distribution of the higher-wavelength emissions (550-600 nm; red) related to indium-rich 
sphalerite. The higher-wavelength emissions are concentrated towards the rim of the indium-rich zone (as 
indicated by arrows). E) Ternary plot showing the relationship between CL emissions at 500 nm and the 
proportion of indium to copper. F) Ternary plot showing the relationship between CL emissions at 600 nm 
and the proportion of indium to copper. The proportion of indium is distinctly higher for emissions at 600 
nm, suggesting an increasing In:Cu ratio towards the rim of the indium-rich zone. 
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8. IMPLICATIONS FOR EXPLORATION 
Due to the shallow environment of formation and the high erosion rates in most volcanic 

arcs, the preservation potential of HS deposits in older terranes is generally poor, and most 
known deposits are of Tertiary age or younger (Arribas, 1995a). Mt Carlton therefore stands 
out by being one of the world’s few preserved economic pre-Neogene HS deposits. The 
structural observations indicate that the Mt Carlton deposit formed along the axis of the 
northern Bowen Basin during the onset of the backarc rifting stage, which is further confirmed 
by the 40Ar/39Ar dating. Prolonged extension in the Bowen Basin should have provided rapid 
burial of the Mt Carlton deposit beneath post-mineralization volcano-sedimentary cover. The 
exceptional preservation of the Mt Carlton deposit is, thus, strongly linked to the extensional 
setting in which it formed. Post-mineralization extension, most notably during D2, has also 
caused significant tectonic modification at Mt Carlton, including rotation and segmentation of 
the ore zones. This deformation also has important implications for exploration for linked 
porphyry mineralization in the area.  Assuming a similar scenario as documented at the linked 
Far Southeast porphyry and Lepanto HS deposits at Mankayan, Philippines (Arribas et al., 
1995b; Hedenquist et al., 1998; Chang et al., 2011), the mineralized feeders at Mt Carlton 
should theoretically extend to the causative intrusion. Based on the present-day shape of the 
ore zones, and the vectors defined by metal zonation (distal Ag-Pb-Zn to proximal Au-Cu, 
from SW to NE; Figure 5) and alunite composition (increasing Na-content to the NE; Figure 
11) within the Mt Carlton deposit, the simplest assumption would be that the high-grade feeders 
should extend to the NE of the current V2 pit. However, drilling and IP geophysical surveys 
conducted at Mt Carlton have so far been unsuccessful in detecting high-grade extensions to 
the immediate NE of the V2 pit (Evolution Mining, pers. commun. 2017). Most likely, the low-
angle normal faults developed during D2 have cut the feeders at deeper levels (e.g., at the 
contacts between Unit 2 and 3, and between Unit 2 and the granite basement). This scenario 
would be similar to the post-mineralization detachment faulting described at the Paradise Peak 
HS deposit in Nevada (Sillitoe and Lorson, 1994). The deeper parts of the feeder system and 
potential linked porphyry mineralization should, therefore, be displaced relative to the currently 
mined Mt Carlton deposit. A more detailed kinematic analysis of the D2-related structures on 
a regional scale is required to understand the nature of this displacement, and to develop vectors 
for exploration.  

The study of Mt Carlton highlights the potential for exceptional preservation of ore deposits, 
as well as the possibility of significant post-mineralization tectonic modification of the 
porphyry-epithermal system, in extensional settings. This should be considered during 
exploration at Mt Carlton as well as in similar geologic terranes elsewhere. 
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