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Abstract
Mount Carlton is a Paleozoic high-sulfidation epithermal deposit located in the northern segment of the Bowen 
Basin, northeast Queensland, Australia. The deposit is hosted in Early Permian volcanic and sedimentary rocks, 
and an open-pit mining operation includes the Au-rich V2 pit in the northeast and the Ag-rich A39 pit in the 
southwest. Mineralization 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 localized cores of silicic alteration. The silicic cores 
transition outward to zones of quartz-alunite alteration, which are, in turn, enveloped by a zone of quartz-dick-
ite-kaolinite alteration. Epithermal mineralization at Mt. Carlton developed in three stages: Cu-Au-Ag mineral-
ization dominated by enargite was overprinted by Zn-Pb-Au-Ag mineralization dominated by sphalerite, which, 
in turn, was overprinted by Cu-Au-Ag mineralization dominated by tennantite. Proximal Au-Cu mineralization 
in the V2 pit occurs in networks of steep faults associated with veins and hydrothermal breccias within a massive 
rhyodacite porphyry. Three distinct ore zones (Eastern, Western, and Link) are aligned, en echelon, along a 
broadly E trending corridor. The Western ore zone continues along ~600-m strike length to the southwest into 
the A39 pit, and it shows a metal zonation, from proximal to distal, of Au-Cu → Cu-Zn-Pb-Ag → Ag-Pb-(Cu) → 
Ag. Distal Ag mineralization in the A39 pit is concentrated in a volcanolacustrine sedimentary sequence that 
overlies the rhyodacite porphyry. It occurs in a stratabound position oriented parallel to primary sedimentary 
layering and locally exhibits synsedimentary ore textures. Such textures are interpreted to have formed as min-
eralizing fluids discharged into what most likely were lakes developed within localized rift basins, at the same 
time that the volcanolacustrine sediments were deposited. At depth, equivalent ore textures were produced 
within open spaces in the structural roots of the rift basins. 40Ar/39Ar dating of hydrothermal alunite yielded an 
age range of 284 ± 7 to 277 ± 7 Ma, which links the formation of the Mt. Carlton deposit to the Early Permian 
back-arc rifting stage in the Bowen Basin. Prolonged extension provided rapid burial of the deposit beneath a 
postmineralization, volcanosedimentary cover, which was essential for the exceptional preservation of Mt. Carl-
ton. The same extension caused displacement of the rock pile along a series of shallowly dipping detachment 
faults and segmentation and rotation of the ore zones across steeply dipping normal faults. This deformation 
would have displaced any underlying porphyry mineralization relative to the current location of Mt. Carlton.

Introduction
High-sulfidation epithermal deposits are typically found in 
andesitic to dacitic volcanic arcs subjected to variable regional 
stress regimes, ranging from mildly extensional to compres-
sional (Sillitoe, 1993, 2010; Cooke and Simmons, 2000; Tos-
dal and Richards, 2001; Sillitoe and Hedenquist, 2003). These 
deposits are believed to form in magmatic-hydrothermal envi-
ronments similar to those that occur beneath modern volca-
nic fumaroles and crater lakes (Hedenquist et al., 1993). They 
are mined predominantly for their Au content, while other 
metals (chiefly Ag and Cu) may be economically important 
in individual deposits (Arribas, 1995a; Singer, 1995). Min-
eralization in high-sulfidation deposits may occur in contact 
with or only a few meters beneath the paleosurface, but, 

more commonly, it is separated from the paleosurface by up 
to several hundred meters (Sillitoe, 2015). Mineralization 
styles include hydrothermal breccias, veins, stockworks, and 
disseminations or replacements (Arribas, 1995a). The high-
grade ore commonly occurs within cores of silicic alteration, 
locally exhibiting a vuggy texture, which reflect the leaching 
effects of highly acidic (pH ≈ 1; Stoffregen, 1987) magmatic 
vapor condensates injected into the epithermal environment. 
The silicic cores, which typically are no more than a few tens 
of meters wide, have halos of advanced argillic minerals (e.g., 
alunite, dickite, kaolinite, pyrophyllite, diaspore, and pyrite) 
that may have areal extents up to several square kilometers 
(Steven and Ratté, 1960; Stoffregen, 1987; Arribas, 1995a; 
Sillitoe, 1995). High-sulfidation epithermal deposits typically 
have structurally controlled feeders (e.g., local subvertical 
faults and fractures), with silicic-advanced argillic alteration 
possibly forming horizontal to subhorizontal lithocaps along 
specific horizons, such as unconformities and permeable rock 
layers (Arribas, 1995a; Sillitoe, 1999, 2010; Hedenquist et al., 

ISSN 0361-0128; doi: 10.5382/econgeo.2018.4611; 35 p.
Supplementary files available online. 1733

Submitted: September 26, 2017
Accepted: February 18, 2018

† Corresponding author: e-mail, fredrik.sahlstrom@my.jcu.edu.au
*Current address: International Center for Research and Education on 

Mineral and Energy Resources (ICREMER), Akita University, Akita 010-
8502, Japan.

© 2018 Gold Open Access: this paper is published under the terms of the CC-BY license.

Economic Geology, v. 113, no. 8, pp. 1733–1767

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/113/8/1733/4638330/1733-1767.pdf
by Isaac Corral Calleja 
on 12 September 2023



1734 SAHLSTRÖM ET AL.

2000; Chang et al., 2011). These deposits and their associated 
lithocaps can be considered as the top parts of larger intru-
sion-driven hydrothermal mineralizing systems, centered on 
porphyry intrusions that may be enriched in Cu, Au, and/or 
Mo (Arribas et al., 1995b; Hedenquist et al., 1998; Sillitoe, 
2010; Chang et al., 2011).  

Queensland, Australia, has an abundance of mineral depos-
its related to Carboniferous and Permian magmatism, which 
formed inboard of an active continental margin (Henderson, 
1980; Champion and Mackenzie, 1994; Blevin et al., 1996; 
Bain and Draper, 1997; Champion and Bultitude, 2013). 
Clusters of porphyry and epithermal Cu-Au deposits and 
prospects occur in the northern segment of the Bowen Basin 
in northeast Queensland (Fig. 1). Mineralization in the north-
ern Bowen Basin is predominantly hosted in Early Permian 
volcanic rocks that were deposited within a back-arc rift envi-
ronment (Donchak et al., 2013). The most significant, and 
the only deposit currently in production, is the Mt. Carlton 
high-sulfidation deposit. Mt. Carlton was discovered in 2006 
and has estimated resources (indicated + inferred) of 10.42 
million tonnes (Mt) averaging 2.92 g/t Au, 30.60 g/t Ag, and 
0.47% Cu, containing ~1 Moz Au (as of December 2016; M. 
Obiri-Yeboah, pers. commun., 2017). With respect to its aver-
age Au grade, Mt. Carlton is comparable to medium-grade 
and unoxidized high-sulfidation deposits such as Lepanto, 
Rodalquilar, Chelopech, Chinkuashih, Pierina, and Pueblo 
Viejo (Fig. 2). Mt. Carlton differs from most of these deposits 
in that it is mined using open-pit methods. This includes the 
larger and Au-rich V2 pit in the northeast and the smaller and 
Ag-rich A39 pit in the southwest (Fig. 3). 

Due to high erosion rates in most volcanic arcs, the preser-
vation potential of high-sulfidation deposits in older terranes 
is generally poor (e.g., Kesler and Wilkinson, 2006). Mt. Carl-
ton is, therefore, of particular interest as it is one of only few 
known economic, pre-Neogene, high-sulfidation deposits in 
the world. In this study, we document the geologic setting, 
hydrothermal alteration, mineralization, mineral chemistry, 
and 40Ar/39Ar geochronology of the Mt. Carlton deposit. This 
study contributes to the understanding of the characteristics, 
formation, preservation, and tectonic modification of shallow 
high-sulfidation deposits in extensional settings. This informa-
tion can, in turn, be useful when exploring for epithermal and 
porphyry deposits in similar geologic terranes elsewhere.

Regional Geology
The Bowen Basin is an NNW-trending, elongate, and asym-
metrical sedimentary basin covering an area of ~200,000 
km2 in eastern Queensland. It formed as part of the New 
England Orogen during the Early Permian to Middle Tri-
assic and is the northern part of a 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 and polyphase tectonic evolu-
tion, divided into back-arc extension, thermal relaxation, and 
foreland basin stages. The Bowen Basin was initiated in the 
Early Permian by extension of the back-arc continental crust 
inland of the Connors arc, causing rifting (Esterle et al., 
2002; Korsch et al., 2009). This produced a series of isolated 
NNW-trending graben and half-graben basins, which were 
infilled by volcanic and sedimentary rocks (Murray, 1990; 

Hutton et al., 1999; Esterle et al., 2002; Korsch et al., 2009). 
The Lizzie Creek Volcanic Group was deposited during this 
time and comprises calc-alkaline, andesitic to rhyolitic volca-
nic rocks, and minor terrestrial sediments, which host most 
of the mineralization in the northern Bowen Basin (Paine 
et al., 1974; I. Corral, unpub. data, 2018). The back-arc rift-
ing stage was followed by a period of thermal relaxation and 
subsidence in the Middle Permian, which led to flooding of 
the Bowen Basin and deposition of marine and coastal plain 
sedimentary units (Malone et al., 1969; Esterle et al., 2002; 
Allen and Fielding, 2007; Korsch and Totterdell, 2009). The 
thermal relaxation stage was abruptly terminated in the Late 
Permian, due to the onset of the ~265 to 235 Ma Hunter-
Bowen Orogeny (Donchak et al., 2013). This led to foreland 
loading, tectonic inversion, and development of a foreland 
basin. Terrestrial sediments deposited in the foreland basin 
make up the bulk of the Bowen Basin infill, and they contain 
several economically important coal deposits (Fielding et al., 
1990; Fergusson, 1991; Holcombe et al., 1997; Esterle et al., 
2002).

Geology of the Mt. Carlton Deposit

Stratigraphy

The basement unit at Mt. Carlton is a granite belonging to 
the Urannah batholith (~302–296 Ma; I. Corral, unpub. data, 
2018). The batholith contains several high-temperature, 
I-type granites (Allen et al., 1998; Donchak et al., 2013). The 
granite at Mt. Carlton is a fine- to medium-grained monzo-
granite, containing equigranular quartz, alkali feldspar, pla-
gioclase, biotite, and hornblende (unit 1; Figs. 4, 5, 6A, 7A). 
The granite basement unit is overlain by a volcanosedimen-
tary sequence belonging to the Lizzie Creek Volcanic Group 
(units 2–8, Fig. 4; ~288–275 Ma; I. Corral, unpub. data, 2018).

Near the Mt. Carlton mine, the basal unit of the Lizzie 
Creek sequence is a ~300-m thick andesite unit (unit 2; Figs. 
4, 7). The rocks comprise fine-grained plagioclase-pyroxene ± 
hornblende phyric andesite, and minor monomict autoclastic 
andesite breccia. 

Overlying unit 2 is up to 200 m of massive and locally 
flow banded quartz-feldspar phyric rhyodacite, and minor 
monomict autoclastic quartz-feldspar phyric rhyodacite brec-
cia (unit 3; Figs. 4, 5, 6B, C, 7). Unit 3 is affected by 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; Figs. 4, 5, 7) 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 sedi-
ments, locally containing fossilized wood (Figs. 4, 5, 6D, 7). 
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 (Figs. 4, 5, 7). 

Overlying unit 4 is a unit, up to 150 m thick, that contains 
dacitic and andesitic volcaniclastic rocks (unit 5; Figs. 4, 5, 
7). These rocks show variable facies throughout the two pits 
and include dacitic ignimbrite (unit 5A), coarse volcanic con-
glomerate (unit 5B), and fragmental dacite breccia (unit 5C; 
Fig. 6E).
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Unit 6 conformably overlies unit 5 in the area near the open 
pits. It is an up to 50-m-thick unit of fragmental andesite that 
locally contains rounded boulders (Figs. 4, 5, 6F, 7). 

Unit 7 is an up to 150-m-thick sequence of volcanosedimen-
tary rocks that overlies unit 6 (Figs. 4, 5, 6F, 7). The rocks com-
prise andesitic to dacitic volcaniclastic breccias and volcanic 
sediments. The latter include water-laid, graded sandstone-silt-
stone beds, coal-bearing laminated mudstones with tuffaceous 
interbeds, and moderately to well-sorted, monomict to polymict 
fluvial conglomerates that locally contain clasts of hydrother-
mally altered granite and volcanic rocks (Fig. 6G). Porphyritic 
andesitic to dacitic lavas are locally present within unit 7 and 
occur in the northwest wall of the A39 pit (Figs. 4, 5, 7).

The youngest stratigraphic unit in the Mt. Carlton area, unit 
8, comprises flow-banded rhyolites that conformably overlie 
units 1 to 7 throughout the district (Coughlin, 1995). The 
rocks contain aligned phenocrysts of lath-shaped plagioclase 
and alkali feldspar, and rare quartz, within an aphanitic, bur-
gundy-red groundmass (Fig. 4). Unit 8 is exposed as a semiho-
rizontal sheet along the hilltops to the south of the open pits.

In the north wall of the V2 pit, unit 3 is crosscut by a younger 
dacitic to rhyodacitic volcanic vent (~25 m wide; Figs. 4, 5, 
6C). 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, tuffaceous, dacitic rocks along the margins. 

Deformation sequence

A deformation sequence for the Mt. Carlton deposit has 
been established by structural mapping of the open pits and 
regional outcrops, coupled with analysis of drill core structural 
data. The Mt. Carlton deposit has undergone seven stages of 
extensional deformation and dike emplacement (herein called 
D1-D7), 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: The D1 event constituted rifting and associated high-
angle normal faulting in response to both E-W and N-S exten-
sion. The D1 rifting event was initiated during the deposition 
of unit 2, was most intense during the deposition of units 3 
and 4, and was waning during the deposition of the younger 
stratigraphic units (units 5–8). The D1 normal faults exposed 
in the pits facilitated displacements on the order of tens of 
meters and include synsedimentary growth faults that were 
active during the deposition of volcanic sediments in local-
ized half-graben and graben basins. Locally, such half-grabens 
infilled with Lizzie Creek volcanic rocks are bounded by D1 
faults that also host mineralization (Fig. 8A, B). Hydrothermal 
enargite, pyrite, and dickite that grew along such faults define 
mineral lineations that record a normal component of shear 
(Fig. 8C, D). Hydrothermal alteration and epithermal miner-
alization, thus, occurred partly contemporaneously with rifting 
and deposition of volcanic sediments during the earlier stages 
of D1, with rifting and sedimentation outlasting mineralization. 

D2: Continued E-W extension resulted in the develop-
ment of 1- to 5-m-wide, low-angle (and locally layer-parallel) 
fault zones and associated, high-angle antithetic normal faults 
(Figs. 5, 6F, 7). Within the pit area, the D2 low-angle faults 
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accommodated a top-to-the-east displacement along a broadly 
E-W axis, and they have truncated the stratigraphy, the hydro-
thermal alteration halo, and the ore zones (Figs. 5, 6F, 7). 
Major throughgoing D2 structures, with potential displace-
ments of hundreds of meters, appear to be restricted to the 
younger stratigraphic units (i.e., unit 6 and above) that blanket 
the regional horst-and-graben topography created during D1. 
Where the D2 low-angle faults affect the lower parts of the 
stratigraphy, as can be seen in drill core, including the mineral-
ized units 3 and 4A, the faults are relatively narrow (<0.8 m), 
and correlations between drill core indicate that displacements 
along these structures are smaller and more localized. The vol-
canic vent, unit 9, crosscuts D2 faults in the V2 pit.

D3: The D3 event involved high-angle normal faulting in 
response to N-S extension, with partial reactivation of D1 and 
D2 faults. Based on the regional distribution of lithological 
units in the area (with basement granite to the north and a 
progressively thicker volcanosedimentary pile to the south), 
the overall sense of movement related to D3 faults around the 
V2 and A39 pits was probably south-down, resulting in a shal-
low, southerly tilt of the layering. 

D4: The D4 event comprised block rotation of kilometer-
scale lithological domains across steep, NNW-trending nor-
mal faults and ENE-trending cross faults. An NNW-trending 
D4 normal fault cuts across the entire stratigraphic pile and 
passes between the V2 and A39 pits (Fig. 5). This has caused 
segmentation of the stratigraphy and the ore zones within 
the Mt. Carlton deposit, as well as a reorientation of primary 
layering and mineralization. Bedding planes in the northeast 
fault block, which includes the V2 pit, have remained near-
horizontal after the D4 event. In contrast, bedding planes in 
the southwest fault block, which includes the A39 pit, have 
been rotated in a west-southwest direction by ~32° (Fig. 5B).

D5: The D5 event constituted the emplacement of basaltic 
dikes along high-angle D1, D3, and D4 faults and, to a lesser 
degree, along low-angle D2 faults (Fig. 6H). The dikes asso-
ciated with the D5 event contain fine-grained plagioclase, 
pyroxene, and hornblende phenocrysts in a tan to dark green 
groundmass, showing a distinct “salt and pepper” texture. 

D6: The D6 event involved strike-slip faulting along the 
margins of D5 dikes (Fig. 6H). The movement was domi-
nantly dextral, but sinistral movement has also been observed, 

N

Au 2.5 g/t Cu 0.5 % Ag 100 g/tZn 1 % Pb 0.3 %

100 m

SW

V2 pit

A39 pit

Link
ore zone

Western
ore zone

Eastern
ore zone

NE

Au-Cu

Cu-Zn-Pb-Ag
Ag-Pb-(Cu)

Ag

Fig. 3.  3-D model of the ore zones at Mt. Carlton, showing the metal zonation of Au, Ag, Cu, Zn, and Pb across the deposit. 
The grade shells were created in the Leapfrog Geo software using drill core assay data provided by Evolution Mining (>3,500 
drill holes) and are fitted to a northeast-southwest structural trend. 
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indicating a long and multistaged history of unknown age. The 
amount of displacement in the pit area during D6 events was 
minor (less than 20 m). 

D7: The D7 event comprised the emplacement of WNW-
trending basaltic dikes. The D7 dikes exhibit a black aphanitic 
groundmass containing medium-grained plagioclase pheno-
crysts and quartz amygdales.

Alteration Zones
The mineralogy and zonation of alteration at Mt. Carlton was 
studied by drill core logging, open-pit mapping, transmit-
ted polarized light microscopy, short-wave infrared (SWIR) 

spectroscopy, and powder X-ray diffraction (XRD). The SWIR 
analyses were made in situ on surface and drill core samples 
using a portable infrared mineral analyzer (PIMA) device, and 
data processing was done using the software “The Spectral 
Geologist” (TSG). The SWIR data collected in this study was 
complemented with an existing database of drill core SWIR 
data provided by Evolution Mining. This data was obtained 
using an ASD TerraSpec instrument and processed using 
TSG. The XRD analyses were performed using a PANalytical 
X’pert PRO automated diffractometer housed at the Swedish 
Museum of Natural History in Stockholm, and mineral iden-
tification was done using the Highscore Plus software. These 

V2

A39

Erosion level in open pits

Limit of hypogene alteration

Lithology Description

Not to scale

Unit 3: Rhyodacite porphyry (~200 m)
-Massive quartz-feldspar phyric rhyodacite
-Flow-banded quartz-feldspar phyric rhyodacite 
-Monomict autoclastic quartz-feldspar phyric rhyodacite breccia 

Unit 2: Andesite porphyry (~300 m)
-Fine-grained feldspar-pyroxene ± hornblende phyric andesite
-Monomict autoclastic andesite breccia

Unit 1: Granite basement (unknown thickness)
-Fine- to medium-grained equigranular monzogranite

Unit 6: Fragmental andesite (~50 m)
-Fragmental andesite containing rounded boulders 

Unit 8: Flow-banded rhyolite (~200 m)
-Feldspar phyric rhyolite with well-developed flow-banding

Unit 7: Volcano-sedimentary rocks (~150 m)
-Andesite-dacite volcaniclastic breccia
-Well to moderately sorted, subrounded fluvial conglomerate
-Water-laid graded sandstone-siltstone beds
-Coal-bearing laminated mudstone with dacite tuff interbeds
-Andesite-dacite porphyritic lava 

Unit 4: (Rhyo)dacite tuffs and sediments (~100 m)
4B: -Massively bedded dacite tuffs (V2 only)
4A: -Well-bedded fragmental rhyodacite lapilli tuffs with 
interbedded carbonaceous lacustrine sediments

Unit 5: Volcaniclastic dacite (~150 m)
5C: -Massive dacite with fragments and boulders of dacitic and andesitic 
material in a coarse quartz-feldspar phyric groundmass
5B: -Polymict subrounded volcanic conglomerate (A39 only)
5A: -Polymict dacite ignimbrite with sandy groundmass (A39 only)

Fig. 4.  Stratigraphic column for the Lizzie Creek Volcanic Group, as observed near the Mt. Carlton mine.
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studies have resulted in the identification of five distinct alter-
ation zones.

Silicic alteration zone

Silicic alteration occurs as multiple cores (~10–100 m wide) 
that formed in and around D1 high-angle structures in units 
3 and 4A (Fig. 7). The silicic alteration zones are character-
ized by almost complete replacement of the original rock 

by microcrystalline quartz, which has produced a very hard 
residual rock. Silicic alteration has largely destroyed primary 
volcanic and sedimentary textures, such that, in general, 
only quartz phenocrysts are preserved. The texture of silicic 
alteration is predominantly massive, but vuggy textures and 
silicic hydrothermal breccias are developed locally. The 
silicic alteration zones contain small amounts of alunite, 
pyrite, dickite, kaolinite, aluminum-phosphate-sulfate (APS) 

Avg. S0 = 245º/32º 

Avg. S0 = 332º/03º 

A

A’A’ D’

B

B’

C

C’

D

V2 pit

A39 pit

3

9

3

4A

4A

4B

4A

4A

4A

5C

5C

6

7

7

5C

5C

5A
5B

67

100 m

NA)

B)

Section line

D4 fault

D2 fault
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Fig. 5.  (A) Aerial photograph of 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 are the same as in Figure 4. The solid colored lines delineate the major 
D1, D2, and D4 faults and the surface traces of the cross sections shown in Figure 7. The two inserted stereonets indicate the 
average orientation of primary bedding planes (S0) within the two fault blocks separated by the NNW-trending D4 normal 
fault. The red dotted lines represent inferred faults outside of the mapped open pits.
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altered clasts

sediments (unit 7)

rhyodacite 
porphyry
(unit 3)

dacite-rhyodacite 
vent (unit 9)

A) B)
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E) F)

rhyodacite
porphyry
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dike (D5)

sheared dike
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H)
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Fig. 6.  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 
north wall of the V2 pit. The vent locally has kaolinite-pyrite alteration in its core and illite-montmorillonite alteration along its 
margins. (D) Laminated volcanolacustrine sediments (unit 4A), the host of mineralization in the A39 pit. (E) Fragmental dacite 
breccia (unit 5C) from the A39 pit. (F) Contact between a highly sheared fragmental andesite (unit 6) and water-laid sediments 
(unit 7) in the east wall of the V2 pit. Unit 6 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 volcanosedimentary unit (unit 7) in the 
V2 pit, containing clasts of hydrothermally altered rocks. (H) E-trending D5 basaltic dikes crosscutting massive rhyodacite por-
phyry (unit 3) in the east wall of the V2 pit. The dikes have minor displacements along their margins related to D6 deformation. 
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Fig. 7.  Interpreted cross sections through the Mt. Carlton deposit, showing the distribution of stratigraphic units, major 
structures, alteration assemblages, and mineralization. The sections were drawn based on drill core logging, open-pit map-
ping, SWIR measurements, and Leapfrog modeling. (A) Long section from northeast to southwest along the Western ore 
zone, corresponding to line A-A' in Figure 5. (B) Cross section from northwest to southeast through the central V2 pit, cor-
responding to line B-B' in Figure 5. (C) Cross section from northwest to southeast through the southwest V2 pit, correspond-
ing to line C-C' in Figure 5. (D) Cross section from northwest to southeast through the central A39 pit, corresponding to 
line D-D' in Figure 5. Abbreviations: alu = alunite, anh = anhydrite, APS = aluminum phosphate-sulfate, brt = barite, chl = 
chlorite, dck = dickite, gyp = gypsum, hbx = hydrothermal breccia, hem = hematite, ill = illite, kln = kaolinite, mnt = mont-
morillonite, prl = pyrophyllite, py = pyrite, qtz = quartz, rt = rutile.
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minerals, and pyrophyllite (Fig. 9). Pyrite occurs as dissemi-
nations in the quartz groundmass, while the sulfate and clay 
minerals are mainly developed in vugs or as infill in hydro-
thermal breccia (Fig. 10A). The presence of pyrophyllite 
was only identifiable using SWIR and XRD techniques. The 
silicic alteration zones locally contain aggregates of tabular 
anhydrite, which are developed within small fractures (Fig. 
10B). Most of the anhydrite has been dissolved, which has 
left behind a prominent cast texture in the rock (Fig. 10C). 
The silicic alteration zones also locally contain alunite veins 
(Fig. 9). These veins are up to ~20 cm wide and made up 
of banded, plumose alunite without sulfides (Fig. 10D). 
Based on textural observations in thin section, some alunite 
veins are synchronous with silicic alteration, whereas others 

postdate it. The presence of alunite veins is largely con-
centrated to the V2 pit; however, they have been observed 
locally in the A39 pit too. Many alunite veins were reopened 
by later mineralized veins (Fig. 10D).

Quartz-alunite alteration zone

A quartz-alunite alteration zone defines a ~100- to 300-m-wide 
envelope to the silicic alteration zones in units 3 and 4A, with a 
gradational transition between the two zones (Fig. 7). Quartz-
alunite alteration is not as pervasively developed as the silicic 
alteration, such that primary rock textures are generally pre-
served. A groundmass of microcrystalline quartz contains dis-
seminated alunite and locally pyrite, dickite, and kaolinite, 
and, more rarely, barite and rutile (Figs. 9, 10E). Alunite and 
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Unit 3 (mineralized rhyodacite 
porphyry, silicic and quartz-alunite 
alteration)

Mineralized D1 

fracture zone

Basaltic 
dikes (D5)

W

Unit 4A (fine fragmental rhyodacite, 
illite-montmorillonite alteration)

Unit 4A (coarse fragmental rhyodacite,
illite-montmorillonite alteration)

A)

B)

C) D)

Fig. 8.  Photographs showing key field relationships associated with the D1 deformation event. (A, B) Outcrop from the south-
west wall of the V2 pit, illustrating the partial overlap between rifting, sedimentation, mineralization, and alteration during 
D1. An 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 southeast by this fracture zone, and the half-graben is infilled with younger, postmineralization 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-trending basaltic dikes emplaced 
during D5. (C) Photograph of hydrothermal enargite and pyrite that grew along a D1 fracture in the Eastern ore zone in the 
V2 pit. (D) A mineral lineation is defined by enargite, pyrite, and dickite that grew along a D1 fracture in the Eastern ore zone 
in the V2 pit. The lineation trends east, and movement on the fault was sinistral normal.
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clay minerals have also replaced preexisting feldspar crystals 
(Fig. 10E). 

Quartz-dickite-kaolinite alteration zone

A quartz-dickite-kaolinite alteration zone occurs as a laterally 
extensive (>1-km-wide) halo to the silicic and quartz-alunite 
alteration zones in units 3 and 4A (Fig. 7). Quartz-dickite-
kaolinite alteration produced a whitish- to gray-colored rock 

that typically preserves primary volcanic and sedimentary tex-
tures. A groundmass of microcrystalline quartz contains dis-
seminated dickite, kaolinite and, locally, pyrite (Fig. 9). Dickite 
and kaolinite have also replaced preexisting feldspar crystals 
(Fig. 10F). The amount of quartz decreases away from the 
controlling structures, such that dickite-kaolinite altered rocks 
are relatively soft and friable in distal locations. Kaolinite-pyrite 
alteration is also locally present within unit 9 (Fig. 6C).
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Fig. 9.  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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Fig. 10.  Photographs of selected hydrothermal alteration assemblages at Mt. Carlton. (A) Silicic alteration with a vuggy tex-
ture, reflecting the 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. Preexisting feldspar crystals 
have been replaced by dickite. (C) Similar alteration as in (B) but with the anhydrite having been completely dissolved, leav-
ing behind a prominent cast texture in the rock. (D) Banded alunite vein developed within a silicic alteration zone. After 
deposition of alunite, the vein was reopened to form two stage 2A enargite veins. 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 has 
mainly replaced preexisting feldspar crystals, while the pyrite occurs as disseminations. (F) Quartz-dickite-kaolinite alteration 
developed in a quartz-feldspar phyric rhyodacite (unit 3). The clay minerals have replaced preexisting feldspars. (G) Illite-
montmorillonite alteration developed in a volcaniclastic dacite (unit 4B). (H) Veinlets of chlorite and illite crosscutting the 
granite basement rocks (unit 1). Mineral abbreviations (Kretz, 1983): Alu = alunite, Anh = anhydrite, Chl = chlorite, Dck 
= dickite, Eng = enargite, Ill = illite, Kln = kaolinite, Mnt = Montmorillonite, Prl = pyrophyllite, Py = pyrite, Qtz = quartz. 
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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 sheared 
(D2) contacts to the units overlying and underlying it, which 
include units 2, 5, and 6 and parts of unit 4 (Fig. 7).  Illite-
montmorillonite alteration is pervasive in rocks above and 
below the fault-bounded ore zones (Figs. 7, 9, 10G). These 
peripheral rocks are very friable and poorly preserved, due 
to the swelling properties of the clay minerals. In addition to 
illite and montmorillonite, these distal rocks locally exhibit 
red hematite dusting. Syntectonic gypsum veins with well-
developed shear fabrics occur near the major D2 faults within 
the illite-montmorillonite alteration zones.

Chlorite-illite alteration zone
The illite-montmorillonite alteration zone transitions down-
ward to a chlorite-illite alteration zone (Figs. 7A, 9). This tran-
sition is sharp and 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 pri-
mary granitic texture (Fig. 10H). Chlorite and illite have also 
replaced preexisting feldspar, hornblende, and biotite crystals. 

Timing of the alteration assemblages
The zoned alteration halo present within unit 3 and unit 4A 
(silicic → quartz-alunite → quartz-dickite-kaolinite) is inter-
preted to be directly linked to the mineralizing hydrothermal 
event at Mt. Carlton, based on its close spatial relationship with 
mineralization, and also based on comparisons to other high-
sulfidation deposits (e.g., Steven and Ratté, 1960; Stoffregen, 
1987; Arribas, 1995a; Hedenquist et al., 2000). In contrast, the 
illite-montmorillonite alteration is partly developed in units 
that were deposited after mineralization (Figs. 7, 8) and shows 
no obvious zonation. Therefore, we interpret this alteration 
assemblage to have developed regionally during D2 deforma-
tion. Chlorite-illite alteration of the granite basement was most 
likely related to the mineralizing hydrothermal event. This is 
based on the presence of chlorite-illite altered granite clasts in 
conglomerates within unit 7, which predates D2 deformation. 

The presence of pyrite together with kaolinite in unit 9 
implies a hypogene origin for kaolinite alteration. Because 
unit 9 crosscuts both the primary hydrothermal alteration halo 
and D2 faults in unit 3, a later hydrothermal alteration event 
(likely occurring concomitantly with the emplacement of the 
volcanic vent itself) is inferred to have overprinted the earlier 
alteration halo in unit 3. This late-stage alteration appears to 
be confined to within and proximal to unit 9 (Fig. 6C).

Mineralization
The ore geometry, metal zonation, and mineral paragenesis 
at Mt. Carlton was studied by open-pit mapping, drill core 
logging, modeling of drill core assay data using Leapfrog, 
whole-rock geochemical analyses, reflected polarized light 
microscopy, and reconnaissance scanning electron micros-
copy with an energy dispersive scanning system (SEM-EDS).

Ore geometry and metal zonation
On a local scale (1–10 m), proximal Au-Cu mineralization in 
the V2 pit occurs in moderately to steeply (~60°–90°) dipping 

D1 fracture networks within the rhyodacite porphyry (unit 3). 
The mineralized fractures have a predominantly northeast 
to north-northeast trend, with NW- to E-trending fractures 
being secondary. Hydrothermal breccias infilled with ore min-
erals are locally developed along intersection lines between 
mineralized fractures (Fig. 11A). At a scale of hundreds of 
meters, three distinct ore zones can be identified in the V2 
pit (Western, Eastern, and Link ore zones; Fig. 3). These 
ore zones line up in an en echelon fashion along a broadly 
E trending corridor, and all have grade envelopes that trend 
southwest. The Eastern and Link ore zones terminate in the 
V2 pit, while the Western ore zone extends to the southwest 
and can be traced into the A39 pit across a D4 fault. Along 
strike of the ~600 m of known mineralization, the Western ore 
zone shows a distinct metal zonation, from proximal to distal, 
of Au-Cu → Cu-Zn-Pb-Ag → Ag-Pb-(Cu) → Ag (Figs. 3, 7). 
Distal Ag mineralization is concentrated in the A39 pit, where 
it occurs in the volcanolacustrine sediments (unit 4A) that 
overlie the rhyodacite porphyry. Pit mapping in combination 
with the analysis of structural and stratigraphic data in drill 
core reveal that mineralization in A39 occurs in a stratabound 
position oriented parallel to primary sedimentary layering. 
Furthermore, mineralization in A39 is distributed parallel to 
the lineation defined by the intersection between the sedi-
mentary bedding planes in unit 4A and the mineralized feeder 
structures in the underlying unit 3.

The high-grade ore and associated hydrothermal alteration 
halo within the Western ore zone has been dismembered by 
an NNW-trending D4 normal fault that is positioned between 
the two open pits (Figs. 3, 5B, 7A). Due to the rotation of the 
southwest fault block that contains A39, the originally subho-
rizontal Ag ore in A39 now plunges to the southwest (Figs. 
3, 5B, 7A). The feeder system in V2 occurs essentially in its 
original, steep orientation, since the rotation of the northeast 
fault block was negligible (Fig. 5B).

Paragenetic sequence

The zoned hydrothermal alteration assemblages in units 3 
and 4A (stage 1; Fig. 9) are crosscut by three stages of epi-
thermal mineralization (stages 2A-C). The ores were, in 
turn, overprinted by a late stage of dickite and pyrite void fill 
(stage 3). Following D2 deformation and associated alteration 
(stage 4), a final stage of supergene oxidation (stage 5) locally 
overprinted the mineralized rocks. Because the paragenetic 
sequence is identical in V2 and A39, we infer that the now 
segmented Western ore zone originally formed as a single 
hydrothermal system. Both stage 2A and stage 2B mineraliza-
tion contain high-grade Au (locally >600 ppm; Table 1) and 
Ag, as well as variable amounts of base metals (e.g., Cu, Zn, 
and Pb) and rare metals (e.g., Ge, Ga, In, Te, Se, Sn). The 
deposit-scale metal zonation shown in Figure 3 is caused in 
part by the temporal zonation of metals through stages 2A to 
C (Fig. 9), and in part by the spatial zonation of metals within 
each individual stage (Table 1). 

Cu-Au-Ag mineralization (stage 2A)

Stage 2A was the initial and most voluminous mineralization 
event at Mt. Carlton and developed in all three ore zones. It 
produced a high-sulfidation-state ore mineral assemblage dom-
inated by massive enargite, and mineralization was associated 
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with silicic alteration of the wall rocks (Figs. 9, 11A). The first 
minerals to crystallize in the stage 2A assemblage were tetrahe-
drite-group minerals. These occur as up to ~100-μm-diameter, 
subhedral crystals that are zoned in backscattered electron 
(BSE) images (Fig. 12A). The tetrahedrite-group minerals 
are overprinted by silver minerals (Fig. 12A), which include 
minerals of the pearceite-polybasite group ([Ag9CuS4]
[(Ag,Cu)6(As,Sb)2S7]-[Ag9CuS4][(Ag,Cu)6(Sb,As)2S7]) and 
Ag4TeSe—a not fully characterized analogue to aguilarite 
(Ag4SeS) and cervelleite (Ag4TeS). The tetrahedrite-group 
minerals and silver minerals were, in turn, overprinted by the 
main enargite assemblage, which includes pyrite and luzonite 
and, to a lesser degree, electrum, sphalerite, galena, chalco-
pyrite, bornite, and argyrodite (Ag8GeS6; Figs. 9, 12A-C). 
The electrum occurs as up to ~100-μm-diameter, anhedral to 
subhedral grains intergrown with massive enargite and quartz 
(Fig. 12C). Barite is a common gangue mineral in the stage 2A 
assemblage, and it is predominantly concentrated in the distal 
parts of the deposit (A39 pit). This is similar to barite docu-
mented at the Lepanto high-sulfidation deposit (Mankayan, 
Philippines; Gonzalez, 1959).

Zn-Pb-Au-Ag mineralization (stage 2B)

Stage 2B ore mainly occurs in veins that cut across stage 2A 
mineralization, predominantly within the Western ore zone 

(Fig. 11B). The textures of stage 2B veins range from massive to 
colloform, and the mineral assemblages are dominated by Fe-
poor sphalerite. Subordinate minerals include galena and pyrite 
and, to a lesser degree, electrum, tetrahedrite-group minerals, 
chalcopyrite, bornite, an uncharacterized Zn-In mineral (ide-
ally CuZn2[In,Ga]S4; Sahlström et al., 2017b), and barite (Fig. 
9). Electrum in stage 2B occurs as up to ~75-μm-diameter, 
anhedral grains intergrown with massive sphalerite, pyrite, 
and bornite (Fig. 12D). Two types of tetrahedrite-group min-
erals are present in this stage. The first type occurs as up to 
~10-μm-diameter segregations within galena (Fig. 12E). The 
second type occurs as up to ~100-μm-diameter, subhedral 
crystals intergrown with pyrite, sphalerite, and galena. These 
crystals are zoned in BSE images, with BSE-bright cores that 
also contain fine inclusions of galena and oscillatory-zoned 
rims of BSE-darker material (Fig. 12F). 

Cu-Au-Ag mineralization (stage 2C)

Stage 2C was a minor event that overprinted stage 2B mineral-
ization. Evidence for it has only been observed at a microscopic 
scale within the Western ore zone (Fig. 12G, H). The mineral 
assemblage is dominated by massive tennantite, recognized by 
a greenish color and abundant red internal reflections under 
the optical microscope. The massive tennantite hosts a vari-
ety of subordinate minerals, including luzonite, chalcopyrite, 
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Fig. 11.  Photographs of mineralization stages at Mt. Carlton. (A) Silicic hydrothermal breccia cemented with stage 2A enar-
gite-pyrite ore (from the V2 pit). (B) Silicic altered rhyodacite porphyry crosscut by a fine hydrothermal breccia infilled with 
stage 2A enargite ore. The enargite breccia is crosscut by a stage 2B sphalerite vein containing visible grains of electrum. The 
sphalerite vein is, in turn, locally 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 (Kretz, 1983): Dck = dickite, Elc = electrum, Eng = enargite, 
Mal = malachite, Py = pyrite, Sp = sphalerite, Tn = tennantite.
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and galena and, to a lesser degree, electrum and aggregates 
of intergrown hessite (Ag2Te) and petzite (Ag3AuTe2; Fig. 9). 

Hydrothermal void fill (stage 3)

A late stage of dickite and pyrite is widely distributed at Mt. 
Carlton and has been observed within all three ore zones. The 
dickite and pyrite generally occur as massive veins or as void 
fill that overprinted stage 2A, 2B, and 2C mineralization (Figs. 
9, 10D, 11C, 12G). 

Supergene oxidation (stage 5)

Minor supergene oxidation affected the upper ~50 m of the 
present-day deposit, with an irregular distribution. Indeed, 
the discovery outcrop of the Mt. Carlton deposit (Silver Hill) 
was a gossan developed on veins of stage 2A sulfosalt miner-
alization containing over 1,000 g/t Ag (M. Obiri-Yeboah, pers. 
commun., 2017). Secondary covellite, chalcocite, and mala-
chite are locally developed on Cu-bearing minerals such as 
enargite, luzonite, and bornite, particularly along fractures in 
the minerals (Figs. 11D, 12E). 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 ores.

Sedimentary ore textures 

The structurally controlled veins and hydrothermal breccias 
that host proximal Au-Cu mineralization in the V2 pit (Fig. 
11A, B) are texturally distinct from the distal, stratabound Ag 
mineralization that occurs in the A39 pit and in the southwest 
corner of the V2 pit. A selection of ore textures from A39 are 
shown in Figure 13. In Figure 13A, a D1-related fracture that 
first developed within a silicic altered rhyodacite tuff (unit 4A) 
has been infilled with hydrothermal sediments made up of 
finely laminated quartz. Fine particles of pyrite occur within 
the siliceous sediments, which are interlayered with massive 
layers of stage 3 dickite and pyrite. Soft-sediment deformation 
textures were produced as breccia fragments of the wall rock 
dropped into the open fracture zone as it was being infilled.

Figure 13B shows a similar fracture within unit 4A that has 
been infilled with a complex sequence of detrital sediments. 
The sediments preserve graded bedding and comprise beds 
of finely laminated siltstone, as well as coarser sandstone 
beds that are made up of igneous quartz crystals, rhyodacite 
fragments, and pyrite. Several steep, synsedimentary normal 
faults can be observed within the laminated siltstone in the 
lower part of the fracture opening. Soft-sediment deformation 
textures were produced by coarse fragments of the rhyodacite 
wall rock that dropped into the open fracture during infill. 
The sedimentary sequence was at one point infiltrated by a 
hydrothermal fluid, and the paleofluid channel can be seen 
cutting across the laminated sediments in the lower part of 
the fracture cavity. The hydrothermal fluid migrated vertically 
through the sediments, likely within one of the steep normal 
faults, and then dispersed laterally when it intersected a thick 
layer of sandstone. The fluid disturbed this sandstone layer 
as well as the overlying siltstone beds, which created a dis-
tinct topography within the fracture. Some quartz and pyrite 
crystals in the sandstone layer can be seen to have dropped 
down through the fluid channel and accumulated at the base 
of the open fracture. Subsequently, younger beds of siltstone 
and sandstone progressively draped the topography that was 
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Fig. 12.  Images of selected ore mineral associations at Mt. Carlton. (A) Stage 2A assemblage containing zoned crystals made 
up of alternating bands of goldfieldite and tennantite-tetrahedrite. The tetrahedrite-group minerals have been overprinted 
first by Ag4TeSe and then by enargite (BSE image). (B) Intergrown enargite and luzonite in stage 2A ore (reflected light, 
plane polarized). (C) Electrum intergrown with enargite and quartz in stage 2A ore (reflected light, plane polarized). (D) 
Electrum intergrown with sphalerite and pyrite in stage 2B ore (reflected light, plane polarized). (E) Intergrown sphalerite, 
pyrite, galena, bornite, and barite in stage 2B ore. The galena contains abundant segregations of tennantite, and supergene 
covellite (stage 5) has overprinted the assemblage (reflected light, plane polarized). (F) Zoned crystal of tetrahedrite-group 
minerals occurring intergrown with pyrite in stage 2B assemblage. The crystal has a core of goldfieldite with inclusions of 
galena and a rim of oscillatory-zoned tennantite-tetrahedrite (BSE image). (G) Stage 2B galena crystal overprinted first by 
stage 2C tennantite and chalcopyrite, and then by stage 3 dickite (reflected light, plane polarized). (H) Stage 2C assemblage 
with massive tennantite hosting electrum, galena, and luzonite (reflected light, plane polarized light). Mineral abbreviations 
(Kretz, 1983): Bn = bornite, Brt = barite, Cp = chalcopyrite, Cv = covellite, Dck = dickite, Elc = electrum, Eng = enargite, 
Gfd = goldfieldite, Gn = galena, Luz = luzonite, Py = pyrite, Qtz = quartz, Sp = sphalerite, Td = tetrahedrite, Tn = tennantite.
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created by the hydrothermal fluid, as the open cavity along 
the fracture was infilled with sediment.

The fracture shown in Figure 13C contains three distinct 
sedimentary domains. The basal infill within the fracture is 
predominantly made up of stage 2A enargite mineralization, 
along with minor amounts of quartz. The enargite-rich layer 
is overlain by light-colored siliceous sediments, which exhibit 
intricate cross-laminations. Soft-sediment deformation tex-
tures are visible along the contact between the two layers. The 
laminated siliceous sediments are, in turn, overlain by darker-
colored quartz sediments that lack laminations. Clasts of enar-
gite ore have been remobilized into these sediments, and the 
entire sedimentary sequence was subsequently crosscut and 
brecciated by younger veinlets of stage 3 dickite and pyrite.

Figure 13D shows coarse-grained spherules, made up of 
concentric rings of fibrous and radial stage 3 pyrite and dickite, 
which form layers within a volcanolacustrine sediment (unit 
4A). Equivalent but finer-grained pyrite-dickite spherules 

have been observed occurring as infill within restricted open 
spaces in fractures.

Overall, the four examples shown in Figure 13 highlight 
how metal deposition in A39 occurred partly contemporane-
ously with sedimentation and deformation. The significance 
of these sedimentary textures with respect to the potential of 
the hydrothermal system to reach the paleosurface at the time 
of mineralization is discussed below.

Mineral Chemistry
The major element compositions of Cu sulfosalts, electrum, 
alunite, and APS minerals were analyzed by wavelength dis-
persive X-ray spectrometry (WDS). The analyses were car-
ried out using a JEOL JXA8200 Superprobe housed at the 
Advanced Analytical Centre (AAC) at James Cook University 
(see Digital Appendix 1 for details on analytical conditions). 

Analysis of the SWIR spectra of alunite provides an alterna-
tive method to estimate the composition of the mineral (Chang 
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Fig. 13.  Photographs of sedimentary ore textures from the A39 pit at Mt. Carlton (see text for detailed descriptions). (A) A 
fracture cavity developed within a silicic altered rhyodacite tuff (unit 4A) has been infilled with hydrothermal sediments made 
up of finely laminated quartz, which occur interlayered with massive stage 3 dickite and pyrite. Note the soft-sediment defor-
mation textures caused by wall-rock clasts that dropped into the sediments as the open fracture was being infilled. (B) Detrital 
sediments infilling a fracture within unit 4A. The sediments show a graded bedding and comprise finely laminated siltstone 
beds and pyrite-rich sandstone beds. Synsedimentary normal faults and soft-sediment deformation textures are visible within 
the laminated siltstone in the lower part of the fracture cavity. A hydrothermal fluid has infiltrated and disturbed the sedi-
ments (indicated in stippled lines). Note the quartz and pyrite crystals that have dropped down through the fluid channel 
and accumulated at the bottom of the open fracture. Younger sediments deposited within the fracture have progressively 
draped the topography that was produced by the fluid. (C) Stage 2A enargite mineralization infilling a fracture cavity has been 
covered by and remobilized into siliceous sediments, prior to being crosscut by stage 3 dickite-pyrite veinlets. (D) Spherules 
made up of concentric rings of fibrous and radial stage 3 pyrite and dickite, which occur as discrete layers within a volcano-
lacustrine sediment (unit 4A). Mineral abbreviations (Kretz, 1983): Dck = dickite, Eng = enargite, Py = pyrite, Qtz = quartz.
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et al., 2011). Specifically, the wavelength position of the 
absorption peak at ~1,480 nm (range 1,478–1,495 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). For quantitative analysis of SWIR spectra of alu-
nite from Mt. Carlton, only data from the Evolution database 
(TerraSpec) were used. This was to avoid potential inter-
instrument variability between the TerraSpec and PIMA 
devices (Chang and Yang, 2012). It should be noted that the 
TerraSpec data do not differentiate between disseminated 
alunite and vein alunite.

Enargite and luzonite

Enargite (orthorhombic) and luzonite (tetragonal) are 
dimorphs with the ideal formula Cu3AsS4. Luzonite forms 
a complete solid solution series with famatinite (tetragonal 
Cu3SbS4), whereas enargite generally only incorporates up 
to 20 mole % Sb (Springer, 1969). Analyzed enargite grains 
from stage 2A contain up to 18 mole % Sb (Fig. 14A, Table 
2). Luzonite from the same stage contains up to 49 mole % 
Sb—evidence for extensive solid solution toward famatinite. 
Luzonite from stage 2C has a narrower compositional range 
and contains up to 30 mole % Sb. Enargite and luzonite 
carry significant amounts of Ag, with a maximum content of 
1.07 wt % Ag for stage 2A enargite, 0.27 wt % Ag for stage 2A 
luzonite, and 0.16 wt % Ag for stage 2C luzonite (Table 2).

Tetrahedrite-group minerals

The tetrahedrite-group minerals have a simplified isometric 
formula of A12D4X13, where A = Cu, Ag, Zn, Fe, Cd, Mn, Hg; 
D = As, Sb, Te, Bi; and X = S, Se (Johnson et al., 1986). The 
analyzed compositions from Mt. Carlton predominantly vary 
between the end-members tennantite (Cu10[Fe,Zn]2As4S13), 
tetrahedrite (Cu10[Fe,Zn]2Sb4S13), and goldfieldite (Cu10 

Te4S13; Fig. 14B, Table 2). 
The zoned crystals in the stage 2A assemblage (Fig. 12A) 

have bimodal compositions. The BSE-bright bands have 
goldfieldite-dominated compositions, whereas the BSE-dark 
bands have compositions intermediate between tennan-
tite and tetrahedrite (Fig. 14B, Table 2). The two types of 

tetrahedrite-group minerals in the stage 2B assemblage show 
distinct chemical compositions. The first type, which occurs 
as segregations in galena (Fig. 12E), has compositions cor-
responding to Te-rich tennantite (Fig. 14B, Table 2). In the 
zoned crystals (Fig. 12F), the cores have goldfieldite-domi-
nated compositions, whereas the oscillatory-zoned rims have 
variable compositions ranging from tetrahedrite to Te-rich 
tennantite (Fig. 14B, Table 2). The optical identification of 
tennantite in the stage 2C assemblage has been confirmed by 
WDS analyses that show tennantite-dominated compositions 
for this mineral (Fig. 14B, Table 2). Tennantite and tetrahe-
drite from Mt. Carlton have a high Zn content in the A site 
(up to 8.03, 8.21, and 10.73 wt % Zn for stage 2A, 2B, and 
2C, respectively). Owing to stoichiometry, the Zn content in 
goldfieldite is much lower. The maximum Ag content in tetra-
hedrite-group minerals from Mt. Carlton correspond to 1.18, 
0.93, and 1.17 wt % Ag for stage 2A, 2B, and 2C mineraliza-
tion, respectively (Table 2).

Electrum

Electrum (Au-Ag alloy) from Mt. Carlton shows similar compo-
sitions in all three ore stages (Fig. 14C, Table 2). The electrum 
is Au dominated, with Au contents in the ranges of 74 to 89, 
66 to 96, and 72 to 73 mole % for stage 2A, 2B, and 2C miner-
alization, respectively. The abundance of electrum throughout 
the paragenetic sequence, combined with the high Au content 
in the mineral, suggest that it is an important Au carrier in the 
ores at Mt. Carlton. However, laser ablation-inductively cou-
pled plasma-mass spectrometry (LA-ICP-MS) trace element 
analyses have revealed that significant Au concentrations also 
occur in common sulfide and sulfosalt minerals such as pyrite 
(up to 367 ppm), enargite (up to 62 ppm), and sphalerite (up to 
75 ppm; Sahlström et al., 2017a). As of September 2017, about 
18% of the total Au at Mt. Carlton is recovered in a gravity 
circuit, with the remainder being recovered via flotation tech-
niques (M. Obiri-Yeboah, pers. commun., 2017). 

Alunite and APS minerals

Disseminated alunite at Mt. Carlton occurs as platy euhe-
dral crystals up to ~300 μm long, typically in aggregates (Fig. 
15A-C). In BSE images the alunite crystals generally appear 

Table 2.  Analyzed Compositional Ranges of Cu Sulfosalts and Electrum from Different Paragenetic Stages at Mt. Carlton

Paragenetic stage Mineral Analyzed compositional range

Stage 2A Enargite (n = 31) (Cu3.04-3.19Ag0.00-0.04Zn0.00-0.01Fe0.00-0.01)(As0.81-1.01Sb0.00-0.18)S4.00

Stage 2A Luzonite (n = 31) (Cu3.07-3.24Fe0.00-0.03Zn0.00-0.02Ag0.00-0.01)(As0.47-1.00Sb0.00-0.49)S4 .00

Stage 2A Goldfieldite  (n = 14) (Cu11.35-12.01Ag0.01-0.18Zn0.00-0.05Fe0.00-0.03)(Te2.16-3.07As0.59-1.48Sb0.21-0.49)S12.57-12.86

Stage 2A Tennantite-tetrahedrite  (n = 21) (Cu10.22-10.61Zn1.65-1.97Fe0.00-0.26Ag0.02-0.05)(As1.41-2.55Sb1.07-2.54Te0.00-0.02)S12.53-13.05

Stage 2A Electrum (n = 105) Au0.74-0.89Ag0.10-0.24Cu0.00-0.09 

Stage 2B Tennantite1  (n = 21) (Cu11.05-11.47Zn0.63-1.03Fe0.00-0.21Ag0.01-0.03)(As2.12-2.65Te0.88-1.27Sb0.48-0.61)S12.76-13.02

Stage 2B Goldfieldite2 (n = 4) (Cu11.45-11.78Zn0.09-0.43Ag0.07-0.14Fe0.01-0.10)(Te2.05-2.33As0.70-1.03Sb0.47-0.67)S12.75-12.88

Stage 2B Tennantite-tetrahedrite2  (n = 23) (Cu10.14-11.70Zn0.59-2.00Fe0.01-0.20Ag0.03-0.08)(Sb0.88-2.47As1.39-2.15Te0.01-1.31)S12.68-12.97

Stage 2B Electrum  (n = 196) Au0.66-0.96Ag0.04-0.33Cu0.00-0.05 

Stage 2C Tennantite (n = 47) (Cu9.60-10.93 Zn0.61-2.45Fe0.01-0.65Ag0.01-0.16)(As2.61-3.90Sb0.05-1.05Te0.00-0.02)S12.35-13.80

Stage 2C Luzonite (n = 30) (Cu3.05-3.29Zn0.00-0.06Fe0.00-0.02Ag0.00-0.01)(As0.70-1.02Sb0.00-0.31)S4.00

Stage 2C Electrum (n = 2) Au0.72-0.73Ag0.24-0.25Cu0.03

1 Segregations in galena
2 Zoned crystals
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seminated alunite from V2, showing a patchy zoning related to Na and K content (BSE image). (C) Disseminated alunite 
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tooth compositional banding related to Na and K content (BSE image). (E) Compositional plot of alunite from Mt. Carlton. 
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homogeneous (Fig. 15A) or have a patchy to oscillatory zona-
tion (Fig. 15B, C); the latter is mainly due to variations in Na 
and K content. Some alunite grains from V2 contain cores of 
APS minerals (Fig. 15A), which were not observed in alunite 
grains from A39. The vein alunite shows a distinct saw-tooth 
compositional banding oriented parallel to the vein orienta-
tion in BSE images (Fig. 15D), again mainly due to variations 
in Na and K content. 

Analyzed disseminated alunite and vein alunite both exhibit 
compositions within the alunite-natroalunite solid solution 
(trigonal KAl3[SO4]2[OH]6 - NaAl3[SO4]2[OH]6), and they are 
low in Ca (Ca/[K + Na + Ca] < 0.1; Fig. 15E). Many analy-
ses are dominated by K, with only a minority of the analy-
ses plotting in the natroalunite field (Fig. 15E). Since WDS 
analysis of alunite-group minerals requires a large beam size 
(e.g., 15 μm; Deyell et al., 2005b), we were not able to analyze 
APS minerals directly. The compositions shown in Figure 15F 
represent mixed analyses of alunite and APS minerals. The 
data indicate a trend from alunite/natroalunite toward com-
positions within the woodhouseite-svanbergite solid solution 
(trigonal CaAl3[SO4][PO4][OH]6 - SrAl3[SO4][PO4][OH]6), 
with woodhouseite dominating over svanbergite.

The SWIR data for Mt. Carlton show that the ~1,480-nm 
absorption peak in alunite spectra occur in the wavelength 
range of 1,478 to 1,485 nm for most of the data (Fig. 16). 
This suggests that the alunite has K-dominated compositions, 
which corroborates the results from the WDS analyses. Fur-
thermore, the SWIR data for alunite show a spatial zonation 
across the area around the open pits. The ~1,480-nm peak is 
shifted to the higher-wavelength positions—i.e., the alunite is 
increasingly Na rich—to the northeast (Fig. 16). 

40Ar/39Ar Geochronology
Alunite formed during hydrothermal alteration at Mt. Carlton 
was dated using 40Ar/39Ar geochronology. Optically pure min-
eral separates (110–300-μm-diameter crystals) of disseminated 
alunite (stage 1A; Fig. 9) and vein alunite (stage 1B) from the 
V2 and A39 pits were handpicked from crushed samples under 
a stereomicroscope. The alunite separates were irradiated with 
fast neutrons at the McMaster Nuclear Reactor at McMaster 
University, Canada, and subsequently analyzed for 40Ar/39Ar 
at the Argon Geochronology Laboratory at the University of 
Michigan, USA. The samples were step-heated using a contin-
uous 5-W 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. (2013).

Calculated final ages from 40Ar/39Ar spectra of dis-
seminated 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 3, Appendix 1). Calculated final ages for vein alunite (n = 
2) are 284.3 ± 6.0 Ma for sample MCR024D-148 and 284.2 ± 
7.0 Ma for sample HC09DD037-34 (Table 3, Appendix 1).

Discussion

Deposit classification

The alteration mineralogy (e.g., alunite, dickite, kaolinite, 
pyrophyllite, APS minerals) as well as the alteration zonation 

(silicic core → quartz-alunite → quartz-dickite-kaolinite) at 
Mt. Carlton are consistent with highly acidic hydrothermal 
fluids leaching the volcanic host rocks, with decreasing inten-
sity away from the fluid conduits. These features are charac-
teristic of high-sulfidation deposits worldwide (e.g., Steven 
and Ratté, 1960; Stoffregen, 1987; Arribas, 1995a). The high-
sulfidation-state ore mineral assemblage dominated by enar-
gite further supports the interpretation that Mt. Carlton is a 
high-sulfidation epithermal deposit (e.g., Hedenquist, 1987; 
Sillitoe, 1993; Hedenquist and Lowenstern, 1994; Arribas, 
1995a; Einaudi et al., 2003). This identification has implica-
tions for exploration in the district, as Mt. Carlton is likely 
to have formed as part of a larger magmatic-hydrothermal 
mineralizing system, centered on an underlying porphyry 
intrusion that could be mineralized with Cu, Au, and/or Mo 
(Arribas et al., 1995b; Hedenquist et al., 1998; Sillitoe, 2010; 
Chang et al., 2011).

Age of the Mt. Carlton deposit

The U-Pb zircon ages of the volcanic rocks that host miner-
alization (unit 3, 281 ± 4 to 277 ± 3 Ma; I. Corral, unpub. 
data, 2018) and of those that crosscut mineralization (unit 
9; 266 ± 3 Ma; I. Corral, unpub. data, 2018) 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 alunite separates (284 ± 7 to 277 ± 7 Ma; Table 
3) overlaps within error with the U-Pb zircon age of unit 
3. These results suggest that hydrothermal alteration and 
epithermal mineralization at Mt. Carlton occurred shortly 
(no more than 7 m.y.) after the formation of the volcanic host 
rocks. This is a common feature in many documented high-
sulfidation deposits (Arribas, 1995a) and confirms the geo-
logic observations that link the formation of the Mt. Carlton 
deposit to the Early Permian back-arc rifting stage in the 
Bowen Basin. The youngest, outlier alunite age at ~265 Ma 
overlaps within error with the U-Pb zircon age of unit 9, and 
these two dated samples were collected close to each other 
(<100 m apart). This may suggest that the emplacement of 
unit 9 represented a later heating event that formed or reset 
alunite locally, possibly along veinlets that are not visible in 
the strongly altered rocks (e.g., Arribas et al., 2011). 

Origin of alunite and implications for exploration

For exploration purposes, it is important to determine the 
origin of advanced argillic alteration in epithermal depos-
its, as the spatial relationship between precious and base 
metal mineralization and advanced argillic assemblages var-
ies with the origin of the alteration (Sillitoe, 1993; Heden-
quist 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; 
Rye et al., 1992).

The coarse grain size, platy crystal habit, local Na enrich-
ment, and presence of inner cores of APS minerals observed 
for disseminated alunite at Mt. Carlton point toward a mag-
matic-hydrothermal origin (Stoffregen and Alpers, 1987; Rye 
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et al., 1992; Aoki et al., 1993; Arribas et al., 1995a; Itaya et al., 
1996; Deyell et al., 2005a, b; Rye, 2005). Alunite of steam-
heated and supergene origins instead tends to occur as porcel-
laneous masses of fine-grained rhombohedral (pseudocubic) 
crystals that lack enrichment in Na (Stoffregen and Alpers, 
1987; Hedenquist et al., 2000; Deyell et al., 2005a, b). The 
coarse-grained, plumose, monomineralic, and composition-
ally banded alunite present in veins at Mt. Carlton shows a 
close textural 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 (positive δ34S values in alunite, negative 
δ34S values in coexisting pyrite; Sahlström et al., 2016) and 
alunite veins (δ34S values close to the total sulfur composi-
tion; Sahlström et al., 2016) further support the identification 

of magmatic-hydrothermal and magmatic-steam origins, 
respectively.

Based on the evidence from alunite, acidic hydrothermal 
solutions formed by the condensation of a long-standing and 
slowly rising magmatic vapor plume are inferred to have inter-
acted with the volcanic host rocks to produce the laterally 
extensive alteration halo surrounding the Mt. Carlton deposit 
(e.g., Rye et al., 1992; Rye, 2005; Hedenquist and Taran, 
2013). Pulses of rapidly ascending magmatic steam from the 
degassing magma sporadically punctuated the deposit, pro-
ducing veins of magmatic-steam alunite (e.g., Rye et al., 1992; 
Rye, 2005). 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 high-sulfidation deposits globally (Rye, 2005). However, 
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Fig. 16.  Leapfrog 3-D model showing the wavelength positions of the ~1,480-nm absorption peak in SWIR spectra of alunite 
across the Mt. Carlton deposit. 
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when present, this alteration feature could be a good explora-
tion indicator for close proximity to the paleofluid conduits 
and potential epithermal mineralization.

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 composi-
tionally similar, an increasing Na content in alunite can be 
linked to higher temperatures of deposition (Stoffregen and 
Cygan, 1990; Deyell and Dipple, 2005; Chang et al., 2011). In 
the lithocap environment, the presence of near-end-member 
natroalunite as well as huangite (Ca0.5Al3[SO4]2[OH]6) gener-
ally suggests high formation temperatures and proximity to 
the causative intrusion (Chang et al., 2011). The mostly K 
dominated compositions of Mt. Carlton alunite (Figs. 15E, 
16), therefore, could indicate relatively low formation tem-
peratures, implying that the Mt. Carlton lithocap formed dis-
tal to the causative intrusion. The spatial zonation in the Na 
content of alunite at Mt. Carlton (Fig. 16) suggests that the 
formation temperatures were higher in the V2 pit compared 
to the A39 pit.

Interpreted environment of mineralization at Mt. Carlton

The sedimentary ore textures observed in the A39 pit at Mt. 
Carlton (Fig. 13) are similar to those described from other 
high-sulfidation deposits, including Rodalquilar, Spain (Arri-
bas et al., 1995a), Akaiwa, Japan (Arribas, 1995b), Martabe, 
Indonesia (Sutopo, 2013), Golden Wonder mine, Colorado 
(Kalliokoski and Rehn, 1987), Los Porfirios, Chile (A. Arri-
bas, unpub. data, 2005), and Mulatos, Mexico (J. Heden-
quist, pers. commun., 2017). At the Rodalquilar deposit, 
acidic hydrothermal fluids have dissolved the volcanic host 
rocks along steeply dipping fractures, which produced iso-
lated cavities at depth (Arribas et al., 1995a). Such disso-
lution cavities, which locally can be more than 1 m wide, 
have subsequently been infilled with subhorizontally layered 
sediments made up of chalcedony, quartz, and Au-rich sul-
fides. The siliceous sediments at Rodalquilar locally exhibit 
intricate cross-laminations and slumping textures, and they 
are commonly thicker on the bottom than on the sides of the 
cavities, due to gravitational infilling (Arribas et al., 1995a). 
These morphological features suggest that the sediments 
were precipitated from a hydrothermal fluid as amorphous 
silica, which later recrystallized to chalcedony and quartz 
(Fournier, 1985; Arribas et al., 1995a). Furthermore, a basal 
layer of igneous quartz phenocrysts was observed in some 
of the larger cavities. Such quartz layers were interpreted 
to have formed after the complete dissolution of all rock 
components except quartz, which accumulated at the bot-
tom of the cavity (Arribas et al., 1995a). At the Los Porfirios 
deposit, dissolution cavities are partially infilled with sedi-
mentary layers of quartz intercalated with barite, and silica 
speleothems (flowstones) were deposited locally along the 
cavity walls (A. Arribas, unpub. data, 2005). Sedimentary 
infill in similar cavities at the Akaiwa deposit comprises lam-
inated quartz as well as discrete layers of barite and other 
hydrothermal minerals (e.g., alunite, kaolinite, dickite, and 
sulfides; Arribas, 1995b). These cavities were interpreted as 
pipes that composed the roots of overlying crater lakes (Arri-
bas, 1995b). 

At Mt. Carlton, mineralized sediments occur as infill within 
open spaces such as cavities along fractures (Fig. 13A-C), 
but they have also been observed in the volcanolacustrine 
sequence (unit 4A; Fig. 13D) extending at the scale of the A39 
pit. The finely laminated siliceous sediments observed at Mt. 
Carlton (Fig. 13A, C) are similar to the chemical sediments 
that accumulate in acidic lacustrine environments, such as 
crater lakes (Sillitoe, 2015). The spherulitic pyrite at Mt. 
Carlton (Fig. 13D) bears a strong resemblance to that docu-
mented in ore deposits forming in and around hydrothermal 
vents (e.g., Larter et al., 1981; Tufar, 1991; Vearncombe et al., 
1995; Scotney et al., 2005; Xu and Scott, 2005; Badrzadeh et 
al., 2011). In the seafloor environment, spherulitic pyrite is 
believed to form by rapid crystallization with undercooling, 
as hot metalliferous vent fluids discharge into cold ambient 
seawater (Xu and Scott, 2005). The synsedimentary normal 
faults and breccia-related soft-sediment deformation tex-
tures observed within some infilled fracture cavities at Mt. 
Carlton (Fig. 13A, B) indicate that sedimentation took place 
during active rifting. Furthermore, the detrital nature of sedi-
ments, the graded bedding, and the draping over preexisting 
topography observed within some fracture fills (Fig. 13B) are 
inconsistent with sediments having been deposited into iso-
lated cavities at depth (e.g., Rodalquilar; Arribas et al., 1995a). 
We infer that fractures such as the one shown in Figure 13B 
must have been open to the paleosurface, which would have 
allowed detrital sediments to slump into the fractures and 
deposit from suspension. 

Based on the rift-related tectonostratigraphic setting 
identified at Mt. Carlton, combined with the ore textures 
observed, the environment of mineralization is interpreted 
to have included structurally controlled feeder zones of veins 
and hydrothermal breccias that developed within the deeper 
rhyodacite porphyry (represented by rocks of the V2 pit). The 
feeder zones focused ore fluids into an overlying volcanolacus-
trine sedimentary sequence, which most likely was deposited 
in lakes developed within localized rift basins (represented by 
rocks of the A39 pit). In this interpretation, the fluids locally 
breached the paleosurface and discharged into the lakes at the 
same time as the volcanolacustrine sediments were deposited, 
producing the observed stratabound mineralization, lami-
nated siliceous sediments, spherulitic pyrite, and associated 
synsedimentary ore textures. Sediments were sporadically 
slumped into the fractures that composed the structural roots 
of the rift basins, where interaction with the ascending ore 
fluids produced similar textures within open spaces at depth.

Tectonic setting at Mt. Carlton and implications  
for exploration 

Due to the shallow environment of formation and the high 
erosion rates in most volcanic arcs, the preservation potential 
of high-sulfidation deposits is generally poor, such that most 
known deposits are of Tertiary age or younger (Arribas, 1995a). 
The Paleozoic age and the exceptional preservation (including 
what is interpreted as mineralized paleosurface and near-sur-
face features) of Mt. Carlton is, therefore, remarkable. 

Throughout the Paleozoic and Mesozoic, the eastern mar-
gin of Australia was extensional for long durations of time, 
caused by rollback of the subducting plate and repeated 
eastward migration of the subduction system. As a result, the 
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basement rocks in the overriding plate were extended, and 
back-arc basins (e.g., the Drummond Basin and the Bowen 
Basin) developed on top of the extending basement (e.g., Don-
chak et al., 2013). The structural observations at Mt. Carlton 
indicate that the mineralization formed along the axis of the 
northern Bowen Basin during the onset of the Early Perm-
ian back-arc rifting stage, consistent with the 40Ar/39Ar dat-
ing results. Prolonged extension in the Bowen Basin provided 
rapid burial of the Mt. Carlton deposit beneath postmineral-
ization volcanosedimentary cover. Preservation of epithermal 
paleosurface features tends to be geographically confined to 
either extensional (commonly back-arc) regions characterized 
by semiarid climates and relatively low erosion rates (e.g., the 
Great Basin, Mexican Altiplano, Deseado Massif, and Drum-
mond Basin) or the highly arid central Andes (Sillitoe, 2015). 
The preservation of the Mt. Carlton deposit is thus strongly 
linked to the extensional setting in which it formed.

Postmineralization extension, most notably during D2 and 
D4, has caused significant tectonic modification of the Mt. 
Carlton deposit, including rotation and segmentation of the 
stratigraphy and 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 coupled Far Southeast porphyry and Lep-
anto high-sulfidation deposits at Mankayan, Philippines (Arri-
bas 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, with mineralization occurring in pre-
dominantly NE to NNE trending fractures, and the vectors 
defined by the metal zonation (distal Ag-Pb-Zn to proximal 
Au-Cu, from southwest to northeast; Fig. 3), alunite composi-
tion (increasing Na content to the northeast; Fig. 16), and ore 
textures (shallow stratabound ore in the southwest, mineral-
ized feeders in the northeast) within the Mt. Carlton deposit, 
the simplest assumption would be that more proximal miner-
alization should occur to the northeast of the current V2 pit. 
However, drilling and induced polarization (IP) geophysical 
surveys conducted at Mt. Carlton have so far been unsuccess-
ful in detecting any high-grade extensions to the immediate 
northeast of the V2 pit (M. Obiri-Yeboah, pers. commun., 
2017). Most likely, the low-angle normal faults that developed 
during D2 have cut the feeders at deeper levels (e.g., at the 
contacts between units 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 high-sulfidation deposit in Nevada (Sillitoe and Lorson, 
1994). The deeper parts of the feeder system as well as poten-
tial linked porphyry mineralization should, therefore, be dis-
placed relative to the currently mined Mt. Carlton deposit. 
Based on the kinematics of D2 faults observed in the open pits, 
this displacement is expected to be to the west of Mt. Carlton. 
Since mineralization occurs in the deeper parts of the stra-
tigraphy, where D2 faults are poorly developed, the amount 
of such displacement is most likely relatively small (e.g., on 
the order of tens to hundreds of meters). NNW-trending D4 
normal faults, similar to the one that passes between the two 
open pits, also occur to the northeast of the V2 pit and to the 
southwest of the A39 pit, respectively. The potentially major 
displacement across such structures and associated block 

rotation add an extra layer of complexity to the development 
of exploration vectors in the Mt. Carlton district.

Concluding remarks

The study of the Mt. Carlton deposit highlights that shallow-
level high-sulfidation epithermal mineralization can be pre-
served in Paleozoic settings under appropriate geodynamic 
conditions. We suggest that extensional segments of volcanic 
arcs, such as back-arc rifts, are particularly prospective for this 
type of mineralization. The study also highlights the need to 
understand the postmineralization tectonic modification of 
the porphyry-epithermal system in extensional settings and 
concerns exploration in the northern Bowen Basin and similar 
geologic terranes elsewhere.
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APPENDIX 1
40Ar/39Ar Data for Alunite from Mt. Carlton

Laser
power           Cumulative Age
(mW) 36Ar ±1σ 37Ar ±1σ 38Ar ±1σ 39Ar ±1σ 40Ar ±1σ 39Ar (Ma) ±1σ

HC07RCD300-136 (run mc50-b18a)
 100 9.64E-03 2.31E-03 9.25E-03 1.43E-02 2.57E-03 1.24E-03 1.30E-02 2.35E-03 3.13E+00 2.06E-02 0.00 68.95 162.00
 200 4.49E-03 2.01E-03 3.17E-02 1.27E-02 7.73E-03 1.74E-03 1.05E-01 2.73E-03 8.30E+00 2.31E-02 0.01 199.53 16.81
 300 5.03E-03 2.07E-03 1.90E-02 1.32E-02 2.94E-03 1.86E-03 4.81E-01 6.48E-03 4.56E+01 8.52E-02 0.03 270.36 4.88
 400 7.37E-03 2.47E-03 2.86E-02 1.38E-02 7.45E-03 2.94E-03 4.50E-01 3.28E-03 4.40E+01 6.49E-02 0.05 273.75 4.83
 600 2.09E-02 2.05E-03 2.91E-02 1.41E-02 8.29E-03 1.72E-03 8.76E-01 3.68E-03 8.80E+01 1.50E-01 0.10 275.05 2.22
 800 2.43E-02 1.22E-03 1.86E-02 4.62E-03 8.94E-03 1.67E-03 1.55E+00 6.80E-03 1.53E+02 2.37E-01 0.18 278.30 1.37
 1000 2.54E-02 1.81E-03 1.69E-02 6.15E-03 9.61E-03 1.93E-03 1.25E+00 5.51E-03 1.25E+02 1.94E-01 0.24 275.34 1.67
 1200 1.76E-02 1.57E-03 2.84E-03 5.73E-03 7.38E-03 1.46E-03 1.60E+00 9.40E-03 1.55E+02 2.91E-01 0.32 275.60 1.76
 1400 2.87E-02 1.77E-03 9.56E-03 5.21E-03 1.70E-02 1.90E-03 1.91E+00 5.60E-03 1.88E+02 2.84E-01 0.42 277.67 1.14
 1600 2.02E-02 1.38E-03 1.32E-03 4.72E-03 1.48E-02 1.73E-03 1.49E+00 6.13E-03 1.46E+02 2.56E-01 0.49 277.13 1.38
 1800 1.44E-02 2.06E-03 3.73E-02 9.76E-03 1.65E-02 1.93E-03 1.54E+00 7.29E-03 1.52E+02 2.78E-01 0.57 281.82 1.71
 2000 6.93E-03 1.32E-03 3.26E-03 7.95E-03 1.28E-02 2.80E-03 1.32E+00 5.67E-03 1.27E+02 2.13E-01 0.64 279.96 1.45
 2400 1.49E-02 1.50E-03 8.94E-03 9.09E-03 1.48E-02 2.35E-03 1.72E+00 7.25E-03 1.67E+02 1.90E-01 0.72 278.33 1.33
 2800 2.33E-02 1.75E-03 1.28E-02 9.15E-03 1.44E-02 2.83E-03 1.77E+00 6.44E-03 1.72E+02 2.97E-01 0.81 274.51 1.31
 3200 1.99E-02 1.99E-03 1.59E-02 7.53E-03 1.15E-02 1.97E-03 1.84E+00 5.10E-03 1.79E+02 3.02E-01 0.90 277.26 1.21
 4000 1.59E-02 1.53E-03 2.72E-02 7.79E-03 1.58E-02 1.96E-03 1.90E+00 6.06E-03 1.84E+02 2.87E-01 1.00 278.45 1.13
 J =  1.76E-03 ± 8.12E-06

HC07RCD300-136 (run mc50-b18b)
 100 1.25E-02 1.99E-03 -2.60E-03 8.62E-03 7.95E-03 1.45E-03 3.75E-03 2.07E-03 4.19E+00 1.24E-02 0.00 374.29 445.93
 200 7.69E-03 1.38E-03 8.71E-03 1.22E-02 4.51E-03 1.41E-03 3.67E-03 2.13E-03 2.08E+00 1.45E-02 0.00 -171.78 402.10
 300 3.44E-03 1.40E-03 -2.94E-03 8.33E-03 3.33E-03 1.48E-03 6.90E-03 2.20E-03 1.16E+00 1.12E-02 0.00 64.08 185.67
 400 2.38E-02 2.21E-03 8.86E-03 9.21E-03 6.89E-03 2.20E-03 2.80E-02 2.51E-03 9.16E+00 2.47E-02 0.00 227.86 68.17
 600 1.23E-02 1.69E-03 8.06E-03 8.80E-03 5.49E-03 1.87E-03 5.84E-01 3.28E-03 5.71E+01 1.08E-01 0.03 269.56 2.77
 800 1.99E-02 1.79E-03 1.29E-02 8.81E-03 9.02E-03 2.71E-03 1.11E+00 9.18E-03 1.10E+02 9.06E-02 0.09 275.07 2.48
 1000 1.73E-02 1.83E-03 8.33E-03 9.93E-03 1.35E-02 2.64E-03 1.64E+00 7.82E-03 1.58E+02 2.81E-01 0.17 274.39 1.58
 1200 1.23E-02 1.91E-03 1.46E-02 7.01E-03 1.30E-02 2.62E-03 1.67E+00 6.42E-03 1.60E+02 3.29E-01 0.25 275.78 1.45
 1400 1.73E-02 2.16E-03 1.16E-02 6.88E-03 1.78E-02 2.44E-03 2.47E+00 8.07E-03 2.39E+02 3.09E-01 0.37 277.62 1.15
 1600 2.70E-02 1.93E-03 1.10E-02 7.83E-03 1.72E-02 3.23E-03 1.98E+00 6.91E-03 1.94E+02 3.43E-01 0.47 275.38 1.28
 1800 1.21E-02 2.03E-03 2.57E-02 7.46E-03 1.12E-02 1.54E-03 1.86E+00 7.03E-03 1.79E+02 3.10E-01 0.56 277.13 1.39
 2000 9.91E-03 1.44E-03 6.95E-03 5.47E-03 8.72E-03 1.52E-03 1.59E+00 6.05E-03 1.54E+02 2.29E-01 0.64 279.12 1.28
 2400 2.04E-02 1.54E-03 2.00E-02 5.52E-03 1.27E-02 1.46E-03 1.85E+00 8.15E-03 1.81E+02 3.38E-01 0.73 278.16 1.41
 2800 1.41E-02 1.91E-03 2.79E-02 7.20E-03 1.10E-02 1.44E-03 1.93E+00 6.55E-03 1.86E+02 2.53E-01 0.82 276.92 1.24
 3200 1.66E-02 2.12E-03 4.67E-03 8.87E-03 1.13E-02 2.51E-03 1.87E+00 9.13E-03 1.85E+02 2.55E-01 0.92 282.20 1.61
 4000 1.06E-02 2.15E-03 2.11E-02 1.23E-02 7.98E-03 2.90E-03 1.68E+00 7.59E-03 1.63E+02 2.13E-01 1.00 279.66 1.60
 J =  1.76E-03 ± 8.12E-06

HC09DD023-112 (run mc52-p18a)
 100 1.24E-03 1.79E-03 3.40E-02 1.22E-02 1.65E-02 3.53E-03 5.93E-02 1.75E-03 3.77E+00 1.17E-02 0.00 232.43 34.47
 200 1.54E-02 2.76E-03 6.32E-02 1.71E-02 2.05E-02 2.41E-03 2.69E+00 6.45E-03 1.89E+02 2.07E-01 0.09 274.74 1.31
 300 1.52E-02 1.16E-03 7.47E-02 1.16E-02 2.26E-02 3.07E-03 5.25E+00 1.56E-02 3.65E+02 4.62E-01 0.27 275.17 0.86
 400 1.59E-02 1.21E-03 4.85E-02 1.53E-02 1.64E-02 2.63E-03 3.68E+00 1.45E-02 2.60E+02 3.39E-01 0.39 277.30 1.12
 600 4.65E-02 2.53E-03 1.13E-01 1.62E-02 2.43E-02 2.72E-03 4.28E+00 1.26E-02 3.09E+02 3.66E-01 0.53 276.63 1.04
 800 4.18E-02 1.57E-03 1.72E-01 9.39E-03 2.73E-02 1.95E-03 5.00E+00 1.46E-02 3.58E+02 4.95E-01 0.70 276.63 0.90
 1000 7.67E-02 1.49E-03 5.75E-02 1.30E-02 1.97E-02 1.67E-03 2.09E+00 6.30E-03 1.67E+02 1.66E-01 0.77 276.37 1.14
 1200 6.83E-02 1.49E-03 2.23E-02 8.97E-03 1.75E-02 1.34E-03 1.47E+00 2.64E-03 1.22E+02 1.25E-01 0.82 277.11 1.24
 1400 6.54E-02 1.23E-03 3.01E-02 1.06E-02 1.67E-02 1.29E-03 8.71E-01 7.71E-03 7.94E+01 6.70E-02 0.85 276.34 2.76
 1600 6.83E-02 1.65E-03 4.00E-02 1.09E-02 1.65E-02 1.37E-03 6.99E-01 4.58E-03 6.84E+01 4.91E-02 0.87 275.98 3.10
 1800 3.92E-02 2.47E-03 3.68E-03 1.10E-02 7.96E-03 2.03E-03 7.79E-01 5.74E-03 6.45E+01 4.85E-02 0.90 272.32 3.95
 2000 5.62E-02 2.73E-03 1.38E-02 1.51E-02 1.39E-02 1.84E-03 5.83E-01 3.35E-03 5.69E+01 4.21E-02 0.92 276.40 5.35
 2400 9.63E-02 3.51E-03 1.84E-02 1.18E-02 2.21E-02 1.66E-03 8.20E-01 4.31E-03 8.47E+01 3.62E-02 0.94 274.71 4.89
 2800 1.02E-01 2.25E-03 4.07E-02 1.39E-02 2.55E-02 1.72E-03 5.28E-01 3.61E-03 6.74E+01 1.06E-01 0.96 281.51 5.05
 3200 3.69E-02 2.52E-03 3.96E-02 1.60E-02 8.79E-03 1.71E-03 7.74E-01 4.56E-03 6.54E+01 4.52E-02 0.99 281.34 3.88
 4000 7.61E-02 1.76E-03 1.38E-02 1.16E-02 2.19E-02 2.25E-03 3.77E-01 4.33E-03 4.82E+01 4.60E-02 1.00 273.66 5.91
 J =  2.40E-03 ± 2.16E-05
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HC09DD023-112 (mc52-p18b)
 100 6.59E-03 1.13E-03 2.38E-02 1.42E-02 9.66E-03 1.70E-03 4.46E-02 2.24E-03 4.82E+00 1.76E-02 0.00 258.84 30.61
 200 1.07E-02 1.17E-03 1.61E-02 1.38E-02 9.71E-03 2.05E-03 1.03E+00 7.01E-03 7.33E+01 9.12E-02 0.10 272.89 2.15
 300 6.11E-03 1.69E-03 3.09E-02 1.03E-02 7.02E-03 1.64E-03 1.36E+00 8.91E-03 9.51E+01 1.14E-01 0.23 274.47 2.18
 400 2.69E-02 1.15E-03 4.12E-02 1.26E-02 1.45E-02 1.68E-03 1.61E+00 3.84E-03 1.20E+02 1.81E-01 0.38 277.42 1.08
 600 2.83E-02 1.25E-03 5.61E-02 2.13E-02 1.35E-02 2.89E-03 2.91E+00 9.34E-03 2.11E+02 3.43E-01 0.64 277.91 1.05
 800 2.97E-02 2.71E-03 4.04E-02 1.51E-02 8.32E-03 1.81E-03 1.31E+00 7.43E-03 9.92E+01 1.71E-01 0.77 276.06 2.73
 1000 3.11E-02 1.94E-03 7.17E-02 1.93E-02 1.13E-02 1.98E-03 1.27E+00 4.91E-03 9.82E+01 1.54E-01 0.88 279.76 2.00
 1200 1.56E-02 1.56E-03 1.05E-02 1.54E-02 3.99E-03 2.04E-03 4.94E-01 2.76E-03 3.98E+01 6.67E-02 0.93 284.53 3.77
 1400 1.10E-02 2.53E-03 3.52E-02 1.65E-02 4.40E-04 2.35E-03 2.22E-01 3.52E-03 1.88E+01 3.32E-02 0.95 280.52 13.16
 1600 8.43E-03 1.63E-03 4.27E-02 1.92E-02 2.79E-03 1.95E-03 1.73E-01 2.80E-03 1.56E+01 2.32E-02 0.97 300.76 11.16
 1800 1.03E-03 1.15E-03 1.49E-02 1.87E-02 1.50E-03 1.60E-03 5.72E-02 3.60E-03 5.33E+00 1.11E-02 0.97 345.33 29.06
 2000 7.51E-03 1.07E-03 -5.11E-03 1.48E-02 1.33E-03 1.59E-03 2.25E-02 2.28E-03 4.10E+00 1.89E-02 0.97 329.09 59.32
 2400 2.53E-02 2.33E-03 1.54E-02 1.58E-02 6.66E-03 2.43E-03 1.04E-01 3.91E-03 1.40E+01 1.96E-02 0.98 252.19 26.42
 2800 4.11E-02 1.40E-03 2.03E-02 1.53E-02 1.32E-02 2.01E-03 1.24E-01 3.29E-03 2.14E+01 4.82E-02 0.99 297.61 14.29
 3200 1.15E-02 1.36E-03 -1.15E-02 1.44E-02 1.17E-03 1.76E-03 4.76E-02 2.78E-03 6.89E+00 2.48E-02 1.00 291.62 34.81
 4000 5.25E-02 1.69E-03 -2.41E-02 1.51E-02 5.22E-03 2.03E-03 6.56E-03 3.14E-03 1.56E+01 4.34E-02 1.00 29.75 325.98
 J =  2.40E-03 ± 2.16E-05

HC14DD-1133-178 (mc52p19a)
 100 8.59E-03 1.48E-03 5.13E-02 1.49E-02 1.94E-02 1.63E-03 9.71E-02 4.35E-03 5.63E+00 6.43E-02 0.00 129.71 18.71
 200 2.37E-02 1.72E-03 1.47E-01 1.67E-02 3.11E-02 2.56E-03 3.74E+00 1.52E-02 2.71E+02 3.09E-01 0.10 275.81 1.19
 300 4.37E-02 2.12E-03 1.71E-01 1.72E-02 3.07E-02 2.31E-03 6.55E+00 2.32E-02 4.81E+02 6.62E-01 0.26 278.94 1.04
 400 1.11E-01 2.84E-03 1.47E-01 1.71E-02 4.57E-02 3.64E-03 6.63E+00 2.30E-02 5.07E+02 6.68E-01 0.43 278.97 1.07
 600 2.40E-01 3.47E-03 1.82E-01 1.53E-02 6.87E-02 3.57E-03 6.82E+00 1.72E-02 5.62E+02 8.23E-01 0.60 281.05 0.96
 800 1.90E-01 1.89E-03 3.35E-02 1.42E-02 4.11E-02 2.06E-03 3.63E+00 1.56E-02 3.21E+02 3.80E-01 0.69 283.90 1.31
 1000 1.52E-01 1.76E-03 5.33E-03 1.90E-02 3.25E-02 1.81E-03 2.06E+00 8.74E-03 1.97E+02 1.90E-01 0.75 288.49 1.49
 1200 1.31E-01 1.78E-03 1.42E-02 1.50E-02 2.82E-02 2.54E-03 1.40E+00 7.09E-03 1.41E+02 1.48E-01 0.78 284.59 1.93
 1400 1.18E-01 2.35E-03 3.87E-03 1.62E-02 2.38E-02 2.06E-03 1.24E+00 6.95E-03 1.25E+02 9.17E-02 0.81 283.53 2.51
 1600 8.06E-02 1.73E-03 -1.79E-02 1.62E-02 1.23E-02 1.91E-03 8.66E-01 5.38E-03 8.52E+01 6.59E-02 0.83 277.03 2.68
 1800 3.46E-02 2.24E-03 3.60E-02 1.84E-02 8.61E-03 3.91E-03 1.15E+00 4.83E-03 9.14E+01 1.00E-01 0.86 275.85 2.36
 2000 5.88E-02 1.91E-03 1.19E-02 1.43E-02 9.30E-03 2.95E-03 1.05E+00 7.83E-03 9.09E+01 7.06E-02 0.89 272.71 2.71
 2400 1.01E-01 2.54E-03 1.66E-02 1.87E-02 2.12E-02 2.34E-03 1.38E+00 8.29E-03 1.27E+02 6.48E-02 0.93 275.73 2.50
 2800 1.23E-01 2.37E-03 4.47E-02 1.72E-02 2.96E-02 2.48E-03 1.38E+00 4.77E-03 1.32E+02 4.69E-02 0.96 270.18 2.04
 3200 4.08E-02 1.67E-03 1.85E-02 1.13E-02 1.29E-02 1.51E-03 9.51E-01 8.35E-03 8.00E+01 6.72E-02 0.98 278.75 2.96
 4000 1.11E-01 2.10E-03 4.26E-02 1.69E-02 2.62E-02 1.89E-03 6.33E-01 3.58E-03 7.62E+01 5.82E-02 1.00 267.14 3.85
 J =  2.34E-03 ± 2.56E-05

HC14DD-1133-178 (mc52p19b)
 100 8.38E-03 2.32E-03 9.11E-02 2.45E-02 1.51E-02 1.96E-03 1.59E-01 3.81E-03 8.83E+00 3.41E-02 0.01 161.46 17.07
 200 1.85E-02 2.14E-03 8.22E-02 2.36E-02 9.87E-03 2.29E-03 3.28E+00 1.50E-02 2.38E+02 3.30E-01 0.19 277.05 1.42
 300 3.96E-02 2.66E-03 1.19E-01 2.50E-02 1.68E-02 2.84E-03 4.27E+00 1.32E-02 3.20E+02 3.97E-01 0.42 281.38 1.10
 400 6.33E-02 2.35E-03 8.38E-02 2.49E-02 1.89E-02 2.23E-03 2.49E+00 8.76E-03 1.99E+02 2.61E-01 0.56 282.68 1.42
 600 6.05E-02 2.93E-03 8.14E-02 2.61E-02 1.38E-02 2.81E-03 2.19E+00 4.74E-03 1.74E+02 2.66E-01 0.68 278.64 1.60
 800 4.59E-02 1.82E-03 -1.10E-02 1.86E-02 9.21E-03 2.95E-03 1.59E+00 4.36E-03 1.30E+02 2.01E-01 0.77 284.10 1.49
 1000 4.60E-02 1.92E-03 6.92E-03 2.07E-02 8.84E-03 3.17E-03 8.61E-01 6.16E-03 7.73E+01 6.67E-02 0.81 288.01 3.06
 1200 3.86E-02 1.79E-03 8.90E-03 1.25E-02 5.68E-03 3.55E-03 7.72E-01 4.72E-03 6.77E+01 3.69E-02 0.86 284.03 2.95
 1400 2.71E-02 1.68E-03 8.55E-04 1.48E-02 5.81E-03 2.73E-03 8.08E-01 6.29E-03 6.68E+01 7.92E-02 0.90 283.54 3.03
 1600 1.88E-02 1.81E-03 -1.89E-02 1.76E-02 1.57E-03 3.24E-03 4.08E-01 5.49E-03 3.63E+01 3.87E-02 0.92 293.13 5.95
 1800 8.43E-03 2.31E-03 -3.72E-02 1.06E-02 1.18E-03 1.88E-03 2.88E-01 3.71E-03 2.35E+01 3.97E-02 0.94 283.98 9.19
 2000 1.55E-02 1.85E-03 -2.19E-02 1.52E-02 5.36E-03 1.82E-03 2.46E-01 3.76E-03 2.16E+01 2.58E-02 0.95 270.68 8.95
 2400 2.67E-02 2.09E-03 -1.12E-02 1.14E-02 7.93E-03 1.63E-03 2.65E-01 4.59E-03 2.61E+01 2.99E-02 0.97 269.33 9.54
 2800 4.08E-02 2.23E-03 -1.14E-02 1.71E-02 8.88E-03 1.99E-03 2.70E-01 4.30E-03 3.01E+01 3.58E-02 0.98 262.16 9.74
 3200 1.43E-02 2.43E-03 2.42E-02 1.86E-02 5.85E-03 1.74E-03 2.23E-01 3.58E-03 1.98E+01 2.53E-02 0.99 273.33 12.39
 4000 5.03E-02 2.85E-03 4.98E-02 1.66E-02 1.31E-02 1.27E-03 1.33E-01 3.58E-03 2.31E+01 4.95E-02 1.00 243.26 24.06
 J =  2.34E-03 ± 2.56E-05

MCR024D-177 (mc52-s1a)
 100 1.53E-03 1.63E-03 5.62E-02 1.36E-02 1.06E-02 1.93E-03 3.73E-02 3.67E-03 1.23E-02 3.96E-02 0.00 -50.40 56.60
 200 3.55E-03 2.35E-03 9.56E-02 1.62E-02 1.25E-02 2.31E-03 1.57E-01 3.07E-03 7.06E+00 5.77E-02 0.01 154.79 17.46
 300 8.97E-03 2.17E-03 1.23E-01 1.51E-02 2.08E-02 2.33E-03 1.62E+00 9.21E-03 1.06E+02 7.60E-02 0.05 249.81 1.97
 400 1.98E-02 2.25E-03 2.03E-01 2.36E-02 3.94E-02 3.22E-03 3.90E+00 1.13E-02 2.67E+02 3.89E-01 0.15 262.32 1.01
 600 3.49E-02 2.07E-03 2.46E-01 2.82E-02 4.35E-02 3.07E-03 3.69E+00 1.38E-02 2.57E+02 2.77E-01 0.25 262.09 1.13
 800 2.24E-02 1.99E-03 8.59E-02 2.05E-02 2.28E-02 3.04E-03 4.32E+00 8.82E-03 3.04E+02 3.94E-01 0.37 269.58 0.79
 1000 3.42E-02 2.44E-03 1.31E-01 1.87E-02 2.85E-02 3.28E-03 4.07E+00 1.99E-02 2.87E+02 4.32E-01 0.48 266.83 1.43
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 1200 3.91E-02 2.82E-03 9.06E-02 1.16E-02 3.02E-02 3.43E-03 2.80E+00 1.46E-02 2.01E+02 4.98E-01 0.55 264.80 1.80
 1400 4.49E-02 1.17E-03 6.51E-02 1.23E-02 2.66E-02 3.42E-03 2.23E+00 1.25E-02 1.63E+02 3.22E-01 0.61 263.65 1.58
 1600 6.21E-02 1.27E-03 9.19E-02 1.47E-02 2.49E-02 3.16E-03 2.95E+00 8.91E-03 2.19E+02 1.75E-01 0.69 266.18 0.91
 1800 4.26E-02 1.74E-03 8.38E-02 1.51E-02 2.14E-02 1.72E-03 2.33E+00 8.72E-03 1.74E+02 2.14E-01 0.75 270.60 1.28
 2000 3.92E-02 2.08E-03 6.50E-02 1.57E-02 1.93E-02 2.21E-03 1.66E+00 8.22E-03 1.27E+02 1.33E-01 0.79 272.07 1.86
 2400 7.43E-02 2.65E-03 8.29E-02 1.65E-02 2.92E-02 2.92E-03 1.93E+00 1.23E-02 1.52E+02 2.13E-01 0.85 265.26 2.20
 2800 1.14E-01 1.84E-03 1.36E-01 2.13E-02 4.49E-02 3.46E-03 2.62E+00 9.34E-03 2.12E+02 1.33E-01 0.92 265.93 1.18
 3200 4.69E-02 3.08E-03 8.28E-02 1.44E-02 1.63E-02 2.57E-03 2.11E+00 1.27E-02 1.58E+02 2.15E-01 0.97 267.27 2.20
 4000 9.35E-02 3.28E-03 8.95E-02 2.17E-02 2.90E-02 3.66E-03 1.02E+00 3.94E-02 9.40E+01 3.69E+00 1.00 255.81 16.51
 J =  2.34E-03 ± 2.56E-05

MCR024D-177 (mc52-s1b)
 100 4.85E-03 1.27E-03 6.09E-02 1.94E-02 1.28E-02 2.27E-03 4.77E-02 5.23E-03 7.61E-01 3.67E-02 0.00 -60.49 35.06
 200 6.15E-03 1.65E-03 1.06E-01 1.67E-02 2.59E-02 2.27E-03 3.74E-01 5.12E-03 2.05E+01 3.97E-02 0.01 199.58 5.57
 300 1.49E-02 2.03E-03 1.42E-01 2.39E-02 2.48E-02 2.96E-03 2.40E+00 1.28E-02 1.64E+02 1.56E-01 0.08 260.70 1.61
 400 2.96E-02 2.04E-03 2.25E-01 1.54E-02 3.49E-02 4.05E-03 4.10E+00 1.37E-02 2.87E+02 3.48E-01 0.19 266.16 1.03
 600 3.61E-02 1.42E-03 2.99E-01 2.66E-02 4.27E-02 3.14E-03 4.62E+00 2.08E-02 3.19E+02 3.83E-01 0.32 262.09 1.19
 800 4.85E-02 2.56E-03 1.68E-01 2.48E-02 3.19E-02 4.00E-03 6.00E+00 1.35E-02 4.29E+02 6.00E-01 0.48 270.35 0.81
 1000 4.81E-02 2.23E-03 1.91E-01 2.10E-02 3.07E-02 2.83E-03 4.24E+00 9.20E-03 3.03E+02 4.11E-01 0.60 267.19 0.86
 1200 5.03E-02 2.00E-03 8.88E-02 1.29E-02 1.86E-02 3.12E-03 3.04E+00 1.66E-02 2.22E+02 2.54E-01 0.68 266.56 1.56
 1400 4.66E-02 2.86E-03 9.04E-02 2.31E-02 2.14E-02 2.79E-03 2.07E+00 9.10E-03 1.54E+02 1.58E-01 0.74 265.16 1.86
 1600 4.84E-02 1.91E-03 1.19E-01 2.19E-02 2.25E-02 2.94E-03 2.28E+00 1.08E-02 1.69E+02 2.13E-01 0.80 265.43 1.52
 1800 2.61E-02 1.74E-03 4.55E-02 1.51E-02 8.92E-03 3.06E-03 1.94E+00 1.05E-02 1.42E+02 1.46E-01 0.85 271.29 1.70
 2000 3.91E-02 1.78E-03 3.38E-02 1.93E-02 1.11E-02 2.69E-03 1.64E+00 5.78E-03 1.26E+02 9.99E-02 0.90 273.93 1.49
 2400 5.78E-02 2.36E-03 1.72E-02 1.74E-02 1.52E-02 2.35E-03 1.20E+00 6.73E-03 1.01E+02 7.56E-02 0.93 271.56 2.54
 2800 6.58E-02 2.02E-03 6.10E-02 1.80E-02 1.84E-02 3.61E-03 1.15E+00 6.81E-03 9.77E+01 1.65E-01 0.96 265.53 2.44
 3200 2.80E-02 2.10E-03 -5.07E-03 1.33E-02 4.61E-03 2.72E-03 8.17E-01 4.30E-03 6.56E+01 6.54E-02 0.99 274.54 3.08
 4000 6.38E-02 1.75E-03 3.09E-02 1.11E-02 1.40E-02 2.64E-03 5.46E-01 4.86E-03 5.40E+01 6.40E-02 1.00 252.56 4.08
 J =  2.34E-03 ± 2.56E-05

MCR024D-148 (mc48-g0a)
 50 3.17E-01 2.55E-03 3.45E-03 2.38E-03 6.20E-02 1.34E-03 8.73E-03 1.98E-03 9.43E+01 2.14E-01 0.00 216.39 254.91
 100 8.32E-02 1.89E-03 -4.44E-03 3.74E-03 1.96E-02 1.20E-03 3.64E-02 2.51E-03 2.73E+01 5.82E-02 0.00 223.94 45.37
 150 1.59E-01 2.32E-03 -1.88E-03 2.41E-03 3.09E-02 1.66E-03 9.31E-02 2.05E-03 5.35E+01 1.20E-01 0.00 208.78 21.44
 200 1.14E-01 1.35E-03 -1.61E-03 2.39E-03 2.18E-02 1.72E-03 1.28E-01 2.98E-03 4.33E+01 1.11E-01 0.01 223.86 10.23
 300 1.15E-01 1.31E-03 3.08E-04 2.26E-03 2.77E-02 9.78E-04 4.35E-01 4.84E-03 7.36E+01 1.65E-01 0.01 266.85 3.82
 400 7.69E-03 9.75E-04 7.39E-03 2.17E-03 4.85E-03 1.99E-03 4.89E-01 4.37E-03 4.67E+01 1.28E-01 0.02 265.72 2.82
 600 1.24E-02 1.49E-03 2.80E-02 3.81E-03 2.42E-02 1.65E-03 4.00E+00 1.80E-02 3.89E+02 9.70E-01 0.10 280.25 1.37
 800 1.79E-02 1.62E-03 3.55E-02 2.97E-03 3.89E-02 2.80E-03 6.49E+00 2.28E-02 6.32E+02 1.57E+00 0.22 280.91 1.14
 1000 3.41E-02 1.29E-03 5.80E-02 2.68E-03 4.61E-02 2.36E-03 6.90E+00 2.54E-02 6.76E+02 1.65E+00 0.35 280.81 1.17
 1400 3.56E-02 1.09E-03 6.94E-02 2.74E-03 5.98E-02 2.53E-03 7.99E+00 3.30E-02 7.89E+02 2.01E+00 0.50 283.23 1.28
 1800 3.18E-02 1.06E-03 6.35E-02 4.24E-03 7.86E-02 3.80E-03 1.28E+01 7.21E-02 1.28E+03 6.40E+00 0.75 288.64 2.02
 2000 2.22E-02 1.67E-03 3.25E-02 4.39E-03 5.03E-02 1.99E-03 1.03E+01 5.83E-02 1.03E+03 4.68E+00 0.94 290.37 1.96
 2400 1.12E-03 1.59E-03 8.89E-03 4.88E-03 1.53E-02 1.58E-03 2.50E+00 9.19E-03 2.50E+02 5.88E-01 0.99 289.57 1.27
 2800 5.57E-03 1.19E-03 1.02E-03 3.41E-03 4.95E-03 1.35E-03 4.24E-01 3.95E-03 4.23E+01 9.30E-02 1.00 279.01 3.33
 3200 3.34E-03 2.23E-03 4.39E-03 2.52E-03 2.24E-03 1.62E-03 1.39E-01 2.98E-03 1.27E+01 2.55E-02 1.00 247.58 13.96
 4000 3.45E-03 1.62E-03 3.02E-03 2.62E-03 -1.21E-04 1.28E-03 8.44E-02 2.92E-03 8.43E+00 1.60E-02 1.00 256.91 17.60
 J =  1.74E-03 ± 5.44E-06

MCR024D-148 (mc48-g0b)
 50 5.97E-01 3.03E-03 -5.79E-03 2.60E-03 1.12E-01 2.14E-03 1.96E-02 2.82E-03 1.77E+02 4.12E-01 0.00 100.39 150.14
 100 1.08E-01 2.44E-03 9.67E-04 3.28E-03 2.00E-02 1.94E-03 8.58E-02 2.90E-03 3.91E+01 8.84E-02 0.00 251.07 24.46
 150 3.24E-02 1.90E-03 -3.97E-03 2.43E-03 1.13E-02 1.45E-03 2.51E-01 2.53E-03 3.30E+01 8.11E-02 0.01 272.64 6.63
 200 3.67E-02 1.59E-03 4.29E-03 2.63E-03 8.21E-03 1.25E-03 5.98E-01 4.42E-03 6.48E+01 1.58E-01 0.02 263.64 2.89
 300 3.92E-02 1.35E-03 2.69E-02 3.59E-03 4.69E-02 2.28E-03 5.97E+00 1.97E-02 5.88E+02 1.54E+00 0.14 280.41 1.12
 400 2.55E-02 1.68E-03 3.25E-02 3.45E-03 3.89E-02 1.93E-03 5.07E+00 1.72E-02 4.95E+02 1.27E+00 0.25 279.89 1.14
 600 3.27E-02 2.02E-03 5.10E-02 3.19E-03 1.02E-01 2.30E-03 6.80E+00 2.33E-02 6.62E+02 1.86E+00 0.39 279.22 1.18
 800 3.87E-02 1.90E-03 7.66E-02 6.82E-03 1.85E-01 4.69E-03 1.35E+01 8.62E-02 1.33E+03 7.17E+00 0.66 283.06 2.20
 1000 2.05E-02 1.74E-03 3.79E-02 3.87E-03 7.37E-02 3.24E-03 7.73E+00 3.17E-02 7.60E+02 1.97E+00 0.82 283.73 1.29
 1400 3.23E-02 1.91E-03 2.40E-02 2.69E-03 3.11E-02 2.08E-03 3.41E+00 1.15E-02 3.46E+02 8.35E-01 0.89 285.87 1.19
 1800 5.12E-03 1.14E-03 2.41E-03 3.45E-03 6.27E-03 1.75E-03 1.45E+00 7.63E-03 1.43E+02 3.36E-01 0.92 284.94 1.65
 2000 2.08E-03 1.30E-03 7.01E-03 3.01E-03 -2.76E-04 1.84E-03 7.30E-01 6.72E-03 7.23E+01 1.81E-01 0.94 285.29 2.89
 2400 4.83E-03 1.14E-03 3.19E-03 4.05E-03 4.38E-03 1.93E-03 1.26E+00 6.08E-03 1.24E+02 3.38E-01 0.96 283.82 1.63
 2800 6.55E-03 1.23E-03 4.19E-03 4.61E-03 2.86E-03 1.86E-03 1.06E+00 6.29E-03 1.04E+02 2.72E-01 0.99 280.83 1.93
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 3200 3.39E-03 1.43E-03 3.50E-03 4.59E-03 4.15E-04 1.13E-03 5.37E-01 5.61E-03 5.43E+01 1.49E-01 1.00 288.42 3.57
 4000 4.90E-03 1.25E-03 9.06E-04 4.13E-03 5.84E-04 1.65E-03 1.61E-01 2.63E-03 1.58E+01 4.73E-02 1.00 261.74 7.44
 J =  1.74E-03 ± 5.44E-06

HC09DD037-34 (mc50-b17a)
 100 1.62E-02 1.70E-03 1.79E-02 8.03E-03 3.36E-03 2.27E-03 1.10E-02 2.10E-03 4.61E+00 1.76E-02 0.00 -52.76 147.39
 200 5.83E-02 1.59E-03 -1.85E-05 7.64E-03 2.04E-02 2.61E-03 4.39E-02 3.44E-03 2.07E+01 5.24E-02 0.01 233.76 34.28
 300 -8.00E-04 1.25E-03 9.42E-03 6.63E-03 1.70E-03 2.33E-03 1.18E-02 3.58E-03 9.73E-01 7.75E-03 0.01 295.87 117.32
 400 -5.79E-04 1.91E-03 5.75E-03 7.28E-03 9.36E-04 2.34E-03 4.01E-03 1.46E-03 7.22E-02 1.04E-02 0.01 180.94 404.44
 600 1.63E-03 1.07E-03 1.23E-02 7.95E-03 6.27E-03 2.55E-03 4.59E-02 2.81E-03 4.47E+00 1.64E-02 0.02 253.97 23.76
 800 9.75E-04 1.97E-03 2.64E-03 9.69E-03 3.24E-03 2.40E-03 2.18E-02 2.89E-03 1.85E+00 9.18E-03 0.02 212.34 79.24
 1000 -9.73E-04 1.36E-03 2.80E-03 1.01E-02 3.12E-03 2.05E-03 4.96E-02 2.26E-03 4.60E+00 1.55E-02 0.03 285.40 24.85
 1200 1.62E-03 1.53E-03 6.65E-03 1.09E-02 4.03E-03 2.00E-03 7.68E-02 1.99E-03 7.42E+00 1.88E-02 0.04 263.09 17.23
 1400 1.44E-04 1.91E-03 2.53E-03 9.65E-03 6.26E-03 1.80E-03 8.43E-02 3.56E-03 7.06E+00 2.19E-02 0.06 244.06 20.74
 1600 7.85E-04 9.51E-04 4.46E-03 8.50E-03 1.27E-02 2.01E-03 3.54E-01 4.16E-03 3.37E+01 5.90E-02 0.11 274.08 3.70
 1800 2.82E-03 1.87E-03 1.18E-02 9.02E-03 2.01E-02 1.70E-03 6.82E-01 2.61E-03 6.41E+01 1.21E-01 0.22 269.40 2.43
 2000 2.98E-03 2.25E-03 1.24E-03 9.93E-03 1.92E-02 1.16E-03 7.45E-01 5.24E-03 6.99E+01 1.33E-01 0.34 269.53 3.02
 2400 2.24E-03 1.75E-03 1.50E-02 1.01E-02 3.75E-02 1.86E-03 1.04E+00 5.25E-03 9.80E+01 1.77E-01 0.51 271.74 1.90
 2800 3.39E-03 1.91E-03 1.61E-02 9.26E-03 7.22E-02 1.70E-03 1.84E+00 3.63E-03 1.77E+02 2.27E-01 0.80 277.84 1.02
 3200 -4.47E-04 1.56E-03 3.87E-03 8.22E-03 3.76E-02 1.84E-03 1.12E+00 2.36E-03 1.10E+02 1.78E-01 0.98 283.81 1.31
 4000 -2.56E-03 3.31E-03 -5.09E-04 8.40E-03 5.60E-03 1.48E-03 1.18E-01 3.84E-03 1.11E+01 3.07E-02 1.00 291.75 23.87
 J =  1.74E-03 ± 1.13E-05

HC09DD037-34 (mc50-b17b)
 100 1.39E-04 2.23E-03 7.46E-03 6.21E-03 5.48E-04 1.39E-03 2.09E-03 2.06E-03 3.51E-01 7.62E-03 0.00 414.11 866.10
 200 7.06E-03 1.57E-03 -3.69E-04 4.02E-03 7.48E-03 1.26E-03 2.69E-02 2.19E-03 4.74E+00 2.02E-02 0.01 285.81 51.07
 300 1.35E-03 1.74E-03 1.21E-02 4.94E-03 6.72E-03 1.08E-03 3.75E-02 2.00E-03 3.24E+00 8.92E-03 0.02 223.32 39.52
 400 -8.88E-04 1.44E-03 -1.06E-03 6.28E-03 1.15E-03 1.03E-03 2.23E-02 1.56E-03 1.88E+00 1.52E-02 0.03 278.55 54.48
 600 -5.46E-04 1.32E-03 8.92E-03 5.65E-03 3.59E-03 1.80E-03 1.06E-01 1.71E-03 1.02E+01 2.17E-02 0.06 282.19 10.72
 800 2.49E-03 1.62E-03 2.40E-02 7.60E-03 2.68E-02 2.05E-03 4.54E-01 4.07E-03 4.55E+01 6.79E-02 0.20 285.16 3.70
 1000 6.35E-04 1.78E-03 2.84E-02 1.02E-02 2.36E-02 2.84E-03 5.40E-01 2.64E-03 5.36E+01 1.05E-01 0.36 285.91 2.95
 1200 9.18E-04 1.74E-03 1.59E-02 7.83E-03 4.20E-02 2.61E-03 7.08E-01 4.90E-03 6.95E+01 1.66E-01 0.58 283.45 2.74
 1400 5.09E-04 1.57E-03 2.51E-02 8.92E-03 5.99E-02 3.37E-03 1.10E+00 3.38E-03 1.08E+02 1.35E-01 0.92 283.96 1.42
 1600 5.06E-04 1.78E-03 1.74E-02 9.00E-03 7.78E-03 2.03E-03 2.23E-01 3.69E-03 2.23E+01 3.79E-02 0.98 286.93 7.68
 1800 -2.44E-03 2.20E-03 4.46E-03 8.96E-03 -2.37E-04 2.61E-03 8.85E-03 3.13E-03 9.47E-01 8.26E-03 0.99 511.02 233.91
 2000 -2.23E-03 2.16E-03 -1.35E-03 9.70E-03 -1.60E-04 1.42E-03 2.59E-03 2.92E-03 2.37E-01 1.18E-02 0.99 850.83 905.37
 2400 -6.62E-04 2.04E-03 -2.29E-03 8.94E-03 1.11E-03 1.76E-03 1.12E-02 2.61E-03 4.38E-01 9.88E-03 0.99 169.79 158.61
 2800 -1.24E-03 2.10E-03 9.90E-03 1.07E-02 2.51E-03 1.50E-03 1.53E-02 2.78E-03 1.60E+00 1.82E-02 1.00 365.58 120.51
 3200 3.41E-03 3.00E-03 -2.04E-03 4.93E-03 1.10E-03 1.80E-03 1.49E-02 2.60E-03 1.51E+00 1.36E-02 1.00 102.12 177.15
 4000 3.14E-03 2.43E-03 3.37E-03 5.80E-03 9.75E-04 1.47E-03 -1.15E-03 2.76E-03 5.09E-01 1.05E-02 1.00 881.75 2052.02
 J =  1.74E-03 ± 1.13E-05

APPENDIX 1.  (Cont.)

Laser
power           Cumulative Age
(mW) 36Ar ±1σ 37Ar ±1σ 38Ar ±1σ 39Ar ±1σ 40Ar ±1σ 39Ar (Ma) ±1σ

MCR024D-148 (mc48-g0b) (Cont.)
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A) mc50-b18a (disseminated alunite)
  

B) mc50-b18b (disseminated alunite)
  

C) mc52-p18a (disseminated alunite)
  

D) mc52-p18b (disseminated alunite)
  

F) mc52-p19b (disseminated alunite)
  

E) mc52-p19a (disseminated alunite)
  

Total gas age = 276.73 ± 1.63 Ma
Plateau age = 277.54 ± 1.30 Ma
f39 = 96.8 %, MSWD = 1.72
  

Total gas age = 277.08 ± 1.23 Ma
Plateau age = 277.19 ± 1.28 Ma
f39 = 65.8 %, MSWD = 0.98
  

Total gas age = 276.18 ± 2.35 Ma
Plateau age = 276.26 ± 2.34 Ma
f39 = 100 %, MSWD = 0.69
  

Total gas age = 277.94 ± 2.48 Ma
Plateau age = 277.52 ± 2.41 Ma
f39 = 78.5 %, MSWD = 0.91
  

Total gas age = 279.05 ± 2.86 Ma
Plateau age = 279.75 ± 2.92 Ma
f39 = 50.5 %, MSWD = 1.48
  

Total gas age = 279.53 ± 2.91 Ma
Plateau age = 282.27 ± 2.98 Ma
f39 = 76.3 %, MSWD = 1.83
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J) mc48-g0b (alunite vein)
  

L) mc50-b17b (alunite vein)
  

I) mc48-g0a (alunite vein)
  

K) mc50-b17a (alunite vein)
  

H) mc52-s1b (disseminated alunite)
  

G) mc52-s1a (disseminated alunite)
  

Total gas age = 264.39 ± 2.76 Ma
  

Total gas age = 284.6 ± 1.1 Ma
  

Total gas age = 265.73 ± 2.73 Ma
  

Total gas age = 281.8 ± 1.1 Ma
Plateau age = 284.3 ± 1.0 Ma
f39 = 61.0 %, MSWD = 1.02
  

Total gas age = 274.20 ± 1.98 Ma
Plateau age = 270.75 ± 2.06 Ma
f39 = 50.8 %, MSWD = 0.99
  

Total gas age = 284.02 ± 2.73 Ma
Plateau age = 284.24 ± 2.03 Ma
f39 = 99.9 %, MSWD = 0.49
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