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Abstract 

Mineralization along continental suture zones is facilitated through the frequent presence of pathways 

from fertile mantle source regions to crustal repositories. Due to their inherent rheological weakness, 

these suture zones are often concealed, which hinders surface-based observations. Here, we use zircon 

U-Pb and sericite 
40

Ar/
39

Ar dating, and whole-rock geochemical data, to investigate the crystallization 

and mineralization history from a sequence of granites (sensu lato), volcanic rocks and sedimentary 

rocks from the Au–Ag–Pb–Zn Empress Springs Project in northeast Australia, which are under >50 m 

of Phanerozoic cover and located near the interpreted ca. 1.6 Ga tectonic boundary between the North 

Australia Craton (Mount Isa Inlier) and Laurentia (Georgetown Inlier). Zircon U-Pb dating indicates 

that granite emplacement, volcanic eruptions and dolerite intrusions occurred between 1564 ± 6 and 

1546 ± 13 Ma (2σ), corresponding to the 1560–1550 Ma Esmeralda Supersuite and the Croydon 

Volcanic Group exposed in the western Georgetown Inlier. U-Pb ages from detrital zircon grains in a 

sedimentary rock revealed a near unimodal ca. 1560 Ma population, likely sourced from the 

surrounding granitic and volcanic rocks. Sericite 
40

Ar/
39

Ar dating yielded disturbed spectra with 

evidence for incorporation of excess radiogenic Ar, but with a probable Carboniferous to Permian 

age, potentially dating the timing of gold mineralization. Geochemical similarities point towards an 

epithermal origin for the Empress Springs Project, consistent with post-orogenic mineralization at 

either ca. 1560–1550 Ma or 330–250 Ma. It is likely that a series of west-dipping lithospheric-scale 

faults below the Empress Springs Project, here termed the Empress Suture Zone, demarcate the final 

suture zone associated with the assembly of Nuna. Reactivation of the Empress Suture Zone ~1.3 b.y. 

after crystallization with potential contemporaneous gold mineralization attests to its longevity for 

fluid mobility. 
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1 INTRODUCTION 

Suture zones are major terrane bounding structures that form in accretionary and collisional orogens. 

Due to their inherent structural weakness, suture zones provide direct pathways from metallogenic 

mantle source regions to crustal mineralization sinks (Groves and Bierlein, 2007). Mineralization 

along suture zones can: (i) predate continent amalgamation, with mineralization now incorporated in 

the suture zone (e.g., volcanic-hosted massive sulfide; Barrote et al., 2020; Deng et al., 2016), (ii) be 

contemporaneous with continent–continent collision or terrane accretion (e.g., orogenic gold or 

porphyry copper; Cawood and Hawkesworth, 2015; Groves et al., 1998; Hou et al., 2015), or (iii) 

postdate terrane assembly, exploiting major transcrustal fluid flow corridors (e.g., iron oxide copper-

gold, hydrothermal gold or porphyry Mo; Bao et al., 2017; Groves et al., 2010; Heinhorst et al., 2000; 

Olierook et al., 2018; Sarma et al., 2011). Therefore, suture zones are commonly targeted for mineral 

exploration because of the ability to record multiple mineralizing and upgrading events through 

structural corridors (Li et al., 2017; Pirajno and Bagas, 2002; Zheng et al., 2014; Zi et al., 2015). 

However, structural weaknesses associated with suture zones can also be problematic for exploration 

since many are buried under cover due to the ease of weathering and erosion of hydrothermally-

altered lithologies (Johnson et al., 2013; Olierook et al., In Press; Spaggiari et al., 2018; Tohver et al., 

2005). Thus, the precise location and mineralizing potential of many suture zones remain poorly 

understood. 

One example that has recently come into focus is the position of the final suture zone associated with 

the assembly of the supercontinent Nuna (also known as Columbia; e.g., Meert, 2002; Meert, 2012; 

Meert and Santosh, 2017) in northeastern Australia (Nordsvan et al., 2018; Pourteau et al., 2018). 

Various workers have attributed the collision between the North Australian Craton (±South Australian 

Craton) and Laurentia at ca. 1600 Ma as the final convergent event before the breakup of the 

supercontinent (Betts et al., 2016; Furlanetto et al., 2016; Kirscher et al., 2019; Pehrsson et al., 2016; 
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Pisarevsky et al., 2014). In northeastern Australia, seismic and geochronological data have been used 

to suggest that this suture zone is buried under Phanerozoic cover between the Mount Isa and 

Georgetown Inliers, which were originally part of the North Australian and Laurentian cratons, 

respectively, prior to the assembly of Nuna (Korsch et al., 2012). However, the position of the suture 

zone (or zones) remains debated. Korsch et al. (2012) and Betts et al. (2016) considered the Gidyea 

Suture Zone, located east of the Mount Isa Inlier, to mark the boundary between rocks of North 

Australian and Laurentian affinity (Fig. 1c, d). Conversely, Pourteau et al. (2018) posited that the 

terrane boundary was situated directly west of the outcropping Georgetown Inlier, interpreting a 

lithospheric-scale unnamed fault within the Numil Seismic Province as equating to the suture zone 

(Fig. 1 c,d). The precise position of the suture zone between the North Australian Craton and 

Laurentia remains unknown due to the paucity of work in the covered region between the Mount Isa 

and Georgetown Inliers. Constraining which model, if either, is correct would aid tectonic 

reconstructions and elucidate the nature and likely positions of mineralization. 

A drilling program was recently completed by Moho Resources Ltd across the Empress Springs Au-

Ag-Zn-Pb project (Moho Resources, 2019d), located ~20 km southwest of the outcropping 

Georgetown Inlier where a series of west-dipping lithospheric-scale faults are interpreted to intersect 

the surface (Fig. 1; Korsch et al., 2012; Pourteau et al., 2018). These drill holes intersected granites, 

intermediate to felsic volcanic rocks, mafic intrusions and sedimentary rocks below ~50 m of 

Phanerozoic cover (Fig. 2; Moho Resources, 2019d). Geochemical analyses of selected samples 

revealed a virgin discovery of up to 2.3 ppm of Au, 2.5 ppm Ag, 0.26% Zn, and 0.14% Pb hosted in 

quartz–sericite altered granites (Fig. 2; Moho Resources, 2019d). Two major questions remain. (1) 

What is the crystallization age of the encountered rocks, and do they have a North Australian (Mount 

Isa) or Laurentian (Georgetown) affinity? (2) When did mineralization occur and did a Nuna 

construction-related suture play a significant role in mineralization? 

Here, we present ten zircon U-Pb and two sericite 
40

Ar/
39

Ar isotopic data sets from the Empress 

Springs Project to help address both the crystallization and mineralization ages, respectively. 
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Ultimately, the geochronological data sets presented allow us to refine the position of the Nuna suture 

and help ascertain the longevity of this zone of lithospheric weakness. 

 

2 GEOLOGICAL BACKGROUND 

2.1 Geological history and setting of the Mount Isa Inlier 

The Mount Isa Inlier preserves ~400 m.y. history of sedimentation and igneous activity from the late 

Paleo- to early Mesoproterozoic. The inlier has been divided into 15 fault bound domains in three 

broad N–S trending belts that account for geochronology, basin evolution, structural grain, and 

metamorphic grade (Day et al., 1983; Geological Survey of Queensland, 2011). The oldest rocks in 

the Mount Isa Inlier are metamorphosed sedimentary rocks that were deposited pre-1870 Ma, likely 

during broadly SW–NE directed extension (de Vries et al., 2008). At ca. 1870–1840 Ma, the 

Barramundi Orogeny resulted in E–W directed shortening, mostly recorded in the central belt of the 

Mount Isa Inlier (Etheridge et al., 1987; Page and Williams, 1988). Late stages of the Barramundi 

Orogeny are associated with emplacement of voluminous granites (sensu lato) and associated 

volcanic rocks (Withnall et al., 2013). The Barramundi Orogeny may have been associated with a 

collision between the North Australian Craton and Laurentia (Betts et al., 2016) or the North 

Australian Craton and the central belt of the Mount Isa Inlier (Bierlein et al., 2011). Even if the North 

Australian Craton and Laurentia collided at this time (Betts et al., 2016), a later reorganization 

occurred in order to accommodate younger paleomagnetic poles at ca. 1.65 Ga (Kirscher et al., 2019). 

Following the Barramundi Orogeny, the Mount Isa Inlier underwent a complex rifting history 

characterized by sequential deposition of three superbasins that spanned ~200 m.y. (Betts et al., 2016; 

Gibson et al., 2018; Southgate et al., 2013). The oldest basin, the Leichhardt Superbasin (ca. 1790–

1740 Ma), is mostly confined to the western belt (Holcombe et al., 1991; O'Dea et al., 1997a) and was 

probably associated with the Gawler Craton rifting from the North Australian Craton (Giles et al., 

2002). An episode of E–W directed shortening followed deposition of the Leichardt Superbasin 

(Betts, 1999; O'Dea et al., 1997b), possibly related to accretion of the seismically-imaged Numil 
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province (Fig. 1c; Blaikie et al., 2017). Succeeding this event, renewed extension accommodated 

deposition of the Calvert Superbasin between ca. 1720 and 1690 Ma (Betts et al., 2011; Jackson et al., 

2000). Sedimentation in the inlier was interrupted for ~30 m.y. between deposition of the Calvert 

Superbasin and the overlying Isa Superbasin (ca. 1660–1600 Ma), associated with the emplacement of 

fractionated I-type granites in the western belt (Gibson et al., 2008; Wyborn et al., 1988).  

Sedimentation in the Mount Isa Inlier mostly ceased at the onset of the Isan Orogeny at ca. 1620 or 

1600 Ma (Betts and Giles, 2006; Giles et al., 2002; O'Dea et al., 1997b). Deformational structures of 

the Isan Orogeny are associated with N–S directed crustal shortening during the early stage of the 

orogeny (Lister et al., 1999; O'Dea et al., 2006; O'Dea et al., 1997a; O'Dea et al., 1997b), followed by 

a major E–W to SE–NW directed shortening stage, developing dominant N-trending compressional 

structures (Blenkinsop et al., 2008; MacCready et al., 1998; O'Dea et al., 2006). The latest 

deformation phase of the Isan Orogeny was associated with the emplacement of a ca. 1550 Ma 

tonalite–trondhjemite–granodiorite suite derived from high-pressure partial melting of mafic, mantle-

derived sources (Mark, 2001; Page and Sun, 1998; Volante et al., 2020a; Wyborn, 1998), and 

subsequent voluminous ca. 1540–1490 Ma A-type granites assigned to the Williams Supersuite (Page 

and Sun, 1998; Wyborn, 1998).  

2.2 Geological history and setting of the Georgetown Inlier 

The Georgetown Inlier is characterized by upper Paleo- to lower Mesoproterozoic sedimentary rocks. 

The lower Etheridge Group represents the oldest sedimentary rocks, deposited between ca. 1700 and 

1650 Ma, and have a detrital zircon provenance that strongly resembles that of sedimentary rocks 

deposited at the same time in Laurentia (Furlanetto et al., 2016; Neumann and Kositcin, 2011; 

Nordsvan et al., 2018). The sedimentary sequence was interbedded with ca. 1665 Ma tholeiitic basalts 

(Baker et al., 2010), and intruded by dolerite dykes and sills at ca. 1655 Ma (Black et al., 1998). The 

upper sequence (i.e., upper Etheridge Group) is characterized by fine-grained sedimentary rocks that 

were not intruded by the dolerite dykes or sills (Black et al., 1998; Withnall et al., 1988). These 
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sedimentary rocks have a different zircon provenance from those of the lower sequence (Neumann 

and Kositcin, 2011; Nordsvan et al., 2018) and more juvenile εNd values (Lambeck et al., 2012).  

Recent metamorphic studies divided the Georgetown Inlier into four main metamorphic domains: (i) 

very low-grade rocks in the westernmost Croydon Domain, (ii) greenschist-facies Western Domain, 

(iii) medium- to upper amphibolite-facies Central Domain, and (iv) upper amphibolite- to granulite- 

facies Eastern Domain (Volante et al., In Press). From ca. 1600–1550 Ma, the Etheridge Group was 

polydeformed and metamorphosed during the Jana Orogeny (Boger and Hansen, 2004; Cihan et al., 

2006; Pourteau et al., 2018; Volante et al., 2020b; Volante et al., In Press; Withnall et al., 2013). 

During the ca. 1560–1550 Ma post-collisional stage of the orogeny, the Georgetown Inlier was 

intruded by voluminous S-type and minor I-type granites and comagmatic felsic to intermediate 

volcanic rocks, capping the sedimentary sequence to the west (Black and McCulloch, 1990; Neumann 

and Kositcin, 2011; Nordsvan et al., in review; Volante et al., 2020a; Withnall, 1996; Withnall et al., 

2013). Generally, the Georgetown Inlier granites are categorized into three main petrological groups: 

the Forsayth Supersuite, Forest Home Supersuite, and Esmeralda Supersuite (Champion, 1991; 

Withnall et al., 2013). The Forsayth Supersuite is situated in the Central Domain of the Georgetown 

Inlier (Budd et al., 2001; Champion, 1991; Volante et al., In Press; Withnall et al., 2013) and derives 

from the melting of the surrounding high-grade metasedimentary host-rocks (Black and McCulloch, 

1990). The Forest Home Supersuite consists of the Forest Home and Talbot Creek trondhjemites and, 

most likely, the Brandy Hot Granite, a series of I-type plutons (Champion, 1991). The westernmost 

granites in the Georgetown Inlier, the Esmeralda Supersuite, are generally classified as S-type due to 

their peraluminous nature, the abundance of muscovite and biotite (±garnet) and their reduced state. 

However, Budd et al. (2001) suggested that parts of the Esmeralda Supersuite could be classed as I-

type because some samples contain hornblende and several of the granites are oxidized. Graphitic 

sedimentary xenoliths are common, and assimilation of such material by the magma may have 

produced the reduced granites of the supersuite and their peraluminous geochemistry. 
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2.3 Empress Springs Project 

The Empress Springs Project comprises eleven tenements (EPM 25208–25210 [shown on Fig. 1b], 

EPM27193–27200 [not shown on Fig. 1b]) with a total area of 2386 km
2
, approximately ~20 km 

southwest of the Georgetown Inlier (Fig. 1a). The tenements overlay a lithospheric-scale structural 

discontinuity that is observed in a deep seismic reflection line that penetrates down to the Moho (Fig. 

1c, d; Moho Resources, 2019b), which is approximately where Pourteau et al. (2018) interpreted the 

suture between the Mount Isa and Georgetown Inliers. At the surface, this structural continuity is 

manifested as several major N–S and NW–SW striking faults that are resolved in aeromagnetic 

images (Fig. 1b; Moho Resources, 2019b). It is likely that the highly tectonized crust (Fig. 1b) records 

multiple second and third order antithetic and synthetic faults, akin to what is shown further west of 

the Empress Springs Project in the seismic data (Fig. 1c, d). Thus, any potential mineralizing fluids 

generated during or after the suture event may have used a structural pathway from the upper mantle 

to the upper crust. 

Reconnaissance air core and reverse circulation drilling was conducted in the Empress Springs Project 

in 2018, which revealed anomalous precious metal and base metal mineralization at the Arrowhead 

prospect (Moho Resources, 2019d). Further drilling in early to mid-2019 extended lateral and vertical 

mineralization at Arrowhead and identified two other precious- and base metal-enriched regions 

(Yappar and Wilson Bore prospects) along the southern edge of what is interpreted as a Proterozoic 

caldera structure, although no age constraints currently exist (Fig. 1b; Moho Resources, 2019a; Moho 

Resources, 2019c).  

The basement of the Empress Springs project is situated under ~50 m of Phanerozoic cover and 

comprises variably altered porphyritic granite (sensu lato), intermediate to felsic volcanic rocks, mafic 

intrusions, and sedimentary rocks (Fig. 2; Moho Resources, 2019d). Alteration is composed of 

quartz–sericite (±chlorite), chlorite–biotite and minor disseminated pyrite (Moho Resources, 2019c, 

d). Units strike N to NW at the Arrowhead prospect and are steeply-dipping to the east (Moho 

Resources, 2019a). 
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3 METHODS 

3.1 Sample acquisition and preparation 

The Empress Springs Project exploration programme is still in its early stages, with the samples 

presented in this paper taken from the first set of drill holes conducted in the region. Although 

diamond drilling is the preferred mechanism to obtain core free of contaminants, it is prohibitively 

costly in the early stages of an exploration programme. Therefore, cheaper alternatives such as air 

core or reverse circulation are best employed to extract rock cuttings. These techniques are prone to 

contamination from loose sediment caving in from further up-hole and surface sediment during 

sampling. Nonetheless, chip cuttings are virtually the only cost-effective medium on which to obtain 

scientific information early in a mineral exploration programme. 

Ten representative samples were selected from various prospects and lithologies around the Empress 

Springs Project (Table 1, Fig. 1b). All samples were dated by zircon U-Pb geochronology. Two of the 

samples (ESA023, 53–54m [syenogranite] and ESR022, 59–60m [andesite]) were also selected for 

sericite 
40

Ar/
39

Ar dating. 

To minimize contamination of chip cuttings with other fine-grained material introduced during 

drilling and sampling, all ten samples were first washed and sieved to >750 µm. Fractions <750 µm 

were discarded. We note, however, that a small portion of the >750 µm particles were clumps of 

drilling mud that probably had smaller particles embedded in them. Thus, although care was taken to 

mitigate contaminants from the investigated depths, some components from the up-hole lithologies 

are possibly present in the samples. 

3.2 Thin section preparation and analysis 

Thin sections were prepared from representative rock chips for each sample by Minerex Petrographic 

Services Ltd, Kalgoorlie, Western Australia. Thin sections were subsequently carbon coated and 

analyzed using a Tescan Integrated Mineral Analyser (TIMA) in the John de Laeter Centre (JdLC), 
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Curtin University, to aid in mineral identification. A TIMA (a field emission gun scanning electron 

microscopy) is equipped with four electron dispersive X-ray spectrometers (EDS), capable of 

recording 420k X-ray counts per second. Thin sections were analyzed in ‘dot-mapping’ mode with a 

rectangular mesh at a step-size of 3 µm for backscattered electron (BSE) imaging. One thousand EDS 

counts are collected every 9
th
 step (i.e., 27 µm) or when the BSE contrast changes (i.e., a change in 

mineral phase). For a given mineral grain, EDS counts are integrated across the entire grain. TIMA 

analyses used an accelerating voltage of 25 kV, a beam intensity of 19, a probe current of 6.74–7.01 

nA, a spot size of 67–90 nm and a nominal working distance of 15 mm. After imaging and EDS 

collection, BSE signals and EDS peaks are referenced to a mineral library for automatic mineral 

classification. 

3.3 Sample processing and grain imaging 

Samples >750 µm were disaggregated using the SelFrag high-voltage pulse fragmentation system in 

the JdLC, Curtin University, to liberate their constituent minerals. Resultant slurries were run through 

a Jasper Canyon Research concentrating shaker table for initial concentration of heavy minerals and 

subsequently through LST heavy liquids at 2.9 g cm
-3

. The heavy fraction was run through a Frantz 

isodynamic magnetic separator.  

For magmatic samples (Table 1), the non-magnetic heavy fractions were hand-picked for the highest 

quality zircon grains, which were mounted in 25 mm epoxy rounds. For the sedimentary sample 

(Table 1), no grain picking was employed to mitigate bias, and all non-magnetic grains from the 

heavy fraction were mounted in a 25 mm diameter mount. All mounts were polished to half-grain 

thickness to expose their interiors. Mounted grains were imaged with transmitted and reflected light 

on a Zeiss Axio Imager 2 optical microscope and, subsequently, with cathodoluminescence (CL) 

imaging using a Tescan Mira3 FEG-SEM at the JdLC at Curtin University. Transmitted and reflected 

light images were used to assess grain shape and transparency. Cathodoluminescence images were 

used to document internal zonation patterns (e.g. oscillatory, sector) and identify growth and 

recrystallization textures (e.g., Corfu et al., 2003; Olierook et al., 2020b). A full compendium of CL 
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images may be found in Supplementary Fig. A. For the magmatic samples, U-Pb spots were pre-

selected to avoid inclusions, cracks and core-rim mixtures. For the sedimentary sample, analyses were 

conducted targeting sufficient grains to capture minor subpopulations without preselecting grains, in 

order to minimize sample bias and yield an objective detrital zircon distribution (e.g., Olierook et al., 

2020a; Vermeesch, 2004). 

For the two sericite samples (Table 1), the light fractions were sieved to 125–212 µm, subjected to a 

Nd-Fe-B magnet and magnetically separated using a Frantz magnetic separator. The non-magnetic 

fraction was handpicked for ~50 white, opaque grains of sericite per sample (e.g., Olierook et al., 

2017; Verati and Jourdan, 2014). 

3.4 Zircon U-Pb geochronology 

Zircon U-Pb measurements were collected across two sessions at the GeoHistory Facility, JdLC, 

Curtin University. Where possible, spots were collected from both grain cores and rims. For both 

sessions, the excimer laser (RESOlution LR 193 nm ArF with a Lauren Technic S155 cell) beam 

diameter was 30 µm, on-sample energy was 2.3 J cm
-2

 with a repetition rate of 7 Hz for 45 s of 

analysis time and ~60 s of background capture. All analyses were preceded by three cleaning pulses. 

The sample cell was flushed by ultrahigh purity He (0.68 L min
-1

) and N2 (2.8 mL min
-1

). 

U-Pb data were collected on an Agilent 7700s quadrupole mass spectrometer for session 1 and on an 

Agilent 8900 triple quadrupole mass spectrometer for session 2 with high purity Ar as the carrier gas 

for both sessions (flow rate 0.98 L min
-1

). Analyses of 10 unknowns were bracketed by analysis of a 

standard block containing the primary zircon reference materials 91500 (1062.4 ± 0.4 Ma; 

Wiedenbeck et al., 1995) and OG1 (3465.4 ± 0.6 Ma; Stern et al., 2009), which were used to monitor 

and correct for mass fractionation and instrumental drift. The standard block also contained a range of 

secondary zircon standards spanning Archean to Phanerozoic ages, including Plešovice (337.13 ± 

0.37 Ma; Sláma et al., 2008), GJ-1 (601.95 ± 0.40 Ma; Horstwood et al., 2016; Jackson et al., 2004) 

and Maniitsoq (3008.70 ± 0.72 Ma; Marsh et al., 2019; all uncertainties at 2σ), which were used to 

monitor data accuracy and precision. During the analytical sessions, when reduced against a matrix-
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matched reference material, Plešovice, GJ-1 and Maniitsoq yielded statistically-reliable (p > 0.05) 

weighted mean ages of 336.72 ± 0.84 to 338.3 ± 1.0 Ma, 602.9 ± 1.7 to 604.4 ± 2.9 and 3007 ± 8 to 

3010 ± 8 Ma, respectively, all of which are within 2σ of the published age (see supplementary Table 

A for full U-Pb compilation, including standards). 

Data were reduced in Iolite3 (Paton et al., 2011) and in-house Excel macros. Zircon analyses are 

considered concordant where the error ellipses at 2σ generated by the 
207

Pb/
206

Pb and 
206

Pb/
238

U ratios 

overlap the inverse concordia curve, excluding uncertainties on the decay constant (i.e., assuming the 

concordia curve is a line rather than a zone). Uncertainties on the primary reference materials were 

propagated in quadrature to the unknowns and secondary zircon reference materials. Age calculations 

and plots utilized Isoplot 4.15 software (Ludwig, 2012). Full isotopic data for the samples are given in 

supplementary Table A. All zircon dates older than 1500 Ma are presented as 
207

Pb/
206

Pb ages and 

dates younger than 1500 Ma are presented as 
206

Pb/
238

U ages (Spencer et al., 2016). Common-Pb was 

not corrected for as almost all concordant analyses have apparent f206% <0.1% (supplementary Table 

B). All spot analyses are presented at 2σ and weighted mean analyses are presented at 95% 

confidence. 

3.5 40
Ar/

39
Ar geochronology 

Handpicked sericite fractions were loaded into several small wells in 1.9 cm diameter and 0.3 cm 

depth aluminium discs. The discs were Cd-shielded (to minimize undesirable nuclear interference 

reactions) and irradiated for 40 hours in the TRIGA nuclear reactor (Oregon, USA) in central position. 

A single sericite grain was analyzed from both samples, with the remaining irradiated grains kept in 

reserve. 

The 
40

Ar/
39

Ar analyses were performed on an ARGUS VI at the Western Australian Argon Isotope 

Facility at Curtin University. The ages were calculated using GA1550 biotite neutron flux monitor, 

for which an age of 99.738 ± 0.104 Ma (1σ) was used (Renne et al., 2011). The mean J-values 

computed from standard grains are 0.01078330 ± 0.00000485 (0.04%, 1σ), determined as the average 

and standard deviation of J-values of the small wells for the irradiation disc. Mass discrimination was 
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monitored using an automated air pipette and provided a mean value of 0.99382 ± 0.00089 (0.09%, 

1σ) per dalton. The correction factors for interfering isotopes were (
39

Ar/
37

Ar)Ca = 6.95x10
-4

 (± 1.3%, 

1σ), (
36

Ar/
37

Ar)Ca = 2.65x10
-4

 (± 0.8%, 1σ) and (
40

Ar/
39

Ar)K = 7.30x10
-4 

(± 12%, 1σ). 

The criteria for the determination of plateaus are as follows: (i) plateaus must include at least 70% of 

39
Ar, and (ii) the plateaus should be distributed over a minimum of three consecutive steps agreeing at 

95% confidence level and satisfying a probability of fit (p) of at least 0.05 (Merle et al., 2019; 

Olierook et al., 2019; Olierook et al., 2016). Plateau ages are given at the 2σ level and are calculated 

using the mean of all the plateau steps, each weighted by the inverse variance of their individual 

analytical error. All known sources of uncertainty are included in the calculation. Full 
40

Ar/
39

Ar data 

tables may be found in Supplementary Table B. 

3.6 Whole-rock major and trace element geochemistry 

All samples were trimmed to remove regolith crust and a subset sent to ALS Global (Perth) for major 

and trace element analysis. The samples were crushed using a jaw crusher and pulverized using a low-

chrome steel mill to yield particles with sizes < 75 μm. To determine major and most trace element 

concentrations, a prepared aliquot (25 g) was weighted directly into a Teflon beaker and a 

concentrated aqua regia digest (1:3 ratio of concentrated HNO3 to HCl) was added. The samples were 

placed on a hotplate at 200 °C and evaporated until dry. The residue was then re-dissolved in 10% v/v 

HCl and returned to the hotplate at 100°C. When the residue was completely dissolved, the samples 

were cooled and transferred to 50 ml storage tubes. One ml of 0.5% w/v% H3BO3 was added to each 

tube to complex HCl and mitigate ICP degradation. Most elements were analyzed by inductively 

coupled plasma atomic emission spectroscopy (ICP-AES; ME-ICP43 code in Supplementary Table C) 

or inductively coupled plasma mass spectrometry (ICP-MS; ME-MS43 and ME-TL43 [Au only] 

codes in Supplementary Table C) using a single-collector quadrupole. Results were subsequently 

corrected for spectral inter-element interferences. 

Due to the low detection limit of Au, 50g aliquots of thirty-three selected samples were re-analyzed 

using a high-temperature litharge (PbO) fire assay flux (Au-AA22 for most and Au-AA26 for three 
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intervals from ESA023). Once cooled, the flux was measured using atomic absorption spectroscopy 

(AAS). The primary difference between Au-AA22 and -26 are their detector counting times, and their 

detection limits of 0.001–10 ppm and 0.1–100 ppm, respectively. Au-AA26 was chosen for the basal 

three intervals from ESA023 (48–50 m, 50–52 m and 52–54 m) due to the possibility of exceeding the 

upper limit of detection with Au-AA22. 

 

4 RESULTS 

4.1 Sample descriptions 

Four granite samples were selected, one from each prospect (Table 1, Fig. 3a–d), comprising a 

syenogranite, and three monzogranites. Sample ESA023, 53–54m is a medium-grained syenogranite 

from the Arrowhead East prospect. It comprises mostly quartz (both primary and secondary), sericite 

and K-feldspar, with minor biotite and plagioclase and accessory apatite, pyrite, sphalerite and galena 

(Fig. 3a, Table 1). Samples ESR001, 95–96m and ESR054, 54–55m are coarse-grained monzogranites 

from the Fishhooks and Laneway South prospects, respectively. They comprise predominantly 

sericitized plagioclase, perthitic K-feldspar and quartz, with minor chloritized biotite, and rare calcite, 

apatite, fluorite and monazite (Fig. 3b, c, Table 1). Sample ESR015, 67–68m is a pyrite-rich 

monzogranite from the Racetrack prospect. Two individual chips were analyzed, with one showing 

similar mineral compositions and proportions to the other monzogranite samples (verging on 

granodiorite compositions), albeit with significant amounts of pyrite (top of Fig. 3d, Table 1). The 

other chip shows a pyrite-, kaolinite- and illite-rich vein that cross-cuts the host monzogranite (bottom 

of Fig. 3d, Table 1). 

Four intermediate to felsic volcanic rocks were selected, comprising andesite, dacite and two rhyolites 

(Table 1, Fig. 3e–h). Sample ESR041, 63–64m is a sparsely-amygdaloidal porphyritic rhyolite from 

the Arrowhead prospect. It consists of phenocrysts of plagioclase, quartz and K-feldspar, enclosed in a 

groundmass of the same three minerals and additional chlorite and fluorite (Fig. 3e, Table 1). Sample 

ESR022, 59–60m is a pervasively altered, very fine- to fine-grained andesite from the Racetrack 
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prospect. The investigated chip contains two discrete parts, potentially reflecting a flow boundary 

(Fig. 3f). The lower part of the chip (upper part of older flow) is very-fine grained and comprises 

chiefly sericite, illite/smectite and chlorite, with minor pyrite, hematite, K-feldspar and quartz (Fig. 

3f). The upper portion of the chip (lower part of younger flow) is fine-grained and comprises K-

feldspar, illite/smectite, hematite and quartz (Fig. 3f). Sample ESR028, 64–65m is a microporphyritic 

rhyolite from the Arrowhead prospect. It comprises plagioclase and quartz glomerocrysts, with a 

groundmass of sericitized plagioclase, quartz and K-feldspar, with rare kaolinite (Fig. 3g, Table 1). 

Sample ESA014 is a dacite from the Fishhooks prospect. It comprises partly sericitized plagioclase, 

K-feldspar, quartz and chlorite, with minor rutile, apatite and pyrite (Fig. 3g, Table 1).  

One equigranular dolerite sample (ESR011, 72–73m) was selected from the Racetrack prospect. It 

comprises predominantly plagioclase and clinopyroxene, and minor actinolite, secondary quartz, 

chlorite, smectite and sericite (Fig. 3i, Table 1). 

One fine- to medium-grained quartzite sample (ESA012, 55–56m) was selected from the Fishhooks 

prospect. This quartzite sample comprises chiefly subangular to subrounded quartz and minor 

orthoclase grains, with pore space occluded by secondary kaolinite and illite (Fig. 3j, Table 1). 

4.2 Zircon textures and U-Pb data 

4.2.1 Granites 

Zircon grains from the granites are euhedral to subhedral, 80–200 µm long, and have aspect ratios of 

1:1 to 2:1 (Fig. 4a, b, Supplementary Fig. A). There is no significant textural difference between 

zircon grains from the syenogranite and the monzogranite samples, with both displaying weak to 

moderately-well developed oscillatory and rarer sector-zoning. Zircon grain cores and thick, 

oscillatory-zoned mantles are relatively common (Fig. 4a, b). One grain from sample ESR054, 54–

55m (spot 14, Fig. 4b) is longer and larger than all other dated grains and is brighter in CL with two 

very broad zones. 
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All four granite samples yielded dominantly unimodal zircon age fractions at ca. 1560–1550 Ma, with 

rare analyses between 1720 and 1600 Ma (Fig. 5). Five concordant analysis younger than ca. 1500 Ma 

were encountered (see Fig. 5e and 5g), which are considered to have been derived from the up-hole 

stratigraphy (see section 6.1).  

For concordant analyses only, syenogranite sample ESA023, 53–54m from the Arrowhead prospect 

yielded a 
207

Pb/
206

Pb weighted mean age of 1561 ± 10 Ma (n = 7, MWSD = 1.09, p = 0.36, Fig. 5b). 

Monzogranite sample ESR001, 95–96m from the Fishhooks prospect yielded a 
207

Pb/
206

Pb weighted 

mean age of 1558 ± 5 Ma (n = 28, MWSD = 0.47, p = 0.99, Fig. 5d). Monzogranite sample ESR054, 

54–55m from the Laneway South prospect yielded a 
207

Pb/
206

Pb weighted mean age of 1559 ± 6 Ma 

(n = 18, MWSD = 0.58, p = 0.91, Fig. 5f). Pyrite-rich monzogranite sample ESR015, 67–68m from 

the Racetrack prospect yielded a 
207

Pb/
206

Pb weighted mean age of 1564 ± 6 Ma (n = 33, MWSD = 

0.53, p = 0.99, Fig. 5h). All available ages from granite samples overlap at the 95% confidence level. 

4.2.2 Volcanic rocks 

Zircon grains from the volcanic rocks are euhedral to anhedral, 80–200 µm long and have aspect 

ratios of 1:1 to 3:1 (Fig. 4c–e, Supplementary Fig. A). Grains attributed to Group I and X have weak 

to moderately-well developed oscillatory- and sector-zoning. Grains belonging to Group C have 

variable internal textures (including well-developed oscillatory zoning or mottled zoning) or are 

exceptionally bright in CL (Fig. 4c, d). For Group C, grain cores are also common, but cores and rims 

are rare in Groups I and X. 

The U-Pb data for the volcanic rocks are highly variable. Two of the four samples (ESA014, 51–52m 

[dacite] and ESR022, 59–60m [andesite]) exhibit a cluster at ca. 1560 Ma related to Group I (Fig. 6). 

Three of the four samples (except andesite sample ESR022, 59–60m) yielded a spread of U-Pb dates 

between ca. 600 and 250 Ma related to Group C (Fig. 6). These younger dates are considered to 

represent zircon grains from the overlying stratigraphy, either introduced during drilling or from 

sample collection (see Section 5.1). Grains from Group C are not considered for further analysis. 
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Using concordant analyses only, dacite sample ESA014, 51–52m from the Fishhooks prospect yielded 

a 
207

Pb/
206

Pb weighted mean age of 1546 ± 13 Ma (n = 4, MWSD = 0.93, p = 0.42, Fig. 6d). Andesite 

sample ESR022, 59–60m from the Racetrack prospect yielded a 
207

Pb/
206

Pb weighted mean age of 

1560 ± 5 Ma (n = 33, MWSD = 0.31, p = 1.00, Fig. 6f). The only concordant analyses from rhyolite 

samples ESR041, 63–64m and ESR028, 64–65m are from the up-hole stratigraphy (Fig. 6a, b), and 

thus no age is calculated for these two samples. All available ages from volcanic samples overlap at 

95% confidence. 

4.2.3 Dolerite 

Zircon grains from sample ESR011-36 are euhedral to anhedral, 70–200 µm long and have aspect 

ratios of 2:1 to 5:1 (Fig. 4f, Supplementary Fig. A). The majority of grains are relatively dark in CL 

with faint oscillatory-or sector-zoning (Groups I and X in Fig. 4f), but a subordinate proportion was 

brighter in CL, with more distinct oscillatory- and sector-zoning (Group C in Fig. 4f). 

Like some of the volcanic rocks, the U-Pb data show a cluster of ca. 1560 Ma grains as well as 

younger Phanerozoic ages (Fig. 7a). The latter is likewise interpreted as being derived from the up-

hole stratigraphy and excluded from further discussion (see Section 5.1). Except for one concordant 

analysis at ca. 1760 Ma that is probably inherited, dolerite sample ESR011, 72–73m from the 

Racetrack prospect yielded a 
207

Pb/
206

Pb weighted mean age of 1560 ± 7 Ma (n = 14, MWSD = 0.33, 

p = 0.98, Fig. 7b).  

4.2.4 Sedimentary sample 

Zircon grains were abundant in quartzite sample ESA012, 53–54m (Supplementary Fig. A). They are 

angular to subrounded, 50–150 µm in diameter, with aspect ratios from 1:1 to 4:1 (Fig. 4g, 

Supplementary Fig. A). Rims are extremely rare (Supplementary Fig. A). The majority of grains 

exhibited oscillatory- or sector-zoning but with a clear bimodality concerning the brightness and 

definition of this zoning. A larger proportion of grains showed darker oscillatory zoning (Group S in 

Fig. 4g) compared to a subordinate fraction with brighter zoning (Group C in Fig. 4g).  
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The quartzite sample ESA012, 53–54m yielded a bimodal distribution of ages, with a major fraction 

at ca. 1560 Ma and a second Devonian subpopulation (Fig. 8a). Each subpopulation is linked to a 

mode of the bimodal CL zonation (Fig. 3g). The Devonian component is probably from the up-hole 

stratigraphy (see Section 5.1). Excluding the Devonian data, the U-Pb distribution is nearly unimodal 

around ca. 1560 Ma, with a rare component at ca. 1630 Ma (Fig. 8b). 

4.3 Sericite 
40

Ar/
39

Ar data 

Both samples from the Empress Springs Project yielded disturbed 
40

Ar/
39

Ar spectra with individual 

steps between ca. 330 and 250 Ma (Fig. 9). There is evidence for abundant excess radiogenic 
40

Ar as 

shown by the particularly high 
40

Ar/
36

Ar of ~1,400–10,000 (
36

Ar/
40

Ar intercepts of ~0.0001–0.0007; 

Fig. 9), an order of magnitude higher than the present-day atmospheric 
40

Ar/
36

Ar ratio of 298.56 ± 

0.30 (
36

Ar/
40

Ar = ~0.0033; Lee et al., 2006).  

4.4 Ore and pathfinder elements 

In discovery hole ESA023, which shows the highest levels of Au (up to 2.1 ppm), various levels of 

precious metals (Ag, Au), base metals (Cu, Zn, Pb) and pathfinder elements (Hg, As, Sb, Te, W ± Bi, 

Mo) are anomalously elevated in five distinctly sampled intervals, with the three most enriched 

intervals shown in Fig. 10 (Supplementary Table C). Other elements such as the platinum group 

elements, Fe, Co, Ni, In, Tl, Sn, La and U are not enriched. Au/Ag ratios average ~1, ranging from 

0.32–4.8. In ESR046, just south of ESR041 in the Wilson Bore Prospect at the edge of the caldera 

structure (Fig. 1b), the 63–65 m interval yielded almost 1 ppm Au by fire assay but with limited 

enrichments in other elements (Supplementary Table C). 

For comparison to proximal deposits, the Empress Springs geochemical data in ESA023 are compared 

to three deposits with geochemical information in the Georgetown Inlier (Fig. 10). These include 

Croydon, an orogenic gold deposit associated with ca. 1.6 Ga Nuna assembly (Goldfarb et al., 2001; 

Partington and Williams, 2000), Einasleigh, a copper deposit of uncertain affinity but probably post-

dating assembly at ca. 1.4 Ga (Evins et al., 2007; Patrick, 1978), and Kidston, a porphyry gold deposit 

associated with the Permo-Carboniferous orogeny in the Tasmanides of eastern Australia (Fig. 1b; 
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Perkins and Kennedy, 1998). Empress Springs shows significant affinity with Kidston, namely with 

elevated base metals (Cu, Zn, Cd, Pb), but lacks the pathfinder element peaks (As, Sb and Te) that 

Kidston shows (Fig. 10a). ESA023 shows little affinity with Croydon aside from precious metal 

similarities, and very little similarities exist between Empress Springs and Einasleigh (Fig. 10a).  

For comparison to geochemically-similar deposits, several epithermal deposits around the world are 

contrasted to Empress Springs (Fig. 10b). These include Kelian (Indonesia) and Hidden Valley (Papua 

New Guinea), which are both Zn- and Pb-rich, low sulfidation epithermal gold deposits (Davies et al., 

2008; Nelson et al., 1990; Van Leeuwen et al., 1990), and Equity (western Canada), which is an 

intrusion-related gold and silver epithermal deposit (Wojdak and Sinclair, 1984). Empress Springs 

shows strong similarities in terms of base metals (Cu, Zn, Cd, Pb), Au/Ag ratios (~1) but, like with 

Kidston, lacks some of the pathfinder elements peaks (As, Sb and Te).  

 

5 DISCUSSION 

5.1 Empress Springs Project – Georgetown or Mount Isa Inlier affinity?  

Before assessing genetic links of the Empress Springs to basement inliers, it is first necessary to 

robustly classify the ages of measured samples. Zircon grains from the overlying succession may 

contribute to the post-1500 Ma zircon cargo in many samples and, despite washing and sieving 

mitigation procedures (see methods), is an unavoidable consequence of both the air core and reverse 

circulation sampling methods (Figs. 5–8). There are several pieces of evidence for this. (1) Based on 

drill hole cross-cutting relationships, the granites must be younger than, or at least contemporaneous 

with, the sampled volcanic and sedimentary rocks (Moho Resources, 2019d). Given that the granites 

yielded almost wholly zircon grains at ca. 1560–1550 Ma (86 of 94 concordant analyses, Fig. 5), the 

Phanerozoic zircon grains in some of the volcanic and sedimentary rocks cannot be in situ (Figs. 6–8). 

(2) All of the Phanerozoic cargo can be linked to the surrounding stratigraphy (see detailed 

compilation in Jell, 2013). For example, the largest subpopulation from the Carboniferous at ca. 343–

317 Ma can be derived from the ca. 332 Ma Glenmore Supersuite, the ca. 339–332 Ma Kidston 
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Intrusions, the upper parts of the Gilberton Formation (ca. 331 Ma), the ca. 330 Ma Cumberland 

Volcanic Group and the lower parts of the Newcastle Range Volcanics (ca. 294 Ma). (3) The majority 

of the Phanerozoic grains are euhedral; thus, these zircon grains were probably minimally transported 

into the overlying sedimentary rocks to have preserved prismatic habits. All the above evidence 

suggests that the zircon grains are not endogenic to the dated samples but were instead introduced as 

contaminants from the drilling process. 

The ages of the granites (1564 ± 6 Ma, 1561 ± 10, 1559 ± 6 and 1558 ± 5, Fig. 5), volcanic rocks 

(1560 ± 5 Ma and 1546 ± 13 and; Fig. 6) and mafic intrusions (1560 ± 7 Ma; Fig. 7) from the 

Empress Springs Project all overlap at 95% confidence and, thus, were all emplaced in a narrow time 

interval. A timeframe of ca. 1560–1550 Ma corresponds to the post-collisional stage of the 1600–

1500 Ma Isan and Jana Orogenies that sutured the North Australian Craton and Laurentia, with 

granite emplacement occurring in both the Mount Isa (Mark, 2001; Page and Sun, 1998; Wyborn, 

1998) and Georgetown Inliers (Black and McCulloch, 1990; Black and Withnall, 1993; Neumann and 

Kositcin, 2011). Despite temporal equivalence of granite emplacement across the region, there are key 

chemical and lithological differences between the granites in the Mount Isa and Georgetown Inliers. 

In Mount Isa, ca. 1550 Ma granites are mantle-derived, with tonalite–trondhjemite–granodiorite 

compositions (Mark, 2001; Page and Sun, 1998; Wyborn, 1998), whereas in the Georgetown Inlier, 

ca. 1560–1550 Ma granites are dominantly S-type, with an abundance of mica and paucity of 

hornblende (Black and McCulloch, 1990; Black and Withnall, 1993; Budd et al., 2001; Neumann and 

Kositcin, 2011). The Empress Springs granites are more akin to those in the Georgetown Inlier, with 

common biotite and muscovite, but hornblende absent (Table 1; Fig. 3). Thus, the age and 

composition of the granites at Empress Springs indicate that these probably belong to the Esmeralda 

Supersuite. One of the main characteristics of most (but not all) granites outcropping in the 

Georgetown Inlier is the presence of graphite. Of the 200 holes drilled to date by Moho Resources 

Ltd, around 130 intersected granite and none contained noticeable graphite. As none of the granites 

encountered at Empress Springs contains graphite, they may represent a different phase of the 

Esmeralda Supersuite or one of the other supersuites in the Georgetown Inlier. 
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The presence of coeval intermediate to felsic volcanic rocks at the Empress Springs Project is also 

consistent with this region being originally part of the Georgetown Inlier (Withnall et al., 2013). 

Based on their composition and temporal equivalence, andesitic to rhyolitic lavas likely belong to the 

Croydon Volcanic Group, previously dated at 1548 ± 18 Ma (Black and Withnall, 1993). Volcanic 

rocks of this age are not recorded in the Mount Isa Inlier. 

The sedimentary sequence encountered at Empress Springs indicates a unimodal population that was 

likely derived from the nearby Esmeralda Supersuite and Croydon Volcanic Group, notwithstanding 

that this interpretation is based off a single sample. The few older xenocrysts within the granitic rocks 

are also consistent with derivation from the underlying Etheridge Group (Furlanetto et al., 2016; 

Neumann and Kositcin, 2011; Nordsvan et al., 2018). The absence of significant proportions of 

younger grains (except those of Phanerozoic age) implies that this sedimentary unit is probably part of 

the ca. <1540 Ma Inorunie Group (Withnall et al., 2013), likely deposited shortly after cessation of 

magmatism in the Georgetown Inlier. 

The above evidence from the granites, volcanic extrusions and sedimentary sequence indicates that 

the Empress Springs Project hosts rocks that are an extension of the Georgetown Inlier. 

5.2 Age and genetic links to mineralization 

The age of sericitization of plagioclase, potentially linked to gold mineralization at Empress Springs, 

cannot be robustly determined due to the disturbed 
40

Ar/
39

Ar spectra and the incorporation of 

significant excess radiogenic Ar (Fig. 9). Nonetheless, it is possible to make some broad 

interpretations of the likely age of sericitization. Incorporation of significant excess radiogenic Ar 

would make any apparent age older (Kelley, 2002), meaning that the ca. 300–250 Ma step dates could 

be considered a maximum age for the alteration of plagioclase to sericite (Fig. 9). One way of dealing 

with excess Ar is to use the inverse isochron but, in these samples, the measured Ar component is 

clustered and radiogenic and thus an inverse isochron cannot be accurately determined (Fig. 9b). 

Another consideration is whether further alteration or metamorphism occurred after sericitization that 

could have resulted in subsequent age resetting. The K/Ar (and 
40

Ar/
39

Ar) system will provide the age 
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of the sericitization event once more than ~20–50% of the plagioclase has been converted to sericite 

due to the high to low K ratios of sericite and plagioclase, respectively (Verati and Jourdan, 2014). 

Thus, as long as the sericitization process was not protracted, which is unlikely in hydrothermal 

systems (Cathles et al., 1997; Chiaradia et al., 2013), the recorded alteration age should be 

geologically instantaneous, below the resolution of current 
40

Ar/
39

Ar instruments. Once nearly all the 

plagioclase has been transformed into sericite, the K/Ar clock will be likely locked in this state 

(Jourdan et al., 2009) unless the system is further altered to clay minerals, which is not evident. The 

presence of any reheating above the closure temperature of sericite (i.e., muscovite) during, for 

example, greenschist metamorphic conditions could lead to younger apparent ages, thereby making 

the true age of sericitization older. As there is no evidence for such conditions in the Empress Springs 

Project region in the Phanerozoic (e.g., Jell, 2013), the step dates around 330–250 Ma are considered 

a maximum age estimate for the sericitization event. The fact that two different samples yielded 

broadly comparable apparent step dates (Fig. 9) makes it likely that the age of sericitization is broadly 

around the ca. 330–250 Ma steps or younger.  

Petrographic, geochemical and geochronological data all point toward an epithermal Au–Ag–Pb–Zn 

system. Ore and, to a lesser extent, pathfinder elements at Empress Springs show similar signatures to 

Kidston (Georgetown Inlier), Kelian (Indonesia), Hidden Valley (Papua New Guinea) and Equity 

(western Canada; Fig. 10). (ii) The presence of up to 0.25 wt. % Pb–Zn (Moho Resources, 2019d) 

together with Au/Ag ratios of ~1 is characteristic of epithermal gold systems (e.g., Hedenquist et al., 

2000). The most common gangue minerals are quartz, calcite, adularia and illite, with pyrophyllite, 

alunite and barite absent (Fig. 3; Table 1), all of which point towards low rather than high-sulfidation 

state (i.e., reducing conditions; e.g., Hedenquist et al., 2000; White and Hedenquist, 1990). Although 

the ore minerals recovered at Empress Springs are not as diagnostic, the presence of ~0.1 wt. % 

sphalerite and galena in ESA023, 53–54m also hints at a low sulfidation system (Table 1). The fluids 

associated with crystallization of mafic and felsic volcanic rocks at ca. 1550 Ma, and/or Permo-

Carboniferous hydrothermal fluids, both indicate that mineralization occurred after orogenesis 

associated with Nuna assembly, thereby precluding an orogenic gold system. 
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What remains uncertain is if the emplacement of mafic–felsic volcanic rocks at ca. 1550 Ma or 

whether the hydrothermal alteration ~1.3 b.y. after the assembly of Nuna was the primary driver for 

Au–Ag–Pb–Zn mineralization at Empress Springs. Both processes may have also been important, 

with the Permo-Carboniferous hydrothermal activity potentially upgrading earlier ca. 1550 Ma 

mineralization. Fluids expelled from mafic–felsic volcanic systems (particularly the more felsic end-

members) are commonly associated with reducing fluids that can precipitate Au–Ag with sub-percent 

level Pb–Zn (John, 2001; Sillitoe and Hedenquist, 2003). Conversely, Permo-Carboniferous volcanic 

and/or intrusive equivalents have not (yet) been identified at the Empress Springs Project, so it is 

difficult to directly test if mineralization occurred at ca. 330–250 Ma.  

To further evaluate a possible Permo-Carboniferous mineralization event, it is important to look 

slightly further afield from the Empress Springs Project in deposits that show a Permo-Carboniferous 

signature. Porphyry-style Cu–Au (e.g., Kidston, Buck Reef, Ravenswood, Mt Wright, Mt Leyshon 

deposits) has been documented from the Georgetown Inlier, and epithermal Au–Ag (Pajingo, 

Wirralie) just south of the Inlier, both thought to be associated with intruding granites during the 

Tasman orogenic system (Perkins and Kennedy, 1998). In particular, the ore and alteration 

assemblage at Ravenswood and Kidston show mineralogical, petrological and, for Kidston, 

geochemical affinities to the Empress Springs Project (Fig. 10; Neindorf et al., 1993; Perkins and 

Kennedy, 1998). 
40

Ar/
39

Ar dating from both these deposits show a similar stair-stepping sericite 

spectra, with the youngest apparent dates at ca. 260–250 Ma and the oldest at ca. 330 Ma (Perkins and 

Kennedy, 1998). Both gold deposits are porphyry-style systems and likely associated with 

contemporaneous microgranite intrusions at 335 ± 3 Ma (Perkins and Kennedy, 1998). Granite 

intrusions are commonly associated with gold mineralization (Haeussler et al., 1995; Lang and Baker, 

2001; Thompson, 2000). It is common for epithermal (reducing) and porphyry-style (oxidizing) 

mineralization to occur contemporaneously and proximal to one another as part of a larger 

hydrothermal–magmatic system (Arribas Jr et al., 1995; Mao et al., 2011; Thiéblemont et al., 1997). 

Thus, epithermal sericitization and gold mineralization at Empress Springs may have been caused by 

the same larger-scale shallow magmatic system as the contemporaneous granite emplacement and 
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quartz–sericite alteration during the Permo-Carboniferous in other parts of the Georgetown Inlier. The 

caveat here is that Permo-Carboniferous granites have not been encountered in drill holes at Empress 

Springs, but intrusions of this age are known from the outcropping basement of the Georgetown Inlier 

(see detailed compilation in Jell, 2013) and present within the overlying sedimentary succession (see 

Group C zircon grains in Figs. 5–8). 

 

5.3 Implications for the location and mineralization potential of the final Nuna suture 

In several tectonic models, northeast Australia is located in the core of the supercontinent Nuna 

during the Proterozoic, implying it played an important role during its amalgamation (Kirscher et al., 

2019; Pehrsson et al., 2016; Pisarevsky et al., 2014). However, there is still debate which suture zone 

(or zones) represents the final terrane boundary along the North Australian Craton and Laurentia. 

Possible suture zones observed in seismic reflection data include, from west to east, the (i) Gidyea 

Suture Zone (Betts et al., 2016; Korsch et al., 2012), (ii) a lithospheric-scale west-dipping fault that 

cross-cuts the Numil Seismic Province (here labelled as the Empress Suture Zone; Pourteau et al., 

2018), and (iii) the Rowe Fossil Subduction Zone (Fig. 1 c, d; Betts et al., 2016; Korsch et al., 2012). 

All these suture zones are west-dipping (Fig. 1c, d), implying that the North Australian terrane 

(Mount Isa Inlier) was the upper plate and Laurentia (Georgetown Inlier) was the lower plate. The 

Gidyea Suture Zone has been suggested to have formed due to the accretion of the Numil Seismic 

Province to the Mount Isa Inlier at ca. 1865 Ma (Korsch et al., 2012) but at least before ca. 1800 Ma 

based on overlying extensional basins (Betts et al., 2016). As such, the Gidyea Suture Zone is too old 

to be part of the final supercontinent building phase. Similarly, the Rowe Fossil Subduction Zone 

(Fig. 1c, d) is interpreted to form during an accretionary event between the Numil and Abingdon 

Seismic Provinces (Korsch et al., 2012) before deposition of the Etheridge Group at ca. 1700 Ma 

(Betts et al., 2016; Furlanetto et al., 2016; Neumann and Kositcin, 2011; Nordsvan et al., 2018). If the 

1600–1500 Ma Isan/Jana Orogeny was not an intracontinental reworking event, then the Rowe Fossil 

Subduction Zone also cannot represent the final suturing of Nuna. Here, following Pourteau et al., 
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(2018), we suggest that a lithospheric-scale west-dipping fault system that cross-cuts the Numil 

Seismic Province (here labelled as the Empress Suture Zone; Pourteau et al., 2018) records the final 

assembly of the North Australian Craton and Laurentia (Figs. 1, 11). 

The interpretation that the Empress Suture Zone represents the final suture zone associated with the 

assembly of Nuna is supported by recent investigations of granites from drill holes situated under 

cover ~70 km southwest of the Empress Springs project (Nordsvan et al., in review). This study aimed 

to address a similar question—were these granites emplaced into crust more similar to the Mount Isa 

Inlier or the Georgetown Inlier, and does this narrow down the location of the suture zone? These 

granites, collectively termed the Cudgee Creek Granite, are classified as I-type, with significant 

hornblende and titanite ± allanite present in samples, and were dated at 1544 ± 5 and 1546 ± 4 Ma 

(Nordsvan et al., in review). The Cudgee Creek Granite was interpreted to be related to intrusions in 

the eastern belt of the Mount Isa Inlier given their similar composition and age (Fig. 11a). The 

findings imply that the final suture is likely situated between the position of the Cudgee Creek Granite 

and the Empress Springs region. 

Seismic reflection data further constrain the possible suture location in the ~70 km-wide corridor 

between the Cudgee Creek Granite and Empress Springs Project. Importantly, there are no other 

lithospheric-scale structural discontinuities that penetrate down to the Moho between the Gidyea and 

Empress Suture Zones (Fig. 1c, d). The implication is that the Empress Suture Zone is the probable 

position of the final assembly of Nuna. However, the original interpretation of a narrow fault zone by 

Pourteau et al. (2018) is simplistic. We suggest that the west-dipping fault system that cross-cuts the 

Numil Seismic Province is at least ~10 km wide (Fig. 1 c, d, Fig. 11) and is more likely to represent 

the scale of the Empress Suture Zone. 

A sericitization and potential gold mineralization event occurring ~1.3 b.y. after host rock 

crystallization would attest to the long-lived reactivation potential of crustal-scale structural 

discontinuities (Fig. 11b). Re-activation of lithospheric-scale faults, especially suture zones, and 

mineralization along these conduits are common (Bao et al., 2017; Groves et al., 2010; Heinhorst et 
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al., 2000; Sarma et al., 2011). Several episodes of reactivation are also a common phenomenon, with 

upgrading of initial ore systems possible through pulses of fluid flow (Hart et al., 2002; Li et al., 

2017; Pirajno and Bagas, 2002; Zheng et al., 2014; Zi et al., 2015). For example, initial ore deposition 

at the polymetallic Abra deposit in Western Australia formed at ca. 1590 Ma, but experienced 

reactivation at ca. 1380 Ma, 1220 Ma and 1000 Ma (Zi et al., 2015). Similarly, the northern margin of 

the North China Craton experienced up to four gold mineralization events between ca. 350 and 120 

Ma (Goldfarb et al., 2019; Hart et al., 2002). Therefore, suture zones continue to be targeted for 

mineral exploration because of their ability to record multiple mineralizing and upgrading events 

through structural corridors. Irrespective of whether mineralization at Empress Springs occurred at ca. 

1560–1550 Ma or 330–250 Ma (or both), the implication is that the position of the Empress Suture 

Zone (and any subsidiary, lower order structures) aided the transport of fluids to the shallow 

subsurface to form an epithermal system at the Empress Springs Project.  

 

6 CONCLUSIONS 

Zircon U-Pb dating of granites and volcanic rocks in the Empress Springs Project, NE Australia, 

reveals coeval emplacement and extrusions occurred between 1564 ± 6 and 1546 ± 13 Ma (2σ). The 

granite and volcanic rock ages correspond closely to the 1560–1550 Ma Esmeralda Supersuite and 

Croydon Volcanic Group, respectively, of the Georgetown Inlier, located ~20 km the northeast of the 

Empress Springs Project. Zircon U-Pb dating of a sedimentary rock revealed a near unimodal 

population at ca. 1560 Ma, probably corresponding to local derivation of granitic and volcanic rocks. 

All rock types are akin to rocks outcropping in the Georgetown Inlier. It is likely that a series of west-

dipping lithospheric-scale faults below the Empress Springs Project, here termed the Empress Suture 

Zone, record the final suture zone associated with the assembly of Nuna (also known as Columbia) 

rather than lithospheric continuities further west or east. Sericite 
40

Ar/
39

Ar dating yielded disturbed 

spectra with evidence for incorporation of excess radiogenic Ar, with a probable Permian to 

Carboniferous age. Geochemical and age evidence points towards an epithermal system, with 
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hydrothermal activity (and mineralization) occurring at ca. 1560–1550 Ma and ca. 330–250 Ma. 

Mineralization ~1.3 b.y. after crystallization indicates that metal-bearing fluids exploited permeable 

structural discontinuities long after initial fault formation. Ultimately, terrane-bounding suture zones 

continue to be important regions for mineral exploration. 

 

The following are the supplementary data related to this article. 

Supplementary Table A: U-Pb data for standards and unknown analyses. For Groups, C = 

contamination from the up-hole stratigraphy, D = discordant, I = magmatic, S = detrital, X = 

inherited. 

Supplementary Table B: Full 
40

Ar/
39

Ar data tables. 

Supplementary Table C: Whole-rock major and trace element data for drill hole intervals. 

Supplementary Figure A: Compilation of all CL images for new samples. 
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Fig. 1: (a) Regional map of northeastern Australia, modified from Pourteau et al. (2018), showing the 

location of the Empress Springs Project tenements (black box) and proximal deposits with 

geochemical data (gold stars). Interpreted Nuna suture is from Pourteau et al. (2018). Simplified 
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position of seismic line 07GA-IG1 after Korsch et al. (2012). The Tasman line marks the boundary of 

cratonic Australia with Phanerozoic eastern Australia. NAC, SAC and WAC are North, South and 

West Australian Cratons, respectively. RFSZ = Rowe Fossil Subduction Zone. (b) Vertical derivative 

(1.5×) of total magnetic intensity, overlain with locations of Empress Springs Project tenements, drill 

holes (up to 2019) and prospects. Note that the aeromagnetic survey within the Empress Springs 

tenements was flown at 100 m line spacing (~25 m resolution) by Moho Resources, whereas the 

surrounding aeromagnetic survey (Australia-wide) was flown at 400 m line spacing (~100 m 

resolution). (c) Interpreted seismic section line 07GA-IG1, modified from Korsch et al. (2012). (d) 

Simplified seismic interpretation of 07GA-IG1, showing possible suture zone between Mount Isa and 

Georgetown Inliers (here termed the Empress Springs Suture Zone, see discussion), modified from 

Pourteau et al. (2018). 

 

Fig. 2: Detailed map and cross-section across the eastern part of the Arrowhead Prospect, including 

discovery hole ESA023, modified from Moho Resources (2019b). (a) Map, showing vertical 

derivative (1.5×) of total magnetic intensity, overlain with locations of Empress Springs Project drill 

holes (up to 2019), prospects and caldera structure position. (b) Cross-section, showing elevated 

(<1g/t Au, orange) and highly elevated (>1g/t Au, red) levels of base metals and precious metals in 

the granodiorite and andesite. 

 

Fig. 3: Automated mineral analysis maps of thin sectioned samples from samples of Empress Springs 

Project. Modal compositions may be found in Table 1. Note that the pyrite-rich monzogranite in (d) 

had two distinct rock chips that were considered as separate entities for modal mineralogy 

calculations in Table 1. 

 

Fig. 4: Representative cathodoluminescence (CL) images of magmatic and detrital zircon grains from 

the Empress Springs Project. Circles (30 µm) correspond to analytical spot locations. Circle colours 
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correspond to genetic interpretation, used throughout other figures. Yellow = Group I, magmatic 

(igneous); red = Group X, inherited (xenocrystic); purple = Group S, detrital; white = Group C, 

concordant analyses considered to reflect contamination from the up-hole stratigraphy (strat.); black = 

Group D, discordant. A compilation of all CL images may be found in Supplementary Fig. A. 

 

Fig. 5: Tera-Wasserburg inverse concordia plots and 
207

Pb/
206

Pb weighted mean ages for granites from 

the Empress Springs project. All uncertainties at 2σ.  

 

Fig. 6: Tera-Wasserburg inverse concordia plots and 
207

Pb/
206

Pb weighted mean ages for volcanic 

rocks from the Empress Springs project. All uncertainties at 2σ.  

 

Fig. 7: Tera-Wasserburg inverse concordia plot and 
207

Pb/
206

Pb weighted mean age for a dolerite from 

the Empress Springs project. All uncertainties at 2σ.  

 

Fig. 8: Tera-Wasserburg inverse concordia plot and probability density plot for a quartzite from the 

Empress Springs project. All uncertainties at 2σ.  

 

Fig. 9: (a, c) 
40

Ar/
39

Ar apparent age spectra and (b, d) inverse isochron for sericite separates from the 

Empress Springs Project. Individual steps are at 2σ uncertainty. See Supplementary Table B for full 

data.  

 

Fig. 10: Comparison of geochemical data between Empress Springs and: (a) proximal gold deposits in 

the Georgetown Inlier, and (b) epithermal gold systems from around the world. All data are log 

normalized to upper continental crustal (UCC) values of Rudnick and Gao (2003), using the approach 
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of Ore Samples Normalised to Average Crustal Abundance (OSNACA; Brauhart et al., 2017). Log-

values of 0 are at or below upper crustal values. Log-base values are 10 for most elements but, for 

clarity, selected abundant elements have base 9.57 (U), base 9.15 (Sn), base 8.58 (As), base 6.71 (Pb), 

base 6.07 (La) base 5.77 (Cr, Cu), base 5.07 (Ni), base 4.9 (Zn) base 1.6 (Fe). Chemical data for 

Croydon, Einasleigh and Kidston (all Georgetown Inlier), Kelian (Indonesia), Hidden Valley (Papua 

New Guinea) and Equity (western Canada) are from the OSNACA database 

(http://www.cet.edu.au/projects/osnaca-ore-samples-normalised-to-average-crustal-abundance/). 

 

Fig. 11: Schematic summary of crystallization and mineralization history at the Empress Springs 

Project along the boundary of the former North Australian (Mount Isa Inlier) and Laurentian 

(Georgetown) terranes. (a) At ca. 1560–1550 Ma, coeval granite emplacement and volcanic extrusions 

occur (with minor mafic intrusions, not shown) in the former Laurentian terrane, with later, ca. 1540 

Ma granite emplacement occurring in the former North Australian Craton. Possible associated 

epithermal gold mineralization may have occurred here associated with magmatic activity. (b) At ca. 

330–250 Ma, renewed granite activity occurs with possible associated gold mineralization, potentially 

localized along the Empress Springs Suture Zone. 

 

Table 1: Summary of analyzed samples. Modal mineralogy from automated mineral analysis (see Fig. 

2). Note that ESR015, 67–68m had two distinct chips that were considered as separate entities (see 

Fig. 3d). Coordinates are GDA 1994, projected to Zone 54S.  

Sample 
(Hole ID, 

Depth [m]) 

ESA 
023, 53–

54m 

ESR 
001, 

95–96m 

ESR 
054, 
54–
55m 

ESR 015, 67–
68m 

ESR 
041, 63–

64m 

ESR 
028, 64–

65m 

ESA 
014, 

51–52m 

ESR 
022, 

59–60m 

ESR 
011, 

72–73m 

ESA 
012, 

55–56m 

Lithology Syeno-
granite 

Monzo-
granite 

Monzo-
granite 

Pyrite-
rich vein 

Monzo
-

granite 

Rhyolite Rhyolite Dacite Andesite Dolerite Quartzite 

Prospect Arrowhea
d East 

Fishhook
s 

Lanewa
y South 

Racetrack Arrowhea
d 

Arrowhea
d 

Fishhook
s 

Racetrac
k 

Racetrac
k 

Fishhook
s 

Easting 633704 635592 627486 630858  628578 631853 636886 627484 629217 635872 

Northing 7937052 7944543 794762
2 

794922
7 

 7940432 7937716 7944486 7951603 7949813 7940797 
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Dated 
phases 

Zircon, 
sericite 

Zircon Zircon Zircon  Zircon Zircon Zircon Zircon, 
sericite 

Zircon Zircon 

Quartz 51.47 23.16 24.86 22.90 17.58 29.44 28.11 5.27 2.70 3.74 78.13 

K-feldspar 
(inc. 

adularia) 

13.62 27.95 34.02 12.47 1.35 18.66 8.82 10.99 9.51 0.71 9.48 

Plagioclase 0.52 37.52 27.46 44.46 0.05 42.74 39.51 16.65 0.56 35.94 0.16 

Muscovite/ 
sericite 

23.91 2.99 3.21 8.33 1.83 0.14 6.73 1.46 2.00 1.02 1.70 

Biotite 0.11 1.75 1.24 1.33 0.02 0.04 0.11 0.37 0.15 3.57 0.01 

Chlorite 1.56 2.72 4.16 3.11 0.05 2.40 0.46 26.20 1.31 8.39 – 

Kaolinite 0.01 0.02 0.19 0.45 7.05 0.04 0.61 0.23 0.21 – 5.69 

Illite/illite-
smectite 

2.28 1.17 2.35 3.03 5.43 2.72 11.71 23.57 60.76 12.63 2.71 

Smectite – – – – – 0.01 – 0.12 – 2.07 – 

Pargasite – 0.01 – – – – – 0.01 – 1.30 – 

Actinolite – – – – – – – – – 5.96 – 

Low-Ca 
pyroxene 

– – – – – – – 0.01 – 1.13 – 

Augite 0.01 0.21 0.44 0.43 0.00 0.45 0.08 0.94 – 12.38 – 

Calcite – 0.21 0.05 0.11 0.00 0.05 – – – 0.35 – 

Fluorite – 0.12 – – – 0.18 – – – – – 

Barite – – – 0.02 – – – – 0.01 – – 

Apatite 0.20 0.20 0.11 0.17 0.00 0.02 – 1.10 – 0.40 – 

Monazite 0.01 0.03 – 0.03 0.02 – – – 0.01 – 0.01 

Zircon – 0.03 0.03 0.04 0.03 0.01 – – – – 0.08 

Rutile 0.01 0.01 0.02 0.04 0.15 0.03 0.16 2.15 0.44 – 0.18 

Titanite – – – – – – – – – 0.80 – 

Ilmenite – 0.05 0.01 0.01 0.00 0.01 – 0.06 – 0.19 0.10 

Fe-oxide 0.06 0.02 0.05 0.03 0.00 0.06 – 0.29 11.29 0.89 – 

Pyrite 0.27 – – 0.92 58.29 0.01 – 0.33 0.16 – – 

Pyrrhotite – – – 0.20 – – – – – – – 

Chalcopyrit
e 

0.01 – – – 0.01 – – 0.01 – – – 

Sphalerite 0.09 – – – – – – – – – – 

Galena 0.11 – – – – – – – – – – 

Glue-resin 0.02 0.12 0.11 0.06 0.01 0.28 0.03 0.13 0.03 0.14 0.04 

Unclassifie
d 

5.85 1.70 1.68 1.92 7.90 2.72 3.67 10.11 10.86 8.38 1.71 

            

     Olierook et al., 
Table 1 
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 Granite emplacement, mafic–felsic volcanism and mafic intrusions occurred at 1560–1550 Ma at 

the Au-Ag-Zn-Pb Empress Springs Project. 

 Plagioclase alteration to sericite at ca. 330–250 Ma, possibly coeval with mineralization 

 Ag/Au ratio ~1, mineral associations and age of mineralization points to epithermal system 

 Refined position of suture zone between North Australian Craton and Laurentia proposed, termed 

the Empress Springs Suture Zone 
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