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Abstract 

The southwest Yilgarn Craton has received little attention from mineral explorers, relative to the 

eastern part of the craton, due to limited bedrock exposure, private land ownership, and a perceived lack 

of prospectivity. In 2010, granite-gneiss-hosted, bulk-tonnage Cu-Mo-Ag mineralization was discovered 

at Calingiri, 120 km north-northwest of Perth, adjacent to a domain boundary in the southwest of the 

craton. The majority of mineralization is contained within three granite-gneiss-hosted deposits (Bindi, 

Dasher and Opie), which have a combined Indicated and Inferred Resource of 529 Mt grading 0.27% 

Cu (1.4 Mt contained Cu), 54 ppm Mo, 1.33 ppm Ag and 0.02 ppm Au. The smaller Ninan deposit is 

hosted in the ca. 3010 Ma Wongan Hills greenstone belt. 

The Dasher mineralization is hosted in a 3010 ± 4 Ma (SHRIMP U-Pb zircon) High-Ca biotite 

monzogranite that is compositionally banded (SBAN). An early foliation (S1) in the monzogranite is cut 

by discrete 3010 ± 4 Ma (SHRIMP U-Pb zircon) syenogranite intrusions that are also affected by S1. 

The resultant granite-gneiss (sensu lato) was intruded by a pair of ~150 m wide, unmineralized granite 

(sensu stricto) dikes at 2673 ± 5 Ma (SHRIMP U-Pb zircon). D2 ~east-west compression and 

~synchronous upper amphibolite facies metamorphism occurred after ca. 2673 Ma as indicated by: (1) 

peak metamorphic sillimanite in the S2 foliation; and (2) trace sillimanite and garnet in the granite dikes. 

At Dasher, D2 resulted in west-verging F2 folds of SBAN, S1 and the granite dikes. The district-scale, 

granite-gneiss mineralized corridor (Opie through Dasher to Bindi) was also folded during D2. 

Early, Mo-dominant mineralization at Dasher was synchronous with D1, as evidenced by quartz-

feldspar-molybdenite veins being affected by isoclinal F1 folds, and Re-Os geochronology on 

molybdenite in that setting giving an age of ca. 2997-2957 Ma. The main stage of copper-dominant 

mineralization occurred late- to post-D1, as evidenced by sulfide stringers and quartz-sulfide stockwork 

veins that are parallel to, or cross-cut S1. Mineralization is associated with D1 high-strain zones, at all 

scales. All mineralized veins are affected by F2 folds, confirming implications from geochronology that 

Cu-Mo-Ag mineralization at Dasher was pre-D2, and pre-peak metamorphic.  

Syn-mineralization hydrothermal alteration assemblages at Dasher were recrystallized during 

peak metamorphism. A widely developed biotite-garnet-sillimanite-magnetite assemblage represents a 

plagioclase-destructive hydrothermal alteration (including original sericite-chlorite) that depleted Na 

and Ca in the granite-gneiss, creating Al-rich to peraluminous bulk compositions. Metamorphic 

recrystallization produced the observed garnet- and sillimanite-bearing assemblages. A localized 

granoblastic quartz-microcline-plagioclase-sillimanite assemblage likely represents recrystallized 

hydrothermal K-feldspar alteration. Metamorphosed hydrothermal alteration assemblages suggest peak 

metamorphic P-T conditions of ~660°C to 800°C and <10 kbar at Dasher. Dehydration reactions during 

peak metamorphism may have initiated partial melting, producing pegmatoidal mineralized leucosome 

veins.  

The Calingiri Cu-Mo-Ag deposits have grade-tonnage profiles, metal distributions and 

hydrothermal alteration characteristics that are comparable to those of Phanerozoic porphyry Cu-Mo 

deposits. The discovery of the Calingiri mineralization reveals the latent mineralization potential of 

little-explored Archean granite-gneiss terranes.  
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Introduction 

The Calingiri Cu-Mo-Ag deposits, 120 km northeast of Perth, Western Australia (Fig. 1), 

are of a style not recognized elsewhere in the Archean Yilgarn Craton: disseminated, bulk-

tonnage mineralization hosted primarily in garnet-bearing granite-gneiss (sensu lato). 

Consolidated Indicated and Inferred Resources for Calingiri currently stand at 529 Mt grading 

0.27% Cu (1.4 Mt contained Cu), 54 ppm Mo, 1.33 ppm Ag and 0.02 ppm Au, at 0.15% Cu 

cut-off (Caravel Minerals Ltd, 2016). The metal associations and tonnage-grade profile are 

comparable to those of Phanerozoic porphyry Cu-Mo deposits (Fig. 2). 

The four deposits that make up Calingiri lie along a corridor extending 20 km south from 

the Wongan Hills greenstone belt (Fig. 3). Although outcropping Cu mineralization at the 

greenstone-hosted Ninan deposit has been drilled sporadically since 1975 (Lipple, 1982), the 

larger granite-gneiss-hosted deposits – Bindi, Dasher and Opie – were only discovered recently. 

Dominion Mining Ltd intersected primary mineralization at Bindi and Opie (then Bartel and 

Chapman, respectively) in 2010, when they drilled coincident Cu and Mo soil anomalies 

initially generated from roadside soil sampling that covered ~120,000 km2 of the southwest 

Yilgarn Craton (Dominion Mining Ltd, 2010). The current project owner, Caravel Minerals 

Ltd, discovered the primary mineralization at Dasher in 2013 (Caravel Minerals Ltd, 2013). 

The discovery of the Calingiri deposits, on farming land not previously subject to mineral 

exploration, illustrates the potential for non-prescriptive exploration, focused on major crustal 

structures, to produce discoveries that are unusual in both location and style. It also contributes 

to a recent trend of significant mineral discoveries in high-grade metamorphic terranes, where 

structural and mineralogical complexity have inhibited previous explorers – e.g. the Tropicana 

Au deposit (Doyle et al., 2015) and the Nova-Bollinger Ni-Cu deposit (Maier et al., 2016) in 

the Albany-Fraser Orogen, Western Australia, and the Borden Au deposit in the Kapuskasing 

Structural Zone, Ontario (Palmer et al., 2015). 

The data density (diamond drill holes, outcrop) at Calingiri is sparse, making rigorous 

spatial analysis of the mineral system difficult. This study therefore focuses on constraining the 

relative and absolute (where possible) timing of lithological, structural, metamorphic and 

mineralization events, with an emphasis on the Dasher deposit. 
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Fig. 1. Bouger gravity image (data from http://www.dmp.wa.gov.au) showing the Calingiri deposits in 

relation to terrane boundaries (thick solid lines), domain boundaries (thick dashed lines), and high-grade 

metamorphic rocks (thin dashed lines) in the southwest Yilgarn Craton. Boundaries modified from Wilde et al. 

(1996), Cassidy et al. (2006) and Mole et al. (2012). YCRL = Yandanooka-Cape Riche Lineament. Gold and/or 

base metal mineral deposits (white circles) and prospects (white squares) are shown. Bd = Boddington, Bg = 

Badgebup, CF = Centre Forrest, Df = Deflector, GF = Griffin’s Find, GG = Golden Grove, Ha = Harrisons, MM 

= Mt Mulgine, Rv = Ravensthorpe, We = Westonia. 

 

 

 

 



3 

 

 

Fig. 2. Tonnage-grade characteristics of the Calingiri resource, against porphyry Cu and porphyry Cu-Mo 

resource data from Singer et al. (2005). Data from the Au-rich porphyry deposit class is not shown. 

Regional Geology 

The granitic, volcanic and sedimentary rocks that comprise the Yilgarn Craton formed 

principally between 3.0 and 2.6 Ga, and have been divided into a number of distinct terranes 

and domains, based on stratigraphic, structural, geochemical and geochronological constraints 

(Cassidy et al., 2006). In this paper, the Wongan Hills greenstone belt and the granite-gneiss 

rocks to its immediate south, are assigned to the Lake Grace Domain of the South West Terrane 

(Fig. 1), based on terrane boundaries proposed in Cassidy et al. (2006) and domain subdivisions 

proposed by Mole et al. (2012). The study area is immediately east of the Yandanoooka-Cape 

Riche Lineament (YCRL) (Dentith and Featherstone, 2003), a major north-northwest-trending, 

east-dipping geological (Wilde et al., 1996) and geophysical feature (Middleton et al., 1995; 

Dentith et al., 2000), most clearly defined by a sharp fall in regional Bouger values, going west 

to east (Fig. 1). Based on spatial analysis of SHRIMP U-Pb zircon ages of southwest Yilgarn 

granites, Mole et al. (2012) proposed that their Balingup and Lake Grace domains were 

amalgamated across the YCRL at ca. 2650-2640 Ma, but also noted evidence that the YCRL 

had been a significant tectonic boundary at several times ca. 3200 Ma. Nemchin et al. (1994) 
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proposed that the YCRL marked the western limit of a parallel belt of high-T, low-P granulite 

facies metamorphism (Fig. 1) that occurred at ca. 2649-2640 Ma, based on conventional U-Pb 

analysis of metamorphic zircons in mafic granulites. 

 

 

Fig. 3. Schematic lithological and structural interpretation of the Calingiri mineralized district, based on 

outcrop mapping and drill hole analysis completed in this study, and the interpretation of Lipple (1982). 
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Geology of the Wongan Hills region 

The Wongan Hills greenstone belt (Fig. 3), host to the Ninan deposit, comprises mafic to 

felsic volcanic and volcaniclastic rocks, intercalated with metasedimentary rocks, including 

banded iron formation (BIF) (Lipple, 1982). A minimum age of 3010 ± 7 Ma is estimated for 

greenstone deposition, based on SHRIMP and conventional U-Pb zircon analysis of a felsic 

porphyry that intrudes the sequence (Fig. 3; sample ‘W1’ of Pidgeon et al., 1990). Peak 

metamorphic P-T conditions of ~660°C and ~2 kbar (Blight, 1977) are estimated to have 

affected the highest-grade southern end of the belt, where garnet is most abundant (Fig. 3; 

Lipple, 1982). There are no geochronological constraints on the absolute age of this peak 

metamorphic event. Greenschist facies retrogression has been dated at 2646 ± 11 Ma, based on 

conventional U-Pb analyses of cogenetic titanite (Pidgeon et al., 1990). Limited work on the 

structural evolution of the Wongan Hills greenstone belt suggests that an early phase of isoclinal 

folding, transposition and shearing, has been refolded by north-trending open folds (Fig. 3; 

Carter and Lipple, 1982; Lipple, 1982). The absolute ages of these deformation events are 

unconstrained. 

The granite-gneiss rocks south of the Wongan Hills greenstone belt (Fig. 3), are poorly 

exposed, and have not been subject to any detailed studies. Regional 1:250,000 scale mapping 

(Carter and Lipple, 1982) describes variation between even-grained, porphyritic and K-feldspar 

megacrystic variants of biotite- (primarily) and hornblende-bearing granites in this region. 

SHRIMP U-Pb zircon geochronology on a granite-gneiss 5 km northeast of the Bindi deposit 

(then undiscovered) resulted in an interpretation of igneous crystallization at 2997 ± 47 Ma, 

followed by partial anatexis and gneiss formation at 2800 ± 9 Ma (Fig. 3; sample ‘W7’ of 

Pidgeon et al., 1990). A 2651 ± 4 Ma post-tectonic granite intrusion (SHRIMP U-Pb zircon; 

sample ‘W6’ of Pidgeon et al., 1990) forms the eastern margin of the Wongan Hills greenstone 

belt and the granite-gneiss rocks to its south (Fig. 3). 

Gold and base metal mineralization in the southwest Yilgarn Craton 

In the southwest Yilgarn Craton (Fig. 1), there are no known mineral deposits that are 

directly analogous to Calingiri, in terms of metal association, tonnage-grade profile and host-

rock characteristics (Table 1). However, elements of the Calingiri mineralization are observed 

in other deposits in the region – e.g. high grade metamorphic host rocks, and deposits with 

significant Cu and/or Mo content (Table 1). Mineralization genetically linked to ca. 3.0 Ga host 

rocks is present in the western Youanmi Terrane (Fig. 1), at the Ravensthorpe Cu-Au-Ag-Pb-
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Zn deposits (Witt, 1998), and at the Golden Grove Cu-Zn-Pb-Ag-Au VMS deposits (Sharpe 

and Gemmell, 2002). 

High-grade metamorphic rocks parallel to the YCRL host Au mineralization where the 

mineralizing event is interpreted to have occurred prior to, or synchronous with, the ca. 2649-

2640 Ma metamorphic peak (Fig. 1; Table 1). The Griffin’s Find Au deposit was considered 

the type-example of ~syn-peak, granulite facies, orogenic mineralization in a crustal-continuum 

model (Barnicoat et al., 1991; Groves, 1993), but several workers have since concluded that it 

is a lower temperature deposit that has been subjected to granulite facies metamorphism (e.g., 

Alach, 1997; Tomkins and Grundy, 2009). Felsic granulite-hosted Au mineralization at 

Badgebup is interpreted to be the result of high-grade metamorphism of existing, lower 

metamorphic grade mineralization (Blackburn et al., 1990), though detailed studies are lacking. 

Limited exploration of Au-Cu mineralization at the Centre Forrest prospect shows that it is 

located in quartz-sulfide veins within mafic granulites, and is of either pre-peak or syn-peak 

metamorphic origin (Brauhart and Swager, 2003; May, 2006). 

Methodology 

Outcrop within the ~20 x 3 km Calingiri mineralized trend was mapped onto aerial photo 

bases at 1:5000 scale, with notes and structural measurements (n = 179) recorded at each 

locality (Appendix 3). Detailed 1:100 scale mapping was undertaken over a granite-gneiss 

pavement 1 km south of Dasher (Appendix 4). Caravel Minerals Ltd provided aeromagnetic 

imagery that enabled solid geology interpretation. 

There were only four diamond drill holes into the granite-gneiss mineralization at the time 

of this study: three from Dasher (12CADD001, 12CADD002 and 14CADD001) and one from 

Bindi West (14CADD002). These drill holes, along with two historic diamond drill holes from 

Ninan (08WHDDH001 and DWN4), were graphically logged (Appendix 13). Structural 

measurements from the core (n = 403; Appendix 6) were recorded using alpha-beta-gamma 

angles. Selected samples of the different lithologies, hydrothermal alteration zones and 

mineralization styles were taken from the drill core (details in Appendix 5), and these samples 

were used for detailed transmitted and reflected light petrography (46 thin-sections, oriented 

where possible; Appendix 12), whole-rock geochemistry, mineral chemistry and 

geochronology. 
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Table 1. Characteristics of mineralization in the southwest Yilgarn Craton (Fig. 1). References are: (1) 

Cassidy et al. (1998); (2) Barnicoat et al. (1991), Groves (1993), Alach (1997), Tomkins and Grundy (2009); (3) 

Blackburn et al. (1990); (4) Allibone et al. (1997), Stein et al. (2001); (5) Sharpe and Gemmell (2002); (6) 

Muhling and Low (1977), Doray Minerals Ltd (2016); (7) Savage et al. (1995), Witt (1998); (8) Duuring et al. 

(2007); (9) Brauhart and Swager (2003), May (2006); (10) Baxter and Harris (1979). 
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Whole-rock geochemical analysis of 16 samples was completed at ALS Minerals in Perth, 

in order to constrain the major oxide, trace element and rare earth element (REE) characteristics 

of type lithologies (Appendix 7). Sample preparation involved crushing and pulverizing to a 

nominal 85% passing 75 μm. Major element oxides were determined by fused disk XRF, while 

trace and REE elements were determined by a combination of lithium borate fusion, four acid 

digest and aqua regia with ICP-MS or ICP-AES finish (ALS Minerals method CCP-PKG03). 

ALS Minerals conducted QA/QC checks on certified standards and blanks, plus laboratory 

duplicates of two samples from this study. All analyses returned results within the laboratory’s 

acceptable ranges, defined as “concentration ± (precision expectation of method x 

concentration)”. Caravel Minerals Ltd provided four-acid digest, multi-element geochemistry 

covering part of the logged diamond drill holes (Appendix 8). Mineral chemistry information 

from two thin-sections (Appendix 9) was collected on the TESCAN VEGA3 scanning electron 

microscope (SEM) instrument at the Centre for Microscopy, Characterisation and Analysis 

(CMCA) at UWA. 

SHRIMP U-Pb dating of zircon was completed in collaboration with the Geological 

Survey of Western Australia (GSWA), on four samples selected by the author (Appendix 10). 

Geotrack International Pty Ltd completed mineral separation on each 2-3 kg sample, and 

forwarded the zircons to the GSWA for mounting and imaging. U-Pb zircon analysis was 

undertaken on the SHRIMP instrument at the John de Laeter Centre (JDLC) at Curtin 

University, Western Australia. Two molybdenite-rich samples were selected by the author for 

Re-Os dating at the JDLC (Appendix 11). The Carius tube technique was used, with 188Os-190Os 

double spike, and mass spectrometry on a TIMS Triton™ instrument. 

 

Mineral abbreviations used in figures within this paper are: 

 

Ab = Albite   Grt = Garnet   Po = Pyrrhotite 

Als = Aluminosilicate  Gru = Grunerite  Py = Pyrite 

Am = Amphibole  Mc = Microcline  Qtz = Quartz     

Bt = Biotite   Mo = Molybdenite  Ser = Sericite   

Chl = Chlorite   Ms = Muscovite  Sil = Sillimanite 

Cpy = Chalcopyrite  Mt = Magnetite  St = Staurolite 

Cpx = Clinopyroxene  Opx = Orthopyroxene  Su = Sulphide 

Ep = Epidote   Pl = Plagioclase 
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All directions and structural data are relative to GDA94 MGA Zone 50 South. Structural data 

are given in ‘dip/dip direction’ format for planar features (e.g., 50/200) and ‘plunge→trend’ 

format for linear features (e.g., 50→200). 

Calingiri District Structural Geology 

The ~20 x 10 km granite-gneiss domain south of the Wongan Hills greenstone belt (Fig. 

1) is a >3 km true thickness (estimated) granitoid that is compositionally banded (SBAN) and 

contains a pervasive biotite-defined foliation (S1) that is variably gneissic. The Wongan Hills 

greenstone belt structurally overlies the granite-gneiss domain in the north, based on the 

northwest dip of layering present in supracrustal rocks near Ninan, and the plan-view trace of 

the north-plunging, second-generation antiform interpreted by Lipple (1982) (Fig. 3). The 

southern and eastern margins of the granite-gneiss domain are structurally underlain by a 

greenstone sequence that is spatially separated from the Wongan Hills greenstone belt (Fig. 3), 

but is similarly dominated by amphibolitic mafic-ultramafic rocks and BIF horizons. A 

pervasive foliation developed sub-parallel to layering in all greenstones is correlated here with 

S1 in the granite-gneiss domain. The S1 foliation is axial planar to isoclinal folds in the 

southeastern greenstone sequence (Fig. 3). Greenstone rocks near Ninan deposit have a well-

developed stretching lineation (L1) on the S1 fabric. 

Fold and deformation fabric relationships observed in the granite-gneiss, the Wongan 

Hills greenstone belt, and the southeastern greenstone sequence suggest a significant shared 

structural history between these domains. Compositional layering and S1 vary in orientation 

throughout the district (Fig. 4A), due to the modification by north-south-trending, open folds 

(F2), which generally plunge to the north (Fig. 4B) and have a weakly developed axial planar 

foliation (S2). The southern tip of the granite-gneiss domain is a kilometer-scale moderately 

north-plunging F2 synform, here termed the Opie synform (Fig. 3). A double-plunging F2 dome 

south of Bindi is here termed the Bindi antiform (Fig. 3). Similar structural features are 

observed at deposit scale, and these are annotated with the D1 and D2 terminology used here. 



10 

 

 

Fig. 4. Stereonets of district-scale outcrop structural data, from this study. (A) Poles to S1 foliation, showing 

a fold-related distribution. (B) Contours of the S1 poles, with a best fit girdle (great circle). The beta axis orientation 

(pole to the great circle) is an approximation of the plunge of regional F2 folding. 

Geological Setting of the Dasher Cu-Mo-Ag Deposit 

The Dasher deposit (Fig. 3) was studied as the type-example of granite-gneiss-hosted Cu-

Mo-Ag mineralization at Calingiri. The lithostratigraphic, structural and metamorphic 

characteristics of Dasher are described separately below, followed by a discussion of the 

relative timing of these events. 

Lithostratigraphy 

The Dasher mineralization is hosted by a 100-150 m thick zone of biotite-bearing granite-

gneiss (sensu lato), which is sharply bound on its hangingwall and footwall sides by moderately 

east-dipping, biotite granite dikes (sensu stricto; Fig. 5). These units are termed the Dasher 

granite-gneiss and Dasher granite dikes, respectively. 

Dasher granite-gneiss: The Dasher granite-gneiss is a compositionally and texturally 

banded granitoid, which preserves some relict igneous textures. The dominant component of 

the granite-gneiss is a variably K-feldspar-phyric, biotite-bearing granitoid that ranges between 

monzogranite and granodiorite composition (Fig. 6), based on modal mineralogy of quartz (10-

25 vol%), microcline (15-35 vol%), plagioclase (oligoclase, 30-60 vol%), and biotite (5-15 

vol%), with accessory zircon, apatite and monazite. Granoblastic recrystallization is common 

(Fig. 7A), but relict subhedral, poikilitic K-feldspar phenocrysts up to 10 mm in size remain 

evident as aggregates of microcline grains. Intervals of the typical K-feldspar-phyric granite-

gneiss phase grade in and out of biotite-rich intervals (to 30 vol% biotite), and variably 
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megacrystic intervals, with K-feldspar phenocrysts up to 30 mm in size. In 12CADD001 and 

14CADD001, a distinctive quartz-phyric biotite syenogranite cuts across weak S1 foliation in 

the monzogranite (Fig. 7B), and is interpreted to be a younger intrusive phase. The modal 

mineralogy of the syenogranite (Fig. 6) is quartz (30 vol%), microcline (45 vol%), plagioclase 

(oligoclase, 20 vol%) and biotite (5 vol%), with accessory zircon, and it is recrystallized to a 

granoblastic texture. The granite-gneiss commonly contains 5-50 mm wide, coarse-grained, 

quartz-plagioclase-microcline (biotite-absent) bands (Figs. 7C, 7D). These are most common 

in foliated and biotite-rich intervals, and are interpreted to be leucosomes derived from partial 

melting of the granite-gneiss. 

Dasher granite dikes: The hangingwall and footwall granite dikes are both constrained to 

less than ~150 m in thickness, based on drill hole and outcrop observations (Fig. 5), and have 

sharp, low-strain contacts with the granite-gneiss (Fig. 7E). The dikes vary between 

syenogranite and monzogranite composition (Fig. 6), based on a modal mineralogy of quartz 

(25-42 vol%), microcline (35 vol%), plagioclase (oligoclase, 15-32 vol%) and biotite (8 vol%), 

with accessory zircon and apatite. Granoblastic recrystallization is evident, but poikilitic quartz 

and microcline grains (to 5 mm) in the dikes are interpreted to be relict igneous phenocrysts. 

There is no evidence of the compositional banding that is common in the granite-gneiss. 

Other lithologies: The Dasher granite-gneiss contains lenses of mafic ortho-amphibolite 

(Fig. 7F) that are up to 15 m wide, and have a modal mineralogy of hornblende (55 vol%), 

plagioclase (45 vol%) and minor quartz. These mafic lenses are deformed by the earliest 

structural events, and may be remnants of the southeastern greenstone belt sequence (Fig. 3) 

entrained in the granite-gneiss during its intrusion. 

Two generations of granitoid dikes cut the granite-gneiss, but are not observed to cut the 

granite dikes. Sub-horizontal and steeply east-northeast-dipping biotite monzogranite dikes, up 

to a few meters wide, cut SBAN, S1 and mineralized veins in the granite-gneiss. Irregular dikes 

of coarse-grained, biotite-poor granite (sensu stricto), also up to a few meters wide, intrude the 

granite-gneiss within and outside of the deposit area, commonly migrating across SBAN. These 

dikes may be leucosomes derived from partial melting of the granite-gneiss, or a separate 

magmatic event. Subhorizontal, muscovite-bearing pegmatite dikes (up to 3 m wide) are the 

youngest likely Archean intrusions at Dasher. Dolerite dikes of interpreted Proterozoic age cut 

all other lithologies, and occur in three principal orientations: (1) sub-vertical, north-striking; 

(2) sub-vertical, east-striking, and; (3) sub-horizontal. 
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Fig. 5. Block diagram summarizing lithological, structural, metamorphic and mineralization relationships 

at Dasher, based on a cross-section through 12CADD001. Other holes are projected to the section. Proterozoic 

dolerite dikes are not shown, for clarity. 
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Fig. 6. QAP diagram showing the locations and ranges of least altered granitoid lithologies, based on 

petrographic estimations of modal mineralogy. 
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Fig. 7. Dasher host rock features. (A) Photomicrograph (cross-polarized) showing polygonal granoblastic 

texture of plagioclase, with 120° triple-junctions pinned to biotite grains in places. Sample CAL050. (B) Contact 

between monzogranite and syenogranite components of the granite-gneiss, with the syenogranite cutting weak S1 

in the monzogranite. SHRIMP U-Pb zircon samples were taken from either side of this contact. 12CADD001, 

138.5 m. (C) Leucosome-melanosome bands in granite-gneiss south of Dasher. 6566260N 463980E. (D) Biotite-

poor in situ leucosome in granite-gneiss, preserving relict S1 foliation. 12CADD001, 288.0 m. (E) Low strain 

intrusive contact between the hangingwall granite dike (right) and mineralized granite-gneiss (left). 14CADD001, 

437.3 m. (F) Mafic ortho-amphibolite, with S1 crenulated by S2. 14CADD001, 445.6 m. 

 



15 

 

Geochronology 

SHRIMP U-Pb geochronology was completed on zircon separates from representative 

samples of the monzogranite and syenogranite phases of the Dasher granite-gneiss, and the 

cross-cutting Dasher granite dikes. Unpublished data and interpretations by Wingate and Lu 

(2016) are in Appendix 10. In all samples, the interpreted igneous zircons have elongate and 

subhedral-euhedral morphology, and are concentrically zoned. Average 232Th/238U ratios (given 

in brackets for each sample, below), combined with the zircon morphology, are consistent with 

the zircons being of igneous origin (Hoskin and Schaltegger, 2003). 

The monzogranite (sample CAL024, GSWA ID 205930) and syenogranite (sample 

CAL026, GSWA ID 205931) samples were taken from either side of their observed contact in 

12CADD001 (Fig. 7B). Fourteen analyses of 13 zircons from CAL024 yield a weighted mean 

207Pb/206Pb age of 3010 ± 4 Ma (MWSD = 1.4, average 232Th/238U = 0.51), which is interpreted 

to represent the magmatic crystallization age of the monzogranite (Fig. 8). Twenty analyses of 

zircons from CAL026 also yield a weighted mean 207Pb/206Pb age of 3010 ± 4 Ma (MWSD = 

1.5, average 232Th/238U = 0.50), which is interpreted to represent the magmatic crystallization 

age of the apparently younger syenogranite (Fig. 8). The identical ages (within error) of these 

granitoid phases are consistent with the Dasher granite-gneiss being the product of multiple 

intrusive events at ca. 3010 Ma. The results also suggest that the Dasher granite-gneiss is part 

of the same granite-gneiss domain as the quartz-feldspar-biotite gneiss at the ‘W7’ locality of 

Pidgeon et al. (1990), although the Dasher granite-gneiss lacks the ca. 2810 Ma zircons 

attributed to gneiss-formation in ‘W7’. 

The Dasher granite dike sample was taken from the hangingwall granite in 14CADD001 

(sample CAL044, GSWA ID 205932). Nine analyses of seven zircons from CAL044 yield a 

weighted mean 207Pb/206Pb age of 2673 ± 5 Ma (MWSD = 2.4, average 232Th/238U = 0.26), 

which is interpreted to represent the magmatic crystallization age of the granite dike (). Thirty 

analyses of interpreted older zircon cores from this sample yield inherited ages ranging from 

3282-2782 Ma, including significant groups at ca. 3011 Ma (the age of the granite-gneiss) and 

ca. 2810 Ma. These crystallization and inherited age characteristics are likely applicable to the 

visually and geochemically similar footwall granite dike. 
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Fig. 8. SHRIMP U-Pb analytical data for zircons from Calingiri granitoid lithologies. Interpreted magmatic 

crystallization ages are given on each plot. Modified from Wingate and Lu (2016) in Appendix 10. 

Structural setting 

The preserved geometries of lithological and structural features at Dasher are the product 

of two significant deformation events, detailed below, and the intrusion of the ca. 2673 Ma 

granite dikes. 

D1 structures: Internal to the granite-gneiss, SBAN (compositional banding) dips 

moderately east-northeast, sub-parallel to the orientation of the granite dikes (Figs. 5, 9A). The 

S1 foliation, however, is steeper and more northeast-trending than SBAN and the granite dikes, 

with mean orientation of 65°/061° (Fig. 10A). This relationship, where S1 is acute to SBAN in a 

clockwise sense, is also consistently developed in outcrop proximal to Dasher (Fig. 11A). The 

SBAN-S1 intersection lineation can be inferred to have a ~steep pitch on the plane of SBAN (Fig. 

9B), based on the similar dip, but acute strike, of each element in the Dasher area. 
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Fig. 9. Stereonets of early structural features at Dasher, from drill core. (A) Poles to SBAN, the pole to mean 

S1 from Fig. 10A, and great circles relating to an SBAN/S1 ‘pair’, along with its intersectional plunge. SBAN is 

generally more north-striking than S1. (B) F1 fold axes from folded early veins, on great circles representing their 

axial planes. Plunges are variable, but have some similarity to the SBAN/S1 intersection plunge. 

The S1 foliation is most clearly defined by the alignment of biotite grains in the granite-

gneiss. Strain in this deformation phase is heterogeneously developed, with increasing strain 

characterized by the segregation of biotite-rich bands and quartz-feldspar-rich bands into a 

gneissic fabric (Fig. 11B). In high-strain zones affecting porphyritic granite-gneiss, biotite 

deflects around microcline phenocrysts, but there is no clear rotation of the phenocrysts, or 

asymmetry in the foliation. The L1 stretching lineation was not observed on S1 at Dasher. 

Early quartz-feldspar ± sulfide veins at Dasher are deformed in tight to isoclinal folds 

where S1 is the axial planar foliation, and these are therefore interpreted to be F1 folds (Fig. 

11C). Fold axes of these folded veins show an inconclusive spread of orientations (Fig. 9B) that 

is the product of the original, unfolded geometry of the veins (unknown) and reorientation by 

F2. No significant F1 folds of granite-gneiss units were recognized. The consistent vergence 

relationship between SGN and S1 in core and outcrop around Dasher (e.g. Fig 11A) suggests 

that, overall, the deposit is located on a single limb of a kilometer-scale F1 fold. 

D2 structures: At regional scale, Dasher lies on a west-verging F2 limb, with the Bindi 

antiform to the west and the Opie synform to the east (Fig. 3). At the deposit scale, this setting 

is reflected by the development of open, west-verging F2 folds, which have a significant 

influence on the preserved geometry of the host rocks (Figs. 5, 11D, 11E). The spread of S1 

foliation orientation away from the mean of 65°/061° occupies a fold-related girdle with a beta-

axis orientation of 13°→341° (Fig. 10A). This approximation of the plunge of F2 folds at Dasher 
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is consistent with measurements of individual F2 fold axes, the intersection of the average S1 

and S2 orientations (Fig. 10C), and the district-scale plunge of F2 folds (Figs. 3, 4). 

 

 

Fig. 10. Stereonets of D1 and D2 features at Dasher, from drill core. (A) Poles to S1, showing a fold-related 

distribution. The pole to the best fit girdle (beta-axis) approximates the plunge of the folds responsible. (B) Poles 

to S2 and a late crenulation cleavage. (C) Measured F2 fold axes, the beta axis from Fig. 10A, and great circles of 

mean S1 and S2, from Fig. 10A and Fig. 10B, respectively. All data are consistent with north-northeast-trending, 

gently plunging F2 folds. (D) Poles to weak foliation in the granite dikes in 14CADD001, showing a fold-related 

distribution. The pole to the best fit girdle (beta-axis) approximates the plunge of the folds responsible, and 

suggests an F2 influence. 
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Fig. 11. Dasher structural features. (A) Typical acute relationship between SBAN and S1, in granite-gneiss 

outcrop. 6567756N 465187E. (B) Effects of increasing strain on the same granite-gneiss, including development 

of S1-parallel leucosomes at high-strain. 14CADD001, around 468.0 m. (C) Early quartz-feldspar-sulfide vein 

affected by tight-isoclinal, ptygmatic F1 folding, where S1 is axial planar. Coarse garnet overgrows S1. 

14CADD001, 449.4 m. (D) View north at west-verging F2 folds of S1-parallel pegmatoidal veins in drill core, 

including refolding of a tight F1 fold. 12CADD001, 54.8 m. (E) Scanned thin-section showing fine west-verging 

F2 folds of S1-aligned biotite, and light pink garnet overgrowing S1. Sample CAL022. (F) Biotite-chlorite and 

sillimanite developed in both the S1 and S2 orientations in microcline- and sillimanite-rich granite-gneiss. 

12CADD002, 77.6 m. 
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In detail, F2 folds at Dasher are open, concentric folds, with moderately to steeply west-

dipping axial planes (Figs. 5, 11D, 11E). A weakly developed axial planar foliation, S2, has an 

average orientation of 66°/265° (Fig. 10B), and is defined by alignment of biotite and of 

fibrolitic sillimanite masses, where present (Fig. 11F). 12CADD001 was drilled down the F2 

long-limb orientation, and intercepts a number of ~50 m long F2 short-limbs, defined by sub-

horizontal to gently west-dipping S1 (Fig. 5). The orientation of F2 folds and the S2 foliation are 

suggestive of ~east-west compression during the D2 event. 

Other structural features: In 14CADD001, S1 is locally crenulated about ~30° east-

dipping axial planes, to create reclined gently-plunging folds (Fig. 5). The relative timing 

between this crenulation and D2 is not clear from this study. In 12CADD001, a 2 m wide 

tectonic breccia, oriented ~80°/330°, cross-cuts the mineralized granite-gneiss, and contains 

pre-foliated xenoliths of it. The distinctively brittle structural style of this zone, and the 

associated retrograde chlorite-sericite-epidote mineral assemblage, indicate that this is a late 

feature. 

Metamorphism 

The granite dikes, and unmineralized examples of the granite-gneiss at Dasher, are 

recrystallized and variably granoblastic, as discussed above, but their interpreted primary 

igneous mineralogy is generally intact (quartz-plagioclase-microcline-biotite). Proximal to 

mineralization, however, the granite-gneiss has an equilibrium assemblage of quartz-

microcline-plagioclase-garnet ± sillimanite (Fig. 12A). This is interpreted to be a 

metamorphosed hydrothermal alteration assemblage, and is discussed in more detail later in 

this paper. Nevertheless, the garnet-sillimanite-bearing assemblage provides general constraints 

on peak metamorphic conditions at Dasher, and is supported by the presence of trace garnet and 

sillimanite in the unmineralized Dasher granite dikes (Fig. 12B). The presence of sillimanite 

suggests high-T, low-P (<10 kbar) series metamorphism (Spear, 1995) that reached at least 

middle amphibolite facies (>500°C). The lack of metamorphic pyroxene in the mafic 

amphibolite lenses, together with the stability of biotite in the granite-gneiss, suggests that peak 

T did not exceed ~800°C (Spear, 1995). 
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Fig. 12. Dasher metamorphic features. (A) Photomicrograph (cross-polarized) of typical peak metamorphic 

equilibrium assemblage in granite-gneiss, with sillimanite as fine needles on the margins of quartz and feldspars, 

but also as fibrolitic pseudomorphs of biotite. Sample CAL019. (B) Garnet and sillimanite in the footwall granite 

dike. Garnet from 14CADD001, 561.9 m. Sillimanite is a photomicrograph (plane-polarized) from sample 

CAL045. 

Greenschist facies retrograde metamorphism is evident in all Archean lithologies at 

Dasher, but its intensity is heterogeneous. In least-retrogressed examples of the granite-gneiss, 

biotite is partly replaced by chlorite-sericite-ilmenite, feldspars are dusted with fine sericite, 

and garnet (where present) is pristine. More intense retrogression is typically focused around 

pre-existing or late-tectonic structures, and is characterized by increasing replacement of biotite 

and feldspars by chlorite-sericite ± epidote ± calcite, and chlorite retrogression of garnet.  

Relative and absolute timing of intrusive, deformation and metamorphic events 

The D1 deformation event was likely occurring at ca. 3010 Ma, during the intrusion of 

the ~monzogranite pre-cursor to the Dasher granite-gneiss. This is indicated by the CAL026 

biotite monzogranite (3010 ± 4 Ma; SHRIMP U-Pb zircon) containing foliation that is cut by 

the CAL024 syenogranite (Fig. 7B), which itself returned the same magmatic crystallization 

age. The Dasher granite dikes are not affected by S1, constraining the end of D1 event to older 

than ca. 2673 Ma (the age of the dikes; SHRIMP U-Pb zircon). Ubiquitous garnet overgrowth 

of S1 (Figs. 11C, 11F) constrains peak metamorphism to a post-D1 age. Peak metamorphic 

sillimanite overgrows S1-aligned biotite, but also occurs in masses aligned to S2 (Fig. 11F). The 

critical latter structural-metamorphic texture indicates that sillimanite grew during or after D2, 

and provides a temporal link between high-grade metamorphism and D2 ~east-west 

compression. 

On the present drilling density at Dasher, the relationship between the granite dikes and 

deposit-scale F2 folding is equivocal. However, a weak foliation developed inside the dikes has 
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a spread of orientations that lies on a girdle with a north-plunging beta-axis (Fig. 10D), similar 

to F2-related redistribution of S1 orientations in the granite-gneiss (Fig. 10A). That observation, 

together with the presence of trace garnet and sillimanite in the dikes, suggests that they are 

folded, and likely intruded pre- to syn-D2. On that basis, D2 deformation and peak 

metamorphism likely occurred at, or after, ca. 2673 Ma. 

Mineralization, Hydrothermal Alteration and Modification of the Dasher Cu-Mo-Ag 

Deposit 

The current Indicated and Inferred resources at Dasher stand at 137 Mt @ 0.30% Cu (0.40 

Mt contained Cu), 72 ppm Mo, 1.69 g/t Ag and 0.02 g/t Au, at 0.15% Cu cut-off (Caravel 

Minerals Ltd, 2016). Copper has a strong positive correlation with Ag and Au, as well as with 

Bi, Te, and Cd (Table 2; Appendix 8). Molybdenum is poorly correlated with Cu, suggesting a 

spatial separation between the two elements, internal to the overall mineralized body (Table 2). 

 

Table 2. Metal associations of the Dasher mineralization, based on Caravel Minerals Ltd four-acid digest data 

from the granite-gneiss portions of 12CADD001 and 14CADD001 (Appendix 8). Elements are in order of their 

correlation coefficient with Cu in a 0.1-1.0% Cu subset. The expected ranges of the metals in the potassic and 

deep sericitic zones of porphyry Cu deposits are listed at right, modified from Halley et al., (2015). 

 

 

25th 75th Correlation

Element Median percentile percentile with Cu Minimum Maximum Low High

Ag 1.25 0.80 1.94 0.90 0.35 7.87 0.5 50

Bi 0.95 0.555 1.525 0.75 0.2 7.16 0.05 10

Te 0.31 0.20 0.52 0.72 0.10 2.44 0.1 5

Au 0.024 0.13 0.039 0.67 <0.005 0.223 - -

Cd 0.06 0.04 0.13 0.52 0.01 0.42 - -

Zn 23 17 35 0.40 10 90 bkgd 1000

Sn 1.7 1.3 2.1 0.38 0.6 4.7 0.5 30

Mo 26.8 9.3 61.0 0.14 1.25 1480 0.5 ore

Mn 671 444 1395 0.13 105 9000 bkgd 5000

As 0.3 0.2 0.6 0.09 0.1 9.3 bkgd 50

W 0.5 5.7 9.0 0.03 0.1 9.9 bkgd 20

Pb 9.4 5.8 14.5 0.03 3.5 28.3 50 1000

Cs 2.06 1.60 2.49 -0.09 0.51 6.32 bkgd 10

Se N/A N/A N/A N/A <1 6 1 20

Sb N/A N/A N/A N/A <0.05 4.1 bkgd 3

Granite-gneiss In granite-gneiss with 0.1-1.0% Cu Range in porphyry Cu

Potassic/Deep sericitic

- = not specifiedN/A = insufficient data above detection limit
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The Dasher resource is entirely contained within a ~1500 x ~150 m (true width) tabular 

zone of granite-gneiss preserved between the hangingwall and footwall granite dikes (Fig. 5). 

The north-striking, ~50° east-dipping geometry of this zone is controlled by the orientation of 

the dikes and overprinting F2 folds, and therefore does not represent the original geometry or 

extent of mineralization. In the three diamond drill holes studied at Dasher, the entire thickness 

of the granite-gneiss preserved between the dikes is mineralized, further suggesting that the true 

limits of the mineralized system have not been observed. The geometries, textures and mineral 

assemblages preserved internal to the Dasher mineralization are also consistent with them being 

significantly modified by post-mineralization structural and metamorphic events. The effects 

of this modification are discussed here, where applicable. 

Mineralization styles 

The styles of mineralization at Dasher are described here in order from the interpreted 

oldest to youngest events. The sulfide-oxide species present in each style have some common 

characteristics that are applicable, unless otherwise stated. The Cu and Mo is hosted within 

chalcopyrite and molybdenite, respectively, with no other Cu or Mo phases present. In Mo-

dominant mineralization (>100 ppm) the molybdenite contains fine inclusions and intergrowths 

of chalcopyrite-pyrrhotite, suggesting they are cogenetic (Fig. 13A). In Cu-dominant 

mineralization, the sulfide-oxide equilibrium assemblage is chalcopyrite-pyrrhotite-magnetite, 

and those three phases have a common anhedral and pitted morphology. Chalcopyrite and 

pyrrhotite commonly display lamellar intergrowths (Fig. 13B). Pyrite varies from absent up to 

a ~50:50 split with pyrrhotite as the dominant Fe-sulfide, and generally occurs in a subhedral 

to euhedral form that appears to overgrow pyrrhotite (Fig. 13B). 

Early quartz-feldspar-molybdenite veins: The earliest mineralized veins observed at 

Dasher, here termed ‘V1’, are Mo-dominant, granoblastic quartz-microcline ± plagioclase ± 

garnet ± sillimanite veins containing molybdenite-chalcopyrite-pyrrhotite ± magnetite ± pyrite 

mineralization (Figs. 13C, 13D).  The V1 veins are commonly affected by ptygmatic, tight-

isoclinal folds, where S1 is in the axial plane orientation, constraining them to a pre- to syn-D1 

timing (Fig. 13D). 

Re-Os geochronology: Re-Os geochronology was completed on molybdenite from two 

samples of Mo-dominant mineralization. Unpublished data and interpretations by Tessalina 

(2016) are in Appendix 11. Sample CAL009 (12CADD002, 66.64-66.74 m) was taken from an 

S1-parallel streak of coarse-grained molybdenite through a granoblastic plagioclase-quartz-

microcline-sillimanite-garnet unit of the granite-gneiss (Fig. 13C). The molybdenite contains 
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fine inclusions of cogenetic chalcopyrite and pyrrhotite, and all three sulfides are observed as 

inclusions inside large garnet grains (Fig. 13A). A single analysis of this sample yielded a model 

age of 2963 ± 12 Ma. Sample CAL047 (14CADD001, 451.70-451.80 m) was taken from a V1 

microcline-quartz-molybdenite vein that is tightly folded, with S1 as the axial planar foliation 

(Fig. 13D). The coarse-grained molybdenite contains fine inclusions of cogenetic chalcopyrite, 

and is intergrown with magnetite and pyrite. Repeat analyses of this sample yielded model ages 

of 2977 ± 20 Ma and 2975 ± 27 Ma. The structural constraints on the relative timing of the 

CAL047 vein, and the dual analyses, make its ca. 2976 Ma age (narrowest range of 2997-2957 

Ma) the best estimate for the onset of the Cu-Mo-Ag mineralization at Dasher. 

 

 

Fig. 13. Dasher mineralization features. (A) Photomicrograph (reflected light) of molybdenite-chalcopyrite-

pyrrhotite included in a single large garnet grain. Sample CAL009, also shown in Fig. 13C. (B) Photomicrograph 

(reflected light) of anhedral lamellar chalcopyrite-pyrrhotite overgrown by subhedral pyrite. Sample CAL048. (C) 

Re-Os geochronology sample CAL009. An S1-parallel streak of coarse molybdenite in quartz-microcline-biotite-

sillimanite-garnet granite-gneiss. Fig. 13A shows sulfides inside large garnet grains at bottom left. Yellow 

colouration is weak oxidation. (D) Re-Os geochronology sample CAL047. The mineralized vein is affected by 

tight-isoclinal F1 folding, where S1 is axial planar. 
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Main stage Cu-dominant mineralization: Chalcopyrite-dominant variants of the V1 veins 

(although still containing molybdenite) are the earliest form of vein-hosted, Cu-dominant 

mineralization at Dasher, and are similarly observed to be affected by F1 folds (Fig. 11C). The 

main stage of Cu-dominant mineralization at Dasher, however, is dominated by disseminated 

and stringer sulfide, and quartz-sulfide veins. Disseminated chalcopyrite-pyrrhotite ± pyrite 

forms up to 2 vol% of typical mineralized granite-gneiss (~0.2-0.5% wt% Cu). Thin (<2 mm) 

sulfide-rich stringers, here termed ‘V2’ veins, are either parallel to (most commonly), or cross-

cut S1, and favour development in S1 foliation zones, at all scales (Fig. 14A). Clumps and 

streaks of biotite-magnetite associated with V2 veins are composed of biotite grains that 

overgrow S1 (Fig. 14A). 

The most common quartz-sulfide veins at Dasher are 1-10 mm thick quartz-chalcopyrite-

pyrrhotite-magnetite ± pyrite veins, here termed ‘V3’ veins (Fig. 14B). These occur at a density 

of up to 3 veins per meter in typical mineralized granite-gneiss (~0.2-0.5% wt% Cu), and are 

either parallel to, or cross-cut, S1. Although most V3 veins are narrow, a 2 m wide quartz-

garnet-chalcopyrite-pyrrhotite vein in 12CADD001 is interpreted to be part of the same vein 

event. A brittle stockwork origin for V3 veins is suggested by their unfoliated margins and 

overall planar geometries, but sharp vein-wallrock contacts are not evident. Instead, bands of 

evenly sized, rounded quartz grains mark the vein locations, and the vein margins are cuspate-

lobate contacts between quartz-sulfide-dominant vein mineralogy and the quartz-feldspar-

biotite-dominant wallrock mineralogy (Figs. 14B, 14CFig. 14). Sulfide within V3 veins is 

interstitial to the quartz, ‘mantling’ the rounded quartz grains in a texture that is characteristic 

of this vein style (Fig. 14C). The cuspate-lobate vein margins and sulfide mantling of quartz 

grains, suggest that V3 veins are recrystallized. 

Quartz-magnetite-garnet-biotite-chalcopyrite-pyrrhotite veins, distinctive for their dark 

green colour and very high magnetite (up to 40 vol%) and garnet (up to 50 vol%) contents, are 

here termed ‘V4’ veins (Fig. 14D). These are a minor component of mineralization (<1% of the 

mineralized volume), but are locally associated with Cu grades of >1.0%. Individual veins range 

from 5 cm to 2 m in thickness, have sharp contacts with the granite-gneiss wallrock, and were 

only observed parallel to S1. The dark green colour of these veins is due to distinctive green 

biotite (pale brown to pale blue-green pleochroism) not observed in any other setting at Dasher. 
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Fig. 14. Dasher mineralization features. (A) Sulfide veinlets and disseminations parallel to S1, but with 

selvedges of garnet and clumps of random biotite. Pale green retrograde chlorite-sericite is focused around sulfide 

grains. 14CADD001, 490.0 m. (B) Quartz-sulfide stockwork vein cuts S1 foliation, with sulfides ‘mantling’ quartz. 

Note the lack of a sharp vein-wallrock contact. Sample CAL011. (C) Photomicrograph (reflected light) of poorly-

defined lobate-cuspate margin of a quartz-sulfide stockwork vein. Vein sulfides are interstitial to rounded quartz 

grains. Sample CAL010. (D) Typical quartz-magnetite-garnet-biotite-chalcopyrite-pyrrhotite vein. Note the 

mineralogical banding, and sharp contact with the wallrock. Sample CAL028. (E) Pair of mineralized pegmatite 

veins within high-strain, biotite-rich granite-gneiss Note the preference of sulfide for the quartz-rich portions of 

the veins. Sample CAL027. (F) Photomicrograph (reflected light) of plagioclase from the mineralized pegmatite 

vein in Fig. 14E, showing mineralization included in plagioclase twin planes. This suggests it may have been 

trapped in plagioclase as it crystallized. Sample CAL027. 
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The Cu-dominant mineralization at Dasher is interpreted to be a progression from the 

early Mo-rich mineralization, based on the mineralogical (quartz-feldspar-sulfide) and 

structural (affected by F1 folds) affinities between Mo- and Cu-dominant versions of V1 veins. 

However, most of the Cu-rich mineralization is interpreted to be late- to post-D1, as evidenced 

by: (1) V2, V3 and V4 veins either parallel to, or cross-cutting, S1; (2) the focus of 

mineralization in S1 high-strain zones; and (3) biotite associated with V2 veins overgrowing S1. 

This temporal separation of the Mo-rich and Cu-rich mineralization at Dasher likely explains 

the poor correlation between Mo and Cu in assay data from the deposit. 

Mineralized pegmatite veins: Pegmatoidal quartz-microcline-plagioclase-chalcopyrite-

pyrrhotite ± garnet ± biotite veins, ranging from 5 to 40 mm in thickness, are present within 

some S1 high-strain zones at Dasher, and locally relate to high Cu grades (>1.0 wt%; Fig. 14E). 

These veins, here termed ‘V5’, form irregular bands parallel to S1, but are not folded or 

boudinaged in that foliation, indicating that they formed after D1. Feldspar-rich (generally 

margins) and quartz-sulfide-rich domains (generally centres) are evident internal to the veins 

(Fig. 14E). Chalcopyrite-pyrrhotite mineralization in V5 veins is in two forms: (1) anhedral 

sulfides interstitial to quartz ± feldspar; and (2) fine sulfide inclusions entirely within 

plagioclase, including selectively along twin planes (Fig. 14F). The latter texture is not observed 

in typical mineralization at Dasher, and suggests that the sulfides were incorporated into the 

plagioclase as it crystallized. 

The V5 veins are either: (1) external pegmatites, unrelated to mineralization, which have 

incorporated sulfide mineralization during their passage through the rock; (2) syn-

mineralization pegmatoidal veins that are part of the Cu mineralization event; or (3) partial melt 

leucosomes, derived from mineralized granite-gneiss. The latter origin is supported by the 

observation that the granite-gneiss hosting V5 veins is generally biotite-rich (i.e., likely a 

melanosome), relative to surrounding rocks (Fig. 14E). 

Modification of mineralization during D2 and peak metamorphism: The geometry of the 

mineralization at Dasher is significantly modified by F2 folding, at all observed scales. At 

micro- and meso-scale, V1 to V4 veins are folded by overall west-verging F2 folds, and in 

places, F1-affected V1 veins are refolded in F2 (Fig. 11D). At macro-scale, the entire 

mineralized body is folded in west-verging F2 folds (Fig. 5). The deformation of mineralization 

during the ~syn-peak metamorphic D2 event, is strong evidence that mineralization was 

emplaced prior to the metamorphic peak, and provides independent support to the ‘old’ 2997-

2957 Ma Re-Os age. Present evidence suggests negligible mechanical or hydrothermal 

remobilization of mineralization during D2 and peak metamorphism: (1) sulfide mineralization 



28 

 

and silicate-oxide hydrothermal alteration reman coincident; (2) sulfide mineralization is 

retained within veins, even where they are folded or recrystallized (e.g., Figs. 11C, 13D); and 

(3) there no apparent increase of mineralization in S2 high-strain zones or F2 fold hinges, either 

of which may have indicated syn-D2 remobilization. 

Hydrothermal alteration 

Structural, textural and geochronological evidence presented above suggests that the 

onset of Dasher Cu-Mo mineralization occurred at ca. 2976 Ma, and that minimum middle 

amphibolite facies metamorphism occurred at or after ca. 2673 Ma. Preserved hydrothermal 

alteration assemblages described below are, therefore, the metamorphic products of earlier 

hydrothermal alteration. 

Biotite-garnet-sillimanite-magnetite alteration: Increased biotite, garnet, sillimanite and 

magnetite in the granite-gneiss is the most characteristic distal expression of the Dasher 

mineralization. The full equilibrium assemblage within granite-gneiss affected by this 

hydrothermal alteration is quartz-microcline-biotite-plagioclase-garnet-magnetite ± sillimanite 

(Figs. 12A, 15A). Garnet was observed over the full width of the mineralized granite-gneiss at 

Dasher, suggesting that the granite dikes likely obscure the true extents of this assemblage. 

However, garnet was not observed in granite-gneiss outcrops within ~1 km to the east and 

southeast of the Dasher deposit. 

Biotite is elevated (vol%) in the mineralized granite-gneiss (Fig. 16), but does not 

diagnostically indicate hydrothermal alteration, because it is the principal igneous ferro-

magnesian mineral in the granite-gneiss. In the majority of the granite-gneiss, igneous biotite 

remains evident as fine, dark green-brown grains that are uniformly aligned to the S1 foliation. 

Mineralization-related biotite, however, occurs as coarser clusters and streaks of unaligned, 

subhedral grains with an interlocking, decussate texture, perhaps indicative of metamorphic 

recrystallization (Fig. 15B; Blatt et al., 2006). This form of biotite also has a distinctive light 

red-brown colour in thin-section, likely indicating higher TiO2 content than the green-brown 

igneous biotite (Hayama, 1959). Preliminary quantitative SEM analyses (Appendix 9) confirm 

that mineralization-related biotite has higher FeO/FeO+MgO (0.92) and TiO2 (3.48 wt%, 

respectively) than the igneous biotite (0.82, and 1.90 wt%, respectively). 
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Fig. 15. Dasher hydrothermal alteration features. (A) Granite-gneiss altered to quartz-microcline-

sillimanite-garnet-biotite assemblage. Note the near-complete destruction of biotite. 12CADD002, 158.2 m. (B) 

Photomicrograph (plane-polarized) of mineralized vein with clusters of light brown, subhedral, decussate biotite 

in its selvedge. Sample CAL048. (C) Photomicrograph (plane-polarized) of quartz-microcline-plagioclase-

sillimanite-garnet-biotite assemblage, with fine biotite included in garnet. Sillimanite occurs as fibrolitic 

pseudomorphs of biotite, and as fine prisms enclosed in garnet. Sample CAL022. (D) Photomicrograph (plane-

polarized) showing garnets overgrowing a single chloritized biotite grain and sulfide mineralization. The large 

garnet at right includes fine chlorite that is optically continuous with the external chlorite, suggesting that it 

overgrew chlorite. Sample CAL031. (E) Granoblastic quartz-microcline-plagioclase-sillimanite, with 

characteristic low biotite content. The quartz-sulfide stockwork vein is associated with coarse muscovite that is 

selectively replaced by quartz-microcline. Sample CAL054. Inset is a photomicrograph (cross-polarized). (F) 
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Photomicrograph (cross-polarized) of polygonal granoblastic microcline, displaying 120° triple-junctions, within 

quartz-microcline-plagioclase-sillimanite assemblage. Sample CAL053. 

Garnet in this assemblage is pink-red almandine that occurs as subhedral crystals up to 5 

mm in size. In typical mineralized granite-gneiss, garnet ranges from 1 to 5 vol% of the rock 

(Fig. 16). Preliminary quantitative SEM analyses of representative garnets (Appendix 9) show 

that their chemistry ranges between 72-80 mol% almandine, 10-20 mol% spessartine, 3-6 mol% 

pyrope and 2-4 mol% grossular. Garnet commonly includes small biotite flakes (Fig. 15C), is 

generally more abundant in intervals with increased biotite content (Figs. 14A, 16), and 

overgrows S1-aligned igneous biotite (Figs. 11C, 11F, 13C). At least some garnet at Dasher has 

overgrown chlorite, as indicated by a rare texture where clusters of garnet overgrow large 

chloritized biotite grains (Fig. 15D). This chlorite is unlike the fine retrograde form. 

The sillimanite content of this assemblage ranges from trace to 15 vol%. Most of the 

Dasher granite-gneiss contains fine sillimanite, and trace sillimanite was also observed in the 

granite dikes (Fig. 12B). Where in trace amounts, sillimanite generally occurs as fine prisms 

within, or on the margins of, quartz and feldspar grains (Fig. 12A). Discrete intervals (<10 m 

true width) of pale cream, sillimanite-rich (to 15 vol%) granite-gneiss are developed around 

well mineralized intervals (~0.5% wt% Cu), but are themselves not well mineralized. 

Sillimanite in these zones occurs as fibrolitic pseudomorphs of ex-biotite (Figs. 12A, 15A, 

15C), and the rock is also abnormally low in plagioclase (<5 vol%). Sillimanite does occur 

together with garnet, but in the sillimanite-rich granite-gneiss, garnet is volumetrically minor 

(<2 vol%). Where both minerals are present, garnet commonly includes fine prismatic 

sillimanite (Fig. 15C). 

Disseminated magnetite occurs throughout the mineralized granite-gneiss at Dasher, with 

a distribution similar to that of garnet, biotite and sulfide mineralization. The occurrence of 

magnetite in this assemblage, in textural equilibrium with chalcopyrite-pyrrhotite, and in 

magnetite-rich V4 veins (Fig. 14D), suggests that magnetite is part of the mineralization-related 

hydrothermal alteration system. Individual magnetite grains are anhedral to weakly octahedral, 

and have resorbed margins in places. Significant Ti content in the magnetite is indicated by the 

common exsolution of ilmenite lamellae. 
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Fig. 16. Graphic log of the granite-gneiss interval of 14CADD001. See Fig. 5 for drill hole location. Ductile 

strain, garnet abundance, biotite abundance and Na depletion correlate with higher-grade Cu and Mo. Granoblastic 

microcline zone correlates with K enrichment. Visual logging from this study (Appendix 13). Geochemistry from 

Caravel Minerals Ltd four-acid digest dataset (Appendix 8). 

Granoblastic quartz-microcline-plagioclase-sillimanite alteration: This hydrothermal 

alteration assemblage was only observed in a low-grade (~0.1 to 0.2% Cu) interval of 

14CADD001 (Figs. 15E, 16). The assemblage is expressed as a distinctive ‘whitening’ of the 

granite-gneiss, characterized by the absence of garnet and magnetite, and a low biotite content 

(2-5 vol%). Metamorphic recrystallization of the assemblage is indicated by the ubiquitous 

polygonal granoblastic texture of quartz and feldspar (Fig. 15F). Microcline makes up 50-90% 
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of the feldspar component, and the plagioclase is distinctly more sodic (<An20) than 

plagioclase in least-altered granite-gneiss (~An25-30). Albitic rims on microcline grains 

suggest that an albite component exsolved out of the microcline, possibly during 

recrystallization. Sillimanite in this assemblage (<1 vol%) is restricted to fine prisms within, or 

on the margins of, quartz and feldspar grains. 

In 14CADD001, V3-style quartz-chalcopyrite-pyrrhotite stockwork veins within the 

quartz-microcline-plagioclase-sillimanite assemblage have muscovite grains to 4 mm in their 

selvedges (Fig. 15E). Optically-continuous grains of this coarse muscovite are partly replaced 

by quartz-microcline. This form of muscovite was only observed within this assemblage, and 

is dissimilar in style and timing to the fine-grained retrograde sericitization. 

Retrograde hydrothermal alteration and remobilization: The Dasher mineralization is 

affected by greenschist facies retrograde metamorphism, but is not significantly modified. The 

most widespread effect is the localization of silicate retrogression adjacent to sulfides, resulting 

in mm-scale, light green chlorite-sericite haloes around mineralized veins (Fig. 14A) and 

individual sulfide grains. Retrograde remobilization of sulfide mineralization, with associated 

chlorite-sericite-epidote ± calcite hydrothermal alteration, has occurred in rare sulfide-rich 

stringers and breccia zones. The sulfide assemblage in these settings in chalcopyrite-pyrite, with 

pyrrhotite minor to absent. Remobilized sulfide is a negligible component of the Dasher 

mineralization. 

Interpretation of metamorphosed hydrothermal alteration assemblages 

It is difficult to conclusively determine the pre-peak metamorphic hydrothermal alteration 

assemblages in metamorphosed ore deposits (e.g., Corriveau and Spry, 2014), but textural and 

geochemical evidence at Dasher allows some of the characteristics of the hydrothermal 

alteration to be revealed. The garnet- and/or sillimanite-bearing assemblages at Dasher are its 

most striking proximal mineralogical expression. This association between aluminous 

metamorphic minerals and mineralization (Fig. 16) suggests that syn-mineralization 

hydrothermal alteration produced a granite-gneiss composition that was Al-rich, relative to least 

altered variants. Peraluminous, aluminosilicate-bearing rocks are known to result from the 

metamorphism of phyllic and argillic hydrothermal alteration assemblages (Corriveau and 

Spry, 2014). 

Molar ratios of Na2O/Al2O3 and K2O/Al2O3 in the Dasher granite-gneiss confirm that 

relative Al enrichment (Na depletion) is associated with rocks affected by the biotite-garnet-

sillimanite-magnetite assemblage (Figs. 16, 17; Appendices 7, 8). Sillimanite-rich granite-
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gneiss samples have the lowest Na2O/Al2O3 ratios (Fig. 17), suggesting they are the most altered 

end-members of this Na-depleted assemblage. Calcium is also depleted in these samples: 

CaO+Na2O in the sillimanite-rich granite-gneiss samples ranges from 0.60 to 2.24 wt%, 

significantly lower than the 4.95 to 6.50 wt% range in least altered granite-gneiss samples 

(Appendix 7). Together with petrographic observations of abnormally low plagioclase content 

in the sillimanite-rich granite-gneiss, the Na and Ca depletion is strong evidence that the syn-

mineralization hydrothermal alteration was plagioclase destructive. The petrographic 

observation that microcline remains in the sillimanite-rich granite-gneiss, is supported by 

K2O/Al2O3 molar ratios that are similar to those in the least altered pre-cursor granite-gneiss 

(Fig. 17). 

In addition to likely plagioclase destruction, sillimanite abundance in the biotite-garnet-

sillimanite-magnetite assemblage is also linked to biotite destruction, as evidenced by the low 

biotite content in sillimanite-rich granite-gneiss, and the fibrolitic sillimanite pseudomorphs 

after biotite (Figs 12A, 15A). A common link between plagioclase and biotite destruction, and 

Na and Ca removal, is that all can be caused by muscovite/sericite-producing hydrothermal 

alteration reactions involving acidic fluids (Jacobs and Parry, 1979; Guilbert and Park, 2007): 

 

(1)   Albite + H+ + K+ → Muscovite + Na+ + SiO2 

and 

(2)   Phlogopite/Annite + H+ → Muscovite + K+ + Mg2+/Fe2+ + H4SiO4 

 

In Figure 17, the most sillimanite-rich granite-gneiss examples trend towards the 

muscovite mineral node, suggesting they have a geochemical composition where the presence 

of sericite would be permissible in a lower temperature assemblage. Sericitization of 

plagioclase and biotite during syn-mineralization hydrothermal mineralization would enable 

the production of sillimanite during subsequent peak metamorphism, via the “second sillimanite 

isograd” reaction (Fig. 18; Spear, 1995): 

 

(3)   Muscovite (ss) + Albite (ss) + Quartz → Sillimanite + K-feldspar(ss) + H2O 

(ss = solid-solution) 

 

This reaction is consistent with the abnormally low plagioclase content (consumed) and 

abundant microcline (produced) observed in the most sillimanite-rich granite-gneiss. The 

formation of sillimanite directly from such a reaction, inside the sillimanite stability field (Fig. 
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18), is suggested by the absence of andalusite and kyanite at Dasher, either as preserved 

metamorphic phases or as pseudomorphed pre-cursors to the sillimanite. 

 

 

Fig. 17. Molar ratios of Na2O/Al2O3 and K2O/Al2O3 from the Dasher granite-gneiss, on diagrams modified 

from Davies and Whitehead (2010). Lower Na2O/Al2O3 molar ratios relate to increase intensity of the biotite-

garnet-sillimanite-magnetite assemblage, with sillimanite-rich samples having the lowest values. Higher 

K2O/Al2O3 molar ratios relate to the granoblastic quartz-microcline-plagioclase-sillimanite assemblage. (A) 

Whole-rock geochemical data (Appendix 7) from least altered and altered samples from this study. (B) Four-acid 

digest geochemical data (Appendix 8) from the granite-gneiss intervals of 12CADD001 and 14CADD001, with 

symbols indicating the logged abundance of garnet in the corresponding interval.  
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The biotite-garnet assemblage observed proximal to V2 sulfide stringers, and in garnet-

biotite-rich V4 veins may result from metamorphism of a lower temperature, sericite-chlorite 

hydrothermal alteration assemblage, via a reaction such as (Blatt et al., 2006): 

 

(4)   Chlorite + Muscovite + Quartz → Mg-richer Chlorite + Garnet + Biotite + H2O 

 

This reaction would proceed until all chlorite is consumed (Blatt et al., 2006). Some pre-

peak metamorphic chloritization is suggested by evidence of garnet overgrowing chloritized 

biotite (Fig. 15D). This may have occurred via a reaction such as (Spear, 1995): 

 

(5)   Chlorite + Quartz → Almandine + H2O 

 

The biotite-garnet-sillimanite-magnetite assemblage, in summary, represents 

metamorphosed plagioclase-destructive hydrothermal alteration, which may have included 

sericite (now sillimanite-microcline-rich) and sericite-chlorite (now biotite-garnet-rich) zones. 

Some of the mineralization-related biotite may also have been an original component of the 

hydrothermal alteration phase. 

Geochemical and petrographic evidence suggests that the granoblastic quartz-microcline-

plagioclase-sillimanite assemblage represents a distinct precursor hydrothermal alteration style 

to the biotite-garnet-sillimanite-magnetite assemblage. On Figure 17, the K2O/Al2O3 molar 

ratio of this assemblage is higher than in the least altered granite-gneiss, supporting the 

petrographic observation of abundant microcline (Figs. 15E, 15F). The Na2O/Al2O3 molar ratio 

remains unchanged from least altered granite-gneiss, suggesting that removal of Na (breakdown 

of plagioclase) is negligible, and Al-rich bulk compositions have not been produced. This is 

supported by the trace sillimanite content, absence of garnet, and retention of plagioclase in 

thin-section. The low biotite content of the granoblastic quartz-microcline-plagioclase-

sillimanite assemblage, and the absence of other Fe-bearing (e.g. magnetite) or Mg-bearing 

minerals, suggests at least localized removal of Fe and Mg. This is supported by whole-rock 

geochemistry: a sample of this hydrothermal alteration style (CAL053) contained 5.97 wt% 

K2O, 0.69 wt% Fe2O3, 0.1 wt% MgO, while its adjacent least-altered pre-cursor (CAL052) 

contained 3.52 wt% K2O, 3.93 wt% Fe2O3 and 0.79 wt% MgO (Appendix 7). 

Microcline-rich, granoblastic rocks associated with mineralization at the Hemlo (e.g. 

Tompkins et al., 2004) and Big Bell (e.g. Phillips and Powell, 2009) Au deposits, are interpreted 

to be potassic alteration zones, recrystallized during post-mineralization peak metamorphism. 
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The characteristics of the granoblastic quartz-microcline-plagioclase-sillimanite assemblage at 

Calingiri suggest a similar origin. Much of the microcline may be hydrothermal K-feldspar 

alteration that has recrystallized during peak metamorphism, however trace sillimanite in this 

assemblage suggests that some microcline may have formed by reaction (3) or by (Spear, 1995): 

 

(6)   Muscovite + Quartz → K-feldspar + Sillimanite + H2O 

 

Muscovite observed in V3 stockwork vein selvedges in the granoblastic quartz-

microcline-plagioclase-sillimanite assemblage (Fig. 15E) may be a remnant of earlier 

hydrothermal sericite alteration. The V1 granoblastic quartz-microcline-plagioclase-sillimanite 

veins (Figs. 11C, 13D) were also possibly quartz-sericite features, metamorphosed to their 

current form via reactions (3) or (6). 

Evidence of partial melting within and around the Dasher deposit (e.g. leucosomes, V5 

pegmatoidal veins) suggests that peak P-T was above the “wet granite melting” curve (Fig. 18), 

which is represented by the reaction (Spear, 1995): 

 

(7) Albite (ss) + K-feldspar (ss) + Quartz + H2O → Liquid 

(ss = solid-solution) 

 

At P-T conditions above this curve, the breakdown of pre-cursor hydrous alteration 

phases via dehydration reactions (e.g. reactions 3 to 6; Fig. 18), would have resulted in the 

direct production of melt, rather than H2O (dehydration melting; Spear, 1995). Any H2O 

produced by dehydration reactions below this curve (Fig. 18) may have been retained in the 

system, and could later have enabled partial melting as P-T conditions increased (e.g. reaction 

7). It is not clear which path, or combination of paths, produced partial melt features at Dasher. 

In combination, the sillimanite-microcline-producing reaction (3) and the partial melting 

reaction (7), suggest a minimum temperature of ~660°C for peak metamorphism at Dasher (Fig. 

18). A maximum temperature of ~800°C is suggested by the stability of biotite in the granite-

gneiss, and the lack of metamorphic pyroxene in the mafic ortho-amphibolites (Fig. 18; Spear, 

1995). The upper pressure limit of peak metamorphism can only currently be constrained to 

less than ~10 kbar, by the upper pressure limit of sillimanite stability within than temperature 

range. 
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Fig. 18. P-T diagram showing metamorphic boundaries (discussed in text) used to infer peak metamorphic 

temperatures at Dasher of between 660° and 800°C. Existing P-T estimates for peak metamorphism at Ninan and 

Griffin’s Find are shown for comparison. All references indicated on the diagram. 

Other Mineralization in the Calingiri District 

Characteristics of the Bindi West and Ninan deposits (Fig. 3) are compared to Dasher in 

Table 3. There are currently no diamond drill holes into Bindi East or Opie, but at both deposits 

mineralization is hosted in garnet-bearing granite-gneiss that is visually comparable to the 

Dasher granite-gneiss (Caravel Minerals Ltd, 2016). The Bindi East mineralization is sub-

horizontal, while the Opie mineralization dips ~40° to the north, sub-parallel to S1 in nearby 

outcrops. 

The Bindi West mineralization is hosted in granite-gneiss (sensu lato; Fig. 19A), and is 

analogous to Dasher in terms of mineralization style and the relative timing of intrusive, 

structural, metamorphic and mineralization events. The most striking visual difference at Bindi 

West is the more intense overprint by retrograde chlorite-sericite ± epidote ± carbonate 

hydrothermal alteration, and associated dominance of pyrite over pyrrhotite as the Fe-sulfide 

species. The most pervasive retrogression is focused around a ~30 m wide tectonic breccia and 

vein zone that marks the hangingwall contact of mineralization (Fig. 19B). As observed at 

Dasher, peak metamorphic sillimanite has grown in the S2 orientations (Figs. 19C, 20A), which 
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is axial planar to F2 folds of S1 and mineralized veins. The west- to northwest-plunging F2 folds 

have Z asymmetry (Figs. 19D, 20B) and northeast vergence, consistent with Bindi West lying 

on the western limb of the F2 Bindi antiform (Fig. 3). 

The Ninan deposit is dominantly hosted in dacitic (~66% SiO2) and andesitic (~59% 

SiO2) volcanic and volcaniclastic rocks (Fig. 21A). Micro-structures (S-C fabrics, σ-type 

deformed phenocrysts) show consistent top-to-northwest kinematics on the S1 foliation, which 

is associated with a pervasive L1 lineation, defined by stretching of quartz and feldspar 

phenocrysts (Figs. 21B, 22A, 22B). North-plunging, east-verging F2 folds of S1 and lithological 

layering (Fig. 21C) are consistent with Ninan lying on the western limb of the kilometer-scale, 

second generation antiform interpreted by Lipple (1982). Microcline-quartz-biotite-sillimanite-

garnet-andalusite schists (Fig. 21D) that were interpreted as meta-sedimentary rocks by Blight 

(1977), are interpreted to be metamorphosed shear zones in this study, based on their 

gradational contacts into low strain dacitic volcanic rocks. Post-D1 peak metamorphism is 

indicated by the growth of fibrolitic sillimanite and large (>30 mm) microcline porphyroblasts, 

over S1-aligned biotite and ex-staurolite (Fig. 21D). An earlier metamorphic event is suggested 

by garnet grains that are wrapped by the S1 foliation and/or display multiple growth phases. 

Mineralization at Ninan has geometric (tabular, 30-150 m thick), geochemical (Ag-Au 

association) and mineralogical (garnet-sillimanite-biotite-magnetite) similarities to the granite-

gneiss-hosted mineralization (Table 3). A comparable syn- to post-D1 timing is suggested by 

weakly mineralized veins deformed in F1 folds, and main stage actinolite/grunerite-quartz-

magnetite-sulfide veins that run parallel to, or cross-cut, S1 (Fig. 21A). Blight (1977) interpreted 

grunerite in Ninan samples to be of meta-ultramafic origin, but its association with mineralized 

veins suggest that it is likely metamorphosed hydrothermal alteration (Fig. 21E). 

The Ninan host sequence is intruded by numerous 5-300 cm, plagioclase-phyric, granitoid 

dikes (Fig. 21F). These are referred to here as the Ninan monzogranite, based on a modal 

mineralogy of quartz (40 vol%), plagioclase (35 vol%), K-feldspar (20 vol%) and biotite (5 

vol%), with accessory zircon. There is trace garnet in some dikes, and plagioclase phenocrysts 

are zoned from Ca-rich cores to Na-rich rims. The dikes contain abundant xenoliths of foliated 

and lineated greenstone, constraining them to a post-D1 age. A body of visually similar biotite 

monzogranite is exposed in a ~500 x 500 m outcrop centred 1800 m south-southwest of Ninan. 
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Table 3. Summary of characteristics of the Dasher, Bindi West and Ninan mineralization. 

 

 

 

 

 

Dasher Bindi West Ninan

Resource (Caravel 

Minerals Ltd, 2016)

137Mt at 0.30% Cu, 72 ppm Mo, 

1.70 g/t Ag, 0.019 ppm Au 

(0.15% Cu cutoff)

(Bindi total) 317Mt at 0.26% Cu, 

49 ppm Mo, 1.14 g/t Ag, 0.018 

ppm Au (0.15% Cu cutoff)

Unpublished 2006 oxide Cu 

resource of 1.27 Mt @ 0.83% 

Cu (0.25% Cu cutoff)

Data sources 3 x DDH, patchy outcrop 1 x DDH 2 x DDH, patchy outcrop

Host lithologies and 

geochronology

Granite-gneiss after High-Ca 

biotite monzogranite and 

syenogranite (3010 ± 4 Ma, 

SHRIMP U-Pb zircon)

Granite-gneiss after High-Ca 

biotite monzogranite

Schistose volcanic and 

volcaniclastic rocks of dacite to 

andesite composition

Other lithologies and 

geochronology

Old mafic ortho-amphbolite; 

younger granite (2673 ± 5 Ma, 

SHRIMP U-Pb zircon), 

pegmatite and Proterozoic 

dolerite dikes

Old mafic ortho-amphbolite; 

younger granite, pegmatite and 

Proterozoic dolerite dikes

Old BIF, mafic ortho-amphibolite 

and quartz-feldspar-phyric dacitic 

sills; younger biotite monzogranite 

(2670 ± 7 Ma, SHRIMP U-Pb 

zircon) and pegmatite dikes

Structural geometries 

(dip/dip direction and 

plunge→trend format)

S1 foliation 65°/061°; L1 

stretching absent; S2 foliation 

66°/265°; W-verging F2 folds 

13°→341°; crenulation ~30°/090°

S1 foliation 36°/309°; L1 

stretching absent; S2 foliation 

30°/281°; NE-verging F2 

asymmetric Z folds 36°→303°

S1 foliation 40°/305° (top to 

NW); L1 stretching lineation 

36°→313°; S2 foliation steep, ~N-

striking; E-verging F2 

asymmetric Z folds gently ~N-

plunging

Metamorphic indicator 

minerals

Garnet, sillimanite Garnet, sillimanite Garnet, sillimanite, andalusite, 

staurolite

Timing constraints on 

metamorphism

Possible ~syn-D1 event, peak 

event syn- to post-D2 (sillimanite 

in S2 orientation); sillimanite and 

garnet in granite dikes indicate 

peak at, or after, ca. 2673 Ma

Possible ~syn-D1 event, peak 

event syn- to post-D2 (sillimanite 

in S2 orientation)

Pre- to syn-D1 event (garnet 

wrapped by S1), post-D1 peak 

event (sillimanite and 

metamorphic microcline 

overgrow S1)

Mineralization 

geometry

Tabular, ~50°/090° orientation 

preserved between granite dike, 

likely S1-parallel internally

Tabular, ~36°/309° (S1-parallel), 

possibly truncated by late 

hangingwall fault

Tabular, ~40°/305° (S1-parallel)

Mineralization-related 

sulfide-oxide 

assemblage

Chalcopyrite-pyrrhotite-

magnetite±molybdenite±pyrite 

(pyrrhotite dominant Fe-sulfide)

Chalcopyrite-pyrite-

magnetite±pyrrhotite±molybdenit

e (pyrite dominant Fe-sulfide)

Chalcopyrite-pyrrhotite-

magnetite±pyrite (no appreciable 

molybdenite)

Mineralized veins and 

geochronology

Syn-D1 Mo-dominant quartz-

feldspar-sulfide veins; post-D1 

Cu-dominant quartz-sulfide-

magnetite stockwork veins, 

quartz-magnetite-garnet-biotite-

sulfide veins, stringer and 

disseminated sulfide; quartz-

feldpsar-sulfide±garnet 

pegmatoidal leucosomes

Quartz-feldspar-chalcopyrite-

pyrite±pyrrhotite±molybdenite 

veins (leucosomes?), stringer and 

disseminated sulfide

Syn-D1 quartz-hornblende/ 

acitnolite-sulfide (weak); post-D1 

quartz-actinolite/grunerite-

magnetite-sulfide veins, with 

biotite-garnet selvedges
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Table 3. (continued) 

 

 

 

Fig. 19. Bindi West features. (A) Pegmatoidal mineralized vein in granite-gneiss, with near-complete 

retrogression of biotite. 14CADD002, 123.9 m. (B) Three phases of brecciation, as numbered, associated with the 

hangingwall fault. Strong retrograde hydrothermal alteration has left no biotite in this granite-gneiss. 14CADD002, 

118.0 m. (C) View down to the west of sillimanite masses aligned in the S1 and S2 orientations, in granite-gneiss. 

The vergence is consistent with the observed Z asymmetry of F2 folds. 14CADD002, 168.7 m. (D) Asymmetric 

F2 Z folds of SBAN and S1 in typical Bindi West granite-gneiss. 14CADD002, 212.0 m. 

Dasher Bindi West Ninan

Mineralization-related 

hydrothermal alteration 

assemblages

Biotite-garnet-sillimanite-

magnetite; quartz-microcline-

plagioclase-sillimanite

Biotite-garnet-sillimanite-

magnetite

Biotite-garnet-sillimanite-

magnetite

Mineralization timing 

and geochronology

Syn- to post-D1, Mo-rich vein 

folded D1 dated at 2977 ± 20 Ma 

(Re-Os on molybednite); folded 

in D2 (pre-peak metamorphism)

Folded in D2 (pre-peak 

metamorphism)

Syn- to post-D1; folded in D2

Greenschist 

retrogression

Patchy, weak; moderate around 

late brittle structures

Pervasive, moderate; intense 

around late brittle structures

Patchy, weak
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Fig. 20. Stereonets of D1 and D2 features at Bindi West, from drill core. (A) Poles to S1 and S2, showing the 

similar dip but more northerly strike of the sillimanite-defined S2. (B) Measured F2 fold axes plunge gently west 

to northwest, similar to the intersection of mean S1 and S2 from Fig. 20A. 

Geochronology 

SHRIMP U-Pb geochronology was completed on zircon separates from a 3 m wide, 

xenolith-rich Ninan monzogranite dike in 08WHDDH001 (Fig. 21F; sample CAL038, GSWA 

ID 205933). Unpublished data and interpretations by Wingate and Lu (2016) are in Appendix 

10. The interpreted igneous zircons have elongate and subhedral-euhedral morphology, 

concentrically zonation, and an average 232Th/238U ratio of 0.58, which is consistent with them 

being of igneous origin (Hoskin and Schaltegger, 2003). Nine analyses of zircons from CAL038 

yield a weighted mean 207Pb/206Pb age of 2670 ± 7 Ma (MWSD = 1.8), which is interpreted 

to represent the magmatic crystallization age of the monzogranite (Fig. 8). Twenty analyses of 

interpreted older zircon cores yielded inherited ages ranging from 3219-2785 Ma, including 

significant groups at ~3012 Ma and ~2977 Ma. The ~3012 Ma group is comparable to the age 

of the Dasher granite-gneiss (this study) and the minimum age of the Wongan Hills greenstone 

belt (Pidgeon et al., 1990). The dated dike contains isolated blebs of chalcopyrite-pyrite (Fig. 

21F), some of which is observed as fine inclusions in the Na-rich rims of plagioclase 

phenocrysts. This mineralization is interpreted to have been entrained in the dike during its 

intrusion into the mineralized host sequence. 
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Fig. 21. Ninan features. (A) Typical feldspar-phyric dacitic volcanic rock. An early quartz-feldspar-

amphibole vein with a silica-feldspar selvedge is deformed in S1, and then cut by S1-parallel sulfide-rich veinlets. 

08WHDDH001, 179.1 m. (B) Photomicrograph (cross-polarized) looking north at a porphyritic dacitic intrusion 

strongly affected by D1 deformation. Top-to-west kinematics indicated by the asymmetry of a σ-type recrystallized 

quartz phenocryst. Sample CAL032. (C) East-verging F2 fold train affecting a mineralization-related garnet-

magnetite band in outcrop. 6578819N 465876E. (D) Photomicrograph (cross-polarized) of a large metamorphic 

microcline that has overgrown S1-aligned biotite and quartz, and contains abundant fine sillimanite. Sillimanite 

also occurs as fibrolitic pseudomorphs of former staurolite and foliation-parallel biotite streaks. Sample CAL066. 

(E) Thin-section scan showing a garnet-biotite selvedge adjacent to a grunerite-magnetite-pyrite-chalcopyrite vein. 

The grainsize and proportion of biotite in the selvedge increases with proximity to the vein. Sample CAL065. (F) 
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Dated Ninan monzogranite sample, with entrained sulfide mineralization that localizes greenish chlorite-sericite 

retrogression. Sample CAL038. 

 

Fig. 22. Stereonets of D1 features at Ninan, form drill core and outcrop. (A) Poles to S0 and S1, showing a 

fold-related distribution. The pole to the best fit girdle (beta-axis) approximates the plunge of the folds responsible, 

likely F2. (B) L1 stretching measurements, in relation to mean S1 in the deposit area, from Fig. 22A. 

Geochemistry of Calingiri Granitoids 

The dominant monzogranite to granodiorite (modal mineralogy) component of the 

granite-gneiss at Dasher and Bindi West ranges from ~67 to 71 wt% SiO2, while the Dasher 

syenogranite component contains ~74 wt% SiO2 (Fig. 23; Appendix 7). All analyzed 

components of the granite-gneiss show geochemical similarities to the Eastern Goldfields 

Province High-Ca granite group of Cassidy et al. (2002) (Fig. 23). The ca. 2673 Ma Dasher 

granite dikes and ca. 2670 Ma Ninan monzogranite dikes contain ~72 wt% SiO2, and tend 

towards the high Th and Zr limits of the High-Ca granite group (Fig. 23; Appendix 7). The 

younger granitoids display a -ve Eu anomaly and flat HREE profile on a chondrite-normalized 

REE diagram, in contrast to the fractionated LREE to HREE profile of the granite-gneiss (Fig. 

24; Appendix 7). 

The High-Ca granites in the Yilgarn Craton are interpreted to have from high pressure 

(>10 kbar) melting of a mostly mafic source, either deep in thickened crust (35-50 km), or from 

a subducted slab (Cassidy et al., 2002). The higher Th and Zr contents and REE chemistry of 

the younger granitoids is more consistent with moderate pressure (<10 kbar) melting in a crustal 

environment (Champion and Sheraton, 1997). This origin for the younger granitoids is 

consistent with their significant xenocrystic zircon populations (Fig. 8). 
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Fig. 23. Geochemistry of Calingiri granitoid lithologies (Appendix 7) in relation to the High-Ca and Low-

Ca granite groups from the Eastern Goldfields Province. Outlines are from data in Cassidy et al. (2002). 
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Fig. 24. Chondrite-normalized REE spider diagram of Calingiri granitoids with SHRIMP U-Pb zircon 

analyses (Appendix 7). The younger granitoids are distinguished by -ve Eu anomalies and enrichment in HREE, 

relative to the older granite-gneiss samples. Normalization values from Sun and McDonough (1989). 

Preliminary Descriptive Model for the Calingiri Cu-Mo-Ag Mineralization 

A model for the geological evolution of the Calingiri district is proposed below and 

summarized in Figure 25, based on the findings of this study, and previous work in the region. 

At ca. 3010 Ma (SHRIMP U-Pb zircon; Fig. 8), the Wongan Hills greenstone belt and 

southern greenstone belt were intruded by multiple pulses of High-Ca monzogranite to 

syenogranite, which formed a banded, sill-like intrusion of >3 kilometers true thickness (Fig. 

25A). The intrusion was synchronous with the onset of D1 deformation, characterized by the 

formation of ~layer-parallel foliation (S1), a stretching lineation (L1), and isoclinal folds (F1) 

(Fig. 25B). The S1 foliation formed gneissic high-strain domains in the High-Ca intrusion, 

creating the observed granite-gneiss. An early metamorphic event may have occurred during 

D1. 

Mineralization in the granite-gneiss-hosted deposits commenced during D1, favouring a 

district-scale D1 high-strain zone developed around the contact of the granite-gneiss with the 

southern greenstone belt (Fig. 25B).  Early Mo-dominant quartz-feldspar veins (V1) within this 

mineralization corridor were emplaced at ca. 2997-2957 Ma (Re-Os molybdenite; Appendix 

11), and progressed to Cu-dominant V1 veins during D1. The main stage of Cu mineralization 

was late- to post-D1 (Fig. 25C), and comprised sulfide stringer (V2), quartz-sulfide stockwork 

(V3) and garnet-biotite-magnetite-sulfide veins (V4; unlikely the original mineralogy). 

Mineralization was accompanied by widespread hydrothermal destruction of plagioclase, and 

related removal of Na and Ca, to create Al-rich to peraluminous bulk rock compositions (Fig. 

17). Syn-mineralization hydrothermal alteration assemblages likely included sericite (Fig. 
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15E), sericite-chlorite (Fig. 15D) and magnetite (Fe addition). Hydrothermal K-feldspar 

alteration also occurred in separate zones that lack evidence of plagioclase destruction. 

Some granitoid magmatism, and possibly further gneiss formation, occurred at ca. 2.8 Ga 

(Fig. 25D; Pidgeon et al., 1990). At ca. 2673 Ma (SHRIMP U-Pb zircon; Fig. 8) renewed 

heating generated crustal melts that were emplaced as granite (sensu stricto) dikes and stocks 

(Fig. 25D). These granites cut across D1 features and mineralized zones, entraining some 

sulfide. Peak upper-amphibolite facies metamorphism, at ~660°C to 800°C and <10 kbar (Fig. 

18), occurred at or after ca. 2673 Ma, based on the presence of garnet and sillimanite in the 

granite dikes (Figs. 12B, 25E). Peak metamorphism was broadly synchronous with D2 ~east-

west compression, as evidenced by the growth of sillimanite parallel to the north-south striking, 

moderately west-dipping S2 foliation (Figs. 11F, 19C). During D2, pre-existing geological 

features were folded by open, generally north-plunging F2 folds. At district-scale, the ~15 km 

long granite-gneiss mineralization corridor was folded into train of ~30° to 40° north- to 

northwest-plunging, kilometer-scale F2 folds (Fig. 3). At the Dasher deposit, west-verging F2 

folds buckled mineralized veins and the mineralized body as a whole (Fig. 5). 

During D2 and peak metamorphism, existing mineralized veins (V1 to V4) and 

hydrothermal alteration zones in the granite-gneiss were recrystallized into metamorphic 

equilibrium assemblages. Aluminium-rich to peraluminous zones (e.g. sericite-chlorite) 

produced biotite-garnet-sillimanite-magnetite assemblages (Figs. 12A, 15A), and hydrothermal 

K-feldspar zones recrystallized into granoblastic quartz-microcline-plagioclase-sillimanite 

(Figs. 15E, 15F). Metamorphic dehydration of hydrous alteration phases released H2O, causing 

localized partial melting within mineralized areas, and the production of V5 mineralized 

pegmatite veins (Fig. 14E). Syn-mineralization pyrite may have been converted to pyrrhotite as 

it heated over ~500°C (Blatt et al., 2006). 

The minimum age of D2 and peak metamorphism is constrained by the intrusion of post-

tectonic granitoids at ca. 2651 Ma (SHRIMP U-Pb zircon; Pidgeon et al., 1990). Greenschist 

facies retrograde metamorphism, accompanied by brittle faulting and hydrothermal chlorite-

sericite-epidote-carbonate ± pyrite alteration, followed at ca. ca. 2646 Ma (conventional U-Pb 

titanite; Pidgeon et al., 1990). 
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Fig. 25. Schematic east-west cross-section showing the interpreted intrusive, structural, metamorphic and 

mineralization history of the Calingiri district. Refer to Fig. 3 for plan-view context. The north plunge of F2 folds 

(Fig. 25A and Fig. 25B) results in Dasher and Bindi being further north than Opie. 
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Discussion 

There are few analogues to Calingiri Cu-Mo-Ag deposits in the literature: Archean, 

granite-gneiss-hosted, and Cu-Mo-dominant. The deposits are of interest because their 

discovery demonstrates latent mineralization potential in poorly-explored granite-gneiss 

terranes on the Yilgarn Craton, and on other Archean cratons worldwide – e.g. Canada, Brazil. 

The Calingiri mineralization also provides insights into the geology and metallogeny of the 

southwest Yilgarn Craton, and is an addition to the class of pre-peak metamorphic, epigenetic 

mineral deposits (discussed in Appendix 1). 

Classification of the Calingiri Cu-Mo-Ag mineralization 

Many characteristics of the granite-gneiss-hosted Calingiri mineralization are comparable 

to Phanerozoic porphyry-style mineral deposits (e.g., Sillitoe, 2010), including: (1) granitoid 

host rock; (2) Cu-Mo-Ag-(Au) mineralization; (3) bulk-tonnage, with stockwork, stringer and 

disseminated mineralization styles; (4) separate spatial location of Mo-dominant and Cu-Au-

dominant mineralization (Table 2; Fig. 16); and (5) plagioclase-destructive and K-feldspar-

magnetite-productive hydrothermal alteration. The Calingiri mineralization is distinguished 

from the magmatic-hydrothermal iron oxide-copper-gold (IOCG) class of deposits (e.g., 

Richards and Mumin, 2013) by its lack of: (1) sodic-calcic hydrothermal alteration; (2) U or 

REE association; and (3) carbonate alteration. Based on this evidence, it is reasonable to 

describe Calingiri as ‘porphyry-style’ mineralization. However, it is important to note that this 

study has not established any genetic link between particular granitoid intrusions and Cu-Mo-

Ag mineralization at Calingiri: that is, the ca. 3010 Ma granite-gneiss (SHRIMP U-Pb zircon) 

should be considered a ‘passive’ host rock, unless evidence to the contrary emerges. 

There are few indisputable examples of Precambrian porphyry mineralization (Richards 

and Mumin, 2013). Disputed or uncertain Archean to Paleoproterozoic examples include: (1) 

the Lac Troilus Cu-Au deposit, Superior Province (Fraser, 1993; Rowins, 2000; Goodman et 

al., 2005); (2) the Boddington Au-Cu-Mo deposit, Yilgarn Craton (Allibone et al., 1998; Stein 

et al., 1998); and the Malanjkhand Cu-Mo-Au deposit, Central Indian Tectonic Zone (Stein et 

al., 2004). The difficulty in establishing genetic links between mineralization and the host 

intrusions – a central tenet of the porphyry model (e.g., Sillitoe, 2010) – is a common hindrance 

to the definitive classification of these as porphyry, rather than ‘porphyry-style’ deposits. The 

Coppin Gap Cu-Mo deposit, Pilbara Craton, is one Archean example where mineralization is 

interpreted by several workers to be ~synchronous with the ca. 3314 Ma host intrusion 

(SHRIMP U-Pb zircon) (Williams and Collins, 1990; Huston et al., 2002). The Calingiri 
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mineralization will remain ‘porphyry-style’ until a genetic relationship between mineralization 

and a particular intrusive phase can be established from further study. 

Calingiri in the geological and metallogenic evolution of the southwest Yilgarn Craton 

The discovery of the Calingiri Cu-Mo-Ag mineralization has provided detailed geological 

information in a little-studied area of the southwest Yilgarn Craton. SHRIMP U-Pb 

geochronology on the Dasher granite-gneiss (magmatic crystallization 3010 ± 4 Ma) confirms 

the presence of ca. 3.0 Ga magmatism in this region (Pidgeon et al., 1990; Mole et al., 2012), 

and locally expands the spatial extent of these granitoids (Fig. 3). This granite-gneiss is part of 

the oldest suite of granitoid intrusions recognized in the South West Terrane (Mole et al., 2012). 

The ca. 2670 Ma (SHRIMP U-Pb zircon) post-mineralization granitoid dikes at Dasher and 

Ninan are part of a 2720-2600 Ma granitoid pulse that includes the majority of preserved 

southwest Yilgarn Craton granitoids, by volume (Mole et al., 2012). These dikes contain 

inherited zircons >3.2 Ga, and as old as 3282 ± 3 Ma (CAL044 Dasher granite dike; SHRIMP 

U-Pb zircon), potentially indicating an older crustal history for the South West Terrane than the 

ca. 3240 Ma limit suggested by Mole et al. (2012). The ca. 2.8 Ga inherited zircons in the dikes 

are likely evidence of regional ca. 2.8 Ga granitoid magmatism (Mole et al., 2012) and/or local 

gneiss formation (Pidgeon et al., 1990). 

The onset of D1 ductile deformation at Calingiri (foliation, isoclinal folding, stretching) 

has a minimum age of 3010 ± 4 Ma (SHRIMP U-Pb zircon), based on the syenogranite at 

Dasher cutting an early foliation in adjacent monzogranite (Fig. 7B). This suggests that early 

deformation was ~synchronous with the deposition of the Wongan Hills greenstone belt 

(Pidgeon et al., 1990) and High-Ca granitoid magmatism (this study). Early deformation with 

similar structural characteristics and relative timing is observed in younger granite-greenstone 

terranes in the eastern Yilgarn Craton (Swager, 1995; Blewett et al., 2010). The timing (ca. 

2670 to 2650 Ma), compression direction (~east-west) and metamorphic grade (upper 

amphibolite facies) of the peak metamorphic event at Calingiri suggest it is likely related to the 

high-grade metamorphism developed parallel to the YCRL during amalgamation of the 

Balingup and Lake Grace terranes at ca. 2650-2640 Ma (Nemchin et al., 1994; Wilde et al., 

1996; Qiu and Groves, 1999; Mole et al., 2012). The influence of that high-grade metamorphic 

event is therefore likely to extend further to the northeast than previously known. 

This study has shown that the Boddington Au-Cu-Mo deposit (Fig. 1; Table 1), is not 

comparable to the Calingiri deposits in terms of host rock type, host rock age, or mineralization 

age (Allibone et al., 1998; Stein et al., 2001). However, the Ravensthorpe Cu-Au-Ag-Pb-Zn 
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deposits (Savage et al., 1995; Witt, 1999), in the far southwest of the Youanmi Terrane (Fig. 1; 

Table 1), do have characteristics in common with Calingiri: (1) ca. 3000-2950 Ma intrusive and 

volcanic host rocks; (2) disseminated, vein-poor, ~syn-volcanic mineralization; (3) potassic 

hydrothermal alteration accompanied by enrichment of Fe and Mg, and depletion of Ca and Na; 

and (4) post-mineralization peak metamorphism, at upper greenschist to upper amphibolite 

facies conditions. Together, Calingiri and Ravensthorpe provide strong evidence for the 

presence of ca. 3.0 Ga, pre-peak metamorphic, base metal mineralization in the southwest 

Yilgarn Craton. 

Implications for exploration 

The Yilgarn Craton has produced >324 Moz Au, predominantly from greenstone belt-

hosted deposits (93%), and predominantly from the eastern half of the craton (Witt et al., 2013). 

This type of mineral deposit has been the focus of much mineral exploration on the craton. The 

low Au content of Calingiri (0.02 ppm in the resource; Caravel Minerals Ltd, 2016), its location 

in the southwest of the craton, and its dominantly granite-gneiss host rock, may therefore 

explain why this vast (~15 x 3 km) mineralized trend was not found earlier, despite sub-

cropping on farm land only 120 km from Perth. Additional Calingiri-style mineralization may 

remain undiscovered in the Yilgarn Craton, and on other Archean cratons where granitoid 

domains have received relatively little mineral exploration. 

Based on the outcomes of this study, criteria for exploration for Calingiri-style 

mineralization can be proposed: (1) preservation of ca. 3.0 Ga rocks is fundamental, at all 

scales, because rocks younger than the mineralization are implicitly unprospective; (2) of 

particular interest are ca. 3.0 Ga High-Ca granite-gneiss domains, and their contacts with 

~contemporaneous greenstone belt rocks; (3) within prospective lithological domains, early 

high-strain zones may act as fluid pathways; and (4) discrete magnetic anomalies may be 

indicators of hydrothermal magnetite alteration. Recognition of hydrothermal alteration 

through the masking effects of post-mineralization structural, metamorphic and intrusive events 

is a particular difficulty at Calingiri, and will likely apply to analogous mineral systems.  

Conclusions 

This study of the Calingiri Cu-Mo-Ag deposits has placed initial constraints on the 

relative and absolute (where possible) timing of lithological, structural, metamorphic and 

mineralization events at Calingiri. The possibility that these deposits represent a new class of 

Archean, granite-gneiss-hosted mineralization will ensure continuing interest in their 
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characteristics and controls, from both academia and the mineral exploration industry. Areas of 

future research on Calingiri should include: (1) detailed geochemical (e.g. mass balance) and 

fluid-inclusions studies to characterize the mineralizing fluid composition, and its effects of 

host-rock chemistry; (2) direct dating and P-T estimation (geothermobarometry) on the peak 

upper-amphibolite facies metamorphic event; (3) characterizing the Bindi East and Opie 

deposits, when diamond drill core becomes available; (4) SHRIMP U-Pb geochronology on the 

intermediate volcanic rocks at Ninan, to establish the age of the Wongan Hills greenstone belt, 

which currently only has a minimum age constraint; and (5) craton-scale investigations into the 

extent and nature of the ca. 3.0 Ga mineralization represented by Calingiri and Ravensthorpe. 
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Appendix 3 – Outcrop mapping observations 
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Appendix 4 – Dasher pavement outcrop map 

Pavement centred south of Dasher at ~6566260N/463980E (MGA Zone 50). 
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Appendix 5 – Drill core sample details 
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Appendix 6 – Drill core structural measurements 
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Appendix 7 – Whole-rock geochemistry 
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Appendix 8 – Caravel Minerals Ltd four-acid digest geochemistry 
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Appendix 9 – SEM data 

Note: limited SEM data was collected, seeking to establish the suitability of the samples for 

garnet-biotite thermometry and/or garnet-aluminosilicate-silica-plagioclase barometry 

(GASP). However due to uncertainty over the applicability of those methods to rocks with 

igneous and secondary biotite, metamorphosed hydrothermal alteration zones, and rocks 

containing significant sulfide and/or magnetite, this work was not continued. 
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CAL022 igneous/metamorphic biotite Average FeO/(FeO+MgO) = 0.82 Average TiO2 = 1.90

CAL009 hydrothermal alteration biotite Average FeO/(FeO+MgO) = 0.92 Average TiO2 = 3.48

Garnet calculated to 12 oxygens, plagioclase to 8 oxygens, biotite to 24 oxygens

Not certain that 24 oxygens is correct for biotite.

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

STANDARD 78 Garnet MgO 10.11 0.11 1.18

Al2O3 21.86 0.16 2.02

SiO2 36.93 0.21 2.9

CaO 1.1 0.06 0.09

MnO 1.2 0.1 0.08

FeO 27.44 0.28 1.8

SUMS 98.63 8.09

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

STANDARD 79 Garnet MgO 10.15 0.11 1.18

Al2O3 21.96 0.16 2.02

SiO2 37.2 0.21 2.91

CaO 1.06 0.06 0.09

MnO 1.27 0.1 0.08

FeO 27.36 0.29 1.79

SUMS 99.01 8.08

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 80 Garnet MgO 1.19 0.07 0.15

Al2O3 20.09 0.15 1.99

SiO2 34.43 0.2 2.9

CaO 1.05 0.06 0.09

MnO 8.84 0.17 0.63

FeO 33.21 0.31 2.34

SUMS 98.81 8.1

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 81 Garnet MgO 1.22 0.07 0.15

Al2O3 20.07 0.15 2

SiO2 34.08 0.2 2.88

CaO 0.98 0.06 0.09

MnO 8.68 0.17 0.62

FeO 33.56 0.31 2.37

SUMS 98.6 8.12

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 82 Garnet MgO 1.22 0.07 0.15

Al2O3 20.26 0.15 2.01

SiO2 34.25 0.2 2.89

CaO 0.99 0.06 0.09

MnO 8.43 0.17 0.6

FeO 33.43 0.31 2.36

SUMS 98.57 8.1
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Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 83 Garnet MgO 1.19 0.06 0.15

Al2O3 20.3 0.15 2.02

SiO2 34.07 0.2 2.88

CaO 0.96 0.06 0.09

MnO 9.27 0.17 0.66

FeO 32.86 0.31 2.32

SUMS 98.65 8.11

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 84 Biotite MgO 5.42 0.09 1.44

Al2O3 18.72 0.14 3.94

SiO2 31.3 0.19 5.59

K2O 8.42 0.09 1.92

CaO 0.75 0.06 0.14

TiO2 1.74 0.1 0.23

MnO 0.52 0.09 0.08

FeO 25.5 0.28 3.81

SUMS 92.36 17.16

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 85 Biotite MgO 5.31 0.09 1.41

Al2O3 18.41 0.14 3.86

SiO2 31.66 0.19 5.63

0 0.03 0.03

K2O 9.37 0.09 2.13

TiO2 2.14 0.1 0.29

MnO 0.29 0.09 0.04

FeO 25.72 0.28 3.83

SUMS 92.91 17.18

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 86 Biotite MgO 5.9 0.09 1.57

Al2O3 18.9 0.15 3.98

SiO2 30.83 0.19 5.51

0 0.03 0.03

K2O 8.22 0.09 1.87

TiO2 1.67 0.09 0.22

MnO 0.36 0.09 0.05

FeO 26.68 0.28 3.98

SUMS 92.55 17.19

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 87 Biotite MgO 5.49 0.09 1.46

Al2O3 18.51 0.14 3.9

SiO2 31.22 0.19 5.58

K2O 8.77 0.09 2

TiO2 2.07 0.1 0.28

MnO 0.31 0.09 0.05

FeO 25.68 0.28 3.84

CoO 0.49 0.16 0.07

SUMS 92.53 17.19
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Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 88 Plagioclase Na2O 8.93 0.1 0.8

Al2O3 23.55 0.15 1.28

SiO2 58.65 0.24 2.7

K2O 0.18 0.04 0.01

CaO 5.21 0.09 0.26

FeO 0.69 0.1 0.03

SUMS 97.21 5.07

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 89 Plagioclase Na2O 8.81 0.1 0.79

Al2O3 23.42 0.15 1.28

SiO2 58.44 0.24 2.7

K2O 0.17 0.04 0.01

CaO 5.13 0.09 0.25

FeO 0.54 0.1 0.02

SUMS 96.51 5.06

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 90 Plagioclase Na2O 8.83 0.1 0.8

Al2O3 23.5 0.15 1.29

SiO2 57.95 0.24 2.69

K2O 0.17 0.04 0.01

CaO 5.22 0.09 0.26

FeO 0.52 0.1 0.02

SUMS 96.19 5.07

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma Number of Ions

CAL022-site3 91 Plagioclase Na2O 8.56 0.09 0.77

Al2O3 23.48 0.15 1.29

SiO2 58.15 0.24 2.7

K2O 0.2 0.04 0.01

CaO 5.16 0.09 0.26

FeO 0.59 0.1 0.02

SUMS 96.15 5.05

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma No. of Ions

CAL009 alteration 36 Biotite MgO 2.35 0.14 0.61

Al2O3 18.7 0.27 3.87

SiO2 32.52 0.36 5.7

K2O 8.94 0.17 2

TiO2 3.35 0.2 0.44

FeO 29.28 0.53 4.29

SUMS 95.14 16.92

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma No. of Ions

CAL009 alteration 37 Biotite MgO 2.35 0.14 0.61

Al2O3 18.7 0.27 3.87

SiO2 32.52 0.36 5.7

K2O 8.94 0.17 2

TiO2 3.35 0.2 0.44

FeO 29.28 0.53 4.29

SUMS 95.14 16.92



116 

 

 

  

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma No. of Ions

CAL009 alteration 38 Biotite MgO 2.53 0.14 0.66

Al2O3 18.79 0.27 3.86

SiO2 32.53 0.36 5.67

K2O 8.96 0.17 1.99

TiO2 3.64 0.21 0.48

FeO 29.19 0.53 4.26

SUMS 95.64 16.92

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma No. of Ions

CAL009 alteration 39 Biotite MgO 2.57 0.14 0.69

Al2O3 18.09 0.27 3.82

SiO2 31.8 0.36 5.69

K2O 9 0.16 2.06

TiO2 3.43 0.2 0.46

FeO 28.38 0.52 4.25

SUMS 93.27 16.96

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma No. of Ions

CAL009 alteration 40 Biotite MgO 2.57 0.14 0.68

Al2O3 18.2 0.27 3.79

SiO2 32.27 0.36 5.7

0 0.06 0.06

K2O 8.72 0.17 1.96

TiO2 3.54 0.21 0.47

FeO 28.97 0.53 4.28

SUMS 94.27 16.87

Sample_site Analysis No. Mineral Oxide Oxide % Oxide % Sigma No. of Ions

CAL009 alteration 41 Biotite MgO 2.61 0.14 0.69

Al2O3 18.62 0.27 3.9

SiO2 31.66 0.36 5.62

K2O 8.81 0.17 1.99

TiO2 3.58 0.2 0.48

FeO 28.74 0.53 4.27

SUMS 94.02 16.95
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Appendix 10 – SHRIMP U-Pb zircon geochronology data 

Unpublished Wingate and Lu (2016) report is included here, followed by the SHRIMP 

analytical data provided by those authors. In the “Group ID” field of that data: I = igneous, X 

= xenocrystic, D = discordance >5% and P = radiogenic Pb-loss. 
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GSWA ID 205930, CAL024, 12CADD001 136.55-137.55 m 
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GSWA ID 205931, CAL026, 12CADD001 154.34-15.34 m 
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Appendix 11 – Re-Os geochronology data 

Report with methods and results is from Dr. Svetlana Tessalina (JDLC, Curtin University). 

 



130 

 

 

  



131 

 

Appendix 12 – Thin-section descriptions 

 

Sample ID: CAL004 

Hole ID: 12CADD002 

Depth: 32.26-36.36 m 

Reason for sample: Nature of common stringer style mineralisation. Two biotite types – foliated and 

unoriented. 

 

Transmitted Light 

Parent rock is typical biotite monzogranite, as described in CAL006. 

Widespread chloritisation of biotite, mainly replacing igneous form but also replacing salmon-pink unaligned 

alteration biotite. Chloritisation inevitably associated with sulphide patches. 

Pale yellow feldspar patches in hand specimen are slightly oxidised granoblastic plagioclase (85%), quartz 

(10%) and biotite (5%), with irregular grain boundaries. 

Widespread sericite dusting of feldspars, along with selective chloritisation. 

Some replacement of plagioclase by coarser sericite/muscovite. 

Coarse, unaligned biotite in “veins” is associated with rounded high-relief mineral, likely monazite. 

 

Reflected Light 

Cleavage planes in large magnetite grains replaced by chlorite. 

Subhedral cubic pyrite the dominant sulphide, with lesser chalcopyrite – no pyrrhotite. Chalcopyrite is pitted, 

intergrown with magnetite in places, and as fine inclusions within sericitised feldspars, especially around biotite 

vein. 

Very little sulphide in granoblastic plagioclase domains. 

 

Summary and comments 

No quartz vein associated with mineralised biotite vein. 

No clear evidence of S2 biotite alignment. 
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Sample ID: CAL006 

Hole ID: 12CADD002 

Depth: 47.00-47.27 m 

Reason for sample: Type example of K-feldspar-phyric biotite monzogranite. 

 

Transmitted Light 

Biotite (10%) is subhedral to euhedral, with abundant zircons. 

Quarts (25%) is irregular and anhedral, with poikilitic inclusions of biotite and plagioclase. Sub-grains are 

common in larger grain, and have undulose extinction. 

Plagioclase (50%) An24-27, some polysynthetic twinning, and definite areas of 120-degree triple junctions 

(polygonal granoblastic texture). 

Microcline (15%) as large anhedral phenocrysts that are poikilitic with biotite and quartz inclusions. Also occurs 

as anhedral grains in groundmass. 

Traces of fine sillimanite, in random orientations inside feldspar grains. 

Usual retrogression of biotite to chlorite-sericite-magnetite and sericite-chlorite-epidote overprint of feldspars. 

 

Reflected Light 

Trace opaques. Subhedral magnetite within and adjacent to retrogressed biotite. Tiny trace of subhedral 

chalcopyrite associated with unaligned biotite clump, causes localised retrogression to chlorite, both within 

biotite and in adjacent microcline. 

 

Summary and comments 

Rock is a microcline-phyric biotite monzogranite with granoblastic recrystallisation textures and chlorite-

sericite-epidote retrogression. 
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Sample ID: CAL007 

Hole ID: 12CADD002 

Depth: 48.60-48.85 m 

Reason for sample: High-strain variant of CAL006. Timing between garnet and foliation. 

 

Transmitted Light 

Rock is porphyritic, but phenocrysts now recrystallised into poikilitic feldspar-garnet masses (pale patches in 

hand specimen). 

Biotite (10%) in two forms: (1) Finer, subhedral light-dark brown igneous grains in groundmass; (2) Masses of 

decussate (?) larger subhedral to euhedral grains, light to dark brown. Zircons in both forms. 

Garnet (2%) is light pink, relatively clean and of consistent grainsize. Not affected by the foliation, clearly 

overgrows and is distributed throughout the rock. 

Plagioclase (58%) An27, coarse recrystallised phenocrysts (poikilitic with quartz and biotite), and abundant in 

groundmass. Anhedral in both settings. 

Microcline (5%) is anhedral, rare in groundmass, more common as recrystallised phenocrysts. No association 

with mineralised vein. 

Quartz (25%) in groundmass only, hard to pick from plagioclase. Lack of sericite dusting used to identify. 

Biotite to chlorite retrogression is focused around sulphides, and dusting of sericite is ubiquitous. Coarser masses 

of sericite and chlorite are focused around mineralised vein. 

 

Reflected Light 

Opaques are 1% overall. 

Chalcopyrite (50%) in disseminated form is subhedral, weakly pitted and intergrown with pyrite and pyrrhotite. 

Clusters occupy grain boundaries, wholly included in quartz or feldspar, and also replace biotite lamellae. 

Pyrite (35%) generally cleaner and more euhedral than other sulphides. One diffuse vein of intergrown, pitted 

chalcopyrite-pyrrhotite-magnetite is overgrown by cleaner pyrite. Vein is a focus for very localised muscovite-

chlorite retrogression, but adjacent silicates are no more affected by retrogression that elsewhere in the rock. 

Pyrrhotite (15%) is pitted and euhedral, intergrown with chalcopyrite. 

Magnetite in pitted subhedral grain grains is disseminated through the rock, usually associated with biotite. 

 

Summary and comments 

Formerly K-feldspar-phyric biotite monzogranite, now recrystallised to poikilitic plagioclase-microcline 

blotches. Disseminated chalcopyrite-pyrite clusters and diffuse vein have no obvious silicate alteration, but are a 

focus for localised retrogression. 

Within reason that this is the same rock as CAL006 least-altered variant. 

Garnet post-dates S1 foliation. 

Weak secondary alignment of biotite in S2 orientation (moderate west dip). 
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Sample ID: CAL008 

Hole ID: 12CADD002 

Depth: 52.18-52.28 m 

Reason for sample: Effects of strain gradient on textures. Sulphide-rich stringer cuts foliation. 

 

Transmitted Light 

Parent rock is CAL006 biotite monzogranite. 

Only about 10% retrogression of biotite to chlorite (<< than CAL004), focused around sulphide patches and vein 

that “breaches” foliation. Weak to moderate sericitisation, but with no spatial relationship to mineralisation. 

One patch of garnet associated with mantle-style mineralised vein – no retrogression in garnet, but >sericite in 

adjacent feldspar. 

Portion of mineralised vein that “breaches” foliation is clearly associated with very localised chlorite-sericite 

retrograde alteration (1-2 times vein width). 

Foliation-parallel mineralised zones are associated with thin quartz veins. 

 

Reflected Light 

Breaching vein is chalcopyrite-rich (90%), with lesser pyrrhotite, and there is also fine pyrrhotite-chalcopyrite in 

the retrograde selvedge.  

Remaining mineralisation (bulk) is anhedral chalcopyrite-pyrrhotite interstitial to silicate grains (mantling them). 

Both sulphides are pitted and dirty, with minor euhedral pyrite overgrowth. Minor tabular molybdenite in the 

mantle-style veins. 

Chalcopyrite-pyrrhotite also invade cracks in the garnet – i.e. remobilised post garnet formation? Minor sulphide 

inclusions within garnets. 

Notably very little magnetite in this sample. 

 

Summary and comments 

Likely example of remobilised type of mineralisation in breaching vein, associated with retrogression, 

remobilised into grain boundaries and cracks. 
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Sample ID: CAL009 

Hole ID: 12CADD002 

Depth: 66.64-66.74 m 

Reason for sample: Alteration associated with high-grade molybdenite, possible Re-Os age. 

 

Transmitted Light 

Quartz (30%) to 3 mm in anhedral, irregular cuspate-lobate crystals with lots of sub-grain boundaries 

(recrystallised?) 

Plagioclase (45%) to 3 mm in anhedral, irregular cuspate-lobate texture with quartz and K-feldspar, little primary 

texture. Most twinned examples are ~An23. 

Microcline (10%) mainly in large masses to 4 mm that may be relict phenocrysts. Patchy retrogression to 

sericite, and also replaced by fine sillimanite in places. 

Garnet (5%) to 7 mm, larger grains have inclusions of pale brown-green biotite, quartz-feldspar, and sulphides. 

Minor retrogression to chlorite. Some inclusions also of coarse, clean white mica. 

Sillimanite (2%) in two forms: (1) Fibrolitic foliation-parallel bands pseudomorphing biotite, but not necessarily 

aligned with biotite; (2) Prismatic needles inside feldspar crystals (pervasive through sample). 

Biotite (3%) is very minor, little remaining. Vast majority is deep red-brown alteration-related form, associated 

with foliation bands containing magnetite and sillimanite. Some green-brown primary biotite remains, including 

within and around large garnets. 

There is weak sericite-chlorite retrogression throughout. 

 

Reflected Light 

Molybdenite, magnetite, chalcopyrite, pyrite and pyrrhotite all present. Large aggregates of molybdenite (to 3 

mm) comprise subhedral laths, with intimately intergrown chalcopyrite-pyrrhotite (all cogenetic). Chalcopyrite-

pyrrhotite aggregates are also coarsely associated with molybdenite chunks. Coarse garnet contains inclusions of 

molybdenite-chalcopyrite-pyrrhotite, including well away from cracks – mineralisation cannot be post garnet 

growth. Magnetite and minor chalcopyrite-pyrrhotite are associated with foliation-parallel red-brown biotite-

sillimanite streaks, as observed in normal Cu-rich mineralisation. Rare euhedral pyrite overgrowths of pyrrhotite 

are observed. 

No silicate “vein” controls high-grade molybdenite, and it is not clear why the coarse molybdenite is 

concentrated in this band. 

 

Summary and comments 

High-grade dated Mo-rich mineralisation also contains chalcopyrite-pyrrhotite – i.e. is part of the overall Cu 

event, not separate. This mineralisation event must pre-date garnet growth (all sulphides observed as inclusions 

in garnet). 

Biotite-magnetite-chalcopyrite-pyrrhotite vein/streak seems to pre-date sillimanite growth also – i.e. sillimanite 

replaces alteration. Sillimanite also replaces feldspars and quartz in isolated occurrences. 

 



136 

 

Sample ID: CAL010 

Hole ID: 12CADD002 

Depth: 67.44-67.54 m 

Reason for sample: Characterise “mantle” textured veins. Why is garnet associated with mineralisation? 

 

Transmitted Light 

Parent rock is CAL006 biotite monzogranite. 

Pale uphole end is granoblastic microcline (85%) with minor plagioclase, quartz and biotite. Likely K alteration 

zone, recrystallised. Pale downhole end granoblastic also, but plagioclase dominated (low An) with 20% quartz 

and trace biotite, but no microcline. Vein through the centre is dominantly untwinned feldspar with faint perthitic 

texture (K-feldspar), with minor clean quartz. 

Clumps of unaligned biotite are distinctly reddish brown, as usually observed. 

Feldspar is very weakly sericitised. Pervasive weakish sericitisation is clear greater around sulphide grains, and 

weakish chlorite throughout affects biotite and feldspars.  

 

Reflected Light 

Main vein opaques are chalcopyrite (50%), pyrrhotite (40%), magnetite (10%) molybdenite (trace) and euhedral 

pyrite (trace). Sulphides are anhedral, dirty and mantled around silicate grains. 

Remnants of cubic to octohedral magnetite are evident, but eaten away by fine chlorite (?) and chalcopyrite. 

Outside of the vein, magnetite is more abundant than chalcopyrite-pyrhhotite, but disseminated sulphides are still 

evident. 

Chalcopyrite and pyrrhotite have two relations with garnet: (1) Fine inclusions; (2) More commonly, along 

cracks in grains 

 

Summary and comments 

Vein is quartz-K-feldspar, with chalcopyrite-pyrrhotite-magnetite equilibrium assemblage. Garnet likely post-

dates mineralisation, evidenced by fine sulphide inclusions in it.  
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Sample ID: CAL011 

Hole ID: 12CADD002 

Depth: 72.18-72.28 m 

Reason for sample: Characterise increasing gneissic fabric. 

 

Transmitted Light 

Parent rock is CAL006 biotite monzogranite. 

Fibrolitic sillimanite is focused in foliation-parallel biotite bands at the top of hole end. One biotite streak at the 

uphole end has fibrolitic sillimanite growing at an acute angle (~40 degrees) to the streak, consistent with the S2 

fabric orientation. 

Brighter white patches at downhole end are highly sericitised plagioclase, while more translucent parts are 

untwinned, weakly perthitic K-feldspar and microcline, as seen in CAL010. These feldspars are in a granoblastic 

texture. 

Yellowish uphole end is 80% granoblastic K-feldspar, with lesser quartz, biotite and rare plagioclase. 

The centre of the slide is a vein of mainly coarse quartz, plus opaques as described below. 

 

Reflected Light 

Central vein is chalcopyrite (90%), pyrrhotite (3%), pyrite (3%), magnetite (3%) and molybdenite (1%) in usual 

habits (pyrite clean, euhedral) 

Magnetite in wallrock clearly was euhedral/octohedral, but is now corroded and replaced, including by needle-

like ilmenite lamellae, in cleavage orientations. 

 

Summary and comments 

Clearly significant K added to this rock in relation to CAL006 parent, based on the much greater amount of K 

feldspar. 

Sillimanite grows both parallel to (pseudomorphing) and acute to biotite streaks, with the latter form here in the 

s2 orientation. 
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Sample ID: CAL012 

Hole ID: 12CADD002 

Depth: 81.00-81.23 m 

Reason for sample: Characterise garnet-sillimanite gneiss – same parent as other rocks? 

 

Transmitted Light 

Biotite (5%) in irregular anhedral-subhedral grains aligned to the foliation, with margins eaten away by 

sillimanite and chlorite-sericite retrogression. Traces of zircons. There was probably much more biotite in the 

original rock. 

Sillimanite (20%) as clumpy fibrolitic masses, with brownish tinge due to remnants of the biotite it has replaced. 

Second form is clear to pale green prismatic crystals with microcline (most commonly) or quartz. 

Quartz (40%) and microcline (35%) form weakly granoblastic leucosomes. Microcline is variously clean, partly 

replaced by randomly oriented sillimanite needles (most strongly near fibrolite bands), and in places completely 

altered to sericite. 

Trace garnet mainly in a large light pink grain that is moderately cracked and poikiloblastic with inclusions of 

biotite, quartz, microcline, and sillimanite-bearing quartz.  

Retrograde sericitisation is common and nearly wholly replaces some microcline. Usual biotite to chlorite 

retrogression is most common adjacent to sulphides.  

No clear shear sense on foliation. Most sillimanite aligned with biotite (pseudomorphs), but is random when in 

microcline. 

 

Reflected Light 

Magnetite looks old – skeletal remnants restricted to mica/sillimanite bands. 

Pyrite, pyrrhotite and chalcopyrite restricted to leucosomes, and in usual forms. Fine chalcopyrite sometimes 

enclosed in coarse silicates (mainly quartz), but mostly interstitial, dirty, pitted intergrowths with pyrrhotite. 

Pyrite cleaner and more subhedral. All sulphides associated with chlorite retrogression of biotite. 

 

Summary and comments 

Rock is a microcline-quartz-sillimanite-garnet-biotite gneiss with well defined leucosomes and melanosomes, 

with strong sericite retrogression. Garnet and biotite in textural equilibrium. K-enriched parent rock (all 

microcline). Sillimanite replaces existing biotite melanosomes. Magnetite looks old, eaten away. 
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Sample ID: CAL017 

Hole ID: 12CADD002 

Depth: 134.16-134.26 m 

Reason for sample: Study mineralised pegmatite vein and margin. 

 

Transmitted Light 

White zones of pegmatite vein are granoblastic microcline (85%) with lesser quartz, plagioclase and biotite. 

Mineralised band of pegmatite is similar, but microcline (30%)-quartz(50%)-plagioclase(20%). Plagioclase 

preferentially sericitised and also contains abundant fine sulphide inclusions (much greater than quartz and 

microcline, which basically have none). 

Residuum zone on margin are very poor in microcline (none), roughly plagioclase (30%)-biotite(15%)-

quartz(55%) in even grained granoblastic texture. Much weaker retrogression than inside pegmatite vein. 

 

Reflected Light 

In residuum domain very fine chalcopyrite-pyrrhotite inside silicate grains (plagioclase and biotite), plus lesser 

magnetite with relict subhedral outlines (resorbed/altered). 

Pegmatoidal mineralisation is chalcopyrite-pyrrhotite dominant, with minor molybdenite. Chalcopyrite-

pyrrhotite is in two forms: (1) Larger interstitial anhedral masses; and (2) Very fine inclusions within heavily 

retrogressed plagioclase (but not quartz of K-feldspar). 

No mineralisation in microcline band – why? 

 

Summary and comments 

Sulphide inside plagioclase in pegmatite has possibly been trapped inside in during crystallisation of the vein, 

followed by barren quartz and K-feldspar. 
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Sample ID: CAL018 

Hole ID: 12CADD002 

Depth: 141.26-141.48 

Reason for sample: Study higher-strain, biotite-rich granite-gneiss, and relationship of garnet to foliation? 

 

Transmitted Light 

Biotite (15%) as small subhedral flakes in groundmass (dark brown), plus as coarser, subhedral decussate masses 

with random orientations (lighter orange-brown). Zircons with rad damage are common in both forms. 

Garnet (1%) irregular light pink, weakly cracked and generally not retrogressed, fairly clean. Larger grain 

poikiloblastic (feldspar and quartz). 

Plagioclase in two forms: (1) An25 phenocrysts, large white patches poikilitic with plagioclase, quartz, garnet 

and biotite. Generally quite retrogressed to sericite; (2) An40 in groundmass, weakly developed granoblastic 

texture, generally equant, anhedral. 

Quartz (10%), but not much convincing, mostly plagioclase in groundmass. Large anhedral grains in vein. 

Pale green sillimanite needles in minor amounts? 

Weakly pegmatoidal vein of quartz and plagioclase is difficult to follow, but very large, irregular quartz grains 

and lack of biotite mark its location. Minor garnet in there, including with chalcopyrite inclusions. 

Sericite retrogression pervasive but weak, except for phenocrysts, where noticeably stronger. Biotite to chlorite 

is focused around sulphide. 

S2 biotite ori running down length of thin section. 

 

Reflected Light 

Chalcopyrite(70%)-pyrite(20%)-pyrrhotite(10%), with negligible magnetite. Two mineralisation forms: (1) 

Patches of fine, anhedral chalcopyrite and very minor pyrite, at or around grain boundaries, sometimes internal 

or replacing lamellae in biotite; (2) Pegmatoidal vein, dirty, pitted chalcopyrite-pyrrhotite interstitial to silicates, 

overgrown in places but clean sub-euhedral pyrite. 

 

Summary and comments 

Formerly K-feldspar phyric biotite monzogranite, now distinctly poor in quartz and K-feldspar. 

Garnet not wrapped by S1. 

Biotite in poikilitic silicates is randomly oriented, suggesting likely igneous phenocrysts (not post-S1 

porphyroblasts). 

 



141 

 

Sample ID: CAL019 

Hole ID: 12CADD002 

Depth: 151.00-151.22 

Reason for sample: Understand origin of garnet-sillimanite rocks. S1 and S2 fabric relationships. 

 

Transmitted Light 

Sillimanite (15%) as fibrolitic masses after biotite, and finer needles marginal to fibrolite clumps, replacing both 

microcline and quartz. 

Biotite (3%) is rare, mostly pseudomorphed by sillimanite. Generally light-dark brown but distinctly pale to 

moderate green in proximity to garnets, including as inclusions in garnet. 

Microcline (35%) and quartz (45%) form moderately granoblastic bands between sillimanite-biotite 

melanosomes, with both anhedral. Quartz has quite irregular shapes and typically coarser than microcline. Rare 

larger microcline grain are poikilitic and may be ex-phenocrysts. 

Garnet (2%) as light pink grains with inclusions of chlorite/green biotite and quartz. Not affected by S1 or S2 in 

any way. 

Chlorite-sericite retrogression focused in biotite adjacent to mineralisation blebs. 

Weak S2 biotite alignment. Sillimanite mimics S1 and S2-aligned biotite, but is can be random within those 

bands – i.e. post D2? 

 

Reflected Light 

Magnetite as scattered, heavily pitted, subhedral grains in between silicates. Chalcopyrite and pyrite intergrown 

in dirty, pitted masses, with pyrite generally cleaner and subhedral. Can be internal to garnet and on cracks, 

interstitial to silicates, or replacing biotite lamellae. 

 

Summary and comments 

Quartz-microcline-sillimanite-biotite-garnet gneiss with sillimanite-biotite melanosomes and mineralised quartz-

microcline-garnet leucosomes. Likely after K-feldspar-phyric granitoid. 

 



142 

 

Sample ID: CAL020 

Hole ID: 12CADD002 

Depth: 155.90-156.00 m 

Reason for sample: Characterise intense magnetite-chalcopyrite-garnet-hornblende(?) veins. 

 

Transmitted Light 

Uphole end is quartz(55%)-magnetite(40%)-green biotite(5%) with trace high relief, colourless elongate crystals 

with low biref and retrogression to sericite – sillimanite? 

Downhole end is garnet (45%)-quartz(35%)-biotite(5%)-plagioclase(2%)-opaques(18%). 

No silicate retrogression associated with chalcopyrite-pyrite remob veinlet. 

Some garnets have magnetite inclusions. 

 

Reflected Light 

In uphole half, opaques are ~38% magnetite and 20% chalcopyrite-pyrrhotite with clear pyrite overgrowth, with 

magnetite-chalcopyrite-pyrrhotite appearing in equilibrium. 

Downhole half is all magnetite, apart from thin remobilised chalcopyrite-pyrite veinlet. 

 

Summary and comments 

Vein as described. Green colour is green biotite, not hornblende. 
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Sample ID: CAL021 

Hole ID: 12CADD002 

Depth: 158.70-158.80 m 

Reason for sample: Characterise intense feldspar-garnet alteration.  

 

Transmitted Light 

About 50:50 granoblastic mix between plagioclase and quartz, with essentially no K-feldspar. Very nice triple 

junctions between plagioclase grains. 

Traces of biotite with minor chlorite retrogression. Sericite retrogression also minor. 

One large garnet grain appears to overgrow coarse chlorite. 

 

Reflected Light 

Weak chalcopyrite-pyrrhotite-pyrite interstitial to silicates and fine within plagioclase. Subhedral interstitial 

magnetite to 1%. 

 

Summary and comments 

Where has all the K gone in this rock? Alteration is plagioclase dominated? Good evidence also of garnet 

replacing earlier chlorite. 
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Sample ID: CAL022 

Hole ID: 12CADD001 

Depth: 68.28-68.38 m 

Reason for sample: Microstructure of F2 folding, relationship to garnet development. 

 

Transmitted Light 

Biotite monzogranite parent rock, here in gneissic form. 

Melanosomes dominated by dark brown biotite, pretty much no retrogression. Leucosomes are biotite (5%)-

plagioclase(10%)-quartz(40%)-microcline(55%) and are equigranular and slightly granoblastic. 

Clear second biotite orientation axial planar to folds, most evident in leucosome domain. Difficult to say much 

about garnet relationship to S2. 

Quite a lot of granular, high-relief monazite. Fine sillimanite in feldspars and rare coarser fibrolitic replacement 

of biotite, with no clear preferred ori. 

 

Reflected Light 

Around 1% disseminated subhedral magnetite. Trace chalcopyrite in fine disseminations. 

 

Summary and comments 

S2 alignment of biotite, garnet relationship to this fabric unclear. 

Quite high microcline to presumed parent – alteration? 

 



145 

 

Sample ID: CAL023 

Hole ID: 12CADD001 

Depth: 130.75-130.85 m 

Reason for sample: Type-example of amphibolite, with weak biotite alteration. 

 

Transmitted Light 

Hornblende(50%) is dark green, stubby and aligned to fabric. Plagioclase (45%) the same grainsize, in 

interlocking texture. 

Biotite (5%) mostly aligned to foliation in elongate sheets, mostly at uphole end (i.e. alteration). Odd patch of 

muscovite – after biotite? Biotite appears to replace hornblende in many places, likely post foliation. Hints of a 

second biotite orientation, but poorly developed. 

Very little retrogression. 

 

Reflected Light 

Trace sub- to euhedral magnetite, and a few specks of chalcopyrite. 

 

Summary and comments 

Definitely mafic amphibolite. Biotite post-dates amphibolite formation. 
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Sample ID: CAL024 

Hole ID: 12CADD001 

Depth: 136.30-136.55 m 

Reason for sample: Type-example of biotite-rich granite-gneiss, older relative to CAL024. 

 

Transmitted Light 

Biotite (15%) is dark khaki brown and subhedral, with abundant zircons associated with rad damage. Chlorite 

retrogression completely absent. Clear preferred alignment of grains. 

Microcline (35%) is poikilitic, tends to form larger granoblastic masses, possibly former phenocrysts. Anhedral 

to subhedral. 

Plagioclase (30%) is ~An23, poikilitic (biotite), anhedral and even grained. Untwinned feldspar is also likely 

plagioclase, sometimes has albite (?) rims against microcline. 

Quartz (20%) is anhedral, even grained and poikilitic (biotite). 

Zircons in and outside of biotite. Monazite also common. 

Rare retrogression tightly focused around sulphide grains. 

 

Reflected Light 

Magnetite as dirty, pitted grains, commonly overgrown by clean pyrite. Pyrite as distinctly clean grains 

overgrowing dirty magnetite-chalcopyrite in a variety of settings. Some clean pyrite cores with dirty pyrite rims. 

Chalcopyrite as isolated, anhedral, dirty grains. 

 

Summary and comments 

Weakly K-feldspar-phyric biotite monzogranite with biotite foliation and weak retrogression. 
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Sample ID: CAL025 

Hole ID: 12CADD001 

Depth: 149.30-149.40 m 

Reason for sample: Typical stockwork-style veining in syenogranite. 

 

Transmitted Light 

Unaltered parent is CAL026. 

Compositionally very similar to CAL026, but perhaps more microcline (~50%). Minor chloritisation of biotite 

outside vein area, plus weak sericite dusting. 

Vein is a poorly defined band of coarse quartz, microcline and minor muscovite (possibly primary vein 

mineral?). Distinctly more quartz (and coarser) than host rocks, but vein margin is not sharp. 

 

Reflected Light 

Vein sulphides are chalcopyrite(60%)-pyrrhotite(40%) with trace molybdenite and pyrite. Most sulphide is sub- 

to anhedral and interstitial to silicates, but some is very fine-grained in and around degraded feldspar to 

muscovite aggregates. Basically no magnetite, and very little sulphide outside of vein area. 

 

Summary and comments 

No major compositional variation from unaltered version. 

Why no magnetite in rock here? 
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Sample ID: CAL026 

Hole ID: 12CADD001 

Depth: 154.09-154.34 m 

Reason for sample: Type-example of syenogranite, “younger” relative to CAL024. 

 

Transmitted Light 

Biotite (5%) is subhedral, isolated or within clumps with muscovite, dark brown, and patchily altered to chlorite-

magnetite-ilmenite(? Needles). Weak preferred alignment parallel to thin section. 

Muscovite (1%) as subhedral, rare grains intergrown with biotite, appearing primary? Largeish, optically 

continuous grains. 

Quartz (30%) as several large anhedral poikilitic phenocrysts (microcline inclusions), plus in groundmass. 

Microcline (45%) is rarely perthitic. Grain boundaries between microcline, plagioclase are commonly hazy. 

Microcline possibly replaced plagioclase in places – possibly mixed igneous and hydrothermal origin? 

Plagioclase (19%) ~An20, rare anhedral grains with albite twinning, and some with no twinning at all. 

Some alteration of primary (?) muscovite to K-feldspar? 

Zircons fairly rare in biotite. 

Sericite-chlorite retrogression of biotite and feldspars is widespread, weak to moderate strength. 

 

Reflected Light 

Trace overall. Magnetite as subhedral, pitted grains associated with retrogressed biotite. Chalcopyrite as 

subhedral inclusions in untwinned feldspar, with pyrite, localises retrogression. Magnetite-pyrite rarely as 

lamellae within chloritised biotite. Pyrite also occurs as fine lamellae in muscovite and biotite, and filling grain 

boundaries. 

 

Summary and comments 

Quartz-phyric, biotite syenogranite, granoblastic, with some K-feldspar possibly of alteration origin. Possibly 

traces of primary muscovite. 
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Sample ID: CAL027 

Hole ID: 12CADD001 

Depth: 195.00-195.10 m 

Reason for sample: Type-example of mineralised pegmatoidal vein. 

 

Transmitted Light 

Parent is ~CAL024 biotite monzogranite. 

Residual monzogranite is ~10% biotite, 2% microcline, 30% plagioclase and 58% quartz, with biotite proportion 

increasing to pegmatite margin. Quartz and feldspars are anhedral, with irregular grain boundaries and hints of 

granoblastic texture. Microcline-poor in relation to parent rock. 

Coarsest pegmatite areas are 70% quartz, with microcline, plagioclase and sulphide interstitial and moderately 

sericitised. Some coarse sericite/muscovite may be primary. Margins of pegmatite (and other patches) that are 

milkier white are ~90% feldspar (70plag/30kspar) with much less quartz, and lack significant sulphide. These 

may be earlier crystallised rims of the vein. Minor biotite in pegmatite zones. 

 

Reflected Light 

Residual monzogranite has ~1% disseminated chalcopyrite with rare clean pyrite overgrowths, plus <1% 

magnetite. 

Pegmatite mineralisation is chalcopyrite-dominant, with pyrrhotite occurring as lamellar intergrowth. 

Chalcopyrite is dominantly anhedral and interstitial to coarse silicates, rarely as intergrowths with biotite. Traces 

of magnetite in pegmatite sulphide. 

Some lamellar pyrrhotite-chalcopyrite inside plagioclase twin planes. 

 

Summary and comments 

Pegmatoidal vein is zoned, with much more sulphide is last-crystallised (?) quartz-rich part? 
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Sample ID: CAL028 

Hole ID: 12CADD001 

Depth: 217.14-217.24 m 

Reason for sample: Type-example of magnetite-garnet related high-grade mineralisation. 

 

Transmitted Light 

Whole slide is a ~50-50 split between quartz and distinctly green biotite (pale brown to blue-green pleochroism), 

with biotite being more abundant in dark green, sulphide-poor downhole end. 

Coarseish, granular apatite is common, and zircon is abundant in biotite. 

Large quartz crystal at downhole end is actually several large grains, with one clear garnet inclusion and weakly 

poikilitic with biotite. 

Some remnant colour banding in biotite may indicate pseudomorphing of an earlier phase? Some fine, hair-like 

sillimanite wisps in biotite. 

 

Reflected Light 

Pyrrhotite dominant sulphide, in anhedral interstitial masses with chalcopyrite, with pyrite as clean subhedral 

overgrowths. Pyrrhotite-chalcopyrite-magnetite in textural equilibrium. Magnetite has extensive exsolution of 

ilmenite along cleavage planes. 

 

Summary and comments 

Origin as a potassic quartz vein? Why green (low Ti?) biotites? Has titanium gone into magnetite instead? 

 

  



151 

 

Sample ID: CAL029 

Hole ID: 12CADD001 

Depth: 355.20-355.30 m 

Reason for sample: Characterise late, retrograde breccia mineralisation. 

 

Transmitted Light 

Clasts of quartz-microcline-plagioclase-biotite granitoid with total biotite to chlorite retrogression and extensive 

sericite-chlorite-epidote retrogression of feldspars. 

All silicate grains show strong deformation effects: internal grain boundaries, bent grains, fracturing etc. 

Clasts are separated by up to 5 mm wide fine-grained breccia zones with chlorite-calcite-epidote cement, with 

angular grains and rock fragments of all sizes. 

 

Reflected Light 

Opaques are 100% chalcopyrite, and focused within breccia fragments at all scales, rather than in cement – i.e. 

this is brecciated mineralisation, rather than a young event. 

 

Summary and comments 

Brecciated mineralisation – not a younger min event. Deformation and retrograde alteration clearly linked. 
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Sample ID: CAL030 

Hole ID: 12CADD001 

Depth: 370.20-370.30 m 

Reason for sample: Characterise proto-gneiss formation, with leucosome-melanosome banding. 

 

Transmitted Light 

Generally a weakly granoblastic quartz(45%)-plagioclase(45%-biotite(10%) rock, with An content greater than 

typical? One band of microcline, but otherwise quite poor in that mineral. 10 mm white patch at uphole end is 

coarse quartz and heavily sericitised K-feldspar. 

Biotite streaks/clumps are same composition as remainder (dark brown), with abundant zircons and rad damage. 

Weak to mod localised chlorite-sericite retrogression. 

Garnet clearly post-dates biotite foliation, not wrapped by it at all. 

 

Reflected Light 

No mineralisation. Traces of subhedral magnetite. 

 

Summary and comments 

Garnet clearly post-S1. Poor in microcline and >An than usual – why? 
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Sample ID: CAL031 

Hole ID: 12CADD001 

Depth: 520.40-520.50 m 

Reason for sample: Characterise wide “mantle-style” high-grade quartz-garnet vein. 

 

Transmitted Light 

Rock is a quartz-garnet-microcline-biotite/chlorite vein with fine retrograde needles (?) and some epidote and 

tourmaline (?). 

Microcline heavily retrogressed to sericite. 

Garnet seems to overgrow coarse, earlier chlorite, and contain fine chlorite grains. But chlorite also occurs as 

retrogression of biotite. 

 

Reflected Light 

Chalcopyrite-pyrrhotite dominant, between quartz and garnet grains, with some clean pyrite. Fine sulphide 

inclusions in garnet grains, especially where marked, but also inside coarse quartz. 

No significant magnetite. 

 

Summary and comments 

Mineralisation clearly pre- or syn-garnet. Likely origin as a recrystallised vein. 
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Sample ID: CAL032 

Hole ID: 08WHDDH001 

Depth: 92.74-92.97 m 

Reason for sample: Type-example of early quartz-feldspar porphyry sills. 

 

Transmitted Light 

Biotite (10%) subhedral dark green-brown, focused into well defined foliation, bands of coarse crystals, with 

much finer grains intervening. ~20% of grains altered to chlorite. 

Quartz (45%) as phenocrysts to 7 mm, now recrystallised into aggregates with varying extinction directions. 

Feldspars ~45% overall split between plagioclase (~5% convincing) and microcline (15% convincing). Overall 

texture is likely quartz- and feldspar-phyric igneous rock. Phenocrysts now highly strung out into granoblastic 

quartz and mixed feldspar aggregates, the latter cloudy with sericite. 

Zircons common inside and outside of biotite. 

Retrograde sericitisation of feldspars is pervasive, and ~20% of biotite is chloritised. 

Structurally, biotite deflects around quartz phenocrysts. Top to the west sense of movement suggested by sigma-

type deformed quartz phenocrysts. Retrograde sericite in feldspars aligned in flatter foliation than main foliation 

(~subhorizontal). 

 

Reflected Light 

Magnetite as subhedral equigranular crystals, likely grown post foliation (?) – foliation doesn’t deflect around or 

rotate them. Some larger grains appear to have have euhedral biotite growth in their strain shadows? 

 

Summary and comments 

Quartz-feldspar porphyry, now highly flattened and stretched. 
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Sample ID: CAL034 

Hole ID: 08WHDDH001 

Depth: 132.23-132.43 m 

Reason for sample: Characterise more mafic variant of Ninan volcanic sequence. 

 

Transmitted Light 

Biotite (25%) as ragged subhedral crystals strongly aligned in foliation, likely pre-dates more variable 

amphibole. 

Actinolite (20%) as subhedral ragged grains mostly aligned to foliation, but variable end-sections visible and 

some end-sections visible, likely grew post-foliation? 

Hornblende (1%) as ragged blue-green crystals altered to biotite or actinolite. Probably an earlier metamorphic 

mineral? 

Plagioclase (50%) as laths aligned to foliation, rare twinning, strongly interlocking with biotite-actinolite. 

Possibly some is quartz? 

Quartz (1%) as constituent of foliation-parallel veins with actinolite, which are at core of actinolite-rich band in 

slide centre. 

Garnet 1% as one large strongly poikiloblastic (biotite, plagioclase, actinolite) grain. Abundant cracks are 

retrogressed to chlorite. 

Possible tourmaline spatially associated with large garnet grain. 

 

Reflected Light 

Opaques ~2% overall. Magnetite as cubic, pale crystals clearly more abundant in actinolite-rich layers and veins. 

Largest grains seem to deflect biotite foliation, remainder not really. Disseminated form most common, but also 

as lamellar inclusions in garnet. Largest grain has exsolved ilmenite on cleavages. 

Chalcopyrite in fine masses associated with quartz-actinolite veins. 

 

Summary and comments 

Biotite-plagioclase-hornblende schist of likely mafic-intermediate parent, altered to actinolite around quartz-

actinolite-magnetite-chalcopyrite veinlets, all overgrown by garnet. 

Amphibole seems to post-date biotite – biotite alteration, amphibole metamorphic? 
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Sample ID: CAL035 

Hole ID: 08WHDDH001 

Depth: 147.56-147.86 m 

Reason for sample: Type-example of andesite-dacite host rock at Ninan. 

 

Transmitted Light 

Biotite (25%) as dark green-brown subhedral grains strongly aligned to foliation, though some grains are 

oblique. 

Plagioclase (75%) is ~An25. Possible some other feldspar or quartz, but most grains seem to show twinning and 

sericitisation. Two forms: (1) Phenocrysts are white spots in the rock, elongate masses of plagioclase that is 

recrystallised/granoblastic, with laths broadly aligned in foliation, though some is oblique. Biotite foliation 

deflects around these, no sense of asymmetry; (2) Groundmass, weakly granoblastic, even grained, likely some 

quartz in here also? 

Retrogression of biotite to chlorite-magnetite/ilmentite, all feldspars to sericite. Retrograde minerals have no 

preferred ori, except where pseudomorphing other minerals. 

Minor epidote. 

 

Reflected Light 

Magnetite as weakly pitted subhedral grains. 

Chalcopyrite-pyrite together as pitted, interstitial, anhedral grains (trace). Straight edges defined by bounding 

biotite/chlorite. No associated vein/crack or alteration, though retrograde chlorite generally focused around 

sulphides. 

 

Summary and comments 

Feldspar-phyric intermediate volcanic rocks, strongly flattened, with chlorite-sericite retrogression. Biotite 

probably not primary. Probably more quartz than recognised here. 
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Sample ID: CAL038 

Hole ID: 08WHDDH001 

Depth: 198.20-198.46 m 

Reason for sample: Type-example of Ninan post-S1 monzogranite dykes, with sulphide blebs. 

 

Transmitted Light 

Biotite (5%) as subhedral, dark brown grains with rare small zircons. ~25% of grains show retrogression to 

chlorite-magnetite/ilmenite. 

Quartz (40%) is anhedral in groundmass, no phenocrysts. 

Plagioclase (35%) is ~An25, compositionally zoned to Na-rich rims? Ubiquitously sericitised, strongly favouring 

cores. Poikilitic with biotite, quartz, opaques. 

K-feldspar (20%) generally unzoned, untwinned, but rare simple twinning and microcline hatching. 

In main mineralised area, opaques are internal to silicate minerals, not controlled by any clear fracture or vein 

(i.e. a bleb). Muscovite very localised around sulphides (retrograde), but adjacent feldspars are not any more 

altered than distal examples. Chunky monazite crystals in mineralised patch also. 

Trace epidote and very fine sillimanite? 

 

Reflected Light 

Chalcopyrite in disconnected patches of dirty, pitted grains, interstitial to and internal to silicate grains. Pyrite in 

the same setting, but some cleaner subhedral grains may be later overgrowths. Magnetite is minor, but in the 

same setting. 

 

Summary and comments 

Plagioclase-phyric biotite monzogranite with extensive sericite retrogression of plagioclase cores. Sulphide 

likely entrained during intrusion, trapped in silicate grains. 
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Sample ID: CAL039 

Hole ID: 08WHDDH001 

Depth: 202.62-202.73 m 

Reason for sample: Establish timing of garnet to S1 fabric development. 

 

Transmitted Light 

Rock is quartz(50%)-biotite(30%)-muscovite(10%)-garnet(10%)-sillimanite schist, after intermediate rock? 

Biotite is light brown to dark green pleochroic. Garnets clearly wrapped by pervasive biotite-muscovite defined 

foliation. Muscovite in granular masses, possibly after feldspars seen in parent rock? 

Garnets are messy, irregular, poikilitic and a bit retrogressed to chlorite. 

Sillimanite in rare ribbons within biotite bands. 

Some coarse epidote, likely retrograde. 

 

Reflected Light 

Abundant fine magnetite aligned to foliation. 

Negligible sulphide. 

 

Summary and comments 

Foliation definitely post-dates this garnet phase, which is altered/retrogressed since formation (i.e. likely early 

phase). 

 

 

 

 



159 

 

Sample ID: CAL044 

Hole ID: 14CADD001 

Depth: 364.75-365.00 m 

Reason for sample: Type-example of Dasher hangingwall granite. 

 

Transmitted Light 

Biotite (8%) as subhedral primary flakes with rare zircons with dark brown rad damage. 

Quartz (25%) is anhedral, has irregular grain boundaries, and is common in groundmass, but also as large 

poikilitic (biotite microcline) phenocrysts. Some phenocrysts have very irregular intergrowths with plagioclase. 

Some recrystallisation into aggregates of smaller grains. 

Plagioclase (32%) is ~An20, anhedral, only in groundmass, other than intergrowths with large quartz grains. 

Microcline (35%) can be weakly perthitic (orthoclase), anhedral to subhedral, common in groundmass, but also 

several large poikilitic phenocrysts (biotite, quartz and plagioclase inclusions). Some perthitic bands are 

wavy/kinked. 

No signs of alteration, deformation, or peak met phases. 

Widespread retrogression of biotite to chlorite-sericite-magnetite/ilmenite. Sericitisation of feldspars throughout, 

focused on cleavage and twin planes. 

 

Reflected Light 

Magnetite lamellae in retrogressed biotite, and also as subhedral disseminated grains interstitial to silicates, 

commonly adjacent to biotite grains. 

Trace chalcopyrite in one interstitial crack extending from biotite. 

 

Summary and comments 

K-feldspar and quartz-phyric biotite granite with retrograde chlorite-sericite. 
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Sample ID: CAL045 

Hole ID: 14CADD001 

Depth: 426.78-426.88 m 

Reason for sample: Typical biotite-magnetite veins affecting hangingwall granite. 

 

Transmitted Light 

Parent rock is CAL044 granite. Mineralogy as per parent rock, but fine sillimanite is present. 

Vein biotite is same colour/composition as igneous biotite. 

Pale garnet or apatite (?) in vein? 

 

Reflected Light 

Trace subhedral magnetite focused around the vein, but no sulphide. 

 

Summary and comments 

Sillimanite in this rock appears to confirm peak metamorphism post-dates this granite. 
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Sample ID: CAL046 

Hole ID: 14CADD001 

Depth: 439.29-437.39 

Reason for sample: Precise contact between hangingwall granite and granite-gneiss. 

 

Transmitted Light 

Granite is as per CAL044 type example (microcline-rich), with no distinguishing differences. Lots of zircons and 

apatite (?). 

In contrast old granite-gneiss is plagioclase-rich, with 5-10% microcline. 

Vein biotite is distinctly more red-brown than dark green-brown igneous biotite present in both ages of granite. 

Narrow vein in hangingwall granite is the colour of igneous biotite, perhaps therefore schlieren, rather than vein? 

 

Reflected Light 

Vein at contact is associated with magnetite-chalcopyrite-pyrite. 

No mineralisation in young granite. 

Weak chalcopyrite-magnetite in old granite. 

 

Summary and comments 

No mineralisation in hangingwall granite. No contact metamorphic effects of young granite, and no strain 

increase on contact. 
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Sample ID: CAL047 

Hole ID: 14CADD001 

Depth: 451.70-451.80 m 

Reason for sample: Type-example pre-S1 high-grade molybdenite veining. 

 

Transmitted Light 

Three components of thin-section: 

(1) Late pegmatite is microcline-quartz and possibly primary muscovite, with fairly straight contact with granite-

gneiss. 

(2) White vein is trace green-brown biotite in quartz(30%)-microcline(70%) mixture. Some quartz optically 

continuous to 5 mm, microcline variable to 1 mm, weakly to moderately granoblastic. Trace very fine sillimanite 

throughout vein. Sericite retrogression pervasive at weak-mod intensity. 

(3) Wallrock has green-brown biotite (15%), subhedral, with zircons and rad damage, in quartz(40%)-

plagioclase(45%) matrix, with basically no K-feldspar – i.e. vein is definitely different composition. Strong 

preferred ori of biotite, with limited chlorite retrogression. 

Noteably, coarse moly is associated with coarse biotite that has limited zircons or rad damage (alteration 

origin?). 

 

Reflected Light 

In vein, fine sulphide patches throughout, strongly dominated by chalcopyrite, with trace pyrite, no pyrrhotite. 

Coarse molybdenite at both margins of mineralised vein but little internally. Molybdenite has fine chalcopyrite 

inclusions, but is also associated with adjacent pyrite and magnetite (minor).  

 

Summary and comments 

Vein pre-dates peak metamorphism, because sillimanite overprints it. 
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Sample ID: CAL048 

Hole ID: 14CADD001 

Depth: 475.71-475.81 m 

Reason for sample: Typical high-strain zone mineralisation. 

 

Transmitted Light 

Parent rock is typical microcline-poor granitoid with 20% biotite, 30% quartz and 50% plagioclase. 

Veins are moderately granoblastic microcline(40%)-plagioclase(30%)-quartz(30%) with trace biotite. Either K is 

higher or K now in K-feldspar. 

Garnet in wallrock on vein margin, none in veins. 

Nothing of note in accessory minerals. 

Weak S2 biotite alignment. 

 

Reflected Light 

Main vein is chalcopyrite-pyrrhotite-pyrite-magnetite-molybdenite, in usual forms. 

Fine, lamellar intergrowths of chalcopyrite-pyrrhotite are widely developed, in places overgrown by clean pyrite. 

 

Summary and comments 

Molybdenite definitely in these veins. 

K added to create veins? Or biotite just broken down? 
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Sample ID: CAL050 

Hole ID: 14CADD001 

Depth: 488.84-488.94 m 

Reason for sample: Characterise greenish alteration associated with strong chalcopyrite. 

 

Transmitted Light 

Parent is CAL052. 

Light to dark green-brown biotite (10%)-garnet(2%) in strongly granoblastic groundmass of plagioclase(58%)-

quartz(20%)-Kspar(10%) groundmass. Plagioclase distinctly Ca-rich. 

Roundish, high relief apatite (?) is abundant. 

A ~2 mm quartz vein persists across the slide, composed of a few very large grains – late style, not 

recrystallised? 

Little retrogression. 

 

Reflected Light 

About 50:50 pyrrhotite-chalcopyrite split in sulphides, spatially associated with quartz veins, plus as anhedral 

disseminations. Lamellar intergrowths of the two are common. 

Disseminated subhedral magnetite with some ilmenite exsolution on cleavage planes. 

 

Summary and comments 

Not sure why this appears as a “sick” green colour – alteration hard to recognise. 

Very calcic rock though – more plagioclase and greater Ca content than typical. 
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Sample ID: CAL052 

Hole ID: 14CADD001 

Depth: 514.50-514.75 m 

Reason for sample: Type-example of least-altered granite-gneiss parent from this hole. 

 

Transmitted Light 

Biotite (5%) is a mix of primary fine-grained dark brown biotite, and masses of distinctly lighter brown euhedral 

biotite, intimately associated with opaques. Some very coarse zircons associated with primary type, but also in 

other type. 

Quartz (10%) as irregular anhedral grains, hard to pick from untwinned feldspar. 

Microcline (25%) with tartan cross-hatching sometimes evident. 

Plagioclase (60%?) is ~An27 and anhedral grains of varying size. Larger ones can be poikilitic (biotite). Have 

included here ~50% untwinned to vaguely twinned feldspar that s granoblastic with abundant 120-triple 

junctions. 

Some largeish apatite grains associated with radiation damage? 

Biotite to chlorite-magnetite/ilmenite retrogression is present, but rare. 

 

Reflected Light 

Magnetite mostly as anhedral, pitted grains intimately associated with clumps of light brown biotite, with or 

without sulphides. 

Chalcopyrite as some discrete, subhedral grains, some small grains intergrown with magnetite, traces intergrown 

with pyrrhotite. 

Pyrite sub- to euhedral cubic forms, usually together with chalcopyrite, possibly overgrowing magnetite? 

Distinctly clean and euhedral cf. other opaques. 

 

Summary and comments 

Granoblastic plagioclase-K-feldspar-quartz-biotite granitoid. Though may have overestimated plagioclase 

content. 
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Sample ID: CAL053 

Hole ID: 14CADD001 

Depth: 523.35-523.60 m 

Reason for sample: Characterise intense white feldspar alteration zone. 

 

Transmitted Light 

Biotite (2%) is dark brown-red, some lighter brown in masses. Subhedral normally, nearly euhedral in masses, as 

seen in CAL052. No clear preferred alignment. Zircons pretty rare. 

Microcline (35%) anhedral with textbook granoblastic texture. Seems to overgrow plagioclase in places. 

Plagioclase (43%) is vaguely twined to untwinned – close to An20, so more sodic than usual? 

Quartz (20%) anhedral, part of granoblastic texture. 

Possibly some fine sillimanite. Trace zircon, monazite, apatite also. 

Chlorite-sericite retrogression is weak, concentrated next to opaque masses. 

 

Reflected Light 

Chalcopyrite and pyrrhotite intergrown and texturally similar: dirty, anhedral, pitted, and interstitial to well-

formed silicates, which seem to impose their outlines on sulphide. 

No pyrite or magnetite – very unusual. 

No silicate alteration immediately evident with sulphides. 

 

Summary and comments 

Granoblastic K-feldspar-plagioclase-quartz-biotite rock of likely granitic origin. 

Lack of magnetite and biotite is highly distinctive. 
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Sample ID: CAL054 

Hole ID: 14CADD001 

Depth: 527.21-527.31 m 

Reason for sample: Characterise typical mineralised vein through white feldspar alteration. 

 

Transmitted Light 

CAL053 is weaker mineralised parent example. 

As for CAL053, essentially a granoblastic K-feldspar(65%)-quartz(30%)-biotite(5%) rock of recrystallised 

origin. More than 90% of feldspar is microcline, possibly some other types, but minor. 

Same albitic reaction rims as observed in CAL053, but less developed. 

Moderate chlorite-sericite retrogression throughout. 

Mineralised vein is vague corridor of greater quartz content, plus coarse, optically continuous muscovite flakes 

that are strongly replaced by quartz-microcline. 

Trace sillimanite, no garnet. 

 

Reflected Light 

Mineralised vein is anhedral chalcopyrite-pyrrhotite (50:50) with clean pyrite overgrowth. 

Basically no magnetite in sample – either stripped or sulphidised. 

 

Summary and comments 

Coarse muscovite good evidence of early white mica assemblage. 

Where is all Fe gone? Low biotite, no magnetite, as for CAL053. 
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Sample ID: CAL056 

Hole ID: 14CADD001 

Depth: 540.20-540.30 m 

Reason for sample: Study exact lower contact of granite-gneiss with footwall granite. 

 

Transmitted Light 

Far uphole end is coarse quartz-microcline (white band in gneiss). 

Biotite is brown-green throughout the remainder, including vein area. Some very coarse monazite in central vein 

areas, with radiation damage of biotite. 

Main difference between old granite and young granite is >microcline:plagioclase ration in the latter – this is 

quite clear. 

Weak chlorite-sericite retrogression. 

Traces of very fine sillimanite in young granite. 

 

Reflected Light 

Vein is chalcopyrite-pyrrhotite with lamellar intergrowths and minor magnetite, minor clean pyrite overgrowth. 

No mineralisation is young rock, weak disseminated mineralisation in old rock. 

 

Summary and comments 

Contact low strain, marked by clearly >microcline in granite dike. 

Definite sillimanite in young granite. 
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Sample ID: CAL057 

Hole ID: 14CADD001 

Depth: 549.10-549.35 m 

Reason for sample: Type-example of footwall granite. 

 

Transmitted Light 

Biotite (8%) is subhedral to euhedral, uniform grainsize, with some zircon inclusions, light to dark brown with 

pretty clear preferred alignment. 

Quartz (42%) as abundant anhedral grains in groundmass, traces of undulose extinction and granoblastic texture. 

Plagioclase (15%) is ~An20, anhedral in groundmass, with much less twinning and less abundant overall that in 

CAL044. 

Microcline (35%) is anhedral, common in groundmass, more rarely as large poikilitic phenocrysts (biotite, 

quartz). Very rare perthitic K-feldspar. 

Trace zircon associated with biotite, some apatite. 

Retrogression of biotite to chlorite-sericite-magnetite/ilmenite is common, as is sericitisation of feldspars (usual 

forms). 

 

Reflected Light 

Trace magnetite as lamellae in retrogressed biotite and coarser subhedral form still spatially associated with 

biotite. Some tiny pyrite inclusions. 

 

Summary and comments 

Weakly microcline-phyric biotite granite. 

Same rock as CAL044 though that example is more porphyritic and has >plagioclase and <quartz. 
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Sample ID: CAL061 

Hole ID: 14CADD002 

Depth: 137.70-130.80 m 

Reason for sample: Characterise multiple phases of brecciation in hangingwall fault. 

 

Transmitted Light 

Quartz-microcline-plagioclase-biotite granitoid, with near complete biotite retrogression to chlorite. 

All minerals show strong deformation effects: very undulose extinction, bent/cracked grains, fracturing of rock, 

grains and grain boundaries. 

Early brecciation accompanied by chlorite-sericite-epidote-carbonate retrogression especially around central 

quartz vein. 

Retrograde sericite focused around fractures, but in detail is randomly oriented within individual grains. 

 

Reflected Light 

Trace chalcopyrite inclusions in quartz grains. A little bit of hematite? 

 

Summary and comments 

Likely multiple deformation phases. No association of mineralisation with late breccia zones. 
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Sample ID: CAL062 

Hole ID: 14CADD002 

Depth: 149.60-149.85 m 

Reason for sample: Type-example of Bindi West host granite-gneiss. 

 

Transmitted Light 

Chlorite (10%) as anhedral to subhedral grains aligned to S1 fabric, likely replacing biotite (full of zircons with 

rad damage) 

Amphibole (actinolite?) (7%) randomly oriented (i.e. post-S1) colourless high relief crystals with some elongate 

grains showing inclined extinction. 

Garnet (1%) as round grains partially to wholly replaced by chlorite and/or actinolite. Some actinolite clumps 

have rounded garnet-like outlines. Garnet not wrapped by S1. 

Quartz (35%)-microcline(20%)-plagioclase(27%) form mosaic of irregular anhedral grains, quartz with undulose 

extinction, feldspars cloudy with extensive sericite-chlorite retrogression. 

Some quite calcic (?) plagioclase phenocrysts are large white patches in rock, and have crossing plag twins. They 

are extensively replaced by actinolite blades, and also heavily retrogressed to sericite. 

Trace fine sillimanite, and also carbonate associated with vein. 

Weak secondary alignment of chlorite/biotite in S2 ori, antiform east vergence. Actinolite unaligned, must be 

retrograde. 

 

Reflected Light 

Chalcopyrite in fine downhole end is in typical form but lacks pyrrhotite or pyrite. Irregular, anhedral, pitted and 

interstitial, rarely within silicates., including in actinolite. Mineralisation vaguely aligned in concentrations 

parallel to S1, but no vein or alteration associated, besides usual retrogressive alteration around blebs. 

At uphole end, coarse pegmatoidal vein has near-pure chalcopyrite interstitial to quartz, including some enclosed 

within a single large grain. Very rare pyrite and magnetite in the same setting. One small molybdenite grain in 

this vein also. 

 

Summary and comments 

Plagioclase-microcline-quartz-chlorite/biotite-sillimanite gneiss after biotite equivalent, with retrograde 

unaligned chlorite-actinolite. 
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Sample ID: CAL063 

Hole ID: 14CADD002 

Depth: 164.80-164.90 m 

Reason for sample: Characterise typical Bindi West mineralisation. 

 

Transmitted Light 

Quartz-microcline-plagioclase-biotite(chlorite)-garnet gneiss. 

Strong retrogression by chlorite-sericite-epidote: biotite to chlorite and coarse muscovite, feldspars to sericite-

chlorite-epidote, garnet to chlorite. The only clean garnets are isolated inside larger silicate grains. 

Strong deformation effects evident in some quartz grains, undulose extinction, some kinked mics also. 

Some K-feldpsar is hazy microcline/orthoclase mix? 

Some amphibole was possibly present, now retrogressed to chlorite masses. 

 

Reflected Light 

No pyrrhotite. Chalcopyrite-pyrite veins associated with retrograde assemblage but chalcopyrite also observed in 

large garnet grain, suggesting low-temp mineralisation is remobilisation of earlier high-temp assemblage. 

 

Summary and comments 

Likely remob of earlier mineralisation, strongly retrogressed. 

Garnets overgrow foliation, then all retrogressed. 
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Sample ID: CAL064 

Hole ID: 14CADD002 

Depth: 168.60-168.70 m 

Reason for sample: Study relationship of garnet and sillimanite to main foliation. 

 

Transmitted Light 

Moderately granoblastic quartz-microcline-plagioclase-biotite-garnet-sillimanite gneiss. 

Intense sericite-chlorite-epidote retrogression of biotite-garnet-sillimanite assemblage, intense pervasive 

sericitisation of feldspars. 

Sillimanite in foliation bands near-totally retrogressed to fine sericite mess, but fine sillimanite internal to 

silicates (quartz-feldspar) is well preserved as small needles, in random oris. 

Retrograde sericite is in random oris unless pseudomorphing biotite/chlorite. 

Main foliation clearly kinked/folded, by S2. 

Some clean garnet, some retrogressed. 

 

Reflected Light 

Trace chalcopyrite in clean silicates, with or without clean pyrite. 

No pyrrhotite. 

 

Summary and comments 

Sillimanite either pseudomorphs S1-aligned micas, or is occasionally in S2-aligned masses. My feeling is it 

actually post-dates both fabrics. 
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Sample ID: CAL065 

Hole ID: DWN4 

Depth: 183.07-183.15 m 

Reason for sample: Typical higher-grade mineralised vein and garnet-biotite selvedge. 

 

Transmitted Light 

Proximal vein/selvedge is grunerite (and other amphibole?), with some retrogression to chlorite (30%). 

Sharp change moving away into quartz-plagioclase-biotite-garnet domain. Quartz as polygonal interlocking 

matrix to coarse light brown to dark green-brown biotite and pink garnet. 

Garnet shows clear evidence of multiple growth and retrogression events: newest outer garnet overgrows chlorite 

pseudomorph of earlier garnet, but that original garnet still present in the core. 

All garnets overgrow/include biotite, and become finer and cleaner away from the vein. Uphole end is same 

assemblage as near vein, but just much finer. 

Biotite foliation deflects around garnets. 

Late veinlet of stilpnomelane. 

 

Reflected Light 

Vast bulk is grunerite zone. Euhedral magnetite is dominant, finely disseminated. Sulphide is pyrite and just a 

little bit of chalcopyrite, mostly fine disseminations, with larger grains aligned to foliation. 

 

Summary and comments 

Vein is alteration-derived grunerite. 

Potassic altn (biotite) pre-garnet – includes biotites. But foliation at vein margin is also deflected around garnets. 
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Sample ID: CAL066 

Hole ID: DWN4 

Depth: 196.73-196.80 m 

Reason for sample: Characterise mineralogy of typical high-strain zone, with garnet-sillimanite alteration. 

 

Transmitted Light 

Rock structure is very coarse microcline crystals (greater than thin section width, likely metamorphic origin) full 

of fine biotite and quartz that preserved S1 foliation. This is full of fine sillimanite in a variety of orientations. 

Between microcline grains are bands of quartz-biotite-chlorite-sillimanite-andalusite and streaks/clumps of 

fibrolitic sillimanite, mostly after biotite, but also after diamond shaped staurolite in places. 

 

 

Reflected Light 

Trace disseminated ilmenite, associated with biotite-sillimanite bands. 

 

Summary and comments 

Microcline-quartz-biotite-sillimanite-andalusite-staurolite schist. Very coarse microcline is certainly of 

metamorphic origin, probably from quartz+muscovite origin, to produce sillimanite also. 

Probably a ~sericite-chlorite shear zone, metamorphosed. 
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Sample ID: CAL067 

Hole ID: DWN4 

Depth: 220.90-221.0 m 

Reason for sample: Characterise mineralogy of late (post-S1) sulphide-rich veinlets. 

 

Transmitted Light 

Quartz-plagioclase-biotite-grunerite schist. Grunerite is light brown, moderate to high relief, variable extinction 

and int colours dur to different grain orientations. 

 

Reflected Light 

Very fine magnetite throughout. Pyrrhotite-chalcopyrite in places, most strongly developed around a clearly 

retrogressive chlorite stringer – total chloritisation around narrow selvedge. 

 

Summary and comments 

Grunerite of alteration-metamorphic origin. Vein is late/retrograde. 
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Appendix 13 – Drill core graphic log sheets 

A3 graphic log sheets for 12CADD001, 12CADD002, 14CADD001, 14CADD002, 

08WHDDH001 and DWN 4. Structural readings are in alpha/beta/gamma format. Structural 

features are drawn as though looking north at an east-west cross-section, with the hole aligned 

at its drilled dip – i.e. for 12CADD001 (drilled to 090), bottom of hole is the left hand side. 
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The Calingiri Cu–Mo–Ag deposits are located in the South West  
Terrane of the Archean Yilgarn Craton, about 120 km northeast  
of Perth. Mineralization formed at about 2997–2957 Ma  
(Re–Os molybdenite), during early deformation of the high-Ca,  
granite–gneiss host rocks, which are dated at  
3010 ± 4 Ma (SHRIMP U–Pb zircon). East–west  
compression at c. 2670 Ma was accompanied 
by additional granite magmatism, dated at  
2673 ± 5 Ma (SHRIMP U–Pb zircon), and  
upper amphibolite facies metamorphism.  
The Cu–Mo–Ag mineralization was deformed  
during the c. 2670 Ma event, and proximal  
hydrothermally altered rocks were  
recrystallized into garnet- and sillimanite-bearing  
assemblages. Calingiri is an Archean example  
of metamorphosed porphyry-style mineralization.
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Further details of geological products and maps produced by the 

Geological Survey of Western Australia are available from:

Information Centre 

Department of Mines, Industry Regulation and Safety 

100 Plain Street 

EAST PERTH WA 6004 

Phone: (08) 9222 3459   Fax: (08) 9222 3444

www.dmp.wa.gov.au/GSWApublications
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