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Figure 1 Geological map of the Eastern Fold Belt highlighting key regional lithostratigraphic 
packages, including the Staveley Formation and the location of the Starra deposits, modified 
after Duncan et al. (2014). Inset in the top right shows the Australian context of the Mount Isa.
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the footwall plotted on a lower hemisphere stereonet; D) Structural measurements from the 
hanging wall and ore zone; E) 3D render of major faults (after Duncan et al., (2014) and 
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1 Executive summary 

This chapter represents Part 5 of the final Cloncurry METAL project report. It examines the 
ironstone-hosted Starra line of Au-Cu deposits, located in the southern region of the Cloncurry 
district, which show a strong structural association with the long-lived Starra Shear Zone. Using the 
scale-integrated Cloncurry METAL geodatabase, we examined the mineralogical (SEM-TIMA), 
petrophysical, and structural characteristics (mapping, logging and AMS analysis) of the Starra 276 
and Starra 251 ore shoots within the Starra mineral system, the major findings of which are 
summarised below. 
 
SEM-TIMA imagery was used to define the mineralogical changes towards the ore body, including 
the sharp decrease in albite at the metasedimentary rocks-ironstone transition, increased 
chloritization of biotite and increasing carbonate minerals towards the orebody at depth. 
Comparison of downhole magnetic susceptibility, and sample-based radiometrics and AMS against 
the assay results for copper, gold, iron and sulphur revealed the relationships between the intensity 
of structural fabrics, geophysical properties and mineralisation. At depth, the oxidised core of the 
associated fault structure was characterised by notable uranium anomalism and hydrolytic/acid 
(quartz-chlorite-hematite) alteration. Copper-gold mineralisation is noted in a halo of reduced iron 
oxide (magnetite) occurring either side of the fault, associated with elevated magnetic susceptibility 
on the margins of the main metasomatising structure, interpreted as the reflection of lateral 
changes in redox conditions. Vertical changes in the redox conditions are also indicated by the 
prevalence of hematite in shallower portions of the system, likely associated with surface processes.  
 

Coupled AMS, TIMA and structural analysis indicate progressive alteration within the Starra system 
was associated with multiple phases of deformation and reactivation of the host Starra shear zone. 
Samples displaying early sodic-calcic and potassic-iron oxide alteration assemblages in the distal to 
medial footprint of the system display magnetic fabrics consistent with regional D2 E-W and D3 NE-
SW shortening, respectively. The final stages of the structural evolution revealed by mapping and 
AMS reveal show a transition to strike-slip deformation and wrench tectonics in the latter stages of 
both D3 deformation and D4 NW-SE to WNW-ESE shortening. These events are associated 
oxidation/hydrolytic alteration, Au-Cu mineralisation and late calcite-dolomite infill assemblages in 
the main metasomatizing structure. We highlight the excellent correlation between the plunge of 
the Starra 251 ore shoot and the K1 orientation. Finally, from AMS results, we propose that D4 
sinistral transpressional reactivation of a bend in the host Starra Shear Zone controlled the dilation 
and ore shoot geometries of the Starra 276 Au-Cu orebody.     
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2 Introduction 

Iron oxide-copper-gold (IOCG) deposits are renowned for their broad spectrum of mineralisation 
styles and deposit types, including magnetite-, magnetite-hematite- and hematite-dominant 
deposits, as well as Fe or Cu-Au skarns, affiliated albitite-hosted uranium and iron oxide-apatite 
deposits (Hitzman et al., 1992b; Oliver et al., 2004b; Williams et al., 2005; Corriveau, 2010; Groves 
et al., 2010; Corriveau et al., 2016). The IOCG sensu stricto deposits are classified as magmatic-
hydrothermal systems, exhibiting distinct alteration zonation, strong structural controls and large 
volumes of brecciation across wide areas (Hitzman et al., 1992a; Groves et al., 2010). Economic Cu 
and Au mineralisation is associated with pre- (to syn)-mineralisation low Ti iron oxides, light rare 
earth element (LREE) enrichment, elevated Ag, Ni, Mo, P, U, Ba and F, low pyrite content and limited 
quartz veining (Hitzman and Porter, 2000; Sillitoe, 2003; Groves et al., 2010). The diversity of deposit 
types also reflects a range of redox conditions associated with evolving metasomatic processes and 
crustal depth of the mineralising system (Rusk et al., 2009; Armistead et al., 2018; Austin et al., 2019; 
Schlegel et al., 2020; Austin et al., 2021c; Austin et al., 2021d). The Cloncurry IOCG district of the 
Proterozoic Mount Isa Inlier is characterised by extensive metasomatic activity, protracted 
tectonism, widespread magmatism and a variety of structurally controlled IOCG deposits (e.g. Ernest 
Henry, Osborne, Starra, Eloise) (Oliver et al., 2004b; Betts et al., 2006; Mark et al., 2006; Blenkinsop 
et al., 2008; Austin and Blenkinsop, 2009; Austin et al., 2019). Strong structural controls on IOCG 
mineralisation are demonstrated throughout the Eastern Fold Belt with a number of studies 
demonstrating favourable orientations associated with N-, NW- and ENE-trending structures (Laing, 
1998; Mustard et al., 2004; Austin and Blenkinsop, 2008). Local structural controls include 
intersecting faults, and dilation zones along jogs and bends; however, understanding of the 
structural controls at a deposit-scale, in term as of fluid pathways for mineralised fluid or dilation 
zones for precipitation of metals, is challenging in IOCG districts due to associated pervasive 
hydrothermal alteration.  

Given the diversity of IOCG mineralisation in the district, the UNCOVER Cloncurry and Cloncurry 
METAL projects aimed to provide systematic and scale-integrated characterisation of the 
petrophysical, mineralogical and structural characteristics of 23 deposits from throughout the 
district. The IOCG orebodies of the Starra line display a distinct structural control, with steeply north 
and south plunging ore shoots, likely reflecting key structures or strain regimes during 
mineralisation associated the long-lived Starra Shear Zone (Gow et al., 2018, and references 
therein). There is evidence of evolving redox or pH conditions controlling the local precipitation of 
gold and copper, with both magnetite and hematite dominant ore assemblages present in different 
zones of the deposit (Austin et al., 2021b; Schlegel et al., 2021). In this study, we focus on the 
mineralogy, structural controls, petrophysics and paragenesis of the Starra-276 and Starr 251 Au-
Cu deposits. This report represents the culmination of data analysis and interpretation from both 
Uncover Cloncurry and Cloncurry METAL. For the initial catalogue of mineralogical and petrophysical 
data and characterisation of Starra, we refer the readers to Patterson et al. (2016a). Details of all 
sample preparation and analytical techniques can be found in Austin et al. (2021a). 
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3 Geological setting 

3.1 Regional geology 

The Proterozoic Mount Isa Inlier of NW Queensland, Australia, records a prolonged history of 
sedimentation, tectonism, magmatism, extensive crustal metasomatism and base metal, Cu, Au and 
IOCG mineralisation (e.g. Williams, 1998; Betts et al., 2006; Oliver et al., 2008; Rubenach et al., 
2008a). The inlier is divided into the broadly north-south striking tectonic elements, including the 
Western fold Belt, the central Mary Kathleen and Kalkadoon Leichhardt belts and the Eastern Fold 
Belt. The Eastern Fold Belt (Fig. 1) is broadly interpreted as an inverted Proterozoic continental rift 
and platform carbonate sequence, overprinted by multiple episodes of deformation and mid-crustal 
high-grade metamorphism (Giles et al., 2006a; O'Dea et al., 2006; Blenkinsop et al., 2008; Murphy 
et al., 2017). The Eastern Fold Belt comprises sedimentary and volcanic rocks of ca. 1790 – 1740 Ma 
Cover Sequence 2 (CS2) and ca. 1720–1610 Ma Cover Sequence 3 (CS3) (Blake, 1987; Gow et al., 
2018). Felsic volcanic and rift sedimentary sequences of CS2 include the Argylla Formation, the 
Marraba Volcanics, and the Ballara and Mitakoodi quartzite packages. These are overlain by 
platform carbonate sequences of the Corella Formation, with the stratigraphic pile best preserved 
west of the Overhang Fault. East of the Overhang Fault, CS3 comprises oxidised platformal 
carbonates of the ca. 1725–1710 Ma Staveley Formation of the Mary Kathleen Group, including 
metamorphosed calcareous siltstone-sandstone sequences and iron formations and the ca. 1710–
1650 Ma Soldiers Cap Group. The Staveley Formation is considered to be a shallow-marine temporal 
equivalent off the Soldiers Cap Group (Foster and Austin, 2008). A redox transition is noted in the 
overlying marker horizon of the Roxmere Quartzite, commonly observed underlying the Kuridala 
Formation turbiditic phyllitic schists and psammites (ca. 1710–1680 Ma). The Kuridala Formation is 
subdivided into the Starcross Formation, the New Hope Quartzite and the Hampden Slate (GSQ, 
2011). To the east, the Soldiers Cap Group is divided into four units (Beardsmore et al., 1988; Foster 
and Austin and, 2008). The oldest units referred to as the Gandry Dam Gneiss is potentially a higher-
grade equivalent of the Llewellyn Creek formation, a sequence of turbiditic meta-pelites, -
psammites and -basalts. The Gandry Dam Gneiss and Llewellyn Creek formations are extensively 
intruded by doleritic sills. The Llewellyn Creek formation grades up into the Mount Norna Quartzite, 
which is overlain by metabasalt flows, carbonaceous pelites and psammites of the Toole Creek 
Volcanics (Page and Sun, 1998; Giles and Nutman, 2003). Together, the Kuridala Formation and the 
Soldiers Cap Group and equivalents are grouped as the Maronan Supergroup (Donchak et al., 1983; 
Beardsmore et al., 1988; Page and Sun, 1998).  
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Figure 1 Geological map of the Eastern Fold Belt highlighting key regional lithostratigraphic packages, including the 
Staveley Formation and the location of the Starra deposits, modified after Duncan et al. (2014). Inset in the top 
right shows the Australian context of the Mount Isa. 

There have been extensive regional studies of the structural evolution of the Mount Isa Inlier, 
however much of the early tectonic history remains contested (O’Dea et al., 1997; Betts et al., 2006; 
Blenkinsop et al., 2008; Foster and Austin, 2008; Rubenach et al., 2008a; Spampinato et al., 2015). 
Prior to the Isan Orogeny, evidence of the ca. 1740 Ma Wonga Extension Event is preserved in the 
Double Crossing Metamorphics in the Mary Kathleen and Selwyn regions, coeval with the 
emplacement of the ca. 1743 Gin Creek Granite and the Mount Fort Constantine Volcanics (Page 
and Sun, 1998). This is associated with the development of low angle, mid-crustal detachments 
(Holcombe et al., 1991, 1992; Laing, 1998). The earliest Isan structure is broadly described as an 
early bedding parallel foliation, attributed to both extensional and thrust related events prior to the 
commencement of the Isan Orogeny (Giles et al., 2006b; O'Dea et al., 2006; Murphy et al., 2017). 
The ca. 1610 Ma Isan D1 structures are variably attributed to nappe thrusting and northwest-
directed transport associated with thin-skinned tectonics (Adshead-Bell, 1998; Sayab, 2005; Giles et 
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al., 2006b; O'Dea et al., 2006; Rubenach et al., 2008a), or as flat lying mylonitic structures (Laing, 
1998). Within the Selwyn region, the Starra Shear is interpreted as a D1 thrust, juxtaposing tightly 
folded rocks of the Staveley Formation with exhumed Double Crossing Metamorphics, subsequently 
refolded during D2 E-W shortening (Adshead-Bell, 1998; Duncan et al., 2014). The north-striking 
Selwyn shear delineates the contact between the Staveley Formation and the Soldiers Cap Group. 
Thick-skinned D2 deformation is manifested in regional N-S trending folds, the regionally pervasive 
N-S striking S2 foliation and late-D2 reverse faulting (Adshead-Bell, 1998; Betts et al., 2000; 
MacCready, 2006; O'Dea et al., 2006; Sayab, 2006). Regional ductile deformation (D3) at ca. 1550 
Ma is characterised by NW- (to NNE) striking folds and faults, locally noted as D4 (Austin and 
Blenkinsop, 2010; Duncan et al., 2014). An earlier phase of granitic intrusion occurred along the 
Cloncurry Fault Zone at this time. The final major Isan event is characterised by brittle-ductile 
deformation manifested in NE-trending, upright folds, and crenulation of the S2 foliation, as well as 
small-scale displacement along minor NE-striking D4 faults which resulted in significant damage 
zones. D4 caused reactivation of N- and NNW-striking D2 faults and is associated with both 
transpression and wrenching (O’Dea et al., 1997; Betts et al., 2006; Austin and Blenkinsop, 2009). 
Coeval emplacement of A-type granodiorite batholiths of Williams-Naraku suite was extensive from 
D4 (Page and Sun, 1998; Mark et al., 2004; Rubenach et al., 2008a; Murphy et al., 2017).  

In the Eastern Fold Belt, meta-pelitic, meta-psammitic, and  evaporite-bearing calc silicate rocks 
reached peak metamorphism of upper greenschist to upper amphibolite facies conditions between 
1595 and 1575 Ma during D2 (Foster and Rubenach, 2006; Rubenach et al., 2008a), with increasing 
metamorphic gradients noted towards the south east. Peak metamorphic conditions  are estimated 
at ~650 °C and 4-5 kbar (Foster and Rubenach, 2006); however, given the duration and polyphase 
nature of the Isan Orogeny, it is likely there are complex overprinting events (Oliver et al., 1991; 
O’Dea et al., 1997; Rubenach et al., 2008a; Abu Sharib and Sanislav, 2013). The peak period of iron-
oxide-copper-gold (IOCG) mineralisation, and the focus of this study, coincides with the later stages 
of the Isan Orogeny (ca. 1530 – 1500Ma), associated with regionally extensive sodic and sodic-calcic 
alteration systems and brecciation within the Eastern Fold Belt (Mark et al., 2004; Oliver et al., 
2004a; Kendrick et al., 2007).  

The timing of IOCG mineralisation in the Eastern Fold Belt is prescribed to two discrete events (e.g. 
Baker et al., 2001; Mark et al., 2004; Oliver et al., 2004b; Rubenach et al., 2008a; Duncan et al., 
2011). The first event, noted at Osborne and Starra deposits, is temporally associated with peak 
metamorphism between ca. 1595 – 1570 Ma, whilst the second, more economic mineralising event 
is related to widespread magmatism and the emplacement of the Williams-Naraku batholiths 
between ca. 1525 and 1500 Ma. D4 WNW-ESE shortening has been proposed as synchronous with 
Cu mineralisation at Ernest Henry (Keys, 2008) and other deposits in the district. 

3.2 Local geology and Au-Cu mineralisation 

Since discovery in 1980, estimates of indicated and inferred Au-Cu resources at Starra, including 
historic production, total 37.4 Mt at 1.6 g/t Au and 1.2% Cu (Ivanhoe, 2010). The Starra Line 
represents five ironstone-hosted Au-Cu orebodies along a strike length of over 5 km defining the 
Starra deposit (Figure 2) within the Marimo-Staveley Domain of the Selwyn Region. The Starra 
deposits have notably high Au content relative to other deposits in the Cloncurry IOCG district 
(Williams et al., 2005). The Starra mineral system is hosted in strongly deformed and pervasively  
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Figure 2. a) Map of the Starra line of Cu-Au deposits and resources (modified from Murphy et al. 2017 and Duncan 
et al., 2014), showing surface sample locations of this study.; b) N-S profile of Starra orebodies looking W, showing 
ore shoot plunge of Starra 276 and Starra 251. Ore shells (0.75% eCu) from Gow et al., (2018). 

altered calcareous sandstone and siltstone sequences of the Staveley Formation, bounded to the 
west by the long-lived, north-trending, Starra Shear Zone. The eastern extent of the Staveley 
Formation in the area is delineated by the Selwyn Shear Zone. Mineralisation sits in magnetite-
hematite ironstones in the hanging wall of an NNE-striking segment of the Starra Shear Zone, 
associated with ductile shearing and brecciation. In the regional contact, the shear zone is 
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interpreted as a refolded, reactivated D1 thrust (Murphy et al., 2017), juxtaposing the folded 
metasedimentary rocks of the Stavely Formation with the Double Crossing Metamorphics, however 
mineralisation is associated with reactivation during D4 (Adshead-Bell, 1998). The alteration 
assemblages comprise magnetite, hematite, albite, biotite, calcite, pyrite, actinolite, barite and 
scapolite (Davidson, 1989; Rotherham, 1997; Mark et al., 2006), although not necessarily all 
temporally coincident. The most recent studies, completed as part of UNCOVER Cloncurry (Walshe 
et al., 2016), demonstrate that whilst magnetite is predominant in the hydrothermal footprint of 
the Starra deposits, particularly the footwall, the core of the Starra system displays near complete 
oxidation of magnetite to hematite (Patterson et al., 2016b). 

The Starra 276 Au-Cu deposit is characterised by a narrow, steeply east to NE dipping ore zone 
hosted in a magnetite-quartz and hematite ironstones. The ore zone changes from N-S striking to 
NW-SE striking towards its southern end, with a general ore zone plunge of approximately 
34°→160°. In contrast, the ore bodies of Starra 257, 251, 244 and 222 are SE-dipping and plunge 
moderately to steeply towards the NNE or NE (Gow et al., 2018), with Starra 251 plunging 
approximately 60°→065°. Previous paragenetic models of the Starra ironstone include syngenetic 
exhalation (Davidson, 1989),  syn-tectonic remobilisation of stratiform ironstones (Switzer et al., 
1988a) or post-deformational Na-Ca metasomatism (Williams, 1994). Recent studies interpret the 
Starra deposit as epigenetic (Rotherham, 1997; Adshead-Bell, 1998) with post-peak metamorphism 
alteration characterised by three main stages. These include: 1) Early widespread Na-Ca 
metasomatism associated with an assemblage of albite-quartz-actinolite-scapolite, 2) more 
localised K-Fe metasomatism resulting in biotite-magnetite-hematite-quartz-pyrite and, 3) 
mineralisation attributed to anhydrite-calcite-hematite replacement and magnetite-pyrite-
chalcopyrite-gold complexes. This stage is also associated with pervasive chloritization of biotite 
(Rotherham, 1997; Rotherham et al., 1998). Ironstone formation is interpreted as synchronous with 
shearing and brecciation of Na-metasomatized host lithologies. Rotherham (1997) describes Au-Cu 
mineralisation as the product of the interaction of an oxidising fluid with magnetite, leading to 
changes in the redox potential.  

The complex structural evolution of Starra high strain zone and surrounding country rocks is 
attributed to multiple ductile events and a later brittle-ductile event (Adshead-Bell, 1998; Duncan 
et al., 2014). The earliest described structures are characterised by a bedding-parallel, shallow 
dipping foliation, overprinted by pervasive, upright tight to isoclinal, NE-SW–striking F2 folds with a 
steep, southeast-dipping axial surface (S2). This event is associated with syn-D2 thrusting and post-
D2 sinistral shearing along the Starra Shear Zone (Duncan et al., 2014). These structures are 
overprinted by an east-west striking, shallow south-dipping crenulation cleavage attributed to top-
down-to-south movement (Adshead-Bell, 1998) or orogenic collapse (Duncan et al., 2014). The early 
stages of D4 are associated with dextral brittle faulting, sodic-calcic and iron-oxide alteration and 
the development of a strongly differentiated, composite S2/4 foliation (Adshead-Bell, 1998). 
Development of pre-mineralisation breccias are attributed to brittle ductile deformation, prior also 
to K-Fe metasomatism. Ironstone geometries are described as en echelon NNE-striking lenses, with 
Au-Cu mineralisation only noted in the western ironstones. Eastern ironstone are general barren 
and hematite-rich, located in the Selwyn high strain zone (Adshead-Bell, 1998).  

Current constraints on the timing of mineralisation at Starra somewhat contradict structural 
frameworks proposed for the Starra deposit (Duncan et al., 2011, and references therein). Three 
phases of Cu-Au are constrained by three isotope systems, the first of which dates sodic-calcic 
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alteration at 1594 ± 8 Ma (U-Pb titanite age; Duncan et al., 2011), corresponding with peak Isan 
metamorphism, and an initial, yet minor, phase of Cu-Au mineralisation. A Re-Os molybdenite age 
of ca. 1570 Ma is interpretated as the main mineralising event at Starra (Duncan et al., 2011). The 
ca. 1570 Ma age appears to be associated with dolomite-magnetite-chalcopyrite skarns, sampled 
from STQ1095 (Patterson et al., 2016). Younger 40Ar/39Ar biotite ages of ca. 1503 Ma (Perkins and 
Wyborn, 1998) are inferred to reflect subsequent hydrothermal activity, possibly temporally 
coincident with oxidation of magnetite.  

4 Methods 

The Starra-276 study combines 31 outcrop samples (mainly from the ironstone ridge: Fig 3) and 89 
samples collected from three drillholes along a E-W profile through the deposit (Fig 4). The sampling 
design aimed to capture zonation within the footprint, spanning the background host lithologies 
and the ore-proximal-medial-distal hydrothermal alteration zonation, as well as the structural 
context of assemblages within the Starra deposit. 

 

 

 

Figure 3 3D view of GoogleEarthTM imagery draped on a DEM over an ironstone ridge cropping out between Starra-
257 and Starra-276. The majority of surface samples were oxidised (i.e., Hematite-dominant) ironstones which we 
will use to examine the relationships be between redox and mineral zonation along strike using TIMA and pXRF.   

 



 

CSIRO Australia’s National Science Agency Starra 276 and 251: Redox Gradients and Structural Controls  |  15 

 

Figure 4: Simplified E-W trending geological cross-section across the Starra276 IOCG deposit illustrating the 
distribution of host rock lithologies, ironstones and quartz-ironstones derived from company logging data.  Black 
dots indicate the location of samples from drill cores used in this study. The location of faults and shear zones were 
adapted from Duncan et al. (2014). Cu grade contours are derived from company assay data. 

4.1 SEM-TIMA analysis 

The polished sample surface was analysed using a Mira Tescan field emission gun (FEG) scanning 
electron microscope (SEM), coupled with three EDAX Energy Dispersive X-ray Spectroscopy (EDS) 
detectors and a backscatter electron (BSE) detector. The instrument is located at CSIRO`s 
microanalytical facility ARRC, Perth, Western Australia. Standard electron beam alignment, beam 
focussing, and calibration of the EDS and BSE detectors were conducted before each analytical run 
comprising up to 22 samples. Analyses of mineralogy were undertaken using a Tescan Integrated 
Mineral Analyser (TIMA) and the results were used determine the redox condition during alteration 
and the paragenesis of each sample, as well as a textural and metasomatic framework for the 
petrophysical results. 
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SEM-EDS-based raster maps with a resolution of a 10 μm were acquired over an area of 23 mm in 
diameter (about 3.5cm2 using a 25 keV, 6 nA, 26 nm electron beam. A required minimum of 1000 X-
ray counts per pixel were obtained for each 10 μm point to allow mineral identification. The analysis 
time for each sample was approximately 2 hours. Data processing and mineral identification was 
conducted by the Tescan Integrated Mineral Analyser (TIMA) software package in automated mode. 
Identification of major, minor, and accessory minerals is done by comparison with an in-house 
spectra-matching mineral library containing more than 150 minerals including mineral solid 
solutions. Every mineral map was checked for accuracy and consistence to ensure high accuracy of 
resulting modal mineralogy. All results are given in vol. % with a detection limit of 0.01 vol. %.  

The mineral library was generated from international standards, natural minerals previously 
quantified by electron microprobe analysis and semi-quantitative electron backscatter diffraction 
(EBSD) measurements. Individual mineral compositions in the reference library mineral are based 
on estimates obtained from semi-quantitative SEM-EDS analysis or published stoichiometric mineral 
compositions from the Webmineral mineralogy database (www.webmineral.com). A specific 
mineral is identified by TIMA if the SEM-EDS spectra meets the expected X-ray count range for each 
element (Fig. 3). For example, scapolite was identified and differentiated from plagioclase based on 
a clearly visible and quantified Cl-peak (Fig. 4). Additional elemental constraints were added to some 
mineral reference composition to account for their natural chemical variation and for separation of 
minerals forming solid solutions. Mineral abbreviations published in Whitney and Evans (2010) were 
used in this part of the report. The SEM-TIMA method does not discern between orthoclase and 
microcline. For this reason, we use K-fsp as abbreviation instead.  

4.2 Petrophysical analysis 

To understand the petrophysical properties of the deposit, each specimen was subjected to 
numerous analyses, including: measurements of density (using a Mettler-Toledo MS204TS  balance), 
magnetic susceptibility (using an AGICO MFK1-A Kappabridge magnetometer), remanent 
magnetisation (using an AGICO JR-6 magnetometer), radiometrics (using a Radiation Solutions RS-
332 gamma-ray spectrometer) and conductivity (using a Terraplus KT-20). Analyses of mineralogy 
were undertaken using a Tescan Integrated Mineral Analyser (TIMA) and the results were used 
determine the redox condition during alteration and the paragenesis of each sample, as well as a 
textural and metasomatic framework for the petrophysical results. Anisotropy of magnetic 
susceptibility (AMS) measurements made using a MFK1-A magnetometer provide structural 
context, coupled with surface and drill core structural logging. Further information regarding 
sampling, analytical techniques and conditions can be found in Austin et al., (2021a). 

4.3 Structural analysis 

Both surface mapping and structural logging was conducted in strategic locations along the Starra 
line of Cu-Au deposits. Three drill cores were examined during the Cloncurry METAL were re-logged 
to collect traditional structural geology measurements of planar and linear features (STQ1095, 
STQ1098, STQ1099W1). These coincide where possible with the location of existing AMS 
measurements to facilitate comparison and evaluations of the two techniques, and geometric and 
relative timing relationships in the context of mineralisation within the system. Mapping was 
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conducted an approximately east-west oriented transect at Starra 276, and across the south face of 
the Starra 251 put. Measurements of planar features (bedding, foliation, veins) are reported as dip 
direction and dip, whilst linear features (lineations, fold axes) are reported as trend and plunge. 
Structural information is plotted in equal areas lower hemisphere stereonets, produced in Stereonet 
(Allmendinger et al., 2011).  

4.4 AMS analysis 

The anisotropy of magnetic susceptibility (AMS) defines the directional variability, or ellipsoid, of 
the magnetic susceptibility of a rock, capturing information about its texture or petrofabric  (Nagata, 
1961; Rochette et al., 1992; Biedermann et al., 2015). The non-destructive technique reflects the 
grain shape of magnetite or the crystallographic preferred orientation and alignment of Fe-bearing 
minerals, thus defining the magnetic fabric. Measurements of AMS tensor data are acquired using 
an AGICO MFK1-A Kappabridge magnetometer. Each measurement yields the relative intensity, 
declination, and inclination of the maximum (K1), intermediate (K2) and minimum (K3) principal 
susceptibilities, as well as the mean susceptibility. These are used to define the three semi-axes of 
the susceptibility ellipsoid, comparable to finite-strain directions (Borradaile, 1991; Závada et al., 
2017). The AMS ellipsoid is geographically corrected relative to drill-hole or surface sample 
orientation and can be visualised using stereonets. The AMS data is processed in the AnisoftTM 4.2 
software (Chadima and Jelinek, 2009), to assess the quality clustering of tensor data and calculate 
the key parameters to describe the type of magnetic fabric. Outlined by Jelinek (1981), the degree 
of anisotropy (P) within the sample is the ratio of K1 to K3 (P=K1/K3). A rock with a high P value is 
highly anisotropic whereas one with P≈1 is isotropic and does not show a magnetic fabric. Other 
quantitative parameters of anisotropy include the degree of magnetic lineation (L=K1/K2) and the 
degree of magnetic foliation (F=K2/K3), as well as Pj, the corrected degree of anisotropy, which takes 
the shape parameter into consideration. The ellipsoid shape parameter (T) is defined by the equation 

T=(2η2 - η1 - η3)/(η1 - η3) 

where η1 = ln K1, η2 = ln K2, η3 = ln K3 (Jelinek, 1981). A prolate ellipsoid (-1 <T<0), associated with 
a high L value, indicates a linear anisotropy, whilst an oblate ellipsoid (0<T<+1) is associated with a 
high F value and a planar/foliation (F) dominant anisotropy (Jelinek, 1981). Further details on the 
data acquisition, processing and handling can be reviewed in Austin et al., 2021b.  
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5 Results 

5.1 Mineralogy 

5.1.1 Metasedimentary host rocks  

The mineralogy of the metasedimentary host rocks at Starra276 is relatively simple. Foliated schists, 
siltstones and minor sandstones are dominated by albite. Other major constituents are amphiboles, 
biotite, and quartz. Iron oxides, usually in the form of magnetite typically reach up to about 2 vol.%. 
The mineral assemblages also contain subordinated amounts of chlorite, apatite, epidote, and 
locally white mica in the form of muscovite and minor phengitic muscovite. Scapolite-Cl is locally 
abundant and reaches up to several vol.% in individual samples (e.g. STA238 in drill core 
STQ1099W1). Pyrite and pyrrhotite are heterogeneously distributed and their amounts vary, 
ranging from 0.01, the limit of detection in SEM-TIMA, to > 5 vol.% pyrite in sample STA213 and to 
about 0.3 vol.% pyrrhotite in sample STA213, respectively (Fig. 5 and 6). In outcrops at the surface, 
the metasedimentary rocks are variably weathered but show a similar mineralogy than the samples 
form drill core (Fig. 7).  

5.1.2 Amphibolite  

The amphibolite, sampled in drill core STQ1095 (Fig. 6), shows a xenomorphic rock texture, contains 
abundant albite, plagioclase, amphiboles, and biotite as well as minor and irregular distributed 
chlorite, apatite, muscovite, pyrite, pyrrhotite and calcite typically in veins. Magnetite is frequently 
and intimately intergrown with ilmenite. Titanite and some rutile are associated with ilmenite and 
magnetite. Further information on the mineralogy of the amphibolite is given in Patterson et al. 
(2016). 
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Figure 5: Pseudo-downhole plot of drill hole STQ1095 illustrating the lithology, alteration zonation (blue = distal, 
green = medial, orange = proximal alteration footprint, red = marginal, and purple = central ore zone), degree of 
hematite replacing magnetite, and the modal mineralogy in vol. % including holes and unidentified pixels due to 
mixed spectra in each sample. The mineralogy of one sample is shown in a row. Each column represents a mineral or 
a group of minerals. A separate colour-code is used for each mineral or a group of minerals (e.g. sFsp = Ab+Pl+Kfsp, 
sChl=Fe-chlorite + Mg-chlorite, sWMica = Ms + phengite). The colours represent different percentiles of the entire 
dataset from the Starra deposit. 
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Figure 6: Pseudo-downhole plot of drill hole STQ1099W1 illustrating the lithology, alteration zonation (blue = distal, 
green = medial, orange = proximal alteration footprint, red = marginal, and purple = central ore zone), degree of 
hematite replacing magnetite, and the modal mineralogy in vol. % including holes and unidentified pixels due to 
mixed spectra in each sample. The mineralogy of one sample is shown in a row. Each column represents a mineral or 
a group of minerals. A separate colour-code is used for each mineral or a group of minerals (e.g. sFsp = Ab+Pl+Kfsp, 
sChl=Fe-chlorite + Mg-chlorite, sWMica = Ms + phengite). The colours represent different percentiles of the entire 
dataset from the Starra deposit. 

5.1.3 Ironstones 

Gold and Cu sulphide ore lenses are hosted by ironstones. The ironstones are dominated by 
magnetite and show a variable hematite overprint ranging from weak to intense (hematisation of 
magnetite). Magnetite and or hematite are intergrown with quartz, minor apatite, chlorite, and 
carbonates including calcite, dolomite and or siderite (Fig. 8). Cryptocrystalline assemblages of iron 
oxides and quartz occur locally and can be misinterpreted as fayalite during SEM-TIMA mineral 
evaluation. Quartz is also intergrown with aluminosilicates such as chlorite, whilst feldspars, i.e. 
albite, are typically absent in ironstones. Dolomite fills interstices between iron oxides and quartz 
and is intergrown with Cu sulphides in ironstone ores (Fig. 8 a, b). In some samples, dolomite 
crosscuts magnetite grains thus it postdates the formation magnetite in these samples (e.g. STA028, 
Fig. 8 b). Chalcopyrite, bornite, chalcocite, covellite, chalcocite and native copper are associated 
with iron oxides, quartz, and dolomite. Native copper locally infills pores within the ironstone (Fig. 
8 c, d). The ironstones also contain abundant pyrite and pyrrhotite reaching up to 15 vol.% pyrite 
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and 0.6 vol.% pyrrhotite in sample STA227. In surface outcrops, haematitic ironstones contain 
between about 60 vol.% and 80 vol.% iron oxides, locally reaching 98 vol.% hematite intergrown 
with quartz and some siderite, alunite, muscovite or barite (Fig.8 e and F). Like at depth, 
cryptocrystalline intergrowth of iron oxides and quartz are present. However, in some ironstones at 
the surface, hematite is intergrown with abundant white mica showing a chemistry of pyrophyllite 
and kaolinite (e.g. STA119).  

 

 

Figure 7: Illustration showing the mineralogy of outcrop samples collected at the Starra276 access portal (Samples 
STA100 to STA104) and along the Starra line. Shown are the lithology, alteration zonation (green = medial, orange = 
proximal alteration footprints), the degree of hematite replacing magnetite, and the modal mineralogy in vol. % 
including holes and unidentified pixels due to mixed spectra in each sample. The mineralogy of one sample is shown 
in a row. Each column represents a mineral or a group of minerals. A separate colour-code is used for each mineral 
or a group of minerals (e.g. sFsp = Ab+Pl+Kfsp, sChl=Fe-chlorite + Mg-chlorite, sWMica = Ms + phengite). The colours 
represent different percentiles of the entire dataset from the Starra276 deposit. 
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Figure 8: Illustration of mineral maps obtained from SEM-TIMA measurements and native copper during reflected 
light microscopy. (A, B) Mineral map of Cu ores from Starra276 showing porous iron oxides dominated by (A) hematite 
and (B) magnetite intergrown with quartz. Chalcopyrite fills interstices within (A, B) iron oxide grains and is 
intergrown with dolomite. (B) Some dolomite veinlets crosscut magnetite. (C) Porous quartz-hematite ironstone with 
showing late infill of native copper in vugs. (D) Native copper in reflected light, sample STA206. (E, F) Cu-barren quartz-
hematite ironstone from a surface outcrop showing (E) muscovite intergrown with alunite and (F) kaolinite 
intergrown with barite.  
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5.1.4 Mineralogical changes toward the Starra ironstone-hosted Au-Cu deposit 

The transition in modal mineralogy from the albite-dominated and sheared metasedimentary host 
rocks to the ore-bearing ironstone lenses is sudden and occurs via a sharp increase in the amount 
of iron oxides and a rapid decrease in albite. At depth, for example in drill core STQ1095, the 
transition occurs between samples STA024 and STA026 and thus within about 15 m. At shallow 
depth, for examples in drill core STQ1098 between samples STA207 and STA021, the transition 
occurs within about 75 m, thus it is more gradual. In addition, the amount of cryptocrystalline 
intergrowth of iron oxides and quartz tends to increase towards the ironstones and is certainly more 
abundant in samples at shallow depth, which is consistent with the distribution of iron oxide + 
quartz ironstone extending to the surface (Figure 9). Like in other IOCG deposits, for example at 
Ernest Henry (Schlegel et al., 2021), the transition between metasedimentary host rocks and the 
ironstones is characterised by an increasing amount of chlorite, which is related to the chloritization 
of biotite. In addition, our samples in drill core STQ1095 show an increase in the amount of calcite 
and especially in dolomite and siderite towards the ore body at depth. However, a similar increase 
in carbonate minerals towards the shallow part of the ore body was not determined in samples from 
drill hole STQ1098.  

 

Figure 9: E-W trending cross-section across the Starra276 IOCG deposit illustrating selected mineral groups in each 
sample as a 100 % stacked bar plot. Each bar typically represents the majority of minerals in each sample. The 
mineralogy is super-imposed on a geological cross-section derived from company logging showing the principal 
lithologies including the distribution of iron and iron-quats stones (for geological legend see Figure 4). The location 
of faults and shear zones were adapted from Duncan et al. (2014). Cu grade contours are derived from assay data. 
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5.2 Petrophysical analysis of the Starra-276 system 

Analysis of petrophysical data from the Starra-276 deposit compared downhole magnetic 
susceptibility, and sample-based radiometrics and anisotropy of magnetic susceptibility against the 
assay results for copper, gold, iron and sulphur. This was undertaken as a first pass assessment of 
the relationships between the intensity of structural fabrics, geophysical properties and 
mineralisation, to better understand how structures influence redox gradients and mineralisation. 

The study examined the three holes from the Starra-276 deposit which together provide a 
reasonably representative cross-section across the deposit, from the footwall (west) to the 
hangingwall (east), and from depth to near surface. The drill hole sampling is complemented by near 
surface sampling of the hematite ironstone, which is not considered in this  section of the report. In 
general however there is a marked redox gradient between the host rocks, which are relatively 
reduced (i.e., magnetite dominant) and the ore zone which is hematite dominant. There 
furthermore appears to be a contrast between mineralised samples at depth, which have dolomite-
magnetite-chalcopyrite assemblages, compared with the hematite dominated assemblages nearer 
the surface (Figure 10). 

 

Figure 10: 3-D model (looking north) showing an interpolation of ore shells at Starra-276 (0.75 Cu equivalent ore 
shells from Gow et al., 2018), the sampled drill holes and the samples extracted an analysed.  
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5.2.1 The Footwall (STQ1099W1) 

The Footwall, which is sampled by drill hole STQ1099W1 shows significant variability in all logs 
shown in Figure 11. There are instances of elevated susceptibility correlating with moderate (sub-
ore grade) copper and gold. There does not appear to be any consistent correlations between any 
of the datasets, that might be indicative of a direct relationship between structure, redox and 
mineralisation. However, the footwall does have significant levels of sulphur, iron, copper, and gold 
throughout, and preserves relatively high strain throughout the sampled section. It therefore 
preserves a strong geochemical signature, which appears to be related to mineralisation. Whether 
or not the footwall represents a favourable in-situ source rock for mineralisation (i.e., the place from 
which fluids have scavenged Fe, S, Cu and Au) or whether it is a medial to proximal footprint related 
to the mineralisation (which was sourced elsewhere) is unclear and needs to be answered based on 
geochemical criteria. 

 

Figure 11: Comparison of downhole assay data for sulphur, iron, copper, gold and magnetic susceptibility, plotted 
against AMS and radiometric data extracted from palaeomagnetic samples for drill hole STQ1099W. 
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5.2.2 Distal hangingwall and deep mineralisation (STQ 1095) 

STQ1095 was sampled as part of the Uncover Cloncurry project and was drilled from east to west, 
starting in the adjacent amphibolite and finishing in the deeper parts of the ore body. Unfortunately, 
only the deepest mineralised section of the core was assayed, but the magnetic susceptibility, 
radiometric and AMS data do show some clear relationships (Figure 12), which are not present in 
the footwall. The highest susceptibilities mainly occur in the hanging wall and are associated with 
an amphibolite body to the east of the deposit. Our previous work on Starra (Patterson et al., 2016) 
suggested that this may have been a source of iron for the Starra Ironstones.  

 
Figure 12: Comparison of downhole assay data for sulphur, iron, copper, gold and magnetic susceptibility, plotted 
against AMS and radiometric data extracted from palaeomagnetic samples for drill hole STQ1095. 
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With increasing depth, there is a sharp contrast in strain (as inferred from the P factor >1.4 in AMS 
data) at approx. 320 m downhole (detailed in Section 4.3). The sharp strain gradient coincides with 
a spike in uranium radiometric data and elevated strain is persistent up to a peak P of ~1.6 at approx. 
370 m. The zone of high strain coincides with elevated magnetic susceptibility from 320-380m. 
Although not assayed, our TIMA data shows that the zone is not significantly mineralised. The 
lithologies in this zone are strongly foliated to brecciated and show evidence of sodic, calcic 
(amphibolite) alteration with overprinting biotite-magnetite alteration (Figure 13) and late calcite 
proto-breccia infill (Figure 14). Similar styles of alteration are observed to be early (or medial) and 
late (central) respectively in the Ernest Henry deposit (Schlegel et al., 2021; Austin et al., 2021c; 
Austin et al., 2021d). 

 
Figure 13: STA015, sodic-calcic altered rock with overprinting biotite-magnetite alteration. 

 
Figure 14: STA014, sodic-calcic altered rock displaying late calcite infill (proto-brecciation). 
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Apart from the Amphibolite unit and the high strain zone, the hanging wall is relatively non- 
magnetic (i.e., magnetite poor) compared to the footwall, which may imply it has been leached of 
Fe (±Cu, ±S, ±Au), or that is has not been altered by a distally sourced metasomatic fluid in the same 
way as has the footwall (depending on the metallogenic model applied).  
 
Deeper down the hole at 558 and 581 m respectively there are two zones of mineralisation in 
dolomite magnetite skarn assemblages (Figure 15). These zones display a positive correlation 
between sulphur, iron, copper and gold, and high susceptibility (indicating primary magnetite).  

The two magnetic, mineralised zones sit either side of, and approximately equidistant from, a zone 
of very low strain, which also coincides with a sharp uranium radiometric anomaly. The central zone 
has seen pervasive hydrolytic alteration (quartz-chlorite-hematite: Figure 16) and calcite proto-
brecciation, which is consistent with the late alteration in the core of the Ernest Henry System 
(Schlegel et al., 2021). AMS fabrics present in this area are vertical and oriented slightly oblique 
(more N-S) to the general trend in the area which are less steeply inclined and more NE-trending. 
Together this suggests that a relatively late, discrete fault zone is associated with relatively oxidised 
alteration sitting inboard of a more reduced mineralised zone. This is relationship was not however 
observed at shallower levels sampled by drill hole STQ 1098, in which mineralisation is associated 
predominantly with hematite. 

 

 

Figure 15: STA023B, and example of a Quartz-dolomite magnetite-chalcopyrite Mg-Skarn, typical of the 
deep mineralised zones at Starra-276. 
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Figure 16: Hydrolytic (quartz-chlorite-hematite) alteration, with calcite-dolomite-magnetite alteration (the ore 
phase) in the core of the alteration halo. 

5.2.3 Proximal hangingwall, shallow (hematite dominant) mineralisation and 
proximal footwall (STQ 1098)  

STQ1098 is collared just east of the Starra-276 mineralisation and samples the proximal hangingwall, 
shallow (hematite dominant) mineralisation, and proximal footwall. The downhole magnetic data 
(Figure 17) defines 3 petrophysically distinct zones. The hanging wall is sampled from 0–195 m, and 
is consistent with our observations from STQ1095: it is generally non-magnetic, devoid of magnetite, 
preserves minimal Cu and Au minereralisation, and has relatively low iron and sulphur abundances 
relative to the footwall. The hangingwall is also isotropic (low strain) relative to the footwall. 

From 195 m the iron abundance becomes elevated to >50% (above detection limit), coincident with 
an increase in density (not shown) from approximately 2.7 g/cm3 to 4.5 g/cm3, but no increase in 
magnetic susceptibility. The high iron content, high density and negligible susceptibility coincide 
with a hematite ironstone which is intersected from 195 m to approximately 242 m.  

The hematite ironstone is generally comprised of two thirds hematite and one third quartz (e.g. 
Figure 17a). Small amounts of native copper and chalcocite are present indicating highly oxidised 
conditions during mineralisation. The protolith mineralogy is partially preserved in some cases (e.g., 
Figure 18), and appears to be rich in Fayalite (olivine) similar to the Mg-Fe skarn mineralogies 
observed at Cannington (Pearce, et el., 2021), and siderite. These samples are consistent with 
overprinting of earlier dolomite-magnetite skarn assemblage (obeserved at depth within Starra-
276). This relict mineralogy is highly ammenable to redox reactions in which fayalite oxidises to 
magnetite and quartz, a possible mechanism for the formation of an ironstone from a Fe-skarn. 

At approximately the centre of this zone there is a uranium radiometric spike which is coincident 
with a strain gradient, indicating a major structure at the core of the hematite altered zone. 
Anisotropic rocks (east of the structure) grade into strongly anisotropic rocks (i.e., P=1.5) west of 
the structural control. It is postulated that this central structure with the coincident uranium spike 
is the upward extension of the feature observed at lower levels in STQ1095.  
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Figure 17: A) Hematite dominant ironstone with native copper (STQ1098 – 221.4m); B) Magnetite-albite-chlorite 
altered metasedimentary rocks from the medial footwall (STQ1098 – 328.58 m); C) Comparison of downhole assay 
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data for sulphur, iron, copper, gold and magnetic susceptibility, plotted against AMS and radiometric data extracted 
from palaeomagnetic samples for drill hole STQ1098. 

In both cases the uranium radiometric anomaly is associated with oxidation, however in this case 
the nature of the mineralogy is quite different.   

At deeper levels S, Fe, Cu and Au all have a positive correlation with magnetic susceptibility, 
indicating that mineralisation is sitting in a halo to the oxidised structural control. In the upper 
mineralised zones the distribution of minerals is very different. There is no magnetic halo at 
shallower levels, and negligible magnetic susceptibility in general (apart from a small zone of high 
magnetic susceptibility at ~207 m). There is furthermore a paucity of sulphur, other than a slight 
elevation at ~225 m coincident with a zone of chalcopyrite. There is a subtle gradient in iron content 
across the structural control, with gold confined to the high iron (eastern side). Apart from a small 
copper spike along the hanging wall redox boundary (which is associated with oxidised native 
copper), copper sits west of the structural control in the low iron zone (western side), and into the 
footwall.  

 

Figure 18: STA 204B and a typical ironstone which appear to preserve part of the protolith. In this case fayalite is 
oxidising to hematite and quartz to form the ironstone from an Fe-Mg skarn. 

5.3 Structural analysis  

A brief structural analysis was conducted at the Starra deposit in order to assess the correlation 
been structures observed in core, measured using conventional structural geology methods, relative 
to the strain information yielded by the AMS measurements made in this study. Measurements 
were taken in footwall lithologies (STQ1099W1 and STQ1098) and in the hanging wall and ore zone 
(STQ1095 and STQ1098) of Starra 276. Surface measurements were collected across a transect over 
Starra 276. A wide exposure of mylonites within the Starra Shear Zone in the pit of Starra 251 were 
also assessed to better understand the relative timing of major reactivation events acting on the 
shear zone, associated visible structures and strain information indicated by AMS data. Overall, due 
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to extensive alteration, few lineations and kinematic indicators are preserved in drill core, but the 
transect of Starra 251 provided more insight into the phases of reactivation of the Starra Shear Zone.  

5.3.1 Starra 276 structural logging 

Structural measurements taken from Starra 276, in drill cores STQ1095 (420–580 m), STQ1098 (150–
344 m) and STA1099W1 (150–378 m), are presented in Figure 19. Drill cores STQ1099W1 and 
STQ1098 intercept units within the footwall, including the upper oxidised ore zone and the deeper 
reduced ore zone. Drill holes STQ1095 and STQ1098 intercept metamorphosed and altered 
metasedimentary and metavolcanic rocks of the hanging wall and ore zone. In both the footwall and 
the hanging wall, metamorphosed interbedded siltstone (pelitic) and arenite (psammitic) layering 
was preserved in the medial to proximal alteration zones. In the footwall, albitised pelitic units 
preserve a bedding-parallel foliation (S1) striking NNE–SSW to NE–SW and dipping steeply to the 
northwest or southeast (Figure 19a, c). Some moderately ESE-dipping bedding measurements 
indicate asymmetric folding, although the associated deformation event is unclear. The most 
prominent foliation (S2) is characterised in drill core as a pervasive, continuous to discontinuous  
amphibole±biotite, biotite±magnetite±pyrite or magnetite±chlorite±quartz foliation (Figure 19a,c: 
listed from distal to proximal). It is oriented subparallel or at low angles to bedding and is associated 
with intense deformation. This foliation corresponds with the locally mapped S2 of Duncan et al. 
(2014) and Adshead-Bell (1998). Rare, asymmetric isoclinal to chevron F2 folds plunge shallowly to 
the NNE or SW, whilst the L2 stretching lineation plunges subvertically to the NNW or SSE (Figure 
19b). Steeply dipping shear-related, S2-C fabrics (red planes in Figure 19c) are often difficult to 
recognise in core, but are oriented (129N/87°), parallel to a narrow shear bands, and display 
apparent reverse movement, corresponding to the composite S2/4 fabric of Duncan et al. (2014) and 
reactivation of the S2 fabric. Footwall veining, which cross cuts bedding and the S1 and S2 foliations, 
is predominantly very shallow dipping, and coincides with assemblages of 
magnetite±chlorite±carbonate and rare quartz, likely associated with the hydrolytic phase of 
alteration. This indicates that hydrolytic alteration postdates D2 deformation and is associated with 
lateral shortening with a vertical or subvertical extension component during the early stages of D4.       

Measurements from the proximal hanging wall in STQ1098, display a high angle relationship 
between NE- and NW-striking S0/1 and the overprinting NNW to N-striking subvertical chlorite-
magnetite foliation (S2). Further downhole, STQ1098 intercepts the oxidised ore zone of massive 
specular hematite, with aligned vugs (Figure 19 b), a small percentage of which contain late native 
copper or more commonly calcite infill. The vugs are predominantly NNE-striking, dipping steeply 
towards the east or moderately to the WNW. These vugs are approximately aligned with the 
pervasive S2 foliation in the underlying strongly deformed schistose to mylonitic metasedimentary 
rocks of the immediate footwall, and potentially related to the proposed redox structural control 
(Section 4.1.3, this study). Here, S2 is defined by a shear-related magnetite-pyrite foliation, 
becoming locally mylonitic. A narrow hematite ironstone at 312.6 m contains an S2 hematite 
foliation, striking NNE and dipping 75° to the east. S2 measurements in the deepest interval of 
STQ1098 show a slight variation, with a pyrite-magnetite foliation dipping steeply WSW. 
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Figure 19 A) Representative structures from footwall (STQ1099W1); B) Foliated hematite ironstone with native 
copper in vugs in the oxidised ore zone; C) Structural measurements from the footwall plotted on a lower hemisphere 
stereonet; D) Structural measurements from the hanging wall and ore zone; E) 3D render of major faults (after Duncan 
et al., (2014) and downhole structural measurements, with measured vugs along Starra shear (SZ) structure. 

In the medial to proximal hanging wall of the ore zone (427- 452 m) in STQ1095, bedding and the 
bedding-parallel S1 foliation in metamorphosed calcareous siltstones and arenites is NNE striking, 
dipping steeply to the east to southeast (Fig. 19 d). The overprinting S2 foliation is variably 
characterised by a space chlorite-magnetite foliation in the medial zone, with a moderately NE 
plunging chlorite stretching lineation (Figure 19d) indicating oblique slip along the S2 plane. Both 
bedding and the early foliations become increasingly difficult to observe at 470 m within the 
proximal zone, with increasing brecciation and the appearance of late carbonate veins containing 
chalcopyrite at 499 m. The previously mentioned calcite-dolomite-magnetite skarn occurs at 570 m 
towards the bottom of STQ1095, within the ore zone. In the immediate footwall of the ore zone, 
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S0/1 in pervasively albitised and chlorite altered metasediment is oriented NNE, dipping steeply 
towards WSW at 577.4 m with a discontinuous magnetite foliation observed at 581 m in a matrix of 
carbonate, potentially indicating the lower transition back into the reduced zone.  

5.3.2 Starra 251 

At Starra 251, measurements collected across the southern pit face document the structural history 
of this narrow, exposed segment of the Starra shear zone (Figure 20a, and stereonets b-e). The face 
intercepts 100 m of high strain mylonitised and strongly altered metasediments of the Staveley 
Formation, two central ironstone units and another towards the east. No reliable sedimentary 
structures were observed along the face due to pervasive deformation and alteration. The face is 
dominated by mylonitic fabrics, with both felspathic and pyritic porphyroclasts noted in the west, 
progressing through alternating grey mylonites and red, hematitic mylonites, with rare fine-grained 
schistose intervals, possibly associated with primary lithological heterogeneities. Stretching quartz-
feldspar rods or lineations on the grey mylonitic surface plunge steeply down dip to the east, 
associated with reverse movement (Figures 20 d,e). Grey mylonites contain cream coloured, 
subhorizontal veins cross-cutting the main steeply east-southeast dipping mylonitic fabric (Figure 
20e), indicating veining persisted in the latter stages of the reverse faulting event. On the western 
side of the ironstones, there is an irregular but progressive increase in strain, indicated by flattening 
and elongation of porphyroclasts. In the central west, elongated porphyroclasts in a hematitic 
mylonite interval are replaced by magnetite. The contacts between segments of the unmineralised 
mylonite and the ironstone units are characterised by a 30-50 cm wide high-strain zone containing 
polymictic, variably altered, angular to rounded mylonitic and ironstone lithics, with an interstitial 
planar cleavage. This is interpreted as a breccia that has undergone subsequent shearing. Striations 
along the shear plane plunge 55°→40° (Figure 20b,d). Clast asymmetries, however, are ambiguous, 
indicating both dextral and sinistral kinematics, likely reflecting multiple phases of fault reactivation, 
that postdate both ironstone formation and the initial stage of brecciation. The eastern extent of 
the face preserves possible bedding at low angles to the mylonitic fabric; however, the more 
pervasive weathering prevented definitive identification. 
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Figure 20 South face of Starra 251 pit showing lower hemisphere equal area stereonets of structures measured across the face, with eastern inset showing sheared breccia 
with mylonite and ironstone lithics in the detail inset, and western inset showing grey mylonite and low angle cross cutting veins. 
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Figure 21 a) South face of Starra 251 pit; b) schematic representation of lithologies, alteration and deformation within and adjacent to the Starra Shear Zone, highlighting the 
central magnetite-hematite ironstones and magnetite-quartz banding with brecciated and sheared margins. En echelon style, SW-dipping hematite ironstones cross-cut the 
main mylonitic fabric. Highlighted in b) are the two AMS sample locations.
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5.4 AMS results 

The AMS data for Starra 276 predominantly preserve a NNE-SSW magnetic fabric, broadly consistent 
with the S2/4 composite fabric of previous structural studies of Starra and the Selwyn range 
(Davidson et al., 1989; Adshead-Bell, 1998; Duncan et al., 2014). The AMS data, including the mean 
magnetic susceptibility (Km), degree of anisotropy (P) and the shape parameter of the AMS ellipsoid 
(T), for both surface and drill core samples at Starra 276 is presented in Figure 22. The equal area 
stereogram of the principal susceptibility tensor information plotted in Figure 22a displays 
moderately well-defined clustering of the K1, K2 and K3 principal susceptibilities. K1 and K2 define 
an NNE-SSW striking girdle dipping steeply to the ESE, whilst K3 plunges shallowly towards either 
the SE or NW. The structural domaining of AMS data relative to the protolith, alteration zonation, 
and structural context is discussed in the section below.  

 

Figure 22 AMS measurements from surface and drill hole sampling of Starra 276. a) All AMS vectors or tensor plotted 
on an equal area stereonet. The convention used for this and all stereographic plots of AMS data is blue squares = 
K1, green triangle = K2 and pink circles = K3. b) Plot of mean magnetic susceptibility (Km) for all samples relative to 
the degree of anisotropy (P). c) Plot of degree of anisotropy (P) relative to the shape of the AMS ellipsoid (T), where 
values T>0 indicate an oblate ellipsoid and foliation dominant (F) AMS magnetic fabric, and T<0 indicate a prolate 
ellipsoid and a lineation dominant magnetic fabric.  

5.4.1 Starra 276 surface samples 

Measured AMS tensor data of surface samples from the Starra region define distinct structural 
domains, associated with the rock type and the structural setting within the Starra deposit. AMS 
tensor data of the surface samples (Figure 23) display distinct zonation depending on the structural 
context of the samples. Samples from the footwall (STA100-STA105) comprise strongly deformed 
albitised metapelite, with variable, weak calcic (amphibole) and minor biotite-magnetite alteration. 
They display strong and distinct clustering of AMS K1, K2 and K3 vector data, indicating axial planar 
strain (Závada et al., 2017). The well clustered K1, consistent with tectonic AMS fabrics (Hrouda, 
1982), plunges steeply towards the SW (Figure 23a). The inferred AMS foliation in the footwall is 
subvertical and NNW-striking. These samples show shallow WNW and ESE K3 data, with a mean K3 
vector 01°→N282°. The steeply plunging magnetic lineation is at low angles to the foliation dip 
indicating dominantly reverse shearing with a minor dextral component under WNW-ESE 
shortening. This is consistent with either the regional D2 or D4 overprint of Adshead-Bell (1998). 
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Figure 23 Map displaying AMS tensor information for Starra 276 surface samples plotted on equal area lower 
hemisphere stereonets, with the maximum (K1), intermediate (K2) and minimum (K3) principal susceptibility vector 
information, using the map from Figure 2, with associated magnetic susceptibility (Km), degree of anisotropy (P) and 
shape parameter (T) plots. The mean AMS vectors are plotted in a sister stereogram with the inferred foliation 
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orientation and inferred shortening regime. a) AMS data for footwall samples (STA100-STA105), b) AMS data for 
ironstones above and immediately north of the Starra 276 orebody (samples STA120 – STA128, excluding 124); c) 
AMS tensor data for samples in the hanging wall, south of Starra 276 (STA110 – STA119); d) Hanging wall and 
ironstone samples from the far south of the study area (STA106 – STA109). 

The hematite-quartz±siderite surface ironstone samples (STA120 – STA128) have a low mean 
magnetic susceptibility of 0.01 SI (Figure 23b). Located both immediately north and south of Starra 
276, they display weak clustering of the vector information, with a mean K1 vector dipping steeply 
to the south west, associated with sub-horizontal K3 vectors of highly variable orientation. The 
orientation indicates a weak planar flattening related fabric, possibly associated with late orogenic 
extension (Austin and Blenkinsop, 2010; Závada et al., 2017) or late surface processes. Whilst the 
mean vectors are similar to that of the footwall samples, the lack of a well-defined magnetic fabric 
is likely due to both their mineralogy and extremely low magnetic susceptibility.  

Surface samples collected from the hanging wall of the Starra Shear Zone along strike of Starra 276 
towards the south (Figure 23c and d) are predominantly as characterised hematite-quartz 
ironstones, with hematite contents varying between 44 and 98 %. Minor phases include siderite, 
muscovite and chamosite. Despite their low mean magnetic susceptibility, these samples preserve 
a steeply west-dipping, NNE-striking magnetic foliation defined by a girdle of K1 and K2 vectors. The 
associated shallow plunging K3 vectors predominantly cluster in the ESE, associated with WNW-ESE 
shortening. All bar one sample has a T value > 0.28, indicating an oblate strain ellipsoid, consistent 
with planar magnetic fabrics. Ironstone samples in the mid-south (Figure 23c) show a strong degree 
of anisotropy (P = 1.11 – 1.55), associated with shallow plunging K1 and K3 vectors indicative of 
strike slip sinistral movement. In contrast, the more steeply dipping K3 in the far south preserves 
evidence of a greater reverse component to simple shear deformation.  

5.4.2 Footwall samples from drill core 

Drill cores STQ1099W1 and STQ1098 intercept the distal to medial zones of the footwall of Starra 
276, with results for all samples presented in Figure 24. Samples between 166 and 180 m, in the 
distal portion of the drill hole are characterised as sodic (albite) and calcic (amphibole) altered meta-
pelites and meta-arenites, with assemblages of albite-hornblende-actinolite, and biotite noted in 
more schistose pelitic units. Samples in the medial footwall are characterised by an increasingly 
pervasive magnetite-quartz-biotite overprint, with euhedral to sheared coarse-grained pyrite and 
minor late quartz and calcite veins. The footwall is characterised by strong magnetic anisotropy with 
P values ranging between 1.21 and 2.01, with elevated P values noted between 324 – 345m.  

AMS tensor data for footwall samples display strong clustering with a predominant moderate to 
steeply NE plunging K1, a shallow SSW- plunging K2 and a subhorizontal WNW-plunging K3. There 
is a sharp transition from near non-magnetic samples in the distal footwall to moderate to extremely 
high magnetic susceptibility in the medial footwall associated with the magnetite-quartz-biotite 
alteration (Figure 24b) and reduced redox conditions. The majority of footwall samples are 
characterised by a magnetic foliation (T>0) (Figure 24c). In the footwall samples with a mean 
magnetic susceptibility greater than 0.1 SI, the AMS data reveals two trends. The first is 
characterised by a NW-SE girdle of K1 and K2 tensors and shallowly NE and SW plunging K1 clusters 
(Figure 24d), characteristic of planar fabrics, indicating NE-SW shortening.  
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Figure 24 AMS data for samples from the footwall of Starra 276 from STQ1099W and STQ1098, showing a) all tensor 
data in an equal area lower hemisphere stereonet, with the maximum (K1 – blue square), intermediate (K2 – green 
triangle) and minimum (K3 – pink circle) principal susceptibility vector information; b) Mean susceptibility (Km) of all 
footwall samples relative to degree of anisotropy (P); c) Degree of anisotropy (P) relative to shape of the AMS ellipsoid 
(T>0 = oblate/foliation dominant, T< = prolate/lineation dominant); d) Footwall samples with magnetic susceptibility 
above 0.1 SI displaying a NW-SE striking girdle defined by K1 and K2, assocaited with NE and SW shallow plunging K3; 
e) Footwall samples with magnetitc suceptibilty above 0.1 SI with NW-SE trend removed; f) 3D plot of AMS 
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measurements for Starra 276 drill cores (looking north), colour coded by structural context, with simplified geological 
section from Figure 4 in background. 

This potentially preserves evidence of the  regional D3 deformation event (Rubenach et al., 2008a; 
Austin and Blenkinsop, 2010). The second trend is associated with strong clustering of steeply NE 
plunging K1 lineation and clustering of the K3 in the WNW (Figure 24e), characteristic of axial planar 
fabrics, associated with a steeply W- to WNW-dipping magnetic foliation. The oblique relationship 
between the dip of the inferred foliation and the K1 orientation is indicative of sinistral reverse 
movement, likely associated with the onset of transcurrent deformation during D4. 

5.4.3 Hanging wall samples 

Hanging wall samples from Starra 276 are separated into the amphibolite packages from the upper 
portions of STQ1095 and the calcareous meta-siltstones, arenites, and banded calc-silicates from 
the medial hanging wall in STQ1095 (Figure 25). Amphibolite samples are characterised by massive 
to weakly foliated, moderate to strongly albitised amphibolite with the original metamorphic 
assemblage of hornblende-andesine-ilmenite-titanite overprinted by sodic-calcic alteration (albite 
and secondary hornblende), with a weak biotite-magnetite overprint and a weak chlorite-calcite-
quartz (i.e., hydrolytic) overprint associated with pyrite and chalcopyrite.  Amphibolite samples 
show well clustered K1 data, plunging moderately to the NE, and less well-defined clusters of K2 and 
K3, with P values ranging between 1.07 and 1.19, whilst T values predominantly indicate a prolate 
ellipsoid (T = -0.05 to -0.29), with a small number of highly anisotropic samples associated with a 
prolate ellipsoid (T = 0.18 – 0.55). K1 and K2 define a weak NW-striking, SW-dipping girdle, 
orthogonal to the magnetic lineation. This indicates an axial fabric (Závada et al., 2017),  associated 
with a moderately NE-plunging extension direction, potentially reflecting the orientation of D2 
folding (Duncan et al., 2014).  

 

Figure 25 AMS results for amphibolite samples in the hanging wall of Starra 276 in STQ1095 showing a) lower 
hemisphere stereonet plot of AMS tensor data with the maximum (K1 – blue square), intermediate (K2 – green 
triangle) and minimum (K3 – pink circle) principal susceptibility vector information. Also shown is the inferred 
foliation plane and the NW-SE shortening orientation; b) Mean susceptibility (Km) of all hanging wall amphibolite 
samples relative to degree of anisotropy (P); c) Degree of anisotropy (P) relative to shape of the AMS ellipsoid (T>0 = 
oblate/foliation dominant, T< = prolate/lineation dominant). 

Calcareous metasedimentary rocks in the hanging wall of Starra 276 comprise interbedded, strongly 
albitised, scapolite-bearing calcareous meta-pelites and -psammites. They are weakly to moderately 
foliated with early sodic-calcic alteration overprinted by biotite-magnetite alteration and late calcite 
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alteration variably associated with K-feldspar and very minor occurrences of chalcopyrite. AMS 
results from these rocks (Figure 26) display strong clustering of the K3 vector plunging shallowly to 
the WNW, with K1 and K2 defining a subvertical NNE-SSW striking girdle. The samples preserve a 
moderately strong degree of anisotropy (P = 1.08 – 1.58) associated with an oblate ellipsoid (T = 
0.11 – 0.89). The preserved magnetic fabric and the steeply NNE-plunging mean K1 likely record 
WNW-ESE deformation associated with dextral reverse movement along the Starra Shear, reflecting  
post-D2 deformation of Duncan et al. (2014), consistent with the ca. 1530 regional D4 of Austin and 
Blenkinsop (2008); Blenkinsop et al. (2008) and Keys (2008). 

 

 

Figure 26 AMS results for calc-silicate samples in the hanging wall of Starra 276 in STQ1095 showing a) lower 
hemisphere stereonet plot of AMS tensor data with the maximum (K1 – blue square), intermediate (K2 – green 
triangle) and minimum (K3 – pink circle) principal susceptibility vector information, as well at the ~N-S striking 
inferred foliation orientation associated with near E-W shortening; b) Mean susceptibility (Km) of calcareous altered 
metasedimentary hanging wall samples relative to degree of anisotropy (P); c) Degree of anisotropy (P) relative to 
shape of the AMS ellipsoid (T>0 = oblate/foliation dominant, T< = prolate/lineation dominant). 

5.4.4 Ironstone samples 

During both Uncover Cloncurry and Cloncurry Metal, samples of ironstones were collected in the 
surface and sub-surface oxidised (hematite-dominant) zone, as well as both magnetite and 
hematite- dominant units at greater depths within the Starra System. The AMS results of all 
ironstone analyses are presented in Figure 27a, reveal moderately well clustered K1 and K3 
orientations. Characterised by high iron oxide context (44 – 98 % iron oxide), the magnetic 
susceptibility values clearly reflect the dominant mineralogy of each ironstone, indicating both 
isotropic, and weak to strongly anisotropic magnetic susceptibility observed in hematite samples (P 
= 0.01 – 1.74). Most samples that preserve an anisotropy define a prolate ellipsoid (Figure 27c). 
Figure 27d-f displays the results of hematite dominant ironstones, with K1 and K2 defining a very 
steeply ESE-dipping, NNE-striking inferred magnetic foliation. The mean K1 plunges 16° towards 
N032°, and is associated with a subhorizontal K3 plunging 02° towards N108°. This indicates an axial 
planar fabric associated with WNW-ESE shortening and NNE-SSW extension, likely associated with 
sinistral transtension consistent with regional D5 of Austin and Blenkinsop (2008); Blenkinsop et al. 
(2008).   
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Figure 27 AMS results for all ironstone samples from Starra 276 including surface samples and samples from STQ1098, 
showing a) lower hemisphere stereonet plot of all ironstone AMS tensor data with the maximum (K1 – blue square), 
intermediate (K2 – green triangle) and minimum (K3 – pink circle) principal susceptibility vector information; b) Mean 
susceptibility (Km) of all ironstone samples relative to degree of anisotropy (P); c) Degree of anisotropy (P) relative 
to shape of the AMS ellipsoid (T>0 = oblate/foliation dominant, T< = prolate/lineation dominant) ; d) lower 
hemisphere stereonet plot of all ironstone AMS tensor data for hematite dominant ironstones with P values greater 
than 1.1 and oblate magnetic fabrics (T> 0); e and f) Mean magnetic susceptibility and degree of anisotropy (P) relative 
to the shape parameter of same subset of ironstones.  

5.4.5 Sulphides  

The petrophysical response and structural setting of pyrite and chalcopyrite bearing samples is 
discussed in Section 4.1.3 of this report. The AMS results from these samples, summarized in Figure 
28, display moderate clustering of the vectors (Figure 28a). These samples are predominantly 
characterised by higher magnetic susceptibility (0.35 – 1.90 SI), apart from the calcite-dolomite-
magnetite skarn with pervasive quartz-chlorite alteration (0.01 SI). Sulphide samples display a 
moderate to strong magnetic anisotropy with P values between 1.10 and 1.53, associated 
predominantly with an oblate ellipsoid (Figure 28b and c). The AMS data reveals two trends, the 
first of which is characterised by strong clustering of K1, K2 and K3 vectors, associated with an 
inferred ENE-striking, steeply SSE-dipping magnetic foliation and a shallow NNW plunging K3 (Figure 
28d). These ironstone samples are dominated by reduced assemblages of magnetite-quartz-pyrite-
muscovite-chlorite. Sample STA233 (from STQ1098) is strongly sheared and located at the ore zone-
footwall boundary. The low angles between K1 and the foliation dip suggest reverse movement with 
a minor oblique component. Similar strain orientations preserved in AMS data from samples at the 
Ernest Henry Cu-Au deposit (Austin et al., 2019) are correlated with late D4, and are interpreted to 
have formed post-brecciation and syn-mineralisation (Austin et al., 2021d).  
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Figure 28 AMS results for sulphide bearing sample from Starra 276 drill cores; a) lower hemisphere stereonet plot of 
mineralised sulphide-bearing AMS tensor data with the maximum (K1 – blue square), intermediate (K2 – green 
triangle) and minimum (K3 – pink circle) principal susceptibility vector information; b) Mean susceptibility (Km) of all 
footwall samples relative to degree of anisotropy (P); c) Degree of anisotropy (P) relative to shape of the AMS ellipsoid 
(T>0 = oblate/foliation dominant, T< = prolate/lineation dominant) ; d) lower hemisphere stereonet plot of all 
ironstone AMS tensor data for hematite dominant ironstones with P values greater than 1.1 and oblate magnetic 
fabrics (T> 0); e and f) Mean magnetic susceptibility and degree of anisotropy (P) relative to the shape parameter of 
same subset of ironstones. 

The second orientation preserved in the AMS data is associated with weak to moderate clustering 
of K1 and K3 associated with a NNW-striking, subvertical inferred foliation plane (Figure 28). These 
samples are characterised by foliated assemblages of magnetite-quartz-pyrite with muscovite-
chlorite-aluminosilicates and apatite. The mean K1 is subhorizontal, plunging shallowly to the NNW, 
whilst the shallow NNW plunging K1 is at high angles to the foliation dip, indicative of dominantly 
strike slip deformation. Samples STA023, STA027 and STA028 are dolomite-magnetite±chalcopyrite 
skarns located within narrow reduced ore zones, sitting outboard of with more pervasive quartz-
hematite-chlorite ±calcite (hydrolytic) alteration observed in STA026.  

 

5.4.6 Starra 251 

AMS data collected for a hematitic mylonite sample (STA251-7) and a sheared breccia (STA251-D9)  
with mylonite and ironstone lithic fragments collected along the Starra 251 face (Figure 21b) 
indicate a planar magnetic fabric with K3 clusters plunging shallowly to the northwest and 
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southeast. The two samples reveal contrasting K1 orientations. K1 in the mylonite sample (STA251-
7) plunges steeply to the east to NE, whilst K1 in the breccia plunges moderately to the NE (STA251-
D9). The K1 orientation in STA251-7 indicated near pure shear associated with reverse movement 
during mylonitisation. Based on structural observations of brecciation along the ironstone-mylonite 
contact and the overprinting shearing event, associated with a moderately NNE- to NNE-plunging 
striation, the moderately NE-plunging K1 vector in STA251-D9 likely corresponds with the strain 
regime that post-dates ironstone formation. The measured K1 orientations approximately reflect 
the measured lineation data (Figure 20b, e). We acknowledge however that a greater number of 
structural measurements would better confirm this correlation.  

The Starra 251 ore shoot plunges approximately 63° → N063 (Gow et al., 2018), elongated parallel 
to the K1 tensor of sheared breccia sample. This suggests that the K1 orientation potentially reflects 
body the ore body geometries as well as the strain regime active during mineralisation. 
Furthermore, both orientations are approximated by the lineation preserved along the sheared 
breccia fabric.  

 

 

Figure 29 a) Map of location of Starra 251 samples with summary of key structures (see Fig. 20 for details) ; b) AMS 
results from Starra 251 samples showing two clusters of lineations, one steeply NE plunging and one more shallowly 
NE plunging.  
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6 Interpretation and Discussion 

6.1 Paragenetic implications of petrophysical and mineralogical 
analysis 

At Starra-276 there is excellent evidence of redox structures in the AMS and radiometric data, and 
evidence of redox gradients in the petrophysical and mineralogical data. These redox gradients 
appear to be controlling mineral zonation both laterally and vertically. 

At deeper levels an oxidised zone sitting in the core of a fault coincides with an uranium radiometric 
anomaly and hydrolytic (quartz-chlorite-hematite) alteration. Mineralisation coincides with a halo 
of reduced iron (magnetite) occurring either side. At shallower levels a regional redox gradient is 
present, from highly oxidised at the hanging wall redox boundary into an iron-rich gold-rich zone 
east of the metasomatizing structure, into an iron-poor, copper-rich zone west of the 
metasomatizing structure, and then into more reduced (magnetite-rich) assemblages in the 
footwall. In general, the footwall appears to be a fertile zone for sourcing iron, copper, gold, and 
sulphur, whereas the hanging wall appears to be devoid thereof (possibly already leached). 

Mineralisation occurs along the redox gradient, coincident with a metasomatizing structure but it is 
mineralogically very different at depth compared with the near surface. It is unclear whether the 
system therefore represents a single metallogenic episode which is zoned both vertically and 
laterally, or whether it represents a discrete (fault controlled) system (a Fe-Mg skarn) which was 
later modified by nearer surface oxidation (to quartz-hematite). Geochemistry and mineralogy work 
underway should provide further insights. 

6.2 Correlation with of Starra structures and mineralisation with 
regional deformation  

In the Starra system, examination of the regional and deposit-scale architecture through 
mineralogical, petrophysical and structural studies provides key insights into the evolution and 
relative timing of deformation, metamorphism, metasomatism and iron oxide-copper-gold 
mineralisation during the Isan Orogeny. Such insights are crucial in understanding the fluid pathways 
of mineralising fluids and the orientation of dilatant zones controlling ore body geometries and thus 
improving near-mine exploration efficiency. The structural and AMS information presented in this 
study characterises the structural evolution of the host Staveley Formation adjacent to, and within, 
the fault controlling the redox reactions, mineral zonation and redox boundaries discussed above, 
and summarised in Figure 30.  

Lesser altered rocks of the footwall and portions of the hanging wall of the Starra deposit preserve 
primary sedimentary (S0) structures of interbedded metamorphosed siltstone and arenite units. In 
both outcrop and drill core occurrences of such lithologies, a bedding parallel foliation of quartz-
albite-chlorite±magnetite±biotite foliation is rarely preserved; however, it is likely that this is not 
the original metamorphic assemblage. This foliation likely corresponds to the bedding parallel 
foliation documented in the Selwyn region by Adshead-Bell (1998) associated with intrafolial folds 
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Figure 30 Summary of structural evolution derived from AMS data with associated mineralogical maps, with syn-D3 
and D4 mineralisation. 
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 (Davidson et al., 1989; Duncan et al., 2014), and regional D1 Isan deformation at ca.  1610 Ma (e.g. 
Betts et al., 2006; Austin and Blenkinsop, 2008; Rubenach et al., 2008b). Earlier studies suggested 
the Starra Shear initiated as a bedding parallel mylonite zone or regional decollement structure 
synchronous with mineralisation (Switzer et al., 1988b; Laing et al., 1989); however, this is 
inconsistent with observations made at Starra 251. Evidence of D1 deformation is not preserved in 
AMS data from the Starra system.  

The second stage of deformation is characterised by a pervasive NNE- to NE-striking S2 foliation and 
rare NE- and SW-plunging asymmetric F2 folds, measured in both drill core and outcrop. In the AMS 
data, weakly Na-Ca altered, amphibolite rocks containing metamorphic scapolite preserve a 
moderately NE-plunging magnetic lineation or axial magnetic fabrics. This is interpreted as parallel 
to tight to isoclinal NE-plunging F2 fold axes, and correlated to NW-SE shortening in the Starra region 
(Adshead-Bell, 1998; Adshead-Bell, 2000; Duncan et al., 2014). This ductile deformation event likely 
reflects a local expression of the regional D2 E-W shortening event between 1590 – 1575 Ma, 
coincident with peak metamorphism and the early stages of sodic alteration at ca. 1595 Ma as 
constrained by U-Pb titanite ages (Beardsmore, 1992; Rubenach et al., 2008b; Duncan et al., 2011).  

Evidence of far field NE-SW deformation is preserved in AMS data for footwall rocks within the 
medial zone; however, structures associated with such deformation were not observed in drill core, 
potentially reflecting lower intensity of the deformation event likely focussed on the main shear 
zone. Timing of regional NE-SW to ENE-WSW shortening is suggested to be ca. 1550 (Austin and 
Blenkinsop, 2010). Footwall and hanging wall rocks record increasingly pervasive alteration and 
strain in the medial zone associated with biotite-magnetite± k-feldspar assemblages and shearing, 
reflected in strong clustering of the AMS vector data. The orientation of foliation planes inferred 
from AMS data in these zones are NNE-striking and steeply ESE-dipping to subvertical. The low angle 
between K1 and the dip direction of the foliation records the transition to reverse sinistral shearing 
associated with WNW-ESE shortening. A similar shortening regime is proposed for the regional D4 
associated with sinistral transpression (Austin and Blenkinsop, 2008; Blenkinsop et al., 2008; Keys, 
2008), and is consistent with the composite S2/4-C fabric documented in this study.  

Structural logging conducted reveals that vugs preserved in some ironstones align with the S2/4 
foliation in the adjacent hanging wall and footwall, suggesting the foliation pre-dates iron 
metasomatism. AMS data from the ironstone units suggests that the strain regime during ironstone 
formation was associated with transcurrent deformation generating subhorizonal K1 orientations 
favourable for opening steep dilation zones within a sinistral strike slip system, including pre-existing 
NE- and NW-structures intercepting the Starra shear. It is interpreted that this is the oxidising fluid 
ingression event, proposed in this study. Whilst the timing is controversial (Davidson, 1989; 
Rotherham et al., 1998), recent Re-Os molybdenite ages from a Starra quartz-magnetite ironstone 
suggests iron metasomatism occurred as early as ca. 1570 Ma. This age is at odds with the structural 
evidence presented in this study which indicates that ironstones post-date D2 mylonitisation. 
However, the ca. 1570 Ma event may coincide with the magnetite-dolomite±chalcopyrite 
assemblages, which we interpret as a protolith to the massive hematite ironstones which occur 
nearer the surface. We note, that the AMS data likely records the more significant, later stage 
deformation along the Starra Shear, and distinction of structures at such low angles to one another 
is challenging.  
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Sulphide bearing samples are characterised by either a sheared magnetite-pyrite-quartz fabrics with 
variably pervasive quartz-chlorite-muscovite alteration, or by coarse-grained magnetite-dolomite-
chalcopyrite skarns, within which the chalcopyrite forms triangular acute angles indicative of infill 
textures post-dating magnetite crystallisation. Rotherham (1997) noted an early quartz-anhydrite-
barite-calcite-hematite-gold assemblage associated with late brittle deformation, progressing to 
pyrite-bornite-chalcopyrite-chlorite-muscovite associated with magnetite, similar to the sulphide 
assemblages documented in this study.  In drill core, economic mineralisation is noted proximal to 
shear zones or along high strain boundary of ironstone units. Reflecting on the sheared breccia 
documented along ironstone margins in the Starra 251 pit, this suggests that a significant phase of 
Au-Cu mineralisation post-dates ironstone formation and is associated with the latter stages of 
reactivation of the Starra Shear Zone (Adshead-Bell, 1998). AMS data from sulphide bearing units 
indicates mineralisation was associated with NNW-SSE shortening, similar to that at Ernest Henry 
(Austin et al., 2021, or alternatively with ENE-WSW shortening. The relative timing of the two 
orthogonal strain regimes is uncertain, but consistent with regional D4 and D3 respectively. 
Brecciation and Cu-Au mineralisation are consistently recognised in the Mount Dore-Selwyn region, 
as being associated with late Isan deformation and magmatism between ca. 1530 and 1500 Ma 
(Beardsmore, 1992; Adshead-Bell, 1998; Rubenach et al., 2008b; Duncan et al., 2011; Duncan et al., 
2014), consistent with regional D4. 

 

6.3 Comparison of structural data and AMS 

Measurement of structural features observable in outcrop and drill core capture information about 
deformation resulting as a response to far-field strain; however, without the full suite of 
measurements or observations, the orientation of the strain ellipsoid may be somewhat uncertain 
(Flinn, 1965; Scheidegger, 1965). In the case of strongly altered, brecciated, or intensely deformed 
rocks, such structural information is either ambiguous in terms of kinematics or poorly preserved. 
Application of AMS studies combined with conventional structural geology in an extensively altered 
terrane such as the Eastern Fold Belt provides a unique opportunity to assess the correlation of 
strain information preserved in magnetic fabrics and structures observable with the naked eye. 
Given the widely-documented, strong structural control of IOCG mineralisation from IOCG districts 
around the world (Hitzman et al., 1992b; Sillitoe, 2003; Williams et al., 2005; Haddad-Martim et al., 
2017; Austin et al., 2019), employment of the AMS technique has strong potential for providing key 
information about strain regimes, favourable orientation of damage and/or dilation zones, relative 
timing relationships and the localisation of economic mineralisation.  

In this study, we use two ore shoots within the Starra deposit as case studies for correlation of 
structural information with AMS vector data. At Starra 251, two distinct clusters of K1 vectors 
correlate to two different lineations preserved in outcrop. Steeply dipping quartz-feldspar rods are 
associated with early mylonitisation, whilst sheared margins of ironstone preserve a moderately NE-
plunging striation associated with a shift to transcurrent deformation, similarly mirrored by the K1 
vector in the associated samples. The orebody of Starra 251 plunges 60° towards 065N°, 
approximately parallel to both the observed striation and the measured K1 orientation. It is noted 
in mylonite zones, that the magnetic lineation can form either parallel to perpendicular to the 
stretching lineation (Parés and Van Der Pluijm, 2002). In the case of Starra 251, the samples capture 
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the orientation of the two stretching lineations associated with different phases of reactivation of 
the Starra Shear Zone, and the second of which is coeval with the orebody axis.   

Outcrop observations of brittle-ductile shearing overprinting both mylonite and ironstone 
formation are consistent with previous petrological and structural studies that highlight Au-Cu 
mineralisation post-dating ironstone formation in the latter stages of Isan deformation (Adshead-
Bell, 1998; Rubenach et al., 2001; Duncan et al., 2014), are reflected in the AMS data. 

AMS results from the footwall of the Starra 276 system display two magnetic foliation orientations, 
the first NNW-striking and steeply NE-dipping, the second NNE-striking and steeply SSE-dipping. The 
NNE-striking population matches the strike orientation of the measured S2 and S2/4 foliation; 
however, measured values dip towards both the WNW and the ESE (Figure 31). Similar variation is 
noted between calculated AMS foliations and measured foliations in the hanging wall. The 
measured foliations do not capture the strain event associated with the AMS poles to planes in the 
NE quadrant. In their comparison of the strain ellipsoid versus the AMS ellipsoid, Borradaile and 
Jackson (2010) emphasise that the AMS ellipsoid reflects the anisotropy of a physical property, 
magnetic susceptibility, and the derived petrofabric information averages the orientation or 
alignment of all minerals within the sample. It is possible that the contrasting dip direction reflects 
the effect of the physical properties of magnetite and hematite-rich assemblages on the shape and 
magnitude of the AMS ellipsoid.   

 

Figure 31 Equal area lower hemisphere stereonet of poles to magnetic foliation planes (black) for AMS analyses of 
each sample in the footwall and poles to S2 and S2/4 composite foliation planes measured in the footwall (red). 

Contrasting the Starra 251 ore shoot, the strike of the Starra 276 ore body changes from N-S to NW-
SE towards its southern end, with a general plunge of approximately 34°→160°. This is inconsistent 
with any orientation of K1 data. It is possible, however, that the SSE plunge of the ore shoot indicates 
the presence of a NW to NNW striking pre-existing structure at depth, associated with D3 strain 
evidenced by the AMS fabric of the hanging wall.  
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7 Conclusions 

This report highlights the strong association between structures and fluid pathways influencing 
redox reactions and gradients within the Starra Au-Cu mineral system, reflected in both AMS and 
radiometric data. Distal hanging wall and medial footwall rocks preserve evidence of regional D2 and 
D3 deformation associated with sodic-calcic alteration and increasing biotite-magnetite alteration 
within the medial zone. With increasing proximity to the controlling fault or high strain zones in the 
core of the system, the footwall and hanging wall rocks capture strong planar AMS fabrics reflecting 
the dominant WNW-ESE strain regime during iron metasomatism and subsequent mineralisation, 
associated with reverse sinistral then strike slip movement within the Starra Shear Zone.  Sulphide 
occurrences and Cu mineralisation is noted at depth in association with reduced conditions marginal 
to an oxidised feeder structure, whereas more oxidised hematite-dominant mineralisation 
characterises the upper portions of the system. Excellent correlation between the K1 vector and the 
plunge of the Starra 251 ore body was observed, similar to magnetic lineation and present in the 
Ernest Henry ore body. Such correlations were not noted at Starra-276 but bending of the main 
shear zone at Starra-276 may have led to dilation within the hanging wall fabric oblique to the 
dominant shear zone.  
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