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1 Introduction 

Iron oxide-Cu-Au (IOCG) ore systems are characterised as magmatic-hydrothermal deposits of 
economic Cu and Au exhibiting distinct sodic, or sodic-calcic alteration, abundant magnetite and/or 
hematite, voluminous breccia bodies, and most importantly, displaying strong structural controls. 
Fluid sources and paragenetic models are a source of ongoing debate in the geoscience community 
(Groves et al., 2010; Hitzman et al., 1992; Hitzman and Porter, 2000; Williams et al., 2005); however, 
the role of structures in IOGC systems is consistently documented (Austin and Blenkinsop, 2009; 
Williams et al., 2005; Williams and Pollard, 2001). The structural controls of IOCG mineralisation 
occur at a variety of scales. Lithospheric boundaries and deep crustal faults typically control district 
to camp scale alteration, but shear zones, faults, fractures dominate at the deposit scale. Common 
structural traps for IOCG mineralisation include fault intersections, jogs, second order splays, and 
dilatational fractures / veins.  Interaction (i.e., inter-linking, intersection) of pan-crustal (i.e., sub-
basement / mantle tapping) structures with second and third order supracrustal structures is likely 
to be critical. The interaction between structures, fluids and protoliths is all important (Mark et al., 
2006a; Oliver et al., 2004b; Rubenach et al., 2008), and in particular the interaction of 
oxidised/acidic fluids with reduced/alkaline fluid buffered host rocks appears to be critical for the 
formation of IOCGs. Processes referred to as reactive transport are increasingly being favoured for 
describing the interactions between fluids and rocks at a variety of scales.  

Many IOGC districts, such as the Cloncurry District of NW Queensland, Australia, have undergone 
protracted geological histories, with multiple stages of metamorphism, deformation, magmatism 
and metasomatism leading to complex spatio-temporal relationships between structure and 
alteration. In economic geology, there’s a tendency to frame strain conditions in terms of pressure 
and temperature, and to consider the role of structure and fluids separately. However, numerous 
studies show that metasomatic processes and deformation can be coupled (e.g., Cox, 2005, 2020). 
In dry systems, brittle failure is commonly driven by tectonic loading, whereas in wet systems (e.g., 
hydrothermal systems), failure is driven by fluid pressurization. Therefore, to understand the 
relative timing of deformation, alteration and mineralisation in such systems, it is crucial to examine 
the structural evolution of the district in conjunction with the metasomatic history. There are few 
methods which permit integrated quantitative analysis of the tectono-metasomatic history of a 
mineral system. One method is to use integrated TIMA (Tescan Integrated Mineral Analyser using 
electron microscopy) and AMS (anisotropy of magnetic susceptibility) to relate rock fabric with 
alteration style.  

Structural analysis benefits from integration of insights from a variety of sources with varying scale 
and dimensionality, such as interpretation of geophysical data, surface structural mapping, drill core 
logging and detailed structural petrography. Whilst such techniques capture aspects of regional to 
microscopic structural evolution, it is important to note that data is not collected homogeneously, 
especially true in areas of limited outcrop, and overprinting relationships of various deformation, 
alteration, brecciation are often heterogeneously developed.  A logical consequence of this 
observation is that structural geology tends to see the most obvious, relatively early, widespread 
events (e.g., D2) in high abundance, whilst it tends to mostly overlook relatively late, discrete events. 
There is no doubt that major structures play a vital role, acting as fluid pathways between the 
mantle/lower crust and middle to upper crust. There is also strong evidence to suggest that 
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relatively obvious, pervasive deformation is critical to ground preparation for mineralising events. 
Notwithstanding this, structural controls should be considered a mechanism by which hydrothermal 
fluids are focussed. A logical extension of this premise is that that the relatively late, spatially 
restricted, seemingly irrelevant structures are the most likely to be critical to be focussing 
hydrothermal fluids during the critical mineralising stages.  

There is a significant volume of work on the structural controls on IOCG deposits in the Cloncurry 
district. However, until now much of this work has been based either on qualitative correlation of 
mineralisation with structural observations at the deposit scale (e.g., Case et al., 2018; Davidson et 
al., 2002; Baker and Laing, 2001), on mechanical modelling (e.g., McLellan and Oliver, 2008; Keys, 
2008) or on GIS-based correlation of regionally mappable structures with deposit location (e.g., 
Mustard et al., 2004; Ford and Blenkinsop, 2008; Austin and Blenkinsop, 2009). In this report, we 
present a methodology to integrate quantitative data on both the metasomatic history and 
structural history of individual deposits at the sample to microscopic scale using Tescan Integrated 
Mineral Analyser (TIMA) mineralogy and Anisotropy of Magnetic Susceptibility (AMS). We evaluate 
the validity of the AMS measurements by comparing the AMS results with prior pit mapping and 
match the structural evolution to the metasomatic evolution of the system. 

Here, we present a case study of Australia’s second largest IOCG deposit, Ernest Henry. Based on its 
rich endowment, it has been subject to multiple detailed mineralogical, geochemical, geophysical 
and structural studies, providing a wealth of information. Data yielded by previous studies as well 
as the Uncover Cloncurry and Cloncurry METAL projects are examined in three-dimensional space 
to unravel the temporal history of deformation, alteration and mineralisation. Furthermore, the 
results are examined in the context of both the established, and emerging structural and 
metasomatic framework developed for the deposit over the last 25 years (e.g. Austin, 2020; Schlegel 
et al., 2020). 

We investigate the structural controls of the deposit using three alternate approaches:  

1. A review of previous structural measurements and interpretations (Section 4);  

2. A detailed dissection of the newly acquired AMS data using Agicos’ Anisoft 4.2TM software, 
constrained by newly collected TIMA mineralogy and placed within the accepted structural 
framework of the deposit (Section 5); 

3. A detailed data-driven approach based on metadata provided in the Cloncurry METAL 
database, which utilises a combination of stereonets and integrated mapping of fabrics and 
structures in 3-D. (Section 6). 

The aim of this study is to provide a new tool by which explorers can quantify the critical controls 
on known deposits, in order to apply the learning to enhanced exploration for the next giant 
Cloncurry IOCG.  
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2 Geological setting 

2.1 Regional geology 

The Proterozoic Mount Isa Inlier of NW Queensland comprises three N-S trending tectonic domains 
of Proterozoic metasedimentary and metavolcanic sequences, distinguished based on lithology, 
metamorphic grade, crustal scale faults and distinct deformation styles. The three zones are the 
Western Fold Belt, the Kalkadoon-Leichardt Belt and the Eastern Fold Belt (Fig. 1), also known as the 
Eastern Succession (Blake and Stewart, 1992), or Cloncurry district (e.g., Williams, 1998). They 
record a protracted geological history of intracontinental basin development, magmatism and 
multiple orogenic events (Bell and Hickey, 1998; Betts et al., 2006; Blake, 1987; Blenkinsop et al., 
2008). The tectonic evolution of the inlier is punctuated by several discrete episodes of 
hydrothermal activity and mineralisation, generating a diverse spectrum of mineralisation styles 
spanning iron oxide Cu-Au (IOCG), iron sulphide copper-gold (ISCG), Cu-Au to Pb-Zn skarns and 
Broken Hill-type Ag-Pb-Zn deposits (BHTs). The Cloncurry District is renowned for its exceptional 
mineral endowment in Cu, IOCG, Ag-Pb-Zn and U deposits, including the world class Ernest Henry 
Cu-Au and Cannington Ag-Pb-Zn deposits.  

The Eastern Fold Belt comprises metasedimentary and volcanic rocks, divided into cover sequences 
1, 2 and 3, that were deposited during several discrete periods between 1890 and 1610 Ma in an 
intracontinental rift basin setting (Blake, 1987; Blake and Stewart, 1992; Foster and Austin, 2008) or 
in a far-field back arc setting (Giles et al., 2002). Minor exposure of the underlying basement rocks 
preserve evidence of the ~1870-1890 Ma Barramundi Orogeny (Blake, 1987; Etheridge et al., 1987). 
Felsic volcanic rocks of cover sequence 1 are restricted to the adjacent Kalkadoon-Leichhardt Belt.  
Metasedimentary and felsic volcanic rocks of cover sequence 2 comprise evaporite-rich calc-silicate 
supracrustal sequences of the Corella Formation (1760-1720 Ma) and the Arygylla Formation. The 
younger Soldiers Cap Group (cover sequence 3) comprise siliciclastic rocks deposited between 1680 
to 1650 Ma (Blake, 1987; Page, 1983). Dioritic magmatism, including the emplacement of the Ernest 
Henry Diorite, occurred around ca. 1660 Ma (Pollard and McNaughton, 1997). Regional albitisation 
(sodic alteration) is thought to have occurred as early as ~1640 and 1630 Ma (Rubenach et al., 2008). 

The cessation of volcanism and sedimentation coincides with the onset of the Isan Orogeny, 
characterised by polyphase deformation, metamorphism and hydrothermal activity between ca. 
1610 and 1490 Ma (Betts et al., 2006; Blake and Stewart, 1992; Foster and Rubenach, 2006; Giles et 
al., 2002; Page and Sun, 1998). The first phase of Isan deformation (D1) is poorly understood, 
however, a bedding parallel S1 fabric and both extensional and contractional features are observed 
across the Eastern Fold Belt (Giles et al., 2006). Betts et al. (2006) propose an episode of N-S to NW-
SE shortening during D1 associated with localised NW-verging fold and thrust deformation in the 
Eastern Fold Belt.  

Regional peak metamorphism, which reached greenschist (northern district) to upper amphibolite 
facies conditions (southern district) between ca. 1595 – 1575 Ma, is associated with D2, the main E-
W shortening event of the Isan Orogeny (Foster and Rubenach, 2006). This phase of the Isan 
Orogeny generated the dominant N-S structural grain of the Mount Isa Inlier, and is characterised 
by upright to slightly inclined, tight to isoclinal N-S striking D2 folds (Austin and Blenkinsop, 2010; 
Beardsmore et al., 1988; Betts et al., 2006). Albite-apatite alteration, considered the earliest phase 
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of the metallogenic sequence in most IOCG districts has been correlated with D2 by Cave et al. 
(2018). Some styles of Cu-Au (e.g. Osborne, Starra Au-Cu) and Pb-Zn-Ag (e.g., Cannington, Pegmont) 
mineralisation are interpreted to be coeval with peak metamorphism (Baker et al., 2001; Foster and 
Rubenach, 2006; Oliver et al., 2004a; Rubenach et al., 2008).  

 

Figure 1. Simplified regional geological map of the Eastern Fold Belt (modified from Foster and Austin, 2008) partly 
interpreted from magnetic and gravity surveys, noting the Cloncurry deposits and prospects including the Ernest 
Henry Cu-Au deposit. More transparent colours in the east, NE and SE indicate areas under cover. 

Rubenach et al. (2008) interpreted a transition from coaxial E-W shortening to transpression 
associated with ENE-WSW shortening at ca. 1550 Ma. D3 deformation is characterised by NNW-
striking upright folds with fold axes plunging horizontal to sub-vertical, with an associated 
crenulation of the older S2 foliation (Keys, 2008; Rubenach et al., 2008). Austin and Blenkinsop 
(2010) recognised a link between the variably plunging D3 folds and anastomosing D3 shear zones, 
highlighting that D3 was developed preferentially along major fault zones (e.g., the Cloncurry Fault 
Zone and the Levuka Shear Zone) rather than pervasively across the inlier.  
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Rotation of the overriding strain regime to ESE-WNW occurred at D4 (ca. 1530-1520 Ma), leading to 
reverse-sinistral transpression which typically reactivated pre-existing N-S and NNW-trending 
structures. D4 is coincident with the onset of granite emplacement and mineralisation at Ernest 
Henry, Mount Dore, Swan and Eloise (Keys, 2008). D4 initially produced localised fabrics in specific 
structural corridors (Keys, 2008) and on the margins of granites (e.g., Rubenach et al., 2008). The 
onset of D4 coincides with localised potassic alteration, predominantly along structural corridors 
(e.g., the Cloncurry Fault Zone; Austin and Blenkinsop, 2008) and within many IOCG systems, such 
as Ernest Henry (Mark, 2006). D4 marks a transition from dominantly ductile deformation (folding 
and shearing) to hydrothermally buffered brittle deformation. Breccias formed along major 
structures, second and third order structures, faults intersections and jogs, including those at Ernest 
Henry and Eloise.  

The last major phase of the Isan orogeny, (D5 of Austin and Blenkinsop, 2010) is syn- to post- 1515-
1490 Ma magmatism. D5 is characterised by a transition from sinistral transpression to sinistral 
wrenching, and the development of subsidiary Riedel shears and conjugate fault sets (Austin and 
Blenkinsop, 2010; Betts and Giles, 2006; O'dea and Lister, 1995). Quartz-hematite alteration is 
commonly restricted to late faults (e.g., the Cloncurry Fault), coeval with syn- to post-D5 sinistral 
wrenching and/or ENE-WSW extension (Austin and Blenkinsop, 2010). The geological history 
suggests that alteration assemblages can, in conjunction with the limited age dating, be qualitatively 
correlated with the interpreted stress regimes locally to provide an integrated tectono-metasomatic 
sequence with which to better understand the structural controls of mineralisation. 

  

2.2 Ernest Henry Cu-Au deposit 

The world-class Ernest Henry Cu-Au deposit, located 35 km NW of Cloncurry, Queensland, has total 
resources of > 226 Mt at 1.1 % Cu and 0.51 g/t Au (Rusk et al., 2010). The deposit occurs under 
approximately 50 m of Mesozoic and Cenozoic cover. The local geology predominantly comprises 
metamorphosed andesitic and dacitic volcanics with intercalations of schistose and calcsilicate 
metasedimentary rocks and minor metabasalt (Mark et al., 2006b; Rusk et al., 2010). The footwall 
shear zone comprises high strain metavolcanics with a shear fabric of aligned biotite-actinolite-
calcite±garnet and magnetite (Mark et al., 2006a), under which lie strongly foliated, sodic-calcic 
altered Corella Formation metasedimentary rocks (Rusk et al., 2010). In general, the outer parts of 
the system are albite-rich, reflecting dominant sodic alteration. 

The orebody breccia pipe is moderately south-plunging, and is bound by the southeast-dipping 
hanging wall and footwall shear zones (Webb and Rowston, 1995) and flanked across strike by 
metadioritic intrusions (Mark et al., 2006b; Pollard and McNaughton, 1997).  

Mineralised rocks are characterised as brecciated, pervasively hematite-K-feldspar altered 
intermediate volcanics of the Mount Fort Constantine Group (Mark et al., 2006b; Oliver et al., 2006; 
Page and Sun, 1998). The dominant phases in the ore assemblage includes K-feldspar, magnetite, 
chalcopyrite, pyrite, calcite, chlorite, quartz and apatite. The ore shoot is divided by a zone of poorly 
mineralised, intact or weakly brecciated volcanics (Mark et al., 2006b; Williams et al., 2005), referred 
to as the inter-lens (O'Brien, 2016). Apatite within an S1/2 parallel apatite-calcite-quartz-garnet 
foliation in the inter-lens yielded U-Pb ages of 1584 ± 22 Ma and 1587± 22 Ma (Cave et al., 2018), 
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consistent with regional D2 deformation and peak metamorphism. The breccia pipe grades outward 
into the less pervasively brecciated hanging wall volcanics, the hanging wall shear zone, and the 
Marshall shear zone, coinciding with a progressive increase in strain and a transition toward  biotite-
magnetite-actinolite altered metavolcanics (Rusk et al., 2010). Alteration at Ernest Henry is 
characterised by an early, regional phase of sodic and sodic calcic alteration, overprinted by 
pervasive potassic alteration in the medial and proximal areas with subsequent brecciation and Cu-
Au mineralisation proximal to and within the ore zone (Mark et al., 2006b; Rusk et al., 2010).  
However, a rigorous quantitative revision of this interpretation can be found in (Schlegel et al, 2021). 
Austin et al., (2016) identified a previously overlooked late phase of hydrolytic (quartz-chlorite-
hematite) alteration which has a strong association with high grade chalcopyrite at Ernest Henry. 
The hydrolytic alteration, particularly the oxidation of magnetite to form hematite, is thought to 
have driven development of porosity in the system (Schlegel et al, 2021), which is manifested by 
late calcite infill.  

Reflecting its vast economic value, the Ernest Henry deposit has been the subject of several studies 
aimed at better constraining the structural and lithological controls of mineralisation. The earliest 
study of the deposits, undertaken by Webb and Rowston (1995) recognised that Ernest Henry sat 
within a series of SE-dipping shear zones, noting that the Footwall and Marshall Shear zones were 
highly magnetic, high strain zones. Valenta (2000) correlated the shear zones with lineaments in 
regional magnetic data, suggesting that it was consistent with a thrust jog system. Several authors 
proposed that that Ernest Henry may have formed due to a flexure in this NE-striking, SE-dipping 
faults (Coward, 2001; Keys, 2008; Valenta, 2000). The main NE-striking, SE-dipping shear fabric is 
consistent with that observed in the inter-lens (O'Brien, 2016; Webb and Rowston, 1995), 
suggesting that parts of the mineralised zone have remained structurally intact throughout the 
mineralising event. An alternative model proposed by Case et al. (2018) suggests that 
metasedimentary rocks were folded around a kilometre-scale NE-axial planar fold during regional 
D2 ~E-W shortening, which also drove the development of sub-parallel splay faults. Subsequent D3 
(NE-SW) shortening rotated pre-existing structures, and generated oblique strike-slip movement, 
producing a positive flower structure and the major south plunging breccia body, interpreted as the 
product of brittle deformation and fluid overpressure.  

Several authors (Coward, 2001; Laing, 2003; O'Brien, 2016) describe a shear fabric or anastomosing 
schistosity, possibly representing a differential S1/S2 cleavage. The S2 fabric is regarded as 
synchronous with the development of the high strain footwall and hanging wall shear zones 
(Coward, 2001; Laing, 2003), associated with dip-slip movement on the major SE-dipping shear 
zones. Later brittle faults have been recognised in potential field data (Austin et al., 2016a) and in 
detailed mapping (Coward, 2001; Laing 2003), but there is no consensus on whether they are an 
important structural control on mineralisation. Some reject the N-S faults as irrelevant, favouring 
the interpretation that mineralisation was localised due to flexure in the major NE-striking shear 
zones resulting in an antiformal fold closure (Coward, 2001; Keys, 2008; Valenta, 2000), between 
the two adjacent metadiorite bodies. However, Laing (2003) and Austin et al., (2016) both 
recognised that at least one major N-S strike-slip to extensional subvertical fault intersects with the 
locally dominant NE-striking shear fabric at the exact location of the ore body, and have suggested 
that the mineralisation was localised in a zone of dilation created through strain 
compartmentalisation.  
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3  Methods 

3.1 Sampling Strategy 

The Cloncurry METAL project set out to sample different mineralised systems across the Cloncurry 
district. Sampling has been conducted to get representative cross-sections of the entire system from 
the mineralised zones, through the proximal to distal alteration footprint both across and along 
strike, and into background. Where possible samples are gathered at consistent spacing, and we 
preferentially take homogenous samples that are properly oriented. In this paper, we have set out 
to sample AMS fabrics from different zones of the Ernest Henry alteration footprint (i.e., 
mineralisation, proximal to distal alteration and background; Fig. 2). This permits us to differentiate 
AMS fabrics related to different metamorphic, metasomatic and ore-forming events and correlate 
those with different generations of deformation. Drill hole EH691 was sampled previously under the 
Uncover Cloncurry projects. We have added substantially to the overall data set with additional 
samples taken from another 9 holes. The bulk of the samples are from the core of the system (e.g., 
EH691, EH550 and EH435), but other holes were sampled to assess the proximal (e.g., EH631), 
medial (e.g., EH632) and distal (e.g., EHMT001) parts of the system across strike to the southeast. 
Other holes are intended to cover the proximal (e.g., EH147), medial (e.g., EH 242) and distal zones 
(e.g., MMA002 and MMA003) along strike to the northeast of the deposit, which may be affected 
by a separate alteration system. Hydrothermal zonation spans from the ore zone and K-Feldspar 
breccias, to the proximal potassic alteration, the medial biotite-magnetite alteration and the 
regional/distal sodic and sodic-calcic alteration.  A total of 261 samples were collected from the 
Ernest Henry area with sample spacing ranging from ~10 – 20 m throughout selected drillholes, with 
slightly wider spacing in some portions of drillholes MMA002 and MMA003 (up to 57 m). 

 

Figure 2. 3D view of sampled drillholes relative to a simple structural model based on AMS fabrics for Ernest Henry. 
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3.2 Anisotropy of magnetic susceptibility 

In traditional structural geology, layering (e.g., bedding, laminations), foliations and lineations are 
measured in outcrop based on visible rock anisotropy reflecting compositional layering, 
crystallographic preferred orientation, the shape or fabric of grains or the distribution of micro-
cleavages or fractures. Measurements of the strike/azimuth and dip/plunge of such features are 
used to infer information about the broader strain regime. Similarly, the anisotropy of magnetic 
susceptibility (AMS) reflects the crystallographic preferred orientation of the grain shape of 
ferrimagnetic grains such as magnetite, and in some cases, the orientation of phyllosilicates (tabular 
grains). Some phyllosilicates can be weakly magnetised (e.g., biotite), but their displacement of 
ferrimagnetic grains can also give rise to an AMS fabric in rocks.  

Analyses for each sample yields an AMS tensor, which is represented by an ellipsoid with the three 
orthogonal susceptibility vectors. The maximum susceptibility or long axis, K1, is defined by grain 
elongation; the intermediate susceptibility is K2 and the minimum, or the short axis is referred to as 
K3 (Nye, 1985).  The degree of anisotropy recorded by the rocks (P) is the ratio of K1 to K3. The 
shape of the ellipsoid is then defined by the degree of lineation (K1/K2) and the degree of foliation 
(K2/K3), whereby a high L value (T<0) defines a prolate ellipsoid (a lineation dominant fabric) and a 
high F value (T>0) is indicative of an oblate ellipsoid (a foliation dominant fabric; Hrouda, 1982). The 
development of anisotropy of magnetic susceptibility in rocks and in ferrimagnetic minerals is 
attributed to either the shape of the magnetic material or crystalline anisotropy. AMS fabrics may 
reflect primary magmatic (e.g., Austin and Patterson, 2021) or sedimentary processes. In most cases 
however, AMS fabrics form in response to ductile-brittle deformation, often in conjunction with 
metamorphic and/or metasomatic re-crystallisation of the protolith. The AMS fabric typically 
quantifies the orientation of the principal strain directions produced through different episodes of 
deformation (Austin et al., 2013; Borradaile et al., 1987; Borradaile, 1991; Evans et al., 2003; Greiling 
and Verma, 2001; Parés and Van Der Pluijm, 2002). Therefore, both vector data and bulk fabric 
structural information derived from AMS measurements, used in conjunction with quantitative 
alteration mapping (provided by TIMA) can be used to quantify the structural controls on 
mineralisation.  

In order to compare historical structural measurements with the new anisotropy of magnetic 
susceptibility (AMS) measurements, multiple measurements of AMS vector data from each sample 
were processed to produce bulk structural fabrics, (section 4.2.6 of Part I of this report). Samples 
from Ernest Henry were extracted from the Cloncurry METAL database (Austin et al., 2021; which 
accompanies this report), and were filtered by their anisotropy factor (P, column FI), and isotropic 
samples (those with P<1.05 were discarded. From the remaining data, foliation dominant (T>0) and 
lineation dominant (T<0) fabrics were distinguished (column FJ). Mean Lineation (columns FK and 
FL) and Mean Foliation dip azimuth and dip values (columns FO and FP) were imported. The 
definition and explanatory notes for the calculation of each of the fields may be found in the 
Cloncurry METAL database (Austin et al., 2021, on the 3rd tab). Strain fabric information was 
imported as two separate .csv files for planar versus lineation vector data and plotted downhole as 
XYZ points. Each of the samples are categorised based on system structural context (e.g., FWSZ, 
HWSZ) or the system zonation context, allowing zonal filtering and comparison.  
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3.3 3D data integration using the database 

Here we present an example of the Leapfrog project for the Ernest Henry data (Fig. 3). Leapfrog Geo 
5.0 was selected for the preliminary analysis due to its ability to append drillhole databases with 
structural information sourced from previous studies (Coward, 2001; Laing, 2003; O'Brien, 2016). 
Alternatively, freeware packages, such as Geoscience Analyst may also be used, however, combining 
information from multiple structural databases can be somewhat cumbersome. Furthermore, 
Leapfrog Geo can import a significant number of parameters used to characterise each sample, 
including numeric data for density, magnetic susceptibility, vector orientation and intensity data for 
natural remnant magnetisation, radiometric ratios, as well as comprehensive mineralogical and 
geochemical information. Base information imported into each project includes depth information 
from drillhole databases with survey, geology and assay data where available, as well as interpolated 
Cu, Au, Fe isosurfaces, here defining the major south-southeast plunging ore shoot (Austin et al., 
2016a). Geological maps and grids of geophysical data provide the 2D surficial context of the data. 
Meshes of the Marshal Shear Zone, Hanging Wall Shear Zone, the breccia zone and ore zone 
produced by magnetic modelling during Undercover Cloncurry (Austin et al., 2016a), as well as the 
fault surface interpreted from the structural study of Laing (2003), were imported into the project 
to facilitate comparisons of possible subsurface geometries of magnetic bodies relative to structural 
point information. Figure 4 displays the anisotropic AMS measurements plotted downhole relative 
to Cu-Au distribution, whilst Figure 5 displays the same measurement classified by their context 
with the hydrothermal system.  

 

 

Figure 3. The Ernest Henry Leapfrog workspace showing the project tree, and scene view (looking NE), showing the 
data distribution of AMS fabric information, structural measurements, interpolated Cu-Au isosurfaces of the SSE 
plunging ore body and the N-S striking cross fault, sub-parallel to the ore shoot.  
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Figure 4. Anisotropic AMS measurement plotted downhole (looking E) according to their structural context relative 
to Cu-Au distribution (yellow isosurfaces), not showing the distal holes EHMT001, MMA002, MMA003. Structural 
contexts include the NE-trending footwall shear zone (FWSZ),hanging wall shear zone (HWSZ), the ENE-trending 
Marshall shear zone (MSZ), the central mineralised breccia (BX), N-S striking strike-slip faults (N-S SS-FLT), along strike 
to the NNE (ASTK) and across strike in the hanging wall (XSTK-HW) to the south. 

 
Figure 5. Anisotropic AMS measurement plotted downhole (looking E) according to their context in the 
hydrothermal system relative to Cu-Au distribution (yellow isosurfaces), not showing the distal holes EHMT001, 
MMA002, MMA003. DFP: Distal footprint; MFP = medial footprint; PRP = proximal footprint; HW = hanging wall; 
FW= footwall; BX = breccia.   
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3.4 Structural geology compilation 

Structural measurements were compiled from pit mapping studies including Coward (2001), Laing 
(2003), and O'Brien (2016), from the Glencore-Xstrata database (EH546, EH553 in Laing, 2003; 
EH640, EH656, EH760 in O'Brien, 2016) and from the completion report for drillhole EHMT001 
(Eastaugh et al., 2013). Surface data and downhole data was imported as separate planar structural 
data and lineations (Fig. 6), all of which were imported with associated observations from the 
geologists of each study. Foliation, vein and fault data were compiled from the previous detailed 
structures of Ernest Henry (Coward, 2001; Laing, 2003; O'Brien, 2016). Classification of the structure 
type and description were retained for each of the studies where possible, however, a number of 
the published structural databases omitted classification of the kinematics and overprinting 
relationships of different structures in the raw data files. Foliation data are shown as discs, with the 
main mineral foliation (termed S1/2) shown in pale blue, and the overprinting crenulation cleavage 
(S3, in green in Fig. 6). Fault data is presented in red (Fig. 6).  

 

 

Figure 6. Compilation of structural information from previous studies of Ernest Henry displaying the major foliation 
(S2 = blue; S3 = green) and fault (red) orientations relative to isosurfaces of Cu-Au distribution at Ernest Henry. White 
drill hole traces show the relative locations of the drillholes sampled during this study.  
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3.5 Magnetic Interpretation 

The alignment and/or truncation of magnetic lineaments is used to infer relative overprinting 
relationships between different shearing and/or faulting events (Case et al., 2018; Austin et al., 
2016a, Coward, 2001; Valenta, 2000). Therefore, the AMS and structural results are also framed in 
a regional context based on analysis of recent aeromagnetic data (Geological Survey of Queensland, 
2018) and the aeromagnetic data which led to the discovery of Ernest Henry (MIM-Xstrata, 1999). 
The first vertical derivative of the total magnetic intensity data clearly delineates the obvious NE-
striking magnetic lineaments that trace the major NE-trending jog between two regional scale NNE-
striking shear zones (Fig 7), as first observed by Valenta (2000).  

 

Figure 7. First Vertical derivative of magnetic data over the Ernest Henry deposits (GSQ survey 1377), clearly shows 
the major magnetic lineaments in the area, but is affected by mining activity in the vicinity of the mine. 

Whilst the recent data does highlight later structures, the earlier lower resolution data (MIM-
Xstrata, 1999) better elucidates the more subtle truncations of the magnetised shear zones, 
primarily because the earlier data is less affected by mining activity which occurred since the mid-
1990s. The earlier data clearly maps a series of NNW to N-S faults discussed in Austin, et al. (2016; 
Fig 8). These faults appear to be related to several larger NNE to NNW trending structures such as 
the Mount Margaret Fault (near E1), and may imply the presence of deep seated structural corridors 
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that act as feeder conduits for mineralisation (e.g., Laing, 2003). The inferred N-S structures truncate 
the dominant NE-trending shear zone in the location of breccia pipe at Ernest Henry (Fig. 8). This N-
S trending truncation is consistent with Laing’s (2003) N-S “feeder structure”, which was inferred to 
be an important fluid pathway during the formation of the ore at Ernest Henry. 

 

Figure 8. Map of magnetic lineaments (black dashed lines) and overprinting faults (white dashed lines) interpreted 
from the first vertical derivative of the RTP aeromagnetic data (from Austin et al., 2016a, using data from MIM-
Xstrata, 1999). 
 

4 Review of Structural Studies 

4.1 Coward, 2001 

Coward (2001) described the regional architecture of Ernest Henry as a series of NE- to E-W striking 
duplex structures that developed within a restraining bend of a regionally significant N- to NNE-
striking lineament, localised by the two adjacent metadiorite bodies. Coward (2001) found little 
evidence of early deformation (e.g., bedding parallel S1), but suggested it was associated with a 
biotite-amphibole-quartz alteration assemblage. Curiously these minerals are typically genetically 
coincident in the Ernest Henry deposit. Coward (2001) observed that dominant the pre-
mineralisation deposit-scale architecture, a biotite-magnetite ± apatite S2 foliation mapped in the 
pit, was associated with the inferred duplex architecture. Shear zone boundaries were mapped as 
gradational, transitioning from high-strain, intensely foliated biotite-magnetite rich rocks to weakly 
foliated metavolcanic rocks, noted especially in the hanging wall metavolcanics and in the 
metavolcanic and metasedimentary rocks in the footwall.  

The subtle anticlockwise rotation of S2 foliation from E- to ENE- across the deposit (Fig. 9) was 
interpreted as an open, monoclinal, south-plunging antiform. Coward (2001) documented a 
dominant SSE-plunging mineral stretching lineation (L2)  with a calculated average plunge of 36° 
toward 167° and microstructural evidence suggesting normal, top-to-the-south, movement along 
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the major shear zones. Coward (2001) concluded that the antiform was the major structural control 
on localisation of dilation within the deposit, and development of the Ernest Henry breccia.  Coward 
(2001) also observed that the dominant D2 structures were locally overprinted by an NNW-SSE to 
NW-SE, steeply (~80°) west-dipping crenulation cleavage (S3) which inconsistently exhibited axial 
planar biotite and magnetite, noting that D3 of Coward (2001) equates to D5 in the deformation 
scheme adopted here, that of Austin and Blenkinsop, (2010). 

 

Figure 9. (A) Kamb contoured poles to plane of S2 measurements from Coward (2001) showing south plunging pole 
to the girdle defined by S2 poles and the average orientation of measured L2 stretching lineations. (B) Kamb contoured 
poles to plane of S2 foliation measurements from Laing (2003). 
 

According to Coward (2001), the major period of Cu-Au mineralisation at Ernest Henry was 
attributed to the transition from ductile to brittle deformation in the latter stages of D3. The 
mineralisation was thought to have occurred in association with the development of NNW- striking 
faults, which are most prominent in the footwall, but poorly represented in the structural database 
(Fig. 10a). The footwall faults dip 60 – 80° both the east and the west, with hematitic K-feldspar ± 
later carbonate infill and specularite veining, but do not crosscut the ore zone. This is consistent 
with her Stage 3 alternation assemblage of hematite-K-feldspar-carbonate-quartz-magnetite-pyrite 
and chalcopyrite, and the main alteration assemblages documented by Mark et al., (2006a; 2006b; 
2000). Shallow to moderately N- to NE-plunging slickenlines and subvertical extensional vein arrays 
are attributed to dextral normal movement along steeply east-dipping footwall faults. Coward 
(2001) suggests that the crenulation cleavage, dextral-normal NNW-SSE faults and sinistral strike 
slip reactivation of the NE-striking shear zones can all be attributed to D3 (i.e., D4-5) associated with 
NE-SW to NNE-SSW shortening. Whilst Coward’s (2001) hypothesis does make sense kinematically, 
the inferred shortening directions are at odds with the generally accepted late Isan deformation 
framework for the Cloncurry District, which is through to be NW-SE shortening with sinistral strike-
slip on ~N-S structures.  Keys’ (2008) thesis suggested that the structural framework described by 
Coward (2001) would be more favourable for mineralisation under ESE-WNW compressive strain 
rather than the NNW-SSE compressive strain proposed. Coward (2001) also described late brittle 
NE-striking, SE-dipping faults that cross cut all of the older structures and exhibit moderately SSE 
plunging slickenlines associated with calcite-dolomite-quartz ± chlorite alteration and brecciation, 
previously coined as the marble matrix breccia (Twyerould, 1998).  
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4.2 Laing (2003)  

A thorough and in-depth mapping and logging campaign by Laing (2003) described mineralisation 
at Ernest Henry as synchronous with an episode of north-verging reverse faulting and discretised 
brittle-ductile deformation, resulting in the development of N-S extensional faults between the 
major bounding shear zones. Like that of Coward, the study documented S2 schistosity parallel to 
the HWSZ (Fig. 10b), associated with deformation that occurred prior to mineralisation. The 
schistosity was described as an anastomosing foliation, or differential cleavage, comprising two 
subparallel mineral fabrics (S1/2). 

 

Figure 10. Compiled structural information from Coward (2001) and Laing (2003) for the Ernest Henry deposit. A) 
Poles to fault planes measured in the pit and veins (planes) from Coward (2001). B) and C) are NE-striking and ~N-S 
striking fault sets from Laing (2003); D) Poles to planes of vein sets at Ernest Henry with Kamb contouring (Laing, 
2003). 
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Laing (2003) documented down-dip chlorite-biotite mineral lineations associated with dip-slip 
reverse movement within the NE-striking footwall shear zone, attributing it to ductile deformation 
during two initial ductile deformation events. According to Laing (2003), both the HWSZ and the 
FWSZ exhibit early dip-slip movement, however in the absence of unambiguous kinematic 
indicators, he did not interpret the orientation of the associated shortening/extensional regime. In 
Laing’s (2003) study, mineralisation was attributed to later reactivation of the HWSZ and the 
development of the parallel NE-Striking F2 fault set (Fig. 10b – fault number unspecified in published 
dataset), associated with pure reverse movement and the development of sub-horizontal tensional 
vein arrays (TVA) indicative of deformation associated with lateral shortening. During this event, 
Laing (2003) suggests that mineralisation is synchronous with the development of a N-S striking 
central structure, developing parallel to a N-S shortening axis. He suggests that N-S extensional 
structures (possibly associated with structures in Laing (2003) database – Fig. 10c) are the product 
of strain compartmentalisation between the major shear zones, developed in association with E-W 
striking breccia lozenges. The intercept of this N-S structure with the Ernest Henry Shear Zone is 
extolled as the major structural control on the localisation of brittle deformation, brecciation and 
mineralisation at Ernest Henry. 

Ongoing deformation was localised along the moderately SE dipping F2 and F4 fault sets, truncating 
the ore body, prompting Laing (2003) to suggest that mineralisation occurred as a singular pulse 
during the particular deformation event, consistent with the hematitic K-feldspar selvages 
documented on the syn-ore tension vein arrays. Later truncation or displacement of older faults is 
attributed to two later fault generations including NW-striking dextral-reverse(?) faults and the 
younger NE-striking, strike-slip, footwall oblique faults preserving a sub-horizontal carbonate 
mineral stretching lineation (also noted by Coward, 2001).  

4.3 Structural Consensus  

These two detailed structural studies propose two distinct models, in which one is controlled by 
ductile deformation and folding and the other is fault controlled. The fundamental differences 
between the detailed work of Coward (2001) and Laing (2003) include contrasting interpretations 
of the asymmetries of the ore bodies, the nature of the host deformation-mineralisation event and 
the feeder structures. Whilst Coward (2001) attributes metal deposition to dilation associated with 
gapping on the eastern fold limb, Laing (2003) suggests brecciation and multiple ore bodies can 
develop at fault intersections, and are attributable to brittle deformation alone. Keys (2008) tested 
the inferred shortening direction proposed by both Coward (2001) and Laing (2003) using 
mechanical modelling and found that neither model was favourable for mineralisation, finding that 
ESE-WNW shortening during D4 produced the optimal conditions for mineralisation.  
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5 Anisotropy of magnetic susceptibility (AMS) results  

5.1 AMS data overview 

On examination of the AMS results it is pertinent to first asses the nature of the anisotropy of the 
rocks broadly, because the values for P (the degree of Anisotropy) varies substantially, from 1.02 
(effectively isotropic) up to 2.76 (a very strong fabric). P values below 1.05 are considered to be 
near-isotropic in this study, and we refer to them as isotropic below. P values above 1.05 are 
anisotropic, and values above 2 are considered strongly anisotropic (Fig. 11). In this section we 
examine some of properties of both isotropic (essentially undeformed) and strongly anisotropic 
samples, utilising observations of both the alteration style and rock fabric from examination of TIMA 
data. 

 

Figure 11. Plot of Lineation factor vs Anisotropy factor for samples from the Ernest Henry Deposit. 

5.2 Isotropic rocks 

A selection of isotropic and weakly anisotropic examples are shown in Figure 12. It is clear from the 
samples displayed that isotropic samples from Ernest Henry fall into one of three categories. Several 
examples display hydrolytic alteration (Fig 12 a-d) which is defined as an assemblage of quartz-
chlorite-hematite-phengitic muscovite-chalcopyrite that overprints potassic alteration, but pre-
dates late calcite infill. The hydrolytic alteration in these samples varies from pervasive (Fig 12 a) to 
relatively weak hydrolytic alteration. In most cases the lack of a magnetic fabric is due to the 
destruction of magnetite (Fig 12 a-c), which is replaced by hematite in some cases (Fig 12a) or by 
pyrite-chalcopyrite (Fig 12 b, c), but in other samples magnetite is partially retained (Fig 12 d). 

Several samples which display calcic alteration in the form of scapolite-calcite-phlogopite alteration 
assemblages (Fig 12 e-j) are weakly anisotropic. These assemblages are typical of a class of Russian 
and Chinese skarn deposits (Soloviev and Kryazhev, 2016; Zeng et al. 2020), and scapolite in 
particular has been noted by Oliver et al. (2004) as an indicator mineral for skarn and IOCG alteration 
in the Cloncurry district. They preserve predominantly recrystallised textures and are almost barren 
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of magnetite. Whilst near isotropic, they do however preserve consistent AMS fabrics, as discussed 
in section 6.2. 

 

Figure 12. Selection of isotropic to weakly anisotropic rocks from the Ernest Henry database. Mineralogy key for 
each example is shown to the right of the TIMA image, and sample description, including the alteration type, 
magnetic susceptibility (J) and degree of anisotropy (P) are shown below each example. Each example is shown at 
the same scale, with field of view approximately 15 mm.  
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5.3 Strongly Anisotropic Rocks 

The ten most strongly anisotropic rocks from the Ernest Henry subset of the Cloncurry METAL 
database are shown in Figure 13, from highest P value of 2.76 (Fig 13a) through to a P value of 2.11 
(Fig 13j). Several of these samples (a-c, e, g and h) are coincident with pervasive potassic alteration 
which is considered by most to be associated with brecciation and the main ore forming 
metasomatic event in the Ernest Henry deposit. It appears that in some cases the texture of these 
samples is consistent with deformed volcanics (e.g., Fig 13 a, b), and is associated with the major 
NW-trending shear zone in the footwall of the deposit, the footwall shear zone (Fig 13 e, f). 
However, in other cases (Figs 13 c, e) the potassic altered examples are consistent with 
predominantly matrix supported (i.e., highly milled) breccias. All of these examples have prolate 
ellipsoids, indicating that they are lineation dominant rather than foliation dominant. The strong 
fabrics present are consistent with the AMS fabrics present in the shear zone that hosts Ernest 
Henry, which implies that either: a) the Ernest Henry deposit was significantly deformed post 
brecciation; or b) that the pre-existing fabrics were retained during brecciation and mineralisation. 
Neither of these observations are consistent with previous ideas about the genesis of the deposit, 
with most workers suggesting that the breccia “cut the regional ductile structural fabrics” (Oliver et 
al., 2004). 

Other examples of strong anisotropy are associated with dominantly sodic ± calcic altered examples 
(Fig 13 d, f, i, j). However, these examples are further overprinted by magnetite-apatite (Fig 13 d, i) 
and/or magnetite-biotite alteration (Fig 13 i, j). These samples are from several of the faults and 
shear zones in the vicinity of the mine, including the main NE-trending shear zones, the Marshall, 
Footwall and Hanging wall shear zones and the N-S metasomatizing structure of Laing (2003: Fig 13 
i). This is correlation is consistent with early work by Webb and Rowston (1995) and many others 
since who associated the shear zones with the linear magnetic anomalies in their magnetic 
modelling. In general, the shear zones are expected to be highly anisotropic, so these observations 
are consistent with the current understanding of the deposit. It is not expected, however, that the 
fabrics within the shear zones should be structurally consistent with those in the breccia. 

The largest set of isotropic samples is comprised of relatively undeformed and weakly altered 
diorites (Fig 12 g-j) which sit within the hanging wall, distal to the deposit. In most cases these 
samples have a mineralogy dominated by albite and amphiboles, and they generally appear to 
preserve textures typical of plutonic rocks. In either case, the diorite here appears to be structurally 
intact. Several authors including Valenta (2000) and Keys (2008) have proposed that the 
intermediate intrusions in the hanging wall and footwall acted as rigid buttresses during 
deformation, forcing the partitioning of strain into rheologically weaker calc-silicate and volcanic 
rocks which occupy the main structural corridor at Ernest Henry. Based on the lack of observable 
fabric within the dioritic intrusions sampled, this hypothesis is plausible. 
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Figure 13. Selection of strongly anisotropic rocks from the Ernest Henry database. Mineralogy key for each example 
is shown to the right of the TIMA image, and sample description, including the alteration type, magnetic 
susceptibility (J) and degree of anisotropy (P) are shown below each example. Each example is shown at the same 
scale, with field of view approximately 15 mm. 
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5.4 Lineation vs Foliation Dominant Fabrics  

The distribution of lineation vs foliations dominant fabrics is relatively even within the sampled 
region. However, specific rock types tend to be either lineation dominant or foliation dominant. 
Breccias are highly lineation dominant overall, as shown in Figure 14. Lineations can be very subtle 
in hand specimen, especially where only moderately developed, and in the case of the Ernest Henry 
samples, the majority of breccias do not have obvious visible lineations. This observation probably 
explains to some extent why the breccias are commonly not perceived to have experienced the 
same levels of deformation as the shear zones. However, the AMS data clearly show that they have 
experienced a comparable deformation history to the shear zones.  

In some cases, shear zones also preserve lineation dominant fabrics. Whilst the Marshall shear 
zone displays a mixture of lineations and foliations, the hanging wall and footwall shear zones 
both have a lineation dominant fabric overall (Fig 14). We might speculate that the footwall acted 
as a rigid buttress to deformation throughout the deformation history of the deposit. Given such 
circumstances, the lineation may represent a stretching fabric due to pure shear. However, this is 
unlikely. It is more likely that the lineation observed in both the footwall and hanging wall shear 
zones is an intersection lineation, formed by the overprinting of one foliation by another cross-
cutting foliation (e.g., Austin and Blenkinsop, 2010). 

 

Figure 14. Plot of L (lineation factor) vs F (foliation factor) for samples from the Ernest Henry deposit. 
 

5.5 Foliation Dominant Fabrics 

Country rocks more typically have foliation dominant fabrics. In particular, the CS2 laminated calc-
silicates (EHM183-186) and biotite-scapolite schists (EHM221-224) are very foliation dominant. 
Calcite-scapolite skarns are isotropic as discussed earlier, which is typical of their metasomatically 
recrystallised textures. 

Some shear zones particularly the N-S metasomatizing structure and the NW-trending shear zones 
along strike of the Ernest Henry deposit tend to preserve mixed fabrics, that are neither foliation 
nor lineation dominant.  
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6 Analysis of AMS fabrics using AnisoftTM 

6.1 Background 

AMS measurements are here presented as a series of plots displaying each of the three orthogonal 
vectors for each specimen analysed, plotted on lower hemisphere stereonets. Also plotted are their 
mean magnetic susceptibility (Km) relative to their mean degree of anisotropy (P), and the degree 
of lineation (L) relative to the degree of foliation (F). Non-oriented, isotropic and inhomogeneous 
samples are discarded, as are samples which display heterogenous AMS fabrics across multiple 
specimens of the same sample (samples with a low (<80%) mean length, column FR in the Cloncurry 
METAL database (Austin et al., 2021)).  

In order to assess the spatial distribution of fabrics within the Ernest Henry deposit we have 
subdivided all the data into their respective structural zones within the deposit, examining each 
structural zone independently with a view to understanding overprinting relationships during the 
evolution of the tectono-metasomatic evolution, or alternatively the structural 
compartmentalisation of the structural controls. The subdivisions used include, country rocks, the 
Marshall, Hanging Wall and Footwall shear zones, N-S metasomatizing structure(s), the breccia and 
potassic altered volcanics. The subdivisions are made based on the deposit geometries modelling of 
Webb and Rowston (1995), modelling of Austin et al (2019). However, classification have also been 
honed based on the AMS fabrics distributions and the textures and alteration style observed from 
TIMA imagery. For example, K-feldspar altered volcanics that plot in the breccia zone were changed 
to hanging wall volcanics if un-brecciated, and the boundary between the hanging wall shear zone 
and the Marshall shear zone can be clarified based on the levels of sodic vs K-feldspar alteration 
present. In making these distinctions it is important to recognise that alteration and structure (and 
geophysics) are related but only partially correlated, and that sorting the AMS data by structural 
context and/or system zonation has its flaws. The subdivisions are qualitative, and even by using 
the rigorous methodology adopted, and the large number of specimens analysed, it is not possible 
to sample the deposit comprehensively. 

Mark’s (1999) 17 stage alteration paragenesis of Ernest Henry has been updated by Schlegel et al. 
(2021) and simplified for a geophysical and structural framework by Austin et al. (2021). The 
metasomatic framework used here is comprised of 6 main stages: 1. Albite ± magnetite ± titanite 
(i.e., Sodic alteration); 2. Albite (Andesine-Anorthite) ± amphibole (actinolite±hornblende) ± 
scapolite (sodic-calcic alteration) 3. Biotite ± magnetite ± apatite; 4. K-feldspar-magnetite-pyrite ± 
apatite ± chalcopyrite (perversely developed in the breccia); 5. Quartz-chlorite-hematite-phengitic 
muscovite-chalcopyrite (hydrolytic alteration, primarily formed in the breccia matrix, see Schlegel, 
2021); 6. Late calcite infill. These metasomatic stages form a zoned hydrothermal system in which 
earlier stages are preserved in the distal footprint of the deposit, but progressively overprinted to 
varying degrees by later alteration toward the core of the system. 

6.2 Country Rocks 

The country rocks that host the Ernest Henry deposit and are relatively unaffected by the alteration 
system are sampled in numerous locations and are generally comprised of 4 main types. 
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6.2.1 Mafic to Intermediate Intrusive Rocks 

Mafic-intermediate host rocks, sampled mainly from the large diorite body to the south of the 
deposit, typically have albite-actinolite-hornblende assemblages (Fig. 15a). They are commonly 
isotropic, or near isotropic (Fig 15b) with P values less than 1.2, and their AMS fabrics are poorly 
clustered (Fig. 15c). Whilst the fabrics are foliation dominant (Fig. 15 d), their isotropic to weakly 
anisotropic nature, coupled with their random distribution illustrates that these rocks have not been 
substantially deformed. The data therefore suggest that the mafic intrusive rocks acted as rigid 
buttresses during deformation, consistent with the hypotheses of Valenta (2000), Coward (2001), 
Keys (2008) and others. 

 

Figure 15. AMS Summary of mafic intrusive rocks. A. is a representative example of mafic intrusive rocks (EHM 227), 
B. a plot of the degree of anisotropy (P) vs magnetic susceptibility (Km), C. a stereonet showing the distribution of 
the K1, K2 and K3 fabrics, and D. a plot of lineation (L) vs foliation (F) factors. 
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6.2.2 Metasedimentary Country Rocks 

Several anisotropic country rocks were sampled. Notwithstanding the paucity of examples, the 
results do still inform our understanding of the structural context of the mineral system. The 
examples discussed here are metamorphosed, variably altered, but texturally intact, host rocks that 
are relatively unaffected by the hydrothermal footprint of the system and appear to record a 
different deformation history to the mineralising system. Three examples of different country rocks 
for which we have adequate samples are shown in Figure 16, a laminated calc-silicate, a biotite-
scapolite schist and a calcite-quartz-K-feldspar-scapolite metasomatite. 

The laminated calc-silicates (Fig. 16a), representing lithologies of the ca. 1750 Ma Corella Formation 
(Foster and Austin, 2008), preserve regional sodic alteration, consistent with stage 1 of the 
alteration paragenesis (Mark, 1999), that may be as early as ca. 1640-1610 Ma (Rubenach, 2006), 
the approximate timing of D1. They exhibit a foliation dominant anisotropy (Fig. 16b) consistent with 
the obvious laminated texture, but have a well clustered K1, which is indicative of a tectonic fabric 
(Fig. 16c). The well clustered sub-horizontal K3 values in the north, associated with a girdle defined 
by subvertical to steeply SW plunging K1 and shallow east and west plunging K2 values, defines a 
subvertical E-W AMS fabric (Fig. 16d). Sub-vertical E-W fabrics are not found within the deposit and 
are not consistent with the D2-D5 deformation framework of the Cloncurry District in general, but 
are consistent with N-S oriented regional D1 shortening proposed by numerous authors (e.g., Bell, 
1983).   

Biotite-scapolite schists are likely products of post-peak (retrograde) metamorphism coupled with 
early calcic alteration. They are consistent with stage 2-4 alteration (Mark, 1999), which is 
temporally equivalent to D2 (ca. 1590-1575 Ma). The AMS data from these assemblages are foliation 
dominant (Fig. 16f) and display a moderately east plunging K3, associated with a N-S striking girdle 
of K1 and K2 values (Fig. 16g). The AMS data therefore define moderately west-dipping foliation 
consistent with E-W shortening. The AMS data are almost identical to AMS data from country rocks 
at deposits across the Cloncurry district (Fig. 1 of Austin et al., 2016b), denoted as D2 fabrics. The 
fact that these D2 fabrics are present in the host rocks of the deposit, is strong evidence against the 
structural model of Case et al., 2018, which proposed that D2 structures were rotated into a NE- 
strike during D3 at Ernest Henry.  

The calcite-scapolite skarns (Fig. 16i) are metasomatic assemblages consistent with stage 11 
alteration of Mark (1999), which were interpreted to have formed after biotite-magnetite alteration 
(Stage 10, present in the distal footprint of the deposit), but prior to K-feldspar dominated alteration 
present in the breccia (stage 12, equated with D4 at ca. 1530 Ma). These rocks are neither foliation 
nor lineation dominant (Fig. 16j) but do preserve well clustered AMS vectors (Fig. 16k) displaying 
shallowly NE-plunging K3 values, moderately WSW-plunging K1 values and shallowly SE-plunging K2 
values. The AMS data define a WNW-ESE foliation plane, associated with a west-plunging lineation 
(Fig. 16l), consistent with reverse sinistral transpression, likely in response to NE-SW directed 
shortening. The inferred shortening direction is consistent with regional D3 (e.g., Austin and 
Blenkinsop, 2008) and matches the shortening direction proposed by Coward for mineralisation at 
Ernest Henry. However, this alteration style predates the alteration reset within the breccia. This 
cast further doubt (cf. Keys, 2008) on the finding of Coward (2001) that the mineralising phase was 
synchronous with NE-SW shortening. The results provide us with confidence in the ability of 
integrated TIMA and AMS methods to provide a relative temporal framework for structural 
development both regionally and within the deposit.  
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Figure 16. TIMA data, AMS data and a structural summary for each of three common country rocks sampled by this 
study. The top panel (a, e, and I) are TIMA images of a sample typical of each grouping. The second panel (b, f and j) 
are plots of L (lineation) vs F (foliation) for the samples included in each grouping. The third panel (c, g and k) are 
plots of the AMS tensors for each grouping and the lowermost panel (d, h and l) provides a structural summary of the 
AMS data and an indication of which deformation episode that fabric is most consistent with.  
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6.3 Marshall Shear Zone 

The samples which are classified as Marshall Shear Zone (MSZ) in the Cloncurry METAL database 
comprise samples EHM001 to EHM009 (from drill hole EH691) and EH100-EH111 (from drill hole 
EH550). Samples from drill hole EH632 also sit in the vicinity of the Marshall Shear Zone, but these 
are interpreted to be mainly reflect the N-S metasomatizing structure (discussed in section 6.7). The 
samples come from a zone in which the hanging wall shear appears to diverge NE from the ENE-
trending Marshall Shear Zone, and hence the two interpreted structures sit closely adjacent. In 
general, the alteration within the Marshall Shear Zone is dominated by sodic alteration (Fig. 17), 
commonly overprinted by biotite-magnetite or magnetite-apatite alteration leading to elevated 
magnetisation (e.g., Austin and Patterson, 2021, this report). Semi-pervasive K-feldspar alteration is 
patchy but generally increases toward the Hanging Wall Shear Zone, reflecting a general transition 
from sodic alteration ± biotite-magnetite alteration toward pervasive K-feldspar (potassic) 
alteration in the core of the system.  Samples from each hole with higher sample numbers may be 
sitting in a transitional zone between the Marshall Shear Zone and the Hanging Wall Shear Zone. 
Nevertheless, the TIMA data suggest that the identified boundary between the two structures is 
reasonable (based on the alteration mineralogy and fabrics present), and furthermore the AMS data 
from these samples provide a coherent structural subset (Fig. 18). 

The AMS data for the Marshall shear zone is very well clustered (Fig. 18) with clearly defined K1, K2 
and K3. Overall, the AMS fabrics are reasonably strong with P values ranging from 1.2 -2.0, but not 
strongly oblate (foliation dominant) or strongly prolate (lineation dominant). The inferred foliation 
(normal to K3) dips moderately (65˚) toward the SSE (157˚) and the lineation is parallel to the dip of 
the foliation. The parallel juxtaposition of the foliation and the lineation suggest NNW-SSE directed 
pure reverse shear with almost no lateral strike-slip component (i.e., not transpression). 
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Figure 17. Pseudo log of TIMA images for each of the drill holes that intersect the Marshall Shear Zone. Lower right: 
Extract from simplified AMS model of Ernest Henry, showing sample locations. NB EHM401-406 were discarded due 
to being overprinted by a N-S metasomatising structure (Laing, 2003). 
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Figure 18. AMS data for samples from the Marshall Shear Zone. Top left tile is a stereonet in which the three AMS 
tensors are plotted for each specimen. The convention used for this and all subsequent figures is blue squares=K1, 
green triangles=K2 and pink circle=K3; Lower left tile is a plot of P (anisotropy factor (K1/K3) vs magnetic 
susceptibility. Lower right tile is a plot of L (lineation) vs F (foliation). Top right tile shows a summary of the structural 
information derived from the AMS data. 
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6.4 Footwall Shear 

The samples which are classified as FWSZ in the Cloncurry METAL database comprise samples 
EHM036 to EHM047 (from drill hole EH691) and EH214-EH220 (from drill hole EH435). However, 
within this grouping some samples are transitional between the breccia and the Footwall (e.g., EHM 
211, 212), some are likely footwall volcanics, and many are extensively overprinted by late calcite ± 
scapolite infill (Fig. 19). Despite the apparent lithological complexity, the AMS data from this zone 
are very coherent and therefore further differentiation into sheared, brecciated and volcanic 
footwall is not warranted. Samples from the footwall, display early sodic alteration, which has been 
mostly overprinted by magnetite-biotite alteration, semi-pervasive potassic alteration (K-feldspar 
and/or biotite) and late calcic infill (scapolite and/ or calcite).  

The footwall samples preserve well clustered AMS data (Fig 20 a, b) and are overwhelmingly 
lineation dominant (Fig. 20c). The majority of samples (Fig. 20a) display well clustered K1, K2 and 
K3, which indicate a moderately, NE-trending foliation, associated with a variable but dominantly 
SSE-trending lineation. In the first subset (Fig. 20a), the K1 (lineation) is oblique (~20°) to the inferred 
axis of shortening (defined by K3), and we therefore interpret this main fabric as a product of 
sinistral transpression (Fig. 20d) associated with approximately NNW-SSE (D4).  

Several other samples (EHM037, 038 and 220) preserve a well clustered, moderately ENE-trending 
K1 (Fig. 20b). However, the K2 and K3 of the latter fabric are mixed, consistent with a purer lineation. 
The latter fabric lacks an associated foliation, but it does sit within the plane of the foliation present 
in many of the other footwall samples. This second cluster is interpreted as a strike-slip component 
of shear, oriented approximately normal to the shortening direction. The two clusters of data 
together are consistent with partitioning of strain into a reverse component and a lateral 
component. They may have formed synchronously, but more likely the latter overprinted the 
dominant fabric as regional deformation transitioned from sinistral transpression (D4) toward 
sinistral strike-slip (D5).  
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Figure 19. Pseudo log of TIMA images for each of the drill holes that intersect the Marshall Shear Zone. Lower right: 
Extract from simplified AMS model of Ernest Henry, showing sample locations. 
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Figure 20. AMS data for samples from the Footwall Shear Zone. A) Stereonet in which the three AMS tensors are 
plotted for specimens with SSE-plunging K1; B) Stereonet with AMS tensors for specimens preserving an ENE-plunging 
K1; C) Plot of L (lineation) vs F (foliation); D) Summary of the structural information derived from the AMS data. 
 

6.5 Hanging Wall Shear Zone  

The samples classified as Hanging Wall Shear Zone (HWSZ) in the Cloncurry METAL database 
comprise samples EHM010 to EHM021 (from drill hole EH691) and EH119-EH133 (from drill hole 
EH550). Drill-hole EH435 starts in the Hanging Wall Shear Zone, but the first samples from this hole 
sit just beneath/ to the northwest of the Hanging Wall volcanics (Fig. 21). 

The Hanging Wall Shear Zone displays sodic alteration which is variably overprinted by biotite-
magnetite alteration, and Ca-Mg skarn-style alteration, particularly toward the top of the holes 
proximal to the Marshall Shear Zone (e.g., EHM119-123). However, there is a substantially higher 
proportions of pervasive to semi-pervasive K-feldspar alteration with increasing depth in both holes, 
and significant hydrolytic alteration is noted (particularly in the deeper parts of the shear zone (i.e., 
EH691) indicated by late quartz-calcite-chlorite infill. 
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Figure 21. Pseudo log of TIMA images for each of the drill holes that intersect the Hanging Wall Shear Zone. Lower 
right: Extract from simplified AMS model of Ernest Henry, showing sample locations. 
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The AMS data for the Hanging Wall shear zone are very well clustered (Fig. 22) with clearly defined 
K1, K2 and K3. The fabrics formed are reasonably strong with P values ranging from 1.3-2.25. Unlike 
the Marshall shear zone, the Hanging Wall shear zone is strongly prolate, indicating it is lineation 
dominant. However, the excellent clustering of both K2 and K3 illustrate that it is not a pure lineation 
(which would coincide with K2 and K3 being mixed). The inferred foliation (normal to K3) dips 
moderately (~51˚) toward the SE (131˚) and the lineation is oblique to the dip of the foliation, 
plunging 51˚ toward 177˚ (consistent with the ore body plunge). The juxtaposition of the foliation 
and the lineation suggest NNW-SSE directed reverse shear in conjunction with sinistral strike-slip 
(i.e., transpression). 

 

Figure 22. AMS data for samples from the Hanging Wall Shear Zone. A) Stereonet in which the three AMS tensors are 
plotted for each specimen; B) Summary of the structural information derived from the AMS data.; C) Plot of P 
(anisotropy factor (K1/K3)) vs magnetic susceptibility; D) Plot of L (lineation) vs F (foliation).  

6.6 Core Breccia  

The core of the Ernest Henry mineral system is intensely K-feldspar altered and consists 
predominantly of matrix supported chaotic breccias, with sub-ordinate altered volcanics (which in 
some cases are likely larger clasts within the breccia). The mineralogy of the clasts, matrix and 
altered volcanics are not substantially different, all dominated by a K-feldspar, magnetite, quartz, 
white mica, chlorite and biotite and pyrite. Chalcopyrite, the dominant economic mineral, is mainly 
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restricted to the breccia and associated with chlorite-muscovite-quartz and hematite (hydrolytic) 
alteration. Calcite common occurs as late infill of porosity. 

In general, the AMS data are poorly clustered (Fig. 23) but do show a moderate SSW plunging K1, a 
shallow NE-oriented K2 and a shallow NW-oriented K3, which is generally consistent with fabrics 
observed in the hanging and foot walls. 

Textural observations from TIMA data were used to classify the K-feldspar altered samples into 
breccia and non-breccia altered volcanic sub-groups, with the latter tentatively equated with large 
clasts of volcanics within the breccia. This differentiation produced a very clear difference in the 
AMS clustering (Fig. 24). The breccia clasts (± altered volcanics) showed very poor clustering overall 
(Fig. 24a). The fabrics present are lineation dominant which is consistent with the altered volcanics 
found in both the footwall and hanging wall. The data are consistent with inherited AMS fabrics 
from the hanging wall and footwall being randomly re-oriented via milling in a breccia. Conversely, 
in the breccia matrix, the AMS data were very well clustered (Fig. 24e). The AMS fabric is not 
lineation dominant like the hanging and footwall shear zones but is intermediate, as observed in the 
Marshall Shear zone, which is consistent with a newly formed fabric rather than overprinting of a 
pre-existing fabric, indicating deformation continued post-brecciation. The breccia matrix preserves 
a well clustered, moderately south plunging K1, and poorly clustered K2 and K3 which are 
approximately shallow NE- and NW-oriented respectively. Broadly, the results are similar to those 
from the Hanging Wall shear zone, however, the K1 lineation is further rotated relative to the 
foliation, suggesting continued evolution from NW-directed reverse movement (early), to 
increasingly sinistral strike-slip (late).  

In a bid to better understand the AMS distribution of the breccia matrix we divided the data using 
the K3 orientation into two basic categories, those with NW-oriented K3, and remaining data (Fig 
25). This produced a remarkable result, highlighting a lineation dominant subset (Fig. 25c) with NW-
trending K3 (Fig. 25b), and a second subset with shallow E- or W-plunging K3 (Fig. 25e), consistent 
with a steep N-S oriented foliation. The former fabric is consistent with that in the shear zones, but 
the latter is consistent with the N-S truncations in the magnetic field identified by Austin et al. 2016, 
and in the structural work of Laing (2003), the N-S metasomatizing structure.  

An examination of the TIMA data reveals that many samples with the N-S foliation are moderately 
to completely (e.g., EHM026) altered by hydrolytic alteration (quartz-hematite-chlorite-pyrite: Fig. 
25d), implying a link between this late alteration and the N-S structures. In the SE-dipping fabric 
breccias, hydrolytic alteration is present in some samples and hematite ± barite (Fig. 25a) or apatite 
are observed in others. The AMS evidence does however suggest that the last Cu-rich mineralising 
phase was focussed at the intersection a moderately SE-dipping fabric with a steep N-S fabric. 
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Figure 23. AMS data for samples from the intensely K-feldspar altered core of the system. A) stereonet in which the 
three AMS tensors are plotted for each specimen; B) Summary of the structural information derived from the AMS 
data; C) Plot of P (anisotropy factor (K1/K3) vs magnetic susceptibility; D) Plot of L (lineation) vs F (foliation). 
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Figure 24. AMS data for subdivision of K-feldspar altered volcanics and K-feldspar altered breccias. A and D) 
mineralogy and rock texture of the clast-bearing breccia and the breccia matrix, respectively; B and E) AMS vector 
data for each sub-group; C and F) Plot of L (lineation) vs F (foliation) for the two subgroups. 
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Figure 25. AMS data for K-feldspar altered breccias subset into the two dominant fabrics. A-C describe samples which 
preserve a moderately SE-plunging fabric (consistent with the shear zones), whereas D-F describe samples with a N-
S fabric (consistent with the North-South metasomatizing structure (Laing, 2003). 
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6.7 North-South Metasomatizing Structure 

The samples from the north-south metasomatizing structure (NSMS) in the Cloncurry METAL 
database are samples EHM401-213 from drill hole EH632. Drill-hole EH632 (Fig. 26) samples the 
NSMS in hanging wall (samples EHM401-407) before the drill hole passes down into the breccia 
(samples EHM408-413).  

 

Figure 26. Samples that intersect the North-South Metasomatizing structure (NSMS). 
 

The NSMS displays perhaps the most complex and heterogeneous alteration footprint of any of the 
structures observed in the Ernest Henry mineral system (Fig. 27). It displays evidence of early sodic 
alteration (albite-magnetite; Fig. 27a, b, d, e, f), which is variably overprinted by calcic alteration 
(amphibole-calcite-apatite; Fig. 27b, e, f), biotite-magnetite alteration (Fig. 27b, e), and K-feldspar 
alteration (Fig. 27c, d, g) which becomes more pervasive within the breccia zone (Fig. 27h-l). Samples 
just outside the breccia on the hanging wall side preserve evidence of late calcite infill. Samples 
within the breccia and EHM413 (which sits on the margin of the breccia on the footwall side) display 
strong hydrolytic alteration (quartz-hematite-chlorite), with clear primary hematite formed. This 
suggests that the NSMS was an active fluid pathway through much of the metasomatic history of 
the Ernest Henry deposit.  

In some cases, a clear association of sodic, calcic, magnetite-biotite, and hydrolytic alteration are 
preserved within one clearly foliated 2 cm specimen (Fig. 27e). The NSMS structure is unique in this 
respect, because the diversity of alteration assemblages is not observed along any of the other shear 
zones (the proposed structural controls of Coward, 2001; Valenta, 2000; Case, 2018).   
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Figure 27. TIMA imagery for samples intersected by EH632, which passes through the North-South Metasomatizing 
structure, into the core breccia. 
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The samples considered for the NSMS here sit outside the breccia (breccia samples were un-
oriented). The data are well clustered with clearly defined K1, K2 and K3 (Fig. 28a), although there 
is some variability in the orientation of K2 and K3. The fabrics formed have very strong P values 
ranging from 1.7 -2.5 (Fig 28c). The NSMS is neither strongly oblate (foliation dominant), nor strongly 
prolate (lineation dominant: Fig 28 d), is consistent with a north-south (anastomosing) shear zone 
associated with a well clustered lineation (K1) that is highly oblique to the foliation. The 
juxtaposition of the shallow plunging lineation at high angles to the inferred foliation plane (Fig. 
28b) indicates sinistral transpression. The interpreted foliation is sub-parallel to that described in 
parts of the breccia, but the lineation is distinctly different outside the breccia, suggesting that the 
NSMS structure interacts with the (likely pre-existing) fabric within the SE-trending shear zones to 
control the mineralisation within the breccia. This finding strongly supports the assessment of Laing 
(2003) of the N-S structural controls of the deposit. 

 

 

Figure 28. AMS data for samples from the North-South Metasomatizing Structure. a. is a stereonet in which the 
three AMS tensors are plotted for each specimen, b.  shows a summary of the structural information derived from 
the AMS data; c. is a plot of P (anisotropy factor (K1/K3) vs magnetic susceptibility; d. is a plot of L (lineation) vs F 
(foliation). 
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7 AMS fabric analysis based on the database 

7.1 Ernest Henry Structural Zones 

The Cloncurry METAL database attributes a structural context to each of the measured samples, 
based on their spatial relationship to the major mapped structures and ore zone, elucidated in 
Section 6. AMS data for each structural setting are plotted relative to Cu-Au ore shells in Figure 29. 
Of the 272 analysed samples at Ernest Henry, 208 displayed were classified as anisotropic, based on 
the measured K1 and K3 values. Of these, 208 samples were lineation dominant with a high L value 
(T<0) indicative of a prolate AMS ellipsoid, whilst 72 samples were foliation dominant, with high F 
values (T>0) associated with an oblate AMS ellipsoid. Mean lineation trend and plunge and foliation 
azimuth and dip were calculated using the AMS vector orientation for samples displaying anisotropy 
(P > 1.05). When plotted in 3D, foliations are represented by discs, with the down dip marker 
pointing towards the lower apex, whilst lineations are represented as cones pointing down plunge. 
Lineation data (Fig. 30) and poles to foliation planes (Fig. 31) for each structural zone are plotted in 
lower hemisphere stereonets. 

Drillholes EH691 and EH550 intercept the hanging wall shear zone, preserving strongly clustered 
magnetic lineations plunging moderately towards the SSE and moderately to slightly more shallowly 
to the SSW (Fig 30a), consistent with the strongly clustered K1. In the overlying hanging wall 
volcanics magnetic lineations are subvertical, plunging steeply towards the SSE and WSW (Fig. 30b). 
The ENE-striking, moderately SE-dipping footwall shear zone (FWSZ) is intersected by in the basal 
portions of EH691 and EH435. Sheared footwall, intermediate meta-volcanic rocks are also 
documented in EH691.   Mineral lineations show a similar moderate southerly plunge to those 
preserved in the footwall, which correlates with the less constricted clustered of K1 values, 
supporting their coeval development (Fig. 30c) or possibly preserving the same intersection 
lineation. In contrast, magnetic lineations of the Marshall shear zone plunge both to the SE and the 
NE, with steep to shallow plunges (Fig. 30d). This is a slight deviation from the tight clustering of the 
principal susceptibilities observed in the corresponding vector stereonet plots. The brecciated ore 
zone yielded a significant number of lineation dominant AMS structural fabrics with widespread 
distribution of magnetic lineation orientations, correlating with moderately well clustered south 
plunging K1. The Schmidt contours poles define a moderate to steeply SSE plunging cluster, 
consistent with the orientation of the breccia ore pipe (Fig. 30e). Samples from the cross-cutting N-
S faults are intercepted by drillholes EH632 and EH699, located in the southern and eastern margins 
of the main breccia pipe. The highest modal proportions of chalcopyrite are in samples along these 
N-S trending structures, interpreted to overprint the main brecciation event (Austin et al., 2019), 
associated with a quartz-calcite-chlorite-hematite assemblage. The sub-horizontal plunge of these 
lineations is consistent with the interpreted strike-slip nature of the faults (Fig. 30f). Similar 
orientations are observed in the distal MMA002 and MMA003 holes which may intersect similar N-
S striking structures. Less altered and more weakly deformation metasediments across strike from 
Ernest Henry preserve moderate- to shallowly NE and SW plunging magnetic lineations, possibly 
indicative of a strain orientation oblique to that of the major structures in within the deposit, more 
closely correlated with the regional structural evolution.  
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Figure 29. Stereonets of magnetic lineations derived from lineation dominant AMS measurements from the structural 
contexts of the Ernest Henry deposit, including a) the hanging wall shear zone (HWSZ); b) high strain hanging wall 
volcanics (HWV); c) footwall shear zone (FWSZ) in pale green and footwall volcanics (FWV) in dark green; d) the 
Marshall Shear Zone; e) breccias from the central ore zone; f) cross cutting N-S striking strike slip faults (N-S SS FLT); 
and distal AMS samples from along strike (ASTK) to the north of Ernest Henry and across strike into the hanging wall 
(XSRK-HW). 
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The smaller number of samples from Ernest Henry that preserved foliation dominant anisotropy 
show less distinct clustered than that observed in the magnetic lineations. Figure 18a displays the 
poles to the magnetic foliations preserved in each of the major fault generation. Samples from the 
steeply dipping Marshall Shear Zone (Fig. 18a, 31a) display the most consistent clustering of steeply 
south-southeast dipping foliations, whilst the N-S faults are associated with a weak highly random 
foliation orientation. This is consistent with the pure shear reverse movement indicates by the AMS 
strain ellipsoid. Notably, brecciated rocks preserve evidence of a magnetic foliation, indicating the 
system was still under strain during brecciation, thus contracting hypotheses of the explosive 
breccia formation model. Magnetic foliations preserved in the breccia are moderate to steeply SE 
to NW dipping, or alternatively E to W.   

Across strike in the hanging wall magnetic foliation orientations are variable but predominantly 
dipping moderately to the SSW or more shallowly to the west (Fig. 31c). North of Ernest Henry, the 
magnetic foliations show two orientations, one very shallowly dipping to the west and the second 
moderately to steeply to the south east (Fig. 31d). 

 

 

Figure 30. Equal area stereonets displaying poles to magnetic foliations derived from AMS measurements from 
different structural contexts within Ernest Henry, including a) the hanging wall shear zone (HWSZ), footwall shear 
zone (FWSZ), the Marshall Shear Zone and cross cutting N-S faults (N-S SS SLT); b) breccias from the central ore zone; 
and c) distal AMS samples from along across strike into the hanging wall (XSRK-HW) and d) along strike (ASTK) to the 
north of Ernest Henry.  
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7.2 AMS fabrics of hydrothermal zonation 

AMS measurements and strain fabrics were investigated relative to zonation within the 
hydrothermal system associated with mineralisation at Ernest Henry (Fig. 32). More detailed 
investigations into the alteration assemblages, relative timing of formation and their associated 
lithological, geochemical, and fluid chemistry controls are detailed in Schlegel et al., (2021) and 
Austin et al., (2021). Overall, the metamorphic host rocks of Ernest Henry define a systemic funnel 
shaped system displaying distinct assemblages and zonation that is used as a vector for 
mineralisation exploration.  

The distal footprint of the system is characterised by sodic ± Ca ± Cl alteration, preserved as a 
variable assemblage of albite, scapolite, clinozoisite, magnetite and actinolite. Samples intersecting 
the distal footprint are from drillholes MMA002 MMA003 and EHMT001, the latter of which also 
intersects the distal footprint in the hanging wall of the system (Fig 32 a, b).  

Strain fabrics from these samples reveal both foliation and lineation dominant anisotropies. Distinct 
clustering is observed in the hanging wall footprint plunging moderately to shallowly towards the 
SSE to the SW. Lineation in the hanging wall of the distal footprint predominantly dip moderately to 
the NE. Foliation dominant fabrics within the distal footprint hanging wall, however, show two 
different dominant orientations with one group striking N-S and another striking E-W. Dip values 
range from moderate to steep, dominantly to the west and then both north and south for the two 
groups, respectively. This suggests that AMS measurements are recording multiple deformation 
events including E-W shortening and N-S shortening. The clustering in the lineation dominant fabrics 
may be attribute to later deformation along N-S trending structures, intercepted by MMA002 and 
MMA003, noted in aeromagnetic interpretations of the area by a number of authors (Austin et al., 
2016a; Coward, 2001; Laing, 2003; Valenta, 2000).  

Moving into the medial and proximal parts of the system, the AMS anisotropies becoming 
increasingly lineation dominant (Fig. 32 c-h). In the medial to proximal parts of the system, potassic 
and iron alteration become increasingly pervasive, evident in an assemblage of abundant K-feldspar, 
biotite, hematite, magnetite and minor actinolite and carbonate.  The medial footprint is 
intercepted by drillholes EH242, EH699 and EH632, whilst drillholes EH500, EH632 and EH691 
intercept the medial footprint in the hanging wall of the system, and drillholes EH435 and EH691 
intercept the medial footprint in the footwall of the system. Lineation fabrics along strike of 
mineralisation in drillhole EH699 and in EH242 to the NNE of mineralisation display both north and 
south plunging clusters, whilst the foliation dominant strain fabrics show more variable orientation 
dipping moderately to both the east and west as well as to the south west. Within the proximal 
parts of the system, nearly all AMS strain fabrics are lineation dominant, displaying strong clustering 
and a moderate southerly plunge, broadly parallel to the major orientation of the ore body. Given 
the strong correlation between this alteration zonation the tightly clustered AMS measurements, 
and its coaxial nature to the ore body geometry, these results highly the value of AMS analysis for 
investigating the temporal relationships between alteration zonation, associated strain orientation 
during deformation and mineralisation.   

The ore zone is characterised by a magnetite-hematite breccia contains K-feldspar, magnetite, 
pyrite, carbonate, quartz, chalcopyrite, chlorite and apatite, with variable modal proportions of 
barite, fluorite, titanite and white mica. 
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Figure 31. Zonation context of foliation dominant AMS measurements (a, c, e, g) and lineation dominant AMS 
measurements from Ernest Henry (b, d, f, h). DFP: Distal footprint; MFP = medial footprint; PRP = proximal footprint; 
HW = hanging wall; FW= footwall; BX = breccia. 
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Samples intercepting the ore zone are from drillholes EH435, EH691 and EH550. They preserve both 
lineation and foliation dominant anisotropies, with a cluster of lineations plunging moderately to 
the SSE to SE, whilst foliations are dominantly shallowly to moderately SE and NW dipping. The 
foliations are consistent with NW-SE shortening, whilst the lineations indicate a prolate ~N-S 
oriented ellipsoid. AMS fabrics in the mineralised breccias are predominantly preserved in the 
breccia matrix rather than the breccia clasts, indicating that these measurements are coeval with 
brecciation.   

The final hydrothermal event, associated with the highest modal proportions of chalcopyrite, 
produced assemblages of quartz, calcite, chlorite, hematite and chalcopyrite. It is intercepted in the 
N-S striking strike slip fault, interpreted as the final deformation event at Ernest Henry.   

8 Interpretation and discussion 

8.1 Alteration and structural evolution from AMS measurements 

In the Ernest Henry mineral system, understanding of the architecture of the deposit stems from 
our observations on the temporal evolution of deformation and alteration zonation within the 
hydrothermal system, allowing us to infer the fluid pathways controlling the localisation of 
mineralisation. The AMS database presented here displays the distinct distributions of the principal 
strain axes, as demonstrated by the K1, K2, K3 vector strength and orientations, relative to the 
documented and interpreted structural and alteration zones. The earliest stages of deformation are 
recorded by the least deformed rocks located in the distal footprint of the mineral system in 
metamorphosed volcanic and calc silicate rocks. These rocks have undergone Na ± Ca alteration to 
varying degrees. In relatively unaltered calc-silicate rocks, AMS principal susceptibilities preserve 
evidence of a subvertical, E-W striking magnetic foliation which is consistent with early (D1) ~N-S 
shortening (Fig. 33). AMS analyses data from some examples of biotite-scapolite schist reveal a N-S 
striking magnetic foliation, consistent with E-W shortening and peak metamorphism, reflecting the 
main deformation event across the district, (D2). Some examples of recrystalised calcite-scapolite 
schist reveal AMS fabrics with a minimum susceptibility (K3) plunging shallowly NNE and NW-SE 
striking magnetic foliation, consistent with to NNE-SSW shortening during D3 (Fig. 33).    

Within Ernest Henry, the major shear zones define the structural context of AMS measurements. 
The ENE-striking Marshall Shear Zone records pure reverse movement with the K1 vector parallel to 
the orientation of the major D4 NNW-SSE shortening axis (Fig. 33). This is consistent with the derived 
magnetic foliations which are tightly clustered, dipping steeply to the SSE, parallel to the shear zone 
orientation. This is interpreted as the overriding shortening regime immediately prior to 
mineralisation, associated with the inner margins of the sodic alteration, evident in the albite-
magnetite-biotite-apatite-titanite assemblage. In the NE-oriented hanging wall and footwall shear 
zones, AMS data reveals an oblique relationship between SSE plunging mineral lineations, NE-
striking magnetic foliations and the NW-SE to NNW-SSE oriented shortening regime (Figs. 33). This 
is indicative of oblique dip slip movement, likely under sinistral transpression. Mineral assemblages 
in these shear zones increasingly comprise K-feldspar ± hematite ± pyrite overprinting albite± 
(biotite-magnetite), and the associated AMS fabrics indicate that the potassic alteration was 
associated with late D4 deformation (D4.5).  
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Figure 32. Summary of the structural evolution derived from AMS analyses of samples from key structural and 
alteration zonation contexts in the Ernest Henry hydrothermal system, relative to the previous structural studies of 
Coward (2001) and Laing (2003). 
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Brecciation is associated with abundant K-feldspar, magnetite, pyrite, carbonate, quartz, 
chalcopyrite, chlorite apatite and hematite with accessory minerals. AMS fabrics indicate that 
brecciation was associated with a moderately south plunging mineral lineation, a NE-striking 
magnetic foliation, during progression sinistral transpression.   

The oblique relationship between the bounding shear zone and orientation of the ore body and 
parallel magnetic lineations suggest that metal bearing fluids and breccia occurred at the 
intersection of N-S orientation and the NE-striking shear zones. These N-S structures potentially 
formed as the NW-SE shortening evoked for early D4 (e.g., Marshall shear zone) progressively 
evolved toward sinistral transpression in conjunction with cooling of the crust, or as dilational zones 
opening in association with sinistral dip slip along the hanging wall and footwall shear zones. The 
final stage of deformation (D5) likely reactivated these structures as pure strike slip faults, associated 
with the final hydrothermal assemblage of quartz-calcite-chlorite-hematite and high-grade 
chalcopyrite (hydrolytic alteration).     

Here we compare the structural evolution deduced from quantifiable structural fabrics yielded by 
AMS analysis with the diverse range of depositional models proposed during previous structural 
studies (Fig. 33). A bedding parallel foliation was noted by Coward (2001) in the Corella Formation 
metasediments below the Footwall Shear Zone, however, information regarding the shortening 
regime was absent due to extensive overprinting, with similar observations noted by Laing (2003). 
Laing (2003) however notes that the shear zones record early dip slip movement during ductile 
deformation, however, no interpretation of the kinematics is made. Based on data presented here, 
early foliations are associated with D1 shortening, and the overprinting D2 shortening, producing the 
deposit-scale shear zone architecture. Deflection of the shear zones to a NE orientation potential 
reflects the role of the adjacent metadiorite bodies in the local deviation of the strain regime.   

The architecture of the parallel Footwall and Hanging Wall shear zones and S2 foliation, is attributed 
by Coward (2001) to a second deformation (D2C) event associated with south-directed normal 
movement along the shear zones and the formation of a south plunging antiformal flexure during 
progressive ENE-WSW shortening. Coward (2001) suggests this event generating the major 
structural controls on the orientation of the breccia ore pipe. This event potentially corresponds to 
the D3 NE-SW shortening recorded by AMS fabrics, however, it is generally poorly preserved due to 
overprinting deformation. Alternatively, D3 structures of this study correspond with the NNW-
striking dextro-normal faults of Coward (2001). 

Both Coward (2001) and Laing (2003) correlate mineralisation with an episode of NNW-SSE to N-S 
shortening, albeit with very different deformation mechanism. According to Laing (2003), 
brecciation is controlled by the intercept of N-S striking extensional structures and E-W striking 
lozenges developing during brittle-ductile strain compartmentalisation, associated with reverse 
movement along the reactivated major shear zones (D2L), and the development of sub-horizontal 
tension vein arrays. It is during this event that Laing proposed the development of a central N-S 
structure, based on the orientation of the ore body, rather than documentation of a specific N-S 
oriented fault family within the ore zone. In contrast, Coward (2001) suggests deformation 
transitioned from ductile to brittle during D3C NNW-SSE shortening, supported by her observations 
of a NW-striking overprinting crenulation cleavage, and the later development of NNW striking 
dextro-normal footwall faults. This generated a restraining bend in the eastern limb of the 
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antiformal flexure of the shear zones, localising mineralisation. Dilation attributed to D3C opened N-
S tensional veins (~012/58NW), inferred as parallel with the ore body orientation. The shortening 
regime immediately preceding and synchronous to mineralisation as documented in this study 
supports mineralisation occurring under NNW-SSE shortening, as indicated by the pure reverse 
movement indicated along the ENE-striking Marshall Shear Zone. AMS data suggests that 
progressive deformation during D4 was associated with sinistral oblique movement along the 
footwall and hanging wall shear zones, during transpression. All studies consistently recognise the 
transitional brittle ductile deformation during this event and the increasingly tight or localised fluid 
pathways. Unexplained in the model of Laing (2003) is the presence of high-grade Cu occurring in 
subvertical, NE striking structures, potentially representing veins or fault infill. These may represent 
fault surfaces the developed during the D4 event of this study, or those reactivated during north 
verging thrust associated with D5. 

Laing (2003) recognises two post-ore fault generation associated with brittle deformation including 
NW-striking dextral-reverse faults and shallow-dipping NNW striking strike-slip faults. These later 
footwall-oblique faults predominantly accommodated strike slip movement preserving sub-
horizontal carbonate lineations, likely coinciding with the final hydrothermal event of quartz-
carbonate alteration at Ernest Henry.  

8.2 Correlation with regional deformation 

The D1 event recorded by AMS measurements potentially represents the earliest phase of the Isan 
Orogeny (regional D1), loosely constrained to ca. 1640 and 1600 Ma (Austin and Blenkinsop, 2008, 
2009; Betts et al., 2006; Rubenach et al., 2008).  The N-S AMS fabric documented in the distal least 
altered metavolcanics of this system is consistent with regional E-W D2 deformation and the 
development of the major structural grain of the Eastern Fold Belt (Austin and Blenkinsop, 2010; 
Beardsmore et al., 1988; Betts et al., 2000). This deformation event is associated with peak 
metamorphic conditions. The more poorly preserve D3 event (NNE-SSW) shortening of this event 
deviates from the ENE-WSW shortening proposed for the regional D3, associated with NNE striking 
folding and an overprinting crenulation cleavage (e.g. Rubenach et al., 2008), however, this may be 
the product of local strain variations or contrasting geological interpretations. The major period of 
mineralisation in the Cloncurry district (e.g., Mount Dore, Swan, Eloise, Ernest Henry) is associated 
with widespread granite emplacement between ca. 1525 and 1500 Ma, associated with D4 ESE-
WNW shortening at ~1530 Ma (Austin and Blenkinsop, 2008, 2010; Blenkinsop et al., 2008; Keys, 
2008). In this study, D4 deformation corresponds with NNW-SSE progressing to NW-SE shortening, 
with the change in the shortening orientation coinciding with the development of brecciation and 
mineralisation (D4.5). The post-mineralisation, late stage quartz-calcite-hematite alteration at Ernest 
Henry likely corresponds with the brittle strike slip structures documented by both Laing (2003) and 
Coward (2001) and the regional D5 ENE-WSW extension of Austin and Blenkinsop (2010). 

8.3 Tectonic fabrics, magnetic lineations and mineralisation 

Most previous structural studies document between three and five major structural events creating 
the regional architecture and local structural controls on mineralisation at Ernest Henry (Austin et 
al., 2019; Austin et al., 2016a; Coward, 2001; Laing, 2003; Mark et al., 2000; Valenta, 2000). In the 
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case of Ernest Henry, the most economic mineralising event is associated with the development of 
the S- to SSE plunging breccia pipe during K-Feldspar-magnetite alteration. AMS measurements 
reveal that the Ernest Henry system is dominated by magnetic lineations (Lm), including in the ore 
zone, which preserves a dominant SSE plunging magnetic lineation and a weak NE-SW magnetic 
foliation.  Magnetic lineations (Lm) represent either the intersection of two fabrics, thus essentially 
following the intersection lineation, or alternatively, they record the extensive direction of the 
broader strain regime and are, therefore, analogous to a mineral stretching lineation (Borradaile, 
1988; Borradaile, 1991; Parés and Van Der Pluijm, 2002). Enigmatic N-S structures are consistently 
documented by AMS lineations, however, they are relatively poorly preserved in pit data, and 
especially poorly preserved in drill core (Coward, 2001; Laing, 2003; O'Brien, 2016). There are two 
families of magnetic lineations at Ernest Henry, including the shallow, doubly N- and S-plunging 
lineations preserved in the both distal footprint along strike, in drillholes MMA002 and MMA003 
(Fig. 29 g) and in the N-S strike slip fault, and the second family characterised by a strong S- to SSE 
plunging magnetic lineation within the central ore system between the footwall and hanging wall 
(HWSZ, HWV, BX, FWSZ).  We suggest that the shallow plunging magnetic lineation coinciding with 
true strike slip faults, whist the more steeply S-plunging mineral lineations indicate the intersection 
of two magnetic fabrics. This supports the notion of a N-S central structure (e.g. Laing, 2003). It was 
noted by Parés and Van Der Pluijm (2002), however, that in lithologies with weak early AMS, as may 
be hypothesised for the mineralised breccia matrix at Ernest Henry, a late Lm is more sensitive to 
the finite extension direction of finite strain. The dominance of a magnetic lineation within a 
mineralising system, therefore, requires ongoing investigation to better understand the lithological 
and structural controls.  

9 Conclusions 

This study details a comprehensive structural and temporal evolution for the Ernest Henry Cu-Au 
deposit, derived from a comprehensive, high-resolution database of AMS measurements targeting 
key structural and alteration zones within the system. Evidence of multiple deformation events are 
deduced from samples of the distal footprint of the Ernest Henry hydrothermal system, attributed 
to D1 N-S shortening, D2 E-W shortening and the weaker overprint of D3 NNE-SSW shortening. These 
samples record peak metamorphism and a variable sodic ± Ca alteration, becoming increasingly 
prominent in the later stages. AMS measurements from the major shear zones in the medial to 
proximal parts of the system display prominent mineral lineations, reflecting the reactivation of the 
NE-trending shear zones under progressive NNW-SSE to NW-SE shortening, possibly intersecting 
older deep-seated N-S structures acting as fluid conduits. The major brecciation event and 
subsequent Cu-Au breccia-matrix hosted mineralisation is associated with transpression during NW-
SE shortening with sinistral oblique reverse movement along the major shear zones. The final stage 
of hydrothermal activity is associated with a quart-calcite-chlorite-hematite overprint associated 
with N-S striking sinistral shear zones, displaying sub-horizontal N- and S plunging AMS magnetic 
lineations. This study revealed a subtle change in the orientation of the strain ellipsoid, during the 
main mineralising events (D4.5 and D5). By comparison, detailed structural studies proposed 
contrasting structural controls and evolutions, often via distinctly different depositional 
mechanisms. Both structural and AMS studies did consistently recognise the correlation between 
mineralisation and the intersection of the major NE-SW structural grain with later N-S structures.  
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The major conclusions of the AMS study are that the major SE-plunging shear zones at Ernest Henry 
are not necessarily discrete zones of strain; rather, they represent a continuum of strain throughout 
the host package shear zones. The host rocks intersected close to the mineralising system display 
clear evidence of D1-D3 tectonism, which demonstrates that deformation fabrics within the host 
package are consistent with that found throughout the Eastern Succession. This is strong evidence 
to suggest that the shear zones were not formed during D2 and rotated during D3, as proposed by 
Case et al. (2018) and furthermore, that the shear zones are not formed during the early history of 
the Isan Orogeny, D1 or D2, or D3. Everything we’ve observed in our integrated tectono-metasomatic 
study suggest that sodic alteration (albite-magnetite-titanite) predates formation of the shear zone 
substantially, and likely occurred at approximately peak metamorphism (D2, 1585 Ma), consistent 
with the apatite age date of Cave et al. (2019). Cave et al. (2019) assert that the dated apatite within 
the inter-lens should be correlated with the fabric of the deformation present. However, there is no 
evidence to suggest that the alteration and deformation should be coupled. It is more than plausible 
that the shear zones, formed via ductile brittle deformation, merely superimposed a fabric on the 
pre-existing sodic altered assemblages.  

There is substantial evidence to suggest that the main SE-dipping fabrics present throughout the 
Ernest Henry camp formed much later, closer to the main potassic alteration episode that most 
studies correlate with ~D4 and formation of the host breccia. There is no consistent spatial 
correlation between sodic alteration and the dominant tectonic fabric, and furthermore potassic 
altered assemblages, preserve similar fabrics, in many places including within the breccia matrix. It 
is unclear however whether the breccia formed prior to the potassic alteration, with potassic 
alteration or after. The interpretation of Coward (2001) that the breccia zones formed during D3, in 
conjunction with NE-SW oriented shortening, is feasible and consistent with dilation of a NE-
trending jog between two N-S structures at ca. 1550 Ma. If that is the case, then the breccia must 
pre-date the major episodes of shearing.  

It is clear from the evidence presented herein, that the main shear fabrics formed during D4 (ca. 
1530-1520 Ma) in conjunction with sinistral transpression. The Marshall shear zone predominantly 
retains relatively early alteration assemblages, including sodic, sodic-calcic and magnetite-biotite 
alteration, thereby providing our best approximation of the early shear zone kinematics at the 
Ernest Henry camp. The AMS fabrics present within the Marshall shear zone provide very clear 
evidence that the earliest phases of this deformation formed during approximately NW-directed 
shortening (consistent with D4 of Austin and Blenkinsop, 2010; Keys 2008). The evidence from AMS 
coupled with a regional lineament interpretation suggest that the shear zones formed along a 
constraining jog between two N-NNE trending faults. The controlling N-S structures likely represent 
reactivated Cs3 extensional features, which is consistent with other major N-S structures in the 
Eastern Succession, such as the Cloncurry Fault zone (Austin and Blenkinsop, 2010) and the Levuka 
Shear (Baker and Laing, 2001). Several diorite bodies adjacent to the Ernest Henry camp show no 
evidence of AMS fabrics, which is consistent with them acting as rigid blocks throughout the Isan 
Orogeny. The diorite bodies likely controlled the localisation of the constraining jog, and therefore 
played an important role in the formation of the shear zones, as suggested by Valenta (2000), 
Coward (2001) and Keys (2008). 

The hanging wall and footwall shear zones are substantially more affected by potassic alteration 
and are therefore equated with slightly later episode of ongoing deformation which occurred at D4.5 
(ca. 1520-1515).  The juxtaposition of the foliation and lineation with the AMS fabrics of both the 
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footwall and hanging wall shear zones is consistent with sinistral transpression, with reverse shear 
dominant over sinistral shear. We interpret these fabrics to represent an intermediate state during 
the evolution of the shear zone from pure reverse toward sinistral strike-slip.  

It is not clear whether the breccia pre-dates this deformation or whether it was formed synchronous 
with this event. Whilst the breccia clasts show a random AMS distribution, consistent with rotation 
of rocks with pre-existing fabrics.  However, fabrics comparable to those in the HWSZ and FWSZ are 
observed in the breccia matrix, demonstrating that the breccia was deformed similarly to the HWSZ 
and FWSZ during this intermediate stage. This scenario where the clasts act as rigid blocks, whilst 
the matrix accommodates strain could occur if the breccia was formed prior to deformation, or if 
the breccia formed via failure dur to hydrostatic overpressure during deformation. Whilst in many 
cases the breccia preserves a similar fabric to the FWSZ and HWSZ, in as many cases it also preserves 
an approximately N-S foliation with a similar south plunging lineation. The main lineation in the 
breccia coincides with the intersection of the moderately SE-dipping fabric and the upright N-S 
fabric.  

The north-south metasomatizing structure, recognised by Laing (2003) and to lesser extent by 
Coward (2001), is reflected in the 1st vertical derivative magnetic data over the Ernest Henry camp 
as truncations of the NW-magnetic fabric. It was intersected by drill-hole EHM632 in this study, 
which passes directly through the structure in the hanging wall, then into the breccia. The TIMA 
data from the samples intersected show a diverse range of alteration assemblages, up to four in a 
single sample, indicating that this structure was a fluid pathway throughout much of the tectono-
metasomatic evolution of the Ernest Henry camp. AMS data from this structure are clearly different 
to the dominant NW-trending fabrics observed elsewhere. An upright, N-S trending fabric is 
preserved, associated with a shallow south-plunging lineation, which is consistent with strike-slip 
dominated sinistral transpression. These fabrics are consistent with those observed in the breccia 
and in general are consistent with the latest mineralising alteration present, hydrolytic alteration.  

We therefore conclude that the N-S structure was critical to both the structural and metasomatic 
evolution of the Ernest Henry deposit. The breccia appears to have formed at the intersection of the 
NSMS with the dominant NW- structural grain, but more importantly, the main mineralising phase, 
the hydrolytic alteration, is strongly spatially coincident. Whilst many have argued that the lack of 
N-S fabrics in the breccia indicates that the N-S structures were not important, the AMS data clearly 
show that these fabrics are present, albeit, not to the visible eye. Whilst largely at odds with the 
previous interpretations of the Ernest Henry system (cf. Laing, 2003), N-S structures are known to 
be important in many IOCG (e.g., Starra, Eloise, Kalman, SWAN, E1) and BHT (e.g., Cannington, 
Maronan, Altia) deposits throughout the district. In many ways Ernest Henry has long been 
considered and exception to rule, based on overestimation of the more obvious SE-dipping fabrics.  

This study has demonstrated that the AMS data is highly consistent with all the previous structural 
data obtained, e.g., Laing (2003) and Coward (2001). Notwithstanding the excellent match between 
the datasets, it is obvious that the same observations can be used to make vastly different 
interpretations of the same reality. The major problem with how structural controls are 
“determined” is that structure is quantified but the observations that are used to corroborate which 
structures are important are often qualitative or assumed. By better relating structure with 
alteration, via the integration with the TIMA mineralogy, we’ve provided a breakthrough, 
developing a system with which to quantify structural controls, by associating alteration and 
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structure at the same scale. The study also shows that reactivated early structures are the most 
likely mechanism for facilitating the mixing of deep-seated reduced fluids with oxidised upper 
crustal fluids. Large, obvious structures are critical for ground preparation, but these would almost 
certainly be early high strain features which do not intrinsically provide opportunities to create 
permeability. Whist they may act as structural controls for other styles of mineralisation (e.g., peak 
metamorphic styles), they are not favourable for IOCG style mineralisation. IOCG deposits form 
during the transition from compressional to strike-slip conditions and coincide with the transition 
from ductile to brittle conditions. Therefore, to better target IOCG systems we need to consider the 
mechanisms for creating optimal conditions to trigger fluid flow through discrete zones. We need 
to think about what happens to the system at the point it becomes brittle, the point at which it 
evolves to strike-slip ± transtensional deformation.   
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