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1 Summary 

This contribution on the Ernest Henry IOCG deposit builds on earlier work conducted as a part of 
the Cloncurry Uncover project (e.g. Austin et al., 2016) and we present new mineralogical, 
petrophysical, chemical and structural data of 262 spatially well-distributed samples from the Ernest 
Henry IOCG system. The data is part of a representative and internally-consistent geoscience dataset 
that includes the results of more than 1500 samples distributed among IOCG deposits and prospects 
in the Cloncurry area including the Ernest Henry, Starra, Swan, Osborne, E1, Monakoff IOCG deposits 
and the Cannington Pb-Zn deposit. The dataset can be downloaded from the homepage of the 
Geological Survey of Queensland using this link. Each sample was analysed by 8 to 9 analytical 
techniques, namely Natural Remanent Magnetisation (NRM), Anisotropy of Magnetic Susceptibility 
(AMS), Magnetic Susceptibility (MS), Density, Conductivity-Susceptibility, Radiometrics, Scanning 
Electron Microscopy-integrated Mineral Analyser (SEM-TIMA), portable X-ray fluorescence (pXRF) 
and Hyperspectral analysis. Selected samples were also analysed by High-Resolution X-ray 
Computed Tomography do determine the spatial distribution of iron oxides, sulphides, and rock 
porosity. The spatial distribution of alteration minerals around the Cu-Au ore body at Ernest Henry 
was successfully determined by mineralogical mapping using the SEM-TIMA technique. Each run 
results in one mineral map allowing detailed paragenesis work including identification of mineral 
replacement and infill textures. The mineralogy was linked with results obtained from handheld 
devices that can be used in the field such as a pXRF device, a gamma ray spectrometer, and a 
magnetic susceptibility meter and subsequently compared with findings from whole-rock 
geochemistry from average 1 m drill core intervals. 

Although some aspects of the paragenesis and alteration mineral zonation at Ernest Henry are 
known and published in previous studies (e.g. Twyerould, 1997; Mark et al., 2000; Mark et al., 2006; 
Rusk et al., 2010; O'Brien, 2016; Schlegel et al., 2020), the SEM-TIMA approach applied in this study 
shows that the breccia matrix contains economic mineralisation-relevant alteration minerals such 
as chlorite, white micas, apatite,  pyrite, fluorite, barite, and siderite. The recognition of these 
minerals in assemblages by the SEM-TIMA technique and interpretation of their distribution within 
the deposit are essential for the improved understanding of mineralisation at Ernest Henry and 
provide a significant application potential for mineral exploration elsewhere.  

The Ernest Henry iron oxide-copper-gold (IOCG) mine, located in the Cloncurry district of 
Queensland, is one of Australia’s most significant IOCG deposits. Unlike the predominantly hematite 
breccia matrix-hosted Olympic Dam and Prominent Hill IOCG deposits in the Gawler craton the Cu-
Au mineralisation at Ernest Henry is associated with abundant magnetite in the breccia matrix and 
K-feldspar altered clasts. The Ernest Henry deposit formed in a complex geological setting related 
to brecciation, shearing and hydrothermal alteration. The deposit is hosted in amphibolite facies 
metamorphosed volcanic and sedimentary rocks and this metamorphic host rock package was 
brecciated, sheared and hydrothermally altered, which led to chlacopyrite and gold mineralisation. 
In this contribution, we present a) new modal mineralogy data of 262 samples from the deposit and 
prospects nearby, obtained by scanning electron microscopy-integrated mineral analyser (SEM-
TIMA) measurements, b) detailed petrographic interpretation of the mineral maps relating the fluid-
rock reaction during hydrothermal alteration, c) characteristic mineral replacements and d) 
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description of the spatial distribution of hydrothermal alteration mineral assemblages in and around 
the Ernest Henry Cu-Au ore body. Finally, we combine the mineral data with results from anisotropy 
of magnetic susceptibility, petrophysical and geochemical data, and results from high-resolution X-
ray computed tomography to present an alternative model for the formation of the Ernst Henry 
IOCG deposit. In this new model, the location of the economic Cu and Au ore body is controlled by 
the distribution of the iron oxide-alkali-calcic-hydrolytic alteration system, which developed within 
the Ernst Henry breccia body and in adjacent seared host rocks after brecciation. Thus, 
mineralisation was not controlled by phreatic-brecciation and infill of Cu sulphides into the breccia 
matrix. 

We show that hydrothermal alteration resulted in a characteristic zonation of minerals within the 
ore body and formed distinct mineral halos in rocks of the hanging wall and to a minor extent in 
rocks of the footwall. The mineral zonation is the result of a progressive sequence of sodic alteration 
followed by potassic alteration, brecciation, synchronous shearing and regressive hydrolytic 
alteration and carbonatization having affected predominantly the breccia matrix but also extending 
into previously potassic altered host rocks. Alteration halos of individual minerals such as pyrite and 
apatite extend dozens to hundreds of meters beyond the limits of the ore body into the host rocks. 
Likewise, the Fe-Mg ratio in chlorites changes systematically with respect to their distance from the 
ore body. The general mineral zonation has a funnel-shaped distribution of alteration minerals with 
two mirror-symmetric limbs pointing toward economic Cu grades.  

The ore body comprises dominantly K-feldspar + magnetite altered clasts, and a matrix showing 
magnetite, hematite, pyrite, quartz, chalcopyrite, chlorite and apatite with variable amounts of 
barite, fluorite, titanite and white mica and late infill of calcite.  The proximal to medial alteration 
footprint is characterized by abundant K-feldspar and biotite forming a well-developed wrapper of 
potassic alteration around the ore body. The distal alteration footprint is characterized by Na ± Ca 
+ Cl alteration which resulted in the formation of albite and locally in scapolite, clinozoisite replacing 
least altered but already metamorphosed host rocks. Intense Na ± Ca + Cl alteration with albitisation 
affected only rocks of the hanging wall with respect to the ore body but did not alter the entire host 
rock package around the ore body. 

Although the ore zone shows K-feldspar altered clasts and magnetite in the breccia matrix, 
previously largely unrecognised hydrolytic alteration and carbonatization resulted in the non-redox 
transition of magnetite to hematite and in the destruction of feldspars and biotite to chlorite, quartz, 
apatite, pyrite and minerals of the muscovite-celadonite solid solution series. Hydrolytic alteration 
and carbonatization affected the rocks within the developing ore body and likely post-dated the K-
feldspar, biotite and some magnetite alteration (K + Fe alteration) and they extended into the 
dominantly K-feldspar altered proximal alteration footprint of the deposit.  

Comparison among SEM-TIMA modal mineralogy and multielement data obtained from pXRF and 
whole-rock techniques indicate that only the SEM-TIMA method accurately recognises the different 
alteration assemblages. Likewise, it can be shown by comparison of results from SEM-TIMA- and 
HyLogger techniques, that the HyLogger alone would have missed the extents of the dominant 
alteration assemblages in this iron oxide-alkali-calcic-hydrolytic alteration system. In contrast, the 
combination of systematic SEM-TIMA data with positive anomalies of P, Mn, F, As and U measured 
by pXRF and positive U anomalies from radiometric measurements shows significant potential for 
vectoring towards higher Cu and Au grades in Ernest Henry-style iron oxide-alkali-calcic-hydrolytic 
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alteration systems. The data acquired in this study shows that hydrothermal alteration at Ernest 
Henry controls the distribution of economic Cu and Au accumulation on the ore deposit-scale. For 
this reason, the accurate recognition of critical alteration processes and mineral replacements 
leading to economic Cu and Au accumulation may assist in the discovery of new IOCG deposits in 
the Cloncurry region and elsewhere. The general mineral zonation may be the most comprehensive 
vector for IOCG mineralisation if it can be identified during mineral exploration. The SEM-EDS 
technique can detect this zonation most reliably and thus it could be applied in mineral exploration 
in the future if the time for sample preparation and data acquisition can be reduced. This would 
require the development of (semi-) automated sample preparation and faster SEM-EDS detectors. 
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2 Introduction 

The Ernest Henry deposit is the largest iron oxide-copper-gold (IOCG) deposit in the Cloncurry area. 
Commercial production commenced in 1998 with a total resource of 167 Mt of ore at 1.1.% Cu and 
0.54g/t Au (Ryan, 1998). The current resource as at 31. December 2020 stands at 28.85 Mt at 1.15 
% Cu and 58.7 Mt at 0.61 g/t Au (EvolutionMining, 2021). 

The Ernest Henry deposit belongs to the IOCG deposit family which is a diverse group of ore deposits 
classed together based on a set of geological, mineralogical, geochemical, and structural 
characteristics (e.g. Hitzman et al., 1992; Williams et al., 2005). The perhaps most complete synopsis 
of IOCG deposit features is given in Barton (2014). The features include abundant hypogene iron 
oxides (i.e. magnetite, hematite) forming early in the paragenetic sequence, a scarcity of Fe-bearing 
sulphides which are dominated by Cu-Fe sulphides with a high Cu/Fe ratio such as bornite and 
chalcocite, polymetallic ore assemblages, as well as a spatial association of ore bodies to regional 
and local structures such as faults, unconformities or  breccias. The last attribute is frequently used 
to describe mineralisation as structurally controlled (Groves et al., 2010). Iron oxide-Cu-Au deposit 
form in significantly different tectonostratigraphic settings (Hitzman et al., 1992) such as 
extensional, transtensional to transpressional settings during continental rifting (e.g. Salobo and 
others in the Carajas Province, Brazil (deMelo et al., 2017); Olympic Dam, Ernest Henry, Starra in 
Australia, in compressional geometries such as in orogenic fronts forming distal to large igneous 
provinces (e.g. Prominent Hill, Australia; Schlegel and Heinrich (2015) or in arc to back arc settings 
in response to subduction zones (Andean examples; Sillitoe, 2003; and Fig. 1). Although, 
mineralisation-associated coeval magmatism has been recognised in many IOCG provinces, deposits 
typically do not show a spatial connection to igneous rocks. However, based on chemical grounds 
they are loosely associated to mafic, possibly even deep, magmas forming in relation to mantle 
underplating but without a strict association to a particular type of magma (Vieleicher et al., 2004; 
Groves et al., 2010).  

The genetic understanding of the hydrothermal origin of IOCG deposits including Ernst Henry is 
typically based on individual ore deposit samples resulting in a manageable number of datasets 
which are the basis of extensive interpretation into the origins of deposits. The limited datasets 
combined with indirect arguments resulted in an ongoing discussion on the origins of mineralising 
fluids ranging from hot, hypersaline generally CO2-rich and Na-Ca-K(-Fe) ± Cu brines to cooler, highly 
acidic, low-salinity Cu + U rich fluids (e.g. Williams et al., 2001; Torresi et al., 2012; Schlegel et al., 
2018) involving either magmatic-hydrothermal (Hitzman et al., 1992; Sillitoe, 2003; Chiaradia et al., 
2006; Pollard, 2006; Schlegel et al., 2017; Simon et al., 2018), sedimentary (Oreskes and Einaudi, 
1992; Haynes et al., 1995; Barton and Johnson, 1996; Dilles et al., 2000; Bastrakov et al., 2007; Xavier 
et al., 2008; Schlegel et al., 2018), surficial (Baker et al., 2006; Fisher and Kendrick, 2008; Schlegel et 
al., 2018), or rock-buffered brines including metamorphic fluids (Baker et al., 2006; Benavides et al., 
2007; Kendrick et al., 2007; 2008). Similarly, a debate centres around economic mineralisation being 
related to magmatic volatile release-driven hydrothermal-phreatic brecciation and genetically 
related infill-mineralisation of iron oxides and Cu sulphides in the breccia matrix (Mark et al., 2000; 
Perring et al., 2000; Mark et al., 2006; Oliver et al., 2006; Rusk et al., 2010), and or fluid mixing of 
two or more of the aforementioned fluid types (e.g. Haynes et al., 1995; Skirrow and Walshe, 2002; 
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Monteiro et al., 2008; Xavier et al., 2008; Schlegel et al., 2018; 2020) coupled with a variable degree 
of pre- and syn-mineralisation fluid-rock interaction driven by fluid neutralisation (Barton and 
Johnson, 2000; Schlegel and Heinrich, 2015; Kreiner and Barton, 2017; Schlegel et al., 2018). The 
diversity in tectonostratigraphic and structural settings, host rocks, ore fluids and their 
combinations, as well as the variability in depositional mechanisms, identified in different IOCGs 
around the world likely preclude that IOCG deposits, notably a group of deposits which are essential 
defined by mutual rock properties (Hitzman et al., 1992; Williams et al., 2005; Groves et al., 2010), 
form by a single alignment of processes (Schlegel et al., 2020).  

Despite the apparent diversity in ore deposit features and mineralisation, the common feature of 
hydrothermal IOCG deposits are rocks affected by alteration. Thus, mineral exploration can expect 
a mappable zonation of hydrothermal minerals within and around IOCG ore bodies. The qualitative 
distribution of iron oxide-alkali-calcic-hydrolytic alteration patterns and their spatial extent with 
respect to IOCG accumulation builds on alteration studies conducted on drill cores of individual 
IOCG deposits such as Olympic Dam (e.g. Ehrig et al., 2012; Mauger et al., 2016), Prominent Hill 
(Schlegel and Heinrich, 2015), and Ernest Henry (e.g. Mark et al., 2006). These deposit studies in 
combination with larger-scale alteration mapping studies conducted on hydrothermal IOCG systems 
with abundant outcrop (e.g. Hunt et al., 2005; Corriveau et al., 2010; 2016; Kreiner and Barton, 
2017) resulted in a graphical synthesis of IOCG formation (Richards and Mumin, 2013; Barton, 2014; 
Schlegel et al., 2020; Fig. 1).  

 

 
Figure 1. Temporal tectonic settings and generalized distribution of zoned iron oxide-alkali-calcic-hydrolytic alteration 
patterns in some of the global IOCG provinces. Iron oxide-Cu-Au deposits form in different tectonic settings from arc-
subduction to rift extension and therefore in mixed transpressional to transtensional tectonic settings during 
continent assembly and are possibly associated with voluminous magma underplating (modified from Schlegel et al., 
2020) 

 

It is important to note the current understanding is largely based on qualitative observations 
obtained from irregularly distributed petrographic thin sections supported by scanning electron 
microscopy images, electron microprobe measurements, whole-rock geochemical data and 
hyperspectral logging. However, the currently available hyperspectral techniques have difficulties 
in the quantitative recognition of iron oxides and other aspectral alteration minerals which limits 
their applications in IOCG exploration. Whole-rock geochemical data are typically averaged over 
entire drill core intervals and are then used as proxies for mineralogy (e.g. Halley, 2020) regardless 
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of whether the rock is brecciated or veined. Importantly, the stabilities of alteration minerals 
depend on fluid-rock ratios (e.g. Reed, 1997) which are expected to vary grossly when fluids flow 
through porous media such as a breccia. Thus, the accurate and quantitative mineralogy as well as 
the extent and geometry of a hydrothermal alteration zonation within and around an IOCG deposit 
is yet largely unknown.  

Previous research (Twyerould, 1997; 2000; Mark et al., 2006; Oliver et al., 2006; Rusk et al., 2010) 
interpreted that the Ernest Henry IOCG deposit mineralized via the rapid release of magmatic 
volatiles followed by hydrothermal-phreatic brecciation and genetically related precipitation of iron 
oxides and Cu sulphides in the breccia matrix. In this model, the magnetite matrix-hosted Cu-Au 
mineralisation is genetically related to syn-ore K-feldspar + magnetite alteration. However, 
microscopic evidence for the genetic relation between K-feldspar-rich altered clasts and Cu-Au 
mineralisation in the iron oxide-rich breccia matrix is largely missing in previous research. Likewise, 
the relative timing between brecciation, broad N-S shearing resulting in brittle-ductile deformation, 
and mineralisation is not fully understood. While the underlying mechanism of hydrothermal 
brecciation may be responsible for initial brecciation at Ernest Henry and elsewhere in the Cloncurry 
region (Oliver et al., 2006), the interpretation that a diatreme-like process and subsequent collapse 
of the fluid-clast column via under-pressuring led to Cu-Au mineralisation via chalcopyrite and gold 
precipitation in the breccia matrix was purely based on physical interpretation of hand-sample scale 
breccia textures. In addition, early petrography did not recognise the abundance and assemblages 
of alteration minerals such as chlorite and other micas intergrown with Cu sulphides, carbonates, 
iron oxides and quartz in the breccia matrix. Chlorite and other micas are not only intergrown with 
chlacopyrite, but they have been largely overlooked in previous studies perhaps because the 
identification of fine-grained minerals in transmitted and reflected light within samples with large 
proportions of opaque minerals is challenging. However, the accurate recognition of a mineral 
zonation among a number of samples collected from drill core or RC-chips may be used as a vector 
for Cu mineralisation in the future, and alteration mineral assemblages may serve as proxy for the 
fluid(s) involved in IOCG mineralisation.  

We introduce a new, principal mechanism of ground preparation and Cu-Au mineralisation and 
consider whether the Ernest Henry ore body may be a consequence of a hydrolytic hydrothermal 
alteration system which postdates brecciation and earlier sodic and potassic + iron alteration. We 
further discuss that the distribution of alteration minerals within the Ernest Henry breccia body 
exerted control on the focussed fluid flow and introduce that Cu-Au mineralisation at Ernest Henry 
was likely alteration-controlled and not structurally-controlled, although the structure played a 
significant role in preparing the ground for hydrothermal alteration. Subsequently, the novel 
interpretation presented herein is based on a consistent dataset and can be used to develop tools 
that support the industry in their mineral exploration activities. The novel approach presented here 
has the potential to aid in localising Cu-Au ore bodies on the exploration target-scale – the scale on 
which most of the exploration budget is typically spent. 
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3 Geological setting of the Ernest Henry deposit 

The Ernest Henry IOCG deposit had an approximated pre-commencement reserve and resource of 
167 Mt @ 1.1 Cu and 0.54 g/t Au (Ryan, 1998). The deposit is located in the Cloncurry district which 
is part of the Eastern Succession within the Mount Isa inlier (Fig. 2). The deposit has no natural 
surface outcrop and is overlain by more than 30 m of poorly consolidated Mesozoic sediments 
ranging from clays and sands to gravels (Mark et al., 2006). The pipe-shaped ore body plunges 
approximately 45˚ to the southeast, is dominated by K-feldspar and magnetite, and is hosted in a 
larger breccia body and in adjacent altered rocks (Rusk et al., 2010). Widespread hydrothermal 
alteration affected the host rocks and Ernest Henry breccia body and both show brittle-ductile 
deformation along broadly NE-SW trending shear zones (Mark et al., 2006).   

Here we report on the distinctive geological characteristics of the area and the deposit. Background 
information on the region and the deposit itself is given in previously published studies from which 
the below summary was compiled. 

 

 
Figure 2. Interpreted surface and subsurface geology of the (A) Mount Isa inlier in the Eastern fold belt, Queensland, 
Australia and (B) the Ernest Henry IOCG deposit area, modified from Duncan et al. (2011) and O'Brien (2016). 
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 Metamorphic host rocks 

Pre-mineralisation metamorphism and deformation has affected rocks of the entire region and 
reached lower to middle amphibolite facies. The deposit is hosted within brecciated Mount Fort 
Constantine Metavolcanics, a sequence of metamorphosed porphyritic, plagioclase-phyric, possibly 
originally subvolcanic rocks with dacitic to andesitic and minor basaltic composition. The 
metavolcanic rocks are temporal equivalents of metaigneous rocks (1746 ± 9 Ma and 1742 ± 6 Ma, 
shrimp zircon age; Page and Sun, 1998) that outcrop at the Mount Fort Constantine locality located 
approximately 10 km south-west of the Ernest Henry mine. Subordinate amounts of biotite- and 
muscovite-rich schists, biotite-psammites and calc-silicate rocks (Twyerould, 1997; Mark et al., 
2000; Mark et al., 2006) may be equivalents of the Corella Formation, a stratigraphic unit of the 
Mary Kathleen Group (1750 ± 9 Ma to 1740 Ma, U/Pb-U/Pb ion probe, Page and Sun, 1998; Aust. 
Stratigr. Units Database, 2019) and are intercalated with the metavolcanic rocks. Two medium to 
coarse-grained metadiorite bodies are located to the north and to the south of the Ernest Henry ore 
body. Despite some variation in their mineralogy, they are mainly composed of plagioclase, 
hornblende, magnetite, titanite, quartz and feldspar (Mark et al., 2000; 2006).  

 Hydrothermal alteration and economic mineralisation 

Pre-mineralisation and pervasive Na ± Ca alteration is prevalent in the district in the vicinity of Ernest 
Henry and resulted in development of albitic plagioclase, magnetite, some actinolite as well as 
minor diopside in veins and as local breccia infill at Ernest Henry and other breccias in the region 
(Oliver et al., 2006; Rusk et al., 2010). In the vicinity of the ore body Na ± Ca + Cl altered rocks (1529 
± 14 Ma) are strongly overprinted by biotite-magnetite alteration (1514 +11/-8 Ma, U-Pb titanite; 
Mark et al., 2006) and possibly two cycles of  pre-ore K + Fe (±Mn ± Ba) alteration which also extends 
into the NE-trending extension of the footwall shear zone (Mark et al., 2006). Potassium-rich 
alteration resulted in abundant K-feldspar, magnetite, biotite, carbonates, lesser amounts of garnet. 
Potassic alteration was dated to 1504 ± 3 Ma via 40Ar/39Ar dating on hydrothermal biotite and to 
1538 ± 37 Ma by U-Pb systematics on rutile (Twyerould, 1997). Chlorite and white mica alteration 
of hydrothermal biotite and K-feldspar was identified in the Ernest Henry breccia body not until 
recently (O'Brien, 2016). 

Mineralisation is genetically related to  brecciation and resulted in the hydrothermal infill of 
chalcopyrite + magnetite ± quartz in the  breccia matrix (Mark et al., 2000; Mark et al., 2006; Rusk 
et al., 2010). Copper mineralisation apparently involved hypersaline, NaCl-dominated and CO2-rich 
brines with Cu concentrations of < 200 ppm known from individual and petrographically 
unconstrained fluid inclusions which were trapped in quartz between 200 ̊ C and 520 ˚C and formed 
under 1.3 to 3.7 kbar (Baker et al., 2008; Rusk et al., 2010). These Cu concentrations are considered 
rather low when compared to petrographically well-constrained IOCG ore fluids trapped in fluid 
incision assemblages, e.g., at Starra and Prominent Hill, where they contain more than 1000 ppm of 
Cu (Williams et al., 2001; Schlegel et al., 2018). However, the low Cu concentrations may be the 
result of the analysis of spent fluids (Rusk et al., 2010). In contrast, in this study we present evidence 
that quartz in the breccia matrix at Ernest Henry largely predated economic Cu mineralisation.  
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 Ernest Henry breccia and ore body 

Ernest Henry deposit is generally bound by the Marshall shear zone in the north and the footwall 
shear zone in the south (Fig. 3), but the ore body also truncates the footwall shear zone (Rusk et al., 
2010). The Marshall and the footwall shear zone trend to the north-east and dip moderately to the 
southeast. A third structure, the hanging wall shear zone, truncates the breccia body and strikes 
broadly southwest to northeast. Its strike is oblique with respect to the other shear zones and thus, 
it likely connects the Marshall shear zone with the footwall shear zone (Austin and McFarlane, 
2021). Traditionally, the terms hanging wall and footwall at Ernest Henry do not refer to a specific 
plane of one shear zone, but to the relative location of the host rocks with respect the pipe-shaped 
ore body. 

The ore zones are part of the breccia body and, based on early petrography and drill core slab 
descriptions, the ore body is the result of hydrothermal-phreatic brecciation of K-feldspar alerted 
rocks and genetically-related infill-mineralisation of iron oxides and Cu sulphides in the breccia 
matrix. This genetic classification was largely based on breccia textures showing clast with variable 
degrees of clast-size distribution, clast-rounding, and clast/matrix ratios (Mark et al., 2000; Perring 
et al., 2000; Mark et al., 2006). The breccia body is larger than the ore zones which is located roughly 
in its centre. Although the clasts mostly derived from local metavolcanic rocks (Oliver et al., 2006), 
the breccias at Ernest Henry have seemingly textural characteristics of fluidized (transported) 
breccias that formed in high-velocity flows (Oliver et al., 2006; Rusk et al., 2010). Fluidized 
brecciation (Reynolds, 1954) is characterized by a combination of textural features including 
expanded sedimentary beds, turbulent flow patterns and elutriation. In essence, fluidized 
brecciation refers to a “replacive fracture network” indicating that a non-dilatational dynamic was 
responsible for brecciation (Reynolds, 1954; Murphy, 1984). More recent work (O'Brien, 2016) 
showed that significant parts in the core of the breccia body are largely unbrecciated, barren or just 
weakly Cu-Au mineralised. Detailed paragenesis of the so-called ‘interlens’ (Fig. 3) showed that the 
early paragenesis was incomplete and indicates that the explosive formation model of the Ernest 
Henry deposit should be revised (O'Brien, 2016). 

Copper-Au mineralisation clearly post-dated Na ± Ca + Cl alteration based on thin section 
petrography (Mark et al., 2000) and is apparently associated with hydrothermal brecciation and late 
veining.  Based on whole-rock data and early petrography, the ore body is restricted to K-feldspar 
altered rocks (Mark et al., 2000; Oliver et al., 2008; Rusk et al., 2010), more precisely to a magnetite-
dominated breccia matrix containing K-feldspar altered clasts. The ore-bearing mineral assemblage 
comprises magnetite, K-feldspar, pyrite, chalcopyrite, carbonate and quartz, with lesser apatite, 
barite, titanite, actinolite, biotite, fluorite, molybdenite, galena, monazite and LREE-rich 
fluorocarbonate and scheelite (Mark et al., 2000; Rusk et al., 2010). Moreover, fine-grained 
muscovite alteration is present in peripheral parts of the high-grade ore body (Mark et al., 2006).  

Late carbonate flooding represents the only major hydrothermal activity after or outlasting Cu-Au 
mineralization (Mark et al., 2000) and is characterised by irregular hydrothermal infill of carbonate 
within the breccia matrix and in irregular distributed carbonate veins located mostly within the low-
grade Cu-Au halo (Rusk et al., 2010, their Fig. 3C; Little, 2019). 
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Figure 3. Representative images of typical host rock and chalcopyrite ores including their distribution within Ernest 
Henry deposit (from O'Brien (2016) who adapted the plate from internal reports of Ernest Henry Mining). A) altered, 
barren metadiorite B) barren albite-rich metavolcanic rock, C) porphyritic intermediate metavolcanic rock, D) foliated 
intermediate metavolcanic rock, E) foliated mafic metavolcanic rock, F) Birds-wing or seagull tension veined altered 
felsic metavolcanic rock, G) Felsic metavolcanic rock, H) Matrix-supported, high-grade ore breccia (> 1wt.% Cu), I) 
Clast-supported, low-grade ore breccia (0.5-1 wt.% Cu). Note the high degree of clast corrosion and the replacive 
nature of iron oxide-rich alteration edging clasts in parts of subfigures H and I. 
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4 Samples and methods 

 Sampling and sample preparation  

Ten drill cores from the Ernest Henry deposit and prospects nearby were selected for this study. The 
drill holes intersect hydrothermally altered rocks N and S, as well as E and W of the ore body (Fig. 4) 
and intersected host and country rock strata along and across strike with respect to the Marshall 
shear zone  and the Footwall shar zone. They intersect the Cu-Au bearing breccia body (drill holes: 
EH435, EH550, EH632, and EH691) and test hydrothermally altered lithologies in the medial (drill 
holes: EH 147, EH 242) and the distal (drill holes: EH699, EHMT001) alteration footprint of the 
deposit. Drill holes MMA002 and MMA003 were drilled into a magnetotelluric anomaly located 
approximately 2 km north of the Ernest Henry open pit. Table 1 summarizes essential drill core 
metadata and provides a brief geological summary for each drill core. 

 

 

Figure 4. Illustration showing the orientation of drill holes around the Ernest Henry deposit from which samples were 
collected. Also shown are the outline of the ore body indicated by a 1 wt.% Cu grade ore shell (in bronze) and the 
final pit outline (light pink/light blue). Not shown are the locations of MMA002 and MMA003 collared approximately 
2 km north of the Ernest Henry deposit. 
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In total, 262 samples were collected and analysed. Preference was given to drill core intervals 
intersecting homogeneous rocks with a high proportion of rock-matrix showing mineralized, 
unmineralized and mixed alteration mineral assemblages or veined rocks. Sampling intervals 
between two consecutive samples typically ranged from 10 to 18 meters in drill cores EH147, EH242, 
EH432, EH435, EH550, EH691, EH632 and EHMT001 (Fig. 4). Preference was given to regular sample 
intervals important for the petrophysical study and not necessarily to geological boundaries (Austin 
et al., 2021). In contrast, the sampling intervals in drill cores MMA002 and MMA003 ranged from 8 
m to 57 m and reflect the variability of hydrothermal alteration styles and geological boundaries. 
Representative drill core intervals of typically 15 cm to 20 cm lengths were collected. Subsequently, 
cylinders of 2.5 cm diameter were drilled using a water-cooled stationary power drill. The base area 
of the circular cylinder, located on the side opposite to the Palaeoazimuth markings (c.f. Austin et 
al., 2021, section 5.1), was flat-grinded analysed by portable x-ray fluorescence (pXRF) and 
subsequently polished to a 1 or 0.5 µm finish using a diamond suspension and was carbon-coated 
for SEM-TIMA measurements. Where possible, the rounds were polished without surface 
impregnation, but impregnation was unavoidable in some of the more porous samples.  

 SEM-TIMA analysis 

The polished sample surface was analysed using a Mira Tescan field emission gun (FEG) scanning 
electron microscope (SEM), coupled with three EDAX Energy Dispersive X-ray Spectroscopy (EDS) 
detectors and a backscatter electron (BSE) detector. The instrument is located at CSIRO`s 
microanalytical facility ARRC in Perth, Western Australia. Standard electron beam alignment, beam 
focussing, and calibration of the detectors were conducted before each analytical run comprising 
up to 22 samples. 

SEM-EDS-based raster maps with a resolution of 10 µm were acquired over an area of 23 mm in 
diameter (about 3.5 cm2) using a 25 keV, 6 nA, 26 nm electron beam. Required minima ranging 
between 1000 and 2500 X-ray counts per pixel were obtained for each 10 µm point to allow robust 
mineral identification. The analysis time for each sample was approximately 2.5 hours or more when 
higher counts were obtained or when the resolution was increased in fine-grained samples. Data 
processing and mineral identification was conducted by the Tescan Integrated Mineral Analyser 
(TIMA) software package in automated mode. Identification of major, minor and accessory minerals 
was achieved by comparison with an in-house spectra-matching mineral library containing more 
than 150 minerals including mineral solid solutions. The mineral library was generated from 
international standards, natural minerals previously quantified by electron microprobe analysis, and 
semi-quantitative electron backscatter diffraction (EBSD) measurements. Individual mineral 
compositions in the reference mineral library are based on estimates obtained from semi-
quantitative SEM-EDS analyses or published stoichiometric mineral compositions from the 
webmineral database (www.webmineral.com). Every mineral map was checked for accuracy and 
consistency to ensure high accuracy of resulting modal mineralogy. All results are given in vol. % 
with a detection limit of 0.01 vol. %.   
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A specific mineral is identified if the SEM-EDS spectra meets the expected X-ray count range (99.5 
% confidence interval) for each element (Fig. 5). For example, scapolite was identified and 
differentiated from plagioclase based on a clearly visible and quantifiable chlorine peak (Fig. 6). 
Additional elemental constraints were added to the reference library composition of some minerals 
to account for their chemical variation in nature and discriminate minerals forming solid solutions.  

Generally, we used mineral abbreviations according to (Whitney and Evans, 2010). However, the 
SEM-TIMA technique cannot differentiate between orthoclase and microcline, for example. Thus, 
we abbreviate both as K-fsp. Additional abbreviations used in this report are given in Table 2. 

 

 
Figure 5. (A) Detail of the mineral map from sample EHM006 (drill core EH691) as determined 
by SEM-TIMA. Classification of (B) albite and (C) K-feldspar is based on their SEM-EDS X-ray 
spectra matching the reference spectra computed from ideal mineral compositions with 
additional elemental constraints for Ca and K to differentiate albite and K-feldspar from 
plagioclase. 

 Anisotropy of magnetic susceptibility  

The anisotropy of magnetic susceptibility (AMS) defines the directional variability, or ellipsoid, of 
the magnetic susceptibility of a rock, capturing information about its texture or petrofabric  (Nagata, 
1961; Rochette et al., 1992; Biedermann et al., 2015). The non-destructive technique reflects the 
grain shape of magnetite or the preferred crystallographic orientation and alignment of Fe-bearing 
minerals, thus defining the magnetic fabric. Measurements of AMS tensor data are acquired using 
an AGICO MFK1-A Kappabridge magnetometer. Each measurement yields the relative intensity, 
declination and inclination of the maximum (K1), intermediate (K2) and minimum (K3) principle 



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  14 

susceptibilities, as well as the mean susceptibility. These are used to define the three semi-axes of 
the susceptibility ellipsoid, comparable to finite-strain directions (Borradaile, 1991; Závada et al., 
2017). The AMS ellipsoid is geographically corrected relative to drill-hole or surface sample 
orientation and can be visualised using stereonets. The AMS data is processed in the Anisoft 4.2 
software (Chadima and Jelinek, 2009) to assess the quality clustering of tensor data and calculate 
the key parameters to describe the type of magnetic fabric. The degree of anisotropy (P) within the 
sample is the ratio of K1 to K3 (P=K1/K3) (Jelinek (1981). A rock with a high P value (>1.2) is highly 
anisotropic whereas one with P≈1 is isotropic and does not show a magnetic fabric. Other 
quantitative parameters of anisotropy include the degree of magnetic lineation (L=K1/K2) and the 
degree of magnetic foliation (F=K2/K3), as well as Pj, the corrected degree of anisotropy, which takes 
the shape parameter into consideration. The ellipsoid shape parameter (T) is defined by the equation: 

T=(2η2 - η1 - η3)/(η1 - η3) 

where η1 = ln K1, η2 = ln K2, η3 = ln K3 (Jelinek, 1981). A prolate ellipsoid (-1 <T<0), associated with 
a high L value, indicates a linear anisotropy, whilst an oblate ellipsoid (0<T<+1) is associated with a 
high F value and a planar/foliation (F) dominant anisotropy (Jelinek, 1981). Further details on the 
data acquisition, processing and handling can be reviewed in Austin et al., 2020.  

 Magnetic susceptibility and density  

Information on method applied for the measurement of magnetic susceptibility and density are 
provided in section 5.1 of Austin et al. (2021). 

 Portable XRF analysis 

Multielement geochemical data were acquired on one surface of each cylindrical mount using an 
Olympus Vanta M-Series portable-X-ray fluorescence (pXRF) instrument. The Vanta pXRF possesses 
a large-area, silicon-drift detector, and a 50 kV X-ray tube with a rhodium (Rh) anode. The analytical 
beam times were 20 seconds and utilised a 10 kV and 40 kV beam in the 2-beam Geochem 
mode. Five homogeneous diamond drill core standards and a silica blank were used to check the 
efficacy and drift of the pXRF instrument during data acquisition. The results were not calibrated 
against standards and no correction factors were applied due to the vast improvements to the in-
situ calibration of fundamental instrument parameters by reducing or removing inter-elemental 
effects in modern pXRF instruments (Thurston, 2016).  

 Radiometric measurements 

All radiometric properties (Dose, Dose rate, 40K, 238U, and 232Th) were measured in assay mode using 
the Radiation Solutions RS-332 radiometer, a multipurpose gamma-ray spectrometer system. The 
sample holder was modified to hold up to three sample cylinders. Data documentation was 
completed within the RSAnalyst software and results were organised according to date, sample ID, 
and measurement type. All results were tabulated in CSV file format for incorporation into the main 
database.  
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Figure 6. (A, B). Details of the mineral map from sample EHM248 (drill core EH242) as determined 
by SEM-TIMA. Classification of (C) scapolite, (D) muscovite and (E) andesine (plagioclase) is based 
on their SEM-EDS X-ray spectra matching with their reference spectra derived from ideal mineral 
compositions. Additional constraints for trace amounts of Fe and Mg in muscovite were 
implemented to account for natural impurities not included in the reference spectra. 
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Table 1. Drill hole summary and sampling metadata.  

HOLE ID 

X Mine 
Grid (m) 

Y Mine 
Grid (m) 

RL of 
Collar 

Dip Azi 
(collar) 

Hole length 
/ TD (m)  

Sample Spacing 
Range (m)  Sample 

Numbers Drill hole summary 
X GDA z 
54 (m) 

Y GDA z 
54 (m) 

Altitude 
of Collar 

Plunge 
(collar) 

Total 
Samples 

Average Spacing 
(m) 

EH147 

69920.3 39640.3 2155.2 0 249.4 17.1-78.8 
EHM424-
EHM428 

Drill hole located approx. 900m NE of the Ernest Henry open pit along strike. It crosscuts metasedimentary and meta-
volcanic rocks in the hanging wall, and hanging wall fault zone (HWFZ) and the footwall shear zone (FWSZ); it 
intersects the distal to medial alteration footprint along strike of the mineralised pipe; samples approximately the 
intersection of the NE-trending HWSZ and the ENE-trending FWSZ. Samples EHM424-428 primarily intersect the 
HWSZ.   

470042.1 7739813.9 155.2 -90 5 38.3 

EH242 
69659.7 39479.7 2155.6 275 324 24.9-1.3 

EH248-EH264 

Drill hole is located approx. 500m NE of the Ernest Henry open pit along strike toward the intersection of the NE- 
trending HWSZ and the ENE-trending FWSZ. It intersects weakly magnetite altered metavolcanic rocks in the footwall 
of the HWSZ; weakly to moderately magnetite altered metavolcanic rocks in the FWSZ; samples distal to medial 
alteration footprint along strike in general. 

469781.5 7739653.3 155.6 -70 17 10.06 

EH435 
69218.63 38960.78 2061.89 270 630 0.3-37.1 

EH187-EH220 

The drill hole is located east of the Ernest Henry pit. Starting in the host breccia, it samples Cu-sulphide bearing 
breccias located between the HWSZ and FWSZ (EH187-210). The lower part of the drill hole samples weakly altered 
metavolcanic rocks of the FWSZ (EH211-220) which preserve stable Plag-Ab and K-fsp.  469340.4 7739134.4 61.89 -80 33 15.5 

EH550 
69358.16 38515.18 2158.47 10 1044.5 1.2-41.6 

EH100-EH154 

The drill hole is located 400 m south of the pit, starting in the Marshall shear zone (MSZ) and crosscutting the eastern 
part of the breccia/ore body. It intersects all structural zones including the MSZ (EH100-111), HWV (EH112-120), 
HWSZ (EH121-134) and the breccia/ore body (EH135-180) and into the FWSZ (EHM167-180) at depth. In upper parts 
of the drill core, the alteration intensity increases towards the EHBX ore body. 

469479.9 7738688.8 158.47 -75 69 11.3 

EH632 
69238.87 38153.94 2160.1 330 1332.5 1.5-24 EHM401-

EHM413 

This drill hole located 800 m S of the pit, crosscuts all structural zones MSZ, HWV, HWSZ, EHBX ore body and the 
FWSZ. It tests the deep part of the Cu sulphide bearing EHBX. 

469360.7 7738327.5 160.1 -80 13 12 

EH691 
69404.22 38308.8 2157.42 335 1200.7 2.4-32 

EHM001-
EHM047 

The drill hole located approx. 600 m south of the pit starts in the MSZ (EHM001-011) which displays a medial 
alteration footprint, passes into proximal alteration through the HWSZ (EHM012-020). Potassic alteration intensity 
increases toward the breccia/mineralisation zone (EHM021-038), then decreases passing into the FWSZ (EHM 039-
047). Hole ends in relatively unaltered footwall volcanic rocks (EHM047). 

469526 7738482.4 157.42 -75 49 9.9 

EH699 
70083 39051 2157 345 1210 21.5-1403 EHM414-

EHM423 

The drill hole is located approx. 1 km east of the Ernest Henry open pit. It intersects mostly the distal alteration 
footprints of the system. It starts in the footwall of the MSZ, runs across the HWSZ into rocks of the hanging wall. 

470204.8 7739224.6 157 -85 10 56.7 

EHMT001 

470300 7736800 2167 310 1746.7 7.8-18.7 EH181-186, 
EH221-247, 
EH265-272 

Deep drill hole located approx. 2 km south of the Ernest Henry open pit intersecting the hanging all wall the MSZ and 
plunging towards HWSZ without truncating it. Drill hole tests a magnetotelluric conductor south of Ernest Henry open 
pit. The drill hole intersects the hanging wall of the HWSZ, intersects metadiorite  in upper and middle parts 
(EHM225-241;265-272), and metasedimentary rocks in deeper parts of the drill core (EHM181-186; 221-224; 242-247) 
The majority of samples reflect the distal alteration footprint with some metasedimentary rocks (EHM242-247) 
tapping into the medial alteration footprint.   

470300 7736800 167 -85 39 35.5 

MMA002 
N/A N/A N/A 270 510 8.1-55.7 EHM292-

EHM308; 

Drill hole testes GBM target NNE of Ernest Henry mine. Drill hole was selected by GSQ to test the least-altered 
(background) lithologies of the Ernest Henry mine sequence. The rocks intersected by this drill core may belong to a 
separate alteration system. 471320 7744080 149 -70 15 26.8 

MMA003 
N/A N/A N/A 270 549 9.0-37.6 EHM 280-

EHM290 

Testing GBM target NNE of Ernest Henry mine. Drill hole was selected by GSQ to test the least-altered (background) 
lithologies of the Ernest Henry mine sequence. The rocks intersected by this drill core may belong to a separate 
alteration system. 471560 7742650 151 -60 11 22.3 
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Table 2: Summary of mineral abbreviations used in this study other than abbreviations given in Whitney and Evans (2010) 

Scap Sum of (Na,Ca) scapolite,  = marialite 
FeOx Iron oxides  = magnetite and/or hematite  
sAmph Sum of amphibole  =  actinolite + hornblende + tremolite + ferrogedrite + gedrite + grunnerite-

cummingtonite + magnesiogedrite  
sChl:  Sum of chlorite = chamosite + chlinochore 
sChl:  Sum of chlorite = chamosite + chlinochore 
sMica Sum of micas = sChl + sWMica + biotite + annite 
sWMica Sum of white mica = muscovite + phengitic muscovite + pyrophyllite 
sKfsp Sum of K-feldspar = K-feldspar + hyalophane  
sFsp Sum of feldspars = sKfsp + albite + plagioclase 
sEp Sum of epidote = epidote + clinozoisite + allanite + piemontite 
Seal Sum of alteration reaction products = FeOx + sFsp + Scap sMica +sChl + sEp + Qtz 

 High-resolution x-ray computed tomography 

Three samples, one from the central ore zone (EHM26C), one from the proximal (EHM037C) 
footprint, as well as one from the distal alteration footprint (EHM010C) were scanned in 3D using 
the Zeiss Versa XRM520 3D X-ray microscope fitted with a large-scale flat panel detector installed 
at the CSIRO Mineral Resources in Perth. After being mounted on the sample holder, each (~25 mm 
diameter by ~15 mm height) sample was scanned using a voxel size of 14 µm. The instrument was 
set-up (voltage, power, filter and position of X-ray source and detector) to maximize the contrast 
between the different phases of interest (including pores and minerals) with 1601 projections 
recorded over a 360° rotation of the sample. Ring artefacts were minimized during acquisition using 
dynamic ring removal algorithms whereas beam hardening was corrected during volume 
reconstruction. All projections were used to reconstruct the different 3D volumes that were used 
for subsequent image processing and quantification. Two sets of reconstructions were used for each 
sample to allow better segmentation of the phases. The greyscale volumes were segmented using 
Avizo2020.3 software to determine the 3D distribution of pores in the different samples using 3D 
gradient watershed algorithms (Godel, 2013).  

 HyLogger technique 

The Geological Survey of Queensland scanned drill core EH550 from the Ernest Henry area. We 
received the processed mineral data and predominantly utilised the continuous down-hole thermal 
infrared scan (TIR). The feldspar data was binned to the usual 1 m core intervals and to the actual 
sample length interval in this study, and subsequently compared with the results from the SEM-
TIMA analysis. The results of this comparison are given in the section Interpretation and Discussion 
below.    
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5 Results 

The results of samples from drill hole EH691 are reported in vol. % and illustrated in pseudo-
downhole plots (Figs. 7 to 9). Identical illustrations for the nine additional drill holes, from which 
samples were analysed in this study, are given in the Appendix (Figs. A1-A27). For each sample, the 
structural unit, the logged lithology, the interpreted alteration zonation, and the intensity of 
hematite overprint of magnetite, estimated by reflected light microscopy, are illustrated (Fig. 7A-
D). Subsequently, the plot shows the mineralogy in each sample (Fig. 7E-Z). The mineralogy in single 
or consecutive samples can be studied together with selected mineral ratios (Fig. 8A-H), the relative 
abundances of feldspars, micas, selected mineral groups (Fig. 8I-K), chalcopyrite (Fig. 8L), and a 
color-coded representation of the AMS data (Fig. 8M). These results can be directly compared to 
equivalent downhole plots showing the magnetic susceptibility, density, Fe content (Fig. 9A-C), 
selected geochemical values, and element ratios (Fig. 9E-H) obtained from whole-rock multielement 
data (received from the Geological Survey of Queensland), pXRF results and radiometric 
measurements acquired for each sample.  

The Ernest Henry deposit is hosted in metavolcanic rocks and minor amounts of fine-grained 
metasedimentary rocks (e.g. Fig. 7). The results of this study confirm findings of Mark et al. (2006) 
that host rocks were, at least in parts, affected by albite-rich alteration which predated the Cu-Au 
mineralisation and altered the original host rock mineralogy. The mineralogy of samples (Fig. 7E-X) 
from drill cores intersecting the Cu-Au ore body, i.e., samples in holes EH691, EH550, EH435 and 
EH632, appears variable when viewed in isolation. However, the three down-hole illustrations 
presented in Figures 7 and 8 demonstrate that a systematic mineral zonation is present in rocks at 
Ernest Henry. The zonation is the result of several mineral replacement reactions which were 
derived after detailed review of mineral maps obtained by SEM-TIMA analyses and validated by 
reflected light microscopy (Figs. 10 to 13). In the following sections we use data from EH691 as a 
representative drill hole to exemplify our results. Please refer to the appendix for equivalent 
analyses of other drill holes. 

Different versions of three cross-sections through the Ernest Henry deposit illustrate the alteration 
zonation derived in this study (Figs. 14 and 15), and the distribution of feldspars (Figs. 16 and 17) 
and micas (Figs. 18 and 19) across the deposit. A third version illustrate the relative distribution of 
colour-coded mineral groups (Figs. 20 and 21) and are based on mineral replacements determined 
during petrography. The first group is the sum of feldspars and amphibole (sFsp+sAmph). The group 
represents minerals that get replaced during alteration, thus it stands for the mineral reactants. 
Magnetite (Mgt), the sum of apatite and pyrite (Ap+Py), and the sum of micas, epidote minerals, 
chlorites minerals, and scapolite (sMica+sEp+sChl+Scap) represent different groups of minerals 
produced during replacement (product minerals). Finally, the sum of carbonates and barite 
(sCarb+Brt) represent minerals that, based on petrography (Figs. 10 to 13), syn- to outlast 
mineralisation and finally infill porosity. Similarly, a fourth type of cross-section illustrates the AMS 
data together with the structural zone (e.g. hanging wall shear zone or footwall shear zone) from 
which the samples was collected (Figs. 22 and 23). A fifth type of cross-section illustrates the 
magnetic susceptibility together with selected elemental data from pXRF, assay, and radiometric 
measurements (Figs. 24 and 25). Figure 26 presents petrophysical, mineralogical and geochemical 
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data of the samples from drill cores EH691, EH550, EH435, EH147, EH242, EH632, EH699 and 
EHMT001 and relates them to the broad mineral zonation introduced below. Thus, Figure 26 
represents the generalization of characteristics in samples of drill core EH691 (Figs. 7 to 9) across all 
relevant scales, ranging from the surface of one polished mineralogical sample, to entire drill core 
intervals analysed for whole rock compositions and to the scale of the Ernest Henry deposit. Finally, 
the results of the high-resolution x-ray computed tomography are shown in Figures 27 and A28.  

  Mineral abundance 

In total, 77 minerals were identified with a 0.01 vol. % threshold for mineral identification. Most 
samples show a relatively simple mineralogy characterized by iron oxides, quartz, feldspars, micas, 
chlorite, carbonates, amphiboles, pyrite, chalcopyrite, ilmenite, apatite, titanite and rutile. General 
mineral abundances are given in Table 3. Fifty-nine minerals plus physical holes and unclassified 
pixels add up to more than 99.7 vol. % in each sample and thus approximate the relevant mineralogy 
of the deposit. Unclassified pixels in all mineral maps are due to the acquisition of mixed SEM-EDS 
spectra and range from 2.8 to 24 vol. % showing a median of 8.9 vol. % with 9 samples above 20 
vol.%. Mixed spectra occur along mineral grain boundaries in samples showing intimate intergrowth 
of fine-grained minerals. For this reason, the amount of chlorite and white mica may be slightly 
underestimated in individual samples. The underestimation of these minerals is due to the 10 µm 
scanning resolution but is considered insignificant for the purposes of this study. An increase of 
scanning resolution would significantly decrease the amount of mixed SEM-EDS spectra but comes 
at the cost of a much-increased scanning time per sample. Nevertheless, the quantification of 
mineral phases using the SEM-TIMA technique results in consistent quantification of the modal 
mineralogy in each sample with sufficient precision for the purpose of this study. 

Table 3: General abundance or minerals present in the Ernest Henry SEM-TIMA dataset 

FELDSPARS MICAS CHLORITES CARBONATES AMPHIBOLES OTHERS 
K-Feldspar Biotite Chamosite Calcite Actinolite_Mg Apatite 

Hyalophane Annite Clinochlore Siderite Hornblende Titanite 
Albite Muscovite   Tremolite Rutile 

Oligoclase Muscovite-Celadonite ss   Ferrogedrite Barite 
Andesine Illite    Scapolite 
Anorthite     Dravite 

     Fluorite 
     Anhydrite 

OXIDES SULPHIDES EPITOTES GARNETS PYROXENE  

Mgt-Hem Pyrite Epidote Andradite Diopside Holes 
Quartz Chalcopyrite Clinozoisite Almandine- Hedenbergite Unclassified 

Ilmenite Pyrrhotite Allanite Calderite   
 Arsenopyrite   K-Feldspar very abundant 
    Titanite abundant 
    Fluorite Present 
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 Mineral zonation at Ernest Henry  

The Ernest Henry deposit shows a distinct zonation of hydrothermal mineral assemblages radiating 
outwards from the ore body. For example, drill core intervals with elevated concentrations of 
chlorite (Fig. 7J) occur within and around the ore body (Fig. 7C). The amount of Fe in chlorites 
generally increases toward the ore body and forms a rim of chamosite at the boundary of the ore 
body to the alteration footprint (Figs. 7K). In contrast, Mg-chlorite dominates within central parts of 
the ore body and is consistent with the extent of hematite alteration of magnetite (Fig. 7D).  

Figure 7 (and equivalent figures in the Appendix) show that the zonation in drill core EH691 is 
approximated by a funnel-shaped distribution of alteration mineral assemblages showing two 
mirror-symmetric limbs closing-in toward the central ore zone. Samples from drill cores EH550 and 
EH435 (Figs. A1 to A6) show only one portion of the funnel-shaped distribution of hydrothermal 
zonation because they truncate the ore body in a much flatter angle or the drill core terminated 
with the ore body (Fig. 4). The zonation is less visible in drill core EH632 (Figs. A7 to A9), which may 
be due to a larger sampling interval or it might be owed to a deviation in the general mineral 
zonation marking the inflow of Cu-Au mineralising fluids at depth along a north-south structure (see 
discussion). 

In drill hole EH691, the centre line of the funnel-shaped mineral zonation lies somewhere between 
800 m and 850 m downhole anywhere between sample EHM025 and EHM027 in the ore body (Fig. 
7). The zonation was subdivided based on characteristic mineral assemblages into the central and 
marginal ore zones and three spatially successional but largely unmineralized zones that enclose 
each other and are herein referred to as alteration footprints (Fig. 7C). The proximal alteration 
footprint is located closest to the marginal ore zone and is followed by the medial alteration 
footprint. Together two mineral footprints extend hundreds of meters beyond the limits of the ore 
zones into the host rocks and are then followed by the distal alteration footprint located in the near-
mine environment. The distal alteration footprint may extend several km into region near the Ernest 
Henry where it eventually vanishes. Although this grouping of alteration zonation may seem 
arbitrary at first glance, it is based on mappable criteria such as different alteration mineral 
assemblages and characteristic mineral replacement which are both defining criteria for 
hydrothermal alteration. 

Importantly, the mineralogy, abundance and proportion of feldspars and important alteration 
minerals such micas, which are unambiguously associated with economic Cu mineralisation at 
Ernest Henry (Figs. 10, 11, 16-19 and 26), change systematically from the ore zones toward the distal 
alteration footprint (Figs. 7 and 8). On average, magnetite (± hematite) contents (Fig. 7D) gradually 
decrease toward distal alteration footprint but substantial iron oxide alteration is not restricted to 
the ore zones and occurs locally within all alteration footprints (Figs. 7, 9, 20, 21, 24 and 25). The 
ore zones typically show the lowest amounts of feldspars (Fig. 7E) but abundant quartz, apatite and 
pyrite compared to drill core intervals in unmineralized rocks. Apatite at Ernest Henry typically forms 
during feldspar-destructive alteration (Fig. 11). Moreover, apatite and pyrite-arsenopyrite form two 
district halos around the ore body, spread across the alteration footprints, and extend up to 150 m 
into the host rocks, for example in drill cores EH691, EH550 and EH435 (Figs. 7T-U, 20, 21 and A1 to 
A6). Importantly, the apatite halo appears to extend further into the host rocks compared to the 
pyrite halo and was also detected using a hand-held pXRF tool (Fig. 9M). The apatite and pyrite halos 
are present to a lesser extent in drill core EH632 plunging into a north-south strike-slip fault of the 
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Ernest Henry deposit (Figs. A7-A9). However, they are virtually absent in drill hole EHMT001 located 
approx. 2 km south of the deposit (Table 1; Figs. A10-A13). Calcite (in parts Mn-rich) is present in 
most samples but is especially enriched in rocks from the marginal ore zone and to variable degrees 
in rocks within the proximal alteration footprint (Figs. 7W, 8, 20 and 21). Based on petrography and 
micro-CT imaging, calcite is associated with syn- to post-mineralisation infill which resulted in final 
rock and breccia porosity reduction (Figs. 10, 11 and 27).  

Selected mineral ratios (Figs. 7K and 8A-F) identify broad zones of similar hydrothermal alteration. 
These zones, together with systematic variation of magnetic susceptibility (decrease), density 
(increase) and a general decrease in elemental ratios such as Al/Ti, Ti/Zr and Na/Al toward the ore 
zone, track important mineral replacements (see below and Fig. 9A-G). They also identify the locally 
magnetite- and aluminosilicate-destructive nature of the hydrothermal alteration system at Ernest 
Henry. In contrast, the K/Al ratio and concentrations of specific elements such as Cu, Au, REE, P, Mn, 
As, and U increase toward the ore zones (Fig. 9H-P). Moreover, the trends in the K/Al ratio, Cu, P, 
Mn, As, and U concentrations were measured not only in laboratory-based methods, but also using 
the handheld tools.   

Despite the significant variations in absolute mineral abundances among consecutive samples of 
one drill core (e.g. Fig. 7) and among samples of several drill cores (Figs. A1-A27), the change in 
mineralogy from the ore zones to the proximal and medial alteration footprints is significant and 
characteristic. This change is also visible to some degree in the petrophysical and geochemical 
datasets (Fig. 26). However, the next sections present the mineral abundance was well as additional 
information of both ore zones and the alteration footprints in drill core EH691 in somewhat more 
detail and serves as an example for other drill cores.  

5.2.1 Mineral abundance and zonation in the central and marginal ore zones 

We now describe the mineralogy and its changes following one limb of the funnel-shaped zonation 
up-hole and thus from the central and marginal ore zones via the proximal and medial alteration 
footprints to the characteristics of the distal alteration footprint. 

The dominant mineral assemblage in the central ore zone (Fig. 7, between approximately 810 m and 
940 m in EH691) includes K-feldspar, magnetite, hematite, quartz, clinochlore, abundant pyrite, and 
chalcopyrite with variable but generally low (< 5 vol.%) amounts of biotite, barite, fluorite, titanite 
as well as abundant but petrographically late carbonate (Figs. 10 and 11A-D). The general 
abundance of magnetite and sulphides is also recorded in the density data (Fig. 26A). Samples from 
this zone show occasionally some of the highest values of up to 4.5 g/cm3. Magnetite is partially and 
locally completely replaced by porous hematite (Fig. 10A). Thus, rocks from the central ore zone 
also typically show a lower magnetic susceptibility compared to rocks distal to the ore body (Figs. 7, 
10, 24, 25 and 26A). Chalcopyrite is typically hosted in the breccia matrix and associated with 
magnetite (+ hematite) + K-feldspar + quartz + clinochlore in the central ore zone (Figs. 7 to 8), 
where it fills matrix interstices (Figs. 10 and 11A-E). Chalcopyrite syn- to post-dates the replacement 
of magnetite by hematite in the breccia matrix (Fig. 10B). Near complete destruction of all 
aluminosilicate minerals is locally observed in the high-grade central ore zone, for example in 
sample EHM0026 showing 3.1 vol. % chalcopyrite which is equivalent to about 1.6 wt. % Cu (Figs. 
9I, 10 and 11A), or in sample EHM169 with 9 vol. % chalcopyrite, which is equivalent to about 5 wt.% 
Cu (Fig. A1 and A3). However, the breccia clasts are mostly derived locally, from metavolcanic rocks  



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  22 

Figure 7. Pseudo-downhole plot of drill hole EH691 illustrating the (A) structure, (B) lithology (light blue =albitite, 
blue=marble, brown=metasedimentary rock, red=metavolcanic rock, green=metadiorite), (C) alteration zonation 
grouped according to colour, blue=distal, green=medial, orange=proximal alt. footprint, red=marginal, and 
purple=central ore zone, (D) degree of hematite replacing magnetite determined in reflected light microscopy, and 
(E-X) summary of the modal mineralogy in vol. % including (Y) holes and (Z) unidentified pixels. The mineralogy of 
each sample is shown in one row. Each column represents a mineral or a group of minerals. The colours in a column 
represent different percentiles of the entire dataset. A separate colour-code is used for each mineral or a group of 
minerals (e.g. sFsp=Ab+Pl+Kfsp, sChl=Fe-chlorite + Mg-chlorite, sWMica=Ms + phengite). The max. value of bars for 
pyrite and chalcopyrite represent the 90 percentiles at 4.3 vol. % and 1.9 vol. %, respectively. 
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Figure 8. Pseudo-downhole of drill hole EH691 illustrating structure, lithology, alteration zonation, chalcopyrite, and 
structural data. (A)-(H) selected mineral ratios developed from mineral replacement reactions, 100% stacked bar plots 
for (I) feldspars, (J) micas, (K) relation between primary and altered/secondary minerals, (L) chalcopyrite in vol.% and 
(M) the colour coded AMS data (see text for discussion). 
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Figure 9. Pseudo-downhole plot of drill hole EH691 illustrating structure, lithology, alteration zonation and the results 
of (A, B) petrophysical measurements, (C) iron enrichment, as well as (D-H) element ratios and (I-P) absolute element 
concentrations acquired from whole-rock geochemistry, pXRF analysis of one polished sample cylinder surface, and 
radiometric measurements. 
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Figure 10. Evidence that chalcopyrite mineralisation also occurred during and/or after replacement of magnetite by 
hematite in sample EHM026C, 815m. (A, B) Reflected light photomicrographs of (A) replacement of magnetite by 
porous hematite (B) Hematite replaced magnetite and is intergrown with subhedral quartz and chlorite. Late infill 
of chalcopyrite. (C-E) Sequence of mineral precipitation illustrated using (C, D) modified mineral maps compared to 
(E) the original map. (C) The mineral assemblage prior chalcopyrite mineralization shows abundant hematite 
intergrown with quartz, pyrite, K-feldspar and chlorite. Note that the white areas, for example within the iron oxide, 
represent “holes” present after replacement of magnetite by hematite. (D) Mineralization of chalcopyrite occurred 
in the breccia matrix and within pore spaces (black circle) generated during pre-mineralisation conversion of iron 
oxides. (E) Unmodified mineral map illustrating late infill of calcite indicated by triangular acute textures. 

and are intensively altered showing Ba-rich K-feldspar. Copper sulphides are commonly intergrown 
with residual and possibly newly formed K-feldspar, anhedral to euhedral quartz, and clinochlore in 
the breccia matrix (Figs. 10 and 11A-C), but they also replace pre-existing, subhedral to euhedral 
pyrite, clinochlore, white mica and quartz-altered rims of breccia clasts (Fig. 11C-E). The dominant 
hydrothermal mica in the central ore zone is clinochlore (Figs. 7 and 26B). 

The marginal ore zone (Fig. 7, between approximately 720 m and 810 m) is characterised by 
magnetite + K-feldspar + quartz + chamosite + muscovite-celadonite solid solution-bearing mineral 
assemblages which usually show subordinate amounts of pyrite, chalcopyrite, apatite and some 
epidote (Fig. 7). Towards the outer parts of the zone, white mica corrodes clasts which were 
previously altered by K-feldspar, chlorite and/or minor amounts of biotite. Likewise, felspars and 
biotite are replaced by epidote and chamosite, respectively (Fig. 11D-E). The dominant 
hydrothermal micas are chamosite and phengitic muscovite (Fig. 26B).  

The most abundant carbonate in all alteration footprints is calcite; siderite is less abundant but 
accumulated in the central and marginal ore zone. The formation of epidote, clinozoisite and apatite 
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is not restricted to the ore zones and occurs in alteration footprints too. Clinozoisite forms by 
replacement of feldspars. Likewise, apatite is a replacement product of the alteration of feldspars 
to other aluminosilicates such as chlorite, muscovite, or epidote group minerals including 
clinozoisite (Fig. 11F). However, the ore zones are also represented by drill core intervals in which 
the sum of feldspars is comparatively low but dominated by K-feldspar (Figs. 7, 16 and 17) and in 
which the abundance of micas is low but dominated by chlorite (Figs. 7, 18 and 19).     

5.2.2 Mineral abundance and zonation within the proximal and medial alteration footprint  

In the proximal alteration footprint characteristic changes in the relative abundance of feldspar and 
differences in mica compositions occur (Figs. 8, 26B). The amount of albite increases in a 
metavolcanic rock within an interval of 30 m from 5 vol. % to 49 vol. % and eventually dominates in 
the medial and distal alteration footprints (Figs. 8 and 9). The biotite concentration increases while 
chlorite and white mica decrease abruptly. This is because further away from the ore zones less 
biotite is replaced by chlorite + titanite (Fig. 12B). Mineral maps clearly show that K-feldspar replaces 
albite (Fig. 12B-F). Thus, the transition into higher albite contents also marks the transition into the 
earlier, regionally more abundant sodic alteration-dominated mineral assemblage.  

The medial alteration footprint (Fig. 7, approximately between 500 m and 620 m) shows an 
abundant and consistent mineral assemblage from albite + magnetite + biotite (+ annite) + scapolite 
+ variable proportions of a clinochlore-dominated chlorite, some white mica, apatite, calcite, minor 
siderite apatite and actinolite (Fig. 12D-E). Quartz is present, but typically in smaller amounts than 
in the alteration zones closer to the ore body because the zone was less affected by aluminosilicate 
destructive alteration which results in the redistribution of Si from the aluminosilicates into newly 
formed quartz (i.e. hydrolytic alteration, see reactions below). High proportions of albite with 
scapolite mark the transition between the medial and the distal alteration footprint.   

5.2.3 Mineral zonation within the distal alteration footprint 

The first few samples of drill core EH691 are examples of albitised, dominantly metavolcanic rocks 
located in the hanging wall volcanic rocks at Ernest Henry (Fig. 7). Intense albite-rich alteration 
resulted in a honeycomb-textured rock matrix showing abundant albite, magnetite, titanite and 
calcite (Figs. 12G) with or without relicts of primary host rock mineralogy such as actinolite or 
hornblende. Triangular acute textures indicate that much of the calcite filled some of the 
honeycomb-textured pores. Magnetite is common and enriched compared to albite-rich samples 
from drill core EHMT001. This suggests that some of the magnetite in the rock matrix near the 
deposit may have formed as a by-product during pervasive albitisation. However, early albite-rich 
alteration is common in the shallow and distal alteration footprint of the Ernest Henry deposit 
where it affected the metavolcanic and metasedimentary rocks of the host rock package. The 
samples from drill core EHMT001 show the effects of sodic alteration having affected a 
metamorphized metadiorite between samples EHM225 and EHM272. 

 

Figure 11 (next page). SEM-TIMA mineral maps documenting characteristic mineral assemblages and replacements 
in samples within the central and marginal ore zone. See text for details. Each mineral map has a diameter of 23 mm. 
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Figure 12 (previous page). SEM-TIMA mineral maps documenting characteristic mineral assemblages and 
replacements in samples within the proximal and medial alteration footprint. See text for details. Each mineral map 
has a diameter of 23 mm. 

  

The mineral maps of a series of samples in drill core EHMT001 show how albite alteration affected 
a 211 m interval of amphibolite-facies metamorphosed metadiorite (Figs. 13 and A10 to A13). 
Importantly, the intensifying albite alteration occurs as a sequence of mineral replacements 
affecting the metamorphic mineralogy and the metamorphic rock texture. 

A least-altered metadiorite sample in drill hole EHMT001 shows a xenomorphic rock texture with 
30 vol. % plagioclase and 21 vol. % amphiboles (actinolite and hornblende). The amount of the 
amphibole in the metadiorite ranges between 78 vol. % and 17 vol. % depending the distribution of 
actinolite and hornblende during metamorphism and on the intensity and distribution of the later 
hydrothermal alteration overprint. A more specific example is sample EHM231 (Fig. 13A), the least-
altered metadiorite contains plagioclase (27 vol. %), amphiboles (21 vol. %), albite (9 vol. %), biotite 
(6 vol. %), quartz (4 vol. %), muscovite (3 vol. %), K-feldspar (1 vol. %), ilmenite (1 vol.%), and apatite 
(0.2 vol. %) as well as accessory mineral phases including scapolite, rutile, and pyrite. The number 
of unclassified pixels is 21 vol. % and distributed across the mineral map. The presence of scapolite 
indicates that the sample is not completely unaltered and was affected a saline brine during 
hydrothermal alteration or metamorphism. Regional alteration is likely responsible for the 
replacement of plagioclase to muscovite and chlorite as well as for the perpetual and pervasive 
replacement of amphiboles, feldspars, and biotite by albite (Fig. 13B). Replacement of biotite by 
chlorite also resulted in abundant titanite (Fig. 13C-F). Crosscutting relationships indicate that at 
least two pulses of albite alteration affected the lithologies near Ernest Henry (Fig. 13D). 
Decomposition of ilmenite to rutile, titanite and minor amounts of magnetite likely accompanied 
albitisation (Fig. 13F). Strong albitisation obliterates the primary rock texture, at least on the sample 
scale, and results in a metasomatite comprising albite, quartz, residual amphibole (hornblende and 
actinolite), titanite, iron oxides with accessory minerals of chlorite, calcite, and apatite (Fig. 12G, 
13E and F). In contrast to rocks and breccias at Ernest Henry which show manifold enrichment in 
iron (e.g., iron oxide in breccias) the Fe content in the variably albite altered metadiorite ranges 
between 3 wt.% and 12 wt.%, whereas the amount of magnetite and or hematite vary between 0.1 
vol.% and 5.3 vol.% (Figs. A10 and A12). This indicates that the iron oxides in the albitites formed 
during alteration-induced redistribution of ferric or ferrous iron from iron-bearing primary minerals 
such as actinolite, hornblende and biotite, thus without addition of iron sourced from a 
hydrothermal fluid. 
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Figure 13. SEM-TIMA mineral maps documenting mineral relationships in (A) least-altered amphibole-
bearing metadiorite and (B-E) sequential replacement of rock-forming minerals by albite during increased 
Na alteration resulting in an (F) albitite rock. Each field of view is 23 mm. 
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 Mineral replacements during iron oxide-alkali-calcic-hydrolytic 
alteration 

The alteration zonation around the Ernest Henry ore body is likely the result of simultaneous and/or 
sequentially proceeding mineral replacement reactions which result in clast corrosion and the 
destruction rock textures (e.g. Fig. 3I). Mineral replacements like the non-redox transformation of 
magnetite to hematite occurred predominately in the central ore zone, while others such as the 
replacement of albite by K-feldspar or the substitution of biotite by chlorite occurred predominately 
in alteration zones around the ore zones. Importantly, mineral replacements can be determined 
from mineral maps as part of a petrographic study regardless of whether the mineral is visible or 
opaque in transmitted light. We here present reactions for mineral replacements that were 
frequently observed in samples from drill cores intersecting the ore body first and the proceed via 
the proximal and medial alteration footprint to the distal alteration footprint. Representative 
examples from samples of drill core EH691 are complemented by petrographic observations 
collected from samples of drill cores EH435 and EH550. Possible reactions for the hydrothermal 
replacement of relevant minerals present at Ernest Henry are proposed and include an estimate of 
the volume change provided based on tabulated molar volumes of minerals.  

5.3.1 Mineral replacements in the central ore zone  

Non-redox transformation of disseminated magnetite results in porous hematite and occurs under 
acidic conditions (e.g. Otake et al., 2007). The replacement is characteristic for the central ore zone 
and predated at least parts of the economic Cu mineralisation at Ernest Henry (Figs. 10, 11A, 24 and 
25). The replacement occurs via: 

Magnetite  Hematite:  

(1) Fe3O4 + 2 H+ = Fe2O3 + Fe2+ +H2O                      ∆V = -32 %. 

 

Carbonatization of white mica, which is present in the breccia matrix and forms reaction rims of K-
feldspar altered clasts, results in residual quartz and calcite (Fig. 11C-E; MacKenzie and Craw, 2007): 

Muscovite  Quartz + Carbonate  

(2) KAl2(AlSi3O10)(OH)2 + 2 Ca2+ + 2 HCO3
- + 3 H2O = 3 SiO2 + 2 CaCO3 + K+ + 3 Al(OH)3

0 + H+ ∆V = -9 %. 
 
In contrast, silicification as an analogue anion metasomatic reaction under acidic conditions (Meyer 
and Hemley, 1967) also results in aluminosilicate destructive alteration:  
 
(3) KAl2(AlSi3O10)(OH)2 + 3 Si(OH)4 + 10 H+ = 3 Al3+ + K+ + 6 SiO2 + 12 H2O                 ∆V = -5 %.  
 

The dissolution of white mica is recognized in individual mineral maps from the ore zones but more 
frequently occurs together with chemical corrosion and partial replacement of clasts immediately 
outside the ore body in drill core intervals with low but steady amounts of white mica (e.g. EHM017 
to EHM020; Figs. 8 and 11E).  
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Carbonatization of chlorite is abundant in the Cu-sulphide-bearing breccia matrix (Figs. 10 and 11) 
and results in quartz and Carbonate (siderite-ankerite) according to: 

Chlorite  Carbonate (siderite-ankerite) + Quartz  

(4) (Mg,Fe)5Al2Si3O10(OH)8 + 5 HCO3
- + 11 H+ = 2.5 FeMg(CO3)2 + 3 SiO2  + 2 Al3+ + 12 H2O 

           ∆V = +15%. 

5.3.2 Mineral replacements in the transition from ore zones into the proximal and medial 
alteration footprints 

The replacement of biotite by fine-grained white mica (sericite / phengitic muscovite) is mapped in 
samples across the transition from the ore zones to the alteration footprints (Fig. 12A) and may 
proceed according to Peters (1987), who determined the composition of the minerals by electron 
microprobe as: 

(5) 1.69 Biotite + 0.11 Na+ + 10.89 H+ + 0.56 H2O = 1 ph. musc. + 3.5 K+ + 0.09 Na+ + 10.36 SiO2  
            ∆V = -10 %. 

Replacement of K-feldspar by fine-grained white mica and quartz is recognised in samples from the 
ore zones, but is more frequently observed in samples from the proximal alteration footprint (e.g., 
Fig. 11D) and may proceed as: 
 
K-feldspar  Muscovite + Quartz 
(6) 3 KAlSi3O8 + 2 H+ = KAl2(AlSi3O10)(OH)2 + 6 SiO2 + 2 K+     ∆V = -9 %. 
 
An alternative replacement reaction is provided by  Peters (1987) and derived from the    
composition of natural K-Feldspar. The reaction results in phengitic muscovite intergrown with 
anhedral quartz aggregates (Figs. 11B, E and 12A) and may proceed as.  
 
(7) 5.52 K-feldspar+ 0.14 Fe2+ + 0.18 Mg2+ + 0.56 H2O + 2.88 H+ = 1 ph. Musc. + 10.36 SiO2 + 3.5 K+ + 
0.09 Na+                     ∆V = -33 %.
           

The product minerals or reaction (7) use significantly less volume and thus the reaction results in 
rock porosity. Importantly, the replacements of feldspars and biotite by white mica are likely 
associated with Cu mineralisation and they are abundant in the proximal alteration footprint. 
However, it is recognised in samples collected up to several 100 m beyond the limits of the ore body. 

Alteration of K-feldspar to epidote and/or clinozoisite is occasionally recognised in samples from the 
ore zones (Fig. 11F) but was more frequently mapped in rocks from the medial and distal alteration 
footprints (e.g., samples EH245-247 in drill core EHMT001). The replacement points to the 
involvement of a calcic fluid and may occur according to:  
 
K-Feldspar  Clinozoisite + Quartz 
 
(8) 3 KAlSi3O8 + 2 Ca2+ + H2O = Ca2Al3Si3O12(OH) + 6 SiO2 + 3 K+ + H+                  ∆V = -11%. 
 

The direct replacement reactions of K-feldspar by chlorite is interpreted based on petrographic 
images which usually do not show other alteration minerals such as white mica. It is dominantly 
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recorded in samples within the proximal alteration footprint, but our example again illustrates the 
replacement in a sample from the ore zone (Fig. 11D).  

 
K-feldspar  chlorite (chamosite) 
(9) KAlSi3O8 + 5 (Mg, Fe)2+ + (Al, Fe)3+ + 10 H2O = (Fe,Mg,Fe)5AlSi3AlO10(OH)8  + K+  + 12 H+ 

                        ∆V = +93 %.  
 
Replacement of biotite by chlorite is very abundant (Fig. 12B), clearly visible in mineral maps and 
illustrated in the relative abundance of micas (Fig. 8J). It occurs across the transition from the 
marginal ore zone into the proximal and medial alteration footprints. The reaction may proceed 
again via the exchange of hydrogen ions for other cations and according to Meyer and Hemley 
(1967) as: 
 
Biotite  chlorite (clinochlore) + quartz 
(10) 2 K(Mg,Fe)3AlSi3O10(OH)2 + 2 H+ = (Mg,Fe)5Al(Si3Al)O10(OH)8 + 3 SiO2 + (Mg, Fe)2+ + 2 K+  

           ∆V = +78%. 
 
Alternatively, a natural reaction involving a Ti-phase and resulting in new K-Feldspar may proceed 
according to Peters (1987) as:  
 
(11) 1.06 Biotite + 2.44 H2O = Chlorite + 0.89 K-feldspar + 0.43 Rutile + 0.2 Quartz + 0.1 Fe2+ + 1.08 
K+ + 0.05 Na+ + 1.12 H+                   ∆V = +91 %. 
 
Reactions (9) to (11) have the potential to effectively close rock porosity and thus reduce the 
permeability along breccia boundaries. The replacement of K-feldspar by chlorite is mapped 
frequently in intensively brecciated central parts of the breccia body. Thus, its impact on 
permeability of the breccia matrix is less significant than the replacement of biotite by chlorite. The 
latter extends further into the proximal and distal alteration footprints into rock volumes showing 
less intense brecciation (i.e., hanging wall shear zone). In contrast, cation exchange reactions are 
involved in the replacement of albite and plagioclase by K-feldspar (Fig. 12C):   
  
Albite  K-feldspar  
(12) NaAlSi3O8 + K+ = KAlSi3O8 + Na+        ∆V = +1 %. 
 
The replacement is especially abundant in the medial alteration footprint, thus within the transition 
zone between rocks of the ore body where K-feldspar and magnetite are the volumetrically 
dominant minerals and intervals with albite + biotite-dominant alteration. Thus, the replacement of 
albite by biotite is also typical for the medial alteration footprint (Fig. 12F) and likely to proceed as: 
  
Albite  Biotite  
(13) NaAlSi3O8 + 3 (Mg,Fe)2+ + K+ + 4 H2O = K(Mg,Fe)3AlSi3O10(OH)2 + Na+ + 6 H+             ∆V = +48 %.  
 
This replacement is also recognised in the distal alteration footprint and may be recognized 100s of 
meters away from the ore body, for example in drill cores EH691 and EH550. It is responsible for the 
increase of biotite between the distal and medial alteration footprints of the deposit. Finally, 
scapolite is present within the medial alteration footprint where it is associated with biotite 
enrichment. However, it is abundant in deeper parts of the Ernest Henry deposit where it replaces 
feldspars (Fig. 12D) such as albite. It is typically a sign for the involvement of a saline fluid during 
hydrothermal alteration:  
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Feldspar  meionite 
(14) 3 NaAlSi3O8 + Na+ + Cl- = Na4Al3Si9O24Cl       ∆V = +9 %. 
 

All replacement reactions except reactions (1), (9), (13) and (14) result in redistribution of Si 
indicated by the formation of subhedral to euhedral quartz (Fig. 11A, C) and amoidal quartz 
aggregates (Fig. 11B, E). The reactions (2) to (7) are responsible for at least parts of the quartz seen 
in the vicinity of the ore zone (Figs. 7 to 9). In contrast, it can be shown that the SiO2 contents, 
determined by pXRD or whole rock geochemistry, remain stable or slightly decrease. 

 Anisotropy of magnetic susceptibility  

Detailed presentation of AMS data, structural fabrics, and their relation to the hydrothermal 
zonation at Ernest Henry are part of a separate report titled: Tectono-metasomatic history and 
structural controls of the Ernest Henry Iron Oxide-Copper-Gold (IOCG) deposit: Insights from 
integrated mineralogy and magnetic fabric studies, Part IV of the Cloncurry METAL final report. Here 
we only visualise the distribution of the AMS data for each sample as part of the pseudo-downhole 
plots and in the section representations (Figs. 8, 22, 23 and Appendix).  

 High-resolution x-ray computed tomography 

The results of the high-resolution x-ray computed tomography and three-dimensional volume 
rendering show that the three samples show a different type of porosity and distribution. Sample 
EHM026 from the central ore zone (Figs. 10, 11A and 27A) has the largest porosity of the three 
samples (0.23 vol. %) and the holes in the sample are typically enclosed by iron oxides, i.e., 
magnetite grains and aggregates which were partly or completely replaced by hematite (Figs. 10A-
B, 27A-C). Considering that the infill of calcite (18 vol.%) into the breccia matrix occurred after 
alteration of magnetite to hematite and chlacopyrite mineralisation (Fig. 10C-E), the porosity prior 
to mineralisation in the sample was much larger. However, sample EHM037 from the proximal 
alteration footprint is a pervasively K-feldspar + magnetite altered metavolcanic rock that contains 
abundant magnetite, K-feldspar, quartz, biotite, chlorite and only a minor amount of calcite 0.4 
vol.% (Fig. 7) and does not show remaining porosity (Fig. 27D-E). Finally, sample EHM010 from the 
medial alteration footprint is a pervasively albite + magnetite + biotite + apatite altered 
metavolcanic rock that also contains minor amounts of titanite and chlorite (Fig. 7). It is a dense rock 
with no remaining porosity except within a thin crack/veinlet that postdates the alteration (Fig. 
A28). 
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Figure 14. Cross-section, 
69245mE trough the 
Ernest Henry deposit 
showing the distribution 
of the principal rock 
units including the out-
line of the breccia body 
derived from company 
logging. The geology is 
overlain by Cu grades 
and the distribution of 
samples colour-coded 
according to the alter-
ation zonation.   
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Figure 15. Cross-section, 
69365mE trough the 
Ernest Henry deposit 
showing the distribution 
of the principal rock 
units including the out-
line of the breccia body 
and the location of the 
unbrecciated and largely 
Cu barren interlens. The 
geology is derived from 
company logging and is 
overlain by Cu grades 
and the distribution of 
samples colour-coded 
according to the alter-
ation zonation.   
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Figure 17. N-S trending 
cross-section along 
69245 mE ± 100 m 
through the Ernest Henry 
IOCG deposit illustrating 
the feldspar mineralogy, 
determined by SEM-
TIMA, in each sample as 
a 100 % stacked bar plot. 
The mineralogy is 
superimposed on a 
geological cross-section 
derived from company 
logging showing the 
principal lithologies, the 
outline of the breccia 
body. Thin intervals of 
metasedimentary occur 
within the metavolcanic 
rock unit (see Figs. 7-9 
and Appendix) but were 
omitted for clarity. Cu 
grade contours are 
derived from assay data. 
The inset shows the 
feldspar mineralogy in an 
E-W trending cross-
section along a plane 
extending from A to A’ 
with a thickness of ± 100 
m and a dip of 62˚ 
looking down into the 
ore body. 
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Figure 16. N-S trending 
cross-section along 
69245 mE ± 100 m 
through the Ernest Henry 
IOCG deposit illustrating 
the feldspar mineralogy, 
determined by SEM-
TIMA, in each sample as 
a 100 % stacked bar plot. 
The mineralogy is 
superimposed on a 
geological cross-section 
derived from company 
logging showing the 
principal lithologies and 
the outline of the breccia 
body. Thin intervals of 
metasedimentary occur 
within the metavolcanic 
rock unit (see Figs. 7-9 
and Appendix) but were 
omitted for clarity. Cu 
grade contours are 
derived from assay data. 
The inset shows the 
feldspar mineralogy in an 
E-W trending cross-
section along a plane 
extending from A to A’ 
with a thickness of ± 100 
m and a dip of 62˚ 
looking down into the 
ore body. 

Figure 17. N-S trending 
cross-section along 
69365 mE ± 100 m 
through the Ernest Henry 
IOCG deposit illustrating 
the feldspar mineralogy, 
determined by SEM-
TIMA, in each sample as 
a 100 % stacked bar plot. 
The mineralogy is 
superimposed on a 
geological cross-section 
derived from company 
logging showing the 
principal lithologies, the 
outline of the breccia 
body and the location of 
the unbrecciated and 
largely Cu barren inter-
lens. Thin intervals of 
metasedimentary occur 
within the metavolcanic 
rock unit (see Figs. 7-9 
and Appendix) but were 
omitted for clarity. Cu 
grade contours are 
derived from assay data. 
The inset shows the 
feldspar mineralogy in an 
E-W trending cross-
section along a plane 
extending from B to B’ 
with a thickness of ± 100 
m and a dip of 62˚ 
looking down into the 
ore body. 

 



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  39 

 
Figure 18. N-S trending 
cross-section along 
69245 mE ± 100 m 
through the Ernest Henry 
IOCG deposit illustrating 
the mica mineralogy in 
each sample as a 100 % 
stacked bar plot. The 
illustration shows the 
increasing dominance of 
chlorite over biotite and 
or white mica toward the 
ore zones du to 
hydrolytic alteration.       
The mineralogy is 
superimposed on a 
geological cross-section 
derived from company 
logging showing the 
principal lithologies and 
the outline of the breccia 
body. Thin intervals of 
metasedimentary occur 
within the metavolcanic 
rock unit (see Figs. 7-9 
and Appendix) but were 
omitted for clarity. Cu 
grade contours are 
derived from assay data. 
The inset shows the 
feldspar mineralogy in an 
E-W trending cross-
section along a plane 
extending from A to A’ 
with a thickness of ± 100 
m and a dip of 62˚ 
looking down into the 
ore body. 
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Figure 19. N-S trending 
cross-section along 
69365 mE ± 100 m 
through the Ernest Henry 
IOCG deposit illustrating 
the mica mineralogy in 
each sample as a 100 % 
stacked bar plot. The 
illustration shows the 
increasing replacement 
of biotite by chlorite and 
or white mica toward the 
ore zones occurring due 
to hydrolytic alteration.       
The mineralogy is 
superimposed on a 
geological cross-section 
derived from company 
logging showing the 
principal lithologies, the 
outline of the breccia 
body and the location of 
the interlens. Cu grade 
contours are derived 
from assay data. The 
inset shows the feldspar 
mineralogy in an E-W 
trending cross-section 
along a plane extending 
from B to B’ with a 
thickness of ± 100 m and 
a dip of 62˚ looking down 
into the ore body. 
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Figure 20. N-S trending 
cross-section along 
69245 mE ± 100 m 
through the Ernest Henry 
IOCG deposit illustrating 
selected mineral groups 
in each sample as a 100 % 
stacked bar plot. Each 
bar typically represents 
the majority of minerals 
in each sample. The 
illustration shows the 
effects of feldspar-
destructive alteration 
creating a rim of 
alteration minerals 
around the ore zones 
also illustrating the 
extent of the infill of 
carbonate. The 
mineralogy is super-
imposed on a geological 
cross-section derived 
from company logging 
showing the principal 
lithologies, the outline of 
the breccia body. Cu 
grade contours are 
derived from assay data. 
The inset shows the 
mineral groups in an E-W 
trending cross-section 
along a plane extending 
from A to A’ with a 
thickness of ± 100 m and 
a dip of 62˚ looking down 
into the ore body. 
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Figure 21. N-S trending 
cross-section along 
69365 mE ± 100 m 
through the Ernest Henry 
IOCG deposit illustrating 
selected mineral groups 
in each sample as a 100 % 
stacked bar plot. Each 
bar typically represents 
the majority of minerals 
in each sample. The 
illustration shows the 
effects of feldspar-
destructive alteration 
creating a rim of 
alteration minerals 
around the ore zones 
also illustrating the 
extent of the infill of 
carbonate. The 
mineralogy is super-
imposed on a geological 
cross-section derived 
from company logging 
showing the principal 
lithologies, the outline of 
the breccia body and the 
location of the interlens. 
Cu grade contours are 
derived from assay data. 
The inset shows the 
feldspar mineralogy in an 
E-W trending cross-
section along a plane 
extending from B to B’ 
with a thickness of ± 100 
m and a dip of 62˚ 
looking down into the 
ore body. 
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Figure 22. N-S trending 
cross-section along 
69245 mE ± 100 m 
through the Ernest Henry 
IOCG deposit illustrating 
the magnetic lineation 
and foliation of each 
sample superimposed on 
a geological cross-
section derived from 
company logging. Note 
the systematic decrease 
in the p-value among 
consecutive samples in 
EH691. P-values 
decrease from both sides 
of the breccia zone 
toward centre (while the 
orientation remains 
largely the same) 
suggesting that 
progressive destruction 
of the magnetic fabric is 
linked to texture de-
structive hydrothermal 
alteration increasing 
towards the central ore 
zone.  The inset shows 
the structural zone of 
each sample in an E-W 
trending cross-section 
along a plane extending 
from A to A’ with a 
thickness of ± 100 m and 
a dip of 62˚ looking down 
into the breccia body. 
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Figure 23. N-S trending 
cross-section along 
69365 mE ± 100 m 
through the Ernest Henry 
IOCG deposit illustrating 
the magnetic lineation 
and foliation of each 
sample superimposed on 
a geological cross-
section derived from 
company logging. Note 
the systematic decrease 
in the p-value among 
consecutive samples in 
EH550. P-values 
decrease from both sides 
of the breccia zone 
toward centre (while the 
orientation remains 
largely the same) 
suggesting that 
progressive destruction 
of the magnetic fabric is 
linked to texture de-
structive hydrothermal 
alteration increasing 
towards the central ore 
zone.  The inset shows 
the structural zone of 
each sample in an E-W 
trending cross-section 
along a plane extending 
from B to B’ with a 
thickness of ± 100 m and 
a dip of 62˚ looking down 
into the breccia body. 
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Figure 24. N-S trending 
cross-section along 
69245 mE ± 100 m 
through the Ernest Henry 
IOCG deposit illustrating 
the degree of iron oxide 
alteration together with 
the degree of the 
hematite overprint of 
magnetite for each 
sample. Coloured lines 
represent magnetic 
susceptibility, chalco-
pyrite, copper and 
uranium concentrations 
determined by SEM-
TIMA, pXRF, radiometric 
measurements, and 
whole-rock geoche-
mistry. Note that breccia 
zones with medium to 
strong hematite over-
print show compar-
atively on average lower 
magnetic susceptibility, 
but higher Cu and U 
concentrations. The inset 
shows the copper and 
uranium data in an E-W 
trending cross-section 
along a plane extending 
from A to A’ with a 
thickness of ± 100 m and 
a dip of 62˚ looking down 
into the breccia body. 
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Figure 25. N-S trending 
cross-section along 
69365 mE ± 100 m 
through the Ernest Henry 
IOCG deposit illustrating 
the degree of iron oxide 
alteration together with 
the degree of the 
hematite overprint of 
magnetite for each 
sample. Coloured lines 
represent magnetic 
susceptibility, chalco-
pyrite, copper, and 
uranium concentrations 
determined by SEM-
TIMA, pXRF, radiometric 
measurements, and 
whole-rock geoche-
mistry. Note that breccia 
zones with medium to 
strong hematite over-
print show compar-
atively on average lower 
magnetic susceptibility, 
but higher Cu and U 
concentrations. The inset 
shows the copper and 
uranium data in an E-W 
trending cross-section 
along a plane extending 
from A to A’ with a 
thickness of ± 100 m and 
a dip of 62˚ looking down 
into the breccia body. 
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Figure 26. Combined representation of petrophysical, mineralogical and elemental data from the Ernest Henry IOCG 
deposit. Data is grouped according to the location of each sample within the ore zone or the alteration footprint. (A) 
Density vs. magnetic susceptibility showing that Cu-rich samples in the ore zones show typically a lower magnetic 
susceptibility compared to many samples from the proximal and medial alteration footprint. (B) Ternary diagram 
illustrating the change in dominant mica mineralogy between samples in the medial and proximal alteration 
footprints (biotite) and the ore zones (chlorite). (C, D) Comparison between ternary diagrams illustrating dominant 
alteration mineralogy derived from (C) whole-rock geochemical data and (D) pXRF data indicating the effect of K-
feldspar altered clasts on results and interpretation of the relevant hydrothermal processes associated with economic 
Cu-Au mineralisation (see text for discussion). (E, F) Both subfigures together form a three-sided pyramid showing 
that high chalcopyrite contents are associated with high values along all three axes. 
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Figure 27. Example of two and three-dimensional distribution of minerals and porosity in samples (A)-(C) 
EHM026 and EHM037 (D)-(E) from drill core EH691. (A)-(C) Remaining porosity in sample EHM006 is 
associated and typically enclosed by magnetite and porous hematite. The hematite partially replaced 
magnetite prior calcite infill. (D)-(E) sample EHM010 is essentially a non-porous hydrothermally altered 
metavolcanic rock also showing minimal late calcite infill (see text for discussion).  
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6 Interpretation and Discussion 

Figures 14 to 21 illustrate transitions in the dominant minerals among mineral groups present at 
Ernest Henry in several versions of 3 sections trough the deposit. It is interpreted that the mineral 
zonation is the result of a hydrothermal alteration system and a progressive sequence of sodic 
alteration followed by potassic ± magnetite alteration which was later overprinted by regressive 
hydrolytic alteration and carbonatization. Potassic ± magnetite alteration occurred probably 
synchronously with brecciation, pervasive magnetite alteration and shearing, with the shearing 
probably outlasting the brecciation. Ground preparation for late economic Cu-Au mineralisation was 
completed after regressive hydrolytic alteration and carbonatization having affected predominately 
the magnetite breccia matrix but also led to K-feldspar-clast corrosion and rounding. Fluid(s) 
responsible for hydrolytic alteration and carbonatization and subsequent, genetically related Cu-Au 
mineralisation likely entered the Ernest Henry area along a north-south structure (Austin and 
McFarlane, 2021).  

The hydrolytic alteration and carbonatization resulted in the non-redox transformation of magnetite 
to hematite as well as aluminosilicate replacement and dissolution. This predominately affected the 
matrix of the central breccia body but extends beyond the limits of the breccia body into the shear 
zone (Fig. 28). The onset of economic Cu-Au mineralisation probably occurred during hydrolytic 
alteration and carbonatization but mineralisation certainly outlasted the magnetite and 
aluminosilicate replacement in the central ore zone (Fig. 10). The proximal to medial alteration 
footprint is characterized by abundant K-feldspar and biotite forming a well-developed envelope of 
potassic alteration around the ore body. While these zones are dominated by the replacement of 
biotite by chlorite, the distal effects of the regressive hydrolytic alteration also resulted in 
replacement of some feldspars. In contrast, the distal alteration footprint is characterized by Na ± 
Ca + Cl alteration which resulted in the formation of albite and locally in scapolite and clinozoisite 
replacing least-altered metamorphosed host rocks. Intense Na ± Ca + Cl alteration affected only 
rocks of the hanging wall with respect to the ore body and did not alter the entire host rock package 
around the ore body.  

Alteration mineral zonation, AMS, magnetic susceptibility, pXRF and radiomimetic data can be 
integrated into a schematic process model for the formation of the Ernest Henry IOCG deposit (Fig. 
28). This novel model focusses on the role of fluid-rock interaction resulting in the zonation of 
hydrothermal alteration mineral assemblages that control the porosity and hence structural 
permeability of the Ernest Henry breccia body and its genetic link to economic Cu-Au mineralisation.  

Although Oliver et al. (2006) and Rusk et al. (2010) and others suggest the rapid release of magmatic 
volatiles followed by hydrothermal-phreatic brecciation and precipitation of magnetite and Cu 
sulphides as the most likely model of mineralisation, they also indicate that the breccia body may 
have acted as a pathway for later mineralising fluids. The effects on the mineralogy of the breccia 
body were not discussed by Oliver et al. (2006) and Rusk et al. (2010). However, a detailed 
mineralogical description of the effects of hydrothermal mineral zonation is paramount to 
understanding the economic Cu-Au mineralogy. Our analyses show that hydrolytic alteration and 
carbonatization both affect the porosity and structural permeability of the host rocks and were 
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important processes in the formation of the 
deposit, because they predominately occurred in 
ore zones and its effects extended into proximal 
alteration footprint. Most importantly, our 
alternative model is consistent with the 
distribution of alteration minerals, abundant 
alteration-related clast corrosion which is 
evident from hand sample and petrographic 
images (Figs. 10 to 12), as well as of the effects 
of mineral replacements on the porosity and 
permeability of the breccia body.  

The spatially separate but genetically related 
hydrolytic and potassic (+ iron) alteration 
resulted in a hydrothermal alteration system 
preparing the ground for Cu-Au mineralisation. 
Economic mineralisation at Ernest Henry 
occurred during or outlasted acid-fluid 
neutralisation in central breccia parts and 
occurred via chalcopyrite infill into the primary 
breccia matrix and by chalcopyrite precipitation 
into secondary cavities caused by alteration-
reaction as well as by replacement of pyrite, all 
of which are processes observed in other IOCG 
deposits (Schlegel and Heinrich, 2015; Schlegel 
et al., 2017; 2018). In contrast, alteration-
reactions like reactions (9) to (14), 
predominantly occurred along weakly 
brecciated boundaries of the breccia body and 
nearby shear zones and likely reduced the 
porosity and created an aquitard around the 
increasingly permeable central parts of the 
breccia. Thus, the late stages of the 
hydrothermal alteration system, which likely 
expanded over time, was responsible for fluid 
focussing and thus controlled the location of 
economic Cu-Au mineralisation (Fig. 28). Yet, 
this alteration and mineralisation model should 
provide an explanation for the coexistence of K-
feldspar with minor chlorite and white mica, and 
secondly, explain why chlorite and white mica in 
the breccia matrix of the central ore zone are 
nearly quantitively leached leaving K-feldspar 
altered clasts behind.  

 

Figure 28. Schematic model for the formation of the 
Cu-Au ore body at the Ernst Henry IOCG deposit (see 
text for discussion). 
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 Attempts to quantify hydrothermal alteration patterns using a series 
of mineral ratio 

The mineral zonation (Fig. 7 and Appendix) and mineral replacements (Figs. 10 to 13) were used to 
derive a series of preliminary mineral ratios (Fig. 8A-F), mineral sums (Fig. 8G, H), and bar plots 
representing visualisation of selected mineral groups (Fig. 8I-M) aiming to quantify the nature and 
intensity of hydrothermal alteration styles present in rocks from the Ernest Henry area. After some 
necessary, but still outstanding variations, the ratios and mineral sums may serve as a proxy for a 
specific mineral replacement. A combination of ratios may be used to visualize the extent and 
distribution of Na ± Ca + Cl alteration and K (+ Fe) and H+ alteration. However, the denominator of 
each ratio is a sum of primary and altered/secondary minerals, whereas the numerator represents 
the sum of altered/secondary minerals only. Thus, complete replacement of the primary minerals 
results in a ratio of 1. The ratio Ab / (sFsp + Act + Ms; Fig. 8A) approximates the intensity of Na 
alteration and is useful to identify drill core intervals affected by albite alteration (e.g. in the 
metadiorite in EHMT001, Fig. 13). Muscovite is included in the denominator because petrography 
shows that a portion of the felspars in regional host rocks was replaced by muscovite prior to 
albitisation (Fig. 13A-E). The ratio (Scap + sEp) / sFsp (Fig. 8B) approximates the intensity of Ca + Cl 
alteration and identifies rock intervals that reacted with a calcic, highly saline brine, able to convert 
feldspars into scapolite and/or epidote. The ratios (Bt + Ann) / (Ab + Bt + Ann + Act) and (sKfsp + Bt 
+ Ann) / (sFsp + Bt+ Ann) estimate the degree of partial (biotite) and total (K-feldspar + biotite) 
potassic alteration within the ore zones and the proximal and medial alteration footprints (Fig. 8C, 
D). However, the (Bt + Ann) / (Ab + Bt + Ann + Act) ratio needs to be approached with caution as it 
does not account for biotite altered to chlorite and therefore approaches 1 in the ore zones where 
much of the biotite is altered to chlorite (Figs. 7 and 8). The ratio (sChl + Ttn) / (Bt + Ann + sChl + 
Ttn; Fig. 8E) identifies the spatial distribution and intensity of chlorite replacing biotite. The ratio 
typically increases somewhere in the medial to proximal alteration footprint and approaches a value 
of 1 in the ore zones where biotite was almost quantitatively, K-feldspar was partly replaced by 
chlorite (Figs. 8E, 11D). Finally, the ratio sWhite Mica / sMica approximates the distribution of 
muscovite-celadonite solid solution replacing Bt + Ann. However, based on the observations of 
mineral replacements (Figs. 11 to 13), a revised version of the ratios should probably include Kfsp 
in the denominator. 

 Styles of Hydrothermal alteration  

6.2.1 Hydrolytic (H+) alteration, carbonatization and mineralisation 

Although the Ernest Henry ore body is volumetrically dominated by magnetite and K-feldspar, the 
quantitative SEM-TIMA-based mineral mapping in combination with petrography  (Figs. 10 and 11) 
demonstrates that hydrolytic alteration and carbonatization predominately affected rocks in the 
central parts of the breccia body. Replacement of magnetite, K-feldspar, biotite, and minerals of the 
muscovite-celadonite solid solution series occurred with variable intensity and affected 
predominantly the breccia matrix and clast edges. Both alteration styles postdate the potassic 
alteration and were likely caused by the interaction of an acidic and/or carbonaceous fluid(s) with 
largely Cu-Au barren breccia and likely occured during pre- to syn-mineralisation stages (Figs. 10, 
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11, 16 to 21 and 27). Fluid-rock reactions involving an acidic fluid resulted in the non-redox 
transformation of magnetite to hematite, the replacement of feldspars by white mica or epidote, 
the substitution of biotite by white mica in the centre of the breccia body, and in parts resulted in 
chalcopyrite mineralisation via the replacement of pyrite (Fig. 11C, D). Likewise, biotite between 
larger K-feldspar grains was almost completely consumed by clinochlore resulting in the 
characteristic ore mineral assemblage with K-felspar, iron oxides, quartz with or without 
chalcopyrite, barite, fluorite and late calcite (Figs. 7, 10, 11).  

Hydrolytic alteration was most intense in the breccia zone, for example between samples EHM025 
and EHM028 (Figs. 7 to 9) where magnetite is partially replaced by hematite. In the same drill core 
interval chlorite and white mica dissolved or were replaced resulting in the redistribution of silica 
from aluminosilicates into quartz and the formation of calcite. Thus, the leaching of chlorite and 
white mica along clast boundaries according to reactions (2) to (7) likely involved acidic fluids, 
because these minerals are stable even at low pH conditions. Importantly, thermodynamic 
calculations (e.g. Reed, 1997) show that the stabilities of (aluminosilicate) minerals are a function 
of the fluid-rock ratio, especially when a fluid is percolating through porous-permeable rock like a 
breccia. Feldspars are stable in rock-dominated reaction conditions whereas chlorite and white mica 
are stable during intermediate fluid-rock ratios, but they effectively dissolve in fluid-dominated 
conditions (e.g. Reed, 1997). The fact, that K-feldspar is present together with chlorite and minor 
white mica in the central ore zone is likely due to extreme gradients in fluid-rock ratio among K-
feldspar clasts, clast boundaries and the breccia matrix showing abundant clinochlore along cracks 
and clast boundaries (Fig. 11C-F) plus minor amounts of phengitic muscovite (Figs. 7 and 11). Thus, 
much of the K-feldspar clasts in the central ore zone represent the “alteration-residue” which was 
stable in rock-dominated conditions during hydrolytic alteration. In contrast, clast-corrosion and 
rounding via the formation of chlorite and white mica rims (Figs. 3H-I and 11) occurred during 
progressively fluid-dominated conditions. Entirely fluid-dominated conditions developed in the 
matrix and led to the destruction of aluminosilicates via hydrolytic alteration and carbonatization.  

Following reactions (1) to (7), hydrolytic alteration and carbonatization typically result in alteration 
/ secondary minerals using less volume compared to the primary minerals, thus the reactions likely 
result in porosity and likely increased permeability in the centre of the alteration system creating a 
positive feedback for fluid mobility. The key driver for the generation of alteration-related porosity 
in the central ore zone at Ernest Henry was the non-redox transformation of magnetite to hematite 
according to reaction (1) involving an acidic and/or Ce-bearing fluid (e.g. Ohmoto, 2003; Otake et 
al., 2007; 2010; Xing et al., 2021). It is highly unlikely that the transition of magnetite to hematite 
was the result of magnetite oxidation because this process does not create noticeable porosity. In 
contrast, petrography and micro-CT results demonstrate that a) the residual porosity in the breccia 
matrix within the central ore zone is associated with iron oxides, and b) that the magnetite 
replacement predated chalcopyrite precipitation (Figs. 10 and 27A-C). In addition, the spatial 
correlation among drill core intervals with low magnetic susceptibility and logged hematite 
alteration of magnetite suggests that the generation of porosity via iron oxide transition involving 
an acidic fluid was abundant and not just a local occurrence. This interpretation is further supported 
by elevated uranium concentrations broadly overlapping with intervals of low magnetic 
susceptibility and logged hematite in the central ore zone compared to rocks outside of this zone 
(Fig. 25) because acidic fluids can transport high concentrations of uranium (Bastrakov et al., 2010). 
Petrograph also shows that the ore zones are permeably, even after Cu-Au mineralisation/infill, 
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because they show abundant and late calcite + barite infill which was locally associated with minor 
fluorite (Fig. 8G, H and K and Figs. 11A-C, 20 and 21).  

In contrast, replacement of feldspar or biotite by chlorite following reactions (9) to (11), (13) and 
(14) effectively reduce porosity and likely resulted in a ring of low-permeable rocks developing the 
proximal and medial alteration footprints located in outer breccia zones and in adjacent shear zones 
(Fig. 28). These drill core intervals are indicated by samples in which the sum of felspars, amphiboles, 
magnetite, mica, epidote, scapolite, apatite, and pyrite approximates 100 vol. %. Thus, samples 
representing altered rocks show a large proportion of alteration / secondary minerals leaving 
minimal porosity to be filled by late carbonate and barite (Figs. 8G, H and K, 20 and 21).  

Note that the results of hydrolytic alteration and carbonatization IOCG breccias are not necessarily 
visible during assessment of hand samples from the magnetite breccia, the collection of 
petrographic observation from optical thin sections or during review of whole-rock geochemical 
data which suggest that potassic + iron oxide alteration are associated to Cu sulphide precipitation 
(Figs. 26B-D and 29). This is because typical breccias at Ernest Henry show a high clast/matrix ratio 
(Fig. 3). Thus. the K-feldspar clasts and the magnetite in the matrix dominate whole-rock 
geochemical data (Fig. 26C) and result in the impression that K-feldspar + magnetite alteration was 
relevant for mineralisation (see below).  

6.2.2 Potassic (+ Fe) alteration 

Biotite + magnetite and subsequently K-feldspar + magnetite alteration are the visually dominant 
alteration types and largely enclose the ore body in the form of the proximal alteration footprint 
which overprints the albite-rich Na ± Ca + Cl alteration becoming more dominant in the medial and 
certainly in distal alteration footprint. The extent of potassic alteration is approximated by two 
ratios, namely (Bt + Ann) / (Ab + Bt + Ann + Act) and (sKfsp + Bt + Ann) / (sFsp + Bt + Ann) ratios in 
pseudo-downhole plots (Figs. 7). Both K (+ Fe) alteration varieties were pervasive in nature and 
overprinted the original rock texture. Intense potassic alteration may lead to desilication and the 
formation honeycomb textured rock (Kinnaird, 1985) with voids filled by magnetite and late calcite.  

K-feldspar is typically the only stable feldspar in the ore zones (Figs. 14 and 15). However, the 
relative amount of K-feldspar compared to albite and plagioclase decreases gradually with distance 
from the ore body. Importantly, the gradual decrease in K-feldspar alteration can be observed for 
at least 50 m beyond the limits of the ore zones, and potassic alteration in the form of biotite + 
magnetite extends further into the alteration footprint. However, there are a few exceptions where 
high chalcopyrite grades seem unrelated to K-feldspar altered clasts. One of these exceptions is 
sample EHM407 in drill core EH632. The sample shows a large albite altered clast accounting for the 
negative excursion of the (sKfsp + Bt + Ann) / (sFsp + Bt + Ann) ratio. However, chalcopyrite is 
intergrown with K-felspar, chlorite and pyrite in the breccia matrix.  
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Figure 29. Molar element ratio pots of (left) Na/Al vs K/Al and (right) (2Ca+Na+Al)/Al vs K/Al derived from whole-
rock geochemistry in a subset sampled from Ernest Henry (Data form the Geological Survey of Queensland). (Left) 
Relationship between degree of K-alteration and Na-alteration for host rocks and ore breccia indicating that the 
degree of K-feldspar alteration increases toward the ore zones. (Right) Illustration of mass transfer processes during 
alteration of volcanic rocks are indicated by data from the Ernest Henry. See text for discussion including the 
relevance of whole-rock geochemical data in the alteration assessment of breccia in section 6.6.1. 

6.2.3 Sodic ± Ca + Cl + Fe alteration in the distal alteration footprint  

The (Ab / sFsp + Act + Ms) and (Scap + sEp / sFsp) ratios may be used to describe the intensity of Na 
± Ca + Cl alteration using modal mineralogy data instead of whole-rock geochemistry. The general 
distribution of the (Ab / sFsp + Act + Ms) and (Scap + sEp / sFsp) ratios and the relative proportion 
of feldspars in a series of consecutive samples within drill cores (Figs. 16 and 17) indicate that 
intense Na ± Ca + Cl alteration occurred locally at Ernest Henry, affected dominantly rocks of the 
hanging wall but has not altered the entire host rock package around the ore body. Visual 
examination of the drill core may strengthen or revise this interpretation. The (Ab / sFsp + Act + Ms) 
and (Scap + sEp / sFsp) ratio indicate that albite ± scapolite ± epidote ± clinozoisite alteration clearly 
affected upper parts of drill holes EH691 and EH550 (Figs. 8, 16, 17 and A2). Moreover, Na ± Ca + Cl 
alteration is not bound to a particular structural zone but extends across the MSZ and the HWSZ. 
Rocks in deeper parts of drill core EH691 (Fig. 8) and EH435 (Fig. A5) show abundant plagioclase 
together with albite and K-feldspar (Figs. 16 and 17). The presence of plagioclase and the absence 
of notable amounts of epidote and amphiboles in deep intervals of drill core EH691 and EH435 
suggests that the Na ± Ca + Cl alteration only affected rocks above the pipe-shaped ore body. 
Mineralogical evidence for the presence of Na ± Ca + Cl alteration in EH632 is vague because the 
sample density above the ore body is rather low (Figs. 16 and A8). Figures 16 and 17 show Na ± Ca 
+ Cl alteration, where present, occurred outside economic Cu mineralisation; moreover, they clearly 
indicate that feldspars in rocks of the unbreccaited interlens did not undergo albite alteration. 

However, albite ± scapolite ± epidote ± clinozoisite alteration also altered the metadiorite in drill 
core EMMT001 south of the deposit (Fig. A11) and metasedimentary rocks in drill core MMA002 
(Fig. A23) located in the north of the study area. Based on our data, the metasedimentary rocks in 
core MMA003 (Fig. A25) were not affected by Na ± Ca + Cl alteration. The rocks do not resemble the 
style of Na ± Ca + Cl alteration seen an Ernest Henry simply because plagioclase is abundant, and 
the rocks are devoid of epidote and scapolite. Likewise, the samples in drill core EH699 are probably 
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not Na ± Ca + Cl altered in the variety seen at Ernest Henry because plagioclase is stable throughout 
all samples (Fig. A14). However, most samples from drill hole EH699 are rich in epidote and scapolite 
that formed via the replaced of feldspars and thus are clear signs of Ca + Cl alteration and 
involvement of a calcic brine during alteration. In conclusion, the modal mineralogy in samples from 
Ernest Henry and the area show that Na ± Ca + Cl alteration did not affect the rocks homogeneously. 
Sodium + Cl dominated alteration lead to intense albitisation in rocks above the Ernest Henry ore 
body, whereas Ca + Cl dominated alteration is more abundant is in rocks nearby.  

 Comparison of SEM-TIMA data with multielement geochemical data 
from pXRF, whole-rock chemical analysis and selected HyLogger data 

It has been proven challenging to deduce the correct degree of alteration and Cu-Au mineralisation 
in breccias form Ernest Henry with ratios obtained from whole-rock geochemical methods (Fig. 26). 
This is because the breccias show a heterogeneous mineral distribution due to variable proportions 
of clast, matrix and aligned styles of hydrothermal alteration. For this reason, whole-rock 
geochemical data can only provide rough proxies of the actual mineralogy present in a sample. 
Comparison among modal mineralogy and multielement data obtained from pXRF and whole-rock 
techniques (Figs. 26, 29 and 30) indicates that only the SEM-TIMA technique can accurately 
recognise the different alteration assemblages present in rocks from Ernest Henry. However, a mine 
processing plant treats minerals, and elements are recovered from minerals. Thus, appropriate 
identification of mineral assemblages in the exploration stage provides the opportunity for direct 
data integration across all stages from mineral exploration trough element recovery. Regularly 
spaced SEM-TIMA measurements result in accurate and consistent modal mineralogy. This 
technique can detect changes in mineral abundances and allows for reliable identification of 
hydrothermal mineral assemblages from mineral maps at the effective scale of mineralisation. The 
combination of the SEM-TIMA technique with standardized, recurring pXRF measurements of P, Mn, 
As and U, and with radiometric data (i.e., U and K) acquired from the same drill core interval allow 
data-based vectoring toward breccia-hosted Ernest Henry-style Cu-Au mineralisation.  

We recommend that P, Mn, As and U should be measured routinely by pXRF, since all four elements 
are enriched within the ore body (Figs. 9 and 25). Importantly, the enrichment of these elements 
extends beyond the limits of Cu-Au mineralisation into the host rock. Thus each element forms a 
halo around the ore body (Fig. 9). While the absolute concentrations of these elements are of minor 
importance during the early stages of exploration program the relative increase or decrease of a 
particular element or element ratio could present a potential vectoring tool. Measurements of P 
and Mn seem to be most suitable because the distance of enrichment extends further into the host 
rocks than the halos of As and U. Ratios such as Al/Ti and Ti/Zr obtained from pXRF data (and whole-
rock assay data) may serve as additional proxies for aluminosilicate destructive alteration which is 
a key characteristic of the hydrolytic component of the iron oxide-alkali-calcic-hydrolytic alteration 
system present at Ernest Henry and elsewhere, for example at Prominent Hill and Olympic Dam 
(Ehrig et al., 2012; Schlegel and Heinrich, 2015). More specifically, the Al/Ti ratio decreases towards 
the central ore zone of drill core EH691 (Fig. 9) and the same trend can be observed in drill cores 
EH550 and EH435 (Figs. A3 and A6). Although, individual excursions of the Al/Ti ratio to lower or 
higher values likely reflect concentration variations of Al and Ti in the host rock, for example, if 
metavolcanic and metasedimentary rocks are intercalated, the trend also occurs within an interval 
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of the same hydrothermally altered  lithology. This indicates that either Al is removed, or Ti is added 
during hydrolytic alteration. Thus, the general decrease in Al/Ti ratios between samples EHM007 
and EHM018 in drill core EH691 can be interpreted in two ways. Either, the ratio monitors feldspar-
destructive alteration as indicated by the SEM-TIMA mineral maps (Figs. 10-13), or an increase in Ti 
may occur due to precipitation of Ti-bearing iron oxides. The higher Ti/Zr values in samples EHM007 
and EHM018 compared to Ti/Zr values in samples above and below this zone indicate the latter 
process. However, multielement data alone cannot differentiate between these processes (Fig. 9). 
Moreover, the pXRF and the whole-rock geochemical methods have difficulties detecting the effect 
of zoned iron oxide-alkali-calcic-hydrolytic alteration in breccias for several reasons:  

Firstly, he pXRF method cannot detect sodium, thus it is not suitable to identify albite-rich alteration 
which is characteristic of most IOCG alteration systems around the world (Fig. 29; c.f. Twyerould, 
1997; Barton and Johnson, 2004; Williams et al., 2005; Mark et al., 2006; Corriveau et al., 2010; 
Freeman and Tomkinson, 2010; Barton, 2014; Corriveau et al., 2016; Mauger et al., 2016). High 
concentrations of scapolite may be indicated by high values of Cl in rocks, but the detection limits 
of Cl in pXRF measurements in combination with the irregular and typically minor abundance of 
scapolite present in rocks inhibit its reliable identification by pXRF. Portable-XRF proxies for 
amphiboles, if present, will result in false positives in rocks present at Ernest Henry because much 
of the actinolite in samples of this study clearly predates Na ± Ca + Cl alteration and developed 
during early metamorphism predating albitisation in the metadiorite, for example (Fig. 13). In 
contrast, actinolite, or amphiboles in general, have been described as part of the Na ± Ca + Cl 
alteration at Ernest Henry and elsewhere (e.g. Hitzman et al., 1992; Mark et al., 2006; Corriveau et 
al., 2010; Barton, 2014; Corriveau et al., 2016). 

Secondly, the molar K/Al ratio from either pXRF or whole-rock geochemical data is not effective to 
delineate the degree of K-rich alteration in breccias (Fig. 28). Moreover, principal mineral 
replacement processes resulting in Cu-Au mineralisation cannot be identified from whole rock 
geochemical data. For example, the SEM-TIMA data for samples EHM016 to EHM019 in drill core 
EH691 (Fig. 7) show that K-feldspar (2.2 to 49 vol. %), biotite (1.4 to 6.5 vol. %), chlorite (1.8 to 19 
vol. %) and minor white mica (0.04 to 2.4 vol. %) are the principal hydrothermal alteration minerals 
containing K and/or Al. In addition, the mineral maps of samples located further downhole clearly 
show that parts of the high-grade chalcopyrite mineralisation occurred via replacement of 
aluminosilicates and by infill (Figs. 10 and 11). However, the molar K/Al ratio obtained from two 
multielement methods, and for the same sample interval (EHM016 to EHM019), range between 
0.30 and 0.58 (K/Al ratio of K-feldspar and biotite = 1, white mica approx. 0.33). The range in K/Al 
values indicates that white mica in combination with some biotite or K-feldspar are present (Figs. 9, 
29). Although the samples EH0019 to EHM019 contain white mica, they are not particularly rich in 
white mica (Fig. 7). This misinterpretation of the dominant mineralogy via K/Al ratios is due to the 
presence of abundant chlorite containing Al but no K. Thus, the chlorite lowers the value of the 
molar K/Al ratio in multielement methods and indicates a dominance of muscovite instead of K-
feldspar. Further down-hole, the measured molar K/Al ratios in pXRF and whole-rock data remain 
constant or gradually increase toward and within the ore body (Fig. 9) and indicate that biotite or 
K-feldspar alteration increases. In fact, the opposite is correct. The concentration of biotite around 
the ore body is already low and further decreases within the ore body as biotite is replaced by 
chlorite. K-feldspar decreases from 49 vol. % in EHM016 to 2.2 vol % in EHM019A and remains 
comparatively low until drill core EH691 approaches the other end of the ore body (Fig. 7). In 
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contrast, the K/Al value of the multielement methods gradually increases because much of the 
muscovite and some chlorite dissolve during hydrolytic fluid-rock reactions (Fig. 11C-E). However, 
multielement data visualized in more sophisticated alteration plots such as ternary diagrams of Al-
K-Mg can be used to identify mineral assemblages of K-feldspar-chlorite-muscovite-kaolinite (Fig. 
26; and e.g. Halley, 2020; and others). These diagrams promise help but cannot circumvent the next 
reason.  

Thirdly, companies exploring for IOCG deposits may acquire one average multielement assay value 
for a typical drill core interval of 1-2 m between two geological boundaries. Although this procedure 
is the current standard in exploration practice, it can be problematic when exploring for Cu and Au 
in heterogenous breccias because average elemental values do not account for the effective 
distance of alteration in a breccia which directly relates to the distribution of alteration minerals 
within the sampled interval. Iron oxide-Cu-Au breccias are heterogenous rocks with Cu sulphides 
and iron oxides in the breccia matrix and variable proportions of aluminosilicates in changeably 
altered clasts and the breccia matrix. Moreover, the comparison of results between SEM-TIMA data 
and whole-rock data certainly shows that the distribution of the most relevant elements for 
exploration of IOCG systems including Fe, Na, K, Al, P, Mn, As, F, Si, Cu, Au, U, and REE are 
heterogeneously distributed in hydrothermally altered breccia (Figs. 7 to 9). Thus, multielement 
data over an average sampling interval of 1-2m when exploring for IOCG style mineralisation can 
dilute the element signatures.  

Comparison of results from radiometric measurements with pXRF and SEM-TIMA data shows that 
especially high radiometric U readings coincide with high concentrations of Cu / chalcopyrite in all 
relevant datasets (Figs. 7 to 9 and 25). Caution should be exercised when interpreting radiometric K 
data. Although, Cu sulphide-bearing drill core intervals show abundant K anomalies, unmineralized 
drill core intervals showing K (+Fe) alteration also result in positive K radiomentric excursions.  

The comparison between the feldspar mineralogy in drill core EH550 obtained via the SEM-TIMA 
technique and thermal infrared logging by the HyLogger show an apparent mismatch (Figs. 30 and 
A2). The SEM-TIMA approach identified the feldspar zonation known from previous studies (Mark 
et al., 2006). Although, the results of the HyLogger line scan show an increase in K-feldspar towards 
the breccia zone, the mineral quantification likely overestimated the amounts of plagioclase, 
especially when the data is averaged to 1 m intervals. Further, the SEM-TIMA-derived mineralogy 
identified the least-altered interlens (Figs. 15 and 30). In essence, the HyLogger data on its own does 
not indicate that rocks at Ernest Henry show the significant K-feldspar alteration evident from 
petrography (Mark et al., 2006), SEM-TIMA mineral maps (Figs. 11 and 12) and interpretation of 
whole-rock data (Fig. 26). To avoid this discrepancy, we suggest that HyLogger results are (more 
often) calibrated against external standards even when relative mineral abundances are obtained. 
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Figure 30. Comparison of relative felspar abundances of the results of SEM-TIMA analyses and results 
of thermal infrared scanning by HyLogger for parts of drill core EH550. HyLogger data obtained from 
the Geological Survey of Queensland. See text for discussion. 

 

 Relationships among brecciation, shearing, hydrothermal alteration, 
and Cu-Au mineralisation 

The architecture of the Ernest Henry area is outlined in several studies and involved three to five 
brittle to ductile deformation stages (e.g. Mark et al., 2000; Valenta, 2000; Coward, 2001; Laing, 
2003; Austin and Blenkinsop, 2008, 2010; Austin et al., 2019; Austin and McFarlane, 2021). These 
deformation events provided the structural framework for economic mineralisation in the S to SSE 
plunging breccia body. Interpretations on the spatial and temporal relation between the 
brecciation, shearing, alteration and mineralisation are discussed based on a brief interpretation of 
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AMS data, results of petrography, and the mineral and alteration zonation (Figs. 8, 22, 23 and 31). 
The breccia body is broadly bound by the hanging wall shear zone and the footwall shear zone 
determined during early structural studies. The AMS measurements acquired during the Cloncurry 
Metal project show that rocks affected by the shear zones at Ernest Henry, irrespective of whether 
they were affected by albite, biotite, and/or K-feldspar-rich alteration, are dominated by a SSE 
plunging magnetic lineation. Moreover, the same magnetic lineation is present in the breccia matrix 
and the ore zones (Fig. 8, 22 and 23; Austin and McFarlane, 2021).  

The gradual reduction in the degree of magnetic anisotropy (P-value) from samples with a strong 
magnetic fabric located in shear zones, to samples with a weak to non-magnetic fabric located in 
the ore zones, demonstrates that the hydrolytic alteration and carbonatization affected the 
magnetic fabric. Moreover, both alteration-types postdate albite-rich, biotite or K-feldspar-rich 
alteration (Figs. 22, 23 and 30). Two examples support this interpretation. Firstly, the magnetic 
fabric in sample EHM033 (Fig. 31A-B) was erased by hydrolytic alteration and carbonatization 
resulting in a hematite + chlorite breccia showing subhedral to euhedral quartz and late infill of 
chalcopyrite as well as calcite, both of which are indicated by triangular-acute textures. In contrast, 
the next sample (EH034) shows only a moderate hematite overprint of magnetite intergrown with 
abundant K-feldspar indicating that the rock was not affected by intense late alteration and thus the 
magnetic lineation is preserved (Fig. 31C). Secondly, evidence that hydrolytic alteration and 
carbonatization post-dated or at least outlasted shearing along the footwall shear zone is presented 
in Figure 31D-F. Two dominantly K-feldspar + magnetite + pyrite ± muscovite altered metavolcanic 
rocks were deformed during shearing. In contrast, the magnetite breccia located between the two 
samples is not sheared and shows residual feldspars and chlorite intergrown with amoidal quartz 
and 5 vol. % chalcopyrite. This suggests that alteration and mineralisation post-dated the shearing 
along the footwall shear zone. Triangular-acute textures between magnetite and chalcopyrite grains 
(Fig. 31E) again show that late chalcopyrite mineralisation occurred by infill into pores between 
magnetite grains and by replacement of pyrite. The destruction of the shear fabric and other rock 
textures pre- or syn-mineralisation is also consistent with previous deposit-scale observations that 
the dominant north-south orientated hanging wall and footwall shear zones are poorly preserved 
in the pit area and in drill cores (Coward, 2001; Laing, 2003; O'Brien, 2016). 

Interpretation of structural- and geophysical data (Austin and McFarlane, 2021) indicate a broadly 
north-south oriented zone, that may represents a pathway along which Cu mineralising fluids 
entered the shared and brecciated rocks at Ernest Henry. The “mineralising structure” or 
“metasomatizing structure” seems to intersect drill hole EH632 at about 1320 m near the bottom 
of the sampled drill core interval (Fig. 32). Noteworthily, sample EH413 collected at 1314 m contains 
hypogene, platy hematite. The hydrothermal hematite is intergrown with abundant chlorite, 
apatite, epidote, and titanite replacing felspars. Although, this particular sample does not contain 
chlacopyrite or noticeable Cu in the pXRF reading, samples nearby (e.g., EH414) are chalcopyrite-
bearing. They show evidence of hydrolytic alteration in the form of phengitic muscovite replacing 
K-feldspar and subhedral quartz projecting into cavities which are filled by chalcopyrite and barite.  
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Figure 31. Mineral maps illustrating the effect of hydrolytic alteration on (A-C)  the degree of magnetic 
anisotropy (P-value) and (C-E) how hydrolytic alteration and subsequent mineralisation resulted in the 
obliteration of the sheared rock texture along the footwall shear zone (see text for discussion). 
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Figure 32. Visualisation of the north-south oriented “mineralising structure” or 
“metasomatizing structure” intersecting drill core EH632 and the ore zone. See text for 
discussion; from Austin and McFarlane (2021). 

 Controls economic Cu-Au mineralisation 

Many iron oxide-Cu-Au deposits show a broad spatial association with structures such as breccias, 
faults or unconformities (e.g. Groves et al., 2010). Thus, it is likely that such structures represent 
pathways for fluids transporting metals from their source to the location of mineralisation near such 
a structure. However, it has become evident from this study and from previous studies (e.g. Barton 
and Johnson, 2004; Corriveau et al., 2010; Schlegel and Heinrich, 2015; Corriveau et al., 2016; 
Schlegel et al., 2020) that the structure itself may control the inflow of fluids into a rock volume, 
which is subsequently affected by hydrothermal alteration, but the structure itself does not control 
the distribution of economic mineralization at the deposit scale. More likely, the distribution of 
economic mineralization at Ernest Henry deposit was controlled by the distribution of hydrothermal 
alteration patterns. 

The economic Cu-Au mineralisation at Ernest Henry has previously been interpreted to result from 
hydrothermal brecciation, infill and veining. Fluid over-pressuring within the source magma 
chamber may have resulted in rapid volatile exsolution, fluid release and in violent, hydrothermal-
phreatic brecciation resulting in diatreme-like breccias showing fluidized phenomena (Oliver et al., 
2006; Rusk et al., 2010). Rusk et al. (2010) further note that the magnetite breccia at Ernest Henry 
may be the result of tectonic-hydrothermal origin. However, the fluidized-hydrothermal brecciation 
was interpreted to be associated with rapid pressure fluctuations resulting in transport, rounding 
and milling of clasts in a high-velocity mass flow (Oliver et al., 2006; Rusk et al., 2010). The 
mechanism for brecciation at Ernest Henry and elsewhere in the Cloncurry district (Oliver et al., 
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2006) seems plausible. However, the interpretation that rapid depressurization of magmatic-
hydrothermal fluids resulted in Cu-Au mineralisation was primarily based on textural comparison 
between apparently crackled, rubbled or milled clast appearances comparing mineralized and 
unmineralized breccia textures. A supporting argument for this style of mineralisation, used by Rusk 
et al. (2010), that Cu may be effectively transport in the vapor phase (c.f. Heinrich et al., 1999) was 
effectively disproven by Lerchbaumer and Audétat (2012).  Evidence that hydrothermal brecciation 
was genetically linked with Cu-Au mineralisation is sparse and inconsistent with the data obtained 
as part of this study.  

Whereas the underlying mechanism of fluidized brecciation may be responsible for brecciation at 
Ernest Henry and elsewhere in the Cloncurry region (Oliver et al., 2006), evidence that a diatreme-
like process and subsequent collapse of the fluid-clast column via under-pressuring led to Cu-Au 
mineralisation during initial matrix precipitation is not provided and not evident in our datasets. It 
is more likely that the breccia pipes provide pathways for later fluids to percolate trough (Oliver et 
al., 2006). Copper-Au mineralisation may have occurred by fluid mixing and by infill of ore minerals 
including abundant iron oxides and Cu sulphides into the breccia matrix (Mark et al., 2006; Rusk et 
al., 2010) but mineralization did not occur before the central breccia body was affected by hydrolytic 
alteration and carbonatization that increased the porosity and permeability (Fig. 10). Furthermore, 
it did not occur prior to the formation of a rim of hydrothermal minerals effectively sealing the zone 
of mineralisation (Fig. 28). The mineral zonation including the formation of the sealing rim of 
alteration mineral around the ore zone probably developed during chemical interaction between 
fluids and (altered) breccia components, a process that in part predated economic mineralisation as 
seen in our petrographic results (Fig. 10). Based on the deposit-scale mineral zonation, the 
synchronous brecciation and infill of chalcopyrite likely played no significant role in ore formation 
at Ernest Henry. However, mixing of an originally CO2-bearing hypersaline brine of presumably 
magmatic-hydrothermal origin with a basial and/or  wall rock-reacted basement brines is indicated 
by constraints from fluid inclusion, isotopic data and an exploratory data set of REE signatures of 
ore-fluorite from Ernest Henry (e.g. Mark et al., 2005; Marshall et al., 2006; Baker et al., 2008; 
Schlegel et al., 2020).  

For these reasons and consistent with the mineral zonation, it is more likely that economic Cu-Au 
mineralisation at Ernest Henry occurred in response to fluid-rock reactions induced by acid fluid-
neutralisation of K-feldspar altered breccia components and thus occurred after widespread 
hydrothermal brecciation. 

 Contributions to an exploration toolbox  

Mineral exploration occurs in stages and involves the reduction in the search area. This reduction in 
the search space goes certainly along with an increase of expenditure for expertise and technology 
to detect anomalies and to direct an exploration program towards more prospective rocks or rocks 
with higher grade of the element(s) of interest. This is evident in areas where exploration targets 
are buried below cover sequences - just like in the Ernest Henry area, for example. Moreover, the 
largest amount of an exploration budget is typically spent during the evaluation of (a) drill target(s). 
Thus, part of the scope of the Cloncurry Metal project is to develop cost-effective exploration tools 
for the mineral industry, specifically targeting IOCG mineralisation under cover.  
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The arguably single most common characteristic among IOCG deposits is that Cu-Au mineralisation 
occurs in genetic and spatial relation to zoned iron oxide-alkali-calcic-hydrolytic alteration. Although 
the scale of the zoned alteration varies among different deposits, recognition of different 
hydrothermal alteration assemblages and detection of hydrothermal alteration patterns can guide 
mineral exploration towards areas of higher Cu-Au accumulation (e.g. Ehrig et al., 2012; Richards 
and Mumin, 2013; Barton, 2014; Schlegel and Heinrich, 2015; Mauger et al., 2016; Kreiner and 
Barton, 2017; Schlegel et al., 2020). Importantly, the accurate identification and quantification of 
hydrothermal mineral assemblages is regarded as a prerequisite for cost-effective mineral 
exploration and should be the basis for data-driven decision making in IOCG exploration. Although 
collection and interpretation of whole-rock geochemical data is the industry standard today, the 
comparison among the datasets (Fig. 26) shows that this technique was not able to detect the 
mineralisation-relevant alteration at Ernest Henry. The whole-rock data from Ernest Henry suggest 
that the mineralisation is genetically related to the formation of K-feldspar (Fig. 26C). This is because 
the rock is volumetrically dominated by the K-feldspar altered clasts which impose their chemistry 
on the whole-rock data. In contrast, mineralisation of arche-type IOCG deposits including Ernest 
Henry (this contribution, Figs. 10 and 11), Starra (in preparation), Olympic Dam (Ehrig et al., 2012) 
and Prominent Hill (Schlegel and Heinrich, 2015) occurred primarily within the breccia matrix and is 
not genetically linked to K-feldspar-rich alteration. Rather it is spatially and genetically linked to 
aluminosilicate destructive alteration involving acid-fluid neutralization during interaction with the 
host rocks.  

We further demonstrate that the hydrothermal mineral zonation present at Ernest Henry relates to 
the distribution of economic Cu and Au accumulation and that the location of high-grade 
mineralisation is controlled by a hydrothermal alteration system. However, the accurate recognition 
of hydrothermal alteration patterns, critical alteration and mineralisation processes can be 
effectively determined by analytical methods deployed in this study. Systematic mineral mapping 
by SEM-TIMA allows rigours petrographic interpretation, identification of mineral replacements, 
precise quantification of virtually all minerals in a sample and thus also identifies the ore zone at 
Ernest Henry. This breadth of relevant information obtained by one method remains unmatched by 
other analytical techniques. Whole-rock geochemistry, semi-quantitative XRD and hyperspectral 
logging methods all have inherent difficulties in quantifying the mineral assemblage of a sample and 
or do not allow the systematic collection of important petrographic observations.  

The mineral mapping approach applied in this study, in combination with simple microscopy to 
discriminate hematite from magnetite, identified all mineralisation-relevant hydrothermal 
alteration assemblages upon which the current understanding of the formation of the Ernest Henry 
deposit is based. Moreover, the mineral mapping technique provides the framework to understand 
the cause for positive element anomalies detectable with handheld devices such as a pXRF or a 
gamma-ray spectrometer. Both instruments can be easily applied to drill core or to rocks in the field. 
Specifically, a pXRF and a gamma-ray spectrometer can track the effects of mineral replacements 
determined from quantitative mineral maps. For example, petrography shows that hydrothermal 
apatite at Ernest Henry forms during the alteration of feldspars to other aluminosilicates (Fig. 11F), 
thus maximizing the phosphorus concentration via pXRF may aid in vectoring towards a Ernest 
Henry-style ore body because increasing phosphorus concentrations tracks feldspar destructive 
alteration in rocks at Ernest Henry (Fig. 9M). Similarly, the increase in arsenic concentration (Fig. 9O) 
may track the association of arsenopyrite with pyrite detected in samples of the ore body (Fig. 11E). 
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Finally, pXRF and gamma-ray spectrometer measurements were able to detect the broad uranium 
anomaly present in the ore body. Although, the absolute element concentrations determined with 
the handheld devices on the rock surface do not match the numbers determined by laboratory-
based whole-rock geochemistry, we regard this as a minor problem because the purpose of this 
techniques is to detect gradients in element concentrations and not the correct concentration of an 
element in a rock. 
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7 Conclusion  

Based on the results documented in the Cloncurry METAL dataset, we conclude that economic Cu-
Au mineralisation at Ernest Henry occurred in the centre of a hydrothermal iron oxide-alkali-calcic-
hydrolytic alteration system. The Ernest Henry deposit shows a distinct and mappable zonation of 
hydrothermal mineral assemblages towards the ore body. Moreover, the mineral zonation in 
combination with geological logging, petrophysical and geochemical data demonstrates that the 
deposit did not solely form by infill of chalcopyrite and magnetite following a hydrothermal-phreatic 
brecciation. Fluid infiltration and Cu-Au mineralisation occurred in the centre of the breccia body 
and was facilitated by hydrolytic alteration and carbonatization which overprinted potassic + iron 
alteration. Hydrolytic alteration and carbonatization occurred after brecciation and were 
responsible for the formation of fluid-rock interaction-driven porosity in response to neutralisation 
of acidic and CO2 bearing mineralising fluid(s).  

Fluid-rock buffering created a rim of alteration minerals present along the breccia boundaries and 
adjacent in shear zones. The rim expanded in response to a growing and increasingly permeable 
central breccia zone developing during hydrolytic alteration and carbonatization. In contrast, the 
rim of alteration minerals reduced the porosity, permeability, and the dispersion of mineralizing 
fluids into the host rocks and it was responsible for the formation of the pipe-shaped ore body 
located within an envelope of brecciated rocks. Thus, the location of economic Cu-Au mineralisation 
was controlled by the development of the zoned hydrothermal alteration envelope around the 
deposit and not by the location of the breccia. Mineralisation was not controlled by physical 
processes alone, as suggested in most previous studies, but by the combination of physical and 
chemical processes in which the chemical processes clearly prevailed for Cu and Au mineralisation. 
The evidence presented in this study including the distribution of alteration minerals, AMS, 
petrophysical and geochemical data demonstrates that hydrolytic alteration and carbonatization 
did change the matrix mineralogy in the core of the breccia body, clearly superseded K-feldspar, 
biotite and magnetite alteration but largely predated Cu and Au mineralisation. Comparatively low 
magnetic susceptibility numbers, present in the central ore zone compared to rocks outside of this 
zone, coincide with the extent of hematite alteration, the transitions in feldspar and mica 
mineralogy and the anomalous P and U pXRF data, and thus support this conclusion. 

Economic chalcopyrite mineralisation at Ernest Henry occurred by infill into the breccia matrix, into 
vugs derived by mineral replacements, and via the replacement of pyrite. Neutralization of acidic 
fluid(s) by interaction with the host rock and/or by additional fluids is evident from the characteristic 
mineral zonation and appears to have exerted critical control on the location of high-grade 
chalcopyrite mineralisation in the breccia matrix. Mineralisation postdates intensive hydrothermal 
alteration which is responsible for the broad mineral zonation extending 100s of meters beyond the 
extent of the ore body.  

Importantly, this study identified and accurately quantified the distribution and zonation of all 
relevant hydrothermal alteration minerals at a variety of scales; from the scale of the deposit 
approximated by ten drill cores to the scale of the breccia matrix. The latter represents the scale on 
which economic Cu-Au mineralisation occurred. The recognition of similar mineral zonation is likely 
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relevant for IOCG exploration elsewhere. However, we tentatively conclude that absolute mineral 
concentrations are of minor importance for exploration purposes. More important is the 
identification of gradients in mineral abundances that can be related to the intensity of 
hydrothermal alteration and thus ultimately to the most probable location of high Cu and Au grades. 
The intensity of hydrolytic alteration and carbonatization regressed from the ore zones, showing 
mineral assemblages that formed during late and most intense alteration, via the proximal and 
medial alteration footprints showing earlier potassic + iron alteration stages into the earliest distal 
footprint recognised in country rocks rich in albite. Importantly, pervasive hydrolytic alteration and 
carbonatization have predominately affected the breccia matrix but have also affected clasts 
resulting in corrosion and rounding. The hydrothermal mineral zonation in and around the ore body 
can be summarized as:  

 The central ore zone characterised by magnetite and K-felspar altered clasts. The breccia 
matrix shows abundant magnetite and hematite, quartz, clinochlore, pyrite, chalcopyrite 
with variable but generally low amounts of biotite, barite, fluorite, titanite as well as 
petrographically late carbonate in the form of calcite and minor siderite. Locally intense 
hydrolytic alteration and carbonatization in the form of aluminosilicate-destructive 
alteration in the breccia matrix led to residual K-feldspar and the dissolution/replacement of 
chlorite and white mica in fluid-dominated conditions. Hydrolytic alteration is responsible 
for the non-redox transition of magnetite to hematite. The effects of hydrolytic alteration 
and carbonatization resulted in porosity generation within the ore zones and extend into the 
alteration footprint where they resulted in alteration minerals forming a rim of low porosity 
and permeability rocks around the ore zones.  

 The marginal ore zone is characterised by magnetite + K-feldspar + quartz + chamosite + 
muscovite-celadonite solid solution-bearing assemblages which usually show subordinate 
amounts of pyrite, chalcopyrite, apatite, and some epidote.  

 The proximal alteration footprint shows abundant magnetite and intense K-feldspar 
alteration. The more dominant chamosite is replaced by clinochlore which increases toward 
the medial alteration footprint. 

 The medial alteration footprint shows a consistent mineral assemblage of albite + magnetite 
+ biotite ± scapolite ± a variable proportion of a clinochlore-dominant chlorite, some white 
mica, apatite, calcite, minor siderite, apatite and actinolite. The footprint is mainly 
characterised by an increase of biotite when compared to the distal footprint. 

 The distal alteration footprint is characterised by albitisation ± magnetite alteration of 
(metamorphic) host rocks with variable intensity. Strong albitisation obliterates the primary 
rock texture and results in a rock comprising high proportions of albite, quartz residual 
amphibole (hornblende and actinolite), titanite, iron oxides with accessory minerals of 
chlorite, calcite, and apatite. Marialite (scapolite-Cl) may form via the replacement of Ca-
feldspars or K-feldspar and, irrespective of the alteration zonation in which it occurs, is a sign 
of the interaction of rock with a saline Cl ± Ca brine.  

We further conclude that the mineral zonation in IOCG systems can be accurately mapped by 
regularly spaced samples analysed by the SEM-TIMA technique applied in this study. Importantly, 
the method results detailed mineral maps, modal mineralogy allows the reliable recognition of 
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characteristic alteration mineral assemblages and identification of abundant mineral replacements, 
especially in IOCG-related rocks such as breccias, volcanic, igneous and sedimentary rocks. For these 
reasons, SEM-TIMA results allow direct interpretation of the fundamental processes responsible for 
economic mineralisation in IOCG systems and permits exploration decisions based on a set of 
consistent mineral data. In contrast, interpretation of hydrothermal mineralogy from whole-rock 
data of breccias is prone to systematic errors because the clast material may impose its chemistry 
onto the whole rock data. The combination of systematic SEM-TIMA data with multielement data 
obtained from pXRF (i.e., detecting positive anomalies of P, Mn, F, As and U) and positive U 
anomalies from radiometric measurements, all obtained from drill core, has a significant potential 
to direct an exploration program toward mineralisation in Ernest Henry-style iron oxide-alkali-calcic-
hydrolytic alteration systems. 

 

 

 



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  68 

8 Acknowledgement 

We thank Vladimir Lisitsin and Courtney Dhnaram from the Geological Survey of Queensland for the 
provision of whole-rock data from the Ernest Henry IOCG deposit and prospects nearby, as well as 
for productive discussion around numerous datasets including many aspects of their interpretation. 
The team from the Glencore Ernest Henry mine is thanked for access to data and for logistical 
support allowing us to sample drill core. We acknowledge Federico Arboleda and the team from 
IMAGO for their support facilitating the 3D visualization of complex mineralogy in combination with 
whole-rock geochemical data via their IMAGO live plug-in for Leapfrog geo. Finally, we thank Anicia 
Henne for reviewing this report. 

 



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  69 

9 References 

Austin, J. R., Birchall, R., Stromberg, J. M., Patterson, B. O., Björk, A., Dhnaram, C., Lisitsin, V., Walshe, 
J. L., Gazley, M. F., LeGras, M., Shelton, T., Spinks, S., Pearce, M., Schlegel, T. U., and  
McFarlane, H., 2021, The Cloncurry METAL Geodatabase mk1: The World’s first 100% scale 
integrated geodatabase. Part I: Cloncurry METAL Final Report 2018/21: CSIRO, Australia, p. 
53. 

Austin, J. R., Björk, A., and  Patterson, B. O., 2019, Structural controls of the Ernest Henry IOCG 
deposit: Insights from integrated structural, geophysical and mineralogical analyses: ASEG 
Extended Abstracts 2019, p. 5. 

Austin, J. R., and  Blenkinsop, T. G., 2008, The Cloncurry Lineament: Geophysical and geological 
evidence for a deep crustal structure in the Eastern Succession of the Mount Isa Inlier: 
Precambrian Research, v. 163, p. 50-68. 

Austin, J. R., and  Blenkinsop, T. G., 2010, Cloncurry fault zone: Strain partitioning and reactivation 
in a crustal-scale deformation zone, Mt Isa inlier: Australian Journal of Earth Sciences, v. 57, 
p. 1-21. 

Austin, J. R., and  McFarlane, H., 2021, Tectono-metasomatic history and structural controls of the 
Ernest Henry Iron Oxide-Copper-Gold (IOCG) deposit: Insights from integrated mineralogy 
and magnetic fabric studies, Part IV of Cloncurry METAL final report 2018/2021: CSIRO, 
Australia, p. 66. 

Austin, J. R., Walshe, J. L., Gazley, M. F., Ibrahimi, T., Patterson, B. O., and  leGras, M., 2016, The 
Ernest Henry Cu-Au deposit: Integrated Petrophysical and Geochemical analyses, CSIRO, 
Australia, p. 56. 

Baker, T., Bertelli, M., Fisher, L., Fu, B., Hodgson, W., Kendrick, M., Mark, G., Mustard, R., Ryan, C., 
and  Williams, P. J., 2006, Salt and copper in iron oxide-copper-gold systems, Cloncurry 
district, Australia: Geochimica et Cosmochimica Acta, v. 70, p. Abstracts: A30. 

Baker, T., Mustard, R., Fu, B., Williams, P. J., Dong, G., Fisher, L., Mark, G., and  Ryan, C. G., 2008, 
Mixed messages in iron oxide-copper-gold systems of the Cloncurry district, Australia: 
Insights from PIXE analysis of halogens and copper in fluid inclusions: Mineralium Deposita, 
v. 43, p. 599-608. 

Barton, M. D., 2014, 13.20 - Iron Oxide(–Cu–Au–REE–P–Ag–U–Co) Systems, in Holland, H. D., and 
Turekian, K. K., eds., Treatise on Geochemistry (Second Edition): Oxford, Elsevier, p. 515-541. 

Barton, M. D., and  Johnson, D. A., 1996, Evaporitic-source model for igneous-related Fe oxide-(REE-
Cu-Au-U) mineralization: Geology, v. 24, p. 259-262. 

Barton, M. D., and  Johnson, D. A., 2000, Alternative brine sources for Fe-oxide(-Cu-Au) systems; 
implications for hydrothermal alteration and metals, in Porter, T. M., ed., Hydrothermal iron 
oxide copper-gold & related deposits - a global perspective, 1: Adelaide, PGC Publishing, p. 
43-60. 

Barton, M. D., and  Johnson, D. A., 2004, Footprints of Fe-oxide(-Cu-Au) systems, Publication 
Geology Department and Extension Service University of Western Australia. 33. 

Bastrakov, E. N., Jaireth, S., and  Mernagh, T. P., 2010, Solubility of uranium in hydroterhaml fluids 
at 25°-300°: Implications for the formation of uranium deposits.: Record 2010/029. 
Geoscience Australia, Canberra. 

Bastrakov, E. N., Skirrow, R. G., and  Davidson, G. J., 2007, Fluid evolution and origins of iron oxide-
Cu-Au prospects in the Olympic Dam district, Gawler craton, South Australia: Economic 
Geology, v. 102, p. 1415-1440. 



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  70 

Benavides, J., Kyser, T. K., Clark, A. H., Oates, C. J., Zamora, R., Tarnovschi, R., and  Castillo, B., 2007, 
The Mantoverde iron oxide-copper-gold district, III region, Chile; the role of regionally 
derived, nonmagmatic fluids in chalcopyrite mineralization: Economic Geology v. 102, p. 
415-440. 

Biedermann, A. R., Kunze, K., Zappone, A. S., and  Hirt, A. M., 2015, Origin of magnetic fabrics in 
ultramafic rocks: IOP Conference Series: Materials Science and Engineering, v. 82, p. 012098. 

Borradaile, G. J., 1991, Correlation of strain with anisotropy of magnetic susceptibility (AMS): pure 
and applied geophysics, v. 135, p. 15-29. 

Chadima, M., and  Jelinek, V., 2009, Anisoft 4.2: Anisotropy Data Browser for Windows, Agico, Inc. 
Chiaradia, M., Banks, D., Cliff, R., Marschik, R., and  de Haller, A., 2006, Origin of fluids in iron oxide-

copper-gold deposits: constraints from delta Cl-37, Sr-87/Sr-86(i) and Cl/Br: Mineralium 
Deposita, v. 41, p. 565-573. 

Corriveau, L., Montreuil, J.-F., and  Potter, E. G., 2016, Alteration facies linkages among iron oxide 
copper-gold, iron oxide-apatite, and affiliated deposits in the Great Bear magmatic zone, 
Northwest Territories, Canada: Economic Geology, v. 111, p. 2045-2072. 

Corriveau, L., Williams, P. J., and  Mumin, A. H., 2010, Alteration vectors to IOCG mineralization from 
uncharted terranes to deposits. 

Coward, M., 2001, Structural controls on ore formation and distribution at the Ernest Henry Cu-Au 
deposit, NW Queensland, BSc (Honours) Thesis, James Cook University. 

Database, A. S. U., 2019, Corella Formation. 
deMelo, G. H. C., Monteiro, L. V. S., Xavier, R. P., Moreto, C. P. N., Santiago, E. S. B., Dufrane, S. A., 

Aires, B., and  Santos, A. F. F., 2017, Temporal evolution of the giant Salobo IOCG deposit, 
Carajás Province (Brazil): constraints from paragenesis of hydrothermal alteration and U-Pb 
geochronology: Mineralium Deposita, v. 52, p. 709-732. 

Dilles, J. H., Einaudi, M. T., Proffett, J. M., and  Barton, M. D., 2000, Overview of the Yerington 
porphyry copper district magmatic to nonmagmatic sources of hydrothermal fluids their flow 
paths and alteration effects on rocks and Cu-Mo-Fe-Au ores: Society of Economic Geologists 
Guidebook Series, v. 32, p. 55-66. 

Duncan, R. J., Stein, H. J., Evans, K. A., Hitzman, M. W., Nelson, E. P., and  Kirwin, D. J., 2011, A new 
geochronological framework for mineralization and alteration in the selwyn-mount dore 
corridor, eastern fold belt, mount isa inlier, australia: Genetic implications for iron oxide 
copper-gold deposits: Economic Geology, v. 106, p. 169-192. 

Ehrig, K., McPhie, J., and  Kamenetsky, V., 2012, Geology and mineralogical zonation of the Olympic 
Dam iron oxide Cu-U-Au-Ag deposit, South Australia, in Hedenquist, J. W., Harris, M., and 
Camus, F., eds., Geology and genesis of major copper deposits and districts of the world: A 
tribute to Richard H. Sillitoe, 16, Economic Geology, Special Publication 16, p. 237-267. 

EvolutionMining, 2021, Ernest Henry operation: A world class asset - operated by Glencore: Sydney, 
NSW 2000, Evolution Mining p. www.evolutionmining.com.au. 

Fisher, L. A., and  Kendrick, M. A., 2008, Metamorphic fluid origins in the Osborne Fe oxide-Cu-Au 
deposit, Australia: evidence from noble gases and halogens: Mineralium Deposita, v. 43, p. 
483-497. 

Freeman, H., and  Tomkinson, M., 2010, Geological setting of iron oxide related mineralisation in 
the southern Mount Woods domain, South Australia, in Porter, T. M., ed., Hydrothermal iron 
oxide copper-gold & related deposits: a global perspective - advantages in understanding of 
IOCG deposits, 3: Adelaide, PGC Publishing, p. 171-190. 

Godel, B., 2013, High-Resolution X-Ray Computed Tomography and Its Application to Ore Deposits: 
From Data Acquisition to Quantitative Three-Dimensional Measurements with Case Studies 
from Ni-Cu-PGE Deposits: Economic Geology, v. 108, p. 2005-2019. 



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  71 

Groves, D. I., Bierlein, F. P., Meinert, L. D., and  Hitzman, M. W., 2010, Iron oxide copper-gold (IOCG) 
deposits through Earth history: Implications for origin, lithospheric setting, and distinction 
from other epigenetic iron oxide deposits: Economic Geology, v. 105, p. 641-654. 

Halley, S., 2020, Mapping Magmatic and Hydrothermal Processes from Routine Exploration 
Geochemical Analyses: Economic Geology, v. 115, p. 489-503. 

Haynes, D. W., Cross, K. C., Bills, R. T., and  Reed, M. H., 1995, Olympic Dam ore genesis: A fluid-
mixing model: Economic Geology v. 90, p. 281-307. 

Heinrich, C. A., Günther, D., Audétat, A., Ulrich, T., and  Frischknecht, R., 1999, Metal fractionation 
between magmatic brine and vapor, determined by microanalysis of fluid inclusions: 
Geology, v. 27, p. 755-758. 

Hitzman, M. W., Oreskes, N., and  Einaudi, M. T., 1992, Geological characteristics and tectonic 
setting of Proterozoic iron oxide (Cu-U-Au-REE) deposits: Precambrian Research, v. 58, p. 
241-287. 

Hunt, J., Baker, T., and  Thorkelson, D., 2005, Regional-scale Proterozoic IOCG-mineralized breccia 
systems: Examples from the Wernecke Mountains, Yukon, Canada: Mineralium Deposita, v. 
40, p. 492-514. 

Jelinek, V., 1981, Characterization of the magnetic fabric of rocks: Tectonophysics, v. 79, p. T63-T67. 
Kendrick, M. A., Mark, G., and  Phillips, D., 2007, Mid-crustal fluid mixing in a Proterozoic Fe oxide-

Cu-Au deposit, Ernest Henry, Australia: Evidence from Ar, Kr, Xe, Cl, Br, and I: Earth and 
Planetary Science Letters, v. 256, p. 328-343. 

Kinnaird, J. A., 1985, Hydrothermal alteration and mineralization of the alkaline anorogenic ring 
complexes of Nigeria: Journal of African Earth Sciences (1983), v. 3, p. 229-251. 

Kreiner, D. C., and  Barton, M. D., 2017, Sulfur-poor intense acid hydrothermal alteration: A 
distinctive hydrothermal environment: Ore Geology Reviews, v. 88, p. 174-187. 

Laing, W. P., 2003, The Ernest Henry structural metasomatic project, Unpublished company report. 
Lerchbaumer, L., and  Audétat, A., 2012, High Cu concentrations in vapor-type fluid inclusions: An 

artifact?: Geochimica et Cosmochimica Acta, v. 88, p. 255-274. 
Little, G., 2019, Cu-Au minerlisation of the Cloncurry district: Recognising diversity within a 

mineralised province, Geological Survey of South Australia IOCG Mineral Systems Workshop, 
02-03 December 2019. 

MacKenzie, D. J., and  Craw, D., 2007, Contrasting hydrothermal alteration mineralogy and 
geochemistry in the auriferous Rise & Shine Shear Zone, Otago, New Zealand: New Zealand 
Journal of Geology and Geophysics, v. 50, p. 67-79. 

Mark, G., Oliver, N. H. S., and  Williams, P. J., 2006, Mineralogical and chemical evolution of the 
Ernest Henry Fe oxide-Cu-Au ore system, Cloncurry district, northwest Queensland, 
Australia: Mineralium Deposita, v. 40, p. 769-801. 

Mark, G., Oliver, N. H. S., Williams, P. J., Valenta, R. K., and  Crookes, R. A., 2000, The evolution of 
the Ernest Henry Fe-oxide-(Cu-Au) hydrothermal system in Porter, T. M., ed., Hydrothermal 
iron oxide copper-gold & related deposits - a global perspective, Vol. 1: Adelaide, PGC 
Publishing, p. 123-136. 

Mark, G., Williams Patrick, J., Oliver Nick, H. S., Ryan, C., and  Mernagh, T., 2005, Fluid inclusion and 
stable isotope geochemistry of the Ernest Henry Fe oxide-Cu-Au deposit, Queensland, 
Australia: Proceedings of the Biennial SGA Society for Geology Applied to Mineral Deposits 
Meeting. 8, v. Vol. 1, p. 785-788. 

Marshall, L. J., Oliver, N. H. S., and  Davidson, G. J., 2006, Carbon and oxygen isotope constraints on 
fluid sources and fluid-wallrock interaction in regional alteration and iron-oxide-copper-gold 
mineralisation, eastern Mt. Isa Block, Australia: Mineralium Deposita, v. 41, p. 429-452. 

Mauger, A. J., Ehrig, K., Kontonikas-Charos, A., Ciobanu, C. L., Cook, N. J., and  Kamenetsky, V. S., 
2016, Alteration at the Olympic Dam IOCG–U deposit: insights into distal to proximal feldspar 



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  72 

and phyllosilicate chemistry from infrared reflectance spectroscopy: Australian Journal of 
Earth Sciences, v. 63, p. 959-972. 

Meyer, C., and  Hemley, J. J., 1967, Wall rock alteration in Barnes, H. L., ed., Geochemistry of 
Hydrothermal Ore Deposits: New York, Holt, Rinehart, and Winston, p. 166-235. 

Monteiro, L., V. S., Xavier Roberto, P., de Carvalho Emerson, R., Hitzman Murray, W., Johnson Craig, 
A., de Souza Filho Carlos, R., and  Torresi, I., 2008, Spatial and temporal zoning of 
hydrothermal alteration and mineralization in the Sossego iron oxide-copper-gold deposit, 
Carajas mineral province, Brazil; paragenesis and stable isotope constraints: Mineralium 
Deposita, v. 43, p. 129-159. 

Murphy, F. C., 1984, Fluidized breccias: A record of brittle transitions during ductile deformation: 
Tectonophysics, v. 104, p. 325-349. 

Nagata, T., 1961, Rock magnetism, Maruzen Company. 
O'Brien, S. P., 2016, Structural and Minerlogical Controls on the formation of the 'inter-lens' at teh 

Ernest Henry depoist, Queensland, University of Adelaide, 137 p. 
Ohmoto, H., 2003, Nonredox transformations of magnetite-hematite in hydrothermal systems: 

Economic Geology, v. 98, p. 157-161. 
Oliver, N. H. S., Butera, K. M., Rubenach, M. J., Marshall, L. J., Cleverley, J. S., Mark, G., Tullemans, 

F., and  Esser, D., 2008, The protracted hydrothermal evolution of the Mount Isa Eastern 
Succession: A review and tectonic implications: Precambrian Research, v. 163, p. 108-130. 

Oliver, N. H. S., Rubenach, M. J., Fu, B., Baker, T., Blenkinsop, T. G., Cleverley, J. S., Marshall, L. J., 
and  Ridd, P. J., 2006, Granite-related overpressure and volatile release in the mid crust: 
Fluidized breccias from the Cloncurry District, Australia: Geofluids, v. 6, p. 346-358. 

Oreskes, N., and  Einaudi, M. T., 1992, Origin of hydrothermal fluids at Olympic Dam; preliminary 
results from fluid inclusions and stable isotopes: Economic Geology v. 87, p. 64-90. 

Otake, T., Wesolowski, D. J., Anovitz, L. M., Allard, L. F., and  Ohmoto, H., 2007, Experimental 
evidence for non-redox transformations between magnetite and hematite under H2-rich 
hydrothermal conditions: Earth and Planetary Science Letters, v. 257, p. 60-70. 

Otake, T., Wesolowski, D. J., Anovitz, L. M., Allard, L. F., and  Ohmoto, H., 2010, Mechanisms of iron 
oxide transformations in hydrothermal systems: Geochimica et Cosmochimica Acta, v. 74, p. 
6141-6156. 

Page, R. W., and  Sun, S. S., 1998, Aspects of geochronology and crustal evolution in the Eastern Fold 
Belt, Mt Isa Inlier: Australian Journal of Earth Sciences, v. 45, p. 343-361. 

Perring, C. S., Pollard, P. J., Dong, G., Nunn, A. J., and  Blake, K. L., 2000, The Lightning Creek Sill 
complex, cloncurry district, Northwest Queensland: A source of fluids for Fe Oxide Cu-Au 
mineralization and sodic-calcic alteration: Economic Geology, v. 95, p. 1067-1089. 

Peters, T., 1987, Hydrothermal. Alteration of a Variscian Granite, Magmatic Autometasomatism and 
Fault Related Vein Metasomatism, in Helgeson, H. C., ed., Chemical Transport in 
Metasomatic Processes: Dordrecht, Springer Netherlands, p. 577-590. 

Pollard, P. J., 2006, An intrusion-related origin for Cu-Au mineralization in iron oxide-copper-gold 
(IOGG) provinces: Mineralium Deposita, v. 41, p. 179-187. 

Reed, M., H., 1997, Hydrothermal alteration and its relationship to ore fluid composition, in Barnes, 
H., L., ed., Geochemistry of hydrothermal ore deposits, third Edition, John Wiley & Sons, Inc, 
p. 303-365. 

Reynolds, L. J., 1954, Fluidization as a geological process, and its bearing on teh problem of intrusive 
granites: American Journal of Science, v. 252, p. 577-613. 

Richards, J. P., and  Mumin, A. H., 2013, Magmatic-hydrothermal processes within an evolving Earth: 
Iron oxide-copper-gold and porphyry Cu +/- Mo +/- Au deposits: Geology, v. 41, p. 767-770. 

Rochette, P., Jackson, M., and  Aubourg, C., 1992, Rock magnetism and the interpretation of 
anisotropy of magnetic susceptibility, v. 30, p. 209-226. 



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  73 

Rusk, B. G., Oliver, N. H. S., Cleverley, J. S., Blenkinsop, T. G., Zhang, D., Williams, P. J., and  
Habermann, P., 2010, Physical and chemical characteristics of the Ernest Henry iron oxide 
copper gold deposit, Australia; implications for IOCG genesis, in Porter, T. M., ed., 
Hydrothermal iron oxide copper-gold & related deposits: a global perspective - advantages 
in understanding of IOCG deposits, Vol. 3: Adelaide, PGC Publishing. 

Ryan, A., 1998, Ernest Henry copper-gold deposit, in Berkman, D. A., and Mackenzie, D. H., eds., 
Geology of Australian and Papua New Guinean Mineral Deposits, 22, Australasian Institute 
of Mining and Metallurgy, p. 759-768. 

Schlegel, T. U., and  Heinrich, C. A., 2015, Lithology and Hydrothermal Alteration Control the 
Distribution of Copper Grade in the Prominent Hill Iron Oxide-Copper-Gold Deposit (Gawler 
Craton, South Australia)S: Economic Geology, v. 110, p. 1953-1994. 

Schlegel, T. U., Wagner, T., Boyce, A., and  Heinrich, C. A., 2017, A magmatic source of hydrothermal 
sulfur for the Prominent Hill deposit and associated prospects in the Olympic iron oxide 
copper-gold (IOCG) province of South Australia: Ore Geology Reviews, v. 89, p. 1058-1090. 

Schlegel, T. U., Wagner, T., and  Fusswinkel, T., 2020, Fluorite as indicator mineral in iron oxide-
copper-gold systems: explaining the IOCG deposit diversity: Chemical Geology, v. 548, p. 
119674. 

Schlegel, T. U., Wagner, T., Wälle, M., and  Heinrich, C. A., 2018, Hematite breccia-hosted iron oxide 
copper-gold deposits require magmatic fluid components exposed to atmospheric oxidation: 
Evidence from Prominent Hill, Gawler Craton, South Australia: Economic Geology, v. 113, p. 
597-644. 

Sillitoe, R. H., 2003, Iron oxide-copper-gold deposits: an Andean view: Mineralium Deposita, v. 38, 
p. 787-812. 

Simon, A. C., Knipping, J., Reich, M., Barra, F., Deditius, A., Bilenker, L., and  Childress, T., 2018, 
Kiruna-type iron oxide-apatie (IOA) nad iorn oxide-copper-gold (IOCG) deposits form by 
combination of igneous and magmatic-hydrothermal processes: Evidence from the Chilean 
iorn belt, in Arribas, A. M., and Mauk, J. L., eds., Metals, Minerals, and Society: Littelton, 
Colorado, Society of Economic Geologists Special Publication 21, p. 89-114. 

Skirrow, R. G., and  Walshe, J. L., 2002, Reduced and oxidized Au-Cu-Bi iron oxide deposits of the 
Tennant Creek Inlier, Australia: An integrated geologic and chemical model: Economic 
Geology, v. 97, p. 1167-1202. 

Torresi, I., Xavier, R. P., Bortholoto, D. F. A., and  Monteiro, L. V. S., 2012, Hydrothermal alteration, 
fluid inclusions and stable isotope systematics of the Alvo 118 iron oxide-copper-gold 
deposit, Carajas Mineral Province (Brazil): Implications for ore genesis: Mineralium Deposita, 
v. 47, p. 299-323. 

Twyerould, S. C., 1997, The geology and genesis of the Ernest Henry Fe-Cu-Au Deposit, NW 
Queensland, Australia: Unpublished Ph.D. thesis, University of Oregon, Eugene. 

Valenta, R. K., 2000, Structural Interpretation of the Ernest Henry Cu-Au Mine, unpublished 
company report. 

Vieleicher, N. M., Groves David, I., and  Vieleicher, R. M., 2004, Tectonic settings of Preacmbrian Fe-
oxide Cu-Au deposits - What controles the world-class and giant examples?, in McPhie, J., 
and McGoldrick, p., eds., 17th Australian Geologic Convention - Dynamic earth: past, present 
and future, abstracts 73: Hobart, TAS, Australia, Gelogical Socienty of Australia, p. 132. 

Whitney, D. L., and  Evans, B. W., 2010, Abbreviations for names of rock-forming minerals: American 
Mineralogist, v. 95, p. 185-187. 

Williams, P. J., Barton, M., D., Johnson, D., A., Fontbote, L., de Haller, A., Mark, G., Oliver, N. H. S., 
and  Marschik, R., 2005, Iron oxide copper-gold deposits: geology, space-time distribution, 
and possible modes of origin, in Hedenquist, J. W., Thompson, J. F. H., Goldfarb, R. J., and 



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  74 

Richards, J. P., eds., Economic Geology 100th Anniversary Volume: Littleton, Colorado, p. 
371-405. 

Williams, P. J., Dong, G. Y., Ryan, C. G., Pollard, P. J., Rotherham, J. F., Mernagh, T. P., and  Chapman, 
L. H., 2001, Geochemistry of hypersaline fluid inclusions from the Starra (Fe oxide)-Au-Cu 
deposit, Cloncurry district, Queensland: Economic Geology v. 96, p. 875-883. 

Xavier, R. P., Wiedenbeck, M., Trumbull, R. B., Dreher, A. M., Monteiro, L. V. S., Rhede, D., de Araujo, 
C. E. G., and  Torresi, I., 2008, Tourmaline B-isotopes fingerprint marine evaporites as the 
source of high-salinity ore fluids in iron oxide copper-gold deposits, Carajas Mineral Province 
(Brazil): Geology, v. 36, p. 743-746. 

Xing, Y., Brugger, J., Etschmann, B., Tomkins, A. G., Frierdich, A. J., and  Fang, X., 2021, Trace element 
catalyses mineral replacement reactions and facilitates ore formation: Nature 
Communications, v. 12. 

Závada, P., Calassou, T., Schulmann, K., Hrouda, F., Štípská, P., Hasalová, P., Míková, J., Magna, T., 
and  Mixa, P., 2017, Magnetic fabric transposition in folded granite sills in Variscan orogenic 
wedge: Journal of Structural Geology, v. 94, p. 166-183. 

 

 

 

 

 



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  75 

10 Appendix  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1 (next page). Pseudo-downhole plot of drill hole EH550 illustrating the (A) structure, (B) lithology (light 
blue =albitite, blue=marble, brown=metasedimentary rock, red=metavolcanic rock, green=metadiorite), (C) 
alteration zonation grouped according to colour, blue=distal, green=medial, orange=proximal alt. footprint, 
red=marginal, and purple=central ore zone, (D) degree of hematite replacing magnetite determined in reflected 
light microscopy, and (E-X) summary of the modal mineralogy in vol. % including (Y) holes and (Z) unidentified pixels. 
The mineralogy of each sample is shown in one row. Each column represents a mineral or a group of minerals. The 
colours in a column represent different percentiles of the entire dataset. A separate colour-code is used for each 
mineral or a group of minerals (e.g. sFsp=Ab+Pl+Kfsp, sChl=Fe-chlorite + Mg-chlorite, sWMica=Ms + phengite). The 
max. value of bars for pyrite and chalcopyrite represent the 90 percentiles at 4.3 vol. % and 1.9 vol. %, respectively. 
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Figure A1. Continuation. 
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Figure A2. Pseudo-downhole plot of drill hole EH550 illustrating structure, lithology, alteration zonation, 
chalcopyrite, and structural data. (A)-(H) selected mineral ratios developed from mineral replacement reactions, 
100% stacked bar plots for (I) feldspars, (J) micas, (K) relation between primary and altered/secondary minerals, (L) 
chalcopyrite in vol.% and (M) the colour coded AMS data (see text for discussion). 
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Figure A2 Continuation. 
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Figure A3. Pseudo-downhole plot of EH550 illustrating structure, lithology, alteration zonation and the results of (A, 
B) petrophysical measurements, (C) iron enrichment, as well as (D-H) element ratios and (I-P) absolute element 
concentrations acquired from whole-rock geochemistry, pXRF analysis of one polished sample cylinder surface, and 
radiometric measurements. 
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Figure A3 Continuation.  
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Figure A4. Pseudo-downhole plot of drill hole EH435 illustrating the (A) structure, (B) lithology (light blue =albitite, 
blue=marble, brown=metasedimentary rock, red=metavolcanic rock, green=metadiorite), (C) alteration zonation 
grouped according to colour, blue=distal, green=medial, orange=proximal alt. footprint, red=marginal, and 
purple=central ore zone, (D) degree of hematite replacing magnetite determined in reflected light microscopy, and 
(E-X) summary of the modal mineralogy in vol. % including (Y) holes and (Z) unidentified pixels. The mineralogy of 
each sample is shown in one row. Each column represents a mineral or a group of minerals. The colours in a column 
represent different percentiles of the entire dataset. A separate colour-code is used for each mineral or a group of 
minerals (e.g. sFsp=Ab+Pl+Kfsp, sChl=Fe-chlorite + Mg-chlorite, sWMica=Ms + phengite). The max. value of bars for 
pyrite and chalcopyrite represent the 90 percentiles at 4.3 vol. % and 1.9 vol. %, respectively. 
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Figure A5. Pseudo-downhole plot of drill hole EH435 illustrating structure, lithology, alteration zonation, 
chalcopyrite, and structural data. (A)-(H) selected mineral ratios developed from mineral replacement reactions, 
100% stacked bar plots for (I) feldspars, (J) micas, (K) relation between primary and altered/secondary minerals, (L) 
chalcopyrite in vol.% and (M) the colour coded AMS data (see text for discussion). 
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Figure A6. Pseudo-downhole plot of drill hole EH345 illustrating structure, lithology, alteration zonation and the 
results of (A, B) petrophysical measurements, (C) iron enrichment, as well as (D-H) element ratios and (I-P) absolute 
element concentrations acquired from whole-rock geochemistry, pXRF analysis of one polished sample cylinder 
surface, and radiometric measurements. 
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Figure A7. Pseudo-downhole plot of drill hole EH632 illustrating the (A) structure, (B) lithology (light blue =albitite, 
blue=marble, brown=metasedimentary rock, red=metavolcanic rock, green=metadiorite), (C) alteration zonation 
grouped according to colour, blue=distal, green=medial, orange=proximal alt. footprint, red=marginal, and 
purple=central ore zone, (D) degree of hematite replacing magnetite determined in reflected light microscopy, and 
(E-X) summary of the modal mineralogy in vol. % including (Y) holes and (Z) unidentified pixels. The mineralogy of 
each sample is shown in one row. Each column represents a mineral or a group of minerals. The colours in a column 
represent different percentiles of the entire dataset. A separate colour-code is used for each mineral or a group of 
minerals (e.g. sFsp=Ab+Pl+Kfsp, sChl=Fe-chlorite + Mg-chlorite, sWMica=Ms + phengite). The max. value of bars for 
pyrite and chalcopyrite represent the 90 percentiles at 4.3 vol. % and 1.9 vol. %, respectively. 
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Figure A8. Pseudo-downhole plot of drill hole EH632 illustrating structure, lithology, alteration zonation, 
chalcopyrite, and structural data. (A)-(H) selected mineral ratios developed from mineral replacement reactions, 
100% stacked bar plots for (I) feldspars, (J) micas, (K) relation between primary and altered/secondary minerals, (L) 
chalcopyrite in vol.% and (M) the colour coded AMS data (see text for discussion). 
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Figure A9. Pseudo-downhole plot of drill hole EH632 illustrating structure, lithology, alteration zonation and the 
results of (A, B) petrophysical measurements, (C) iron enrichment, as well as (D-H) element ratios and (I-P) absolute 
element concentrations acquired from whole-rock geochemistry, pXRF analysis of one polished sample cylinder 
surface, and radiometric measurements. 
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Figure A10. Pseudo-downhole plot of drill hole EHMT01 illustrating the (A) structure, (B) lithology (light blue 
=albitite, blue=marble, brown=metasedimentary rock, red=metavolcanic rock, green=metadiorite), (C) alteration 
zonation grouped according to colour, blue=distal, green=medial, orange=proximal alt. footprint, red=marginal, and 
purple=central ore zone, (D) degree of hematite replacing magnetite determined in reflected light microscopy, and 
(E-X) summary of the modal mineralogy in vol. % including (Y) holes and (Z) unidentified pixels. The mineralogy of 
each sample is shown in one row. Each column represents a mineral or a group of minerals. The colours in a column 
represent different percentiles of the entire dataset. A separate colour-code is used for each mineral or a group of 
minerals (e.g. sFsp=Ab+Pl+Kfsp, sChl=Fe-chlorite + Mg-chlorite, sWMica=Ms + phengite). The max. value of bars for 
pyrite and chalcopyrite represent the 90 percentiles at 4.3 vol. % and 1.9 vol. %, respectively. 
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Figure A11. Pseudo-downhole plot of drill hole EHMT001 illustrating structure, lithology, alteration zonation, 
chalcopyrite, and structural data. (A)-(H) selected mineral ratios developed from mineral replacement reactions, 
100% stacked bar plots for (I) feldspars, (J) micas, (K) relation between primary and altered/secondary minerals, (L) 
chalcopyrite in vol.% and (M) the colour coded AMS data (see text for discussion). 
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Figure A12. Pseudo-downhole plot of drill hole EHMT001 illustrating structure, lithology, alteration zonation and the 
results of (A, B) petrophysical measurements, (C) iron enrichment, as well as (D-H) element ratios and (I-P) absolute 
element concentrations acquired from whole-rock geochemistry, pXRF analysis of one polished sample cylinder 
surface, and radiometric measurements. 
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Figure A13. Pseudo-downhole plot of drill hole EH699 illustrating the (A) structure, (B) lithology (light blue =albitite, 
blue=marble, brown=metasedimentary rock, red=metavolcanic rock, green=metadiorite), (C) alteration zonation 
grouped according to colour, blue=distal, green=medial, orange=proximal alt. footprint, red=marginal, and 
purple=central ore zone, (D) degree of hematite replacing magnetite determined in reflected light microscopy, and 
(E-X) summary of the modal mineralogy in vol. % including (Y) holes and (Z) unidentified pixels. The mineralogy of 
each sample is shown in one row. Each column represents a mineral or a group of minerals. The colours in a column 
represent different percentiles of the entire dataset. A separate colour-code is used for each mineral or a group of 
minerals (e.g. sFsp=Ab+Pl+Kfsp, sChl=Fe-chlorite + Mg-chlorite, sWMica=Ms + phengite). The max. value of bars for 
pyrite and chalcopyrite represent the 90 percentiles at 4.3 vol. % and 1.9 vol. %, respectively. 
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Figure A14. Pseudo-downhole of drill hole EH699 illustrating structure, lithology, alteration zonation, chalcopyrite, 
and structural data. (A)-(H) selected mineral ratios developed from mineral replacement reactions, 100% stacked 
bar plots for (I) feldspars, (J) micas, (K) relation between primary and altered/secondary minerals, (L) chalcopyrite 
in vol.% and (M) the colour coded AMS data (see text for discussion).  

 



Ernest Henry: Mineral System Knowledge via Integration of Mineralogy, Geochemistry and Petrophysics |  93 

 
Figure A15. Pseudo-downhole plot of drill hole EH699 illustrating structure, lithology, alteration zonation and the 
results of (A, B) petrophysical measurements, (C) iron enrichment, as well as (D-H) element ratios and (I-P) absolute 
element concentrations acquired from whole-rock geochemistry, pXRF analysis of one polished sample cylinder 
surface, and radiometric measurements. 
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Figure A16. Pseudo-downhole plot of drill hole EH147 illustrating the (A) structure, (B) lithology (light blue =albitite, 
blue=marble, brown=metasedimentary rock, red=metavolcanic rock, green=metadiorite), (C) alteration zonation 
grouped according to colour, blue=distal, green=medial, orange=proximal alt. footprint, red=marginal, and 
purple=central ore zone, (D) degree of hematite replacing magnetite determined in reflected light microscopy, and 
(E-X) summary of the modal mineralogy in vol. % including (Y) holes and (Z) unidentified pixels. The mineralogy of 
each sample is shown in one row. Each column represents a mineral or a group of minerals. The colours in a column 
represent different percentiles of the entire dataset. A separate colour-code is used for each mineral or a group of 
minerals (e.g. sFsp=Ab+Pl+Kfsp, sChl=Fe-chlorite + Mg-chlorite, sWMica=Ms + phengite). The max. value of bars for 
pyrite and chalcopyrite represent the 90 percentiles at 4.3 vol. % and 1.9 vol. %, respectively. 
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Figure A17. Pseudo-downhole plot of drill hole EH147 illustrating structure, lithology, alteration zonation, 
chalcopyrite, and structural data. (A)-(H) selected mineral ratios developed from mineral replacement reactions, 
100% stacked bar plots for (I) feldspars, (J) micas, (K) relation between primary and altered/secondary minerals, (L) 
chalcopyrite in vol.% and (M) the colour coded AMS data (see text for discussion). 

 

 

Figure A18. Pseudo-downhole plot of drill hole EH147 illustrating structure, lithology, alteration zonation and the 
results of (A, B) petrophysical measurements, (C) iron enrichment, as well as (D-H) element ratios and (I-P) absolute 
element concentrations acquired from whole-rock geochemistry, pXRF analysis of one polished sample cylinder 
surface, and radiometric measurements. 
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Figure A19. Pseudo-downhole plot of drill hole EH242 illustrating the (A) structure, (B) lithology (light blue =albitite, 
blue=marble, brown=metasedimentary rock, red=metavolcanic rock, green=metadiorite), (C) alteration zonation 
grouped according to colour, blue=distal, green=medial, orange=proximal alt. footprint, red=marginal, and 
purple=central ore zone, (D) degree of hematite replacing magnetite determined in reflected light microscopy, and 
(E-X) summary of the modal mineralogy in vol. % including (Y) holes and (Z) unidentified pixels. The mineralogy of 
each sample is shown in one row. Each column represents a mineral or a group of minerals. The colours in a column 
represent different percentiles of the entire dataset. A separate colour-code is used for each mineral or a group of 
minerals (e.g. sFsp=Ab+Pl+Kfsp, sChl=Fe-chlorite + Mg-chlorite, sWMica=Ms + phengite). The max. value of bars for 
pyrite and chalcopyrite represent the 90 percentiles at 4.3 vol. % and 1.9 vol. %, respectively. 
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Figure A20. Pseudo-downhole plot of drill hole EH242 illustrating structure, lithology, alteration zonation, 
chalcopyrite, and structural data. (A)-(H) selected mineral ratios developed from mineral replacement reactions, 
100% stacked bar plots for (I) feldspars, (J) micas, (K) relation between primary and altered/secondary minerals, (L) 
chalcopyrite in vol.% and (M) the colour coded AMS data (see text for discussion). 

 

 
 
Figure A21. Pseudo-downhole plot of drill hole EH242 illustrating structure, lithology, alteration zonation and the 
results of (A, B) petrophysical measurements, (C) iron enrichment, as well as (D-H) element ratios and (I-P) absolute 
element concentrations acquired from whole-rock geochemistry, pXRF analysis of one polished sample cylinder 
surface, and radiometric measurements. 
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Figure A22. Pseudo-downhole plot of drill hole MMA002 illustrating the (A) structure, (B) lithology (light blue 
=albitite, blue=marble, brown=metasedimentary rock, red=metavolcanic rock, green=metadiorite), (C) alteration 
zonation grouped according to colour, blue=distal, green=medial, orange=proximal alt. footprint, red=marginal, and 
purple=central ore zone, (D) degree of hematite replacing magnetite determined in reflected light microscopy, and 
(E-X) summary of the modal mineralogy in vol. % including (Y) holes and (Z) unidentified pixels. The mineralogy of 
each sample is shown in one row. Each column represents a mineral or a group of minerals. The colours in a column 
represent different percentiles of the entire dataset. A separate colour-code is used for each mineral or a group of 
minerals (e.g. sFsp=Ab+Pl+Kfsp, sChl=Fe-chlorite + Mg-chlorite, sWMica=Ms + phengite). The max. value of bars for 
pyrite and chalcopyrite represent the 90 percentiles at 4.3 vol. % and 1.9 vol. %, respectively. 
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Figure A23. Pseudo-downhole plot of drillhole MMA002 illustrating structure, lithology, alteration zonation, 
chalcopyrite, and structural data. (A)-(H) selected mineral ratios developed from mineral replacement reactions, 
100% stacked bar plots for (I) feldspars, (J) micas, (K) relation between primary and altered/secondary minerals, (L) 
chalcopyrite in vol.% and (M) the colour coded AMS data (see text for discussion). 
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Figure A24. Pseudo-downhole plot of MMA002 illustrating structure, lithology, alteration zonation and the results of 
(A, B) petrophysical measurements, (C) iron enrichment, as well as (D-H) element ratios and (I-P) absolute element 
concentrations acquired from whole-rock geochemistry, pXRF analysis of one polished sample cylinder surface, and 
radiometric measurements. 
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Figure A25. Pseudo-downhole plot of drill hole MMA003 illustrating the (A) structure, (B) lithology (light blue 
=albitite, blue=marble, brown=metasedimentary rock, red=metavolcanic rock, green=metadiorite), (C) alteration 
zonation grouped according to colour, blue=distal, green=medial, orange=proximal alt. footprint, red=marginal, and 
purple=central ore zone, (D) degree of hematite replacing magnetite determined in reflected light microscopy, and 
(E-X) summary of the modal mineralogy in vol. % including (Y) holes and (Z) unidentified pixels. The mineralogy of 
each sample is shown in one row. Each column represents a mineral or a group of minerals. The colours in a column 
represent different percentiles of the entire dataset. A separate colour-code is used for each mineral or a group of 
minerals (e.g. sFsp=Ab+Pl+Kfsp, sChl=Fe-chlorite + Mg-chlorite, sWMica=Ms + phengite). The max. value of bars for 
pyrite and chalcopyrite represent the 90 percentiles at 4.3 vol. % and 1.9 vol. %, respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure A26 (next page). Pseudo-downhole plot of drillhole MMA003 illustrating structure, lithology, alteration 
zonation, chalcopyrite, and structural data. (A)-(H) selected mineral ratios developed from mineral replacement 
reactions, 100% stacked bar plots for (I) feldspars, (J) micas, (K) relation between primary and altered/secondary 
minerals, (L) chalcopyrite in vol.% and (M) the colour coded AMS data (see text for discussion). 
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Figure A27. Pseudo-downhole plot of Drill hole MMA003 illustrating structure, lithology, alteration zonation and the 
results of (A, B) petrophysical measurements, (C) iron enrichment, as well as (D-H) element ratios and (I-P) absolute 
element concentrations acquired from whole-rock geochemistry, pXRF analysis of one polished sample cylinder 
surface, and radiometric measurements. 
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Figure A28. Example of two and three-dimensional distribution of minerals and porosity in sample (A)-(D) EHM010 
from drill core EH691 showing a dense, non-porous metavolcanic rock Remaining porosity in sample EHM006 is 
associated and typically enclosed by magnetite and porous hematite. The hematite partially replaced magnetite 
prior calcite infill. (D)-(E) sample EHM010 is essentially a non-porous hydrothermally altered metavolcanic rock also 
showing minimal late calcite infill (see text for discussion). 
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