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1 Introduction 

The Cloncurry District has been referred to as the most metasomatized piece of crust on the face of 
the Planet by Mike Rubenach (e.g., Rubenach, 2013), who has probably seen more of it than anyone 
else over the last half a century. Whilst there is much conjecture as to the timing of different 
alteration sequences regionally, there is also much agreement. For example, most workers 
recognise that sodic (± calcic) alteration is early in the sequence (pre-IOCG formation), potassic 
alteration is much more closely associated with (IOCG) mineralisation and that calcite alteration is 
syn-post mineralisation (e.g., De Jong, G., Williams, P.J., 1995; Rubenach and Barker, 1998; Williams, 
1998; Oliver et al., 1998, 2004, 2008; Mark et al., 2006). However, other potentially critical phases, 
i.e., quartz-chlorite-hematite alteration has been overlooked by most workers. Various studies have 
recognised that there is a continuum between different mineralisation styles in different deposits 
(e.g., Williams, 1998; Austin and Blenkinsop, 2009; Little, 2019). Various deposits contain mixtures 
of iron-apatite (Kiruna style), magnetite-dominant iron oxide copper gold (IOCG), pyrrhotite-
dominant iron sulphide copper-gold (ISCG), and hematite-dominant IOCG assemblages. There’s also 
a wide array of skarn-like assemblages (Williams and Heinemann, 1993; Williams and Baker, 1995; 
Roache, T. J., et al., 2005; Taylor, 2012; Little 2019, Lilly and Taylor, 2019). These include carbonate 
skarns, ranging from dolomite-chalcopyrite (e.g., Starra-276; Patterson et al., 2016) to calcite-
pyrrhotite-sphalerite-chalcopyrite (Artemis: Austin et al., 2016a), calcite-pyrrhotite-chalcopyrite 
(Canteen; Austin et al., 2016b), calcite-pyrrhotite-galena (Maronan Austin et al., 2016c), calcite-
barite-fluorite-magnetite-chalcopyrite (e.g., Monakoff; Austin et al., 2016d; Lilly and Taylor, 2019). 
There’s also a range of high temperature garnet, pyroxene and amphibole-rich (i.e., non-carbonate) 
skarn varieties present, predominantly in the more Pb-Zn rich mineralisation types including 
Cannington (Chapman and Williams, 1998; Roach et al., 2005), Pegmont (Williams et al, 1998), 
Maramungee (Williams and Heinmann, 1993)  and Maronan (De Jong, 1995; Austin et al., 2016c). 
which are in some cases contiguous with systems generally considered part of the IOCG family 
(Austin and Blenkinsop, 2019), e.g., Monakoff, Maronan.   

Petrophysical studies on mineralised systems are substantially fewer than interpretations of the 
geophysics of deposits and are dwarfed by studies on their geochemistry. Never-the-less, there have 
been numerous studies that provide quantitative information on the petrophysical properties and 
zonation of IOCG deposits over the years, including e.g., Clark (1988, 1994), Sandrin et al. (2003); 
Vella and Emerson (2009), Austin et al. (2013 a, b), Enkin et al. (2012, 2016), Clark (2014), Patterson 
et al. (2016), Austin et al. (2016 b, d e, 2017, 2019), Bérubé et al. 2018). A possible shortcoming of 
some of the previous work in understanding the petrophysics of IOCG systems is related to the data 
use to frame / contextualise the result. Most studies contextualise results using rock descriptions or 
geochemical data, mainly because they’re available or easily obtainable. They are however, flawed. 
Rock descriptions are entirely qualitative. Their precision is primarily a function of the experience of 
the geologist, but also to a great extent governed by the geological framework adopted for 
individual prospects, regions, or companies. Our experience on the Cloncurry METAL project 
confirms, by-and-large, that as the alteration gets more complex, rock descriptions tend to become 
increasingly misrepresentative. Geochemical data, although quantitative, are only one variable 
which constrains lithology. Unless geochemical criteria are integrated with information describing 
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the metamorphic grade, metasomatic overprinting, redox conditions, and texture a rock type 
cannot be derived sensu stricto. So in many cases whilst geochemistry can often be used to make 
some basic observations about alteration (e.g, high Na= sodic alteration; high K = potassic 
alteration), geochemistry alone can’t describe exactly in which minerals important elements such 
as K, Ca and Fe sit. It cannot determine whether K is in biotite or K-feldspar, or whether Ca is in 
calcite, anorthite, scapolite or apatite, unless the assemblage is simple. In this sense whilst 
geochemistry is quantitative, our use of it to constrain petrophysical studies is also based on 
assumptions about what elements sit in what minerals within which metasomatic alteration 
product. Those assumption are likely to be increasingly erroneous as metasomatic alteration 
becomes increasingly complex.  What we really need to properly frame our petrophysical data is 
quantitative mineralogy. 

In this study, we focus on the Ernest Henry deposit (Fig 1), which is one the most heavily studied 
deposits in the Cloncurry district (e.g., Webb and Rowston, 1995; Twyerould, 1997; Mark et al., 
2000; Coward, 2001; Mark et al., 2000, 2005, 2006a; Cleverley  and Oliver 2006; Oliver et al., 2005, 
2006, 2008; Kendrick et al., 2007; Rusk et al., 2010; Austin et al., 2016; Cave et al., 2018). Ernest 
Henry was chosen because it is the largest IOCG in the district, it has the highest number of samples 
in the Cloncurry METAL database (Austin et al., 2021), and represents the most complete 
metasomatic record of all the deposits in the terrain. The aim of this paper is to place the geophysical 
evolution of the Cloncurry District into a metasomatic context. We do this primarily by referencing 
our petrophysical data to mineralogy data from TIMA. TIMA is far more powerful than rock 
description data, or geochemistry because it provides mineralogy, texture and overprinting 
relationships simultaneously at the exact scale of the petrophysical data (albeit in only 2 
dimensions). The results will be referenced to the accepted alteration paragenesis developed over 
the last 35 years for Ernest Henry (e.g., Mark, 2006a), placed into the regional metasomatic context 
developed for the Cloncurry district over the last century (e.g., Williams et al. 1998) but we also aim 
to frame our results into an alteration facies model, for example that proposed by Corriveau et al. 
(2016: Fig 2). 

Corriveau et al. (2016) suggest that the progression of alteration styles in an IOCG system is 
predictable and suggest the same paragenetic sequence can be observed across all the major IOCG 
terrains. In this model, the mechanisms by which conditions become favourable for a particular 
alteration style include bulk changes in pressure-temperature conditions related to regional-crustal 
scale tectonic processes (e.g., uplift, convergence, extension). However, in a relatively static system, 
fluid transport and system evolution must be relatively slow, and unlikely to result in concentrated 
mineralisation. Work undertaken as part of this project (e.g., Schlegel et al. 2021) refines some of 
the inconsistencies of the model presented by Corriveau et al. (2016), but in general terms it serves 
as a useful template for framing the zonation of alteration assemblages within IOCG deposits, and 
is a useful framework with which to understand the relationships between metallogenic and 
geophysical zonation within IOCGs.  

IOCG’s are commonly thought to have strong structural controls, (e.g. Hitzman et al., 1992; Sillitoe, 
2003; Williams et al., 2005; Barton, 2014; Schlegel et al., 2020). Metasomatic evolution is in many 
cases linked to structural controls (Rubenach, 2013), and metasomatism may be initiated and/or 
accelerated over short time-frames by changes in the local strain conditions in the crust and /or 
influx of additional fluid sources (e.g., Kendrick et al 2007; Rusk et al., 2010). 
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Figure 1: Location of Ernest Henry Mine, in the Mount Isa Eastern Succession (after Austin and Blenkinsop, 2010) 

Structural controls provide a mechanism by which reactive transport can focus fluids over 
protracted periods, a requisite for ore formation in hydrothermal systems. Studies on Ernest Henry 
(Austin et al., 2019; Austin and McFarlane, 2021) have demonstrated that changes in the structural 
setting of a deposit (i.e., the transition from reverse shear, to transpression and then strike-slip) are 
concurrent with changes in alteration style.  

Many workers recognise, that IOCG mineralisation occurs approximately at the ductile-brittle 
transition, so crustal rheology is likely a crucial factor. But more specifically brecciation appears to 
be caused by fluid-driven failure under generally ductile conditions (e.g., Murphy, 1984: Austin, 
2019). In this kind of system, fluid pressure, rheology and structural controls therefore are co-
dependant. Slight changes in structural setting (particularly lateral movement) and gradual build-up 
of fluid pressure lead to failure, then re-sealing of system. Consequently, geophysical signatures are 
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a function of metasomatic processes (e.g., Schlegel et al., 2021) and structural development (e.g., 
Austin and McFarlane, 2021).  

In this paper we examine the geophysical zonation of the Ernest Henry deposit in the context of the 
metasomatic and structural evolution of the deposit and the Cloncurry Mineral system as a whole. 
We attempt to place the results into a predictable alteration facies framework, in order to identify 
a predictable sequence of overprinting relationships in IOCG mineral systems. These alteration types 
have characteristic geophysical signatures, and an experienced interpreter armed with appropriate 
geophysical datasets should be able to identify prospective systems, based on their geophysical 
signatures alone. 

 

Figure 2: Iron oxide-alkali alteration facies model and observed metal associations that frame the development of 
the range of deposit types within iron oxide-alkali alteration systems (modified from Corriveau et al., 2016). HREE = 
heavy REE, LREE = light REE; Ab = albite, Amp = amphibole, Ap = apatite, Bt = biotite, Chl = chlorite, Cpx = 
clinopyroxene, Grt = garnet, Hem = hematite, Kfs = K-feldspar, Rt = rutile, Qz = quartz, Scp = scapolite, Ttn = titanite, 
Zrn = zircon. 
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2 Methodology 

The results utilised in this paper are drawn from the Cloncurry METAL database (Austin et al., 2021a) 
and the methodology for the collection of those results is outlined in Austin et al. (2021a: Report 1). 
The methodology for the use of the data is relatively simple. The database is simply sorted and 
separated to reflect specific types of alteration. This is typically achieved by selecting samples with 
a specified amount of a given mineral, or suite of minerals. For example, one way to define sodic 
alteration is: samples with >40% Albite. Whilst relatively subjective, it is quantitative and will result 
in a substantial population of results with a high degree of sodic alteration. Within this selection 
some samples will contain relatively pure sodic alteration, others will also contain other types of 
alteration. But the main cluster should be indicative of the alteration style in general. Other 
measures can be used to eradicate misleading distributions, for example excluding results with high 
levels of minerals known to be associated with a different style of alteration (e.g., biotite). The data 
corresponding to specific types of alteration are plotted relative to all data from the deposit. We 
discuss only the most basic petrophysical properties, magnetic susceptibility and density here. 
However, these are typically used to describe IOCG systems (e.g., Enkin et al., 2016) because they 
provide constraints on the two most useful geophysical techniques for greenfields IOCG exploration, 
magnetics and gravity.   

In such a complex system as Ernest Henry, it is common to find polygenetic metasomatites (rocks 
with multiple superimposed alteration sequences) rather than simple monogenetic examples. In 
general, it is very difficult to isolate the different styles of alteration because earlier alteration styles 
(e.g., Sodic alteration) are commonly overprinted by later styles of alteration (potassic alteration). 
Whilst sodic alteration and to a lesser extent K-feldspar alteration can be relatively pervasive, other 
styles are more heterogenous.  By plotting a range of data, rather than a simple mean, 
overinterpretation of misleading values can be avoided, e.g., where a mixture of different alteration 
types occur in the same sample. The type of alteration and paragenesis follows a generalised 
lithogeochemical /reactive transport model for IOCG paragenesis (e.g., Corriveau et al., 2016) which 
has been recently revised for the Ernest Henry deposit (and Cloncurry District in general) by Schlegel 
et al. (2021). This study follows the paragenesis in order from the earliest styles of alteration, right 
through to the latest, citing the best examples and also demonstrating the overprinting relationships 
where relevant. 

In thinking about the geophysics of IOCG deposits, the geophysics of the systems are highly 
dependent on the redox state of the assemblages therein. Variability in redox state affects the 
proportion of several important magnetic minerals in the system and therefore also controls the 
magnetic signatures of those systems, as shown in a synthetic modelling experiment by Austin et 
al., 2017 (e.g., Fig 3).  
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Figure 3: Synthetic models of the El Dorado deposit, Tennant Creek, which contain different proportions of Fe-oxide 
and Fe-sulphide minerals, based on their redox state. All the mineral assemblages have comparable iron content and 
density, but the different redox states have very different geophysical expressions. (after Austin et al., 2017). 

Deposits with approximately the same contained iron can give rise to very different magnetic 
anomalies, based on their redox state:  

1. Pyrrhotite (monoclinic type) is reduced and tends to have moderate to low susceptibility, 
but often very high relative remanence (i.e., a high Koenigsberger ratio, typically >10). In 
monoclinic pyrrhotite-rich systems the magnetic signature will invariably be dominated by 
remanent magnetisation (Fig 4). Pyrrhotite-rich systems can have negative magnetic 
anomalies depending on the inclination of the remanent magnetisation vector. 

2. Magnetite is intermediate (i.e., reduced compared to hematite, but oxidised compared to 
pyrrhotite). It has very high magnetic susceptibilities (e.g., 3-8 SI: Fig 5) and where coarse 
grained (typical in IOCG deposits) has very low remanence relative to susceptibility (i.e., low 
Koenigsberger ratios, typically <1: Fig 4). In coarse (i.e., multi-domain) magnetite-rich 
systems the magnetic signature is dominated by induced magnetisation. Conversely, in 
systems with fine-grained (i.e., single domain) magnetite, the magnetic signature can be 
dominated by remanence (e.g., skarns, magmatic Ni-PGE systems). 

3. Hematite which is oxidised tends to have low susceptibility (it is canted antiferromagnetic 
according to Butler, 2003), and relatively low remanent magnetisation relative to 
susceptibility. In some cases, particularly where metamorphosed (e.g., distal BIFs at 
Monakoff; Austin, Schmidt and Lilly, 2013), hematite can have relatively high Koenigsberger 
ratios, (e.g., ca 10). However, it is very weakly magnetised in general (e.g., Fig 5).  

One on the main tools used to understand the results is referred to as the “magnetite trend”. The 
magnetite trend defines an increase in magnetic susceptibility and density as a function of increased 
magnetite only, implying that no significant hematite, sulphides (e.g., pyrite, chalcopyrite) or other 
dense minerals (e.g., barite, garnet) are present. In general, if the majority of rocks from a given 
alteration type plot on the magnetite trend it implies an intermediate redox state, i.e., where 
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magnetite is stable, but where pyrrhotite (reduced) and hematite (oxidized) are not.  Ernest Henry 
is an intermediate to oxidized system, and therefore rocks ranging from magnetite to hematite rich 
are expected.  

 
Figure 4: Plot of the ratio of NRM to magnetic susceptibility (Q, Koenigsberger Ratio) vs magnetic susceptibility for 
ore samples from deposits / prospects assessed this study (after Austin et al., 2017). NB. Koenigsberger ratios are 
artificially enhanced by about 300% due to drilling induced overprints.  

 
Figure 5: Plot of magnetic susceptibility vs density for ore samples from deposits / prospects assessed in this study. 
(after Austin et al., 2017). 
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3 Results 

3.1 Sodic Alteration 

Most previous workers (e.g., De Jong, G., Williams, P.J., 1995; Rubenach and Barker, 1998; Williams, 
1998; Oliver et al., 1998, 2004, 2008; Mark et al., 2006) agree that the earliest alteration event 
across the Cloncurry district is sodic alteration. Regional sodic alteration is thought to be as early as 
1640-1610 Ma by some (e.g., Rubenach, 2008), but most place the earliest phases at around peak 
metamorphism (1590-1575 Ma). Sodic alteration is furthermore proposed as the first stage in the 
lithogeochemical / reactive transport model of Corriveau et al. (2016). Sodic alteration is prolific in 
the Cloncurry district, it is present at the majority of deposits and is regionally pervasive, 
outcropping consistently throughout the Mary Kathleen Group, in particular the calc-silicate 
dominated Corella and Doherty formations (DeJong and Williams, 1995; Marshall and Oliver, 2008). 
Whilst regional sodic alteration may have commenced much earlier, sodic (±calcic) alteration within 
the Ernest Henry system has been dated as 1529 ± 14 Ma via U-Pb dating of hydrothermal titanite 
(Mark et al., 2006). This age is temporally consistent with intrusion of the earlier Williams granites 
(e.g., the Saxby and Mount Angelay granites), and there is a close spatial relationship between 
granites of the Williams Suite and sodic±calcic alteration, particularly the Saxby, Mount Angelay and 
Squirrel Hills granites. Many authors consider the fluid which caused sodic alteration to have been 
derived from Williams granites (e.g., Kendrick et al., 2007), which intruded between 1535 and 1490 
Ma.  

Sodic alteration is generally thought to be caused by a large influx of a salty brine, which effectively 
leached most host rocks of almost all other elements (e.g., Corriveau, et al., 2016), and those 
leached elements became the principal components of the ore-forming alteration stages (Mark et 
al., 2006). Pollard et al. (2001) proposed that sodic (±calcic) alteration (and ultimately IOCG deposits) 
formed via unmixing of a H2O-CO2-NaCl-KCl-rich magmatic fluids, noting however that the 
responsible fluid could be similar to those derived from evaporite-carbonate sequences. Sodic 
alteration generally leads to albite-rich rocks (often up to 80%) which contain lesser amounts of 
magnetite and titanite. A good example of sodic alteration can be observed in EHM001 (Fig 7) from 
the Marshall Shear Zone. Because the sodic alteration is the earliest major metasomatic event 
observable in the sequence, it is hard to find examples where only sodic alteration is preserved. It 
is generally overprinted by one or more later hydrothermal alteration styles, and it is commonly 
coeval with sodic-calcic alteration. Nevertheless, enough examples are present in the database to 
make meaningful observations. 
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Figure 6: TIMA image of EHM 001, the best-preserved example of relatively pure of sodic alteration (albitisation) 
extracted from the Ernest Henry deposit, which is comprised primarily of albite, magnetite ± titanite. 

 

The easiest way to differentiate sodic alteration it in the Cloncurry METAL database (Austin et al., 
2020) is to simply filter results by albite. A plot of magnetic susceptibility vs density for relatively 
pure sodic alteration (all samples with greater than 40% albite and less than 1% biotite) is shown 
relative to all other samples in the database in Figure 7 (NB. biotite-rich samples have been removed 
as a measure to exclude misleading biotite-magnetite overprints). This figure shows that relative to 
the Ernest Henry deposit as a whole, early sodic alteration typically has relatively low density (e.g., 
ca. 2.8 g/ cm3) and relatively low magnetic susceptibility (e.g., ca. 0.1 SI). In some cases, the magnetic 
susceptibility trends up to much higher values of ca. 0.8 SI, and in this case the increase in both 
density and magnetic susceptibility is predominantly due to magnetite (approx. 9%) and to a lesser 
degree titanite. Although there are few samples with elevated magnetic susceptibility, the increase 
in magnetic susceptibility is generally linear with respect to density, plotting on the magnetite trend, 
and indicating relatively reduced conditions. 

In general, sodic alteration leads to almost all mobile elements and rare-earth elements (REEs), 
being mobilised out of the protolith (Corriveau et al., 2016). The major elements likely to be 
mobilised from felsic volcanic (host rocks) into the fluid include potassium (from microcline), calcium 
from plagioclase, and iron and magnesium from ferromagnesian minerals such as amphibole. 

 



14  |  Metasomatic controls on petrophysical zonation in IOCG mineral systems 

 

Figure 7: Plot of Magnetic Susceptibility vs density for samples with predominantly sodic alteration (albitisation) 

 

3.2 Iron-Apatite Alteration 

Magnetite-apatite alteration is present within many IOCG deposits, including Olympic Dam 
(Apukhtina et al., 2016),  Canteen (Austin et al., 2016b), E1-North (Austin et al., 2016f; Case et al., 
2017), Osborne (Gazley et al., 2016) and Ernest Henry (Austin et al, 2016e). Historically there has 
been some debate as to the origin of iron-apatite type deposits (e.g., Parak, 1975). However, a 
magmatic origin has slowly gained favour since the 1970’s. Corriveau et al., 2016, suggest 
magnetite-apatite ± REE assemblages formed as a product of the fluids derived from sodic ± calcic 
alteration. The TIMA library assembled for this project also suggest a continuum between sodic and 
magnetite-apatite alteration (i.e., assemblages are albite-rich with elevated magnetite and apatite) 
rather than a clear overprinting relationship. To differentiate iron-apatite alteration in the Cloncurry 
METAL data base (Austin et al., 2020), the data were filtered to show samples with magnetite 
greater than 5% and apatite >1% (Fig. 8).  
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Figure 8: Plot of Magnetic Susceptibility vs density for samples with predominantly iron-apatite alteration. Iron-
apatite alteration overprints and is generally contiguous with sodic alteration. 

 

 

Iron-apatite alteration is the most petrophysically extreme end-member of the Ernest Henry 
lithologies with susceptibilities up to 1.8 SI. There are samples with up to 15% apatite and up to 62% 
magnetite preserved at Ernest Henry. The highest magnetic susceptibility and density values are 
related purely to magnetite-apatite alteration (e.g., EHM005; Fig. 9). The increase in magnetic 
susceptibility is generally linear with respect to density, plotting on the magnetite trend. However, 
very few examples of pure iron-apatite alteration are retained in the Ernest Henry System, due to 
later overprinting. Some samples display multiple alteration stages within the system including 
significant iron-apatite alteration and in other cases, magnetite and apatite appear to have been 
retained during subsequent alteration, e.g., where albite has been replaced by K-feldspar (e.g., 
EH177: Fig 10). 

There is a well-known correlation between iron-apatite alteration and rare earth elements (REEs: 
Frietsch and Perdahl, 1995, Corriveau et al. 2016). The Cloncurry METAL database only contains 
pXRF data for Yttrium, but the highest value for Y is associated with the best developed example of 
iron-apatite alteration (EHM005). There is also an association between apatite and copper 
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mineralisation within the Ernest Henry System. However, in most instances the mineralisation 
appears to be related to later K-feldspar and/or quartz-chlorite-hematite overprints rather than to 
iron-apatite alteration sensu stricto. Therefore, the association appears to be an artefact of 
overprinting. In several cases magnetite content is also partially due to overprinting biotite-
magnetite alteration. 

 

Figure 9: TIMA image of EHM005, which represents the best-preserved example of relatively pure of iron-apatite 
alteration extracted from the Ernest Henry deposit, which is comprised primarily of magnetite, apatite and albite. 

 

Figure 10: TIMA image of EHM177, an example of mixed alteration packages comprised mainly of iron-apatite 
alteration, k-feldspar alteration and later hydrolytic alteration. 
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3.3 Calcic Alteration 

In the lithogeochemical alteration scheme of Corriveau et al. (2016), the first phase of alteration is 
referred to as both albitisation and Na-Ca alteration (implying sodic-calcic alteration). However, 
Corriveau et al. (2016) consider the formation of amphiboles to be part of stage 2 (i.e., not 
synchronous with albitisation). In the Cloncurry district some workers consider sodic and calcic 
alteration to be separate and some consider them to be synchronous, but heterogeneously 
distributed. In the alteration facies model of Corriveau et al. (2016) the second phase of alteration 
is referred to as high temperature Ca-Fe± Mg (± Skarn). In our alteration paragenesis for the 
Cloncurry district phase 1 and phase 2 of Corriveau et al (2016) are considered to be synchronous, 
but are subdivided here because they are subtly geophysically different even though they may in 
many instances be genetically coeval.  

Unlike sodic alteration, which primarily describes albitisation, calcic alteration may describe 
numerous styles of alteration assemblage. A common variety of calcic alteration observed in the 
Ernest Henry deposit is the replacement of Fe by Ca±Mg in ferromagnesian minerals to form Mg-
actinolite (a Ca- Mg- rich amphibole). This style of alteration is usually present with albite (sodic 
alteration) and a typical example of sodic-calcic alteration is shown in Fig 11. To differentiate calcic 
alteration components from other lithologies the data were filtered to show samples with greater 
than 10% Actinolite, and less than 1% biotite (marked in green in Fig 12).  

 
Figure 11: TIMA image of a classic example of sodic-calcic alteration which occurs predominantly in mafic host rocks 
at Ernest Henry.  

Petrophysically, this style of calcic alteration has a slightly lower susceptibility than sodic alteration, 
possibly due to dissolution of magnetite in conjunction with the formation of Mg-Ca silicates (e.g., 
actinolite: as shown at Starra by Patterson et al., 2016). Calcic alteration typically causes slightly 
higher densities than sodic alteration. The higher density corresponds to higher proportions of 
amphibole (e.g., actinolite), which at approximately 3.02 g/cm3 is substantially denser than albite at 
2.62 g/cm3. The increased amphibole (primarily Mg-actinolite) content may not be purely due to 
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metasomatism but may simply reflect increased ferromagnesian component in the protolith. Albite-
actinolite alteration is very common in mafic-intermediate protoliths across the Cloncurry district 
as part of regional alteration. Patterson et al. (2016) showed that the formation of actinolite is 
temporally related to the breakdown of titanomagnetite, and/or pyroxene in mafic rocks at Starra, 
coupled with mobilisation of Fe into the mineral system.  

 

 

Figure 12: Plot of Magnetic Susceptibility vs density for samples with predominantly calcic alteration. 

Calcic alteration may also refer to replacement of Na in albite with Ca to form oligoclase and/or 
anorthite, and/or the formation of Na-Ca -rich aluminosilicates such as scapolite, depending on the 
protolith. Calcite may also be formed during calcic alteration and calcite commonly does occur with 
scapolite in calcic altered country rocks, particularly calc-silicates (e.g., Fig 13). However, calcite also 
commonly occurs very late in the paragenesis of Ernest Henry, and therefore it cannot easily be 
used as a simple discriminator. When the data are clipped to reflect a cumulative increase in Mg-
actinolite + oligoclase + anorthite + scapolite the results (shown in red on Fig. 12) are different, but 
the conclusion is the same.  

Some of the more extreme petrophysical properties associated with high Mg-actinolite (e.g., those 
with susceptibilities above 0.5 SI) are associated with calcite-actinolite-magnetite assemblages (e.g., 
EH122; Fig 14). These assemblages are consistent with those proposed as stage 2 high temperature 
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skarn in the model of Corriveau et al. (2016) and potentially form a continuum with the actinolite-
poor alteration assemblages more typical of regional sodic-calcic alteration. In rare instances similar 
actinolite-rich assemblages are associated with skarn style Cu-mineralisation, similar to carbonate 
skarns (e.g., Mt Colin; Gazley et al. 2016) but with actinolite dominant as opposed to calcite. The 
best-preserved example (EHM229: Fig 15) has relatively low magnetite content but relatively high 
density. 

 

Figure 13: TIMA image of EHM243, an example of scapolite-calcite alteration which occurs predominantly in meta-
sedimentary (calc-silicate) host rocks at Ernest Henry. 
 

 

Figure 14: TIMA image of an example of a high temperature actinolite-magnetite-calcite skarn assemblage 
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Figure 15: TIMA image of an example of amphibole-chalcopyrite skarn-style mineralisation 

3.4 Biotite-Magnetite Alteration 

Biotite-magnetite alteration is a form of potassic- iron alteration commonly proposed to post-date 
sodic alteration (Barton, 2004). It has been dated at 1514 +11/-8 Ma via U-Pb of hydrothermal 
titanite (Mark et al., 2006), which occurs synchronous with, or prior to the major ore-forming phases 
at Ernest Henry (e.g., Mark, 2006; Oliver et al., 2008) closer to 1505 Ma. TIMA imagery clearly show 
that biotite-magnetite overprints sodic ± calcic alteration and furthermore appears to pre-date K-
felspar alteration (e.g., EHM014: Fig 13). It is possible that biotite alteration is temporally coincident 
with K-feldspar alteration, forming a proximal to medial footprint to a system that is increasingly K-
Feldspar altered toward the core. However, most workers (e.g., Mark et al., 2006) suggest it is a pre-
cursor to K-feldspar alteration (predominantly associated with the breccia) and to mineralisation. 

Biotite-magnetite alteration is in general not pervasive like the sodic ±calcic alteration phases (i.e., 
it does not completely replace the protolith), and in most cases it appears to be exploiting 
structurally and /or chemically enhanced porosity within the system (e.g., breccia matrix, fractures, 
faults). It is typically very fine grained and, where uncontaminated by later alteration, tends to 
overprint, rather than replace the albite-rich protoliths (e.g., EHM014: Fig. 16). Biotite-magnetite 
alteration can also be very coarse (e.g., EHM 120: Fig 17), potentially reflecting closer proximity to 
the core of the system. In terms of the reactive transport model, biotite-magnetite alteration is the 
product of K and Fe rich fluids leached out of the host sequence during earlier, more regionally 
pervasive, sodic ± calcic alteration phases, (i.e., K is mobilised by sodic alteration and iron is 
mobilised by calcic alteration).  

Biotite-magnetite alteration is petrophysically variable (Fig 18), ranging from relatively low 
susceptibilities (e.g., 0.23 SI for EHM014) up to very high susceptibilities (e.g., 1.67 SI for EHM 120). 
Elevated magnetic susceptibility and density are predominantly related to magnetite content, and 
accordingly samples with biotite-magnetite alteration generally sit on the magnetite trend.  
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Slightly elevated densities may be attributed to large proportions of biotite (which has density of 
3.09 g/cm3). Samples that sit substantially beneath the trend (outside the shaded area in Fig 18), 
contain pyrite and/or chalcopyrite which add to the relative density, or hematite which reduces the 
relative susceptibility. However, the addition of sulphides and/or oxidation of magnetite to hematite 
is associated with later K-feldspar and quartz-chlorite-hematite alteration phases, which post-date 
biotite-magnetite alteration. 

 

Figure 16: TIMA image of fairly typical fine-grained biotite-magnetite alteration, illustrating paragenetic 
relationships:  Early sodic alteration (i.e., albite) is overprinted by magnetite-biotite alteration, and subsequently 
overprinted by later K-feldspar alteration. 

 

Figure 17: TIMA image of a good example of coarse-grained biotite-magnetite alteration, forming a breccia matrix 
to a sodic-altered protolith.  
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Figure 18: Plot of Magnetic Susceptibility vs density for samples with predominantly biotite-magnetite alteration. 

3.5 K-feldspar Alteration 

K-feldspar alteration is primarily associated with the breccia body at Ernest Henry. It clearly post-
dates sodic ± calcic alteration and occurs syn- to post biotite-magnetite alteration (e.g., Fig 13). In 
most cases K-feldspar alteration is spatially coincident with textural destruction (e.g., Fig 19), and it 
is mainly found in brecciated assemblages. The formation of the breccia, both its timing and 
mechanism is however, contentious, and they may or may not be breccias sensu stricto.  The 
‘breccia’ assemblages have been proposed to have formed via explosive hydrothermal processes 
(e.g., Oliver et al., 2006), possibly related to the mingling of mafic and felsic magmas at depth.  

Whilst mostly present in the breccia, K-feldspar alteration also occurs as pervasive, non-destructive 
alteration, particularly outside the breccia, particularly in the medial to proximal footprint of the 
system and along and across strike, e.g., the hanging wall shear zone, hanging wall volcanics (e.g., 
Fig 20) and footwall. 

K-feldspar alteration is caused by a large influx of a potassium-rich fluid, likely a major constituent 
leached out of host rocks during early regional sodic ± calcic alteration. The pervasive potassic 
alteration generally leads to assemblages rich in K-feldspar (microcline), which commonly makes up 
40% to 80% of the mineral assemblage (e.g., Fig 19 and 20).  
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Figure 19: TIMA image of EHM025, which is a typical example of fabric destructive K-feldspar alteration in the Ernest 
Henry breccia, comprised mainly of K-feldspar, magnetite and pyrite. 

 

Figure 20: K-feldspar altered volcanics, as seen in TIMA image of EHM157 from the hanging wall, are commonly 
pervasively altered, preserving pre-existing structural fabrics. 

Samples typically associated with K-feldspar alteration include pyrite and magnetite, although it is 
difficult to determine whether magnetite is inherited from earlier alteration phases (i.e., sodic, iron-
apatite, biotite-magnetite) and/or whether pyrite is largely formed during later hydrolytic 
alteration. Overprinting relationships observed in TIMA data tend to favour the latter. Samples with 
>30% K-feldspar average 0.66% chalcopyrite. However, samples with strong hydrolytic alteration 
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average 1.95% chalcopyrite. Therefore, the available evidence suggests that semi-pervasive potassic 
alteration is not the main mineralising phase. 

One method to differentiate K-feldspar alteration in the Cloncurry METAL database is to filter results 
by K-feldspar. All samples with greater than 30% k-feldspar are plotted in light orange in Fig 21, a 
plot of magnetic susceptibility vs density. This shows that relative to the Ernest Henry deposit as a 
whole, this K-feldspar alteration has a wide distribution of petrophysical properties, from relatively 
low density (e.g., ca. 2.8 g/ cm3) and relatively low magnetic susceptibility (e.g., ca. 0.1 SI)  up to 
susceptibilities of 1.4 SI and densities of over 3.8. The increase in magnetic susceptibility is generally 
linear with respect to density, plotting on the magnetite trend (although much of the magnetite 
may be inherited (as mentioned previously). 

 

Figure 21: Plot of magnetic susceptibility vs density for samples with predominantly K-feldspar alteration (light 
orange). The darker orange corresponds to samples with k-feldspar alteration+ >5% sulphides. The density increase 
highlighted in orange corresponds to addition of pyrite, rather than oxidation of magnetite. 

A significant number of samples with K-feldspar alteration also sit beneath the magnetite-trend. 
This suggests the onset of more oxidised conditions, implying oxidation of magnetite to hematite. 
Both hematite and pyrite are generally indicative of more oxidised IOCG systems, as demonstrated 
for the Tennant Creek deposits by (Skirrow and Walshe, 2002). Examination of the TIMA imagery 
and evaluation of the relative density contribution from sulphides suggest that the relative density 
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increase/ susceptibility decrease in K-feldspar-rich samples is mainly associated with pyrite, rather 
than hematite ± chalcopyrite. Hematite and chalcopyrite appear to be mainly associated with a later 
hydrolytic overprint. Therefore, the relatively higher density / lower susceptibility of many K-
feldspar altered samples relative to the earlier alteration phases is due to addition of density from 
pyrite, rather than reduction of magnetic susceptibility from oxidation of magnetite to form 
hematite. 

3.6 Hydrolytic Alteration 

Hydrolytic alteration is not recognised by most workers as a major stage in the paragenetic sequence 
at Ernest Henry. Neither hydrolytic alteration, nor chlorite are mentioned by Mark, et al., 2006. 
However, it is a major alteration phase recognised at Prominent Hill and Olympic Dam deposits  and 
Ernest Henry  (e.g., Ehrig et al., 2012; Schlegel and Heinrich, 2015, Schlegel et al., 2020) , and it is 
very clearly present in the TIMA imagery acquired by the Cloncurry METAL project (Austin et al., 
2020). Hydrolytic alteration tends to subtly overprint K-feldspar alteration within the ore-hosting 
breccia phase at Ernest Henry. In hand sample it is indistinguishable from the K-feldspar alteration 
it partially overprints. In TIMA imagery, which has resolution of 20 µm it is clearly distinguishable as 
an overprint (Fig. 22), even though it is texturally consistent with K-feldspar alteration in the 
protolith.  

 
Figure 22: Example of a typical K-Feldspar breccia with a quartz-chlorite ± hematite ± pyrite overprint, consistent 

with late hydrolytic alteration. 

Hydrolytic alteration is the result of chemical reactions late in the paragenesis of the deposit, in 
which quartz-chlorite assemblages replace K-felspar ± biotite (e.g., Schlegel et al., 2020). Hydrolytic 
alteration generally leads to an increase in quartz and chlorite which are often associated with 
pyrite, chalcopyrite, and hematite. The majority of samples affected by hydrolytic alteration are still 
comprised mainly of K-feldspar with < 30% of the protolith overprinted, and hydrolytic alteration is 
only fully developed in only a few rare case (e.g., EHM033; Fig 23). Samples with strong hydrolytic 
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alteration tend to be more strongly mineralised with samples containing >30% quartz + chlorite 
averaging 1.95% chalcopyrite (NB samples with >30% K-feldspar average 0.66% chalcopyrite).  

 

 
Figure 23: Example of a fully developed hydrolytic overprint, a breccia comprised almost entirely of quart-chlorite-

hematite-chalcopyrite-pyrite with no K-Feldspar. 

 

In order to differentiate rocks with hydrolytic alteration in the Cloncurry METAL database results 
were filtered by the sum of chlorite and quartz. All samples with greater than 30% chlorite + quartz 
are plotted in black in Fig 24. This shows that relative to K-feldspar alteration at Ernest Henry the 
hydrolytically altered samples have substantially higher density and lower susceptibility, suggesting 
oxidation of magnetite to hematite.  

Unfortunately, TIMA cannot be used effectively to differentiate magnetite from hematite. However, 
a comparison of the measured magnetic susceptibility vs predicted susceptibility (based on 
magnetite±hematite values from TIMA data) can be used to differentiate hematite and magnetite 
within these systems. Because mineralogy is calculated from one surface of the sample rather the 
entire volume (from which the petrophysical properties are derived), there is a large error in the 
results. However, the results clearly indicate that hydrolytic alteration is broadly associated with 
oxidation of magnetite to hematite. Pyrite although present in K-feldspar altered rocks, only 
averages 0.36% in K-feldspar rocks without a hydrolytic overprint. Conversely, rocks displaying a 
hydrolytic overprint commonly contain 15-30% pyrite (e.g., EHM174: Fig 25) and average 3.7% 
pyrite and 2% chalcopyrite. 
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Figure 24: Plot of magnetic susceptibility vs density for samples with hydrolytic alteration associated with hematite 
formation. IN this case the density increase coupled with suppression of magnetic susceptibility is related to both 
addition of chalcopyrite and pyrite, and oxidation of magnetite to hematite. 

 

The late quartz-chlorite-hematite-pyrite (i.e., hydrolytic) alteration is microscopic in most cases, but 
appears to be responsible for both addition of pyrite and chalcopyrite, and oxidation of magnetite 
to hematite. Hematite and pyrite have densities of approximately 5 g/cm3, and are 
antiferromagnetic and paramagnetic respectively (i.e., are not strongly magnetised), whereas pure 
magnetite has a density of 5.2 g/cm3 and is strongly ferromagnetic with susceptibility of 
approximately 3 SI in the Ernest Henry System. Therefore, the higher densities in hydrolytically 
altered samples (relative to the earlier alteration phases) are due to addition of density from both 
pyrite and chalcopyrite. The lower magnetic susceptibility is caused by oxidation of magnetite to 
hematite. Geophysically, this main ore-forming alteration causes subtle suppression of the magnetic 
anomaly coupled with substantial enhancement of the gravity anomaly. 
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Figure 25: Example of K-feldspar alteration which has been overprinted by pyrite-rich quartz-chlorite poor 
alteration. 

3.7 Late Calcite Veining 

Calcite forms late veins and infill textures in part of the systems (e.g., Fig 26). This late calcite is 
believed to largely post-date mineralisation e.g., Mark et al. (2006), Schlegel et al. (2021) and 
petrophysically, it has little effect on the system as whole, causing only minor modification of 
petrophysical properties. 

    

Figure 26: Late calcite vuggy calcite infill, overprinting both K-Feldspar and hydrolytic alteration styles (left). An 
example of Calcite veining overprinting both K-Feldspar and hydrolytic alteration styles(right). 
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4 Discussion 

4.1 Metasomatic Zonation 

There is a general zonation from the host rocks/background through the distal, medial and proximal 
footprint and into the core of the system as was recognised by Mark et al. (2006: Fig 27).  

 

Figure 27: Paragenetic sequence and spatial distribution of pre- and syn-ore hydrothermal alteration at EHM (from 
Mark et al., 2006). The sequence is divided into three main phases: 1) Stage 1, which largely refers to hydrothermal 
associations produced during the earlier stages of hydrothermal evolution (e.g. albitisation and Na–Ca alteration); 2) 
Stage 2, which refers to hydrothermal associations chemically-linked, but occurring prior to Cu–Au mineralisation; 
and, 3) Stage 3, which relates to hydrothermal associations temporally, spatially and chemically linked to the ore. 
The width of individual lines refers to the relative abundance of a mineral formed during a particular stage, where 
stippled lines represent trace mineral abundances, whereas the thickest solid line shows that a mineral is present in 
abundance. Black fill denotes relatively Na-rich pre-ore mineral assemblages, and grey fill highlights K-rich mineral 
assemblages deposited prior to ore-related K-feldspar alteration. Other fills are specific to individual mineral phases. 
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The paragenetic sequence of Mark (2006) can be summarised as a multistage system of overprinting 
alteration which starts at the regional scale and contracts (telescopes) into the core of the system 
over time. Therefore, the paragenetic sequence mirrors the deposit zonation, i.e., early alteration 
is background/distal, intermediate phases of alteration are medial to proximal, and the later phases 
of alteration are proximal to core. Based on this premise then: 

1. Early sodic alteration is widespread / regional and affects all host rocks within the 
approximate depth range of the deposit. 

3. Biotite magnetite style potassic alteration is mainly distal to medial to the deposit 

4. Sodic-calcic alteration is distal to medial to the deposit (i.e., concentrated around the mine 
lease) 

5. Non-fabric destructive K-feldspar style (potassic) alteration is dominant in the proximal 
footprint of the deposit. 

6. Fabric destructive K-feldspar style (potassic) alteration is dominant in the core of the deposit. 

The paragenesis proposed by Mark et al. (2006) is framed only in terms of sodic, calcic and potassic 
alteration, but the mineralogy suggested is consistent with that below: 

2. Magnetite-apatite alteration is recognised as a sub-type of sodic alteration, that occurs 
predominantly in the medial footprint, consistent with suggested by Mark et al. (2006). 
However, TIMA evidence suggests it is not associated with sodic-calcic alteration sensu 
stricto, as in the paragenesis of Mark (2006, but is (also) a bi-product of sodic alteration (e.g., 
Corriveau et al., 2016).  

3. Calcic and sodic alteration are differentiated mainly from a geophysical perspective. 
Actinolite is here considered a product of semi-pervasive calcic alteration, based on 
observations in a least some TIMA images. Actinolite is however substantially more 
widespread regionally than implied by Mark et al. (2006), e.g., affecting dioritic rocks south 
of the deposit (see TIMA imagery from drill-hole EHMT001). Some actinolite is likely a 
primary phase in magmatic rocks within the Ernest Henry system (Schlegel et al., (2021).  

7. Hydrolytic alteration is recognised as an important phase in the more oxidised IOCG deposits 
of the Gawler province (e.g., Ehrig et al., 2012: Schlegel and Heinrich, 2015), and is 
recognised by Schlegel et al. (2021) as overprinting the breccia phase at Ernest Henry. 
Although recognised in part by the association of quartz and hematite with the final 
alteration phase by Mark et al., (2006), coeval chlorite alteration is not recognised, perhaps 
because it is often microscopic in distribution, or assumed to be substantially post-
mineralisation. 

 

4.2 Geophysical Zonation 

Here the geophysical zonation of the deposit has been simplified to comprise three main regions: 
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4.2.1 Background-distal footprint 

The background/distal footprint is comprised of sodic and sodic ± calcic alteration phases. In this 
zone magnetic susceptibility may be elevated, due to the presence of magnetite in either sodic or 
sodic-calcic alteration styles. However, magnetite content is typically low, and magnetic 
susceptibilities rarely exceed 0.1 SI (Fig 28). Density is also low, varying from ca 2.65 g/cm3 to 2.85 
g/cm3 for albitised rocks (sodic-dominant alteration) and varying from ca 2.65 g/cm3 to 2.95 g/cm3 
for more actinolite-rich variants (Mg-Ca overprint). The elevated density of the lithologies classed 
as calcic altered relative to the magnetite-trend, is due mainly to the addition of amphibole 
(primarily actinolite), which with a density of approximately 3.02 g/cm3 is substantially denser than 
albite at 2.62 g/cm3. The footwall and hanging wall samples (also plotted in figure 29) show some 
variability, which is likely related to inconsistent medial alteration affecting parts of the distal to 
background parts of the system. However, in general, their geophysical expression is consistent with 
the petrophysical properties of sodic (±calcic) alteration, and furthermore they are spatially 
coincident.  

 

Figure 28: Plot of magnetic susceptibility vs density for regional alteration types compared with results from the distal 
footprint (i.e., the foot wall and hanging wall) of the system. 
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4.2.2 The medial footprint 

The medial footprint is predominantly comprised of sodic and sodic-calcic altered protoliths which 
are variably overprinted by magnetite-apatite and biotite-magnetite alteration, and to a lesser 
extent non-fabric destructive K-feldspar alteration, especially more proximal to the ore zone (e.g., 
the hanging wall shear zone). The medial footprint is magnetite-rich and of intermediate redox state 
(magnetite-stable; as recognised by Mark et al, 2006). The petrophysical expression is dominated 
by magnetite (Fig 29), and all of the magnetic susceptibility is attributed to magnetite in the medial 
footprint of the system. In some examples of magnetite-apatite alteration, magnetite may comprise 
up to 62% of the rock and coincide with magnetic susceptibilities of up to 1.8 SI. More typically 
magnetite-apatite alteration coincides with susceptibilities of ca. 0.5-1.2 SI. Biotite-magnetite 
(potassic) alteration typically has magnetic susceptibilities of 0.2-1.0 SI. In both cases, however, the 
elevated density of the medial footprint (i.e., up to ca 3.4 g/cm3) is primarily (approximately 90%) 
related to magnetite content, with the remainder mostly attributed to actinolite in the protolith 
(which has  density of 3.02 g/cm3) and/or increased biotite (which has  density of 3.09 g/cm3). 

 

Figure 29: Plot of magnetic susceptibility vs density for medial alteration types compared with results from the medial 
footprint on the system (in this case specifically from the Marshall Shear Zone. 
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4.2.3 Core of the system 

The core of the system is dominated by fabric destructive K-feldspar alteration which is spatially 
focussed in breccia or pseudo brecciated lithologies. The K-feldspar alteration is still magnetite-
dominant (cf. Mark et al., 2006), and most relatively un-mineralized examples sit along the 
magnetite trend, suggesting increased density and increased magnetic susceptibility are coupled 
and due to magnetite. However, many of the breccias, and indeed the mean density and magnetic 
susceptibility values across all breccias and all mineralised breccias, sit below the magnetite trend 
(Fig 30). In un-mineralised or weakly mineralised K-feldspar altered rocks, the higher densities are 
primarily associated with the addition of pyrite. However, a substantial proportion of the systems 
K-feldspar breccias have also been overprinted by hydrolytic alteration. Hydrolytic alteration is more 
focussed in the core of the system, and more strongly associated with chalcopyrite than pyrite. 
During this late stage alteration, magnetite was been partially to totally oxidised to form hematite. 
Hydrolytic alteration produced substantially higher densities from the combination of pyrite, 
chalcopyrite and hematite, and also results in subtle suppression of magnetic susceptibility (relative 
to density and total iron content). Although the oxidation of magnetite to hematite is evident in 
many IOCG deposits (e.g. Olympic Dam, Ehrig et al., 2012), it is largely incomplete in the Ernest 
Henry System. 
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Figure 30: Plot of magnetic susceptibility vs density for the core alteration types compared with results from the 
breccias and mineralised breccias. 
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5 Conclusions 

This study together with those of Schlegel et al., 2021 and Austin and McFarlane, 2021, highlights 
that metasomatism, structure and geophysical expression are all interrelated in hydrothermal 
mineral systems. The formation of hydrothermal ore deposits is driven by changes in P-T conditions, 
which effect both rheology and mineralogy simultaneously. Changes in pressure are a primary driver 
of metamorphic reactions that allow fluids to form and evolve as the crust passes through the 
various mineral stability fields. Porphyry systems are fluid buffered, and don’t require interaction 
with structural controls. However, IOCG systems are only locally fluid buffered, and fluxes of strain 
within a system (i.e., largely as a result of tectonism), are responsible for triggering reactions, by 
reducing the constraining pressure at specific points of crustal weakness, allowing fluids to instigate 
structural failure (e.g., Austin and McFarlane, 2021). This intermittent opening and closing of the 
system occurs as the fluids and host lithologies evolve, providing ideal conditions in which to focus 
fluid flux over the time frames required to form a mineral deposit. Fluid pressure drives chemical 
reactions, porosity and structural controls, rather than tectonism sensu stricto. 

The geophysical zonation of a mineral system is a result of interaction between: 

1. The architecture of the system, both in terms of rheology and geometry, and the role of 
structure in creating permeability, for:  

a. The fluid and fluid evolution of that system, both in terms of chemistry and 
hydrothermal pressure, and the interaction of the fluid with: 

b. The host rocks, both in terms of their physical properties (i.e., rheology, porosity, 
permeability, and their chemical properties).  

Porphyry deposits record classic concentric zonation related to different styles of alteration that are 
interpreted as one event. The alteration stages can, depending on the host rocks, form a bullseye 
magnetic anomaly or concentric magnetic high around the deposit (Clark, 2014). Conversely, the 
zonation observed in IOGC systems (whether it be geochemical of geophysical) cannot be viewed as 
a single fluid system as there are also distal, medial, and proximal alteration footprints surrounding 
mineralisation. The processes involved prescribe a gradual contraction/ focussing/telescoping of the 
mineral systems from early (e.g., ca 1550 Ma) to relatively late (e.g., ca 1500 Ma) coupled with 
changes in crustal rheology, fluid pressure, fluid chemistry and deformation style.  

Recognition of zonation in the Ernest Henry deposit is also complicated relative to a porphyry 
deposit because the porosity and permeability in the system is largely controlled by inclined ductile-
brittle shears early in the system evolution (e.g., the Marshall shear). The structural architecture 
effectively masks the zonation of the deposit. Nevertheless, there is a progression from early 
magnetite-dominant alteration to increasingly pyrite and hematite-rich assemblages toward the 
later stages, consistent with a system evolving from relatively reduced to relatively oxidised over 
time. This type of pattern is commonly explained by interaction of a relatively oxidised fluid with a 
reduced host sequence, but viewed within a lithogeochemical framework it is also consistent with  
the evolution of a fluid from relatively reduced to relatively oxidised via integration with the host 
protolith (Schlegel, et al., 2021)  



36  |  Metasomatic controls on petrophysical zonation in IOCG mineral systems 

Although the zonation in the system is made cryptic by the system architecture, it is clear that the 
alteration footprint gradually telescopes into the core, resulting in a zoned system in which the 
medial footprint is reduced, trending to increasingly oxidised assemblages toward the core (Fig 31). 
Ernest Henry is clearly the most evolved IOCG style deposit found in the Cloncurry district. Whilst 
hematite is found in relatively low abundance in association with latest alteration stages at Ernest 
Henry, it is evident that the mineral zonation has not experienced the same level of hematite 
formation as classic IOCG deposits in the Gawler craton, including Olympic Dam and Prominent Hill 
(e.g., Ehrig et al., 2012; Schlegel and Heinrich, 2015). It is possible, however, that more evolved 
IOCG’s are present in the Cloncurry district that have yet to be found.  

 

Figure 31: Simplified geophysical model of the Ernest Henry deposit (after Austin, et al., 2019), illustrating pseudo-
concentric geophysical zonation. 

A simplified model for the geophysical development of the Ernest Henry deposit is presented in 
Figure 32. Geophysically, the alteration paragenesis presented will result in a system with a 
moderately dense, highly magnetic medial footprint, outboard of a weakly magnetised, neutral 
density proximal footprint, haloing a highly dense core. Late hydrolytic alteration, which is present, 
but not pervasive at Ernest Henry will result in oxidation of magnetite to hematite, resulting in subtle 
suppression of the magnetic signature in the core. Consequently, simple bullseye magnetic targets 
are not favourable for magnetite series IOCGs. In subtle contrast, gravity bullseye targets associated 
with magnetic medial footprints (donut anomalies) should be more prospective. Targets with donut 
magnetic anomalies enclosing a gravity high may geophysically express the fully evolved IOCG 
deposits, not yet discovered in the Cloncurry district. Many explorers ponder the lack of high-
tonnage, highly oxidised, IOCGs in the Cloncurry district (e.g., Little, 2019). Others (e.g., Rutherford, 
2019) see the poor gravity coverage across the Cloncurry district as an opportunity to gain 
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competitive advantage. Potentially the more evolved (i.e., more oxidised, Gawler-like) end-
members of the IOCG family are yet to be discovered in the Cloncurry District. That means we need 
to re-evaluate the tools we’re using to find them. The Geological Survey of Queensland have 
recently updated magnetic data across the district, but high-resolution gravity data has been a long 
time coming and could provide the paradigm shift required to find a Gawler-style IOCG at Cloncurry.  

 
Figure 32: Simplified schematic illustrating the geophysical zonation of a magnetite-series IOCG, such as the Ernest 
Henry deposit, within a lithogeochemical / reactive transport framework. The geophysical expression here has been 
taken beyond that at Ernest Henry, toward a more evolved system.  

This research (along with Schlegel et al. 2021; Austin and McFarlane, 2021) highlights the value of 
fully integrated research which allows us to explore the often-ignored interrelationships between 
typically disparate fields of science (e.g., geochemistry, geophysical and structural geology). It is by 
the destruction of silos and the cross pollination of these fields that we advance our understanding 
of mineral systems and furthermore discover new ways to target mineral deposits.  

Recorded presentations which cover this work can be found: https://youtu.be/03_HL-C2-rc 

and: https://youtu.be/hCyGzBZU_QU 
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