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Abstract 

The Capricorn Orogen in central Western Australia comprises a series of deformed Archean Cratons and 

Paleo- to Mesoproterozoic sedimentary and volcano-sedimentary basins. Although these sedimentary 

basins host some known base-metal deposits, multiple geological factors indicate that more such deposits 

may exist. A new regional TEMPEST AEM survey has been acquired to explore for these deposits, however, 

the presence of thick and conductive cover across the Capricorn Orogen makes interpretation of this 

survey difficult, necessitating careful interpretation. This thesis presents interpretations of the potentially 

prospective Capricorn Orogen basins in two ways: first, an inverse analysis of the resistivity structure of 

the sedimentary basins is provided while dealing with the limitations of the AEM method and inversions, 

specifically, focusing on 1D AEM inverse methods as these are robust and efficient at inverting regional-

scale AEM data; second, new MT data has been acquired and interpreted with a 3D inversion algorithm 

to resolve the deep resistivity variations of the basin geology. 

Chapters 3 to 5 of this thesis contribute to understanding the resistivities of the Capricorn Orogen rocks, 

and the limitations of detecting and interpreting these rocks with TEMPEST AEM surveys and 1D AEM 

inversions, respectively. In Chapter 3, publicly available down hole and newly acquired hand sample 

resistivity measurements were compiled for the stratigraphic units of the Capricorn Orogen. This data 

compilation was used to determine the characteristic resistivity variations of the stratigraphic units and 

the geological features which control their variations. It was found that the Capricorn Orogen regolith was 

resistively variable due to the presence of both highly conductive and resistive weathered materials. Also, 

the Johnson Cairn and Maraloou Formations of the Yerrida Basin, which comprise graphitic shales, were 

the most conductive stratigraphic units. In contrast, the stromatolitic sequences and sandstones in the 

Earaheedy and Yerrida Basins, and the sandstones and siltstones of the Kiangi Creek Formation in the 

Edmund Basin were composed of the most resistive lithologies. 

In Chapter 4, the compiled down hole and hand sample resistivity measurements were used to build a 

resistivity model of the Abra Pb-Zn base-metal deposit by applying a method for upscaling these 

measurements. This upscaling method suggests the use of minimum resistivities to represent the bulk 

rock resistivity of a lithology. However, it was found that highly resistive lithologies were best upscaled by 

using their geometric mean or median resistivity. The TEMPEST AEM response was then calculated over 

this representative resistivity model to show that the conductive base-metal mineralisation and alteration 

halos, located at a maximum of 440 m below the surface, were unlikely to be detected.
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Given the limited depth of penetration of a TEMPEST AEM survey, it was necessary to understand the 

limitations of interpreting 1D TEMPEST AEM inversions of this data. To do this, two synthetic model 

examples were tested and showed that (1) dipping conductors with a dip angle greater than 20⁰ were 

underestimated and resolved with a shallow dip angle between approximately 20⁰-40⁰, and (2) the depth 

to the top of a conductor could only be resolved to within 50 m of its actual location where it was 

approximately 100 m to 200 m below conductive cover. Where conductors were shallower than this, the 

conductor and regolith were resolved as a single conductive layer, and where they were deeper than this, 

their depth could be both overestimate and underestimated by more than a 100 m by a 1D AEM 

algorithm. These results are presented in Chapter 5, which were used to assess the reliability of resolving 

different conductors within 1D TEMPEST AEM inversions from the Yerrida, Bryah, and Collier Basins in the 

Capricorn Orogen. 

Lastly, Chapter 6 presents the data from a new MT survey acquired over the Yerrida and Bryah Basins. 3D 

inversions of this data were compared with 1D TEMPEST AEM inversions from the same region. The 3D 

MT inversion algorithm performed poorly on the AMT data from the Bryah Basin due to the highly complex 

resistivity variations of the deformed basin lithologies. However, it was still possible to make meaningful 

interpretations from this result due to resolved commonalities in more robust BBMT and AEM inversions. 

The combined MT and AEM interpretations suggest that the Thaduna Formation may overly the Johnson 

Cairn Formation further east than current maps show, and that resistivity contrasts are not resolved 

where the Yerrida and Bryah Basins have been structurally deformed.
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1  

Introduction 

Most of Western Australia’s mineral deposits are hosted within the geology of the Archean Yilgarn 

Craton and Pilbara Craton. The Paleo- to Mesoproterozoic Capricorn Orogen, which forms the suture 

between these Cratons, hosts relatively few known economic mineral occurrences (Figure 1.1), but 

has three major geological characteristics that are commonly associated with mineralisation: first, the 

region has been deformed by a number of crustal-scale structures known to provide the necessary 

pathways for the transport of mineralising fluids (Cawood and Tyler, 2004; McCuaig and Hronsky, 

2014); second, the Orogen comprises a series of deformed sedimentary basins and Archean Craton 

complex’s which are ideal for hosting mineral deposits (Cawood and Tyler, 2004; Pirajno, 2004a; 

McCuaig and Hronsky, 2014); and third, the deformational history associated with existing deposits in 

the Orogen may have produced other (yet undiscovered) mineral occurrences (Pirajno, 2004a; 

Johnson et al., 2013). 

 

The lack of new discoveries in the Capricorn Orogen, despite favourable geological conditions, is in 

part due to the thick cover across the region (Aitken et al., 2015). This cover has made exploration 

difficult, such as preventing the detailed mapping of the orogen’s basin scale geology. Geophysical 

surveys provide a means to see through this cover and can be used to map the basin lithologies which 

may host new mineral deposits. In particular, electromagnetic (EM) methods are an effective tool for 

exploring within prospective sedimentary basin terrains. 
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Figure 1.1 Map showing the West Australian basement geology, with the coloured regions highlighting the 

locations of the Pilbara Craton, Capricorn Orogen and Yilgarn Craton. The different economic mineral deposits 

across WA are also shown, modified from the Department of Mines, Industry Regulation and Safety (2018). 

The coverage of the Capricorn TEMPEST AEM survey is outlined in red, and the two new MT survey lines are 

shown in black. 

 

Airborne electromagnetic (AEM) surveys and to a lesser extent magnetotelluric surveys (MT) are 

examples of geophysical techniques which are becoming routine across less endowed orogenic 

terrains such as the Capricorn Orogen (Geoscience Australia, 2014; Aitken et al., 2015; Brodie and Ley-

Cooper, 2018). A new TEMPEST AEM survey has been performed across the Capricorn Orogen 

(Geoscience Australia, 2014) (Figure 1.1) and provides a valuable opportunity to study the resistivity 

variations of the regions geology from inversions of this data. Separate to the AEM survey, new MT 

data has also been acquired from two MT survey lines which cross the south-eastern Capricorn Orogen 

basins (Figure 1.1, black box). This new MT data offers an alternative measurement of the basin 

resistivities and an opportunity to understand the extent to which MT inversions can be used to map 
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the stratigraphic units of the basins. The availability of both datasets across similar geology also allows 

for a combined AEM and MT interpretation of the Capricorn Orogen basin lithologies and Archean 

basement rocks at varying depths. 

 

This thesis aims to use EM surveys to understand the resistivity variations of the Capricorn Orogen 

basins. However, there are number of limiting factors which complicate interpretations of this data in 

regolith dominated terrains, specifically where the regolith is highly conductive as in the Capricorn 

Orogen. 

 

1.1 AEM and MT surveys 

In the acquisition of AEM or MT data, a survey receiver will measure the induced electric and magnetic 

field components in the case of MT, or magnetic field components in the case of AEM, which are 

associated with an EM source passing through the Earth (Figure 1.2). This source may be artificial in 

the case of AEM methods, or natural in the case of MT methods (Figure 1.2). In AEM methods, an 

electrical current is passed through a transmitter loop attached to an aircraft to create a primary 

propagating EM field (Swift, 1988) (Figure 1.2(a)). This primary field induces eddy currents within the 

subsurface, which in turn induce an associated secondary EM field that can be detected by an AEM 

receiver (Palacky and West, 1991) (Figure 1.2(a)). This secondary EM field is usually measured once 

the transmitting current is turned off (usually over a period of tens of milliseconds for a time-domain 

50% duty cycle TEMPEST AEM system). In contrast, MT is a passive EM technique which requires the 

use of buried magnetometers and electrodes to measure the naturally occurring EM fields which pass 

through the Earth (Figure 1.2(b)). These naturally occurring fields are associated with lightning storms, 

and the interaction between the Earth’s magnetic field and the solar winds (Vozoff, 1991). 
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Figure 1.2 Schematic diagrams illustrating the acquisition of (a) TEMPEST AEM data, modified from Brodie and 

Fisher (2008) and Dentith and Mudge (2014), and (b) MT data. 
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Both AEM and MT surveys have advantages and disadvantages for measuring the resistivity variations 

of the Earth. AEM techniques provide detailed measurements of the near surface and are rapid and 

efficient methods for surveying large areas (Palacky and West, 1991). The depth of penetration of an 

AEM survey is dependent on the transmitter moment (the transmitter size, and the magnitude of the 

current), for example, larger transmitter moments can increase an AEM signals depth of penetration 

(Spies and Frischknecht, 1991). However, large transmitter moments require the use of a current with 

a low base frequency to achieve a rapid turn-off time to detect the secondary propagating EM field 

(Spies and Frischknecht, 1991). Achieving this low frequency and large transmitter moment is limited 

by some physical parameters, such as the size of the aircraft and the amplitude of the current which 

can be generated (Palacky and West, 1991). Additional factors can impact the penetration depth of 

an AEM signal to a few hundred metres or less, such as the presence of highly conductive cover (Asten, 

1992). In contrast, MT methods have a larger depth of penetration than AEM methods, and in some 

geological terrains, may be less affected by conductive cover (depending on the survey design, cover 

conductivity, and cover thickness) (Smith and Annan, 1998; Jones, 2017). To achieve this large depth 

of penetration, MT surveys measure a wide range of EM frequencies over much greater periods (from 

hours to weeks), which include the measurement of very low frequencies which cannot be achieved 

with AEM surveys (Vozoff, 1991; Simpson and Bahr, 2005). However, the acquisition of an MT survey 

over a large area is time consuming, and measurements of the near surface are often less detailed 

than the measurements made by AEM methods. 

 

1.2 Electromagnetic inversion and forward modelling 

Geological interpretations from EM surveys are not only informed from the field survey data, but from 

geophysical inversions and forward modelling applications of this data (Pears et al., 2017). The 

inversion of EM data involves using an algorithm to calculate (in 1D, 2D, or 3D) the subsurface 

resistivity variations from the measured EM survey responses (Figure 1.3). The inversion process relies 

on some user defined parameters to direct the final result towards a geologically plausible solution, 

however, inversions are non-unique because a number of possible resistivity models can be found 

which satisfy the same measurements from an EM survey (Williams, 2008; Ley-Cooper et al., 2015). 

 

The process of forward modelling involves calculating EM survey responses from a subsurface 

resistivity information (Figure 1.3). This subsurface resistivity information is often based on down hole 

or hand sample resistivity measurements which can be used to populate a resistivity model of a 
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geological area of interest. However, this model can often result in an oversimplified geological 

representation of the subsurface, due to the paucity of resistivity measurements or from the use of 

incorrectly summarised resistivity data (Lane et al., 2004; Fitzpatrick, 2006; Christensen and Lawrie, 

2017). 

 

 

Figure 1.3 Schematic diagram illustrating the inversion of AEM data, and the forward modelling of a resistivity 

model. From survey data, the resistivity and thickness variations are algorithmically predicted (inverted) to 

resolve the electrical structure of the subsurface. Forward modelling is the opposite approach, from a 

resistivity model of the subsurface the AEM response (AEM data) are algorithmically predicted, modified from 

Brodie et al. (2004). 

 

Making reliable interpretations from both inversion and forward modelling outputs can be difficult 

where interpreters have limited knowledge of the underlying physical processes of the EM method, 

or the parameters used within inversion or forward model algorithms. The interpretation of EM 

inversions can be further complicated by the dimension in which they are operating. 1D modelling 

methods can resolve inaccurate results which are not directly related to real or mappable geological 

features (e.g. Sattel (2004) and Ley-Cooper et al. (2010)). This is because 1D methods are not designed 

to resolve the resistivity variations associated with 2D or 3D geology. Rather, 1D inversions assume a 

horizontal layered earth with no geometry changes and are limited to resolving the resistivity 
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variations with depth (Holtham et al., 2017; Silic et al., 2018) (Figure 1.4). In contrast, 2D inversion 

algorithms can accommodate the resistivity and geometry variations with depth and distance along a 

transect (e.g. across geological strike), and 3D inversion methods can resolve the resistivity variations 

away from a measurement site in both orthogonal directions and with depth (Cox et al., 2012; Silic et 

al., 2015a; Holtham et al., 2017) (Figure 1.4). 2D and 3D EM inversion approaches can be 

computationally expensive, and in the inversion of AEM data, are still an active field of research 

compared to, the often publicly accessible, 1D AEM inversion codes (Pryet et al., 2011; Cox et al., 2012; 

Sapia et al., 2015; Silic et al., 2015b; Munday et al., 2018). To avoid making unrealistic geological 

interpretations from EM data and their inversions it is necessary to understand their limitations. This 

is particularly important in terrains where EM techniques may be less effective. 

 

 

Figure 1.4 Schematic diagrams illustrating the inverted differences when solving for a 1D, 2D, and 3D Earth, 

modified from Brodie (2010). 

 

1.3 Understanding measurements of resistivity 

Down hole and hand sample resistivity measurements are used to create forward models for 

calculating the EM responses of the subsurface, and to validate and constrain EM inversions 

(Hutchinson et al., 2010; Christensen et al., 2015; Holtham et al., 2017; Pears et al., 2017). This is 

because they play an important role in translating the responses recorded by EM surveys into 

geologically meaningful information (Bishop and Emerson, 1999; Emerson et al., 2002). Magnetic 

susceptibility measurements are routinely acquired during mining and exploration drilling campaigns. 

However, the collection of down hole or hand sample resistivity measurements are less common and 

seldom utilised for geophysical or geological interpretations. This is in part because developing a 

meaningful link between geophysical outputs and the subsurface geology requires an understanding 

of the scale at which petrophysical data is acquired, so that these measurements can be compared 

with larger scale geophysical surveys or geological interpretations. Comparisons of small-scale 

measurements such as hand sample and down hole resistivities with larger-scale EM surveys in such 
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a way that considers the difference in their acquisition scale is termed upscaling. Methods for 

upscaling resistivity measurements remain in their early research phase (Caudillo-Mata and Angélica, 

2017; Christensen and Lawrie, 2017) and are not routine to the geophysical modelling and 

interpretation process, even though resistivity models derived from upscaled resistivity 

measurements may have a use in understanding the limitations of AEM methods in conductive 

terrains. 

 

In addition to using petrophysical measurements to understand the resistivity variations of the 

subsurface, EM inversions can provide a more meaningful output for interpreters than raw survey 

responses. In particular, 1D AEM inversions are routinely completed because they can efficiently invert 

large volumes of data (Holtham et al., 2017). Interpreting 1D AEM inverse models of regions where 

the geology is not strictly 1D or where conductors are deep can lead to inaccurate interpretations 

made from inadequate results or resolved inversion artefacts. The depth of investigation of an 

inversion is currently determined algorithmically from inversion parameters and outputs (Lane et al., 

2004; Christiansen and Auken, 2012), however, determining the depth of investigation, based on 

specific geological scenarios within conductive terrains, are yet to be tested. Furthermore, previous 

research addressing the geometry resolution (Jørgensen et al., 2003; Auken et al., 2008) of conductors 

within 1D inversions of AEM data have not been tested against known geology. 

 

MT surveys have a larger depth of penetration than AEM surveys, and inversions of this data can 

provide additional deep resistivity information about complex geological terrains. MT surveys 

measure a wide range of frequencies which contribute to the techniques large penetration depth, and 

inverting this data with 3D algorithms is more routine (Jones, 2017) than it is for AEM surveys. 

Combining these techniques, for example, comparing the results from 3D MT inversions with 1D AEM 

inversions, can further improve the interpretation of the subsurface resistivity structure at different 

depths. This has previously been useful in other conductive geological terrains in Australia (Crowe et 

al., 2013; Folkes, 2017). In the exploration for new sedimentary basin hosted mineral deposits it is also 

important to understand whether targeted MT surveys and inversions can improve on AEM 

techniques for mapping the basin lithologies. In particular, the detection and inversion of basin 

conductors on the deposit scale have not yet been tested or interpreted in conjunction with new AEM 

inversions in the Capricorn Orogen. 
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1.4 Research focus 

This thesis aims to understand the usefulness of EM surveys and inversions for resolving the resistivity 

variations of sedimentary basins in the Capricorn Orogen, and to develop guidelines for interpreting 

these EM surveys and inversions within regolith dominated terrains. 

 

This PhD research forms part of the Western Australian Government’s Exploration Incentive Scheme 

(Geoscience Australia, 2014) and the Science and Industry Endowment Fund, contributing to the Distal 

Footprints of Giant Ore Systems: UNCOVER Australia project, which aimed at developing the tools and 

knowledge for exploring for new mineral systems beneath cover in the Capricorn Orogen (Aitken et 

al., 2015). The Capricorn Orogen is a geophysically well surveyed region covered by gravity and 

airborne magnetic surveys and newly acquired TEMPEST AEM and MT surveys. However, the region 

is not geophysically well-characterised, particularly in terms of its EM characteristics. As part of the 

broader ‘Distal Footprints’ project, this research focused on how to map the basin lithologies and 

structures in the near surface, with AEM and MT techniques, which are likely to host new yet 

undiscovered base-metal deposits in the Capricorn Orogen. 

 

1.5 Research objectives 

The overarching goal of this research was to provide useful guidelines for, and contribute knowledge 

to geologists making new interpretations about the Capricorn geology. This contribution was guided 

by several broader key questions: 

• What resistivity variations might we expect from different altered zones of a base-metal 

deposit and its host rocks? 

• Can we detect or recognise base-metal-style mineralisation within the Capricorn TEMPEST 

AEM survey? 

• To what extent can we use the new Capricorn TEMPEST AEM survey to understand the 

geology of the Capricorn basins? 

• Can we resolve a basement below the sedimentary basins of the Capricorn Orogen with AEM? 

• Can MT methods improve on AEM results? 

• Are MT techniques worthwhile for mapping sedimentary basin terrains covered by 

conductive cover? 
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These ideas were addressed through applied geophysical methods with the following four main 

objectives: 

• Analyse down hole and hand sample resistivity data and geological logs to understand the 

resistivity variations of the Capricorn lithologies. This analysis aims to compile legacy down 

hole and new hand sample resistivity measurements from the Capricorn Orogen to 

understand the resistivity variations of the known Capricorn Orogen base-metal deposits and 

their host rocks. Importantly, this process aims to identify conductive geological features 

which may be associated with further base-metal mineralisation and contribute to conductive 

responses in AEM and MT surveys across the Capricorn Orogen. 

• Explore the use of an upscaling method applied to electrical resistivity measurements to 

understand the AEM responses from mineralised regions in the Capricorn Orogen. This 

forward modelling experiment aims to create a representative resistivity model of the Abra 

Pb-Zn base-metal deposit, hosted in the Capricorn Orogen, and to use this model to 

understand the TEMPEST AEM responses associated with variably altered and mineralised 

zones located below conductive cover. 

• Define the limitations of 1D AEM inversion algorithms to provide guidelines for interpreting 

1D AEM inversion outputs from the Capricorn Orogen; based on specific synthetic model 

scenarios. These scenarios aim to test the capabilities of 1D AEM inversions for resolving 

dipping contacts (which represent the deformation of near surface lithologies), and deep 

conductors located up to a few hundred metres beneath conductive regolith (which represent 

conductive host rocks or mineralisation beneath cover). 

• Acquire, invert, and interpret new MT data to establish whether MT techniques are useful for 

mapping the Capricorn basin lithologies and structures at the kilometre scale and beyond the 

depth of investigation of AEM inversions. To also provide a new combined interpretation of 

3D MT and 1D AEM results to interpret the stratigraphic units of the sedimentary basins in the 

Capricorn Orogen. 

 

1.6 Research contribution and thesis structure 

This thesis is presented as a combination of traditional background thesis chapters and a series of 

papers in agreement with The University of Western Australia Doctor of Philosophy Rules for the 

“Content and format of a thesis”. Chapter’s 2-3 present background geology and petrophysics and 

Chapters 4-6 present journal paper manuscripts prepared for publishing alongside contextual 

forewords. Detailed discussions and conclusions which address the methods and results from each 



1.6 RESEARCH CONTRIBUTION AND THESIS STRUCTURE 

39 

 

chapter can be found within each chapter, and a summary of the entire thesis is given in Chapter 7 as 

part of the thesis conclusions. A brief overview of the chapter contributions is given below. 

 

Chapter 2 presents the geological background of the base-metal deposits hosted within the basins of 

the Capricorn Orogen. This chapter includes a compilation of information from published work and 

publicly available reports which describes the host rocks, mineralisation styles, and mechanisms of 

mineralisation of each Capricorn base-metal deposit. This compilation of deposit information forms 

the background to the following chapters and has not previously been presented in a combined 

summary within the literature of the Capricorn Orogen. 

In Chapter 3, publicly available resistivity data from the Capricorn Orogen is presented alongside newly 

acquired hand sample measurements. Separately, compilations of the available magnetic 

susceptibility, density and gamma data from the same drill holes are also presented in the 

accompanying appendices. Chapter 3 presents the first compilation of resistivity measurements from 

the Capricorn Orogen and relates these resistivities to the geology of the measured rocks. This 

compilation and analysis of data defines the expected resistivities of the Capricorn Orogen basin 

lithologies and the base-metal mineralisation. 

In Chapter 4, the petrophysical data presented in Chapter 3 is used to create a representative 

resistivity model of a cross-section through the Abra Pb-Zn sedimentary-hosted base-metal deposit. 

The mineralised units within this model were populated with upscaled resistivity measurements based 

on Fitzpatrick (2006). Alternatively, the upscaled resistivities for the host rocks (unmineralised 

lithologies) in this model were guided by 1D Geoscience Australia Layered Earth (GA-LEI) (Brodie, 

2015) AEM inversions of the closest TEMPEST AEM survey line to the Abra deposit. The regolith 

resistivity was also evaluated from single-station 1D AEM Airbeo (Raiche, 1999) forward model 

calculations over an available drill hole which coincided with the closest available TEMPEST AEM 

survey line. This final Abra resistivity model was then used to calculate the 2.5D ArjunAir (Sugeng and 

Raiche, 1997) TEMPEST AEM responses over the mineralised units of the Abra deposit beneath 

moderately conductive regolith. 

The primary contributions of Chapter 4 are two-fold. First, a synthetic resistivity model was 

constructed which considers the upscaling of down hole resistivity measurements and the impact this 

has on forward modelling the AEM response from conductive targets. This also includes 

considerations for upscaling unmineralised lithologies through the 1D AEM inversion of the available 

TEMPEST AEM survey data from the region. Second, the forward model responses over this 

considered resistivity model allow the TEMPEST AEM survey technique to be evaluated in the context 
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of detecting mineralisation with different resistivities and thicknesses, associated with different 

alteration and mineralisation styles. The detection of individual base-metal deposits with AEM surveys 

presents different challenges associated with a deposit’s individual geometry, structural deformation, 

and mineral composition. The modelling of the Abra base-metal deposit in Chapter 4 is an instructive 

example where the detection of mineralisation in the Capricorn Orogen with a TEMPEST AEM system, 

which considers the reliability of the simplified resistivity information, can be assessed. 

In Chapter 5, guidelines are proposed for interpreting 1D AEM inversions. These guidelines are based 

on the results from two simple synthetic model scenarios: a conductor located below but not in 

contact with overlying regolith, and a dipping contact between a conductor and underlying basement 

resistor. TEMPEST AEM responses from the deep conductor models were calculated using the 1D 

Airbeo (Raiche, 1999) forward model code, and the TEMPEST AEM responses from the dipping contact 

models were calculated using the 2.5D ArjunAir (Sugeng and Raiche, 1997) forward model code. These 

calculated forward model responses were inverted using the GA-LEI (Brodie, 2015) 1D AEM code. The 

results from these inversions were compared with the original synthetic models to determine in which 

scenarios a 1D TEMPEST AEM inversion could reliably resolve the depth and geometry of conductive 

lithologies. The outcomes from this modelling are applied to the interpretation of three new 1D GA-

LEI inversions of the Capricorn Orogen TEMPEST AEM survey from the south-eastern Capricorn 

sedimentary basins (two of these interpretations are presented as supplementary material in 

Appendix B.2). 

The main contributions from Chapter 5 are the proposed guidelines for interpreting 1D AEM inversions 

across the Capricorn Orogen geology. This work defines the limits of interpreting these features 

through stochastic stimulations applied to specific case study scenarios. These modelling limits were 

useful in making new interpretations about the basin lithologies resolved by 1D AEM inversions from 

the south-eastern Capricorn Orogen. It was found that the depth of a conductor beneath highly 

conductive regolith is often inaccurately resolved, and the apparent dip angle of steep conductive 

lithologies is underestimated; further validated by available dip and strike measurements from 

publicly available maps. 

In Chapter 6, two new MT survey lines and 3D MT inversions are presented from the south-eastern 

Capricorn Orogen basins. This data differs from the already available widely spaced regional MT survey 

across the entire Orogen (Aitken et al., 2015; Piña-Varas and Dentith, 2018a) as it more detailed and 

specifically targets the geology of the Bryah and Yerrida Basins. The two new MT survey lines were 

inverted with the 3D ModEM inversion code (Egbert and Kelbert, 2012; Kelbert et al., 2014) with 

variable success. The results from these 3D inversions are compared with new 1D GA-LEI (Brodie, 

2015) AEM inversions of the TEMPEST Capricorn survey lines located proximally to these MT survey 
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stations. These MT and corresponding AEM inversion results were used to validate current geological 

maps and interpretations of the south-eastern Capricorn Orogen basins. 

The main contributions of this chapter include the 3D MT inversions of the new MT survey data and 

the 1D AEM inversions from the Yerrida and Bryah Basins in the south-eastern Capricorn Orogen. 

These results showed that similarities between the AEM and MT datasets are useful for re-interpreting 

the most conductive lithologies of the region, with the AEM results resolving more detail in the top 

few hundred metres of the surface compared to the MT results. The MT inversion process also 

established that the most reliable inversions could only be achieved for the Bryah Basin by using the 

audio-magnetotelluric (AMT) range of data, and for the Yerrida Basin by using the longer period broad 

band magnetotelluric (BBMT) range of data. The Bryah Basin AMT survey line was the most difficult 

to invert due to the complex resistivity variations associated with the highly deformed basin. 

Finally, Chapter 7 presents a summary of the previous chapters. This chapter addresses the 

effectiveness of EM methods for mapping basin lithologies in the exploration for base-metal 

mineralisation within the Capricorn Orogen; complicated by the presence of thick and often 

conductive cover. This final chapter also addresses areas for future research. 
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2  

Geological background 

The Capricorn Orogen in central Western Australia comprises a number of Archean plutonic and 

metamorphosed cratons, and a series of Paleoproterozoic to Mesoproterozoic volcanic-sedimentary 

basins which were formed, deformed and metamorphosed between 2215 Ma and 570 Ma (Cawood 

and Tyler, 2004; Occhipinti et al., 2017) (Figure 2.1). The region was deformed and metamorphosed 

over a series of seven major orogenic events (Cawood and Tyler, 2004), and these orogenic events 

have contributed to the formation of a number of Proterozoic ore-deposits hosted within the region 

(Aitken et al., 2018). These ore deposits include a distribution of base-metal deposits across the 

southern and eastern Capricorn sedimentary basins, namely: the Ilgarari shear-hosted Cu-Zn-Pb, Abra 

sedimentary-hosted Pb-Zn, DeGrussa VHMS Cu-Au-Ag, Magellan carbonate-hosted Pb, Thaduna 

shear-hosted Cu, Horseshoe Lights VHMS Cu-Au-Ag and Prairie Downs shear-hosted Zn-Pb deposits 

(Pirajno and Bagas, 2008) (Figure 2.1). The presence of these base-metal deposits may suggest the 

region is further prospective for new, yet undiscovered base-metal mineralisation. Presented here is 

an overview of the Capricorn Orogens formation, a description of the south-eastern basins which host 

the aforementioned mineral deposits, and a compilation of the available literature and public reports 

discussing the geology, geochronology, and mineralisation of the base-metal deposits in the Capricorn 

Orogen.  



CHAPTER 2. GEOLOGICAL BACKGROUND   

44 

 

 

Figure 2.1 Map of the Capricorn Orogen basins within Western Australia, and new 2013 TEMPEST AEM survey 

outline. Base-metal mineral deposits are also shown; M-Magellan, T-Thaduna, D-DeGrussa, H-Horseshoe 

Lights, A-Abra, I-Ilgarari, K-Kumarina, B-Butcherbird, P-Prairie Down, modified from Sheppard et al. (2016). 

 

2.1 Formation of the Capricorn Orogen 

The Capricorn Orogen preserves evidence for the two-stage collision between the Archean Pilbara, 

Glenburgh and Yilgarn Cartons to form the West Australian Craton (Occhipinti et al., 2004; Johnson et 

al., 2011; Johnson, 2013). The initial collision between the Pilbara Craton and Glenburgh Terrane, 

subsequent reworking of the Archean Cratons, and deposition of the overlying sediments, developed 

over seven major orogenic events, namely the: Ophthalmian, Glenburgh, Capricorn, Mangaroon, and 

Edmundian Orogenies, and Mulka Tectonic event (Johnson et al., 2013; Cawood and Tyler, 2004 see 

references therein). 

 

The Ophthalmian Orogeny (2215-2145 Ma) marks the collision and amalgamation of the Archean 

Glenburgh Terrane, and perhaps additional cratonic blocks (Johnson et al., 2013; Alghamdi et al., 

2015), with the southern margin of the Pilbara Craton (Kinny et al., 2004; Johnson et al., 2011, 2013; 

Occhipinti et al., 2017) (Figure 2.2(a)); the Glenburgh Terrane is composed of metamorphic and 

granitic rocks of the Halfway Gneiss (2550-2430 Ma), the overlying siliciclastic meta-sedimentary rocks 

of the Moolgie Metamorphics (2240-2125 Ma), a belt of meta-granites of the Dalgaringa Supersuite 

(2005-1980 Ma), and the Camel hills meta-sedimentary rocks (2000-1955 Ma) (Sheppard et al., 2004; 

Johnson et al., 2011; Hawke et al., 2015). During the Ophthalmian Orogeny, the sediments of the 
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Ashburton Basin (2200 Ma-1600 Ma) (Russell et al., 1994) were deposited over the sedimentary rocks 

of the pre-Ophthalmian Hamersley Basin (2780-2200 Ma) (Guo et al., 2011) along the southern margin 

of the Pilbara Craton in the northern Capricorn Orogen (Tyler and Thorne, 1990; Johnson et al., 2011). 

During this same period, the evaporates, shallow-marine, and carbonate-dominated sediments which 

form the oldest Yerrida Basin units (c. 2200 Ma) were formed and deposited along the north-western 

Yilgarn Craton in the southern Capricorn Orogen (Sheppard et al., 2016; Occhipinti et al., 2017). 

Northward deepening of the Yerrida Basin (c. 2200 Ma) (Pirajno and Occhipinti, 2000), and the onset 

of rifting along the northern margin of the Yilgarn Craton further developed the Yerrida Basin and 

accommodated deposition of the Bryah Basin at c. 2000 Ma (Pirajno and Occhipinti, 2000). The Bryah 

Basin is newly recognised to possess a stratigraphic relationship with the Yerrida Basin sediments 

during a period of continued deposition associated with far-field plate tectonic processes in the region 

(Pirajno and Occhipinti, 2000; Occhipinti et al., 2017) (Figure 2.2(b)). 

 

The Glenburgh Orogeny (2005-1950 Ma) is the second major deformational event which deformed 

the Capricorn Orogen. This event marked the closure of the oceanic basin between, and subsequent 

collision and accretion of, the Pilbara-Glenburgh Terrain onto the northern margin of the Yilgarn 

Craton (Cawood and Tyler, 2004; Johnson et al., 2011; Occhipinti et al., 2017) (Figure 2.2(b)-(c)). The 

compressional and collisional regime during this event allowed for the deposition of the lower Padbury 

Group (c. 2030 Ma) onto the Yerrida and Bryah basins along the upper plate of the subducting Yilgarn 

Craton within a pro-foreland basin setting (Johnson et al., 2011; Occhipinti et al., 2017) (Figure 2.2(c)). 

Johnson et al. (2011) suggest that this deposition was followed by subsequent erosion and reworking, 

or uplift after the terminal collision of the Pilbara-Glenburgh and Yilgarn Cratons. This was concluded 

from observations of the basin-fill sediments within the Padbury Basin which appear to be primarily 

sourced from the Yilgarn Craton; with limited sediment input from the collisional zone and Pilbara-

Glenburgh Craton (Johnson et al., 2011). The sediments from the lower Padbury Basin are now 

considered coeval with the sediments of the lower Earaheedy Basin (c. 1980) in the south-eastern 

Capricorn Orogen (Pirajno et al., 2009; Occhipinti et al., 2017). 

 

The Capricorn Orogeny (1820-1770 Ma) marks the third major orogenic event and is characterised by 

compressional deformation at medium metamorphic grades and voluminous felsic magmatic 

intrusions along the northern Yilgarn Craton margin (Cawood and Tyler, 2004; Johnson, 2013). The 

start of the Capricorn Orogeny also marks the end of sediment deposition within the Earaheedy basin 

in the south-eastern Capricorn Orogen (Halilovic et al., 2004; Pirajno et al., 2009; Occhipinti et al., 
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2017) (Figure 2.2(d)-(e)). The overprinting of folds and faulting, greenschist facies metamorphism 

within the Bryah Basin, and deformation associated with intracontinental compression within the 

Padbury Basin are all linked to the Capricorn Orogeny (Hawke et al., 2015; Pirajno et al., 2016; 

Occhipinti et al., 2017). 

 

The Capricorn Orogeny was followed by the Mangaroon Orogeny (1680-1620 Ma). This event resulted 

in regional-scale metamorphism, granite intrusions and the assimilation of meta-sedimentary and 

meta-igneous country rocks (Sheppard et al., 2005; Johnson et al., 2013). This was followed by the 

deposition of the Edmund (1620-1465 Ma) and Collier Basins (1700-1400 Ma), associated with the 

normal movement reactivation of basement structures within the region (Martin and Thorne, 2004; 

Pirajno et al., 2015; Cutten et al., 2016). The Edmund basin was later uplifted by younger orogenic 

events. 

 

The Capricorn Orogen was deformed by discrete corridors of dominantly oblique strike-slip 

deformation, and metamorphosed at low to medium metamorphic grades, and hydrothermally 

altered during the Mutherbukin Tectonic Event (1321–1171 Ma) (Cawood and Tyler, 2004; Johnson et 

al., 2013; Pirajno et al., 2015; Cutten et al., 2016). This was followed by the Edmundian Orogeny (1030–

955 Ma), which is characterised by a period of compression, high-grade metamorphism, and 

deformation of the basement rocks from the Gascoyne Complex and low-grade metamorphism, thrust 

faulting, and upright folding of the Edmund and Collier Basins (Martin and Thorne, 2004; Johnson et 

al., 2011, 2013). Recently, the deformation of the Edmund Basin has been associated with not only 

the Edmundian Orogeny, but also the Mutherbukin Tectonic Event, while the deformation, faulting 

and tight folding of the Collier Basin is only associated with the Edmundian Orogeny (Zi et al., 2015; 

Cutten et al., 2016; Piechocka et al., 2018). 
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Figure 2.2 Schematic diagrams illustrating the evolution of the south-eastern Capricorn Orogen basins, 

compiled from Johnson et al. 2011a and Sheppard et al. (2016). 
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Figure 2.2 continued. 

 

The Mulka Tectonic Event (c. 570 Ma) marks the final deformational event of the Capricorn Orogen 

with brittle, to brittle-ductile faulting and shearing of the Pilbara-Glenburgh Craton and overlying 

Edmund and Collier Basins (Cawood and Tyler, 2004; Johnson et al., 2013; Cutten et al., 2016). 

However, recent age dating of mica from within the major shear zones and faults which offset the 

western Edmund and Collier Basin sediments indicate the cessation of fault-related activity in the 

western parts of the Orogen prior to the Mulka Tectonic Event at c. 900 Ma (Piechocka et al., 2018). 

 



2.1 FORMATION OF THE CAPRICORN OROGEN 

49 

 

Given the long-lived Paleoproterozoic to Mesoproterozoic deformational history of the Capricorn 

Orogen basins, the region may possess the necessary mineral system elements (McCuaig et al., 2010; 

Hannington, 2014; McCuaig and Hronsky, 2014) favourable for hosting new economic base-metal 

deposits. Currently, the Yerrida, Bryah, Padbury, and Earaheedy Basins host most of the known base-

metal mineral endowment within the Capricorn Orogen at the: Thaduna, DeGrussa, Magellan, and 

Horseshoe Lights deposits (Pirajno and Preston, 1998; Pirajno, 2004a; Pirajno and Bagas, 2008). The 

Edmund and Collier Basins host the Abra and Ilgarari deposits, respectively, and bound the western 

edge of the Prairie Downs deposit (Pirajno and Bagas, 2008; Meyers et al., 2012) which is primarily 

hosted within the lower pre-Ophthalmian Hamersley Basin sequences (Spinks et al., 2017). These 

deposits and their key geological characteristics have been summarised in Table 2.1, and the following 

chapter sections introduce these host basins and their deposits. 
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Table 2.1 Summary of the base-metal mineralisation, geology and geochronology within the Capricorn Orogen. 

Mineral abbreviations: Whitney and Evans (2010) 

Deposit Location Host Basin Host Fm Host rocks Related 
Structures 

Regolith 
(m) 

Potential 
Deposit Type 

Age (Ma) Setting Mineralogy Alteration Event relationship 
(Ma) 

DeGrussa NE-Bryah Bryah Karalundi, 
Narracoota 

sandstone, 
siltstone, 
conglomerate, 
dolerite, mafic 
volcanic, mafic 
breccia 

N-E trending N-
NW dipping 
Jenkin thrust & 
Shiraz thrust? 
Fault 

30 – 100 VHMS (Besshi 
type) 

Re-Os: 2027-2011 (± 7); 
Pb-Pb: 2060-2075 (± 50) 
(Hawke et al., 2015) 

Rift Ccp, py, po, ± sp, 
mrc, gn, mo 

ep, chl, 
ser, cal, 
ttn, ab, qz 

Glenburgh (2005-
1950), syn- post- 
Karalundi (2030-
2010), syn- 
Narracoota (2018 ± 9-
1991 ± 7) 
 

Horseshoe 
Lights 

Central-N-Bryah  Bryah Narracoota, 
Karalundi 

felsic volcanic, 
volcaniclastic 
seds, qz-chl-
schist, tuff 

N-S trending, W 
dipping, 
thrusted? Faults 

0-150, 
gossans 

VHMS (Kuroko 
type) 

Pb-Pb: 2075, 1980, 1990 (± 
50) 
(Hawke et al., 2015) 

Rift py, ccp, Au, oxide 
Cu, ± mlc 

chl, qz, 
kln, ser 

DeGrussa 
emplacement (2075 ± 
50-2011 ± 7), early 
Glenburgh ?; 
Narracoota dolerite 
emplacement (1980, 
1900) 
 

Prairie 
Downs 

NE-Capricorn 
Orogen; 
Bresnahan- 
NE-Edmund- 
E-Hamersley 

Hamersley Fortescue basalt, mafic 
volcanics, shale 

Reactivated 
NW-SE trending, 
S-SE dipping 
Prairie Downs 
Fault, normal? 

0-40, 
gossans 

Remobilisation 
of syn-
VHMS/SEDEX 

Pb-Pb: 1780-1730 
(Broomfield, 2007) 

Rifted basin sp, gn, ± ccp, py chl, ser, 
tur ± hem 

Capricorn (1830–
1780) 

Magellan SE-Yerrida Earaheedy Sweet Well, 
Yelma 

sandstone, 
stromatolitic 
dolomite, 
carbonate, qz-
breccia 

 

Regional-scale 
NNW & E 
trending thrust? 
faults 

0-25 MVT Pb-Pb: 1815 ± 13 
(Muhling et al., 2012); 
Pb-Pb: 1771-1651 
(Pirajno et al., 2010) 

Passive 
margin 

cer, ang 
plattnerite, 
coronadite, 
pyromorphite, 
plummbogumite 

qa, ser, 
kln 

Early Capricorn 
(1830–1780); Stanley 
Fold Belt (1650) ? 

Abra Central-E-
Edmund/Collier 

Edmund Kiangi Creek, 
Irregully 

sandstone, 
siltstone, 
conglomerate, 
dolostone, lam 
dolomite 

E-W striking, N 
dipping? 
Quartzite Well 
Fault, normal?, 
eastern 
extension of 
Lyons River 
Fault 

30-60 SEDEX? Pb-Pb: 1610 ± 16-1594 ± 10, 
1375 ± 14,1221 ± 14, 
995 ± 18; 
Re-Os: 1255 
(Zi et al., 2015) 
 

Rift related brt, gn, py, mag, ± 
ccp 

jas, hem, 
specular 
hem, sd, 
dol, sch, 
chl, cb, qz 

Syn- post- lower 
Kiangi Creek (1680-
1610), late 
Mangaroon (1680-
1620); Mutherbukin 
(1385-1200) and 
Edmund (1030-955) 
 

Thaduna NE-Yerrida Yerrida Thaduna turbidite, 
sandstone, 
greywacke, 
siltstone, shale, 
dolomite 

 

NNW-NNE 
trending, W 
dipping? 
normal, 
Thaduna Fault 

Exposed 
at 
surface 

supergene 
shear-hosted 

Pb-Pb: 1475 ± 50 
(Hawke et al., 2015) 

Intraplate 
deformation 

ccp, bn, py, cct, cv, 
ccl, mlc, az 

gr, hem, 
chl, qz 

Between Mangaroon 
(1680-1620) and 
Mutherbukin (1385-
1200), Edmund 
(Narimbunna) 
dolerite emplacement 
(1465 ± 3) 
 

Ilgarari 
(Kumarina, 
Butcherbird) 

E-
Edmund/Collier 

Collier Ilgarari Dolerite-shale 
contacts, 
siltstones, 
sandstones, 
shales 

 

ENE trending, S 
dipping, normal, 
Ilgarari Shears 

0-10, 
gossans 

supergene 
shear-hosted 

N/A Intraplate 
deformation 

ccl, mlc, az, cct, gn 
± tnr, ccp, py, cpr, 
Cu 

kln, ± qz 1100 ?, youngest 
(Kulkatharra) Collier 
dolerite emplacement 
(1067 ± 14) 



CHAPTER 2. GEOLOGICAL BACKGROUND   

52 

 

 

 

 

 

 

 



2.1 FORMATION OF THE CAPRICORN OROGEN 

53 

 

2.1.1 Deposition of the south-eastern Capricorn Orogen basins 

2.1.1.1 Hamersley Basin region 

 The Hamersley Basin (2780-2200 Ma) is located along the southern margin of the Pilbara Craton and 

northern margin of the Capricorn Orogen (Figure 2.1). The basin is composed of three conformable 

units, the Fortescue, Hamersley and Turee Creek Groups, which collectively form the Mount Bruce 

Supergroup (Guo et al., 2011; White et al., 2014a) (Figure 2.3). The Fortescue Group (2775 Ma-2629 

Ma) is the oldest of these units, deposited within a rift margin along the southern edge of the Pilbara 

Carton (Arndt et al., 1991; Thorne and Trendall, 2001; Cawood and Tyler, 2004; Johnson et al., 2013; 

White et al., 2014a). Progression of this rifting into a back-arc basin then accommodated the 

deposition of the overlying sediments of the Hamersley and Turee Creek Groups (2590 Ma-2430 Ma) 

(Arndt et al., 1991; Thorne and Trendall, 2001; Cawood and Tyler, 2004; Johnson et al., 2013; White 

et al., 2014a). 

 

The Fortescue Group forms a 1.8 km thick package comprising metasedimentary rocks, mafic 

volcanics, minor felsic pyroclastics, metabasalts, and dolerite sills (Tyler, 1991; Thorne and Trendall, 

2001; Guo et al., 2011; White et al., 2016). The Fortescue Group is overlain by the carbonates, banded 

iron formations (BIF), volcanic rocks, and shales of the Hamersley Group, and is conformable with the 

overlying greywackes, sandstones and siltstones of the Turee Creek Group (Tyler, 1991; Thorne and 

Trendall, 2001; White et al., 2014b, 2016; Fry, 2016). 

 

In the north-west Capricorn Orogen, the Ashburton (2200-1800 Ma) and Blair Basins (ca. 1850 Ma) 

overlie the southern Hamersley Basin (Tyler and Thorne, 1990; Thorne and Trendall, 2001). These 

basins record the change from a terrestrial and shallow-marine depositional environment to a deep-

water environment, associated with the transition form an active continental margin to foreland basin 

during the Ophthalmian and Capricorn Orogenies (Tyler and Thorne, 1990; Thorne and Trendall, 2001). 

In the north-eastern Capricorn Orogen the Bresnahan Basin (ca. 1600 Ma) unconformably overlies the 

Ashburton and Hamersley basins and the uplifted Archean Pilbara Carton block of the Sylvania Inlier 

(Tyler et al., 1990; Tyler, 1991; Pirajno et al., 2004). The Bresnahan Basin is composed of conglomerate 

and sandstone sediments derived from the older uplifted Archean Pilbara-Glenburgh Craton and 

northwest Proterozoic Ashburton Basin (Tyler et al., 1990, 1998; Cawood and Tyler, 2004). 
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Figure 2.3 Summarised stratigraphic column of the Hamersley Basin and overlying Ashburton and Blair Basins, 

modified from Johnson et al. (2011a). 

 

2.1.1.2 Yerrida Basin region 

The Yerrida Basin is located on the south-eastern margin of the Capricorn Orogen and preserves the 

oldest known rocks exposed within the southern basins (Cawood and Tyler, 2004; Pirajno et al., 2004) 

(Figure 2.1). The stratigraphic units of the Yerrida Basin are classified into two lithological subgroups, 

the Windplain (2200-1990 Ma) and Mooloogool Groups (minimum c. 1996 Ma) which unconformably 

overlie and are in fault contact with the Archean Yilgarn Craton (Occhipiniti et al., 1997; Pirajno et al., 

1998, 2004) (Figure 2.4). To the north of the Yerrida Basin, the rifted and reworked Archean Marymia 

inlier of the Yilgarn Craton is in fault contact with the Windplain Group at the Jenkin Fault (Bagas, 

1998; Occhipinti et al., 2017). The Windplain Group was deposited during a continental sag basin 

setting and is characterised by lithologies originating from coastal to shallow-marine environments to 

form two distinct formations: the Juderina, and Johnson Cairn Formations (Pirajno and Occhipinti, 

2000; Pirajno et al., 2004; Occhipinti et al., 2017). The Juderina Formation is variably thick; 300-400 m 

thick in the south and up to 750 m thick in the north, and is composed of siliciclastic stromatolite, 

evaporitic carbonate, volcaniclastics and minor basalt successions, with a basal quartz sandstone unit 

of the Finlayson Member, and overlying 100 m succession of stromatolitic carbonate and minor 

evaporites of the Bubble Well Member (Pirajno et al., 1998; Pirajno and Occhipinti, 2000; Occhipinti 
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et al., 2017). Overlying and in fault contact with the Juderina Formation are the laminated black pyrite 

and graphite rich shales of the Johnson Cairn Formation (Pirajno et al., 1998; Pirajno and Occhipinti, 

2000).  

 

The Mooloogool Group overlies the Windplain Group and marks an abrupt change from a low-relief 

and relatively low-energy environment during the deposition of the Windplain Group to a higher-

energy environment, characterised by complex overprinting relationships and interfingering of 

sedimentary and volcanic rocks (Occhipiniti et al., 1997; Pirajno and Occhipinti, 2000; Pirajno et al., 

2004; Johnson et al., 2013). The rocks which comprise the Mooloogool Group include the 

conglomerates, sandstones, siltstones, turbiditic facies, and mafic intrusive and extrusive flood basalts 

of the Killara, Doolgunna and Thaduna Formations, and laminated siltstone and sulphide rich shales 

of the overlying Maraloou Formation (1843 ± 14 Ma) (Occhipiniti et al., 1997; Pirajno and Occhipinti, 

2000; Pirajno et al., 2004; Johnson et al., 2013). Occhipinti et al. (2017) have noted that the sediments 

within the Thaduna and Doolgunna Formations are not found together within the Yerrida basin and 

suggest these two formations may represent a contemporaneous sedimentary succession. Regionally, 

the host sediments of the Thaduna Formation also interfinger with the volcaniclastic and chert rocks 

of the Killara Formation, suggesting that the volcanism associated with the Killara Formation may 

coincide with the conglomerate and turbidite facies rocks of the Thaduna and Doolgunna Formations 

(Pirajno and Occhipinti, 2000; Pirajno et al., 2004; Occhipinti et al., 2017). The end of Killara volcanic 

activity is marked by the evaporite and chert successions of the Bartle Member of the Killara 

Formation (Occhipiniti et al., 1997; Hawke et al., 2015).  
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Figure 2.4 Stratigraphic columns of the Yerrida, Bryah, Padbury and Earaheedy Basins, modified from Dentith et al. (2014) and Pirajno et al. (2004).
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2.1.1.3 Bryah and Padbury Basin regions 

The Bryah Basin is located within the south-eastern Capricorn Orogen, adjacent and west of the 

Yerrida basin (Figure 2.1). The Bryah Basin is composed of the Karalundi, Narracoota, Ravelstone and 

Horseshoe Formations, and is considered to be coaeval with the broader Yerrida Basin (Occhipinti et 

al., 2017) (Figure 2.5). The boundary between the Johnson Cairn Formation of the Yerrida Basin and 

the oldest Bryah Basin units (i.e. the Karalundi Formation) have been described as both 

unconformable (Hawke et al., 2015) and locally conformable and gradational in the northern part of 

the basin (Occhipinti et al., 2017). Elsewhere in the basin the base of the Bryah Basin is in fault contact 

with the Peak Hill Schist (maximum depositional age of c. 2170 Ma); this fault contact is also observed 

along the northern margin of the Bryah Basin, separating it from the Archean Marymia Inlier 

(Occhipiniti et al., 1997; Occhipinti et al., 1998, 2017; Hawke et al., 2015). The Peak Hill Schist is an 

intensely deformed, faulted and metamorphosed region composed of quartz, -sericite, -muscovite 

schist of greenschist facies (Occhipiniti et al., 1997; Occhipinti et al., 1998, 2017; Hawke et al., 2015). 

The Peak Hill schist is considered a deformed and metamorphosed equivalent of the Juderina 

Formation from the Yerrida Basin, and forms the base of the underlying Windplain Group across both 

basins (Occhipinti et al., 2017). 

 

The Karalundi Formation (2030 Ma – 2010 Ma) and the Narracoota Formation (c. 2000 Ma) form the 

basal stratigraphic units of the Bryah Basin. Occhipiniti et al. (1997) and Occhipinti et al. (2017) have 

suggested that the Narracoota Formation both interfingers with, grades laterally into, and 

conformably overlies the older Karalundi Formation. The Karalundi Formation is characterised by 

mafic volcanics, jaspilites, volcano-sedimentary, siliciclastic sedimentary rocks, and minor pyritic black 

shales (Pirajno and Occhipinti, 2000; Mackenzie et al., 2016; Occhipinti et al., 2017). The Narracoota 

Formation comprises a succession of tholeiitic basalts and overlying sequences of weakly 

metamorphosed mafic and felsic volcanoclastic sediments, quartz chlorite schists, quartz tuffs and 

chert (Parker and Brown, 1990; Occhipinti et al., 1998; Pirajno et al., 1998; Pirajno and Occhipinti, 

2000). The Karalundi and Narracoota Formation sediments were deposited over multiple depositional 

stages which started with an initial period of continental rifting, was followed by a period of deep 

submarine deposition, and late deposition of shallow-water sediments and chemical sediments of the 

banded iron formations in parts of the Narracoota Formation (Pirajno and Occhipinti, 2000; Hawke et 

al., 2015; Occhipinti et al., 2017). Occhipinti et al. (2017) have suggested that the volcanic units in both 

the Narracoota Formation and Killara Formation of the Yerrida Basin are associated with the same 

mafic magmatic events given their similar depositional ages and geochemistry (Figure 2.5). 
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Figure 2.5 Stratigraphic relationships and schematic timeline diagrams of the Yerrida, Bryah, Padbury and Earaheedy basin sediments from Occhipinti et al. (2017).
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The youngest Bryah Basin units include the Ravelstone and overlying Horseshoe Formations. Southern 

parts of the Bryah basin appear to be in fault contact or form distinct unconformities between the basin 

stratigraphy and Horseshoe Formation where the Ravelstone Formation does not exist (Occhipinti et al., 

1998, 2017; Pirajno et al., 1998, 2000). The Ravelstone Formation overlies and interfingers with the upper 

parts of the Narracoota Formation and comprises chert lenses, quartz sandstone, mudstones and 

greywackes (Pirajno et al., 1998, 2000; Pirajno and Occhipinti, 2000; Occhipinti et al., 2017). Overlying the 

Ravelstone Formation with a gradational contact are the youngest Bryah Basin lithologies of the 

Horseshoe Formation, characterised by metamorphosed quartzofeldspathic rock and manganiferous 

mudstones (Occhipinti et al., 1998, 2017; Pirajno et al., 1998, 2000). Occhipinti et al. (2017) have recently 

recognised that the younger Mooloogool Group of the Yerrida Basin and these younger Bryah Basin 

Formations form two sub-basins; the Bryah and Mooloogool Sub-Basins which form two distinct depo-

centres over the older Windplain Group of the Yerrida Basin (Figure 2.5). 

 

The Padbury Basin is composed of siliciclastic and chemical sedimentary rocks which unconformably 

overlie the western Bryah Basin (Pirajno et al., 2004; Occhipinti et al., 2017) (Figure 2.1, Figure 2.5). 

Deposition of the Padbury Basin began after the cessation of the Yilgarn and Pilbara-Glenburgh craton 

collision, during the formation of a pro-foreland basin west of the Bryah Basin; concurrent with the 

Glenburgh Orogeny (Occhipiniti et al., 1996; Pirajno and Occhipinti, 2000; Sheppard et al., 2016; Occhipinti 

et al., 2017). The few available rocks ages from the units which comprise the lower Padbury Basin suggest 

the sediments are partly coeval with the lower Earaheedy Basin units, in addition, the younger iron 

formations from both basins are age equivalents and consistent with a period of iron formation after the 

Glenburgh Orogeny (Occhipinti et al., 2017). 

 

The Padbury Basin is composed of the Labouchere, Wilthorpe, Robinson Range, and Millidie Creek 

Formations (Pirajno et al., 2004; Occhipinti et al., 2017) (Figure 2.4). The Labouchere Formation forms the 

basal unit of the Padbury Basin and is unconformable with the Horseshoe Formation of the Bryah Basin 

(Occhipinti et al., 1998, 2017; Pirajno et al., 2000). The Labouchere Formation is composed of 

metamorphosed quartz arenites, quartz-wackes, siltstones, and minor conglomerates (Occhipinti et al., 

1998, 2017; Pirajno et al., 2000). Conformably overlying the Labouchere Formation is the Wilthorpe 

Formation (2014±22 Ma, 1996±35 Ma) which contains the conglomerates, sandstones, and shales of the 

Heines and Beatty Park Members, and is composed of quartz- and chert-pebble conglomerate, wacke, 
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siltstone, chlorite-quartz mudstone, and dolomitic sandstones (Occhipiniti et al., 1996; Occhipinti et al., 

1998, 2017; Pirajno et al., 2000). The Robinson Range Formation overlies the Wilthorpe Formation and is 

characterised by magnetite bearing hematite- and sericite- shale, BIF’s and granular iron formations (GIF) 

(Pirajno et al., 2000; Occhipinti et al., 2017). The Millidie Creek Formation conformably overlies the 

Robinson range Formation, and is composed of shales, siltstones, iron-formations, and dolomitic 

sandstones and quartz wackes (Pirajno et al., 2000; Occhipinti et al., 2017). 

 

2.1.1.4 Earaheedy Basin region 

The Earaheedy Basin unconformably overlies the older Yerrida and Bryah Basins, and the granite-

greenstones of the Yilgarn Craton and Marymia Inlier (Jones et al., 2001; Halilovic et al., 2004) (Figure 2.1). 

The sedimentary units of the Earaheedy Basin have been deformed by the Stanley Fold Belt (c. 1750 Ma), 

an east-plunging regional syncline with a vertical to laterally overturned northern limb (Jones et al., 2001; 

Cawood and Tyler, 2004; Halilovic et al., 2004; Pirajno et al., 2004). The deformed Earaheedy basin 

successions are divided into two groups, the older Tooloo Group (c. 1996 Ma) and the disconformable 

overlying Miningarra Group (Figure 2.4). 

 

The Tooloo Group is characterised by the older Yelma Formation (2008 Ma ± 68 Ma - 1949 ± 10 Ma) and 

younger Frere Formation (1890 ± 10 Ma) (Halilovic et al., 2004; Pirajno et al., 2004, 2009; Rasmussen et 

al., 2012; Sheppard et al., 2016) (Pirjano et al., 2004; 2009; Halilovic et al 2004). The Yelma Formation 

sediments are evidence for a period of deposition within a fluvial to coastal environment followed by a 

saline coastal lagoon setting, and comprises interbedded successions of stromatolite carbonate, 

laminated dolomite, sandstones, siltstones and shales (Pirjano et al., 2004; 2009). Age dates of the 

Earaheedy rocks are poorly constrained, however the Sweetwater Well Member (1971 ± 11 Ma-1949 ± 

10 Ma) forms a maximum depositional age for the Yelma Formation and consists of stromatolitic and 

laminated dolomite that has been locally weathered to quartz-clay breccias and intermixed clays (Halilovic 

et al., 2004; Pirajno et al., 2004; Muhling et al., 2012; Sheppard et al., 2016; Occhipinti et al., 2017). In the 

south-eastern Yerrida Basin, an approximately 30 m thick and deeply weathered sequences of the Yelma 

Formation (termed the Yelma Inliers) unconformably overlie the pyritic black shales of the Maraloou 

Formation (McQuitty and Pascoe, 1998; Pirajno and Preston, 1998; Pirajno et al., 2010; Muhling et al., 

2012). Overlying, but not obviously unconformable with the Yelma Formation are the interbedded banded 

and granular iron formations, chloritic siltstones, sandstones, and haematitic shales of the Frere 
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Formation (Pirajno et al., 2004, 2009). The lithologies within the Frere Formation formed during a shallow-

marine continental shelf to coastal environment (Pirajno et al., 2004, 2009). 

 

The Miningarra Group forms the upper Earaheedy Basin. It is composed of siltstone, sandstone, 

mudstone, carbonate breccia, and iron rich shale successions of the Chaill (C. 1970 Ma, c. 1876 Ma) and 

Wongawol Formations (Halilovic et al., 2004; Pirajno et al., 2004; Occhipinti et al., 2017). These 

Formations are overlain by a cyclic succession of carbonates, shales, and sandstones of the Kulele 

Limestone, and local glauconite, shales, sandstones, and minor carbonates of the conformably overlying 

Mulgarra Sandstone (1867 Ma) (Halilovic et al., 2004; Pirajno et al., 2004; Occhipinti et al., 2017). The 

chemical sedimentary rocks of the younger Padbury Formations are considered depositional equivalents 

to the iron formations across the Earaheedy and Yerrida Basins, which formed during a deep to shallow 

water depositional environment associated with a more regional wide lacustrine environment or marine 

platform (Pirajno and Occhipinti, 2000; Occhipinti et al., 2017). 

 

2.1.1.5 Edmund and Collier Basin regions 

The Edmund (1620 - 1465 Ma) and Collier Basins (1400 – 1070 Ma) are the youngest Capricorn Orogen 

sedimentary basins , located within the central part of the Orogen (Martin and Thorne, 2004). The 

sedimentary successions within these basins represent a period of fluvial to deep marine sedimentation 

following the Mangaroon Orogeny (1680-1620 Ma) (Johnson et al., 2013). Subsequent deformation of the 

Edmund and Collier Basins occurred during the Edmundian Orogeny (1030 – 955 Ma) which included 

widespread folding and low-grade metamorphism, thrust faulting, and transpressional related upright and 

open folding striking east-west to north-west – south-east and concordant with the general basin 

architecture and underlying regional-scale basement structures (Martin and Thorne, 2004; Johnson et al., 

2013). The Edmund and Collier basin sediments have also been intruded by multiple generations of 

dolerite sills (Waldburg Dolerite: 1517-1505 Ma, Narimbunna magmatic event: 1465-1449 Ma, 

Kulkatharra Dolerite: 1084-1067 Ma), with the timing of the youngest dolerite intrusion event consist with 

the Edmundian Orogeny (Martin and Thorne, 2004; Martin et al., 2008; Cutten et al., 2016). 

 

The Edmund Basin unconformably overlies the Archean Pilbara-Glenburgh Craton and Paleoproterozoic 

sedimentary basins along the northern and southern margins of the Capricorn Orogen (Cawood and Tyler, 
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2004; Martin and Thorne, 2004) (Figure 2.1). The Edmund Basin is composed of numerous sedimentary 

formations that have been characterised into 4 distinct packages (Martin et al., 2008) (Figure 2.6). The 

oldest package comprises carbonate rocks, laminated stromatolites dolostones, sandstones, dolomitic 

sandstones and siltstones of the Irregully Formation which have been deformed by the Talga Fault (Martin 

and Thorne, 2004). On the northern side of the Talga Fault, the Irregully sediments record peritidal 

carbonate platform facies while on the southern side of the fault the sediments record slope-facies 

breccias and planar-laminated dolo-mudstones and siltstones, with localised shallow-marine and fluvial 

sandstones sequences (Martin and Thorne, 2004). Package 2 contains deep-marine siliciclastic and 

carbonate rocks, including the locally sulphidic siltstones and mudstones of the Blue Billy Formation 

(Martin and Thorne, 2004; Martin et al., 2008) (Figure 2.6). Package 2 is unconformably overlain by the 

Kiangi Creek and Muntharra Formations of Package 3 (Martin et al., 2008). Package 3 comprises shallow- 

to deep- marine siliciclastic and carbonate facies, turbidites, intercalated siltstones, and stromatolites 

(Martin and Thorne, 2004; Thorne et al., 2009). The Kiangi Creek Formation is the dominant formation of 

Package 3 and unconformably overlies the Cheyne Springs and Blue Billy Formations of Package 2, and 

the Irregully Formation of Package 1, and is composed of turbidites grading eastward into trough cross-

stratified deltaic sandstones, intercalated siltstones and dolostones containing columnar and conical 

stromatolites and deep-marine shield deposits (Martin and Thorne, 2004; Thorne et al., 2009) (Figure 2.6). 

The Kiangi Creek Formation was deposited within a shallow to deep marine-shelf environment in the 

western part of the Edmund Basin and an alluvial-fan system in the eastern part of the basin (Martin and 

Thorne, 2004; Thorne et al., 2009). Last, Package 4 comprises carbonaceous siltstones and laminated 

siltstones, shales, sandstones, conglomerates, dolostones, stromatolites, and turbidite successions that 

have been intermittently deformed by the crustal scale Lyons River Fault and Talga Fault, and intruded by 

dolerite sills and dykes during the Narimbunna dolerite event at c. 1465 Ma (Martin and Thorne, 2004; 

Martin et al., 2008; Hawke et al., 2015). 

 



2.1 FORMATION OF THE CAPRICORN OROGEN 

63 

 

 

Figure 2.6 Stratigraphic column of the Edmund and Collier Basin sediments modified from Cutten et al. (2016). 

 

A regional unconformity divides the Edmund Basin from the overlying Collier Basin which is comprised of 

sediments from Packages 5 and 6 (Martin et al., 2008) (Figure 2.6). Package 5 is composed of sediments 

from the Backdoor Formation and Calyie Sandstone, and Package 6 comprises the Ilgarari Formation 

(Martin and Thorne, 2004; Martin et al., 2008; Montgomery, 2008) (Figure 2.6). The Calyie Sandstone and 

overlying Backdoor Formation are composed of quartz sandstone, siltstone, shale, dolostone, and chert 

sequences that are conformably overlain by the laminated pyritic and carbonaceous siltstones, and 

planar-laminated fine-grained sandstones interbedded with the limestones, calcareous siltstones, chert, 

and manganese stained sandstones of the Ilgarari Formation (Cawood and Tyler, 2004; Martin and 

Thorne, 2004). Sediments within the Backdoor Formation comprise shallow marine sediments, marginal 

delta front deposits and deep marine transgressional sediments (Multi Metal Consultants Pty Ltd, 1992; 



CHAPTER 2. GEOLOGICAL BACKGROUND   

64 

 

Martin and Thorne, 2004). While the Calyie Sandstone represents a period of shoreline and shallow 

marine deposition in a delta-top to delta-front environment (Multi Metal Consultants Pty Ltd, 1992; 

Martin and Thorne, 2004), the overlying Ilgarari Formation sediments represent a period where the Calyie 

Formation was inundated and buried beneath marine-shelf and shallow marine lagoon facies derived from 

the south-eastern Capricorn Orogen (Multi Metal Consultants Pty Ltd, 1992; Martin and Thorne, 2004; 

Martin et al., 2008). 

 

2.2 Capricorn Orogen base-metal deposits 

In the following section the base-metal deposits of the Capricorn Orogen are presented. While not strictly 

an identifying factor, these deposits have been grouped by their interpreted deposit style. For each 

deposit the host rocks, ore, and alteration mineralogy are presented, followed by the recognised deposit 

formation mechanisms, and ages. First, the Magellan non-sulphide Pb-carbonate deposit hosted in the 

oldest Earaheedy Basin stratigraphic units which overlie the southern Yerrida Basin is discussed. Second, 

the volcanogenic massive sulphide (VHMS)-style deposits of the DeGrussa and Horseshoe Lights deposits; 

hosted in the sediments and mafic lithologies and sediments of the Bryah Basin are discussed. Third, the 

Abra stratabound sedimentary-hosted deposit in the Edmund Basin is presented. Last, the structurally 

controlled Cu deposits and occurrences of the eastern Capricorn Orogen, namely the: Prairie Downs 

deposit hosted in the lower Hamersley Basin, Thaduna deposit hosted in the Yerrida Basin, and the Ilgarari 

deposit hosted in the Collier Basin are discussed. 

 

2.2.1 Carbonate-hosted 

2.2.1.1 Magellan region 

Magellan is a near surface (covered by 0-25 m regolith) stratabound non-sulphide Pb-carbonate deposit 

located within the south-eastern Yerrida Basin of the Capricorn Orogen (Pirajno, 2004a; Pirajno et al., 

2010) (Figure 2.7). The deposit has been interpreted as a supergene weathered Mississippi Valley-type 

(MVT)-style deposit, characterised by an abundance of metal oxide minerals and lead carbonates, and an 

absence of sulphide minerals (Pirajno, 2004a; Pirajno et al., 2009, 2010). Mineralisation, first intersected 

during a 1991 exploration drilling program, is hosted within the scattered outliers of the lower Earaheedy 

Basin sediments which overlie the Windplain and Mooloogool Groups in the southern Yerrida Basin 
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(Pirajno et al., 2010). Specifically, the Pb-carbonate mineralisation is hosted within the Sweetwaters Well 

Member of the Yelma Formation of the Earaheedy Basin (McQuitty and Pascoe, 1998; Hooper, 2009; 

Pirajno et al., 2010; Benson, 2014) (Figure 2.7). Structural deformation of the deposit is restricted to north-

east to south-west trending faults and north-west to south-east open folds that have also deformed the 

southern Yerrida Basin geology (McQuitty and Pascoe, 1998; Hooper, 2010).  

 

 

Figure 2.7 Geological map showing the location of the southern sedimentary hosted Capricorn deposits including 

Magellan, DeGrussa, Horseshoe Lights, and Thaduna, modified from Hawke et al. (2015). 
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The ore at Magellan is characterised by a sub-horizontal ore sheet located ~20 metres below the surface 

(Pirajno, 2004a; Pirajno and Bagas, 2008; Pirajno et al., 2010; Hampton, 2012) (Figure 2.8(e)). Within this 

sheeted ore, the lead mineralisation is considered paragenetically late, forming replacement minerals in 

the host rock matrix (McQuitty and Pascoe, 1998; Pirajno, 2004a; Pirajno et al., 2010; Hampton, 2012; 

Muhling et al., 2012, 2012). The host rocks are characterised by silicified carbonate and sericitic altered 

sandstones and stromatolitic dolomites and quartz breccias (Pirajno, 2004a; Pirajno and Bagas, 2008; 

Pirajno et al., 2010; Hampton, 2012). Weathered breccias are also present and typically contain fragments 

of silicified stromatolitic carbonate, chert, siltstone, vuggy euhedral crustiform quartz and colloform 

banded quartz in a clay matrix (Hampton, 2012). Deep weathering of these rocks has removed all Zn 

mineralogy leaving only lead mineral occurrences including cerrusite, anglesite and minor plattnerite, 

coronadite, pyromorphite and plumbogummite (McQuitty and Pascoe, 1998; Pirajno, 2004a; Pirajno et 

al., 2010).  

 

Mineralisation at Magellan has been linked to the migration of late low-temperature basinal fluids along 

permeable sandstone boundaries within an MVT-style system (McQuitty and Pascoe, 1998; Pirajno and 

Preston, 1998; Pirajno, 2004a; Pirajno and Bagas, 2008; Pirajno et al., 2010; Hampton, 2012) (Figure 2.8(a)-

(d)). The lack of sulphide minerals and abundance of Pb-oxide minerals also indicates that the deposit was 

subject to a secondary supergene mineralisation event which involved the oxidation and subsequent 

mobilisation of lead sourced from the breakdown of weathered basement rocks (Pirajno, 2004a; Pirajno 

and Bagas, 2008; Pirajno et al., 2010; Hampton, 2012) (Figure 2.8(a)-(d)). This intense weathering within 

the region resulted in the degradation of the carbonate host rocks and the removal of mobile elements 

such as S, Fe, and Zn, allowing Pb to be re-precipitated as Pb-carbonates (McQuitty and Pascoe, 1998; 

Pirajno, 2004a; Pirajno and Bagas, 2008; Pirajno et al., 2010) (Figure 2.8(a)-(d)). 
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Figure 2.8 (a)-(d) Schematic diagram outlining the formation processes at the Magellan deposit, (e) schematic 

diagram of the Earaheedy Basin hosted Magellan deposit. From Pirajno and Burlow (2009). 
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Additional small Pb-occurrences south of Magellan are hosted at the boundary between the Juderina 

Formation and Yelma Formations in the southern Yerrida Basin. Pirajno (2004) have suggested that these 

Pb-occurrences form part of a larger mineralising system which includes the Magellan mineralisation. Pb-

isotope ages (1770-1650 Ma) for this mineralisation suggest that the southern Yerrida Basin Pb-deposits 

are associated with the deformation by the Stanley Fold Belt (1650 Ma); which accommodated the 

gravitational migration of brinal fluids (McQuitty and Pascoe, 1998; Pirajno et al., 2009). More recently, 

Muhling et al. (2012) have age dated the primary Pb mineralisation to 1815 ± 13 Ma and 1832 ± 36 Ma to 

show that mineralisation is consistent with the Capricorn Orogeny (1820-1770 Ma) (Muhling et al., 2012). 

The Stanley Fold Belt may not be the primary influence on mineralisation but may have contributed to 

continued mineralisation after the Capricorn Orogeny. 

 

2.2.2 Volcanogenic massive sulphide ore deposits 

2.2.2.1 DeGrussa mineralised region 

Within the DeGrussa mineralised region, the DeGrussa deposit and surrounding satellite deposits (e.g. 

Red Bore and Monty) exhibit mineralisation similar to VHMS-style deposits (Hawke et al., 2015; Pirajno et 

al., 2016; Agangi et al., 2018). The DeGrussa deposit is hosted in the volcanic and sedimentary sequences 

of the Karalundi and Narracoota Formations in the Bryah Basin (Figure 2.7), and was first intersected 

during a RAB drilling program in 2007 which targeted a number of soil sample anomalies (Sandfire 

Resources NL, 2010; Hawke et al., 2015; Noble et al., 2016). Prior to this, the Red Bore deposit, 

approximately 0.5 km south-east of DeGrussa, was first discovered in the 1960s at the site of an exposed 

surface gossan (Sandfire Resources NL, 2010; Thundelarra, 2014; Pirajno et al., 2016). Further exploration 

in 2011 included the drilling of an airborne magnetic high over Red Bore which intersected Cu 

mineralisation within the mafic igneous rocks of the Narracoota Formation approximately 20 m below the 

surface (Sandfire Resources NL, 2010; Thundelarra, 2014; Pirajno et al., 2016; Agangi et al., 2018). Recent 

interpretations from mineralogical and trace element data suggest that the Red Bore deposit is evidence 

of a distal fluid pathway associated with an overlying VHMS-style deposit (Agangi et al., 2018). Separate 

to this, a 2011 drilling program intersected narrow zones of remobilised Cu within the sediments and 

basalts of the Bryah Basin at the Monty deposit, approximately 10 km south-east of DeGrussa 

(Bednarczyk, 2016; Evans, 2016b); much less has been published on the Monty deposit compared to Red 

Bore and DeGrussa, however the presence of this mineralisation is further evidence that the Bryah Basin 

is a prospective region for base-metal mineralisation. 
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The DeGrussa VHMS deposit is overlain by approximately 30 m to 100 m thick regolith, with the main ore 

zone located approximately 100 m to 280 m below the surface (Hawke et al., 2015; Mackenzie et al., 2016; 

Noble et al., 2016). The Jenkin Fault, a long lived north-east trending basin thrust fault, measuring 

approximately 500 m to 600 m reverse sinistral displacement, is considered the main controlling structure 

on the deformation and the location of the DeGrussa and Red Bore deposits (Pirajno et al., 2000, 2016; 

Hawke et al., 2015; Mackenzie et al., 2016). Specifically, mineralisation at DeGrussa is locally displaced by 

the Shiraz Fault, a northward splay off the Jenkin Fault which has deformed the steeply south dipping ore 

lenses which interfinger with the sedimentary sequences and mafic volcanics of the Karalundi and 

Narracoota Formations (Wynne et al., 9AD; Hawke et al., 2015; Doedens, 2016; Pirajno et al., 2016, 2016). 

Hawke et al. (2015) have suggested that the Shiraz Fault may form an unconformable contact between 

the Bryah Basin host rocks and underlying Johnson Cairn Formation of the Yerrida Basin; as evidenced by 

the lack of footwall alteration within the deposit which may be consistent with the displacement of 

mineralisation, and drilling from the region which appears to intersect the contact of the DeGrussa host 

rocks with the underlying Johnson Cairn Formation shales (Hawke et al., 2015). 

 

Mineralisation at DeGrussa is typical of a VHMS-style deposit for several reasons. The deposit forms a 

single altered and mineralised zone (Hannington, 2014; Hawke et al., 2015) and the ore minerals in this 

zone are typical of VHMS-style ore and alteration mineral assemblages, which include: chalcopyrite, 

pyrite, pyrrhotite and minor sphalerite, marcasite, galena, molybdenite and magnetite (Hawke et al., 

2015) (Figure 2.9(a)). The host rocks within this mineralised zone are pervasively altered to epidote, 

chlorite, sericite, calcite, titanate, albite and quartz (Pirajno et al., 2016). Pyrite is the main sulphide 

mineral, commonly intergrown with other sulphide minerals and forms mostly disseminated, and blebby 

textures, however, chalcopyrite, pyrrhotite, and pyrite also form alternating massive and fine grained 

bands (Hawke et al., 2015). Similarly, the Red Bore deposit is characterised by chalcopyrite, pyrite, 

pyrrhotite, bornite, covellite, and massive and granular magnetite, and is hosted in dolerites, gabbros and 

basaltic rocks (Agangi et al., 2018). Both the DeGrussa and Red Bore deposits show evidence of secondary 

supergene Cu and Au enrichment extending north of the main mineralised regions (Noble et al., 2016; 

Pirajno et al., 2016). This supergene mineralisation includes abundant malachite, azurite, cuprite, and 

native Cu (Noble et al., 2016; Pirajno et al., 2016). 
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Age dating of the DeGrussa metal minerals indicate that the deposit formed over multiple mineralising 

events. The DeGrussa mineralisation formed as a result of hydrothermal fluids migrating in response to 

the north-directed subduction and subsequent rifting along the northern margin of the Yilgarn Craton 

during of the Glenburgh Orogeny (2005 Ma – 1950 Ma) (Burton, 2011; Hawke et al., 2015). Hydrothermal 

fluids venting onto the sea floor passed through the underlying thick sequences of mafic volcanic and 

sedimentary rocks of the Johnson Cairn and upper Juderina Formations (Hawke et al., 2015; Occhipinti et 

al., 2017) (Figure 2.9(b)); with Cu and Au scavenged from these formations and deposited directly onto 

the sea-floor (Burton, 2011; Hawke et al., 2015; Occhipinti et al., 2017). This primary mineralisation is 

concurrent with voluminous basalt emplacement which occurred during, and post-deposition of the 

Karalundi Formation (2030 - 2010 Ma) and during the deposition of the oldest Narracoota Formation rocks 

(2003 ± 7 Ma – 1991 ± 7 Ma for intruded Narracoota dolerites, 2014 ± 10 – 2018 ± 9 Ma intrusive 

granodiorites) (Hawke et al., 2015). Voluminous magmatic events associated with this basalt 

emplacement would have provided the heat source necessary for circulating metal bearing hydrothermal 

fluids (Large, 1977; Hannington, 2014; Hawke et al., 2015; Pirajno et al., 2016). This timing relationship 

with the basalt emplacement is supported by new Re-Os dating of molybdenite mineralisation from the 

DeGrussa deposit where it is hosted within the Karalundi Formation which resolved age dates of 2027 ± 7 

Ma to 2011 ± 7 Ma for mineralisation (Pirajno et al., 2004; Hawke et al., 2015; Occhipinti et al., 2017). 

Similar ages were also modelled from Pb-isotope ratios of the galena mineralisation to 2060 ± 50 Ma and 

2075 ± 50 Ma (Pirajno et al., 2004; Hawke et al., 2015; Occhipinti et al., 2017). Remobilisation of sulphide 

within the DeGrussa deposit occurred during the final stages of the Glenburgh Orogeny; supported by 

additional Re-Os dating from pyrrhotite (1982 ± 7 Ma and 1984 ± 8 Ma) and Pb-isotope dating of pyrite 

within the deposit to 1970 Ma to 1980 ± 30 Ma, and 1920 ± 50 Ma (Hawke et al., 2015; Aitken et al., 2018). 

Addition ages (1820 ± 50 Ma) from galena hosted within the cross-cutting quartz veins at the DeGrussa 

deposit also indicate that the region may have undergone another deformational event during the 

Capricorn Orogeny (1820-1770 Ma) (Hawke et al., 2015). 
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Figure 2.9 (a) Cross-section through the DeGrussa deposit, hosted in the Karalundi and Narracoota Formations of 

the Bryah Basin, (b) Schematic diagram illustration the formation processes at DeGrussa, from Hawke et al. 2015). 
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2.2.2.2 Horseshoe Lights deposit 

Horseshoe Lights is a structurally complex Cu-Au-Ag (Pirajno et al., 1998, 2016) VHMS-style deposit hosted 

in the northern Bryah Basin (Pirajno and Preston, 1998; Pirajno et al., 1998; Hocking, 2006; Broomfield, 

2010; Hawke et al., 2015) (Figure 2.4). The main central VHMS mineralisation is characterised by massive 

sulphide ore overlying a lower flanked disseminated and stringer sulphide zone extending to 300 m below 

the surface (Pirajno and Preston, 1998; Pirajno et al., 2000; Broomfield, 2010). Discovered in 1946, the 

Horseshoe Lights deposit is hosted in the sheared felsic volcanic rocks, volcaniclastic sediments, quartz-

chlorite schists, argillites and tuffs of the upper Narracoota Formation (Parker and Brown, 1990; Pirajno 

et al., 2000; Wilson, 2011; Everett, 2012; Hawke et al., 2015). The deposit has undergone substantial 

structural deformation and supergene alteration, with mineralisation associated with the steeply south 

plunging isoclinal folds, thrusts, and shear zones which formed in conjunction with, and after 

mineralisation (Parker and Brown, 1990; Pirajno et al., 1998; Broomfield, 2010; Wilson, 2011). 

Mineralisation is characterised by steep south plunging en-echelon ore lenses with associated chlorite, 

silica, kaolinite and sericite alteration (Ross Atkins Mining, 1989; Parker and Brown, 1990; Pirajno et al., 

1998, 2000, 2004; Everitt, 2010). The main ore minerals within the quartz-chlorite schists of the Horseshoe 

Lights deposit include pyrite, chalcopyrite, and gold in a quartz matrix, and copper oxide stringer ore with 

malachite (Parker and Brown, 1990). The top 100 m to 150 m of the deposit is enriched in economic 

oxidised gossans and iron stones underlain by increased supergene secondary copper mineralisation, 

characterised by chalcocite, digenite, and covellite and gold in quartz gangue (Parker and Brown, 1990; 

Pirajno and Preston, 1998; Pirajno et al., 1998; Pirajno, 2004a).  

 

Pb-isotope ages (1922 ± 35 Ma) on pyrite within the Horseshoe Lights deposit were originally interpreted 

as a minimum age of deposition for the Narracoota Formation (Pirajno et al., 1998; Hawke et al., 2015). 

Remodelling of this Pb-isotope data recovered an age of 2000 ± 35 Ma for mineralisation which indicates 

that hydrothermal alteration and mineralisation may be associated with the Glenburgh Orogeny (2005 – 

1960 Ma) (Hawke et al., 2015; Pirajno et al., 2016). Additional Pb model ages of 1900 ± 50 Ma , 1945 ± 30 

Ma, 1980 ± 50 Ma, 1990 ± 50 Ma, and 2075 ± 50 Ma for samples of the Horseshoe Lights pyrite support a 

primary sulphide event coinciding with the emplacement of the DeGrussa deposit (2075 ± 50 Ma - 2011 ± 

7 Ma) during the Glenburgh Orogeny, and subsequent remobilisation events associated with regional 

dolerite and granite intrusions into the Narracoota Formations at c. 1900 Ma and c. 1980 Ma (Hawke et 

al., 2015). The 1980 Ma remobilisation coincides with the late Glenburgh Orogeny, however a second 
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event at c. 1900 Ma does not coincide with any of the major Capricorn orogenic events (Hawke et al., 

2015). Within the unpublished literature, Broomfield (2010) have suggested that the high-grade 

structurally controlled gold which overprints the primary copper mineralisation at Horseshoe Lights may 

indicate that the deposit underwent a late-stage supergene gold mineralisation event associated with the 

Capricorn Orogeny. 

 

Mineralising hydrothermal fluids at Horseshoe Lights developed in response to subduction and rifting 

along the northern margin of the Yilgarn Craton. This collision may have been the main driver for not only 

the hydrothermal fluid emplacement of the Horseshoe Lights and DeGrussa deposits, but also 

accommodated the deposition of the lower Bryah Group sediments (Hawke et al., 2015); also coincident 

with a global increase (Aitken et al., 2018) in VHMS emplacement between 2000 – 1800 Ma. Primary 

mineralisation was followed by the cessation of the rift-sediment deposition and oceanic volcanism within 

the Bryah Basin, and the deposition of shallow-water sediments and precipitation of chemical sediments 

which form the youngest Bryah Basin lithologies (Pirajno et al., 1998, 2004; Hawke et al., 2015). 

 

2.2.3 Sedimentary-hosted 

2.2.3.1 Abra deposit 

Abra is a Pb-Zn-Ag-Ba sedimentary-hosted base-metal deposit within the eastern Edmund Basin of the 

Capricorn Orogen, and is associated with the Quartzite Well and Lyons River Faults (Pirajno and Bagas, 

2008; Lampinen et al., 2017; Spinks et al., 2017) (Figure 2.10). The mineralisation at Abra was first 

discovered in 1982 when a diamond drill program targeted a 400 nT magnetic anomaly in the region 

(Boddington, 1990; Dunbar et al., 2006; Wilson, 2010). The main Abra ore body was intersected at 

approximately 300 m below the surface, beneath 60 m thick regolith (Boddington, 1990; Dunbar et al., 

2006; Wilson, 2010). 
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Figure 2.10 Geological map of the Abra deposit from Zi et al. (2015). 

 

The stratabound Abra ore body is characterised by an upper layered mineralised zone overlying a stringer 

breccia pipe feeder zone along the disconformity between the Irregully (1679-1610 Ma) and Kiangi Creek 

Formations (lower: 1680-1610 Ma, upper: 1590-1465 Ma) of the Edmund Basin (Blockley and Myers, 

1990; Thorne et al., 2009; Pirajno et al., 2015; Zi et al., 2015; Cutten et al., 2016; Spinks et al., 2017) (Figure 

2.11(b)). This stratabound mineralisation is divided into five named zones, based in the dominant mineral 

assemblages found within the banded layers of the Abra deposit, these are the: Red Beds, Dolomite Beds, 

White Beds, Black Beds and underlying Chlorite Alteration and Hydrothermal Stringer Feeder Zone 

(Lampinen et al., 2017). The upper Red Beds are composed of barite, banded jaspilite, haematite, galena, 

pyrite, quartz and siderite (Vogt and Stumpfl, 1987; Pirajno et al., 2015; Zi et al., 2015; Lampinen et al., 

2017). Overlain by the Red Beds, the Dolomite Beds are a discontinuous layer comprising siderite, barite 

and galena (Vogt and Stumpfl, 1987; Lampinen et al., 2017). A variably observed White Bed zone 

interfingers with the underlying Black Beds and is composed of quartz and associated chalcopyrite, 

specular haematite, galena and magnetite mineralisation (Vogt and Stumpfl, 1987; Lampinen et al., 2017). 

The underlying Black Beds form the base of the banded stratabound Abra ore, and are characterised by 

banded galena, sphalerite, pyrite and minor chalcopyrite, laminated and brecciated haematite, magnetite, 

and Fe-rich carbonate and scheelite (Vogt and Stumpfl, 1987; Pirajno et al., 2015; Zi et al., 2015; Lampinen 

et al., 2017). An underlying narrow and Chlorite Alteration and Hydrothermal Stringer Feeder Zone grades 
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into the Black Beds and comprises stockwork veining, and an outer chlorite and siderite alteration zone 

of quartz, carbonate, hematite, barite, chalcopyrite, pyrite, magnetite, and dolomite (Vogt and Stumpfl, 

1987; Blockley and Myers, 1990; Boddington, 1990; Pirajno et al., 2015; Zi et al., 2015). 

 

The main Abra mineralisation formed during the Mangaroon Orogeny (1680 – 1620 Ma) in response to 

the intraplate rift-related hydrothermal activity post-sediment deposition of the lower Edmund Basin 

(Pirajno, 2004a; Spinks et al., 2017). The Edmund Basin sediments provided the main source of ore metals, 

and the major basin and crustal scale structures, the Lyons River and Quartzite Well faults, formed the 

major fluid pathways for the migration and emplacement of primary mineralisation (Zi et al., 2015; 

Lampinen et al., 2017) (Figure 2.11(a)). Initial Pb model ages of primary galena date mineralisation to 

1640 Ma, during a period of voluminous granitic stock intrusions and plutons at the time of the 

Mangaroon Orogeny (Vogt and Stumpfl, 1987; Major and Gray, 2005; Pirajno and Bagas, 2008). New Pb 

model ages of magnetite-hematite-galena mineralisation now place the main ore formation between 

1610 ± 16 Ma and 1594 ± 10 Ma (spread of dates c. 1610-1590 Ma (Zi et al., 2015)) during a period of 

hydrothermal activity shortly after the deposition of the lower Kiangi Creek Formation (1680 Mato 

1610 Ma) (Zi et al., 2015). Additional age dates of c. 1375 Ma, 1220 Ma and 995 Ma from within the Red 

Beds, and of c.1255 Ma from the Black Beds suggest secondary hydrothermal fluids have overprinted the 

primary mineralisation during subsequent tectonic events which may be coincident with the crustal scale 

re-working, deformation, and metamorphism during the Mutherbukin tectonic event (1321 Ma to 

1171 Ma) and Edmund Orogeny (1030-995 Ma) (Pirajno et al., 2015; Zi et al., 2015) (Figure 2.11(a)). Zi et 

al. (2015) suggest these ages show that the Abra deposit formed over a period of continued extension 

during the deposition of the lower Edmund Group. 
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Figure 2.11 (a) Schematic diagram comparing the formation of the Abra and Prairie Downs deposits, (b) cross-

section through the Abra mineralisation, (c) cross-section through the Prairie Downs mineralisation, from 

Lampinen et al. (2017) and Spinks et al. (2017). 
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2.2.4 Shear-hosted 

2.2.4.1 Prairie Downs deposit 

The Prairie Downs deposit is a shear-hosted Zn-Pb-(Cu-Ag) deposit located at the boundary between the 

Hamersley, Bresnahan, and Edmund Basins in the north-eastern Capricorn Orogen (Pirajno, 2004a; White 

et al., 2016; Spinks et al., 2017) (Figure 2.12). Outcropping Pb and Cu mineralisation was originally mapped 

by Western Australia’s Geological Survey along the Prairie Downs Fault in 1963, with follow up diamond 

drilling in 1970 intersecting the main Prairie Downs mineralisation (Blockley, 1971; Kerr, 2008). The main 

Prairie Downs mineralisation and northern satellite deposits, including the Prairie Wolf deposit, are 

controlled and hosted by the west-north-west trending Prairie Downs Fault (Spinks et al., 2017). 

Weathered mineralisation within the Prairie Downs deposit is exposed at the surface along the Prairie 

Downs fault and is also found below a 40 m thick weathered cap {Citation}(Spinks et al., 2017). 

 

 

Figure 2.12 Geological map of the Prairie Downs deposit from White et al. (2016). 
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The Prairie Downs deposit is primarily hosted within the continental flood basalts of the Neoarchean lower 

Fortescue Group of the Hamersley Basin (2780-2200 Ma) on the north-eastern side of the Prairie Downs 

fault (Pirajno, 2004a; Broomfield, 2007; Rolfe, 2009; White et al., 2016). The deposit is also in fault contact 

with the conglomerates and sandstones of the younger Bresnahan (1786-1610 Ma) and Edmund Group 

(1679-1452 Ma) sediments on the south-western side of the Prairie Downs fault (Broomfield, 2007; Rolfe, 

2009; White et al., 2016) (Figure 2.11(c)). The Prairie Downs mineralisation forms an approximately 300 m 

wide sericite, quartz, chlorite, and tourmaline altered shear zone within the hydrothermally altered lower 

metasomatized basalts and mafic rocks of the lower Fortescue Group (Pirajno, 2004a; Broomfield, 2007; 

Rolfe, 2009; White et al., 2016). Massive sulphide mineralisation at Prairie Downs includes sphalerite, 

galena, minor chalcopyrite, minor pyrite occurring within quartz veins, and quartz-carbonate-haematite 

breccias (Pirajno, 2004a; Broomfield, 2007; Rolfe, 2009; White et al., 2016). More specifically, the main 

ore within the Prairie Downs deposit is characterised into four mineralisation styles along the flexure of 

the Prairie Downs Fault, these are: high-grade galena/sphalerite infilling cavities in a barite quartz gangue, 

high-grade galena/sphalerite in brecciated volcanics and quartz reefs, high-grade galena/sphalerite 

associated with brecciated black shales, and low-grade sphalerite disseminated in brecciated volcanic host 

rocks (Pirajno, 2004a; Broomfield, 2007; Kerr, 2008; Rolfe, 2009). 

 

The Prairie Downs Fault is a long-lived multi-phase structure that formed in response to crustal extension 

of the southern Fortescue Group during the Ophthalmian Orogeny prior to regional metasomatism at 

c. 2200 Ma (Rolfe, 2010; White et al., 2014a, 2014b, 2016). The fault has been subsequently reactivated 

with a southern down-throw of several hundred metres to form a structural basin infilled by the 

Bresnahan and Edmund basin sediments (Broomfield, 2007; Rolfe, 2010; White et al., 2016) (Figure 

2.11(a)). Multiple reactivation events between c. 1600 Ma to 1000 Ma during the deposition of the 

Bresnahan and Edmund Basins have structural deformed the Hamersley Basin and younger overlying basin 

sediments (Tyler, 1991; Broomfield, 2007; Rolfe, 2009; White et al., 2016). The Prairie Downs Fault itself 

is characterised by variably silicified breccia, quartz veining, and fault gouge associated with a series of 

hydrothermal fluid injection and precipitation events, however, timing relationships of these brecciation 

phases have been difficult to establish due to the prolonged development of the fault zone (Broomfield, 

2007; Rolfe, 2010; White et al., 2016). Post-reactivation of the Prairie Downs Fault is linked with the 

formation of local fault splays associated with the formation of the Prairie Downs deposit and satellite 

occurrences during the Capricorn Orogeny (Rolfe, 2010). 
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The mineralisation at Prairie Downs formed over a number of major Orogenic events. White et al. (2014b) 

and (2016) have suggested that the presence of minor epidote-quartz altered rocks at Prairie Downs and 

the regional depletion of Fe and Mn of the Fortescue Group indicate that the Fortescue Group was subject 

to an early pre-mineralisation, basin wide metasomatic event coincident with the Ophthalmian Orogeny 

(2215–2145 Ma). Elevated Zn within the altered rocks of the deposit correlate with depleted Ca which 

may be associated with a secondary Zn- and K- bearing saline fluid event which stripped Ca from the 

originally metasomatized host rocks (Broomfield, 2007; White et al., 2016). Pb-isotope ages on galena 

from Prairie Downs place mineralisation between 1780-1730 Ma with the precipitation of Pb from source 

fluids after the Fortescue metasomatic event; likely associated with the re-activation of the Prairie Downs 

Fault during the Capricorn Orogeny (1830–1780 Ma) (Broomfield, 2007; White et al., 2016).  

 

The metals within Prairie Downs are potentially consistent with VHMS- or sedimentary exhalative (SEDEX)-

style mineralisation (Keogh, 2001; Kerr, 2008; White et al., 2016). Trace metals associated with the Prairie 

Downs deposit are indicative of a SEDEX saline brine fluid source with metals sourced from metalliferous 

sediments, while the host geology and depositional setting are more closely linked to a VHMS-style 

deposit (Keogh, 2001; Pirajno, 2004a; White et al., 2016). Prairie Downs is Pb- and K-rich and contains 

reduced Fe and Cu which is atypical of a VHMS system, and the absence of a broad Fe and Mn enriched 

alteration zone is also atypical of a SEDEX-style deposit; the timing of this depletion has been difficult to 

map due to early metasomatism (White et al., 2016). Instead, the distribution of mineralised quartz veins 

along the fault zone, the depletion in Ca and Ti, and enrichment of Zn, Pb, Sn, and Ag at Prairie Downs 

have been interpreted as a multiphase modified and remobilised syn-volcanic sulphide deposit, whereby 

the secondary hydrothermal event overprints the original Fortescue metasomatic event at the end of the 

Capricorn Orogeny (1830–1780 Ma) (Pirajno, 2004a; Kerr, 2008; White et al., 2016; Spinks et al., 2017). 

 

2.2.4.2 Thaduna occurrence 

Thaduna is one of a number of shear-hosted Cu occurrence (e.g. Green Dragon) within the north-eastern 

Yerrida Basin (Figure 2.1) (Pirajno and Preston, 1998; Pirajno, 2004a; Mueller, 2005). Thaduna and the 

local satellite occurrences are historic mines that were exploited for their Cu-mineralisation between 1942 

and 1971 (Blockley, 1967; Parkinson, 2014). The Thaduna deposit is hosted in the graphitic schists of the 

Thaduna Formation in the Yerrida Basin along the Thaduna Fault (Pirajno and Preston, 1998; Nutter, 2006; 

Schwann, 2010; Parkinson, 2014). The main mineralisation extends up to 600 m below the surface while 
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supergene mineralisation is exposed at surface (Pirajno and Preston, 1998; Nutter, 2006; Schwann, 2010; 

Parkinson, 2014). Mineralisation is confined to the sub-vertical sinistral Thaduna fault zone which records 

150 m of sinistral displacement, 60 m of normal displacement, and trends north-north-west to north-

north-east (Blockley, 1967; Marston, 1979; Pirajno and Preston, 1998; Nutter, 2006; Hawke et al., 2015). 

 

High-grade copper mineralisation at Thaduna is associated with secondary supergene enrichment. This 

secondary enrichment allowed for the precipitation of supergene sulphide and Cu-oxide minerals, and 

associated hydrothermal graphite, chlorite, and calcite alteration within the east to north-west trending 

quartz filled faults which intersect the Thaduna sediments (Pirajno and Preston, 1998; Pirajno, 2004a; 

Schwann, 2010; Parkinson, 2014). The deposit is zoned and comprises a proximal graphite alteration zone 

and an outer hematite and chlorite hydrothermal alteration zone up to 15 m wide (Marston, 1979; Pirajno 

and Preston, 1998; Schwann, 2010). Low-grade disseminated mineralisation is also present and forms a 

20 m wide zone associated with quartz breccias, discordant quartz veins and quartz reef alteration zones 

(Schwann, 2010; Parkinson, 2014). The ore minerology at Thaduna can be characterised into four vertical 

zones including: (1) chalcopyrite, pyrite, and bornite located 90 m to 120 m below the surface within a 

primary zone, (2) chalcocite and covellite 15 m to 120 m below the surface in a supergene zone, (3) 

malachite, azurite, and cuprite located up to approximately 46 m below the surface in an oxidised zone, 

and (4) chrysocolla 6 m below the surface in a near surface zone (Pirajno and Preston, 1998; Nutter, 2006; 

Schwann, 2010). 

 

Hawke et al., (2015) present the only geochronology dating at the Thaduna deposit. A Pb-isotope age of 

1475 ± 50 Ma for primary pyrite mineralisation does not correlate with any of the major orogenic events 

from the Capricorn Orogen (Hawke et al., 2015). This new age date suggests primary mineralisation 

occurred post-deposition of the Yerrida Basin (1843 ± 14 Ma minimum age of overlying Maraloou 

Formation), however, mineralisation could potentially be associated with dolerite sill emplacement during 

the Narimbunna magmatic event within the Edmund Basin (c. 1465 Ma), pre-Mutherbukin Tectonic Event 

(1321-1171 Ma) and post-Mangaroon Orogeny (1680-1620 Ma) (Pirajno and Aramides, 2000; Hawke et 

al., 2015). 
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2.2.4.3 Ilgarari occurrence  

The Ilgarari Cu-Zn-Pb occurrence and the local Kumarina and Butcher Bird satellite Cu occurrences are 

situated within the eastern part of the intra-cratonic Edmund and Collier basins of the Capricorn Orogen 

(Tyler et al., 1998; Pirajno, 2004a). The Ilgarari camp is located within the east and north-east trending 

folds of a large regional syncline, cross-cut by north-east trending structures including the Ned’s Gap Fault, 

Ilgarari Mine Shear Zone and Butcher Bird Mine Shear Zone (Galvin, 2006). Mineralisation at Ilgarari was 

discovered with surface prospecting methods in the early 1900’s, which lead to the sporadic production 

of Cu up until 1973 (Multi Metal Consultants Pty Ltd, 1992; Skotsch, 2008). The Ilgarari occurrence 

produces a prominent magnetic anomaly, however, recent exploration in the region, including the 

acquisition of geophysical surveys, geological mapping, and preliminary RC drilling has not led to the 

discovery of further significant economic mineralisation (Multi Metal Consultants Pty Ltd, 1992; Skotsch, 

2008; Standish, 2013).  

 

The Ilgarari deposit is characterised by supergene enriched copper mineralisation, and the presence of 

minor hydrothermal alteration zones along the Ilgarari Mine Shear Zone (Tyler et al., 1998; Pirajno, 2004a; 

Brauhart, 2010b). The main Ilgarari mineralisation is located between 50 m to 70 m below weathered 

overburden and is hosted in shallow north-dipping laminated shales and mudrocks interbedded with the 

manganiferous shales and siltstones of the Ilgarari Formation (Marston, 1979; Cooper et al., 1998; Galvin, 

2006; Brauhart, 2010b). Few outcrops exist, however, gossans are weakly developed along mineralised 

structures up to 2 km along strike of the Ilgarari deposit (Vieru and Vivian, 2003; Skotsch, 2008). Ore 

formation at Ilgarari is controlled by steep south-dipping east-north-east-trending en echelon faults and 

shear zones along predominately shale-dolerite contacts parallel to the major basement structures 

(Marston, 1979; Cooper et al., 1998; Pirajno, 2004a; Galvin, 2006; Skotsch, 2008). 

 

Copper mineralisation at Ilgarari extends vertically from a supergene zone to distal and sparsely 

mineralised zones. The supergene enrichment zone is characterised by chrysocolla, malachite, azurite and 

chalcocite, galena, cerussite with minor tenorite, chalcopyrite, disseminated pyrite, cuprite and native 

copper up to 38 m below the surface (Marston, 1979; Galvin, 2006; Skotsch, 2008; Brauhart, 2010b, 

2010a). Below this, up to 130 m below the surface, sparse chalcocite and chalcopyrite mineralisation is 

present (Marston, 1979; Cooper et al., 1998). The Ilgarari mineralisation is typically associated with 

kaolinite alteration and variably weak silicification, while minor Pb, Zn and Ag mineralisation is 
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predominately found within sulphide bodies parallel to bedding, away from and downslope of the main 

fault conduits (Cooper et al., 1998; Skotsch, 2008; Brauhart, 2010a, 2010a). A distal zone of Fe, Mn and 

Ba enrichment is controlled by the basin structures and is predominately hosted within the black pyritic 

shales of the Ilgarari Formation (Galvin, 2006; Skotsch, 2008; Brauhart, 2010b, 2010a). Veining within the 

deposit is restricted to 1 to 100 mm limonitic veins, while large veins over 1 m wide are rare (Marston, 

1979; Cooper et al., 1998). Cu mineralisation including malachite and azurite is widespread across the 

Ilgarari region with manganese enrichment, associated with the remobilisation of Mn from manganiferous 

shales localised along lithological boundaries and unconformities, and becoming increasingly enriched 

towards the Butcherbird deposit (Galvin, 2006; Saul, 2016). Mineralisation at Butcherbird is characterised 

by chalcopyrite, bornite, pyrite and pyrrhotite along the sheared and brecciated zones, and minor 

disseminated pyrite (Galvin, 2006; Saul, 2016). 

 

Skotsch (2008) have suggested that the copper mineralisation within the Ilgarari region was leached from 

the intrusive dolerites or remobilised from basement rocks as a result of the widespread dolerite 

intrusions through the Collier Basin during the Edmund Orogeny. In addition, Aitken et al. (2018) have 

placed mineralisation from the Ilgarari and Kumarina deposits at 1100 Ma based on the age of the host 

rocks, which coincides with the c. 1070 Ma dolerite sill emplacement within the Collier Basin (Martin et 

al., 2008). Within the unpublished literature, Saul (2016) have suggested that the presence of Fe, Mn and 

Ba enrichment zones across the Ilgarari mineralised region may indicate mineralisation is associated with 

the formation of an overlying and more distal VHMS- or SEDEX-style deposit. 

 

2.3 Summary and conclusions 

The Capricorn Orogen base-metal mineralisation is predominantly structurally controlled. At Prairie 

Downs, Cu-mineralisation is associated with the Prairies Downs Fault, a long-lived crustal-scale structure. 

The other Cu-occurrences, Thaduna and Ilgarari, are associated with local-scale structures and shears of 

the Thaduna Fault and Ilgarari Shear Zones, respectively. While the structures at Thaduna and Ilgarari 

have been conducive to forming supergene enriched zones, the associated Cu-mineralisation is sub-

economic in comparison to the Prairie Downs Deposit since mineralisation at Prairie Downs formed in 

response to multiple mineralising events associated with significant orogenic event. Ore emplacement at 

the Abra deposit is controlled by the Quartzite Well splay off the crustal Lyons River Fault, at DeGrussa 
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the Jenkin Fault and Shiraz Faults control the VHMS-style mineralisation in the Bryah Basin, and at 

Horseshoe Lights the mineralisation is controlled by the unnamed basin scale structures and shears east 

of the DeGrussa deposit. The Magellan Deposit differs from the other base-metal deposits since 

mineralisation is not linked to major crustal structures, rather it is controlled by topographically driven 

gravitational fluid flow during basin wide deformation. 

 

Timing of the Capricorn base-metal mineralisation differs across the entire Capricorn Orogen. The Bryah 

basin hosts VHMS-style mineralisation associated with the Glenburgh Orogeny at the DeGrussa and 

Horseshoe Lights Deposits. After the formation of the DeGrussa and Horseshoe Lights mineralisation the 

early Capricorn Orogeny accommodated the formation of wide-spread Pb-carbonate hosted 

mineralisation across the stratigraphic units of the lower Earaheedy basin, responsible for forming the 

Magellan Pb-carbonate deposit. Early metasomatism in the Ophthalmian Orogeny, and late-stage 

Capricorn Orogenic events also allowed for the mobilisation of fluid necessary to form the Prairie Downs 

Cu-deposit within the north-eastern margin of the Capricorn Orogen. In contrast, the Abra stratabound 

deposit is much younger than the VHMS-style DeGrussa and Horseshoe Lights deposits, Magellan Pb-

carbonate deposit, and the Prairie Downs Cu-deposit. Abra formed in response to multiple hydrothermal 

fluid events after the late Mangaroon Orogeny, during the Mutherbukin Tectonic Event and Edmundian 

Orogeny. Episodes of dolerite emplacement at 1980-1900 Ma may have contributed to further base-metal 

mineralisation at DeGrussa and Horseshoe Lights, while younger dolerite emplacement events at c. 

1100 Ma and c. 1465 Ma provided the necessary drivers for shear-hosted copper mineralisation, 

accommodated by basin scale faults and splays within the Yerrida Bain and eastern Collier Basins at the 

Thaduna and Ilgarari deposits, respectively. 

 

The common sedimentary sequences which host the base-metal deposits of the Capricorn Orogen may 

be useful and mappable proxies for mineralisation. The base-metal deposit host rocks of the Capricorn 

Orogen have some similarities; siltstone, sandstone and shale sediments are found at all of the Capricorn 

base-metal deposits except Magellan which is dominated by sandstones, carbonate rocks, and 

stromatolite units. Volcanic sequences, including dolerite intrusions, basalts, and mafic volcanics are also 

common at DeGrussa, Horseshoe Lights, Ilgarari, and the Prairie Downs deposits. However, the Abra and 

Thaduna deposits contain a lack of mafic volcanic lithologies, with their primary mineralisation hosted in 

sandstones, conglomerates, turbidites and dolomite units. Overlying these sedimentary host rocks is the 



CHAPTER 2. GEOLOGICAL BACKGROUND   

84 

 

regolith of the south-eastern Capricorn Orogen basins, which typically has a thickness up to 150 m. 

Recently there has been an effort to improve the geochronological, geochemical and geophysical 

understanding of the known base-metal mineralisation within the Capricorn to improve exploration 

beneath the cover across the region (Pirajno et al., 2010, 2015; Hawke et al., 2015; White et al., 2016; 

Lampinen et al., 2017). In particular, the availability of new geophysical datasets and the compilation of 

legacy petrophysics and geology can be used to improve our knowledge of the base-metal perspectivity 

of the Capricorn Orogen. 
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3  

Background: resistivity variations in the 

Capricorn Orogen 

 

Within minerals exploration, down hole resistivity measurements are sometimes acquired, and within 

the Capricorn Orogen, such measurements are available from the basins and base-metal deposits. 

Specifically, down hole resistivities from the Capricorn Orogen include: company drill hole 

measurements from the DeGrussa, Abra and Magellan mineralised regions, and the northern Marymia 

Inlier and Collier Basin units from the Beyondie banded iron and magnetite deposit region (Figure 3.1). 

This company data is publicly available from the Western Australian Mineral Exploration Database 

(Department of Mines, Industry Regulation and Safety, 2018) and are supplied as an export from 

company drilling databases, however, these data exports rarely include information about survey 

specifications, the type of down hole acquisition tool used, and its coil spacing and calibration. Despite 

this, it is reasonable to assume that from within the same mine or exploration location the 

petrophysical measurements are likely to be comparable. 

 

In addition to the publicly available down hole petrophysics, hand sample resistivity measurements 

were acquired along the Exploration Incentive Scheme (EIS) drill holes from the Yerrida and Earaheedy 

Basins in the south-eastern Capricorn Orogen (Figure 3.1). These additional hand samples were all 

measured using the same sample core induced polarisation (SCIP) tool. 

 

The down hole and hand sample resistivity measurements from the basins and base-metal deposits 

of the Capricorn Orogen have been compiled and are presented in this chapter. Magnetic 
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susceptibility, density, and gamma measurements are also available from these regions and have been 

compiled and presented in Appendix A.1. 

 

This chapter focusses on discussing the resistivities of the Capricorn Orogen rocks and is structured as 

follows. For each of the geological regions containing resistivity information, the resistivity of the 

sedimentary, mafic volcanic and igneous, and mineralised rocks is discussed. Firstly, the resistivity data 

from the DeGrussa VHMS deposit is presented, followed by the Abra deposit, the Beyondie Deposit, 

and lastly the hand sample resistivity data from the Yerrida and Earaheedy Basins are discussed. The 

underlying statistical data presented in the body of this chapter is summarised in Appendix A.3. 

 

The distribution of resistivity measurements is shown in this chapter as histograms which have been 

visually described with respect to the summarised lithologies from each region containing resistivity 

data within the Capricorn Orogen. The modes described in this chapter have also been picked visually. 

The probability distribution functions of this available resistivity data are also presented as violin plots 

(Silverman, 1986). The resistivity distributions and violin plots have been log-transformed since 

resistivity data vary widely in order of magnitude, are strictly positive, and because a log-normal 

distribution approaches a normal distribution in shape when the data mean is much larger than the 

standard deviation (Limpert et al., 2001). The bin widths for each histogram were automatically 

calculated with a proprietary algorithm using ‘Wolfram’s Mathematica’. This algorithm optimises the 

bin width of the data based on four different binning methods: Sturges (1926), Freedman and Diaconis 

(1981), Scott et al. (1994), and Wand (1997). Using this automated method the histogram bin widths 

for the Capricorn resistivity data were calculated using the “Stuges” (Sturges, 1926) and “Scott” (Scott 

et al., 1994) methods. “Sturges” method is dependent on the data range and sample size (Sturges, 

1926), and the “Scott” method is dependent on the data standard deviation and sample size (Scott et 

al., 1994). The violin plots illustrate the resistivity probability density functions for each lithology (the 

number of measurements and measurement type are annotated on each plot). The data presented 

here also include a measure of the order of magnitude range, calculated from the ratio of the 

maximum and minimum resistivities. Within this chapter, this order of magnitude range is referred to, 

simply, as the range. The calculated averages also presented in this chapter are geometric means 

which are referred to as means. 

 

The compiled resistivities from this chapter form the basis of this thesis, specifically to: forward model 

the AEM response of the Abra base-metal deposit (Chapter 4), calculate 1D GA-LEI inversions of the 
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Capricorn TEMPEST AEM survey lines directed by the nearest available down hole resistivities (Chapter 

5 and 6), and for the comparison and interpretation of down hole resistivities with TEMPEST AEM and 

MT inversions (Chapter 4, 5 and 6). 

 

 

Figure 3.1 Map of the Capricorn Orogen basins where down hole and hand sample resistivity measurements 

have been acquired on the basin lithologies and mineralised rocks (red points). 

 

3.5.1 Summary 

Both the younger Yerrida and Earaheedy Basin lithologies comprise siltstone and sandstone lithologies 

which have been weathered or silicified to varying degrees but have different resistivity variations. 

Underling these sediments are stromatolite and dolomite units which have similar resistivities across 

both basins. In the Yerrida Basin, the graphitic and pyritic sequences of the Johnson Cairn Formation 

and Maraloou Formations are conductive, and overlie the mostly resistive stromatolitic, volcanic and 

silicified sediments of the Juderina Formation. Similarly, the basal stromatolites, and silicified 

sandstones and siltstones of the Yelma Formation are highly resistive within the Earaheedy Basin. 

However, the clays, siltstones, and GIF’s of the Frere Formation overlying the Yelma Formation are 

moderately resistive to conductive; associated with the interbedding of conductive clays and siltstones 

with more resistive sandstones and cherts, and the intense Fe-rich weathering of these units. 
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Resistivity variations of the iron formations, siltstones, clays, and sandstones of the Frere Formation 

and underlying stromatolites, dolomites, and sandstones of the Yelma Formation have similar main 

modes and ranges of resistivities. These units are not easily distinguishable by their resistivity 

measurements compared to the resistivities of the highly resistive Juderina Formation and overlying 

highly conductive Johnson Cairn and Maraloou Formations of the Yerrida Basin. Resistivity 

measurements may be less useful for discriminating between the Frere, Yelma, and Juderina 

Formations, which all have a mode of approximately 1000 Ωm, and for discriminating between the 

Johnson Cairn and Maraloou Formations, which have similar modes close to 1 Ωm. Even where the 

Maraloou Formation has a second mode close to 10 Ωm, this falls within the range of typical Johnson 

Cairn measurements. Resistivities are, however, useful for discriminating the conductive Johnson 

Cairn and Maraloou Formations from the resistive Frere, Yelma, and Juderina Formations. 

 

3.1 Electrical resistivity 

Electrical resistivity is a measure of a material’s ability to allow the flow of an electrical current. For 

different rock types, this flow of electrical current is influenced by the combined contribution of 

different minerals, rock textures, and ground water (Emerson, 1993; Dentith and Mudge, 2014) (Figure 

3.2). Compared to metals or graphite, which are highly conductive, most conductive rock minerals and 

rock types are semi-conductive (Emerson, 1993; Dentith and Mudge, 2014) (Figure 3.2). This is 

because porosity (Figure 3.3(a)), and the interconnectivity of those pore spaces (permeability) (Figure 

3.3(b)) influence measurements of resistivity. For example, where electrolytes are held within the 

pore spaces of a permeable material (e.g. sedimentary rocks) the measured resistivity will be lower 

than a material (e.g. igneous rocks) with fewer pore spaces and reduced permeability (Rogers and 

Head, 1961; Fitzpatrick, 2006; Dentith and Mudge, 2014). 
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Figure 3.2 Resistivity variations for (a) common ore and alteration minerals, and (b) rock types, modified from 

Palacky (1988), Telford et al. (1990), and Dentith and Mudge (2014). 

 

Due to several factors, a single rock type may exhibit a range of resistivities. For a single rock type, 

these factors include: porosity and permeability, rock fractures and the presence of ground water, 

rock formation textures, the interconnectivity of conductive mineral species, the presence of 

impurities and defects within individual mineral lattice structures, and the direction of current flow 

across different textures (Emerson and Yang, 1998; Bishop and Emerson, 1999; Fitzpatrick, 2006; 

Dentith and Mudge, 2014). Overall, rock resistivity is mostly influenced by the conductive components 

of a rock and the interconnectivity of those components, and therefore, some common mineral and 

rock resistivity variations can be identified, these are (Sharma, 1986; Emerson and Yang, 1998; 

Fitzpatrick, 2006; Dentith and Mudge, 2014) (Figure 3.2): 

• Sulphide minerals are conductive. Pyrrhotite, chalcocite, galena, arsenopyrite, chalcopyrite 

and bornite are the most conductive, sphalerite is the least conductive, 

• Haematite and magnetite have a large conductivity range, 

• Silicate and carbonate minerals are the most resistive, however serpentine is the most 

conductive silicate mineral, 
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• Graphite is very conductive; however, resistivity measurements strongly depend on the 

current flow in relation to the crystalline structure of graphite, 

• Materials rich in clays are conductive due to the sheet like structure of clay minerals, which 

allow negative charges along the crystal lattice sheets to accumulate. This accumulation of 

charge is balanced by absorbing unbounded cations from surrounding fluids to create an 

efficient conducting medium, 

• Evaporates are very resistive, 

• Sedimentary rocks tend to be more conductive than crystalline rocks as they inherently 

contain intergranular pore spaces, whereas crystalline rocks tend to develop a porosity after 

formation where fractures develop; volcanic rocks contain less conductive mineral species and 

vuggy pore interconnectivity which contributes to their large resistivities, and 

• Metamorphism can alter the interconnectivity of minerals and pores by increasing the 

connectivity of conductive species, however, it is also possible for associated silicification and 

alteration processes to decrease the interconnectivity of conductive sulphide minerals and 

reduce the overall rock conductivity. 
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Figure 3.3 Common rock (a) porosities, modified from Earle (2016) and (b) permeabilities, modified from 

Zhang (2006). 
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3.2 DeGrussa mineralised region 

The DeGrussa mineralised region contains down hole resistivity information along 137 drill holes 

(Martin, 2011; Mukherji, 2011; Evans, 2016b, 2016a; Mackenzie et al., 2016) (Figure 3.4). This 

resistivity information has been compiled to summarise the electrical variations of the DeGrussa 

mineralisation and the local host rocks of the lower Bryah Basin (Figure 3.5). These lithologies include 

interbedded mafic volcanics, volcano-sedimentary, siliciclastic sedimentary rocks and pyritic black 

shales of the Karalundi Formation, and the intercalated volcanic and minor sedimentary volcaniclastics 

and mafic to ultramafic intrusives of the Narracoota Formation (Pirajno and Occhipinti, 2000; Hawke 

et al., 2015; Mackenzie et al., 2016; Occhipinti et al., 2017). The available geological logging does not 

discriminate the lithologies of the DeGrussa mineralised region by stratigraphic unit, but rather by 

individual unit lithology and associated alteration, regolith alteration, and mineralisation textures. This 

is likely because the interfingered sediments and mafic units which comprise both the Karalundi and 

Narracoota Formations are difficult to discriminate and are locally defined within the DeGrussa mine 

as a single stratigraphic unit of the DeGrussa Formation (Hawke et al., 2015). 

 

The DeGrussa geological logs have been categorised into 16 lithology based frequency histograms: 

regolith, siltstone, sandstone, conglomerate, argillite, turbidite, BIF and chert, mafic breccias, gabbro, 

dolerite, basalt, mafic volcanics, peperite, schist, fault gouge, and mineralisation (Figure 3.5). These 

compiled resistivities have been coloured by logged regolith alteration in Figure 3.6, rock alteration in 

Figure 3.7, and sulphide texture in Figure 3.8, to provide further insight into the controls on the 

resistivity variations within each lithology. However, not all the resistivity measurements contain this 

additional geological logging information, which limits detailed interpretations across all lithologies. 
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Figure 3.4 Geological map of the northern Bryah Basin showing the location of the available drill holes which contain down hole resistivity measurements within the 

DeGrussa deposit region. 



CHAPTER 3. BACKGROUND: RESISTIVITY VARIATIONS IN THE CAPRICORN OROGEN   

94 
 

 

Figure 3.5 Violin plot illustrating the relative probability density functions for each of the DeGrussa lithologies.  
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3.2.1 Regolith 

The regolith at DeGrussa forms flat weathered surfaces and paleochannels typically filled with silts, 

clays, sands and lenses of carbonates, lignites and ferruginous gravel (Noble et al., 2016). These 

weathering profiles extend to 30 m to 100 m below the surface (Hawke et al., 2015; Noble et al., 2016). 

At the base of these weathering profiles the host rocks of the Bryah Basin comprise, from bottom to 

top, weakly weathered saprock grading to bleached saprolite overlain by clay, quartz-rich, mottled 

and ferruginous zones (Noble et al., 2016). 

 

The DeGrussa weathering profile is resistively variable but often electrically similar to the underlying 

host lithologies of the Bryah Basin. The regolith comprises several weathered components with a wide 

range of resistivities (rregolith=22 376.0), and moderately conductive mean and median values 

(𝜇regolith=19.5±2.6, νregolith=23.7) within the same order of magnitude as the fault gouge (𝜇fault=30.5±2.1, 

νfault=29.6) and BIF (𝜇BIF=15.0±3.7, νBIF=15.8) (Figure 3.5). The saprock (xsaprock=0.2, 𝜇saprock=15.5±2.4, 

νsaprock=17.9, nsaprock=2545, rsaprock=11 188.0), and alluvium (xalluvium=0.2, 𝜇alluvium=11.5±2.3, νalluvium=11.2, 

nalluvium=2441, ralluvium=831.0) have the most conductive measurements which contrast with the more 

resistive ferricrete (xferricrete=19.4, 𝜇ferricrete=24.9±1.2, νferricrete=25.7, nferricrete=34, rferricrete=1.6) and 

mottled zones (xmottled=9, 𝜇mottled=29.4±1.5, νmottled=27.8, nmottled=654, rmottled=8.1), which also have 

relatively discrete resistivity ranges (Figure 3.6A). Unexpectedly, the resistivities of the weathered 

clays (xclay=0.1, 𝜇clay=25.2±2.5, νclay=30.6, nclay=6269, rclay=2365.0) have resistivities close to the most 

resistive measurements. These measurements do, however, coincide with the range of resistivities 

from the ferruginous (𝜇ferri=20.6±2.9, νclay=27.6, nclay=4963) and haematite (𝜇haem=21.9±2.7, νhaem=27.1, 

nhaem=1134) alteration assemblages (Figure 3.7A) which could be found within clay dominant zones 

and contribute to the large range of measured clay resistivities. 
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Figure 3.6 Stacked histograms showing the resistivity distributions of the DeGrussa lithologies coloured by 

logged weathering. 
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While having large resistivities, the ferruginous and haematite altered regolith also has the widest 

range (rferri=22 376.0, rhaem=1028.0) including some conductive measurements. In contrast, the clay 

and goethite alteration assemblages have smaller ranges (rclay=190.5, rgoethite=5.3) (Figure 3.7A), 

however, there are fewer measurements of the clay and goethite alteration (nclay=634, ngeothite=63) and 

their small sample size may be the reason for their discrete ranges. It should also be noted that the 

resistivity trends for the logged alteration are similar to the trends for the regolith without alteration 

information (µno log=19.8±2.1, νno log22.3, rno log=1789 nno log=5149), which may suggest that the logged 

alteration minerals are not a major control on the resistivity variations. 

 

Overall, the regolith has a wide unimodal range of resistivities (Figure 3.6A) with a main mode centred 

over approximately 20 Ωm, which is similar to the main modes of the sedimentary and mafic 

lithologies of the Bryah Basin (10 Ωm ≤ mode ≤ 100 Ωm). This highlights the electrical variability of the 

regolith which often has a resistivity similar to the other DeGrussa lithologies. Unless the host rocks 

of the Narracoota and Karalundi Formations, and the regolith, have vastly different resistivities which 

are similar to the extreme ends of their distributions, they are unlikely to be electrically distinguishable 

from each other, for example, within the responses of an AEM survey.  

 

3.2.2 Sedimentary units 

The DeGrussa sedimentary lithologies typically have a single main mode (Figure 3.6B-F) with similar 

resistivity ranges, means (40 Ωm≤𝜇≤60 Ωm), and medians (55 Ωm≤ν≤70 Ωm). The exception to this is 

the conglomerate and BIF which have more complex distributions and multiple main modes (Figure 

3.6D-G). The conglomerate is resistively variable over a discrete range (rconglomerate=150.3) which lies 

within the range of the other sedimentary lithologies. In contrast, the BIF has a broader range of 

mostly conductive (µBIF=15.0±3.7, νBIF=15.8, rBIF=996.3, nBIF=315) measurements associated with the 

BIF being mostly weathered to saprock (Figure 3.6G). This weathered BIF is an example which shows 

that the DeGrussa sedimentary units are controlled to some extent by their weathered components 

(Figure 3.6B-F). This must not be confused with the regolith distribution, which has been logged 

separately as a cover unit with the addition of logged weathering components. 

 

The sedimentary, mafic and minor felsic, and mineralised lithologies contain weathering information 

where it has been identifiable in the primary lithology. For example, the siltstone contains weathered 

saprock components, which are more conductive than the logged fresh rock equivalent 
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(𝜇saprock=22.7±3.3, nsaprock=3132, 𝜇fresh=77.2±2.3, nfresh=2805) (Figure 3.6B). This trend is also seen where 

weathered conglomerate (𝜇saprock=3.5±1.4, nsaprock=27, 𝜇fresh=63.0±2.2, nfresh=497) and argillite 

(𝜇saprock=26.9±2.3, nsaprock=4161, 𝜇clay=21.3±1.4, nclay=653, 𝜇fresh=65.3±2.8, nfresh=13 730) have low 

resistivities (Figure 3.6C-D). Units weathered to saprock are expected to have resistivities less than 

fresh rock equivalents since saprock is highly porous, often with fracture porosity containing 

groundwater. However, the observed resistivities from the saprock components of the turbidite unit 

have values within the range, and similar to (𝜇saprock=48.9±3.0, nsaprcok=4016, 𝜇fresh=57.4±2.3, 

nfresh=12 159) the logged fresh rock equivalent (Figure 3.6F). The weathered and unweathered 

turbidites are electrically variable. At DeGrussa the turbidite forms a graded unit from a basal 

conglomerate zone containing sub-angular basaltic clasts, to quartz-rich sandstones and siltstones and 

fine-grained mudstones (Hawke et al., 2015). The turbidites are poorly developed with only some 

regions showing graded beds while other regions contain localised folding, slumping and chaotic 

bedding (Hawke et al., 2015). The range of resistivities are likely a product of the composition and 

grained size variations inherent within the turbidites (i.e. less resistive fine-grained shale and mud 

components, and more resistive coarser grain sand and clastic sediments), which also contribute to 

variably resistive weathered products. 

 

The sedimentary units coloured by alteration (Figure 3.7B-G) exhibit minor resistivity trends 

associated with their logged alteration type. For example, the sandstone (𝜇chlorite=122.4±2.5, 

νchlorite=158.5, nchlorite=244 vs 𝜇unaltered=60.7±2.3, νunaltered=75.3, nunaltered=4003) (Figure 3.7C), argillite 

(µchlorite=78.1±2.7, νchlorite=89.90, nchlorite=2229, vs µunaltered=53.8±2.9, νunaltered=65.5 nunaltered=11 313) and 

turbidites (µchlorite=88.3±1.4, νchlorite=79.1, nchlorite=330, vs µunaltered=57.0±2.3, νunaltered=72.2 

nunaltered=13 503) have increased resistivities with chlorite alteration (see green in Figure 3.7C, E, F). 

Similarly, this trend is seen where the argillites contain saussurite, silica and epidote alteration 

(µsauss=109.2±1.4, νsauss=91.8, nsauss=280, µsilica=112.9±1.3, νsilica=128.9, nsilica=74, µepidote=75.4±1.1, 

νepidote=74.0, nepidote=109). The siltstone (𝜇ferri=138.9±1.3, νferri=139.6, nferri=54, 𝜇leucox=126.0±1.1, 

νleuox=127.8, nleucox=28 vs 𝜇unaltered=38.3±3.4, νunaltered=52.5, nunaltered=5393), and turbidites 

(𝜇carb=192.5±1.1, νcarb=191.3, ncarb=199, 𝜇silica=179.7±1.1, νsilica=180.3, nsilica=274 vs 𝜇unaltered=57.0±2.3, 

nunaltered=13 503) have larger resistivities with ferruginous and leucoxene, and carbonate and silica 

alteration, respectively (Figure 3.7B, F). In contrast the siltstones (𝜇chlorite=3.3±3.8, νchlorite=5.8, 

nchlorite=18) sandstones (𝜇carb=12.3±4.5, νcarb=14.0, ncarb=106) and turbidites (µclay=27.2±3.2, νclay=37.8, 

nclay=1270) have low resistivities where they are chlorite, carbonate and clay altered, respectively 

(Figure 3.7B, C, and the conductive yellow tail in the distribution in E). No single alteration style has a 

consistent increase or decrease in resistivity across the sedimentary units, and separately, the 
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presence of alteration comprises only a small sub-set of samples (≤12.0% of total samples within each 

lithology). Alteration assemblage is therefore unlikely to be a dominant control on the measured 

sedimentary rock resistivity (given the available data). 

 

Where the presence of sulphide texture has been logged the texture does not appear to have an 

obvious control on the resistivity variations of the sedimentary sequences (Figure 3.8B-G). The 

sandstone unit contains the most (15.4% of samples compared to ≤9.0% for other sedimentary units) 

samples logged with sulphide texture information (blebby: 1.0%, disseminated: 12.7%, massive: 0.1%, 

and stringer: 1.6%), and has resistivities across the entire sandstone resistivity distribution. The 

disseminated and stringer mineralisation within the sandstone have large resistivities 

(𝜇disseminated=38.9±3.8, νdisseminated=72.8, ndisseminated=563, 𝜇no mz=20.1±3.4, νdisseminated=20.9, nno mz=73), 

while the blebby, and massive mineralisation (𝜇bleb=11.7±3.7, νbleb=13.1, nbleb=46, 𝜇massive=0.3±1.7, 

νmassive=0.3, nmassive=4) textures are less resistive. The low resistivities of these latter mineralisation 

styles are consistent with interconnected conductive minerals. However, this must be considered in 

the context of the number of conductive samples available (i.e. massive sulphides and blebby 

sulphides make up 0.1% and 1.0% of the sandstone, respectively). Overall, the sandstones contain the 

greatest number of samples with logged sulphide information; 15.4%, compared to <9.0% in other 

sedimentary units, of which most are logged as disseminated sulphides. This may suggest that the 

sandstones are an important host rock for disseminated mineralisation. However, this must be 

interpreted with caution given a lack of consistent percentage sulphide and sulphide texture logging 

across all lithologies (15.4% with information versus 84.6% without). 
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Figure 3.7 Stacked histograms showing the resistivity distributions of the DeGrussa lithologies coloured by 

alteration type. 
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3.2.3 Mafic and minor felsic units 

The mafic and minor felsic rocks of the Narracoota and Karalundi Formations include intrusive 

dolerites and gabbros, and pillow basalts which interfinger with the sedimentary lithologies at 

DeGrussa (Hawke et al., 2015). Peperites are also common and have formed where basalts have 

intruded wet consolidated sediments prior to mineralisation (Hawke et al., 2015). Geochemically, 

Hawke et al. (2015) suggest that the basalt and dolerite units are indistinguishable, and are 

characterised by fine grain sizes along their margins and coarser grain sizes within the central parts of 

the intrusives. Alteration of the mafic lithologies often replaces primary phenocrysts and grain 

margins, however, Hawke et al. (2015) note that the primary textures of the mafic units are mostly 

preserved. Carbonate and clay alteration is commonly pervasive towards the edges of the intrusive 

mafic boundaries, while chlorite, epidote, and albite alteration is dominant towards the intrusive 

centres, and often associated with chlorite-carbonate ± pyrite veining (Hawke et al., 2015). 

 

The resistivities of the mafic and minor felsic units at DeGrussa have a single main mode and similar 

means (30 Ωm≤𝜇≤80 Ωm) and medians (40 Ωm≤ν≤80 Ωm), although some lithologies demonstrate a 

more extreme range of resistive behaviour than others, with a difference of two orders of magnitude 

seen across all of the mafic and minor felsic lithologies (184.9 Ωm – 70 151.5 Ωm) (Figure 3.5). Most 

of the mafic and minor felsic rock resistivities were measured on fresh rock, with weathered 

components of the mafic units comprising a small percentage (11.5%) of the number of acquired 

samples. However, where weathering features have been logged, the weathered gabbro, basalt, mafic 

volcanic, and peperite resistivities consistently have a discrete range of means and medians 

(20 Ωm≤𝜇≤30 Ωm, 20 Ωm≤ν≤30 Ωm) , while the dolerites and mafic breccias having a more resistive 

range of means and medians where they are weathered to saprock (40 Ωm≤𝜇saprock≤50 Ωm, 

50 Ωm≤νsaprock≤55 Ωm), and a variable range of means and medians where they are weathered to 

other weathering products (15 Ωm≤𝜇≤65 Ωm, 15 Ωm≤ν≤70 Ωm) (Figure 3.7G-L). 

 

Resistivity trends associated with different alteration assemblages are evident within each mafic 

lithology, but not across all mafic lithologies. These trends are most evident in the basalts and mafic 

breccias where the logged alteration correlates with regions of sulphide mineralisation (Figure 3.7 and 

Figure 3.8). The chlorite alteration and to a lesser extent, the carbonate alteration is moderately 

conductive in the basalts (µchlorite=40.2±1.3, νchlorite=35.4, nchlorite=788, µcarb=50.9±2.0, νcarb=57.9, 

ncarb=155) (see green and orange tails in Figure 3.7K). The mafic breccia has reduced resistivities likely 

associated with logged clay, carbonate and silica alteration (𝜇clay=3.7±8.0, νclay=3.8, nclay=256, 
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𝜇carb=9.6±12.1, νcarb=55.0, ncarb=164, 𝜇silica=4.0±5.5, νsilica=6.9, nsilica=30) (Figure 3.7H), however the clay 

and carbonate alteration is highly variable and also has associated measurements which are more 

resistive than the moderately conductive chlorite, goethite, sericite, and talc alteration (𝜇chl=32.2±3.0, 

νchl=63.3, nchl=54, 𝜇geoth=52.2±1.2, νgeoth=50.4, ngeoth=93, 𝜇ser=53.2±1.0, νser=53.3, nser=16, 𝜇talc=33.8±1.2, 

νtalc=34.5, ntalc=538). 

 

Minor resistivity trends associated with alteration can be seen within the other mafic and minor felsic 

units. The chlorite, saussurite, and leucoxene altered gabbros have a discrete moderately conductive 

range of resistivities (µchlorite=35.0±1.6, νchlorite=27.4, nchlorite=580, µsauss=84.4±1.0, νsauss=84.5, nsauss=312, 

µleucox=36.1±1.1, νleucox=35.6, nleucox=9) (see green and blue in Figure 3.7I). The small subset of 

ferruginous altered (0.2%) dolerites have low resistivities (µferri=12.3±1.3, νferri=11.6, nferri=33), and the 

mafic volcanic and peperite alteration assemblages all have similar means and medians and similar 

main modes centred over approximately 70 Ωm for both units. The modes for most alteration 

assemblages within the peperite and mafic volcanics are also similar to the overall main modes of the 

peperite and mafic volcanic lithologies as a whole (30 Ωm≤µmafic volcanics≤120 Ωm, 

30 Ωm≤νmafic volcanics≤120 Ωm, (55 Ωm≤µpeperite≤95 Ωm, 55 Ωm≤νpeperite≤90 Ωm). Where the mafic units 

are epidote altered they have larger resistivities (µep_gabbro=104.4±1.9, νep_gabbro=69.8, nep_gabbro=1864, 

µep_dolerite=82.2±1.9, νep_dolerite=82.0, nep_dolerite=8999, µpeperite=95.2±1.3, νpeperite=90.3, npeperite=13), except 

within the basalts (µep_basalt=59.5±3.2, νep_basalt=91.6, nep_basalt=227) where epidote may be found within 

regions of conductive sulphide mineralisation (which may or may not necessarily be associated with 

mineralisation), or regions with fracture porosity where epidote alteration is related to structural 

deformation (Figure 3.7K and Figure 3.8K). 

 

Aside from the basalts and mafic breccias, the mafic and minor felsic units do not have significant 

resistivity variations associated with both alteration minerals and mineralisation textures (Appendix 

A.3.1, Alteration, Sulphide textures). Alteration assemblages correlate with regions of pervasive 

matrix and replacement sulphide mineralisation in the basalts (Figure 3.8K) and the presence of 

sulphides within the mafic breccias (Figure 3.8H). (Appendix A.3.1, Sulphide textures). This may be 

because the basalts and mafic breccias typically host most of the conductive sulphide mineralisation 

(similarly to the sandstone unit). However, 6.0% of all the mafic units contain sulphide texture 

information, and it is unclear from the logging whether the other 94.0% is: unmineralized, only 

contains minor sulphides which may be related to lower grade or non-economic mineralisation or may 

be associated with missing logged sulphide texture information. 



3.2 DEGRUSSA MINERALISED REGION 

103 

 

 

Figure 3.8 Stacked histograms showing the resistivity distributions of the DeGrussa lithologies coloured by 

sulphide texture. 
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Within the basalts, the altered regions with associated pervasive and matrix replacement sulphide 

mineralisation are moderately conductive. In comparison, the mafic breccias have a distribution with 

multiple modes across a discrete range (Figure 3.5) and is more complex than the other mafic 

lithologies (Figure 3.8H). The mafic breccias are resistively variable over a mostly moderately resistive 

range and a tail of conductivity. This tail of conductivity is associated with blebby, pervasive and matrix 

replacement, and massive sulphide mineralisation (Figure 3.8H). Typically, the mafic and minor felsic 

units form more resistive units consistent with barren lithologies associated with the late intrusion of 

dolerite and gabbro sills post-mineralisation (Hawke et al., 2015). In addition, the coarser grained 

mafic and minor felsic units (i.e. gabbros and dolerites) have large resistivity ranges compared to the 

finer grained equivalents (Figure 3.5) (e.g. basalts, mafic volcanics). The peperite has a narrow range 

within the bounds of the minimum and maximum resistivities of the other mafic lithologies (Figure 

3.8M), however these resistivities are generally within the conductive range of measurements since 

this unit is likely structurally deformed and fragmented, and contains fragments of sedimentary and 

igneous rocks; the sedimentary components of this unit may contribute to the conductive range of 

peperite resistivities. 

 

3.2.4 Mineralisation 

Hawke et al. (2015) describe the DeGrussa mineralisation as comprising fine-grained pyrite as small 

globular aggregates, large breccia fragments and intergrowths with other sulphides, in addition to 

massive fine-grained chalcopyrite bands which alternate with pyrite and pyrrhotite. Sphalerite is 

intergrown with the other sulphides and localised in patches within the thickest parts of the ore 

deposit, while galena is fine-grained and localised to thin ore horizons and within late quartz-

carbonate extensional veins. Fine-grained aggregates of molybdenite form between other sulphides 

within thin ore horizons, and in association with chalcopyrite mineralisation in disseminated sulphide 

zones above and below massive ore. The footwall mineralisation contains feeder pipe structures 

within silicified sedimentary packages with associated disseminated and stringer pyrite-chalcopyrite 

mineralisation bounded by chlorite alteration and a distal chlorite-sericite alteration zone, commonly 

associated with the presence of peperites. Chalcocite, malachite, azurite, chrysocolla, cuprite and 

native copper are also present in the supergene ore zones up to 100 m below the surface (Hawke et 

al., 2015; Agangi et al., 2018). 

 

Sulphide textures have been logged within the host lithologies at DeGrussa and the main ore is logged 

as a separate ‘massive sulphide’ zone. This mineralised zone contains few samples which are 
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weathered (7.0%), however where weathering is logged, the saprock is more conductive 

(𝜇saprock=0.5±2.6, νsaprcok=0.5, nsaprock=798) than the gossans (𝜇gossan=1.1±3.1, νgossan=1.4, ngossan=283) 

(Figure 3.6P). Alteration logging associated with mineralisation in this zone is limited (16.3% of 

samples) (Figure 3.7P), despite this, the silica and chlorite alteration zones have variable resistivities 

and large mean and median resistivities (𝜇silica=2.4±6.9, νsilica=1.3, nsilica=596, 𝜇chl=1.6±6.8, νchl=1.0, 

nchl=101 vs 𝜇carb=0.6±2.5, νcarb=0.6, ncarb=1792, 𝜇ep=0.7±1.8, νep=0.7, nep=31) (see orange and pale red 

in Figure 3.7P). 

 

The maximum and minimum resistivities of the DeGrussa mineralisation are similar to the basalt, 

sandstone and siltstone lithologies, but the mean (𝜇mineralisation=0.8) and median (νmineralisation=0.9) 

resistivities are highly conductive in comparison to all of the other host rocks (Figure 3.5). The 

mineralisation has a main mode associated with mostly massive (58.6%) and pervasive matrix and 

replacement textures (33.0%) (Figure 3.8P). However, these textures do not appear to control the 

resistivity variations of the mineralised units, rather, each logged sulphide mineralisation texture has 

a similar distribution which includes a tail of resistivity. 

 

Mineralisation at DeGrussa is associated with chlorite and talc-carbonate altered schists (Hawke et al., 

2015). The fault gouge and schist lithologies have low resistivities associated with their fracture 

porosity and friable alteration textures, however where these units are intensely altered, this has 

increased each unit’s resistivity. Where chlorite alteration has been logged within the schists 

(𝜇chlorite=13.0±4.9, νchlorite=27.8, nchlorite=89, 𝜇unaltered=7.0±2.9, νunaltered=5.6, nunaltered=90) and fault gouge 

(𝜇chlorite=66.5±2.1, νchlorite=51.4, nchlorite=67, 𝜇unaltered=22.4±1.7, νunaltered=21.4, nunaltered=173) these altered 

units (Figure 3.7N, O) have larger resistivities than regions without alteration. This chlorite alteration 

coincides with the pervasive and matrix sulphide mineralisation, and to a lesser extent, the stringer 

and blebby mineralisation in the schists (𝜇stringer=4.4±1.4, νstringer=4.8, nstringer=47, 𝜇blebby=1.7±1.2, 

νblebby=1.8, nblebby=8, 𝜇perv=10.6±2.5, νperv=8.3, nperv=24, no log=15.3±4.8, νno log=30.4, nno log=100), however 

this is not seen in the fault gouge (Figure 3.7N, O). This may be because the faulted regions and chlorite 

alteration are often found within barren mafic lithologies, while the schists are typically associated 

with the main mineralisation where the nature of the alteration (i.e. intensity and pervasiveness) may 

differ from unmineralised lithologies. 
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3.2.5 Summary 

The resistivity variations of the ore lithologies, host rocks and regolith at DeGrussa exhibit both 

commonalities and differences with respect to each other. The resistivity distributions of the 

sedimentary, and mafic and minor felsic lithologies of the Karalundi and Narracoota Formations have 

similar means (approximately 30 Ωm ≤ 𝜇 ≤ 80 Ωm), medians (40 Ωm ≤ ν ≤ 80 Ωm) and distributions 

with a single main mode (Figure 3.5). The conglomerates and BIF’s are the exception, which both have 

more complex distributions with multiple modes; the heterogeneities within the conglomerates and 

weathering of the BIF’s contribute to the variable resistivities of both units, and conductive 

measurements seen within the BIF’s. Maximum resistivities across all the DeGrussa lithologies are 

significantly different, with the gabbro and dolerites having the most resistive measurements (greater 

than 20,000 Ωm) and the conglomerates, mafic breccias and peperites having the most conductive 

maximums (between approximately 100 Ωm - 800 Ωm). 

 

The regolith has a wide range of resistivities associated with varying degrees of weathering. However, 

the regolith also has a main mode close to the median (νregolith=23.7 Ωm, 𝜇regolith=19.5 Ωm) which may 

suggest that across the DeGrussa region, the regolith resistivity is often 20 Ωm, however, this is not to 

say that isolated regions may contain highly resistive or conductive features. 

 

Summarising the Karalundi and Narracoota Formations within the DeGrussa mineralised region by 

their medians would suggest that most sedimentary units have a resistivity between approximately 

50 Ωm – 70 Ωm, and most mafic units have a resistivity between approximately 40 Ωm – 80 Ωm. Given 

the similarities (distribution shape, means and medians) between the resistivity distributions of the 

Karalundi and Narracoota Formation mafic, felsic, and sedimentary units, it is highly unlikely that these 

units could be distinguished from each other at a larger scale, for example, if surveyed with an EM 

system. Unless the most conductive and resistive extremes of the DeGrussa units form thick 

continuous packages within the region, such as the conductive weathered parts of the BIF’s and 

siltstones, or blebby, pervasive or stringer mineralisation within the basalts, mafic breccias and 

sandstones; or the resistive chlorite altered packages and barren host lithologies, then the Karalundi 

and Narracoota Formations will have similar EM responses at the larger EM surveying scale. 

 

The DeGrussa mineralisation is a highly conductive package compared to its sedimentary and mafic 

host lithologies. The mineralisation has highly conductive mean and median values (𝜇=0.8 Ωm, 
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ν=0.9 Ωm) compared to all other DeGrussa lithologies. While the mineralised unit contains some 

resistive components, most of the down hole resistivities are close to the median (0.8 Ωm) and are 

two orders of magnitude less than the surrounding median resistivities of the Karalundi and 

Narracoota mafic and sedimentary units. In addition, the schists (ν=9.5 Ωm) and to a lesser extent the 

fault gouge (ν=30.6 Ωm), also form highly conductive lithologies. 

 

It must also be noted, that the resistivities of the Karalundi and Narracoota lithologies have been 

acquired from a region of the Capricorn Orogen which is mineralised, and consequently, the measured 

host rocks may not strictly represent the entire Bryah Basin lithologies. However, in the absence of 

other available information, they can still be used to make meaningful interpretations. 

 

3.3 Abra mineralised region 

Down hole resistivities are available along seven drill holes from the Abra deposit. Five of these drill 

holes intersect the sedimentary host rocks and Abra mineralisation, and the other two drill holes 

intersect the sedimentary units of the Edmund Basin (McDonald, 1993; Dunbar et al., 2006; Murphy 

et al., 2009; Murphy, 2011; Hardy, 2013) (Figure 3.9, Figure 3.12). These down hole resistivities and 

the logged geology from the 7 Abra drill holes have been used to summarise the resistivity variations 

of the Abra deposit and surrounding Edmund Basin host rocks. 

 

 

Figure 3.9 Geological map showing the Abra deposit and drill holes which contain down hole resistivity 

information within the Abra mineralised region. 
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The geology at Abra has been logged with formation, lithology, and alteration mineral information, 

which allows for the resistivities to be summarised by mineralisation style and stratigraphic formation 

(Figure 3.11, Figure 3.13). The upper portion of the Abra mineralisation includes the Red Beds, Black 

Beds, and Dolomite Beds hosted within the Kiangi Creek Formation, and the lower parts of the deposit 

comprise a lower ore grade stringer feeder and hydrothermal alteration zone hosted within the 

Irregully Formation (Vogt and Stumpfl, 1987; Zi et al., 2015) (Figure 3.10). The geological logs have 

been summarised into 9 categories have been visualised as histograms for the: regolith, siltstones and 

sandstones of the Kiangi Creek Formation, conglomerates of the Kiangi Creek Formation, sandstones, 

siltstones and dolostones of the Irregully Formation and the Red Beds, Dolomite Beds, Black Beds, 

interbedded breccia and chlorite/hydrothermal alteration zones, and hydrothermal stringer 

stockwork feeder zone of the Abra mineralisation. 

 

The resistivity distributions from each of these units are coloured by logged lithology in Figure 3.11 

and logged alteration in Figure 3.13. Most of the Abra lithologies have a broad skewed distribution of 

resistivities, with the exceptions being the regolith, Kiangi Creek sandstones and siltstones, and the 

Black Beds which all visually have a single mode, or multiple modes. The or broad resistivity variations 

across most of the Abra lithologies can be attributed the large geological variability which is apparent 

within the Abra lithologies (for example, see variable down hole resistivity logs in Figure 3.12). 

 

3.3.1 Regolith 

The regolith within the Abra region is characterised by weathered sub-crop and transported cover, 

relic landforms, and colluvium landforms which consist of quartz and rock fragments grading into 60m 

thick sheetwash, sand, and clay (Lampinen et al., 2017). Short-wave infrared studies of the Abra 

regolith have shown that the cover is characterised by regions of poorly weathered and crystalline 

kaolinite within transported cover, muscovite and kaolinite within cover which overlies unaltered host 

rocks, and phengite, minor chlorite and kaolinite within cover which overlies the mineralised Abra 

regions (Lampinen et al., 2017). 

 

The regolith has a resistivity distribution with two main modes of approximately 1 Ωm and 100 Ωm 

(Figure 3.11A) and a broad resistivity range (r=467 252.0 Figure 3.10). This resistivity distribution is 

either a product of the heterogeneous nature of the cover material or associated with a conductive 

start of hole acquisition inaccuracy which can be seen at approximately 50 m in Figure 3.12. Given this 
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discrete decrease in resistivity at 50 m occurs at the same depth in each hole and contains no logged 

lithology or weathering change, it is likely that this marked change is associated with the accuracy of 

the acquisition tool. 

 

 

Figure 3.10 Violin plot illustrating the relative probability density functions for each of the Abra lithologies.  
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The Abra regolith has been logged with some lithology information, which includes altered sandstone 

sequences and laterite. While the laterite has the most conductive mean (𝜇laterite=6.1±10.0, 

ylaterite=8417.9, nlaterite=347) it also has a wide range. This may suggest, to a small degree, that the 

laterite is more conductive than the other weathered components (𝜇sandstone=29.9±18.5, 

ysandstone=15 702.2 nsandstone=350, 𝜇no log=33.5±35.4, yno log=46 725.20, nno log=744). All the weathered 

lithologies within the regolith are resistively variable; having large standard deviations. In fact, the 

regolith is the most resistively variable unit within the Abra region (Figure 3.10), associated with 

variable compositions of weathering materials including transported cover and differently weathered 

regolith, over unaltered rocks and over the main base-metal mineralisation. 

 

3.3.2 Sedimentary units 

The Kiangi Creek and Irregully Formations have resistivity distributions with a single main mode, and 

a tail of conductive values (νKiangi sed=1762.6, νKiangi cong=1779.4, νIrregully=1637.6) with broad resistivity 

ranges (rKiangi sed=20 889.6, nKiangi sed=19 377, rKiangi cong=3932.1, nKiangi cong=795, rIrregully=10 775.4, 

nIrregully=4762) (Figure 3.11B-C, F). The lithologies which comprise these stratigraphic units are 

resistively similar despite these broad and variable overall resistivity variations. For example, the 

chloritic siltstones within the Irregully Formation are only one order of magnitude more resistive than 

the sandstones, and interbedded siltstones and sandstones of the same formation (𝜇chl silt=1385.8±4.6, 

νchl silt=2826.5, nchl silt=664, 𝜇sand=594.1±10.1, νsand=1224.1, nsand=2376, 𝜇silt/sand=646.6±11.8, 

νsilt/sand=1884.7, nsilt/sand=1660) (Figure 3.11F), and the brecciated lithologies are only marginally more 

conductive than the other Irregully lithologies (𝜇breccia=117.8±8.2, νbreccia=64.4, nbreccia=62). Similarly, the 

sediments which comprise the Kiangi Creek Formation have similar mean and median resistivities 

(𝜇sand=1331.5±4.1, νsand=1577.0, nsand=13 671, 𝜇silt/sand=1922.2±3.2, νsilt/sand=2000.9, nsilt/sand =5706). 

Within the Kiangi Creek conglomerate, samples logged as conglomerate have the most conductive 

mean and median while the sandstones are more resistive (𝜇cong= 756.6±8.7, νcong=741.5, ncong=357, 

𝜇sand=3484.7±6.2, νcong=4595.5, nsand=438) (Figure 3.11C). However, the resistivities of these lithologies 

are not significantly different from the resistivities of the sandstones, and interbedded siltstones and 

sandstones of the underlying Irregully Formation (𝜇sand=594.08±10.1, νsand=1224.1, nsand=2376, 

𝜇interbedded=646.6±11.8, νinterbedded=1884.7, ninterbedded=1660). 



3.3 ABRA MINERALISED REGION 

111 

 

 

Figure 3.11 Stacked histograms showing the resistivity distributions of the Abra stratigraphic units coloured 

by logged lithology information. 
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Figure 3.12 Abra drill holes containing down hole resistivity measurements shown against the lithology and 

alteration intervals. 
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Minor resistivity variations are associated with the altered host rocks at Abra; however, their 

alteration mineral assemblages do not strictly control their distributions (Figure 3.13). The 

conglomerate unit includes minor red bed style alteration (e.g. haematite, jaspilite), associated with 

its proximity to the red bed sulphide mineralisation (Figure 3.13C, Figure 3.11). Consequently, the 

altered conglomerate has more conductive measurements than unaltered regions (xred=5.4, 

𝜇red=744.8±8.8, nred=426, xno log=26.6, 𝜇no log=3376.2±6.3, nno log=369). Similarly, within the Irregully 

Formation, chlorite altered sediments are proximal to the basal mineralisation of the stringer feeder 

zone (Figure 3.13), however, the resistivities associated with this alteration have a similar range of 

resistivities to unaltered equivalents (𝜇chlorite=804.0±9.6, rchlorite=14 408.2, nchlorite=2324, 

𝜇no log=570.1±10.1, rno log=14 408.2, nno log=2438) (Figure 3.13). This suggests the identified chlorite 

alteration at Abra is not a key influence on the resistivity variations of the sedimentary host rocks, 

while red bed alteration of the Kiangi Creek conglomerate may be less conductive than unaltered host 

rocks. 

 

3.3.3 Mineralisation 

Abra is hosted within an antiform, and forms a funnel-shaped breccia stringer zone which is overlain 

by banded, vertically zoned, and strata-bound mineralisation (Pirajno et al., 2015; Lampinen et al., 

2017). The mineralisation at Abra has been logged into 5 different regions, however Lampinen et al. 

(2017) describe an additional white zone which has not been distinguished in the available logging 

from the Abra drilling presented here. Where the primary lithology has been logged, this has been 

coloured in Figure 3.11, however, where the lithology is noted as ‘not logged’, this indicates regions 

where the formation label was repeated for the primary lithology label (e.g. ‘no log’ in the Red Beds 

refers to regions logged as ‘Red Beds’). 
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Figure 3.13 Stacked histograms showing the resistivity distributions of the Abra stratigraphic units coloured 

by the main logged alteration mineral. 
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3.3.3.1 Red Beds 

The Red Beds have a complex resistivity distribution across a wide range (x=0.6 Ωm, y=19 694.7 Ωm) 

(Figure 3.11D). This is consistent with varying degrees of resistive jaspilite, quartz and hematite 

mineral assemblages in contrast with less resistive bands of barite, pyrite, and magnetite 

mineralisation. The Red Beds form the shallowest mineralised region within the Abra deposit and are 

characterised by banded colloform aggregates of chalcedonic quartz with local chlorite, jaspilite, 

carbonate, silica, siderite, and haematite locally overprinted by magnetite, in addition to massive and 

abundant banded barite (McInerney et al., 1994; Pirajno et al., 2015; Lampinen et al., 2017). 

Brecciated components of the Red Beds are slightly more resistive than the banded Red Beds 

(𝜇breccia=1603.4±6.7, νbreccia=1916.0, nbreccia=531, 𝜇Red Beds=79.8±11.5, νRed Beds=61.9, nRed Beds=1982). While 

this does not form a significant trend in the Red Bed histogram (Figure 3.11D), resistive measurements 

are likely associated with resistive gangue mineralogy within this brecciated zone. 

 

The ore minerals within the Red Beds are characterised by banded and conformable layers of galena, 

pyrite and minor magnetite, and chalcopyrite (Vogt and Stumpfl, 1987; Pirajno et al., 2015). Haematite 

is characteristic within the Red Beds and forms colloform and rhythmically banded microbands, ooid 

structures, and is often overprinted by magnetite (Pirajno et al., 2015). The banded jaspilite is typically 

associated with fractures infilled with coarse quartz, while quartz replaces jaspilite-magnetite bands. 

Late euhedral pyrite has been observed to overprint magnetite and siderite, and quartz replaces barite 

mineralisation (Pirajno et al., 2015). The variable alteration mineral assemblages and ore mineral 

textures of the Red Beds contribute to the wide range of measured down hole resistivities (Figure 

3.13D). 

 

The logged alteration from the Abra drilling includes only jaspilite mineralogy and the overall Red Bed 

zone (Figure 3.13D). The lack of detailed alteration logging may reflect the variability of the unit and 

associated mineralisation. Moderately conductive measurements are associated with jaspilite 

(𝜇jaspilite=45.4±5.6, νjaspilite=38.6, njaspilite=764, 𝜇Red Beds=253.7±16.1, νRed Beds=391.6, nRed Beds=1749). This 

unexpected low resistivity of a silicate mineral is likely due to regions of continuously banded pyrite 

and galena mineralisation associated with silica. In contrast, regions dominated by inconsistent 

banding of sulphides or colloform textures dominated by quartz replacement and infill, barite, 

jaspilite, chlorite, or haematite will have larger resistivities. 
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3.3.3.2 Dolomite Beds 

The Dolomite Beds have a resistivity distribution with a main mode of approximately 10 Ωm, and a 

minor tail of measurements towards large resistivities (Figure 3.11H). The lithologies which host the 

dolomite zone (Figure 3.11H) and associated dolomite alteration mineral assemblages (Figure 3.13H) 

have minor resistivity variations within this skewed distribution. The Dolomite Beds are characterised 

by colloform banding of siderite, barite and varying degrees of silica and carbonate replacement 

(Boddington, 1990; Lampinen et al., 2017). In addition, the Dolomite Beds contain varying degrees of 

banded disseminated galena, chalcopyrite and pyrite (Boddington, 1990; Lampinen et al., 2017). 

Similarly to the Red Beds, the Dolomite Beds are extensively veined and locally brecciated, and galena 

forms massive and disseminated mineralisation within banded zones as a replacement to quartz and 

barite (Boddington, 1990). 

 

The breccias and conglomerates which host the Dolomite Beds have a slightly larger mean and median 

resistivity than the main Dolomite Bed mineralisation (𝜇congl=183.0±14.4, νcongl=81.5, ncongl=130, 

𝜇breccia=235.4±9.7, νbreccia=174.8, nbreccia=224, 𝜇dolo beds=53.5±10.8, νdolo beds=34.7, ndolo beds687). This trend 

is likely associated with banded regions of galena, in contrast with regions dominated by quartz and 

gangue mineralogy in the breccias and conglomerates. Where barite has been logged, 

(𝜇barite=196.6±3.6, νbarite=178.4, n=barite=16) the resistivities are larger than the Red Bed and Dolomite 

Bed-style alteration (𝜇red bed=69.2±12.4, νred bed=33.8, nred bed=324, 𝜇dolomite=93.0±11.9, νdolomite=73.5, 

ndolomite=701). However, this trend may be a product of the barite mineralogy comprising 1.5% of the 

measured samples.  

 

3.3.3.3 Black Beds 

The Black Beds form the most conductive unit within the Abra ore body associated with a high 

percentage of conductive laminated and banded sulphide minerals (𝜇Black Beds=11.2±5.6, νBlack Beds=10.3, 

nBlack Beds=1981, 𝜇Dolomite Beds=85.8±12.0, νDolomite Beds=55.9, nDolomite Beds=1041, 𝜇Red Beds=150.4±14.0, νRed 

Beds=145.5, nRed Beds=2513) (Figure 3.10). The Black Beds are dominated by laminated and rhythmically 

banded Pb, Zn, and Cu sulphides, locally intercalated with haematite, magnetite, barite, pyrite, galena, 

sphalerite, pyrite, chalcopyrite and minor quartz and barite veining, Fe-rich carbonate, and scheelite 

(Vogt and Stumpfl, 1987; Pirajno et al., 2015). The banding contains colloform, crenulated and 

discordant brecciated textures (Vogt and Stumpfl, 1987; Pirajno et al., 2015; Lampinen et al., 2017). 

The high percentage of conductive metal minerals within this zone contribute to the brecciated 
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sequences having conductive measurements (𝜇breccia=8.0±2.4, νbreccia=6.8, nbreccia=387, 𝜇Black 

Beds=12.1±6.5, νBlack bed=13.4, nBlack Beds=1594). 

 

Within the Black Beds, the sericite, carbonate, and quartz alteration is mostly associated with pyrite 

mineralisation typically forming conformable layers parallel to magnetite and haematite bands (Vogt 

and Stumpfl, 1987; Pirajno et al., 2015). Fracturing within the Black Beds also hosts coarse-grained 

quartz and associated pyrite, galena, chalcopyrite, and siderite alteration (Vogt and Stumpfl, 1987; 

Pirajno et al., 2015). Blebby chalcopyrite forms late mineralisation phases while pyrite, carbonate, 

quartz-albite, and carbonate replace barite and chalcopyrite (Pirajno et al., 2015; Lampinen et al., 

2017). Galena is replaced by late chlorite alteration and magnetite, and forms within fractures and in 

association with pyrite mineralisation (Pirajno et al., 2015; Lampinen et al., 2017). 

 

Within the Black Beds zone, minor jaspilite (4.9% of samples), haematite (6.0% of samples) and 

magnetite (89.1% of samples) have been logged separately within the available drill holes. The 

magnetite mineralogy has the most conductive measurements within the Black Beds 

(𝜇magnetite=9.4±5.2, νmagnetite=9.1, nmagnetite=1765, 𝜇haematite=17.1±4.2, νhaematite=26.4, nhaematite=119, 

𝜇jaspilite=137.3±3.9, νjaspilite=121.4, njaspilite=97), while the jaspilite altered regions have the most resistive 

measurements. While minor resistivity variations are associated with brecciated sequences of the 

Black Beds, and the presence of some alteration mineral assemblages, the unit forms a more discrete 

distribution with a single main mode at approximately 5 Ωm than the other resistivity distributions of 

the Abra lithologies. Dissimilar to the Red Beds and Dolomite Beds, the unimodal distribution suggests 

the Black Beds are a consistently conductive unit, and this unit is distinctly more conductive than the 

surrounding host rocks and mineralised zones. 

 

3.3.3.4 Chlorite alteration zone and hydrothermal stringer feeder zone 

Underlying the startabound Abra mineralisation is an intense interbedded and brecciated 

hydrothermal and chlorite altered zone (described here as the Chlorite Altered Zone), which overlies 

and grades into an intense stockwork and stringer feeder hydrothermal alteration zone (described 

here as the Hydrothermal Stringer Feeder Zone) (Zi et al., 2015). The Chlorite Altered Zone is 

characterised by intense chlorite and siderite alteration, while the Hydrothermal Stringer Feeder Zone 

is dominated by Cu, Au, and Bi mineralisation which overprints brecciated, and veined chlorite and 

silica altered siltstones and arenites of the host sediments (Vogt and Stumpfl, 1987; Pirajno et al., 
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2015; Zi et al., 2015). Quartz-chlorite breccia within the Hydrothermal Stringer Feeder Zone is 

associated with haematite, quartz, mica, and siderite veinlets, in addition to Fe-carbonate and quartz 

stockwork veins, barite, pyrite, magnetite, and chalcopyrite veins and disseminations with jigsaw 

textures (Zi et al., 2015). Chlorite also forms patchy and inconsistent alteration features within micro-

fractures and along vein boundaries within this zone (Vogt and Stumpfl, 1987; Boddington, 1990; 

Pirajno et al., 2015; Lampinen et al., 2017). 

 

These hydrothermally altered regions are cross-cut by several generations of veining and associated 

galena, pyrite, chalcopyrite, and magnetite blebs which have filled cracks and formed along the crystal 

boundaries of the main mineral phases (Pirajno et al., 2015; Lampinen et al., 2017). Quartz, galena, 

pyrite, and chalcopyrite are found within the centre of veins, locally replacing quartz grains and filling 

small cavities with associated carbonate and silica alteration (Boddington, 1990; Pirajno et al., 2015). 

Galena and barite mineralisation replace primary minerals and form as fine grained stratabound 

disseminations with minor chalcopyrite and pyrite (Boddington, 1990; Pirajno et al., 2015). These 

alteration and mineralisation textures within the Chlorite Altered Zone and Hydrothermal Stringer 

Feeder Zone have complex resistivity distributions (Figure 3.11G, H). In contrast, the overall 

Hydrothermal Stringer Feeder Zone has a broad distribution, while the overall Chlorite Altered Zone 

distribution has a broad distribution with a main mode slightly skewed towards approximately 

5000 Ωm.  

 

Within the Chlorite Altered Zone, the logged quartz veining (1.1% of samples) has the largest 

resistivities (𝜇vein=3614.6±4.8, νvein=5634.2, xvein=26.4, nvein=55) (Figure 3.11). In contrast, the chloritic 

sediments, chloritic siltstones, breccia, and hydrothermal/chlorite lithologies, have moderate mean 

and median resistivities within the Chlorite Alteration Zone (200 Ωm≤𝜇≤500 Ωm, 200 Ωm≤ν≤900 Ωm). 

The resistivity contrasts between the quartz veining and altered host rocks are consistent with the 

presence of resistive gangue minerals associated with veining, and regions of intensely altered host 

rocks with associated sulphide mineralisation, contributing to comparatively conductive resistivities. 

In contrast, regions which contain magnetite have mean and median resistivities (𝜇mag=698.1±8.3, 

νmag=1255.20 nmag=305) larger than the haematite and chlorite altered rocks (𝜇haematite=227.5±6.5, 

νhaematite=182.4, nhaematite=216, 𝜇chl=266.9±12.4, νchl=297.3, nchl=4505). The presence of chlorite and 

siderite alteration throughout the Chlorite Altered Zone and the quartz-carbonate veining reduces the 

interconnectivity between conductive minerals including galena, pyrite, chalcopyrite and in the 

aforementioned example, magnetite, and is the likely cause for the increases in the overall resistivities 
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of the unit. Despite the Chlorite Alteration Zone (Figure 3.13G) containing similar alteration minerals 

as the Black Beds (Figure 3.13I), this lack of interconnectivity of conductive minerals means the unit is 

overall more resistive than the Black Beds (Figure 3.10). 

 

The largest resistivities of the hydrothermal stringer feeder zone are associated with the chloritic 

siltstones (𝜇chl silt=1124.9±4.7, νchl silt=2325.0, xchl silt=15.6, nchl silt=128) (Figure 3.11H). The brecciated 

regions, and elsewhere logged as ‘hydrothermal stringer feeder zone’ (i.e. regions with no additional 

logging) have moderate resistivities (140 Ωm≤𝜇≤160 Ωm, 80 Ωm≤ν≤120 Ωm). In comparison, these 

chloritic siltstones of the Chlorite Alteration Zone (Figure 3.11G) are less resistive in the chlorite 

altered zone than the equivalent altered lithology in the Hydrothermal Stringer Feeder Zone 

(𝜇chl silt=515.3±12.9, νchl silt=684.2, xchl silt=4.9, nchl silt=187). The resistive differences between the chlorite 

altered siltstones within the Chlorite Altered Zone and Hydrothermal Stringer Feeder Zone are 

indicative of varying alteration textures associated with an intensely chloritic and likely mineralised 

region in the chlorite altered zone, and an intensely veined and silicified region with mineralisation 

mostly constrained to veins or cross-cut by resistive stringers and veins in the Hydrothermal Stringer 

Feeder Zone. 

 

3.3.4 Summary 

The resistivity variations of the ore lithologies, host rocks and regolith at Abra have been presented 

from the publicly available down hole logging information. The regolith is resistively variable with 

resistivities ranging between 0.1 Ω to 46 725.2 Ωm and has two modes of approximately 1 Ωm and 

100 Ωm of which the more conductive mode may be associated with acquisition inaccuracies. The 

host rocks within the Edmund Basin are also resistively variable and have a wide range between 1 Ωm 

and 21 233.3 Ωm. Main modes can be identified in the Edmund Basin Formation distributions which 

have tails towards low resistivities, however, most measurements are greater than 1000 Ωm. The 

resistivities of the logged lithologies and alteration within each of the measured Edmund Basin 

formations do not appear to significantly influence the resistivity variations across each formation. 

Rather, the interbedded and altered sedimentary sequences all have similar broad resistivity 

variations, which are limited to highly variable down hole measurements (Figure 3.12). 

 

The mineralised Abra lithologies have broad moderately resistive to conductive resistivity ranges 

associated with the multiple phases of overprinting and fluid input required to form the Abra deposit 
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(Zi et al., 2015; Pirajno et al., 2016). These broad resistivity variations are controlled by the percentage 

of conductive mineral species and their interconnectivity. The Red Beds and Dolomite Beds and 

underlying Chlorite Alteration Zone and Hydrothermal Stringer Feeder Zone are dominated by varying 

degrees of jaspilite, chlorite, haematite, silica alteration, and veined, disseminated, replacement and 

blebby galena, pyrite, magnetite, and chalcopyrite mineralogy. Consequently, these variably 

mineralised regions have broad resistivity ranges (x=0.6 Ωm to y=18 711.2 Ωm) and complex resistivity 

distributions (Figure 3.11, Figure 3.13). In contrast, the rhythmically banded Pb, Zn, and Cu sulphides 

which characterise the Black Beds have resistivities less (xBlack Beds=0.1 Ωm, yBlack Beds=3 366.0 Ωm) than 

the surrounding mineralised zones and a distribution with a single main mode. The resistivities of 

these mineralised regions indicate that primary high-grade ore mineralisation such as the black beds 

and massive metal-sulphide zones within the Dolomite and Red Beds can be recognised by highly 

conductive measurements, while lower grade secondary phases of mineralisation which typically 

include abundant quartz veining can be recognised from the more resistive measurements. 

 

Separately to the Abra mineralisation, the sedimentary host rocks are also resistively variable as they 

are characterised by variable grain sizes and sorting, and laminations which vary on the millimetre to 

centimetre to metre scale (Lampinen et al., 2019); contributing to variations in porosity of the host 

lithologies. All these geological factors contribute to variations measured within the Abra mineralised 

region (appearing ‘noisy’ in Figure 3.12). This may suggest that the Abra lithologies require detailed 

characterisation to adequately discriminate between the geological variations and their associated 

resistivities. 

 

3.4 Collier Basin 

Down hole resistivities from the Calyie and Backdoor Formations within the Collier Basin are available 

along drill holes from the Beyondie banded iron and magnetite deposit. The Beyondie deposit is 

located on the northern margin of the Marymia Inlier and Collier Basin (Figure 3.14). From this region, 

down hole resistivity measurements are available from 33 drill holes (Ross, 2003; Price and Hammond, 

2006; Murphy, 2007; De Grey Mining Ltd, 2009; Sheehan, 2016) intersecting the Beyondie BIF, the 

Collier Basin sediments, the Wonyulgunna Sandstone, and Archean granites and greenstones of the 

Marymia Inlier (Gazley et al., 2016; Sheehan, 2016). 
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Within the Beyondie region, the Collier Basin sediments include gently dipping shales, siltstones, 

sandstones, dolomites, minor chert, and tuff, all of which are intruded by granitoids and dolerite sills 

(Ross, 2003; Sheehan, 2016). These sedimentary packages unconformably overlie the Marymia Inlier, 

and magnetite bearing schists and BIFs of the Beyondie deposit (Ross, 2003; Sheehan, 2016). The 

magnetite schists are interbedded with siliceous bands and hosted within silica altered quartz veins 

(De Grey Mining Ltd, 2009; Sheehan, 2016). The main magnetite-hematite BIF units are intercalated 

with phyllites and siltstones and thin alternating quartz veins (De Grey Mining Ltd, 2009; Sheehan, 

2016). The lithologies logged within the Beyondie area can be used to establish the relative resistivity 

variations of the Collier Basin stratigraphy and Wonyulgunna Sandstone; these formations are briefly 

described here. 

 

The Wonyulgunna Sandstone forms a stratigraphic succession which unconformably overlies the 

schistose units of the Marymia Inlier. The Wonyulgunna Sandstone comprises coarse to medium 

grained sandstones, with minor conglomerate lenses and basal layers of shale and siltstone (Cooper 

et al., 1998; De Grey Mining Ltd, 2009). The Backdoor Formation unconformably overlies the 

Wonyulgunna Sandstones and is composed of, chert, shales, and siltstones (Martin and Thorne, 2004; 

De Grey Mining Ltd, 2009). The Calyie Sandstone overlies the Backdoor Formation within the northern 

Beyondie region and is composed of well-sorted medium grained sandstone with dispersed lenses of 

pebbly sandstone and conglomerate (Martin and Thorne, 2004; De Grey Mining Ltd, 2009). 

 

The Beyondie down hole resistivities have been compiled to summarise the resistivity variations of 

the Collier Basin sediments along the northern Marymia boundary (Figure 3.14). The logged lithologies 

have been categorized into 14 different lithologies: BIF, chert, quartz veins, granite, felsic tuff, phyllite, 

calc-silicate, sandstone, claystone, siltstone, shale, and undifferentiated sediments (Figure 3.15). The 

resistivities of these lithologies are shown as histograms in Figure 3.16, coloured by their primary 

lithology textures. 
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Figure 3.14 Geological map showing the Beyondie deposit and location of the drill holes which contain down hole resistivity information from the Beyondie region. 
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Figure 3.15 Violin plot illustrating the relative probability density functions for each of the Beyondie 

lithologies.  
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3.4.1 BIF, metamorphics and granitic units (Beyondie BIF, Marymia Inlier, and 

intrusives) 

The Beyondie BIF is a moderately resistive to highly resistive unit (Figure 3.15) and its distribution has 

at least two main modes (Figure 3.16A). Where the BIF is foliated, it has larger resistivities 

(µfoliated=1922.2±1.9, νfoliated=1837.7, xfoliated=284.7, nfoliated=746) than where it is banded or contains 

textural information (µbanded=187.8±2.7, νbanded=163.4, xbanded=14.7, nbanded=3350, µno fol=123.0±1.6, 

νno fol=123.8, xno fol=31.2, nno fol=920). Foliated rocks typically increase the connectivity of conductive 

minerals; however, the foliated BIF units may be associated with increased quartz veining or resistive 

alteration assemblages which have instead contributed to a more resistive measurement than the 

resistivities of the banded BIF. In addition, the reduction in pore spaces due to deformation, and the 

presence of varying percentages of magnetite and haematite which comprise the BIF are likely to also 

contribute to the larger range of measured BIF resistivities. 

 

Cherts are typically highly resistive due to their high silica content, however the cherts within the 

Beyondie region are atypical. The chert has a moderately resistive to conductive (Figure 3.15) 

resistivity distribution (Figure 3.16B) which may be associated with regions of less silicified/cherty 

sedimentary sequences within the Backdoor Formation, or interbedded magnetite rich BIF and chert. 

Textural information of the chert includes aphanitic, massive and foliated textures, however, samples 

with this information from less than 17.0% of all chert samples and may not provide an accurate 

indicator of sensitivity change with textural variation. Of these samples, the aphanitic and massive 

textures have larger resistivities (µaphanitic=163.7±143.0, νaphanitic=155.5, naphanitic=20, µmassive=317.2±3.2, 

νmassive=423.8, nmassive=31) than banded, foliated cherts, and cherty phyllites (µbanded=98.0±5.3, 

νbanded=41.3, nbanded=248, µfol=37.8±10.4, νfol=38.0, nfol=10, µphyl=72.2±1.5, νphyl=78.8, nphyl=50), as would 

be expected. 
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Figure 3.16 Stacked histograms showing the resistivity distributions of the Beyondie lithologies coloured by the primary logged lithology texture.
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Down hole resistivity measurements are similar across the Beyondie metamorphic and metasomatic 

rocks, BIF and chert lithologies. For example, the calc-silicate rocks are moderately resistive and have 

a main mode close to 100 Ωm (Figure 3.16G). The phyllites are also a moderately resistive unit with a 

main mode of approximately 300 Ωm and a minor tail of conductivity which can be seen Figure 3.16F. 

Both the calc-silicates (x=30.8, y=795.3), and phyllites (x=36.6, y=1045.3) have resistivity distributions 

less variable than the chert and BIF lithologies and their range of resistivities lies within the range of 

the chert (x=18.2, y=8774.9) and BIF (x=14.7, y=9400.1). Separately, the granites have conductive 

measurements (µ=25.7±1.57, ν=24.3), and the quartz veining (µ=506.6±1.9, ν=424.6) and felsic tuffs 

(µ=522.9±7.6, ν=1483.4) are resistive, however, these units contain significantly fewer measurements 

(ngranite=38, nquartz vein=17, nfelsic tuff=98) than the other logged lithologies, and may not accurately 

represent the resistivity variations of the Beyondie deposit lithologies. 

 

3.4.2 Sedimentary units (Collier Basin) 

The sedimentary units within the Beyondie region are associated with the sediments from the Calyie 

and Backdoor Formations of the Collier Basin, and the older Wonyulgunna Sandstone. These units all 

overlie the Beyondie deposit (De Grey Mining Ltd, 2009). The claystone is a moderately conductive 

unit (Figure 3.15) which has a mode (40 Ωm) similar to the conductive modes of the siltstone (50 Ωm) 

and shale (20 Ωm) units. The shale has a complex distribution compared to the claystone (Figure 3.16J-

K), with fissile textured shales (µfissile=80.9±1.4, νfissile=78.8, nfissile=329), and shales without textural 

information (µno fol=23.2±1.1, νno fol=22.3, nno fol=243) have the most conductive range of measurements 

(Figure 3.15). Fractures and planes of weakness within fissile shales allow for the permeation of 

groundwater which may contribute to the conductive measurements. In contrast, resistivities are 

larger where the shale is foliated (µfol=144.4±2.2, vfol=142.3, nfol=780) and massive (µmassive=635.6±3.1, 

νmassive=593.6, nmassive=39). These larger resistivities of the foliated and massive shales may be 

associated with regions proximal to chert beds or silicified and altered shales, or they may be 

associated with a reduction of pore spaces and permeability within the measured lithology. Similarly, 

foliated (µfol=1455.0±4.2, νfol=2424.0, nfol=286), brecciated (µbreccia=1014.4±2.2, νbreccia=1132.3, 

nbreccia=73), and irregularly textured (µirregular=112.5±2.2, νirregular=1250.0, nirregular=3) siltstones are 

resistive. The massive (µmassive=27.3±1.3, νmassive=26.3, nmassive=50) and aphanitic (µaphanitic=56.1±1.8, 

νaphanitic=50.5, naphanitic=621) siltstones are comparatively more conductive than the foliated and 

brecciated siltstones and massive shales; consistent with the dependence of resistivity measurements 

on the textural and compositional features of the sedimentary lithologies. 
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Independent of their textural variations, the sandstones and undifferentiated sediments are 

moderately resistive (Figure 3.16L). They are also resistively homogeneous compared to the shales 

and siltstones in the region. This is because the sandstones likely form compositionally homogeneous 

sedimentary packages; within the Collier Basin the sandstones are cross-stratified sandstones, and 

within the Wonyulgunna sandstone they form thick quartz rich packages. 

 

3.4.3 Summary 

Within the Beyondie region the shales, siltstones and BIF’s are resistively heterogenous and are 

comprised of a broad range of conductive and resistive components (Figure 3.15). The foliated regions 

of these units often have the most resistive measurements, while other lithology textures have a 

broad range of resistivity variations. The sandstone, claystone, and undifferentiated sediments 

typically have resistivity distributions with a single main mode and moderately conductive to resistive 

means and medians (Figure 3.15). Of interest is the moderate measured conductivities (mode of 

30 Ωm) and a tail of larger resistivities which characterise the chert. The resistivity variations of the 

chert are likely due to varying proportions of the chert interbedded with the sedimentary units, or 

magnetite rich BIF. Overall, the resistivity variations of the Collier Basin are not significantly different 

from the surrounding metamorphic and metasomatic rocks, with the calc-silicate and phyllites also 

having moderately resistive mean and median resistivities, and distributions which lie within the 

resistivity ranges of the other units. 

 

3.5 Earaheedy and Yerrida Basins 

Resistivity measurements are available for the Juderina, Johnson Cairn, and Maraloou Formations of 

the Yerrida Basin, and Yelma and Frere Formations of the Earaheedy Basin (Figure 3.17). This data 

includes down hole resistivities from 93 drill holes in the Magellan deposit area (Hughes and Elliott, 

2004; Elliott and Wilson, 2005) and hand sample measurements from three EIS drill holes, namely: 

THD001 in the northern Yerrida Basin, and TDH1 and TDH26 in the western Earaheedy Basin (Edgar, 

1994; Mueller, 2011) (Figure 3.17). The geological logging along these drill holes contains lithology and 

stratigraphic unit information (Figure 3.20). The histograms for each of these stratigraphic units are 

coloured by their comprising logged lithologies in Figure 3.21. 
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The Magellan drilling intersects the Maraloou Formation of the Yerrida Basin, and Yelma Inliers of the 

Earaheedy Basin which overlie the southern Yerrida Basin (Figure 3.17). THD001 intersects the 

Juderina and Johnson Cairn Formations of the Yerrida Basin and both TDH1 and TDH26 intersect the 

Yelma and Frere Formations of the Earaheedy Basin. The Yelma Formation intersected by TDH1 and 

TDH26 differs from the Yelma Inliers within the Magellan region. The Yelma Inliers are characterised 

by intensely weathered units which overlie the southern Yerrida Basin (Pirajno et al., 2010) (Figure 

3.18), while the Yelma Formation in TDH1 and TDH26 is the fresh rock equivalent which forms the 

basal sequence to the Earaheedy Basin and underlies the Frere Formation in these drill holes. 

Consequently, the resistivity measurements from the Yelma Inlier have been shown separately to the 

measurements from the TDH1, and TDH26 Yelma Formation. 
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Figure 3.17 Geological maps showing the location of the Magellan drill holes (C), and the publicly available 

drill holes from the Yerrida (A) and Earaheedy Basins (B). 
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Figure 3.18 Schematic stratigraphic section through the weathered Yelma Formation (termed the Yelma 

Inliers) and the underlying Maraloou Formation within the southern Yerrida Basin, modified from Pirajno et 

al. (2010). 

 

3.5.2 Methods 

Prior to discussing the resistivity variations of the Yerrida and Earaheedy Basin units, the methods for 

acquiring the hand sample resistivity measurements from drill holes THD001, TDH1, and TDH26 will 

be summarised here. 

 

Hand sample resistivities were acquired using a sample core induced polarisation (SCIP) tester along 

selected core samples from the THD001, TDH1, and TDH26 drill holes. At least three samples from 

each lithological unit, deemed geologically representative of that unit (based on available GSWA 

logging reports), were cut perpendicular to the drill core length. The cut samples were soaked in tap 

water for at least 24 hours to recreate the in-situ environment of the sample prior to drilling. After 

soaking, the samples were pat dry, placed between two cellulose sponges soaked in a copper sulphate 
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solution and in contact with the cooper plates of the SCIP machine. The Newmont Standard 

Approximation for calculating chargeability was used for calculating 10 stacks with time windows of 2 

seconds. A constant current of 5 µA was used for sampling, however samples which were highly 

resistive (indicated by a voltage saturation warning), were sampled with a constant current of 0.5 µA. 

The measurements for each sample were output as a resistivity in Ωm and are shown against their 

logged lithology intervals in Figure 3.19. Each measurement, an accompanying photo, and a brief rock 

description is presented in Appendix A.2. Poor-quality measurements (noted in Appendix A.2) were 

excluded from Figure 3.19, Figure 3.20, and Figure 3.21. 
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Figure 3.19 Yerrida and Earaheedy Basin drill holes containing down hole resistivity measurements shown against the lithology intervals. 
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Figure 3.20 Violin plot illustrating the relative probability density functions for each of the Yerrida and 

Earaheedy Basin stratigraphic units.  
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3.5.3 Yerrida Basin 

3.5.3.1 Juderina Formation 

The Juderina Formation comprises a range of different lithologies (Figure 3.21F), including turbiditic 

sandstones and siltstones, planar siltstones and sandstones, pillow basalts and dolomitic 

stromatolites. The planar laminated and locally cross-bedded sedimentary units and pillow basalts of 

the Juderina Formation overlie the stromatolite lithologies at the base of the formation (Occhipinti et 

al., 2017). The Juderina Formation is an overall highly resistive unit with a resistivity distribution which 

has a single main mode of approximately 3000 Ωm and a tail  of lower resistivities (Figure 3.20). The 

large resistivities are due to the intense silicification of the sedimentary lithologies, and stromatolitic, 

dolomitic, and volcanic sequences. The volcanic and stromatolitic lithologies within the Juderina 

Formation (Figure 3.21F) are the most resistive (2378.3≤µ≤8821.7, 3771.8≤ν≤10 061.3) particularly 

where these lithologies are not interbedded with sedimentary units. The pervasively haematite and 

chlorite altered samples also have large resistivities (for example Appendix A.2.1 #132, #138), in 

addition to samples with factures filled with associated quartz veining and silicification (Appendix 

A.2.1 #138, #141). 

 

The most conductive measurements of the Juderina Formation are from the turbiditic sequences 

(µturbidite=552.0±9.1, νturbidite=997.9, nturbidite=14), and interbedded sandstones and siltstones 

(µSSsilt=378.1±17.2, νSSsilt=293.1, nSSsilt=5). The interbedded siltstones, sandstones and marlstones of the 

Juderina Formation also have low resistivities similar to the turbidites, siltstones, and sandstones, 

however, to a lesser extent than the other sedimentary sequences (µ=SSsiltMarl2378.3±5.7, 

ν=SSsiltMarl3772.8, nSSsiltMarl=41). While these lithologies form the most conductive parts of the Juderina 

Formation, they never measure resistivities less than 10 Ωm as they are commonly interbedded with 

more resistive sandstone and conglomerate lithologies. 
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Figure 3.21 Stacked histograms showing the resistivity distributions of the Yerrida and Earaheedy Basin stratigraphic units coloured by their logged lithology. 
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The sedimentary units of the Juderina Formation are resistively variable, having large standard 

deviations and broad ranges (1.7≤σ≤17.2, 814.4≤r≤1779.1). The resistive measurements within the 

range of interbedded siltstones, sandstones and marlstones (rSSsiltmarl=1267.3) are associated with 

silicified sediments and irregular quartz veins (e.g. Appendix A.2.1 #84, #92). Conductive 

measurements are associated with samples which are less altered and contain fewer interbedded 

sandstones, but are characterised by finely laminated shale and siltstone sequences (e.g. Appendix 

A.2.1 #96, #99, #115, #118). The shallow parts of the interbedded turbidites, siltstones and sandstones 

are also conductive where they are less silicified and contain less interbedded sandstones (e.g. 

Appendix A.2.1 #46, #47, #48, compared to #56, #57). In addition, the presence of hairline fractures 

parallel to the measurement direction and laminated pyritic black shales (e.g. Appendix A.2.1 #47, 

#58) contribute to the range of conductive measurements. The shallowest Juderina sediments which 

contain interbedded sandstones and siltstones are conductive where these finely laminated pyritic 

black shales and siltstones contain less interbedded sandstone and conglomerate lithologies (e.g. 

Appendix A.2.1 sandstone: #39, #41, laminated shale and siltstone: #40, #43). 

 

3.5.3.2 Johnson Cairn Formation 

The Johnson Cairn Formation is composed of interbedded siltstones, pyritic and graphitic shales, and 

mudstones interbedded with minor carbonaceous siltstone and shale sequences (Occhipinti et al., 

2017). The Johnson Cairn Formation has a resistivity distribution with a main mode of approximately 

1 Ωm and a tail of measurements towards larger resistivities. The range of Johnson Cairn Formation 

low resistivities are associated with a high percentage (71.4% graphitic shale) of shale and mud 

material which characterises the formation (µshale=3.0±2.2, νshale=2.5, yshale=32.8, nshale=20). Minor 

(10.0% of samples) quartz stringer veins (µQV=18.3±3.4, νQV=32.8, yQV=41.8, nQV=3) and carbonaceous 

sediments (17.9% of samples) (µcarbonaceous=108.4±9.4, νcarbonaceous=102.4, ycarbonaceous=1248.5, 

ncarbonaceous=5) within the pyritic black shales increase the resistivity of the formation. The resistivity of 

the Johnson Cairn Formation is largely controlled by the graphite content and presence of 

interconnected blebby pyrite within the laminated shales of the formation. For example, the most 

conductive measurements are associated with intense graphite rich laminated shales with blebby 

bands of pyrite (e.g. Appendix A.2.1 #5, #10, #19, #32). 

 

3.5.3.3 Maraloou Formation 

The Maraloou Formation is comprised of black graphite and sulphide rich shales, finely laminated 

siltstones, and argillaceous dolomitic limestone and siltstone (Pirajno et al., 2010; Occhipinti et al., 
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2017). The resistivity distribution of the Maraloou Formation has two main modes at approximately 

2 Ωm and 200 Ωm, and a similar mean, median and range of resistivities as the Johnson Cairn 

Formation (𝜇Maraloou=7.1±5.9, νMaraloou=5.8, rMaraloou=1523.6, nMaraloou=79; 𝜇JC=6.9±6.2, νJC=3.8, 

rJC=1031.8, nJC=28) (Figure 3.20). The formations multi-modal resistivity distribution may suggest that 

the Maraloou Formation is a heterogenous unit linked to the presence of conductive graphitic black 

shales, and less conductive dolomite and limestone sequences. It is worth noting that the minimum 

resistivities of the Maraloou Formation are 1 order of magnitude more conductive than the graphite 

shales of the Johnson Cairn Formation (Figure 3.20, Figure 3.21D, E). This difference is either 

associated with the percentage composition of graphite and pyrite, the connectivity of these 

conductive minerals, or the percentage of weathered and fresh rock components which varies in each 

Formation. For example, the Johnson Cairn Formation measurements do not include weathered parts 

of the formation and will therefore have more resistive measurements. It must also be recognised 

that the scale differences of the two acquisition techniques may contribute to the resistivity 

differences between these predominantly shale units. 

 

3.5.4 Earaheedy Basin 

3.5.4.1 Yelma Formation 

At the Magellan Pb-Zn Deposit, the Yelma Formation comprises weathered quaternary colluvium, 

silcretised clay and quartz breccia, and minor components of saprolite, sandstone and dolomite 

sediments (Figure 3.18). These weathered Yelma Inliers are highly variable and friable and are 

characterised by chalcedonic and opaline silica within a clay matrix (Pirajno et al., 2010). The Yelma 

Formation in TDH1 and TDH26 (Figure 3.19) comprises unweathered stromatolite, dolomite and 

silicified breccias associated with the Sweetwell Member of the Yelma Formation and interbedded 

sandstones, siltstones and dolomites, silicified sandstones and siltstones, and interbedded sandstones 

and dolomites. 

 

The Yelma Inliers are resistively variable and have a multi-modal resistivity distribution with a broad 

range (Figure 3.21C). This variability is consistent with the weathering profile in this region described 

by Pirajno et al. (2010) (Figure 3.18). In this profile, the shallowest layer is the chert which has the 

most resistive means and medians (Figure 3.21C yellow-green lithology, Appendix A.3.4). This chert 

unit comprises vugs, cavities and minor fragments of silicified stromatolitic dolomite which have been 

identified as the weathering products of the Sweetwell member of the Yelma Formation (Pirajno et 
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al., 2010). These variable weathering textures are likely to have low permeabilities; which in addition 

to the high silica content of the chert, contribute to the large resistivities of this unit. However, there 

are some conductive measurements from the chert which are likely associated with weathered and 

fluid filled pore spaces, the presence of clays, less siliceous sedimentary layers, or weathered 

sequences which are interbedded with the chert (µchert=175.3±4.7, νchert=153.3, xchert=5.9, nchert=10) 

(Figure 3.21C). 

 

The Quaternary Colluvium, silcretised quartz clay breccias, saprolites and sandstone lithologies of the 

Yelma Inliers have moderately conductive means and medians (10 Ωm≤µ≤50 Ωm, 9 Ωm≤ν≤46 Ωm) 

(Appendix A.3.4). These resistivities are consistent with the saprolitic clay zone locally grading 

downward to the partly oxidised fine- to medium- grained sandstones and interbedded siltstones of 

the saprock (Pirajno et al., 2010). The siltstone and dolomitic siltstones in this saprock zone form the 

base of the Yelma weathering profile and have the most conductive means and medians (µsilt=1.5±2.1, 

νsilt=1.4, nsilt=77, µdolomitic=0.8±2.2, νdolomitic=0.7, ndolomitic=125) (Appendix A.3.4). These deeper 

conductive lithologies of the Yelma Inliers are less silicified and contain increased clay and haematite 

overprinting within ferruginous zones that cross-cut the stratigraphy (Pirajno et al., 2010). 

 

The down hole resistivities through the Yelma Inliers at the Magellan deposit differ from the SCIP 

measurements along the Yelma Formation (Figure 3.21B-C). The Yelma Inliers are highly weathered 

and resistively heterogenous within the Magellan region. In contrast, the SCIP measurements show 

that the fresh rock of the Yelma Formation is highly resistive. These resistivity differences between 

the Yelma Formation and its weathered equivalents are easily observed by comparing the 

measurements from the interbedded siltstones and dolomitic sequences of the Yelma Inliers 

(µInterDolomSilt=0.8±2.2, νInterDolomSilt=0.7, nInterDolomSilt=125) and Yelma Formation 

(µInterSandSiltDolomite=3629.6±1.8, νInterSandSiltDolomite=3821.3, nInterSandSiltDolomite=9).  

 

The lithologies which form the stratigraphy of the Yelma Formation in TDH1 and TDH26 all have similar 

resistivity ranges, means, and medians (2600 Ωm≤µ≤5900 Ωm, 2500 Ωm≤ν≤6200 Ωm, 

800 Ωm≤x≤3300 Ωm, 7500 Ωm≤y≤32 200 Ω). The silicified evaporites and stromatolitic units have 

large resistivities (e.g. Appendix A.2.2 e.g. #36, #41). The siltstone sequences are also resistive due to 

the strong silicification and alteration and their interbedding with sandstone sequences (e.g. Appendix 

A.2.2 and Appendix A.2.3 e.g. #28 and #29, #19, #20, #91 and #94). Even where blebby pyrite 

mineralisation is present, for example, in sample Appendix A.2.3 #100, the altered and silicified 
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stromatolites are still highly resistive because the blebby pyrite is not adequately connected in the 

direction of measurement to measure a reduction in the sample resistivity. While the Yelma Formation 

comprises different geological lithologies, the resistivities of these lithologies are consistently high in 

contrast to the variably weathered and variably resistive Yelma Inliers. 

 

3.5.4.2 Frere Formation 

The Frere formation is composed of a succession of iron formations and fine-grained clastic 

sedimentary rocks (Akin et al., 2013). The lower Frere Formation lithologies form decimetre-scale 

para-sequences, overlain by laminated magnetite and magnetite-bearing hummocky cross-stratified 

sandstones which grade into interbedded haematite-rich mudstones and trough cross-stratified 

granular iron formations (GIF) (Akin et al., 2013). Resistivities within the Frere Formation include 

measurements from sequences of clayey siltstone and sandstone, interbedded GIF with siltstone and 

chert, interbedded micaceous sandstones and siltstones, and interbedded carbonaceous siltstone, GIF 

and silicified breccia (Figure 3.19). 

 

The resistivity variations along the Frere Formations have a wide range and large median and mean 

values (µFrere=1399.7±7.8, νFrere=2528.4, nFrere=50) (Figure 3.20). The most resistive measurements are 

associated with GIF’s, and siltstones interbedded with brecciated sediments 

(µGIFsiltBreccia=1662.9±912.0, νGIFsiltBreccia=4136.8, nGIFsiltBreccia=12) and chert (µGIFsiltChert=2980.5±3.1, 

νGIFsiltChert=3195.4, nGIFsiltChert=24). Comparatively conductive measurements are associated with the 

siltstones (µSiltstone=535.5±14.3, νSiltstone=1668.9, nSiltstone=10) and clays (µClaySiltSand=203.5±2.3, 

νClaySiltSand=324.9, nClaySiltSand=3). However, these siltstone and clay sequences are more resistive than 

other siltstone and clay sequences in the Capricorn Orogen, for example the siltstones 

(µDeGrussaSilt=36.6±3.5, νDeGrussaSilt=52.8, nDeGrussaSilt=5626) and argillites with minor chert 

(µDeGrussaArgillite=51.2±2.9, νDeGrussaArgillite=61.7, nDeGrussaArgillite=18800) in the Bryah Basin and clays 

(µCollierClay=26.9±8.1, νCollierClay=25.6, nCollierClay=194) in the Collier Basin are 1-2 orders of magnitude more 

conductive. These resistivities are larger because the Frere Formation clays are partially silicified and 

interbedded with coarse grained sand (e.g. Appendix A.2.2 and Appendix A.2.3 #1, #2, #2A, #53, #55, 

#60A).  

 

The Frere Formation sandstones and siltstones are more resistive within TDH26 than the measured 

resistivities within TDH1 for the same unit. Within TDH1 the massive textured micaceous sandstone 
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and siltstone lithologies of the Frere formation are well sorted and altered with varying degrees of Fe-

staining (e.g. Appendix A.2.2 #5, #7, #8). These altered, friable, and porous lithologies of the micaceous 

siltstones and sandstones have lower resistivities than the laminated, partly silicified and cross-

bedded units of the same lithology within TDH26 (e.g. Appendix A.2.3 #58, #59, #60A). The laminations 

and bedding in TDH26 are also perpendicular to the measurement direction, which in part contribute 

to the larger measured resistivities. 

 

3.6 Discussion and conclusions 

The resistivity measurements from the Capricorn Orogen have been used to summarise the broader 

resistivity variations of the stratigraphic units of the south-eastern Capricorn Orogen Basins, and 

overlying regolith. Figure 3.22 presents the probability density functions for the range of resistivities 

acquired from the Capricorn Orogen stratigraphic units. 

 

The cover across the eastern Capricorn Orogen is resistively variable, associated with varying degrees 

of weathered clays, silts, sands, carbonate lenses, Fe-gravel, colluvium, quartz fragments, and 

sheetwash. The weathered cover sequences have a broad range of resistivities which cover the full 

range of host and ore rock resistivity measurements, with the exception of the highly resistive 

stromatolites of the Yelma and Juderina Formations which have the largest resistivities. These 

comparatively large resistivities from the stromatolitic Yelma and Juderina Formations must be 

considered in the context of the sampling method. Compared to down hole measurements, hand 

sample measurements are dependent on the variations within a smaller volume of rock, and the 

direction in which the hand sample measurements are acquired; down hole resistivities are acquired 

on larger rock volumes and in all directions. Down hole resistivity measurements may be 

comparatively more conductive than hand sample measurements because the presence of water, rock 

fractures and conductive minerals are likely to form conductive pathways at this larger acquisition 

scale and reduce the overall measured sample resistivity. 

 

The unweathered lithologies of the south-eastern Capricorn Orogen basins are composed of 

sedimentary and mafic and minor felsic units and can be summarised as follows. The sedimentary 

packages have a broad range of resistivities, while the mafic and minor felsic units have a 

comparatively discrete range of resistivities with a modal range of approximately 100 Ωm to 1000 Ωm. 

The mafic and minor felsic resistivities are specific to the Karalundi and Narracoota Formations of the 
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DeGrussa region, so they may not be representative of resistivity variations for the same units 

elsewhere within the entire south-eastern Capricorn Orogen. In contrast, the south-eastern Capricorn 

Orogen sedimentary units typically have low resistivities. Of these sedimentary units, the most 

conductive basin sediments include the shales, siltstones, and claystones of the Johnson Cairn, 

Maraloou, Karalundi, Narracoota, Kiangi Creek, Irregully and Calyie Formations, which all have 

conductive modes ranging from 1 Ωm to 100 Ωm. The sandstones, dolostones, carbonaceous sands 

and siltstones, and conglomerates of the Narracoota, Karalundi, Kiangi Creek, Irregully, and Backdoor 

Formations are more resistive and have modal ranges between 100 Ωm to 1000 Ωm. The most 

consistently resistive units are the stromatolitic components of the Yelma and Juderina Formations, 

which have a discrete range of measurements centred around a mode of approximately 1000 Ωm. It 

is also worth noting that the basaltic units of the Juderina Formation also contribute to the highly 

resistive range of measurements of this stratigraphic unit. Lastly, BIF’s within the Beyondie and 

DeGrussa deposit have more conductive resistivities than the Frere Formation BIF, GIF and chert. This 

may be associated with the different acquisition methods used to measure the resistivities of these 

different BIF’s, or the compositional and textural differences between these units within different 

parts of the Orogen. The latter would suggest that the Capricorn Orogen BIF’s are one of the most 

resistively variable units and that is has a modal range between 10 Ωm to 1000 Ωm. 
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Figure 3.22 Violin plot illustrating the relative probability density functions for the stratigraphic units and 

regolith from the south-eastern Capricorn Orogen. 

 

Resistivities from base-metal mineralisation within the eastern Capricorn Orogen include 

measurements from the massive sulphide mineralisation at DeGrussa and the banded mineralisation 

at Abra. The most conductive measurements are associated with the pervasive and massive DeGrussa 

mineralisation and the banded Black Beds within the Abra deposit. Where the mineralisation style is 

pervasive, blebby, banded and interconnected within these mineralised zones they have resistivities 

with a modal range of 0.1 Ωm to 10 Ωm. Where the mineralised regions contain intense chlorite, 

haematite, silica, dolomite, or siderite alteration, the resistivities of the mineralised zones increase. 
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This is evident in the Red Beds, Dolomite Beds, and Chlorite and Hydrothermal Stringer Feeder Zones 

within the Abra deposit, which are characterised by regions of intense haematite, dolomite, and 

chlorite alteration, respectively. Deformed regions associated with mineralisation, for example the 

faults and schists at the DeGrussa deposit, are highly conductive with modes ranging between 10 Ωm 

to 100 Ωm. However, these mineralised and deformed regions are more resistive than the high-grade 

massive sulphide mineralisation of the DeGrussa deposit because of their gangue and alteration 

mineral assemblages. It is clear that the base-metal mineralisation within the Capricorn Orogen, while 

mostly conductive, is resistively variable within a modal range of 0.1 Ωm to 100 Ωm; associated with 

textural and compositional variations which are linked to the multiple phases of mineralisation across 

the region. This may suggest that lower grade mineralisation, or outer alteration halos which have a 

large volume of alteration minerals may not always be resistively distinguishable from surrounding 

barren host rocks. However, the minimum resistivities associated with high concentrations of 

interconnected pyrite, chalcopyrite, and galena within higher grade ore zones have resistivities much 

less than their surrounding host rocks; making them easily distinguishable from their resistive 

surroundings by their resistivity variations. 

 

While comparisons can be made about the resistivity variations of the Capricorn Orogen basins, there 

are many limitations to the robustness of these interpretations. Resistivity measurements are not 

often supplied with acquisition details and are rarely collected systematically within exploration 

drilling programs, so the sample size for different geological units can be inadequate for making broad 

interpretations. In addition, most drilling programs are concentrated to mineralised regions, with few 

drill holes planned within unmineralised geological terrains. This may be a problem if barren 

lithologies, sampled from a mineralised region, are not representative of their basin wide stratigraphic 

unit. It must also be recognised that without a dedicated comparison study between down hole 

resistivity data and hand sample measurements, there are limitations to quantitative comparisons 

between the hand sample resistivities acquired from available EIS drill holes and the publicly available 

down hole measurements from the Capricorn Orogen. An understanding of these limitations can 

improve data quality and acquisition for future exploration of base-metal mineralisation. 

 

This chapter visually described the resistivity distributions with respect to the available lithology, 

alteration, mineralisation and weathering information. The general descriptions and interpretations 

presented here are valid given the available geological knowledge, however, available geochemistry 

and other petrophysical data (Appendix A.1) are also available for many of the rocks which also contain 
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resistivity measurements. Future work from this compilation would make use of this geochemistry 

and petrophysical data, and  appropriate statistical methods (for example Byrne et al., 2019; Dentith 

et al., 2020) to from detailed interpretations of the petrophysical and geological trends of the 

Capricorn Orogen lithologies.
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4  

Detecting sedimentary-hosted base-metal 

mineralisation with TEMPEST AEM surveys 

 

Foreword 

This chapter uses the petrophysical compilation presented in Chapter 3 to construct a synthetic 

resistivity model of the Abra deposit. The 2.5D TEMPEST AEM response was calculated across 

synthetic model variants of this Abra resistivity model which incorporated regolith and several 

lithologies at different depths. The aims of this study were twofold: (1) to provide insight into the 2.5D 

AEM response over an Abra-style base-metal deposit hosted in the Capricorn Orogen, and (2) to 

implement previous conclusions from Fitzpatrick's (2006) PhD thesis to represent the overall bulk rock 

resistivity of different ore lithologies by upscaling their down hole resistivity measurements to 

populate a resistivity model of Abra. 

 

It is common within exploration geophysics to calculate the forward response across simple synthetic 

models to investigate geophysical signatures. Where petrophysical information is available, the 

number of unknown forward model parameters is reduced, and this can contribute to reliable 

predictions. To represent different subsurface lithologies in a synthetic model, petrophysical 

measurements are typically summarised by calculating an arithmetic or geometric mean from a 

population, but this may not necessarily be appropriate for the calculation and subsequent 

interpretation of AEM data. 

 

The application of petrophysical data is fraught with challenges since local or sample scale resistivity 

measurements do not represent the larger mine or regional-scale electromagnetic response from 
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different lithologies. In this chapter, the 2.5D TEMPEST AEM responses were calculated using synthetic 

models with different resistivities (as calculated by different upscaling techniques: minimums and 

geometric means). These variations are discussed in reference to their implications for detecting base-

metal deposits and alteration halos with AEM techniques in regolith dominated basin terrains, such 

as the Capricorn Orogen. 

 

The content of this chapter is an unpublished journal manuscript intended for submission. 



4.1 ABSTRACT 

147 
 

Detecting sedimentary-hosted base-metal mineralisation with TEMPEST 

AEM surveys: a case study for upscaling down hole resistivity 

measurements from the Abra Pb-Zn deposit, WA 

Sasha Banaszczyk, David Annetts*, Mike Dentith 

Centre for Exploration Targeting, University of Western Australia, Crawley, WA, 6009, Australia, *CSIRO, 

Kensington, WA, 6151, Australia 

 

4.1 Abstract 

The Capricorn Orogen is located in central Western Australia and comprises a series of 

Paleoproterozoic volcanic sedimentary basins that are prospective for base-metal mineralisation. 

However, the thick and conductive regolith, sparse outcrop, and a lack of publicly available drill core 

and electromagnetic data across the region make exploration for new base-metal deposits difficult. 

Since AEM techniques are useful for detecting conductors potentially associated with base-metal 

mineralisation, a TEMPEST AEM 5 km spaced survey acquired across the region in 2013 may have 

detected responses from such deposits. However, there are limitations of widely spaced surveys for 

directly detecting conductive mineralisation where these surveys do not overfly an unknown base-

metal deposit. The Abra Pb-Zn sedimentary-hosted deposit is one of the few base-metal deposits 

hosted within the Capricorn Orogen where lithological logging and down hole resistivity information 

is available. This data has been used to create a realistic resistivity model of the mineralisation in the 

subsurface. In particular, the down hole measurements have been upscaled to represent the larger 

mine scale ore lithologies. The 2.5D TEMPEST AEM response calculated over these synthetic resistivity 

models functions as a proxy for understanding the ability of AEM data to detect altered base-metal-

bearing rocks in regolith dominated terrains. In addition, forward modelling specific case study 

scenarios is key to understanding electromagnetic survey responses. Without upscaling down hole 

resistivities, the forward modelling of synthetic scenarios for the purposes of understanding specific 

features within an AEM survey can lead to inaccurate resistivity, depth- or thickness predictions of 

subsurface lithologies. For the Abra case study presented here, it was found that beneath 60 m thick 

regolith with a resistivity of 100 Ωm, the main Abra ore zone could be detected with a TEMPEST AEM 

survey, however, the responses from minor ore zones greater than 440 m below the surface were 

masked by the overlying regolith and the AEM system noise. Conductive targets also remain 

undetected at lateral distances greater than 80 m from an offline AEM survey line. Consequently, 

detection with AEM techniques is limited to identifying a high amplitude response coincident with the 

main ore body or highly conductive outer alteration halos. 
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4.2 Introduction 

The Capricorn Orogen, WA is known to host base-metal occurrences within the Paleoproterozoic to 

Mesoproterozoic sedimentary and volcano-sedimentary basins of the region. A regional-scale 

TEMPEST AEM survey has been completed across the entire Capricorn Orogen with flight lines spaced 

at 5 km for the purposes of extracting conductivity and thickness information of the near surface 

(Figure 4.1(a)). However, Australian terrains are typically overlain by conductive cover which inhibits 

the detection of potentially economic ore bodies with electromagnetic techniques (Aitken et al., 2015; 

Brodie and Ley-Cooper, 2018). It is therefore important to understand to what extent we can utilise 

this widely-spaced TEMPEST AEM dataset to extract new information about the location, resistivity, 

and thickness of conductive features beneath the conductive overburden of the Capricorn Orogen, 

which may be related to base-metal systems (McCuaig et al., 2010; Hannington, 2014). Understanding 

the extent to which TEMPEST AEM surveys can detect mineralising structures, alteration halos or, 

detect a main ore body at different depths can improve interpretations from AEM survey responses 

and guide subsequent infill mapping surveys. 

 

One way to understand the geology of a relatively under-explored region is to numerically model the 

geophysical response of the subsurface. With respect to AEM methods, this may involve the use of a 

resistivity model to predict the AEM responses associated with a geological area of interest. However, 

resistivity models need to be populated with appropriate resistivities to adequately represent the 

subsurface. These resistivities are often based on hand sample or down hole measurements, however, 

these point measurements may not adequately characterise the volumes which are surveyed by a 

typical AEM system. Two aspects of modelling the AEM response from a resistivity model are 

considered in this paper. First, the upscaling of resistivity measurements from the Abra Pb-Zn deposit 

are considered by applying guidelines from Fitzpatrick (2006) to populate a resistivity model of Abra. 

Second, the TEMPEST AEM responses over this model are used to understand how the resistivities, 

depths, and thicknesses of a mineralised region influence the TEMPEST AEM response from a base-

metal deposit, hosted within the conductive terrain of the Capricorn Orogen. 
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Figure 4.1 (a) Map showing the Capricorn Orogen TEMPEST AEM survey outline and the location of the Abra 

deposit. (b) Available Abra drilling with geological logging and down hole petrophysical information (blue 

stars); drill holes circled in red contain down hole resistivity measurements. AEM line 1007501 is 500 m west 

of Abra. (c) Cross-section through the main Abra mineralisation, modified from Lampinen et al. (2017). 

 

4.2.1 Detection of base-metal deposits with AEM 

The detection of base-metal mineralisation with electromagnetic techniques is primarily dependent 

on the percentage of conductive minerals and interconnectivity of those minerals which characterise 

the ore (Bishop and Emerson, 1999; Emerson et al., 2002; Dentith and Mudge, 2014). While different 

base-metal deposit-types are associated with different formation and alteration styles, it is the larger 

mineralised and high-grade zones within these deposits which tend to be highly conductive and 

contribute to a notable peak EM anomaly; also controlled in part by the host geology, depth of 
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mineralisation, and presence of cover (Craven et al., 1985; Irvine et al., 1985; Bishop and Lewis, 1992; 

Anderson et al., 1993; Mclnerney et al., 1994; Bishop and Emerson, 1999; Sandfire Resources NL, 2010; 

Meyers et al., 2012; Legault et al., 2015; Hodges et al., 2016). For example, base-metal deposits hosted 

within highly metamorphosed terrains can be easily detected with an EM survey where conductive 

ore minerals have been deformed and become well connected (Macnae and Mutton, 1996; Bishop 

and Emerson, 1999; Fathianpour et al., 2005). Mineralisation can also be directly associated with 

conductive host rocks, which can be targeted as a proxy for mineralisation (Anderson et al., 1993; Ford 

et al., 2007). However, limitations to the detection of base-metal deposits exist where: 

• Mineralisation is resistive because it is hosted in resistive carbonate-dominant rocks 

and contains characteristically low percentages of conductive ore minerals (Scott et 

al., 1994; Bishop and Emerson, 1999),  

• There is a high percentage of alteration and gangue minerals (Gunn and Chisholm, 

1984; Lebel and Fallon, 1994; Emerson and Yang, 1997) or structural deformation 

which has destroyed the connectivity of conductive minerals (Bishop and Lewis, 

1992), 

• The mineralisation is masked by thick or conductive cover (Staltari and Rutter, 1980) 

or located beyond the depth of detection of the EM technique employed (Shalley and 

Harvey, 1992),  

• The ore body is hosted in conductive rocks which obscure the responses from less 

conductive ore (Macnae and Mutton, 1996; Sampson and Bourne, 2001), and 

• The noise associated with an EM surveying method is larger than the amplitude of the 

EM responses from a mineralised target (Spies and Frischknecht, 1991; Wijns, 2009). 

 

The detection of a base-metal deposit with AEM techniques is also limited where the conductive 

components of the mineralised system lie outside the footprint radius of the surveying AEM system. 

This is a particular problem for surveys with wide line-spacings (Bishop and Lewis, 1992; Ley-Cooper 

et al., 2010). Ley-Cooper et al. (2010) have suggested that an approximate footprint radius of a 

transmitted AEM ‘smoke ring’ can be calculated from the expression: 

𝑹 ≈ 𝒉 + 𝒅 + 𝒓      (4.1) 

where, ℎ is the height of the AEM transmitter loop, 𝑑 is the depth of interest below the surface, and 

𝑟 is the radius of the transmitter loop. This equation shows that the effectiveness of an AEM system 

is primarily controlled by the transmitter height and radius, which will typically be metres to tens of 

metres in magnitude. In addition, Annetts and Hauser (2019) have recently shown that there is a less 
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than 30% chance of detecting an offline conductor with a TEMPEST AEM survey where the survey has 

a line-spacing of 5 km. Therefore, it is reasonable to assume that AEM surveys with line-spacings on 

the kilometre scale are very unlikely to detect conductors associated with mineralisation where survey 

lines are offset from mineralisation. This is illustrated in Figure 4.2, the TEMPEST AEM response has 

been calculated using the Loki Air code (Sugeng, 1998) along different survey line locations and 

increasing strike distances away from for a 1 Ωm resistive body at the surface, hosted in a resistive 

half space of 1000 Ωm. In Figure 4.2, the 0.04 ms decay time is shown. This is an easily detectable 

example, involving a highly conductive body at the surface where the AEM response is not masked by 

the presence of conductive cover and which has an associated AEM response in the early decay times. 

For this scenario (Figure 4.2), the detection of the body from an offline AEM survey line is limited to 

approximately 80 m from the edge of the body in the earliest decay times. Therefore, it is reasonable 

to suggest that the AEM response that may be associated with base-metal mineralisation will be 

restricted to conductors proximal to, and along regional-scale survey lines. For AEM surveys with flight 

lines kilometres apart this means that only a very small part of the survey area is being explored. 

 

4.2.2 Resistivity data from the Capricorn Orogen 

Lithology logging from drilling, and down hole resistivities intersecting the main mineralisation at two 

base-metal deposits hosted in the sedimentary basins of the Capricorn Orogen are publicly available. 

These deposits are the Abra Pb-Zn (McDonald, 1993; Dunbar et al., 2006; Murphy et al., 2009; Murphy, 

2011; Hardy, 2013) and the DeGrussa Cu-Au-Ag deposits (Martin, 2011; Mukherji, 2011; Evans, 2016b, 

2016a; Mackenzie et al., 2016). In particular, the resistivity information at Abra contains geological 

logging information which discriminates between the different ore zones and host rocks. Figure 4.3 

presents this information as a series of resistivity probability density function for each host and ore 

lithology at Abra (the resistivity variations of the DeGrussa deposit are also shown for comparison). 

The resistivity probability density functions for each lithology in Figure 4.3 are useful for visualising 

the main resistivity modes of each lithology. The resistivity data from the different Abra ore zones are 

also useful for understanding the relative contribution each mineralised region has on a TEMPEST AEM 

response acquired over an Abra style mineral deposit. This and the availability of a TEMPEST AEM 

survey Line 1007501 located 500 m west of Abra (Figure 4.1(b)) make it a useful case study for 

understanding the detectability of a Capricorn sedimentary hosted base-metal deposit using a 

TEMPEST AEM survey. 
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Figure 4.2 The TEMPEST AEM survey response over a 120 m thick, 160 m long and 80 m wide body with a 

resistivity of 1 Ωm, located at the surface. The response was calculated with the Loki Air algorithm for 3D 

bodies (Sugeng, 1998). The edge of the conductive body is located at 80 m along the profile and a low 

amplitude response is seen at 160 m along the profile. Therefore, an offline survey response from this highly 

conductive unit is seen up to approximately 80 m from the edge of the body. 

 

This study investigates the efficacy of a TEMPEST AEM survey for detecting base-metal mineralisation, 

beneath cover and hosted in the Capricorn Orogen sedimentary basins, through the calculation of 

forward AEM responses over synthetic Abra deposit models. These models were derived by using the 

available down hole resistivity measurements from Abra, with considerations for upscaling this data 

for use within an Abra-scale resistivity model. Below, a literature review introducing the research 

which addresses the upscaling of resistivity data is presented. This is followed by a brief overview of 

the Abra case study area. The methods for this synthetic modelling scenario are then presented, 

followed by the results and a discussion which considers the approximate depth, thickness and 

resistivity parameters of an Abra-style deposit for which a Capricorn TEMPEST AEM survey may be 

sensitive to. 
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Figure 4.3 Violin plots illustrating the range and modes of the electrical resistivity measurements acquired 

from the regolith (top) and ore zones at the Abra deposit; for comparison the much older massive sulphide 

mineralisation of the DeGrussa Cu-Au-Ag deposit is shown (bottom). The number of measurements and 

measurement type are shown above each violin plot. 

 

4.2.3 Upscaling electrical measurements for comparison with AEM 

4.2.3.1 Previous work upscaling resistivity measurements 

Given the conductive nature of most base-metal deposits, down hole resistivity measurements are 

often acquired by mining companies which intersect the main ore zones, typically post-acquisition of 

a geophysical survey (e.g. Dunbar et al., 2006; Mukherji, 2011; Mackenzie et al., 2016). Within the 

literature, this data is usually presented as means (Gidley and Stuart, 1980; Schneider and Emerson, 

1980; Irvine et al., 1985; Bishop and Lewis, 1992; Lebel and Fallon, 1994; McInerney et al., 1994; 

Sampson and Bourne, 2001; Emerson et al., 2002; Fathianpour et al., 2005), and/or as a range (Hone, 

1980; Macnae and Mutton, 1996; Duffett, 1998; Bishop and Emerson, 1999; Mutton, 2000; Emerson 

et al., 2002; Fathianpour et al., 2005), but rarely as a full dataset of petrophysical measurements 

acquired on a wide variety of lithologies (Fitzpatrick, 2006; Spagnoli et al., 2016, 2017b, 2017a). This 

can lead to inaccurate interpretations since down hole resistivities are not an absolute measure of 
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rock resistivity, rather a measure of a rock volume which is controlled by the distance between the 

receiver and transmitter of the down hole resistivity acquisition tool (Christensen and Lawrie, 2017).  

 

A major scaling problem exists between measurements made by down hole resistivity logging tools 

and AEM surveys. From Equation (4.1), a resistivity logging tool with a transmitter and receiver 

separation of less than approximately 1 m (Christensen and Lawrie, 2017), and a transmitter coil radius 

in the order of tens of centimetres would measure a footprint radius of approximately 1 m, much less 

than an AEM system. To address this, Christensen and Lawrie (2017) have defined a spatial 

deconvolution method applied to down hole resistivity measurements which allows for an improved 

comparison of this data with AEM inversions. Their method relies on using the down hole resistivity 

acquisition tool’s transmitter-receiver distance to de-convolve the measured ‘resistivity zone’ into 

discretised layers comparable with a layered AEM inversion. However, this technique is limited by the 

availability of information about the down hole survey acquisition process, which is not often supplied 

or consistent across different drilling programs within publicly available datasets. Further work could 

address this issue with methods presented by Lindberg et al. (2015). 

 

The upscaling of resistivity measurements is an active area of research. Most upscaling research has 

addressed problems within the petroleum industry which focus on porosity and permeability 

measurements (Corbett et al., 1998; Deutsch and Frykman, 2002; Guéguen et al., 2006; Tran, 1996). 

Within the minerals industry, however, means calculated from down hole data are routinely used 

within forward modelling problems and as constraints on inversions (Green and Munday, 2004; 

Fathianpour et al., 2005; Brodie and Fisher, 2008). The direct comparison of down hole resistivity 

measurements with other electrical datasets or electromagnetic inversions is also still routinely 

interpreted (Hone, 1980; Lane et al., 2001, 2004; Costelloe and Hutchinson, 2010; Lawrie et al., 2012; 

Roach et al., 2014; Schamper et al., 2014; Roach, 2015). Recently, Caudillo-Mata et al. (2014) have 

addressed the problem of upscaling electrical conductivity measurements with a comprehensive 

quantitative numerical approach. This is a computer simulation method which upscales 

measurements into a coarse mesh, however, the approach introduces uncertainties into the solution 

due to the dependence on user defined boundary conditions and starting criteria. 

 



4.2 INTRODUCTION 

 

155 
 

4.2.3.2 Upscaling: Fitzpatrick (2006) 

The most comprehensive and easily applied approach to the upscaling of electrical property 

measurements was undertaken by Fitzpatrick (2006). Through the comparison of electrical 

measurements (resistivity and chargeability) at varying scales, this study focused on acquiring 

measurements from mineralised rocks characterised by significant resistivity contrasts between 

gangue and sulphide ore mineralisation. Fitzpatrick (2006) acquired galvanic resistivity measurements 

and in-situ mobile electrode array measurements on hand samples and wall rock sections at different 

scales, respectively, from three different mineral deposits within Australia, including the Scuddles VMS 

deposit in Tasmania, the McArthur River SEDEX deposit in the Northern Territory, and the North 

Parkes Porphyry-Cu in New South Wales. Resistivity measurements acquired from the largest 

electrode array spacing were used to calculate the bulk rock resistivity of the main mineralised 

lithologies for comparison with laboratory measurements. 

 

Fitzpatrick (2006) noted that measurements of resistivity consistently decrease with increasing 

observation scale and that no single generic scaling rule applies for all kinds of electrical 

measurements across all deposit types. The degree of scale variation is associated with the resistivity 

contrast between mineral phases, the proportion of conductive mineral phases and the ore texture, 

with the greatest scale variability seen where banded conductive components were present. This 

suggests that rock anisotropy greatly influences the measurement of resistivity at different scales. 

However, Fitzpatrick (2006) suggested that down hole measurements, which record a response from 

a slightly larger rock volume than hand sample measurements, may to some extent help to overcome 

these scale variations. 

 

Fitzpatrick (2006) has also suggested that it is necessary to consider the full petrophysical dataset 

range to understand the resistivity and chargeability of different ore lithologies. At the Scuddles VMS 

deposit, Fitzpatrick (2006) found that large resistivity ranges were measured across the different 

mineralised lithologies, reflecting the heterogeneity of the Scuddles ore body. In contrast, the other 

two case study deposits were characterised by comparatively homogeneous mineralisation and 

measured more discrete resistivity and chargeability ranges for each lithology. Overall, it was found 

that laboratory scale data had a larger and more variable range of resistivities compared to the 

electrode array resistivities. In addition, the most reasonable approximation of bulk rock resistivity 

from a set of small-scale measurements could be represented by the minimum sample resistivity, 

rather than the arithmetic mean, geometric mean, or median of the population, particularly where a 
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mineral deposit is characterised by conductive banded mineralisation. It is this last finding which 

motivated the research presented here for the Abra deposit. 

 

Furthermore, in Fitzpatrick's (2006) research, the Scuddles deposit provided a wide range of geological 

samples with varying mineralisation styles and textures to evaluate the difference between the range 

of both laboratory and bulk rock resistivity measurements. Some of the mineralised zones at Scuddles 

(e.g. footwall stringer zone, sphalerite and pyrite banded zone) produced bimodal or multimodal 

distributions with both resistive and conductive end members associated with textural and 

mineralogical heterogeneities within each unit. Within the laboratory scale data, it was found that the 

most conductive mode of these measurements correlated closely with the main mode from the 

distribution of larger scale in-situ measurements. Based on these results, Fitzpatrick (2006) suggested 

the conductive minerals on a large scale were well connected, which is why they were comparable 

with the conductive hand sample measurements. In contrast, the massive pyrite zone measurements 

produced a single modal distribution with similar magnitudes for both the in-situ and laboratory scale 

measurements, which reflected the homogeneous nature of the massive sulphide unit. For all 

lithologies, the laboratory results produced a wider range of values compared to in-situ 

measurements, and the median, mean, and geometric mean of the laboratory measurements all 

overestimated the bulk rock resistivity for each measured unit. Consequently, Fitzpatrick (2006) 

suggested the most conductive laboratory measurement may best represent the bulk rock resistivity, 

since volume resistivity is controlled by the distribution and texture of the most conductive 

components within a rock. 

 

4.3.4 Forward modelling case study: Abra deposit 

4.3.4.1 Abra geology and resistivity variations 

The Abra Pb-Zn deposit is located within the central Capricorn Orogen, hosted within the siltstone and 

sandstone sediments of the Edmund Basin (Pirajno and Bagas, 2008; Cranney and Wright, 2010; 

Murphy et al., 2010; Lampinen et al., 2017) (Figure 4.1(c), Figure 4.4(a)). Diamond drill testing in 1982 

of a 400 nT magnetic anomaly first intersected Abra where it was located approximately 300 m below 

the surface (Boddington, 1990; McInerney et al., 1994; Wilson, 2010). The mineralisation at Abra is 

sub-horizontal, and characterised by a banded sequence of ore zones, underlain by a chlorite and 

hydrothermally altered stringer feeder zone (Boddington, 1990; McInerney et al., 1994; Pirajno et al., 

2015; Lampinen et al., 2017). Pirajno (2004) and Spinks et al. (2017) have suggested that the banded 
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mineralisation is a product of repeated seismic related mineralising fluid injection events either in 

response to intracratonic rift-related hydrothermal activity post-sediment deposition, or associated 

with rhyolite and dolerite intrusions post-deposition of the Edmund Basin sediments during the 

Mutherbukin Tectonic event (1321–1171 Ma) (Zi et al., 2015; Lampinen et al., 2017). Mineralisation 

at Abra is discriminated here, based on the available geological logging and literature, into five 

different zones. These zones are, from shallowest to deepest, the Red Beds, Dolomite Beds, Black 

Beds, Chlorite Alteration Zone and, Hydrothermal Stringer Zone (Figure 4.1(c) and Figure 4.4(a)). 

 

The Abra mineralisation forms a mostly conductive ore body with varying resistivities associated with 

the different ore zones. The upper layered Red Beds are composed of banded barite, banded jaspilite, 

haematite, galena, pyrite, quartz and siderite (Figure 4.1(c), Figure 4.4(a)). The Red Beds overlie and 

are interbedded with the dolomite, banded and disseminated galena, chalcopyrite, and pyrite of the 

Dolomite Beds (Figure 4.1(c), Figure 4.4(a)) (Boddington, 1990; Lampinen et al., 2017). The 

mineralisation within these two zones have broad moderately resistive to conductive down hole 

resistivity ranges (Figure 4.3). Underlying and interbedded with the Red and Dolomites Beds are the 

Black Beds. Most of the Black Beds are relatively conductive and the distribution of resistivities have 

a visually obvious single main mode and a relatively narrow range  of resistivities which are 

comparable to the conductive range of Red and Dolomite Bed measurements (Figure 4.3). This 

conductive distribution with a main mode at approximately 6 Ωm is consistent with a region of 

homogeneous conductive mineralisation of the Black Beds, different to the Red and Dolomite Beds 

which contain higher percentages of resistive gangue minerals. The Black Beds are characterised by 

banded Pb, Zn and Cu sulphides, banded galena, sphalerite, pyrite and minor chalcopyrite, laminated 

and brecciated haematite, magnetite, and Fe-rich carbonate and scheelite (Figure 4.1(c), Figure 4.4(a)) 

(Murphy, 1989, 1990; McDonald, 1992; Hardy, 2013; Pirajno et al., 2015; Zi et al., 2015; Lampinen et 

al., 2017). 
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Figure 4.4 (a) Schematic cross-sections through the main Abra mineralisation with accompanying core photos 

of these mineralised zones, modified from Lampinen et al. (2017). (b) Down hole resistivity measurements 

from drill hole BI3 are shown over the stratigraphic geological log; this drill hole is approximately 50 m from 

the AEM survey Line 1007501 in Figure 4.1. 

 

The upper layered zone of Red, Dolomite and Black Beds overlies a stringer breccia pipe feeder zone 

along the disconformity between the Irregully Formation and Kiangi Creek Formation of the Edmund 

Basin (Major and Gray, 2005; Thorne et al., 2009; Pirajno et al., 2015; Zi et al., 2015; Lampinen et al., 

2017; Spinks et al., 2017) (Figure 4.1(c)). This underlying stringer feeder zone grades upwards from a 

mostly stockwork veining and hydrothermal stringer feeder zone, into an overlying intense chlorite 

and siderite alteration zone (Figure 4.1(c), Figure 4.4(a)). These two zones comprise varying degrees 

of stockwork veins characterised by quartz, carbonate, hematite, barite, chalcopyrite, pyrite, 

magnetite, and dolomite minerals, and an associated wider alteration zone of chlorite and siderite 

(Blockley and Myers, 1990; Boddington, 1990; Murphy et al., 2010; Wilson, 2010; Pirajno et al., 2015; 

Zi et al., 2015; Lampinen et al., 2017). Both lower zones have a broad range of resistivities associated 

with varying degrees of resistive alteration assemblages and conductive minerals hosted within the 

quartz stockwork veins and stringers (Chapter 3.3.3). 
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From Figure 4.3 the most variably resistive Abra ore units have broad resistivity ranges but similar 

minimum resistivities. These variably resistive ore zones include the Red Beds, Dolomite Beds, Chlorite 

Altered zone, and Hydrothermal Stringer Feeder Zone, which all have a minimum resistivity close to 

1 Ωm. Conclusions from Fitzpatrick (2006) suggest that this minimum measurement is likely to be most 

representative of each unit’s bulk rock resistivity. In contrast, the Black Beds are a relatively 

homogeneous ore unit exhibiting a conductive resistivity distribution with a single main mode and 

minimum conductivities close to one order of magnitude less than the other ore lithologies. The 

minimum conductivities of the Red Beds, Dolomite Beds, Chlorite Altered zone, and Hydrothermal 

Stringer Feeder Zone are, however, comparable to the mode of the Black Beds (Figure 4.3). For 

homogeneous unimodal lithologies such as the Black Beds, Fitzpatrick (2006) also found that the 

conductive mode of small-scale measurements may be comparable to the main mode of larger scale 

resistivity measurements. Even though the Abra ore units are compositionally different, their 

minimum resistivities are similar to each other and the resistivity mode of the Black Beds, which may 

indicate that their conductive components are similarly well connected at the scale of an AEM 

surveying system. 

 

4.3.4.2 Previous electromagnetic surveys at Abra 

McInerney et al. (1994) discuss the electromagnetic responses associated with the Abra deposit, and 

present results from historical electromagnetic surveys over the Abra region. A SIROTEM survey over 

Abra measured a broad single peak anomaly as early as the second decay time above the main deposit. 

Additional down hole electromagnetic (DHEM) and fixed-loop ground electromagnetic (GEM) surveys 

also measured an elevated anomaly in the sixth and seventh decay times. McInerney et al. (1994) has 

suggested that this broad early time response is associated with the whole orebody being weakly and 

uniformly conductive, and that the upper banded sulphide ores are not uniquely conductive compared 

to the underlying hydrothermal and chlorite altered regions. McInerney et al. (1994) also attribute the 

weak conductive anomaly within the DHEM results with low-volume percentage of conductive 

minerals in the Abra system. Despite the weak responses, the DHEM showed an anomalous response 

at the main Abra deposit and smaller localised conductors within the larger Abra system. In addition, 

the GEM surveys allowed for the interpretation of the main orebody and outer altered regions through 

the qualitative comparison of weak and energised GEM responses. Following the outcomes of the 

Abra synthetic modelling presented below, we provide some alternative interpretations to McInerney 

et al. (1994) for the electrical characteristics contributing to the AEM responses at Abra. 
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4.3 Developing a representative resistivity model 

Common electrical mineral properties can be identified within resistivity data. For example, sulphide 

minerals are generally conductive, haematite and magnetite exhibit large conductivity ranges and 

silicate and carbonate alteration is resistive (Fitzpatrick, 2006; Dentith and Mudge, 2014). However, 

other contributing factors prevent electrical conductivity from being diagnostic of rock type since 

electrical conductivity variations of a lithology are primarily controlled by the volume of conductive 

components within a rock and their interconnectivity (Emerson and Yang, 1998; Fitzpatrick, 2006; 

Dentith and Mudge, 2014). As noted previously, using a geometric mean calculated from measured 

resistivity data to represent a single lithology may misrepresent the underlying resistivity and 

subsequently estimated thickness variations which are measured by an AEM survey. However, in the 

absence of systematic approaches for upscaling resistivity information it is important to understand 

the influence of using minimum and geometric mean resistivities for summarising the resistivity of the 

subsurface, and how this may impact the detection of mineralised bodies using TEMPEST AEM survey 

data in the Capricorn Orogen. 

 

4.3.1 The base Abra resistivity model 

The down hole resistivities of the mineralised Abra lithologies were used to create a representative 

resistivity model of Abra based on geological cross-sections from the literature (Zi et al., 2015; 

Lampinen et al., 2017; Spinks et al., 2017) (Figure 4.1(c)). The down hole resistivities for each of the 

Abra units describe a different distribution which provides the underlying data for an Abra resistivity 

model (Figure 4.3). The down hole resistivities were used to populate two representative models with 

both geometric mean and minimum resistivities of the mineralised subsurface at Abra, shown in 

Figure 4.5. Resistivities for the host rock lithologies were further investigated through the 1D inversion 

of the AEM Line 1007501 data, located 500 m west of Abra. In Figure 4.5, the main Abra ore body 

forms a 400 m thick, 600 m wide zone between -600 m and 200 m along the profile where the Red 

Beds (Figure 4.5, red), Black Beds (Figure 4.5, black) and Dolomite Beds (Figure 4.5, yellow) overlie the 

Chlorite Alteration (Figure 4.5, green) and Hydrothermal Stringer Zones (Figure 4.5, blue). This Abra 

resistivity model is located at its minimum depth of 240 m below the surface (Vogt and Stumpfl, 1987; 

Boddington, 1990; McInerney et al., 1994). This particular cross-section through the Abra deposit 

(Figure 4.1(b)-(c)) also intersects a fault which has offset the edge of the main ore body at 200 m to 

280 m along the Figure 4.5 transect. This faulted part of the ore forms a smaller 140 m thick, 280 m 
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wide body located at 440 m below the surface between 280 m to 560 m along the Figure 4.5 transect. 

The summarised resistivities for each of the units within Figure 4.5 are shown in Table 4.1. 

 

 

Figure 4.5 Synthetic resistivity model of the Abra deposit. The depth h had a value of 180 m below the 60 m 

thick regolith (ρr1-r2). The resistivities (ρn) for each unit are shown in Table 4.1. 

 

The ArjunAir 2.5D AEM forward model code (Wilson et al., 2007) was used to calculate the 2.5D AEM 

response over the Abra resistivity model in Figure 4.5. In this model the Abra deposit is located 240 m 

below the surface (i.e. h=180 m in Figure 4.5). In addition to this Abra model, the forward AEM 

response over each of the individual Abra ore lithologies (Figure 4.3) in the absences of every other 

ore lithology, was also calculated. These included a model of just the: Red Beds, Black Beds, Dolomite 

Beds, Chlorite Alteration Zone, and Hydrothermal Stringer Zone. All of the resistivity models were 

overlain by regolith with a thickness of 60 m; typical of the Capricorn cover and based on the maximum 

drilling thickness intersection through the regolith at Abra. For all of the aforementioned resistivity 

models the 2.5D mesh had 40 m wide and 20 m deep cells. The AEM measurements were calculated 

at 20 m spaced stations using a TEMPEST system configuration identical to that of the Capricorn AEM 

survey. 
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Table 4.1 Resistivities and thicknesses used within the TEMPEST AEM resistivity models shown in Figure 4.5.  

Figure 4.5: Lithology Thickness G. Mean Minimum 

   (m) (Ωm) 

ρr1-r3  Cover 60 100 and Kiangi Creek 

ρ1  Kiangi Creek 120-320 Geometric mean: 1762.6 

ρ2  Red beds 20-60 150.39 0.6 

ρ3  Black beds 20-40 11.16 0.1 

ρ4  Dolomite beds 20-40 85.76 1.2 

ρ5  Chlorite alteration zone 20-180 281 0.6 

ρ6  Hydrothermal Stringer Zone 20-60 159.6 0.7 

ρ7  Irregully Formation Basement Geometric mean: 1637.55 

 

Problems developing this Abra resistivity model arose where using the minimum resistivities of the 

host lithologies and regolith (see conductive end member measurements in Figure 4.3), in addition to 

the minimum mineralised unit resistivities, resulted in a model resembling a conductive half space 

with no resistivity structure. This problem was investigated by using the results from numerous 1D 

AEM inversions to establish the most appropriate resistivities which represent the Abra host rocks. In 

addition, the forward modelling of various single-station regolith scenarios was used to infer the 

resistivity for the Abra regolith. These 1D AEM inversion scenarios and regolith forward modelling 

scenarios are discussed in the following sections. 

 

4.3.2 Determining the host rock resistivity: 1D AEM inversion 

Using minimum resistivities for the unmineralised host rocks of the Kiangi Creek and Irregully 

Formations results in a resistivity model of a conductive half space with no resistivity contrasts. 

However, it should be noted that the upscaling of barren host rocks was not directly addressed in 

Fitzpatrick's (2006) work. To establish reasonable resistivity values of the host rock lithologies for use 

within an upscaled resistivity model of Abra, 1D-Geoscience Australia Layered Earth sample-by-sample 

inversions (GA-LEI) (Brodie, 2015) were completed on the nearest Capricorn TEMPEST AEM survey line 

1007501, located 500 m west of the Abra deposit (Figure 4.1(b)). These inversions were verified by 

the closest (50 m west of the survey line) drill hole (BI3) to the TEMPEST AEM survey line which has 

down hole resistivity measurements through the Kiangi Creek and Irregully Formations (Figure 4.1(b) 

and Figure 4.4(b)). 
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The GA-LEI algorithm is a robust 1D AEM inversion algorithm and has been used extensively to process 

TEMPEST AEM surveys (Brodie and Fisher, 2008; Costelloe and Hutchinson, 2010; Hutchinson et al., 

2010; Costelloe et al., 2012). The GA-LEI code simultaneously solves for the AEM system geometry, 

conductivity, and thickness of each model layer on a sample-by-sample basis (Constable et al., 1987; 

Sattel, 1998; Brodie and Fisher, 2008). Additional user defined parameters can be input within the GA-

LEI code in the form of a reference model to direct the inversion towards a known minimum. Initial 

models can also be implemented within the inversion code, however where these are not specified, 

the inversion assumes an initial model equal to the reference model (Brodie, 2006). 

 

Various reference model resistivities were trialled to invert the survey response along Line 1007501 

(Figure 4.1(b)). These included using the geometric mean, median and mode (read from a histogram) 

of each lithology layer crossed by Line 1007501, determined from the geological and down hole 

resistivity variations from drill hole BI3 (Figure 4.1(b)). Initial reference model layers were discretised 

into 5-layers with thicknesses based on the lithology thicknesses intersected by BI3. The tested 

resistivities for each reference model layer were derived from two datasets: (1) all the down hole 

resistivity measurements from the Abra region, and (2) just the down hole resistivities from BI3. For 

comparison, a smooth inversion was completed which used the resistivities from BI3 geometrically 

averaged across approximately 10 m intervals (i.e. the data were discretised into a 59-layered model). 

While this smooth model inversion depended on a very large atypical number of layers (often 

approximately 30-layers are used in a smooth model, e.g. Hutchinson and Costelloe (2010); 

Hutchinson et al. (2010); Costelloe et al. (2012)), this offered a compromise between the limitations 

of the layered earth inversion code and minimising the depths over which the down hole resistivities 

were geometrically averaged. BI3 did not contain regolith resistivity information, so a regolith layer 

was included and varied with different thickness and resistivities; guided by the geological logging and 

resistivity measurements from all available Abra drill holes. 

 

Estimates of noise in TEMPEST AEM data are typically calculated from the survey repeat line and high 

altitude data (Green and Lane, 2003) and incorporated in the inversion process. The level of 

confidence in the final inverted solution was assessed from the squared error relative to the assumed 

error in the survey data (𝛷𝐷 misfits) being close to 1, the decay curve fits between the raw data against 

the inversion results for each station, and the realistic representation of the subsurface by the inverse 

model. Following the method by Brodie (2015), 𝛷𝐷  is defined as: 
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𝜱𝑫 =
𝟏

𝑵𝑫
∑ (

𝒅𝒌
𝒐𝒃𝒔−𝒇𝒌(𝒎)

𝒅𝒌
𝒆𝒓𝒓 )

𝟐
𝑵𝑫
𝒌=𝟏     (4.2) 

where 𝛷𝐷 is the data misfit, 𝑑obs is the data, 𝑓(𝒎) is the forward response of the model 𝒎, 𝑑err is the 

expected error, and N is the number of transients 1 to 𝐷, at each of the 𝑘 stations. Solutions which 

resolved the lowest overall 𝛷𝐷 error were used to create a combined final inversion for each of the 

AEM lines. 

 

Presented here is a subset of the completed inversions across Line 1007501; namely 4 different 5-

layered models, and one 59-layered smooth model. These inversions were chosen based on their 

overall low 𝛷𝐷 errors (all less than 10), close fit between the measured AEM survey responses and 

predicted inversion responses, and outputs which produced geologically consistent features of the 

subsurface. In Figure 4.6 the measured AEM data from Line 1007501 is shown against the responses 

calculated from the inverted solutions for the inline (Figure 4.6(a)) and vertical components (Figure 

4.6(b)). The 𝛷𝐷 errors are shown in Figure 4.6(c), and each inversion is shown in Figure 4.6(d)-(h) with 

their accompanying reference models (Figure 4.6(D)-(H)) compared against the equivalent inverted 

solution from three locations along the survey transect (Figure 4.6(d)-(h)). 

 

The five GA-LEI inversions in Figure 4.6 suggest that the inverted data can be modelled using a two-

layered solution with a moderately resistive and variably thick surface layer overlying a more resistive 

basement. The thickness of the surface layer varies between models. The variability between these 

solutions given the chosen reference model parameters, and similar final 𝛷𝐷 errors, illustrates the 

non-uniqueness of a geophysical inversion. The reference models used in each inversion are shown 

against the model output at the site of drill hole BI3, and at 7273500 m, and 7274300 m along the 

survey profile (Figure 4.6(d)-(h), (D)-(H)). There is general agreement between the reference model 

used and the inverted layers (Figure 4.6(D)-(H)). However, the reference models do not restrict the 

solution to only the thickness and resistivities of that model; influenced by the reference model 

weighting parameters assigned within the inversion (in each case this was 3). For example, in Figure 

4.6(F), the inversion produces a result different to that of the reference model for the shallow layers. 

To fit the AEM data this inversion recovers the surface layers with a lower resistivity than that of the 

reference model to ultimately resolve a solution which is similar to the other tested scenarios. 

 

The 𝛷𝐷 errors in Figure 4.6 can be used as a guide to evaluate the reliability of each inversion, but this 

measure of reliability must not be confused with a measure of geological accuracy. Rather, the 𝛷𝐷 
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error is a measure of the algorithm’s ability to fit the measured data, and when it is large, is often 

assumed to be an inaccurate solution of the subsurface physical properties. However, large 𝛷𝐷 errors 

do not mean inverse models need to be unilaterally rejected. A large 𝛷𝐷 error may be calculated 

where the measurements from a complex geological terrain are inverted with an algorithm which is 

unable to account for the variable geology. These complex environments can be identified, in part, 

from their large associated misfit, especially where such results might be expected within the surveyed 

region (discussed further in Chapter 5). Similarly, small 𝛷𝐷 errors may not always indicate an inversion 

is geologically plausible. For example, a low 𝛷𝐷 error can be associated with discontinuous and 

variable model results which may not be representative of the geology (e.g. over fitting the data to 

resolve a sharp resistivity contrast where a fault may not exist). This may be the case at 7274300 m 

along Figure 4.6(d) and Figure 4.6(e) where the inversions have very low misfits, but recover very 

detailed resistivity variations at each 1D station for the layered sedimentary basin. A smoother model 

at the same location (Figure 4.6(h)) has a slightly higher 𝛷𝐷 error, but the modelled resistivities are 

contiguous between each station. 

 

The absence of systematic methods for determining geological accuracy from an inversion (e.g. no 

available drill holes) necessitates the completion of more than one inversion from which to make 

interpretations, and the use of the 𝛷𝐷 error as a general guide on model ‘correctness’. Under these 

assumptions in Figure 4.6(g), the large 𝛷𝐷 errors may suggest that it is the least accurate model, but 

this can only be confirmed where the inaccurately modelled moderately conductive surface layer 

intersects the larger resistivities of the BI3 drill hole. Also, between 7273500 m and 7274000 m, all of 

the inversions appear to be less accurate than the southern and northern ends of each model (Figure 

4.6(c)). However, the similarities across all the inversions allow more general geological conclusions 

to be made. These are: (1) that the surface layer has a resistivity of approximately 100 Ωm with some 

parts of the regolith having larger resistivities; and (2) that this surface layer has a variable thickness 

between approximately 10 m and 100 m. 
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Figure 4.6 1D GA-LEI Inversions of the TEMPEST AEM line 1007501 (Figure 4.1(b)). The AEM response from the 

Capricorn TEMPEST survey, overlain with the predicted responses from each inversion is shown in (a) for the 

inline component and (b) for the vertical component. (c) Plots the associated ФD errors, (d)-(g) are the 

inversions using 5-layered reference models, and (h) is the inversion using a 59-layered reference model. (D)-

(H) Show the reference models (coloured by ‘predicted’ legend colour) used for each inversion shown with 

the inverted solution at 3 locations (1, 2, and 3 coloured black, green, and red, respectively) along the survey 

transect at: 7272800 m (at BI3), 7273500 m and 7274300 m. 
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The 1D AEM inversions (Figure 4.6(d)-(h)) recover the host rocks from the Abra region as mostly 

resistive. Along Line 1007501 the near surface layers of the Kiangi Creek Formation, Irregully 

Formation, and the regolith are inverted with resistivities greater than approximately 100 Ωm. This is 

consistent with the resistive end members of the down hole resistivities shown Figure 4.3. In Figure 

4.3, most of the resistivity measurements from the host rocks are close to approximately 4000 Ωm, 

however the host rock resistivity distributions also have  a tail of resistivities towards conductive 

values. More specifically, the host rocks have geometric means of approximately 675 Ωm and 

1500 Ωm and medians of approximately 1780 Ωm and 1640 Ωm for the Kiangi Creek and Irregully 

Formations, respectively. Minimum measured resistivities are much lower (Kiangi Creek: 3.2 Ωm 

Irregully: 1.4 Ωm) than the main modes, geometric means, and medians. This suggests that larger 

resistivities may be more appropriate for representing the Abra host rocks. Following the results from 

these inversions, the median resistivities of the Kiangi Creek and Irregully Formations were used within 

the Abra resistivity models as a best estimate of the resistive modes for these units.  

 

It is worth noting that these median resistivities are close to one order of magnitude larger than the 

approximately 200 m thick 100 Ωm surface layer recovered in Figure 4.6. This layer represents the 

resistivity variations of the regolith and shallowest parts of the underlying Kiangi Creek Formation. 

This discrepancy may be associated with a number of possibilities. Either, the regolith and shallow 

Kiangi Creek sediments are more conductive than the underlying host sediments of both the older 

Kiangi Creek and Irregully Formations, the regolith may form a variably thick and moderately 

conductive layer which is being recovered by the inversion, or EM techniques may not be a good 

discriminator of resistive magnitude when resistivities are high or where high resistivities underlie a 

potentially less resistive regolith.  

 

4.3.3 Determining the regolith resistivity: 1D forward models 

The resistivity of the regolith at Abra was further investigated through the comparison of numerous 

single-station forward model scenarios with the actual AEM responses from Line 1007501. Where Line 

1007501 overflies the BI3 drill hole location, down hole resistivities are available from the host rocks 

outside of the mineralised region, but there are no resistivity measurements of the regolith. 

Measurements of the regolith resistivity are available from the 6 other drill holes within the Abra 

region. The regolith down hole resistivities from these other available drill holes at Abra have a 

distribution with two visually obvious modes (Figure 4.3) across a broad range. The conductive mode 

is associated with a consistent decrease in the down hole resistivities at approximately 50 m below 
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the surface in the Abra drill holes (Chapter 3). There is no available logging information geologically 

describing a consistent change in the type of weathering at approximately 50 m below the surface 

which may be consistent with this resistivity variation. In addition, the previously presented inversions 

(Figure 4.6) indicate that the near surface may be consistent with a regolith resistivity much greater 

than 1 Ωm. So, it is possible these discrete resistivity variations are due to shallow down hole 

acquisition inaccuracies. To test this and estimate the likely regolith resistivity over the Abra deposit, 

numerous 1D single-station forward model responses were calculated and compared with the 

measured TEMPEST AEM responses from Line 1007501. 

 

The single-station TEMPEST AEM responses were calculated using the Airbeo code (Raiche, 1999) for 

a number of forward models with different regolith resistivities. These models included 5-layers; a 

regolith layer overlying four host rock layers. The number of host rock layers and layer thicknesses 

were based on the intersected geology in BI3 which crosses Line 1007501. Similar to the inversion 

reference model methods, the resistivities of the host rocks were summarised from two different 

datasets: (1) the resistivities were summarised from all of the down hole resistivity measurements 

within the Abra region, and (2) the resistivities were summarised from the BI3 down hole resistivities. 

From each of these datasets, the host rock resistivities were summarised with different upscaling 

methods. The down hole resistivities from BI3 only (Table 4.2) and all of the available drill holes (Table 

4.3) were discretised using geometric mean, median and minimum resistivities for each layer. The 

resistivities of the overburden included four scenarios, a: (1) conductive regolith of 0.1 Ωm which was 

based on the minimum measured down hole Abra regolith resistivity, (2) moderately conductive cover 

with a resistivity of 10 Ωm which is common across the Capricorn Orogen, (3) moderately resistive 

100 Ωm scenario which was based on the resistive mode of the measured down hole Abra regolith 

resistivities, and a resistive regolith/no cover scenario which used the underlying Kiangi Creek 

Sandstone median resistivity as the regolith resistivity (Table 4.2 and Table 4.3). The regolith thickness 

was based on the maximum logged regolith thickness in the Abra region: 60 m. 
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Table 4.2 Airbeo layer values used within the forward TEMPEST AEM responses shown in Figure 4.3 (solid 

lines), compiled from the BI3 down hole resistivity measurements. 

BI3 Lithology Thickness G. Mean Median Minimum 

  (m)  (Ωm)  

L1 Cover 48.6 ρ1-3 = 0.1 – 10 – 100 – L2 

L2 Sandstones/Siltstones 315.75 836.35 966.85 18.8 

L3 Conglomerates 1.5 1317.66 4220.35 1224 

L4 Sandstones/Siltstones 81 1224.3 1547.6 19.7 

L5 Sandstones/Siltstones Basement 7065.74 7743.1 608.2 

(Distinct resistivity change observed in the BI3 down 
hole measurements and has been separated into L4 
and L5 for modelling, however geological logs record 
L4 and L5 as the same unit) 

   

 

Table 4.3 Airbeo layer values used within the forward calculations shown in Figure 4.3 (dashed lines) compiled 

from all down hole resistivity measurements at Abra. Forward TEMPEST AEM calculations from layers using 

these values were used to compare with the TEMPEST AEM responses for models using values shown in Table 

4.2. 

All DH’s Lithology Thickness G. Mean Median Minimum 

  (m)  (Ωm)  

L1 Cover 48.6 ρ1-3 = 0.1 – 10 – 100 – L2 

L2 Sandstones/Siltstones 315.75 1483.51 1762.6 1 

L3 Conglomerates 1.5 1502.15 1779.4 5.4 

L4 = L5 Sandstones/Siltstones Basement 483.51 1762.6 1 

 

In Figure 4.7, the forward responses from the single-station Airbeo calculations are presented. Where 

minimum resistivities are used for each host rock layer this is plotted with triangle point markers, for 

the models which use a geometric mean for each layer resistivity, this is plotted with square point 

markers, and for models using median resistivities, this is shown with circle point markers. Where the 

overburden is highly conductive (0.1 Ωm) the responses are shown in red, where it is 10 Ωm the 

responses are shown in yellow, where the cover is 100 Ωm the responses are shown in green, and 

where the cover has the same resistivity as the underlying host rocks the responses are shown in blue. 

The comparison responses built with the same number of layers but resistivities summarised from all 

available resistivity measurements (Table 4.3) across the Abra region are plotted with dashed lines; 

solid lines are used for the calculated responses from models which use the BI3 down hole resistivities 
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only. The black lines in Figure 4.7 represent the actual Capricorn Orogen TEMPEST AEM survey 

responses from Line 1007501 at the location of BI3. 

 

 

Figure 4.7 Comparison between the TEMPEST AEM survey responses from line 1007501 closest to the BI3 drill 

hole location (black) with the Airbeo 1D forward model responses with varying model layer resistivities shown 

in Table 4.2 (solid lines) and Table 4.3 (dashed lines) for (a) the inline component responses and (b) the vertical 

component responses. 

 

A number of key points can be made from the responses in Figure 4.7. First, the single-station forward 

model responses have slower decays where the subsurface is conductive, and faster decays where the 

subsurface is more resistive (Figure 4.7, compare triangle points with square and circle points). 

Second, the modelled responses are similar to the measured field data where geometric mean and 

median host rock resistivities are used; this is consistent with the results shown by the 1D AEM GA-

LEI inversions of Line 1007501. Third, the calculated AEM decays over models using minimum layer 

resistivities do not fit the measured responses from the host rocks, instead they have much slower 

decays which indicate that median or mean resistivities are appropriate for representing the 

resistivities of the host rocks. 

 

The BI3 model resistivities, which are comparable to the resistivities from all of the available Abra host 

rock resistivities, have very different responses where minimum resistivities are used (Figure 4.7, 

triangle points). In contrast, the responses from each of these model datasets (i.e. all Abra resistivities 

shown by dashed lines vs BI3 only resistivities shown by solid lines in Figure 4.7) which use geometric 

mean and median resistivities (Figure 4.7, circle and square points) have similar decays. The minimum 

resistivities from all of the Abra region drill holes are one to two orders of magnitude less than the 
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minimum resistivities measured along BI3 through the same logged geology (Table 4.2 and Table 4.3), 

consequently, the comparable decays are much slower for minimum layer resistivities based on all of 

the Abra region drill holes. The geometric mean and medians values from each tested dataset are 

similar and the TEMPEST AEM responses from the use of either dataset have similar amplitudes and 

rates of decay; both of which have similar AEM responses to the measured TEMPEST survey data 

(Figure 4.7, black lines).  

 

The single-station forward model scenarios indicate that the Abra regolith most likely has a resistivity 

of approximately 100 Ωm. Where 100 Ωm regolith is present (Figure 4.7, green), the calculated 

responses are close to the measured data (Figure 4.7, black) when both mean and median lithology 

resistivities are used. For conductive (1 Ωm) and moderately conductive (10 Ωm) regolith scenarios, 

the responses have very slow decays which are dissimilar to the measured TEMPEST AEM survey data 

(Figure 4.7, red decays). For these scenarios the AEM signal is contained within the conductive regolith 

and does not pass through the deeper subsurface (Figure 4.7, black). Where the cover sequence has 

the same resistivity as the underlying host rocks (i.e. no cover scenarios, Figure 4.7, blue), the 

responses are faster than the actual TEMPEST survey data (Figure 4.7, blue). The exception to this is 

where minimum lithology resistivities are used because the responses have very slow decays 

associated with the conductive cover. 

 

4.3.4 Final Abra resistivity model summary 

The final Abra resistivity model was populated with both minimum and median resistivities for 

different lithologies. The 1D AEM inversions of Line 1007501 recover the Abra regolith and host rocks 

as moderately to largely resistive. Minimum resistivities used within the single-station responses over 

drill hole BI3 appear to underestimate the overall resistivity of these resistive units. The measured 

range of minimum resistivities (Figure 4.3) for the host rocks are likely associated with conductive 

siltstone and clay components of these lithologies, or potentially diffuse alteration halos near the 

boundary of the Abra mineralisation with the host rocks. These rocks are comparatively conductive 

and are unrepresentative of the overall AEM host rock resistivities. Consequently, in the final Abra 

resistivity model the resistivities for the unmineralised host lithologies were obtained from the median 

approximating the mode of the host rock lithologies (Table 4.1). In addition, the moderately resistive 

mode for the regolith (100 Ωm) was used to represent the regolith resistivity over the Abra deposit. 

The ore lithologies were modelled with both geometric mean and minimum resistivities in two 

separate modelling scenarios. 
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4.4 2.5D AEM response over Abra and outer alteration halos 

In this section the 2.5D TEMPEST AEM response from the synthetic Abra models are discussed. In 

addition, the 2.5D TEMPEST AEM responses for each individual ore lithology are also summarised. In 

this section we refer to the synthetic Abra models where the ore lithologies are populated with 

geometric mean resistivities as mean models, and the Abra models where the ore lithologies are 

populated with minimum resistivities as minimum models.  

 

4.4.1 Abra AEM response 

The calculated TEMPEST AEM responses over the mean and minimum Abra resistivity models are 

presented in Figure 4.8. The mean model responses are shown on the left (Figure 4.8(a), (c)) and the 

minimum model responses are shown on the right (Figure 4.8(b), (d)), with the inline component 

responses shown in Figure 4.8(a)-(b) and the vertical component responses shown in Figure 4.8(c)-(d). 

The location of the mineralised lithologies are shaded in yellow, and a schematic diagram of the 

underlying resistivity model is shown.  

 

Annetts et al. (2000) discuss the amplitude and shape of calculated TEMPEST AEM responses across 

different vertical contact models. Their results can be used to understand the calculated AEM 

responses over Abra. They noted that a peak inline component response is seen over vertical 

boundaries between conductance contrasts, while vertical component responses often have a vertical 

asymptote over a vertical boundary with an elevated peak located over conductive regions. Annetts 

et al. (2000) also showed that the presence of negative responses is related to the direction of current 

flow through a feature, associated with the flight direction of a tow-bird AEM system (i.e. offset 

between the transmitter and receiver coils) across conductance contrasts. Similar features associated 

with the resistivity changes across the Abra models can be identified. 

 

The AEM responses over both the mean and minimum Abra models (Figure 4.8) have broad peaks 

over the main ore body in the mid- to late- decay times (between 0.067 ms to 0.107 ms). Between 

- 1000 m to 0 m the TEMPEST AEM system measures a gradually increasing amplitude response in 

both components as the system approaches the thickest part of the main ore zone (Figure 4.8, -200 

m). As the TEMPEST system exits the main ore body between 0 m to 600 m, the inline component has 

a negative peak across the boundary between the ore body and thin resistive zone (particularly 
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notable at 200 m in the minimum model Figure 4.8(b)), before a minor increase in amplitude is seen 

as the AEM system exits the mineralised region (600 m to 1000 m). A high amplitude peak is not seen 

directly over the smaller and offset ore body between 280 m-560 m in both the mean and minimum 

models (Figure 4.8(a), (b)). The depth of this minor ore body at approximately 440 m below the surface 

and its discrete shape make it too deep and small for the TEMPEST AEM system to measure a large 

amplitude response.  

 

 

Figure 4.8 The calculated 2.5D TEMPEST AEM responses over the 240 m deep Abra deposit overlain by 60 m 

thick cover with 100 Ωm resistivity. Where the ore lithologies within the deposit were populated with 

geometric mean resistivities this is shown on the left, and minimum resistivities this is shown on the right, for 

the (a)-(b) inline components and (c)-(d) vertical components. Shaded regions discriminate the location of the 

mineralised lithologies from Figure 4.5 (shown above (a) and (b)). 

 

While the mean and minimum models have similar peak shapes in their responses across the Abra 

deposit, their relative AEM responses measure different amplitudes for the same decay times. As 
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would be expected, the amplitude of the minimum resistivity model is greater than that of the mean 

model responses. An AEM signal has a comparatively slower decay within highly conductive lithologies 

which also prevents the AEM signal from penetrating through the thickest and most conductive parts 

of the deposit. This reduces the depth of penetration of the signal and contributes to large amplitude 

responses over the main ore body at all decay times. 

 

For the vertical component responses over the Abra model (Figure 4.8(c)-(d)), the minimum and mean 

resistivity model responses have a single high amplitude peak. Annetts et al., (2000) have shown that 

the AEM current across vertical contacts between resistors and conductors concentrates along 

conductive edges and within conductive units. This results in the super-positioning of the AEM 

response at all decay times as an elevated peak over conductive lithologies. Consequently, the thin 

resistor (200 m to 280 m along the transect) in these Abra models is obscured in the vertical 

component as the response is dominated by the signal from the most conductive ore lithologies. 

 

4.4.2 Abra ore lithologies 

The AEM responses from each of the individual Abra alteration and ore zones defines the contribution 

each lithology has to the overall Abra TEMPEST AEM response. Here the 2.5D TEMPEST AEM responses 

over each Abra ore lithology have been calculated and compared with the 2.5D TEMPEST AEM 

responses from the Abra deposit model, and the results are shown in Figure 4.9 for selected decay 

times (circle point markers: 0.280 ms, dashed lines: 0.453 ms, solid lines: 1.733 ms, triangle point 

markers: 16.20 ms ). Similarly to the Abra synthetic models, each ore lithology model included a 

regolith layer of 60 m thick and a resistivity of 100 Ωm, and comparisons were made for both 

geometric mean (Figure 4.9(a), (d)) and minimum (Figure 4.9(b), (c), (e), (f)) ore resistivity values. 

These ore zones include the: Red Beds (Figure 4.9 red lines), Black Beds(Figure 4.9 black lines), 

Dolomite Beds (Figure 4.9 yellow lines), Chlorite Alteration Zone (Figure 4.9 green lines), and 

Hydrothermal Stringer Zone (Figure 4.9 blue lines). For ease of visualisation, the minimum ore model 

responses in Figure 4.9 have been separated into two plots for both the inline and vertical 

components. 

 

The AEM response over a minimum Abra model is dominated by the contributions from the 

conductive Red Beds, Black Beds and to a lesser extent the thick Chlorite Alteration Zone (Figure 4.9(b), 

(c), (e), (f)). The thin Dolomite Beds and Hydrothermal Stringer Zone are the least significant as they 
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have very low amplitude responses associated with their depths and thicknesses, even though they 

form highly conductive components of the Abra lithologies (Figure 4.9). The amplitude of the 

minimum Abra model AEM responses are also primarily controlled by the depth and thicknesses of 

each of Red Bed, Black Bed and Chlorite Alteration ore zones, rather than their resistivities. This is 

because the resistivity values of each ore lithology in the minimum ore models are comparable to each 

other (Table 4.1). For example, the shape of the inline and vertical component responses from the 

minimum Chlorite Alteration Zone are similar to the Red and Black Beds, however, the magnitude of 

the response is less due to its much greater depth (Figure 4.9(b), (c), (e), (f)). In contrast, the Red Beds 

are the shallowest lithology and have a TEMPEST AEM response with similar peaks and troughs to the 

entire Abra ore model at 0.28 ms, and 0.453 ms (Figure 4.9(b), (c), (e), (f)). With depth and increasing 

decay time, the AEM signal passes through the Red Beds and detects the deeper lithologies of the 

Black Beds and Chlorite Alteration Zone. We see this most clearly at 16.20 ms where the amplitude of 

the Black Beds AEM response is larger than the Red Beds AEM response. This suggests that the 

magnitude of the late decay time Abra model responses are primarily associated with the deeper Black 

Beds and Chlorite Alteration Zone. 

 

In contrast to the minimum resistivity models, the mean Abra model responses are mostly associated 

with the responses from the Red Beds and Black Beds, with only minor contributions associated with 

the other alteration zones. In addition, unlike the minimum resistivity model responses, the mean 

Abra model responses are controlled in a large part by the resistivity of each ore zone. The Red Bed 

mean model response (Figure 4.9(a), (d), red lines) has a broad low amplitude anomaly over the main 

ore body in both components, and for the same decay times, the Black Beds have comparably larger 

amplitude responses across the main ore zone due to it having a mean resistivity of approximately 

one order of magnitude less than the Red Beds (Figure 4.9(a), (d), black lines). Within the minor ore 

offset, however, the Red and Black Beds are too deep and thin for the AEM system to measure an 

associated peak anomaly as they otherwise would for minimum resistivity values (Figure 4.9(a), black 

and red lines). The AEM response from the Chlorite Alteration Zone mean model is very small 

compared to the Red and Black Beds (Figure 4.9(a), (d), green lines) despite it forming the thickest 

part of the Abra mineralisation. This is because the Chlorite Alteration Zone has the largest mean 

resistivity compared to all of the other mineralised zones (Table 4.1) and is located in the deepest 

parts of the deposit, (from 340 m below the surface) making it difficult to detect with a TEMPEST AEM 

system.  
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The Dolomite Beds and the Hydrothermal Stringer Zone form the narrowest layers within the banded 

Abra ore zone and have an almost negligible calculated AEM response in both the mean and minimum 

Abra models. This is associated with the Dolomite Beds depth, thickness, moderately conductive 

mean, and its minimum resistivity which is one order of magnitude greater than the other ore zones. 

The Hydrothermal Stringer Zone also has an almost negligible response with a minor asymptotic shape 

(Figure 4.9(b), blue lines) associated with the transitions between proximal resistor-conductor-resistor 

boundaries over the narrow width of the Hydrothermal Stringer Zone ore body. Despite the 

Hydrothermal Stringer Zone having a comparable minimum and mean resistivity to the Red Beds and 

Chlorite Alteration Zone, its low amplitude response is primarily associated with its large depth and 

discrete shape. 
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Figure 4.9 The TEMPEST AEM response at different times (at 0.28 ms, 0.453 ms, 1.733 ms, and 16.20 ms) from different resistivity models. These models include the: Abra 

model located at 240 m below the surface (grey lines), Red Beds (red lines), Black Beds (black lines), Dolomite Beds (yellow lines), Chlorite Alteration Zone (green lines), 

and Hydrothermal Stringer Zone (blue lines).  
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4.4.3 AEM noise 

In a real survey scenario, noise associated with the acquisition of an AEM survey often obscures the 

late-time responses. Figure 4.10 shows the vertical component decays from the Abra resistivity model 

for three locations along the forward model transects at: -450 m, -100 m and 500 m. For these 

locations, the minimum model decays are shown in Figure 4.10 (a)-(c) and the mean model decays are 

shown in Figure 4.10(d)-(f). The Figure 4.10 decays show the AEM response from the deposit along 

the: thin edge of the main ore body at -500 m (Figure 4.10(a), (d)), the thickest central part of the ore 

at -100 m (Figure 4.10(b), (e)), and the minor and deeper ore zone at 500 m (Figure 4.10(c), (f)). The 

multiplicative and additive Capricorn noise, calculated from repeat line and high altitude data 

following Green and Lane (2003) is shown as a grey shaded zone and a shaded range for each decay, 

respectively. 

 

Overall, the decays over the minimum models have a larger amplitude than the AEM system’s noise 

floor compared to the mean model decays (Figure 4.10). However, the minimum model responses in 

the last two to three decay times at 500 m along the transect (Figure 4.10(c)), which are associated 

with the deep minor ore zone, appear to be the only responses which fall below the multiplicative 

noise floor, and have wider additive noise ranges. In contrast, the mean models have much faster 

decays, and the last five to ten decay times fall below the TEMPEST AEM systems noise floor (Figure 

4.10(d)-(f)). 

 

 

Figure 4.10 Vertical component decays over the Abra (blue) minimum (a)-(c) and mean (d)-(f) models at (a), 

(d) -500 m, (b), (e) -100 m, and (c), (f) 500 m along the transect in Figure 4.5. 
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The late decay times are typically associated with deeper parts of the subsurface, and it becomes 

particularly difficult to detect and interpret features where the amplitude of this late-time data is 

below the AEM system noise floor. Where a geological terrain is more conductive, however, later 

decays have amplitudes above the AEM system noise floor, but their depth of penetration is limited 

by the conductance of the subsurface. This might suggest that where a base-metal deposit within the 

Capricorn Orogen has a range of resistivities similar to the mean Abra model, its TEMPEST AEM 

response is unlikely to have a magnitude above the TEMPESY AEM system noise which might be 

interpreted as a response from conductive mineralisation, especially where the deposit is overlain by 

conductive cover (i.e. where overburden blanking (Nabighian and Macnae, 1991) becomes a problem). 

Where a deposit is highly conductive, similar to the minimum Abra resistivity model, the Capricorn 

TEMPEST AEM survey is likely to detect a notable response associated with mineralisation which can 

be identified above the TEMPEST AEM system noise floor, however, the AEM signal is unlikely to pass 

through the full thickness of the 350 m thick mineralisation located at 240 m below the surface. 

 

4.5 Detection of base-metal deposits in the Capricorn Orogen 

4.5.1 Ore detection with a TEMPEST AEM system 

The detection of a conductivity anomaly depends on a number of factors, some of which include the 

size of the target and its resistivity, the subsurface conductance contrasts, survey line-spacing, and 

presence of cover. The results from numerically modelling different resistivity models of the Abra 

mineralisation can be used to understand how some of these aspects, specifically thickness, resistivity, 

and depth, can influence the nature of a TEMPEST AEM anomaly, which may be associated with 

conductive base-metal mineralisation. 
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Table 4.4 Data for the different modelled ore zones from the Abra ore deposit. The decay times in which the different ore bodies are detected are shown, where 1-15 

refers to the 15 TEMPEST decay times between 0.013 ms to 16.2 ms. A logarithmic RMS error is shown which evaluates the amplitude of the associated AEM response 

compared with the response of the Abra host rocks. This was used to evaluate the likelihood that an ore body similar to the Abra deposit, and with either mean or 

minimum ore resistivities could be detected with a TEMPEST AEM system, where: both component errors <1 = Unlikely, 1 component error ≥1 = Maybe, both component 

errors ≥1 = Yes. Where the depth is marked with *, this indicates the parameters associated with the responses over the deep minor ore zone of the Abra deposit where 

the AEM response includes the contribution of the overall deposit in addition to this minor deep ore body. 

Lithology Depth 
(m) 

Resistivity 
(Ωm) 

Maximum 
Thickness 

(m) 

Maximum 
Width (m) 

Cover 
Thickness 

(m) 

Cover 
Resistivity 

(Ωm) 

Detected in which 
decay times? 

Log RMS Response 
Ratios 

Is this ore body 
detectable? 

Abra 240 
Mean 

400 800 

60 100 

X:3-6, Z:4-9 X:0.1, Z:0.3 Unlikely 

440* 140 280 X:Not detected, Z:5-8 X:Not detected, Z:0.1 Unlikely 

240 

Minimum 

400 800 X:3-14, Z:4-15 X:3.5, Z:2.7 Yes 

440* 140 280 X:4-5, Z:5-12 X:Not detected, Z:1.0 Maybe; in the Z 
component 

Red Beds 240 

150.39 

60 720 

60 100 

X:4-5, Z:4-8 X:Not detected, Z:0.1 Unlikely 

440* 60 280 X:Not detected, Z:5-8 X:Not detected, 
Z:Not detected 

Unlikely 

240 

0.6 

60 720 X:3-12, Z:3-15 X:2.8, Z:2.2 Yes 

440* 60 280 X:Not detected,  
Z:5-10 

 

X:Not detected, Z:0.5 Unlikely 
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Lithology Depth 
(m) 

Resistivity 
(Ωm) 

Maximum 
Thickness 

(m) 

Maximum 
Width (m) 

Cover 
Thickness 

(m) 

Cover 
Resistivity 

(Ωm) 

Detected in which 
decay times? 

Log RMS Response 
Ratios 

Is this ore body 
detectable? 

Black Beds 300 

11.16 

40 640 

60 100 

X:4-6, Z:4-9 X:0.1, Z:0.2 Unlikely 

520* 20 120 X:Not detected, Z:5-8 X:Not detected, 
Z:Not detected 

Unlikely 

300 
0.1 

40 640 X:4-12, Z:4-15 X:2.8, Z:2.5 Yes 

520* 20 120 X:5, Z:5-10 X:Not detected, Z:0.2 Unlikely 

Dolomite 
Beds 

300 

85.76 

20 280 

60 100 

X:5, Z:5-8 X:Not detected, Z:0.0 Unlikely 

500* 40 200 X:Not detected, Z:6-8 X:Not detected, 
Z:Not detected 

Unlikely 

300 

1.2 

20 280 X:4-6, Z:4-9 X:0.1, Z:0.3 Unlikely 

500* 40 200 X:5, Z:5-9 X: Not detected, 
Z:0.2 

Unlikely 

Chlorite 
alteration 

zone 

340 

281 

180 760 

60 100 

X:5, Z:5-8 X:Not detected, 
Z:Not detected 

Unlikely 

540* 60 160 X:Not detected, Z:6-8 X:Not detected, 
Z:Not detected  

Unlikely 

340 

0.6 

180 760 X:4-6, Z:4-15 X:0.1, Z:2.1 Maybe; in the Z 
component 

540* 60 160 X:5, Z:5-9 X:Not detected, Z:0.3 Unlikely 
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Lithology Depth 
(m) 

Resistivity 
(Ωm) 

Maximum 
Thickness 

(m) 

Maximum 
Width (m) 

Cover 
Thickness 

(m) 

Cover 
Resistivity 

(Ωm) 

Detected in 
which decay 

times? 

Log RMS 
Response Ratios 

Is this ore body 
detectable? 

Hydrothermal 
Stringer Zone 

520 
159.6 

60 120 

60 100 

X:Not detected, 
Z: 8 

X:Not detected, 
Z:Not detected 

Unlikely 

520 
0.7 

60 120 X:5, Z:6-8 X: Not detected, 
Z: Not detected  

Unlikely 
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For each of the tested ore and Abra models their underlying data are summarised in Table 4.4. This 

includes the maximum thickness, resistivity, depth and width of the ore zones, and the thickness and 

resistivity of the overlying cover. Also tabulated for each model are the decay times where the largest 

magnitude response is first detected above the Capricorn AEM multiplicative noise levels for each 

model scenario. For the inline component this includes all responses greater than 0.0601, and for the 

vertical component this includes all responses greater than 0.0326. The ratio between the maximum 

magnitude for each decay above the system noise and the equivalent background response (i.e. the 

AEM response from the host rocks and relative cover scenarios) were used to calculate a logarithmic 

RMS error. This was used as a relative comparison between each response to qualitatively predict 

whether the main ore zone within each model was distinguishable from the responses of the 

surrounding host rocks. This equation has the form: 

𝑹𝑴𝑺𝒍𝒐𝒈 = 𝒍𝒐𝒈𝟏𝟎

√(
𝒐𝒓𝒆𝒕𝟏

𝒃𝒂𝒄𝒌𝒈𝒓𝒐𝒖𝒏𝒅𝒕𝟏
)

𝟐

+(
𝒐𝒓𝒆𝒕𝟐

𝒃𝒂𝒄𝒌𝒈𝒓𝒐𝒖𝒏𝒅𝒕𝟐
)

𝟐

+⋯+( 
𝒐𝒓𝒆𝒕𝒏

𝒃𝒂𝒄𝒌𝒈𝒓𝒐𝒖𝒏𝒅𝒕𝒏
)

𝟐

𝒏
   (4.3) 

where 𝑜𝑟𝑒𝑡𝑛
 is the maximum AEM response over the main ore zone for each decay time 𝑡𝑛; the 

amplitude of the 𝑜𝑟𝑒𝑡𝑛
 response must be greater than the associated component error (either inline 

or vertical component) to be considered a detectable response. The 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝑡𝑛
 variable is the 

equivalent background AEM response from a model without ore lithologies (i.e. a model including only 

the relevant regolith and Kiangi Creek and Irregully Formations) for the same times (𝑡𝑛). Where the 

𝑜𝑟𝑒𝑡𝑛
/𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝑡𝑛

 ratios were greater than or equal to 1.01 they were used in equation (4.3) for 

the purposes of removing very minor early time model response discrepancies between similar host 

rock responses from the Abra ore models and the host rock responses from the comparison 

background models; allowing for reasonable estimates of the decay times at which each of the Abra 

ore lithologies are first detected. 

 

The logarithmic RMS values from the responses over the mineralised regions of the Abra deposit are 

shown in Table 4.4. In Table 4.4, a calculated logarithmic error close to 0 indicates that the magnitude 

of an AEM response is close to that of the host rocks, and therefore unlikely to be detectable with a 

TEMPEST AEM system. With larger RMS values the magnitude of the response is exponentially larger 

than the host rocks and therefore more easily detected with a TEMPEST AEM system. 

 

The results from Table 4.4 can be used as a reference table to estimate the limits of detecting an Abra 

style base-metal deposit above the TEMPEST AEM system noise floor for different resistivity, thickness 

and depth conditions. For an Abra deposit with mean resistivities, it is unlikely that a TEMPEST AEM 
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system similar to the Capricorn survey will measure a high amplitude response associated with 

mineralisation where it is located at 240 m below the surface (Table 4.4). This might suggest that a 

depth of 240 m represents a limit of detection where mineralisation with geometric mean Abra-style 

resistivities may remain undetected with a TEMPEST AEM system. 

 

An Abra deposit with minimum resistivities can be detected with a Capricorn TEMPEST AEM system 

setup. The TEMPEST AEM response from a minimum Abra model has a high amplitude response 

approximately two to three times greater than the host rocks (measured between 0.013 ms and 

1.120 ms). If minimum resistivities accurately upscale the resistivity of mineralised lithologies, this 

suggests the AEM response from the combined resistivity contribution of the Abra ore lithologies is 

significant enough to be identified above the responses from the Edmund basin host rocks and 

regolith. 

 

For altered or mineralised regions which have a low resistivity contrast with their host rocks, their 

AEM responses are unlikely to dominate or form a significant component of an AEM response (Table 

4.4). This is the case for the mean resistivity ore models, which are too thin, too discrete, too deep or 

a combination of all these parameters and therefore remain undetected below the Abra overburden. 

Where these altered or mineralised regions are highly conductive, they can be detected where they 

are close to the surface. A region similar to both the Red Beds and Black Beds can be detected with 

responses two times larger than the combined response from the Abra region host rocks and regolith 

in both components. These zones are relatively thin (between 40 m to 60 m), have large widths 

(between 640 m to 720 m wide), have very low resistivities (between 0.1 Ωm to 0.6 Ωm), and are 

relatively deep (between 240 m to 300 m). While these large depths increase the decay time in which 

the Red and Black Beds are detected, their very low resistivities contribute to large and broad 

magnitude AEM responses. The minimum resistivity of the Chlorite Alteration Zone also has a 

response in similar decay times to the Red and Black Beds (Table 4.4); it has a similar width (760 m) 

and resistivity (0.6 Ωm) to the Red Beds and Black Beds, but is much thicker (180 m) and deeper 

(340 m). Even though this zone is much thicker and has a low resistivity, the amplitude of the response 

is reduced due to its depth, particularly in the inline component (Table 4.4). 
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4.5.2 Understanding the subsurface through synthetic modelling 

The AEM anomaly associated with a conductive target is numerically dependent on the targets 

thickness, depth and resistivity, and conductance of overlying cover. Mean and minimum resistivity 

models have an associated AEM response with different amplitudes measured within different decay 

times for the same conductive target. Therefore, where resistivities are incorrectly upscaled for a 

target with unknown depth or thickness, its geometry and depth will be inaccurately predicted with 

synthetic modelling methods. This was shown where incorrectly summarised minimum resistivities of 

the Kiangi Creek and Irregully Formations and Abra regolith had AEM decays dissimilar to the actual 

Capricorn survey responses (Figure 4.7), and were more conductive than 1D GA-LEI inversions of these 

lithologies (Figure 4.6). Where synthetic modelling is employed to better understand interpreted 

features within measured survey responses, incorrect model parameters can result in incorrect 

predictions about the thicknesses, depths, and widths of prospective and conductive units and 

regolith. 

 

The 1D GA-LEI inversions and single-station model responses compared with the actual survey data 

along Line 1007501 indicate that the Abra host rocks are best summarised with mean or median 

resistivities beneath a 100 Ωm regolith layer (Figures 5, 6). The Kiangi Creek and Irregully Formations 

have a wide range of resistivities (Figure 4.3) due to their heterogeneous bedded composition of 

siltstones, sandstones and conglomerates. Heterogeneous units such as these, which may also include 

mineralised lithologies characterised by varying degrees of resistive and conductive minerals (i.e. 

resistive quartz and carbonate veins, or intense alteration in addition to conductive sulphide 

mineralisation) are more complex. This could be because heterogeneous and resistive lithologies may 

contain far fewer conductive zones or interconnected pathways (Fitzpatrick, 2006) and as such an 

average or median resistivity may be more representative of the bulk rock resistivity. These lithologies 

may be best upscaled through the application of available AEM inversions, through the use of more 

resistive values, or through the use of additional model layers to create a more realistic/complex 

resistivity model which is representative of the bedded host rocks. 

 

It must be noted that these conclusions are based on summarising the set of measurements from a 

single drill hole for comparison with the larger scale 1007501 survey line, in conjunction with the down 

hole resistivity measurements from a total of only seven available Abra drill holes. The responses from 

an AEM survey encompass the resistivity variations from a larger spatial region than a single drill hole 

locality, up to approximately 80 m (for conductive bodies at the surface) from a survey line (Figure 
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4.2). Summarising resistivity measurements from a cluster of drill holes along and near an AEM survey 

may improve the resistivity interpretations of different lithologies within a targeted region. Additional 

drill holes which sample the barren basin lithologies outside of a mineralised region will also provide 

resistivities which may better represent the host rocks. Sampling which is targeted at definitively 

determining the resistivities of the non-ore geology, in conjunction with detailed logging or 

geochemistry of the sampled lithologies (i.e. targeting regions where the host rocks are not distally 

altered) may improve the calibration of AEM models and inversions within unmineralised regions. 

With improved geological discrimination of different lithologies, a more detailed representation of the 

geological contributions to the measured down hole resistivities can be achieved. 

 

4.5.3 Resistivity variations of the Abra deposit 

McInerney's et al. (1994) SIROTEM survey showed a broad elevated anomaly over the Abra deposit 

which detected conductive mineralisation as early as the second decay time and high amplitude 

responses within the mid- to late- decays of the data. McInerney et al. (1994) expected the response 

from Abra to have a large magnitude within the early decay times and suggested this was not the case 

because there is a low percentage of conductive minerals within the Abra high-grade ore zones, and 

that the mineralised units are relatively homogeneous. The resistivity variations across each lithology 

in Figure 4.3 show that the mineralised ore lithologies are resistively heterogeneous and contain high 

percentages of conductive minerals and/or interconnectivity of conductive components, in addition 

to resistive regions dominated by gangue minerals. The down hole resistivities of the Black Beds are 

also an example of the highly conductive mineralisation which characterises the Abra deposit. The 

Black Beds have a resistivity distribution with a conductive mode of 6 Ωm (Figure 4.3) which is due to 

the mostly conductive banded sulphide components which comprise the Black Bed zone. While this 

unit may be the most homogeneous (i.e. its resistivity distribution approaches a unimodal 

distribution), the connectivity of banded conductive minerals makes it the most conductive ore 

lithology and one of the main contributing lithologies to the Abra AEM response, shown by the 

forward modelling examples presented in this paper (Figure 4.8, Figure 4.9). 

 

Given the very conductive components that are present within each of the ore lithologies, the large 

range across the ore resistivities, and likelihood that the bulk rock resistivity of conductive ore 

lithologies may best represented by minimum resistivities as suggested by Fitzpatrick (2006), the 

recorded low-amplitudes shown by McInerney et al., (1994) are likely associated with other factors. A 

broad low amplitude anomaly similar to that seen by McInerney et al. (1994) is likely associated with 
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the depth of the mineralisation below the surface and the presence of the 100 Ωm resistive regolith 

which masks the amplitude of the EM response from Abra. 

 

4.6 Conclusions 

This study presents the first resistivity model of the main Abra orebody compiled from publicly 

available data. Abra is a conservative case study where the mineralisation is sub-horizontal and 

overlain by moderately resistive cover. These features make it easily detectable with an AEM survey 

compared to deposits where the mineralisation forms a more complex geometry or regions which 

may be overlain by regolith with a resistivity much less than 100 Ωm. Since there are no available 

TEMPEST survey lines which cross the known mineral deposits within the Capricorn Orogen, a 

reasonable approximation of the subsurface resistivity variations at Abra were upscaled using 

minimum resistivities. 

 

Fitzpatrick (2006) showed that minimum resistivity measurements may best represent the bulk rock 

resistivities sampled by a larger scale EM survey. For conductive lithologies there are likely to be many 

conductive regions and interconnected pathways, albeit widely spaced, which contribute to the 

overall high amplitude AEM response at the scale of an AEM survey. When acquiring hand sample 

measurements, samples which also contain these conductive pathways will be more representative 

of conductive ‘paths of least resistance’. However, upscaling resistivity measurements from 

subsurface lithologies is complex and using mean or minimum resistivities may oversimplify the 

subsurface resistivity variations of heterogeneous, or barren lithologies such as the Kiangi Creek and 

Irregully Formations which host the Abra deposit. This may suggest that small-scale resistivity 

measurements need to be coupled with detailed geological descriptions to robustly understand the 

geology which contribute to the measured resistivity variations; larger samples of resistivity for entire 

formations may oversimplify the resistivity characteristics of measured lithologies. However, for the 

modelling scenarios presented in this chapter, the results suggest that resistive or barren geological 

formations may be best summarised in a resistivity model with mean or median resistivities, instead 

of minimum resistivities. 

 

Forward models, whether based on minimum or geometric mean resistivities, allow similar 

conclusions regarding sensitivities to be drawn from a TEMPEST AEM system at the regional-scale. The 

detection of a mineralised lithology with an AEM system is controlled in part by the deposit resistivity, 
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thickness, width, and depth. Where deep conductive bodies are present, a minimum resistivity model 

provides a more easily detectable lithology; if this upscaling value is representative of the bulk rock 

resistivity, then the modelling studies presented here may suggest that AEM surveys may not be 

limited to just detecting large conductive bodies. Instead, where outer alteration halos contain 

connected and highly conductive components, and are within 440 m of the surface, a TEMPEST AEM 

survey will detect the presence of this alteration above the system noise which can be used to direct 

further infill surveys at smaller line spacings. 

 

The synthetic modelling of subsurface resistivities and thicknesses based on publicly available 

petrophysical measurements are often used to better constrain interpretations of AEM data. To 

accurately represent the subsurface resistivity and thickness variations the upscaling of available 

down hole measurements must be considered. Where accurately summarised resistivities are used, 

reliable interpretations of subsurface layer thicknesses and depths can be made. For example, the 

240 m deep minimum resistivity Abra model is detectable with a TEMPEST AEM system in the mid- to 

late-decay times, however a mean model response has a broad low-amplitude peak over Abra which 

is obscured by survey noise. If incorrect resistivities are applied within modelling applications, a broad 

low amplitude anomaly may be mistaken for a much deeper or thinner yet conductive feature. 
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5  

Extracting meaningful geological and 

structural features from 1D AEM 

inversions in conductive terrains 

 

Forward 

Recently acquired electromagnetic surveys across the Capricorn Orogen provide new information for 

interpreting the Orogen’s regolith and basin unit thicknesses and resistivities. However, EM data is 

known to have limitations where conductive lithologies are present, and where survey lines are widely 

spaced (Chapter 4). The recently acquired Capricorn Orogen TEMPEST AEM survey is one such dataset. 

Moreover, due to the scale of this survey, inverse modelling is limited to one dimension. This chapter 

investigates, first, whether AEM techniques across the Capricorn can accurately and robustly detect a 

conductive basement, and second, to which degree vertically variable conductive features within 1D 

AEM inversions can be trusted. 

 

To understand the limitations of 1D inversions for resolving 2D features, the 2.5D AEM response was 

calculated for two synthetic model scenarios: (1) a dipping conductive layer overlying a resistor, and 

(2) a dipping resistive layer overlying a conductor. These responses were then inverted with a 1D AEM 

algorithm. This 2D dipping contact model is a common feature within the Capricorn Orogen, for 

example: where a near surface conductive basin lithology is present; where a conductive lithology is 

in structural contact with a resistive lithology; or where regolith has variable thicknesses and forms a 

2D contact across a profile. 
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It was shown in Chapter 4 that conductive regolith can mask the AEM response from underlying 

conductors and reduce the depth of investigation of an AEM system. This problem is also seen where 

thick and conductive regolith overlies the Capricorn Orogen basin lithologies. Algorithmic approaches 

are available for guiding the depth of investigation limits of AEM inversions; however, they typically 

rely on overarching assumptions, and many algorithms are often propriety. 

 

Presented here is a synthetic modelling approach which considers the Capricorn Orogen geology and 

regolith for directing interpretations of 1D TEMPEST AEM inversions. To understand the depth of 

investigation which might be expected in the Capricorn Orogen, the AEM response over a suite of 

layered models were inverted in one-dimension. These models where characterised by a conductive 

surface layer overlying, but not in contact with, a deep conductive layer; representative of conductive 

regolith overlying a conductive basin unit. These modelling scenarios have provided realistic guides 

for geoscientists interpreting conductive lithologies and 2D features within the Capricorn Orogen. 

 

The content of this chapter is a manuscript currently under review after re-submission to Exploration 

Geophysics. 
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5.1 Abstract 

A regional-scale 5 km spaced TEMPEST airborne electromagnetic (AEM) survey was acquired in 2013 

across the Capricorn Orogen, WA. This survey was used to map the resistivity variations associated 

with the basin geology in the orogen. Due to their large size, most regional AEM surveys are routinely 

inverted with 1D inversion algorithms. However, 1D inversion algorithms are known to perform poorly 

in regions where the geology might be 2D or 3D. These limitations have been investigated through the 

synthetic forward modelling and inversion of two different geological examples. The synthetic 

scenarios tested were: (1) the depth of detection of a (1 Ωm) conductor beneath conductive regolith, 

and (2) the geometry resolution of a dipping contact between a conductor-over-resistor and a resistor-

over-conductor. The results from these synthetic scenarios were successful for creating a simplified 

depth of detection reference table, and useful for interpreting the depth and likely resistivity of 

conductors resolved within 1D AEM inversion outputs. In addition, the dipping contact results 

illustrated that a dipping layer parallel to an AEM survey line could be accurately recovered where this 

apparent dip angle was less than 15o to 20o. These results were used to interpret the conductive 

anomalies resolved along a 1D GA-LEI TEMPEST AEM inversion from the north-eastern Yerrida Basin. 

Within the Yerrida Basin inversion, the dip angle of the steeply dipping and conductive Johnson Cairn 

Formation is underestimated, however, the northerly dip direction of the faulted contact between the 

resistive Juderina Formation and Johnson Carin Formation can be inferred.  
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5.2 Introduction 

Magnetic and gravity data are routinely acquired to map geology under cover, with most of Australia 

now covered by Government-funded regional-scale surveys. Recently, state and federal governments 

have realised the value of regional airborne electromagnetic (AEM) datasets, and are funding new 

AEM surveys of a similar scale elsewhere in Australia (Aitken et al., 2015; Brodie and Ley-Cooper, 

2018). A regional-scale TEMPEST AEM survey was acquired in 2013, at 5 km line-spacing along north-

south and east-west survey lines, covering a survey region of 146,300 km2 across the Capricorn 

Orogen, Western Australia (Figure 5.1). This survey forms part of the Western Australian 

Government’s Exploration Incentive Scheme, contributing to the Distal Footprints of Giant Ore 

Systems: UNCOVER Australia project (Geoscience Australia, 2014; Aitken et al., 2015). The survey area 

includes several Proterozoic sedimentary and volcano-sedimentary basins, which are considered 

prospective for base-metal mineralisation. Electromagnetic methods are suitable for mapping the 

resistivity variations associated with the stratigraphic units of sedimentary basins and the presence of 

base-metal mineralisation since some components of sedimentary basins and base-metal deposits can 

be electrically anomalous (Palacky, 1981; Shalley and Harvey, 1992; Boyd and Frankcombe, 1994; 

Hutchinson et al., 2010; Roach et al., 2014). 

 

Regional-scale AEM surveys are often acquired with line spacings at the 100-metre scale and with 

many line kilometres which leads to large volumes of data. 1D approaches are robust and efficient 

methods routinely used within industry for interpreting these large quantities of AEM data. In 

contrast, 2D and 3D methods are typically applied over smaller regions with higher data density (for 

example, Høyer et al., 2015; Viezzoli et al., 2015). Therefore, interpretations of regional-scale AEM 

surveys rely on station-by-station 1D AEM inversion methods. Interpretation products from AEM 

surveys are often more complex, although less ambiguous than those for magnetic and gravity 

methods, with most published descriptions of the interpretation from regional AEM datasets focusing 

on reliably interpreting the thickness and internal structure of the near surface geology (for example, 

Munday et al., 2001; Lawrie et al., 2010). Understanding basement responses has received far less 

attention. 
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Figure 5.1 Location and geology of the Capricorn Orogen within central Western Australia. Mine occurrences and regional TEMPEST AEM survey outline are shown. The 

portion of AEM Line 1009801 inverted and interpreted in this research is also highlighted by the blue lines; Lines 1009501, and 1009001 can be found in the supplementary 

material in Appendix B.2.
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AEM data have two primary limitations when applied to mapping basement geology: first, responses 

from the basement may not be visible in the survey data due to thick conductive overburden; and 

second, 1D inversions will not properly resolve features with 2D geometries. This study aims to 

develop a workflow for understanding the basement electrical resistivity variations derived from 1D 

inversions of regional AEM data. To do this, the Geoscience Australia layered-earth inversion sample-

by-sample (GA-LEI) code was used to invert the AEM responses over two synthetic scenarios: (1) the 

detection of a conductive basement lithology beneath cover, and (2) determining the dip of a contact 

between lithologies with contrasting resistivities. The two scenarios are designed to represent likely 

situations in the Capricorn Orogen sedimentary basins where conductive units are expected to occur 

within the basin successions. The detection and mapping of these ‘marker’ units constitutes a means 

of mapping the basement structure and stratigraphy. 

 

The remainder of this paper is structured as follows. Firstly, we describe the geology of the Capricorn 

Orogen (section 5.3 Geological background) and summarise existing and new electrical property data 

from various components of the Capricorn Orogen basin fill. This is followed by a brief review of the 

literature (Section 5.4 AEM in conductive terrains) covering the depth of detection using AEM methods 

and the responses of 2D geometries within 1D AEM inversions. Then, the construction of the two 

synthetic model scenarios are presented (Section 5.5 Synthetic datasets), followed by the results of 

forward and inverse modelling these synthetic scenarios, starting with the depth of detection for a 

conductor beneath cover, and then the characteristics of a resolved 2D dipping contact. Based on our 

findings, a GA-LEI inversion from a portion of an AEM line (Figure 5.1, Line1009801) from the Capricorn 

Orogen is interpreted (Section 5 Interpretation) with emphasis on the reliability and geological 

significance of the resistivity variations predicted by the inversion, based on the synthetic studies 

reviewed in the first sections of this paper. 

 

5.3 Geological background 

The Capricorn Orogen is composed of Archean to Mesoproterozoic plutonic and medium-grade to 

high-grade metamorphic rocks of the Gascoyne Complex, a series of Paleoproterozoic to 

Mesoproterozoic volcano-sedimentary and sedimentary basins including the central and south-

eastern Edmund, Collier, Bryah, Padbury, Earaheedy and Yerrida basins, and the underlying deformed 

margins of the Pilbara and Yilgarn Cratons (Cawood and Tyler, 2004; Johnson, 2013) (Figure 5.1). The 

Capricorn sedimentary basins were deposited, folded, thrusted and metamorphosed over seven major 

orogenic events between 2215 Ma and 570 Ma (Cawood and Tyler, 2004). The basins in the south-
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east of the orogen host base-metal mineralisation, with the Bryah and Padbury Basins hosting the 

DeGrussa and Horseshoe Lights Cu-Au deposits, respectively, the Edmund Basin hosting the Abra Pb-

Zn deposit and the Yerrida and Collier Basins hosting minor occurrences of Cu mineralisation (Figure 

5.1). 

 

Base-metal mineralisation in the Capricorn Orogen is often associated with conductive marine 

sediment sequences (Hannington, 2014) which can be targeted with AEM techniques. The range of 

electrical resistivities expected in the Capricorn sedimentary units were evaluated based on resistivity 

logging of existing boreholes (sourced from Department of Mines, Industry Regulation and Safety, 

2018) and hand-sample measurements, which have been compiled and acquired, respectively, as part 

of this research (Figure 5.2) (a more complete description of this data can be found in Chapter 3). The 

resistivities are summarised in Figure 5.2 which presents the probability density function of each 

stratigraphic unit measured in the Capricorn Orogen calculated by kernel density estimation 

(Silverman, 1986). These resistivities were compiled from publicly available down hole resistivity 

measurements (McDonald, 1993; Ross, 2003; Hughes and Elliott, 2004; Elliott and Wilson, 2005; 

Dunbar et al., 2006; Price and Hammond, 2006; Murphy, 2007, 2011; De Grey Mining Ltd, 2009; 

Murphy et al., 2009; Martin, 2011; Mukherji, 2011; Hardy, 2013; Evans, 2016b, 2016a; Mackenzie et 

al., 2016; Sheehan, 2016) from the Beyondie banded iron and magnetite deposit, the Abra 

sedimentary hosted base-metal deposit, the DeGrussa massive sulphide deposit, and the Magellan 

non-sulphide lead deposit. In addition to the down hole measurements, a sample core induced 

polarisation (SCIP) instrument was used to acquire resistivities on core samples from 3 drill holes 

(THD001, TDH1, and TDH26) made available by the West Australian Core Library from various 

stratigraphic units of the Yerrida and Earaheedy Basins (geological logs can be found in Edgar, 1994 

and Mueller, 2011). The data from each of these sites is summarised based on their stratigraphic units 

as described in the available geological logs (Figure 5.2). The down hole logged units include: the 

sediments of the Calyie and Backdoor Formations in the Collier Basin from the Beyondie region, the 

sediments of the Kiangi Creek and Irregully Formations of the Edmund Basin from the Abra region, the 

mafic igneous and mafic sediments of the interfingered Karalundi and Narracoota Formations of the 

Bryah Basin from the DeGrussa region, and the shales of the Maraloou Formation from the Magellan 

region. The hand sample resistivity measurements are from the graphitic shales of the Johnson Cairn 

Formation and sedimentary, stromatolitic, and minor mafic lithologies of the Juderina Formation of 

the Yerrida Basin, and the banded and granular iron formations of the Frere Formation and 

sedimentary and stromatolitic sequences of the Yelma Formation within the Earaheedy Basin. 
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The electrical resistivity of a rock is largely controlled by its texture and in part by its mineral 

composition (Dentith and Mudge, 2014). Therefore, electrical resistivity variations are often 

anisotropic. This was observed to be the case from the acquired hand sample measurements since the 

SCIP relies on passing a current in a single direction along the length of a core sample. It must also be 

noted that the hand sample measurements pertain to a much smaller rock mass than the down hole 

resistivity data. This is an important consideration because previous work completed by Fitzpatrick 

(2006) and Parry et al. (2016), for example, have shown that resistivity measurements are scale and 

tool dependent. The sensitivity of a resistivity tool controls the maximum and minimum range of 

resistivity measurements which can be acquired on a rock sample (Parry et al., 2016). Also, the 

textures which may be apparent within a larger rock volume may not be comparable at smaller hand 

sample scales, and this results in different resistivity measurements for rock volumes of different sizes 

(Fitzpatrick, 2006; Dentith and Mudge, 2014; Caudillo-Mata and Angélica, 2017). Tool sensitivity and 

geological variability also influences what is measured at a much larger scale by an AEM system. 

Consequently, resistivity values from different electrical resistivity methods should not be compared 

directly. However, useful broad scale comparisons can be made to identify what are likely to be 

conductive or resistive units within a geological terrain. 

 

Anisotropy also influences the results of a 1D AEM inversion. This is because 1D AEM inversion 

algorithms assume an isotropic earth. While 1D AEM codes are efficient and robust for modelling 

regions where the geology is flat-lying and layered, they are often unable to accurately recover more 

complex geological features (for example, Danielsen et al., 2003; Jørgensen et al., 2003; Auken et al., 

2008; Liu and Yin, 2014). 
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Figure 5.2 Compiled down hole and and acquired hand sample resistivity measurements from the Capricron Orogen basin Formations. This plot presents the probability 

distribution function of each stratigraphic unit calculated by kernel density estimation with a Gaussian kernel (Silverman, 1986). The number of samples in each 

distribution are labelled above each lithology violin diagram. 
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From Figure 5.2, broad scale observations can made about the resistivity variations of the Capricorn 

Orogen formations. The sandstones of the Calyie Formation, and the Backdoor Formation siltstones 

and claystones form the youngest Collier Basin sediments, and overlying parts of the Wonyulgunna 

Sandstone. The Calyie and Backdoor Formation sediments have a moderate range of resistivities 

where the conductive values are associated with claystones, shales and undifferentiated sediments, 

while interbedded sandstones and siltstones have larger resistivities. Underlying the Collier Basin, the 

Edmund Basin sediments comprise resistive interbedded sandstones, siltstones and conglomerates 

within the Kiangi Creek and Irregully Formations (Figure 5.2). Overall, both the Collier Basin sediments 

and the Edmund Basin units are resistively variable, with the brecciated and conglomerate 

components of these lithologies being marginally more conductive than the sandstones and minor 

chlorite altered sediments which are associated with the distal alteration zones of the Abra deposit. 

 

The sediments and mafic lithologies of the Narracoota and Karalundi Formations (Bryah Basin) also 

have variable resistivity variations with comparable ranges to each other. The sedimentary lithologies 

contain more conductive measurements than the mafic igneous units, however all the Bryah Basin 

units have a main mode of approximately 100 Ωm. The most resistive measurements are associated 

with the dolerites and gabbros within the Narracoota and Karalundi Formations. 

 

The hand sample measurements from the stratigraphic units of the Yerrida and Earaheedy Basins have 

large differences between the most resistive and conductive formations. The Frere Formation is 

resistively variable, with a main resistivity mode at 2000 Ωm. The cherts interbedded with granular 

iron formations and siltstones have resistive values, while the laminated clays and siltstones 

contribute to the conductive Frere resistivity measurements. The silicified stromatolitic and evaporitic 

sequences of the Yelma and Juderina Formations are also highly resistive. While the conductive 

components of the Juderina Formation are associated with the minor interbedded carbonaceous 

siltstones and sandstones which form the younger sequences of the Formation. The most conductive 

stratigraphic units are associated with the Maraloou and Johnson Cairn Formations of the Yerrida 

Basin. The graphitic and pyritic rich shales which comprise most of these formations contribute to the 

low measured resistivities. 

 

Broad characteristic AEM responses associated with these measured stratigraphic units within the 

Capricorn Orogen can be inferred from the measured resistivities. We expect the Maraloou and 

Johnson Cairn Formations, and regions with thick packages of siltstones and shales within the 
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Karalundi Formation, Ilgarari Formation, Edmund Basin, and to a lesser extent the younger Juderina 

Formation to have long AEM decays typical of conductive features. In contrast, we expect the resistive 

mafic volcanic lithologies of the Karalundi and Narracoota Formations, the dolerite intrusives in the 

Collier Basin, and stromatolitic sequences in the Yerrida and Earaheedy Basins to be resistive and have 

AEM responses with steep decays. 

 

5.4 AEM in conductive terrains 

5.4.1 Detection 

The Capricorn Orogen sedimentary basins are structurally complex and like many regions in Australia 

the near surface is highly conductive (Emerson et al., 2000; Bishop et al., 2001; Munday et al., 2001; 

Cantwell et al., 2009; Costelloe et al., 2012). A crucial factor in AEM interpretation is the detectability 

of targets in conductive regimes known as the depth of investigation (DOI). This differs from a measure 

of “skin depth” (Spies, 1989) which provides information about the amplitude of an EM wave with 

depth. The DOI of an AEM system is dependent on the resistivity of the subsurface, the system 

transmitter moment and waveform, and the system survey noise levels (Ley-Cooper et al., 2010). An 

estimate of penetration depth of an AEM signal within a half space of uniform resistivity can be 

calculated from the diffusion depth equation (Equation 5.1). The diffusion depth measures the 

maximum electromagnetic current density at any time (𝑡), as presented by Spies (1989): 

𝒛 =  √
𝟐 𝒕

𝝈 𝝁
     (5.1) 

where 𝜎 is the uniform conductivity of the subsurface, and 𝜇 is the magnetic permeability of the 

subsurface (Ward and Hohmann, 1988). This equation illustrates that for any given decay time of an 

AEM system the diffusion depth of the signal is limited by the conductivity of the subsurface and 

acquisition decay time.  

 

The depth of penetration of an AEM signal is reduced where the near surface geology is highly 

conductive (𝜎), and thick (𝑑), which are related to each other by the layer conductance (Equation 

5.2), as presented by Nabighian and Macnae (1991): 

𝑺 =  𝝈 𝒅      (5.2) 
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The conductance of the subsurface is an important consideration in conductive terrains since 

conductive cover masks the response of an underlying conductor by delaying, broadening, and 

attenuating the inducing EM field (Nabighian and Macnae, 1991; Spies and Frischknecht, 1991). 

 

Previous DOI studies using AEM systems have focused on validating geological interpretations from 

AEM responses, 1D inversion results or, conductivity depth images (CDI) (Macnae et al., 1991) for 

specific case studies; we briefly summarise these here. These studies describe successful detection of 

conductive features in resistive terrains (Smith et al., 2010; Neroni et al., 2016), near-surface 

conductive mineralisation beneath thin conductive cover (Anderson et al., 1993; McInerney et al., 

1994; Wolfgram and Golden, 2001; Hashemi and Meyers, 2004; Hodges et al., 2016), and have shown 

that the EM response from deep base-metal mineralisation and local mineralising structures, beneath 

conductive cover, are detectable where they are in contact with conductive host rocks (Cantwell et 

al., 2009; Wijns, 2009; Munday et al., 2018). However, many of these examples show that while 

conductive features are detectable, their AEM response is often confined to late decay times where 

there is less confidence in the deeper subsurface resistivity structure, and where the response is 

obscured by AEM system noise (Craven et al., 1985; McInerney et al., 1994; Wijns, 2009). Particularly 

noisy AEM data can also result in the resolution of inversion artefacts which may be incorrectly 

interpreted as geological features or anomalies; especially at depth, due to the prevalence of noise in 

the late AEM decay channels (Green and Lane, 2003; Macnae, 2017; Rasmussen et al., 2017). 

 

Seeking a generic measure of DOI, Lane et al. (2004) present a statistical approach which assumes a 

DOI corresponding to where a 1D inversion output is equally influenced by the input reference model 

parameters and the observed data. This calculated ratio is reliant on two chosen inversion outputs 

with different user defined reference models for comparison. Christiansen and Auken (2012) present 

an alternative method, by calculating the Jacobian of a discretised 1D inversion output from which the 

cumulative sensitivities of that output can be derived. The DOI is evaluated at the depth where the 

sensitivities are less than a chosen minimum sensitivity threshold. DOI estimates using this method 

require the comparison of multiple outputs and some user experience for determining this minimum 

threshold (Christiansen and Auken, 2012). Standard methods for interpreting DOI or stratigraphic 

thicknesses from most AEM inversion outputs rely on comparing inversion products with available 

drilling or down hole resistivity information since drilling provides the only direct evidence of the 

subsurface geology (for example, Worrall et al., 2001; Brodie et al., 2004; Green and Munday, 2004; 

Brodie and Fisher, 2008; Schamper et al., 2014). Even where these drill holes lie outside the typical 
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AEM footprint of the acquiring AEM system (Ley-Cooper et al., 2010), the additional subsurface 

knowledge gained from drill holes which intersect the local geology are valuable for interpreting AEM 

inversions (Lane et al., 2001; Costelloe and Hutchinson, 2010; Hutchinson et al., 2010; Roach et al., 

2014). Here we also present a 1D AEM case study inversion and compare the inverted model with the 

closest available drill hole to the AEM survey line (additional inversions and comparisons with available 

drilling are presented in Appendix B.2). 

 

5.4.2 2D conductors 

Standard interpretation of AEM data relies on 1D inversion methods to process large volumes of data 

efficiently and robustly. However, as would be expected, research has shown that limitations exist 

when using 1D EM inversion methods for resolving 2D or 3D geometries (Newman et al., 1987; 

Goldman et al., 1994; Danielsen et al., 2003; Jørgensen et al., 2003; Annetts et al., 2004; Sattel, 2004; 

Auken et al., 2008; Ley-Cooper et al., 2010). 1D AEM inversion results can obscure subsurface 

resistivity variations where complex geology is present, or fail to accurately resolve 2D structures. 

Sattel (2004) and Ley-Cooper et al. (2010) have shown that 1D layered-earth inversions of calculated 

AEM responses from conductive prisms and narrow breaks in lithologies resolve body edges as 

conductive “inverted horseshoe” shaped artefacts. Danielsen et al. (2003) produced 1D inversions of 

calculated ground electromagnetic (GEM) responses applied to hydrogeological exploration to show 

that resistor-over-conductor contacts dipping at more than 22.5o, and conductor-over-resistor 

contacts dipping more than 11.5o are unreliably resolved. Jørgensen et al. (2003) and Auken et al. 

(2008) complement this work by presenting a case study of the electromagnetic responses from 

glaciolacustrine sediments which form valleys in western Denmark. Their 1D inversions of calculated 

synthetic GEM model responses underestimate the 26o slope and depth to bottom of both conductive 

valleys in resistive terranes and to a lesser extent resistive valleys in conductive terranes (Jørgensen 

et al., 2003; Auken et al., 2008). The efficacy to which 1D inversions can resolve the dip of 2D contacts 

from airborne surveys is yet to be explored. 

 

5.5 Synthetic datasets 

5.5.1 Synthetic models 

Given the geological complexity of the Capricorn geology and reliance on 1D methods for interpreting 

this regional-scale survey, the reliability of 1D AEM inversion methods needs to be considered in a 
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conductive 3D environment, complicated by widely spaced survey lines where 2.5D models are too 

large to interpret the data. Below we present two synthetic model scenarios which were chosen to 

illustrate situations where a conductive unit may or may not be detected and, given a situation where 

it is detected, these scenarios tested the reliability for a 1D inversion to estimate its depth and dip. 

The two synthetic modelling scenarios were: (1) the detection of a conductor beneath cover, and (2) 

the resolution of a dipping resistor-over-conductor, and conductor-over-resistor contact. 

 

The synthetic modelling methods are presented in four sections. First, we describe the model setup 

and discuss the calculated forward model responses for scenario 1 because this provides an insight 

into the detection limits of a TEMPEST AEM system within a conductive terrain (Section 5.5.2 

‘Detection of a conductive layer under conductive cover’). Following this, a brief overview of the 1D 

AEM inversion algorithm and methods used to invert the synthetic model responses from scenario 1 

and scenario 2 is given (Section 5.5.3 ‘1D AEM inversion’). Thirdly, the inverted results from the first 

synthetic model scenario are presented and discussed (Section 5.5.4 ‘Solving for a conductive layer 

under conductive cover’), and lastly, the model setup, calculation of the forward model responses, 

and discussion of the inverted results for scenario 2 are presented (Section 5.5.5 ‘Solving for the 

geometry of dipping contacts’). 
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5.5.2 Detection of a conductive layer under conductive cover 

Table 5.1 Synthetic model depth of detection thicknesses and resistivities parameters used for evaluating the 

depth of detection of a 1 Ωm, 100 m thick conductor underlying regolith, by a TEMPEST AEM system. 

Layer 1: 

Regolith 

Layer2:  

Depth 

Layer3: 

Conductor 

Layer 4: 

Basement 

Thickness 

(m) 

Resistivity 

(Ωm) 

Thickness 

(m) 

Resistivity 

(Ωm) 

Thickness 

(m) 

Resistivity 

(Ωm) 

Thickness 

(m) 

Resistivity 

(Ωm) 

10 1 25 1000 100 1 N/A 1000 

50 10 50      

100 100 100      

150 1000 150      

200  200      

250  300      

300  400      

  500      

  750      

  1000      

 

The detection of a conductive lithology beneath conductive cover was tested with several simple 4-

layered models. These 4-layered models aimed to test the ability of a TEMPEST AEM system to resolve 

a conductive (1 Ω m) and 100 m thick layer within a resistive host (1000 Ωm) (Figure 5.3(u)-(x)). All the 

models also featured a regolith layer that varied both in thickness and resistivity across the different 

model scenarios (Table 5.1). These synthetic model parameters were directed by petrophysical 

knowledge of the Capricorn Basin Formations (Figure 5.2), initial GA-LEI inversions of the TEMPEST 

survey lines from the south-eastern Yerrida, Bryah and Collier Basins, and lithology logs from local drill 

holes. The TEMPEST AEM response over each synthetic model (Figure 5.3) was most efficiently 

calculated as a single station response using the Airbeo 1D modelling code (Raiche, 1998) and are 

presented in Figure 5.3. 
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Figure 5.3 TEMPEST AEM z-component responses over a 4-layered model with a ρ3 = 1 Ωm layer underlying a regolith layer with varying resistivity (ρ1) and thickness (k1); 

ρ3 is progressively moved deeper by k2 increments. Greyed regions indicate low confidence in late channels where system noise levels inhibit detection, calculated from 

the Capricorn survey data. Where regolith is thick, conductive or both, an underlying conductor cannot be detected by a TEMPEST AEM system, however, where regolith 

is resistive and an underlying conductor is shallow an underlying conductor is detected. 



5.5 SYNTHETIC DATASETS 

 

205 

 

In Figure 5.3, the single station vertical component responses from a TEMPEST AEM system are plotted 

with coloured lines for the respective synthetic models shown in Figure 5.3(u)-(x). The typical 

multiplicative Capricorn TEMPEST AEM noise is also shown by the greyed regions in Figure 5.3 (a)-(t). 

On each plot in Figure 5.3, each coloured decay curve is the response from a conductive basement 

layer located at different depths below cover (Figure 5.3, red to purple lines). This is shown left to right 

for increasing resistivity of the cover, and top to bottom for increasing cover thickness. For 

comparison, the response from an equivalent single 2-layered conductor-over-resistor boundary is 

shown by the black line. From Figure 5.3 we can see that the responses from a deep 1 Ωm conductor 

(Figure 5.3, coloured lines) are delayed where the cover is conductive, and have a reduced amplitude 

where the cover is thick (Figure 5.3). This is not unexpected given the depth of detection of a TEMPEST 

AEM system is in part limited by the conductivity and thickness of the subsurface (Equations (5.1) and 

(5.2)). It must also be noted that in all scenarios the AEM response is slowed and elevated in the late 

times, without recording a steep late time response like the black comparison lines (Figure 5.3). This 

suggests that the depth to bottom and thickness of the 100 m thick layer remains undetected with a 

TEMPEST AEM system. 

 

A TEMPEST AEM system can detect a deep conductive layer where the overlying cover is thick and 

relatively resistive. Responses from a basement conductor below resistive regolith are observed above 

noise levels where the conductor lies less than approximately 400 m below cover (i.e. 700 m below 

the surface) with a moderate regolith resistivity (100 Ωm) and a maximum cover thickness of 300 m 

(Figure 5.3(s) the blue-green 400 m line). In resistive terrane (1000 Ωm), this conductor can also be 

detected up to approximately 400 m below cover (i.e. 700 m below the surface) of the same thickness 

(Figure 5.3(t) the blue-green 400 m line). However, with decreasing resistivity of this 300 m thick 

cover, the basement conductor remains undetected since the transmitting TEMPEST AEM signal does 

not penetrate through the thick and highly conductive surface layers. 

 

A deep conductive lithology is most easily identified within the TEMEPST decays where the basement 

conductor’s response is recorded in early- to mid-decay times. This is because the associated response 

can be recognised above system noise levels and easily distinguished from deep resistive basement 

responses. For conductive terrains where the transmitting AEM signal is delayed due to the high 

conductance of the surface, a second underlying conductor is only detectable at shallow depths 

compared to equivalent resistive examples (Figure 5.3 compare (m)-(p)). Specifically, a conductor is 

detected where it is located less than 200 m below cover (i.e. 350 m below the surface) where the 

cover has a thickness less than 150 m and a resistivity of 10 Ωm (Figure 5.3(n) the light green 200 m 
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line), and where it is located less than 300 m below cover (i.e. 310 m below the surface) where the 

cover has a thickness less than 10 m and a resistivity of 1 Ωm (Figure 5.3(e) the green 300 m line). 

 

5.5.3 1D AEM inversion 

The GA-LEI inverse algorithm was used to invert the synthetic model responses from the two synthetic 

modelling scenarios: (1) the detection of a conductor beneath cover responses (discussed above), and 

(2) the TEMPEST AEM responses calculated over dipping resistor-over-conductor, and conductor-over-

resistor contacts (presented below in ‘Solving for the geometry of dipping contacts’). The GA-LEI 

algorithm is a robust 1D method that has been used extensively for inverting TEMPEST AEM data for 

the interpretation of weathered surface lithologies and hydrogeological features (for example, Brodie 

and Fisher, 2008; Costelloe and Hutchinson, 2010; Hutchinson et al., 2010; Costelloe et al., 2012), and 

more recently, for interpreting preliminary AEM inversions from the Capricorn Orogen (Munday et al., 

2013). The GA-LEI code simultaneously solves for the AEM system geometry, conductivity, and 

thickness of each model layer on a sample-by-sample basis (Constable et al., 1987; Sattel, 1998; Brodie 

and Fisher, 2008). 

 

Within this study, different reference models solving for both the thickness and conductivity of each 

model layer were applied within the GA-LEI inversion control files. These reference models were 

chosen under the assumption that there was limited prior knowledge of the subsurface conductivity 

and thickness variations of the synthetic models, which is the case for most of the geology within the 

Capricorn AEM survey area. A standard deviation value applied within each of these models is used as 

a weighting factor (Brodie, 2006) to reflect the confidence we have in the starting models. Typical 

default values of 3 were used except where thickness or conductivity were not being solved, in which 

case the weighing was 0. To determine the level of dependence the inversion had on these reference 

models the inversions were repeated with different reference parameters with the same specified 

uncertainty with convergence to a similar result suggesting the inverted solution was reliable. 

 

Default estimates of noise are not typically applied within the GA-LEI code, rather they are defined by 

the survey repeat line and high-altitude data following Green and Lane (2003). This paper focuses on 

the geology of the eastern Capricorn Orogen and estimates of noise in the TEMPEST data were 

calculated from the eastern Capricorn survey repeat line and high-altitude data. Therefore, the results 

from using this noise model pertain to the Capricorn Orogen. 
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The level of confidence in the final inverted solutions were estimated from both comparisons of the 

data decay curves with the calculated decay curves for each inverted station, and from the squared 

error relative to the assumed error in the survey (𝛷𝐷 misfits – Equation 5.3) of the inversion being 

low, following the method by Brodie (2015) this error (𝛷𝐷) is defined as: 

𝛷𝐷 =
1

𝑁𝐷
∑ (

𝑑𝑘
𝑜𝑏𝑠−𝑓𝑘(𝒎)

𝑑𝑘
𝑒𝑟𝑟 )

2
𝑁𝐷

𝑘=1

    (5.3) 

where 𝛷𝐷 is the data misfit, dobs is the data, 𝑓(𝒎) is the forward response of the model 𝒎, derr is the 

expected error, and N is the number of transients 1 to 𝐷, at each of the 𝑘 stations. 

 

5.5.4 Solving for a conductive layer under conductive cover 

As mentioned above, several different 4-layered reference models applied within the GA-LEI code 

were used to inverted the responses presented in Figure 5.3. This produced a set of inverted solutions 

for each synthetic DOI scenario. An RMS error and logarithmic RMS error was calculated between the 

actual synthetic model layer thicknesses and resistivities, and the inverted model layer thicknesses 

and resistivities, respectively (equations in Appendix B.1). These RMS values were summarised into a 

reference table for determining the resolution of each model layer by a 1D AEM algorithm 

(Appendix B.1 Table B.1). While some of the empirically chosen reference models applied within the 

GA-LEI code may be inappropriate for consistently resolving the conductivity and thickness variations 

across all synthetic scenarios, the reference models were chosen under the assumption there was 

some, albeit limited, geological knowledge of the solutions. This is often the case in the Capricorn 

Orogen given limited available drilling and surface mapping. Therefore, the set of solutions can direct 

reliable interpretations of deep conductive marker units resolved within 1D AEM outputs of a 

relatively underexplored geological terrane such as the Capricorn Orogen. 

 

Appendix B.1 Table B.1 is arranged to illustrate the differences between the inverted solutions and 

systematically varied 4-layered DOI model parameters. For the 4-layered scenarios the confidence 

with which the 1D AEM algorithm resolved the resistivity and thickness of these layers is considered. 

Each column in the table refers to the following aspects of the model: the regolith resistivity, basement 

conductor resistivity, basement resistivity, regolith thickness, and depth to top of the basement 

conductor. As presented in the previous section, ‘Detection of a conductive layer under conductive 

cover’, the cover thickness and resistivity, and the depth of the basement conductor were 

systematically increased in the synthetic models (Figure 5.3(u)-(x)). However, in some of these 

scenarios the AEM signal is confined to the very conductive regolith layer and therefore the underlying 



CHAPTER 5. EXTRACTING MEANINGFUL GEOLOGICAL AND STRUCTURAL FEATURES... 

208 
 

basement conductor remains undetected (for example, Figure 5.3(e), (I), (m), (q) and (r)). Given the 

inversions of these conductive scenarios are less informative they are not presented in Appendix B.1 

Table B.1. 

 

Each row in Appendix B.1 Table B.1 corresponds to one synthetic model with the synthetic parameters 

listed in the left most columns. The confidence with which the inversion resolves each of the synthetic 

model parameters is defined by an accuracy interval determined from the calculated RMS errors 

(Appendix B.1 equations). A legend which illustrates the range of values used to visualise the range of 

RMS errors as colours are shown in the top right of each table, with ‘k’ indicating the depth differences 

and ‘ρ’ indicating the resistivity ratios. The accuracy interval colours start from light green to indicate 

an accurate solution and grade to red to indicate an inaccurate solution. Specifically, thicknesses of 

less than 50 m between the actual synthetic model and inverted solution are coloured light green, 

differences between 50 m to 100 m are coloured dark green, differences between 100 m to 250 m are 

coloured yellow, and differences greater than 250 m are coloured red. Similarly, resistivities with a 

ratio less than 1 order of magnitude between the actual and inverted solution are coloured green, 

ratios 1 to 3 orders of magnitude are coloured yellow, and ratios greater than 3 orders of magnitude 

are coloured red. 

 

It would be expected that for increasing depths below and decreasing resistivity of the first layer the 

inverted depth to top of a deep conductor would be poorly estimated. Across all of the modelled 

scenarios, however, the depth to top resolution of a deep conductor beneath cover does not 

systematically become worse with depth or the presence of highly conductive cover, this is apparent 

when the columns titled ‘Depth to the top of an underlying conductor’ are compared over a range of 

resistivities and thicknesses (Appendix B.1 Table B.1). Interestingly, it appears that the AEM system is 

not able to adequately detect the basement conductor or the thin resistive host rock between the 

regolith and conductor when it is too close to the conductive surface layer. We see this in the 

Appendix B.1 Table B.1 as red and yellow regions within the ‘Depth to top of an underlying conductor’ 

and ‘Regolith thickness’ columns for the 25 m to 50 m depth below cover rows. Examples of these 

results which contribute to the red to yellow regions are shown by the grey lines in Figure 5.5(a) and 

(b) (in Figure 5.5 the black lines represent the original synthetic model layers). For the scenarios where 

a shallow conductor is located approximately 25 m to 50 m below 1 Ωm to 100 Ωm resistive cover, the 

regolith and basement conductor are either resolved as a surface layer with decreasing resistivity with 

depth (Figure 5.5(a)), or the regolith is recovered as a thicker moderately conductive surface layer in 

contact with a more conductive basement unit (Figure 5.5(a) and (b)). The latter variations are 

observed more often where the regolith is less conductive (i.e. a resistivity of 100 Ωm). 
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In fact there is an optimal depth below cover of approximately 100 m to 150 m where a TEMPEST AEM 

system is able to detect a distinct response from a basement conductor (examples are shown in Figure 

5.5(c) and (d)). This translates to an optimal investigation depth where the depth to top of a conductor 

located at these depths below cover are reliably resolved to within 50 m to 100 m of their actual 

depths (Appendix B.1 Table B.1, see the ‘Depth to the top of an underlying conductor’ column for the 

100 m rows which are coloured green to illustrated an RMS error of 50 m to 100 m). The regolith 

thickness is also reliably resolved for these same mid-depth scenarios (Appendix B.1 Table B.1, see the 

‘Regolith thickness’ column for the 100 m rows which are also coloured green). As would be expected, 

with increasing depths below 150 m the depth to top of a basement conductor is inconsistently 

resolved across all scenarios (example shown in Figure 5.5(e)), being either estimated with a depth 

that is too large or too small by the inversion (Appendix B.1 Table B.1, ‘Depth to top of an underlying 

conductor’ column for the 150 m to 300 m rows). 

 

For the resistive cover scenarios (1000 Ωm) the depth to top of a basement conductor is systematically 

overestimated with increasing depth below and increasing thickness of the cover (example shown in 

Figure 5.5(f)). This is seen by the grading from green to red with increasing depths in Appendix B.1 

Table B.1 ‘Depth to top of an underlying conductor’ column. The exception to this is where the 

conductor is less than 100 m below the surface (see the ‘Depth to top of an underlying conductor’ 

column for 10 m and 50 m thick regolith). In these shallow scenarios the inversion largely 

overestimates the depth to top of the conductor where the AEM system is unable to adequately 

differentiate the response associated with the thin resistive cover and underlying basement 

conductor. 
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Figure 5.4 Examples taken from Appendix B.1 Table 5.1 which show a DOI synthetic model (black lines) and its corresponding inverted solutions (grey lines). Annotations 

highlight the limitations of the inverted solutions to recover the actual synthetic model layers.
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The depth to top resolution of a deep conductor can be improved by incorporating knowledge of the 

subsurface thickness variations, except where the conductor lies beyond the detection limits of the 

TEMPEST AEM system. It is therefore important to understand the depth of detection expected from 

an AEM system (Figure 5.3) prior to interpreting modelled conductors, which might be the result of 

an unreliable solution dependent on the chosen reference model. Using different reference models 

has shown that a variety of inverted solutions can be achieved for the same synthetic model scenario 

(i.e. non-uniqueness), and appears to be an important consideration when inverting and interpreting 

AEM data with a 1D algorithm. 

 

In addition to the depth to top resolution, the resolved resistivity variations across a 1D AEM inversion 

are also of interest. The resistivity of a basement conductor can be recovered where cover is present, 

shown by the green colour in the ‘Resistivity of underlying conductor’ column of Appendix B.1 Table 

B.1 (i.e. 1 Ωm, 10 Ωm and 100 Ωm scenarios). However, in resistive (1000 Ωm) scenarios the resistivity 

of this conductor is poorly defined unless it is located at shallow depths (up to approximately 300 m 

below the surface, see the green to yellow colour in the ‘Resistivity of an underlying conductor’ column 

in Appendix B.1 Table B.1). In contrast, the regolith resistivity is overestimated in nearly all scenarios 

(see the yellow colour in the ‘Regolith resistivity’ column in Appendix B.1 Table B.1). This suggests that 

where a conductor underlies cover, the resistivity of the cover is likely to be overestimated by a factor 

of 10 Ωm to 100 Ωm within a 1D AEM inversion in the Capricorn Orogen. It must be noted that 

interpretation of an AEM inversion using these results relies on knowledge of at least one aspect of 

the subsurface, the thickness or resistivity of the cover, or the estimated depth of the conductor being 

inverted. This highlights the uncertain nature of interpreting 1D AEM inversions in this way. However, 

in the absence of deep drill holes which might provide geology or resistivity information, the 

availability of surface petrophysics, or shallow bore-hole information can be utilised to improve 

interpretations of 1D AEM inversions. 

 

5.5.5 Solving for the geometry of dipping contacts 

5.5.5.1 1D inversion of dipping contacts 

2D and 3D features recorded in AEM surveys are often resolved as artefacts within 1D layered-earth 

inversions. The limitations of resolving a dipping layer with a 1D algorithm were investigated by 

calculating the 2.5D ArjunAir (Sugeng and Raiche, 1997) TEMPEST AEM response from 2-layers with a 

dipping contact along a survey line. These 2-layered synthetic models represent a basement layer in 

contact with a single overlying lithology with an apparent dip angle as ‘viewed’ along the survey line 
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by an AEM survey. Two dipping contact resistivity scenarios were considered: (1) a conductor-over-

resistor contact, which models the AEM response from a mostly resistive to a mostly conductive region 

(Figure 5.5(g)), and (2) a resistor-over-conductor contact which models the AEM response from a 

mostly conductive to resistive region (Figure 5.6(g)). The synthetic models were built with a 1760 m 

long sloping contact along a 600 m horizontal profile with increasing dip angles of 5o, 15o, 20o 25o, 30o 

and 45o below the surface. Given that the depth of detection reduces with decreasing resistivity of a 

surface layer (Figure 5.3) the geometry investigations were limited to modelling conductive layers with 

resistivities of 10 Ωm and 100 Ωm in contact with a 1000 Ωm resistor (Figure 5.5 and Figure 5.6). These 

2-layered conductor-over-resistor and resistor-over-conductor scenarios are complimentary as they 

characterise the responses and model outputs associated with different TEMPEST flight paths namely: 

flying from conductive ground to resistive ground, and from resistor ground to conductive ground, 

and thus, offer an opportunity to understand the model differences associated with dip direction, and 

flight direction. 

 

The calculated AEM responses over the dipping contact responses were inverted using the GA-LEI 

code solving for several 4-layered inversions, and a 30-layered smooth model inversion. The reference 

model parameters were again chosen with the assumption there was limited knowledge of the 

subsurface thickness and conductivity variations. The reference models had large (50 m-70 m-100 m-

150 m) and thin layer thicknesses (10 m-35 m-60 m-85 m), and layer resistivities which included: a 

resistive half space (1000 Ωm), increasing resistivities with depth (1 Ωm-10 Ωm-100 Ωm-1000 Ωm), 

and two conductive layers overlying two resistive layers (10 Ωm-10 Ωm-1000 Ωm-1000 Ωm). The 

same reference model scenarios, but with reversed resistivities (i.e. decreasing resistivity with depth), 

were used for the resistor-over-conductor scenarios for comparison. Models solving only for thickness 

given the conductivity information of the synthetic model were also completed. 

 

The inverted boundaries between a dipping conductor-over-resistor and resistor-over-conductor are 

shown in Figure 5.5 and Figure 5.6, respectively, with their associated misfits (Equation 5.4). The 

results from the 4-layered scenarios are shown as grey lines, the 1D inversions solving for only the 

layer thicknesses are shown by the red lines, and the 30-layered smooth model results are shown by 

the coloured regions in these figures. The actual synthetic dipping model contacts are shown with 

black lines (Figure 5.5and Figure 5.6). We noticed that the blocky 4-layered inversions most often 

recovered the first synthetic model layer in the first two inversion layers, and the second synthetic 

model layer with the last two inversion layers. However, for steeper models this was not always the 

case and the first synthetic model layer was resolved with any number of inversion layers. For the 

purposes of easily visualising the results of the dipping contacts in Figure 5.5 and Figure 5.6, each 
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inversion was manually reviewed, and the dipping contacts defined where the conductive layer was 

at least 1 order of magnitude less than the resistor as this difference marked an obvious interpretable 

transition between a conductive layer and resistive layer. 

 

The 30-layered smooth 1D inversions were completed for comparison with the 4-layered inversions 

since most final GA-LEI inversion products utilise a smooth, multi-layered solution (for example, Brodie 

and Fisher, 2008; Hutchinson and Costelloe, 2010; Hutchinson et al., 2010; Brodie and Costelloe, 2011; 

Costelloe et al., 2012; Munday et al., 2013). However, conclusions from the smooth model results did 

not differ significantly from few-layered examples. The only apparent difference between the smooth 

and few-layered models are the gradational contacts recovered by a smooth layered inversion (for 

example, see the gradational colour change in Figure 5.5(a)-(c)) associated with the inversion resolving 

the increasing resistivities of the subsurface with depth). The smooth model layers almost appear as 

though the inversion is recovering a cover layer overlying multiple basement layers. These multi-

layered results highlight the difficulty and ambiguity of interpreting a layer contact at the base of a 

conductor from a 1D smooth inversion. 
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Figure 5.5 The range of GA-LEI solutions for a dipping contact (g) between a (a)-(c) 10 Ωm layer overlying a 

1000 Ωm layer, and (d)-(f) 100 Ωm layer overlying a 1000 Ωm layer. Actual model contact (black lines), 

inverted solutions (grey lines), and inverted smooth model solution (coloured region) with associated 𝜱𝑫 

misfits are shown. 

 

5.5.5.2 Dip angle and contact 

In Figure 5.5 and Figure 5.6 we can see that the synthetic model contacts are underestimated where 

the apparent dip angle along the survey line is greater than 15o to 20o. Specifically, where the 

conductive layer is 100 Ωm in both the conductor-over-resistor and resistor-over-conductor scenarios 

has an apparent dip angle less than 20o, this dipping contact is resolved by the 1D algorithm (Figure 

5.5(d)-(e), Figure 5.6(d)-(e)). With larger dip angles the angle is underestimated (Figure 5.5(e)-(f), 

Figure 5.6(e)-(f)). In contrast, the dipping contact between a 10 Ωm conductor and resistor is only 

resolved where its apparent dips is less than 15o (Figure 5.5(a)-(c)), while the dipping contact between 

a resistor and a 10 Ωm conductor is resolved where the contact has a dip angle less than 20o (Figure 

5.6(a)-(c)). It might be expected that solving only for the layer thicknesses given a reference model of 
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known layer conductivities may improve the inversions ability to recover the apparent dip angle of a 

dipping contact. However, this is not the case, where the inversion is only solving for thickness, a 

dipping contact is still underestimated where the contact has a dip angle greater than 15o to 20o along 

the survey line (Figure 5.5 and Figure 5.6, red lines). 

 

 

Figure 5.6 The range of GA-LEI solutions for a dipping contact (g) between a (a)-(c) 1000 Ωm layer overlying a 

10 Ωm layer, and (d)-(f) 1000 Ωm layer overlying a 100 Ωm layer. Actual model contact (black lines), inverted 

solutions (grey lines), and inverted smooth model solution (coloured region) with associated 𝜱𝑫 misfits are 

shown. The locations of the inflection points at each end of the dipping contact are annotated with dashed 

black lines. 

 

Steeper dipping contacts are underestimated to a maximum limiting dip angle. For the conductor-

over-resistor contacts between a 10 Ωm and 1000 Ωm layer, the steep contacts are recovered with an 

apparent dip angle of 20o, and steep contacts between the 100 Ωm and 1000 Ωm layers are recovered 

with an apparent dip angle between 20o to 30o (Figure 5.5(a)-(f) compare grey results with black lines). 
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For the reverse examples where a resistor overlies a conductor, the steepest contacts are recovered 

with apparent dip angles between 20o to 40o for both the 10 Ωm and 100 Ωm resistive layer scenarios 

(Figure 5.6(a)-(f)). This suggests that conductor-over-resistor contacts between 20o to 30o, and 

resistor-over-conductor contacts between 20o to 40o represent a transition where the inversion 

resolves either an accurate boundary for a shallow 15o to 20o contact or underestimates steeper 

boundaries (>20o). While the dip angle of these steep features is unreliable, the dip direction can be 

identified from the inversion output. 

 

The contact slope and deepest parts (Figure 5.5, and Figure 5.6(a)-(f) from -300 m to the end of the 

profile) of a dipping layer are inconsistently resolved across all model scenarios as ‘jagged’ contacts. 

Reference models with thin layer thicknesses are suitable for resolving shallow dipping contacts yet 

are less suitable for steeper examples. In contrast, reference models using larger layer thicknesses are 

more appropriate for solving steeper scenarios as the inversion approaches a solution similar to the 

actual model result; limited by the maximum penetration depth of the TEMPEST AEM system. This is 

captured by the complexity of some solutions and associated increased misfits where inaccurate 

contacts are resolved (Figure 5.5, and Figure 5.6(a)-(f) the boundary from -300 m to 300 m along the 

profile). Alternatively, inverting for layer thicknesses given knowledge of the actual layer 

conductivities improves the inverted solution by resolving a smoother geologically appealing contact 

with a reduced misfit (Figure 5.5, and Figure 5.6 red lines). 

 

Given 1D inversions are suited to recovering the depth to top of horizontally layered features, it might 

be expected that simple trigonometry could be used to calculate an apparent dip angle from the 

inverted depth to horizontal tops, and inverted width of the ‘jagged’ dipping contact (Figure 5.6(b)). 

However, this approach is unlikely to be accurate for the synthetic scenarios presented here, albeit 

for different reasons. The deepest horizontally layered contacts (Figure 5.5 from 300 m onwards) in 

the conductor-over-resistor scenarios are always underestimated by the inversion since the 

conductance of these thick surface layers, and the sensitivity of the TEMPEST system, limit the AEM 

signals depth of detection (Equations 1 and 2, and Figure 5.5). In contrast, the deepest horizontally 

layered contacts in the resistor-over-conductor examples are resolved where (Figure 5.6 from 300 m 

onwards) the synthetic models have a dip angle less than 45o. While we can determine an accurate 

depth to top for these shallow dipping examples, the resolved width across these inverted contacts 

are laterally exaggerated by approximately 125 m for the 15o dipping scenarios up to 1000 m in the 

25o dipping scenarios (see dashed lines in (Figure 5.6(a), (b), (d), (e)). This suggests that a trigonometric 

calculation could be used to calculate a dip angle close to the actual dip angle of shallow contacts, 
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however, this is not necessarily useful given the inversion is already accurately recovering these 

shallow contacts. 

 

5.5.5.3 Resistivity transition effects 

The AEM response from regions of contrasting resistivities along a survey profile are dependent on 

the survey flight direction where the AEM system transmitter is offset from the receiver. When flying 

across the contact between a dipping conductor-over-resistor boundary (Figure 5.5) the AEM 

response records a transition from a mostly resistive region to a more conductive region (Figure 

5.5(g)). The inverted solutions in this scenario resolve complex and inaccurate thicknesses at the 

inflection of the dipping contact (Figure 5.5(a)-(f), at -300 m to -100 m along the profile) before 

approaching a solution closer to the actual smooth dipping boundary further along the contact (Figure 

5.5(a)-(f) between -100 m to 300 m along the profile), except in the 45o examples in Figure 5.5(f) which 

have a complex contact across the entire dipping layer. The jagged dipping contacts are less extreme 

when flying across the equivalent but reverse resistivity scenarios of a dipping resistor-over-conductor 

boundary (Figure 5.6(a)-(f) at -300 m to -100 m along the profile). In this second example (Figure 5.6) 

the TEMPEST survey moves from a mostly conductive to more resistive terrane (Figure 5.6(g)) and the 

initial inflection of the dipping boundary is instead resolved before its actual location (Figure 5.6(a)-

(f) at -500 m for 45o, -400 m for 25o , and at -325 m for 15o contacts along the profile). These resistor-

over-conductor scenarios in Figure 5.6 approximate the model equivalent of flying a TEMPEST survey 

in the opposite direction across the conductor-over-resistor scenarios in Figure 5.5. 

 

While a 1D inversion is unable to accurately recover the apparent dip angle along an AEM survey line, 

the presence of conductive artefacts may be a useful locator of steep 2D boundaries in 1D AEM 

outputs. As a TEMPEST AEM system approaches a thickening conductive region (Figure 5.5(a)-(f) -

300 m to 600 m along the profile), the inline component response records a small increase in 

amplitude. This has previously been shown by Annetts et al. (2000). This artefact is associated with 

the transmitter-receiver offset of the TEMPEST AEM system with respect to the flight direction, 

whereby the AEM system detects the thicker more conductive regions ahead of the receiver location. 

Inverting this response manifests as a complex solution resolved at the start (Figure 5.5(a)-(f) at -300 m 

along the profile) of the dipping conductor-over-resistor contact. This is not seen when flying across 

the resistor-over-conductor contacts which approximate a scenario where the AEM flight path is in 

the opposite direction (Figure 5.6(a)-(f)). The conductor-over-resistor (Figure 5.5) artefact and 

associated 1D solutions are exaggerated for contacts steeper than approximately 15o and may be a 
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useful locator of steep 2D boundaries which warrant further investigation with 2D or 3D AEM inversion 

methods. 

 

5.5.6 Summary 

The results from the synthetic modelling presented above investigated: the detection of a conductive 

layer under conductive cover, the 1D layered-earth inversion of a conductive layer under conductive 

cover, and the 1D layered-earth inversion of dipping contact geometries. These results suggest that: 

Detection of a conductive layer under conductive cover 

• The depth to bottom of a 100 m thick conductive basement layer is undetectable with a 

TEMPEST AEM system, 

• In resistive terranes (100 Ωm to 1000 Ωm), the top of a conductive basement layer can be 

detected up to 700 m below the surface, and 

• In conductive terranes (1 Ωm to 10 Ωm) the top of a conductive basement layer can be 

detected up to 300 m to 400 m below the surface. 

Inversion of a conductive layer under conductive cover 

• 1D AEM inversions reliably resolve the depth of a conductor beneath conductive cover (1 Ωm 

to 100 Ωm) where it is located at approximately 100 m below cover, 

• Conductive cover appears to thicken where a conductor is located at shallower depths. An 

anomalous underlying conductor blends with conductive cover and the two distinct 

conductors separated by a thin resistive layer are not resolved. 

• The depth to top and thickness of the basement conductor at depths greater than 200 m 

below cover are inaccurately resolved, 

• The resistivity of the basement conductor beneath conductive cover (1 Ωm to 100 Ωm) is 

reliably resolved in 1D AEM inversions, and 

• 1D AEM inversions are likely to underestimate regolith resistivity where regolith overlies but 

is not in contact with a conductor (1 Ωm). 

Geometry of dipping contacts 

• The apparent dip angle of a dipping layer along an AEM survey line is accurately resolved 

where it dips less than 15o to 20o, 

• Contacts dipping greater than 20o along an AEM survey line are resolved with angles between 

20o to 40o which are indistinguishable from solutions with a shallower (less than 20o) contact, 
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• 1D AEM inversions can resolve the dip direction of a 2-layered resistor-over-conductor and 

conductor-over-resistor boundary regardless of dip angle, and 

• The TEMPEST AEM response from a survey which flies across a resistive to conductive 2D 

geometry is resolved as a complex model contact in 1D AEM inversions. This is not seen for a 

flight path from conductive ground to resistive ground. 

 

5.6 Interpretation 

5.6.1 Geology 

Presented here is a 1D GA-LEI AEM inversion from part of the Capricorn Orogen TEMPEST AEM survey 

along Line 1009801 (Figure 5.1 blue line) (additional interpretations are supplied in Appendix B.2 for 

AEM Line 1009001 over the Bryah Basin (Appendix B.2.1), and Line 1009501 over the Ilgarari Cu 

deposit in the Collier Basin (Appendix B.2.2)). Line 1009801 is located within the north-eastern Yerrida 

Basin and intersects the Juderina and Johnson Cairn Formations of the Windplain Group, the overlying 

Thaduna Formation of the Mooloogool Group, and the Archean Marymia Inlier (Occhipinti et al., 2017) 

(Figure 5.7). The Johnson Cairn Formation comprises the most conductive sediments within this 

region, while the Thaduna and Juderina Formations are more resistive. This north-eastern region of 

the Yerrida Basin (Figure 5.7) is geologically complex and has been deformed by 10 m- to 100 m-scale 

folds associated with the regional-scale Robinson Range Synform. It is expected that where these 

deformed lithologies have contrasting resistivities, they will be resolved as apparently dipping 

conductive features. 
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Figure 5.7 Intersected geology based on Bagas (1998) and Occhipinti et al. (2017) for the section of AEM Line 

1009801 inverted and interpreted in Figure 5.8Error! Reference source not found.. The interpreted dips and 

structures made from the inversion in Figure 5.8 have been annotated in purple on the map. 
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A typical 1D inversion from the Yerrida Basin is shown in Figure 5.8(d). The observed AEM survey 

responses and calculated AEM responses from the inversion are shown in Figure 5.8(b)-(c), and the 

misfit across the inversion is shown in Figure 5.8(a). The only available drill hole, THD001 located 

700 m west of the AEM line, is plotted on the inverted section and coloured according to the hand 

sample resistivity measurements acquired along this drill hole (Figure 5.2). The inversion shows the 

southern end of the transect as a mostly conductive layer overlying a resistor. However, at A1 and A2 

two discrete vertical conductors are resolved. Further north the inversion resolves a thick highly 

conductive region overlying a resistor. At B, this conductor forms an uneven south dipping feature, 

and at D this feature dips more smoothly to the north to form a moderately conductive apparently 

dipping region. At C, a discrete vertical conductor is resolved at a depth below and in contact with the 

features in D. 

 

Where dip and strike measurements are shown on the geological map in Figure 5.8, this indicates 

areas where the geology has been visually observed (Bagas, 1998), elsewhere the faults and folding 

are interpreted from regional-scale geoscientific datasets. The dip and strike measurements (Figure 

5.8(d) annotated dipping black lines and dip angle data) proximal to the AEM survey line and 

interpreted regional fold axes (Figure 5.8(d) dashed black lines and arrows) have been shown above 

the inversion in Figure 5.8(d). Metre-scale folds and faults which have been interpreted (annotated 

on the inversion in Figure 5.8(d)) from both the AEM inversion in conjunction with the available 

geological information and vice a versa. There is some evidence for the presence of the regional-scale 

Robinson Range Synform by the apparently dipping and highly conductive and complex feature in B 

(Figure 5.8(d)). However, individual deformed stratigraphic units are not always inverted with large or 

complex resistivity contrasts, which might be expected where they are highly deformed (i.e. the 

Johnson Cairn Formation between 7187500 m-7188800 m, or the Thaduna Formation 7180000 m-

7184000 m). Below we discuss the resistivity contrasts which are resolved in the Yerrida Basin 

inversion at A, B, C and D. Firstly the deep discrete conductors at A and C are discussed, followed by 

the dipping features in B and D. 

 

The reliability of an inversion can be assessed, in part, form a comparison of the measured and 

calculated AEM responses. For example, a poor fit between the measured and calculated AEM 

responses is seen in Figure 5.8(b) and (c) where discrete conductors are modelled in the inversion (see 

A1, A2 and C in Figure 5.8(d)). This may be associated with the use of an inappropriate inversion 

reference model, the presence of unresolvable 2D or 3D features by a 1D AEM algorithm, or both. The 
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discrete and deep conductors at A1, A2 and C in Figure 5.8(d) have an associated observed AEM 

response which differs from the calculated responses from the inversion (Figure 5.8(b)-(c), compare 

grey and purple lines). The late-time responses in the observed data at A1 measure a minor asymptotic 

inflection within the vertical AEM component (Figure 5.8(c), grey lines); similar to responses modelled 

across vertical resistive-conductive boundaries previously shown in Annetts et al. (2000). This could 

suggest that a conductive vertical feature such as a fault may exist within the Thaduna Formation at 

A1. However, the calculated responses from the inversion produce a poor fit with the observed data 

in the inline component (Figure 5.8(b)), and therefore the inversion may be inadequately recovering 

this feature. Similarly, a poor fit is seen between the observed and calculated inline and vertical 

component responses at A2, and C (Figure 5.8(b)-(c)). Also, the measured data do not indicate that 

deep and discrete features are present at A1 and C, rather the geology is likely to be less complex. It is 

therefore equally likely that conductors A1, A2, and C may be related to inversion artefacts, poorly 

resolved parts of the basin perhaps caused by the inversion reference model, the presence of 2D or 

3D geological features, or all these possibilities. 

 

5.6.2 Deep conductors 

If the discrete conductors at A1, A2 and C in Figure 5.8(d) are associated with deep geologically 

conductive features, then the synthetic modelling previously shown would suggest that their depths 

are likely to be inaccurately resolved by the inversion. The cover over A1 and A2 is inverted as an 

approximately 150 m to 200 m thick zone with a resistivity of approximately 10 Ωm to 100 Ωm. The 

resolved cover above C also forms a 10 Ωm to 100 Ωm resistive region but is in contact with conductor 

C at approximately 300 m below the surface. Based on the thickness and resistivity of the cover above 

conductor C, the previous synthetic modelling scenarios suggest that the inversion is either poorly 

resolving the depth to top of conductor C, or accurately recovering a single region of variable resistivity 

with depth. A1, and A2 are located approximately 100 m to 200 m below the 10 Ωm resistive cover, 

which is within the optimal zone where a conductor is likely to be accurately resolved by a 1D 

inversion. However, this is dependent on the interpreted 10 Ωm resistivity and 100 m to 150 m 

thickness of the cover also being correct. For example, where the cover is closer to 200 m thick and 

has a resistivity of 10 Ωm we know that a TEMPEST AEM system is unlikely to detect a basement 

conductor, hence the inversion is unlikely to be resolving real basement features at A1, and A2. 
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Figure 5.8 For AEM Line 1009801, the (a) calculated inversion 𝜱𝑫 misfit, (b) Capricorn TEMPEST survey response (grey), and calculated inversion response (purple) for the 

x-component and, (c) z-component and, (d) GA-LEI results with apparently dipping features and deep conductors highlighted (dashed lines and boxed regions, 

respectively). The measured dips and strikes closest to the AEM line and interpreted regional-scale fold axes have been annotated above the inversion.
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Conductive lithologies typically have slow AEM decays which correspond to conductive features in 1D 

AEM inversions. The Johnson Cairn Formation is an example of a mostly conductive homogenous unit. 

This is supported by hand sample measurements collected on THD001 (Figure 5.2) and recent geological 

interpretations which constrain the Johnson Cairn Formation to the pyritic black shales of the lower 

Yerrida Basin (Occhipinti et al., 2017). Where the Johnson Cairn Formation is mapped between 7186500m-

7189000 m in Figure 5.8(d), it is characterised by a delayed AEM response (Figure 5.8(b)-(c)) and an 

inverted region of high conductivity (Figure 5.8(d)). This is consistent with the 300 m thick Johnson Cairn 

Formation logged along drill hole THD001 (Figure 5.8(d)). Further south, between 7181850 m-7183100 m 

(Figure 5.7, Figure 5.8(d)) where the Johnson Cairn Formation is currently mapped, the AEM responses 

over this region are characterised by slow decays in the early times (Figure 5.8(b)-(c)), and an inversion 

result with a broad moderately conductive near surface layer overlying a more resistive region (Figure 

5.8(d)). This is consistent with a thin, much less than 300 m thick and highly conductive Johnson Cairn 

Formation overlying the more resistive Juderina Formation, or a thick and overall more moderately 

conductive Johnson Cairn Formation which may have a resistivity similar to the maximum Johnson Cairn 

Formation values presented in Figure 5.2. In contrast, between 7184000 m-7186000 m (Figure 5.7, Figure 

5.8(d)) the Johnson Cairn Formation produces a broad steep AEM response which is resolved as a 

moderately resistive inverted region (Figure 5.8(d)). These features are inconsistent with current 

knowledge of the Johnson Cairn Formation as a highly conductive unit but are instead consistent with 

more resistive lithologies. This discrepancy between expected and modelled resistivity variations may be 

because between 7184000 m – 7186000 m along the central part of the AEM line the more resistive 

Thaduna sediments have been incorrectly interpreted as the Johnson Cairn Formation, or the Johnson 

Cairn Formation is to some extent resistively heterogeneous and contains less conductive materials within 

this region (e.g. extensive carbonaceous siltstones). However, the latter is less likely given current 

geological and petrophysical knowledge of the unit. 

 

5.6.3 Dipping features 

North of the Robinson Range Synform, the conductive Johnson Cairn Formation appears in the inversion 

as a moderately conductive to very conductive feature with an uneven contact over a resistor (Figure 

5.8(d) (B)). At B the apparently dipping Johnson Cairn Formation overlies the more resistive Juderina 

Formation and this contact can be estimated by following the extremes of the uneven inverted conductor. 

This defines an apparent dip angle along the survey line of approximately 30oS-40oS (Figure 5.8(d), B). This 
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inverted apparent dip angle lies within the range where the previously shown synthetic scenarios model 

an underestimated dip, approximated by the 10 Ωm-1000 Ωm contact model scenarios. While this 

apparent dip angle of the Johnson Cairn-Juderina contact is underestimated, the dip direction is correctly 

resolved. In addition, the complex model geometry and poor fit between the observed and inverted AEM 

responses are consistent with a very steep dipping contact and thick conductive layer which may extend 

to great depths (Figure 5.8(b)-(c)). 

 

The apparent dip angle of the second dipping contact at D in Figure 5.8(d) is also underestimated by the 

1D inversion. This feature is moderately conductive and measures an apparent inverted dip angle of 

approximately 18oN (Figure 5.8(d)). The resolved apparent dip angle of conductor D is consistent with 

either an accurately inverted shallow dipping contact or an underestimated steeper feature. A dip angle 

of 30o measured on outcrop north of D (Bagas, 1998) (Figure 5.7) suggests the latter, an underestimated 

dip angle of a steeper north dipping conductor. 

 

The north dipping conductor at D is difficult to reconcile with mapped lithologies. The Juderina Formation 

is mapped at surface between 7189000 m-7190600 m (Figure 5.7, Figure 5.8(d)) and comprises siltstone 

and sandstone lithologies in this location (Figure 5.7). The Juderina Formation siltstones and sandstones 

are associated with lower resistivities measured in Figure 5.2, and while the Formation is characteristically 

resistive, it is reasonable to suggest the unit has moderate near-surface conductivities associated with 

these sediments, and weathered versions of these sediments mapped along the northern part of Line 

1009801. However, sandstone and siltstones of the Juderina Formation do not overlie the younger 

Johnson Cairn Formation as there is no evidence for basin scale overturing. The dipping conductor at D 

may be evidence of an unmapped contact or a splay off the Jenkin Fault which has thrusted the more 

resistive Juderina Formation onto the more conductive Johnson Cairn Formation in this location (Figure 

5.7, Figure 5.8(d)). This is in part supported by recent re-logging of THD001 which has identified the 

contact between the Johnson Cairn and Juderina Formations to be a fault (Occhipinti et al., 2017). 

 

 

 



CHAPTER 5. EXTRACTING MEANINGFUL GEOLOGICAL AND STRUCTURAL FEATURES... 

226 
 

5.7 Conclusions 

In this work, we interpret a 1D GA-LEI AEM inversion from the regional Capricorn TEMPEST AEM survey 

acquired in 2013. Interpretations of this layered-earth inversion were directed by the modelling results 

from simplified synthetic models of deep conductors and dipping contacts. Limitations to 1D 

interpretations exist where conductive (1 Ωm to 10 Ωm) surface layers are thick, deep conductors are 

greater than 300 m to 400 m below the surface and where 2D features dip at angles greater than 15o. 

Including a priori information within a 1D inversion can improve the depth to top resolution of a conductor 

underlying regolith, however, fails to improve the resolution of steep 2D contacts. Shallow dipping 

conductors less than 15o, and their dip direction can be resolved with 1D layered-earth algorithms, 

however, inversion artefacts can obscure the dip at all depths, particularly where the flight direction of a 

TEMPEST system approaches a conductive region. 

 

An inverted profile from the Capricorn TEMPEST AEM survey was presented which resolved variable 

resistivity contrasts and conductive dipping features. These have been shown to correlate with conductive 

and deformed basin sediments. Given petrophysical knowledge of the resistivity variations of the 

Capricorn Orogen basin formations, the AEM inversion suggests that the resistive Thaduna Formation may 

extend further north where the conductive Johnson Cairn Formation is currently mapped. In addition, the 

resistivity contrast between the conductive Johnson Cairn and underlying resistive Juderina Formation 

allows for the detection and resolution of the fault contact between these formations; resolved as a 

conductive north dipping region south of the Marymia Inlier boundary. Modelling of likely subsurface 

scenarios allows much greater confidence to be placed in a geological interpretation of an inversion 

product. 

 

There are limitations of TEMPEST AEM surveys for detecting deep conductors, as well as the limitations 

of 1D AEM inversion algorithms for resolving deep or dipping conductors along a survey line. This work 

has shown that much care must be taken when interpreting such features within conductive and 

geologically complex environments, especially where AEM inversions are limited to 1-dimension due to 

wide survey line spacing. In addition, the synthetic modelling presented here has highlighted the need to 

explore the reliance on an adequate reference model when using a 1D AEM inversion code. 
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6  

Interpretation of MT, AMT and AEM 

inversions 

 

Foreword 

AEM techniques are useful for resolving resistivity variations in the near surface. However, the 

geometry and depth of conductors beneath cover are poorly resolved in AEM inversions (Chapter 5). 

To counter the limited depth of investigation of AEM techniques (Chapter 4 and Chapter 5), GEM and 

MT methods can be used to map the subsurface to a few hundred metres to kilometres below the 

surface. Comparisons between inversions of shallow and deep electromagnetic techniques can 

provide a more complete understanding of the subsurface resistivity variations. 

 

New geological interpretations of the south-eastern Capricorn basins have suggested that the 

sedimentary rocks are spatially and temporally similar across different basins, for example the 

conductive shales (Chapter 3) of the Johnson Cairn Formation may form a laterally continuous 

sequence across the lower Yerrida and Bryah Basins. This unit is highly conductive, and if similar 

sequences to the Yerrida Basin lithologies are present in deeper parts of the Bryah Basin, they should 

be detectable with MT techniques. The northern boundary of the south-eastern Yerrida and Bryah 

Basins are in fault contact with the Archean Marymia Inlier. In addition, the older sedimentary units 

of the Yerrida Basin are also found at the northern margin of the Bryah Basin and its contact with the 

Marymia Inlier. Resistive similarities between these deformed stratigraphic units along the northern 

edge of these basins will validate spatially consistent structures and lithologies of the south-eastern 

Capricorn Orogen basin-craton margin. 
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Presented here are two new MT surveys which were acquired to map the conductive sedimentary 

units of the Yerrida and Bryah Basins. These two surveys each compared a traverse with a combination 

of MT and AMT measurements, which were inverted with a 3D modelling code. These survey lines are 

proximal to the TEMPEST AEM survey lines across the Capricorn Orogen which were also inverted with 

a 1D AEM inversion code. These inversions provided an opportunity to compare the results from a 

shallow EM technique, and deeper penetrating EM techniques, with respect to mapping basin 

lithologies and structures within the south-eastern Capricorn basins. 

 

The content of this chapter is an unpublished journal manuscript intended for submission. 
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Interpretation of MT, AMT and AEM inversions from the Bryah and 

Yerrida Basins, Capricorn Orogen, WA  

Sasha Banaszczyk, Mike Dentith, Perla Piña-Varas, David Annetts* 
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6.1 Abstract 

Electromagnetic techniques are useful for mapping conductive lithologies within the sedimentary 

basins of the Capricorn Orogen. The Yerrida and Bryah Basins in the south-eastern Capricorn Orogen 

host locally conformable sedimentary sequences which can be mapped with AEM and MT techniques. 

Few studies compare results from AEM, AMT, and MT surveys, however, the regional Capricorn 

TEMPEST AEM survey in addition to two newly acquired MT survey lines provide an opportunity to 

compare the resistivity variations of both the near surface and deep sedimentary packages of the 

Bryah and Yerrida Basins. Through the joint interpretation of 3D MT and AMT inversions and 1D AEM 

inversions of the conductive Bryah and Yerrida Basins, the sedimentary units were interpreted to 

validate current geological ideas. Drilling evidence has shown that the Karalundi Formation of the 

Bryah Basin contains shales and siltstones which are now thought to be locally conformable and 

gradational with the underlying Johnson Cairn Formation of the Yerrida Basin. In addition, previous 

MT results suggest the northern structural boundary of these basins with the Archean Marymia Inlier 

may be conductive.  

 

The MT and AEM results presented here do not resolve contrasting resistivity variations associated 

with the known basin structures. In addition, the mapped deformation of the younger and more 

resistive Thaduna Formation in the Yerrida Basin was difficult to reconcile with the resistivity variations 

resolved in both the AEM and MT results. However, the MT inversions from the Yerrida Basin do 

improve on previous MT studies by resolving the local scale folds where the Johnson Cairn Formation 

forms a thick conductive unit. In contrast, the AMT inversions from the Bryah Basin are sub-standard, 

due the complexity of the basins resistivity variations which were poorly resolved by the 3D algorithm. 

Despite this, the AMT results indicate that the Karalundi sediments are resistive, even where 

conductive shales have been resolved along strike within the AEM inversions. This might suggest that 

the shales of the Karalundi Formation are not found within the first 2 km of the surface at the location 

of the MT survey, and that they do not form a thick continuous package associated with the 
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conductors resolved in the AEM inversions. The geometry and lateral extent of the Karalundi shales 

are dissimilar to the regional wide conductor which are associated with the shales of the Johnson Cairn 

Formations. 



6.2 INTRODUCTION 

 

233 
 

6.2 Introduction 

1D AEM inversions have a shallow depth of investigation particularly in conductive basin terrains 

(Chapter 3), while MT techniques can achieve longer acquisition times to measure the electromagnetic 

responses from a few hundred metres to kilometres below the surface (Spies, 1989; Vozoff, 1991; 

Simpson and Bahr, 2005). A combined interpretation of typical electromagnetic data can provide 

information about the electrical subsurface at varying depths for characterising prospective host 

sediment sequences within sedimentary basin terrains. The Capricorn Orogen, WA, is one such terrain 

where an improved delineation of sedimentary formations can have ramifications for geological maps 

of the basins (Aitken et al., 2015). Understanding this basin geology can improve the exploration for 

new mineral occurrences. The Capricorn Orogen has been characterised by a regional-scale TEMPEST 

AEM survey with widely space survey lines, although inversions of this dataset are limited to one 

dimension due to the large volume of acquired data. Two new MT survey lines were acquired with 

audio magnetotelluric (AMT) and broadband magnetotelluric (BBMT) soundings proximal to known 

drilling and the TEMPEST AEM survey lines within the south-eastern Capricorn Orogen (Figure 6.1). 

These surveys aimed to understand the extent to which MT methods could be used to map the depth 

and lateral extent of conductive sedimentary units and the location and resistivity variations 

associated with the basin structures. 

 

The resistivity contrasts of the stratigraphic units within the Capricorn Orogen Basins can be mapped 

with both AEM and MT techniques to understand their geometry and depth. With the increased 

acquisition of regional-scale electromagnetic datasets across Australia (Hutchinson et al., 2010; 

Costelloe et al., 2012; Geoscience Australia, 2014; Roach, 2015), it is also necessary to understand 

how MT surveys can complement interpretations made from AEM surveys within sedimentary basin 

terrains. To understand the resistivity contrasts and thicknesses of the sedimentary sequences within 

the south-eastern Capricorn Basins, we interpret two newly acquired MT survey lines, inverted with a 

3D algorithm, in conjunction with 1D TEMPEST AEM inversions of the TEMPEST survey lines from 

similar locations as the MT surveys. The first line was collected to understand the resistivity contrasts 

of the stratigraphic units of the Bryah Basin in the southern Capricorn Orogen, and the contact the 

basin has with the northern Archean Marymia Inlier (Figure 6.2). A second MT line, crossing the 

northern Yerrida Basin, was collected to determine whether 3D MT techniques could improve on AEM 

depth of investigation limits beneath potentially conductive lithologies to detect the Yerrida Basin-

Marymia Inlier contact, in addition to providing a laterally comparable survey section with the Bryah 

Basin MT line (Figure 6.3). Below we present, (1) the previous combined AEM and MT interpretation 
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studies from Australia and the MT studies across the Capricorn Orogen, (2) a geological background 

for the study area, (3) the methods and results for inverting the MT and AEM datasets, and (4) an 

interpretation of these results. 

 

 

Figure 6.1 Regional map of the Capricorn Orogen, showing the location of the regional TEMPEST AEM survey, 

and two new MT survey lines within the Bryah and Yerrida Basins. Previous MT (Selway, 2008; Selway et al., 

2009; Heinson et al., 2011; Dentith et al., 2014; Piña-Varas and Dentith, 2018a) and AEM (Munday et al., 2013) 

interpretation studies are shown by the shaded regions. 

 

6.2.1 Joint AEM and MT interpretation 

Regional and widely-spaced AEM surveys inverted with 1D algorithms are becoming commonplace 

across sedimentary basin terrains within Australia (Aitken et al., 2015; Folkes, 2017; Brodie and Ley-

Cooper, 2018). However, many of these Australian surveys have been interpreted without additional 

datasets to improve on the AEM techniques shallow depth of investigation. In fact, Crowe et al. (2013) 

and Folkes (2017) have presented the only integrated electromagnetic studies of AEM data with 
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coincident and offline AMT and BBMT surveys. Folkes (2017) focused on interpreting the depth and 

thickness of the Palaeozoic basement rocks and Jurassic to Cretaceous basin sequences of the 

Thomson Orogen in north-western New South Wales and south-western Queensland from AEM and 

MT inversions. While Crowe et al. (2013) completed 2D MT inversions using a starting model built 

from the results  of AEM inversions  from the same region to constrain the top 300 m of the MT 

inversions. The results were used to map the conductive Mesoproterozoic sedimentary basins of the 

Cariewerloo Basin which overlie the eastern Gawler Craton in South Australia (Crowe et al., 2013). 

 

Folkes (2017) found that the comparison of multiple EM datasets enabled robust interpretations of 

both shallow cover sequences and deep crustal features and were a means for validating the different 

EM inversion methods. Where resistivity and thickness variations were vastly different between each 

inverted data type, this offered an opportunity to understand the limitations of each electromagnetic 

surveying method. Generally, there was an overall agreement between the AEM, BBMT, and AMT 

inverted sections. However, Folkes (2017) found that AEM techniques were unreliable for determining 

cover thickness where highly conductive cover was greater than 150 m thick, while the BBMT 

inversions overestimated the same cover thickness where this was less than 50 m thick. The AMT 

inversions were, however, reliable to a maximum depth of 400 m (Roach, 2015) for resolving the 

subsurface conductivity and thickness variations of the cover, validated by available drilling 

information. The BBMT and AMT inversions improved on the AEM techniques 300 m to 400 m deep 

depth of investigation by resolving the subsurface resistivity variations to 50 km and 8 km below the 

surface respectively, albeit with a lower resolution. 

 

Crowe et al. (2013) found that their constrained MT inversion, and AEM inversion recovered similar 

resistivity variations for conductive geological units. They also showed that a constrained 2D MT 

inversion defined the lateral metre to kilometre scale resistivity variations to approximately 300 m 

below the surface to define the faulted basin unconformity. As would be expected, the resistivity 

variations at depths below 300 m were less detailed where the AEM data was unavailable and the 

inversion only relied on the responses from the relatively widely spaced (1 km spacings) MT survey. 
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Figure 6.2 Geological map based on Adamides (1995) and Occhipinti et al. (2017) of the north-eastern Bryah Basin. MT and AEM survey lines and available drill holes are 

also annotated.  
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Figure 6.3 Geological map based on Bagas (1998) and Occhipinti et al. (2017) of the north-eastern Yerrida 

Basin. MT and AEM survey lines and available drill holes are also annotated. 
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6.2.2 MT in the Capricorn Orogen 

Previous electromagnetic investigations of the Capricorn Orogen using MT and AEM datasets are 

limited. The majority of the available MT research has focused on regional-scale MT surveys covering 

the Capricorn Orogen (83 stations at 10 km-20 km spacings) for interpreting the tens of kilometre-

scale crustal architecture and locality of major craton sutures (Selway, 2008; Selway et al., 2009; 

Heinson et al., 2011; Dentith et al., 2014; Piña-Varas and Dentith, 2018b, 2018a). Separately, Munday 

et al. (2013) have presented preliminary AEM inversions comparing the regional Capricorn TEMPEST 

AEM survey with another widely spaced Bryah Basin SPECTREM survey to evaluate the robustness of 

different AEM survey and modelling methods. These survey lines cross the Juderina Formation and 

Narracoota Formation within the western part of the Bryah Basin in the eastern Capricorn Orogen. 

The authors found that the AEM inversions resolved the conductive cover associated with unmapped 

paleo-valleys with a maximum thickness of 150 m, and a deep conductor below this cover associated 

with the sediments of the Bryah Basin (Munday et al., 2013). 

 

Adding to the body of MT modelling and interpretation work in the Capricorn Orogen, Selway (2008), 

Selway et al. (2009), and Heinson et al. (2011) have presented 2D MT inversions of the crustal 

relationships between the Pilbara Carton, Minnie Creek batholith, Gascoyne Complex, Glenburgh 

Terrane, and Narryer Terrane of the Yilgarn Craton, and the overlying Edmund and Collier Basins. 

These MT inversions are inconclusive with Selway (2008) and Selway et al. (2009) inverting the Pilbara 

Craton as a resistor in contact, at the Talga Fault, with the southern steep north-dipping conductive 

region of the Glenburgh Terrane. Alternatively, Heinson et al. (2011) have resolved the Lyons River 

Fault as the main suture between a mostly conductive Pilbara Craton and resistive Glenburgh Terrane. 

Heinson et al. (2011) have also resolved the Yilgarn Carton and Glenburgh Terrane as resistive regions, 

and their contact as a discrete vertical conductor coincident with the Earabiddy shear. This differs 

from Selway (2008) and Selway et al. (2009) who modelled the Earabiddy shear zone with a 45o south 

dipping contact between a conductive Glenburgh Terrane and resistive Yilgarn Craton.  

 

Dentith et al. (2014) interpret 3D MT inversions from two survey lines acquired in the eastern part of 

the Capricorn Orogen. The lines cross the Yilgarn Carton and Yerrida Basin margin in the south, and 

extend over the Marymia Inlier, Edmund and Collier Basins, and Sylvania Inlier in the north of the 

Capricorn Orogen. Interpretations from these inversions suggest the Archean Cratons (the Yilgarn 

Craton, Marymia Inlier, and Sylvania Inlier) are resistive, similar to the previously resolved Archean 

Cratons by Selway (2008) and Selway et al. (2009) and Yilgarn Craton by Heinson et al. (2011). The 
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basin sediments which overlie these cratons were resolved as variably conductive sub-horizontal 

layers truncated by steep north-dipping faults in the south, and south-dipping faults in the north. 

Notably Dentith et al. (2014) suggested these conductive sub-horizontal layers are associated with the 

lithologies of the Mooloogool Group and deeper Windplain Group of the Yerrida Basin, and the Tooloo 

Group of the Earaheedy Basin. Below the conductive sediments of the Yerrida and Earaheedy Basins, 

a deep moderately conductive north dipping zone is resolved in the inversion, which has been 

interpreted as a greenstone belt or the offset of an earlier fault or shear by the Jenkin Fault. In 

addition, north of these conductive basins, the inversions show a large moderately conductive region 

which has been associated with an eastern extent of the deep underlying Glenburgh Terrane and 

Gascoyne complex, consistent with interpretations made by Selway et al. (2009) in the west of the 

Orogen. 

 

Preliminary interpretations of new 3D MT inversions from the same south-eastern Capricorn Orogen 

MT survey presented by Dentith et al. (2014), and additional stations from the Capricorn regional 

survey (Aitken et al., 2015) have been presented by Piña-Varas and Dentith (2018a). Within the 

southern and eastern Capricorn Orogen these new 3D MT inversions confirm results by Dentith et al. 

(2014) by resolving the Archean rocks, including the Marymia Inlier, as resistors, and the northern 

edge of the Yilgarn Craton beneath the Capricorn Orogen basins as a conductive margin. However, the 

northern margin of the south-eastern Proterozoic basins with the northern Archean Marymia Inlier at 

the Jenkin Fault is not resolved with a conductive suture in these new inversions. The most notable 

inverted conductors are conformable with the regional-scale deformation by the Robinson Range 

Syncline across the central part of the Bryah Basin (Piña-Varas and Dentith, 2018a). These basin 

coincident conductors in Dentith et al. (2014) and Piña-Varas and Dentith (2018a) have been 

associated with the basin sediments which overlie the resistive cratons, with Piña-Varas and Dentith 

(2018a) suggesting they are related to the pyritic black shale units characteristic to the south-eastern 

Capricorn Orogen basins. 

 

Piña-Varas and Dentith (2018b) investigated out of quadrant impedance phases within the regional 

MT survey covering the south-eastern Capricorn Orogen. The south-eastern Capricorn Orogen 

comprises the oldest basin sediments which have been deformed and metamorphosed by a series of 

orogenic events to form a geologically complex part of the Orogen. It is this complexity and the large 

resistivity contrasts associated with the 3D basin structures which are suggested to be the most likely 

cause for the out of quadrant phases seen in the MT data from this region. Specifically, it is suggested 
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that these out of quadrant phases are a result of inductive effects, and to a lesser extent electrical 

anisotropy associated with resistivity contrasts between the Marymia Inlier and surrounding basin 

sediments. Given the MT survey lines presented in this paper have been acquired across the same 

geologically significant boundaries, it is reasonable to suggest that potential out of quadrant phases 

within this data are associated with similar complex 3D geology at the boundary of the Marymia Inlier 

with the Bryah and Yerrida Basins, previously investigated by Piña-Varas and Dentith (2018b). 

 

6.2.3 Background geology and resistivity measurements 

In addition to the MT interpretations now available, new geological interpretations from 

geochronology, outcrop, and drill core logging of the sedimentary and volcano-sedimentary 

stratigraphic units of the Capricorn Orogen have improved geological maps of the basement 

lithologies and their boundaries (Akin et al., 2013; Johnson et al., 2013; Dentith et al., 2014; White et 

al., 2014a, 2014c, 2016; Hawke et al., 2015; Pirajno et al., 2015, 2016; Cutten et al., 2016; Noble et al., 

2016; Sheppard et al., 2016; Lampinen et al., 2017; Occhipinti et al., 2017; Sergeeva et al., 2017; Spinks 

et al., 2017; Agangi et al., 2018). The Yerrida, Bryah, Padbury and Earaheedy Basins were originally 

considered four distinct basins with the Bryah and Padbury Basins forming a thrusted fault block over 

the older Yerrida Basin (Occhipinti et al., 1998; Pirajno and Aramides, 2000; Pirajno and Occhipinti, 

2000; Pirajno, 2004b; Pirajno et al., 2004). More recently, new age dates from the south-eastern basin 

units (Pirajno et al., 2009, 2016; Sheppard et al., 2010, 2016; Muhling et al., 2012; Hawke et al., 2015) 

have improved interpretations and the timing relationships between the sedimentary and volcano-

sedimentary packages and indicate that these basins are locally conformable correlative basins 

(Occhipinti et al., 2017). Of interest is the reinterpreted relationship between the Karalundi Formation 

of the lower Bryah Basin and Johnson Cairn Formation of the Yerrida Basin, which are now thought to 

be locally conformable with each other and have a gradational boundary within the northern Yerrida 

and Bryah Basins at their southern margin with the Marymia Inlier (Occhipiniti et al., 1997; Pirajno and 

Occhipinti, 2000; Occhipinti et al., 2017). This interpretation of the older stratigraphic basin units is 

supported by the presence of graphitic and carbonaceous shales found within the Karalundi Formation 

from diamond core through the DeGrussa region in the Bryah Basin (Hawke et al., 2015). Occhipinti et 

al. (2017) have suggested that these shales, and the shales of Johnson Cairn Formation form a Yerrida 

and Bryah Basin wide sulphide-rich shale unit. 

 

Compiled hand sample and down hole resistivities (Martin, 2011; Mukherji, 2011; Evans, 2016b, 

2016a; Mackenzie et al., 2016) from the stratigraphic units of the Yerrida and Bryah Basins are shown 
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in Figure 6.4 and can be used to make preliminary inferences about the resistivity variations of the 

Karalundi and Johnson Cairn Formation shales. This data shows that the Johnson Cairn Formation is a 

highly conductive unit (Figure 6.4), and depending on its thickness, might be resolved as a large 

conductor within AEM and MT inversions. Dentith et al. (2014) and Piña-Varas and Dentith (2018a) 

have shown that conductive near surface features within their regional MT inversions are coincident 

with the Yerrida Basin which may be associated with the Johnson Cairn Formation. Down hole 

resistivity measurements from the DeGrussa deposit region show that the siltstones, argillites and 

shales of the Karalundi Formation and Narracoota Formation have the lowest resistivities within the 

Bryah Basin (Figure 6.4). However, these low resistivities are not significantly different from other 

logged sediments within the region (Figure 6.4). Moreover, down hole and hand sample 

measurements can also underestimate the bulk rock resistivity (Fitzpatrick, 2006) at the scale of a 

larger electromagnetic acquisition system. If the shales of the Karalundi Formation are electrically 

equivalent to the Johnson Cairn Formation, and form thick continuous sedimentary packages, they 

may appear in AEM or MT surveys as significant conductors, similar to the deep modelled conductor 

resolved within the preliminary AEM inversions presented by Munday et al. (2013). Under this 

assumption it would be possible to map the siltstones, shales, and argillites of the Karalundi Formation 

in contact with the more resistive mafic volcanics of the Narracoota Formation, Juderina Formation, 

and Marymia Inlier using AEM and MT techniques. Mapping these lithologies, their northern structural 

contacts and depths can be used to validate current knowledge of the basement geology in this region. 
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Figure 6.4 Distribution of resistivities for each lithology shown in a violin plot which presents the probability 

density function of the resistivity data. 

 

6.3 Methods and results 

6.3.1 Visualising MT data 

MT acquisition is a passive electromagnetic technique which measures the frequencies of naturally 

occurring EM fields which dissipate through the earth (Vozoff, 1991; Simpson and Bahr, 2005). 

Naturally occurring electromagnetic fields with frequencies below 1 Hz are typically associated with 
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the interaction between the sun’s solar activity and the earth’s magnetic field, and fields with 

frequencies greater than 1 Hz are often associated with lightning storms (Vozoff, 1991). 

 

The observed electric and magnetic variations within a BBMT survey are recorded over hundreds of 

seconds to hours which allow for a depth of penetration to a few hundred metres to tens of kilometres 

below the surface (Berdichevsky and Dmitriev, 2002). AMT surveys are used to measure the EM 

variations within the range of audio frequencies, with reduced acquisition times, but also reduced 

penetration depth compared to BBMT surveys. The approximate range of periods of different EM 

survey-types are shown in Figure 6.5. In comparison to MT surveys, AEM methods survey at larger 

frequencies, however, the along line station spacing in AEM surveys is much finer and allows for a 

higher resolution of the near surface than MT methods. GEM and AMT methods survey within the 

minimum and maximum period ranges of AEM and longer period MT methods (Figure 6.5).  

 

 

Figure 6.5 Approximate range of frequencies used by different EM surveying methods, modified from Palacky 

(1993), Tezkan (1999), Simpson and Bahr (2005) and Ingerov et al. (2018). 

 

At the site of an MT receiver, the amplitude, phase and directional relationships between the electric 

and magnetic components of an EM field is dependent on the resistivity variations of the subsurface 

which this EM field diffuses through (Vozoff, 1991). The measured electrical response (𝑬) is related to 

the magnetic (𝑩) field by an impedance tensor (�̿�), which measures the apparent resistivity and 

dimensionality of the subsurface geology in which inducing EM fields are ‘filtered’ (Vozoff, 1991; 

Simpson and Bahr, 2005). The relationship between 𝑬 and 𝑩 can be written as: 

𝑬 = �̿�𝑩,     (6.1) 
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for, 𝑬 = (
𝐸𝑥

𝐸𝑦
), 𝑩 = (

𝐵𝑥

𝐵𝑦
), and �̿�, a complex number with real and imaginary parts: 

�̿� = (
𝑍𝑥𝑥 𝑍𝑥𝑦

𝑍𝑦𝑥 𝑍𝑦𝑦
) = (

𝑋𝑥𝑥 𝑋𝑥𝑦

𝑋𝑦𝑥 𝑋𝑦𝑦
) + 𝑖 (

𝑌𝑥𝑥 𝑌𝑥𝑦

𝑌𝑦𝑥 𝑌𝑦𝑦
)  (6.2) 

Each component of the impendence tensor (𝑍𝑥𝑥, 𝑍𝑥𝑦, 𝑍𝑦𝑥, 𝑍𝑦𝑦) has a magnitude and phase angle. 

The magnitude of �̿� is given by the apparent resistivity; a measure of the average resistivity of the 

sampled Earth volume for each measured frequency (𝜔) (Vozoff, 1972; Berdichevsky and Dmitriev, 

2002; Simpson and Bahr, 2005). The apparent resistivity for all tensor components is given by: 

𝜌𝑖𝑗(𝜔) =
1

𝜇0𝜔
|𝑍𝑖𝑗(𝜔)|

2
     (6.3) 

The phase angle of a complex number is defined by the inverse tangent of the ratio of its imaginary 

and real parts. In MT, the phase angle of �̿� provides a measure of the ‘lag’ or delay between the electric 

and magnetic components of an EM wave, caused by the resistivity contrasts of the Earth 

(Berdichevsky and Dmitriev, 2002; Simpson and Bahr, 2005); the phase angles for the Zxy impendence 

component will lie within the first quadrant between 0⁰ to 90⁰, and for the Zyx component they will 

lie within the third quadrant between -180⁰ and -90⁰ (Booker, 2014; Piña-Varas and Dentith, 2018b). 

The phase angle for all MT impedance tensor components is given by: 

𝛷𝑖𝑗 = tan−1 (
𝐼𝑚{𝑍𝑖𝑗}

𝑅𝑒{𝑍𝑖𝑗}
)    (6.4) 

We can extract information about the dimensionality of the Earth which contributes to this ‘lag’ to 

determine whether the volume of surveyed rock comprises 1D, 2D, or 3D features using the phase 

tensor (Simpson and Bahr, 2005). The phase tensor is built in part from the tangent of the phase angle 

and generalises the ratio of the impendence tensors imaginary and real parts (Caldwell et al., 2004; 

Booker, 2014), and is given by: 

𝚽 = 𝐗−1𝐘 = (
𝛷𝑥𝑥 𝛷𝑥𝑦

𝛷𝑦𝑥 𝛷𝑦𝑦
)    (6.5) 

The Singular Value Decomposition (SVD) of the phase tensor allows for the determination of the 

singular values 𝛷𝑥𝑥 and 𝛷𝑦𝑦 from the rectangular scaling matrix (Caldwell et al., 2004). In this form, 

the phase tensor is represented in terms of three invariants, 𝛷𝑚𝑎𝑥, 𝛷𝑚𝑖𝑛, 𝛽, and a value 𝛼, which is 

given by:  

𝚽 = 𝑹𝑇(𝛼 − 𝛽) (
𝛷𝑥𝑥 0

0 𝛷𝑦𝑦
) 𝑹(𝛼 + 𝛽),   (6.6) 

where Ф𝑥𝑥=Ф𝑚𝑎𝑥, Ф𝑦𝑦=Ф𝑚𝑖𝑛, and 𝑹(𝛼 + 𝛽) and 𝑹𝑇(𝜃) are rotation matrices: 
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𝑹(𝛼 + 𝛽) = (
cos(𝛼 + 𝛽) sin(𝛼 + 𝛽)

−sin(𝛼 + 𝛽) cos(𝛼 + 𝛽)
), with   (6.7) 

𝑹𝑇(𝜃) = 𝑹−1(𝜃) = 𝑹(−𝜃) 

The terms 𝛷𝑚𝑎𝑥 and 𝛷𝑚𝑖𝑛 are the minimum and maximum phase tensor values, and 𝛽 is the skew 

which defines the asymmetry of the tensor and provides a useful dimensionality indicator of the 

Earth’s subsurface (Selway, 2008). The skew (𝛽) is given by: 

𝛽 =
1

2
tan−1 (

𝛷𝑥𝑦−𝛷𝑦𝑥

𝛷𝑥𝑥+𝛷𝑦𝑦
)     (6.8) 

While 𝛼 defines the tensors dependence on the coordinate system and is not invariant. It is given by: 

𝛼 =
1

2
tan−1 (

𝛷𝑥𝑦+𝛷𝑦𝑥

𝛷𝑥𝑥−𝛷𝑦𝑦
)     (6.9) 

These four parameters can be visualised as an ellipse (Figure 6.6), and are used to determine the 

dimensionality of measured MT data (Caldwell et al., 2004). While the skew (𝛽) provides information 

about the dimensionality, the orientation of the major axis, 𝛷𝑚𝑎𝑥 (from 𝛼 − 𝛽), provides information 

about the geo-electric strike (Niasari, 2016). 𝛷𝑚𝑎𝑥 is aligned in the direction of maximum inductive 

current flow (𝛷𝑚𝑖𝑛 aligned in the direction of minimum inductive current flow) and is therefore 

perpendicular to the direction of maximum current density. This concentration of electrical current 

can be visualised with induction arrows (Simpson and Bahr, 2005; Selway, 2008). Induction arrows are 

a vector representation of the ratio between the measured vertical and horizontal magnetic field 

components (Gregori and Lanzerotti, 1980; Simpson and Bahr, 2005). The vertical magnetic 

component (𝐵𝑧) can be written in terms of the horizontal magnetic field (𝐵𝑥 , 𝐵𝑦) components: 

𝐵𝑧(𝜔) = 𝑻 (
𝐵𝑥

𝐵𝑦
),      (6.10) 

for, 𝑻 = (𝑇𝑥(𝜔) 𝑇𝑦(𝜔)) 

where 𝑻 is a transfer function known as the tipper (Vozoff, 1991; Berdichevsky and Dmitriev, 2002). 

The tipper is a complex number with a magnitude and phase angle and allows for the vertical magnetic 

field to be linearly related to the horizontal magnetic fields (Berdichevsky and Dmitriev, 2002; Heinson 

et al., 2011). The tipper matrix describes the ‘tipping’ of the horizontal magnetic fields into the vertical 

direction by the horizontal distributions of electric currents which are in turn associated with the 

lateral conductivity variations within the Earth (Berdichevsky and Dmitriev, 2002). It is the real parts 

of the tipper magnitude and phase which can be visualised as an arrow. When plotted with the 

Parkinson (1959) convention the arrow’s point towards regions of high conductance associated with 

lateral conductivity variations (Gregori and Lanzerotti, 1980; Simpson and Bahr, 2005). The real tipper 



CHAPTER 6. INTERPRETATION OF MT, AMT AND AEM INVERSIONS   

246 
 

magnitude defines the length of the arrow and the real tipper phase defines the orientation of the 

arrow (Parkinson, 1959; Thiel, 2008). 

 

Figure 6.6 Phase tensor visualisation, modified from (Caldwell et al., 2004). 

 

6.3.2 MT data acquisition and processing 

Two MT survey lines were acquired over the south-eastern Capricorn Orogen Basins (Figure 6.1). The 

first line, an approximately 5 km long survey, was acquired along the north-eastern margin of the 

Bryah Basin in a northeast-southwest orientation (Figure 6.2). This line is 4 km west of the DeGrussa 

mine site and intersects the Karalundi Formation, Narracoota Formation, Finlayson Member of the 

Juderina Formation, and the Archean Marymia Inlier. A second approximately 15 km long MT survey 

line was acquired along the northern Yerrida Basin-Marymia Inlier margin (Figure 6.3), in a northwest-

southeast orientation, approximately 7 km east of the historic Thaduna copper mine. This second line 

intersects the Juderina, Johnson Cairn and Thaduna Formations, which have been deformed by the 

Robinson Range Syncline. 

 

The two MT survey lines included AMT and BBMT stations. The AMT stations recorded frequency 

ranges of 10,000 Hz-1 Hz (0.0001-1s) over 2 hrs and the BBMT sites recorded frequency ranges of 

300 Hz-0.001 Hz (0.00333-1000s) over a minimum of 12.5 hrs. The Bryah line included 29 planned 

AMT sites and 13 planned MT sites. The AMT sites along the Bryah line were collected at 100 m 

intervals, with every fourth location (approximately every 400 m) recording BBMT data. However, due 

to the timing of each deployed site many of the AMT sites were also available to record data for longer 

than 2 hrs. In contrast, the Thaduna line only included 16 MT stations at 1 km intervals, although the 
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most northern site of the Thaduna line was located 250 m from the next closest station (Figure 6.3) 

due to the planned location of this station being inaccessible. 

 

The MT data was acquired using Metronix ADU07e receivers and MSF-06e magnetometers. The 

magnetic field sensors were aligned in reference to magnetic north as follows: Bx aligned north, By 

aligned east, Bz vertical down. Electric field sensors (electric dipoles) consisted of four porous Pb pot 

electrodes containing a PbCl2 solution which were aligned to geomagnetic north-south (Ex) and east-

west (Ey) along dipole lengths of 100 m. A separate base station 12 km south-west of the DeGrussa 

mine (Figure 6.2) was deployed to offer a remote reference for processing. The MT data was processed 

by an external contracting company using the Metronix ProcMT software with some stations also 

requiring additional remote reference processing based on Gamble et al. (1979). Overall, the survey 

data was generally of good quality, however the AMT data had poor measurements within the dead 

band zone where natural EM fluctuations have a low intensity (1-5 kHz), and at sites 31 and 32 which 

were nearest to an underground powerline (approximately 50 Hz-60 Hz). 

 

The processed data produced apparent resistivity and phase data for both survey lines, totalling 58 

sites. Apparent resistivity and phase data are shown for 9 of the most representative stations in Figure 

6.7, with 6 sites in Figure 6.7(a)-(f) from the Bryah Line and 3 sites in Figure 6.7(g)-(i) from the Thaduna 

Line (the survey data for all stations are shown in Appendix C.1.1, and C.2.1). The northern stations 

shown in Figure 6.7(a)-(c) measured the subsurface of the Bryah Basin and Marymia Inlier with a low 

apparent resistivity at shorter periods and larger apparent resistivities with longer periods. The 

southern stations from the Bryah Basin (Figure 6.7(d)-(f)) also recorded this increase in apparent 

resistivity of the subsurface for periods up to 10 s, however, at the longest periods there is a decrease 

(Figure 6.7(b), (e)), or a plateau in the apparent resistivity (Figure 6.7(a), (d), (f)) in at least one 

component (either XY or YX component). The Thaduna line data also shows a general increase in 

apparent resistivity with longer periods at site 2 (Figure 6.7(g)), with the largest apparent resistivities 

seen across mid- to late periods (1 s to 1000 s) (Figure 6.7(g)). At Site 8 along the Thaduna Line (Figure 

6.7(h)), the apparent resistivity variations are confined to a smaller range of apparent resistivities 

compared to Site 2. For this site, an increase in the apparent resistivity is seen within the early periods 

and a decrease in apparent resistivity for longer periods. In comparison, the range of apparent 

resistivities at Site 15 (Figure 6.7(i)) are more conductive than Site 2, with the apparent resistivities 

increasing with longer periods. 



CHAPTER 6. INTERPRETATION OF MT, AMT AND AEM INVERSIONS   

248 
 

 

Figure 6.7 MT data from selected stations across the Bryah (a)-(f) and Yerrida Basins (g)-(i). 

 

The MT data contain out of quadrant phases for the YX and XY components in each survey line. Along 

the Bryah line, out of quadrant phases in the YX component are observed between 0.001 Hz and 0.1 Hz 

for sites 1-2, 8-11, 21, 24-28, 32-33, 35, 37 and 41. Along the Thaduna line, out of quadrant phases are 

also observed between 0.001 Hz to 1 Hz in the YX component at sites 1 and 2, between 0.001 Hz to 

0.1 Hz in the XY component at sites 6, 8 to 11, and 14 to 16, and between 0.001 Hz to 1 Hz in the XY 

and YX components at sites 12 to 13. These out of quadrant phases are unusual as the XY and YX 

phases should always be recorded within the first and third quadrants, respectively. Previous research 

which has investigated this within the south-eastern Capricorn Orogen found that the out of quadrant 
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phases along the sedimentary basin-Marymia Inlier boundaries are associated with strong resistivity 

changes across complex 3D geometries (Piña-Varas and Dentith, 2018). For the Bryah line, these out 

of quadrant phases are found within sites proximal to some of the structures in the region (8-11, 21, 

24-28, 32-33, 35, 37, 41) (Figure 6.2) and within the Marymia Inlier (sites 1-2) (Figure 6.2). For the 

Thaduna line, the out of quadrant phase data are found across sites which intersect the highly 

conductive Johnson Cairn Formation (Figure 6.3).  

 

6.3.3 Data dimensionality 

The dimensionality of the survey data was assessed from MT phase tensor ellipses following methods 

by Caldwell et al. (2004). The phase tensor ellipses are shown for all frequencies and sites for the Bryah 

Line in Figure 6.8 and the Thaduna Line in Figure 6.10. Induction arrows for the Bryah and Thaduna 

Lines are shown in Figure 6.9 and Figure 6.11, respectively. The basin geology which each line crosses 

is also annotated at the top of each Figure. 

 

6.3.3.1 Bryah MT line 

The phase tensor ellipses calculated from the Bryah Basin MT data show that the responses are mostly 

3D (Figure 6.8). This includes the data measured at periods close to 0.001 s as they have a calculated 

skew greater than ±5⁰. However, the data dimensionality for periods between 0.0001 s and 0.001 s 

(10 000 Hz-1000 Hz) are somewhat erratic. Measurements for periods 0.0001 s to 0.000167 s are 1D 

or 2D since they have a skew angle of approximately 0⁰ and ellipses where 𝛷𝑚𝑖𝑛 ≈ 𝛷𝑚𝑎𝑥. For periods 

greater than 0.1 s (10 Hz) most of the data are 3D and have skew angles much greater than ±5⁰. Data 

from sites 14 to 16 for periods greater than 0.1 s, and sites 1-22 and 31-41 between periods of 0.001 s-

0.1 s (1000 Hz-10 Hz) have ellipse axes where Ф𝑚𝑖𝑛 < Ф𝑚𝑎𝑥 and calculated skews less than ±5o which 

indicate that the subsurface is likely more 2D than 3D.  
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Figure 6.8 Phase tensor ellipses for the Bryah Basin MT survey data. 
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The Bryah Basin induction arrows and phase tensor ellipses correspond to changes in the geology of 

the Basin (Figure 6.9). For example, large induction arrows will point towards geologically conductive 

anomalies. The shortest period measurements are associated with the shallowest features. Between 

10-4 s and 10-1 s the Bryah Basin induction arrows are typically small and erratic at the southern and 

central MT stations, and point towards the south with longer periods in the northern stations. 

Between periods of approximately 10-1.5 s to 101 s at sites 1 to 22 the induction arrows are larger than 

the shorter period induction arrows and are directed approximately south and southwest. For the 

same period range, sites 22-31, and 42 have more erratic induction arrow magnitudes and directions, 

and sites 32 to 41 are mostly directed towards the north. For periods greater than 101 s, the induction 

arrows generally point towards the east and southeast at sites 8 to 41 where data is available. High 

magnitude induction arrows for longer periods (greater than 10-1.5 s) are associated with regions which 

also have phase ellipses corresponding to 3D data (Figure 6.8). The Bryah Basin is electrically complex, 

particularly for the longest periods data (greater than 101 s), with some at induction arrows pointing 

towards the east, as well as the south. These large magnitude induction arrows at mid-periods (10-1.5 s 

to 101 s) may be associated with interbedded conductive lithologies of the Karalundi Formation which 

may become particularly conductive between sites 22 to 30, or the interpreted concealed faults in the 

region which may host conductive mineral phases along the fault contacts. However, the south 

directed induction arrows between 10-1.5 s to 101 s at sites 1 to 11, may be directed towards the basin-

Marymia boundary or potentially conductive geology between sites 22 to 30. Induction arrows at 

periods greater than 10 s which all point towards the east and southeast are consistent with 

conductive sedimentary units forming a region of increased conductance east of the survey line, and 

could be associated with the shales of the Karalundi Formation (Figure 6.2). 
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Figure 6.9 Induction arrows for the Bryah Basin MT survey data. 
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6.3.3.2 Thaduna MT line 

The dimensionality of the Thaduna survey data can be assessed from the phase ellipses in Figure 6.10. 

The dimensionality of the data in Figure 6.10 are overall less complex than the Bryah line, particularly 

at shorter periods. Between 10-4 s to 10-2 s the skew of the measured data is less than ±5⁰ and some 

of the ellipses plot similar maximum and minimum axis magnitudes (i.e. Ф𝑚𝑖𝑛 ≈ Ф𝑚𝑎𝑥). This suggests 

that for the shorter period data, the subsurface is mostly 2D and to a lesser extent, 1D. Between 

periods 10-2 s to 100 s the data from stations 1 to 3, 4 to 8, and 15 to 16 have more complex 

dimensionalities with skew angles greater than ±5⁰, consistent with a more complex 3D geological 

environment at the location of these sites. The phase ellipses for all the other stations over the same 

periods suggests that elsewhere the subsurface is 2D. For periods greater than 1 s the dimensionality 

is 3D across all sites as they have skew angles much greater than ±5⁰. 

 

The hand sample resistivity measurements from the (Figure 6.4) Johnson Cairn Formation indicate 

that it likely forms a highly conductive unit within the northern Yerrida Basin. Induction arrows across 

the Thaduna Line (Figure 6.11) are generally small in magnitude, somewhat erratic, and appear to be 

directed towards the Johnson Cairn Formation at most periods since the survey stations directly cross 

this lithology for most of the length of the survey line. Where the survey line crosses the Marymia 

Inlier, high magnitude south and south-south-easterly directed induction arrows are observed for the 

same data which is 3D (Figure 6.10) between periods 10-1.95 s to 10-1 s at stations 1 and 2. At site 3 the 

data are also 3D but the induction arrows point towards the south-southwest for the same periods. 

At sites 1-3 the data become less 3D and more 2D between periods 100 s to 101 s and the induction 

arrows all point towards the south. For periods greater than 101 s, the data is again more 3D and the 

induction arrows point back towards the south and east across sites 1 to 3. The induction arrows from 

sites 1 to 3 cross the Marymia-Yerrida Basin boundary may be directed towards the Jenkin fault which 

offsets the shales and sandstones of the Juderina formation of the Yerrida Basin in this region (Figure 

6.3). These induction arrows may also be associated with conductive shale units from the Juderina 

Formation which are proximal to these sites, or more distal parts of the Johnson Carin Formation 

which are found further south of the northern stations; the induction arrows are consistent with either 

a conductive Jenkin Fault or conductive deformed shale unit. In addition, the induction arrows for all 

sites south of the Marymia Inlier point towards the southeast for periods greater than 101 s. These 

arrows are likely directed towards the deep conductive lithologies of the Johnson Cairn Formation, or 

the faults which offset these conductive lithologies in the Yerrida Basin (Figure 6.3). 

 



CHAPTER 6. INTERPRETATION OF MT, AMT AND AEM INVERSIONS   

254 
 

 

Figure 6.10 Phase ellipses for the Yerrida Basin MT survey data. 
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Figure 6.11 Induction arrows for the Yerrida Basin MT survey data. 
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6.3.4 3D inversion with ModEM 

The 3D data acquired in the MT surveys led to the use of a 3D modelling code for inversion. The 

ModEM 3D inversion code (Kelbert et al., 2014) was used to invert the MT data, facilitated by the 

PAWSEY supercomputing centre Perth, Western Australia. Robertson et al. (2020) indicate that static 

shift associated with near surface inhomogeneities in MT data can be accounted for within the ModEM 

code with very thin near surface model layers. Given this assumption, thin near surface model layers 

were used to invert the Capricorn Orogen MT data. Prior to inversion spurious data points were 

manually removed and the number of surveyed frequencies were sub-sampled to reduce the inversion 

computation time. Preliminary inversions with very few frequencies (6 and 11 frequencies for the 

Bryah line, and 6 and 13 frequencies for the Thaduna line) were completed prior to the final results. 

The final inversions were completed with 20 frequencies for the Bryah Line and 24 frequencies for the 

Thaduna Line. The uniform error floor used within all inversions was 5% for all four components. 

 

Forward calculations for chosen starting models were used to validate the mesh cell size and resistivity 

for the set of modelled frequencies prior to inversion. Two half space starting models of 1000 Ωm and 

100 Ωm were tested for the Thaduna inversions. The MT response from a 100 Ωm starting model were 

sub-standard but the forward responses over a 1000 Ωm starting model were accurate. These forward 

tests also directed the removal of frequencies greater than 103 Hz which were not appropriately 

calculated by the forward tests for either starting model scenario, hence, the inversion across the 

Yerrida Basin is termed a BBMT inversion in the remainder of this chapter. The final model used a cell 

size of x: 300 m, y: 300 m, and z: 25 increasing by a factor of 1.2, and three additional 50 m wide cells 

incorporated between the closely spaced stations 1 and 2. The out of quadrant phases were used 

within the inversion and included in all iterations. The final inversion results which achieved the best 

fit between the measured and inverted data required 254 iterations and had an RMS error of 2.28, for 

frequencies less than 103 Hz. 

 

Inversions of the Bryah MT data were more problematic than the Thaduna Line. At all inversion 

iterations the measured data for frequencies less than approximately 0.1 Hz could not be 

appropriately fitted by the inversion. Inversions were trialled where these lower frequencies were 

inverted separately, and the best outcome used as a starting model for inversions which incorporated 

the final range of inverted frequencies (20). In addition, best results from preliminary inversions with 

few frequencies (14) were also used as a starting model to invert the final range of 20 frequencies. A 

starting model which incorporated a 10 Ωm resistive layer between 590 m to 1920 m, and a starting 
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model which incorporated a 10 Ωm layer between 190 m to 480 m below the surface to represent a 

potential shale unit were also tested. All these model approaches did not improve the fit between the 

measured and inverted results, especially in the lower frequencies. 

 

The best fit between the measured data and inverted data for the Bryah Line required removing 

frequencies less than 0.1 Hz (which also led to the removal of the out of quadrant phase data) so that 

the inversion was only inverting the range of AMT frequencies, therefore, the inversion across the 

Bryah Basin is termed an AMT inversion in the remainder of this chapter. The final inversions which 

achieved the closest fit between the measured and inverted responses required 146 iterations and 

had an RMS error of 1.98, for a starting model with a 100 Ωm half space which used a mesh cell size 

of x: 35 m, y: 35 m, and z: 15 m increasing by a factor of 1.2. Despite inverting numerous sub-sets of 

the Bryah MT data, including testing different frequencies, range of frequencies, and modelling with 

different components with different starting models, the final Bryah MT model appeared to contain 

inversion artefacts, and the inverted range of frequencies limited the depth of resolution to less than 

approximately 2 km below the surface. 

 

6.3.5 TEMPEST AEM data and 1D inversion 

A regional-scale TEMPEST AEM survey was acquired in 2013, at 5 km line-spacing along north-south 

and east-west survey lines, covering a survey region of 146,300 km2 across the Capricorn Orogen, WA 

(Figure 6.1). This widely spaced regional-data was inverted using the Geoscience Australia 1D inversion 

algorithm (GA-LEI) (Brodie, 2015). The GA-LEI algorithm is a robust 1D method and has been used 

extensively for inverting TEMPEST AEM data (Brodie and Fisher, 2008; Costelloe and Hutchinson, 

2010; Hutchinson et al., 2010; Costelloe et al., 2012), and more recently, for creating preliminary AEM 

inversions from the Capricorn Orogen (Munday et al., 2013). The GA-LEI code simultaneously solves 

for the AEM system geometry, conductivity, and thickness of each model layer on a sample-by-sample 

basis (Constable et al., 1987; Sattel, 1998; Brodie and Fisher, 2008). Additional user defined 

parameters can be input within the GA-LEI code in the form of a reference model, which directs the 

inversion towards a preferred model. 

 

Five different sections from the Capricorn AEM survey lines, closest to the MT survey lines, were 

inverted (Figure 6.2, Figure 6.3). Lines 1008901 and 1009001 cross the Marymia Inlier and Bryah Basin 

boundary near the first MT line (Bryah Line) (Figure 6.2), and lines 1009701, 1009801, and 1009901 

cross the north-eastern Yerrida Basin near the second MT line (Thaduna Line) (Figure 6.3). Within this 
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study, different reference models solving for both the thickness and conductivity of each model layer 

were applied. The tested reference models ranged from blocky 3-layered inversions to smooth 30-

layered inversions. 

 

Estimates of noise in the TEMPEST data were calculated from the Capricorn survey repeat line and 

high altitude data (Green and Lane, 2003). The level of confidence in the final solution was assessed 

from the squared error relative to the assumed error in the survey data (𝛷𝐷 misfits) being close to 1, 

the decay curve fits of the raw data against the inversion results, and the realistic representation of 

the subsurface by the inverse model. Following the method by Brodie (2015), 𝛷𝐷  is defined as: 

𝛷𝐷 =
1

𝑁𝐷
∑ (

𝑑𝑘
𝑜𝑏𝑠−𝑓𝑘(𝒎)

𝑑𝑘
𝑒𝑟𝑟 )

2
𝑁𝐷
𝑘=1     (6.11) 

Where 𝛷𝐷 is the data misfit, 𝑑obs is the data, 𝑓(𝒎) is the forward response of the model 𝒎, derr is the 

expected error, and N is the number of transients 1 to𝐷, at each of the 𝑘 stations. Solutions which had 

the lowest overall 𝛷𝐷 error, and a good fit between the actual TEMPEST data and the inverted 

responses were used to stitch together a combined final inversion for each of the AEM lines. 

 

6.3.6 Drilling intersecting the MT surveys 

6.3.6.1 Bryah MT line 

Both MT lines intersect drill holes with available geological logging information. Along the Bryah MT 

survey line drill holes DGDD318 and DGDD346 are intersected (Figure 6.2). Down hole EM (DHEM) 

survey data is also available from these drill holes but has not been modelled. The logged geology and 

alteration for DGDD318 and DGDD346 are shown in Figure 6.12(a)-(b). In addition, one of the Bryah 

Basin AEM lines (Figure 6.2 Line 1009001) is proximal to 8 drill holes with down hole resistivity 

information. These 8 drill holes include: DGDD234 and DGDD244 190 m east, DGDD239 220 m west, 

and DGDD199, DGDD226, DGDD232, DGDD218, and DGDD208 400 m west of line 1009001. These drill 

holes have been coloured by down hole resistivity and lithology and are shown alongside the 1D 

inversion of Line 1009001 in Figure 6.18(e). These proximal drill holes to the AEM survey lines intersect 

mafic volcanic lithologies and minor sediments which have an overall moderately conductive to 

resistive range of down hole resistivities. 

 

Of the drill holes which directly intersect the Bryah Basin MT line, DGDD346 intersects mostly mafic 

volcanic lithologies, while DGDD318 intersects siltstones, sandstones and schists within the Bryah 
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basin (Figure 6.12(a)-(b)). The regolith intersected by DGDD318 forms a 100 m thick package which 

overlies a succession of mostly siltstone and sandstone sequences interfingered with mafic volcanic 

units, basalts, and minor dolomite units (Figure 6.12(a)). Based on the available petrophysical 

measurements within the DeGrussa mine region (Figure 6.4), the regolith and sediments are likely to 

form conductive components within this drill hole, while the mafic volcanics and dolomites will be 

resistive. Drill hole DGDD346 also intersects mostly resistive mafic volcanic lithologies (Figure 6.12(b), 

Figure 6.4). The turbidites at the base of DGDD346, however, may be conductive where these contain 

interbedded shale and siltstone lithologies. The schists have a wide resistivity range and are also likely 

to be conductive except where they are altered by resistive alteration minerals (Figure 6.4). For 

example, the haematite alteration within the schists of DGDD346 are unlikely to be conductive (Figure 

6.12(b)). 

 

6.3.6.2 Thaduna MT line 

The Thaduna MT line crosses the diamond drill hole THD001. This drill hole is also located 700 m west 

of the closest AEM survey line (Figure 6.3, Line 1009801). Hand sample resistivity data were acquired 

from this drill hole using a sample core induced polarisation (SCIP) tester along selected core samples. 

The cores were cut perpendicular to the core length for sampling, with at least 3 samples chosen 

within each geologically representative lithology, based on publicly available logging reports (Mueller, 

2011). The samples were soaked in tap water for a minimum of 24 hours to try and replicate their in-

situ environment prior to measurement with the SCIP. The hand sample measurements are presented 

in Figure 6.12(e) accompanied by histograms (Figure 6.12(c)-(d)) which plot the range and distribution 

of resistivities for each unit within TDH001. These resistivities form the range of resistivities shown in 

Figure 6.4 for the Juderina and Johnson Cairn Formations. 

 

The Juderina Formation comprises a range of different lithologies (Figure 6.12(d), (e)), including 

turbiditic sandstones and siltstones, planar siltstones and sandstones, pillow basalts and dolomitic 

stromatolites. The Juderina Formation is an overall highly resistive unit with a skewed unimodal 

distribution towards larger resistivities associated with the silicified stromatolites, and mafic volcanic 

sequences. Conductive turbidites, siltstone, and shale components are present; however, these 

lithologies have resistivities greater than 10 Ωm and are often finely interbedded with more resistive 

sandstone and conglomerate lithologies. Overall, the overlying Johnson Cairn Formation is less 

resistive than the Juderina Formation. 
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Figure 6.12 Down hole logging information for drill holes DGDD318 and DGDD346 in the Bryah Basin (a)-(b), and (e) the down hole logging and hand sample SCIP 

measurements for drill hole THD001 in the Yerrida Basin; the hand sample resisitvity data are also plotted as histograms in (c)-(d). 
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The Johnson Cairn Formation is composed of interbedded siltstones and pyrite and graphite rich black 

shales and mudstones interbedded with minor carbonaceous siltstone and shale sequences (Figure 

6.12(c), (e)). The Johnson Cairn Formation has a highly conductive main mode with a minor tail of 

resistive measurements. These larger resistivities are associated with minor quartz stringer veining 

and carbonaceous sediments. The Johnson Cairn Formation resistivity variations are primarily 

controlled by the graphite content and presence of interconnected blebby pyrite within the laminated 

shales, with the most conductive responses associated with intense graphite rich laminations of shale 

and pyrite. 

 

6.4 Inverse results 

6.4.1 3D MT inversion quality 

Comparisons between the measured and inverted MT apparent resistivities and phase data are 

important for assessing the quality of an MT inversion. For the set of inverted frequencies, the 

measured MT data are shown against the equivalent inverted data. Representative stations along the 

Bryah and Thaduna lines are shown in Figure 6.13 (the results for all survey stations are shown in 

Appendix C.1.2 and Appendix C.2.2). Solid lines show the calculated data from the final model, and 

points show the sub-sampled measured data used within each inversion. Across all sites, the phases 

are predicted accurately, however, there is a poor fit between the measured and calculated apparent 

resistivities in the longer periods. To summarise this fit for the XY and YX components, the absolute 

value of the ratios between the measured and predicted data, for each frequency and at each station, 

was calculated. These ratios are presented in Figure 6.14 for the Bryah Line and Figure 6.15 for the 

Thaduna Line. A ratio close to 1 in these figures is consistent with a close fit between the actual 

apparent resistivity or phase angle data and calculated equivalents from the final inversions. 

 



CHAPTER 6. INTERPRETATION OF MT, AMT AND AEM INVERSIONS   

262 
 

 

Figure 6.13 The selection of inverted MT frequencies plotted against the calculated MT data from selected 

stations across the Bryah Basin AMT inversions (a)-(f) and Yerrida Basin BBMT inversions (g)-(i). 

 

Overall, most of the stations from the Bryah Line show a close fit between the measured and predicted 

data. For stations 2-3, 5, 7-31, 34 and 42 the fit is close to 1 except where the frequencies are less than 

100 Hz. The XY component apparent resistivity is underestimated in these lower frequencies for 

stations located north of the Bryah Basin and Marymia Inlier boundary (Figure 6.14 stations 2 to 3 and 

7 to 11)). Lower frequencies are analogous to deeper parts of the subsurface, which may indicate that 

the deepest parts of the final Bryah inversion may be more resistive than the model resolves. Stations 

1 and 4, which are also located north of the basin-inlier boundary, have a poor fit across all frequency 
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ranges and components, and station 6 has a poor fit for the XY phase angle. Similarly, stations 32 to 

33, and 35 to 41 have a poor fit across the XY and YX data, especially within the lower frequency 

ranges. For these stations, the lower frequencies overestimate the apparent resistivity (i.e. final model 

may be more conductive in this region) in the XY component. The final inversion is least accurate for 

stations 1, 4, 6, 32 to 33, and 35 to 41, while station 42 appears to be the most accurate based on the 

close fit between the predicted and measured data. 

 

Along the Thaduna Line the ratios between the measured and predicted data are close to 1 for most 

of the inverted frequencies at each station. Exceptions to this are at stations 1 and 2 which are located 

at the boundary between the Yerrida Basin and Marymia Inlier. At these stations the YX phase angle 

has a poor fit for frequencies less than 10-1 Hz. Within the same range of frequencies (less than 10-1), 

the fit between the actual and inverted apparent resistivities is inconsistent for Sites 3 to 16, with the 

apparent resistivities being both underestimated and overestimated by the inversion. This is 

particularly notable where the MT data is more complex with decreasing frequency; between 100 s 

and 102 s the phase tensor ellipses indicate that the geology is mostly 3D (Figure 6.10), and the 

measured data for these frequencies typically have larger errors (for example Figure 6.7(h)). For this 

range of frequencies, the measured data are difficult to fit by the 3D inversion and thus must be 

considered when interpreting deeper features within the final 3D inverted output which may be less 

reliable than shallower resistivity variations. 
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Figure 6.14 The ‘fit’ between the measured survey data and calculated inversion data for the Bryah Basin AMT inversion. A value close to 1 is consistent with a close fit 

between the measured and calculated MT data. 
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Figure 6.15 The ‘fit’ between the measured survey data and calculated inversion data for the Yerrida Basin BBMT inversion. A value close to 1 is consistent with a close 

fit between the measured and calculated MT data. 
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6.4.2 1D AEM inversions  

The 1D AEM inversions across both the Bryah and Yerrida Basins are shown in Figure 6.17 to Figure 

6.18 and Figure 6.20 to Figure 6.22, respectively. These inversions were completed with different 

reference models across each inversion. The results which produced the best fit between the 

measured and predicted data and lowest 𝛷𝐷 errors were compiled to form the final inverted sections 

shown here. However, there are still areas within these AEM inversions which are unlikely to represent 

real geological features where the predicted 1D AEM responses are dissimilar to the survey data. 

 

1D AEM inversion algorithms assume that a survey region has sub-horizontal stratigraphy. Therefore, 

where a geological terrain is more complex than a 1D layered earth a 1D AEM algorithm is unable to 

accurately recover a reliable solution (Chapter 5). Inaccurate features within 1D AEM inversions can 

include discrete and highly conductive features, or conductors with an overestimated or 

underestimated thickness or resistivity. These inaccurate features will also have an associated 

predicted AEM response which is dissimilar to the measured survey data. Such features exist within 

the AEM inversions presented here and have been shaded in grey (Figure 6.17(d)-Figure 6.18(d) and 

Figure 6.20(d)-Figure 6.22(d)). These regions include discrete conductors with associated sharp peaks 

in their calculated AEM responses that do not fit the measured survey data (e.g. Figure 6.20(b)-(c), 

Figure 6.21(b)-(c)), and this discrepancy is not necessarily captured by the 𝛷𝐷 error (e.g. Figure 

6.20(b)-(d) at 7176000 m ) (e.g. Chapter 4.4.3). Highly conductive bodies which have a slow measured 

AEM response are also resolved with features which have associated decays much slower than their 

measured responses (e.g. Figure 6.20(b)-(c), Figure 6.22(b)-(c), C2 in Figure 6.18(b)-(c), and C1 in Figure 

6.21(b)-(c)). This is either associated with a unit which has an overestimated thickness or potentially 

underestimated resistivity by the inversion.  

 

Where these inaccurate inversions are spatially close to the MT stations the dimensionality of the 

subsurface which contributes to an inaccurate model result can be assessed from the range of phase 

tensor periods in the frequency range of the measured AEM data (10-4 s to 10-1.79 s). Potentially 

inaccurate features include, the thick conductor resolved in Line 1009701 between 7187000 m and 

7188500 m (Figure 6.20) and in Line 1009801 between 7186500 m and 7188000 m (Figure 6.21), and 

the discrete conductor in Line 1009801 at 7189400 m (Figure 6.21). These features cross similar 

geology to stations 3 to 6 along the Thaduna MT survey line where the MT data is 1D to 2D for periods 

less than 10-2 s. Measurements at periods close to 10-2 s are analogous to the late time decays in the 

AEM data which become more 2D to 3D. Consequently, this geological complexity may contribute to 
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the potentially unreliable features which the 1D AEM inversion recovers. Between 7181000 m and 

7182000 m along Line 1009801 (Figure 6.21) two discrete conductors are modelled, and between 

7181500 m to 7182000 m along Line 1009901 (Figure 6.22) a thick conductor and minor deep discrete 

conductor are modelled. These features are proximal to stations 9 to 12 along the Thaduna MT survey 

line where the geology has also been deformed by faults and folds (Figure 6.3). At these sites the data 

are 2D with some 3D measurements between periods 10-3 s to 10-2 s. A discrete conductor at 

7176400 m in Line 1009901 (Figure 6.22) is close to station 16 in the Thaduna MT survey where the 

data are mostly 1D in the early periods with the exception of a single 3D measurement, and several 

2D measurements within the later periods. The subsurface resistivity and thickness variations are 

unlikely to be reliably recovered in a 1D AEM inversion of AEM data from the same geology where the 

MT data are 2D or 3D. 

 

6.5 Interpretations from electromagnetic inversions 

6.5.1 Bryah Basin 

6.5.1.1 3D AMT inversion 

South-west to north-east cross-sections through the Bryah Basin AMT line are shown in Figure 6.16, 

with the faults in the region (Figure 6.2) annotated on the cross-sections (Figure 6.16), black dashed 

lines). Within these cross-sections, the near surface has been resolved with discrete and discontinuous 

approximately 1 Ωm resistive point conductors beneath each MT station. These regular and discrete 

conductive features are most likely inversion artefacts where the inversion code appears to be unable 

to adequately recover the complex resistivity and thickness variations of the Bryah Basin units at the 

tens of metres scale. Despite the presence of these inversion artefacts, the overall metre to kilometre 

scale inverted resistivity variations of the subsurface can be used to interpret the Bryah Basin regolith 

and stratigraphic unit resistivities. The Bryah Basin AMT inversion indicate that the lithologies of the 

Bryah Basin are mostly resistive and overlain by a conductive regolith (Figure 6.16). This conductive 

near surface zone is variably thick and somewhat consistent with the 100 m thick regolith intersected 

by drill hole DGDD318.  
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Figure 6.16 Cross-sections through the final Bryah Basin 3D AMT inversion (a)-(c). Plan view figures are shown at different depths through the AMT inverse model. Drill 

holes DGDD318 and DGDD346 which intersect this line are annotated in (b). Interpreted faults and lithology contacts have been annoatated with dashed lines. 
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For the inverted range of AMT frequencies, the measured data show an increase in apparent resistivity 

with increasing period across most stations (Figure 6.13(a)-(f)). This general increase in resistivity with 

increasing period is consistent with the resistivity variations with depth in the AMT inversions (Figure 

6.16). At Stations 32 to 41 along the southern end of the survey line, the resistivities in the YX 

components plateau at 102 Ωm for periods greater than 10-2 s and the apparent resistivities for 

stations along the northern end of the survey line increase with increasing period (Appendix C.1.1 and 

Appendix C.1.2). The Bryah Basin MT apparent resistivity data indicate that the overall geology along 

the southern end of the survey line may be more conductive than the northern end. This trend is also 

seen in the AMT inversion where the surface conductors are thicker beneath stations 25 to 32 and 41 

to 42 than at the northern stations (Figure 6.16(b)). It must be noted that the conductor beneath 

stations 31 and 32 forms a continuous elongate conductor where there are no additional MT stations 

to constrain the inversion. A powerline and an airstrip are located between these sites and are likely 

to be the main causes for this resolved surface conductor. 

 

The conductor beneath Station 42 is consistent with an overall decrease in apparent resistivity from 

101.5 Ωm to 100 Ωm in both the XY and YX components (Figure 6.13(f), Figure 6.16). This conductor 

may be caused by the turbidite sequences intersected at the base of DDHD346 north of station 42 

(Figure 6.12(b)), or the presence of shales within the Karalundi Formation, which have been mapped 

at surface along strike and north-east of this location (Figure 6.2). However, the thick basalts and 

dolerites intersected by DDHD346 between sites 41 to 42 are not consistent with the thick and 

conductive region resolved between these stations (Figure 6.16 (b)). This may suggest, that while the 

regolith resistivity at station 41 is likely to be real, it is unlikely be continuous with the conductor 

beneath station 42. 

 

Interpreted faults from the Bryah Basin and the Marymia and Bryah Basin boundary have been 

annotated on the Bryah Basin AMT cross-sections (Figure 6.16 dashed black lines). Resistivity contrasts 

associated with these structures and their associated deformation are not seen in the AMT inversion. 

This is either a product of a poor inversion which is inaccurately modelling the AMT data associated 

with the basin structures; due to the faults within this part of the basin likely being resistive (e.g. they 

do not contain conductive minerals associated with their deformation and therefore do not form a 

resistivity contrast with the surrounding host rocks); or because the lithologies which have been 

structurally deformed are resistively homogeneous at a large scale, so their offset remains unresolved. 

In the latter case, this suggests that the AMT data and inversions do not detect or resolve subsurface 
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resistivity variations associated with the basin structures where these structures do not form a contact 

between units of contrasting resistivities. Therefore, the induction arrows within this region (south to 

southwest directed for sites 1 to 11 between periods of 0.03 s to 10 s in Figure 6.9) are unlikely to be 

related to the Bryah Basin-Marymia Inlier boundary, but may instead be associated with potentially 

unresolved conductive sediments in the Bryah Basin. 

 

6.5.1.2 1D AEM inversions 

The 1D AEM inversions from Lines 1008901 and 1009001 from the Bryah Basin are shown in Figure 

6.17 and Figure 6.18 along with the associated inversion misfit, and forward model responses plotted 

against the measured AEM survey data. Across both of the Bryah Basin AEM Lines 1008901 and 

1009001 (Figure 6.17(d), Figure 6.18(d)) the 1D AEM inversions resolve the Marymia Inlier as a resistor 

overlain by a thin moderately conductive layer. This thin near surface layer is consistent with a regolith 

layer up to approximately 50 m thick, with a resistivity of 100 Ωm, which overlies a resistively 

homogeneous 1000 Ωm Marymia Inlier (e.g. Figure 6.17).  

 

The boundary of the Bryah Basin with the Marymia Inlier is resolved as a resistive region in the 1D 

AEM inversion from Line 1009001 (Figure 6.18(d)). The interpreted faults (Figure 6.2) which form the 

boundary between the Bryah Basin, minor Yerrida Basin sediments north of the Bryah Bain, and 

Marymia Inlier are not resolved with variable resistivity or thickness variations. The Yerrida Basin units 

which have been interpreted along the northern edge of the Bryah Basin and southern boundary of 

the Marymia Inlier include among other Formations, the Johnson Cairn Formation (Figure 6.2), 

however, the Johnson Cairn Formation is not resolved as a highly conductive unit consistent with the 

measured petrophysics from the Yerrida Bain, and is therefore unlikely to exist at this boundary (Figure 

6.4). Instead, the resistive stromatolites of the Finlayson Member of the Juderina Formation, which 

have also been interpreted along the northern edge of the Bryah Basin are more consistent with the 

resolved resistors in the AEM inversion (Figure 6.18(f)). In addition, the resistive Bryah Basin-Marymia 

Inlier boundary suggests that either a major structure does not form the contact between the Bryah 

Basin and northern Marymia Inlier, or that any bounding structures are resistive and unlikely to be 

resolved since the host rocks which they offset are also resistive and do not have large modelled 

resistivity contrasts.  
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Figure 6.17 1D AEM inversion of Line 1008901. The ФD error is shown in (a), the measured TEMPEST AEM responses for the inline (b) and vertical (c) components are 

shown above the final inversion output (d). The geology which this line crosses is shown above the inversion. A schematic interpretation across this inversion is shown in 

(e). 
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The AEM inversion of Line 1009001 resolves most of the Bryah Basin as two layers, a moderately 

conductive and approximately 50 m to 150 m thick layer which overlies a resistive region (Figure 

6.18(d)). Exceptions to this include three deep conductors at C1, C2, and C3 along Line 1009001 (Figure 

6.18(d)). The moderately conductive region at C1 is coincident with the Narracoota Formation in this 

region, which comprises basalt and dolerite units in addition to some sandstones and siltstones (Figure 

6.2). C1 is located at approximately 300-400 m below the surface and may be consistent with the 

minor conductive sediments of the Narracoota Formation, or the underlying shales of the older 

Karalundi Formation. For the latter interpretation this would suggest that the Narracoota Formation 

is only a few hundred metres thick and overlies a narrow and moderately conductive package of 

Karalundi Formation shales in this location. If this is the case, the Karalundi shales are not found at the 

surface within the limbs of the local-scale folds in this region (Figure 6.18(d), (f)) so it is unlikely that 

they form a continuous unit, rather the Karalundi shales may form discrete packages below a thick 

overlying and resistive sedimentary package. 

 

Along the northern end of Figure 6.18 a conductive antiformal feature is resolved at C2 and a discrete 

conductor is resolved at C3. These conductors are consistent with the shales and sandstone units of 

the Karalundi Formation which have been mapped at this location (Figure 6.2). The southern limb of 

the antiform in C2 dips steeply to the south, and the northern limb dips more shallowly to the north. 

While this conductor is detected by the AEM survey and resolved by the 1D inversion its dipping 

geometry is inaccurately modelled (Chapter 5). Despite this, the contrasting resistivity variations 

between the mafic volcanic lithologies and the C2 conductor are consistent with a dipping unit (Figure 

6.18(d) dip and strikes) associated with the shales of the Karalundi Formation. 
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Figure 6.18 1D AEM inversion of Line 1009001. The ФD error is shown in (a), the measured TEMPEST AEM responses for the inline (b) and vertical (c) components are 

shown above the final inversion output (d). The geology and dip and strike measurements which this line crosses are shown above the inversion. A schematic 

interpretation across this inversion is shown in (e). 
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A narrow conductive feature at C3 in Line 1009001 is resolved at approximately 300 m below the 

surface within the 1D GA-LEI inversion in Figure 6.18(d). This conductor is not seen within the available 

down hole resistivity information proximal to the C3 conductor. Instead, these local drill holes 

intersect mostly mafic volcanic lithologies and have moderately conductive to resistive down hole 

resistivities, and may also be too far from the AEM survey line to intersect the shales of the Karalundi 

Formation where down hole resistivity measurements may have had the opportunity to record low 

resistivities. The absence of conductive shales within the local drill holes may suggest that the mapped 

surface shales (Figure 6.2) do not form a continuous or laterally large-scale package in this region. 

Instead the Karalundi Formation may host small packages of shales, which are shallow, thick, and 

conductive enough along Line 1009001 to be detected and inverted with a 1D AEM algorithm. The C2 

and C3 conductors are also consistent with the basin-scale folding north of the Robinson Range 

Syncline (Figure 6.2) and the local-scale folds and faults of the sandstones and shales south of the 

Bryah basin and Marymia Inlier boundary (Figure 6.2). 

 

6.5.1.3 Bryah Basin AMT and AEM comparison 

The Bryah Basin AMT and AEM inversions resolve different resistivities for the basin regolith. In the 

AMT inversion the regolith is resolved with discontinuous 1 Ωm conductors, likely associated with 

inaccuracies in the inversion. While the AEM inversions resolve the Bryah Basin regolith with a single 

apparently continuous 100 Ωm resistive layer, albeit with inaccurate geometries where the dipping 

near surface conductors have steep dip angles associated with the use of a 1D algorithm (Chapter 5). 

 

Resistive similarities are seen between the Bryah Basin AMT and AEM inverse models where the basin 

structures have been mapped. Both the AMT and AEM results do not resolve large resistivity contrasts 

associated with the displacement of the stratigraphic units of the Bryah Basin. This includes the region 

where the Bryah Basin and Marymia Inlier are in contact. The lack of resistivity contrasts associated 

with the structural deformation of the basin is likely due to the deformed lithologies having similar 

resistivities. While there are issues with the final AMT output, the consistent resistivity variations 

resolved across the basin structures in both the AMT and AEM results may suggest the Bryah Basin 

structures cannot be identified within EM inversions, this includes the crustal scale sutures which may 

be associated with the Bryah Basin-Marymia margin. 
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The AEM inversions across the Bryah Basin resolve conductive layers associated with the shales within 

the Karalundi Formation. At C2 and C3 the AEM inversions resolve these shales between at least 100 m 

and 500 m below the surface. Following these features along strike (Figure 6.2), and assuming these 

conductors are continuous, it is reasonable to suggest that these shales would be detected between 

stations 29 to 42 of the AMT survey line. However, the AMT inversions resolve the Bryah Basin 

lithologies as resistors; consistent with the apparent resistivity variations of the measured data. 

Station 42 is the only station which shows a decrease in apparent resistivity, and which is modelled as 

a highly conductive region up to approximately 250 m below the surface. This conductor may be 

caused by the same shales which cause the C2 conductor in the AEM inversion from Line 1009001 

(Figure 6.18). North of the station 42 conductor (Figure 6.16) and south of the C2 conductor (Figure 

6.18(d)) the Bryah Basin lithologies are resistive in both the AMT and AEM inversions. This suggests 

that between these two conductors the Narracoota Formation is present, or the underlying Karalundi 

Formation is present and unlikely to contain a continuous and thick package of shales similar to the 

conductive Johnson Cairn Formation. While shales of the lower Bryah Basin and Yerrida Basin may 

have similar ages and depositional environments (Occhipinti et al., 2017), the EM inversions from the 

Bryah Basin resolve these shales as a minor sequences of the Karalundi Formation. The north-eastern 

Bryah Basin is instead mostly composed of resistive sediments and mafic volcanic units of the 

Karalundi Formation and younger Narracoota Formation. It is also inconclusive from the EM datasets 

presented here whether the Narracoota Formation encompasses a larger region of the Bryah Basin 

(Figure 6.2, shaded grey region), or if this region comprises resistive lithologies of the Karalundi 

Formation, or both formations. 

 

6.5.2 Yerrida Basin 

6.5.2.1 3D BBMT inversion 

The 3D BBMT inversion from the Thaduna line resolves an apparently folded conductor which extends 

from approximately 2 km to 4 km below the surface. Cross-sections through the Thaduna MT survey 

are shown in Figure 6.19 which intersect the survey stations (Figure 6.19(a)) and the geology up to 

1.5 km west (Figure 6.19(b)-(c)), and 1 km east of the survey line (Figure 6.19(d)-(e)). The results from 

this 3D inversion resolve features of the subsurface which are consistent with the expected conductive 

lithologies hosted in the northern Yerrida Basin. 

 



CHAPTER 6. INTERPRETATION OF MT, AMT AND AEM INVERSIONS   

276 
 

The 3D Thaduna BBMT inversion resolves the subsurface with a thick conductive apparently synformal 

feature shown in Figure 6.19, C1. The resistivity of this conductor is consistent with the current 

petrophysics from the Johnson Cairn Formation (Figure 6.4). The deformation of this conductor is also 

consistent with the regional Robertson Range Syncline which has folded the Yerrida Basin, and formed 

the associated 100 m scale antiforms and synforms which locally fold the sediments in the northern 

part of the basin (Figure 6.3). More specifically, a synform is resolved between sites 6 to 8 and 10 to 

13, and an antiform is resolved between sites 7 to 10 (Figure 6.19(a)). While these folds are consistent 

with some of the interpreted fold axes in Figure 6.3, not all of the interpreted folds in Figure 6.3 are 

modelled by the BBMT inversion. This detail is lost because of the wide 1 km spaced MT stations. 

 

The Thaduna BBMT inversion resolves two near surface resistors which overlie the thick and 

conductive Johnson Cairn Formation (Figure 6.19(a) R1 and R2). These resistors are associated with 

the younger Thaduna Formation which is characterised by a turbiditic succession of sandstones, quartz 

wackes, intercalated siltstones, shales and dolomites (Pirajno and Occhipinti, 2000). While the 

siltstones and shales within the Thaduna Formation turbidites may be conductive, the BBMT 

inversions suggest the stratigraphic unit is more resistive than the graphite and pyrite rich shales of 

the Johnson Cairn Formation. Across-section C-C’ in Figure 6.19(a), the Thaduna Formation forms an 

almost continuous resistive zone above the Johnson Cairn Formation. This suggests that the Thaduna 

Formation may be a laterally continuous lithology overlying the Johnson Cairn Formation in this 

region; this has been re-interpreted in Figure 6.23. Beneath stations 7 to 10, the relationship between 

the Thaduna and Johnson Cairn Formations become more complex where the MT data are mostly 2D 

to 3D (Figure 6.10) since the Thaduna and Johnson Cairn Formations have been intensely faulted and 

folded. In the eastern cross-sections in Figure 6.19(b)-(c), between stations 7 to 10, the Johnson Cairn 

Formation forms a shallow deformed conductor at the surface and becomes more discontinuous in 

Figure 6.19(a), and less conductive in Figure 6.19(d)-(e) where the Thaduna Formation is likely to be 

thicker above the Johnson Cairn Formation. 
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Figure 6.19 Cross-sections through the final Yerrida Basin 3D BBMT inversion (a)-(e). Drill hole THD001 which 

intersects this line is annotated in (a). 
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The Juderina Formation is resolved in the BBMT results as a moderately conductive unit where it is 

found at the surface. Along the central cross-section in Figure 6.19(a), a shallow, thin, and moderately 

conductive to resistive region is resolved between stations 2 and 3 (Figure 6.19(a), C2) which forms a 

resistive zone in the eastern and western cross-sections (Figure 6.19(b)-(e)). This conductor is likely 

associated with the younger sandstone and shale lithologies of the Juderina Formation which have 

been mapped in this region (Figure 6.23). These lithologies appear to be thin and only resolved directly 

beneath the survey stations, with the bulk of the Juderina Formation otherwise resolved as a resistor 

with depth. The southern limb of the folded Juderina Formation is also measured in the MT survey at 

station 16 (Figure 6.3), and is resolved as a moderately conductive zone between sites 15 to 16 across 

all of the cross-sections (Figure 6.19(a)-(e), C3). This conductor may be associated with the shales 

which comprise the youngest parts of the Juderina Formation. However, it is equally likely that this 

conductor is associated with the conductive Johnson Cairn Formation, which may suggest that the 

Johnson Cairn formation extends further south above the Juderina Formation in this region (Figure 

6.23). Additional survey stations which extend the Thaduna survey line further would provide further 

insight into the resistivity variations in this region. 

 

The faults within the Yerrida Basin are not resolved as conductive features, rather they can be 

interpreted where the main Johnson Cairn conductor is offset, therefore it is difficult to map the dip 

and associated offset distances of a fault where it does not clearly offset the main Johnson Cairn 

conductor. It is also worth noting that the inverted resistivity variations and discontinuities of the 

Johnson Cairn conductor could be associated with structural deformation, folding, or both, yet this is 

not obvious from the inversion (Figure 6.19). The discontinuities of the Johnson Cairn conductor in 

Figure 6.19 align with the already mapped and interpreted faults in Figure 6.23; these have been 

annotated with dashed black lines in Figure 6.19. New faults which have not previously been identified 

can also be interpreted where the Johnson Cairn conductor is offset between stations 5 and 7 and 

stations 14 and 15 (also annotated in Figure 6.19 and Figure 6.23). A fault can be interpreted between 

stations 15 and 16, which may form the boundary between the Johnson Cairn and Juderina 

Formations. Structures between stations 10 to 13 can also be interpreted along the dipping conductor-

resistor boundary of the Johnson Cairn and Thaduna Formations in Figure 6.19(a)-(c). However, these 

structures are less obvious and do not seem to extend into the western cross-sections (Figure 6.19(d)-

(e)). While it is reasonable to interpret these faults where the resistivity of the Johnson Cairn 

Formation varies, the petrophysical measurements of the Formation must also be considered. The 

Johnson Cairn Formation has hand sample resistivities which are close to 10 Ωm-50 Ωm (Figure 6.4) in 

addition to highly conductive measurements of less than 1 Ωm. It is therefore also possible that the 
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inversion is resolving the resistivity variations which are associated with the geological variations of 

the Johnson Cairn Formation itself, rather than resistivity variations associated with structures in the 

region. 

 

6.5.2.2 1D AEM inversions 

Line 1009701 

The AEM Line 1009701 intersects the geology through the Yerrida Basin east of the Thaduna MT survey 

line. The 1D AEM inversion along this line is shown in Figure 6.20(d) and shows a moderately 

conductive and thin surface layer which overlies a mostly resistive region where the Thaduna 

Formation is mapped. Along the northern end of the AEM inversion a single thick conductive region is 

resolved where the Johnson Cairn Formation is mapped (Figure 6.20(d), C1). Along the southern end 

of the inversion where the Johnson Cairn Formation has also been mapped (Figure 6.20 see annotated 

geology) the inversion does not recover an equivalent conductor (Figure 6.20(d), R1). This resistive 

region is inconsistent with the available petrophysics and is likely associated with the comparably 

more resistive lithologies of the Thaduna Formation, which suggests that the Thaduna Formation 

extends further south of its current mapped location (Figure 6.23). 

 

The northern edge of the conductor in C1 forms a north dipping linear boundary with a less conductive 

region in C2 (Figure 6.20(d)). This resistivity variation may be due to a structural contact between the 

Johnson Cairn and Juderina Formations. If this is the case, the Juderina Formation is resolved in the 

AEM inversion as a moderately conductive region at C2. In the available petrophysics, the Juderina 

Formation is characterised by highly resistive stromatolites and dolomites and minor moderately 

conductive sandstones and shales (Figure 6.4 greater than 10 Ωm resistivity) within the younger parts 

of the formation. So it is plausible that the Juderina Formation is moderately conductive in the 

northern Yerrida Basin where the shale and sandstone sequences are present (Figure 6.23). 
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Figure 6.20 1D AEM inversion of Line 1009701. The ФD error is shown in (a), the measured TEMPEST AEM responses for the inline (b) and vertical (c) components are 

shown above the final inversion output (d). The geology and dip and strike measurements which this line crosses are shown above the inversion. A schematic 

interpretation across this inversion is shown in (e). 
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Line 1009801 

The Line 1009801 1D AEM inversion resolves four main conductive zones within a mostly resistive 

region, with the most conductive region seen at C1 (Figure 6.21(d)). C1 is similar to the northern end 

of Line 1009701 (Figure 6.20(d), C1), however, the conductor is thinner and forms an antiformal shape 

with steep dipping limbs. The drill hole THD001 intersects the Juderina Formation below this deformed 

conductor at approximately 300 m (700 m west of the survey line) below the surface, which is also 

consistent with the resistive region in the inversion (Figure 6.21(d)). North of this drill hole location 

the Juderina Formation is resolved as a moderately conductive region at the surface consistent with 

the shales of the Formation (Figure 6.21(d), C2), and similar to the resistivity variations along the Line 

1009701 inversion (Figure 6.20(d), C2). A conductive contact consistent with a structure between the 

Johnson Cairn Formation at C1 and a comparably less conductive Juderina Formation at C2, is also 

resolved along Line 1009801 (Figure 6.21(d)), similarly to the Line 1009701 inversion.  

 

The Johnson Cairn and Thaduna Formations have been mapped across the central and southern parts 

of Line 1009801, but the inverted resistivity variations are not consistent with this geology (Figure 

6.21(d)). A conductive to moderately conductive region is resolved at C3 (Figure 6.21(d)) where the 

Johnson Cairn Formation has been mapped, however, this unit is less conductive than the C1 

conductor. The C3 conductor forms a continuous and thick region of conductivity consistent with the 

folded limb of the Johnson Cairn Formation in this region, so it is reasonable to interpret this feature 

as the Johnson Cairn Formation overlying the resistive Juderina Formation. The Johnson Cairn 

Formation has been mapped elsewhere along the survey line between 717400 m to 7186000 m where 

the inversion resolves a resistor overlain by a thin near surface conductor (Figure 6.21(d)). These 

central resistivity variations are similar to the resistivity variations resolved across Line 1009701 where 

it crosses the Thaduna Formation. Therefore, the central part of Line 1009801 is likely resolving the 

resistivity variations associated with the Thaduna Formation and overlying regolith rather than 

portions of the Johnson Cairn Formation (Figure 6.21(e)) which current available geological maps 

otherwise suggest (Figure 6.3, Bagas (1998) and Occhipinti et al. (2017)). 
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Figure 6.21 1D AEM inversion of Line 1009801. The ФD error is shown in (a), the measured TEMPEST AEM responses for the inline (b) and vertical (c) components are 

shown above the final inversion output (d). The geology and dip and strike measurements which this line crosses are shown above the inversion. A schematic 

interpretation across this inversion is shown in (e). 
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Where the Johnson Cairn Formation has been mapped at C3, the resistivity variations are inconsistent 

with a structural boundary between the resistive Juderina Formation and conductive Johnson Cairn 

Formation. Instead, a gradational resistivity contrast is resolved between the two formations at this 

southern contact (Figure 6.21(d), C3). However, a structural boundary between these two 

stratigraphic units in the north (between C1 and C2) appears to exist. This either suggests that these 

two units are not in fault contact across the entire basin, or that any structural deformation in the 

region does not cause a notable resistivity contrast at their southern contact. 

 

Along the southern edge of the Line 1009801 inversion an approximately 200 m to 300 m thick and 

continuous conductive surface layer is resolved at C4 (Figure 6.21(d)). The Juderina Formation of the 

Yerrida Basin, and the Yelma Formation of the unconformably overlying Earaheedy Basin have been 

mapped in this location (Figure 6.23). Both formations are mostly resistive in Figure 6.4 and comprise 

stromatolites, dolomites and minor components of sandstones and shales. While the Juderina 

Formation has a moderately conductive region along the northern boundary of the Yerrida Basin and 

Marymia Inlier in both Lines 1009701 and 1009801, this sub-horizontal conductor is comparably more 

conductive and forms a surface layer inconsistent with the folded sediments and stromatolites of the 

Juderina Formation. The thick conductor is likely associated with regolith, or a weathered Yelma 

Formation unconformably overlying the resistive Juderina Formation along this southern end of the 

inverted section. 

 

Line 1009901 

The AEM inversion of Line 1009901 can be separated into two regions with different resistivity 

variations (Figure 6.22(d)). The southern end intersects a thick sub-horizontal surface conductor which 

overlies a resistor and the northern end of the inversion resolves two main thick conductive zones 

(Figure 6.22(d), C1-C2 and C3) and two main resistive zones (Figure 6.22(d), R1 and R2). The southern 

sub-horizontal conductor at C4 is similar to the C4 conductor resolved along Line 1009801 (Figure 

6.21(d)), and the C1, and C2 zones are similar to the features resolved in C1 and C2 along Lines 

1009801 and 1009701 (Figure 6.20(d), Figure 6.21(d)). The central C3 zone is a new thick conductive 

region with variable geometry, located near the southern boundary between the Johnson Cairn and 

Juderina Formations. 
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The Johnson Cairn Formation forms a highly conductive unit, apparently in fault contact with the 

overall more resistive Juderina Formation at C1 and C2 (Figure 6.22(d)). The linear north dipping 

contact which bounds the conductive Johnson Cairn Formation with the moderately conductive parts 

of the Juderina Formation in Lines 1009701 and 1009801 is also resolved along Line 1009901 (Figure 

6.22(d), C1 and C2). At C2, the Juderina Formation is again resolved as a moderate conductor but 

becomes more resistive further north of the C1-C2 contact. While the Formation is mapped with shale 

and sandstone components in this northern region, these lithologies are more resistive north of C2, 

which may suggest that fewer conductive shale components are present compared to current map 

interpretations (Figure 6.3). 

 

Similarly to Line 1009801, the Johnson Cairn Formation is mapped (Bagas, 1998) where a resistive 

region is resolved at R1 (Figure 6.22(d), R1). This is inconsistent with the petrophysics of the 

stratigraphic unit. However, the C3 conductor south of R1 (Figure 6.22(d)) is consistent with the 

expected resistivities of the thick conductive shales of the Johnson Cairn Formation. At R1, the 

resistivity variations are more consistent with the Thaduna Formation overlying the Johnson Cairn 

Formation within the Robinson Range Syncline. South of this zone, the conductor in C3 is likely the 

Johnson Cairn Formation forming an antiformal feature consistent with the interpreted folds in the 

region (Figure 6.3). However, the contact between the Thaduna Formation at R1 and the Johnson 

Cairn formation at C3 is difficult to reconcile with the current faults and unit repetition associated with 

the basin deformation. A simple interpretation may suggest that the variably resistive region between 

the C3 and R1 contact is associated with the Johnson Cairn Formation thrusted against the Thaduna 

Formation.  
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Figure 6.22 1D AEM inversion of Line 1009901. The ФD error is shown in (a), the measured TEMPEST AEM responses for the inline (b) and vertical (c) components are 

shown above the final inversion output (d). The geology and dip and strike measurements which this line crosses are shown above the inversion. A schematic 

interpretation across this inversion is shown in (e).
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A thick surface conductor similar to C4 in Line 1009801 is resolved along the southern end of Line 1009901 

at C4 (Figure 6.22(d)). This conductor is approximately 200 m to 250 m thick and is resolved where the 

Johnson Cairn and Juderina Formations have been mapped. This continuous C4 conductor is likely 

associated with the weathered Yelma Formation overlying both the Juderina and Johnson Cairn 

Formations. Along Line 1009801 the resistive Juderina Formation is resolved between the C4 and C3 

(Figure 6.21(d)) conductors, however, this is not seen in Line 1009901 (Figure 6.22(d)) and may suggest 

that the Juderina Formation is completely covered by the C4 conductor along the Line 1009901 survey 

lines. A linear conductor beneath this layer at the southern margin of C3 may also be associated with a 

structure between the Johnson Cairn and Juderina Formations beneath the weathered Yelma Formation, 

however, this cannot be continuously mapped within the same parts of Line 1009801 (Figure 6.21(d)). 

 

6.5.2.3 BBMT and AEM comparison 

Similar interpretations of the Johnson Cairn, Juderina and Thaduna Formation boundaries can be made 

from both the AEM and BBMT datasets. First, both the AEM and BBMT inversions appear to resolve the 

Thaduna Formation across a larger spatial region than current maps suggest (Figure 6.23), and the Johnson 

Cairn Formation as a conductive region further south of its current mapped contact with the Juderina 

Formation (Figure 6.19(a) MT site 16, and Figure 6.22(d) Line 1009901 C4). Second, the Juderina 

Formation is also resolved as a resistor below the Johnson Cairn Formation in both datasets, however, it 

is moderately conductive near the surface along its northern contact with the Marymia Inlier. Last, the 

BBMT inversions resolve the Johnson Cairn Formation beneath the Thaduna Formation between the 

northern and southern limbs of the Robinson Range Syncline. In the AEM results, these northern and 

southern limbs of the deformed Johnson Cairn Formation are modelled as thick conductive zones. 

 

The Thaduna BBMT inversion resolves the resistivity variations of the Yerrida Basin lithologies to a much 

greater depth than the AEM inversions. The depth of investigation along the MT survey improves on the 

AEM results given the range of frequencies measured by the MT survey. With this greater depth of 

investigation, the km-scale folds associated with the deformation of the regional Robinson Range Syncline 

can be mapped. These folds are evident where the highly conductive Johnson Cairn Formation is in contact 

with the more resistive units of the Thaduna and Juderina Formations. In contrast, mapping this scale of 

deformation from the AEM inversions is more difficult since a TEMPEST AEM system cannot detect 

resistivity variations at depths greater than a few hundred metres below the surface. 
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In the AEM inversions, the northern Juderina Formation is modelled as an approximately 300 m thick 

moderate conductor which becomes more resistive with depth and with distance towards the northern 

boundary of the basin with the Marymia Inlier (Figure 6.20-Figure 6.22, C2). This resistivity variation is 

also modelled, but with less detail, in the BBMT inversion (Figure 6.19, C2). The moderately low 

resistivities of the Juderina Formation and are associated with the siltstone and sandstone lithologies 

which comprise the younger parts of the Formation.  

 

The near surface detail is lost in the BBMT inversions compared to the AEM results where the Thaduna 

and Johnson Cairn Formations are structurally deformed. Across the BBMT cross-sections the Thaduna 

Formation is resolved with two distinct resistors in the eastern and western cross-sections (Figure 6.19(b)-

(e), R1 and R2) and as a continuous resistor across the central cross-section (Figure 6.19(a)). Between MT 

stations 7 to 10, the relationship between the Johnson Cairn and Thaduna Formations is more complex 

where they have been folded and faulted. Between these stations the BBMT inversions resolve a highly 

conductive feature near the surface in the eastern cross-sections (Figure 6.19(b), (c)), and a deeper 

moderate conductor in the western cross-sections (Figure 6.19(d), (e)) which suggest a sense of dip 

towards the west. Across all 3 AEM inversions the Thaduna Formation is recovered as a resistor in contact 

with the Johnson Cairn Formation, and this is most consistent with the central C-C’ BBMT cross-section 

(compare Figure 6.20(d), Figure 6.21(d), Figure 6.22(d) with Figure 6.19(a)). Where the AEM inversions 

intersect areas east and west of the BBMT survey line, the near surface resistivity variations indicate a 

mostly resistive region where the BBMT results appear to be recovering shallow conductors at 7182500 m 

(Figure 6.19(b), (c)) and 7185000 m (Figure 6.19(d), (e)). This may suggest that where the Johnson Cairn 

Formation exists between stations 7 to 10 east and west of the survey line it may also be overlain by thin 

resistors of the Thaduna Formation which are not resolved in the shallowest parts of the BBMT inversion. 
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Figure 6.23 Geological map based on Bagas (1998) and Occhipinti et al. (2017)of the Yerrida Basin which also shows 

the new interpreted boundaries of the basin Formations and structures. 
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The Yerrida basin structures can be interpreted where there is a sufficient offset of the Johnson Cairn 

Formation in the BBMT inversions, or where a sufficient resistivity contrast is resolved in the AEM and 

BBMT inversions. Across the BBMT inversions, the structures have been interpreted where the conductive 

Johnson Cairn formation is discontinuous. In the AEM inversions, a linear dipping conductor can be seen 

between the northern conductive Johnson Cairn Formation (C1) and moderately conductive Juderina 

Formations (C2). This contact is resolved to a depth of approximately 300 m to 450 m below the surface 

in the AEM results, but an equivalent feature is not seen in the BBMT results. This is in part due to the 

large scale (i.e. station spacing and large inversion cell size) of the BBMT inversions which are unlikely to 

resolve this near surface detail compared to the AEM inversions (i.e. thin layered inversions and closely 

spaced station measurements) but may also suggest that either this structure is shallow or only conductive 

within the near surface where the shales of the Johnson Cairn Formation and sandstones and shales of 

the Juderina Formation have been deformed, or where ground water has penetrated subsurface 

fractures. In contrast, both the BBMT and AEM results do not resolve a boundary between the Yerrida 

Basin and Marymia inlier, this boundary is instead resolved as a resistive zone in both datasets. 

 

6.6 Discussion and concluding remarks 

The dip direction and depth extent of the basin faults within the Bryah and Yerrida Basins are difficult to 

interpret where the lithologies they offset have similar resistivities. The new Yerrida Basin BBMT 

inversions presented here (Figure 6.19) do not resolve a dipping conductor coincident with the crustal-

scale Jenkin Fault. However, interpretations of the AEM inversions may indicate that a dipping near 

surface conductor between the moderately conductive sediments of the Juderina Formation, and highly 

conductive shales of the Johnson Cairn Formation are consistent with a fault splay off the Jenkin Fault. 

This fault splay appears to only be conductive at shallow depths as the BBMT inversions do not recover 

the same linear north dipping feature. Similarly, a narrow conductive boundary at the southern contact 

between the Johnson Cairn and Juderina Formations, beneath the weathered Yelma Formation in AEM 

Line 1009901 (Figure 6.22(d), C3) may represent a fault contact. This resistivity contrast may also be 

consistent with the subtle north dipping southern edge of the Johnson Cairn Formation in the southern 

end of the BBMT inversion. However, this structure may not be continuous across the entire basin since 

it is not resolved within the other Yerrida Basin AEM inversions (Figure 6.21(d)). Separately, other 

structures within the Bryah and Yerrida basins are not resolved within the AEM and BBMT inversions as 
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conductive lineaments. Rather, the known structures across both basins are recovered as resistive 

regions, or can be identified where there are offsets in contrasting resistivities of the basin lithologies.  

 

The Bryah Basin AMT and AEM results resolve the basin as a mostly resistive basin. There is some evidence 

from the petrophysics and AEM inversions that shales which form part of the Karalundi Formation may 

be conductive, however, these have not been inverted as continuous features in the AEM and AMT 

inversions. Piña-Varas and Dentith (2018a) resolve a near surface approximately 3-5 km thick conductor 

in the southern Bryah Basin south of the Goodin Fault (south of the inversions presented here), and a 

resistive region in the most northern parts of the Bryah Basin. The AMT inversions presented here also 

resolve the northern Bryah Basin and its margin with the Marymia Inlier as a resistor. The minor conductor 

resolved below station 42 within the AMT inversion (Figure 6.16) may be evidence that the shales of the 

Karalundi Formation are present within the northern Bryah basin, however, the sub-standard inversion 

results and lack of survey stations south of station 42 make this difficult to interpret. Closer to the 

DeGrussa deposit where shales have been mapped (Adamides, 1995; Occhipinti et al., 2017) and 

previously logged within drill core (Hawke et al., 2015), and linked with the deposition of the Johnson 

Cairn Formation (Occhipinti et al., 2017), the AEM inversion resolves the shales as conductors (Figure 

6.18(d)). From both the AEM and AMT inversions the shales do not appear to form a thick or highly 

conductive and continuous sequences similar to the Johnson Cairn Formation. Instead, it is likely the 

shales of the Karalundi Formation form discrete interbedded packages with the more resistive lithologies 

of the basin. These resistive units are associated with the mafic lithologies and sediments of both the 

Karalundi and Narracoota Formations which cannot be discriminated in the EM datasets presented here. 

 

This northern Bryah Basin and southern Marymia Inlier boundaries are currently mapped in contact with 

the Johnson Cairn Formation and other stromatolitic lithologies of the Yerrida Basin (Figure 6.2, Figure 

6.18 see geology annotations). However, the recovered resistivity variations of these units are dissimilar 

to the resistivities of these units where they are known to exist within the northern Yerrida Basin. The 

Bryah Basin and Marymia Inlier margin is resolved as a resistive region consistent with the stromatolites, 

evaporites, and dolomites of the lower parts of the Juderina Formation from this region (Figure 6.4). In 

contrast, the Juderina Formation at the Yerrida Basin and Marymia Inlier boundary is more conductive 

than the equivalent boundary along the Bryah Basin. This Juderina conductor in the Yerrida Basin is 

consistent with the sandstones and shales of the Juderina Formation which form an approximately 300 m 
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to 400 m thick unit that becomes thinner in the northeast of the Basin and overlies resistive stromatolites 

and dolomites. The resistivity variations across the Bryah Basin suggest its boundary with the Marymia 

Inlier does not contain the same conductive sediments from the Juderina Formation or Johnson Cairn 

Formation (Figure 6.2). These two boundaries are different, with the Bryah Basin-Marymia Inlier contact 

comprising more resistive and older lithologies of the Juderina Formation, and the Yerrida Basin-Marymia 

Inlier boundary comprising conductive younger Juderina Formation sediments. 

 

The EM inversions have been useful for mapping the basin units across the Yerrida Basin. The BBMT and 

AEM inversions show that the Thaduna Formation overlies a much larger area of the northern Yerrida 

Basin; previously considered the Johnson Cairn Formation (Bagas, 1998). This discrepancy between the 

mapped and EM interpretations are not unexpected given the interpretations presented here assume the 

Johnson Cairn Formation forms a highly conductive sequence restricted to the graphitic shales in the 

region; based on new geological descriptions (Occhipinti et al., 2017) and petrophysical measurements 

(Figure 6.4). This highly conductive unit has also been resolved in previous MT inversions as a thick and 

highly conductive zone in the northern Yerrida Basin (Dentith et al., 2014; Piña-Varas and Dentith, 2018a). 

This is consistent with the BBMT and AEM inversions of the folded pyritic and graphitic shales of the 

Johnson Cairn Formation shown here. However, the new BBMT results (Figure 6.19) improve on previous 

MT studies by resolving the local-scale deformation of the Johnson Cairn Formation. For example, in 

previous studies the Thaduna Formation is resolved as a thin resistor overlying a single conductive unit 

consistent with the Johnson Cairn Formation. The BBMT inversions shown here resolve the Thaduna 

Formation as a variably thick resistive region associated with the structural deformation in the region. 

 

6.7 Acknowledgments 

The authors would like to acknowledge the funding provided by the Australian Society of Exploration 

Geophysicists Research Foundation Grant. This research was carried out while the author was in receipt 

of a Robert and Maude Gledden Postgraduate Research Scholarship. 

 

 



 

292 
 



 

293 
 

7  

Discussion and conclusions 

 

This thesis sought to use the EM datasets from the Capricorn Orogen to understand the resistivity 

variations of the Orogen’s sedimentary basins, and to develop guidelines for interpreting these EM 

datasets within a regolith dominated terrain. Interpreting the sedimentary basins of the Capricorn Orogen 

is of interest because they currently host a number of known base-metal deposits and are likely to host 

new, yet undiscovered mineralisation. EM techniques are effective tools for mapping sedimentary basins, 

and regions which may be prospective for base-metal mineralisation. However, the Capricorn Orogen is 

overlain by thick overburden, and this can hinder the exploration for new base-metal mineralisation with 

EM methods. To understand the limitations of interpreting EM data acquired within conductive regolith 

terrains, and provide new interpretations of the Capricorn Orogen basins, several key questions were 

posed. These were: 

1. What resistivity variations might we expect from different altered zones of a base-metal deposit 

and its host rocks? 

2. Can we detect or recognise base-metal-style mineralisation within the Capricorn TEMPEST AEM 

survey? 

3. To what extent can we use the new Capricorn TEMPEST AEM survey to understand the geology 

of the Capricorn basins? 

4. Can we resolve a basement below the sedimentary basins of the Capricorn Orogen with AEM? 

5. Can MT methods improve on AEM results? 

6. Are MT techniques worthwhile for mapping sedimentary basin terrains covered by conductive 

cover? 
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The remainder of this chapter addresses the answers to these questions by summarising the conclusions 

from the thesis chapters. 

 

7.1 Capricorn Orogen geology and resistivities 

The known base-metal deposits, their geology, and mechanisms for mineralisation were outlined in 

Chapter 2. These deposits are the: Abra sedimentary-hosted Pb-Zn, DeGrussa VHMS Cu-Au-Ag, Horseshoe 

Lights VHMS Cu-Au-Ag, Magellan carbonate-hosted Pb, Thaduna shear-hosted Cu, Ilgarari shear-hosted 

Cu-Zn-Pb, and Prairie Downs shear-hosted Zn-Pb deposits. These base-metal deposits are structurally 

controlled within the south-eastern Capricorn Orogen basins, and are typically hosted within mafic 

volcanic and sedimentary rocks, which include basalt, dolerite, sandstone, turbidite and shale lithologies. 

Since the base-metal mineralisation of the Capricorn Orogen is found within the southern and eastern 

basins, this thesis focused on understanding the geology from this region.  

 

Question 1 was addressed in Chapter 3 with the compilation of the down hole and hand sample resistivity 

measurements from the Capricorn Orogen. These measurements showed that the base-metal 

mineralisation within the Capricorn Orogen was generally very conductive, with the most conductive parts 

of these mineralised zones (based on the DeGrussa and Abra deposits) being at least one order of 

magnitude less than the unmineralised lithologies of the Orogen’s basins. While the Capricorn Orogen 

base-metal ore is highly conductive, it is also resistively variable. This was shown with the range 

resistivities from the mineralised zones within the Abra sedimentary-hosted base-metal deposit. This 

variability was associated with the presence of resistive gangue and alteration minerals, in addition to 

conductive metal sulphides. 

 

Aside from the base-metal ore, some of the sedimentary basin lithologies of the Capricorn Orogen are 

also conductive. In particular, the graphite and pyrite rich shales of the Johnson Cairn and Maraloou 

Formations in the Yerrida Basin, and the intensely weathered stromatolites of the Yelma Formation in the 

Earaheedy Basin are the most conductive stratigraphic units within the south-eastern Capricorn Orogen 

(Chapter 3). In contrast, the Juderina Formation and Yelma Formation of the Yerrida and Earaheedy 

Basins, respectively, are the most resistive stratigraphic sequences within the south-eastern Capricorn 
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Orogen. The regolith and BIF’s from the south-eastern Capricorn Orogen are the most resistively variable 

and have resistivities across the entire range of conductive and resistive Capricorn Orogen lithologies. 

These compiled resistivity measurements formed the basis for the proceeding thesis chapters. 

 

7.2 Detecting mineralisation with AEM 

Within Chapter 4, the compiled resistivities from Chapter 3 were used in forward models to understand 

whether a TEMPEST AEM system, identical to the survey over the Capricorn Orogen, could detect a base-

metal deposit hosted within the Capricorn Orogen. Initially, it was established that an offline survey would 

be unable to detect highly conductive material at the surface at approximately 80 m from an AEM survey 

line location. Given this limitation, answering question 2 was limited to understanding the detection of 

mineralisation directly overflown by an AEM survey line. 

 

To address question 2, the resistivity measurements from Chapter 3 were used to create a representative 

resistivity model of the Abra deposit from which the 2.5D forward responses were calculated. This model 

was created with considerations for upscaling down hole resistivities because small-scale measurements 

of resistivity are not necessarily representative of the larger rock volumes sampled by an AEM system. 

This upscaling approach used minimum down hole resistivities to summarise the Abra ore resistivities, 

based on outcomes from Fitzpatrick (2006). However, it was found through the 1D AEM inversion of the 

TEMPEST survey line over the Abra host rocks, that the most resistive and resistively variable units were 

best upscaled with mean or median resistivities. This may suggest that within highly resistive lithologies, 

there may be fewer conductive components, or regions where conductive components are well-

connected at the scale of an AEM survey (i.e. Fitzpatrick (2006)). Given this assumption, using a minimum 

resistivity underestimates the upscaled bulk rock resistivity of a highly resistive lithology. However, it is 

also important to note that the resistivity measurements from the Abra deposit are highly variable and 

produce broad resistivity distributions for most lithologies. These resistivity distributions are associated 

with the varying Edmund basin host lithologies and Abra alteration mineral assemblages, and may indicate 

that to understand the resistivity variations of the Abra lithologies, and rigorously determine whether a 

geometric mean, minimum or median resistivity value might be a reliable estimate of bulk rock resistivity, 

that the Abra rocks need to be described in detail, either through detailed geological logging or 

geochemical measurements. By doing so, regions with high percentages of resistive alteration minerals, 
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or dolomites and sandstones, can be clearly distinguished from regions with mostly conductive metal 

sulphides or shales which are currently grouped together with a broad lithology label. 

 

From the representative Abra resistivity model, the forward model responses were calculated over the 

Abra deposit, and each of the individual Abra ore lithologies. These responses were used to qualitatively 

determine whether a TEMPEST AEM system could detect a sedimentary-hosted base-metal deposit within 

the Capricorn Orogen. It was found that the thin (40 m to 60 m), but highly conductive mineralisation 

(0.1 Ωm) could be detected up to 300 m below the surface, beneath the (100 Ωm) regolith of the Edmund 

Basin. However, where these ore zones were more resistive (greater than 100 Ωm), or deeper (located 

below 300 m), they could not be detected beneath the Capricorn Orogen regolith. 

 

7.3 Interpreting the Capricorn TEMPEST AEM survey 

Given there are limitations to detecting conductive base-metal mineralisation beneath cover with a 

TEMPEST AEM system (Chapter 4), it is also necessary to understand the extent to which the available 

Capricorn TEMPEST AEM survey could be used to map the basin features of the region. To rapidly process 

large volumes of TEMPEST AEM data like the Capricorn Orogen survey, this requires the use of a 1D AEM 

inversion algorithm. However, there are known limitations with using 1D inversion algorithms within 

complex and conductive geological terrains. This problem is summarised by questions 3 and 4, and was 

addressed in Chapter 5. 

 

Chapter 5 presents two synthetic modelling scenarios which simply represent some of the typical features 

resolved within the 1D AEM inversions of the Capricorn Orogen. These two scenarios were developed 

from the compiled resistivities from Chapter 3. These resistivity measurements illustrated that the 

Capricorn Orogen rocks often have a wide range of resistivities, but that a few key stratigraphic units are 

highly conductive. These conductive units form ‘marker’ horizons within EM inversions which can be 

mapped as a way of interpreting the basin structure and stratigraphy. However, it is important to 

understand the reliability of this basin structure in 1D AEM inversions. To do this, the two synthetic 

scenarios in Chapter 5 tested the ability for a 1D AEM algorithm to resolve: (1) a conductor beneath 

regolith, and (2) a dipping contact. 
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In Chapter 5, the first synthetic model scenario included a 1 Ωm conductor beneath regolith with 

resistivities ranging from 1 Ωm to 1000 Ωm. This conductor was located at different depths below the 

different cover scenarios. Interestingly, the results from this example did not show systematic inverted 

variations with depth or with increasing regolith resistivity. For example, it would have been expected 

that with increasing depth of a conductor beneath cover, that a 1D AEM algorithm becomes increasingly 

unreliable at resolving the deep conductor. Instead, it was found that where a conductive unit was less 

than 100 m below conductive cover, the 1D algorithm resolved both the regolith and underlying 

conductor with a single layer, while the depth of conductors located greater than 200 m below cover were 

either largely over-estimated or under-estimated by the 1D algorithm. Conductors at approximately 

100 m below conductive cover where, however, likely to be resolved to within 50 m of their actual depth. 

 

Separately to the depth of investigation models, the second synthetic modelling scenario from Chapter 5 

tested whether a 1D AEM inversion could resolve the apparent dip angle between a conductor and 

resistor. Both a model of a dipping conductor overlying a resistor, and a model of a dipping resistor 

overlying a conductor were tested. The synthetic modelling of these scenarios found that the apparent 

dip angle of a conductor-resistor contact, and a resistor-conductor contact could be accurately resolved 

where they dipped between 15⁰ to 20⁰ below the surface, but where they had an angle steeper than this, 

they were often resolved with an underestimated dip angle of approximately 20⁰ to 40⁰. Despite this, the 

1D algorithm did resolve the correct dip direction for these dipping contacts. 

 

The synthetic modelling scenarios from Chapter 5 were further used to establish the reliability of different 

features within 1D AEM inversions from the Capricorn Orogen basins. It was established that most of the 

dip angles of the steeply dipping conductive lithologies of the Yerrida and Bryah Basins were 

underestimated, and that the depth to top of most conductors below 300 m to 400 m below the surface 

could not be accurately determined. However, these inversions were useful for mapping the location and 

contacts of different conductive lithologies. 
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7.4 MT in the south-eastern Capricorn Orogen 

Building on Chapter 5, Chapter 6 presented new interpretations from 3D MT inversions and 1D AEM 

inversions from the south-eastern Capricorn Orogen. This chapter addressed questions 5 and 6, and used 

the known resistivity variations from the Capricorn Orogen basins (Chapter 3), while also considering the 

depth of penetration and investigation limitations (presented in Chapter 4 and 5) of AEM surveys and 1D 

AEM inversions, respectively, to make geological interpretations about the conductive south-eastern 

basin terrains of the Capricorn Orogen. 

 

From the results in Chapter 6, it was shown that BBMT data could be used to invert the resistivity 

variations of the Yerrida Basin. These inversions were useful for mapping the conductive nature and depth 

to top of the folded Johnson Cairn Formation in the Yerrida Basin. In particular, the BBMT data and 

inversions in this region improved on the depth of penetration and investigation of AEM methods to 

resolve the depth to top of the Johnson Cairn Formation at approximately 2 km to 4 km below the surface 

within the fold axis of the Robinson Range Syncline. Overlying the 2 km deep Johnson Cairn Formation, 

the comparatively resistive Thaduna Formation was also resolved. It was shown in both the BBMT and 

AEM inversions that the Thaduna formation laterally covers the Johnson Cairn Formation across a larger 

region than current maps suggest. However, the highly deformed near surface parts of the Thaduna 

Formation and the underlying Johnson Cairn Formation were difficult to interpret in both datasets. This 

was because the BBMT inversion was not detailed enough within the top 500 m of the surface, and the 

1D AEM inversions did not adequately resolve the complex geometries of the deformed units. 

 

MT and AEM data from the Bryah Basin were also inverted in Chapter 6. The MT inversions from this 

region were only capable of inverting the range of AMT data, however, despite the AMT data providing 

the best inversion results, the final inversions also appeared to contain inversion artefacts. The data from 

this MT line were mostly 3D due to the complex geology of the basin, and this complexity could not be 

adequately recovered by the MT inversion algorithm. Within the Bryah Basin at least, this suggests that 

inverting MT data is difficult, and hiders detailed interpretations of the basin’s resistivity variations. 

However, broad interpretations about the basins overall resistivity could be made. 
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Despite the problems with the Bryah Basin AMT inversion, general interpretations could be made about 

the overall basin resistivity variations in comparison with the 1D AEM inversions. The shales from the 

Karalundi Formation in the Bryah Basin are highly conductive in the 1D AEM inversions. However, similar 

conductors are not seen within the Bryah Basin MT line, with the exception being a single conductive zone 

resolved at the southern end of the survey line. This conductor may be associated with shales in the 

region, but its discrete nature (which could be due, in part, by the lack of survey stations south of this 

feature), may suggest that the Karalundi shales do not form a large laterally continuous unit within the 

Bryah Basin similar to the Johnson Cairn Formation in the Yerrida Basin. This interpretation is consistent 

with the lack of 1D AEM and AMT conductors resolved along geological strike between the two survey 

lines. Instead, most of the Bryah Basin units are resistive in the AMT and AEM inversions and are overlain 

by moderately conductive (in the AEM), and highly conductive (in the AMT) regolith. 

 

Finally, the Chapter 6 MT and AEM inversions from both the Yerrida and Bryah Basins offered an 

opportunity to recover and interpret the resistivity variations of the northern basin margins with the 

southern edge of the Marymia Inlier. At this margin, the northern Yerrida Basin in the AEM inversions 

appear to show a shallow and moderately conductive north dipping feature between the Johnson Cairn 

and Juderina Formations which may be a fault contact associated with the Jenkin Fault. However, the 

Yerrida Basin-Marymia boundary itself is resistive. Similarly, the Bryah Basin-Marymia Inlier boundary is 

also resistive even though both the conductive Johnson Cairn and resistive Juderina Formations have been 

interpreted at this northern Bryah Basin boundary with the Marymia Inlier. At this northern Bryah Basin 

boundary, the AEM and AMT inversions do not resolve a conductive unit similar to the Johnson Cairn 

Formation where it has been mapped, rather, the resolved region is resistive. This suggests that this region 

only contains the resistive units of the Juderina Formation of the Yerrida Basin and the Bryah Basin 

lithologies. 

 

7.5 Summary 

Conductive basin lithologies can be targeted with EM techniques, however, they have limitations within 

conductive basin terrains such as the Capricorn Orogen. This thesis showed the that Capricorn TEMPEST 

AEM survey could be used to detect highly conductive mineralisation, and sedimentary lithologies to a 

few hundred metres below the surface. However, 1D AEM inversions of this data cannot reliably resolve 
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the geometry or depth to top of these conductive features where they are steep or located deeper than 

200 m below cover within the Capricorn Orogen. MT methods improve on AEM methods, enabling the 

conductive Capricorn Orogen basin lithologies to be mapped to much greater depths, however, complex 

multi-dimensional MT data from the conductive terrain of the Bryah Basin cannot be reliably inverted with 

current 3D MT algorithms. This thesis also contributes a new compilation of resistivity data for the south-

eastern Capricorn Orogen basins, and guidelines in the way of reference tables to aid interpreters 

assessing AEM data and inversions. 

 

7.6 Further Work 

• A key outcome from this thesis was the compilation of down hole and hand sample resistivity 

measurements across the Capricorn Orogen. Within this thesis the geological logging information 

was used to understand the different geological units and alteration zones associated with 

different resistivity measurements. However, it is well known that geological logging is not always 

consistent or correct, and rather than relying on geological logging information alone, other 

geoscientific datasets which more accurately characterise rock forming minerals can be used. For 

example: elemental geochemistry data, X-ray fluorescence and diffraction data, or hylogger 

spectrometry logging can be used to analyse rock forming minerals, or chemical compositions for 

comparison with petrophysical measurements to interpret the relationship between different 

petrophysical properties and rock types, or alteration mineral types. For the measurements 

presented here, geochemical assays are available for some of the intersected geological units. The 

geochemistry provides a quantitative elemental composition of the rocks which can be related to 

rock type and alteration where resistivities have also been measured. While textural, porosity and 

permeability information, which are key to understanding resistivity variations, are not routinely 

available from this publicly available data, a comparison of the key assayed elements and the 

available resistivity, magnetic susceptibility, density and gamma measurements would be an 

insightful petrophysical study of the Capricorn Orogen basin lithologies, and the mineralised rocks 

from the Abra and DeGrussa deposits. 

 

• The upscaling of down hole and hand sample resistivity measurements is an active field of 

research. New methods for comparing small-scale measurements with inversions (Christensen 
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and Lawrie, 2017) and for upscaling resistivity data through modelling approaches (Caudillo-Mata 

and Angélica, 2017) are worth testing. The resistivity data compilation presented here provide a 

useful dataset from which these methods can be applied. 

 

• The use of different reference models in a 1D inversion influences the inversion result. This was 

noted in the synthetic modelling study in Chapter 5 which aimed to understand the resolution of 

dipping contacts and deep conductors beneath regolith. Testing the use of different references 

models on the outcome of a 1D AEM inversion in conjunction with the sensitivity this has on the 

inversion may require further focus. This would provide useful guidelines for users completing 1D 

inversions on how to efficiently reach a reliable 1D AEM inversion result. 

 

• The MT inversions presented here have produced both reliable and unreliable results. This was 

particularly notable when trying to fit the BBMT data from the Bryah Basin. Apparent resistivities 

from this range of BBMT data may suggest that the subsurface is moderately conductive with 

increasing period (analogous to increasing depth). Forward modelling exercises which test 

different depths, thickness and resistivities of a shale sequence below the cover of the Bryah Basin 

(based on the AEM inversions from the area), may be useful for definitively determining whether 

the Karalundi shales extend across the north-western part of the Bryah Basin. In addition, an MT 

inversion constrained with the available AEM data from the region may also be a worthwhile 

experiment for improving the Bryah Basin MT results. 
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Appendix A 

A.1 Physical properties of the Capricorn Orogen stratigraphy 

 

 

Figure A.1 Violin plot illustrating the relative magnetic susceptibility distributions for each of the Capricorn Orogen 

stratigraphic units.  
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Figure A.2 Violin plot illustrating the relative density distributions for each of the Capricorn Orogen stratigraphic 

units. 
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Figure A.3 Violin plot illustrating the relative gamma distributions for each of the Capricorn Orogen stratigraphic 

units. 
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A.2 Laboratory SCIP measurements, logging, and photos 

A.2.1 THD001 

 

Legend: 

 Johnson Cairn Formation 

 Juderina Formation 

 Shale 

 Shale with quartz carbonate veins 

 Carbonaceous siltstone/shale 

 Interbedded sandstone/siltstone and conglomerate 

 Turbiditic sandstone/siltstone/shale 

 Basalt/volcaniclastics/siltstone/sandstone sequence, angular breccia 

 Pillow basalt 

 Interbedded silicified siltstone/sandstone/marlstone, irregular quartz carbonate veining 

 Haematitic siltstones and volcaniclastics 

 Chloritic basalt, volcaniclastics and minor siltstone 

 Minor chlorite and haematite altered silicified siltstones and sandstones 

 Stromatolite/dolomite/evaporite 

 

Scale: diameter=height of image 

* Poor measurements not included in statistical analysis 
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ID 
# 

  Diameter 
(mm) 

Resistivity  
(Ωm) 

Depth 
(m) 

Sampling 
comments 

Rock comments Photo 

1   62.4 13.6 91.5 Crumbling while 
measuring, sharp 
angled edge, 
poor contact 
during 
measurement. 
* 

Layered shale and claystone, no visible 
sulphides. 

 
2   61.3 7.7 92.9 Crumbling on 

edges, sharp 
angled edges, 
poor contact 
during 
measurement. 
* 

Dark black shale, V soft, some clumpy 
disseminated pyrite visible on fractured ends, 
~1% py comp, py present within bands aligned 
with banding of samples, sub-perpendicular to 
measurement direction. 
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3   62.1 7.1 99.9 ~1.5cm x 2.7cm 
piece missing 
from one end, 
contact ends 
have slightly 
different area 
calculations. 
* 

Banded claystone and siltstone/shale, <1% 
comp disseminated py, py found more so in 
clay material, however minor % present in 
darker shale material. Py present within bands 
aligned with banding of samples; 45 degrees 
to measurement direction. 

 
4   63.4 3.1 112.4 Irregular 

contacts, missing 
~4-5cm x ~0.5cm 
pieces from both 
ends, broken 
away at QV. 
* 

Interbedded shale and clay, 
irregular/broken/brecciated bedding, large 
vuggy irregular QV present, patchy clumps of 
py along bedding planes -> proximal to 
brown/red clay material, py makes up <1% of 
sample comp, py present within bands aligned 
with banding of sample; sub-perpendicular to 
measurement direction. 

 

5   63.5 1.9 114.9 broken slice 
along long edge. 
Considerable 
breakage, falling 
apart, not quite 
half core. 
Measuring as half 
core instead due 
to missing core. 
* 
 

Shale (composed of nearly all graphite), 
interbedded with minor clay material, shale 
makes up majority of comp. Minor clumpy 
portions of py found within clay material 
making up <1% sample comp, py present 
within bands aligned with banding/bedding of 
sample. 
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6   62.4 2.12 115.0 Minor crumbling 
on long edges, 
one contact not 
completely flush, 
however half 
core setting 
appropriate. 
Measurement 
ok. 

Interbedded shale and clay material, graphite 
rich shale, patches/clumps of py throughout 
clay material, and dissem py throughout clay 
material, py <1-2% comp, py present within 
bands aligned with banding of sample, sub-
parallel to measurement direction. 

 

7   62.7 2.9 138.3 Small chip on one 
edge. 
Measurement 
ok. 

Finely banded shale and minor (<0.5cm thick) 
claystone, py patchy throughout claystone 
layers, very fine dissem py throughout sample, 
whole sample contains <0.5% py, py present 
within bands aligned with banding of sample.  

8   62.8 7.3 144.0   Banded shale, fine grained (majority of 
sample), minor bands <10% of sample with 
fine to medium fine grain size, py dissem 
within the coarse bands making up <5% of 
sample comp. Very fine dissem py throughout 
whole sample <0.5%, py present within bands 
aligned with banding of sample, perpendicular 
to measurement direction. 
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9   62.7 12.5 147.1 Irregular shape, 
crumbling at 
measurement 
edges. Contacts 
of unequal area, 
~2-3 cm edge 
chipped off one 
end. 
* 

Vuggy quartz carbonate veining/silicification, 
banded appearance within shale, minor 
patches throughout of py <1mm in size, and 
fine dissem py throughout sample, py makes 
up <2-4% of rock comp, py also present within 
bands aligned with banding of samples, sub-
perpendicular with measurement direction. 

 
10   63.1 2.9 149.2 V Minor chips on 

both edges. 
Measurement 
ok. 

Banded shale and py blebs (up to 2cm long and 
less than 0.5cm wide), py blebs make up <5% 
of sample comp, also very fine dissem py 
throughout, <0.5% of sample comp, so overall 
py is <5.5% of sample comp. py banding 
present aligned with banding of sample; 
perpendicular to measurement direction. 

 

11   62.9 1.6 154.1   Black graphite rich shale, very fine grained, no 
visible py, some minor blebs of carbonate, py 
<1% of sample comp.  

12   63.0 1.6 167.3   Banded shale, bands of ~4cm thick, dissem py 
accumulated at base of central bed within 
sample, up to ~2cm thick portion of dissem py 
in this layer. Coarser grains at base of shale 
bands, fining upwards, overall, medium-fine 
to fine grained. Graphite rich sample, py 
makes up <4% of sample comp. 

 

13   62.9 2.4 173.0   Shale with very fine <0.5cm bands of py, which 
make up <2% of sample comp, VV fine dissem 
py also present throughout making up <0.25% 
of rock comp, total <2.25% of py in sample.  
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14   63.1 5.6 186.0 Angled edges, 
not ideal 
contacts with 
copper plates.  
* 

Banded shale, very similar to 12, fining 
upwards, dissem py at base of central bed, py 
band is ~2cm thick and makes up <3% of 
sample. V fine dissem py also present 
throughout making up <0.25% of rock comp. 

 
15   63.4 3.2 192.2   Shale, with very fine bands of py ~<0.2cm 

wide, some py blebs up to 1cm wide and ~2cm 
long, over all py makes up <3% sample comp. 

 
16   50.6 1.7 219.3   Finely banded py <0.1cm wide in laminated 

siltstones/shales, also some minor blebs of py 
present. Py makes up <5-7% rock comp. Dark 
V fine-grained shale host.  

17   50.5 2.6 223.6   ~0.5cm bands of irregular distorted bands of 
py, overall <4% py comp of whole sample, dark 
very fine-grained shale host. 

 
18   50.5 1.6 225.9 Minor fracture 

through sample. 
Measurement 
ok. 

Shale with irregular distorted bands of py, 
almost 90% py in the bands (sample composed 
of shale material and py), py bands make up 
<5% of sample, at ~45degrees to 
measurement direction. 
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19   50.7 1.2 227.7   Same as sample 18, blebby distorted py bands 
with V fine shale host. 

 
20   50.5 7.4 240.6 Sample not 100% 

intact, one end 
broken off along 
lithology beds, 
still used this 
during 
acquisition to try 
and get a better 
contact with 
copper plates, 
other end on a 
very sharp angle, 
not best contact 
with copper 
plate. 
* 

Banded graphite rich shale with distorted and 
irregular qz carb veins within sample, also very 
minor fine bands composed of 90% py in shale 
material, py makes up ~<4% of whole sample. 
Bands of py also form undulating layers; sub-
perpendicular to measurement direction. 

 

21   50.4 41.8 250.2   Blebs of py present up to 2x2cm, and some 
very fine <0.2 cm py veins present. 
Siltstone/shale beds in line with measurement 
direction, as are the interbedded fine py 
bands, cross-cutting qz carb spider veins 
throughout bedded grey and black shale. 

 

22   50.5 12.0 257.3 Poor contact 
with plates due 
to wedges 
missing from 
each end of the 
core, wedges 
~2cmx1.5cm. 
* 

V fine py bands <0.1cm, blebs up to 1.5cm of 
py also present. Minor carb veins along 
bedding planes, appears to have very minimal 
qz content, ~0.2cm wide, makes up less than 
2% of sample, blebs and fine bands of py make 
up <5% of sample, bedding ~30-45 degrees to 
core length, and measurement direction. 
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23   50.7 4.5 263.6   Bedded sand and shale material, some VV fine 
bands of py <0.1cm wide, which are up to 
0.3cm wide in sandy layers. Py blebs, also 
present in regions with more shale material, 
overall less py present in sandier material. 
Irregular carbonate spider veins, some 
~0.5cmx0.5cm py blebs proximal to veins, py 
not aligned in direction of measurement. 
Bands of py contain ~40% py rest of these 
bands contain shaley material. Fine banding of 
all layers. Beds are irregular and distorted in 
places, not regularly bedded, py makes up 
~<10%? of sample. 

 

24   50.4 1.6 265.5   Finely banded sandstone/shale (all grains are 
very fine). Bands of py <0.1cm wide and minor 
bands of carbonate <0.1-0.2cm wide are 
present, which are not in line w/measurement 
direction, ~25-30 degrees to measurement 
direction. Py makes up ~<10%? of sample, py 
banding is similar to 23, containing ~40-50% 
comp of py. 

 

25   50.7 1.5 272.8   Similar to 24, banded fine-grained shale, 
minor sandy components. Some bands of 
shale containing py, similar to 24 and 23, these 
bands make up ~10-15% of sample. V minor 
<5% of sample contains carbonate veins. 

 

26   50.4 5.3 279.7   V fine bands of py containing 30-40% py rest is 
banded shale. Shale bands are <0.1cm in 
width. Minor bands of py and carb? <0.1-
0.2cm in width, contain 50-60% py and rest is 
carb. Overall rock comp <5% is py rest is dark 
shale material. Bedding is at ~30 degrees to 
measurement direction. 
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27   50.3 5.7 284.5   Fine <0.1-0.2cm bands with py and minor carb 
content -> ~50-60% py & ~5-10%carb, rest is 
shale. Py makes up <5% of whole sample 
comp, bands at 30 degrees to measurement 
direction, V fine-grained shale host, py/carb 
bands along bedding planes. 

 

28   50.5 9.0 293.4 One end not 
flush, on a 
moderate angle, 
not ideal contact 
with plates. 
* 

V fine bands of py <0.1cm in width in line with 
bedding, containing <30-40% py, rest is shale, 
cross cutting carbonate vein perpendicular to 
bedding. Py % of whole sample is <3-5%. 
Bedding ~30 degrees to measurement 
direction. 

 

29   50.8 32.8 296.4   Vuggy qz carb veining, irregular, not in line 
with bedding (~30 degrees to length of core), 
py disseminated within shale layers, bedding is 
irregular/disjointed, dissemination of py, 
more concentrated near qz carb veining, py 
makes up ~10% of sample, minor 0.5cm py 
blebs also on carb vein boundary. 

 

30   50.6 25.9 301.8 45-degree angled 
contacts with 
plates. 
* 

Py makes up ~10-20% of sample comp. 
Banded py beds present, <0.1cm thick, 
containing ~60-90% py, blebs of py also 
present, and dissem fine py throughout shale 
layers, py makes up ~20%? of sample comp, 
rest is shale. Carb veins present, with minor qz, 
py concentrated to edges of these veins and 
irregularly disseminated throughout veins, 
carb 50%-60%, qz 10-20%, py 5-10% within 
veins, carb qz veins up to 1-1.5cm in width. 
Minor fine crosscutting of additional V thin 
carb veins, <0.5cm wide. 
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31   50.5 4.7 307.8   Fine bands of py ~0.1cm wide, some blebby 
veins, py forms fine laminated bands, <5-7% of 
sample. 50-70% of bands contain py, rest is 
shale. Dark V fine grey shale host. 

 
32   50.4 6.4 311.3   Sample same as 31, however includes a 1cm 

band of py containing 70-90% py, rest is shale 
material, <0.1cm band of carb present which 
contains <5% py, rest is carb and minor shale 
components, py blebs also present in sample. 
Py makes up ~10% of sample, bedding 
perpendicular to measurement direction. 

 

33   50.5 33.0 317.1 Sample fell apart 
while pulling out 
of water (into 2 
pieces), 
measured all 
together, 
however, rock 
not one solid 
piece. 
* 

Bands of disseminated py within finely 
laminated siltstone and shale <0.1cm thick, 
these bands are composed of +70% py, rest is 
minor carb and shale. Py <4% comp of whole 
sample. 

 

34   50.5 12.2 322.5 Broke into 2 
pieces along 
bedding plane, 
put together for 
measurement, 
however, not one 
consolidated 
piece, ends are 
not flush, jagged 
edges. 
* 

Py makes up <3-5% of sample comp, blebby py 
in places, up to ~1cm2 in size, undulating 
laminated beds, very minor <5% carb present 
with py forming proximal blebby bands. Very 
soft-high % graphite content. 
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35   50.5 1248.5 323.4   Banded shale and sand, py disseminated 
throughout sandy beds, sandy component 
makes up 60% of sample, py makes up <5% of 
sample. 

 
36   50.5 14.4 323.6   <30%? sand component, interbedded shale 

and sands, py found as disseminated blebs 
within sandy material, minor <0.1cm wide 
carb veins with no associated py, py makes up 
<5-7% of sample. 

 
37   50.7 102.4 328.0 Irregular slightly 

angled contacts. 
Measurement 
ok. 

Graphite rich shale, minor patches of irregular 
carb veins, some orange discolouration, very 
minor py present <1% assoc with edges of carb 
veins, very fine disseminated py throughout 
shale, particularly in coarser grained bands, 
makes up <2-3% of sample comp, sporadic 
carb veins make up <1% of sample. Dark soft 
shale host. 

 

38   50.5 847.4 330.8   Banded shale and sands, ~50% sandy material, 
finely disseminated pyrite throughout sandy 
layers, less so in shale material, py makes up 
5-7% of sandy layers and ~3-4% of whole 
sample, minor carb vein present with no assoc 
py.  

39   50.5 26401.1 341.8   Sandy conglomerate, 50/50 sand and shale 
matrix, silica clasts, 70/30 matrix/clasts. 

 
40   50.5 14.8 345.5   Shale conglomerate 75/25 shale and sand 

matrix, silica and carbonate clasts, some 
sericitic clasts? 60/40 matrix/clasts. 

 



APPENDIX A   

 

340 
 

41   50.6 983.6 348.6   Sandy coarse-grained conglomerate, grains 
are sub-angular to sub rounded, some 0.5cm 
shale clasts, 50/50 clasts and matrix. 

 
42   50.6 68.4 351.0   Sub-rounded silica and carbonate clasts, up to 

2cm in size, up to 3cm long shale clasts, 
<0.5cm wide, dark grey shaley and sandy 
matrix, 55/45 clasts to matrix.  

43   50.5 9.6 335.8   Shale, minor sandy conglomerate, same as 40, 
dark, large % shale content. 

 
44   50.6 293.1 357.4   Bedded sand and shale, 50/50 sand and shale 

components, 1 speck of py seen in sandy 
material. 

 
45   50.6 103.1 359.0   Laminated shale with disseminated py in the 

darker, slightly coarser grained (with minor 
sand component) shaley bands, <4% within 
this layer, overall ~3% sample contains py. 

 
46   50.7 10.2 363.4   Laminated shale with disseminated py 

throughout, minor sandy beds present which 
make up ~7-10% sample comp, very fine 
dissem py contained in fine shale components, 
sample contains ~7-9% py, minor ~0.5cm wide 
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qz carb vein cross cutting bedding with no 
assoc py. 

47   50.6 11.3 365.8   Sandy shale, minor <0.1cm carb vein, no assoc 
py, disseminated fine py throughout sandy 
shale makes up <3% of sample. 

 
48   50.7 656.8 369.5   Sandy shale, fine dissem py throughout single 

sandy shale layer, makes up ~4% of that layer, 
and ~2% of whole sample comp. 

 
49   50.8 538.1 375.6   Laminated shale and minor sandy shale, py 

disseminated throughout sandy shale, makes 
up ~5-6% of sandy shale layer, very fine 
disseminated py also present in shale only 
layers, makes up <1% of shale comp. Whole 
sample contains ~3% dissem py. 

 

50   50.7 2633.0 387.8   Laminated shale and sandy shale, similar to 
49, however higher % of shale in this sample, 
dissem py present in sandy shale components, 
makes up <1-2% sandy comp, very fine dissem 
py in shale components, makes up <0.5% shale 
component, over all sample contains <1% 
dissem py. 

 

51   50.7 6379.2 399.6   Vuggy qz carb vein, graphite rich shale host, 
chlorite alteration along shale margins, fine 
dissem py within shale, makes up <0.5% of 
shale component, <0.25% of whole rock comp. 
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52   50.8 1337.1 418.7 Sample split into 
2 pieces. * 

Laminated shale, interbedded with slightly 
coarser sandier layers, very minor dissem py 
which makes up <1% of sand beds, py makes 
up <0.5% of whole sample. 

 
53   50.6 2062.5 433.3   Laminated shale and sandy shale, fine bands 

<0.1cm of py (not continuous) present mostly 
in sandy shale layers, blebby texture, py bands 
comp of 70-80% py and the rest is shale, py is 
<2% whole sample comp, laminations 
perpendicular to measurement direction. 

 

54   50.6 3398.4 449.5   Laminated shale and moderately sandy shale, 
py present in minor thin laminated bands, py 
makes up 10% of these py bands, rest is shaley 
material. Py found along margins between 
different sand and shale layers, py makes up 
<2% of sample. 

 

55   50.7 6675.1 462.0 Ends are on a 
~20-degree 
angle, not best 
contact with 
plates. * 

Interbedded shale and siltstone, minor dissem 
py throughout, makes up <3% of sample. 

 
56   50.6 2513.4 469.3   Laminated siltstone/shale, very minor dissem 

py throughout, <1% of sample comp, dissem 
found in coarser grained sediment layers. 
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57   50.7 8317.3 480.6   Laminated sandy shale, fine ~0.2-0.3cm layers 
of shale, clay and sandy material, <0.25% 
dissem py throughout sample. 

 
59   50.7 3588.2 483.9 Minor wedge 

broken from one 
end. * 

Cross cutting qv carb veins through banded 
sandy shale, dissem py throughout sandier 
layers, ~3% of sandy bed comp, overall 2% of 
whole sample comp, some minor py blebs 
within qv on one sample end and along qv 
boundary all hosted in graphite rich shale. 

 
58   50.7 60.1 484.9   Laminated sandy shale and siltstone/shale, 

fine dissem py throughout, <4% of sample 
comp. 

 
60   50.7 6923.1 487.7   Sandy conglomerate/volcaniclastic breccia, 

angular clasts of sandy clay ~15cm in size, 
~3cm shale clasts also present. No visible py.  
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61   50.6 4924.6 489.5   Same as 60. 

 
62   50.6 33694.5 490.1   Laminated shale, clay? and volcaniclastics in 

~0.1cm bands, dissem py <1% present 
throughout, 50/50 clay and shale material in 
sample. 

 
63   50.7 47674.4 491.6   Clay? Volcaniclastics and very minor shale 

material, 90/10 clay and shale, <0.5% dissem 
py present along boundaries of very minor 
carb veins which are sub-parallel to 
laminations.  

64   50.7 4150.1 494.0   Qz carb vein with associated fine laminations 
of chlorite carbonate alteration. Basaltic unit 
intruded/within siltstone/shale unit. Basaltic 
‘clasts’ contain irregular carb veining, <10% 
carb content in whole sample, no visible py. 

 
65   50.7 10749.9 495.8   Pillow basalt textures, discolouration/chlorite 

alteration on qz carb vein around basalt 
boundaries, no visible py. 
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66   50.4 3825.1 500.0   Contact between pillow and sandy claystone 
conglomerate, clay matrix, qv vein with 
associated minor fine laminations of chlorite 
alteration along vein boundary, <0.2cm wide, 
Sub-rounded to sub-angular clasts within 
conglomerate, speckled green grey basalt. No 
visible py. 

 
67   50.4 55369.5 502.9   Interbedded laminated silicified and 

brecciated shale, clay, minor sandstone, 
silicified unit, carbonate spider veins present, 
orange brown discolouration on these carb 
veins, no visible py. 

5

 

68   50.3 3953.1 504.4   Cross-cutting spider web carb veins 
throughout basaltic unit. Chlorite alteration 
throughout, minor orange alteration 
throughout carb veins.  

69   50.5 617.5 506.3   Graphite rich, very fine-grained shale, no 
visible py, this is a portion of the brecciated 
shale unit. 

 
70   50.1 6301.1 507.1 Edges missing 

2x2cm pieces, 
not best contact 
with SKIP or area 
calculation. * 

Laminated shale, clay? and volcaniclastics, V 
fine dissem py seen with hand lens, <0.5% of 
sample comp. 
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71   50.5 7557.4 509.8   Siltstone, volcaniclastics with minor qz carb 
veins <0.1cm wide, bleb of py present 
associated with minor irregular fine dark grey 
veins <0.05cm in size, total py <1% in whole 
sample. 

 
72   50.7 1079.6 513.8   Sandy shale conglomerate/volcaniclastic 

breccia, clasts of clay/siltstone material and 
shale, sub-angular clasts up to ~5cm in size. 

 
73   50.4 16846.4 517.0   Fine laminated clay? /volcaniclastics and 

minor siltstone, same as 71, no visible py. 

 
74   50.6 5696.4 522.6   Sandy, shale and volcaniclastic 

conglomerate/breccia, similar to sample 72, 
however larger shaley clasts, clasts are angular 
up to 6cm in size. 

 
75   50.7 5080.6 526.0   Similar to 72, very minor py crystals visible 

<0.2% of sample, minor basaltic component 
with shale/siltstone components, rimmed 
with qz-carb veining.  

76   50.5 34364.4 528.6   Vuggy qz carb vein, minor dissem py found 
within carb band of vein, <1% of sample. 
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77   51.0 26017.0 531.1   Laminated volcaniclastics, clay material? and 
shale breccia/conglomerate, very fine grained, 
pale grey brown, no visible py. 

 
78   50.4 4449.4 534.1   Sandy shale conglomerate/breccia, similar to 

72, however higher % of shale 
clasts/components, no visible py. 

 
79   50.7 11849.9 539.2   Same as 78, some large thin shale clasts up to 

~3cm long. 

 
80   50.8 3597.3 541.9   Same as 78. 

 
81   50.4 8966.0 547.1   Sandy shale conglomerate/breccia, same as 

79. 

 
82   50.9 257.8 551.5   Cross-cutting qz carb veins throughout 

silicified shale unit, fine dissem py sporadically 
mineralised along vein edges <0.5%. 

 
83   50.7 1094.0 552.9   Same as 82, however py dissem sporadically 

throughout host unit, less than 0.5% of sample 
comp. 
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84   50.6 5438.8 556.4   Qz carb stockwork veins within a bleached 
shale/sandstone breccia? Pale grey, bleaching, 
and fine dissem py throughout, py makes up 
<1% of sample, not associated with veins, 
however, assoc with patchy alteration. 

 
85   50.6 6066.6 557.3   Interbedded silicified shale and sandstone. 

Similar to 82 without veining, minor dissem py 
throughout, <0.5% of sample. 

 
86   50.6 3049.1 559.9   V fine grained laminated interbedded silicified 

clay? /volcaniclastics? and shale, 'muddy' 
appearance, dissem py throughout, py forms 
<1% of sample. 

 
87   50.6 19020.0 561.4   Shale and clay/volcaniclastics forming 

conglomerate/breccia (closer to breccia 
texture), less sandy material compared with 
other conglomerate/breccia samples, mostly 
clay/volcaniclastic and ‘muddy’ clasts within a 
clay/shale matrix with <5% sandy material, 
minor clump of dissem py near clast 
boundaries, <0.25% of sample. 

 

88   50.8 13430.4 565.3 one end very 
angular, not 
flush. * 

Sandy conglomerate/breccia, sandy coarse-
grained matrix, with angular, up to 5cm fine-
grained clay/shale clasts, minor <0.1cm cross 
cutting carb veins, no visible py. 

 




