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Executive Summary  

The last decade has seen an exponential increase in the adaptation of machine learning methods 
for the analysis of geoscience datasets. However, there are fundamental differences that distinguish 
geoscience data from most other data types including those for which many of these methods were 
initially developed. Geoscience datasets are spatially multi-dimensional and multi-scale, containing 
1D information (e.g., drill holes), 2D information in both plan and cross-sections, and often also 3D 
data. Furthermore, geoscience datasets have variable resolution and precision across different data 
types, which drastically effects the resolution at which we can make reliable interpretations. 
Historically, geoscience datasets have been gathered incrementally and for context specific 
outcomes, with different methods and correspondingly variable standards and precision. 
Geoscience data (collectively) was never designed to be integrated computationally; it was designed 
to be overlaid in a manner similar to traditional cartography. Traditional methods of geological 
interpretation are an art incorporating the use of multiple different datasets involving a substantial 
component of subjectivity and experience driven knowledge. Geologists may account for variances 
in scale and resolution on the fly, and in a cartographic approach to data integration, overlooking 
the scale-resolution-dimensionality issue is largely incorporated into the process. However, when it 
comes to true mathematical integration of geoscience data this issue cannot be overlooked without 
consequence.  

Some of the main issues for robust geoscience data integration include:  

1. An understanding of the resolution and dimensionality of different types of data and the 
limitations thereby imposed.  

2. Recognition of differences between the scalar properties of geophysics, vs imaging, and 
point analytics.  

3. Realisation that interpretation and processing of data, (e.g., simple lineament interpretation, 
hand contouring, interpolation, and inversion) impact the precision of the resultant datasets. 

4. Knowing that some datasets are partially complimentary in some instances (e.g., magnetics 
and gravity will often overlap at some scale and/or depth). 

5. But most datasets describe unrelated properties, at different scales and/or different crustal 
levels (e.g., magnetics and magnetotellurics). 

These many nuances, limitations and pitfalls associated with geoscientific data are often well 
understood by domain experts, but this knowledge, which underpins the reliability of any 
automated interpretation is less often appropriately transferred to experts in data-science. In this 
approach, the critical system knowledge required to integrate and get the most out of these 
datasets is often the weakest part of the process. They are commonly simple assumptions based on 
qualitative inferences. A classic one which has been adopted by many is that co-located or proximal 
magnetic and gravity anomalies indicate the presence of Iron Oxide Copper-Gold (IOCG) deposits. 
Whilst true, some of the time, it is highly dependent on the resolution and depth extent of the data 
used, and furthermore on the size and oxidation state of the specific deposits. To apply data 
analytics to complex geoscience data effectively, we need to develop methods that characterise 
mineral systems quantitatively.  
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One way to do this is to re-engineer the problem. Rather than starting at the regional scale, i.e. 
starting with a large area and attempting to force disparate datasets to describe concise voxels (3D 
pixels) in a model, we have commenced at a the sample scale, where we can be confident of the 
coupling of the datasets. In doing so, we engineer the data to be integrated in situ, by design, 
eliminating the need to integrate via questionable assumptions, inferences, inversions, and 
interpolations. This scale consistent dataset can be used for a variety of statistical approaches, such 
as machine learning, regression, and principal component analysis. Most importantly this data can 
provide critical insights to underpin larger scale approaches to complex data integration. The 
outcomes from scale-constrained analyses can be used to relate geochemical processes to 
geophysical quantities which can then be used to target characteristic signatures in regional 
geophysical datasets. This approach will also help drive important decisions about what data is 
critical, what data is missing, and which data requires improved resolution, to ensure robust 
delineation of mineral potential. 

Here we present a world first example of a district-wide, scale integrated, geoscience dataset. It 
contains information for 1590 samples, extracted from 23 deposits and prospects, across the 
Cloncurry District, Northwest Queensland. All data has been collected using a consistent 
methodology on 2 cm cylinders (standard palaeomagnetic “rounds”). It incorporates 2712 columns 
of scale-integrated data from 10 different analytical techniques measuring density, magnetic 
susceptibility, remanent magnetisation, magnetic fabrics using anisotropy of magnetic susceptibility 
(AMS), radiometrics, conductivity, modal mineralogy and texture from scanning electron 
microscopy (SEM) using the Tescan Integrated Mineral Analyser (TIMA), geochemistry (from both 
portable XRF analyses and analysis of powders), and short-wave infrared (SWIR) hyperspectral data.  

The Cloncurry Metal Database is the primary outcome of the project, and it is intended to be used 
by industry and research geoscientists to de-risk and improve exploration success in NW 
Queensland. Whilst we have generated a completely new approach to the acquisition of geoscience 
data in the generation of this complex scale-integrated multi-property database, we have also had 
to re-think how we use this unique dataset.  

This compilation includes nine parts detailing approaches we have developed to 1. Integrate the 
data, 2. Understand the geological processes that underpin the data, 3. Identify interrelationships 
between different datasets. 4.  Incorporate this new approach into exploration programs.  

Report 1 outlines a geological overview of the Cloncurry District, and provides background on the 
approach taken in the Cloncurry METAL project. It outlines the sampling strategy adopted, describes 
where the samples are located, and details methods and theoretical background for each of the 
analytical techniques used. 

Reports 2-4 detail work completed on Ernest Henry, Australia’s second largest IOCG deposit, and 
the most densely sampled deposit in the project. They outline three different approaches to 
understanding the mineral system: Report 2 from the perspective of a mineralogist/ geochemist; 
Report 3 from the perspective of a geophysicist; and Report 4 from the perspective of a structural 
geologist. 

Report 2 describes the integration of mineralogical, geochemical and petrophysical datasets from 
the Ernest Henry breccia hosted IOCG deposit. It provides new insights into the hydrothermal 
evolution of the deposit and can be used to develop specific exploration criteria to vector towards 
higher Cu and Au grades. The study found that hydrothermal iron oxide-alkali-calcic-hydrolytic 
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alteration resulted in characteristic mineral zonation within the breccia and mineral halos in the 
rocks surrounding the ore zone. The mineral zonation is the result of a progressive sequence of sodic 
alteration followed by potassic + iron alteration, brecciation, synchronous shearing and regressive 
hydrolytic alteration and carbonatization. Economic Cu-Au mineralisation in the breccia matrix 
formed via hydrolytic alteration, resulting in variable but evident replacement of magnetite by 
hematite which predates final carbonate infill and veining. Importantly, the location of the high-
grade Cu and Au mineralisation is found to be controlled by the distribution of alteration mineral 
assemblages, which developed within the breccia body and in adjacent sheared host rocks after 
brecciation. Alteration halos of mineral groups including feldspars and micas, and individual 
minerals such as pyrite and apatite envelope the ore body and extend up to hundreds of meters 
beyond its limits into the host rocks. Likewise, the Fe-Mg ratio in hydrothermal chlorites changes 
systematically with respect to distance from the ore body.  

The deposit shows a distinct and mappable hydrothermal mineral assemblage zonation towards the 
ore body which can be detected reliably by an SEM-TIMA mineral mapping approach. Comparison 
of modal mineralogy determined by SEM-TIMA, rapid spectroscopic logging, and multielement data 
obtained from portable XRF and whole-rock techniques indicates that only an SEM-based method 
accurately recognises the different alteration assemblages in this IOCG breccia. The combination of 
mineralogical data with positive anomalies of P, Mn, As and U measured by portable XRF and a 
handheld gamma ray spectrometer, as well as tracking the degree iron oxide conversion based on 
magnetic susceptibility measurements show significant potential for vectoring towards higher Cu 
and Au grades in Ernest Henry-style iron oxide-alkali-calcic-hydrolytic alteration systems. 

Report 3 examines the geophysical zonation of the Ernest Henry deposit in the context of its own 
metasomatic and structural evolution and that of the Cloncurry Mineral System as a whole. The 
results are placed into an alteration facies framework, to identify a predictable sequence of 
overprinting relationships and their characteristic geophysical signatures. The study resulted in the 
development of a simplified model for the geophysical evolution of the Ernest Henry deposit which 
can be utilised to identify similar prospective systems, based on their geophysical signatures alone.  

The alteration paragenesis results in a system with a moderately dense, highly magnetic medial 
footprint, outboard of a weakly magnetised, low density proximal footprint, haloing a high density, 
moderately magnetic core. Late hydrolytic alteration, which is present, but not pervasive at Ernest 
Henry resulted in oxidation of magnetite to hematite, causing subtle suppression of the magnetic 
signature in the core. This suggests bullseye magnetic targets are not necessarily favourable for 
magnetite series IOCGs, whereas medial magnetic anomalies enclosing a gravity high are. The 
Geological survey of Queensland has ensured that high quality magnetic data are available across 
the Cloncurry district, however high-resolution gravity data is not available. Given the important 
synergy between magnetic and gravity data in identifying characteristic IOCG alteration signatures, 
high-resolution gravity data may provide the paradigm shift required to find the next big IOCG 
deposit in the district.  

Report 4 investigates the structural controls of the Ernest Henry deposit, through a review of 
previous structural data and interpretations, combined with a detailed dissection of newly acquired 
anisotropy of magnetic susceptibility (AMS) data, which quantifies the magnetic fabrics present in 
the deposit. The AMS data is contextualised in an alteration framework (based on TIMA mineralogy) 
and placed within the structural framework of the deposit. The study demonstrates that the AMS 
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technique is a quantitative and consistent methodology for mapping ductile-brittle fabrics in 
hydrothermal systems. AMS delineates the same structures measured by traditional structural 
geology, but with the added advantage of scale consistent mineralogy and petrophysics. AMS 
therefore provides an opportunity to provide much more rigorous mineralogical, petrophysical and 
geochemical context to our understanding of structural controls.  

The major exploration outcome of the study is that although the obvious NE-trending shear zones 
and the host breccia were critical to ground preparation (i.e., created zones of rheological 
weakness), the N-S metasomatizing structure (NSMS) was the main structural control on 
mineralisation. The host breccia is localised at the intersection of the NSMS with the dominant NW- 
structural grain. More importantly, the late-stage mineralising phase associated with hydrolytic 
alteration is confined to this zone. Whilst some may argue against the importance of the N-S 
structural control on mineralisation based on the lack of N-S fabrics in the breccia, the AMS data 
clearly show that these fabrics are present, but not to the visible eye. Although largely at odds with 
previous interpretations of the Ernest Henry deposit, N-S structures are known to be important in 
many IOCG and Broken Hill Type (BHT) deposits throughout the district. The study demonstrates 
that IOCG’s form during the transition from ductile-brittle to brittle deformation, coinciding with a 
switch from convergent to strike-slip or extensional tectonics. The study also highlights that late, 
typically discrete structures are often more important than early, large-scale, obvious structures, in 
controlling Cloncurry type IOCG deposits. 

Report 5 provides a systematic and scale-integrated characterisation of the petrophysical, 
mineralogical and structural characteristics of the Starra line, to elucidate the paragenesis of the 
Starra-276 and Starra-251 Au-Cu deposits. The study highlights the role of structurally controlled 
redox reactions and gradients within the Starra Au-Cu mineral system, reflected in both AMS and 
radiometric data. Distal hanging wall and footwall rocks preserve evidence of regional D2 (E-W) and 
D3 (NE-SW) shortening associated with regional sodic-calcic alteration. However, the medial 
alteration footprint is characterised by biotite-magnetite alteration which increases toward the core 
of the system. The D2 to D3 strain intensity (quantified by AMS data) increases with proximity to the 
controlling fault, the high strain zone in the core of the system, reflected by the strong planar AMS 
fabrics present. Dominant D4 WNW-ESE shortening which occurred during iron metasomatism and 
subsequent mineralisation caused reverse sinistral transpression, then strike-slip movement within 
the Starra Shear Zone. Strong correlation between the K1 vector and the plunge of the Starra 251 
ore body was observed, similar to the magnetic lineation present in the Ernest Henry ore body. Such 
a correlation was not observed at Starra-276 but bending of the main shear zone may have led to 
dilation within the hanging wall fabric oblique to the dominant shear zone.  

Chalcopyrite mineralisation at depth is associated with reduced conditions and formed marginal to 
an oxidised feeder structure. In comparison, more oxidised hematite-dominant native copper and 
gold mineralisation occurs in the upper portions of the system and appears to be controlled by a 
broad redox gradient. The feeder structure coincides with a uranium radiometric spike in both the 
reduced and oxidised zones. This suggests that the uranium anomalism in radiometric data can be 
used in conjunction with magnetic susceptibility and strain mapping (using AMS) as a proxy for 
mapping oxidising feeder structures throughout the district. 

Report 6 is a study of the alteration mineralogy of the SWAN-Mount Elliot ore system focused on 
combining the high-resolution capabilities of SEM-based mineral mapping (TIMA) from four drill 
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holes with continuous downhole HyLoggerTM hyperspectral datasets. This provides context to larger 
scale alteration haloes and controls on mineralisation. The results support the established alteration 
paragenesis for the region, which consists of regional sodic alteration, followed by localized potassic 
metasomatism and two phases of hydrothermal skarn-like alteration, with the last phase being 
coincident with mineralisation. The high sensitivity to detection of trace mineral phases, mineral 
chemistry and texture provided by TIMA mineral mapping, provides new insights into the 
mineralogical footprint of each of these events. TIMA data assists in distinguishing between 
metamorphic and hydrothermal amphibole and clinopyroxene phases. TIMA also facilitates 
mapping of key mineral species including sulphates and epidotes which may be related to 
physicochemical gradients, and the textural characteristics of mineralised assemblages.  

Copper mineralisation is dominated by chalcopyrite, which is texturally related to epidote, calcite, 
actinolite, apatite, and titanite and replaces pyrite. Chalcopyrite occurs mainly as infill, precipitating 
in pore space left by alteration of the protolith, and overprints and/or crosscuts coarse grained 
clinopyroxene, magnetite, and allanite. Chalcopyrite sometimes occurs with minor bornite in the 
upper (more oxidised) parts of the system, in calcite-anhydrite-actinolite veins in the lower parts of 
the system, and less often as massive sulphide breccia matrix or vein material 
overprinted/brecciated by late quartz. The HyLoggerTM data provides key spatial context 
information with regards to the mineralogy and petrogenesis of the system particularly for spatially 
relating skarn alteration assemblages to fluid pathways and mineralisation. The data highlight the 
importance of structurally controlled lithological boundaries and competency contrasts between 
rheologically weak calc-silicates and more massive or silicified units for focusing fluid flow into 
breccia bodies. Understanding the nature and mineralogical footprint of oxidized and Cl rich fluids 
associated with the mineralisation and the fluid pathways is critical for exploring in the region. These 
results provide a foundation for the development of exploration tools targeting SWAN-type Cu 
mineralisation combining the use of magnetics, radiometrics, geochemistry and hyperspectral 
mineralogy.  

Report 7 presented automated TIMA mineralogy mapping, core-scale µ-X-ray fluorescence 
mapping, whole rock geochemistry and a suite of petrophysical data including density, magnetic 
susceptibility, and anisotropy of magnetic susceptibility, from the Cannington Pb-Zn-Ag deposit. The 
study reviews the mineralogy, major element and rare-earth element (REE) geochemistry of 
Cannington and integrates this understanding to provide insights into the geophysical signature of 
this major Broken Hill Type (BHT) deposit and its associated petrophysical characteristics. 

Representative sampling across the deposit revealed geochemical patterns consistent with previous 
studies. Strongly altered rocks with Fe and Ca-Fe bearing assemblages have similar immobile 
element ratios to the host gneisses but are uniformly depleted. REE patterns vary systematically 
with the rock types supporting a hypothesis of variable REE mobility with different types of 
alteration and with little evidence that hedenbergite-garnet Ca-Fe alteration uniformly overprints 
Fe-metasomatism (or vice-versa). Large, positive Eu-anomalies observed in all rock types except the 
host gneisses are consistent with early hydrothermal alteration which depleted Al, Mg and Na at 
the expense of Ca, Fe and Si. Density variations at Cannington do not correlate with the magnetic 
properties because bulk rock compositions and metamorphic grade produce dense gangue minerals 
(pyroxenes, garnet). Moreover, the variations in density between ore phases (galena versus 
sphalerite) mean that sphalerite dominant ores are no denser than some unmineralized lithologies 
whereas the galena dominated ores are significantly denser.  
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The magnetic signature at Cannington is complicated by remanent magnetisation associated with 
multiple phases, including magnetic pyrrhotite, multidomain magnetite and lamellar magnetite. The 
latter is produced mainly during late hydrothermal alteration of Fe-metasomatised assemblages, 
but potentially also during the initial Fe-metasomatic event. Anisotropy of magnetic susceptibility 
data are remarkably systematic across such a complex ore body. Host gneisses and the core 
amphibolite preserve AMS fabrics consistent with early NW-directed D1 thrusting, and partially 
overprinted by peak metamorphic D2 E-W folding. The mineralised lithologies (and altered margins 
of the core amphibolite) show evidence of late hydrothermal alteration and preserve AMS fabrics 
consistent with D3 and D4 faults that cut the deposit. Whilst early (syn-D2) Fe-skarn alteration 
preconditioned (Fe-enriched) the protolith, syn-D4 retrograde alteration precipitated Fe-oxides, 
primarily by exsolution of fayalite. Therefore, the retrograde alteration of high-grade metamorphic 
rocks is key to the magnetic expression at Cannington. The retrograde alteration, and by association 
its magnetic expression, is not essential for mineralisation, but it may be a characteristic process 
that is common in BHT and/or Fe-skarn mineral systems. 

Report 8 provides multi-scale insights into the hydrothermal zonation and the relative timing of 
alteration, deformation, metamorphism, and mineralisation within the magnetite-quartz-apatite 
ironstone-hosted Osborne deposit. This was achieved through integration of mineralogical 
mapping, petrophysical characterisation, hyperspectral and structural fabric analysis.  

Chalcopyrite in the deposit displays triangle acute angle infill textures within the magnetite-quartz 
ironstones, indicating it developed either synchronously with, or likely post-dated ironstone 
formation. Chalcopyrite is intergrown with pyrite consistent with cogenetic precipitation from Fe 
and S-bearing reduced fluids. Mineralisation is also associated with a later phase of deformation, 
indicated by chalcopyrite occurrences in shear-related biotite foliations and pressure shadows of 
subhedral magnetite. Mineral system zonation derived from hyperspectral analysis shows that 
chlorite and amphibole content decrease toward the ironstones units, whilst increased chlorite and 
biotite concentrations are noted in the immediate footwall and hanging wall of the main ore zone. 

Petrophysical characterisation highlights a linear relationship between density and magnetic 
susceptibility, and low Koenigsberger (Q) ratios, consistent with the magnetite dominant nature of 
the Osborne deposit. The lack of significant remanent magnetisation coupled with high 
susceptibility at Osborne illustrate that self-demagnetisation effects needs to be considered when 
targeting magnetite-rich deposits using magnetic modelling. Of the most significant benefit to 
future exploration for the magnetite dominant, deeper IOCG systems like Osborne, AMS data can 
be used to constrain ore body geometries early in the exploration cycle. This is especially crucial for 
IOCG exploration in poly-deformed terranes. 

Report 9 is focused on the Cloncurry METAL mineralogical and AMS datasets from four deposits in 
the Eloise Cu-Au camp: Eloise Deeps, Middle West, Macy, and Chloe. The datasets provided a unique 
opportunity to revise the existing alteration paragenesis at Eloise and identify potential structural 
corridors for mineralising fluids. The revised paragenesis has identified regional magnetite ± pyrite 
zoning between the deposits, which is likely a critical precursor to subsequent mineralisation.  

The highly detailed SEM-based TIMA mineral mapping results also identified a suite of Cl-rich 
minerals (scapolite, hornblende, biotite, pyrosmalite) across the Eloise Camp, which provides new 
insight into the potential controls on mineralisation. Key mineral zoning patterns, with potential for 
mapping large scale alteration patterns around mineralisation, have also been identified by TIMA 



Cloncurry Multi-Element Toolkit and Laboratory  |  9 

mineral mapping including: K-feldspar, scapolite, white mica, and also chlorite, which has also been 
identified in the HyLoggerTM hyperspectral mineralogy datasets. 

 

Further Outputs 

The learnings from these major reports are distilled into easily digestible “toolkit” pamphlets which 
describe the different techniques, how you can use them on your own exploration projects, and 
how to derive mineral system and /or exploration knowledge, which will help make new discoveries. 

 

Future Applications 

Cloncurry METAL set out to push the boundaries of big data, by critically examining the role of the 
data, in particular the pitfalls of incompleteness, inhomogeneities of scale and specific scale 
dependencies of different data types (e.g., contrasting depth of resolution of magnetic vs gravity 
inversions). We recognised that one way to bridge the gap between large scale, low resolution 
datasets and the fractal (i.e., multi-scale) nature of geological systems, was to develop a scale 
consistent (sample-based) methodology for data collection, and translate the knowledge into 
physical parameters, which are readily scalable. The methodology developed in this project resulted 
in a world first, fully integrated, petrophysical-mineralogical-geochemical-structural-metasomatic 
characterisation dataset, across over twenty deposits from the most geologically complex mineral 
systems on Earth.  

This is “complex” data, not “big” data, but used to its full potential it can help enable the translation 
of geochemical, structural, and geological processes into the physical parameters required to make 
big data tangible in the mining space. It will help us re-ignite mineral system thinking by providing 
quantitative, integrated insights into the processes that control geophysical signatures and better 
inform our understanding of the relationships between alteration and structure. We hope it will 
lead to new discoveries that are so vital to the economy of the Mount Isa region, Queensland, and 
Australia.  

This project has allowed us to build on the work started in the Uncover Cloncurry project, and whilst 
every effort has been made to provide approaches to the use of this data, this is still blue-sky 
science. This is a new approach, and we have only scratched the surface in terms of its potential 
application. We hope this data will be embraced by the big data community. Even though it may not 
align with current approaches, it should be part of the future for Big Data’s role in mineral 
exploration. It can help us translate geological processes into ones and zeros 
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