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Abstract: The Olympic Cu-Au Province is a metallogenic province in South Australia that contains one
of the world’s most significant Cu-Au-U resources in the Olympic Dam deposit. The Olympic Cu-Au
Province also hosts a range of other iron oxide-copper-gold (IOCG) deposits including Prominent Hill
and Carrapateena. This paper reviews the geology of the Olympic Cu-Au Province by investigating
the lithospheric architecture, geodynamic setting and alteration systematics. In addition, since the
province is almost entirely buried by post-mineral cover, the sedimentary cover sequences are also
reviewed. The Olympic Cu-Au Province formed during the early Mesoproterozoic, ca. 1.6 Ga and is
co-located with a fundamental lithospheric boundary in the eastern Gawler Craton. This metallogenic
event was driven in part by melting of a fertile, metasomatized sub-continental lithospheric mantle
during a major regional tectonothermal event. Fluid evolution and multiple fluid mixing resulted
in alteration assemblages that range from albite, magnetite and other higher temperature minerals
to lower temperature assemblages such as hematite, sericite and chlorite. IOCG mineralisation is
associated with both high and low temperature assemblages, however, hematite-rich IOCGs are the
most economically significant. Burial by Mesoproterzoic and Neoproterozoic-Cambrian sedimentary
successions preserved the Olympic Cu-Au Province from erosion, while also providing a challenge
for mineral exploration in the region. Mineral potential modelling identifies regions within the
Olympic Cu-Au Province and adjacent Curnamona Province that have high prospects for future
IOCG discoveries. Exploration success will rely on improvements in existing potential field and
geochemical data, and be bolstered by new 3D magnetotelluric surveys. However, drilling remains
the final method for discovery of new mineral resources.

Keywords: IOCG deposits; mineral district; mineral deposit; alteration assemblages; lithosphere;
metallogenesis

1. Introduction

World demand for copper, gold and other metallic commodities continues to grow. The iron
oxide-copper-gold (IOCG) class of deposits is highly significant sources of these key metals and is
a significant target for mineral exploration. IOCG deposits are recognized as a distinct albeit varied
deposit class in large part as a result of the discovery, development and study of the Olympic Dam
Cu-Au-U deposit in South Australia [1,2]. Since that time, the similarities between Olympic Dam,
other deposits of the eastern Gawler Craton and a range of related deposits world-wide has been
recognized [3,4]. The diverse range of deposits included in this broad envelope span a range of
geologic time and include those within the Archean Carajas Disctrict [5]; Proterozoic terranes such as
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the Curnamona Province [6], Tenant Creek [7], Mt Isa [8], Wernecke [9], and the Great Bear [10]; and
Mesozoic deposits in the Andes [11,12]. There is a diversity within the IOCG deposits in terms of the
mineralogy of the iron oxide phase, with the terms ‘hematite-group’ and ‘magnetite-group’ having
been introduced in recognition of the differences in physico-chemical conditions under which iron
oxides can precipitate to form these deposits [13–15]. The sources of fluids associated with IOCG
deposits can vary from magmatic to sedimentary, which has implications for both the sources of metals
and ligands such as sulphur (e.g., [8,9,16–18]). Furthermore, there is a large spectrum of alteration
minerals associated with IOCG deposits that appear to record a systematic response to changing fluid
temperatures and fluid-rock interaction (e.g., [19]). Finally, IOCG deposits are economic sources of
other elements like uranium, iron, lead, zinc, silver, bismuth and rare earth elements, in addition to
the main ore forming elements copper and gold [2–4]. Diversity is indeed a hallmark of the IOCG
deposit class.

Olympic Dam is a highly significant deposit containing the world’s fifth largest copper and third
largest gold resource and is the world’s largest uranium deposit [20]. The deposit lies within a region
of the eastern Gawler Craton known as the Olympic Cu-Au Province, a metallogenic province of
~600 km strike length (Figure 1) [21]. There are now numerous studies on the geology of individual
deposits within the Olympic Cu-Au Province [22–25], including a number of papers related to Olympic
Dam itself (e.g., [20,26–29]), and several reviews of the broader geodynamic setting within which these
deposits formed (e.g., [30–32]). Potential exists for further discovery of significant mineral deposits in
this region [33], however, as the Olympic Cu-Au Province is almost entirely covered by Neoproterozoic
and Phanerozoic sediment, exploration in this region remains a challenging task.

The purpose of this paper is to provide a review of the geology of the Olympic Cu-Au Province.
The approach taken here is to describe this IOCG district with reference to four major themes:

1. the architecture of the lithosphere in the Gawler Craton and the eastern Gawler Craton in
particular, in order to understand the broad structural architecture within which the IOCG
mineral system developed;

2. the geodynamic evolution of the major tectonic event during which the IOCG deposits formed
that provided the energy drivers and structural control on the localization of the mineral system;

3. the mineral and chemical footprints of the Olympic Dam mineral system in the upper crust,
which are significant for exploration vectoring; and,

4. the character of the cover successions overlying the prospective Proterozoic basement in the
region, since understanding the cover geology is necessary for effective exploration and because
they are themselves host to copper mineralisation.

In addition, the mineral potential of this region is reviewed with reference to modelling conducted
using mineral systems and geographic information systems (GIS) approaches. A brief description of
the lithostratigraphy of the Gawler Craton and relevant adjacent terranes of southern Australia, the
Curnamona Province and Adelaide Rift Complex is first provided.

The Olympic Cu-Au Province remains an attractive destination for mineral exploration. Assisted
by the increasing data richness, this province can be viewed as a natural laboratory with which to study
a world class mineral system (e.g., [34–36]). This mineral system is a result of the interplay between an
enriched lithospheric mantle, lithospheric-scale heat and mass transfer, intense regional fluid flow and
the preservation of mineralisation as a result of a subdued post-mineralisation evolution dominated by
burial beneath sedimentary cover.
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2. Geological Setting

The Gawler Craton and Curnamona Province form the core of a broader geological entity, known
as the South Australian Craton [37]. Prior to opening of the Southern Ocean as a result of Cretaceous
rifting, the South Australian Craton was connected to the Terrie Adelie Craton and likely related
terranes of Antarctica, forming a broader terrane known as the Mawson Continent (e.g., [38,39]).
During the Proterozoic it is likely that the Mawson Continent itself was connected to portions of
Laurentia in varying configurations associated with the continental amalgamation of Nuna (e.g., [40]).
There are also potential links between the Archean portions of the Gawler Craton and other terranes of
Nuna including the Sask Craton based on event timing and style of reworking in the late Archean and
early Paleoproterozoic (e.g., [41,42]).

The Gawler Craton (Figures 1 and 2) contains Meso-Neoarchean-earliest Paleoproterozoic
basement complexes that comprise ca. 3150 Ma granites and granite gneisses [43], along with
ca. 2555–2480 Ma supracrustal sequences that include mafic and felsic volcanics with possible
continental arc affinities [44,45] and mafic and ultramafic volcanics including a ca. 2520 Ma komatiite
succession [46]. These basement complexes are overlain by Paleoproterozoic volcano-sedimentary
successions deposited between ca. 2000 and ca. 1740 Ma (e.g., [47]). Intrusive magmatism and associated
localized deformation occurred at ca. 1850 Ma although deposition of the volcano-sedimentary rocks
was terminated during a major tectono-metamorphic event at ca. 1735–1690 Ma (Kimban Orogeny [30]).
Post-orogenic magmatism [48] and localized basin formation occurred subsequent to this event [49].
The Paleoproterozoic to Mesoproterozoic transition was a time of significant magmatism, with the
juvenile, arc-related intrusions of the ca. 1635–1604 Ma St Peter Suite forming the in south-western
region of the Gawler Craton [50,51] and the widespread bimodal volcanic and intrusive activity during
formation of the ca. 1595–1575 Ma Gawler Range Volcanics and Hiltaba Suite [52,53]. The latter event
was associated with regionally partitioned deformation and metamorphism that is generally referred
to as the Kararan Orogeny [30,54]. This major orogenic event was widespread across the Gawler
Craton and has been shown to include examples of ultra-high temperature metamorphism in the
northern Gawler Craton [55] and deformation during magmatic emplacement in the southern Gawler
Craton [56].

The ca. 1595–1575 Ma event also saw the formation of the IOCG deposits in the Olympic Cu-Au
Province and a series of gold-dominated, structurally controlled mesothermal deposits grouped
together as the Central Gawler Gold Province (Figure 1) [57,58]. Reworking along major shear zones
together with localized deformation and metamorphism occurred subsequently between ca. 1515 Ma
and ca. 1450 Ma [59–62]. Overlying the eastern region of the Gawler Craton are continental sediments of
the Pandurra Formation, a remnant of the Carriwerloo Basin deposited at ca. 1450 Ma (Figure 3) [52,63].
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Figure 1. The Olympic Cu-Au Province in the context of the geology of southern Australia. The main 
lithotectonic units of the Gawler Craton and Curnamona Province are shown and are interpreted from 
surface observation and geophysical data. The Olympic Cu-Au Province occurs in the eastern Gawler 
Craton and also indicated is the Central Gawler Gold Province, a gold-dominated metallogenic 
province formed during the same early Mesoproterozoic tectonic event that formed the Olympic Cu-Au 
Province. Inset shows the location of the Gawler Craton and Curnamona Province in the context of 
major Archean and Proterozoic terranes of Australia. Modified from [64]. 

The Curnamona Province is dominated by metasedimentary and meta-igneous units of the 
Willyama Supergroup, ca. 1720–1640 Ma. The Willyama Supergroup was largely deposited in an 
intracontinental rift setting and accompanied by mafic and felsic magmatism [65] during which 
exhalative-type processes resulted in formation of the Broken Hill Zn-Pb-Ag orebody (e.g., [66,67]). 
These packages were intruded by granites of the Ninnerie Supersuite and in the western regions 
overlain by bimodal volcanics of the Benagerie Volcanic Suite during the early Mesoproterozoic, ca. 
1595–1575 Ma [68]. These early Mesoproterozoic suites have geochemical and temporal affinities with 
the Hiltaba Suite and Gawler Range Volcanics of the Gawler Craton (e.g., [69]). Formation of these 
magmatic rocks was broadly synchronous with deformation and metamorphism during the Olarian 

Figure 1. The Olympic Cu-Au Province in the context of the geology of southern Australia. The main
lithotectonic units of the Gawler Craton and Curnamona Province are shown and are interpreted
from surface observation and geophysical data. The Olympic Cu-Au Province occurs in the eastern
Gawler Craton and also indicated is the Central Gawler Gold Province, a gold-dominated metallogenic
province formed during the same early Mesoproterozoic tectonic event that formed the Olympic Cu-Au
Province. Inset shows the location of the Gawler Craton and Curnamona Province in the context of
major Archean and Proterozoic terranes of Australia. Modified from [64].
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The Curnamona Province is dominated by metasedimentary and meta-igneous units of the
Willyama Supergroup, ca. 1720–1640 Ma. The Willyama Supergroup was largely deposited in an
intracontinental rift setting and accompanied by mafic and felsic magmatism [65] during which
exhalative-type processes resulted in formation of the Broken Hill Zn-Pb-Ag orebody (e.g., [66,67]).
These packages were intruded by granites of the Ninnerie Supersuite and in the western regions
overlain by bimodal volcanics of the Benagerie Volcanic Suite during the early Mesoproterozoic, ca.
1595–1575 Ma [68]. These early Mesoproterozoic suites have geochemical and temporal affinities with
the Hiltaba Suite and Gawler Range Volcanics of the Gawler Craton (e.g., [69]). Formation of these
magmatic rocks was broadly synchronous with deformation and metamorphism during the Olarian
Orogeny [70]. This event appears to have begun some time prior to intrusion of the oldest granites of
the Ninnerie Supersuite, with monazite and early burial metamorphism occurring at ca. 1620 Ma [71]
potentially coupled with formation of early hydrothermal replacement Cu-Au mineralisation [72,73].
Nevertheless, the main Cu-Au deposits of the Curnamona Province such as the Kalkaroo deposit appear
to have formed at ca. 1590 Ma, and therefore at broadly the same time as those of the hematite-group
IOCG systems of the Olympic Cu-Au Province (see also [32,73]).

The Adelaide Rift Complex, or Adelaide Geosyncline, comprises a series of rift and sag basins that
initiated during the Neoproterozoic at ca. 820 Ma and continued into the early Cambrian [74]. This
rifting was related to break-up of Rodinia [75]. A wedge of Neoproterozoic to Cambrian platform cover
overlies the eastern Gawler Craton and is termed the Stuart Shelf, with the Torrens Hinge Zone being
the structural corridor separating the platform sediments from the main rift complex [76] (Figure 3).

Crystalline basement to the Adelaide Rift Complex, known as the Barossa Complex, is of similar
age and composition to portions of both the Gawler Craton and Curnamona Province, supporting
interpretations of their former juxtaposition [77]. The Barossa Complex includes both metasedimentary
and meta-igneous units. Metasedimentary units were deposited at ca. 1730–1655 Ma and felsic
intrusions have been dated at ca. 1720 Ma (Figure 2) [78]. Peak granulite facies metamorphism occurred
at ca. 1590 Ma, with conditions of approximately 8–9 kbar and 800–850 ◦C synchronous with the
Kararan Orogeny of the Gawler Craton and Olarian Orogeny of the Curnamona Province [79].
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Figure 2. Simplified time-space diagram illustrating the main lithotectonic elements of the Gawler 
Craton, Barossa Complex and Curnamona Province. This figure also highlights some of the 
lithotectonic differences between the eastern and western Gawler Craton, with the region of the 
Olympic Cu-Au Province broadly equivalent to the eastern Gawler Craton. For discussion see [80]. 

Early Cambrian extension in the southern region of the Adelaide Rift Complex led to formation of 
a deep basin, the Kanmantoo Trough, likely as a related to back-arc extension inboard of a Cambrian 
subduction system [81,82]. Deposition was terminated by the Delamerian Orogeny at ca. 510–480 Ma, 
which resulted in regional-scale fold-thrust systems, variable degrees of high temperature-low pressure 
metamorphism and extensive granite intrusion particularly in the south [83,84]. While the central axis 
and eastern regions of the Adelaide Rift Complex was affected by the Delamerian Orogeny, 
sedimentary units of the Stuart Shelf remained largely undisturbed, likely shielded by rigid Gawler 
Craton lithosphere during regional compression [82]. 

Figure 2. Simplified time-space diagram illustrating the main lithotectonic elements of the Gawler
Craton, Barossa Complex and Curnamona Province. This figure also highlights some of the lithotectonic
differences between the eastern and western Gawler Craton, with the region of the Olympic Cu-Au
Province broadly equivalent to the eastern Gawler Craton. For discussion see [80].
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Figure 3. Location of the Carriwerloo Basin, Stuart Shelf and the subdivisions of the Adelaide Rift
Complex with respect to the Gawler Craton and Curnamona Province.

Early Cambrian extension in the southern region of the Adelaide Rift Complex led to formation of
a deep basin, the Kanmantoo Trough, likely as a related to back-arc extension inboard of a Cambrian
subduction system [81,82]. Deposition was terminated by the Delamerian Orogeny at ca. 510–480 Ma,
which resulted in regional-scale fold-thrust systems, variable degrees of high temperature-low pressure
metamorphism and extensive granite intrusion particularly in the south [83,84]. While the central
axis and eastern regions of the Adelaide Rift Complex was affected by the Delamerian Orogeny,
sedimentary units of the Stuart Shelf remained largely undisturbed, likely shielded by rigid Gawler
Craton lithosphere during regional compression [82].

The majority of the Gawler Craton and Curnamona Province lie buried beneath a veneer of
Phanerozoic sedimentary rocks that include successions of the Mesozoic Eromanga Basin [85], the
Eocene-Miocene Eucla Basin in the south-east [86] and Plio-Pleistocene aeolian dunefields.
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3. Lithospheric Architecture of the Olympic Cu-Au Province

Continental-scale seismic tomography datasets reveal the lithosphere-asthenosphere boundary
beneath the Gawler Craton reaches maximum thicknesses of 180 to 220 km, with the thickest portion
occurring beneath the central Gawler Craton [87]. The depth of the Moho is variable across the Gawler
Craton. In the central Gawler Craton, the Moho lies at ~18 s two way time (TWT), ~54 km, yet is
considerably shallower in the northern Gawler Craton ~12 s TWT or ~36 km. This difference is related
to offsets across north-dipping trans-crustal faults [88]. In the eastern Gawler Craton, to the immediate
southwest of the Olympic Dam, the Moho lies at ~13 s TWT, ~39 km and becomes slightly deeper to the
northeast where it is imaged at ~14 s TWT or ~42 km [89]. Seismic reflection data from a section across
the Olympic Dam (Figure 4) yield key observations on the crustal structure of the region. The original
processed seismic data shows an offset in the Moho beneath Olympic Dam with slightly thicker crust
to the north of the deposit. The Moho offset suggests Olympic Dam lies above a large crustal-scale
fault zone.Minerals 2019, 9, x FOR PEER REVIEW 9 of 37 
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crust with data reprocessed to enhance vertical structural elements after [90]. 

Figure 4. Reflection seismic images across Olympic Dam region, eastern Gawler Craton. Seismic
line 03GA-OD1 of Geoscience Australia. (a) Uninterpreted seismic reflection data from [89].
(b) Interpretations of seismic reflection data simplified after [89]. (c) Detail of Olympic Dam region
upper crust with data reprocessed to enhance vertical structural elements after [90].

These seismic data also reveal a zone of lower amplitude reflectivity, or ‘bland zone’, in the region
immediately beneath Olympic Dam extending from a depth of approximately 20 km to the base of the
crust. These observations suggest that the crust directly beneath Olympic Dam has been subject to a
tectonic process that has modified the seismic character of the rock packages in the lower crust. The
most obvious candidates for this type of reworking are fluid and or magmatic reworking [89,90].
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Reprocessing of the original seismic data has been undertaken with a method whose processing
technique emphasizes higher frequency variations in the seismic reflection data [90]. This type of
processing has the effect of sharpening the output image and was designed enhance upper crustal
features. This resulting processed image indicates the presence of sub-vertical breaks in the reflectivity
structure in the upper crust (Figure 4c) [90]. These subvertical breaks in seismic character are interpreted
to be caused by pervasive textural destruction of the crust at the scale of >15 km thickness and 5–10 km
wide. Processes such as migration of fluids such as hydrothermal fluids or partial melt associated
with localized deformation could result in this type of texture and may indicate the specific channels
through which fluids that caused the IOCG deposits were channelized in the Mesoproterozoic.

At the lithospheric scale, seismic tomography data identify distinct zones of variable S and P
wave speed in the Gawler Craton mantle [32]. The variable wave speeds indicate compositional
heterogeneity at the broad scale in the Gawler Craton mantle. Beneath the Olympic Cu-Au Province
the mantle has unusually high ratios of compressional- to shear-wave velocities (Vp/Vsh > 1.80),
which Skirrow, et al. [32] interpreted to reflect the presence of peridotite mantle beneath this region
comprising hydrated olivine (e.g., clinohumite), garnet and phlogopite. The presence of hydrated
mantle lithosphere is evidence for the focusing of metasomatic alteration of pre-existing, anhydrous
mantle lithosphere in the region of the Olympic Cu-Au Province.

Compositional heterogeneity of the Gawler Craton lithosphere is also evident in regional
magnetotelluric data. Large regions of the central and western Gawler Craton have electrically
resistive mantle lithosphere, with conductivity values (>1000 Ωm) typical for Archean lithosphere
(Figure 5) [91–94]. In contrast, a north-west-south-east oriented electrically conductive zone occurs at
depths of ~150–100 km beneath the central-eastern Gawler Craton, with the region to the north-east of
Olympic Dam being more conductive than the region to the south-west [93].

The Gawler Craton IOCG deposits appear to be linked to a major crustal and indeed lithospheric
scale boundary. This boundary lies along a north-west trend and its presence is confirmed by changes
in mantle and lower crustal conductivity, gradients in seismic wave speed, variations in satellite
gravity and isotopic data from magmatic rocks (e.g., [32,95–97]). Lithospheric scale boundaries are
critical elements of mineral systems as they are typically weaker and reactivate during strain, thereby
providing fluid and mass conduits that connect the mantle to the crust (e.g., [98,99]).

Evidence for the focusing of fluids and or magmas related to the IOCG province comes
from long period and broadband magnetotelluric surveys along the 03GA-OD1 seismic traverse
(Figure 5b) [93,100]. Resistivity models along this traverse reveal subvertical zones of enhanced
conductivity extends into the upper crust, with progressively narrower zones of high conductivity
appearing to connect with several known IOCG prospects and deposits, including Olympic
Dam [90,92,100]. These subvertical structures extending into the upper crust mimic the destruction
of seismic texture recorded in the reprocessed seismic images (Figure 4c) [90]. In this respect, this
lithospheric boundary appears to have set up the architecture within which the IOCG systems of
the Olympic Cu-Au Province formed, with related structures channeling magmas and associated
metasomatic fluids into the middle and upper crust during the mineralizing event.
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Figure 5. Resistivity model across the Gawler Craton and Curnamona Province. (a) Resistivity model
at 55 km depth derived from AusLAMP magnetotelluric data [101]. (b) Resistivity model from detailed
magnetotelluric sample sites at 1 km spacing parallel to seismic line 03GA-OD1. Modified from [93].

4. Geodynamic Setting of the Olympic Cu-Au Province

The mineralisation process across the Olympic Cu-Au Province was linked to widespread
magmatism, metamorphism and deformation across the Gawler Craton and Curnamona Province
during the Kararan and Olarian orogenies over the broad time interval ca. 1610–1575 Ma. The
geodynamic drivers for these events are poorly constrained. The association between extensive bimodal
A-type magmatism, high-temperature metamorphism, and localized compressional deformation, is
suggestive of an intracontinental setting for this time period in the Gawler Craton and Curnamona
Province [70]. Indeed, many models for the geodynamics of these events emphasize mantle underplating
or mantle plume activity as a key mechanism [52,54,96,102]. In these models, a mantle plume underplate
the base of the lithosphere causing intrusion of mafic magmas into the lower crust resulting in extensive
crustal melting.
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Recognition of both compressional deformation and high temperature metamorphism associated
with this magmatic event in the Gawler Craton and Curnamona Province has led to other models that
invoke switches in tectonic mode from compression to extension driven by far-field subduction zones
(e.g., [30–32]). Therefore, in many reconstructions the Gawler Craton and Curnamona Province are
placed in a continental back arc setting in which continental crust is considered to be mechanically
connected to a nearby subduction system. For example, Wade, et al. [103] interpreted ca. 1640–1550 Ma
magmatic rocks in the Musgrave Province to have ‘arc-like’ affinities. In their model, the Gawler
Craton was placed distal to this arc, and inferred back arc extension linked to subduction dynamics at
this northern margin could have been responsible for asthenospheric upwelling beneath the Gawler
Craton leading to the voluminous magmatic events associated with the Hiltaba Suite and Gawler
Range Volcanics (Figure 6a).Minerals 2019, 9, x FOR PEER REVIEW 12 of 37 
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Figure 6. Examples of models for the tectonic setting of the Gawler Range Volcanics and Hiltaba
Suite magmatism in the Gawler Craton and associated mineralisation in the Olympic Cu-Au Province.
In each image, the current north is to the right of the diagram. Abbreviations used: GRV—Gawler
Range Volcanics; HS—Hiltaba Suite; BVS—Benagerie Volcanic Suite; BS—Bimbowrie Suite. (a) Model
of Wade, et al. [103] in which subduction to the north of the Gawler Craton (and broader Mawson
Continent) recorded in arc-like magmatism of the Musgrave Province results in back-arc extension in
the Gawler Craton. This extension produced high heat flow and associated magmatism. (b) Model
of Betts, et al. [104] in which subduction zone dipping northwards beneath the Gawler Craton is
interpreted to have interacted with a mantle plume. The combination produces high heat flow and
tectonic switches from compression to extension that characterize the geological record from the region.
(c) Model of Skirrow, et al. [32] in which northwards dipping subduction beneath the Gawler Craton
resulted in metasomatism of the subcontinental lithospheric mantle. This is followed by delamination of
gravitationally unstable regions leading to widespread mantle and crustal melting and hence formation
of the Gawler Range Volcanics and Hiltaba Suite.

Betts, et al. [104] also propose a relationship between subduction and magmatism. In their model,
they identify the ca. 1620 Ma St Peter Suite as being indicative of a subduction zone having existed
to the south-west of the Gawler Craton (Figure 6b). Betts, et al. [104] suggest that the interaction of
this subduction zone and a mantle plume caused tearing of the down-going slab and a switch in
tectonic mode from compression to extension in the overriding plate. In this model, the result of
these geodynamic processes was the extensive mantle and crustal melting in the Gawler Craton and
Curnamona Province over the interval 1595–1575 Ma.

A continental back-arc setting for the Hiltaba Suite-Gawler Range Volcanics magmatism was also
invoked by Skirrow, et al. [32] (Figure 6c). In this model the juvenile magmatism of the ca. 1620 Ma St
Peter Suite is cited as a key piece of evidence for subduction prior to the Hiltaba Suite-Gawler Range
Volcanics magmatic event. In addition, the model suggests subduction was linked to a process of
foundering, or delamination of the sub-continental lithospheric mantle beneath the Gawler Craton.
Skirrow, et al. [32] argue that delamination driven by gravitational instabilities of the metasomatized,
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eclogitic root beneath the Gawler Craton provides a means to deliver high heat flow to the base of the
crust and drive extensive crustal melting (Figure 6c).

At the global scale, the Gawler Craton and Curnamona Province were part of the Mawson
Continent, which was part of the Nuna supercontinent during the Mesoproterozoic (e.g., [105,106]).
Pehrsson, et al. [40] demonstrated that amalgamation of Nuna over the period ca. 2200 Ma and 1780 Ma
is dominated by interior-type, oceanic closure orogenesis and related magmatism and metallogeny.
A subsequent switch to more exterior-type, extensional dominated orogenesis during the protracted
break-up phase of Nuna is a global phenomenon, likely a significant factor in the transfer of metals
and fluids from the fertile subcontinental lithospheric mantle into the upper crust [40]. IOCG and
unconformity-related uranium deposits are more common in such tectonic settings. Examples of
IOCG-related mineralisation districts include the Olympic Cu-Au Province, Mt Isa Terrane and the
Wernecke Supergroup. Examples of unconformity-related uranium deposits are the Athabasca and
Kombolgie districts. Therefore, descriptions of IOCG mineral systems being localized into back arc,
intracontinental settings such as that given by Groves, et al. [3] are consistent with the geodynamic
setting inferred by many authors for the Olympic Cu-Au Province.

Regardless of the specific geodynamic setting that has been proposed for the Olympic Cu-Au
Province and the broader Gawler Craton-Curnamona Province at the beginning of the Mesoproterozoic,
the key parts of the geodynamic system that have been consistently identified are:

• Metasomatized subcontinental lithospheric mantle beneath the Gawler Craton in general, and the
eastern Gawler Craton in particular [26,32,96];

• High-temperature igneous intrusion as manifest by the Hiltaba Suite and related bimodal Gawler
Range Volcanics and Benagerie Volcanic Suite [53,70,107,108];

• Synchronous deformation activity that was largely focused along the margins of the Gawler Craton
and Curnamona Province in regions such as Yorke Peninsula [56], northern Gawler Craton [55,109]
and the southern Curnamona Province such as around the Broken Hill district (e.g., [71,72,110]);

• The presence of volcano-sedimentary depocentres associated with volcanic activity [111,112];
• The pre-Mesoproterozoic crustal architecture of the Gawler Craton which was such that the region

of the Olympic Cu-Au Province had largely escaped earlier high-temperature metamorphic and
deformation events [64].

In combination, these factors appear to have primed the mantle and crust for the IOCG
mineralisation event. A metasomatized mantle appears to have been significant as it was both
able to melt preferentially and to also potentially carry metals into the crust [26]. Metasomatism and
subsequent plume activity has been discussed in the context of Au-rich metallogenic provinces [113],
and it is likely that similar enrichment processes were active in the Olympic Cu-Au Province. In
addition, the presence of fluorine in the metasomatized mantle source region and in magmatic rocks
derived from this mantle source was likely highly important for both viscosity of silicic magmas [53,114]
and also for the metal carrying capacity of hydrothermal fluids derived from these magmas [115]. The
heat transfer from mantle to the crust as a result of extensive mafic intrusion resulted in both felsic
magmatism by fractional crystallization from mafic sources, but also to widespread crustal melting and
magma derivation [52]. Magmatic-derived fluids are indicated as sources of at least some components
of the IOCG mineralizing system (e.g., [116,117]).

In the eastern Gawler Craton the upper crust was dominated by volcano-sedimentary successions
of the Wallaroo Group. This succession includes clastic and chemical sediments such as carbonates,
together with mafic and felsic volcanics [118]. This type of lithological association can reasonably be
expected to be reactive during emplacement of magmas and related fluid systems and to also have
carried their own fluid and metal inventory [64]. Furthermore, the presence of rare scapolite suggests
a possible evaporitic component within the Wallaroo Group, which may have been significant in
providing a source for some high salinity fluids [119].
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Deposition of huge volumes of volcanic rocks in the Gawler Range Volcanics and Benagerie
Volcanics was localized by regional fault systems interacting with the pre-existing surface topography.
Sedimentary basins also developed in association with these fault systems [112,120] and these
upper crustal, fluvial to lacustrine deposits are implicated in the fluid mixing models for high-level
hematite-dominant IOCG deposits such as Olympic Dam [111]. The broadly synchronous deformation
activity recorded in the Kararan and Olarian orogenies could have been significant in setting up the
fault architecture being a driver critical in the location of subsequent IOCG deposits. Indeed, the
localization of the Olympic Dam deposit into a pre-existing Hiltaba Suite granite requires a structural
control on the localization of the hydrothermal system [31].

5. Mineral and Chemical Footprints of Fluid Flow in the Olympic Cu-Au Province

5.1. Alteration Mineralogy and Mineral Assemblages

In common with many highly endowed metallogenic provinces across the world, alteration
minerals are a near ubiquitous feature of the geology of the Olympic Cu-Au Province. The regional
scale of the alteration mineralogy present across the eastern Gawler Craton attests to the large extent
of the hydrothermal fluid system established during this event. Alteration minerals commonly
encountered include chlorite, white mica, K-feldspar, albite, amphibole, biotite, garnet, pyroxene,
carbonate, sulphides, magnetite and hematite. While there is quite a range of alteration minerals,
they form relatively coherent groupings or alteration assemblages, related to the evolution of fluids
that predominantly reflect fluid temperature and the composition of the protolith. Key papers that
discuss the alteration systematics include Gow, et al. [117], Skirrow, et al. [21], Bastrakov, et al. [116]
and Conor, et al. [119]. These, together with the work of Montreuil, et al. [121] and Corriveau, et al. [19]
on alteration facies in IOCG systems in the Great Bear Zone of western Canada provide a framework
within which to understand the mineralogical composition of alteration systems of the Olympic Cu-Au
Province. These alteration mineral assemblages can be used as part of an integrated petrological and
geophysical approach to mineral exploration targeting (e.g., [27,122,123]).

Skirrow, et al. [124] and Skirrow, et al. [21] recognize four main alteration assemblages across
the Olympic Cu-Au Province. The first comprises magnetite-albite plus calc-silicate minerals such as
actinolite and or clinopyroxene along with quartz, pyrite, apatite, titanite, chalcopyrite, pyrrhotite,
scapolite and allanite (Figure 7a,b). This alteration is abundant in the Moonta-Wallaroo and Mt Woods
districts. The second alteration assemblage is predominantly found in metasedimentary rocks of
the Moonta-Wallaroo and Mt Woods regions and is dominated by magnetite-biotite (Figure 7c,d) or
magnetite-amphibole and often associated with pyrite, chalcopyrite, albite, apatite, monazite and
tourmaline. The third alteration assemblage is K-feldspar-dominant, and includes abundant K-feldspar
together with magnetite and earlier formed calc-silicate minerals (Figure 7e). This K-feldspar alteration
may completely replace earlier formed albite in the Olympic Dam district [116] or occur as locally
dominant zones in the Moont-Wallaroo and Mt Woods regions [23,119]. The K-feldspar alteration is
also associated with amphibole, titanite, chlorite and biotite (Figure 7f) and may also be associated
with sulphides including pyrite, chalcopyrite and pyrrhotite.

In addition to these iron oxide-dominant alteration assemblages, there are also skarn alteration
assemblages in some regions of the Olympic Cu-Au Province, in particular the region around
the Punt Hill prospect and the Hillside deposit [23,119,125]. In these examples, typical prograde
skarn assemblage predominantly composed of garnet and pyroxene are overprinted by a retrograde
assemblage of amphibole, calcite, talc, chlorite, K-feldspar, hematite, fluorite, apatite, barite, anhydrite,
epidote, tourmaline and titanite (Figure 8a–d) [23,123,125]. Sulphides including chalcocite, bornite,
chalcopyrite, sphalerite, galena, pyrite along with native gold are also described from the region [123].
Garnet in these systems is predominantly Ca-Fe-rich andradite and grossular and occurs in both
prograde and retrograde skarn alteration assemblages, although the REE signature changes from a
heavy REE-dominant prograde skarn to light-REE-enriched retrograde skarn [23]. Significantly, skarn
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alteration assemblages are in places overprinted by hematite, sericite, chlorite and sulphides. Skarn
alteration across the Olympic Cu-Au Province is predominantly related to high temperature fluids
interacting with probable calcareous protoliths of the Wallaroo Group.
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Hill Fe-Cu deposit, Mount Woods district. Magnetite-amphibole ± biotite overprints granite gneiss 
and occurs parallel to the main tectonic foliation [126]. Field of view approximately 3 m wide. (d) 
Thin section photomicrograph of phlogopite-magnetite assemblage from Cairn Hill. Sample 1998157 
from magnetite ore. (e) K-feldspar-hematite veins cross-cutting siltstone. Veining is associated with 
pyrite-chalcopyrite and very fine-grained white mica + hematite alteration. Drill hole MALD 1, ~131 m, 
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Figure 7. Examples of albite and magnetite-rich alteration assemblages from the Olympic Cu-Au
Province. (a) Laminated albite-calc-silicate metasomatite, drill hole St Joe PB 12, 130 m. Fine layering
suggests the protolith was metasedimentary. Albite is hematite-dusted and is red in colour. (b) Oorlano
Metasomatite from near Wallaroo, Yorke Peninsula. Mineralogy includes albite, microcline, actinolite,
magnetite and quartz, with the green coloured zones being richer in diopside, amphibole, epidote and
magnetite, along with titanite, pyrite, apatite and hematite. Scapolite may also be present and magnetite
is greater in abundance than hematite. (c) Magnetite-amphibole alteration at the Cairn Hill Fe-Cu
deposit, Mount Woods district. Magnetite-amphibole ± biotite overprints granite gneiss and occurs
parallel to the main tectonic foliation [126]. Field of view approximately 3 m wide. (d) Thin section
photomicrograph of phlogopite-magnetite assemblage from Cairn Hill. Sample 1998157 from magnetite
ore. (e) K-feldspar-hematite veins cross-cutting siltstone. Veining is associated with pyrite-chalcopyrite
and very fine-grained white mica + hematite alteration. Drill hole MALD 1, ~131 m, Yorke Peninsula
region. (f) Thin section photomicrograph of amphibole-chlorite-titanite alteration. Sample 1,833,361,
drill hole AD8, 842.1 to 842.2 m.
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Sample 1,709,149, drill hole PD DD2, 991.1 m. (c) Example of coarse grained, retrograde skarn 
assemblage comprising garnet, pyroxene, calcite, chlorite and amphibole (dark green zones). Note 
pyrite and chalcopyrite in this phase of skarn alteration. (d) Thin section view of retrograde skarn 
showing green coloured, compositionally zoned andradite garnet intergrown with white calcite and 
dark hematite. Green mineral is chlorite and matrix contains very fine grained quartz-sericite-
hematite intergrowth. Sample 1,833,364, drill hole DDH AD8, 861 m. 

The fourth alteration assemblage defined by Skirrow, et al. [21] is dominated by hematite-sericite-
chlorite (Figure 9a,b) and is associated with carbonate, pyrite, chalcopyrite, bornite, chalcocite along 
with barite, fluorite, apatite, uranium and rare earth element (REE) minerals [20,117,127–129]. This 
hematite-rich alteration is most commonly manifest as complex breccia systems in which brecciation 
and hematite-sericite-chlorite alteration are synchronous and multiphase. Hematite-breccias commonly 
containing more than 50% iron oxide are present at the Olympic Dam, Prominent Hill and Carrapateena 
deposits and are widespread across the region at numerous prospects such as Vulcan (Figure 9c−f). 
Importantly, hematite often is a pseudomoph after magnetite (Figure 9e,f), indicating a change in redox 
state of the main iron oxide component, potentially during the interaction with oxidized fluids [117]. 

Figure 8. Examples of skarn alteration assemblages from the Olympic Cu-Au Province. (a) Typical fine
to medium grained banded skarn alteration. Drill hole HODD3, 1094 m. (b) Thin section scale view
of banded skarn showing garnet (light grey to black) intergrown with pyroxene (diopside). Sample
1,709,149, drill hole PD DD2, 991.1 m. (c) Example of coarse grained, retrograde skarn assemblage
comprising garnet, pyroxene, calcite, chlorite and amphibole (dark green zones). Note pyrite and
chalcopyrite in this phase of skarn alteration. (d) Thin section view of retrograde skarn showing green
coloured, compositionally zoned andradite garnet intergrown with white calcite and dark hematite.
Green mineral is chlorite and matrix contains very fine grained quartz-sericite-hematite intergrowth.
Sample 1,833,364, drill hole DDH AD8, 861 m.

The fourth alteration assemblage defined by Skirrow, et al. [21] is dominated by
hematite-sericite-chlorite (Figure 9a,b) and is associated with carbonate, pyrite, chalcopyrite,
bornite, chalcocite along with barite, fluorite, apatite, uranium and rare earth element (REE)
minerals [20,117,127–129]. This hematite-rich alteration is most commonly manifest as complex
breccia systems in which brecciation and hematite-sericite-chlorite alteration are synchronous and
multiphase. Hematite-breccias commonly containing more than 50% iron oxide are present at the
Olympic Dam, Prominent Hill and Carrapateena deposits and are widespread across the region at
numerous prospects such as Vulcan (Figure 9c–f). Importantly, hematite often is a pseudomoph after
magnetite (Figure 9e,f), indicating a change in redox state of the main iron oxide component, potentially
during the interaction with oxidized fluids [117].
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Olympic Cu-Au Province. (a) Chlorite-sericite-altered granite, drill hole MGD 34, ~535 m. Granite is 
1850 Ma Donington Suite. (b) Fine-grained sericite-chlorite-hematite alteration. Emmie Bluff prospect, 

Figure 9. Examples of hematite-sericite-chlorite alteration styles and hematite breccia from the
Olympic Cu-Au Province. (a) Chlorite-sericite-altered granite, drill hole MGD 34, ~535 m. Granite is
1850 Ma Donington Suite. (b) Fine-grained sericite-chlorite-hematite alteration. Emmie Bluff prospect,
sample 1,833,355, drill hole SAE 7966.5 m. (c) Hematite breccia from Olympic Dam. Underground
drill hole RU39. Note multi-phase brecciation, with clasts of hematite breccia within the hematite
breccia matrix. (d) Hematite breccia from Prominent Hill discovery hole, Uran 1. (e) Clast of
chlorite-sericite-altered granite (1850 Ma, Donington Suite) within hematite breccia, Carrapateena
deposit. Drill hole CAR02, 585 m. (f) Fine-grained hematite breccia with minor sulfides, Vulcan prospect.
Drill hole RCDD11VUD007, 1138 m [130]. Drill core ~5 cm wide. (g) Thin section photomicrograph
showing relict magnetite cores within hematite. Note pyrite in one of the hematite pseudomorphs.
Sample 1838226, drill hole RCDD11VUD007, 1202.3 m. h. A second example of relict magnetite cores
within hematite. Emmie Bluff prospect, sample 1,833,355, drill hole SAE 7966.5 m.
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The spectrum of alteration assemblages can be resolved into groupings that represent the changing
fluid conditions at which they form (Figure 10). Albite represents the highest temperature endmember,
and typically forms very early in the mineral paragenesis. Widespread albite alteration is a common
feature of the Olympic Cu-Au Province as well as the Curnamona Province [21,27,74,131], and is also a
feature of alteration assemblages in Mt Isa and Great Bear districts [8,19]. This early sodic alteration
is an important stage that can influence subsequent alteration as a result of changes in rock volume
and porosity and due to the fluxing of other rock components such as magnesium and other metals,
including copper and gold [2,8,19,131].
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Figure 10. Iron oxide-copper-gold (IOCG) alteration facies model modified from Corriveau, et al. [19],
with examples of deposits and prospects from the Olympic Cu-Au Province that preserve similar
alteration facies. This model systematizes the alteration mineral assemblages that form across the
range of temperatures that produce IOCG systems. While some systems may evolve through the
full temperature spectrum, other systems may preserve only high or low temperature portions of the
hydrothermal fluid system. Mineral abbreviations are: Amp—amphibole, Ap—apatite, Bt—biotite,
Cb—carbonate, Cpx—clinopyroxene, Grt—garnet, Hem—hematite, Kfs—K-feldspar, Mag—magnetite,
Ms—muscovite, Ttn—titanite.

A key observation from a recent deep drill hole beneath the Olympic Dam deposit is that beneath
the hematite-breccia systems of Olympic Dam is magnetite and apatite-rich alteration within the host
Hiltaba Suite granite [28]. This demonstrates that the earlier magnetite-alteration is spatially associated
with the hematite-dominant IOCG systems. In some examples, the magnetite-rich alteration itself
contains Cu and Au and has been a source of ore at the Cairn Hill deposit [132].

At the Hillside deposit, geothermometry from Zr-in-titanite suggests temperatures around 600 ◦C
for prograde hydrothermal fluids within skarn alteration, which is indicative of a magmatic fluid
source [23]. Likewise, the spatial correlation between distal and proximal skarn assemblages based on
garnet-pyroxene ratios in the Punt Hill region, suggest hydrothermal fluids could have emanated from
large granitic bodies that intrude below Wallaroo Group metasedimentary rocks [123]. Analysis of
fluid inclusions suggest fluids associated with magnetite alteration were hypersaline and CO2-bearing,
however they typically have low sulphur and moderate copper concentrations [116]. Therefore it
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appears that early magnetite-rich and skarn alteration assemblages derived from a higher temperature,
likely magmatic source [116].

In large regions of the Olympic Cu-Au Province magnetite-rich alteration is overprinted by
hematite-rich alteration assemblages [20,25,130,133]. Oxygen isotope studies from the Olympic Dam
deposit implicate mixing of low temperature, meteoric fluids and higher temperature magmatic
waters [134,135]. Fluid inclusions also suggest oxidized, lower temperature (200 to 300 ◦C) SO4-rich
brines were responsible for the hematite overprint [116]. This is consistent with a two fluid model for
the formation of the hematite-rich IOCG endmember deposits, in which a second phase of sulphur-rich,
oxidized fluids reacted with the early magnetite-bearing assemblage to produce hematite plus copper
sulphides [116,117]. Indeed, the early formed magnetite likely formed an important reactant with
any secondary oxidized fluids and may be a key ingredient in the localization of subsequent copper
mineralisation [116].

An important outcome of this summary of the alteration assemblages is the recognition that the
full spectrum of alteration types associated with IOCG systems are present in the Olympic Cu-Au
Province. In this respect, there are similarities between the alteration styles and fluid evolution of
the Olympic Cu-Au Province and districts such as the Great Bear magmatic zone, Canada. In the
Great Bear district progressive evolution of magmatic-derived fluids formed early albite-rich and
magnetite-rich alteration to hematite-bearing potassic-iron, or epidote-bearing calcic or magnesian
alteration [136]. Importantly, as in the Great Bear examples, the Olympic Cu-Au Province demonstrates
juxtaposition of different alteration facies, for example the hematite-rich alteration overprinting skarn
assemblages in the example of Hillside deposit [119]. Key mechanisms for this type of overprinting
include progressive fluid evolution through fluid-rock interaction, but also as a result of rapid tectonic
controls on fluid pressure and chemistry such as via uplift [see discussion in 31].

While there is overprinting of high- by low-temperature alteration facies within the individual
deposits or prospects across the Olympic Cu-Au Province, there remains a broad spatial clustering of
the various alteration assemblages. For example, magnetite-dominant alteration is most common in
the north and south of the Olympic Cu-Au Province, as evidenced by the Cairn Hill deposit in the
Mount Woods Domain and the Moonta-Wallaroo and Hillside deposits in the south [21,119]. In the Mt
Woods Domain, high temperature metamorphism is recorded at broadly the same time as the timing of
low temperature hematite-rich mineralization and alteration at deposits such as Olympic Dam. Similar
mid-crustal deformation and metamorphism is also recorded in the Moonta-Wallaroo district of Yorke
Peninsula [21,130]. In contrast, Olympic Dam and vicinity preserves hematite-rich sericite-chlorite
alteration systems, for example the Acropolis, Vulcan and Wirrda Well prospects [129,130]. Prominent
Hill preserves similar alteration and mineralisation being a hematite-dominated IOCG system and
defines a northerly extent of the upper crustal IOCG systems of the Olympic Cu-Au Province.

While there is this broad spatial clustering, it is critical to recognize that these spatial features
are indicative of the paleo-erosion surface across the Olympic Cu-Au Province. In this respect, the
preservation of hematite-rich IOCG systems co-located with preserved upper crustal rocks such
as the Gawler Range Volcanics indicates that erosion in such regions subsequent to mineralisation
has been relatively limited. In contrast, the magnetite-rich IOCG systems likely represent a deeper
crustal level that has been brought to the paleo-erosion surface by exhumation. This is most obvious
in the Mt Woods Domain, where the Southern Overthrust has juxtaposed the mid-crustal rocks
against upper crustal rocks to the south, the latter of which include the host rocks to the Prominent
Hill deposit [22,137,138]. The confirmation of magnetite-bearing assemblages at depth beneath
Olympic Dam [28,128] demonstrates the significance of post-mineralisation exhumation and erosion
for understanding the alteration styles preserved in a given region. The deeper the exhumation, the
more likely magnetite-rich alteration will be preserved rather than hematite-rich alteration.
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Mineralogical trends related to ore systems are influenced by protolith, whereby fluid interaction
with metasedimentary rocks of the Wallaroo Group tend to display a much wider array of alteration
mineralogy than granitic or felsic volcanic protoliths. At Olympic Dam, the host granite, the Roxby
Downs Granite, is selectively and progressively altered towards the centre of the orebody (Figure 11).
This alteration pattern is a useful guide for proximity to hematite-rich orebodies in the Olympic
Cu-Au Province. Hyperspectral imaging of drill core shows a general increase of sericite, chlorite
and hematite towards the deposit, and that sericite and chlorite become progressively more Fe-rich
towards the centre of the orebody [27]. Feldspars of the Roxby Downs Granite are also variably
altered, such that igneous feldspar (perthite) is overprinted by albite (distal) and K-feldspar (proximal),
igneous plagioclase becomes completely replaced by albite, sericite and Ba-rich K-feldspar [29], while
igneous biotite is firstly replaced by chlorite around the orebody and completely destroyed within
it [20]. Importantly, the degree of albite alteration increases away from the orebody, while towards the
centre of the orebody, red-stained, Fe-rich K-feldspar is present, while sericite completely replaces all
plagioclase [27,29].

Alteration of Wallaroo Group metasedimentary rocks is more variable. Early, high
temperature alteration dominated by albite, clinopyroxene and magnetite is typically replaced
by K-feldspar-amphibole-magnetite and subsequent hematite-sericite-chlorite-carbonate alteration
assemblages within mineralized zones. Within zones of mineralization, Fe-rich chlorite and sericite
are abundant along with Fe oxide, typically hematite [139]. In skarn assemblages developed within
and proximal to calcareous units of the Wallaroo Group, carbonate minerals are present distal to
mineralization and plagioclase, K-feldspar and white mica are common. Proximal alteration and
zones most strongly linked to Cu mineralization include retrogressed skarn mineralogy dominated by
amphibole, chlorite, talc, epidote, K-feldspar as well as garnet and pyroxene [123].

5.2. Chemical Trends

Chemical gradients are also evident across the Olympic Cu-Au Province that may reveal trends
of fluid flow directions or proximity to ore deposits [138]. These include major element variations
that map changes in feldspar composition (e.g., ratio of Na to K in whole rock geochemical data as a
proxy for degree of alteration; [139,140]). Regional geochemical anomalism in elements including Bi,
Ag, As, Cu, Fe, Sb, Se, W define distal chemical ‘footprints’ or envelopes across the Olympic Cu-Au
Province [139,141]. Elements such as Ce, La and Te are indicative of proximity to ore systems; values
>10x typical crustal abundance for these elements to be a significant enough ‘anomaly’ to warrant
attention [139].

In the regions where skarn alteration and mineralization is present, elements associated with
Cu mineralization and related alteration zones include As, Bi, Cd, Mo, Ni, Pb, Sb, Se, U, W, Zn ± Co
along with light REE. Pathfinder elements such as As, Bi, Mo, Sb, W have high values across the Punt
Hill region; however, high Sb values have been found to be most strongly associated with alteration
minerals and to therefore be a useful element for identifying kilometre-scale geochemical zones [123].
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Figure 11. Summary of mineralogical trends across Olympic Dam. Modified from [20,27]. (a) Simplified
outline of the Olympic Dam Breccia Complex within the Roxby Downs Granite showing the contour at
which biotite is destroyed by progressive alteration (biotite-out contour), the 5–20% Fe zone and the
>20% Fe zone. Also shown is the resource outline and drill holes analysed by HyloggerTM hyperspectral
imaging [27]. (b) Cross section from drill hole RD2488 to RD2347 showing the wavelength of the
characteristic absorption spectra from short-wave infrared imaging that characterizes white mica
(phengite) and chlorite. Also indicated is the change in chemistry of the white mica and chlorite
indicated by the changes in these absorption features. (c) Meters per drill hole of the K-feldspar and
plagioclase abundance as measured by thermal infrared (TIR) imaging. Albite is greatest distal to
the orebody, while orthoclase shows a slight increase towards the orebody. (d) Maximum values of
Cu weight percent assays within each drill hole. The centre of the orebody is defined by the highest
Cu values.
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6. Cover Geology Across the Olympic Cu-Au Province

The Olympic Cu-Au Province is buried beneath sediments of the Carriwerloo Basin as well as the
Stuart Shelf, the latter part of the more extensive succession of the Adelaide Rift Complex (Figure 12).
The Pandurra Formation was deposited in the Carriwerloo Basin and is preserved to the west of the
Olympic Dam region. The thickness of the Pandurra Formation ranges up to one kilometre in some
drill hole intersections, but may be more in some regions. The Pandurra Formation is a succession
of relatively flat-lying continental redbed sedimentary rocks comprised of four units, a basal gritty
sandstone rich in lithics; a shale and siltstone unit; a fine- to medium- grained sandstone; and a poorly
sorted lithic sandstone. The Pandurra Formation onlaps the Gawler Craton along its western extent,
while in the region around Olympic Dam the Pandurra Formation is largely fault bound and dissected
by a number of vertical or near vertical fault systems. Recent work from the Olympic Dam deposit has
shown that some sandstone blocks of Pandurra Formation are preserved within the deposit, indicating
the current extent of the Pandurra Formation is a function of both preservation rather than marking
the former extent of the Carriwerloo Basin [120]. Dating of shales by Rb-Sr and authigenic apatite
by U-Pb suggests the Pandurra Formation was deposited ca. 1440 Ma [63,120]. The occurrence of
broadly synchronous high-temperature metamorphism and granite emplacement in the northern
Gawler Craton suggests the Carriwerloo Basin was related to a broader (extensional?) tectonic event at
this time [60].

During the Neoproterozoic, extension across the eastern Gawler Craton resulted in extrusion
of the Beda Basalt, intrusion of the Gairdner Dolerite and subsequent deposition of the Stuart Shelf
platform sequences. The Beda Basalt comprises variably altered, amygdaloidal basalts and occur in a
north-south trending sub-basin in the vicinity of Port Augusta (Figure 1). Although the Beda Basalt
occupy a relatively small region, mafic magmatism of similar age is more extensive, as evidenced by
the ubiquitous dyke swarms that constitute the ca. 820 Ma Gairdner Dolerite. The Gairdner Dolerite is
evident on many regional aeromagnetic images and occurs in north-west trending series of dykes that
reflect the onset of widespread extension across the Gawler Craton as Rodinia began to break up [142].
A succession of clastic sediments, the Backy Point Beds, were locally deposited associated with the
Beda Volcanics.

During the Neoproterozoic sedimentation was widespread across much of southern and central
Australia [76]. Deposition was focused into the Adelaide Rift Complex, where at least 14 km of
sedimentary material accumulated in successive phases of rift evolution. The western margin of the
Adelaide Rift Complex onlapped the Gawler Craton forming the Stuart Shelf. The main stratigraphic
units of the Stuart Shelf are primarily the Umberatana Group with units including the Tapley Hill
Formation, the Whyalla Sandstone, and lower Wilpena Group (Figure 12). In the northern Stuart
Shelf region, around Olympic Dam, a succession of Cambrian limestones of the Hawker Group are
preserved. The Tapley Hill Formation records the first marine transgression of the Stuart Shelf during
the Neoproterozoic and consists of a transgressive-regressive sequence of mainly carbonaceous and
dolomitic siltstones and shales. Finely laminated shales of the Tapley Hill Formation overly the
Gawler Craton basement, although in many instances the unconformity surface locally characterized
by a coarse-grained, sandy to conglomeratic siliciclastic unit, which in some areas contains base and
precious metal mineralisation. Whole rock geochemistry of the basal unconformity sediments has been
shown to preserve indicators of nearby basement-hosted copper mineralisation [139].

Thickness of the sedimentary cover across the eastern Gawler Craton increases from the regions
of outcrop in the central Gawler Craton to very deep cover within the Torrens Hinge Zone (Figure 13).
Around Olympic Dam the Neoproterozoic cover is around 300 to 440 m, while Carrapateena lies
beneath ~470 m of cover. In the northern region, in the vicinity of Prominent Hill, the cover geology is
dominated by Mesozoic continental sediments of the Eromanga Basin, which varies from 50 to 400 m
in thickness. Recent work investigating the geochemistry of Mesozoic successions in the vicinity of
Prominent Hill shows introduction of pathfinder elements into clay-rich horizons within the cover
successions likely via upward migration from basement rocks [143]. The geochemical dispersion of
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economic and pathfinider elements into cover successions is therefore a potential source of information
that can be applied towards understanding and targeting potential mineralization in the underlying
crystalline basement.
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Figure 12. Summary stratigraphic column of cover units of the Stuart Shelf and Adelaide Rift Complex.
Modified after [77,144,145]. The Southern Stuart Shelf refers to the region around the Moonta-Wallaroo
region, also known as the Spencer Shelf. The Northern Stuart Shelf refers to the region around Olympic
Dam. Letters A, B and C refer to the stratigraphic location of unconformity related copper mineralization
at the Mount Gunson deposit, including the Cattle Grid (A) and MG14 (B) workings and the Myall
Creek (C) deposit. Also indicated is the presence of Mesozoic successions of the Eromanga Basin in the
northern portion of the Stuart Shelf region.
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The unconformity surface between the Gawler Craton basement and Pandurra Formation and
Neoproterozoic sediments is in places mineralized, representing a distinct exploration target in its
own right. Sandstone-hosted mineralization such as at the Mount Gunson deposit, is characterized by
replacement of diageneitic and early syn-genetic pyrite in fractures and vugs at or near the silicified and
brecciated paleosurface [144]. Diagenetic pyrite was also replaced by Cu-Fe sulphides (chalcopyrite,
bornite and chalcocite) within laminated mudstone-dolomite of the Tapley Hill Formation in deposits
such as Myall Creek [77]. In both instances, mineralizing fluids were likely focused along regional
structural breaks and culminations and deposited copper, and minor zinc and lead in chemically or
structurally favourable sites, following the typical model for sedimentary-hosted copper systems [77].

7. Discussion: Potential for Future Discovery

Mineral deposits form as a result of the interaction of complex geological factors. These factors
can be described in terms of a mineral system and used in predictive sense to determine the mineral
potential of a region [34,36]. The key elements of a mineral system are:

(i) sources of ore metals, hydrothermal fluids and ligands
(ii) sources of energy to drive hydrothermal systems
(iii) structural pathways for fluid flow, and
(iv) physico-chemical boundaries or gradients along which ore metals are deposited (e.g., redox,

pressure etc.)

Sources of ore metals and hydrothermal fluids in the IOCG mineral system of the eastern Gawler
Craton includes the magmatic fluids related to the Hiltaba Suite and Gawler Range Volcanics. Crustal
melting due to synchronous metamorphism could also provide a source of fluids and potentially
ore metals, depending on the lithologies undergoing partial melting. In addition, sedimentary rocks
in the mid- and upper-crust such as the Wallaroo Group may have provided both ore elements, for
example Cu, Au and U and also leached ligands such as Cl or Na from potential evaporate-bearing
strata [119,146]. Locations in the eastern Gawler Craton where the Wallaroo Group sedimentary
rocks were preserved are of higher potential as fluid sources than those regions to the west of the
Gawler Craton in which the dominant rock types are of quartzo-feldspathic and of higher metamorphic
grade [64].

The energy source for the mineral system was the tectono-metamorphic and related magmatic
event that occurred across the Gawler Craton and Curnamona Province in the early Mesoproterozoic.
The extensive magmatism associated with this event was the obvious heat source to drive fluid
circulation in the mid- to upper-crust of the Olympic Cu-Au Province, and indeed across the entire
footprint of this event. Regions of Hiltaba Suite or Gawler Range Volcanics equivalent magmatism are
therefore locations where fluid circulation was active and are likely more prospective. An implication
is that regions of the Curnamona Province where similar A-type volcanics—the Benagerie Volcanic
Suite—was also erupted also has potential energy source for the IOCG mineral system.

Structural pathways in the Olympic Cu-Au Province are relatively poorly defined. At the craton
scale, the lithospheric architecture established during early phases of craton development in particular
the lithospheric boundary in the eastern Gawler Craton is likely to have been a primary control
on the localization of early melting, magmatism and associated fluid flow [93]. Few studies have
attempted to reconstruct the upper crustal structures active during the formation of the mineral system,
however, those studies that have considered the structural evolution have consistently argued for
north-west-south-east directed compression during the early Mesoproterozoic event (e.g., [104,147]).
Hayward and Skirrow [31] have shown that the Olympic Cu-Au Province IOCG deposits developed
in the hangingwall of crustal-scale faults along east-northeast- to northeast-trending faults near their
intersections with major north-northwest to northwest-trending faults. In a regional compression
event, the orientation of these fault systems predisposed them to dilation along structural jogs thereby
facilitating fluid flow.
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Finally, physico-chemical gradients refer to changes in temperature or pressure of a hydrothermal
fluid such as during emergence of fluids into dilational fault zones during seismic activity, in addition
to changes in pH, oxidation state and ligand activity. Chemical reaction of hydrothermal fluids as a
result of interaction with reactive rock packages such as the carbonate units of the Wallaroo Group, or
zones with early alteration minerals such as albite or magnetite [116]. Therefore, zones of reactive rock
have higher potential for developing the necessary conditions for IOCG systems.

Mineral potential mapping of the four elements of the mineral system as a range of different
spatial proxies by Skirrow, et al. [33] has identified areas that are more prospective for IOCG systems
in South Australia (Figure 14). A key outcome of this GIS analysis is the visualization of the IOCG
mineral system extending into the Curnamona Province. The potential of the Curnamona Province for
IOCG systems has been discussed in the context of stratabound and replacement style Cu-Au deposits
such as Portia and Kalkaroo (e.g., [6,64,119,148]). These deposits are generally more magnetite-rich and
potentially represent a deeper crustal level than the hematite-rich deposits such as Olympic Dam [6],
and the GIS analysis supports the concept that hematite-rich and uranium-bearing IOCG systems could
be present to the north of these deposits beneath younger cover in the central-western Curnamona
Province [33]. This GIS analysis is also supported by recent work on the lithospheric architecture of the
Gawler Craton-Curnamona Province, which suggests regional-scale conductivity anomalies at depth
beneath the Gawler Craton could have been formerly connected to similar magnitude anomalism
beneath the Curnamona Province [32].
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of a mineral system and highlights those regions that are considered highly prospective for IOCG-type
mineralisation where spatial proxies were weighted for significance and degree of certainty before
being multiplied to show the overlap of the key datasets along the red to blue colour scale [33]. This
GIS analysis highlights much of the region known to be prospective by proximity to deposits such as
Olympic Dam and Prominent Hill and also regions of interpreted high prospectivity in other regions
such as the western Curnamona Province. Map and related Geoscience Australia Record available at:
https://ecat.ga.gov.au/geonetwork/srv/eng/catalog.search#/metadata/72666.
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A second key outcome of this prospectivity analysis was recognition of both the potential of
the regions to the north-east and south of Olympic Dam, as well as the region to the north-west
of Prominent Hill, the latter of which is in the Mount Woods region [33]. Wise and Katona [149]
extended this mineral potential modelling based on the four elements of a mineral system by adding
potential field anomalies from residual gravity and total magnetic intensity data. In their analysis, these
anomalies were attributed with descriptive statistics of the potential field grids and then combined
in the GIS environment with prospectivity ranking derived from the overlapping mapable criteria
representing the four mineral system factors (Figure 15). The purpose of this analysis is take into
consideration the likely gravity and magnetic expression of IOCG deposits, being typically dense but
weakly or non-magnetic. Across the northern Olympic Cu-Au Province, in the vicinity of Olympic
Dam and Prominent Hill, this analysis highlights the abundance of gravity anomalies that remain
untested [33,149,150].

8. Conclusions

This paper has reviewed the geological setting and mineralization of the Olympic Cu-Au Province
in the Gawler Craton, South Australia. This province hosts the Olympic Dam, Prominent Hill, and
Carrapateena deposits which are currently in production along with a range of other hematite-rich and
magnetite-rich iron oxide-copper-gold deposits and prospects. In addition, a brief review has been
undertaken of GIS-based mineral potential modelling of this IOCG mineral system [33,149], a key
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outcome of which has been to identify sub-regions within the Olympic Cu-Au Province as well as the
Curnamona Province as areas with future potential for IOCG discovery [32].

The lithospheric architecture of the Olympic Cu-Au Province is imaged in seismic and electrical
geophysical surveys and also by regional whole rock radiogenic isotope studies. These data suggest the
eastern Gawler Craton is a Proterozoic terrane that is now adjacent to the central, Archean portion of
the Gawler Craton and therefore that the Olympic Cu-Au Province lies above or adjacent a fundamental
lithospheric boundary likely established during the early amalgamation of the craton.

The crustal expression of this IOCG system is evident as lower and mid-crustal conductivity
anomalies that extend into the upper crust and indeed directly to some of the major deposits, which are
co-located with destruction of seismic texture. These geophysical data suggest fluid and or magmatic
migration channelled by major structures and a causative relationship between these plumbing systems
and the IOCG deposits at the paleosurface. These IOCG deposits formed as a result of a major
tectono-thermal event over the interval ca. 1600–1575 Ma across much of the Gawler Craton and
formerly adjacent Curnamona Province. High temperature metamorphism recorded in mid-crustal
rocks now exhumed to near surface was coeval with voluminous K- and Fe-rich, high temperature,
A-type extrusive and intrusive magmatism. The mafic component of this event is subordinate at
current crustal levels, where felsic magmas dominate. Nevertheless, broadly contemporaneous mafic
intrusions in many IOCG deposits in the Olympic Cu-Au Province indicates their importance in the
IOCG mineral system.

The mantle component of this event was derived from highly modified, i.e., metasomatized,
continental lithospheric mantle. Deformation during emplacement of these magmatic systems likely
focused the fluids derived from these magmas as well as from metamorphic and basinal waters, with
fluid mixing being an important process in forming IOCG-related alteration and mineralization.
Progressive alteration from early, higher temperature albite, magnetite and biotite-dominant
assemblages to later hematite, sericite and chlorite assemblages maps fluid evolution across the
province. The presence of both magnetite-dominant and hematite-dominant mineralisation in the
Olympic Cu-Au Province demonstrates that there is a spectrum of alteration types associated with the
IOCG systems. This spectrum is a consequence of both fluid types, protolith chemistry and also of the
degree of exhumation in any given region.

As the Olympic Cu-Au Province is almost entirely buried beneath Mesoproterozoic and
Neoproterozoic-Cambrian sedimentary successions, understanding the depth and lithological character
of this cover is essential for successful exploration. While these units are predominantly clastic
sedimentary successions, carbonate and mafic volcanics are also present, particularly in the Stuart Shelf
region, the platform sequence of the Adelaide Rift Complex to the east. Burial by these successions
preserved the paleo-surface from the Mesoproterozoic is the reason the upper crust of the Olympic
Cu-Au Province has been preserved to the present.

Future exploration in this region will be reliant on improving the geophysical characterization
of the terrane. Improvements in resolution of potential field data will permit greater confidence
for geophysical inversion and drill targeting. This is particularly important given the magnetite to
hematite transition in the formation of IOCG systems in the Olympic Cu-Au Province. This transition is
a mineralogical property that can be modelled by combined gravity and magnetic inversion techniques.
The results of such modelling could have implications for regional prospectivity analysis and drill hole
targeting. Step changes in our understanding of the architecture of the Olympic Cu-Au Province will
be provided by techniques such as magnetotellurics with 3D infill surveys from the regional scale 50 ×
50 km grid surveys of the AusLAMP program currently in progress. Furthermore, characterization
of regional drillholes with consistent full element suite geochemistry and quantitative hyperspectral
mineralogical data (e.g., [139]) will likewise improve the capacity to visualize regional hydrothermal
fluid cells and fluid pathways. Finally, even with the best remote sensing, geochemical and other
geoscientific data, mineral exploration success in this region boils down to drilling. New technologies
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that improve drilling (e.g., [151]) will play a key role in bringing forward the next wave of discoveries
in the Olympic Cu-Au Province, one of the world’s premier IOCG districts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/6/371/s1.
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