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Tectono-metallogenic systems are geological systems that link geodynamic and tectonic processes with ore-
forming processes. Fundamental geodynamic processes, including buoyancy-related processes, crustal/lithospheric
thinning and crustal/lithospheric thickening, have occurred throughout Earth's history, but tectonic systems, which
are driven by these processes, have evolved as Earth's interior has cooled. Tectonic systems are thought to have
evolved from magma oceans in the Hadean through an unstable “stagnant-lid” regime in the earlier Archean into
a proto-plate tectonic regime from the late Archean onwards. Modern-style plate tectonics is thought to have be-
come dominant by the start of the Paleozoic. Mineral systems with general similarities to modern or geologically
recent systems have been present episodically (or semi-continuously) through much of Earth's history, but most
of Earth's present endowment of mineral wealth was formed during and after the Neoarchean, when proto- or
modern-style plate tectonic systems became increasingly dominant and following major changes in the chemistry
of the atmosphere and hydrosphere. Changes in the characteristics of some mineral systems, such as the volcanic-
hostedmassive sulphide (VHMS) system, reflect changes in tectonic style during the evolution towards themodern
plate tectonic regime, but may also involve secular changes in the hydrosphere and atmosphere.
Whereas tectono-metallogenic systems have evolved in general over Earth's history, specific tectono-
metallogenic systems evolve over much shorter time frames. Most mineral deposits form in three general
tectono-metallogenic systems: divergent systems, convergent systems, and intraplate systems. Although funda-
mental geodynamic processes have driven the evolution of these systems, their relative importancemay change
as the systems evolved. For example, buoyancy-driven (mantle convection/plumes) and crustal thinning are the
dominant processes driving the early rift stage of divergent tectono-metallogenic systems, whereas buoyancy-
driven processes (slab sinking) and crustal thickening are the most important processes during the subduction
stage of convergent systems. Crustal thinning can also be an important process in the hinterland of subduction
zones, producing back-arc basins that can host a number of mineral systems. As fundamental geodynamic
processes act as drivers at some stage in virtually all tectonic systems, on their own these cannot be used to iden-
tify tectonic systems. Moreover, as mineral systems are ultimately the products of these same geodynamic
drivers, individualmineral deposit types cannot be used to determine tectonic systems, althoughmineral deposit
associations can, in some cases, be indicative of the tectono-metallogenic system.
Ore deposits are the products of geological (mineral) systems that operate over a long time frame (hundreds of
millions of years) and at scales up to the craton-scale. In essence, mineral systems increase the concentrations of
commodities through geochemical and geophysical processes from bulk Earth levels to levels amenable to eco-
nomic mining. Mineral system components include the geological (tectonic and architectural) setting, the
driver(s) of mineralising processes, metal and fluid sources, fluid pathways, depositional trap, and post-
depositional modifications. All of these components link back to geodynamic processes and the tectonic system.
For example, crustal architecture, which controls the spatial distribution of, and fluid flow, within mineral sys-
tems, is largely determined by geodynamic processes and tectonic systems, and the timing of mineralisation,
which generally is relatively short (commonly b1 Myr), correlates with local and/or far-field tectonic events.
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The geochemical characteristics of many mineral systems are a consequence of their geodynamic and tectonic
settings. Settings that are characterised by low heat flow and lack active magmatism produce low temperature
fluids that are oxidised, with ore formation caused largely by redox gradients or the provision of external H2S.
The characteristics of these fluids are largely governed by the rocks with which they interact, rocks that have ex-
tensively interactedwith the hydrosphere and atmosphere, both environments that have been strongly oxidised
since the great oxidation event in the Paleoproterozoic. In settings characterised by high heat flow and active
magmatism, ore fluids tend to be higher temperature and reduced, with deposition caused by cooling, pH
neutralisation, depressurisation and fluid mixing. Again, the characteristics of these fluids are governed by
rockswithwhich they interact, in this casemore reducedmagmatic rocks derived from themantle or lower crust.

Crown Copyright © 2015 Published by Elsevier B.V. All rights reserved.
1. Introduction

In the 1960s, the geoscientific world experienced a scientific revolu-
tion in which previous models of basin development and orogenesis
were superseded by the new paradigm of plate tectonics. Although
the concept of continental drift had been around for many decades
(e.g. Wegener, 1912), the development and acceptance of the plate tec-
tonic paradigmwere driven by the availability of high quality geophys-
ical data along mid-ocean ridges (Vine and Matthews, 1963) and the
conceptualisation of processes that can drive plate motion (Holmes,
1929; Dietz, 1961a; Hess, 1962). Today, long-term global positioning
systemdeploymentsworldwide constrain continental drift rates and di-
rections confirming, beyond doubt, plate tectonics as the pre-eminent
conceptual template within which all Earth processes must be
interpreted. The concept that the Earth's lithosphere is divided into a
number of plates that move relative to each other is central to the
plate tectonic paradigm. Importantly, tectonic processes, such as sub-
duction or spreading, occur along the margins of these plates, along
which relative plate motion occurs. Although tectonic activity in the
oceanic lithosphere is focused along narrow zones, tectonic activity on
continental lithosphere tends to be less focussed.

Historically, many mineral deposits have been classified largely
based upon local features, such as the characteristics of the ores, the al-
teration assemblages, the host rocks and the ore fluids, and genetic con-
siderations such as the relative timing of mineralisation (e.g. Lindgren,
1933). As this style of classification was largely empirical, it could read-
ily be applied to mineral exploration. However, as exploration has be-
come more difficult and sophisticated, easily discovered (outcropping)
deposits have been progressively found and exploration has been forced
to undercover areas, particularly in more mature exploration destina-
tions such as Australia and Canada. In recent years, this challenge has
been partially met by increasing exploration within knownmineralised
districts, thereby adding resources to existing deposits. But this has led
to decreases in greenfield exploration, both in absolute and relative
terms over the last fifteen years (Schodde, 2011).

Several studies (Huleatt and Jaques, 2005; Jaques et al., 2005;
Hronsky and Schodde, 2006) have shown that the largest discoveries
are commonly made early in the history of mineral districts. As the
search space decreases in brownfield areas, the opportunity for discov-
ery of major new deposits decreases; many of the most significant dis-
coveries in Australia over the last two decades have been made in
greenfield areas (e.g. Bronzewing, Nebo-Babel, Tropicana, Nova,
Gruyere and DeGrussa). Hence, survival of the mining industry in
Australia, and elsewhere, requires continued exploration in greenfield
areas that are commonly covered by alluvium, colluviumor younger ba-
sins and more difficult to explore using techniques and exploration
models developed in regions where orebodies crop out at the surface.

One aspect of mineral deposits that has gained traction over the last
few decades is the linkage of mineralisation to tectonic, particularly
plate tectonic, processes. Sillitoe (1972) and Hutchinson (1973) were
among the first tomake this linkagewhen they proposed that porphyry
copper and volcanogenic massive sulphide deposits are associated with
subduction. Meyer (1981, 1988) reviewed the temporal distribution of
mineral deposits and discussed how this distribution was related to
the tectonic evolution of the earth. Sawkins (1984) assessed the rela-
tionship betweenmineral deposits and tectonic settings, demonstrating
that many types of deposits are restricted to specific tectonic settings.
More recently, Kerrich et al. (2000, 2005) reviewed the distribution of
many mineral deposits and found that many have specific associations
with tectonic settings. In this contribution we extend the work of
Meyer (1981, 1988), Sawkins (1984) and Kerrich et al. (2000, 2005)
to examine how mineralising systems fit into the evolution of tectonic
systems, and, more importantly, how the character of mineral systems
changes within tectonic cycles. However, to provide context to this
analysis, we present discussions on how the fundamental geodynamic
process of heat flow drives tectonism and mineralisation, and controls
the formation and evolution of sedimentary basins,magmatic provinces
and metamorphic belts. Then we present an overview of the important
features of mineral systems and how they are linked to tectonic pro-
cesses to form tectono-metallogenic systems. Although this contribu-
tion concentrates on the relationship of metallogenesis to tectonics, it
has long been established that other factors, most importantly the
oxygenation of the atmosphere, have had a major influence on
metallogenesis. For further information on these other controls, the
reader is referred to Meyer (1981, 1988) and papers in the special
issue of Economic Geology on secular variations in ore deposits through
time (Goldfarb et al., 2010).

Three types of tectono-metallogenic systems, those associated with
divergent and convergent margins and in intraplate environments, are
then analysed to better understand the linkages between tectonics
and metallogenesis. This understanding can be used to better predict
and explore for mineralisation in under-cover greenfield areas. This
contribution is not meant to be a comprehensive description of mineral
deposits in Australia, but a synthesis as to how these deposits relate to
each other tectonically and geodynamically. Comprehensive descrip-
tions of Australianmineral deposits can be found in various Australasian
Institute of Mining andMetallurgy Monographs (Knight, 1975; Hughes,
1990; Berkman and Mackenzie, 1998) and in Solomon and Groves
(2000).
2. Geodynamics: the driver of tectonism and mineralisation

The fundamental driver of all geodynamic and tectonic processes on
Earth is the escape of latent and radiogenic heat from the Earth's interior
to its surface (Holmes, 1929). However, throughout its history Earth ap-
pears to have responded to this heat loss through a number of different
processes with a number of end-results, including magma oceans,
stagnant-lids and plate tectonics (e.g. Sleep, 2000). Of these, the first
two appear to have been most important during the early history of
Earth (Hadean to Paleoarchean), with plate tectonics becoming increas-
ingly important from theMesoarchean (Section 9.1). As the vast major-
ity of mineral deposits formed during the Neoarchean or later, we
consider mineral systems in terms of the plate tectonics paradigm
below, although we note that other styles of tectonics (e.g. stagnant
lid) may have been important, particularly early in Earth's history, and
that plate tectonics has changed over the history of the Earth
(Section 9.1).



Fig. 1. Schematic diagrams showing geodynamic setting and characteristics ofmajor basin
types: (A) rift-thermal subsidence basin, (B) flexural basin, and (C) intracratonic basin.

170 D.L. Huston et al. / Ore Geology Reviews 76 (2016) 168–210
Geodynamic drivers of plate tectonics include buoyancy-driven pro-
cesses (e.g. sinking of dense, cold lithosphere and mantle convection),
which cause lithospheric thinning, and lithospheric thickening. The in-
teraction of these processes produce the four broad tectonic environ-
ments presently observed on Earth - divergent margins, convergent
margins, transform margins and intraplate settings. The three funda-
mental processes operate within most of these tectonic environments.
For example, although convergent margins are dominated by the sub-
duction of dense crust and often involve crustal thickening, parts of
overall convergent systems, such as back-arc basins, are dominated by
lithospheric thinning, and entire convergent margins can remain in ex-
tension for extended periods (e.g. Collins, 2002a).

Most active and geologically young mineral deposits are spatially
and genetically associated with plate boundaries (Hannington et al.,
2005; Sillitoe and Perelló, 2005). Similarly, many ancient mineral de-
posits are closely associated with paleo-crustal boundaries that may
have marked plate boundaries in the geological past (e.g. Begg et al.,
2010; Groves et al., 2010). Empirically, these relationships suggest
that manymineral systems are linked to tectonic processes that operate
at plate margins. Importantly these processes appear to have evolved
through geological time, and respective changes are reflected in tempo-
ral distribution and characteristics of mineral deposits. Some mineral
deposits (e.g. salt lake-hosted potash deposits in Australia: Mernagh
et al., 2013), however, do not have an association with plate margins
or boundaries, suggesting that some mineral systems are associated
with intraplate processes.

An important consequence of a specific geodynamic process operat-
ing in several tectonic settings is that mineralising systems driven by
that geodynamic process can occur in different tectonic settings. As an
example, modern black-smoker deposits, which form as a consequence
of new crust formation during rifting, occur both along mid-ocean
ridges, an example of a divergent tectonic system, and in rifted arcs or
back-arc basins in convergent tectonic settings (Hannington et al.,
2005). Some other deposit types seem to be more restricted in time
and space. For example, orogenic gold deposits, which are associated
with crustal thickening that commonly follows a period of crustal thin-
ning (Bleeker, 2012), are most commonly associated with convergent
margins (Groves et al., 1998; Kerrich et al., 2000). Hence, the presence
of individual deposit types can be used as an indication of the
geodynamic process driving mineralisation, but, more importantly, the
presence of a number of different deposit types in close proximity in
time or space, or mineral deposit associations, may be indicative of the
overall tectonic system. For example, the presence of volcanic-hosted
massive sulphide, orogenic gold and/or porphyry Cu deposits within a
single tectonic systemmight indicate the presence of a previous conver-
gent margin.

3. The geodynamic and tectonic settings of sedimentary basins

Sedimentary basins can be subdivided into three categories based on
the geodynamic subsidence mechanism that formed them (Fig. 1; after
Allen and Allen, 2005). Approximately 70% of the world's sedimentary
basins were formed as a consequence of lithospheric thinning (e.g. rift
basins), 20% as a consequence of lithospheric loading (e.g. foreland
basins) and 10% in response of convection within the earth's mantle
(e.g. intra-cratonic basins) (N. White and K. Czarnota, unpublished
data). Each basin type is associated with distinct lithospheric architec-
tures, subsidence histories and heat-flow regimes, factors that strongly
influence the types of mineral systems hosted by basins. Temporally,
one basin type can be stacked on top of another.

3.1. Rift basins

McKenzie (1978) showed that rift basins are characterised by two
stages of subsidence (Fig. 1A). An initial rapid phase of subsidence oc-
curs in response to mechanical thinning of the lithosphere which
typically lasts ~20 Myrs and may result in sea floor spreading (rift
phase; Bown and White, 1995; Newman and White, 1999). During
this phase of basin formation, sediments thicken towards extensional
faults displaying either graben or half graben geometries (Bosworth
et al., 2005). Often an increase in heat flow over the basin occurs as
the reduction in the crustal component of heat-flow, resulting from
thinning of the radiogenic crust, is offset by an increase in the mantle
component of heat-flow. Decompression melting of the mantle is also
common late in the syn-rift phase provided elevated mantle potential
temperatures and/or high strain rates occur during rifting (White and
McKenzie, 1989; Bown and White, 1995).

The second, slower phase of subsidence in rift basins (thermal subsi-
dence phase) is driven by cooling of asthenosphere beneath the thinned
lithospheric mantle until the mantle lithosphere attains its pre-rift
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thickness. The duration and amplitude of this phase of subsidence is a
function of the degree the lithosphere has been stretched and its origi-
nal thickness (Crosby et al., 2010). Sediments show gradual thickening
towards the centre of the basin with an absence of faulting apart from
small compaction driven structures and onlap relationships to underly-
ing sediments (White and McKenzie, 1988). As the rate of subsidence
decreases exponentially, the stratigraphic record becomes more
sensitive to high frequency eustatic sea-level oscillations and long-
wavelength dynamic topography effects (Van Wagoner et al., 1988).

McKenzie's (1978) pure shear model, whereby the degree of litho-
spheric thinning is similar at all depths, was challenged for many
years by the concept that the degree of lithospheric thinning changes
with depth, resulting in an offset between syn-rift and post-rift basin
depocentres (Wernicke, 1985). It is now generally accepted that rift ba-
sins formed by small degrees of stretching of the lithosphere are a con-
sequence of pure shear, whereas at higher degrees of stretching
resulting in passive margin formation, depth dependency is the excep-
tion rather than the rule (White et al., 2003; Crosby et al., 2011).

The abundance of rift basins relative to other basins in the geological
record is a function of their compensated isostatic state which enables
preservations (Allen and Allen, 2005). Basins at dilational jogs along
strike-slip faults (pull-apart basins) are small examples of rift basins
as they form as a consequence of lithospheric thinning.

3.2. Flexural basins

Flexural basins formby the bending of the lithosphere in response to
crustal loading associatedwith orogenesis. Foreland basins are themain
expression of basins resulting from loading. There are two main types:
peripheral (on the subducting plate) and retroarc (on the overriding
plate: DeCelles and Giles, 1996). Basin width (35–400 km) is controlled
by the effective elastic thickness of the lithosphere, and the depth of the
basin is controlled by the applied load (Watts, 2001). Deformation of
previously extended regions results in narrow basins (e.g. Pyrenees,
Spain) whereas intra-cratonic deformation over regions of thick litho-
sphere results in wide basins (e.g. Ganges Basin, India, DeCelles et al.,
1998; Officer Basin, Central Australia, Haddad et al., 2001; Melbourne
Zone, SE Australia, Cayley et al., 2002). Both peripheral and retroarc
basins characteristically display a wedge shape geometry with
depocentres adjacent to the orogenic frontal thrust and low geothermal
gradients. As orogenesis progresses and the frontal thrust propagates
into the basin a portion of the depocentre is uplifted and eroded. The
poor preservation of foreland basins within the geological record is a
function of their uncompensated isostatic state. As the crustal load re-
sponsible for the flexure is removed, the basin rebounds and is eroded.
The orogenic load results in the establishment of a large hydraulic head
adjacent to the depocentre thereby promoting fluid flow from the oro-
genic front into the basin. Foreland basin fill is sediment-dominated,
with compositions reflecting the nature of the source-terrane, generally
a continental metamorphic and igneous mix (Allen and Allen, 2005).

3.3. Intra-cratonic basins

There is a lack of consensus as to the main driver of subsidence in
intracratonic basins that are not related to extensional or thrust faulting.
Nevertheless, there is a growing appreciation that convective circula-
tion within the mantle can be a significant driver of sedimentary basin
formation and modification. Convective upwelling and down welling
within the mantle can result in dynamic topography at the earth's sur-
face with amplitudes of up to 2 km (typically 1 km) over wavelengths
of 500 km. This topography can develop at rates of up to 200 m/Myr
(Roberts and White, 2010; Czarnota et al., 2013; Winterbourne et al.,
2014). Deposition of the Mesozoic to Cenozoic intracontinental
Eromanga Basin in eastern Australia and north American intracratonic
basins have been linked to the presence of subducted slabs beneath
these regions and mantle flow (Matthews et al., 2011; Burgess, 2008).
Conversely uplift and erosion above mantle upwelling has been impli-
cated as the subsidence mechanism for the Centralian Superbasin fol-
lowing waning of mantle upwelling and related mafic magmatism
(Zhao et al., 1994). Recently, plate-margin interactions have been impli-
cated in the evolution of adjacent intraplate regions, with continent-
wide tilts influencing intracratonic basin formation/evolution and caus-
ing regional-scale submergences and uplifts (e.g. Sandiford, 2007).
Given most intracratonic basins form over regions of thick lithosphere
it is unlikely that variations in sub-plate mantle temperature result in
a difference in heat flow at the Earth's surface. Most intra-cratonic ba-
sins are in-filled by fluvial to shallow marine sediments with distinct
transgression and regression cycles bounded by significant unconfor-
mities extending over multiple cratonic blocks (Sloss, 1963; Walter
et al., 1995). Total stratigraphic thicknesses are typically low, on the
order of a few kilometres – yet a stratigraphic record spanning over
500 Myrs may be preserved (Burgess, 2008).

3.4. Lithology and implications to mineral systems

Sedimentary basin fill is controlled by rates of formation of accom-
modation space, eustatic sea-level variation and sediment supply.
Given these controls, sedimentary facies stacking trends in themselves
are non-diagnostic of the geodynamic or tectonic setting, although cer-
tain sediment stacking trends are more prevalent in certain basin types.
For example, the rate of syn-rift subsidence often outstrips sediment
supply resulting in under-filled depression and the deposition of deep-
ening upwards sedimentary successions including black shales and/or
evaporites depending on paleogeography (Prosser, 1993). Foreland
basins are often associated with fining upward and then coarsening
upward successions (Sinclair et al., 1991). In order to deduce the
geodynamic control on basin formation, it is necessary to combine ar-
chitectural, stratigraphic and subsidence information.

The type of basin exerts a significant control on the characteristics of
basinal mineral systems and the likelihood of preservation. Anomalous-
ly high heat flow, which can drive fluid flow through convection, is
mostly restricted to the rift phase of rift basin evolution. Fluid flow
drivers in the thermal subsidence phase of rift basins, foreland basins
and intra-cratonic basins are generally topographic, as these are typical-
ly associated with lower heat flow, although the sediments in these ba-
sins can act as a thermal insulatorwhichmay drive convectivefluidflow
provided the basement is enriched in radioactive elements (Majorowicz
et al., 1984;Handand Sandiford, 1999). In all basins, compaction is a sig-
nificantmechanismdriving hydrocarbon and basinal brineflow. Finally,
the architecture and fluid flow pathways will also be influenced by the
type of basin. Although faults will be developed in all basin types, com-
monly reflecting basement architecture, extensional faults are more
common and most effectively facilitate vertical fluid flow during basin
formation and later reactivation.

As discussed above, the preservation potential of a basin depends to
a large extent upon the tectonic environment in which they form. Rift
basins have a higher potential for preservation, particularly relative to
foreland basins. As a consequence, deposits formed in rift basins also
have a higher preservation potential.

4. The geodynamic and tectonic settings of igneous rocks

On modern Earth, igneous rocks are known from most geodynamic
and tectonic environments (e.g. Wilson, 1989); these include rift
zones (oceanic or continental lithosphere), convergent zones (i.e. oce-
anic and continental subduction settings and continental collision
zones), and intraplate environments (oceanic or continental). Within
these geodynamic environments, geochemical signatures are often am-
biguous, especially for felsic magmatism, although a number of geo-
chemical discrimination schemes and geochemical proxies for specific
geodynamic settings have been widely employed in studies of ancient
mafic and felsic rocks (e.g. Pearce and Cann, 1973; Pearce and Norry,



172 D.L. Huston et al. / Ore Geology Reviews 76 (2016) 168–210
1979; Winchester and Floyd, 1977; Wood et al., 1979; Pearce, 1982,
1986; Pearce et al., 1984).

Mantle-derived magmatism is produced by a variety of processes:
passive upwelling (mid-ocean ridge, back-arc basins: Langmuir et al.,
1992; Klein, 2003), active upwelling, such as mantle plumes (within-
plate: White and McKenzie, 1989), and flux melting in the (hydrated)
metasomatised mantle wedge (e.g. subduction and early back-arc set-
tings: Tatsumi and Eggins, 1995; Taylor and Martinez, 2003; Stern,
2010). Compositions are dependent on a range of variables, including
the degree of melting, pressure and temperature of melting, source
composition, volatile content, as well as post-melt modification by pro-
cesses like fractionation, assimilation, contamination, and mixing
(McKenzie and Bickle, 1988; Langmuir et al., 1992; Tatsumi and
Eggins, 1995; Taylor and Martinez, 2003).

Nevertheless, a number of generalisations can be made. Regions
of moderate and larger degrees of mantle melting (mid-ocean ridges,
plume-related(?) oceanic plateaux and continental flood basalt
provinces) are dominated by tholeiitic compositions (e.g. Wilson,
1989) with increasingly more Mg-rich (parental) melts (including
picritic and ultramafic compositions) in plume-related magmatism,
especially during, though not confined to, the Archean (Arndt,
2003; Herzberg et al., 2007, 2010; Kerr and Mahoney, 2007). These
melts tend to be more homogeneous (although still variable, e.g.
Klein and Langmuir, 1987; Kerr and Mahoney, 2007; Sobolev et al.,
2007) within the oceanic environment, relative to continental flood
basalt provinces where crustal contamination, high-level fraction-
ation and/or involvement of mantle lithosphere may occur (e.g.
Hergt et al., 1989). Smaller degrees of partial melting are
characterised by more alkaline compositions (e.g. in continental
rifts, intraplate environments and ocean islands: McKenzie and
Bickle, 1988; Farmer, 2003; Jung et al., 2013; Price et al., 2014). Un-
usual melts, such as carbonatites, kimberlites, lamproites,
utrapotassic melts (e.g. leucitites), are typically small volume melts
of asthenosphere and/or possibly metasomatised lithospheric man-
tle (e.g. Farmer, 2003; Foley et al., 2012) — certainly they have a
strong association with continental lithosphere (Mitchell, 1995;
Tappe et al., 2006). It should be borne in mind that these are, of
course, generalisations and numerous examples exist of associated
tholeiitic and alkaline magmatism in flood basalt provinces, intra-
plate and ocean islands settings (Farmer, 2003; Clague and
Dalrymple, 1987; Ernst and Bell, 2010; Price et al., 2014).

The major exception to the above generalisations is in convergent
margin settings where partial melting is largely driven by fluid-fluxed
melting (i.e. introduction of water and other volatiles into the mantle
by the subducting slab: Gill, 1981; McCulloch and Gamble, 1991;
Stern, 2002; Tatsumi and Eggins, 1995). Rocks in such settings are
characterised by a consistent geochemical signature, including enrich-
ment in the large ion lithophile elements (LILEs; especially the light
rare earth elements (LREE)) and depletion in Nb, Ta and Ti relative to
other incompatible elements (Tatsumi and Eggins, 1995). The enrich-
ment in LILEs is commonly thought to reflect metasomatism of
variably-depleted mantle wedge material by components derived
from dehydration or partial melting of the subducting slab (and accom-
panying sediments; e.g. McCulloch and Gamble, 1991; Tatsumi and
Eggins, 1995),whereas the depletion of Nb, Ta andTi is thought to relate
to either sequestration in rutile (and other Ti-bearing minerals) and/or
perhaps prior melt-depletions (e.g. Gill, 1981; Woodhead et al., 1993;
McCulloch and Gamble, 1991). Such rocks are typically calc-alkaline,
though other rock types do occur.

These other rocks can include tholeiites (though still with an arc sig-
nature) that are largely confined to island arc settings (Tatsumi and
Eggins, 1995), alkaline rocks, such as shoshonites, which are often either
located further behind the arc or late in the history of the arc (including
post-collisional;Morrison, 1980), and boninites, which are derived from
metasomatised, highly-depleted mantle and thought to be largely gen-
erated in supra-subduction zone settings (Crawford et al., 1989).
Back-arc regions can be dominated by tholeiiticmagmatismwithout
an arc signature; however, even these often have hybrid signatures, be-
tweenmid-ocean ridge and arc basalts (e.g. Taylor andMartinez, 2003).
Importantly, rocks derived in arc settings are often more strongly
oxidised than other mantle melts (Gill, 1981; Parkinson and Arculus,
1999; Kelley and Cottrell, 2009; Richards, 2015), a feature which has a
bearing on a number ofmineral associations. The calc-alkaline signature
is not, however, unique, as it is carried by the majority of continental
crust rocks and any involvement of such crustal material will impart
this signature to some degree. This is a problem in general with
mantle-derived magmatism, that is identifying compositional effects
due to crustal contamination versus those thatmay be primary. This in-
cludes potential contributions from the mantle lithosphere (e.g. Hergt
et al., 1989).

Felsic magmatism is more ambiguous than mantle-derived
magmatism, and very few generalisations can be made about the asso-
ciated geodynamic environment: felsicmagma compositions are largely
non-unique. This mostly reflects the strong primary controls continen-
tal crust has over the geochemistry of generated melts: the geochemis-
try of the magma will largely mirror the type and nature of the source
rocks (e.g. immature versus more mature metasedimentary rocks,
intermediate or mafic igneous rocks, high-grade gneisses) which can
be mixed (e.g. Collins, 1996) and therefore not unique to the
geodynamic environment. This is invariably the case even where
substantial mixing with mantle-derived melts can be demonstrated.
Despite this, some generalisations can be made with regard to broad
geodynamic (but not tectonic) environment, often on the basis of the
relative timing, chemistry, and distribution of magmatism (Collins,
2002b), and the temperature and/or pressure of magma generation.
For example, Sr-undepleted, Y-depleted compositions, such as those
found in many Archean trondjemite–tonalite–granodiorite (TTG) and
in adakitic rocks in some younger arc settings (e.g. Martin et al., 2005;
Gromet and Silver, 1987; Defant and Drummond, 1990), are commonly
attributable to partial melting at pressures high enough to stabilise gar-
net and destabilise plagioclase. This process is thought to occur in either
strongly thickened or underplated crust or via partial melting of a
subducting slab (e.g. Gromet and Silver, 1983; Defant and Drummond,
1990), typically in a convergent environment. Similarly, higher temper-
ature felsic rocks, often indicated by A-type (elevated HFSE) and/or al-
kaline composition, are associated with extensional environments
such as rifts or back-arcs or post-collisional settings (e.g. Eby, 1990).

With regard to felsic magmatism, the associated mantle-derived
rocks are often more diagnostic of geodynamic and tectonic environ-
ment, and may help to distinguish, for example, felsic rocks generated
in an arc to those in the extensional back-arc, both settings which are
important for specificmineral systems. In some regards, even the gener-
al igneous associations can be informative: bimodal associations with
tholeiitic rocks are suggestive of extension and rifting, and linear belts
of calc-alkaline rocks of mafic to intermediate and felsic compositions
are more indicative of arc settings. Finally, it should be noted that,
volume-wise, three tectonic environments dominate mafic and felsic
magma generation: mid-ocean ridges; subduction settings including
back-arc zones; and intraplate environments where large igneous prov-
inces form. Only the latter two are likely to be preserved in the rock
record.

5. The tectonic setting of metamorphic rocks

There are several types of metamorphism that can play a role in the
formation of mineral systems. Orogenic metamorphism, as defined by
Miyashiro (1973) (dynamothermalmetamorphismofWinkler, 1979), in-
cludesmetamorphism occurring over a large area including deformation-
related, burial and ocean-floor metamorphism. Orogenic metamorphism
is characteristic of convergent margin orogenic belts, where deformation
accompanies recrystallisation and formation of penetrative fabrics such as
foliation in phyllites, schists and gneisses. Orogenic metamorphism can
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last for millions of years and can include several distinct metamorphic
events (e.g., Goscombe et al., 2009; Czarnota et al., 2010). Importantly,
metamorphism in orogenic belts is linked to polyphase deformation and
recrystallisation. Rocks subjected to orogenic metamorphism extend
over large belts (100–1000-km-long and 10–100-km-wide; Bucher and
Frey, 1994). According to Bucher and Frey (1994) temperature and pres-
sure can range from 150 to 1100 °C and 2–30 kbars for crustal rocks, re-
spectively. The temperature gradients range between 5 and 60 °C/km
vertically. Pressure–temperature time ‘paths’ for orogenicmetamorphism
are highly variable, reflecting a diversity of orogenicmetamorphic and re-
lated processes (e.g. Stuwe and Sandiford, 1995). These can include litho-
spheric thickening and contraction followed by heating (typically an
overall clockwise P–T–t path), but perhapsmore significantly lithospheric
thinning, extension and decompression melting (complex P–T–t paths:
Coney, 1980; Lister and Davis, 1989; Collins, 2002b), and heating
associated with subduction, followed by thermal relaxation (Bucher and
Frey, 1994).

Ocean-floor (seafloor) metamorphism includes the transformations
in the oceanic crust near the mid-ocean ridges (Miyashiro et al., 1971).
Ocean floor metamorphic rocks are largely mafic and ultramafic in com-
position andmoved laterally (several 1000 km)by ocean-floor spreading.
This type of metamorphism is characterised by a lack of penetrative foli-
ation but accompanied by extensive vein formation as a result of heated
seawater in convecting hydrothermal cells. A direct result is extensive
fluid-rock reactions between ocean water and seafloor rocks. Thus, an
overlap between seafloor metamorphism and hydrothermal alteration
is noted. Temperature and lithostatic pressures range between 150 and
500 °C and b3 kbars which corresponds to a temperature gradient of
50–500 °C (vertical or horizontal; Bucher and Frey, 1994).

A subset of regional metamorphism is burial metamorphism
(Coombs, 1961) for low temperature regional metamorphism affecting
largely sediments and interlayered volcanic rocks in basins without influ-
ence of orogenesis ormagmatic intrusions. Rocks affected by burialmeta-
morphism largely retain the original rock fabric and thus lack schistosity.
This type of metamorphism cannot be sharply distinguished from deep-
seated diagenesis (cf. Angerer et al., 2015).

Contact metamorphism takes place in country rocks near the contact
with intrusive or extrusive igneous bodies. Metamorphic changes are
the result of heat and materials emanating from the magma, and locally
accompanied by deformation connectedwith the emplacement of the ig-
neous body (Bucher and Frey, 1994). The zone of contact metamorphism
is termeda contact aureolewith itswidth varyingbetween severalmetres
to kilometres. Rocks in contact metamorphic aureoles do not display foli-
ation. The temperature and lithostatic pressure varies from 150 to 750 °C
and from a few hundred bars to 3 kbars, respectively, which corresponds
to a temperature gradient of 100 °C/kmor higher (horizontal; Bucher and
Frey, 1994).

Cataclastic metamorphism or dynamic metamorphism is confined to
the vicinity of faults and involves purely mechanical forces causing
crushing and milling of the rock fabric by high strain rates under high
shear stress at relatively low temperatures (Passchier and Trouw, 2005).
The resulting cataclastic rocks include fault breccia, gouge and
pseudotachylite.

Impact metamorphism was coined by Dietz (1961b) in which shock
waves and resulting changes in the mineralogy of the country rock are
caused by the hypervelocity impact of a meteorite. Meteorite impact is
thought to have been the trigger for the emplacement of the Sudbury
Irruptive and its associated Ni-Cu-PGE deposits in Sudbury, Canada
(Dietz, 1964; Naldrett, 1981; and references therein).

6. What is a mineral system?

It has long been known that mineral deposits with quite diverse char-
acteristics are linked either in space or in time. For example, many
intrusive-related mineral districts are zoned. A good Australian example
of such a zoned system is the Zeehan field in western Tasmania (Waller,
1904; Twelvetrees and Ward, 1910; Both and Williams, 1968: Fig. 2A).
This district is zoned mineralogically relative to the ~360 Ma Heemskirk
Granite (Black et al., 2005), to which the deposits appear to be spatially
and genetically linked. The inner zone is dominated by Sn, and changes
outward to zones dominated by pyrite and then by siderite. In the outer
zone, the iron gangue mineralogy changes from pyrite- to siderite-
dominated. The Bingham Canyon district in Utah, western USA is also
strongly zoned (Fig. 2B). The core of this system is the giant BinghamCan-
yon porphyry Cu-Au-Mo deposit, with an intrusive-centred metal zona-
tion of Mo → Cu → Zn–Pb (John, 1978). These two districts illustrate
that temporally- and genetically-linked deposits can be characterised by
quite different metallogenic, alteration and textural characteristics.

Inmany intrusion-related systems, systematic zonation provides ev-
idence that deposits with quite different metallogenic characteristics
formduring singlemineralising events. The systematics of such systems
are important, as they have the potential to provide vectors for targeting
mineral deposits (e.g. Sillitoe, 1993; Corbett and Leach, 1998). Evidence
for linked metallogenesis at the mineral province scale, although not as
compelling, suggests that individual mineralising events can produce
mineral deposits with quite different characteristics. For example,
existing geochronological data suggest that unconformity-related U de-
posits in the Paterson Province of Western Australia overlap in time
with shale-hosted Cu deposits and Zn–Pb prospects (Cross et al., 2011;
Huston et al., 2010a) and may be genetically linked. Moreover, it is
well established in the Eastern Goldfields orogenic gold province that
gold deposits with highly variable characteristics formed from the
same mineral system (Groves, 1993; McCuaig and Kerrich, 1998), and
Sillitoe and Perelló (2005) have documented systematic cratonic-scale
patterns inmineral deposits that have formed along the Andeanmargin
in South America (Fig. 2C). All-in-all, several lines of evidence suggest
that mineral deposits with different metallogenic characteristics can
formduring individualmineralising events. Understanding the relation-
ships between mineral deposits that form coevally and cogenetically
can provide not only a better understanding of mineralising processes,
but, more importantly, can be predictive during mineral exploration
(McCuaig and Hronsky, 2014).

Mineral deposits form through the coincidence of favourable geolog-
ical processes within a given spatial setting and at a specific geological
time, generally over a very tight timewindow. By analogywith the con-
cept of a petroleum system (Magoon and Dow, 1994), processes that
form a mineral deposit can collectively be termed a “mineral system”.
Wyborn et al. (1994) defined a mineral system as “all geological factors
that control the generation and preservation of mineral deposits”. Since
this initial definition, the concept of a mineral system has evolved and a
number of different formulations of this concept have been developed
(e.g. Wyborn et al., 1994; Knox-Robinson and Wyborn, 1997;
Hagemann and Cassidy, 2000; Jaques et al., 2002; Barnicoat, 2007;
McCuaig et al., 2010; Huston et al., 2012; Angerer et al., 2014; McCuaig
and Hronsky, 2014). However, all formulations, in one manner or an-
other, include: geological (including geodynamic and architectural) set-
ting; the driver; timing and duration of mineralisation; the source(s) of
the mineralising fluid and its components; the pathways along which
fluids (including magmas) flow; the depositional (or trap) site; and
post-depositional modifications. A good example of the application of
a mineral systems approach is that of Hitzman et al. (2005) for
sediment-hosted Cu deposits.

Although the mineral system concept was developed mainly as a
conceptual framework for hydrothermal mineral deposits, most com-
ponents can also be applied to orthomagmatic mineral deposits and
even deposits formed during erosional processes. In the context of min-
eral system analysis applied to (ultramafic andmafic)magmatic miner-
al systems, keys to the genesis of mineralisation are lithospheric
architecture, which helps focus and self-organise magmatic plumbing
to maximise and focus magma flux and volume (cf. Barnes and
Fiorentini, 2012; Mole et al., 2014), and, most importantly in the case
of komatiitic magmas, the availability of crustal sulphur reservoirs that



Fig. 2.Diagrams showingmineral andmetal zonation inmineral fields and deposits: (A) regional zonation in Fe–S–C–O gangueminerals relative to the Heemskirk Granite in the Zeehan,
Tasmania Sn–Pb–Zn district (modified after Twelvetrees andWard, 1910), (B) cross section showing deposit-scalemineral andmetal zonation at theUtahorebody, BinghamCanyon, Utah
(modified after John, 1978); and (C) continental-scale zonation ofmineral deposits that formedduring theMiocene to early Pliocene (23–4Ma) along theAndeanmargin of South America
(modified after Sillitoe and Perelló, 2005).

174 D.L. Huston et al. / Ore Geology Reviews 76 (2016) 168–210
magmas can thermo-mechanically erode and assimilate upon emplace-
ment. In contrast to other mineral systems, it is unclear what the role of
metal source is in the genesis of orthomagmatic Ni–Cu–PGE systemsbe-
yond the need for mafic and/or ultramafic magmas (cf. Hoatson et al.,
2006; Zhang et al., 2008; Griffin et al., 2013; Arndt et al., 2005, 2008).

A mineral system involves the concentration of commodities
(metals) through a number of different processes to the point at
which the concentration is sufficient to consider exploitation (Fig. 3).
When the commodities can be extracted economically, the product of
a mineral system is an ore deposit (it must be born in mind that al-
though all mineral systems form mineral deposits or occurrences,
most do not formore deposits, sensu stricto). Processes that concentrate
commodities operate at scales ranging from global to microscopic and
can involve: crustal differentiation;magmatic processes includingmelt-
ing, fractionation, crystallisation, magma mixing, immiscibility and
magmatic-hydrothermal fluid evolution; hydrothermal processes in-
cluding leaching and depositional processes, such as boiling, fluid
mixing, cooling and fluid-rock interaction; physical processes including
density separation; biological processes; and post-depositional enrich-
ment and upgrading.

As shown in Table 1, for economic extraction,many commodities re-
quire extreme enrichment relative to bulk Earth or average continental
crust. With few exceptions (e.g. Fe, Al) the formation of an ore deposit
requires enrichment factors generally in excess of 100 and in some
cases in excess of 1000 (Au, Pt and W) relative to continental crust,
the host of virtually all ore deposits. Enrichment factors relative to
bulk Earth are extremely variable, with ore grades for some
commodities such as Ni, Fe and Pt lower or approximately equal to
bulk Earth concentrations as these commodities are strongly concen-
trated in the core. Other commodities such as W, Ta, U and Pb have en-
richment factors in excess of 10,000 relative to bulk Earth as the
elements are highly concentrated in continental crust.

Formanymineral systems, thefirst process of concentrationwas the
initial chemical differentiation of the earth (orange box in lower left of
Fig. 3). Based upon concentration estimates of the core, mantle and
crust established by McDonough (2003); Palme and O'Neill (2004)
and Rudnick and Gao (2003) (Table 1), many commodities of economic
interest (e.g. Sn, W, Ta, Pb, U and REEs) are highly enriched in the crust
relative to bulk earth, whereas other commodities are only weakly
enriched in the crust (e.g. Zn), and others are not significantly fraction-
ated (e.g. Ag). Some elements are fractionated into themantle and core,
either moderately (e.g. Cu) or strongly (e.g. Ni, PGE). A small number of
commodities (e.g. Au and Mo) have a complex distribution, being
enriched in the core and crust relative to the mantle.

Following the initial chemical differentiation of the earth,
geodynamic processes (flesh-coloured box in Fig. 3) further fractionate
commodities (blue arrow) within the crust and upper mantle. These
processes, which operate at the cratonic- to province-scale, generally
occur along active tectonic margins, and can include processes such as
mantle metasomatism, the formation of a mafic underplate and many
others. The combination of the initial global chemical differentiation
and subsequent “tectonic” enrichment associated with magmatic and
metasomatic (hydrothermal) processes, along with surficial processes
(e.g. weathering and sedimentation) in some cases, produces regions



Fig. 3.Diagram showing important features and processes inmineral systems. The diagram illustrates the progressive concentration (arrows) of oremetals from the initial differentiation
of Earth through ore deposit formation and post ore dispersion. It also highlights important processes and system features that enable metal concentration. It is designed to show how
metal concentration occurs both in time and in space, including the importance of a critical window and/or trigger in the formation of ore deposits.
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in the uppermantle and crust that act as sources of commodities (green
box in Fig. 3) that are concentrated into mineral deposits by hydrother-
mal or magmatic processes (pink arrow). It is important to note that, in
many cases, source regions form millions to hundreds of millions of
years prior to mineralisation, and can also be spatially distant from the
depositional site; the development of these source regions is one of
many factors that influence the “fertility” of metallogenic provinces
(cf., McCuaig and Hronsky, 2014).

In addition to producing geochemically fertile metallogenic prov-
inces, tectonic processes initiate crustal- and province-scale architec-
ture that is critical for the movement and production of later ore
forming fluids. In many cases, this architecture is developed early in
the tectonic history of a mineral province, in some cases tens to hun-
dreds of millions of years prior to mineralisation, with fluid flow facili-
tated by reactivation of pre-existing structural architecture. In
contrast, the time involved in the formation of the mineral deposit
may be relatively short, in many cases on the order of 1 My or less for
systems associated with magmatism (Jaques et al., 2002; Chiaradia
et al., 2014).

The final concentration of commodities by hydrothermal or
magmatic processes generally occurs during a critical window of time,
during which hydrothermal fluids or magmas are driven along struc-
tures or other zones of permeability (e.g. aquifers formed by sedimenta-
ry, diagenetic or hydrothermal alteration processes). The presence of
such fluid/magma pathways at the time of mineralisation is one of the
most fundamental keys to the formation of a significantmineral system
(McCuaig et al., 2010). Drivers of fluid production and flow are quite di-
verse, although in many cases they appear to have a tectonic trigger.
These drivers can include temperature gradients induced by
magmatism (which produce hydrothermal convection: Cathles, 1983),
unroofing via erosion and tectonic processes (Bissig et al., 2002), stress
changes (Blewett et al., 2010), magma buoyancy, the release of
magmatic-hydrothermal fluids during magma crystallisation
(Burnham and Ohmoto, 1980), metamorphic devolatilisation during
contact or regional metamorphism (Groves, 1993), formation and ex-
pulsion of basinal brines (Leach et al., 2005), hydraulic pressure gradi-
ents caused by contractional or extensional deformation and other
processes. In some cases, production of fluid is slow relative to flow
(e.g. metamorphic devolatilisation), requiring a separate trigger for
flow of stored fluids. In this context, seismic pumping is a key driver
for vertical and lateral fluid flow along fault systems (Sibson et al.,
1975).

Fluid-flowpathways formprior to, or during,fluidmovement. These
pathways can include extensional structures that developed as host ba-
sins or volcanic terranes formed and reactivated during subsequent tec-
tonism, permeable zones formed during basin deposition or diagenesis,
and structures formed during the event that triggered fluid flow. This
trigger can be local, in which case it is generally evident in the local geo-
logical history, or distal, in which case evidence can be very subtle or
cryptic (e.g. a change in apparent polar wander paths). The formation
of a mineral system requires the concurrent availability of a driver, a
metal (including S) source and a fluid pathway during a discrete critical
window (upper part of Fig. 3). These are triggered, in many (most)
cases, by specific tectonic events or switches and may be relatively
short-lived.

In addition to thesemineral systems requirements, formation of sig-
nificantmineral and ore deposits requires two other features: a throttle
(cf., McCuaig et al., 2010) that concentrates fluid flow, and a gradient,
which can be either chemical or physical or both, that causes efficient
deposition or segregation and trapping of commodities of economic in-
terest. In most cases, chemical processes cause mineral deposition. For
hydrothermal mineral systems, common causes of mineralisation in-
clude rapid changes in temperature, pH or redox caused by water–
rock reaction or fluid mixing. In other hydrothermal systems, physical



Table 1
Variations in the abundance of selected ore elements between the core, mantle and crust, and within the crust.

Element Solid earth Core Silicate earth Mantle Oceanic crust Continental crust Upper continental crust Middle continental crust Lower continental crust Ore Ore Ore

Solid earth Continental crust

Siderophile
Fe (%) 32.0 85.5 6.26 6.30 7.03 5.22 3.92 4.68 6.66 35 1.1 6.7
Ni (ppm) 18,200 52,000 1960 1860 144 59 47 33.5 88 3500 0.2 59
Mo (ppm) 1.7 5 0.05 0.039 0.8 1.1 0.6 0.6 550 320 690
Au (ppm) 0.16 0.5 0.00088 0.00088 0.0013 0.0015 0.00066 0.0016 1.5 9.4 1200
Pt (ppm) 1.9 5.7 0.007 0.0066 0.0015 0.0005 0.00085 0.0027 2.0 1.1 1300

Lithophile
Al (%) 1.59 0.0 2.35 2.38 8.28 8.42 8.15 7.94 8.94 50 31 5.9
Ca (%) 1.71 0.0 2.53 2.61 8.46 4.58 2.57 3.75 6.85
K (%) 0.016 0.0 0.024 0.026 0.17 1.50 2.32 1.91 0.51
Mg (%) 15.4 0.0 22.8 22.17 4.96 2.81 1.50 2.16 4.37
Na (%) 0.18 0.0 0.27 0.259 1.78 2.28 2.43 2.51 1.97
P (%) 0.0715 0.2 0.009 0.0086 0.05 0.06 0.07 0.07 0.04
Si (%) 16.1 6.0 21 21.22 23.0 28.3 31.1 29.7 25.0
O (%) 29.7 0.0 44 46.5 46.1 47.3 46.5 44.8
Ta (ppm) 0.025 0.0 0.037 0.04 0.7 0.9 0.6 0.6 200 8000 290
U (ppm) 0.015 0.004 0.02 0.0218 0.12 1.3 2.7 1.3 0.2 300 20,000 230
Th (ppm) 0.055 0.08 0.0834 5.6 10.5 6.5 1.2
Th/U 3.7 4.0 3.8 4.3 3.9 5.0 6.0
Ba (ppm) 4.5 6.6 6.75 49 456 628 532 259
W (ppm) 0.17 0.47 0.029 0.016 1.0 1.9 0.6 0.6 2700 16,000 2700
Cl (ppm) 76 200 17 60 244 294 182 250
La (ppm) 0.44 0.65 0.686 5.5 20 31 24 8
Lu (ppm) 0.046 0.068 0.0711 0.4 0.3 0.31 0.4 0.25
Cr (ppm) 4700 9000 2625 2520 320 135 92 76 215 230,000 49 1700

Chalcophile
Ag (ppm) 0.05 0.15 0.008 0.004 0.056 0.053 0.048 0.065 31 620 550
Cu (ppm) 60 125 30 20 27 28 26 26 3100 52 110
Pb (ppm) 0.23 0.4 0.15 0.185 11 17 15.2 4 8700 38,000 790
S (ppm) 6350 19,000 250 200 900 404 621 249 345
Sn (ppm) 0.25 0.5 0.13 0.138 1.7 2.1 1.3 1.7 1300 5200 760
Zn (ppm) 40 8.6 55 53.5 78 72 67 69.5 78 25,000 630 350
Reference 1 1 1 2 3 4 4 4 4 5

References and notes.
1. McDonough (2003); values in italics estimated from mass balance calculations.
2. Palme and O'Neill (2004).
3. Wedepohl and Hartmann (1994).
4. Rudnick and Gao (2003).
5. Based upon grades of relatively low grade deposits.
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changes, such as depressurisation, can induce chemical and physical re-
actions (e.g. boiling and volatile loss) that causemineralisation. In some
orthomagmatic systems, chemical changes such as magma mixing or
contamination by wall rocks can produce immiscible melts or cause
crystallisation of minerals containing the commodities of interest. In
these cases, final enrichment to form mineral deposits results from
density-driven physical processes, and physical traps (e.g. constric-
tions) that control the location of mineralisation (Barnes et al., 2016-
in this issue). These factors are also important in mineral systems
formed during weathering and erosion.

In many hydrothermal mineral systems, the mineralising process
produces zones of anomalous mineralogy, geochemistry and physical
rock properties that extend well beyond the economic limits of ore
(i.e. the footprint). These zones not only involve enrichment of the
commodities of interest, but also enrichment and/or depletion of relat-
ed elements. Inmost cases, themineralising processes change the abun-
dance or composition of minerals present. These zones can extend
vertically above and below or laterally away from mineral deposits,
and are integral parts ofmineral systems. In addition, the chemical reac-
tions that produce these zones can significantly change the physical
properties of the affected rocks. This most commonly involves changes
to the magnetic or electrical properties of the affected rock, although it
can also change density and rock rheology. Hypogene geochemical dis-
persion and physical property changes are useful in exploration as they
increase the footprint of individual mineral deposits or ore bodies
(Hansen et al., 1966; Rose et al., 1979).

The last aspects of a mineral system, which are less commonly con-
sidered, are post-depositional processes, which can have major effects
on preservation and the economic viability of mineral deposits. Certain
types of mineral systems, such as porphyry Cu or epithermal Au–Ag de-
posits, which form in the linked porphyry-epithermal mineral system,
Fig. 4. Tectonic elements of Australia, showing the locations of m
have a lower probability of preservation, as they form in topographic el-
evated geological environments that are easily eroded (Groves et al.,
2005). These deposits are mostly Cenozoic in age, with older examples,
although known, much less abundant (Seedorf et al., 2005). Similarly,
erosion of the crater facies of diamondiferous kimberlite pipes to leave
small feeder dykes can render potentially economic deposits too small
for economic extraction. Black smokers forming alongmid-ocean ridges
are also unlikely to survive, as these deposits are oxidised and as the
oceanic crust that hosts these deposits is almost inevitably subducted
and lost (Hannington et al., 2005).

In other cases, the geodynamic setting of mineralisation acts to pre-
servemineral deposits. For example, deposits formed in graben systems
can subsequently be shielded from erosion (e.g. the Paraburdoo iron ore
deposits: Hagemann et al., 2016-in this issue). In other systems, the de-
position of post-depositional volcanic or sedimentary rocks can also en-
hance preservation. Post-depositional faults can down-drop deposits or
zones, shielding them from erosion, as at the Kalamazoo porphyry Cu
and the United Verde Extension deposits in Arizona (Lowell and
Guilbert, 1970; Anderson, 1968). Understanding post ore movement
of faults is critical for near deposit exploration, as demonstrated by
these latter two examples. At the broad scale, themain driver of preser-
vation is isostasy: topographic anomalies produced by orogenesis or arc
formation, and mineral deposits within these anomalies will be re-
moved through the interplay between by erosion and isostatic rebound,
until peneplanation of the Earth's surface to near sea-level is
approached.

An important indicator of the likely preservation, in some cases, is
regional metamorphic grade, which reflects the depth of burial of a
metallogenic province and, therefore, the amount of the rock column
that has been removed by erosion. As high level deposits, such as por-
phyry Cu or epithermal deposits, are unlikely to be buried and are highly
ajor mineral deposits (updated from Huston et al., 2012).



Fig. 5.Distribution of Australianmineral deposits through time: (A) 3500–2200Ma, (B) 2200–600Ma, and (C) 600–0Ma (updated fromHuston et al., 2012). In (C) the temporal boundaries of
tectonic cycles are indicated by heavy lines and deformation events are indicated by grey fields. The mineral deposit age dataset (with references) is available as a supplementary item.
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susceptible to erosion, except in highly unusual situations, these de-
posits will be restricted to very low-metamorphic-grade provinces. In
contrast, other deposit types, such as orogenic gold deposits, tend to
form at somewhat deeper levels in the crust and are preferentially con-
centrated in low- to medium-grade-metamorphic terranes (Groves
et al., 2005). In contrast, other deposit types, such as some that
form in basins (e.g. volcanic-hosted massive sulphide or sediment-
hosted massive sulphide deposits) can be deeply buried and are pre-
served in even in high-metamorphic-grade terranes. However, it
must be stressed that if mineralisation post-dated metamorphism,
regional metamorphic grade does not indicate the amount of erosion
post mineralisation. A major tectonic control on preservation is lith-
ospheric architecture: thick, stable lithosphere is more likely to pre-
serve deposits (Groves et al., 2005). Moreover, deposits that form
late in the tectonic cycle are more likely to be preserved than de-
posits that form early in the tectonic cycle (McCuaig and Hronsky,
2014).
Post-depositional processes, such as metamorphism and supergene
processes, can enhance grade and recoveries, turning mineral deposits
into ore deposits. Either metamorphism coarsens ore minerals to
allow greater recovery of commodities, or supergene processes enrich
certain commodities (e.g. Cu, Pb, Fe, Mn, Ag, Au and Ni) during
weathering. In some cases, refractive hypogene ore can be weathered
to produce oxidised ore amenable to processing. Weathering processes
can also enhance geochemical dispersion, increasing the detectable
footprint of mineral deposits (Rose et al., 1979).

7. Linking mineral systems to tectonic and geodynamic processes:
tectono-metallogenic systems

There is reasonable evidence to suggest that metallogenesis changes
as tectonic processes evolve. Discrete age ‘pulses’ of mineralisation pre-
served in the regional rock recordmay relate to episodes in terrane evo-
lutionwhere rapid geodynamic changes have occurred— tectonicmode



Fig. 6. Schematic diagrams showing stages in the evolution of a divergent margin and as-
sociatedmineral deposits: (A) incipient stage— basin initiation and rifting, (B) final stage
— mid-oceanic ridge, (C) final stage — passive margin, and (D) final stage — basin inver-
sion. This diagram is simplified, with complexities discussed in the text.
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switches (Collins, 2002b; Lister and Forster, 2009). Collins and Richards
(2008), in attempting to explain the timing and occurrence of S-type
magmatism in the Lachlan Orogen, proposed that the Phanerozoic Tas-
man Element in eastern Australia (Fig. 4) grew along a convergentmar-
gin during a series of tectonic episodes (or cycles) related to episodes of
slab rollback following contraction. These cycles involved two to three
stages: (1) arc formation and crustal extension (back-arc basin) associ-
ated with roll-back of the plate being subducted, (2) crustal shortening
associated with arc/terrane accretion and/or flattening of the
subducting slab, and (3) post-collisional extension and magmatism. If
an arc-back-arc system forms in response to post-collisional extension,
a second tectonic cycle is initiated. Compilations of mineral deposit age
data suggest that the formation of different types of mineral deposits is
linked to the evolution of tectonic cycles within the Tasman Element,
which, in turn, reflects changing geodynamic environments (Fig. 5C:
Champion et al., 2009; Huston et al., 2012). For example, volcanic-
hosted massive sulphide and many porphyry Cu deposits form early
during tectonic cycles, whereas orogenic gold and certain granite-
related deposits form late during individual cycles (Section 9). In addi-
tion to this temporal differentiation of deposits, the location of deposit
types that form at or about the same time can vary in space. For exam-
ple, during the early state of convergent cycles porphyry Cu deposits
form along arcs (Sillitoe, 1972), whereas VHMS deposits form inboard
in back-arc basins (Hannington et al., 2005).

Although not as clearly established as in the Tasman Orogen, the
metallogeny of other mineral provinces in Australia also reflects chang-
ing geodynamic environments that may mirror changes in the tectonic
cycle(s) (Fig. 5). For example, in the Eastern Goldfields Superterrane in
the Yilgarn Province, komatiitic Ni–Cu–PGE and volcanic-hosted mas-
sive sulphide Cu-Zn deposits form early (Barnes et al., 2016-in this
issue; Huston et al., 2012; Fig. 5A), whereas orogenic gold deposits
form late (Groves et al., 1998; Hagemann and Cassidy, 2000; Czarnota
et al., 2010; Fig. 5A; Section 9.3.1). This relationship is similar to that
in the Tasman Element and can also be seen in individual deposits. For
example, at the Mount Gibson deposit in the Murchison Domain,
Youanmi Terrane, VHMS mineralisation has been overprinted by a
later orogenic gold system (Yeats and Groves, 1998). Moreover, in the
Saddleback Greenstone belt in the Western Gneiss Terrane, original
low-grade porphyry Cu-Au mineralisation at Boddington was
overprinted by an intrusion-related gold system to form one of
Australia's largest gold deposits (McCuaig et al., 2001; Hagemann
et al., 2007).

Although the linkage of certain mineral systems to tectonic or
geodynamic environments has long been postulated (e.g. Sillitoe,
1972; Hutchinson, 1973; Meyer, 1981, 1988; Sawkins, 1984; Barley
and Groves, 1992; Kerrich et al., 2005), changes of metallogenesis dur-
ing the evolution of tectonic cycles has not been as extensively explored.
In the followingdiscussionwe propose a classification that linksmineral
systems not only to tectonic settings, but to tectonic evolution.We inte-
grate mineral systems in Australia and elsewhere with tectonic cycles,
including those along plate margins and those within plates, to define
“tectono-metallogenic systems”. The concept of tectono-metallogenic
systems not only provides a classification system, but it can also be
used to predict the likely location of mineral systems based on
geodynamic or tectonic data or the presence of other tectono-
metallogenically-related mineral systems. Moreover, the concept can
provide additional constraints on ancient tectonic environments based
upon mineral deposit/system assemblages.

8. The tectono-metallogenic system related to divergent margins

Divergent plate margins can form in oceanic and/or continental set-
tings (Fig. 6A). The most extensive tectonic systems on modern Earth
are the mid-ocean ridges (Fig. 6B). These divergent oceanic systems,
which include the Mid-Atlantic Ridge and the East Pacific Rise, among
others, circle the globe and are the main regions where new oceanic
crust is added. This new crust is rarely preserved, however, as it is gen-
erally lost through subduction at convergent margins (except where
anomalously thick, such as intersection of ocean ridges and plumes).
The oldest preserved seafloor crust has an age of only 180 Ma (Müller
et al., 2008), and ophiolites (which may only represent crust formed
in back-arc basins and not ocean basin crust) are uncommon prior to
Rodinia-time and unknown prior to 1900 Ma (Dann, 1991; Moores,
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2002; Peltonen et al., 2003). Because oceanic crust is preserved very
rarely, if at all, prior to 1000 Ma, the following discussion concentrates
on divergent margins in continental settings that are more commonly
preserved in the geological record. These include both the remnants of
successful rifting – passive margins (Fig. 6C) – as well as failed rifts.

The best modern example of an incipient divergent margin system
straddles eastern Africa and Arabia and involves the East African Rift,
the Red Sea and the Gulf of Aden, forming a triple junction, where
three plates are diverging from each other at rates of up to 2.7 cm/yr
(McClusky et al., 2010). Although incipient divergent systems are not
aswell mineralised asmid-ocean ridges, they can contain active and ex-
tinct carbonatite volcanos (e.g. Ol Doinyo Lengai in northern Tanzania:
Hay, 1989), and Zn deposits (e.g. the Atlantis II Deeps in the Red Sea:
Hackett and Bischoff, 1973). Although the Ol Doinyo Lengai system is
not known to contain significant mineral deposits, older carbonatites
and related alkaline magmatic rocks are major sources of REEs and Cu
(Section 8.1.2). Moreover, the Atlantis II Deeps was the site of the first
discovery, in the 1960s, of activemineralisation on the seafloor. This de-
posit is estimated to contain a resource of 94Mt grading0.5%Cu, 2.0% Zn
and 39 g/t Ag and 0.5 g/t Au (Herzig et al., 2002).

In non-convergent tectonic systems, there are several possible triggers
for intracratonic rifting and the initiation of divergence. Onemechanism is
thermal insulation of themantle by large continental landmasses, trigger-
ing mantle upwelling, doming of the Earth's surface and rifting
(Anderson, 1982). A second trigger is the ascent of mantle plumes from
the base of themantle, again doming the Earth's surface, triggering rifting
and, in some cases continent break-up (e.g. White and McKenzie, 1989;
Heaman et al., 1992). Both of these triggers involve thermal anomalies
within the convecting mantle and the development of tensional stresses
within plates, and the former mechanism could be one trigger for super-
continent break-up. Storey (1995) suggested that mantle plumes may
trigger the break-up of smaller blocks, whereas othermechanisms are re-
quired for the break-up of large continental land masses.

Herewe do not consider the recently described setting of “hyper-ex-
tended margins” (Whitmarsh et al., 2001), in which continental break-
up occurs over a cold mantle. Although this setting is known to contain
petroleum plays (Unternehr et al., 2010), owing to the relatively recent
demonstration of this tectonic setting, its metallogenesis is not yet
understood.

Many incipient divergent margins fail, and do not proceed to form
oceanic basins. In most cases one of the arms of triple junction rift sys-
tems fail, forming an aulacogen (Burke and Dewey, 1973; Dewey and
Burke, 1973), which can be preserved in the geological record. Changes
in plate motion caused, for example, by interaction with other plates,
can also cause intracratonic rifts to fail. Examples of failed rifts around
the world include Gulf of Suez (Steckler et al., 1988), the ~1100 Ma
Mid-Continent Rift (Dickas, 1986), the Cenozoic Rio Grande Rift
(Chapin, 1979), the Rhine Grabben (Ziegler and Dèzes, 2005), the Baikal
Rift (Hutchinson et al., 1998), and the West Antarctic Rift (Behrendt,
1999). An Australian example in is the Paleozoic Canning Basin
(Kennard et al., 1994),whichmarks thewestern end of the Larapinta Sea-
way, a Paleozoic seaway that extended across northern Australia to the
Tasman Element (Bradshaw, 1993; Haines and Wingate, 2007: Fig. 4).

In the following discussion, the evolution of divergent margins is
discussed in two stages, the incipient stage (Fig. 6A), which involved
the initiation of rifting and basin development, and the final stage,
which involved the formation of mid-ocean ridges (Fig. 6B), passive
margins (Fig. 6C) and the thermal subsidence phase (Fig. 1A) of basin
development. Rift basins can also form in convergent systems, where
slab roll-back places the over-riding plate into extension, forming
back-arc basins (Section 9).

8.1. Incipient stage — basin initiation and rifting

Initiation of divergent margins within continental land masses pro-
duces rift basins generally characterised initially by continental and
lacustrine sediments, followed in many cases by marine sediments
(Fig. 6A). The basin fill is dominated by siliciclastic sediments and, be-
cause thinning of the lithosphere causes decompression melting in the
upper mantle, these basins also can contain extensive tholeiitic mafic
or bimodal magmatic rocks— lavas, volcaniclastic rocks and shallow in-
trusive bodies (White and McKenzie, 1989). The development of
carbonate-dominated sedimentary facies is limited, generally, to rift
margins and shoulders (Bosence, 2005). Importantly, the incipient
stages of divergence can also produce extensive evaporitic facies
(Bosence, 2005) that can be tapped to produce saline basinal or hydro-
thermal fluids. Moreover, high heat flow associated with magmatism
can drive moderate to high temperature hydrothermal fluid flow, and
the magmatic events themselves can emplace Ni–Cu- and/or PGE-
enriched intrusions (e.g. the Duluth complex in the Mid-Continent
Rift: Dickas, 1986) or small carbonatitic and related alkaline bodies
(Burke et al., 2003) into the evolving rift succession. Intrusions within
rifts can be zoned in time and space, with early-emplaced alkaline bod-
ies, which form from low-degree partial melts of themantle, located on
rift flanks, and more voluminous tholeiitic bodies, which crystallise
from high-degree partial melts of the mantle, occupying the central
parts of the rift as it evolves.

8.1.1. Siliciclastic–mafic Zn–Pb–Ag–Au–Cu deposits
Base metal deposits hosted by siliciclastic-dominated successions

(i.e. the shale-hosted deposits of Gustafson and Williams, 1981, or the
clastic-dominated deposits of Leach et al., 2005, 2010) are the largest
global source of Zn and Pb, and significant sources of Ag and, in some
cases, Au. This broad group of deposits was divided into flysch-hosted
and epicratonic/platform-hosted types by Morganti (1981). Most of
the flysch-hosted deposits of Morganti (1981) are also associated with
mafic volcanism. Australian examples of this deposit type include Bro-
ken Hill and Cannington. Global examples include Sullivan in Canada
(Lydon, 2007), and the active Atlantis II deeps deposit (Hackett and
Bischoff, 1973).

The lithological make-up of the initiating rift basin (Fig. 6A) has a
significant influence on the characteristics of siliciclastic–mafic Zn–Pb
deposits (Huston et al., 2006). In many districts around the world (e.g.
Broken Hill, Australia (Willis et al., 1983); Sullivan, Canada (Lydon,
2007)), the stratigraphic position that hosts the orebody also corre-
sponds to the position at which point mafic magmatism ceases. As
most workers (Gustafson and Williams, 1981; Leach et al., 2005,
2010) consider these deposits to have a syngenetic or diagenetic timing
with respect to the host succession, this suggests a close genetic link be-
tween this mafic magmatism and ore formation: magmatism provided
heat and/or metals, either directly (Crawford and Maas, 2009) or by
leaching (Huston et al., 2006), to the evolving mineral system. The
high heat flow and geothermal gradients associated with rifting caused
the convection of relatively high temperature fluids which were re-
duced as a consequence of reaction with reduced, Fe2+-rich basin fill
(e.g. mafic volcanic rocks and immature turbiditic rocks). These fluids
not only transport Zn, Pb and Ag, but can also transport Cu and Au
(e.g. Cooke et al., 2000). Sediment-hosted Zn–Pb deposits in
siliciclastic–mafic host successions commonly contain low but econom-
ically recoverable concentrations of Au. The Broken Hill deposit had an
average of grade of 0.47 g/t (Woodall, 1990) and produced the most
gold in New South Wales until the Au-rich porphyry Cu deposits in
the Macquarie arc (Section 9.4.1) were discovered and began
production.

Another characteristic of many continental rifts around the world is
the presence of evaporites towards the base of the basin fill (Warren,
2010; Fig. 6A). Interaction of circulating hydrothermal fluids with
these evaporites would increase the salinity of the fluids, with two im-
portant consequences. First, higher salinity fluids can transport higher
concentrations of basemetals,making themmore potent ore fluids. Sec-
ond, a significant increase in salinity also increases ore fluid density,
making the formation of brine pools possible when the fluids reach
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the seafloor (Sato, 1972). This behaviour, which is observed in themod-
ern Atlantis II Deep deposit (Anschutz et al., 1998), can be very effective
in trapping metals.

As discussed above, many of the features of Zn–Pb deposits hosted
by siliciclastic–mafic successions are the direct product of the basins in
which they form. Activemaficmagmatism, combinedwith the presence
of evaporites at depth in the succession, produces saline and reduced,
relatively high-temperature ore fluids capable of transporting, Zn, Pb,
Ag and Au (Huston et al., 2006). Structures and aquifers formed during
basin evolution focus the ore-forming fluids, allowing metal sourcing
and determining the locus of ore deposition.

8.1.1.1. Australian examples. Important Zn–Pb deposits hosted by such
basins in Australia include Paleoproterozoic (1710–1670 Ma) deposits
at Cannington, Pegmont and near Einasleigh in Queensland, and at Bro-
ken Hill (Solomon and Groves, 2000; Huston et al., 2006). Cambrian
(~520 Ma) deposits of this type are present in the Kanmantoo rift in
South Australia (Belperio et al., 1997).

8.1.2. Deposits associated with carbonatites and alkaline (ultra-potassic)
igneous rocks

Most carbonatites and all kimberlites are of intraplate origin and lo-
cated on Precambrian cratons (Mitchell, 1986; Woolley and Bailey,
2012). The majority of carbonatites, especially young carbonatites, are
associated with crustal doming and/or extension in rift systems or
near-rift settings (Woolley, 1989; Tappe et al., 2006; Fig. 6A) but some
are associated with extension in orogenic or collisional settings
(Woolley and Kjarsgaard, 2008). Similarly, many, though not all, kim-
berlites and related alkaline rocks are also associated with rifting, in-
cluding that which broke up Gondwana (Jelsma et al., 2009). Others,
such as those in North America, may be the result of partial melting of
continental lithosphere induced by mantle plume activity producing
hotspots (e.g. Heaman and Kjarsgaard, 2000) or by fluid subduction
(e.g. Currie and Beaumont, 2013).

Large scale lithospheric structures play an important role in control-
ling the location of both kimberlites and carbonatites, at the regional
scale, within cratons. Repeated episodes of magmatism focussed at cra-
ton margins and intracratonic domain boundaries typically results in
refertilisation of the sub-continental lithospheric mantle, and these
weakened boundaries are the sites of repeated cycles of extension,
rifting, subduction and accretion (Begg et al., 2009).

Australian kimberlites, lamproites andultramafic lamprophyres, and
carbonatites are typically located at major lithospheric structures that
can be identified in upward continued potential field data at continen-
tal, regional and local scales (Jaques and Milligan, 2004). Some of
these structures have been active over extended periods of time with
multiple intrusion events. Some alkaline suites may be related to exten-
sional events such as the breakup of Rodinia, whereas others exploited
major structures at the margin of cratons, and, in some cases, exploited
older structures associated with earlier tectonism and magmatism
(Jaques and Milligan, 2004).

The geodynamic settings of most Australian carbonatites, kimber-
lites, lamproites and associated alkaline rocks is uncertain but likely in-
volves far-field stresses associated with the re-arrangement of tectonic
plates. The trigger for eruption of kimberlites and related alkaline
rocks appears to have been thermal perturbations and/or stress changes
at the base of the thick sub-continental lithosphere induced by the
break-up (and possibly assembly) of supercontinents that generated
small volume partialmelts of themantle (Jelsma et al., 2009).Modelling
suggests that the shape of the cratonic keel, the proximity to the craton
boundary and stress gradients at the lithosphere-asthenosphere bound-
ary are all important in determining the location and extent of partial
melting with the (kimberlite) melt migrating to trans-lithospheric dis-
continuities (O'Neill et al., 2005). Isotopic and trace element data indi-
cate that kimberlites, lamproites and lamprophyres represent small
degrees of partial melting of asthenospheric mantle or, in the case of
lamproites which have more radiogenic Sr, unradiogenic Nd and more
enriched trace element signatures, of sub-continental lithosphericman-
tle that has undergone long-term geochemical enrichment (Smith,
1983; Fraser et al., 1985; Jaques et al., 1989; Mitchell, 1995). Trace ele-
ment and isotopic data suggest that many carbonatites may also repre-
sent small volume melts from either asthenospheric mantle and/or
refertilised sub-continental lithospheric mantle (e.g. Nelson et al.,
1988; Graham et al., 2004; Tappe et al., 2006).

Alkaline rocks, especially kimberlites, lamproites and lamprophyres,
and carbonatites typically have high abundances of Sr, Zr, Nb, Ba, LREE,
Ta, Th and U, and commonly other ‘incompatible elements’ as a result of
their fractionation during partial melting of their mantle sources. They
host a range of deposits, including those of diamond, rare-earth element
(REE) and other raremetals (e.g. Nb, Ta, Zr), which are of increasing im-
portance as sources of high technology metals.

8.1.2.1. Australian examples. The world-class Argyle diamond deposit,
hosted in the Argyle AK1 lamproite (Jaques et al., 1986), and smaller de-
posits at Ellendale (Ahmat, 2012) arehosted in olivine lamproite and lie at
themargins of the Kimberley Craton. Several Australian carbonatites have
economic or potentially economic concentrations of REE, U, P, Nb, Ta and
other ‘rare metals’ (e.g., MountWeld, Cummings Range). High-grade hy-
drothermal mineralisation can be present locally (Downes et al., 2014),
but the mineralisation is typically hosted in regolith developed primarily
by supergene enrichment (Hoatson et al., 2011). Weathering with pro-
nounced vertical and lateral groundwater flow resulted in leaching and
dissolution with enrichment in resistate minerals and formation of sec-
ondary REE-rich phosphates and aluminophosphates under conditions
of high fluid/rock ratios, long fluid residence tomes, and a range of pH
conditions (Lottermoser, 1990). Some felsic alkaline suites are strongly
enriched in Y, Zr, Nb and LREE by extended crystal fractionation and
other processes, leading to potentially economic concentrations (e.g. the
Toongi deposit, and the large, low-grade Hastings-Brockman deposit:
Chalmers, 1990; Ramsden et al., 1994; Skirrow et al., 2013; Alkane.
Resources, 2014; Jaireth et al., 2014).

8.1.3. Other deposit types
As discussed above, because similar geodynamic ore-controlling

processes can occur in several tectonic settings, some types of ore de-
posits occur in different tectonic settings. As an example, Zn–Pb de-
posits hosted by siliciclastic–mafic successions also occur in back-arc
basins, for example, the Selwyn Basin in Canada (Goodfellow, 2007a).
It is possible that basin initiation could also form other types of deposits
that are more typical of other tectonic environments, including
unconformity-related U and shale-hosted Cu, which aremore prevalent
as basins evolve (see next section), or orthomagmatic Ni–Cu–PGE,
which commonly form during large mafic magmatic events associated
withmantle plumes (Pirajno andHoatson, 2012), andwhich can initiate
divergence (Section 10). Finally, mid-ocean ridges (Fig. 6B) are the sites
where black smoker deposits, themodern analogues of volcanic-hosted
massive sulphide (VHMS) deposits, were discovered. Due to the low
probability of preservation of oceanic crust, however, most known
ancient VHMS deposits are associated with convergent margins
(Franklin et al., 2005).

8.2. Final stage — basin thermal subsidence, formation of passive margins
and basin inversion

After the initial rift phase, cooling of the underlying lithospheric
mantle leads to continued subsidence, the thermal subsidence phase
of basin evolution (Fig. 1A). At this time the sedimentary fill generally
becomes dominated by shallow water marine sediments (Fig. 6D). If
extension continued to the point of oceanic crust production, passive
margins formed (Fig. 6C), which are associated with wide ranging
paleo-water depths. In and of themselves, thermal subsidence basins
and passivemargins are generally atectonic and lack activemagmatism.



Fig. 7. Timing of mineralisation relative to the late Paleoproterozoic apparent polar wander path for the North Australian Element (modified after Idnurm, 2000). Symbols in the inset
number translations (T1–T7) and bends (B0–B6).
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Out-of-area tectonic events, however, which are commonly subtle and
have very weak local expression, can trigger mineralisation. This is
best illustrated in northeast Australia, where distal tectonic events, as
recorded by changes in the apparent polar wander path (Idnurm,
2000: Fig. 7), appear to have triggered Zn–Pb–Ag and, possibly, U
mineralising events (Section 8.2.1). Alternatively, the sedimentation
may be terminated by tectonic events and the basin inverted (Fig. 6D).
Mineral systems may be present in many phases of basin development
and termination, but some classes appear to develop better in different
settings.

8.2.1. Siliciclastic–carbonate Zn–Pb–Ag deposits
A number of large Zn–Pb–Ag deposits in Australia, North America

and elsewhere are hosted by epicratonic and platformal basins (Plumb
and Derrick, 1975;Morganti, 1981). These basins are characterised gen-
erally by relatively shallow-water sedimentary successions that contain
siliciclastic rocks along with large amounts of carbonate-bearing units,
but lack coeval mafic magmatism; hence the term siliciclastic–carbon-
ate Zn–Pb–Ag deposits. In addition to deposits in the North Australian
Zinc Belt (HYC, Mount Isa, Hilton-George Fisher, Century and Dugald
River: see blow), other deposits of this type around the world include
Howards Pass in Canada (Goodfellow, 2007a), Red Dog in Alaska
(Kelley et al., 2004) and deposits in the Gamsberg district in South
Africa (Rozendaal, 1986; Ryan et al., 1986).

As with Zn–Pb deposits hosted by siliciclastic–mafic successions, the
make-up of the host basin influences the characteristics of siliciclastic–
carbonate deposits. These basins lack mafic magmatism at the time of
mineralisation, and are dominated by rock packages that are either
oxidised or redox neutral, such as carbonates and redbeds (Plumb and
Derrick, 1975; Morganti, 1981; Southgate et al., 2000; Gibson et al.,
2012). Because the basin lacks reductants and magmatic heat sources,
the fluids are relatively low temperature (b200 °C) and oxidised
(Cooke et al., 2000; Huston et al., 2006).

It is likely that the metal sources for these deposits are felsic and
mafic volcanic rocks underlying the host basin. Cooke et al. (1998) dem-
onstrated that intermediate to mafic rocks from the Settlement Creek
Volcanics in the basin underlying the host basin to the HYC deposit in
the Northern Territory have lost over 90% of Zn and Pb during K-
feldspar-hematite alteration. Moreover, paleomagnetic data reported
by Cooke et al. (1998) indicate that this alteration event was coeval
with the mineralising event at the HYC siliciclastic–carbonate Zn–Pb
deposit.

The ore deposits are generally hosted by sulphide-rich black shale/
siltstone, a rock type that is fairly restricted in host basins (Southgate
et al., 2000). Environments represented by black shale were a source
of H2S from biogenic reduction of sulphate (Machel, 2001) required
for base metal sulphide deposition.

8.2.1.1. Australian examples. In Australia, these deposits constitute the
North Australian Zinc Belt (or Carpentaria Zinc Belt of Sweet et al.,
1993), which stretches from Dugald River in the southeast to HYC in
the northwest and includes many of the largest Zn–Pb deposits in the
world – Mount Isa, Hilton-George Fisher, Century and HYC – as well as
a number of smaller, but still significant deposits such as Dugald River,
Lady Loretta and the recently discovered Myrtle and Teena deposits.
An unusual characteristic of the North Australian Zinc Belt is the low
abundance of small Zn prospects and deposits (L Wyborn, pers.
comm.) that characterise many of the districts dominated by
siliciclastic–mafic, volcanic-hosted orMississippi Valley-type Zn–Pb de-
posits. This suggests that fluid flow in siliciclastic–carbonate systems
lasted longer, was more tightly throttled, and/or that depositional pro-
cesses were more efficient in precipitating and retaining metals at the
site of deposition. The two depositional environments proposed for
these deposits, early diagenetic mineralisation (e.g. Williams, 1978) or
syngenetic precipitation within a brine pool (Large et al., 1998), would
both be very effective at precipitating and retaining Zn–Pb sulphide
minerals.

An interesting feature of theNorth Australian Zinc Belt is the tempo-
ral association of major deposits with bends in the apparent polar wan-
der path, as noted initially by Loutit et al. (1994) and documented in
detail by (Idnurm, 2000: Fig. 7). This relationship, which also applies
to U deposits, suggests that these deposits formed in response to far-
field tectonic events or global plate reorganisations. The age of the
HYC deposit (~1640 Ma: Sun et al., 1994, 1996) corresponds to the
age of the Liebig Orogeny (1640–1635 Ma: Scrimgeour et al., 2005)
some 1800 km to the south. Geological relationships, seismic data and
paleomagnetic data from this deposit (Rawlings et al., 2004; Ireland
et al., 2004; Symons, 2007) suggest that the depositional site was tec-
tonically active at the time of mineralisation. Based upon a seismic tra-
verse crossing the ore-related Emu Fault 40 km to the north of the HYC



Fig. 8. Geologic environment during formation of the HYC deposit (after Rawlings et al., 2004).
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deposit (Rawlings et al., 2004: Fig. 8), this fault is part of a flower struc-
ture, and changes in stratigraphic thicknesswithin the structure suggest
that it formed at the same time as sedimentation. The interpretation of
syn-ore tectonic activity is supported by the presence of sedimentary
breccias containing clasts of ore (Ireland et al., 2004). Such breccias
are unusual as the character of the host rocks (carbonate-bearing, car-
bonaceous mudstone) suggests quiescent conditions, and are best
interpreted as local responses to syn-depositional tectonic activity.
This interpretation is further supported by paleomagnetic data
(Symons, 2007), which suggests that paleomagnetic poles associated
with mineralisation post-dated folding. These data suggest that the
HYC deposit is genetically associated with syn-sedimentary deforma-
tion along the Emu Fault that occurred contemporaneously with the
far-field Liebig Orogeny. Hence, at least some siliciclastic–carbonate
Zn–Pb deposits appear to be associated with local deformation driven
by major far-field tectonic events.

Finally, evidence from the Proterozoic Australian Zn–Pb deposits
suggests that evolution in the tectonic environment can produce
different kinds of mineral systems. The Curnamona Province in South
Australia and western New South Wales, which hosts the Broken Hill



Fig. 9. log (mΣSO4/mΣH2S) diagram showing the solubility of Zn, Cu and U and the stability
of Fe–S–O and Cu–Fe–S minerals. Shading indicates Fe–S–O mineral stability fields;
dashed black lines indicate Cu–Fe–S mineral stability fields: coloured solid lines indicate
solubilities of Cu, Zn and U. The diagram was calculated assuming a fluid salinity of 10
wt.% NaCl, a total concentration of sulphur species of 10–2.5m, and a fluid pHof 4.5. Arrows
indicate fluid evolution paths discussed in text (modified from Huston et al., 2006).

184 D.L. Huston et al. / Ore Geology Reviews 76 (2016) 168–210
siliciclastic–mafic deposit, is now considered to be a possible dismem-
bered segment of the North Australian Superbasin System (Gibson
et al., 2012). This deposit, and the coeval Cannington deposit in north
Queensland, are thought to have formed early in the North Australian
Superbasin System at ~1680 Ma (Sun et al., 1994; Page et al., 2005a,b)
during early rift formation. The younger (1665–1575 Ma) siliciclastic–
carbonate deposits in this basin system formed later as the basin system
evolved from rift to thermal subsidence (Huston et al., 2006; Neumann
et al., 2006; Gibson et al., 2012). A similar temporal relationship is seen
from the Cambrian (~521 Ma: Goodfellow, 2007a) Anvil Range
siliciclastic–mafic district to the Silurian (~436 Ma: Goodfellow,
2007a) Howards Pass siliciclastic–carbonate deposit in Canada.

8.2.2. Lake Superior-type banded iron formation
Lake Superior-type banded iron formation (BIF) is most extensively

developed in Proterozoic passive-margin sedimentary basins (Gross,
1980, 1993), where it is interpreted to have formed through the upwell-
ing of reduced, Fe-rich bottom waters onto passive margins, where the
iron is deposited (Beukes and Gutzmer, 2008). These basins contain
some of the largest known iron accumulations in theworld, including ex-
tensive deposits in the Hamersley (Thorne et al., 2008, 2014; Angerer
et al., 2014) and Transvaal (Beukes and Gutzmer, 2008) basins in
Australia and South Africa, respectively. Lake Superior-type BIF deposits
are characterised by their undeformed nature, lateral continuity and
large size, and associationwith cratonic margin shelf successions, includ-
ing platform carbonates, carbonaceous shale, and quartz-rich sandstones
(Beukes and Gutzmer, 2008). This contrasts with Algoma-type BIF de-
posits (Section 9.2.2) that are associated with volcanic-dominated suc-
cessions, are restricted in extent and volume, and have variable
metamorphic and deformational characteristics (Gross, 1980, 1993).
The third type of BIF, Rapitan-type, is temporally and spatially restricted,
associated with transgression during interglacial periods related to
Neoproterozoic “Snowball Earth” conditions (Klein and Beukes, 1993).

Lake Superior-type iron formation has a restricted temporal distri-
bution, with virtually all deposits forming during the Archean and
Paleoproterozoic. This distribution is the consequence largely of the
evolution of the atmosphere and hydrosphere (e.g. Bekker et al.,
2010), and not directly related to tectonic processes.

Although important accumulations of iron, iron formations of all
types are only the precursor (about 30–35% Fe; Klein, 2005) to enriched
(in many cases, N60% Fe; Hagemann et al., 2016-in this issue) iron ore
deposits. The enrichment processes are often part of the intermediate
stage orogenesis at convergent tectonic margins (Section 9.4.4), but
can also be related to early basinal or late supergene processes.

8.2.3. Unconformity-related uranium deposits
Unconformity-related U deposits generally form at a redox bound-

ary near the unconformity between a thick, sandstone unit and the un-
derlying metamorphosed basement lithologies. The largest and best
known unconformity-related deposits are associated with the Athabas-
ca Basin in Canada and the Kombolgie Subgroup of the McArthur Basin
in northern Australia. They are structurally-hosted either in the base-
ment or in the unconformably overlying sandstone unit. Most known
unconformity-related U deposits are hosted byMesoproterozoic basins,
and are spatially related to Paleoproterozoic orogens (Kyser and Cuney,
2008). These include broadly coeval (2.1–1.8 Ga) orogens in northern
Australia and northern Canada, which formed during Nuna assembly.
Orogenesis was followed by a period of continental readjustment and
relative tectonic quiescence of around 500 million years. During this
time several large intracratonic basins formed and evolved, including
the Athabasca Basin in Canada and the Kombolgie basin in Australia.

8.2.3.1. Australian examples. In the Kombolgie Basin, far-field tectonic
events are thought to have produced hydraulic gradients across the ba-
sins causing episodic fluid flow between ~1740Ma and 1600Ma (Polito
et al., 2004, 2005; Orth et al., 2014). Based on higher precision (better
than 50Myr) geochronology data, these events have produced deposits
at Ranger (~1688 Ma: Skirrow et al., 2016-in this issue), Jabiluka
(~1674 Ma: Polito et al., 2005), Nabarlek (~1642 Ma; Polito et al.,
2004), Kylie (~1627 Ma: Von Pechmann, 1986) and Coronation Hill
(~1607 Ma: Orth et al., 2014). Other data with poorer precision
(N50 Myr: Maas, 1989) support the 1688–1607 Ma age range.

Although U mineralisation can occur above the unconformity in
Canada, in Australia it typically occurs in the basement below the un-
conformity, commonly forming alongmajor faults that transect the un-
conformity into the overlying basin (Mernagh et al., 1994, 1998). An
unusual feature of the Australian deposits, that sets them apart from
the Canadian deposits, is the presence of anomalous to ore-grade plati-
num group elements (Pt and Pd), although these zones can be separate
from U-rich zones. As an example, a (pre-JORC) resource of 6.69 Mt of
6.42 g/t Au, 0.3 g/t Pt and 1.01 g/t Pd was defined at the Coronation
Hill deposit (Ahmad et al., 2009) separate to U zones (0.344 Mt at
0.537% U3O8: McKay, 1990). Australian unconformity-related U de-
posits are associated with a sericite-chlorite ± kaolinite ± hematite al-
teration assemblage, and the composition of the host rock can vary from
graphitic and chloritic schist, phyllite and shale, with some deposits
hosted by carbonate rock (Mernagh et al., 1994, 1998).

Current models for the formation of unconformity-related U de-
posits can be divided into two types. One type involves the basement
as the source of U and basins as the source of the fluids (Cuney, 2005)
and the other involves the overlying basin as a source for both U and
fluid (Kyser et al., 2000). In the first model U is sourced from the
breakdown of monazite along fault zones as basinal brines interact
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with the basement. In the second model, U precipitates when the
oxidised basinal brine carrying U reacts with a reduced basement lithol-
ogy or mixes with reduced fluids. In this model, U is sourced from the
breakdown of U-bearing detrital phases by basinal fluids in deep
paleoaquifers (Kyser, 2007; Polito et al., 2011).

Outside of the Kombolgie Basin, other unconformity-related
mineral deposits in Australia include the Kintyre and Westmoreland
deposits (Jackson and Andrew, 1990; Mernagh andWygralak, 2011).
Although the Westmoreland deposits formed during the same
mineralising events as the Kombolgie deposits (~1655 Ma: Polito
et al., 2005), the Kintyre deposit, which is located near the unconfor-
mity between the Neoproterozoic Yeneena Basement and the
underlying Paleoproterozoic Rudall Complex, is significantly youn-
ger at 837 ± 33 Ma (Cross et al., 2011).

8.2.4. Shale-hosted Cu ± Co ± Ag deposits
Globally, shale-hosted Cu ± Co ± Ag deposits, which include

major deposits of the Kupferschiefer in central Europe and the
Zambian Copper Belt in south-central Africa (Hitzman et al., 2005;
Selley et al., 2005), are the largest producers of Co and major pro-
ducers of Cu and Ag.

8.2.4.1. Australian examples. Although not large by world standards,
Australia contains a number of shale-hosted Cu deposits in the
Centralian and North Australian superbasins (Solomon and Groves,
2000). The first mining rush in Australia, during the mid-1840s, was
to develop Cu deposits, including the Burra deposit, in the Adelaide
Rift System. This basin, which is the southernmost extension of the
Centralian Superbasin, initiated at prior to 800 Ma (probably ~830 Ma,
associated with the Gairdner dike swarm: Wingate et al., 1998) as the
supercontinent Rodinia broke up (Li et al., 2008). Copper deposits in
the Adelaide Rift System are present at several stratigraphic levels,
with the only well-dated stratigraphic position at ~797 Ma (Burra:
Preiss et al., 2009).

Larger shale-hosted deposits, which include the Nifty and
Maroochydore deposits, are present in the similar-aged Yeneena
Basin in Western Australia, which is the western-most extension of
the Centralian Superbasin. The age of the Nifty deposit is reasonably
well constrained at 822 ± 23 Ma (age updated from Huston et al.,
2007a), an age which overlaps with that of the nearby Kintyre
unconformity-related U deposit. Moreover, Smith (1996) estimated
a Pb-Pb model age of ~840 Ma for the Warrabarty Zn–Pb deposit,
also hosted by the Yeneena Basin. These data suggest contemporane-
ous or near contemporaneous Cu, U and Zn–Pb mineralisation, possi-
bly as part of a large regional mineral system. This mineral system is
interpreted to have been active either late during Yeneena Basin for-
mation, or during the first phase of basin inversion (Huston et al.,
2010a; e.g., Fig. 6D). This age, and the limited ages from the Adelaide
Rift System are similar to the oldest ages reported (~825 Ma: Barra-
Pantoja, 2005) from the Zambian Copper Belt.

In the North Australian Superbasin, the age and origin of shale-
hosted Cu deposits is not as well constrained. These deposits include
the Mount Isa Cu orebodies, which are thought to have formed syn-
tectonically at ~1523 Ma (Perkins et al., 1999), ~130 Myr after deposi-
tion of the host succession, and deposits in the Gunpowder district
(Richardson and Moy, 1998), which are undated. Although the hosts
to most of these deposits are dolomitic shale (e.g. the Urquart Shale at
Mount Isa), some are hosted by sandstone (e.g. Mammoth and
Esperanza in the Gunpowder district: Solomon and Groves, 2000;
Richardson and Moy, 1998; Hutton et al., 2012).

8.2.4.2. Comparison with other global examples. As discussed by Hitzman
et al. (2005), many shale-hosted Cu ± Co ± Ag deposits have peripheral
Pb–Zn halos that are part of a deposit- to regional-scale metal zonation
that can be related to the oxidation state of the host rocks. This has
been well documented in the Kupferschiefer deposits in Poland
(Oszczepalski, 1999), where the host rocks progressively become
oxidised with stratigraphic depth, with a highly oxidised (Fe3+-
dominated; Fe2O3/TOC1 N 15), but barren Rote Faule underlying a Cu–
Co mineralised transitional zone (Fe2O3/TOC N 2), which, in turn, under-
lies a Zn–Pb–Cu-mineralised reduced zone (Fe2O3/TOC b 0.8). This zona-
tion is interpreted to be the consequence of the influx of highly oxidised,
diagenetic brines from below, with mineralisation caused by progressive
reduction of the ore fluid (and oxidation of the host succession) as it
interacted with initially organic-carbon-rich shale and dolomite
(Oszczepalski, 1999). Uranium, Au and PGEs also form part of this metal
zonation. Oszczepalski (1999) indicated that Au and PGEs are enriched
in the oxidised zone and highly enriched (to 100 ppm Au and 14 ppm
Pt) in the transition zone, but low in the reduced zone. Piestrzyński
(1990) indicated that U is most enriched in the oxidised zone
(Weißliegendes sandstone; to 677 ppm), but also in the reduced zone
(to 360 ppm). Although not as well documented as in the Kupferschiefer,
shale-hosted Cu deposits in the Yeneena Basin are also zoned. At Nifty,
Anderson et al. (2001) documented a zone of Zn–Pb enrichment that
stratigraphically overlies the Cu-rich ore, the pyrite marker chert. They
also documented the presence of uranite and pitchblende in the Cu-rich
ores.

Although most workers infer that shale hosted Cu ± Co ± Ag de-
posits form from oxidised and saline, low to moderate temperature
ore fluids (e.g. Hitzman et al., 2005), there is surprisingly little data on
fluid characteristics from this deposit type. Limited fluid inclusion
(Annels, 1989; Tonn et al., 1987; Breit and Meurnier, 1990) data from
the Zambian Copper Belt, the Kupferschiefer and the Paradise Basin in
the western United States suggest low temperature (70–170 °C),
moderate to high salinity (7–23 wt.% NaCl eq) brines. At Mount Isa,
most fluid inclusion homogenisation temperatures for the silica-
chalcopyrite stage of ore formation were 140–180 °C, but it was not
possible to estimate the pressure correction (Heinrich et al., 1989).
Although Heinrich et al. (1989) originally proposed a reduced ore
fluid, subsequent work (Heinrich et al., 1993; Waring et al., 1998) pro-
posed a relatively oxidised (ΣSO4 ≥ ΣH2S), high temperature (300 °C)
ore fluid.

8.2.5. Chemical links between basin-hosted U, Cu±Co±Ag and Zn–Pb–Ag
deposits?

As discussed above, themetallogeny of U, Cu±Co±Ag and Zn–Pb–
Ag is linked in a number of basins around theworld. This linkage is seen
both at the deposit and basin scale. In many deposits, these metals are
spatially zoned (e.g. Kupferschiefer) and in some basins, deposits with
these diverse metal assemblages appear to closely coincide in time.
Although in detail these deposits and basins are inmanyways different,
in most cases the ore fluids are thought to be oxidised, saline and sul-
phide poor, with production of sulphide at the site of mineralisation
being a critical process in the mineral systems.

Brown (1971), Rose (1976) and Kirkham (1989) proposed that ore
deposition in shale hosted Cu± Co±Ag deposits was caused by reduc-
tion of initially oxidised fluids, noting that this process can account for
the Cu–Fe–S mineralogical (chalcocite→ bornite → chalcopyrite → py-
rite) and metal zonation (Cu → Zn–Pb) observed at many deposits.
Fig. 9 illustrates this process at low temperatures (100–150 °C). As the
ore fluid is reduced (arrow A), Cu solubility decreases and initially chal-
cocite and then bornite are deposited with hematite, followed by the
deposition of chalcopyrite and pyrite. Zinc (and Pb) deposition only oc-
curs when sufficient H2S becomes available (i.e. when ΣH2S→ ΣSO4). If
the initial fluid conditions are sufficiently oxidised, U precipitates at the
very earliest stage of the reduction processes (arrow B).

If temperatures are sufficiently high (e.g. ~300 °C, as suggested for
the Mount Isa Cu orebodies: Heinrich et al., 1989; Waring et al., 1998)
and the fluids are only moderately oxidised (Waring et al., 1998), the
ore fluids cannot transport significant U, and Zn (and Pb) will not



Fig. 10. Schematic diagram showing stages in the evolution of a convergentmargin and as-
sociatedmineral deposits: (A) subduction, (B) orogenesis, and (C) post-subduction exten-
sion. This diagram builds upon an original diagram from Richards (2009).
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precipitate as the fluid evolution parallels Zn solubility contours (arrow
C in Fig. 9). This evolution path will, in fact, dissolve Zn due to the very
high Zn solubilities (N500 ppm), which is consistent with observations
atMount Isa that the Cu orebodies replace the Zn–Pb orebodies (Waring
et al., 1998).

The presence of coeval U, Cu± Co±Ag and Zn–Pb deposits in some
metallogenic provinces suggests that these depositional processes and
paths might apply at a larger scale, with redox gradients within basins
producing a range of deposits from oxidised fluids that are the natural
products of relatively oxidised rock assemblages that characterise
many thermal subsidence basins or passive margins. Importantly,
these relationships suggest that in these oxidised basins, the presence
of a deposit characterised by one metal assemblage may indicate the
presence of geologically-related metal assemblages, either as part of
deposit-scale zonation or as separate deposits along redox gradients.
As this basin-hosted metallogenic system required oxidised ore fluids
that form in oxidised basins, it is restricted temporally to after the oxida-
tion of the atmosphere in the Paleoproterozoic, which, for the first time,
produced oxidised rock packages and surficialfluids (Leach et al., 2010).
Another factor that may be important is the amalgamation and breakup
of the supercontinent Nuna (and, later, Rodinia), which produced
extensive passive margins and shallow seas in which this metallogenic
system developed (Leach et al., 2010).

9. The tectono-metallogenic system related to convergent margins

As discussed by numerous authors, and shown in Fig. 10, tectonic
processes that occur along convergent margins are not restricted to
the formation of arcs and related basins, but include orogenesis caused
by the accretion of arcs, oceanic plateaux, seamounts, microcontinents
and and/or other exotic terranes, or by changes in the vector or dip of
subduction. Post-subduction extension commonly follows and can be
associated with underplate delamination (e.g., Richards, 2009) or be
the consequence of an evolving tectonic system (see Section 9.5). Al-
though convergent margins are dominated by convergence between
two plates, and generally involve thickening of the over-riding plate to
form magmatic arcs, this tectonic system can involve (significant)
local extension, for example the formation of back-arc basins.Moreover,
if subduction and subsequent accretion is oblique, significant zones of
transpression or transtension can develop along convergent margins.

In the following discussion, the evolution of convergent margins is
divided into three stages. The first stage is subduction, which is accom-
panied by the formation of volcanic arcs andback-arc basins in the over-
riding plate (Fig. 10A). Importantly, this stage can involve both thicken-
ing and thinning of the over-riding plate. It is followed by an intermedi-
ate stage of orogenesis, during which the over-riding plate goes fully
into contraction, due to either a change in the geometry of subduction
or the accretion of an exotic block (Fig. 10B). The final stage is post-
subduction extension (Fig. 10C), which can be accompanied by post-
orogenic collapse to compensate for gravitational instability,
re-initiation of subduction, delamination of underplated materials
formed during the earlier stages of convergence, and other processes
(Section 9.5).

These convergent stages produce a large range of ore deposit types,
including porphyry Cu-Mo-Au and related epithermal and skarn de-
posits, orogenic gold deposits, Mississippi Valley-type (MVT) deposits,
granite-related Sn–W–Mo deposits, and, possibly, iron oxide–copper–
gold (IOCG) deposits. In addition, ancient volcanic-hosted massive sul-
phide (VHMS) deposits appear to be restricted to convergent margins,
as subduction and seafloor oxidation (after the Great Oxidation Event)
appear to remove deposits formed along divergent mid-ocean ridges
(Huston et al., 2010b). Although some of these types of deposit seem
to be associated with specific stages of the convergent tectono-
metallogenic system (e.g. orogenic gold andMVT deposits with orogen-
esis), others span this system. For example, although porphyry Cu ±
Au ± Mo and related deposits are mostly associated with subduction,
new data suggest that an important sub-type of these deposits – those
associated with alkaline magmatism — can be associated with post-
subduction extension (Müller and Groves, 1993; Crawford et al., 2007;
Richards, 2009). In addition to the temporal patterns noted above, in
some cases there is a distinct spatial distribution pattern within specific
stages, as discussed below. Finally, the time scale overwhich convergent
tectono-metallogenic systems evolve can be very rapid, commonly less
than 50 Myr (Section 9.5), and in some cases, existing geochronology
may be too coarse to resolve stages, particularly in older systems.

9.1. Secular variations in convergence and implications for mineral systems

The tectono-metallogenic systems approach integrates mineral sys-
tems with tectonic systems and relates their evolution to geodynamic
processes. However, it is likely that both tectonic processes and under-
lying geodynamic drivers have changed through Earth's history.
Although some secular trends are evident within the rock record, such
as the restriction of komatiites largely to the Archean and
Paleoproterozoic (Arndt et al., 2008), the underlying causes of these
changes are controversial. Although a detailed discussion is beyond
the scope of this paper, we provide below a brief summary of how
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geodynamic processes may have changed over time, and how these
changes have affected both tectonic and metallogenic systems.

The Archean was a period of fundamental changes in geodynamic
processes on Earth, which changed from a magma ocean during the
Hadean to a planet with some features of modern-style plate tectonics
(Fig. 11). The fundamental underlying process governing these changes
is the thermal evolution of themantle. Most models suggest themantle
was 150–250 °C hotter in the mid- to late Archean, relative to present
day, and cooled from the late Archean–early Proterozoic onwards (e.g.
Herzberg et al., 2010; van Hunen and Moyen, 2012). Secular changes
in global geodynamics can be directly, or indirectly, linked to this
cooling process (e.g. van Hunen and van der Berg, 2008) and changes
to the manner in how heat is lost through time (e.g. Stern, 2007). The
Archean is considered to have been characterised by the transition
from an unstable stagnant-lid tectonic regime (Brown, 2014; Johnson
et al., 2014), with intensemantle plume activity and/ormantle overturn
events (Griffin et al., 2014), to (some form of) a plate tectonic regime
(e.g. Pease et al., 2008). The transition seems rather gradational
resulting in the coexistence of both tectonic regimes during this time
period, and possibly for some time thereafter (e.g. Stern, 2008).

Other processes may have changed/stopped more abruptly towards
the end of the Archean, such as the formation of continental crust and
subcontinental lithospheric mantle (SCLM). Isotopic data suggest that
the Archean was a period of rapid continental crustal growth, with over
60% of continental crust formed by its end (Belousova et al., 2010;
Dhuime et al., 2012).Most (70%) of the SCLM is suggested to have formed
between 3.3 and 2.7 Ma (Griffin et al., 2014 and the references therein;
Fig. 11). Compared to SCLM thatwas formed later, Archean SCLM is highly
depleted and thus buoyant and rigid (Boyd, 1998), both attributes which
facilitated its preservation through time. The formation of these
lithospheric blocks has profound consequences for geodynamics, because
they may assemble to form larger cratons, facilitate far-field stress
transfer, and focus deformation (and convergence) along their margins
(e.g. Begg et al., 2010).

A number of secular trends are evident in the geological record that
can be used to constrain tectonic regimes (Fig. 11). Although the inter-
pretation of some early geological features as indicators for plate
Fig. 11. Overview of secular trends of the geological record and mineral deposits, partly compile
Condie andKröner (2008); 3— Stern (2007); 4—Griffin et al. (2014); 5—Dhuime et al. (2012);
Brown (2014); 10— Huston et al. (2015); 11—Huston et al. (2010b); 12— Goldfarb et al. (200
tectonics (e.g. the ~3.8 Ga Isua greenstone belt in Greenland as an accre-
tionary complex: Komiya et al., 1999) remains controversial, there is in-
creasing consensus that from the Neoarchean onwards (b2.8 Ga) plate
tectonics became the dominant tectonic regime (e.g. Cawood et al.,
2006; Condie and Kröner, 2008). Arguments in support of this interpre-
tation include the (widespread) appearance of passive margins
(Bradley, 2008), arc volcanic rocks (e.g. boninites, shoshonites) and
paired metamorphic belts (Brown, 2014). Isotopic and mineral chemis-
try on sulphide and silicate inclusions in diamond indicate amajor com-
positional change occurred at 3 Ga after which eclogitic inclusions
became prevalent (Shirey and Richardson, 2011). The style of plate tec-
tonics, in particular the style of Precambrian subduction, however, is de-
bated, and current views are strongly informed by theoretical
considerations and numerical modelling (Korenaga, 2013; Gerya,
2014).

Undoubtedly, a hotter mantle had significant consequences on con-
vergence and subduction zone dynamics in the Archean. For example,
melting would have started at greater depth and occurred at higher
temperatures (van Thienen et al., 2004), leading to thicker, more buoy-
ant oceanic crust and SCLM. Moreover, the mantle would have had a
lower viscosity, providing less support for a subducting slab, which
would have had lower strength and coherency (van Hunen and
Moyen, 2012). The latter two characteristics are particularly important,
as thermo-mechanical models suggest that they contribute to frequent
slab break-off in the Archean (van Hunen and Van der Berg, 2008).
This effectively removes the slab pull, and would lead to a much more
short lived, episodic style of subduction (or “proto-subduction”;
Moyen and vanHunen, 2012). Moyen and van Hunen (2012) suggested
that this proto-subduction evolved into more sustainable subduction
settings as a function of mantle cooling.

Using a variety of parameters assumed to be different in the Archean
(e.g. radiogenic heat production, melt-related weakening, thickness of
the oceanic crust, and oceanic plate velocity), Sizova et al. (2010)
modelled the initiation and style of subduction, identifying three tec-
tonic regimes: (1) “no-subduction”, where, due to extremely weak
plates, horizontal movements are accommodated by internal strain;
(2) “pre-subduction” regime, where plates can deform internally due
d from literature. Numbers in brackets correspond to references: 1— Bradley (2008); 2—
6—Arndt et al. (2008); 7— Smithies andChampion (2000); 8—Herzberg et al. (2010); 9—
1); 13— Groves et al. (2010); 14— Leach et al. (2010); 15— Richards and Mumin (2013).



188 D.L. Huston et al. / Ore Geology Reviews 76 (2016) 168–210
to melt-related weakening, and convergence causes shallow under-
thrusting of the continental plate by the oceanic plate without forma-
tion of a mantle wedge; and (3) “modern subduction”, where stable
one-sided subduction has been possible. The transition between the re-
gimes is controlled bymantle temperature, with the first transition tak-
ing place at mantle temperatures 200–250 °C above present day values,
and the transition tomodern subduction at temperatures of 175–160 °C
above present day values, during Meso- to NeoArchean time (Sizova
et al., 2010).

The Neoproterozoic–Paleozoic transition is another time in Earth
history where significant changes are preserved in the geological/rock
record. These include the first widespread occurrence of ophiolites
and blueschists (e.g. Stern, 2007), ultra-high pressure (UHP) terranes,
and “cold” apparent geothermal gradients in subduction zone settings
(Brown, 2014). This period is interpreted to mark the transition from
a shallow- to deep slab break-off, and hence deeper subduction, which
creates a colder environment in the subduction zone (Maruyama and
Liou, 1998; Brown, 2014). Thermomechanical numerical modelling by
Sizova et al. (2014) suggests that the transition occurs at ambient man-
tle temperatures 80–100 °C warmer than present, during the late
Proterozoic.

These transitions in geodynamic drivers can be related to changes in
the characteristics of mineral systems, for example the volcanic-hosted
massive sulphide (VHMS) mineral system. Prior to ~2.8 Ga, these de-
posits, though present, are reasonably uncommon,with themost signif-
icant deposits being those in the Golden Grove district in the Youanmi
Terrane of the Yilgarn Craton (Fig. 4). This district is thought by some
to have formed in an intracratonic setting, where crustal attenuation
may be attributed tomantle plume activity (Ivanic et al., 2012). Alterna-
tively, the setting could be a back-arc basin. Volcanic-hosted massive
sulphide deposits in the Eastern Pilbara Granite-Greenstone Terrane
where they are thought to have formed in a geodynamic setting analo-
gous to an oceanic plateau (Huston et al., 2007b; Van Kranendonk et al.,
2014). In general, these deposits are not considered to have formed in a
subduction setting.

The first major peak in VHMS abundance, between 2.75 and 2.65 Ga
(Huston et al., 2010b) corresponds to the time when “proto-subduc-
tion” is interpreted to have been prevalent. These deposits and those
that formed the second major peak in VHMS abundance at 1.90–
1.70 Ga are hosted by volcanic successions with higher abundances of
mafic volcanic rocks relative to the third peak, which formed at 0.75–
0.00 Ga (Fig. 11). Moreover, the first and second peaks are most closely
associated with volcanic successions with tholeiitic affinities (FIIIa and
FIIIb types of Lesher et al., 1986), whereas the third peak is associated
with calc-alkaline volcanic successions (FII type; Hart et al., 2004).

The changes between the second and third peaks of VHMS abun-
dance correspond to the transition between shallow and deep slab
breakoff. Continuation of subducting slabs at depth has two significant
consequences. First, the presence of a coherent, deep and cold slab
would favour slab pull and rollback, as rollback is most likely driven
by the negative buoyancy of the subducting plate (Schellart, 2008). Sec-
ond, subduction of crust would encourage fertilisation of the mantle
wedge, enhancing the production of calc-alkaline magmas. Within this
context the change in the geochemical affinity of associated rocks is re-
markable: while Neoproterozoic and Phanerozoic VHMS deposits are
affiliatedwith calc-alkaline rocks, which indicate proximity to a subduc-
tion setting, tholeiitic volcanic rocks associated with Paleoproterozoic
andArchean systemsmay indicate a greater geographic spread between
back-arc basins, which host the deposits, and the associated arcs.

In summary, this section warrants a note of caution when using an
overly uniformitarian (i.e. modern/Phanerozoic plate tectonic) view as
a reference frame for mineral systems, because other tectonic regimes
(stagnant lid, plume-related, mantle overturn) have been present on
Earth. Moreover, the changes in plate tectonic style and subduction
zone configuration since its suggested onset in the Archean until at
least the Phanerozoic, are still debated. Integration and consideration
of these secular changes (and related uncertainties) into the mineral
systems assessment, however, provides a powerful tool for exploration.

9.2. Initial stage — subduction and formation of arcs and back-arc basins

On modern Earth, two broad types of convergent margins are
known: (1) East Pacific-type margins, and (2) West Pacific-type mar-
gins (Stern, 2002). Although both of these convergent margins contain
magmatic arcs and associated fore-arc basins, West Pacific-type mar-
gins have extensive back-arc basins, whereas in East Pacific-type mar-
gins, such as the Andean cordillera, back-arc basins are not as well
developed. This difference is related to the interaction between the con-
verging plates, including the relative rates at which the over-riding
plate advances, and the subducting plate sinks (and so retreats
oceanward). The rate of sinking is related to the age of the subducting
slab (i.e. young, hot crust versus old, cold crust: Stern, 2002). If the
rate of advance is greater than the rate of retreat, the over-riding plate
is entirely in contraction, and back-arc basins, which are a product of ex-
tension of the over-riding plate, do not form. This style of convergence is
termed advancing accretionary orogenesis and results in East Pacific-
type margins (Cawood and Buchan, 2007). If the rate of advance is
less than the rate of slab sinking and retreat, the over-riding plate is
partly, or wholly, in extension, and back-arc basins form, producing
West Pacific-type margins (Cawood and Buchan, 2007). Importantly,
the style of convergence has a significant influence not only on the
types of mineral systems that develop, but on the architecture available
to and used by these systems, as the convergent margins evolve from
subduction to orogenesis, as discussed below. Systems can switch rapid-
ly from one style to the other (e.g. Collins, 2002a) and more than one
style of convergence may exist along convergent margins, suggesting
that mineral systems can evolve in a complex manner in space and in
time along individual convergent margins. This is well illustrated by
the Lachlan tectonic cycle in the Tasmanides as discussed in Section 9.5.

9.2.1. Calc-alkaline porphyry Cu ± Au ± Mo deposits
Fig. 10A schematically illustrates the distribution ofmineral deposits

formed during the first stage of the convergent tectono-metallogenic
system. Porphyry Cu ± Au ± Mo and related epithermal deposits
associated with calc-alkaline magmatism form in magmatic arcs that
develop over the most thickened part of the over-riding plate and ap-
pear to have formed in overall contractional settings (Sillitoe, 1998;
Cooke et al., 2005). Importantly, these deposits form in both advancing
(e.g. Andean margin) and retreating (e.g. Philippines, Papua-New
Guinea) accretionary convergent systems. The magmas responsible for
subduction-related porphyry-epithermalmineral systemswere derived
from the melting of a subduction-enriched mantle wedge, with ascent
into the upper crust driven by buoyancy (Richards, 2003: Fig. 10A).
According to Sillitoe (1998) and Cooke et al. (2005), the overall contrac-
tion setting of this environment promotes the formation of porphyry
Cu±Au±Modeposits because (1) contraction impedesmagma ascent
through the upper crust and, thus, impedes volcanism, (2) the resultant
magma chambers in these settings are larger, (3) as eruption is imped-
ed, fractionation in thesemagma chambers is promoted, resulting in the
generation of large volumes of magmatic-hydrothermal fluids, (4) con-
traction restricts the number of apophyses that form on the magma
chamber, providing the potential for more efficient fluid focusing, and
(5) rapid uplift and erosion promotes efficient extraction and transport
of magmatic-hydrothermal fluids due to abrupt decompression. Forma-
tion of porphyry Cu ± Au ±Mo deposits seems to be triggered by per-
turbations in the overall contractional stress field that reflect changes in
the geometry of the convergent system (e.g. changes in slab dip or vec-
tor or relativemotion). Although details of the relationships and charac-
teristics of porphyry Cu±Au±Mo and related deposits are beyond the
scope of this contribution, this information can be found in Titley and
Beane (1981), Seedorf et al. (2005), Simmons et al. (2005) and numer-
ous other publications.
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9.2.1.1. Australian examples. Compared to many other countries (e.g.
Chile, Peru, USA, Indonesia and Philippines), Australia is poorly
endowed with porphyry Cu ± Au ±Mo and related deposits, probably
because Australia does not contain the young (Cenozoic) magmatic arc
rocks that preferentially host these deposits. Rather, the limited
Australian porphyry Cu ± Au ± Mo and related deposits are much
older, ranging in age from Paleoarchean to Permo-Triassic. At
~3325 Ma (Huston et al., 2007b), the Spinifex Ridge (Coppins Gap)
Cu–Mo deposit is the oldest known porphyry deposit in the world.
This deposit is thought by some workers (e.g. Smithies et al., 2005;
Van Kranendonk et al., 2014) to have formed in an oceanic plateau en-
vironment, although others (Barley, 1997) infer a subduction-related
origin. The first phase (~2740 Ma: Stein et al., 2001) of mineralisation
at the giant Boddington Au–Cu deposit is interpreted to have formed
as a porphyry-style deposit (McCuaig et al., 2001) within the
Saddington oceanic arc (Qui et al., 1997; Korsch et al., 2011). Small
porphyry-style deposits, with probable ages of ~1840 Ma, are known
in the Halls Creek Orogen (Hassan, 2000). In Western Victoria, the
Cambrian Stavely Arc is interpreted to have formed in a continental
margin setting along the east Gondwanaland margin (Cayley et al.,
2011a) and contains a number of porphyry-style Cu prospects
(Willocks et al., 1999). This system extends north, beneath Murray
Basin cover, into western NSW as the Mount Wright Arc (Greenfield
et al., 2011).

Economically the most significant porphyry Cu–Au deposits in
Australia are those in the Ordovician to Silurian Macquarie Arc (Cadia
and Northparkes districts). Although most of these deposits are
interpreted to have formed during post-subduction alkalinemagmatism
(Crawford et al., 2007; Section 9.4.1), a small number of older deposits
(e.g. the Marsden and the ~450 Ma Copper Hill deposits: Perkins et al.,
1995) are associated with calc-alkaline volcanic rocks (Crawford et al.,
2007) and formed during subduction.

9.2.2. Volcanic-hosted massive sulphide deposits and Algoma-type banded
iron formation

Although porphyry Cu±Au±Mo and related deposits form in both
advancing and retreating accretionary systems, modern VHMS deposits
that form along convergentmargins2 seem to be restricted to retreating
accretionary systems as extension of the over-riding plate forms back-
arc basins and/or rifted arcs that are essential to the formation of
these submarine systems (Fig. 10A). Volcanic-hosted massive sulphide
deposits are some of the most widespread on earth. They formed
through much or Earth's history and are known to exist on all conti-
nents except Antarctica (Franklin et al., 1981, 2005).

Most ancient VHMS deposits are interpreted to have formed during
volcanism and sedimentation associated with the formation of back-arc
basins or rifted arcs, andmagmatism caused by decompression melting
of the lower crust and upper mantle (Fig. 10A). The deposits form both
as exhalative bodies at, or as replacement bodies just below, the sea-
floor. Although not an exclusive relationship, these deposits are com-
monly associated with felsic volcanic rocks, even in mafic-dominated
volcanic successions (Franklin et al., 1981, 2005; Hart et al., 2004). The
deposits can be associated with changes in volcanic facies or with syn-
depositional extensional structures (Doyle and Allen, 2003). In many
cases, there is a temporal and spatial relationship with subvolcanic in-
trusions and with regional alteration zones (Galley, 1993, 2003).

In Archean and, possibly, Paleoproterozoic terranes, VHMS deposits
seem to be associated with juvenile, attenuated continental crust, as in-
dicated by Nd and Pb isotope characteristics (Huston et al., 2014;
Champion and Huston, 2016-in this issue), but this relationship breaks
down in younger terranes. Moreover, older VHMS deposits are strongly
associated with high temperature (A-type), felsic volcanic rocks with
tholeiitic affinities (the FIII types of Lesher et al., 1986). This relationship
2 Volcanic-hosted massive sulphide deposits also form along mid-ocean ridges, but these
are unlikely to be preserved in the geological record as discussed earlier.
breaks down for younger terranes (Piercey et al., 2001; Hart et al.,
2004), however, suggesting that the tectonic setting that hosts VHMS
deposits may have changed over time. The changes in the geochemistry
of VHMS-associated volcanic rocks suggest that these changeswith time
could relate to a general cooling of the upper mantle, longer stability of
arc systems, the increasing importance of evolved continental crust as a
substrate to the arc systems, and/or to an increasing importance of
(peri-)continental rifted arc and back-arc (as opposed to oceanic back-
arcs) environments as preferential loci for the formation of VHMS de-
posits (e.g. Lentz, 1998; Piercey et al., 2001; Piercey, 2011).

In the last twenty years a new type of VHMS deposits has been
recognised - Cu-Au-rich deposits associated with advanced argillic al-
teration assemblages, or “high sulphidation” deposits (Sillitoe et al.,
1996; Hannington et al., 1999; Mercier-Langevin et al., 2011). In
Canada, these deposits (e.g. those in the Bousquet district: Dubé et al.,
2007, 2014; Mercier-Langevin et al., 2007a,b) have become attractive
exploration targets. In Australia, the Mount Lyell (Huston and
Kamprad, 2001) and Henty (Callaghan, 2001) deposits in western Tas-
mania are examples of these deposit types, which are thought to be hy-
brid between the porphyry-epithermal deposits that form in arcs, and
the more typical Zn-rich deposits that form in back-arcs. Someworkers
(e.g. Large et al., 1996; Hannington et al., 1999; Huston et al., 2011;
Mercier-Langevin et al., 2011; Dubé et al., 2014) have suggested that
“high sulphidation” Cu–Au-rich VHMS deposits may have a significant
magmatic-hydrothermal component. TheMountMorganAu–Cudepos-
it (Messenger et al., 1998) may also be an example of a hybrid deposit.
Geochemically, hybrid Archean deposits are associated with type FI
and FII felsic volcanic rocks of Lesher et al. (1986), suggestive of a calc-
alkaline affinity. Spatially, these deposits may form in the transition
from arc to back-arc basin (Mercier-Langevin et al., 2007a,b; Huston
et al., 2011).

9.2.2.1. Australian examples. Volcanic-hosted massive sulphide deposits/
events occur through much of the geologic history of Australia, from
~3480 Ma (Dresser deposit: Van Kranendonk et al., 2008) to ~275 Ma
(Mount Chalmers: Crouch, 1999). The earliest significant deposits are
those in the ~3240 Ma Panorama district in the East Pilbara Granite-
Greenstone Terrane (Brauhart et al., 1998, 2001). Other important
districts include the ~2950 Ma Golden Grove district in the Youanmi
Terrane (Ashley et al., 1988; Sharpe and Gemmell, 2002), the ~505–
500 Ma Mount Read district in western Tasmania (Seymour et al.,
2006; Mortensen et al., 2015), the ~480 Ma Mount Windsor and
Balcooma districts in north Queensland (Berry et al., 1992; Huston
et al., 1992), the ~475 Ma Girilambone district in northern New South
Wales (Huston et al., 2016-in this issue) and ~420Ma deposits associat-
edwith extensional zones in southeastern New SouthWales and north-
eastern Victoria (Champion et al., 2009).

9.2.2.2. Links to Algoma-type banded iron formation. It was recognised
shortly after syngenetic models for VHMS were developed that, in
many districts, the deposits were associated with Algoma-type BIFs at
or near the stratigraphic position of mineralisation (Stanton, 1960). In
contrast to Lake Superior-type BIFs, which form on passive margins
(Section 8.2.2), Algoma-type deposits are much smaller, are associated
with volcanic- and turbidite-dominated successions, and are thought
to be the products of exhalation related to volcanism (Gross, 1980).
Although developed predominantly during Archean and Paleo-
proterozoic, the association of VHMS deposits with Algoma-type BIFs is
also present in some younger districts, such as the Ordovician Bathurst
district in New Brunswick and the Hokuroku district in Japan
(Goodfellow, 2007b; Kalogeropoulos and Scott, 1983).

9.2.3. Orthomagmatic komatiite-associated Ni–Cu–PGE deposits
The other significant type of deposit that formed along continental

margins is the Ni–Cu–PGE type associated with komatiitic volcanic
and related shallow intrusive rocks. These deposits are typically
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associated with mafic–ultramafic greenstone sequences that are con-
trolled by the interaction of mantle plumes with the thinned margins
of continental lithosphere (Mole et al., 2014). Komatiites are found in
most Archean granite-greenstone terranes, but nickel-sulphide
mineralisation associated with these rocks has a very restricted distri-
bution. Although the vast majority of Archean komatiite-associated
Ni–Cu–PGE deposits are present in the Yilgarn Craton in Western
Australia, other Archean provinces contain small deposits, including
the greenstone belts in the Abitibi Subprovince of Canada, and the
Zimbabwe Craton (Naldrett, 1981).

9.2.3.1. Australian examples. The global endowment of nickel-sulphides
in Archean komatiites is overwhelmingly dominated by the Kalgoorlie
Terrane of the Eastern Goldfields Superterrane in the Yilgarn Craton of
Western Australia. Barnes and Fiorentini (2012) questioned whether
the Kalgoorlie Terrane komatiites possess any exceptional attributes
that could explain this bias through an exhaustive compilation of geo-
chemical data from this terrane and a number of other terranes contain-
ing komatiite-hosted nickel-sulphide mineralisation worldwide,
including the southeastern Youanmi Terrane of the Yilgarn Craton, the
eastern terranes of the Eastern Goldfields Superterrane (Kurnalpi,
Burtville and Yamarna terranes), and the Abitibi Subprovince in
Canada. The presence of adcumulate dunites, formed by high magma
fluxes in central conduits, is the common feature between all of these
mineralised terranes. Coupled with evidence for higher degrees of con-
tamination in the Kalgoorlie Terrane, and the availability of accessible
crustal S sources (Bekker et al., 2009; Fiorentini et al., 2012), it appears
that magma flux, rather than primitive magma composition or source
(cf. Zhang et al., 2008), was the critical factor, and that craton-scale
deep lithospheric structure is the ultimate control on rates of magma
transfer between mantle source and crustal emplacement site (cf.
Begg et al., 2010). The Kalgoorlie Terrane komatiites were emplaced at
exceptionally high rates, giving rise to well-developed long-lived
magma conduits, either lava tubes or subvolcanic channelised sills,
which are interpreted to be the essential condition for forming large de-
posits (Barnes and Fiorentini, 2012).

Begg et al. (2010) discussed the role of lithospheric setting on the
localisation and clustering of nickel-sulphide mineralisation associated
with mafic and ultramafic magmas. These authors based their argu-
ments on observations derived from large tomographic data sets and
on whole-rock Sm-Nd analyses of granitoid rocks hosting variably
endowed greenstone belts, which were used as proxies of the timing
and nature of crustal differentiation processes (Champion and Cassidy,
2007). More recently, other authors put forward the idea that these
komatiite-hosted nickel-sulphide deposits, which are restricted to Ar-
chean and Paleoproterozoic terranes, are associated with isotopically
more evolved crust (Barnes and Fiorentini, 2012; Huston et al., 2014;
Champion and Huston, 2016-in this issue) in contrast to the juvenile
crust that characterises VHMS-rich domains. Finally, Mole et al. (2012,
2013, 2014) illustrated that the evolving nature of the lithospheric ar-
chitecture has played a key role over the entire Archean aeon in the gen-
esis of komatiite-hosted nickel-sulphide camps. These authors utilised
radiogenic isotopes as proxies for the age and thickness of the litho-
sphere, emphasising how craton margins are preferred loci for the set-
ting of mineralised komatiite camps. Unlike whole-rock Sm–Nd
isotope systematics, which allow imaging of lithospheric architecture
roughly at the time of felsic magmatism, the application of in-situ
Lu-Hf techniques were utilised as a “paleo-geophysical” tool to image
cryptic craton boundaries through time (Mole et al., 2014).

9.3. Intermediate stage — orogenesis

The incipient stage of the convergent margin tectono-metallogenic
system is typically ended by either accretion of an exotic block (large
or small: Fig. 10B) or a shallowing of subduction (Collins and Richards,
2008), which places the over-riding plate into contraction. This results
in orogenesis and metamorphism, and the development of three types
of mineral deposits/systems that characterise this phase: orogenic
gold deposits, orogenic base metal (Cu–Au–Zn–Pb–Ag) deposits, and
Mississippi Valley (MVT) deposits.

9.3.1. Orogenic gold deposits
Orogenic gold systems typically form late in the evolution of conver-

gent margin settings, during the main contractional orogenic stage and
largely in fore-arc to back-arc settings in an accretionary margin (e.g.
Kerrich and Wyman, 1990; Goldfarb et al., 2001, 2005; Groves and
Bierlein, 2007; Bierlein et al., 2009). They are the result of stabilisation
and cratonisation of an accretionary assembly, and are preserved in
most Archean to Tertiary accretionary settings (Groves et al., 1998;
Kerrich et al., 2000; Goldfarb et al., 2001; Wyman et al., 2003; Bierlein
et al., 2009). The excellent preservation is largely due to the large crustal
depth range (from 3 km down to at least 15 km) over which these sys-
tems form. Orogenic gold systems represent orogeny-wide release of
fluids andmagma, frompreviouslymetasomatised sub-continental lith-
ospheric mantle or fertile lower crust to the near-surface environment
as a response to: (1) thermal relaxation following accretionary suturing,
and (2)metamorphic dehydration reactions, and (3) changes in the far-
field stresses due to anomalous plate geometries and their interaction
with continental margins or previously accreted terrains (Goldfarb
et al., 1991; Kerrich and Wyman, 1994; Wyman et al., 1999; Groves
and Bierlein, 2007; Bierlein et al., 2009; Willman et al., 2010).
Metasomatised sub-continental lithospheric mantle, which can form
during the earlier subduction stage, is now also recognised as a potential
source of gold (Bierlein et al., 2006; Richards, 2009).

9.3.1.1. Orogenic gold deposits in the Yilgarn Craton. There is now
evidence that the relative timing of gold mineralisation in the Yilgarn
Craton is closely linked in time and space to a group of mantle-
derived, felsic–mafic intrusions (Cassidy et al., 2002; Champion and
Cassidy, 2007; Czarnota et al., 2010), and the contraction of post-
volcanic siliciclastic basins (e.g. ‘late basins’: Krapež, 2007; Krapež
et al., 2008a,b). Deposition of the ‘late basins’ directly precedes major
transpressional deformation (Czarnota et al., 2010) and basin inversion.
In the Yilgarn Craton, the timing of ‘late basin’ inversion, correlates
broadly with a switch from mantle-derived (i.e. ‘mafic’ group granites)
to crustal-derived (i.e. ‘low-Ca’ granites) felsic magmatism and overlaps
with the range of robust age data for gold mineralisation, i.e. 2655–
2650 Ma at several gold camps (Cassidy et al., 2002; Champion and
Cassidy, 2007, 2008; Czarnota et al., 2010).

Orogenic gold systems are, in most cases, spatially linked to large-
scale (N100 km in length), transcrustal deformation zones (Eisenlohr
et al., 1989; Robert, 1989; Neumayr and Hagemann, 2002). In the East-
ern Goldfields Superterrane, they are locatedwithin, or along the edges,
of greenstone belts, and commonly mark the boundary between
volcano-plutonic and metasedimentary subprovinces or terrains
(Hagemann and Cassidy, 2000). In the western Victorian goldfields
these deposits are located in the hanging wall of major transcrustal
shear zones (Willman et al., 2010; Cayley et al., 2011b). These fault sys-
tems have a long-lasting history, with some of them, for example the
Moyston Fault (Cayley and Taylor, 2001), possibly formed as early as
the constructional stage of the accretionary margin setting (Miller
et al., 2005), with subsequent multiple reactivation during orogenic
and late-to post-orogenic events. In some cases the location of these
structures is marked by gradients in radiogenic isotopes, such as Nd
and Pb (Champion and Huston, 2016-in this issue).

Systematic isotopicmapping of the Yilgarn Craton, using Sm–Nd and
Lu–Hf isotope systems (Champion and Cassidy, 2008; Mole et al., 2014;
Champion and Huston, 2016-in this issue) suggests that although some
orogenic gold districts are located along convergentmargins, others can
occurwell inboard of the formermargin. The centralMurchisonDomain
is the second area (after the Eastern Goldfields Superterrane) with a
high concentration of gold deposits in the Yilgarn Craton, and



Fig. 12. Geology of the Cobar Basin showing the location and zonation of major deposits
(modified after Stegman, 2001 and Murphy, 2007).
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represents a zone of attenuated, juvenile crust hosting several large, lay-
ered,mafic intrusion complexes (Ivanic et al., 2012), and also the largest
VHMS district in the Yilgarn (Golden Grove). Similar prospective juve-
nile “corridors” may be present within other Archean cratons, and can
be identified by systematic isotopic mapping.

9.3.1.2. Other Australian examples. Although the Yilgarn Craton has his-
torically been the largest orogenic gold producer in Australia, a number
of other orogenic gold provinces are known in Australia, the most im-
portant being the ~445 Ma Victorian goldfield (Phillips et al., 2003,
2012), the ~1810–1795 Ma Tanami (Cross et al., 2005; Huston et al.,
2007c; Cross, 2009) and Pine Creek (Ahmad et al., 2009) gold provinces,
and the ~410 Ma Charters Towers district (Kreuzer, 2005). These gold
provinces share many of the characteristics documented in the Eastern
Goldfields Superterrane: the association with orogenesis, the large
depth range of mineralisation, and the association with large-scale
transcrustal deformation zones with long tectonic histories; however,
there are also important differences. An interesting difference in
Australia is that Archean (Eastern Goldfields) and Proterozoic (Tanami
and Pine Creek) orogenic gold events accompanied coeval magmatism,
yet despite an extensive geochronological database, such a relationship
has not been established for ~445 Ma orogenic gold deposits in the
Victorian goldfields (Phillips et al., 2003; Champion et al., 2009).

9.3.1.3. Metamorphic overprinting of orogenic gold deposits. There are sev-
eral gold-rich deposits hosted in amphibolite facies metamorphic rocks
that have experienced a complex history of deformation and metamor-
phism. These include VHMS and porphyry systems that were coeval
with volcanism or plutonism during the initial stages of arc and back-
arc basins, respectively. These were subsequently overprinted during
synorogenic deformation by associated hydrothermal fluids that may
have introduced new metals. Yeats et al. (1996) showed that there is a
substantial age difference between VHMS style alteration and
hypozonal orogenic gold mineralisation in the Mount Gibson gold de-
posits, which are located in the Murchison Domain (Youanmi Terrane)
of the Yilgarn Craton. Recently, some gold deposits located in amphibo-
lite to lower granulite facies Archean greenstone belts, such as Hemlo
(Ontario, Canada), Challenger (South Australia), and Griffins Find
(Western Australia), have been re-interpreted as metamorphosed
(orogenic?) gold systems. Textural, petrogenetic and oxygen isotope
evidence was used to propose a pre-metamorphic gold mineralisation
event, followed by regional metamorphism including the modification
of the originally (orogenic?) gold style mineralisation (Tomkins and
Mavrogenes, 2002; Tomkins and Grundy, 2009; Tomkins et al., 2004;
Hagemann et al., 2011).

9.3.2. Orogenic base metal deposits
Mineralisation in the Cobar area, which is located in north-central

New South Wales, can be divided into two events. The first event in-
volved formation of VHMS (e.g. Tritton) deposits within the
Girilambone Group, which most likely formed as a back-arc basin to
the early stage Macquarie Arc (Huston et al., 2016-in this issue). The
Cobar Superbasin formed subsequently, and the secondevent,which in-
volved epigenetic Cu–Au–Zn–Pb–Ag deposits, occurred during basin in-
version. This event was characterised by metamorphism and local
remobilisation of early VHMSmineralisation, and formation of orogenic
base metal (“Cobar Style”) mineralisation (e.g. CSA, New Cobar, New
Occidental and Peak), quartz-vein hosted gold deposits (e.g. Gilgunnia
Goldfield) and Mississippi Valley-Type deposits (e.g. Wonawinta)
(Solomon and Groves, 2000).

Orogenic base metal mineralisation consists of syn-tectonic,
remobilised structurally controlled deposits dominated by Cu–Au
mineralisation (Lawrie and Hinman, 1998; Stegman, 2001). There is
also a regional concentric metal zoning of deposits along the eastern
edge of the Cobar trough, however, centred on a cluster of Au-rich de-
posits immediately south of the township of Cobar. Deposits become
progressively more Au-poor and Cu-rich to the north and south and
then ultimately become Pb–Zn–Ag-rich (Fig. 12: Stegman, 2001). Possi-
ble international examples of orogenic base metal deposits include
Tsumeb in northern Namibia (Lombaard et al., 1986), vein-type Pb–
Zn–Ag deposits (e.g. Woodcutters) in the Pine Creek region, Australia
(Ahmad, 1998) and Pb–Zn–Agdeposits in the Coeur d'Alenemining dis-
trict in northern Idaho, USA (Leach et al., 1988).

9.3.3. Mississippi Valley-type deposits
Globally, Mississippi Valley-type Zn–Pb deposits are temporally as-

sociated with orogenesis, although mineralisation can be well removed
(100s of km) from the orogenic front. These deposits form when
oxidised, low temperature basinal brines are gravitationally or tectoni-
cally driven away from an orogenic front into carbonate-bearing
platformal successions (Garven, 1995; Solomon and Groves, 2000).
Base metals are deposited when these fluids encounter a source of re-
duced sulphur (Fig. 7: Leach et al., 2005). Most MVT deposits are
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geologically young, with almost all deposits of Phanerozoic age (Leach
et al., 2010). This may be because foreland basins, which these deposits
can be associated with, have relatively poor preservation potential
(Section 3.2) or because extensive carbonate reefs, the host rock for
this type of deposit, are largely restricted to the Phanerozoic (Leach
et al., 2010).

9.3.3.1. Australian examples. The most significant MVT deposits in
Australia (cf., Solomon and Groves, 2000) are hosted by the Ordovician
to Cretaceous Canning Basin (Lennard Shelf deposits and Admiral Bay
deposit: Fig. 13) in Western Australia, with smaller deposits hosted in
the Bonaparte Basin (WA: Sorby Hills, Fig. 13), the Cobar Superbasin
(NSW: Wontawinta, Fig. 12) and the Eldon Group (Tasmania: Oceana).
With the exception of the Lennard Shelf deposits, which have a sphaler-
ite Rb–Sr age of ~357 Ma (Christensen et al., 1995a,b), the age of these
deposits are poorly constrained. Based on relationships to cement chro-
nology, McCracken et al. (1996) inferred an age for the Admiral Bay de-
posit of between 425 Ma and 410 Ma. On a national scale, the Lennard
Shelf age is slightly younger than the Brewer Movement of the Alice
Springs Orogeny in central Australia but similar to the Kanimblan Orog-
eny in eastern Australia (Fig. 14). Although the age of the Admiral Bay
deposit is poorly constrained, it corresponds to the Bindian Orogeny in
eastern Australia (Fig. 14: Huston et al., 2012). These data are consistent
with the concept (e.g. Leach et al., 2001, 2005) thatMVTdeposits are the
far-field responses to orogenesis, which drives low-temperature and
Fig. 13. Geology of the Kimberley Province and surrounding basins showing the location ofmaj
logical Survey of Western Australia GeoVIEW.WA (www.dmp.wa.gov.au/7113.aspx; accessed J
H2S-poor basinal fluids into platformal successions. Zinc and Pb are
then deposited when H2S, either derived from a separate fluid or pro-
duced by organic or inorganic sulphate reduction, is added to the ore
fluid (Anderson, 1975; Beales, 1975).

9.4. Final stage — post-subduction extension

Following orogenesis associated with terrane accretion and/or a
shallowingof subduction, convergentmargins commonly go into exten-
sion, due to post-collisional relaxation related to orogenic collapse, the
re-initiation of subduction (Collins and Richards, 2008; Richards,
2009), or other processes (Section 9.5). This change in tectonics also
produces a change in metallogeny, with alkaline porphyry Cu–Au and
related epithermal, intrusion-relatedW–Sn–Mo–Au (including porphy-
ry Mo), skarn Zn–Pb–Ag and IOCG deposits becoming important in the
extensional phase. Although these deposits all form during post-
subduction extension, it appears that they may be in response to differ-
ent drivers.

9.4.1. Alkaline porphyry Cu–Au deposits
As indicated by Richards (1995, 2009) and Müller and Groves

(1993), porphyry Cu–Au deposits associated with intermediate alkaline
volcanic rocks are now thought to have formed during post-subduction
extension, with 440–435 Ma deposits in the Macquarie “Arc” being the
best Australian examples (Crawford et al., 2007; Cooke et al., 2007:
orMississippi Valley-type deposits (modified after Ahmad and Scrimgeour, 2013 and Geo-
une 2015)).

http://www.dmp.wa.gov.au/7113.aspx;


Fig. 14. Correlation of major late Neoproterozoic and Phanerozoic orogenies across
Australia (modified after Huston et al., 2012).
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Fig. 15). Other examples around the world include those in the Yulong
belt in northern China (Hou et al., 2003) and deposits in the North
American Cordillera, particularly in British Columbia (Barrie, 1993).
The alkaline melts are thought to have been produced by the remelting
of subduction-modified mantle triggered by delamination of mantle
lithosphere, asthenosphere upwelling and/or crustal extension
(Richards, 2009). These post-collisional deposits can overprint the
earlier-formed magmatic arcs: the alkaline post-subduction phases of
the Macquarie arc are built upon older (470–450 Ma) calc-alkaline vol-
canic rocks that were deposited as the arc grew (Crawford et al., 2007).
As discussed above, these older volcanic rocks contain ~450 Ma and
older deposits associated with calc-alkaline magmatism.

Porphyry Cu–Au deposits in the Cadia valley (Fig. 15) are the largest
resource of Au and Cu in eastern Australia, with global pre-mining re-
sources of 7.5 Mt Cu and 1150 t Au. Although overall these deposits
are low grade (2800 Mt grading 0.27% Cu and 0.41 g/t Au: Wood,
2012), local zones, such as Ridgeway (78 Mt grading 0.67% Cu and
2.0 g/t Au: Cooke et al., 2007), can be high grade. The Cadia deposits
and the temporally- and genetically-related Northparkes porphyry
and epithermal deposits formed late during the evolution of the Mac-
quarie Arc, according to Crawford et al. (2007) as the consequence of
post-subduction extension (Section 9.5).

9.4.2. Intrusion-related W–Sn–Mo–Au deposits
One of the central tenets of intrusion-related mineralisation has

been the recognition of the role played by the variations in granite prop-
erties, such as oxidation state (Burnham and Ohmoto, 1980; Ishihara,
1981). Blevin et al. (1996) and Blevin (2004), and others (Thompson
et al., 1999) have documented the relationship between the degree
of compositional evolution (commonly expressed as degree of fraction-
ation) and the oxidation state of the associated intrusives and
commodity-types in granite-related mineralisation systems (e.g. Sn,
W, Mo, Cu, Cu–Au). These parameters relate to the behaviour of ore
metals within the magma, that is whether they are compatible or in-
compatible, and whether or not concentrations of such metals are
highest in compositionally-unevolved or compositionally-evolved
magma compositions. As noted by Blevin et al. (1996), these and
othermetallogenically important parameters (e.g. S, Cl and volatile con-
tents of the magma) are all, to at least some degree, a function of the
source components of the magma, and so are all indirectly related.
These simple but powerful relationships (Fig. 16) can be utilised predic-
tively; for example, Champion andMackenzie (1994) demonstrated the
very strong correlation between Sn occurrences in the north Queens-
land region and reduced, strongly fractionated granites of both varying
ages and, importantly, of varying granite types (I- or S-type). The latter
relationship holds for all tin deposits in eastern Australia (Blevin et al.,
1996), although the largest of these deposits, Renison in western Tas-
mania, is associated with S-type granites. The important implication of
this is that Sn (±W) deposits, accordingly, can form in any geodynamic
environment that favours generation of both reduced and strongly dif-
ferentiated granite magmas — empirically this appears to be mostly
within extensional continental environments, such as back-arc settings,
post-collisional/post-tectonic settings, or even continental rift settings.
It is not entirely clearwhy these magmas are produced in such environ-
ments. Part of the answer may reflect higher crustal geotherms in these
regions, whichwould promote higher temperature crustalmelting, pro-
moting lower viscosity melts with potential for solidus-lowering vola-
tiles such as F and B. Crustal melting is clearly an important factor and
some protoliths are more fertile, e.g., metasediments—one of the rea-
sons why larger tin deposits are associated with S-type granites.

Similar implications, as for tectonic environments and Sn-
mineralisation, hold for W, although oxidation state is less critical
(Blevin et al., 1996). As noted previously, most magmatic arc environ-
ments are characterised bymore oxidised and primitivemagmasmaking
them unfavourable for such Sn and Wmineralisation, though inherently
more favourable for porphyry Cu–Au and Cu–Mo deposits (Fig. 16). The
association of Mo deposits with oxidised magmas covering a broad
range of compositions, however, means that such deposits will not be
confined to arc environments, but can occur in back-arc, post-
subduction and rift environments (e.g. Climax-type porphyry molybde-
num deposits: Luddington and Plumlee, 2009).

Work in the last decade has resulted in the identification of a class of
Au-deposits associated with felsic intrusions, consolidating a variety of
previously recognised intrusion-related mineralisation under the one
mineral system, known as intrusion-related gold (IRG: Thompson
et al., 1999). Such systems are often characterised by a distinctive Au-
Mo-W-Bi association (e.g. Blevin, 2004). Styles included within this
mineral system are broad; they range from deposits proximal to
granites (greisen, disseminated gold and skarns) to those more dis-
tal, and more controversial, deposits (breccias, and vein systems),
where the relationship with granites is equivocal. Although the
models for IRGs are largely influenced by North American deposits,
a number of well-studied Australia examples exist, including
Timbarra (Mustard, 2001), Kidston (Baker and Andrew, 1991), and
Red Dome (Blevin, 2004).

Most IRGs are clearly associated with evolved felsic intrusives
(Fig. 16): this is particularly true for Australian deposits (Timbarra:
Mustard, 2001), but less so for North American deposits (Thompson
et al., 1999; Lang et al., 2000). Most controversy concerns the relative
oxidation state of the intrusives. Early IRGmodels emphasised themild-
ly to moderately reduced nature of the granites, based on aeromagnetic
signatures, whole rock Fe2O3/FeO ratios, magnetic susceptibility mea-
surements, and the lack of modal primary magnetite (Thompson et al.,
1999). This, however, contrasts with reported data for Australian IRGs



Fig. 15. Known and inferred mineral potential associated with the Benambran event in southeastern Australia. Geological provinces from Glen (2013); overlay of Devonian to Cenozoic
cover is from Geoscience Australia databases.
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which are commonly weakly- to moderately-oxidised, largely just
above the FMQ buffer (Blevin, 2004). The presence of titanite (if prima-
ry) in at least some North American granites associated with IRGs (e.g.
Lang et al., 2000) is also more consistent with a weakly oxidised
(though magnetite-free) nature. Accordingly, we have followed the
redox state interpretation of (Blevin, 2004; Fig. 16), an interpretation
now also largely supported by Baker et al. (2005). Unfortunately, the
characteristics of granites associated with IRGs (moderately- to
strongly-evolved compositions that are weakly magnetic) are shared
bymany intrusives, in a variety of tectonic settings (arc to back-arc set-
tings, post-orogenic settings). Often such deposits have a spatial associ-
ation with areas of tin mineralisation (north Queensland, New England
and Tasmania) in eastern Australia, suggesting continental extensional
settings are important.

In summary, intrusion-relatedW–Sn–Mo–Au deposits may occur in
a variety of tectonic environments largely characterised by extension. In
contrast to porphyry-style mineralisation, they are commonly not
found within environments directly-related to arcs. Regions of
intrusion-related W–Sn–Mo–Au mineralisation are separated spatially
and/or temporally from regions of porphyry-style mineralisation. This
was also recognised by Thompson et al. (1999, their Fig. 5) who
suggested porphyry style mineralisation was associated with arc
environments versus back-arc or non-arc crustal environments for
intrusion-related W–Sn–Mo–Au mineralisation. This antipathetic asso-
ciation suggests regions with potential for intrusion-related W–Sn–
Mo–Au mineralisation may be recognisable by evolved isotopic signa-
tures. As discussed by Champion and Huston (2016-in this issue), how-
ever, felsic magmatic rocks associated with such mineralisation, have a
demonstrably wide range of isotopic signatures (from juvenile to
evolved), and metallogenic terranes with such mineralisation cannot
easily be identified from isotopic data. This is not unexpected given
that geodynamic environments evolve with time: arcs associated with
porphyry mineralisation evolve into backarcs or post-collisional set-
tings associated with intrusion-related W–Sn–Mo–Au mineralisation.



Fig. 16. (A). Rb/Sr ratio versus Fe2O3/FeO ratio plot of Blevin et al. (1996). The plot illus-
trates the relationship between the degree of oxidation and compositional evolution of
themagma (based on whole-rock compositions) and the dominant commodities in relat-
edmineralisation. Intrusion related gold deposit (IRGD) field from Blevin (2004). (B). Plot
of oxygen fugacity versus amount of total Fe in themagma overlaid on tectonic fields. Plot
modified after Thompson et al. (1999) and Lang et al. (2000).
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More importantly these switches highlight the role played by tectonic
setting. Finally, it should be emphasised that the best indicators for re-
gions with potential intrusion-related W–Sn–Mo–Au mineralisation
are either the granites themselves (as recognised by Blevin and
Chappell, 1992), and/or known mineralisation. For example, regions
with potential for intrusion-related gold mineralisation may be
recognised by the presence of tin mineralisation.

9.4.3. Iron oxide–copper–gold deposits
The geodynamic settings of IOCG deposits (Hitzman et al., 1992) are

less well understood thanmany othermineral deposit types, partly due
to their relative youth in terms of recognition as a deposit class and also
due to their relative antiquity in regard to the age of formation of many
of the largest deposits. Nevertheless, a working hypothesis based
mainly on the Australian Proterozoic examples is that IOCG deposits
formed during post-subduction extension within distal back-arc to
intracontinental settings, as described below.

Iron oxide–copper–gold deposits are a diverse family characterised
by the following features (Hitzman et al., 1992; Williams et al., 2005;
Groves et al., 2010; Barton, 2014): (1) Cu with or without Au, as the
major economic metals; (2) hydrothermal epigenetic ore styles and
strong structural controls, (3) abundant magnetite and/or hematite,
(4) Fe oxides with Fe/Ti greater than those in most igneous rocks, and
(5) no clear proximal associations with igneous intrusions as, for exam-
ple, displayed by porphyry and skarn ore deposits. Additionally, IOCG
deposits occur in crustal settings with very extensive and commonly
pervasive alkali metasomatism, and many are enriched in a distinctive,
geochemically diverse suite of minor elements including U, REE, F, P,
Mo, Ag, Ba, Co, Ni and As (Williams et al., 2005). At theOlympic Damde-
posit, U is part of the economic ore suite. Although not closely related to
igneous intrusions, many IOCG deposits display a broad space-time as-
sociation with batholithic granitoids (Williams et al., 2005). Iron
oxide-copper-gold deposits formed from the Archean (e.g. Carajás
district, Brazil, ~2.7 Ga; Moreto et al., 2013), through the Proterozoic
(e.g. Olympic Dam deposit, Gawler Craton, Australia), to at least as re-
cently as the Mesozoic (e.g. Candelaria deposit, Chile, ~115 Ma;
Mathur et al., 2002).

The geodynamic settings of IOCGdeposits have beenwidely debated
(e.g. Williams et al., 2005; Groves et al., 2010). An intracontinental
anorogenic setting has often been cited, with mantle plume-driven
melting of subcontinental lithospheric mantle (e.g. Groves et al.,
2010). Hayward and Skirrow (2010) reviewed tectonic and geodynamic
models for the Gawler Craton in southern Australia, and proposed a dis-
tal continental retro-arc environment where much earlier subduction-
related processes (possibly at ~1850 Ma) led to metasomatism of the
uppermantle. Melts derived from this enrichedmantle, driven by aman-
tle plume or alternatively by removal of lithospheric mantle (Skirrow,
2010), resulted in extensive crustal melting and production of high-
temperature A- and I-type magmas associated with K-rich mafic melts
between ~1595 Ma and ~1575 Ma. These igneous rocks are temporally
and spatially linked to IOCG deposits in the Olympic IOCG Province. In
contrast to anorogenic models, however, this magmatism and associated
IOCG hydrothermal systems are proposed to have developed during or
after a major contractional tectonic event that switched to extension
(Skirrow, 2010; Hayward and Skirrow, 2010).

Crustal domain boundary zones initiated during earlier orogenic
events are believed to form part of the crustal-scale magma and fluid
pathways for major IOCG systems (e.g. beneath the Olympic Dam de-
posit; Lyons and Goleby, 2005; Heinson et al., 2006). Groves et al.
(2010) extended this concept to other major IOCG deposits globally.

There is growing consensus that IOCG deposits can be the product of
mixing of two distinct fluids: (1) an oxidised fluid (e.g. evolvedmeteor-
ic/ground waters), and (2) deep-sourced high-temperature brines
(magmatic-hydrothermal fluids and/or fluids reacted with metamor-
phic rocks). In many IOCG systems, there is also evidence of gas-rich
fluids during ore formation (e.g. CO2-bearing: Williams et al., 2005, and
the references therein). The sources of Cu, Au, S, Cl and CO2may be either
coeval magmas (felsic and/or mafic) or sedimentary and igneous rocks
that were leached by the ore fluids, as marked by the presence of Na–
Ca regional alteration zones (Oreskes and Einaudi, 1992; Johnson and
McCulloch, 1995; Haynes et al., 1995; Williams et al., 2005; Oliver et al.,
2004; Skirrow et al., 2007). Uranium and REE were most likely leached
from granitoid or felsic volcanic rocks (Hitzman and Valenta, 2005).

9.4.3.1. Australian examples. There are two major IOCG provinces in
Australia of global significance: the Olympic IOCG Province (Fig. 17A)
near the eastern margin of the Gawler Craton in South Australia, and
the Cloncurry province (Fig. 17B) in the eastern Mount Isa Province of
northwest Queensland. In addition, there are several othermetallogenic
provinces that contain smaller IOCG deposits, including the Tennant
Creek district (Northern Territory) and the Curnamona Province
(South Australia and New South Wales). The Olympic IOCG Province is
defined by the distribution of known early Mesoproterozoic IOCG ± U
mineralisation and alteration, and encompasses three known districts
(from north to south): Mount Woods Inlier which hosts the Prominent
Hill deposit; Olympic Dam district hosting the Olympic Dam,
Carrapateena and Wirrda Well deposits; and the historic Moonta-
Wallaroo Cu–Au mining district. The Olympic Dam deposit is currently
the world's fourth largest Cu resource, fifth largest Au resource and



Fig. 17.Geology andmineral deposits of major IOCG provinces of Australia: (A) Olympic province, and (B) Cloncurry province (modified after Hayward and Skirrow, 2010 and Geological
Survey of Queensland, 2011).
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the world's largest U resource by far, with all resources contained in a
single deposit of less than 25 km2 (BHP Billiton, 2012).

The Cloncurry district in the eastern Mount Isa Province hosts the
large Ernest Henry IOCG deposit as well as several smaller IOCG and af-
filiated deposits including theOsborne, Eloise,Mount Elliot,MountDore
and Monakoff deposits (Williams et al., 2005). IOCG mineralisation de-
veloped in the Mesoproterozoic, during two periods, around 1590 Ma
and 1500–1530 Ma (Williams et al., 2005 and the references therein).
The breccia-hosted Ernest Henry deposit differs from the generally
hematite-rich IOCG deposits in the Olympic IOCG Province in that the
major iron oxide is magnetite, with associated hydrothermal K-
feldspar, biotite and carbonate (Williams et al., 2005). Notwithstanding
this difference, the magnetite-rich Ernest Henry deposit and hematite-
rich IOCG deposits of the Olympic IOCG Province constitute a spectrum
of deposit styles within the IOCG family.

9.4.4. Enriched BIF-hosted iron ore deposits
The enrichment of BIF to form enriched, low- and high-grade BIF-

hosted iron ore deposits occurs during post-subduction extension fol-
lowing contractional deformation (Hagemann et al., 2016-in this
issue). This type of iron ore system has produced the world's largest
and highest grade iron ore districts (e.g. Carajas: Figueiredo e Silva
et al., 2008; Hamersley: Thorne et al., 2008; Iron Quadrangle: Rosière
et al., 2008) and deposits (e.g. Mount Whaleback: Brown et al., 2004).
Hydrothermal fluid flow and mineralisation are controlled by km-
scale normal and strike slip fault systems (Southern Batter Fault at
Tom Price and Carajás Shear Zone at the Serra Norte deposits at Carajás,
respectively), which allow large volumes of ascending and descending
hydrothermal fluids to circulate during Archean or Proterozoic orogenic
or early extensional events. Structures are also (passively) accessed via
downward flowing supergene fluids during the Cenozoic.

At the depositional site, the transformation of BIF to low- and high-
grade iron ore is controlled by: (1) structural permeability, (2) hypogene
alteration caused by ascending deep fluids (largely magmatic or basinal
brines), plus descending meteoric water, and (3) supergene enrichment
via weathering processes. Hematite- and magnetite-based iron ores in-
clude two groups of ore assemblages: (1) a combination of microplaty
hematite with little or no goethite, martite–goethite or specular hema-
tite, and (2)magnetite,magnetite–martite,magnetite–specular hematite
and magnetite–amphibole. Goethite ores, with variable amounts of he-
matite and magnetite, are mainly encountered in the weathering zone.

In most large deposits, up to three major hypogene stages and one
supergene ore stage are present (Hagemann et al., 2016-in this issue):
(1) silica leaching and formation of magnetite and local carbonate;
(2) oxidation of magnetite to hematite (martitisation), further dissolu-
tion of quartz and formation of carbonate, (3) further martitisation, re-
placement of Fe silicates by hematite and new microplaty hematite
formation and dissolution of carbonates; and (4) replacement of mag-
netite and any remaining carbonate by goethite, martitisation of mag-
netite, and formation of fibrous quartz and clay minerals.

Hypogene alteration of BIF and surrounding country rocks is
characterised by Hagemann et al. (2016-in this issue) as: (1) changes
in the oxidemineralogy and textures, (2) development of distinct verti-
cal and lateral distal, intermediate and proximal alteration zones de-
fined by distinct oxide-silicate-carbonate assemblages, and (3) mass
loss reactions such as de-silicification and de-carbonatisation, which
significantly increase the porosity of high-grade iron ore, or lead to vol-
ume reduction by textural collapse or layer-compaction.Whereas stage
1 carbonate may be diagenetic and sourced from BIF-contemporaneous
seawater, carbonates in ore stages 2 and 3 are sourced from external
fluids with respect to BIF. In the case of Lake Superior-type basin-
related deposits, carbon is interpreted to be derived from underlying
carbonate succession, whereas in the case of Algoma-type granite-
greenstone belt deposits, carbonate is interpreted to be of magmatic or-
igin, either scavenged frommafic rocks or sourced fromgranitic country
rocks.
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Hypogene and supergene fluids of varying composition are para-
mount for the upgrade of BIF to high-grade iron ore (Angerer et al.,
2014;Hagemann et al., 2016-in this issue). Processes causing this upgrade
require enormous amounts of: (1) warm, silica-undersaturated and alka-
line fluids necessary to dissolve quartz in BIF, (2) oxidised fluids that
cause the oxidation of magnetite to hematite, (3) alkalic fluids that form
widespread metasomatic carbonate, (4) carbonate-undersaturated fluids
that later dissolve the diagenetic and metasomatic carbonates, and
(5) oxidised fluids to form hematite species in the hypogene- and
supergene-enriched zone and hydroxides in the supergene zone.

The extensional tectonic setting includes two discrete end-member
models for the formation of hypogene low- and high-grade BIF-hosted
iron ore (Hagemann et al., 2016-in this issue). In deposits hosted by
granite-greenstone belts, Algoma-type BIF is upgraded by early mag-
matic (±metamorphic) fluids and late meteoric water controlled by
strike-slip fault zones. In rift-related basins and passive margins,
Hamersely-type BIF is upgraded by basinal (±evaporitic) brines and
late meteoric water focused along normal fault zones. One variation of
the lattermodel is themetamorphosed rift basinmodelwhere BIF is sig-
nificantly metamorphosed and deformed during distinct orogenic
events (e.g. deposits in the Quadrilátero Ferrífero in Brazil and
Simandou Range in Guinea). A second variation is the Rapitan-type
model where early BIF mineralisation in a reduced, glacier-controlled
environment and subsequent very low-grademetamorphism is respon-
sible for the bulk of the iron mineralisation. Typically, it is during the
orogenic event(s) that the upgrade of BIF to low- and high-grade hypo-
gene iron takes place.

9.4.4.1. Australian examples. TheHamersley Basin, a sedimentary basin in
the Pilbara Craton produces the vast majority of iron ore in Australia.
This basin, which is though to have formed as a passive margin during
the late Neoarchean to very earliest Paleoproterozoic, contains several
banded iron formations that range in age from ~2600 Ma to ~2540 Ma
(Barley et al., 1997; Trendall et al., 1998). The iron ore deposits, which
are hosted by banded iron formation along the deformed southernmar-
gin of the Hamersley Basin (Barley et al., 1999), are thought to have
been upgraded, as described above at ~2009 Ma, possibly during or
after the Opthalmia Orogeny (Powell et al., 1999; Müller et al., 2005).
Fig. 18. Inferred evolution of the Lachlan tectono-metallogenic system(adapted fromMoresi et a
of VanDieland and the BenambranOrogeny (445Ma), (C) formation of Lachlan orocline (~435M
The locations of significant deposits are shown as they formed during the evolution of the Lach
This iron-ore province is one of two major global provinces, and it
dwarfs all other iron-ore districts/provinces in Australia.

Outside of the Pilbara iron-ore province, other Australian iron-ore de-
posits are commonly magnetite-rich and include unenriched banded
iron-formation (Tallering Peak and Mount Gibson in the Yilgarn Craton),
enriched or hydrothermally altered iron formation (as described above:
Koolyanobbing, Yilgarn Craton; Middleback Ranges (Iron Duke, Iron
Knight and Iron Duchess), Gawler Craton), and hydrothermal (Savage
River, western Tasmania) deposits (Clout, 2003). The other economically
significant source of iron-ore are the channel iron deposits (Clout, 2003),
that occur within paleochannels that have cut into a Paleogene
paleosurface developed in the Hamersely Basin. Channel iron deposits
are thought to have formed during the Miocene as the consequence of
deep weathering, ferrugenisation and erosion of susceptible rocks (iron-
ore depostis, iron formation and mafic volcanic rocks) followed by depo-
sition into paleochannels (Morris and Ramanaidou, 2007).

9.5. The Lachlan tectono-metallogenic system

As an example of how spatial and temporal distributions of mineral
deposits can be understood in the context of tectono-metallogenic sys-
tems, we consider the metallogenesis of southeastern Australia be-
tween 480 Ma and 410 Ma, which produced major orogenic gold and
porphyry Cu–Au metallogenic provinces (Figs. 15 and 18). Previous
data have suggested that alkaline porphyry Cu–Aumineralisation over-
lapped with the major phase of orogenic gold mineralisation in the
Victorian Goldfields at 440–435 Ma (Perkins et al., 1995; Crawford
et al., 2007; Bierlein et al., 2001) presenting an apparent conundrum
of coeval, yet widely geographically separated, porphyry and orogenic
mineral systems. Recognition that the 440–435 Ma porphyry deposits
are post-collisional (Crawford et al., 2007) and documentation by
Phillips et al. (2012) that most Victorian orogenic gold deposits formed
during the Benambran Orogeny at ~445 Ma (VandenBerg et al., 2000),
however, removes this conundrum. The new interpretations suggest
that these deposits were not coeval, but that the post-subduction por-
phyry Cu–Au mineralisation post-dates the orogenic Au mineralisation
by several million years. Importantly, this change in metallogenic pat-
terns can be directly linked to a major tectonic event that perturbed
l., 2014): (A) oblique subduction and approachof VanDieland (480–450Ma), (B) accretion
a), and (D) subduction retreat and re-establishment of oblique subduction (430–410Ma).
lan tectono-metallogenic system.
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convergence along the easternmargin of Australia at the very end of the
Ordovician, during the Benambran Orogeny.

At that time, the tectonic evolution of eastern Australiawas complex,
leading to a variety of tectonic models being proposed (see review by
Champion et al., 2009). The coverage of southeastern Australia by high
quality aeromagnetic data and new methods of processing such data,
along with new geological data from modern regional geological map-
ping programmes and insights from geodynamic modelling (Moresi
et al., 2014), however, have led Cayley (2012) to propose a tectonic
model in which the accretion of the exotic VanDieland (or Taswegia:
Gibson et al., 2011) continental fragment, which consists ofmost of Tas-
mania and the Selwyn Block (Cayley et al., 2002), into the Macquarie
Arc subduction zone caused the formation of an orocline. The develop-
ment of the Lachlan Orocline involved parts of the subduction zone
adjacent to the site of microcontinent accretion rolling-back asymmet-
rically throughout the Silurian, eventually wrapping and translating
parts of the Lachlan Orogen around the outer margins of VanDieland.
A west-dipping subduction zone re-established farther outboard in
the Early Devonian (Fig. 18). In the following discussion, the
metallogeny of southeastern Australia in discussed in the context of
this tectonic event, which is termed the Lachlan tectono-metallogenic
event. The resulting metallogenic model is the used to infer zones of
higher metallogenic potential that are the consequence of the Lachlan
event (Fig. 15).

The evolution of this tectonic system explains the known spatial and
temporal distribution of mineral deposits (systems) from 480 Ma to
410 Ma in eastern Australia. Prior to the impact of VanDieland at
~445 Ma, convergence along the eastern margin of mainland Australia
was characterised by the presence of an arc-back-arc system on the
over-riding Australian plate. This system developed in response to the
oblique (from present-day southeast) subduction of a proto- Pacific
plate that contained the microplate VanDieland. During this period of
subduction, VHMS deposits formed in back-arc basins in north-central
New South Wales (e.g. Tritton: Fig. 18A) and northern Queensland
(e.g. Thalanga and Balcooma; not shown in Fig. 18A), and calc-alkalic
porphyry Cu–Au deposits formed during the early stages of the Mac-
quarie Arc (e.g. Copper Hill and Marsden: Fig. 18A). The impact of
VanDieland (Fig. 18B) caused orogenesis, the Benambran Orogeny, in
the immediate hinterland (e.g. central Victoria), with the associated de-
velopment of an orogenic gold mineral system (Victorian goldfields:
Squire and Miller, 2003) that did not extend far to the north. Collision
also initiated extension directly to the north along strike, leading to
the formation of an orocline as mainland Australia partly enveloped
VanDieland (Fig. 14B–C). With the mainland Australian plate to the
north in extension (Moresi et al., 2014: Fig. 18C) low degree partial
melting of the underlying mantle produced alkaline magmatism and
porphyry Cu-Au mineral systems in the Macquarie Arc (e.g. Cadia and
Northparkes). Subduction continued to roll-back into the Late Silurian,
causing extension and forming post-orogenic granite-related Sn and
Mo deposits (430–420 Ma) and then VHMS deposits (~420 Ma:
Fig. 18D), after which steady-state subduction was re-established.

The Lachlan tectono-metallogenic system evolved over a period of
60million years, producing a range of deposit types, and a large propor-
tion of eastern Australia's mineral wealth. Moreover, the development
of a tectono-metallogenic system model for the Lachlan tectonic event
can be used predictively to assess potential mineral system plays in
southeastern Australia. For example, the geometry of the tectonic sys-
tem suggests that 480–450Ma porphyry Cu–Au and VHMSmineral sys-
tems could have been present alongmuch of the Tasmanides, including
areas covered by Murray Basin and other Cenozoic basins (Fig. 15), but
that ~445 Ma orogenic gold systemswould have only developed in and
adjacent to the hinterland of VanDieland, and ~435Ma alkalic porphyry
Cu–Au systems would have developed only in extensional zones north
of VanDieland. Given their association with post-subduction extension
(Section 9.4.3), IOCG deposits could be present north of the VanDieland
indentor.
10. Intraplate tectono-metallogenic system

Although most mineral systems appear to operate along or near
plate margins either as a consequence of tectonic divergence or conver-
gence, some mineral systems are present within the interiors of plates.
The most important of these are orthomagmatic Ni–Cu–PGE systems
that can form in intraplate settings as a consequence of mantle plume
activity and the formation of large igneous provinces. Large igneous
provinces (LIPs) represent significant reservoirs of energy and metals
that can either drive or contribute to a variety of metallogenic systems.
Themain featureswere recently discussed in a comprehensive paper by
Ernst and Jowitt (2013). In some cases, these events can trigger plate
break-up and could be considered very early parts of the divergent
tectono-metallogenic system (Section 8.1.3). Other mineral systems in
intraplate settings are those that form within intracratonic basins, in-
cluding some types of U systems and deposits associated with salt
lakes, although, again, some of these systemsmay be the earliest indica-
tions of the initiation of a divergent system.

10.1. Orthomagmatic Ni–Cu–PGE systems associated with intracratonic
large igneous provinces

Unlike many metal resources that are concentrated in the conti-
nental and oceanic crust and can be recycled and redistributed
through typical crustal processes, Ni, PGEs and, to a lesser extent,
Cu are strongly partitioned into the core (e.g. O'Neill et al., 1995:
Table 1), residing primarily in a reservoir that is inaccessible to direct
observation and sampling. Indeed, most of our understanding of the
behaviour of these elements within the terrestrial system is derived
from rare insights provided by iron meteorites (in essence fragmen-
tary pieces of the cores of other planetary bodies), or through analy-
sis of cm-scale mantle nodules and xenoliths entrained and brought
to the surface by deeply sourced magmas, which are usually
emplaced in intra-cratonic settings.

A number of times over the last ca. 3.5 billion years, however, major
magmatic events, probably linked to the emplacement of mantle
plumes (Campbell and Griffiths, 1992), have disturbed this segregated
system, extracting metal from depth, and depositing large quantities
of these elements in the crust as Ni–Cu–PGE sulphide deposits (Barnes
et al., 1985; Naldrett, 1989; Maier et al., 2009). Although formedmostly
in the deep crust (e.g. Li et al., 2007; Seat et al., 2007), post-
mineralisation exhumation has, in some cases, brought these sulphide
bodies into the near-surface environment, allowing exploitation. Many
of these events are not related to tectonic processes linked to conver-
gence or divergence, but are intracratonic and related to perturbations
in mantle convection. However, in many cases, these deposits are locat-
ed near the edges of cratonic blocks, possibly because this environment
allowed easy passages of the magmas to the mid-crust (Begg et al.,
2010).

The Earth's upper mantle melts when it is rapidly decompressed or
in response tofluidflux. The latter occurs above dehydrating subducting
oceanic slabs and is associated with construction of magmatic arcs
(Hildreth, 1981; Tatsumi and Eggins, 1995). Mantle decompression oc-
curs when the lithosphere is perturbed by the arrival of a plume from
the deep mantle, or during continental stretching and breakup (Ernst
et al., 2005; Pirajno andHoatson, 2012). These triggers of partialmelting
are commonly connected and may lead to the production of enormous
volumes of mafic magma that are preserved throughout the geological
record as large igneous provinces (LIPs).

The large volumes of mafic magma, generated through partial
melting of the mantle, ascend through the crust via interconnected
networks of dykes and sills, and pipe-like structures known as
chonoliths. These pathways are capable of moving melts vertically
and over 2000 km laterally from the locus of mantle melting (Ernst
and Baragar, 1992; Elliot and Fleming, 2004; Holt et al., 2014). The
primary conduits are sub-vertical dykes, whereby mantle-derived
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magma is transported to the middle and upper crust to form sills,
layered mafic intrusions and flood basalts (Ernst et al., 2005; Elliot
and Fleming, 2004).

On the other hand, sills are capable of transporting magma laterally
over 10s to 100s of kilometres at all crustal levels and are considered to
be the fundamental building blocks of much larger magmatic bodies,
which generally consist of several stacked sills (Cruden and McCaffrey,
2013; Menand, 2011). The leading edges of both dykes and sills can
break down and propagate as pipe-like or cylindrical structures
(Nicholson and Pollard, 1985; Schofield et al., 2013). Formation of
these pipe-shaped magma conduits and their role and location within
larger-scale melt transport networks are very poorly constrained. Al-
though some of this magma eventually erupts on the surface, as much
as 75% of this magma may remain as sills, layered mafic intrusions and
chonoliths of dolerite, gabbro and peridotite (Ernst et al., 2005;
Gudmundsson, 1983), which are generally localised in intra-cratonic
settings.

Mafic magmas that leave the mantle and ascend through the crust
are generally enriched in Ni, Cu and PGEs, which under favourable
chemical and physical conditions become concentrated in the crust to
formeconomic ore bodies. There is current consensus that such deposits
form in high flux magma systems that develop by self organisation of
flow within magma pathways (Naldrett, 2004). In such conduits, sul-
phide minerals typically accumulate in mafic and ultramafic igneous
rocks. The most highly mineralised rocks form by high degrees of man-
tle melting, followed by transport, emplacement and crystallisation of
the resulting magmas either within the crust (intrusion-hosted de-
posits: a strong but poorly understood spatial and genetic association
exists between chonoliths and magmatic Ni–Cu–PGE mineralisation,
best exemplified by the giant Noril'sk-Talnakh deposits in Siberia; cf.
Naldrett, 2004), or onto the surface (komatiite lava-hosted deposits:
Section 9.2.3). In all cases, Ni–Cu–PGE sulphide mineralisation forms
if: (1) the magma reaches sulphur saturation, triggered either by con-
tamination by sulphur-bearing crustal rocks and/or by sudden change
in intensive physical parameters in the magma; (2) the resulting
sulphide droplets can scavenge Ni–Cu–PGE from a large volume of
magma; and (3) the sulphide droplets aggregate and then are
transported and deposited to form a coherent ore body.
10.2. Deposits hosted by intracratonic basins

10.2.1. Sandstone-hosted uranium deposits
Sandstone-hosted U deposits are epigenetic deposits in which U

minerals are present as disseminations and replacements primarily in
fluvial, lacustrine and deltaic sandstones (Finch and Davis, 1985).
Uranium is precipitated under reducing conditions, caused by one or
more reducing agents within the sandstone, including carbonaceous
material, sulphides, hydrocarbons and interbedded Fe2+-rich volcanic
rocks. Most basins that host these deposits formed on stable cratons
that were closed to the sea, which produced local reducing conditions
during and after sedimentation, forming chemical traps that were es-
sential for U precipitation. There are five important prerequisites for
the formation of sandstone-hosted U deposits, which include: (1) for-
mation after the oxidation of the atmosphere and hydrosphere, (2) a
leachable U source; (3) the presence of a stable, permeable aquifer
and stable aquicludes; (4) a stable groundwater system to form an up-
stream oxidised zone; and (5) a reduction front, where the U is precip-
itated and concentrated.

A large number of sandstone-hosted uranium deposits occur in the
westernUnited States. The Powder River Basin inWyoming, the Colorado
Plateau and the Gulf Cost Plain in south Texas are major sandstone-
hosted provinces. Other large sandstone-hosted deposits occur in
Kazakhstan, Gabon and South Africa (Karoo Basin). The Callabonna Sub-
basin in South Australia is the most richly endowed basin in Australia,
but other deposits and prospects occur in the Ngalia and Amadeus basins
in theNorthern Territory, and the Canning, Carnarvon, andWestern Eucla
basins in Western Australia.

10.2.2. Surficial uranium and vanadium deposits
Surficial U deposits are young (Paleogene to Recent), near-surface

concentrations in sediments or soils. Calcrete-hosted U deposits are the
most significant of these deposits and formwhenU is leached fromsource
rocks, and transported by oxidised surfacewater or shallowgroundwater.
Vanadium is extracted from mafic rocks or iron-rich (meta)sediments.
Evaporation of the surface or groundwater triggers precipitation of carno-
tite (a hydrated U- and K-bearing vanadate). In the vicinity of playa lakes,
precipitation of carnotite can occur due tomixing of valley groundwaters
with more saline lake waters (Mernagh et al., 2013).

10.2.2.1. Australian examples. The main calcrete-hosted deposits in
Australia include Yeelirrie, Lake Way, Centipede, Thatcher Soak, Lake
Maitland and Napperby (all in Western Australia). Other calcrete-
hosted deposits occur in Namibia, South Africa, Mauritania, Somalia,
Argentina and China.

The Julia Creek V–Mo deposit represents a different style of deposit
where the mineralisation has resulted from weathering of the calcare-
ous oil shale between the surface and 15 m vertical depth. Lewis et al.
(2010) suggest that V was accumulated biogenically and is associated
with organic carbon. As a result of diagenesis and weathering V in the
oxidised zone has been remobilised and is bound in poorly ordered
iron oxide/hydroxide phases such as goethite. Molybdenum was accu-
mulated into diagenetic sulphide minerals and is associated with sul-
phides in the fresh units and with goethite in the oxidised units.

10.2.3. Salt lake deposits
Globally, salt lakes are major sources of Li, potash, borates and other

strategicmineral commodities (Mernagh et al., 2013). Salt lakes or ‘salars’
in the semi-arid to arid regions of Chile, Peru, Argentina and Bolivia con-
tainmost of theworld's low-cost supply of Li, whereas salt lakes in Jordan,
Israel and China are significant sources of potash. Three basic conditions
are needed to form salt lakes (Eugster and Hardie, 1978). First, outflow
must be absent or severely restricted to ensure hydrological closure. Sec-
ond, evaporationmust exceed inflow, and third, inflowmust be sufficient
to form a body of water (that may be ephemeral) at or very close to the
surface. Therefore, favourable locations for the formation of salt lakes
are arid basins in the rain-shadows of mountain ranges or highland
areas, which provide the catchment for precipitation. In areas of lower re-
lief, shallowbasinsmay act as the focus of local discharge and evaporation
from regionally extensive groundwater systems.

The mineralising fluids are meteoric, surficial, and/or groundwater.
Groundwater may be derived from a local or regional meteoric system,
interstitial water from sediments, or deep basinal or hydrothermal
fluids. Hydrothermal discharge (e.g. from geothermal springs), though
often small in volume, can be significant in terms of solute contribution.
Most of the surface and groundwater flow is gravity-driven, with fluids
driven from regions of higher hydraulic head to regions of lower hy-
draulic head. Potassium, Li and B enrichment in salt lakes mainly results
from two processes: (1) enrichment of fluids in K, Li, and B, prior to the
evaporation process, due to leaching, and (2) evaporative concentration
of the inflowwater. In some cases, Li and/or B enrichment is also related
to long-lasting, geothermal springs, associated with prolonged volcanic
activity or a high underlying geothermal gradient.

Potassiummay be sourced from a variety of lithologies but themost
productive basins contain some surface or near-surface evaporites or
salts. Economic K systems are characterised by ~10- to 100-fold enrich-
ment in K relative to the values that can be expected from concentrated
or diluted seawater with the same chloride concentrations. The fluids
have variable salinity up to ~400,000mg/L TDS (Total Dissolved Solids).
Economic Li systems are characterised by ~100- to 1000-fold enrich-
ment in Li content relative to the values that can be expected from con-
centrated or diluted seawater with the same chloride concentrations;
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and by ~10- to 100-fold enrichment in B, respectively. An important fac-
tor in Li-enrichment is repeated cycles of evaporation of freshly intro-
duced waters in the lake system. The Li and B enrichment reaches its
maximum level at halite-saturation and the total salinity of economic
lakes is N100,000 mg/L TDS (Mernagh et al., 2013).

11. Genetic and exploration implications

In this discussion, we have attempted to move beyond observation-
based classifications of mineral deposits, rather placing deposits into a
tectonic-based system, following Hutchinson (1973); Sawkins (1984)
and Kerrich et al. (2000, 2005). Moreover, we have considered how
mineral systems change as tectonic systems evolve, and how tectonic
systems themselves have evolved through geological time. Although
not addressed explicitly in the contribution, the evolution of the atmo-
sphere and hydrosphere has also influenced the secular distribution
and somemineral deposit classes as well as characteristics of other clas-
ses (Meyer, 1981; Groves et al., 2005; Goldfarb et al., 2010, and the ref-
erences therein). This analysis suggests that there are fundamental
differences betweenmineral systems that form in different tectonic sys-
tems and different stages of individual tectonic systems. These differ-
ences include the triggers and drivers of mineralising events and the
chemical composition of the ore fluids and, thereby, depositional mech-
anisms. The tectonic system also determines the lithospheric architec-
ture in which mineral systems form.

11.1. Links between tectonic and metallogenic systems

As many types of mineral deposits form as the consequence of
geodynamic processes that occur in different tectonic systems, individ-
ual types ofmineral deposits, inmost cases, are not diagnostic of tecton-
ic system. As an example, VHMS deposits are forming currently in both
divergent and convergent systems (Hannington et al., 2005). Assem-
blages of deposit types producedwithin onemetallogenic system, how-
ever, can be strongly indicative of the tectonic system in which they
formed. For example, the presence of porphyry Cu, VHMS and orogenic
gold deposits in close temporal and geographical proximity is indicative
of an overall convergent tectonic system (cf. Mercier-Langevin et al.,
2014). Associations of tectonically-related mineral deposits may pro-
vide additional constraints in determining the tectonic environment in
which the host succession formed.

11.2. Tectonic system and the chemical characteristics of resident fluids

Many of the chemical characteristics of ore fluids appear to depend,
to a significant degree, upon the stage of the tectono-metallogenic sys-
tem in which they form. For example, as high heat flow and extensive
(mafic) magmatism characterise all evolutionary stages of the conver-
gent system and the rift stage of the divergent system, ore fluids pro-
duced in these environments (e.g. those associated with porphyry Cu,
VHMS, siliciclastic–mafic Zn–Pb deposits, among others) tend to be
high temperature (N200 °C) and relatively reduced (i.e. ΣH2S N ΣSO4)
(Titley and Beane, 1981; Franklin et al., 1981; Huston et al., 2006). As
a consequence, themajor causes ofmineral deposition in these environ-
ments are steep temperature decreases (arrow D in Fig. 9), water–rock
reactions, depressurisation (boiling) and fluid mixing. Depending upon
the reactive rock, water–rock reactions can increase the pH (with car-
bonates), desulphidise (with Fe-rich rocks) and reduce (with Fe- or
reduced-C-rich rocks) the ore fluids, all mechanisms which can cause
mineral deposition.

This contrasts with the latter stages of the divergent tectono-
metallogenic system, which is amagmatic and, therefore, characterised
by low heat flow. Moreover, the relatively oxidised character of many
basins deposited during this stage (i.e. thermal subsidence or passive
margin basins) results generally in the production of oxidised, H2S-
poor, low temperature (b200 °C) fluids (e.g. those associated with
shale-hosted Cu–Co, unconformity-related U and siliciclastic–carbonate
Zn–Pb deposits, among others: Hitzman et al., 2005; Jaireth et al.,
2016-in this issue; Huston et al., 2006). As shown in Fig. 9 (arrows A–
B), themost effectivewayof depositingmetals fromsuchfluids is the pro-
vision of H2S, either through sulphate reduction (Fig. 9, arrowA) or inter-
action with a local H2S-rich source (e.g. sour gas: Huston et al., 2006).

An important consequence of different characteristics of fluids that
form within tectono-metallogenic systems is that the characteristics of
depositional sites differ, and can be predicted once the tectono-
metallogenic system is known or can be inferred.

11.3. The architecture of tectono-metallogenic systems

As shown in Fig. 3, mineral deposits are the result of nested process-
es that can occur over periods of millions to hundreds of millions of
years. This not only involves multiple geochemical enrichment events
to produce enriched source regions, but also the development of crustal
architecture that is later used by mineralising fluids.

For example, subduction is not only directly responsible for the for-
mation ofmany porphyry Cu belts, as themelts that form these deposits
are subduction-related, but devolatilisation of the subducting slab also
enriches the mantle in volatiles, and slab roll-back can cause extension
of the over-riding plate (Richards, 2009). Both of these latter processes
can have important ramifications to later metallogenic systems. For ex-
ample, Hayward and Skirrow (2010) suggested that the formation of
IOCG deposits may have involved the melting of mantle that was
fertilised via devolatilisation of subducted slabs during a prior period
of subduction. Moreover, it is likely that extension related to subduction
produces the structural architecture utilised by syn-volcanic mineral sys-
tems (e.g. VHMS), and later by orogenic systems as it is reactivated (e.g.
orogenic gold) (see also Miller et al., 2010; McCuaig and Hronsky, 2014;
Mercier-Langevin et al., 2014). Hence, chemical and structural architec-
ture may develop well before a metallogenic event can create favourable
conditions for the development of fluids and melts critical to
metallogenesis, and can also channel and compartmentalise fluid flow.

11.4. Tectonic perturbations and giant ore deposits?

For most commodities, economically extractable resources are con-
centrated in a relatively small proportion of deposits, and these deposits
are where most of the economic value lies. As exploration moves into
more remote and/or covered terranes, these giant deposits will become
even more important, due to the higher costs of exploitation of remote
and deeply buried resources. As a consequence, an understanding on
the controls on the formation of such giant deposits is essential for effec-
tive exploration in remote and/or covered terranes.

Factors that control the formation of giant ore bodies have been the
subject of many studies (e.g. Phillips et al., 1996; Kesler, 1997; Jaques
et al., 2002; Emsbo et al., 2006; Leach et al., 2010; McCuaig and
Hronsky, 2014). One of the key factors identified by these and other
studies is the importance of tectonic events that cause changes in the re-
gional far-field stress regime.

Evidence from apparent polar wander paths in Australia (e.g.
Idnurm, 2000) and elsewhere (e.g. Elston et al., 2002) suggest that the
motion of geological blocks tends to be relatively smooth punctuated
by very short and sharp deviations. As shown by Idnurm (2000) in
North Australia, major mineral deposits are associated with these devi-
ations, which can be interpreted as major perturbations from steady-
state plate motion of the types now associated with tectonic mode
switches (Collins, 2002a). An association ofmajor ore depositswith per-
turbations in plate motion is also noted in younger rocks. For instance,
major orogenic gold deposits in the Juneau goldfield in Alaska are tem-
porally associated with a change in Pacific plate motion at ~56 Ma
(Miller et al., 1988), and porphyry Cu deposits along the Andeanmargin
of South America area associated with the shallowing of subduction
(Sillitoe and Perelló, 2005).
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In southeast Australia, the giant orogenic gold system in the
Victorian goldfields, and the major Macquarie porphyry province, ap-
pear to have formed as a consequence of the oblique docking of
VanDieland and ensuing development of an orocline (Cayley, 2012;
Moresi et al., 2014). Immediately prior to, and after, this tectono-
metallogenic event, when the Paleozoic eastern Australian convergent
margin was in steady state, small to moderate-sized VHMS and intru-
sion related deposits formed (Section 9.5). It is possible that, in many
tectono-metallogenic systems, small deposits form during periods of
steady state, whereas major deposits form when the system is
perturbed, such as during the Lachlan tectonic mode switch (Collins,
2002a). An analysis by McCuaig and Hronsky (2014) came to a similar
conclusion. Identification of these perturbances, and their consequences
in time and space, which can be provided by a variety of datasets (e.g.
geochronology, structural and paleomagnetic), could provide insight
and vectors to the locations of giant deposits.

11.5. Exploration implications

As discussed by Schodde (2011); McCuaig and Hronsky (2014) and
many other authors, most “easily” discovered deposits have largely
been found, and future discoveries will increasingly be made in poorly
exposed or under-cover terranes. Consequently, conventional explora-
tion techniqueswill become less effective andnewexplorationmethods
and concepts will be required.

Analysis of the links between the evolution of tectonic systems and
metallogeny suggests that an understanding of the tectonic setting can
be used to predict characteristics ofmineralisation in poorly known ter-
ranes. This tectonic understanding can be gained either from better ex-
posed terranes along strike or, in some cases, regional- or national-scale
geochemical, isotopic or geophysical datasets. Moreover, the concept of
tectonically-linked mineral deposit associations can be used to predict
unknown styles ofmineralisation in knownmineral provinces. If indeed
major mineral deposits are the products of perturbations on tectono-
metallogenic systems (e.g., McCuaig and Hronsky, 2014), documenta-
tion of such perturbations and their spatial and temporal effects could
assist the development of regional exploration models that specifically
target major deposits.

In many tectono-metallogenic systems, mineralisation is strongly
controlled by major crustal breaks (McCuaig and Hronsky, 2014). In
Australia, these crustal breaks are being identified using a combination
of new-generation geological mapping (e.g. VandenBerg et al., 2000),
geochronology, and geophysical (seismic, gravity, aeromagnetic and
other dataset (both observational and derived): Korsch and Doublier,
2014; Korsch and Doublier, 2016-in this issue; McCuaig and Hronsky,
2014) and isotopic (Sm–Nd and Pb–Pb: Champion, 2013; Champion
and Huston, 2016-in this issue) data. Importantly, the data used to
identify these breaks is regional and national in scale, datasets that
are commonly available in remote or covered regions. Although an
understanding of the relationship between tectonic evolution and
mineralisation, combined with national to regional datasets, can vector
to potential mineral provinces or districts, more detailed geophysical
data and other different data (e.g. lithological, structural and geochem-
ical) are required for district- and prospect-scale exploration.

12. Conclusions

Although the relationships between geodynamics, tectonics and
mineral systems are complex, a number of generalisations can be
made about this relationship that have bearing on the use of tectonic
analysis to predict the temporal and spatial distributions of mineral
systems:

• Ore deposits are the products of geological systems that can operate
over a long time frame (to hundreds of millions of years) and at scales
from the ore shoot to the craton.
• Mineral systems are the product of geodynamic processes that may
operate in different tectonic settings, so individual deposit types
may not be diagnostic of tectonic setting.

• Lithospheric architecture, which controls the spatial distribution of
and fluid flow within mineral systems, is largely determined by cur-
rent and past geodynamic processes.

• In some cases,mineral deposit associations can be used as indicators of
tectonic setting.

• Mineral systems that form mostly in divergent tectonic settings in-
clude clastic-dominated Zn–Pb–Ag systems, many systems associated
with alkalic magmatism, Lake Superior-type banded-iron formation
systems (including later upgrading), unconformity-related U systems
and shale-hosted Cu–Co–Ag systems.

• Mineral systems that form mostly in convergent tectonic settings in-
clude porphyry-epithermal Cu–Au–Mo, VHMS Zn–Pb–Cu–Ag–Au,
komatiite-hosted Ni–Cu–PGE, orogenic gold, orogenic base and
precious metal (Cu–Au–Zn–Pb–Ag), Mississippi Valley-type Zn–Pb,
and intrusion-related W–Sn–Mo–Au–Cu, IOCG Cu–Au–U and
Algoma-type BIF (including later upgrading) systems.

• Mineral systems that formmostly in intraplate tectonic settings include
LIP-associated orthomagmaticNi–Cu–PGE systems, andU, V andpotash
systems associated with intracratonic basins, including salt lakes.

• The duration of mineralising events is commonly relatively short
(b5 Myr and commonly b1 Myr) and correlates with local and/or far-
field tectonic events such as a tectonic mode switch within the tectonic
system.

• Metallogenesis evolves as tectonic setting evolves, leading to the staged
development of mineral systems and deposit types within an evolving
tectonic environment. This is illustratedwell by the evolution of the Or-
dovician to Silurian Lachlan tectono-metallogenic system in southeast-
ern Australia (Fig. 18).

• The geochemical characteristics of many mineral systems are a conse-
quence of their geodynamic and tectonic settings. Geodynamic and tec-
tonic settings, that are characterised by low heat flow and lack active
magmatism, produce low temperature fluids that are oxidised, with
ore formation caused largely by redox gradients or the provision of ex-
ternal H2S. In settings characterised by high heat flow and active
magmatism, ore fluids tend to be higher temperature and reduced,
with deposition caused by cooling, pH neutralisation, depressurisation
and fluid mixing.

• Tectonic processes and, by implication, metallogenesis have evolved as
the Earth's interior has cooled,with themost important changes occur-
ring during the Meso- to Neoarchean (probable transition from pre-
subduction to proto-subduction) and the Neoproterozoic-Paleozoic
boundary (transition from proto-subduction to modern-style subduc-
tion). Changes in the characteristics of some deposits and mineral sys-
tems can be linked to these transitions.

• Better understanding of geodynamic setting and the development of tec-
tonic/geodynamic models can lead to greater understanding of large scale
controls on mineral systems, which will result in greater predictive ability,
leading to more targeted exploration and more effective discovery.

• Newand/orupdatedandmodernnational-scaledatasets (e.g.major crustal
boundaries, radiogenic isotope maps, tomographic maps, magneto-telluric
data) are critical to understanding tectonic architecture and to predict
metallogenic provinces under-cover in Australia and elsewhere.
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