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mineral discoveries. This is because the mineral systems approach provides a means of integrating in-
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formation over a range of time and terrane scales using the broad critical components of Geodynamics,
Fertility, Architecture, and Preservation. Although their adoption is limited, the value of such mineral

Keywords: systems for single deposit classes and closely related deposit groups is demonstrated and numerous dis-
Mineral_ systems parate deposit classes are shown to occupy equivalent tectonic niches in terms of their Geodynamic and
Orogenic gold systems Preservation components.

Porphyry Cu-Au systems
Craton margins
Metallogenic factories

The value of a mineral system model for a single deposit class is demonstrated for orogenic gold de-
posits using the premise that their genesis is explained in terms of a single global model rather than
a series of disparate local models. If all orogenic gold deposits define a coherent mineral system, there
are only two realistic sources of auriferous fluid, based on their syn-mineralization geodynamic settings.
These are from devolatilization of a subducted oceanic slab with its overlying sulfide-rich sedimentary
package, or release from mantle lithosphere that was metasomatized and fertilized during a previous
subduction event, particularly adjacent to craton margins. This orogenic gold mineral system can be ap-
plied to conceptual exploration by first identifying the required settings at Geodynamic to deposit scales.
Within these settings, it is then possible to define the critical gold mineralization processes in the sys-
tem: Fertility, Architecture, and Preservation. These among other parameters, dictate that the structures
controlling ore fluid advection must be lithosphere-scale faults that can be identified in magneto-telluric
surveys, and that amphibolite-facies metamorphic domains are prospective exploration search spaces.

The porphyry-high sulfidation-skarn Cu-Au (Mo, W, Ag) deposit group is an example where the min-
eral system comprises several deposit classes that are commonly spatially and temporally associated.
These occur in strike extensive, curvilinear volcanic, continental, island, and post-collisional arcs, where
Geodynamics and province-scale Architecture are controlled by arc-parallel continental-scale faults and
intersections of oblique crustal-scale accommodation structures, commonly in shallow subduction slab
arc segments. Fertility of the arcs is indicated by geochemistry of volcanic components that reflect res-
idence and replenishment of H,O-rich hybrid source magmas in upper crustal magma chambers. In
terms of district-scale Architecture, the porphyry-related systems are sited within and above small finger-
shaped porphyritic bodies that intrude the roof zones of oxidized granitic plutons. The mineral systems
comprise vertically and laterally zoned orebodies, alteration envelopes, and metal ratios developed from
long-lived, originally high salinity and low pH, evolving magmatic-hydrothermal fluids exsolved from the
fertile porphyry intrusions. Preservation potential is limited because of high uplift and erosion rates in
the host arcs, with most deposits restricted to the Cenozoic, although there are Mesozoic examples in
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post-collisional arcs. At district scale, the presence of lithocaps identifies systems at a suitable exhuma-
tion level for exploration, with a range of mapping, remote sensing spectral, and geophysical methodolo-
gies applicable to detect critical responses from extensive porphyry-related footprints.

Craton and thick lithosphere margins represent Geodynamic settings with high Preservation factors
for an incredibly large range of deposit classes enriched in Ag, Au, Bi, Co, Cu, Fe, Mo, Ni, P, Pb, PGE, REE,
Sb, Sn, Te, W, and Zn, and including diamonds. These are sited within ~100 km of the margins due to
adjacent metasomatized and fertilized mantle lithosphere, development of lithosphere-scale fault arrays,
or fertile marginal basins on these margins. Thus, although Fertility and Architecture components vary
widely between component mineral systems, the combined Geodynamic and Preservation factors provide
specific restricted exploration search spaces for a variety of deposit classes. This is shown in spectacular
fashion for the North China and Yangtze cratons in eastern China where 66 diverse giant or world class
deposits are sited within ~100 km of their margins.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Ocean University of China.
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1. Introduction

Greenfield mineral exploration is currently an inefficient pro-
cess with ore deposit discovery rates slowing significantly in the
21st Century (Schodde, 2017) despite increased exploration ex-
penditure. There needs to be a step improvement in greenfield
exploration to replenish depleted resources and maintain long-
term production. It is evident that conceptual geological targeting
is required as an initial step to focus exploration into the most
prospective districts within potentially well-endowed terranes or
provinces (Hronsky and Groves, 2008). As a crucial first step, this

requires the establishment of superior predictive geological models
for the deposit type that is sought by the greenfield exploration
program.

Research into genetic models for mineralization systems has
gradually evolved towards holistic mineral system models that
view the mineralization processes in a hierarchical manner
from geodynamic setting through province- and district- to
deposit-scale. This mineral systems concept was initiated by
Wyborn et al. (1994) and championed by Knox-Robinson and
Wyborn (1997) and Hronsky and Groves (2008), but it is only
since 2010 that it has become prominent as a critical tool
for development of genetic models and for conceptual targeting
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Fig. 1. Critical elements of a mineral system, with emphasis on orogenic gold.
Adapted from McCuaig and Hronsky (2014).
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Fig. 2. Pie diagram plot showing percentage of 395 papers published by Economic
Geology and Mineralium Deposita in 2020 and Ore Geology Reviews in January to
June 2020 (reduced due to larger numbers of papers per issue). Categories defined
by subjective selection by first author. Global represents global deposit discussions
or methods that can be applied globally. Province (25% of these papers concern
geochronology), District, and Deposit represent content at those scales. Sub-deposit
represents detailed analytical techniques applied to specific deposits or, less com-
monly, deposit clusters. An estimated 15% of papers mention exploration in their
titles or are adjudged to have exploration significance. Mineral system is in the ti-
tles of 0.75% papers.

(Deng et al., 2020a; Groves et al., 2020a; Hagemann et al., 2016;
Huston et al., 2016; McCuaig and Hronsky, 2014; McCuaig et al.,
2010; Wyman et al,, 2016) that has been applied to mineral po-
tential analysis for a variety of mineral commodities (Bruce et al.,
2020; McCafferty et al., 2019; Skirrow et al., 2019). As summa-
rized by Kelley et al. (2021), mineral systems models require a
Fertile ore-component source in a suitable Geodynamic setting
with favourable linked lithosphere and crustal Architecture for ore-
fluid migration to a trap site, with suitable post-mineralization
tectonic processes to ensure Preservation. It is the multiplica-
tion effect of the conjunction of self-organised critical components
(Hronsky, 2011, 2020) of the mineral system (Fig. 1) that deter-
mines the size and economic value of an ore body (Megill, 1988).

Despite this increasing emphasis on mineral systems rather
than the genesis of individual deposits, published economic ge-
ology research (Fig. 2) still favours deposit or smaller-scale stud-
ies that are heavily weighted towards the application of analytical
techniques. The majority of such research produces complex ge-
netic models at the microscale that are inappropriately applied to
the deposit or district scale and have little application to global
mineral exploration. In this paper, the mineral systems approach
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Fig. 3. Convergent margin-orogenic gold model showing range of tectonic settings
for orogenic gold systems within a consistent Geodynamic environment. Adapted
from Goldfarb et al. (2001), 2005) and Groves et al. (2005a) from initial figure in
Groves et al. (1998).

is applied to orogenic gold deposits as a single deposit class, and
porphyry-high sulfidation-skarn systems as an example of multi-
deposit classes, with deposits sited adjacent to craton margins as
an example of the power of grouping diverse deposit classes based
on their Geodynamic and related Preservation components. The
benefit of applying such a mineral systems approach to exploration
targeting is emphasized.

2. A universal genetic model for orogenic gold deposits
2.1. Introduction

Following the pioneering deposit integration studies of
Colvine et al. (1984) and Groves (1993), the term orogenic
gold deposit was defined by Groves et al. (1998), following
Gebre-Mariam et al. (1995), as a coherent group (Fig. 3) of
structurally controlled (Kerrich, 1989) gold-only deposits that
formed in convergent margin settings (Groves et al., 2005a) in
broad thermal equilibrium with their wall-rocks from low-salinity
H,0-CO, ore fluids at crustal depths ranging from 2 to 20 km
(Groves, 1993; Kolb and Meyer, 2002; Kolb et al., 2005a, 2015b,
2015). Although this term is widely accepted (Bierlein et al.,
2006a; Goldfarb et al., 2001, 2005, 2014), there have been nu-
merous models (Groves et al., 2020b: their Fig. 2) to explain the
genesis of this deposit group, as summarized by Goldfarb and
Groves (2015), which can only be resolved if a mineral systems
approach is adopted (Groves et al., 2020b; Wyman et al., 2016).

Goldfarb and Groves (2015), Wyman et al. (2016), and
Groves et al. (2020b) present abundant evidence to show that shal-
low crustal and magmatic-hydrothermal models are not viable for
most individual orogenic gold deposits, let alone a single integrated
mineral system that incorporates all deposits within the deposit
class. This leaves metamorphic models as the only viable universal
or near-universal models for the genesis of orogenic gold deposits.

2.2. Search for a holistic genetic model

Since the 1980s, there has been general acceptance of an aurif-
erous fluid source model that promotes metamorphic devolatiliza-
tion of largely supracrustal rocks within the continental mid-crust
under upper greenschist- to amphibolite-facies conditions. Dom-
inant upwards advection of resultant metamorphic low-salinity
H,0-CO, (+/- CHy4, N;) fluid and metals along complex conti-
nental fluid pathways (Ridley and Diamond, 2000) to the depo-
sitional site of orogenic gold mineralization at higher crustal lev-
els is advocated in this model (summarized by Goldfarb et al.,
2005; Phillips and Powell, 2010; Tomkins, 2010; among many oth-
ers). Deposition of gold in convergent margins occurred consis-
tently during a late transition in deformation from compression to
transpression (Groves et al., 2000), more rarely trans-tension, most
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commonly during accretion (Goldfarb et al., 1988), with concomi-
tant uplift and lowering of lithostatic pressure (Groves et al., 1987;
White et al., 2015).

This crustal metamorphic model has the potential to explain
those deposits in mesozonal to epizonal orogenic gold deposits
in the terminology of Gebre-Mariam et al. (1995), where peak
greenschist-facies metamorphic conditions broadly coincide with
the timing of gold mineralization. However, it has significant weak-
nesses as a universal model. For example, gold-rich fluids would
need to have been derived from different volcanic and sedimen-
tary source rocks at different times in Earth history (Goldfarb and
Groves, 2015) within different geodynamic settings where anoma-
lous heat flow and consequent regional metamorphism was caused
by a variety of crustal- to mantle-related processes (Goldfarb et al.,
2005).

There are several weaknesses for the crustal metamorphic
model, most obviously for Precambrian deposits, but also for
an increasing number of Phanerozoic deposits, particularly in
China. These are outlined in detail by Wyman et al. (2016) and
Groves et al. (2020a), b) and are only briefly summarized here.

A major problem for this model as applied to Archean and
Paleoproterozoic terranes is the occurrence of a significant num-
ber of hypozonal (Gebre-Mariam et al, 1995) deposits world-
wide that were deposited in mid- to upper-amphibolite facies do-
mains, as demonstrated by Kolb et al. (2015) among others. For
these deposits, the fluid source must have been >15 km (possi-
bly up to 20 km) deep, not from devolatilization during upper-
greenschist to amphibolite-facies metamorphism as proposed in
the crustal metamorphic model. In addition, multiple sulfur iso-
topic compositions of Neoarchean orogenic gold deposits in West-
ern Australia show that local supracrustal rocks did not supply sig-
nificant sulfur for the deposition of gold-related sulfides in oro-
genic gold deposits. Rather, data from Selvaraja et al. (2017) and
LaFlamme et al. (2018) imply that this sulfur was derived from
a deep homogenized reservoir that contained recycled mass-
independent fractionated sulfur (MIF-S) isotope signatures sourced
from an Archean sub-crustal sediment reservoir.

Although Phanerozoic orogenic gold deposits comply with
the crustal metamorphic model in that most significant meso-
zonal to epizonal deposits are recorded from turbidite-dominated
greenschist-facies domains (Goldfarb et al., 2005) from which ma-
jor ore elements could be more deeply derived (Pitcairn et al.,
2006), there are exceptions. As summarized by Zhao et al. (2019) in
a description of the Jurassic Danba hypozonal orogenic gold de-
posit from the north-western margin of the Yangtze Block, China,
there are also late Carboniferous to early Permian orogenic gold
deposits in the Massif Central of France (Bouchot et al., 2005) and
in Upper Devonian turbidite-hosted orogenic gold deposits in Nova
Scotia, Canada (Kontak et al., 1990; Ryan and Smith, 1998).

In addition, recent documentation of Chinese orogenic gold de-
posits, particularly those adjacent to the North China and Yangtze
craton margins, has ruled out crustal metamorphism as a univer-
sally viable orogenic gold model. As summarized by Li and San-
tosh (2017) and Deng et al. (2020a), b), with a comprehensive list
of previous publications, the most important orogenic gold event in
the North China Craton was related to the Upper-Jurassic to Lower
Cretaceous mantle lithosphere thinning and delamination due to
the complex history and geometry of subduction related to con-
vergence of the Paleo-Pacific Plate. This resulted in asthenosphere
upwelling, widespread largely granite magmatism, and widespread
mesozonal to epizonal orogenic gold mineralization (Goldfarb and
Santosh, 2014; Yang and Santosh, 2020; Yang et al., 2016) at 120
Ma (Deng et al., 2020c; Zhang et al., 2020a) in the Jiaodong Gold
Province which contains >35% (> 5000 t gold) of China’s gold
resource.
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Deng et al. (2020b) provide evidence that the auriferous ore flu-
ids were derived from metasomatized mantle lithosphere on the
North China Craton margin that was fertilized during earlier Trias-
sic subduction of gold-enriched pyritic sedimentary rocks from the
northern margin of the Yangtze Craton. In the Cretaceous, subse-
quent asthenosphere upwelling related to complex subduction of
the Paleo-Pacific plate is interpreted to have caused devolatiliza-
tion of the metasomatized and fertilized mantle lithosphere to re-
lease auriferous ore fluids. These fluids advected via lithosphere-
scale faults and were focused into subsidiary faults and shear
zones to form the Jiaodong gold deposits. Fortunately, the deposits
were preserved due to relatively slow exhumation despite the pre-
vious lithosphere delamination (Zhang et al., 2020a).

Other Chinese gold deposits on the margins of the North China
and Yangtze cratons present similar, although more subtle, prob-
lems. For example, Goldfarb and Groves (2015) indicate signifi-
cant timing problems for a crustal metamorphic model to form
the mesozonal to epizonal orogenic gold deposits in the Triassic
Qinling gold province (Chen et al., 2008). At the time of regional
metamorphism, there were no previously un-metamorphosed vo-
luminous source rocks that could have experienced fluid and metal
liberation during amphibolite facies metamorphism, implicating
an external deeply sourced fluid (Li et al., 2018). Similar argu-
ments apply to the Huangjindong goldfield, hosted in Neoprotero-
zoic slate, in the Jiangnan Orogen, Hunan (Zhang et al., 2020b) and
to Upper Oligocene and Lower Miocene orogenic gold deposits in
the NNW-trending Ailaoshan shear zone between the South China
and Indochina Blocks in south-eastern Tibet, as summarized by
Wang et al. (2020a) and references therein).

3. A coherent mineral system model for orogenic gold deposits

An orogenic-gold mineral system model that represents a co-
herent and universally applicable model (Wyman et al., 2016) is
derived below in terms of the four key components: Fertility, Geo-
dynamics, Architecture, and Preservation.

3.1. Fertility parameter

The Fertility parameter of the orogenic gold mineral system
must be represented by a sub-crustal H,0-CO, S-bearing fluid
containing dissolved Au and associated metals such as Ag, As,
Bi, Sb, Te and W. As discussed by Goldfarb and Groves (2015),
there are few unequivocal indications of this precise fluid or metal
source from multiple fluid inclusion, stable isotope, or radiogenic
isotope studies because fluids have been modified by reactions
along the long crustal pathways as they migrate towards gold de-
positional sites (Ridley and Diamond, 2000). The only obvious uni-
versal constraints are that the original fluid was almost certainly
near-neutral and reduced (Goldfarb and Groves, 2015), although S
isotope ratios of ore-related sulfides can, in some instances, dis-
criminate between alternative sources (Wang et al., 2020b). Thus,
the ultimate sub-crustal source of fluid and metals must be de-
duced from factors such as geodynamic setting and tectonic timing.

3.2. Geodynamic parameter

Orogenic gold deposits are invariably formed in accretionary or,
less commonly, collisional tectonic environments related to sub-
duction (Goldfarb et al., 2001; 2005), indicating that convergent
margins are the critical dynamic setting. Such a setting can ex-
plain the late- to post-metamorphic timing in host sequences pre-
cisely when a change in far-field stresses promoted a change from
compression to transpression or transtension, as demonstrated by
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the geometry of the orogenic gold orebodies (Groves and San-
tosh, 2015; Groves et al., 2018). This implicates a fundamental re-
lationship to a change in plate motion and stress regime on the
whole-Earth scale induced by cessation of subduction, perhaps due
to collision with a basement block or stalling of the slab during
subduction (Seno and Kirby, 2014).

In a normal convergent margin setting, the only real-
istic sub-crustal source of fluid and metals is subducted
oceanic crust and an overlying sediment wedge (Goldfarb and
Groves, 2015; Goldfarb and Santosh, 2014; Groves and San-
tosh, 2016; Wyman et al, 2016). Devolatilization of a sub-
ducted slab can result in extensive upward fluid-flux along slab-
mantle boundaries (Katayama et al., 2012; Peacock et al., 2011;
Sibson, 2004) into fore-arc or accreting terrane margins. At this
stage, the oceanic slab and pyrite-bearing sediment wedge will
devolatilize releasing S together with Ag, As, Bi, Sb and Te
to the fluid via breakdown of sedimentary pyrite to pyrrhotite
(Large et al., 2009; Steadman et al., 2013). Such over-pressured
fluids (Sibson, 2013) can then be transported as injection-driven
seismic swarms (Cox, 2016) from the mantle lithosphere to crustal
levels in lithosphere- to crustal-scale fault zones to eventually de-
posit orogenic gold deposits at even shallower levels in lower-order
structures (Hyndman et al., 2015).

A schematic model, adapted from the Goldfarb and San-
tosh (2014) and Groves et al. (2020b) models is presented in
Fig. 4a.

An adapted subduction-related model is required for orogenic
gold provinces that are sited on craton margins as in eastern China.
In their geodynamic model for the well-documented Jiaodong de-
posits, Goldfarb and Santosh (2014) suggested that the aurifer-
ous fluids could be derived indirectly from the mantle lithosphere
wedge that had been fertilized and metasomatized by fluids de-
rived from a subduction zone. Subsequent geochemical and iso-
topic syntheses by Deng et al. (2020a), b) have supported the lat-
ter model and shown that mantle-lithosphere metasomatism with
possible anomalous enrichment in gold (Saunders et al., 2018)
was related to an earlier subduction event. Similar models have
been derived for the Ailaoshan gold province (Wang et al., 2020b),
and previously postulated more generally by Bierlein and Pis-
arevsky (2008), Hronsky et al. (2012), and Wyman et al. (2016),
among others. Groves et al. (2020a)) discuss the mechanisms that
might allow advection of such deep fluids into the crust without
partial melting to produce magmas. A schematic model based on
Deng et al. (2020a), b) is shown in Fig. 4b and 4c.

3.3. Architecture parameter: fluid plumbing system

For the mineral system orogenic-gold models in Fig. 4a and
4b, a lithosphere-crust continuum in structural architecture is re-
quired (McCuaig and Hronsky, 2014). The required lithosphere-
scale structures are commonly marked by anomalous concentra-
tions of lamprophyre dykes or felsic-intermediate intrusions with
mantle source components (Witt et al., 2013) that indicate a
lithosphere connection for fluid conduits (Perring et al., 1987;
Rock et al., 1989). The first-order faults are most highly endowed
where they are intersected by high-angle accommodation struc-
tures (Groves et al., 2018, 2020a, and earlier references within).

Common structural traps related to second-order subsidiary
faults and shear zones include tight, thrusted antiforms, inter-
sections between strike- extensive shear zones and high-angle
fault corridors, commonly at jogs in the former, irregular sheared
margins of small granite or other intrusions, and triple-point or
quadruple-point junctions between adjacent intrusions (Fig. 5), as
discussed by Groves et al. (2018). An excellent example of a con-
trol by quadruple-point granite intrusions is provided by the giant
Hemlo orogenic gold system (Fig. 6) in an amphibolite-facies ter-
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rane where such controls are more common. Important chemical
traps include fractured iron-rich host rocks and carbonaceous sed-
imentary units (Goldfarb and Groves, 2015). The hydrothermal sys-
tems also require caps to effectively impound fluid flux within the
permeable trap zone. For Precambrian orogenic gold systems this is
normally provided by relatively impermeable metasedimentary se-
quences that overlie more-permeable fractured volcanic sequences
in greenstone belts (Groves et al., 2003), but there may be more
subtle controls in Phanerozoic deposits.

3.4. Preservation parameter

For all mineral deposits, Preservation is as important as for-
mation in dictating the distribution of deposits through time
(Groves et al, 2005b). Orogenic gold deposits are anoma-
lous in that they formed at crustal depths >2 km and
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mostly >5 km (Goldfarb et al, 2005; Groves, 1993), and
have improved preservation potential because of their late-
orogenic timing after the major compressional phase of tec-
tonism (Goldfarb et al, 2001: their Figs. 3, 4). Both Pre-
cambrian deposits and Phanerozoic deposits on craton mar-
gins were preserved because of thick buoyant sub-continental
lithosphere keels beneath them (Griffin et al, 2013, 1998;
Groves et al.,, 2005b; Wyman and Kerrich, 2002) or adjacent to
them (Zhang et al,, 2020a). Orogenic gold deposits thus formed
during most orogenic events in Earth history (Fig. 7). The global
distribution of exhumed high-grade metamorphic roots to Meso-
proterozoic to early Neoproterozoic orogenic belts explains the ab-
sence of orogenic gold deposits (Fig. 7) during this billion years of
Earth history (Goldfarb et al.,, 2001).
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3.5. Summary

A schematic summary of the orogenic gold mineral system is
shown in Fig. 8 with two alternative models for the Fertility pa-
rameter.

4. Critical mineral-system-based exploration criteria for
orogenic gold deposits

The critical components of the mineral-system orogenic-gold
model (Fig. 1) relevant to exploration are exhaustively discussed
in logical order from Geodynamics to Fertility to Architecture to
Preservation and summarized in a series of Tables that include
geophysical and geochemical proxies by Groves et al. (2020a)).
Consequently, only those most important exploration criteria that
specifically depend on a sub-crustal rather than crustal mineral
system model are briefly outlined below.

As discussed above, the critical Fertility and Geodynamic fac-
tors are related to the subduction of an oceanic slab and overlying
sediment wedge that can provide fluid, sulfur, gold, and other ore
metals to the orogenic gold system (Figs. 3 and 4). As subduction is
effectively linked to convergent margin geodynamic settings, these
must be identified as crucial terranes or provinces within which to
target gold exploration. One of the useful geological tools to dis-
tinguish extinct convergent margins from surface geology is the
recognition of Ocean Plate Stratigraphy (OPS), even in Precambrian
terranes (Kawai et al., 2009). The OPS has been defined as the orig-
inal composite stratigraphic succession of the ocean floor which is
incorporated in an accretionary complex and can be considered as
the travelogue of an oceanic plate from mid oceanic ridge to sub-
duction zone (Safonova et al., 2009; Santosh, 2010). A typical OPS
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sequence, accreted on to land, would thus be a sequence of MORB,
chert, OIB, and trench sediment (Isozaki et al., 2010), with more
complex variants in Phanerozoic collisional belts and Precambrian
greenstone belts, as summarized by Groves et al. (2020a)).

At the province or terrane scale, the Architecture parameter of
the mineral system model is linked to the Geodynamic and Fer-
tility factors. The key Architecture factor at this scale is provision
of major permeable structures that extend to the MOHO and can
deliver high thermal and seismically driven fluid flux from litho-
sphere to the crust (Figs 3 and 4). For well-endowed gold provinces
these are the steeply dipping first-order faults and shear zones
that are marked by distinct aeromagnetic lineaments and com-
monly control the distribution of lamprophyres and related intru-
sions. Magneto-telluric sections (Dentith et al., 2013) most clearly
mark the vertical extent of these lineaments. Recent studies by
Heinson et al. (2018) on the Gawler Craton, South Australia (Fig. 9a
and b) define a high conductivity structure C3, a possible high
fluid-flux alteration zone, on the craton margin at 15-40 km depth,
down to the top of the MOHO. Low resistivity pathways C2 ex-
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tend from C3 to the surface, pointing to known IOCG deposits
with the strongest central pathway below the giant Olympic Dam
deposit. These anomalies have been termed “The Fingers of God”
(Robertson and Thiel, 2019). Although these “Fingers of God” are
defined for IOGD deposits, reconnaissance magneto-telluric surveys
over the greenstone belts of the Yilgarn Block, Western Australia
(Fig. 9¢) show similar channel ways extending to the MOHO with
lowest resistivity zones below the Eastern Goldfields, and poorly
defined “Fingers of God” below the most eastern, most highly gold-
endowed terrane in the Yilgarn Block. Thus magneto-telluric sur-
veys have the potential to directly detect zones of high fluid flux
and fluid-rock reaction for hydrothermal deposits with sub-crustal
fluid sources, such as orogenic gold mineral systems.

Terranes with low-strain low-permeability sequences with
such widely spaced high-strain high-permeability lithosphere-scale
shear zones provide greater opportunity for the formation of
world-class to giant mineral systems, because high fluid flux
is focused into a relatively small volume within the terrane
(Groves et al., 2000). More rapid uplift contemporaneous with gold
mineralization, as indicated where late conglomerate basins are
juxtaposed against lower volcanic sequences (Abitibi Belt, Canada:
Colvine et al., 1984; Norseman-Wiluna Belt, Western Australia:
Tripp, 2014), may also be an important regional factor. These are
interpreted to signify sites of anomalously rapid uplift rates along
the first-order structures, where lowering of lithostatic pressures
in interconnecting faults enhances hydro-fracturing, extreme pres-
sure fluctuations, and effective gold deposition through fluid phase
separation episodes (Groves et al., 1987).

Importantly, the sub-crustal mineral system allows amphibolite-
facies domains to be valid exploration targets for hypozonal oro-
genic gold deposits, thus expanding viable exploration space. Al-
though not exclusive to hypozonal deposits, they are commonly
located in more complex structural geometries that are developed
at triple- to quadruple-point junctions between three or more
granite bodies that impinge on the volcano-sedimentary sequences
that they have intruded. Hypozonal (for example, numerous exam-
ples from the Southern Cross belt of Western Australia; Eleonore,
Musselwhite, and Hemlo in Canada, and less common mesozonal
(for example Red Lake in Canada; deposits in the Quadrilatero of
Brazil) gold deposits are located along strain gradients in hetero-
geneous stress zones within inverted V-shaped or cuspate volcano-
sedimentary segments of belts.

From an exploration viewpoint, these triple- and even
quadruple-point junctions are evident on available aeromagnetic
images and are commonly located on gravity gradients, as for
many other orogenic gold deposits (Bierlein et al., 2006b) due to
magnetic susceptibility and density contrasts between granite in-
trusions and supracrustal sequences, particularly in Precambrian
greenstone belts.

District- to deposit-scale repetitive structural geometries and
fluid caps that control the location of many orogenic gold de-
posits are described and discussed in considerable detail by
Groves et al. (2018) and Hronsky (2020) and are only summarized
here (Fig. 5). In terms of their Preservation factor, orogenic gold
systems are anomalous in that they can form at deep crustal lev-
els and may individually, like the giant Kolar hypozonal deposit
(Radhakrishna and Curtis, 1999; Sarma et al., 2011), extend to >
2 km down dip or plunge, explaining their distribution throughout
most of geologic time (Goldfarb et al., 2001). Whether epizonal,
mesozonal, or hypozonal groups of deposits (Gebre-Mariam et al.,
1995) are dominant in a terrane provides a geological estimate of
the degree of exhumation and hence its exploration potential. A
terrane having mostly epizonal Au-Sb deposits, for example, clearly
has the potential to host deeper mesozonal deposits.

Geosystems and Geoenvironment 1 (2022) 1-26

INTERMEDIATE-SULFIDATION EPITHERMAL Au-Ag
HIGH-SULFIDATION EPITHERMAL Au-Ag

Volcanic
rocks

Au
REDUCED INTRUSION- -
RELATED Au

(+SKARN)

PORPHYRY
Cu-Au/Au

[
"'

IR
l,"

"
1
h

i
1}
! ';'gl

{}
i,

‘l
i

i
A

'.'3‘ Porphyry
5 X intrusion
POSSIBLE
. SKARN/CARBONATE
Recluess i " REPLACEMENT DEPOSIT
equigranular Inferred felsic AU
intrusion intrusion
10

Fig. 10. Schematic representation of porphyry-related system including skarns.
Other skarns related to Carlin-Type gold deposits and Reduced Intrusion-Related
gold deposits or IRGDs are excluded from the discussion of porphyry-related sys-
tems. Modified from Sillitoe (2010).

5. Genetic model for porphyry-related deposits
5.1. Introduction

Although porphyry Cu-Au-Mo (Seedorff et al., 2005), high-
sulfidation Au-Ag (Sillitoe and Hedenquist, 2003), and skarn Fe-
Cu-Au-Mo-Sn-W (Meinert et al., 2005) deposits are commonly re-
viewed as distinctive deposit classes, it is potentially their combi-
nation in porphyry-related deposits which aids district-scale min-
eral exploration (Sillitoe, 2010). As shown in Fig. 10, porphyry and
high-sulfidation epithermal deposits commonly form a continuum,
whereas skarns may also be associated with other hydrothermal
systems such as IRGD and Carlin-type deposits wherever there are
reactive, normally carbonate, rocks in the host sequences. Only
those skarns spatially related to porphyry-related systems are con-
sidered here.

5.2. Coherent genetic model

Unlike orogenic gold deposits where development of a coher-
ent mineral system has been difficult because of lack of consen-
sus, particularly agreement about fertility factors, porphyry-related
deposits have been widely accepted as derived from magmatic-
hydrothermal fluids from porphyry bodies that lie adjacent to, or
below, the ore deposits in volcanic, island, and continental arcs
in convergent margins (Sillitoe, 2010, 2020). The deposits are nor-
mally associated with small-volume finger-shaped and compos-
ite plugs or, more rarely, dykes, ranging from porphyritic diorite
to granite in composition, that represent late stages of multiple
magma pulses released from fractionating upper crustal magma
chambers. Porphyry Cu-Au+Mo deposits are typically emplaced
at paleo-depths of about 1-6 km (Seedorff et al., 2008) above
large composite plutonic complexes that formed during major
intrusive events. High salinity, low pH, high temperature, and
overpressured magmatic-hydrothermal fluids are exsolved from
these intrusions following their crystallization. These fluids ini-
tiate hydraulic fracturing both of their carapace and country
rocks, leading to fluid phase separation, complex wallrock reac-
tions, and hydrothermal alteration zoning (Heinrich, 2005). Multi-
ple magmatic-hydrothermal pulses produce different overprinting
stages of quartz-sulfide bearing stockwork veins, hence increasing
their metal grades. During progressive cooling of the waning hy-
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drothermal system, the composition of late-stage fluids shifts to-
wards higher pH conditions. These late-stage fluids typically over-
print the early-stage alteration zones, especially along deposit-
scale structures (Heinrich, 2005 and references therein).

As discussed in more detail below, the initial key development
in the formulation of a mineral system model that had exploration
relevance was the evolution from viewing individual porphyry Cu-
Au-Mo deposits as discrete isolated bodies to the integration of
their distinct geochemical and alteration zonation to developing
a coherent zoned-alteration model as documented by Lowell and
Guilbert (1970). This was followed by the incorporation of many
porphyry Cu-Au-Mo deposits with high-sulfidation Au-Ag deposits,
and some Fe-Cu-Au-Ag skarns, into a combined porphyry-related
geological and alteration model, as summarized by Sillitoe (2010,
and references therein). More sophisticated modelling of the geom-
etry of subduction zones and their related structural architecture
(Hayes et al., 2018) led to a better understanding of the spatial oc-
currence of porphyry-related systems, and geochemical fingerprint-
ing of fertile intrusions aided the discrimination between highly
prospective and less prospective intrusive belts (Loucks, 2014).
Hence, although mineral system models are not specifically refer-
enced, it is possible to develop a single integrated mineral system
model for three related mineral deposit classes using the seminal
review of Sillitoe (2010) as a basis.

6. A coherent mineral system model for porphyry-related
deposits

As for the orogenic gold deposits, the mineral system for
porphyry-related deposits is developed in terms of the four criti-
cal parameters: Fertility, Geodynamics, Architecture, and Preserva-
tion. In this case, Geodynamic settings are described first, to pro-
vide context to Fertility factors.

6.1. Geodynamic parameter

Porphyry-related systems are exclusively related to subduction-
related convergent margin settings, particularly where there is an
extended and/or complex subduction history (Clark et al., 1982;
Jankovic, 1977; Lowell, 1974; Sillitoe, 1972; Waite et al., 1997).
The porphyry Cu-Au-Mo and associated high-sulfidation epither-
mal Au-Ag and skarn Cu-Au-Fe system is the most prominent min-
eral system formed during the early evolution of convergent mar-
gins (Hedenquist et al., 2012).

At the global scale, individual clusters of porphyry-related sys-
tems are normally sited along specific strike-extensive curvilin-
ear segments of arcs at spacings of 10 s to 100 s of kilome-
tres (Fig. 11:Sillitoe and Perello, 2005), especially where they are
intersected by cross-cutting regional structures (Gow and Wal-
she, 2005; Salfity, 1985). In an important link to Architecture, lo-
cations of these inter-related deposits (Sillitoe, 2010, 2020) are
normally the result of conjunction of flat subduction slab com-
pression (Espurt et al., 2008) and oblique, deep extensional trans-
form or accommodation faults (Fox et al., 2015; Wilkinson, 2013),
with systems structurally controlled by intersecting crustal- to
lithosphere-scale fault structures (e.g., Chuquicamata-Radomiro
Tomic and Escondida clusters, Chile: Gow and Walshe, 2005;
Matteini et al, 2002) or pull-apart basins (e.g., Peschanka
cluster, Russia: Chitalin et al, 2021). Fig. 12, adapted from
Sun et al. (2015) shows a type example of controlling structural
components.

Although emphasis is placed on the continental arcs of the
Andes in terms of Figs. 11 and 12, other porphyry-related sys-
tems in southeast Asia and the southwest Pacific are dominated
by island arcs that contain over 160 early- to middle-Miocene and
Pliocene-Pleistocene porphyry-related Cu-Au systems. These have
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many similarities in terms of Geodynamics, Fertility, Architecture,
and Preservation to equivalents in the Andes (Fig. 13). As summa-
rized by Garwin et al. (2005), they are typically situated in zones
of complex subduction geometry that result from multiple events
involving polarity reversals, arc-arc and island arc-continent colli-
sions, rifting, and transcurrent faulting. As in the Andes (Figs. 11
and 12), porphyry-related Cu-Au districts are related to bends
and tears in down-going subduction slabs (Miiller et al., 2002)
with ore districts located near high-angle arc-transverse faults
across the arcs (Fig. 13:Corbett and Leach, 1998; Gow and Walshe,
2005).

Deposits within the porphyry-related system normally have a
close spatial and genetic relationship to high-level (<5 km depth)
complexes of oxidized and porphyritic calc-alkaline granites (sensu
lato throughout), some of which are highly potassic or even alka-
line (Miiller and Groves, 2019 and references therein) in volcanic
and continental arcs. The fertile intrusions were largely emplaced
during periods of mild compression with limited volcanism, which
may pre-date or post-date the intrusive activity (Mpodozis and
Cornejo, 2012). There is also an important group of porphyry sys-
tems related to continent-continent collision in the Tethyan belt
from Iran to Tibet (Deng et al., 2021; Wang et al., 2020c), which is
further discussed in the section on craton margins below in terms
of magmatic-hydrothermal systems associated with metasomatized
mantle lithosphere.

6.2. Fertility parameters

Calc-alkaline porphyry-related systems have no specific ig-
neous rock association, with fertile intrusions ranging from diorites
though granodiorites to granites. Porphyry Cu deposits hosted by
high-K calc-alkaline or shoshonitic intrusions can range from mon-
zodiorites through monzonites to quartz-monzonites and monzo-
granites, (Miiller and Groves, 2019 and references therein).

Compositions of gold-fertile arc-basalt magmas (Loucks, 2014)
define the source of the porphyry systems as gold-enriched meta-
somatized mantle lithosphere fertilized via low-degree partial
melting of deeper mantle during earlier, possibly subduction-
related, thermal events (Tatsumi and Eggins, 1995), implicating
a dual subduction association in contrast to other arc settings
(Waters et al., 2021). The higher gold contents of more alka-
line porphyry systems (Miiller and Groves, 2019) support such a
model, as do zircon compositions from fertile porphyry systems
(Bao et al.,, 2018) that implicate anomalously water-rich source
magmas (Lu et al., 2016), that degas sulfur (Dilles et al., 2015).

In subduction-related arc settings, it appears that devolatiliza-
tion and partial melting of the subducted oceanic slab metaso-
matically enriches the mantle wedge in LILE and volatiles such as
H,0 and Cl (Bekaert et al., 2021). Adiabatic decompression melt-
ing of these enriched mantle lithosphere domains produces up-
rising basic H,O- and LILE-enriched magmas with high oxidation
states, typically >1 log degree above the FMQ buffer (Lee et al.,
2005; Miiller et al., 2001, 2002; Li and Audetat, 2013). Recent stud-
ies by Williams et al. (2018) imply that high oxidation states of
a magma are generally correlated with high magmatic H,O con-
tents. These uprising melts can form significant magma chambers
in the crust where ongoing crystal fractionation and the contin-
ued replenishment by additional injections of basic mantle melt
leads to the release of evolved magmatic pulses from the top
part of the chamber (Halter et al., 2002; Hattori and Keith, 2001;
O’Hara and Mathews, 1981; Ulrich et al., 2001). These pulses of fer-
tile magma, with high whole-rock Sr/Y, V/Sc, La/Yb, Fe,03/FeO and
Eu/Eu* ratios, are capable of forming the porphyry Cu-Au-Mo and
related high-sulfidation epithermal- and skarn systems, typically at
depths between 3 and 5 km beneath the paleo-surface (Miiller and
Groves, 2019 and references therein). Their economic significance
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from Jurassic to early Pliocene as shown by coloured main copper belts. Modified from Sillitoe and Perello (2005).

depends on their metal associations and grades as well as their
exposure levels relative to the current land surface. Gold-rich por-
phyry Cu deposits are normally hosted by intermediate intru-
sions (diorites or monzodiorites, depending on the magma series),
whereas porphyry Mo deposits are associated with more evolved
intrusive phases, such as granites or monzogranites, commonly

10

involving significant crustal contamination (Sillitoe, 1979, 2000;
Audetat and Li, 2017; Huang et al., 2018; Zhang et al., 2021). Mi-
crothermometric studies also suggest shallower average formation
depths for porphyry Cu-Au deposits (2.1 km; Sillitoe, 2000) com-
pared to the average depth of porphyry Cu-Mo deposits (3.7 km;
Murakami et al., 2009).



D.I. Groves, M. Santosh, D. Miiller et al.

Geosystems and Geoenvironment 1 (2022) 1-26

152
0
CARIBBEAN PLATE oo 30° A
- 200 73
10°F {)" % Au depOSI_t £ 300
75 Cudeposit| )| £ 40
50 Geric Calorats =2 2 500l Ecuadorian steep slab
600+ y .
Upper/lower mantle discontinuity
700! 1 1 1 1 1
0 200 400 600 800 1000
0° 0
La Granja% inpa AMERICAN e
50 : PLATE | _ 200
g 300
<
Yanacocha Fitzcarrald| 3 400
100 & Arch uplift| & s500. Peru flat slab
600_Uprper/lowermantlediscontinuity
700 I 1 1 1 1
5 {;‘fiﬁ? 0 200 400 600 800 1000
_15 B "‘(C) 0
‘ 100f C
200
o 2
-20°1 E 300
4 : = .
\¥{ Chuquicamata| % 400" Bolivian steep slab
Bajodela | S so00-
Alumbrera
-25° () 1 6001 o
> 3 Upper/lower mantle discontinuity
ﬂ Sierras 700 | | | | |
Escontida” 80/ ) Pampeanas 0 200 400 600 800 1000
o Cerro Casale .o 2 (uplift 0
-30°- El Indio OYRY - D
zRidge A3, 5 uneee(D) o
 Fernand® A 200r
Jua ’ . (;’ Central Chile s 300- f
350 Los Pelambres NW Argentina X
= L < L
Rio Blanco-Los Bronces fllatslab ‘% :gg Central Chile
El Teniente [m] - ﬂat Slab )
| 1 OOOkm I 6OO_Upper/lowermantle discontinuity .
700 ! 1 1 L L
200 400 600 800 1000

| | 1 | |
-90° -85° -80° -75° -70° -65° -60°

Distance(km)

Fig. 12. Province-district scale Architecture showing location of porphyry-related systems in shallow slab domains at intersection between arc-parallel faults and oblique
faults. Adapted from Salfity (1985) and Sun et al. (2015) who suggest that large porphyry Cu clusters are closely associated with ridge subduction and/or intersections of
deep-seated structures. Subduction of young ridges is the most favourable geologic process for slab melting in the Cenozoic, forming highly oxidized melt with high initial
Cu contents. Red lines represent NW-trending lineaments from Salfity (1985): 1. Calama-El Toro; 2. Archibarca; 3. Culampaja.

6.3. Architecture

The district to deposit scale Architecture of porphyry-related
systems is shown schematically in Fig. 14. Normally, a cluster of
porphyry intrusions, including the mineralizing porphyry, cut the
underlying non-porphyritic host batholith, and extend into the
overlying volcano-sedimentary arc sequences. There may be pe-
ripheral diatreme-maar complexes and intrusion breccias caused
by volatile degassing of the magmatic system (Fig. 14a). The
vertically and laterally zoned alteration comprises early sodic-
calcic alteration typically at the root zones of porphyry systems,
cut by central potassic alteration zones with widespread flanking
propylitic alteration assemblages, whose full extent may only be
realized through trace element contents of epidote and chlorite in-
tersected in exploration drillholes (Wilkinson et al., 2020). Sericitic,
chloritic, and argillic alteration zones lie above and flanking the

n

core potassic zone, with all overlain by a lithocap within the
overlying andesitic to dacitic volcanic and tuffaceous carapace
(Fig. 14b). In places, especially along structures, sericite alteration
can overprint early-stage potassic alteration assemblages during
the waning stages of the cooling hydrothermal system. Higher tem-
perature porphyry Cu-Au-Mo deposits are centred on the potassic
alteration zone with overlying lower temperature high-sulfidation
Cu-Au-Ag deposits and flanking intermediate-sulfidation Au-Ag de-
posits. Iron-rich host rocks appear most favourable for high-grade
Cu-Au ores due to reduction of fluids along lithological contacts
(e.g., Oyu Tolgoi, Mongolia: Crane and Kavalieris, 2012), with prox-
imal Cu-Au and distal Au-Zn-Pb skarns developed in carbonate
horizons (e.g., Ertsberg, Papua New Guinea: Prendergast et al.,
2005). There may also be distal Zn-Pb-Ag carbonate replacement
or vein deposits, with rare associations that include As, Au, Hg, Sb
and W (e.g., Beiya, Yunnan province, China: Fu et al., 2017). This
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arc-transverse structures identified from offsets in basement-penetrating faults. Adapted from Gow and Walshe (2005).

produces a district-scale lateral zonation from Cu-Au-Mo to Au-
Ag-Zn-Pb on the kilometre scale, with the porphyry-related system
occupying many cubic kilometres of the crust (Halley, 2020).

Porphyry Cu-Au-Mo systems may be regarded as natural verti-
cal pumps of hot magmatic-hydrothermal fluids within the upper
crust. The classic zoned combined alteration and mineralization
(Halley, 2020) represents the cooling of magmatic-hydrothermal
fluids from <700°C to <250°C, with evolution from high-T
two-phase highly saline fluids responsible for potassic alter-
ation, proximal skarns, and Cu-Au+/- Mo ores to the develop-
ment of overlying and lateral alteration zones with Au-Ag-Zn-
Pb ores formed from lower-T single-phase, lower salinity fluids
(Heinrich, 2005). Cooling of the giant hydrothermal system, com-
bined with uplift and paleosurface degradation, leads to telescop-
ing of the system by complex overprinting of early alteration and
high-T ores by lower-T alteration and ores (Sillitoe, 1994). Ther-
mochronology research discussed by Mclnnes et al. (2005) suggests
that the hydrothermal systems evolved within periods of <100,000
years, as also suggested by Mercer et al. (2015).

6.4. Preservation

Unlike orogenic gold systems that generally formed at >5 m
depth during the waning phase of compression and tectonic short-
ening in the host convergent margin, porphyry-related systems
normally formed at shallower depths and much earlier during an
early transient extensional-compressional phase which would be
followed by extreme tectonic shortening and uplift (Mpodozis and
Cornejo, 2012). Thus, preservation is a critical factor. Holocene up-
lift rates in arcs calculated from geomorphological features can
range up to 1 to 5 km per million years (Remirez-Harraera et al.,
2021). Calculations for several world-class porphyry Cu-Au systems
using thermochronology by Mclnnes et al. (2005) suggest uplift
rates of 0.26 to 0.72 km per million years. It is thus not surpris-
ing that porphyry-related systems only rarely extend back beyond
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the Miocene (Fig. 15) with older Upper Jurassic to Cretaceous ex-
amples largely represented by post-collisional arcs (e.g., Pebble,
Alaska: Olson et al., 2017) and intra-continental Cu-Au or Mo+W
porphyry-systems sited close to the North China and Yangtze cra-
ton margins in eastern China and Tibet (Mao et al., 2013).

There are rare older porphyry-related systems with subeco-
nomic examples recorded from the Paleoarchean to Mesoarchean
greenstones belts in the Pilbara Craton, Western Australia
(Barley, 1982). The giant Neoarchean Boddington Cu-Au-Mo-Ag de-
posit in a low metamorphic grade greenstone belt lying on high-
grade gneisses in the southwest Yilgarn Craton, although consid-
ered enigmatic (Turner et al., 2020), has many features of diorite-
associated porphyry systems, including the metal association, high-
T alteration assemblages derived from high-T high-salinity ore
fluids, and strong lateral zonation. It is most likely hosted by
a Neoarchean arc thrust back on to Paleoarchean metamorphic
basement with thick mantle lithosphere, explaining its anomalous
preservation.

A schematic summary porphyry-related mineral system model
is presented in Fig. 16.

7. Critical mineral system-based exploration criteria for
porphyry-related systems

Exploration criteria for porphyry-related mineral systems can
be broadly considered using a hierarchical approach from global
through province to district and deposit scales. At the global scale,
due to Preservation issues, Cenozoic volcanic and continental arcs
in convergent settings are preferred Geodynamic settings, although
Mesozoic post-collisional arcs adjacent to stable craton margins are
alternative settings. There may be rare older Geodynamic settings
where segments of ancient arcs are tectonically preserved on older
cratonic blocks.

Arcs that are metallogenically fertile for porphyry-related
systems can be distinguished from less-prospective arcs by geo-
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chemical parameters of their volcanic components such as high
Sr and V and anomalously low Sc and Y contents that relate to
long-lived residence of periodically replenished mantle-derived
magmas near the mantle lithosphere-crust boundary (Cocker et al.,
2016; Loucks, 2014). A recent study on the use of whole-rock La/Yb
ratios in the subduction-arc settings in British Columbia, Canada,
and the Sierra Nevada, California, by Profeta et al. (2015) reveals
their potential use as proxies for crustal thickness. Importantly,
Profeta et al. (2015) confirm previous studies from northern Chile
suggesting that increasing La/Yb ratios in arc rocks in the Chilean
Andes, ranging from late Cretaceous to late Eocene, reflect a
gradually thickening arc crust (Haschke et al., 2002; Kay et al,
1994). An improved understanding of the crustal thickness has
important implications for global mineral exploration, because
empirical studies reveal that economic porphyry copper deposits
in the Chilean Andes and in the eastern Tethyan orogen are
preferentially hosted by intrusions formed by partial melting of
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relatively deep mantle sources beneath a thickened lower crust
where garnet remains as a stable residual phase in the mantle
(Cocker et al., 2016; Haschke et al., 2002; Hollings et al., 2005;
Jamali, 2017; Loucks, 2014). Importantly, the parental intrusions
of the Oligocene Chuquicamata intrusive complex, which hosts
the giant Chuquicamata and Radomiro Tomic porphyry copper
deposits in northern Chile, are characterized by distinctly high
whole-rock La/Yb ratios of >19 reflecting a crustal thickness of
about >30 km (Cabrera, 2011). By contrast, poorly mineralized
Triassic arc intrusions in northern Chile are defined by low La/Yb
ratios of <19 that are interpreted to reflect partial mantle melt-
ing beneath a relatively thin crust during the initial period of
subduction in the Chilean continental arc.

It is well accepted that the granite stocks or cupolas asso-
ciated with porphyry Cu-Au deposits are generally oxidized and
magnetite-bearing (Cao et al., 2018; Ishihara and Chappell, 2010).
Oxygen fugacity or the oxidation state of magmas is a fundamen-
tal thermodynamic property that both governs the redox equilibria
in solid Earth systems (Williams et al., 2018) and determines the
speciation of volatiles in the upper mantle (Aulbach et al., 2017).
Recent studies reveal that melts and hydrothermal fluids with el-
evated oxidation states are favourable for Cu solubility (Lee et al.,
2012; Li et al.,, 2017). The oxidation state of intrusions can be es-
timated from whole-rock Fe,;03/FeO ratios (Blevin, 2002). Stud-
ies on Paleozoic granites from the Lachlan Fold Belt in Australia
reveal that intrusions that are spatially associated with porphyry
Cu-Au mineralization at the Cadia and Northparkes mines have
whole-rock Fe,03/FeO ratios of >1 (Blevin, 2002). However, as this
method is restricted to fresh, unaltered, and unweathered intru-
sions, the use of whole-rock Eu/Eu* ratios represents an alterna-
tive method to estimate the oxidation state of igneous intrusions
(Dilles et al., 2015; Lee et al., 2017; Loader et al., 2017) as a rise in
the oxidation state of the magma converts Eu?* to Eu3* (Hao et al,,
2017). Oxidized intrusions that are associated with porphyry Cu-
Au deposits typically have elevated whole-rock Eu/Eu* ratios of >1
(Lee et al.,, 2017). Lee et al. (2005) and Olson et al. (2017) also
define a positive correlation between the oxidation state of the
magma and whole-rock V/Sc ratios. Hence, elevated oxygen fugac-
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ities of arc lavas exceeding +1.0 log unit above the FMQ buffer are
reflected in high whole-rock V/Sc ratios >12 (Aulbach et al., 2017;
Lee et al., 2005). Importantly, at constant temperatures, as the ox-
idation state increases, the concentration of dissolved sulfide (S2-)
in the melt decreases, whereas the dissolved sulfate (S042~) in-
creases as sulfur is oxidized (Richards, 2009; Zhong et al., 2018).
Thus, the potential for early precious metal segregation into mag-
matic sulfide phases is reduced (Richards, 2009). If the sulfide
concentration in the melt is reduced, Au and Cu can be con-
centrated in the volatile-enriched top part of the magma cham-
ber (Miiller et al., 2002). Once volatile saturation occurs dur-
ing secondary boiling, the magma chamber releases pulses of
metal- and volatile-enriched melts that can form porphyry Cu-Au
mineralization in the upper crust (Miiller et al., 2002; Richards,
1995).

High oxidation states of a melt are generally correlated with
high magmatic H,O contents (Williams et al., 2018). Thus, those
basalts from oceanic arcs which are most oxidized also have the
highest abundances of volatile phases such as magmatic water
(Ballhaus, 1993), and Cl and F (Miiller et al., 2001).

Within the defined curvilinear fertile arcs, porphyry-related sys-
tems are commonly located near the intersections between arc-
parallel crustal-scale faults and highly oblique transform or accom-
modation faults (Figs 12 and 13). Typically, porphyry-related stocks
are oxidized magnetite-series I-type intrusions defined by positive
“bulls-eye” (e.g., Bajo de la Alumbrera, Argentina: Clark, 2014) or
“doughnut”-shaped anomalies in magnetic surveys (e.g., Peschanka,
Russia: Chitalin et al., 2021). The magnetic bulls-eye anomalies re-
flect the biotite-magnetite altered centres of concealed porphyry
Cu-Mo deposits (Clark, 2014). By contrast, many gold-rich por-
phyry Cu deposits hosted by high-K calc-alkaline or shoshonitic
intrusions, such as Cadia and Northparkes, Australia, and Mt. Milli-
gan, Canada, are defined by magnetic doughnut anomalies in mag-
netic surveys (Clark and Schmidt, 2001; Kwan and Miiller, 2020).
This may be explained by late-stage phyllic alteration that over-
prints and de-magnetizes the initial biotite-magnetite alteration
assemblage via martitization of magnetite to hematite (Kwan and
Miiller, 2020).

Porphyry clusters typically include both economic porphyry Cu-
Au deposits and weakly mineralized and un-economic systems,
all of which are genetically associated with similar intrusions de-
rived from the same fractionating magma chamber. This is doc-
umented in detail at the Escondida porphyry cluster in northern
Chile (Urzua, 2009) and at Oyu Tolgoi, Mongolia (Crane and Kava-
lieris, 2012). Oyu Tolgoi represents a cluster of seven porphyry
Cu-Au systems hosted by quartz-monzonite intrusions that are lo-
cated above a structurally controlled NE-oriented crustal magma
chamber (Crane and Kavalieris, 2012). Importantly, the quartz-
monzonite intrusions from the high-grade Hugo Dummett por-
phyry Cu-Au deposit and the barren Ulan Khud porphyry system
are petrographically indistinguishable. Additionally, their whole-
rock compositions, including high K and other LILE contents, low
HESE, as well as high Sr/Y and La/Yb ratios, are very similar.
Only the mineral chemistry of magmatic zircons and apatites re-
veals subtle differences between productive and barren intrusions
(Loader, 2017; Loader et al., 2017). In other words, while the use of
whole-rock geochemistry may be a guide towards fertile intrusive
belts through utilization of whole-rock geochemistry and fertility
ratios, it cannot assist in the distinction between individual pro-
ductive and barren intrusions. Geophysical methods are also un-
able to distinguish between barren and productive porphyry sys-
tems as both are defined by similar magnetic and/or IP anomalies.
In summary, once a porphyry Cu cluster has been discovered in a
fertile intrusive belt, each individual porphyry system of this clus-
ter needs to be evaluated by systematic drilling to define its eco-
nomic potential.
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As suggested by Sillitoe (2010), carbonate host rocks may be
important as both restricted reactive host rocks to high-grade
Cu-Au or Mo-W skarns and as thick impermeable caps on the
magmatic-hydrothermal systems. Iron-rich host rocks may also be
important constituents for the genesis of economic porphyry Cu-
Au deposits as indicated by the presence of dolerite dykes at Reso-
lution, Arizona (Cooke et al., 2020) and augite-basalt at Oyu Tolgoi,
Mongolia (Crane and Kavalieris, 2012). The exposure of lithocaps at
the current land surface provides an important indicator that the
porphyry-related systems have been uplifted to a suitable level for
exploration (Portela et al., 2021).

The large areal extent of porphyry-related systems provides
both an advantage and disadvantage in terms of exploration. A
major advantage is that it provides a giant alteration and min-
eralization footprint (Fig. 17) that can be identified through de-
tailed field mapping, ASTER and other remote sensing meth-
ods (Alimohammadi et al.,, 2015; Portela et al., 2021; Pour and
Hashim, 2012), and a variety of airborne and ground geophysical
surveys.

The disadvantage lies in the difficulty of locating economic min-
eralization within this broad envelope because, although the sys-
tems have broadly the same characteristics in terms of alteration
and metal zonation, not all the components shown in Fig. 14 may
be present due to erosion or young cover sequences such as ig-
nimbrite flows or gravel plains as in southern Peru and northern
Chile (Nalpas et al., 2008). Additionally, each porphyry Cu clus-
ter may have a different geometry depending on the geometry
of its underlying magma chamber. These upper crustal parental
magma chambers typically are up to 40 km across and up to
3 km thick (Audetat and Simon, 2012; Korges et al., 2020), with
individual chambers having circular ellipsoidal (e.g., Bajo de la
Alumbrera porphyry Cu-Au deposit, Argentina: Chernicoff et al.,
2002) or structurally controlled linear shapes (e.g., Oyu Tolgoi
porphyry Cu-Au cluster, Mongolia: Crane and Kavalieris, 2012 or
the Llahuin porphyry Au cluster, Chile: Lopez Orrego, 2007).
Sillitoe (2010) presents details of these issues in terms of several
global porphyry-related systems, and they are beyond the scope of
this more general paper.

8. Mineral systems with similar geodynamic and preservation
parameters on craton margins

8.1. Introduction

In the discussion above, complete mineral system models are
discussed for orogenic gold and porphyry-related deposits. How-
ever, from a province scale exploration perspective, the two critical
mineral system factors are Geodynamics and Preservation. In the
following discussion, deposit classes that have contrasting Fertility
and Architecture factors are shown to occupy similar exploration
spaces on a continental scale based on Geodynamic and Preserva-
tion factors that are specific to craton and thick lithosphere mar-
gins where Geodynamic modification promotes mineralization and
longevity promotes Preservation.

8.2. Longevity of cratons and their modified margins

Sub-circular Precambrian cratons, normally ~1000 km in di-
ameter, are the foundation blocks of all continents, representing
the most stable components of the continental lithosphere in the
central portions of tectonic plates. Their longevity is due to their
exceptionally deep roots into the asthenosphere, >250 km for
some Archean cratons as defined by mantle tomography or satellite
gravity, and their temporally variable mineralogical compositions
(Griffin et al., 2003; O'Reilly and Griffin, 2010; Vasanthi and San-
tosh, 2021). These key parameters mean that they represent neu-
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Fig. 17. Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) image of part of the Atacama Desert, Chile, acquired in 2000, showing the giant
Escondida-Zaldivar porphyry Cu-Au cluster. Escondida is related geologically to three porphyry bodies intruded along the Chilean West Fissure Fault System. A high-grade
supergene cap overlies primary sulfide ore. The top image is a conventional 3-2-1 (near infrared, red, green) RGB composite. The bottom image displays shortwave in-
frared bands 4-6-8 (1.65 pum, 2.205 pm, 2.33 pm) in RGB, and highlights the different rock types present on the surface, as well as the changes caused by mining. From

NASA/GSEC/MITI/ERSDAC/JAROS, and U.S./Japan ASTER Science Team..

tral to buoyant rock masses with low intrinsic isopycnic density
that stops them sinking into the asthenosphere and allows them
to resist tectonic forces that involve both compression, and resul-
tant uplift, and extension, with rifts generally developing between
them rather than through them. However, modification of craton
margins is key to the location of a variety of world-class deposits
adjacent to them (Groves et al., 2020a).
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8.3. Structural and metasomatic modification of craton margins

Although the cratons act as bulwarks that resist deformation
relative to rheologically weaker surrounding rock sequences above
thinner lithosphere, stress magnitudes and resulting strain gradi-
ents are much greater on craton margins than in their interiors
where pre-existing weaknesses focus strain (Wang et al., 2017).


http://asterweb.jpl.nasa.gov/
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Thus, during compression or transpression, external rock sequences
may be flattened against the craton margin, be translated by
oblique-slip shear movement along the margin, or be thrust above
it, providing a range of structural pathways, traps, and caps in
terms of the Architecture factors for a variety of mineral systems.

Extensional tectonic events involving rifting also appear to be
critical for development of precursor structural geometries that
control subsequent magma or hydrothermal fluid flux during later
mineralization events (Corti et al.,, 2013). Extension has the capac-
ity to develop a wide zone of crustal permeability through devel-
opment of trans-lithosphere faults adjacent to the craton margin,
combined with a strong control on sedimentary facies in basins
developed on the locally faulted and thinned lithosphere. The Car-
lin District on the margin of the rifted North American Craton
(Cline et al., 2005) is an excellent example.

Widespread heterogeneous metasomatic alteration of mantle
lithosphere, particularly on craton margins, has been recognized
through the study of the petrology, mineralogy and fluid inclu-
sions within mantle xenoliths brought to upper crustal levels
by kimberlites and basaltic magmas (O'Reilly and Griffin, 2013).
Such heterogeneous metasomatic alteration may be caused by
low-degree partial melts that produced both carbonatite and sil-
icate magmas containing a wide variety of high-density fluids
including carbonatitic, hydrosilicic, and saline-brine endmembers
(Rosenbaum et al., 1996). The causes may vary from fertilization
by low-degree asthenosphere melts, through veining of the litho-
sphere during plume activity or rifting events, or by fluid-related
fertilization during subduction (Litasov et al., 2000; Hughes et al.,
2015) which would overprint earlier metasomatic alteration and
potentially enhance volatile and metal contents in the mantle
lithosphere (Saunders et al., 2018; Wang et al., 2020d).

Importantly, as discussed above for orogenic gold mineral
systems, oceanic crust and the overlying sediment wedge will
inevitably be subducted below craton margins where devolatiliza-
tion of the slab can result in extensive upward fluid-flux along
slab-mantle boundaries (Peacock et al., 2011, and references
therein), into fore-arc or accreting terrane margins, or into the
mantle lithosphere (Wyman et al, 2008, 2016, and references
therein). Metasomatic fluid thus released can provide ore metals
and sulfur via breakdown of pyrite to pyrrhotite (Steadman et al.,
2013, and references therein) above about 500°C, with aqueous
fluid, CO, and other components released at similar temperatures
from breakdown of hydrous silicates and carbonate minerals. Slab
devolatilization (Bekaert et al., 2021) and low degrees of partial
melting are thus incredibly effective processes for fertilization of
mantle lithosphere beneath craton margins during each subduction
event that affects them, either directly or indirectly (Castro et al.,
2010).

8.4. Magmatic systems derived from metasomatized mantle
lithosphere

A wide variety of anomalous magmatic mineral systems that
are sited around the margins of cratons and thick lithosphere
blocks (Fig. 18) were derived from anomalously abundant meta-
somatized and fertilized mantle lithosphere along these bound-
aries (Groves and Santosh, 2021). These include REE-enriched
carbonatite-associated Cu-P deposits such as in the Paleoprotero-
zoic Palabora Complex, on the margin of the Kaapvaal Craton in
South Africa (Dostal, 2017; Groves and Vielreicher, 2001). There are
also carbonatite-associated REE (+/- Nb) deposits such as the gi-
ant Mesoproterozoic Bayan Obo deposit on the northern margin
of the North China Craton (Fan et al., 2014). This well-researched
deposit was formed during a complex magmatic and magmatic-
hydrothermal history involving several carbonatite magmas and
evolved late fluid phases (Yang et al., 2019). World-wide deposits
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include Mountain Pass on the margin of the North American Cra-
ton (Castor, 2008; Dostal, 2017) and the REE-enriched carbonatites
of the Cummins Range Carbonatite Complex at the southern mar-
gin of the Kimberley Block, Western Australia (Spandler et al.,
2020). The latter are important as there are three periods of Pro-
terozoic alkaline activity spanning 800 million years, implicating
repetitive melting of the same underlying metasomatized and fer-
tilized mantle lithosphere whenever the craton margin was ex-
tended, as also indicated by Dostal (2017).

Giant Paleoproterozoic Kiruna-type magnetite-apatite deposits
are associated with alkaline intrusions derived from metasoma-
tized mantle lithosphere on the margin of the Norbotten Craton
(Bauer et al., 2016), with similar Mesoproterozoic deposits at Pea
Ridge on the margin of the North American Craton (Alienikoff
et al.,, 2016). In addition, Neoproterozoic lamproite-associated di-
amond deposits, famous for their rare pink and cognac-brown dia-
monds (Boxer et al., 2017), are sited at Argyle on the eastern mar-
gin of the Kimberley Block, Western Australia.

8.5. Magmatic-hydrothermal systems derived from metasomatized
mantle lithosphere

Following supercontinent assembly and during initiation of
rifting, magmatic-hydrothermal deposits were formed from hybrid
melts derived from metasomatized mantle lithosphere and crustal
melting on craton margins. As for the magmatic systems, they owe
their preservation, despite their antiquity, to their location within
the stable cratons that host them. The most globally widespread
and economically important systems are the group of largely
Archean to Mesoproterozoic iron-oxide copper-gold (IOCG) de-
posits (Groves et al., 2010) commonly in breccia pipes (Oliver et al.,
2006). There are major clusters at Carajas on the Amazon Craton
margin and in South Australia on the Gawler Craton margin,
that include the breccia dominated giant Olympic Dam deposit
(Ehrig et al., 2017). As discussed in the section above on orogenic
gold systems, recent magneto-telluric surveys in the Gawler Craton
have shown that narrow low resistivity zones that extend from
the ductile-brittle transition in the crust to the surface coincide
with the positions of the three main I0CG deposits in the district,
particularly the giant Olympic Dam deposit (Heinson et al., 2018).
These zones are spatially correlated with narrow regions of low
seismic reflectivity in the upper crust with almost transparent
deeper lower-crust conductors and are interpreted to represent
continental-scale ore fluid pathways with the low resistivity upper
crustal zones that project to the I0CG deposits (Fig. 9) termed
“Fingers of God” (Robertson and Thiel, 2019). There are obvious
implications for detection of deeply derived mineral systems,
such as those derived from fertilized mantle lithosphere, during
exploration.

Although controversial, some post-collisional or intra-
continental porphyry-skarn Cu-Au-W systems, including those
of eastern Tibet near the western margin of the Yangtze Craton
have also been considered related to reactivation of subduction-
modified metasomatized lithosphere. Richards (2009), for example,
suggests that the post-collisional porphyry systems are related
to fluids derived from melting of such modified lithosphere by
post-subduction lithosphere thickening, lithosphere extension, or
mantle lithosphere delamination.

Onset of extension and asthenosphere upwelling also facilitated
generation of Intrusion-related Gold Deposits (IRGDs) and Carlin-
type deposit classes in the back-arc environments adjacent to frag-
mented craton margins. The hosts for both deposit classes are de-
formed and metamorphosed continental shelf successions that in-
clude both clastic and carbonate units.

The IRGDs (Hart et al., 2002; Lang et al., 2000) represent zoned
magmatic-hydrothermal deposits that formed around cupola-like
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Santosh (2021) and Groves et al. (2020b).

protrusions of non-porphyritic, reduced granite intrusions through gin of the ore fluids is debated, the driving force for hydrother-
exsolution of H,O-CO,-CH,4 fluids at crustal depths below about mal circulation was a similar hybrid magmatic system derived
5 km. The related hybrid magmas were generated by partial melt- from subduction-related fertilization of underlying lithosphere to
ing of metasomatized lithosphere to form lamprophyre melts that that generating the IRGDs (Muntean et al., 2011). Slightly deeper
ponded below the MOHO. These, in turn, caused crustal melting Carlin-type deposits are recorded from the Youjiang Basin in China
with ore element and volatile transfer across chemical gradients (Wang and Groves, 2018) where a more distal hybrid magmatic in-

between the two magma types, leading ultimately to gold deposi- put is implied.
tion in extensional vein arrays through fluids liberated from hybrid
felsic magmas (Mair et al., 2011). 8.6. Hydrothermal systems derived from metasomatized mantle

To the south of the classic Tintina IRGD province of Alaska and lithosphere
Yukon, along the same margin of the North American Craton, is the

younger classic Carlin gold province of Nevada (Cline et al., 2005). The orogenic gold deposits close to the margins of the North
Auriferous arsenian pyrite provides the ore in replacement bodies China and Yangtze cratons, particularly those of the Jiaodong
within reactive dolomitic units controlled by extensional reactiva- Peninsula, are examples of hydrothermal systems derived from flu-
tion of the earlier structural architecture. Although the precise ori- ids sourced via devolatilization of metasomatized mantle litho-
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sphere and lacking magmatic input. As they are discussed above
in the section on orogenic gold deposits, there is no further dis-
cussion here.

8.7. Mineral systems related to craton margin faults and sedimentary
basins

Although derived from melting of normal, rather than meta-
somatized, mantle lithosphere, some mineral systems owe their
formation and preservation to the emplacement of parent
magmas along craton margins. As noted above, these are
the boundaries of greatest rheological contrast and struc-
tural weakness in the continents. A key example is pro-
vided by largely Precambrian intrusion-related Ni-Cu-PGE de-
posits which are typically sited within 100 km of craton mar-
gins, particularly those of the Superior, Siberia, North China,
and Kola-Karelia cratons, as their faulted margins represent
the conduits up which the host basic-ultrabasic intrusions are
guided (Begg et al., 2010; Maier and Groves, 2011).

Several non-magmatic mineral systems formed on faulted cra-
ton margins due to the conjunction of hydrothermal fluid access
via the extensive deep fault systems and the presence of both
metal reservoir rock units and reactive or permeable host se-
quences in the continental margin sedimentary successions land-
ward of former subduction zones. This group of mineral systems
include Zambian Copperbelt-type Cu-Co deposits (Hitzman et al.,
2005) that formed in reduced sedimentary units from fluids en-
riched in Cu and Co derived from shallow marine sedimentary suc-
cessions deposited in continental basins that overlie the margins of
thick lithosphere and cratons in southern central Africa (Hoggard
et al, 2020). Widespread Precambrian iron ores in banded iron
formations, where the high-grade iron ores formed by dissolution
of silica in the BIFs rather than deposition of iron (Duuring et al.,
2018; Evans et al., 2013), also belong to this group.

9. Exploration implications for mineral systems on craton
margins

An important question is if this craton association impacts
the ground selection process in mineral exploration, arguably the
most important decision-making period in an exploration pro-
gram (Hronsky and Groves, 2008). From a qualitative viewpoint,
it clearly does provide new exploration search spaces for a wide
variety of disparate mineral systems whose Fertility and Architec-
ture factors vary despite their similar Geodynamic and Preserva-
tion factors. Groves and Santosh (2021) point out the many con-
straints on estimation of exploration-project potential endowment
(Kreuzer et al., 2008). They conclude that, for the mineral systems
discussed above, most deposits would lie within ~10%, with all ly-
ing within ~20% of the total area of continental crust globally. Sim-
ilarly, Hoggard et al. (2020) calculate that ~35% of the continental
crust would include all giant sediment-hosted Pb-Zn-Cu deposits
for a 200 km buffer around thick lithosphere margins.

This may not appear to be a substantial advantage in explo-
ration targeting. However, Groves and Santosh (2021) show that
these areas could be significantly reduced for exploration because
many of the deposit classes in craton-proximal mineral systems
have distinctive geophysical signatures, particularly in terms of
magnetic and/or gravity signals, but also TEM and IP signals for
sulfide-rich deposits.

A spectacular example of the endowment of craton margins for
a wide diversity of deposit classes is provided in eastern China
by the occurrence of 66 world-class to giant deposits within ~
100 km of the margins of the North China and Yangtze cratons
(Fig. 19:Yang et al., 2021).
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Another excellent example of the prospectivity of craton mar-
gins is provided by the margins of the Yilgarn Craton in West-
ern Australia. Here, three of the four most recent major discov-
eries have been made within ~ 50 km of the craton margin: the
Tropicana orogenic gold deposit (> 240 tonnes gold: Doyle et al.,
2017), Nova-Bollinger intrusion-hosted Ni-Cu deposit (14.3 Mt @
2.3% Ni, 0.9% Cu: Parker et al., 2017) and most recent Julimar intru-
sion hosted PGE-Ni-Cu deposit with Pd grades equivalent to those
of the giant Noril’sk-Talnakh deposits of Russia (Chalice Gold Mines
Ltd website). Previously discovered deposits within ~100 km of the
Yilgarn Craton margin include the giant Boddington Au (Cu, Mo)
deposit (Turner et al., 2020) and the giant Greenbushes Li-Ta-Sn
deposit (Partington, 2017).

10. Conclusions

Mineral systems provide a logical and hierarchical mechanism
to integrate information over a range of time and terrane scales
using the broad critical components of Geodynamics (tectonic set-
ting), Fertility (source of ore and hydrothermal fluid components),
Architecture (fluid plumbing systems) and Preservation (degree
of post-ore uplift and erosion). Although their adoption in pub-
lished economic geology literature appears limited, the value of
such mineral systems for single deposit classes, using orogenic
gold as an example, and closely related deposit groups, using
porphyry-high-sulfidation-skarn Cu-Au-Mo systems as an example,
is demonstrated above. The value of grouping disparate deposit
classes based on similarities of their Geodynamics and Preserva-
tion parameters is demonstrated by the siting of numerous, not
normally grouped, deposit classes on the margins of cratons and
blocks with thick mantle lithosphere. Consideration as mineral sys-
tems provides a useful way of “seeing the wood for the trees” and
defining universally applicable genetic models for deposit classes.
It also allows focus on the critical measurable parameters that aid
exploration to the exclusion of small-scale information that may
only be uniquely applicable to the specific deposit from which it
was derived.

Application to orogenic gold deposits illustrates the value of a
mineral system model for a single deposit class under the premise
that their genesis be explained in terms of a universal global model
rather than a series of disparate local or time-dependent models.
For a coherent mineral system, there are only two realistic sources
of fluid and gold to generate orogenic gold deposits over verti-
cal crustal depths of 2-20 km, based on their late-orogenic, syn-
mineralization Geodynamic settings in convergent margins. These
Fertility sources must either be devolatilization of a subducted
oceanic slab with its overlying gold-bearing sulfide-rich sedimen-
tary package, or release from mantle lithosphere that was meta-
somatized and fertilized during a previous subduction event, par-
ticularly adjacent to craton margins. In terms of the Architecture
parameter, over-pressured sub-crustal ore fluids were channeled
up lithosphere-scale shear zones to a variety of repetitive com-
bined structural and lithological trap sites where gold was de-
posited below low-permeability caps. The late-orogenic timing and
deep crustal level of formation dictated a high Preservation fac-
tor, with orogenic gold deposits recorded from the Mesoarchean
to the Cenozoic. The orogenic gold mineral system can be ap-
plied to conceptual exploration using the critical gold mineraliza-
tion parameters in the system. These parameters dictate, among
others, that the structures controlling ore fluid advection must be
lithosphere-scale, not simply crustal scale, faults that can be identi-
fied in magneto-telluric surveys, and that amphibolite-facies meta-
morphic domains are prospective exploration search spaces.

The porphyry-high sulfidation-skarn deposit group is an ex-
ample where the mineral system comprises several individually
recognized Cu-Au, Cu-Mo, and Zn-Pb-Au-Ag deposit classes that
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are commonly spatially and temporally associated. These occur
in elongate, curvilinear volcanic, continental, island, and post-
collisional arcs, particularly those underlain by metasomatized
mantle lithosphere, where they are controlled in terms of Geo-
dynamics and province-scale Architecture by intersection of arc-
parallel continental-scale faults by oblique crustal-scale accommo-
dation fault structures. Fertility of the arcs is defined by geochemi-
cal compositions of volcanic components that reflect residence and
replenishment of oxidized and H,O-rich source magmas in upper
crustal magma chambers. In terms of district-scale Architecture,
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the porphyry-related systems are sited in and above large non- or
sparsely porphyritic batholiths, and hosted by finger-shaped com-
posite porphyritic plugs, or more rarely, dykes. The mineral sys-
tems are represented by vertically and laterally zoned shells that
include orebodies, alteration envelopes, and metal ratios devel-
oped from long-lived, originally highly saline and low pH, evolving
magmatic-hydrothermal fluids exsolved from the fertile porphyry
intrusions. Preservation potential is limited because of high uplift
and erosion rates in the host arcs, especially island arcs, with most
deposits restricted to the Cenozoic, although there are Mesozoic
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examples in post-collisional arcs, and even rare Precambrian ex-
amples. At the district scale, the preservation of lithocaps identi-
fies systems that are at a suitable exhumation level for exploration,
with a range of mapping, remote sensing, and geophysical method-
ologies applicable to the detection of critical responses from the
extensive porphyry-related mineral system, although drilling is ul-
timately required to establish whether the systems are economi-
cally viable.

The value of considering disparate deposit classes in terms
of one or more common mineral system parameters is shown
by analysis of deposits on craton and thick lithosphere mar-
gins. These represent a specific Geodynamic setting with a high
Preservation factor for an incredibly large range of normally un-
related deposit classes enriched in Ag, Au, Bi, Co, Cu, Fe, Mo,
Ni, P, Pb, PGE, REE, Sb, Sn, Te, W, and Zn, and including dia-
monds. These deposit classes are sited within ~100 km of the
margins due to the requirement of a source derived from meta-
somatized and fertilized mantle lithosphere or due to devel-
opment of lithosphere-scale fault arrays and/or fertile marginal
basins on these margins. Thus, although Fertility and Architec-
ture components vary widely between component mineral sys-
tems, the combined Geodynamic and Preservation factors provide
specific restricted exploration search spaces for a variety of de-
posit classes. This is shown in spectacular fashion for the North
China and Yangtze cratons in eastern China where 66 giant or
world class deposits of diverse type are sited within ~100 km
of their margins. In Western Australia, several of the most re-
cent major discoveries of world-class gold, Ni-Cu, and Pd-Pt-Cu-
Ni-Co deposits have been made on the margins of the Yilgarn
Craton.
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